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Abstract 

Herein, the synthesis, reactivity and catalytic activity of low-coordinate transition metal 

complexes bearing the m-terphenyl ligands is reported. Synthesis of the low-coordinate 

complexes are achieved via metathesis reactions between the aryl lithium dimer [2,6-

Ar2C6H3Li]2 and the transition metal dihalide (MX2) in a mixture of toluene and THF. 

The steric demands of the ligand were altered through variation of the flanking aryl (Ar) 

by substitution of methyl groups in either the 2,6-positions (2,6-Xyl), 2,4,6-positions 

(Mes) or 2,4,5-positions (Tmp).  

Two-coordinate group 12 complexes (7-9) exhibit conformational isomerism in solution 

due to rotation of the flanking aryl substituent. The analogous open shell transition metal 

complexes are three-coordinate where the coordination sphere features two m-terphenyl 

ligands with coordination of a THF molecule to the metal centre (15 and 16). 

Coordination of acetonitrile to the two-coordinate complexes 10 and 11 afforded the four-

coordinate complexes 17 and 18 highlighting the steric demands of the 2,6-Mes2C6H3
 

ligand are not great enough to prevent access of small molecules to the metal centre. 

Two- and three-coordinate complexes of manganese and iron (10, 11, 15, and 16) were 

found to be efficient precatalysts for the cyclotrimerisation of primary aliphatic 

isocyanates. Secondary, tertiary aliphatic and aryl isocyanates were not effective in this 

reaction where it is proposed that a metal-amidate species forms deactivating the 

catalytically active species towards cyclotrimerisation. Kinetic measurements between the 

reaction of 10 with EtNCO revealed the rate to be 1st order with respect to both substrates. 

Iron complexes 11 and 16 were efficient precatalysts for the hydrophosphination of 

isocyanates producing mono- (21) and/or diinsertion (22) products where the latter is a 

new family of derivatised phosphines. The product obtained is a result of the steric 

demands of the isocyanate where bulky isocyanates yield the mono-insertion product 

exclusively and the less bulky aryl isocyanates produce a mixture. The selectivity of the 

reaction can be controlled with minor modifications to the reaction conditions. Initial 

coordination chemistry of the diinsertion product 22a was investigated towards 

[Ru(p-cym)Cl2]2. 

Manganese complexes 10, 13 and 15 were efficient precatalysts in the dehydrocoupling 

of Me2NH·BH3 affording the cyclic dimer [Me2N–BH2]2 under mild conditions. Small 

changes in the sterics of the ligand drastically alter the reaction mechanism 

(homogeneous vs. heterogeneous). 

The reactivity of two-coordinate iron complexes 11 and 14 were investigated towards CO 

under ambient conditions which formed novel squaraines (29Mes and 292,6-Xyl) and diiron 

carboxylate complexes (302,6-Xyl) as a result of CO bond scission. Carbon-13 labelling 

studies verified the origin of the carbons from the central C4O2 unit of the squaraine 

though analysis via EPR, NMR and IR spectroscopies, mass spectrometry and DFT 

calculations. 
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2 

This chapter aims to give a brief overview of the development of organometallic 

chemistry in the context of low-coordinate open shell transition metal complexes with the 

main focus being on the use of the m-terphenyl framework. The structure, bonding and 

subsequent reactivity of these transition metal complexes will be explored and discussed 

in detail. The final part of this chapter will focus on a few recent examples of low-

coordinate open shell transition metal complexes which have been applied as efficient 

catalysts for organic transformations. 

 

1.1 Introduction 

Organometallic chemistry is a substantial research area of chemistry and has attracted 

significant interest over the past 200 years.1 Organometallic compounds are characterised 

by a complex bearing at least one direct metal‒carbon bond where the metal can be from 

the main groups of the periodic table or a transition metal, and the organic moiety may 

take numerous forms from alkyl (CH3, C2H4) to larger aromatic systems (Cp = C5H5
–, 

C6H6 etc.).2 The first organometallic compound, synthesised back in 1827, was a water 

soluble ethylene complex of platinum, K[PtCl3C2H4] obtained through the reaction of a 

mixture of PtCl4 and PtCl2 in ethanol followed by addition of a KCl solution by Zeise, the 

discovery of which is widely regarded as the birth of organometallic chemistry.3 It was 

not until over 100 years later that its chemical formula was verified by X-ray 

crystallography.4 Subsequent developments in this field arose from other initially 

unrelated discoveries, where some notable examples include Ni(CO)4 by Mond in 1890,5 

Frankland’s synthesis of alkyl zinc compounds.6,7 Nobel prize winning discoveries 

include Grignard’s work on organomagnesium compounds,8 and the synthesis of 

bis(η5-cyclopentadienyl)iron or ferrocene in 1951,9,10 which was responsible for a new era 
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of organometallic chemistry in the investigation of ‘sandwich complexes’ whereby the 

metal is bonded to two organic ring systems. 

Organometallic complexes have a variety of favourable properties which enables these 

species to act as catalysts in organic transformations. Examples of these properties 

include the availability of a wide variety of ligands in which the metal can bind by either 

π- and σ-bonds; the ability of the ligand to influence the electronics and sterics of the 

metal centre, and the capability of the metal centre to undergo redox processes and 

coordination number changes.  

These properties have been exploited in industrially and pharmaceutically relevant 

processes such as olefin polymerisation as pioneered by Ziegler and Natta which saw 

them win the Nobel prize in 1963,11 Wilkinson’s catalyst, 

chlorotris(triphenylphosphine)rhodium(I), and derivatives in hydrogenation and 

hydroformylation of olefins,12–14 olefin metathesis reactions facilitated by Grubbs or 

Schrock metal carbene complexes,15–18 carbon-carbon coupling reactions using transition 

metal based catalysts as established by Nobel laureates Heck, Negishi and Suzuki 

amongst others.19–24 

 

1.2 Low-Coordinate Complexes 

Metal centres with extreme coordinative unsaturation often show unusual coordination 

geometries and varied reactivity and extensive coordination chemistry.25,26 The 

stabilisation of the reactive metal centre with low coordination is largely dominated by 

the ligand’s architecture and electronics, which binds to the metal centre.  
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It was long thought that homoleptic open shell transition metal alkyl complexes were 

inherently unstable due to the intrinsically weak M‒C bonds when compared to their 

main group counterparts.27 This misconception lasted until the 1970s where the 

understanding of competing side reactions/decomposition route of transition metal alkyls 

via β-hydride elimination (Scheme 1.1).28 Henceforth, this low energy decomposition 

pathway was bypassed  using ligands which lacked β-hydrogens. 

 

Scheme 1.1 β-hydride elimination.  

Early examples where this methodology was employed was by Lappert and Wilkinson 

where homoleptic transition metal alkyl complexes were obtained using alkyl groups with 

lacked β-hydrogens.29–32 However, it was not until 1985 that the first stable homoleptic 

open shell transition metal complex to feature M−C σ-bonds, Mn[C(SiMe3)3]2, was 

isolated by Eaborn and co-workers. This complex was synthesised via the metathesis 

reaction between LiC(SiMe3)3 and MnCl2.
33 

The use of sterically demanding ligands offers both kinetic and thermodynamic 

stabilisation by physically shielding the reactive metal centre therefor preventing 

interactions between other metal centres inhibiting oligomerisation, and blocking 

unwanted side reactions. This approach has been utilised effectively in recent years 

whereby numerous low-coordinate have been successfully isolated through development 

of sterically demanding ligands. This introduction will focus only on first row, open 

transition metal complexes with coordination number of four or less. 
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Early developments saw the use of bulky aryl- and alkoxides which were effective at 

isolating transition metal complexes with coordination numbers of four through donation 

of a formal lone pair of electrons into an empty metal d-orbital from the Lewis basic 

donor with a bulky R group (‒OR).34 The use of bulkier silyl amides allowed for the 

preparation of the monomeric two- or three-coordinate complexes M{N(SiMe3)2}n (n = 3, 

M = Cr, Fe; n = 2; Mn, Co and Ni).35,36 The related two-coordinate silyl amide complexes 

of iron, Fe{N(SiMe3)2}2 and Fe{N(SiMePh2)2}2, were reported a number of years 

later.37-39 

Early reports of the use of aryl based ligands led to the formation of oligomers and 

polymers, for example, the simplest homoleptic manganese aryl was found to exist as 

[MnPh2]∞ featuring a chain like bonding motif via bridging phenyl interactions.40 

Increasing the sterics of the aryl to mesityl (Mes, 2,4,6-Me3C6H2
‒) afforded the linear 

trimer [MnMes3] and the dimers [MMes2]3 where M = Fe and Co.41–45 It was not until the 

more sterically demanding Mes* ligand (2,4,6-tBu3C6H2
−) was employed that the 

monomeric, two-coordinate homoleptic diaryls MMes*2 (M = Mn, Fe) were isolated.44,46 

The first cobalt diaryl however, was obtained some years later through use of the bulky 

m-terphenyl framework.47 

 

1.3 m-Terphenyl Transition Metal Complexes 

The very sterically demanding m-terphenyl framework has allowed for the isolation of 

highly reactive metal centres with low coordination numbers which often exhibit unusual 

coordination geometries and reactivity.48 The m-terphenyl ligand, usually of the form 2,6-

Ar2C6H3, features a central aryl ring with substitution of aryl groups in the 2,6 positions, 

i.e. meta to one other. The metal binds to the ipso carbon via a carbon–metal σ-bond 
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Figure 1.1 General structure of the m-terphenyl. 

where the flanking aryls are often orientated orthogonally with respect to the central aryl 

providing a steric pocket in which the metal resides (Figure 1.1).  

The ligand is highly customisable which allows for tailoring of the steric pocket in which 

the metal is encapsulated. The flanking aryl groups (R1) can be substituted with sterically 

demanding groups such as naphthyl (1-Naph, 1-C10H7),
49 diisopropylphenyl (Dipp, 2,6-

iPr2C6H3) and triispropylphenyl (Trip, 2,4,6-iPr3C6H3).
50 Power and co-workers have 

suggested there may be a possible upper limit the sterics that can be opposed by the 

flanking aryls where attempts to synthesise the m-terphenyl with flanking Mes* groups 

were met without success.50 The sterics of the ligand can also be increased through 

substitution on the meta position of the central aryl (R2) with an alkyl therefore reducing 

the angle between the flanking aryls and the metal centre. This incremented steric bulk 

has been shown to prevent dimerisation of the chromium(I) species (2,6-Trip2-3,5-

iPr2C6H2)Cr(L) where L = THF or PMe3.
51,52 Substitution in the para position on the 

central aryl (R3) can also alter the electronic properties of the ligand with substitution of 

and electron donating or withdrawing groups.52  

The synthesis of the m-terphenyl precursor was first outlined by Hart and co-workers 

where 1,3-dibromo-2-iodobenzene is treated with three equivalents of a freshly prepared 

aryl Grignard, ArMgBr, forming the m-terphenyl Grignard 2,6-Ar2-1-MgBrC6H3 which is 

subsequently quenched, usually with a halogen, resulting in an air-stable m-terphenyl 

halide (Scheme 1.2, top).53 
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Scheme 1.2 Original (top) and the ‘one pot’ (bottom) synthetic route to m-terphenyls. 

This route has since been superseded by a more convenient one pot route where 1,3-

dichlorobenzene undergoes ortho-directed lithiation with n-butyllithium at low 

temperatures. The resulting lithium complex is reacted with two equivalents of the freshly 

prepared aryl Grignard reagent yielding the m-terphenyl Grignard which is quenched with 

a halogen (Scheme 1.2, bottom).54 

The highly air- and moisture-sensitive m-terphenyl lithium aryls (2,6-Ar2C6H3Li)n (n = 1, 

2), are typically synthesised by the reaction of the m-terphenyl iodides with n- or t-

butyllithium (1 or 2 equivalents).49,50,55,56 These are subsequently reacted with transition 

metal halides affording the transition metal complexes via a salt metathesis reaction 

where variation of the stoichiometry of ligand to transition metal halide affords either the 

homolepic (2:1) or heteroleptic (1:1) species (Scheme 1.3). The cobalt dimer [2,6-

Mes2C6H3Co(THF)(μ-Br)]2 was synthesised though an alternate route by reaction of the 

Grignard reagent [2,6-Mes2C6H3Mg(THF)(μ-Br)]2 with CoCl2. The former complex  

 
Scheme 1.3 Heteroleptic (left) and homoleptic (right) complexes. 
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Figure 1.2 Dimeric M(I) species, [Ar’MMAr’], where Ar’ = 2,6-Dipp2C6H3; M = Cr (left) which features 

a fivefold bonding interaction, and M = Fe, Co (right).  

represents the first crystallographically verified example of a transition metal complex to 

bearing an m-terphenyl ligand.57 

The heteroleptic dimeric species [2,6-Dipp2C6H3Cr(µ-Cl)]2 was isolated by Power and 

co-workers; features two chromium centres in a quasi-four coordinate square-planar 

geometry through coordination of two bridging chloride ions and a m-terphenyl ligand.58 

In contrast, the diethyl either solvated adducts [Li(OEt2)(2,6-Dipp2C6H3)MI2]2 (M = Mn, 

Fe and Co) which feature a distorted cubane core are afforded when using the same 

conditions though incomplete elimination of LiI.58 Chemical reduction using potassium 

graphite, KC8, in THF of the Cr, Fe and Co homoleptic species yielded the M(I) dimeric 

species [Ar’MMAr’] where the M–M bonding is vastly different (Figure 1.2).59,60 The 

chromium species features a fivefold bonding interaction the two chromium centres with 

a very short bond distance of 1.8351(4) Å with a weak interaction between the ipso- 

  

Scheme 1.4 Products obtained from the reaction with the chromium dimer [(2,6-Dipp2C6H3)Cr]2 with 

N2O (left) and N3(1-Ad) (right). 
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carbon of the flanking Dipp group. However, the analogous Fe and Co dimers feature a 

similar trans bent core geometry with a strong η6-interaction with the flanking Dipp 

substituent. The M–M bond distances of 2.515(9) Å and 2.8033(5) Å (M = Fe and Co 

respectively) are much longer than those seen in the Cr species, suggesting the presence 

of a single (Fe) or weakly bonded (Co) metal centres.60 

The reactivity of chromium dimer [(2,6-Dipp2C6H3)CrCr(2,6-Dipp2C6H3)] was 

investigated towards N2O and the azide N3(1-Ad) (Ad = 1-adamantanyl) leading to 

cleavage of the Cr–Cr bond (Scheme 1.4).57 The reaction with N2O afforded the 

compound (2,6-Dipp2C6H3)Cr(µ-O)2Cr(O)(2,6-Dipp2C6H3) where the two metal centres 

are bridged by two oxo ligands with one of the Cr bound to a terminal oxygen. Both 

chromium centres have undergone oxidation from Cr(I) to Cr(III)/Cr(V) and possess 

distorted tetrahedral geometry. The reaction between the chromium dimer and the azide 

N3(1-Ad) did not eliminate N2, alternatively, the azido group inserted into the Cr–Cr 

quintuple bond. One of the chromium(II) centres is bound to an m-terphenyl ligand via 

the ipso-carbon, a secondary η1 interaction with the ipso carbon of one of the flanking 

Dipp groups, and two nitrogen atoms from the azido group. The other Cr(II) is 

coordinated to the terminal nitrogen of the azide, an m-terphenyl and coordination of a 

Dipp group in an η3-interaction.57 

Incorporation of iso-propyl butressing groups in the central aryl of the m-terphenyl ligand 

(Figure 1.1, R2) allowed for the isolation of the monomeric heteroleptic M(I) arene 

complexes. The reduction of the in situ generated halide bridged dimeric species in the 

presence of KC8 afforded the Co(I) complex, (2,6-Trip2-3,5-iPr2-C6H3)Co(η6-C7H8), in 

which the Co(I) centre is bound to a toluene solvent molecule via an η6-interaction 

highlighting that the sterics of the ligand alone can circumvent dimerisation.61 The  
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Figure 1.3 Insertion products obtained from the reaction of (2,6-Trip2-3,5-iPr2-C6H3)Co(η6-C7H8) with 

CO (left) and NO (right). 

reactivity of this complex towards CO and NO was investigated (Figure 1.3). The 

reaction with CO resulted in the formation of a carbonyl complex [(2,6-Trip2-3,5-

iPr2C6H3)C(O)Co(CO)] where CO inserted into the C–Co σ-bond with a strong 

η6-interaction between the Co and the flanking Dipp aryl.61 The reaction of the Co(I) 

arene complex with NO resulted in the formation of four-coordinate cobalt complex 

[(2,6-Trip2-3,5-iPr2-C6H3)N(NO)OCo(NO)2] via NO insertion into the C–Co σ-bond 

followed by NO coupling and N–N bond formation which binds to the Co centre in an 

η2-O,O interaction.61 Such double insertion into late-transition metal carbon σ-bonds is 

rare. Other Co(I) analogues (2,6-Trip2-3,5-iPr2C6H)Co(η6-arene) (arene = C6H6, C6H5F) 

were afforded on reduction of the halide precursor, [2,6-Trip2-3,5-iPr2C6HCo(μ2-Cl)]2, 

with KC8 in the presence of other arenes.62 However, when reduced in C6F6 the Co(II) 

complex, K[(2,6-Trip2-3,5-iPr2C6HCo(F)(η1-C6F6)], was formed as a result of insertion of 

a 2,6-Trip2-3,5-iPr2C6HCo moiety in to a C−F bond of C6F6.
62

 Manganese(I) and iron(I) 

arene complexes were also isolated using a similar methodology affording a toluene 

bridged inverted sandwich complex [(2,6-Trip2-3,5-iPr2-C6HMn)2(μ2-η
6:η6-C7H8), Figure 

1.4] or a half sandwich complex (2,6-Trip2-3,5-iPr2C6H)Fe(η6-C6H6).
63 The reaction of the 

latter species with the azide N3(1-Ad) resulted in the isolation of an iron(V) bis(imido) 

complex (2,6-Trip2-3,5-iPr2-C6H)Fe[N(1-Ad)]2, a rare example of a well characterised 

iron(V) molecule.64 Attempts to isolate the analogous chromium complexes (2,6-Trip2- 
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Figure 1.4 Crystal structure of manganese inverted sandwich complex. Hydrogen atoms and solvent of 

recrystallisation omitted for clarity. 

3,5-iPr2-C6H3)Cr(η6-arene) led to the formation of intractable brown mixtures. It is 

thought the unstable arene species is formed but undergoes decomposition due to the low 

number of valence electrons on the Cr(I) centre whereas the more electron rich 

counterparts (Mn, Fe, Co) are stable.63 The related binuclear species sandwich complex 

2,6-Trip2-3,5-iPr2C6HCr(η3:η6-CH2Ph)Cr(2,6-Trip2-3,5-iPr2C6H2) was instead isolated 

(Figure 1.5).52 The complex features one metal centre [Cr(II)] bonded to the m-terphenyl 

ligand via a carbon σ-bond to the ipso-carbon of the central aryl and an interaction from 

the ipso-carbon of a Trip flanking group, with an η3-interaction with the benzyl moiety. 

The other chromium centre [Cr(0)] is sandwiched in an η6:η6 fashion between the aryl 

ring of the CH2Ph moiety and the flanking Trip moiety of the 2,6-Trip2-3,5-iPr2C6H2 

ligand. Isolation of the monomeric Cr(I) complex was achieved via reduction of the 

halide precursor with KC8 in the presence of a Lewis base forming the two-coordinate  
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Figure 1.5 Disproportionation product from the reaction of [2,6-Trip2-3,5-iPr2C6HCr(µ-Cl)] with KC8. 

complexes (2,6-Trip2-3,5-iPr2-C6H3)Cr(L) where L = THF, PMe3.
51 When the analogous 

reduction reactions between the iron and cobalt species [2,6-Dipp2-3,5-iPr2C6HM(µ-X)]2 

were performed in the presence of the Lewis base, PMe3, different reaction products 

resulted.65 The iron(I) complex [(2,6-Dipp2-3,5-iPr2-C6H)FePMe3], features the iron 

centre bonded to the m-terphenyl ligand via the ipso-carbon of the central aryl with an 

η6-interaction with the flanking Trip moiety, and coordination of a PMe3 ligand.65 The 

cobalt(I) allyl complex isolated (Figure 1.6) features the cobalt metal centre coordinated 

to three carbons which originated from the iPr group of the Dipp substituent (C3H4
–) in an 

η3-fashion, where the proton has shifted onto the ipso-carbon of the central aryl, with 

coordination of three PMe3 ligands. The mechanism of the formation of this complex is 

not understood however is postulated to arise from dehydrogenation of the inert alkyl 

groups via remote C–H activation.65  

The halide precursors, [2,6-Dipp2-3,5-iPr2C6HM(µ-Cl)]2, (M = Cr, Mn, Fe) have also 

been shown to react with K[CpFe(CO)2] (Cp = η5-C5H5) to form short, unsupported M–Fe 

bonds in the complexes 2,6-Dipp2-3,5-iPr2C6HM–FeCp(CO)2. The chromium centre 

adopts a quasi trigonal planar geometry (C–Cr–Fe = 141.31(6)°) due to the close 

interaction of the chromium centre with the ipso-carbon of the flanking Dipp substituent,  
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Figure 1.6 Cobalt(I) allyl complex obtained from the reaction of [(2,6-Trip2-3,5-iPr2-C6H3)Co(µ-Cl)]2 

with KC8 and PMe3. Hydrogen atoms (except H1) omitted for clarity. 

whereas the analogous iron and manganese complexes adopt a more linear conformation 

(C–M–Fe: M = Mn, 166.82(6)°; Fe, 163.94(12)°). The M–Fe distances (Mn–Fe, 

2.4512(5) Å; Fe–Fe, 2.3931(8) Å) from the X-ray crystal structures were in good 

agreement DFT calculations which revealed a dative bonding interaction between the two 

metals.  

The reactivity of the aryl manganese halide [Li(THF)(2,6-Dipp2C6H3)MnI2]2 has been 

explored with a variety of organo lithium substrates revealing a propensity for lithium 

inclustion into the resulting products.66 Reactions with LiC≡CtBu and LiC≡CPh yielded 

the cubanes as shown in Figure 1.7, which both feature a MnLi3C3 core where the 

manganese atom, in a distorted tetrahedral geometry, is bound to three C≡CR (R = tBu or 

Ph) units though the β-carbons and to one m-terphenyl ligand.66 This is in stark contrast to 

the analogous reactions with the iron aryl halide [(2,6- Dipp2C6H3)FeBr]2.
67 The reaction 

of the iron halide and LiC≡CtBu yields the iron(II) complex {Li(THF)}2[(2,6- 

Dipp2C6H3)Fe(C≡CtBu)2whereas the reaction with LiC≡CPh resulted in the formation of 
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Figure 1.7 Cubane products obtained from the reaction of [Li(THF)(2,6-Dipp2C6H3)MnI2]2 with LiC≡CR 

where R = tBu (left) or Ph.(right). Hydrogen atoms, coordinated solvent molecules to Li+ ions and minor 

disordered components omitted for clarity. Carbon = grey, manganese = pink, lithium = turquoise, iodine 

= purple.  

the Fe(I) coupled derivative Fe2[(2,6-Dipp2C6H3)C≡C(Ph)–C(Ph)≡C(2,6-Dipp2C6H3)].
67 

The reaction between [Li(THF)(2,6-Dipp2C6H3)MnI2]2 and two equivalents of 

TripMgBr(THF)2 afforded the complex [I-Li(THF)][(2,6-Dipp2C6H3)Mn(Trip)] where the 

manganese is bonded to an m-terphenyl, Trip ligand and an iodide ion. The lithium ion 

features an η6-interaction of the Trip ligand with coordination of a THF molecule. When 

this complex is reacted with another equivalent of the Grignard reagent, the bulky 2,6-

Trip2C6H3
– is displaced rather than the halide yielding [Mn(Trip)(µ-Trip)]2.  

The synthesis and reactivity of the homoleptic open shell transition metal m-terphenyl 

diaryl complexes are comparatively underdeveloped than the heteroleptic counterparts. A 

series of two-coordinate homoleptic diaryls (2,6-Mes2C6H3)2M (M = Mn, Fe, and Co) 

were synthesised via metathesis reactions of the lithium aryl [2,6-Mes2C6H3Li]2 and the 

transition metal dihalide by Kays in 2007 where the cobalt complex was the first 

structurally authenticated two-coordinate, homoleptic cobalt(II) complex featuring 



Chapter I 

15 

σ-bonded aryl ligands.47 These complexes feature a significant distortion from linearity 

where the C(ipso)–M–C(ipso) angles are in the range of 162.8(1)–173.0(1)° and the M–C 

distances were found to decrease from Mn, Fe, Co which reflects the decrease in ionic 

radius from Mn2+, Fe2+ to Co2+.47 The analogous series of two-coordinate diaryls (2,6-

Dipp2C6H3)2M (where M = Mn, Fe, Co) were synthesised by reaction of the lithium aryl 

with the transition metal halide (Fe) or by an alternative route where the aryl transition 

metal halide is treated with one equivalent of the lithium aryl (Mn and Co).66,68,69 The 

increased steric demands of the Dipp vs. Mes substituent is reflected in the slightly longer 

M–C bond lengths observed in (2,6-Dipp2C6H3)2M (Mn–C = 2.113(2) Å, Fe–C = 

2.059(1) Å, Co–C = 2.014(2) Å) vs. those in (2,6-Mes2C6H3)2M (Mn–C = 2.095(3), Fe–C 

= 2.040(3) and Co–C 2.001(3) Å).47,66,68,69  

The iron diaryl, (2,6-Mes2C6H3)2Fe, has been used to facilitate the formation of a 

pentagonal prismatic Zintl ion cage with an encapsulated interstitial iron atom 

[Fe@Ge10]
3–. The reaction of a Zintl phase precursor K4Ge9 with the diaryl in the 

presence of 2,2,2-crypt and ethylenediamine (en) yielded the Zintl ion cage which co 

crystallised with three cationic potassium cryptands as [[K(2,2,2-crypt)]3[Fe@Ge10]·2en  

 
Figure 1.8 Crystal structure of [Fe@Ge10]3– where iron = orange, germanium = red. 
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(Figure 1.8) and is a remarkable example of a substituent-free group 14 cluster.70 The 

Zintl ion cage is formed via reductive cleavage of the two Fe–C(ipso) bonds by solvated 

electrons in ethylenediamine solution of K4Ge9 followed by proton abstraction of a 

solvent molecule by the 2,6-Mes2C6H3
− species. The reaction proceeds non-

stoichiometrically where the reaction leads to the encapsulated species [Fe@Ge10]
3− along 

with unreacted Ge clusters, [Ge9]
3− and [Ge9−Ge9]

6−.  

 The three-coordinate cobalt diaryl (2,6-Naph2C6H3)2Co(OEt2) was synthesised via a 

metathesis reaction between the aryl lithium complex and CoBr2(DME) (where DME = 

1,2-dimethoxyethane) in diethyl ether at low temperature. The crystal structure (Figure 

1.9) reveals the cobalt centre bound to two m-terphenyl ligands with coordination of Et2O 

in a distorted trigonal planar geometry. The bent C(ipso)–Co–C(ipso) geometry 

(137.49(15)°) together with the flanking Naph moieties orientated in the syn 

conformation, allows for the formation of weak intramolecular CH···π interactions. The 

reactivity of the two- and three-coordinate cobalt diaryls (2,6- Ar2C6H3)2Co(OEt2)n (Ar = 

Naph, n = 1; Ar = Mes, n = 0) towards CO were found to produce sterically encumbered 

ketones whose structures varies depending on the flanking aryl substituent.71  

The two-coordinate iron diaryl, (2,6-Dipp2C6H3)2Fe, isolated by Power and co-workers 

was found to react with CO at low temperatures affording the η2-acyl-carbonyl complex 

(η2-(2,6-Dipp2C6H3)C=O)2Fe(CO)2 formed as a result of CO insertion into the C(ipso)–Fe 

bond. The reactivity of these diaryl complexes towards CO is explored and discussed in 

greater detail in Chapter VI. The iron diaryl (2,6-Dipp2C6H3)2Fe was also found to react 

with O2 at low temperatures to produce the monomeric, two-coordinate Fe(II) aryloxide 

(2,6-Dipp2C6H3O)2Fe which is resistant to further oxidation upon exposure to excess 

O2.
69 This result was surprising due to the fact that other model iron complexes for non-

heme oxygen activation generally undergo oxidation to yield an iron(III) species. The 
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Figure 1.9 Crystal structure of (2,6-Naph2C6H3)2Co(OEt2). Hydrogen atoms (except H8, H9, H34, and 

H35) and minor disordered components omitted for clarity. 

crystal structure of the aryl oxide features a linear crystallographically imposed angle of 

180° about the iron centre where a weak secondary interaction is suggested by the short  

Fe···C distance from the ipso-carbon of the flanking Dipp substituent of 2.765(3) Å. 

Treatment of the diaryls (2,6-Dipp2C6H3)2M (where M = Mn and Fe) with ammonia lead 

to the formation of the parent amido species 2,6-Dipp2C6H3M(NH3)n(μ-NH2)]2 (M = Mn, 

n = 1; M = Fe, n = 0) via N–H bond activation (Scheme 1.5). Reactions with the related 

cobalt diaryl with ammonia did not yield crystalline material. The mechanism for the 

formation of the amido complexes is currently unknown, but is postulated that  NH3 

coordinates to the diaryl to form the Lewis base adduct, (2,6-Dipp2C6H3)2M(NH3), then 

cleavage of the N–H bond and elimination of the arene (2,6-Dipp2C6H4) forms the amido 

species: (2,6-Dipp2C6H3)2M(NH2). This complex then dimerises though bridging NH2
–  
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Scheme 1.5 Reactions of (2,6-Dipp2C6H3)2M with ammonia (M = Mn and Fe). 

groups forming [(2,6-Dipp2C6H3)M(μ-NH2)]2. For manganese, an additional NH3 

molecule coordinates to the metal, completing the coordination sphere. 

The examples discussed in this section demonstrate how the m-terphenyl framework has 

allowed for the isolation of highly unsaturated, first row open shell transition metal 

complexes in unusual coordination geometries and bonding modes which are not readily 

available in when using other less bulky ligand systems. The resulting complexes have 

demonstrated unusual reactivity where these complexes have activated small molecules 

producing structurally diverse reaction products. 
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1.4 Catalysis with Low-Coordinate Transition Metal Systems 

There is a growing need to replace homogeneous catalysts which feature highly expensive 

transition metal centres with earth-abundant transition metal based systems which are 

environmentally benign, less toxic and much less expensive.72 For example, there has 

been increased interest in iron, the second most abundant element in the Earth’s crust, 

cobalt, nickel and manganese based systems where excellent reviews have detailed how 

systems based on these transition metals have been shown to activate unreactive chemical 

bonds (e.g. C–H, C–O, and C–C).73–77 The interest in low-coordinate transition metal 

complexes as stoichiometric and catalyst precursors have been shown to lead to unusual 

reactivity and gives rise to unique reaction mechanisms.25,26 This section aims to 

introduce some recent examples of low-coordinate (two or three), first row transition 

metal complexes which have been found to be efficient catalysts for organic 

transformations. 

Two-coordinate bis(amido) complexes of iron and nickel have been shown to be efficient 

precatalysts in hydrosilylation reactions. The iron complex Fe[N(SiMe3)2]2 was found to 

be highly active in the hydrosilylation of carbonyl compounds (using Ph2SiH2) under low 

catalyst loadings (0.01 mol%) and mild conditions as demonstrated by Tilley and co-

workers.78 The reaction was effective for a variety of functional groups however the 

reaction was not effective for more bulky silanes (Ph3SiH, Et3SiH and (Trip)PhSiH2).
78 

Preliminary investigations found the two-coordinate nickel complex Ni[N(SiMe3)(Dipp)]2 

was active in the reaction of 1-octene with Ph2SiH, resulting in the formation of the 

addition product (n-octyl)diphenyl silane.79 This nickel(II) species has also shown to be 

effective in C–C cross coupling reactions of Grignard reagents with alkyl and aryl halides 

at ambient temperatures.80 
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The first heteroleptic two-coordinate Fe(I) complex, (NHC)FeN[(SiMe3)(Dipp)] (NHC = 

N-heterocyclic carbene) reported by Tilley et al. was shown active in trimerization of 

simple terminal and internal alkynes.81 Bulky or election withdrawing substituents were 

not effective for this reaction and under low catalyst loading (5 and 2 mol%) a certain 

degree of catalyst decomposition was observed in the postcatalytic mixture.81 

Cobalt(II) amide complexes, Co[N(SiMe3)2]2, and the three coordinate NHC adducts, 

(NHC)Co[N(SiMe3)2]2, were found to be effective precatalysts for the hydrosilylation of 

alkenes with tertiary silanes without the need of an external activator.82 The activation 

mode of the for the precatalysts were investigated though stoichiometric reaction of the 

cobalt complex, [(IPr)Co(N(SiMe3)2)2], (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-

ylidene) with the alkene and silane. The complex was unreactive with respect to the 

alkene (1-octene) however, reaction with HSi(OEt)3 lead to the formation of the two-

coordinate cobalt(I) complex [(IPr)Co(N(SiMe3)2)] which, when reacted with a further 

equivalent of the silane, produced the cobalt(I) hydride complex [(IPr)Co(η6-C6H6)H]. 

The silylamide Si(OEt)3(N(SiMe3)2 and H2 were also detected in the reaction mixture 

suggesting formation of the Co(I) complex possibly results from Co−H bond cleavage 

reaction of a cobalt(II) hydride intermediate (IPr)Co(H)(N(SiMe3)2) which is formed from 

the σ-bond metathesis reaction of the precatalyst with HSi(OEt)3. 

The highly tuneable β-diketiminate framework has been used to great effect in stabilising 

low-coordinate first row transition metal complexes which have applications as catalysts 

in the synthesis of small molecules.83 Examples include the work by Holland and co-

workers which reported the synthesis of three-coordinate iron(II) fluoride β-diketiminate 

complexes. These complexes feature short Fe–F bonds (1.8079(15)-1.9751(12) Å) which 

are thermally robust, however, in the presence of triethylsilane, acting as a fluoride 

acceptor and a hydride donor, were found to be efficient precatalysts in the 
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hydrodefluorination of fluoroarenes and fluoroalkenes via an iron hydride intermediate.84 

However, the analogous cobalt complexes were not effective in this reaction, possibly a 

result of the higher coordination number (four-coordinate vs. three coordinate) and also, 

the cobalt hydride complex was shown to be unlikely to form due to the rapid elimination 

of H2.
85 

 
Scheme 1.6 Catalytic carbodiimide formation using an Fe(I) dinitrogen complex. 

The iron(I) dinitrogen complex (Scheme 1.6) was found to be an efficient precatalyst in 

asymmetric carbodiimide formation from the reaction of an isocyanide and azide under 

mild conditions (5 mol% of precatalyst, 45-80 °C).86 

Holland has also reported a cobalt(II) complex supported by a bulky β-diketiminate 

ligand which catalysts the isomerisation of terminal alkenes to 2-alkenes with Z-

stereochemistry, the more challenging to access kinetic product.87 This catalyst was 

successful for a variety of alkene substrates including 1-hexene, silanes, ketals and 

protected alcohols.87  

Work by Webster and Hannedouche have demonstrated versatility of three-coordinate 

iron(II) complexes bearing β-diketiminate ligand in catalysing numerous reactions such as  
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Figure 1.10 Three-coordinate Fe(II) complex which has been used to catalyse a variety of reactions. 

intramolecular and intermolecular hydrophosphination alkenes,88,89 hydroamination of 

alkenylamines,90 hydroboration of alkenes91 and dehydrocoupling reactions89 (Figure 

1.10). 

Cyclic alkyl(amino) carbene (cAAC) ligands, which are strong σ-donors and π-acceptors, 

have been used to isolate low-coordinate, electron rich transition metal centres which 

exhibit catalytic activity for a variety of organic transformations.92,93 

The nickel complex (Me2-cAAC)2Ni was found to be catalytic active in the 

homocoupling of various unactivated aryl chlorides/fluorides where the resulting biaryls 

were obtained in good yields at moderate temperature (50 °C) (Scheme 1.7).94 

 

Scheme 1.7 Homocoupling of aryl halides facilitated by (Me2-cAAC)2Ni.  
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Scheme 1.8 Reduction of (Et2-cAAC)2Fe and subsequent trapping with Et3SiCl. 

The related two-coordinate iron complex (Et2-cAAC)2Fe0 effectively catalyses the 

formation of N(SiEt3)3 though the reaction of dinitrogen with Et3SiCl in the presence of 

KC8 (Scheme 1.8).95 The two-coordinate complex reversibly binds dinitrogen at low 

temperature (< –80 °C) resulting in the three-coordinate N2 complex (Et2-cAAC)2Fe0(N2) 

which was trapped via one electron reduction using KC8 to yielding the corresponding 

anion [(Et2-cAAC)2Fe0(N2)]
– featuring an activated dinitrogen unit. This complex was 

subsequently trapped with silylating reagent, Et3SiCl, to form the diazenido product [(Et2-

cAAC)2Fe0(N2SiEt3)]. When using Me3SiCl as the silylating agent, the presumed 

diazenido product [(Et2-cAAC)2Fe0(N2SiMe3)] rapidly decomposed to the (Et2-

cAAC)2Fe0 on workup. 

The two-coordinate complex (Et2-cAAC)2Fe0 was also found to catalytically convert N2 

to ammonia with an excess of KC8, HBArF
24·2Et2O (BArF

24 = B[3,5-(CF3)C6H3]4) (50 

eq.) resulting in the formation of 3.3 ± 1.1 equivalents of NH3 per iron centres at –95 °C. 

Low temperatures are required as the degree of N2 binding to (Et2-cAAC)2Fe0 at room 

temperature is minimal.95 
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Herein, an assortment of first row, low-coordinate transition metal complexes have been 

explored and discussed as their use as catalysts in a wide variety of reactions. The 

utilisation of bulky ligands has allowed the stabilisation of these highly reactive first row 

transition metal centres to offer complementary reactivity compared to their heavier d-

block counterparts. The field is relatively underdeveloped where further research needs to 

be undertaken in order to improve these systems. As such, there are no examples in the 

literature of the use of low-coordinate open shell m-terphenyl transition metal complexes 

which have been used as catalysts in organic transformations.  
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1.5 Aims 

This research project aims to expand the knowledge of low-coordinate transition metal 

complexes utilising the very bulky m-terphenyl framework and to study these complexes 

with respect to catalysis and reactivity towards small molecules. 

Chapter II explores of the synthesis of low-coordinate transition metal complexes. The 

homoleptic complexes are synthesised via salt metathesis reactions between the aryl 

lithium halide and a transition metal dihalide, where depending on the steric demands of 

flanking aryl, the two- or three-coordinated complexes are afforded. Initial coordination 

chemistry of these complexes is explored with acetonitrile in order to assess the limits of 

the steric pocket in which the metal resides. 

Chapters III-V investigates the catalytic abilities of two- and three-coordinate transition 

metal complexes (mainly manganese and iron) towards the cyclotrimerisation of 

isocyanates, hydrophosphination of isocyanates and the dehydrocoupling of amine 

boranes. Chapter VI builds upon the reactivity of iron(II) m-terphenyl complexes towards 

carbon monoxide whereby the reaction leads to unprecedented formation of squaraine 

molecules and diiron carboxylate complex from CO bond scission.  
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2.1 Introduction  

It has been documented that low-coordinate aryl complexes require ligands with 

significant steric bulk to prevent oligomerisation/polymerisation which can lead to 

coordination of other species which form donor-acceptor complexes.1,2 Early attempts to 

synthesise open shell homoleptic complexes using aryl ligands resulted in the formation 

of oligomers, for example, when using the bulky aryl Mes resulted in the formation of 

Mn3Mes6 where the structure is a linear trimer linked by bridging Mes ligands.3,4 

Increasing the steric bulk by  using ‘supermesityl,’ Mes*, allowed for the isolation of the 

homoleptic species MMes*2 (M = Mn, Fe).5,6 However, it was not until m-terphenyl 

ligands were used that the monomeric homoleptic cobalt diaryl, (2,6-Mes2C6H3)2Co, was 

isolated by Kays.7  

Very bulky m-terphenyl ligands have been shown to kinetically stabilise a variety of low-

coordinate transition metal complexes which display some interesting and diverse 

reactivity where subtle changes in the ligand architecture dramatically alters the reactivity 

products obtained.8,9  

Variation of the ratio of lithium m-terphenyl complex and the transition metal dihalide 

enables the synthesis of the heteroleptic species [(2,6-Ar2C6H3MX)n (n = 1, 2) where the 

monomer is obtained if there is significant steric bulk from the ligand from the  

 

Scheme 2.1 Synthesis of heteroleptic (left) and homoleptic (right) m-terphenyl complexes. 



   Chapter II 

33 

 

flanking aryl or buttressing groups]10 or homolepic [(2,6-Ar2C6H3)2M] species via salt 

elimination (Scheme 2.1). The heteroleptic complexes are viable precursors for the 

formation of metal–metal bonded species through the use of an appropriate reducing 

agent, for example KC8, Na, and NaH. This methodology has been employed by Power 

and co-workers to stabilise the first homologous series of Group 12 metal–metal bonded 

complexes and the first quintuply bonded species in [2,6-Dipp2C6H3Cr]2.
11,12 

Low-coordinate open shell transition metal complexes with the highly anisotropic S = 3/2 

spin state have been shown to exhibit interesting magnetic properties, where a recent 

example of a linear two-coordinate cobalt(II) imido complex, [(sIPr)CoNDmp] (where 

sIPr = 1,3-bis(2′,6′-diisopropylphenyl)-4,5-dihydro-imidazol-2-ylidene; Dmp = 2,6-

Mes2C6H3), and a linear iron(I) complex, [Fe(C(SiMe3)3)2][K(2,2,2-crypt)], display single 

molecule magnetic (SMM) behaviour with high effective spin reversible barriers of 413 

and 226 cm-1 respectively, under zero applied field.13,14 These favourable magnetic 

properties arise from combination of the linear geometry about the metal centre where the 

weak field ligands define an axis for preferential alignment of spins which leads to 

unquenched orbital angular momentum. 

Henceforth, this chapter encompasses the synthesis of novel low-coordinate transition 

metal complexes using the m-terphenyl framework with the aim to assess how the 

variation of the flanking aryls changes the subsequent reactivity and catalytic activity 

towards organic transformations. Preliminary investigations of the magnetic properties of 

these open shell systems has been investigated via the Evans method.15,16 
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2.2 Experimental  

2.2.1 Ligand Synthesis 

2.2.1.1 2,6-Ar2C6H3I (Ar = Mes, 2,4,6-Me3C6H2, 1; 2,6-Xyl, 2,6-Me2C6H3, 

2; Tmp, 2,4,5-Me3C6H2, 3) 

Magnesium turnings (1, 6.63 g, 276 mmol; 2, 7.14 g, 297 mmol; 3, 3.32 g, 138 mmol) 

were activated by stirring in acetone (ca. 30 mL) in the presence of iodine (ca. 50 mg) for 

1 h. The magnesium turnings were washed with acetone (ca. 3 × 10 mL) and dried after 

which THF (100 mL) was added. To this, the corresponding degassed bromoarene (1, 2-

bromomesitylene, 50 g, 251 mmol; 2, 2-bromo-1,3-dimethylbenzene, 50 g, 270 mmol; 1-

bromo-2,4,5-trimethylbenzene, 25 g, 126 mmol) in THF (100 mL) was added dropwise 

over ca. 1 h. The reaction mixture was heated until the reaction maintained an exotherm 

and then heated at reflux overnight for 16 h. The reaction mixture was then filtered to 

give a clear brown solution of ArMgBr (1, 56.1 g, 251 mmol; 2, 50.0 g, 270 mol; 3, 27.5 

g, 126 mmol) in THF. To a solution of 1,3-dichlorobenzene (1, 11.0 mL, 48.5 mmol; 2, 

11.9 mL, 104 mmol; 3, 5.54 mL, 48.5 mmol) in THF (200 mL) at 78 °C, nBuLi (2.5 M 

solution in hexane) (1, 42.4 mL, 106 mmol; 2, 46.5 mL, 114 mmol; 3, 21.4 mL, 53.4 

mmol) was added dropwise over ca. 30 mins with stirring resulting in a pale yellow 

solution. The reaction mixture was stirred for 1 h at 78 °C. The previously prepared 

ArMgBr (1, 56.1 g, 251 mmol; 2, 28.2 g, 135 mmol; 3, 28.1 g, 126 mmol) in THF (200 

mL) was added dropwise over ca. 1 h with stirring whilst maintaining a constant 

temperature of 78 °C.  The reaction mixture was allowed to warm to room temperature 

over 16 h, then heated at reflux for 3 h. The reaction mixture was cooled to 0 °C and 

iodine (1, 39.1 g, 154 mmol; 2, 42.1 g, 166 mmol; 3, 20 g, 78.8 mmol) was added over 

ca. 30 mins, resulting in a dark brown solution. To this, aqueous sodium sulfite (5 wt%, 
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500 mL) was added and the mixture divided into two portions. To each portion, diethyl 

ether (300 mL) was added and the organic layer was washed with sodium sulfite (5 wt %, 

3 × 200 mL) and brine (200 mL). The combined organic phases were dried over 

magnesium sulfate and the solvent was removed in vacuo resulting in a yellow oily solid. 

The crude product was recrystallised hot ethanol (250 mL) to give a yellow crystalline 

powder.  

1 (17.8 g, 46%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.47 (t, 3J(H,H)  = 7.5 Hz, 1H, 

PhAp), 7.09 (d, 3J(H,H) = 7.5 Hz, 2H, PhAm), 6.97 (s, 4H, PhBm), 2.37 (s, 

6H, Me4), 2.00 (s, 12H, Me2). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): 

δ 147.2 (PhAipso), 142.1 (PhAo), 137.2 (PhBipso), 135.4 (PhBo), 128.9 

(PhBp), 128.1 (PhAm), 127.8 (PhAp), 107.6 (PhAm), 21.3 (Me4), 20.3 (Me2). 

NMR data for 1 matched literature values.17 

 

2 (19.2 g, 45%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.50 (t, 3J(H,H) = 7.6 Hz, 1H, 

PhAp), 7.23 (t, 3J(H,H)  = 7.6 Hz, 2H, PhBp), 7.14 (d, 3J(H,H) = 7.6 Hz, 

4H, PhBm), 7.11 (d, 3J(H,H) = 7.6 Hz, 2H, PhAm), 2.03 (s, 12H, Me). 

13C{1H} NMR (100 MHz CDCl3, 25 °C): δ 147.1 (Ar) 144.7 (Ar), 135.6 

(Ar), 128.9 (Ar), 127.6 (Ar), 127.6 (Ar), 127.3 (Ar), 106.7 (ipso-Ar), 

20.3 (Me). NMR data for 2 matched literature values.18  
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3 (7.98 g, 37%). 1H NMR (400 MHz, CDCl3, 25 °C):  7.38 (t, 3J(H,H) = 

7.4 Hz, 1H, PhAp), 7.14 (d, 3J(H,H) = 7.4 Hz, 2H, PhAm), 7.05 (s, 2H, 

PhB3), 6.92 (s, 2H, PhB6), 2.30 (s, 6H, Me4), 2.27 (s, 6H, Me2), 2.06 (s, 

6H, Me5). 13C{1H} NMR (100 MHz, CDCl3, 25 °C):  147.6 (PhAm), 

142.9 (PhB2), 136.0 (PhB5), 133.5 (PhB4), 132.7 (PhB1), 131.1 (PhB3), 

130.1 (PhB6), 128.9 (PhAm), 127.7 (PhAp), 106.9 (PhAipso), 19.5 (Me4), 19.3 (Me5), 19.3 

(Me2). Elemental analysis for C24H25I (440.37): calcd. C 65.46, H 5.72; found C 65.38, H 

5.69. MS (ESI) m/z: calcd for C24H25INa [M+Na]+ 463.0893, found: 463.0886 (err [ppm] 

= 1.50). NMR data for 3 matched literature values.19 

 

2.2.1.2 [2,6-Ar2C6H3Li]2 (Ar = Mes, 4; 2,6-Xyl, 5; Tmp, 6)20  

2,6-Ar2C6H3I (Ar = Mes, 8.00 g, 18.2 mmol, 4; 2,6-Xyl, 8.00 g, 19.4 mmol; 6.88g, 14.9 

mmol, 6) was dried in vacuo overnight (ca. 16 h) after which hexane (ca. 100 mL) was 

added to give a pale yellow suspension. nBuLi (2.5 M solution in hexane, 4, 8.7 mL, 21.8 

mmol; 5, 9.3 mL, 23.3 mmol; 6, 7.0 mL, 17.9 mmol) was added dropwise with stirring at 

0 °C and the reaction mixture was allowed to warm to room temperature overnight (ca. 16 

h) forming a pale yellow suspension. This was filtered and dried to give [2,6-Ar2C6H3Li]2 

as an off white powder. 

4 (4.89 g, 84%).  1H NMR (400 MHz, C6D6, 25 °C): δ 7.24 (t, 3J(H,H) 

= 7.5 Hz, 1H, PhAp), 6.84 (s, br, 4H, PhBm), 6.82 (s, br, 2H, PhAm), 2.17 

(s, 12H, Me4), 1.83 (s, 24H, Me2). 13C{1H} NMR (101 MHz, C6D6, 25 

°C): δ 151.2 (PhAipso), 143.7 (PhAo), 136.7 (PhBipso), 136.7 (PhBo), 130.1 

(PhBp), 126.5 (PhAm), 124.1 (PhAp), 21.9 (Me4), 21.5 (Me2). 7Li{1H} NMR (156 MHz, 

C6D6, 25 °C): δ  1.64 (s). NMR data for 4 matched literature values.20 
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5 (5.50 g, 97%).  1H NMR (400 MHz, C6D6, 25 °C): δ 7.19 (t, 3J(H,H) 

= 7.5 Hz, 1H. PhAp), 7.03-6.94 (m, br, 6H, PhB(p+m)), 6.77 (d, 3J(H,H) = 

7.5 Hz, 2H, PhAm), 1.80 (s, 12H, Me).13C{1H} NMR (101 MHz, C6D6, 

25 °C): δ 172.7 (PhAipso), 152.0 (PhBipso), 146.4 (PhAo), 136.4 (PhBm), 

128.4 (PhBo), 127.4 (PhB(C-H)) 126.4 (PhAp),  123.6 (PhAm), 21.8 (Me). 

7Li{1H} NMR (156 MHz, C6D6, 25 °C): δ 1.58 (s). NMR data for 5 matched literature 

values.21 

 

6 (4.14 g, 86%).  1H NMR (400 MHz, THF-d8, 25 °C):  7.07 (s, 2H, 

PhB3), 6.89 (s, 2H, PhB6), 6.81 (m, 3H, PhA(m+p)), 2.25 (s, 6H, Me), 

2.21 (s, 6H, Me), 2.20 (s, 6H, Me). 13C{1H} NMR (100 MHz, THF-d8, 

25 °C):  156.3 (Ar), 152.9 (Ar), 151.3 (Ar), 132.9 (Ar), 132.7 (Ar), 

132.3 (Ar), 132.2 (PhB3), 131.7 (PhB6), 123.2 (PhAm), 121.5 (PhAp), 

20.7 (Me), 19.5 (Me), 19.3 (Me). 7Li{1H} NMR (155 MHz, C6D6, 25 °C):  1.86 (s). 

Elemental analysis for C24H25Li (320.40): calcd. C 89.97 H 7.86; found C 89.69 H 7.73. 

NMR data for 6 matched literature values.19 
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2.2.2 Two-Coordinate Complexes 

2.2.2.1 (2,6-Tmp2C6H3)2Zn (7) 

To a mixture of 6 (200 mg, 0.312 mmol) and ZnCl2 (42.5 mg, 0.312 mmol), were added 

toluene (20 mL) and THF (5 mL) resulting in a white suspension which was stirred for 16 

h. The solvent was removed in vacuo resulting in a white solid which was extracted into 

hexane (3 × 10 mL), concentrated in vacuo and stored at 30 °C overnight. This resulted 

in the precipitation of colourless crystals suitable for X-ray diffraction 

(37.6 mg, 17 %). 1H NMR (400 MHz, C6D6, 25 °C): δ 7.19 (d, br, 

3J(H,H) = 8.1 Hz, 4H, PhAm), 7.14 (t, br, 3J(H,H)  = 8.1 Hz, 2H, PhAp), 

6.90 (s, br, 8H, PhB(C-H)), 2.14 (s, 6H, Me), 2.10 (s, 6H, Me), 1.98 (s, br, 

6H, Me). 13C{1H} NMR (100 MHz, C6D6, 25 °C): δ 153.7 (PhAipso), 

150.4 (PhB(C-quaternary)), 144.5 (PhBipso), 134.8 (PhB(C-quaternary)), 133.9 (PhAo), 133.0 (PhB(C-

quaternary)), 132.3 (PhB(C-H)), 130.5 (PhB(C-H)), 126.9 (PhAp), 126.1 (PhAm), 20.1 (Me), 19.4 

(Me), 19.3 (Me). Elemental analysis for C48H50Zn (692.31): calcd. C 83.28, H 7.28; found 

C 83.35, H 7.15. MS (EI) m/z: 690.3 [(2,6-Tmp2C6H3)2Zn]+. 

 

2.2.2.2 (2,6-Tmp2C6H3)2Cd (8) 

To a mixture of 6 (200 mg, 0.312 mmol) and CdI2 (114 mg, 0.312 mmol), was added 

diethyl ether (20 mL) resulting in a white suspension. The reaction mixture was stirred for 

16 h, the solvent removed in vacuo and the resulting in a grey solid which was extracted 

into hexane (3 × 10 mL) and toluene (10 mL). These solutions were concentrated in 

vacuo and stored at 30 °C. A white powder was obtained from the hexane extraction 

(72.0 mg, 31%). Crystals were grown from the toluene extraction however these crystals 

were too weak for X-ray diffraction. 1H NMR (400 MHz, C6D6, 25 °C): δ 7.20 (d, br, 
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3J(H,H) = 7.5 Hz, 4H, PhAm), 7.12 (t, br, 3J(H,H) = 7.5 Hz, 2H, PhAp), 

7.01 (s, br, 4H, PhB(C-H)), 6.87 (s, br, 4H, PhB(C-H)), 2.08 (s, br, 24H, 

Me), 1.89 (s, br, 12H, Me).13C{1H} NMR (100 MHz, C6D6, 25 °C): δ 

162.1 (PhAipso), 150.2 (PhAo), 145.7 (PhBipso), 134.8 (PhB(C-quaternary)), 

133.8 (PhB(C-quaternary)), 133.0 (PhB(C-quaternary)), 132.1 (PhB(C-H)), 130.5 

(PhB(C-H)), 126.1 (PhAp), 125.9 (PhAm), 19.9 (Me), 19.4 (Me), 19.3 (Me).113Cd{1H} NMR 

(88.8 MHz, C6D6, 25 °C): δ 421 (s), 429 (s). MS (EI) m/z : 740.3 [(2,6-Tmp2C6H3)2Cd]+. 

 

2.2.2.3 (2,6-Tmp2C6H3)2Hg (9) 

To a mixture of 6 (270 mg, 0.422 mmol) and HgBr2 (152 mg, 0.422 mmol), were added 

toluene (20 mL) and THF (5 mL) resulting in a white suspension which was stirred for 16 

h. The solvent was removed in vacuo resulting in a white solid which was extracted into 

hexane (3 × 10 mL), concentrated in vacuo and stored at 30 °C overnight. This resulted 

in the precipitation of colourless crystals suitable for X-ray diffraction 

(34.0 mg, 10%). 1H NMR (400 MHz, C6D6, 25 °C): δ 7.34 (d, 3J(H,H) 

= 7.5 Hz, 4H, PhAm), 7.16 (t, 3J(H,H) =  7.5 Hz, 2H, PhAp), 7.07 (s, 4H, 

PhB(C-H)), 6.89 (s, 4H, PhB(C-H)), 2.19 (s, 3H, Me), 2.14 (s, 3H, Me), 2.07 

(s, 3H, Me), 2.05 (s, 3H, Me), 2.00 (s, 6H, PhBp-Me). 13C{1H} NMR 

(100 MHz, C6D6, 25 °C): δ 171.2 (PhAipso), 147.4 (PhAo), 142.4 PhB(C-quaternary), 136.5 

PhB(C-quaternary), 134.7 PhB(C-quaternary), 132.7 PhB(C-quaternary), 132.5 (PhB(C-H)), 131.3 (PhB(C-

H)), 128.5 (PhAm), 19.9 (Me), 19.3 (Me), 19.2 (Me). 199Hg{1H} NMR (72 MHz, C6D6, 25 

°C): δ –629 (s), –649 (s). Elemental analysis for C48H50Hg (828.36): calcd. C 69.67, H 

6.09; found C 69.54, H 6.12. MS (EI) m/z: 828.4 [(2,6-Tmp2C6H3)2Hg]+. 
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2.2.2.4 (2,6-Mes2C6H3)2Mn (10)7 

To a mixture of 4 (500 mg, 0.780 mmol) and MnBr2 (168 mg, 0.780 mmol), were added 

toluene (20 mL) and THF (5 mL) resulting in a clear pale yellow solution which  was 

stirred at room temperature for 16 h. The solvent was removed in vacuo resulting in a 

pale yellow solid which was dried for 4 h. The product was extracted into toluene (3 × 10 

mL), the solvent removed and dried resulting in a white powder (368 mg, 69%) 

Characterising data matched that in the literature.7  

 

2.2.2.5 (2,6-Mes2C6H3)2Fe (11)7 

To a mixture of 4 (500 mg, 0.780 mmol) and FeCl2(THF)1.5 (182 mg, 0.780 mmol), were 

added toluene (20 mL) and THF (5 mL) resulting in a clear brown solution which was 

stirred at room temperature for 16 h. The solvent was removed in vacuo resulting in a 

dark yellow solid which was dried at 60 °C for 5 h. The product was extracted into 

hexane (3 × 10 mL) and concentrated to ca. 10 mL and stored at 30 °C overnight. This 

resulted in the precipitation of a yellow crystalline solid (171 mg, 32%). Characterising 

data matched that in the literature.7  

 

2.4.3.6 (2,6-Mes2C6H3)2Co (12)7 

To a mixture of 4 (500 mg, 0.780 mmol) and CoBr2(DME) (241 mg, 0.780 mmol), were 

added toluene (20 mL) and THF (5 mL) resulting in a clear blue solution. The reaction 

mixture was stirred at room temperature for 16 h, resulting in a deep red solution. The 

solvent was removed in vacuo and the product was extracted into hexane (3 × 10 mL), 

concentrated to ca. 10 mL in vacuo and stored at 30 °C overnight resulting in the 
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precipitation of a deep red crystalline solid (311 mg, 58%). Characterising data matched 

that in the literature.7  

 

2.2.2.7 (2,6-(2,6-Xyl)2C6H3)2Mn (13)19  

To a mixture of 5 (500 mg, 0.855 mmol) and MnBr2 (184 mg, 0.855 mmol), were added 

toluene (20 mL) and THF (5 mL) resulting in a clear pale yellow solution which  was 

stirred at room temperature 16 h. The solvent was removed in vacuo resulting in a pale 

yellow solid which was dried for 4 h. The product was extracted into toluene (3 × 10 mL) 

and concentrated to ca. 10 mL and stored at 30 °C overnight. This resulted in the 

precipitation of a white crystalline solid (144 mg, 27%). Characterising data matched that 

in the literature.19  

 

2.2.2.8 (2,6-(2,6-Xyl)2C6H3)2Fe (14)19  

To a mixture of 5 (500 mg, 0.855 mmol) and FeCl2(THF)1.5 (201 mg, 0.855 mmol), were 

added toluene (20 mL) and THF (5 mL) resulting in a clear dark yellow solution which 

was stirred at room temperature 16 h. The solvent was removed in vacuo resulting in a 

pale yellow solid which was dried for 4 h. The product was extracted into toluene (3 × 10 

mL) and concentrated to ca. 10 mL and stored at 30 °C overnight. This resulted in the 

precipitation of a yellow crystalline solid (110 mg, 21%). Characterising data matched 

that in the literature.19   



   Chapter II 

42 

 

2.2.3 Three-Coordinate Complexes 

2.2.3.1 (2,6-Tmp2C6H3)2Mn(THF) (15)  

To a mixture of 6 (500 mg, 0.780 mmol) and MnBr2 (168 mg, 0.780 mmol), were added 

toluene (20 mL) and THF (5 mL) with stirring resulting in a light yellow solution which 

was stirred for 16 h. The solvent was removed in vacuo resulting in an off white solid 

which was extracted into toluene (2 × 10 mL), concentrated in vacuo and stored at 30 °C 

for 1 day. This resulted in the precipitation of pale pink crystals suitable for X-ray 

diffraction (170 mg, 30%). 1H NMR (400 MHz, C6D6, 25 °C): δ 15.78 (s, br, Δν1/2 = 5000 

Hz), 4.76 (s, br, Δν1/2 = 695 Hz). UV/Vis (THF): strong absorption between 200 and 400 

nm (ε > 900 dm3 mol-1 cm-1). Elemental analysis for C52H58OMn (753.96): calcd. C 

82.84, H 7.75; found C 82.66, H 7.55. μeff (Evans, C6D6, 25 ºC) = 5.59 μB. MS (EI) m/z: 

682.3 [M+H‒THF]+. 

 

2.2.3.2 (2,6-Tmp2C6H3)2Fe(THF) (16) 

To a mixture of 6 (500 mg, 0.780 mmol) and FeCl2(THF)1.5 (182 mg, 0.780 mmol), were 

added toluene (20 mL) and THF (5 mL) with stirring resulting in a dark brown solution 

which was stirred for 16 h. The solvent was removed in vacuo resulting in a brown solid 

which was extracted into hexane (2 × 10 mL), concentrated in vacuo and stored at 30 °C 

for 1 day. This resulted in the precipitation of yellow crystals suitable for X–ray 

diffraction (150 mg, 25%). The 1H NMR spectrum showed very broad signals which 

could not be readily assigned. UV/Vis (THF): strong absorption between 200 and 400 nm 

(ε > 1200 dm3 mol-1 cm-1) with peaks at λmax/nm (ε/dm3 mol–1 cm–3) 385 (194). Elemental 

analysis for C52H58OFe (754.86): calcd. C 82.74, H 7.74; found C 82.63, H 7.62. μeff 

(Evans, C6D6, 25 ºC) = 5.58 μB. MS (EI) m/z: 683.4 [M+H‒THF]+.  
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2.2.4 Four-Coordinate Complexes 

2.2.4.1 (2,6-Mes2C6H3)2Mn(MeCN)2 (17)  

To a mixture of 4 (500 mg, 0.780 mmol) and MnBr2 (168 mg, 0.780 mmol), were added 

toluene (20 mL) and THF (5 mL) resulting in a clear pale yellow solution which was 

stirred at room temperature for 16 h. The solvent was removed in vacuo resulting in a 

dark yellow solid which was dried for 4 h. The product was extracted into acetonitrile (2 

× 20 mL) and concentrated to ca. 10 mL and stored at 30 °C for 4 days. This resulted in 

the precipitation of an off white crystalline solid (71.7 mg, 13%). 1H NMR (400 MHz, 

C6D6, 25 °C): δ 25.7 (s, br, Δν1/2 = 2021 Hz), 16.5 (s, br, Δν1/2 = 1120 Hz), 8.8 (s, br, Δν1/2 

= 1191 Hz). UV/Vis (THF): strong absorption between 200 and 300 nm (ε > 2000 dm3 

mol-1 cm-1). Elemental analysis for C52H56N2Mn (763.97): calcd. C 81.75 H 7.39 N, 3.67; 

found C 81.61, H 7.44, N 3.53. μeff (Evans, C6D6, 25 ºC) = 4.21 μB. MS (EI) m/z: 681.6 

[M‒(MeCN)2]
+. 

 

2.2.2.2 (2,6-Mes2C6H3)2Fe(MeCN)2 (18)  

To a mixture of 4 (500 mg, 0.780 mmol) and FeCl2(THF)1.5 (182 mg, 0.780 mmol), were 

added toluene (20 mL) and THF (5 mL) resulting in a clear brown solution which was 

stirred at room temperature for 16 h. The solvent was removed in vacuo resulting in a 

dark yellow solid which was dried for 4 h. The product was extracted into acetonitrile (2 

× 20 mL) and concentrated to ca. 10 mL and stored at 30 °C for 5 days. This resulted in 

the precipitation of a yellow crystalline solid (147 mg, 25%). 1H NMR (400 MHz, C6D6, 

25 °C): δ 31.5 (s,br, Δν1/2 = 272 Hz), –11.3 (s, br, Δν1/2 = 54 Hz), –35.0 (s, br, Δν1/2 = 

1223 Hz), –54.3 (s, br, Δν1/2 = 248 Hz). UV/Vis (THF): strong absorption between 200 

and 350 nm (ε > 9700 dm3 mol-1 cm-1) with peaks at λmax/nm (ε/dm3 mol–1 cm–3) 385 
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(4890). Elemental analysis for C52H56N2Fe (764.88): calcd. C 81.66, H 7.38, N 3.66; 

found C 81.44, H 7.26, N 3.52. μeff (Evans, C6D6, 25 ºC) = 5.17 μB. MS (EI) m/z: 682.3 

[M‒(MeCN)2]
+.  
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2.3 Results and Discussion  

2.3.1 Ligand Synthesis 

2.3.1.1 m-Terphenyl Iodides 

A series of m-terphenyl ligand precursors with different steric bulk were synthesised with 

the aim to evaluate how altering the steric bulk of the flanking aryls affects the bonding, 

geometric environment and resulting reactivity of the low-coordinate transition metal 

complexes. The flanking group of the m-terphenyl was either substituted with either a 

Mes, 2,6-xylyl (2,6-Xyl), or the asymmetric 2,4,5-Me3C6H2 (Tmp) substituent (Figure 

2.1) which were prepared though a one-pot procedure as outlined by Hart and co-

workers.17 

 
Figure 2.1 m-Terphenyl ligand precursors synthesised with Mes, 2,6-Xyl and Tmp substituents. 

The respective aryl Grignard reagents were synthesised first via a typical route where a 

solution of the aryl bromide in THF was added dropwise to a suspension of activated 

magnesium turnings in THF with heating. After filtration the solution of the aryl 

Grignard, ArMgBr (Ar = Mes 1; 2,6-Xyl, 2; Tmp, 3), was obtained. The m-terphenyl 

iodides were synthesised via a minor modification to the literature17 where 

1,3-dichlorobenzene was lithiated in the ortho position with the use of nbutyllithium  
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Scheme 2.2 Synthesis of m-terphenyl iodides where Ar = Mes, 1; 2,6-Xyl, 2; Tmp, 3. 

(2.5 M solution in hexane) whilst maintaining a constant temperature of 78 °C and was 

held at this temperature for an hour. Two equivalents of the previously prepared aryl 

Grignard reagent was added dropwise at 78 °C and allowed to warm to room 

temperature overnight (ca. 16 h), heated at reflux, cooled to 0 °C and quenched with an 

excess of iodine (Scheme 2.2). After a standard aqueous workup and recrystallisation in 

hot ethanol, 1-3 were isolated in moderate yields (37-46%). The purity of 1-3 were 

confirmed with the use of 1H and 13C{1H} NMR spectroscopy where values for 1,17 218 

and 319 matched those in the literature. 

 

2.3.1.2 m-Terphenyl Lithium Complexes  

The synthesis the m-terphenyl lithium complexes [2,6-Ar2C6H3Li]2 (where Ar = Mes, 4; 

2,6-Xyl, 5; Tmp, 6) were achieved via the addition of n-butyllithium (2.5 M solution in 

hexane) to a suspension of the m-terphenyl iodides (1-3) in hexane at 0 °C (Scheme 2.3). 

 

 
Scheme 2.3 Synthesis of m-terphenyl lithium dimers 4-6. 
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After filtration the lithium complexes were isolated in excellent yields (84-97%) and their 

purity was established through the use of 1H and 13C{1H}, 7Li{1H} NMR spectroscopy 

where values for 4-6 matched those in the literature.19–21 

 

2.3.2 Two-Coordinate Complexes 

2.3.2.1 Disubstitution of Group 12 Halides 

The reaction between one equivalent of the lithium dimer [2,6-Tmp2C6H3Li]2 (6) and the 

group 12 transition metal halides ZnCl2, CdI2 and HgBr2 in a mixture of toluene and THF 

(7 and 9) or diethyl ether (8) followed by removal of volatiles in vacuo and extraction into 

iso-hexane yielded the two-coordinate complexes in moderate yields according to Scheme 

2.4.  

 

Scheme 2.4 Synthesis of diaryl complexes (2,6-Tmp2C6H3)2M [M = Zn (7), Cd (8), Hg (9)]. 

Despite multiple attempts in numerous solvents, single crystals suitable for X-ray 

diffraction experiments for the cadmium complex 8 could not be obtained. Crystals 

suitable for X-ray diffraction for 7 and 9 were grown from saturated solutions in 

iso-hexane at 30 °C which revealed the monomeric two-coordinate homoleptic 

complexes (2,6-Tmp2C6H3)2M (M = Zn, 7; Hg, 9) with the absence of any coordinating 

solvents, presumably due to the combination of the steric demands of the m-terphenyl 

ligands and the fact that Zn is small due to d-block contraction and that mercury 

complexes prefer linear two-coordinate geometry due to relativistic effects.22 Complexes 
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7-9 have been characterised by NMR spectroscopy, mass spectroscopy and elemental 

analysis, and the solid state structures for 7 and 9 have been determined by single crystal 

X-ray diffraction. 

The NMR data for 7-9 are more complicated than those seen for Group 12 diaryl 

complexes in the literature which feature symmetrical m-terphenyl ligands23 due to the 

asymmetric nature of the Tmp substituent. The 1H NMR spectrum for 7 shows three 

singlets at 1.98, 2.10 and 2.14 ppm indicating three methyl environments of the Tmp 

substituent where the peak at 1.98 ppm is significantly broad. In the aromatic region, a 

slightly distorted doublet and triplet with a broad singlet are observed which correspond 

to the meta and para protons on the central aryl ring, and the CH protons on the flanking 

aryls respectively. This is also observed in the 1H NMR spectrum for the corresponding 

cadmium complex 8 which suggests that there is some fluxionality in solution which 

possibly indicates the presence of conformational isomers in solution. This is further 

supported by the presence of two distinct chemical shifts in the 113Cd{1H} NMR spectrum 

at 421 and 429 ppm for 8 and two peaks in the 119Hg{1H} NMR spectrum at  ‒629 and ‒

649 ppm for 9 which are similar to other bis m-terphenyl cadmium and mercury 

complexes as seen in the literature.23–25 The broad peaks observed in the 1H NMR spectra 

suggests the flanking Tmp substituent is rotating in solution however, the multiple signals 

observed in the 113Cd{1H} and 119Hg{1H} NMR spectra indicates multiple isomers are 

present in solution. Such conformational flexibility has also been observed for the related 

group 12 bis m-terphenyl complexes with flanking aryl Naph flanking groups. The 

complexes (2,6-Naph2C6H3)2M(OEt2) (where M = Cd or Hg) both crystallise in the 

syn/syn conformation, however in solution there are multiple isomers present as 

evidenced by the presence of multiple overlapping resonances in both the 1H and 13C{1H} 

NMR spectra as well as four distinct resonances in both the 113Cd{1H} (422 to 442 ppm) 
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and 119Hg{1H} NMR (‒648 to ‒600 ppm) spectra.25 The 13C{1H} NMR spectra for 

complexes 7-9 exhibit broad peaks which also suggests fluxionality in solution. The 1H 

NMR spectrum for the mercury complex 9 is slightly different than those of 7 and 8. The 

aliphatic region exhibits five singlets where the ortho- and meta-methyl groups of the 

Tmp substituent are inequivalent (2.05-2.19 ppm) with a sharp peak at 2.00 ppm from the 

para-methyl group. The characteristic m-terphenyl doublet (7.34 ppm) and triplet (7.16 

ppm) are also observed due to the meta- and para-hydrogens on the central aryl ring 

respectively. Variable temperature NMR was carried out in order deconvolute the 1H 

spectrum. Samples of 7-9 in benzene-d6 were heated from 25 °C to 50 °C however the 1H 

signals were still very broad and was not possible to identify each specific signal. 

 

2.3.2.1.1 Crystallographic Analysis 

As a consequence of the steric demands of the Tmp substituted m-terphenyl ligand the 

zinc (7) and mercury (9) complexes are monomeric in the solid state (Figure 2.2) where 

the nearest M···M separations are d(Zn···Zn) = 9.3 Å and d(Hg···Hg) = 8.6 Å.  

Selected bond lengths and angles are shown in Table 2.1 for 7 and 9. The solid state 

structures of these complexes feature the metal centres bound to two m-terphenyl ligands 

where the orientation of the flanking Tmp substituents are in the anti-configuration [i.e. 

C(15):C(24) and C(37):C(48) are on opposite sides with respect to the central aryl ring]. 

Complex 7 crystallises in the tetragonal space group P43212 with one molecule in the 

asymmetric unit. The Zn–C bond lengths in 7 are identical [Zn–C(1) = 1.950(3) Å, Zn–

C(25) = 1.949(3) Å] and are within the range of other two-coordinate m-terphenyl diaryl 

zinc complexes seen in the literature [(2,6-Ar2C6H3)2Zn where Ar = 2,6-Xyl, Zn–C = 

1.949(4) and 1.944(4) Å; Ar = 3,5-Xyl, 3,5-Xylyl, 3,5-Me2C6H3, Zn–C = 1.9362(13) and 
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1.9402(13); Ar = Pmp, pentamethylphenyl, Me5C6, Zn–C = 1.939(3) and 1.939(3) Å, 

Naph, Zn–C = 1.946(2) and 1.955(2) Å].23,25 The almost linear C–M–C angle of 

175.07(12)° in 7 is similar to the aforementioned 2,6-Xyl and Pmp substituted m-

terphenyl zinc complexes [178.7(2)° and 175.78(12)° respectively]23 whereas the 3,5-Xyl 

and Naph substituted m-terphenyl zinc complexes [171.18(15)° and 168.27(9)° 

respectively] deviate more from linearity.23,25 This is possibly a consequence of a lesser 

amount of steric bulk imposed by the 3,5-Xyl and Naph flanking aryls which in turn 

allows for a greater degree of rotation. It has also been proposed that for the Naph 

substituted m-terphenyl zinc complex an intramolecular CH···π interaction from a 

flanking aryl to an opposing naphthyl group also the contributes to the bending of this 

angle.24,25 A weak secondary metal-ligand interaction between the Zn and C on the 

flanking aryl is suggested by the C(36)···Zn(1) contact of 2.986(9) Å which is within the 

combined Van der Waals radii of these atoms of 3.8 Å,26 bringing the aryl-proton in close 

proximity to the metal centre.  

The mercury complex 9 crystallises in the orthorhombic space group Pca21 comprising of 

one molecule in the asymmetric unit. The C–Hg–C angle of 176.3(2)° is very similar to 

the 3,5-Xyl substituted m-terphenyl complex: (2,6-(3,5-Xyl)2C6H3)2Hg, 176.4(2)°, 

whereas the analogous mercury complexes with 2,6-Xyl, Pmp, Mes and Naph flanking 

aryls afford a more linear C–M–C bond angle [177.1(1)-180°].25,27 The Hg–C bond 

 7  

M = Zn 

9  

M = Hg 

M(1)–C(1) 1.950(3) 2.090(5) 

M(1)–C(25) 1.949(3) 2.085(5) 

C(1)–M(1)–C(25) 175.07(12) 176.3(2) 

C(1)plane···C(25)plane 127.29(6) 130.4(8) 

Table 2.1 Selected bond lengths (Å) and angles (°) for (2,6-Tmp2C6H3)2M where M = Zn (7) and Hg (9). 
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Figure 2.2 Crystal structures of 7 and 9. Thermal ellipsoids are set at the 50% probability level and hydrogen atoms omitted for clarity. 
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lengths in 9 [2.090(5) and 2.085(5) Å] which are close in value to the sum of the covalent 

radii of Hg and C (2.08 Å)28 and are also similar to the aforementioned related bis m-

terphenyl mercury complexes.23,27,28 It could be possible that there is a weak secondary 

metal-ligand interaction from the C(41)···Hg(1) contact of 3.524(6) Å which is well 

within the sum of the Van der Waals radii of these two atoms of 3.75 Å.26 

It is also important to highlight that the angle between the planes of the two central aryl 

rings in 7 and 9 are rather close in value at 127.29(6)° and 130.4(8)° respectively [Table 

2.1, C(1)plane···C(25)plane]. These values are much larger than those of related two-

coordinate bis m-terphenyl zinc and mercury diaryl complexes where the aryl rings are 

orientated almost perpendicular [Zn, 83.6(2)-89.07(10)°; Hg, 78.46(18)-86.03(19)°].23,25 

This is most likely due to the reduced steric strain of the Tmp substituent which allows 

for greater flexibility versus 2,6-Xyl, Mes and Pmp where it has been suggested that the 

maximum steric bulk is provided by substituents in the ortho position of the flanking 

aryls.29  

 

2.3.2.2 Disubstitution of Transition Metal Halides 

The open shell two-coordinate transition metal complexes 10-14 were synthesised 

according to modified literature procedures.7,19 The reaction between the lithium aryl (4 

or 5) and the corresponding transition metal dihalide in a mixture of toluene and THF 

gave the homoleptic transition metal complexes with concomitant precipitation of the 

lithium halide according to Scheme 2.5. Extraction into an appropriate non polar solvent 

[either hexanes (11 and 12) or toluene (10, 13, 14)] and storage of saturated solutions at 

30 °C resulted in the precipitation of pure product as either a white (10 and 13) yellow 

(11 and 14) or red (12) crystalline solid. 
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Scheme 2.5 Disubstitution of first row transition metals: Ar = Mes, M = Mn (10), Fe (11), and Co (12); 

Ar = 2,6-Xyl,  M = Mn (13) and Fe (14). 

These highly air- and moisture-sensitive compounds are stable for extended periods of 

time under an inert atmosphere and were isolated in low to good yields (27-69%) where 

their characterising data match those as seen in the literature.7,19 Their catalytic activity 

and reactivity towards small molecules is explored and discussed in Chapters III to VI. 

 

2.3.3 Three-Coordinate Complexes 

2.3.3.1 Disubstitution of Transition Metal Halides 

The reaction between one equivalent of the lithium dimer [2,6-TmpC6H3Li]2 (6) and one 

equivalent of the corresponding transition metal dihalide [MnBr2 and FeCl2(THF)1.5] in a 

mixture of toluene and THF at room temperature yields the three-coordinate complexes 

(2,6-Tmp2C6H3)2M(THF) [M = Mn (15), Fe (16)], with concomitant formation of the 

lithium halide according to Scheme 2.6.  

 

 
Scheme 2.6 Synthesis of three-coordinate diaryl complexes (2,6-Tmp2C6H3)2M(THF), M = Mn (15) and 

Fe (16). 
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Attempts to synthesise the analogous cobalt complex using similar methodology in 

numerous solvent systems at various temperatures lead to an intractable mixture of solids. 

This could be a result of insufficient steric protection from the Tmp substituent in 

stabilising the highly reactive Co(II) centre. Complexes 15 and 16 were isolated as pale 

pink (15) or yellow (16) highly air- and moisture-sensitive crystals. They have been 

characterised (through mass spectrometry, UV/Vis spectroscopy and elemental analysis) 

and their solid state structures have been determined via X-ray crystallography. The 

elemental analyses for both complexes 15 and 16 agree well with the crystallographic 

formulation. The 1H NMR spectra for 15 and 16 showed very broad signals which could 

not be readily assigned indicating the presence of paramagnetic ion. The effective 

magnetic moment (μeff) of 15 and 16 were measured via the Evans’ method15,16 where μeff 

= 5.59 μB (15) and 5.58 μB (16) at 25 °C.  

The value of 5.59 μB for the manganese complex 15 is slightly lower than the spin-only 

contribution of five unpaired electrons on a high spin Mn(II) centre but close in value to 

related manganese complexes featuring m-terphenyl ligands [(2,6-Mes2C6H3)2Mn μeff = 

5.89 μB; (2,6-Naph2C6H3)2Mn·OEt2 = 5.52 μB).7,24 

The theoretical spin only contribution for a high spin d6 configuration for Fe(II) is 4.90 μB 

which is significantly lower than the measured value of 5.58 μB for 16. This is similar to 

related three-coordinate iron(II) complexes featuring ring expanded N-heterocyclic 

carbene (NHC) ligands Fe[(7-DiPP)X2]
30 where [7-DiPP = 1,3-Bis(2,6-

diisopropylphenyl)-4,5,6,7-tetrahydro-3H-[1,3]diazepin-1-ium; X  = Br, Cl] of 6.0 μB and 

5.9 μB but higher than Fe(II) m-terphenyl complexes [(2,6-Mes2C6H3)2Fe μeff = 4.90 μB; 

(2,6-Naph2C6H3)2Fe(THF) μeff = 4.90 μB)].7,24 
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3.3.3.2 Crystallographic Analysis 

Crystals suitable of 15 and 16 for X-ray diffraction for were grown from saturated 

solutions from either toluene (15) or iso-hexane (16) at 30 °C. 15 and 16 are monomeric 

in the solid state where the nearest M···M separations are d(Mn···Mn) = 9.8 Å and 

d(Fe···Fe) = 9.8 Å. The molecular structures of 15 and 16 (Figure 2.3) display a distorted 

trigonal planar geometry [Σ(angles at M): 360.0 (15) and 359.9 (16)] around the metal 

centre with the coordination sites occupied by two m-terphenyl ligands, both in a syn 

conformation, and a THF molecule. This is contrary to that observed for the related two-

coordinate compounds (2,6-Ar2C6H3)M (Ar = Mes; Dipp; M = Mn, Fe),7,24,31 and is 

presumably due to the more sterically demanding Mes and Dipp substituents. Three-

coordinate monomeric d-block diaryl complexes have been observed previously when the 

m-terphenyl ligand features an asymmetric flanking substituent, for example in (2,6-

Naph2C6H3)2ML (L = OEt2, M = Mn,24 Co,8 Cd,25 Hg;25 L = THF, M = Fe24) where the 

flanking aryls on opposing m-terphenyl ligands are orientated such that a steric pocket is 

formed through which an Et2O or THF molecule can coordinate. The M−O bond lengths 

in 15 and 16 are both within the combined Van der Waals radii of the two elements  

 

 15  

M = Mn 

n = 1’ 

16  

M = Fe 

n = 25 

M(1)–C(1) 2.1395(11) 2.073(2) 

M(1)–C(n) 2.1395(12) 2.0734(19) 

M(1)–O(1) 2.1303(13) 2.0583(14) 

C(1)–M(1)–C(n) 138.13(6) 133.89(8) 

C(1)–M(1)–O(1) 110.93(3) 115.22(7) 

C(n)–M(1)–O(1) 110.93(3) 110.83(7) 

C(1)plane···C(n)plane 78.77(6) 83.91(8) 

Table 2.2 Selected bond lengths (Å) and angles (°) for (2,6-Tmp2C6H3)2M(THF) where M = Mn (15) and 

Fe (16). Symmetry operation: ’ = 3/2 ‒ x, 1 ‒ y, + z. 
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(Mn−O = 3.6 Å, Fe−O = 3.6 Å)26 and are also close in value to related complexes 

containing oxygen donor atoms, for example, [MesMn(THF)(μ2-Mes)]2 [Mn−O = 

2.2467(14) Å],32 Mn[CH(SiMe3)2]2(THF) [Mn−O = 2.19(2) Å],33 Fe[(N(SiMe3)2]2(THF) 

[Fe−O = 2.071(6) Å],34 (pyac)Fe(THF)Cl (Fe−O = 2.029(3) Å)35 (pyac = 1,5,9-

trimesityldipyrromethene) and [ClFe(THF)BpPh] [Fe−O = 2.0604(17) Å]36 (BpPh = 

diphenylbis(pyrazolyl)borate). 

Unsurprisingly, the C−Mn−C angle of 138.13(6)° (Table 2.2) in 15 is comparatively 

smaller than seen in related two-coordinate m-terphenyl complexes: (2,6-Mes2C6H3)2Mn 

[C−Mn−C = 166.41(3), 173.00(13)°]7 and (2,6-Dipp2C6H3)2Mn [C−Mn−C = 

160.19(9)°]31 and is considerably larger than the value of 120 expected for a trigonal 

planar complex. This observation is consistent with the steric repulsion imposed by the 

two bulky m-terphenyl ligands.  There are few examples in the literature of monomeric 

three-coordinate bis(aryl) complexes with Mn(II) atoms. These complexes display either 

distorted trigonal planar geometry, for example in the cationic complex 

[Li(THF)4]2[MnMes3]
37 and in the manganese complex featuring an NHC ligand: 

Mn(IPr)(Mes)2 (IPr = 1,3-bis(2,6-diisopropylphenyl)-imidazol-2-yl-idene)38 or T-shaped 

geometry which is observed in the aforementioned complex (2,6-Naph2C6H3)2MnOEt2
24 

and in {Li(THF)}2,6-Dipp2C6H3Mn(µ-I)(C6H2-2,4,6-iPr3) isolated by Power and co-

workers.31 The angle between planes of the two central aryl rings in 15 

[C(1)plane···C(25)plane = 78.77(6)°, Table 2.2] is within the range of related two-

coordinate bis m-terphenyl complexes (72.57-88.38°) but larger than the three coordinate 

(2,6-Naph2C6H3)2MnOEt2 at 62.115(5)°.7,24,31  

The Mn−C distances in 15 [2.1395(12) and 2.1395(11) Å] are slightly longer than in 

related Mn(II) m-terphenyl complexes (2,6-Ar2C6H3)2Mn(OEt2)n [n = 0, Ar = Mes, Dipp; 
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n = 1, Naph; Mn−C = 2.066(5)-2.107(2) Å]7,24,31 but are closer in value to previously 

discussed [Li(THF)4]2[MnMes3]  [Mn−C =  2.137(6), 2.142(6) and 2.144(6) Å], all of 

which are larger than the combined covalent radii for Mn and C atoms (1.96 Å).26 These 

larger Mn−C distance is indicative that the bonding has less covalent character and is 

more ionic than seen in the aforementioned Mn(II) m-terphenyl complexes. 

The analogous three-coordinate iron complex (2,6-Tmp2C6H3)2Fe(THF) (16) is one of a 

few examples of crystallographically verified three-coordinate diaryls with an Fe(II) 

centre in the literature, the second only to feature m-terphenyl ligands.24 Three-coordinate 

Fe(II) complexes have been isolated previously by utilisation of bulky ligands such as 

NHCs,30,39–42 cAACs43 and aryls.44  

As mentioned previously, the geometry around the metal centre in 16 can be described as 

distorted trigonal planar, similar to other three-coordinate bis aryl iron(II) complexes such 

as FeMes3,
45

 Fe(IPr)(Mes)2 and Fe(IPr)(2,6-Xyl)2.
39 The Fe–C bond lengths are 

statistically indistinguishable at 2.073(2) Å and 2.0734(19) Å which are slightly longer 

than observed for the previously mentioned two-coordinate Fe(II) m-terphenyl complexes 

[2.028(2)-2.059(2) Å]7,19,46 but are closer in value to the three-coordinate complex 

(2,6-Naph2C6H3)2Fe(THF) [Fe−C 2.066(5), 2.071(5) Å].24 The C−Fe−C angle is more 

acute compared with the other Fe(II) m-terphenyl complexes7,19,24,46 presumably due to 

the additional coordination of the THF molecule.  

The nearest metal ligand interactions occur between the metal and the ortho-CH of the 

flanking aryl at 2.983(1) and 2.857(8) Å for 15 and 16 respectively, which are within the 

sum of the Van der Waals radii of the individual atoms. These are similar to related diaryl 

complexes, however, if said interactions exist they are indeed very weak and could be due 

to packing forces in the solid state. 
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Figure 2.3 Crystal structures of 15 and 16. Thermal ellipsoids are set at the 50% probability level. Hydrogen atoms and minor disordered components omitted for clarity 

Symmetry operation: ’ = 3/2 ‒ x, 1 ‒ y, + z. 
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2.3.4 Four-Coordinate Complexes 

As the study of the reactivity of transition metal m-terphenyl complexes was the main 

focus of this work, preliminary investigations with acetonitrile were undertaken in order 

to examine whether other substrates could penetrate the coordination sphere. The diaryl 

complexes 10 and 11, were synthesised in situ by reaction of the lithium salt 4 with the 

corresponding transition metal dihalide (Scheme 2.7).  

 

 
Scheme 2.7 Synthesis of four-coordinate diaryl complexes (2,6-Mes2C6H3)2M(MeCN)2, M = Mn (17) and 

Fe (18). 

 

After removal of volatiles in vacuo the resulting solids were dried after which acetonitrile 

was added. Subsequent workup resulted in the precipitation of fine needle shaped crystals 

which X-ray diffraction experiments revealed the structures to be the four-coordinate 

diaryl complexes: (2,6-Mes2C6H3)2M(MeCN)2 [M = Mn (17) and Fe (18)].  

17 and 18 have been characterised by mass spectrometry, UV/Vis spectroscopy and 

elemental analysis. The mass spectra (EI) of 17 and 18 only show the fragment ion of the 

diaryl complex: [M(2,6-Mes2C6H3)2]
+ with the absence of the coordinating acetonitrile 

molecules, however the elemental analyses agree well with the formulation shown by 

crystallographic analysis. The 1H NMR spectra display very broad singlets which cannot 

be resolved indicating the presence of unpaired electrons. Their effective magnetic 

moments were calculated via the Evans method and were found to be 4.21 μB (17) and 

5.17 μB (18). The μeff for iron complex 18 agrees with the spin only value for 4 unpaired 
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electrons (4.90 μB) but the value for 17 is considerably lower than spin only values for 

five unpaired electrons (5.92 μB). This significantly lower value could be an indication of 

spin orbit coupling, which is not observed for the corresponding diaryl complex 

(2,6-Mes2C6H3)2Mn, thereby reducing the effective magnetic moment.7,47 

The UV/Vis spectrum of 17 and 18 in THF exhibit strong absorptions around 200-350 

nm, which is consistent with the related species (2,6-Ar2C6H3)2M (Ar = Mes, Dipp; M = 

Mn, Fe), which also feature strong absorption between 200-400 nm.7,31,46  

 

3.3.4.1 Crystallographic Analysis 

Storage of saturated solutions of 17 and 18 in acetonitrile at 30 °C resulted in the 

precipitation of crystals suitable for X-ray diffraction experiments. The isomorphous, 

four-coordinate complexes 17 and 18 feature two m-terphenyl ligands and two 

acetonitrile molecules bound to the metal centre (Figure 2.4). These are monomeric in the 

solid state with the closest M···M separations of d(Mn···Mn) = 11.4 Å and d(Fe···Fe) = 

12.7 Å for 17 and 18 respectively (selected bond lengths and angles for 17 and 18 are 

shown in Table 2.3). The geometry of 17 and 18 can be described as seesaw by using 

Equation 2.1 as outlined by Houser and co-workers,48 with the four-coordinate geometry 

index values, τ4, of 0.71 and 0.72 respectively.  

Both 17 and 18 crystallise in the monoclinic space group C2/c with half the molecule in 

the asymmetric unit with two disordered solvent molecules of crystallisation. The 

𝜏4 =  
360° − (𝛼 +  𝛽) 

141°
 

Equation 2.1 Geometry index for four-coordinate complexes. τ4 = four-coordinate index, α and β are the 

two largest angles in the four-coordinate species (°).48



  Chapter II 

61 

 

 
 

Figure 2.4 Crystal structures of 17 and 18. Thermal ellipsoids are set at the 50% probability level. Hydrogen atoms, solvent of recrystallisation and minor disordered 

components omitted for clarity. Symmetry operation: ’ =  1‒ x, + y, 3/2 ‒ z. 
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m-terphenyl ligands are orientated almost orthogonal to each other 

[C(1)plane···C(1’)plane angle ca. 84°] as a consequence of the steric bulk imposed by the 

m-terphenyl ligands. The M–C bonds in 17 and 18 are more elongated than in their 

corresponding diaryl counterparts (2,6-Mes2C6H3)2M [M = Mn, 2.092(3)-2.098(3) Å; M 

= Fe, 2.037(3)-2.042(3) Å]7 presumably as a result of the coordination of the acetonitrile 

molecules. The C–M–C angles show significant distortion from linearity [C–M–C 

=146.36(7)° (17), 144.95(7)° (18)] which differ from the non-acetonitrile bound 

complexes by approximately 20°. The shift in the C–M–C angle suggests that there is a 

certain degree of flexibility in the bulky terphenyl ligand (2,6-Mes2C3H3
–). The Fe–N 

distance in 18 [2.1457(13) Å] is slightly longer than those seen in other iron(II) 

complexes with coordinating nitrile molecules, for example in LMeFe(NCtBu)2, Fe–N = 

2.074(2) Å (where LMe = 2,4-bis(2,6-diisopropylphenylimido)-3-pentyl)49 and 

Fe(L2)(MeCN)2]OTf, Fe–N = 1.929(5) and 1.938 Å (L2 = N,N'-bis(2-

pyridylmethyl)ethylenediamine)50 but is closer in value to 

[Fe(6-Me3TPA)(CH3CN)2](ClO4)2, Fe–N = 2.17(2) Å (6-Me3TPA = tris[(6-methyl-2-

pyridyl)methyl]amine)51 where the longer bond indicates a weaker donor-acceptor 

relationship at the very sterically crowded centre.  

A similar observation can be made for the analogous manganese complex 17 with the 

Mn–N distance of 2.2347(13) Å which is elongated in comparison to other manganese(II) 

complexes bearing coordinated acetonitriles such as [Mn(Py2N2)(MeCN)2](PF6)2 [Mn–N 

= 2.174(2), 2.184(2) Å] (N,N’-dimethyl-2,11-diaza[3,3](2,6)pyridinophane),52 

[(Py2N
tBu2)Mn(MeCN)2](PF6)2 [Mn–N = 2.152(12), 2.211(2) Å] (Py2N

tBu2 = N,N'-ditert-

butyl-2,11-diaza[3,3](2,6)pyridinophane)53 and [(Py2NH2)Mn(MeCN)2](PF6)2 [Mn–N = 

2.2000(18), 2.1978(18) Å] [PyNH2 = 2,6-bis(bromomethyl)pyridine, 2,11-
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diaza[3,3](2,6)pyridinophane],53 which are all shorter than those in 17, presumably as a 

consequence of the steric hindrance of the bulky m-terphenyl ligand. 

 

 

 
17 

M = Mn 

18 

M = Fe 

M(1)–C(1) 

M(1)–N(1) 

N(1)–C(25) 

C(1)–M(1)–C(1’) 

C(1)–M(1)–N(1) 

C(1’)–M(1)–N(1) 

C(1)plane···C(1’)plane 

2.1805(14) 

2.2347(13) 

1.136(2) 

146.34(8) 

91.76(5) 

113.86(5) 

84.70(5) 

2.1254(14) 

2.1457(13) 

1.138(2) 

144.95(8) 

92.36(5) 

114.11(5) 

84.90(8) 
 

Table 2.3 Selected bond lengths (Å) and angles (°) for M(2,6-Mes2C6H3)2(MeCN)2 where M = Mn (17) 

and M = Fe (18). Symmetry operation: ’ = 1‒ x, + y, 3/2 ‒ z. 
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2.4 Conclusions  

A series of m-terphenyl ligands have been synthesised with varying steric bulk though 

substitution of the flanking aryl with either a Mes, 2,6-Xyl or Tmp substituent. The 

synthesis of the iodides were achieved using the method outlined by Hart and co-

workers17 in good to excellent yields. The m-terphenyl iodides (1-3) were then metallated 

with use of n-butyllithium to yield the m-terphenyl lithium dimers (4-6). 

Salt metathesis reactions between [2,6-Tmp2C6H3Li]2 (6) and transition metal dihalides 

resulted in the synthesis of novel two- and three-coordinate transition metal complexes. 

Three-coordinate transition metal m-terphenyl complexes have previously been isolated 

with an asymmetric Naph substituent with either a molecule of Et2O or THF where the 

flanking groups of the m-terphenyl ligand are in various conformations.24,25 The group 12 

transition metal complexes 7-9 exhibit fluxionality in solution with the broadening of 

NMR spectra and presence of multiple peaks in the  113Cd{1H} and 199Hg{1H} NMR 

spectra. The solid state structures of 7 and 9 were determined via X-ray crystallography 

and show the ligands orientated in the anti-configuration. The analogous reaction with 

transition metals iron and manganese resulted in the isolation of three-coordinate trigonal 

planar complexes, with coordination of a THF molecule to the metal centre. The flanking 

Tmp substituents of the m-terphenyl are in the syn-conformation in the solid state, unlike 

that observed for the group 12 complexes. The electronic configurations are likely to be 

high-spin with the effective magnetic moments of 15 and 16 as determined via Evans’ 

method, indicate five and four unpaired electrons.  

Preliminary investigations with acetonitrile and two-coordinate transition metal 

complexes 10 and 11 were undertaken in order to examine whether other substrates could 

coordinate to the transition metal. In situ reactions resulted in the isolation of the four-
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coordinate seesaw complexes 17 and 18 with two m-terphenyl ligands and two 

acetonitrile molecules bound to the metal centre. This demonstrates that the steric 

demands imposed by the m-terphenyl ligand are not such that prevent small molecules to 

reach the metal centre.   

 

  



  Chapter II 

66 

 

2.5 Future Work  

Future work will involve expanding the library of m-terphenyl complexes through 

substitution of flanking aryls, altering the sterics, and through substitution on back of the 

central aryl ring with electron donating or withdrawing groups, thereby altering the 

electronic properties. This would allow for further study of how the m-terphenyl ligand 

effects the structural geometry of the transition metal which could have further 

implications on the reactivity towards small molecules, catalytic applications (see 

Chapters IV-VI) and magnetic properties.  

DFT calculations on the complexes bearing the asymmetric Tmp substituent (7-9) would 

further enhance the understanding of the conformational isomerism observed in solution 

and help verify whether the most stable conformer is that observed in the solid state.25 

Characterisation of the electronic structure of the iron and manganese complexes (15, 16, 

17 and 18) has been undertaken via Evans’ method however, further, more rigorous 

approach using SQUID measurements and EPR spectroscopy should be undertaken to 

fully elucidate the electronic structure. This would also enable the temperature 

dependency of the magnetic moments of such species to be investigated and the spin 

states of the complexes. This could also be complimented with cyclic voltammetry 

measurements of these species to investigate their chemical redox properties. Mössbauer 

spectroscopy measurements on the iron complexes would also enable the understanding 

of the electronic properties and allow for the study of how the different ligand 

environment affects the metal centre. 

The coordination chemistry of the two- and three-coordinate transition complexes could 

be expanded to larger molecules, for example, pyridine, 2,2’-bipyridine (bipy), and 

phenanthroline in order to probe the flexibility of the m-terphenyl ligands further.  
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3.1 Introduction  

The cyclotrimerisation of isocyanates is a direct and an atom-economical approach for the 

synthesis of isocyanurates. The commercial importance of isocyanurates is well known as 

they are commonly used as additives in polyurethane foams, coating materials and 

composites in order to enhance their physical properties.1,2 Moreover, the incorporation of 

isocyanurates into polymers and coatings increases crosslink density and improves 

mechanical properties, thermal and chemical resistance, as well as flame retardation due 

to their outstanding thermal stability.3–7 They are also used as key components in such 

diverse applications as microporous materials,8,9 selective ion-bonding,10 medicines and 

drug delivery (Figure 3.1).11–14 Isocyanurates functionalised by donor arms at the 

periphery have also been shown to exhibit remarkable nonlinear optical properties.15  

 
 

Figure 3.1 Chemical structure of Toltrazuril (left) and Ponazuril (right) which are used to treat 

coccidiosis in small animals.11,12 

There are numerous examples of precatalysts which have previously been used for the 

cyclooligomerisation of isocyanates including Lewis bases (e.g. amines,16 phosphines,17–

21 NHCs22), rare-earth (Figure 3.2)23–25 and main group complexes.26–29 There are few 

examples of transition metal species which have been used for this purpose with 

palladium(0) complexes currently dominating this area.30,31  

A key early example included the use of copper(II) and nickel(II) halides which were 

effective in the cyclotrimerisation of methyl- and ethyl isocyanate.32 Low-valent 

manganese and iron complexes have also been shown to catalyse the conversion of 
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isocyanates to carbodiimides, yielding low amounts (less than 15%) of 

cyclooligomerisation side products.33–36 

Despite the plethora of existing cyclotrimerisation methodologies, the current 

technologies often suffer from issues such as low catalyst activity, by-product formation, 

long reaction times, high reaction temperatures or difficulty with product separation. 

Furthermore, there is significant concern for the replacement of noble metal catalysts by 

more economical, environmentally friendly catalysts based on earth-abundant metals such 

as manganese, iron and cobalt.37–40 With this in mind, this Chapter explores and 

investigates the catalytic activity of low coordinate m-terphenyl transition metal 

complexes towards the cyclotrimerisation of isocyanates. 

 
 

Figure 3.2 Rare-earth complexes which catalyse the cyclotrimerisation of isocyanates.23–25 

 

.  
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3.2 Experimental  

3.2.1 Initial Assessments  

To a solution of precatalyst 10, 11 or 12 (10, 0.213 g, 0.312 mmol; 11, 0.213 g, 0.312 

mmol; 12, 0.214 g, 0.312 mmol) in toluene (ca. 20 mL) was added ethylisocyanate (1.0 

mL, 1.5 M solution in toluene, 1.5 mmol) and stirred at room temperature overnight. The 

solvent was removed in vacuo and the resulting residue extracted into hexane (10 mL) 

concentrated to ca. half volume and placed in the freezer which led to the precipitation of 

colourless crystals. X-ray diffraction experiments revealed the structure to be the 

cyclotrimerisation product 1,3,5-tri(ethyl)-isocyanurate. 

 

3.2.2 Standard Procedure for the Catalytic Cyclotrimerisation of 

Isocyanates 

In a Young’s NMR tube 0.5 to 10 mol% of precatalyst 10, 11, 15, or 16 were dissolved in 

C6D6 (0.6 mL). The corresponding isocyanate was then added. The reaction was either 

carried out at room temperature and monitored by 1H NMR spectroscopy or heated to 60 

°C; the samples were maintained at 60 °C for 14 h and 1H NMR spectroscopy was 

performed at the final time. Conversion was quantified by integration of 1H NMR spectra 

of isocyanate vs. isocyanurate. See Table 3.1 for quantities of precatalyst and isocyanate 

used. 
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Precatalyst RNCO 

Cat (mol%) mg mmol R mmol µL 

10 (5) 10.0 0.0147 

Et 

0.294 

23 
nPr 28 

nHx 37 

Bn 36 

11 (5) 10.0 0.0147 

Et 

0.294 

23 
nPr 28 

nHx 37 

Bn 36 

15 (5) 10.0 0.0133 

Et 

0.266 

21 
nPr 25 

nHx 39 

Bn 33 

15 (2) 5.0 0.00663 Et 0.322 26 

15 (0.5) 5.0 0.00663 Et 1.33 105 

16 (5) 10.0 0.0132 

Et 

0.264 

21 
nPr 25 

nHx 39 

Bn 33 

Table 3.1 Quantities of precatalyst and isocyanate used in reactions. 

 

3.2.3 Standard procedure for the Synthesis of Cyclotrimerisation Products 

19a-d 

5 mol% of 10 (30.0 mg, 0.0440 mmol) and the corresponding isocyanate (RNCO, 0.88 

mmol; R = Et, 70 µL; R = nPr, 83 µL; R = nHex, 128 µL; R = Bn, 109 µL) were dissolved 

in toluene (5 mL) and stirred at room temperature for 3 h (19a) or heated at 60 °C for 14 h 

(19b-c). The solvent was removed in vacuo and the residue was dissolved in 

dichloromethane and filtered through a short silica column. Elimination of the volatiles in 

vacuo enabled the isolation of the corresponding isocyanurates. 
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3.2.3.1 1,3,5-Tri(ethyl)-isocyanurate (19a)  

The isocyanurate was identified by comparison of its spectroscopic data 

with those reported in the literature.13 Selected spectroscopic data: 1H 

NMR (400 MHz, CDCl3, 25 °C):  3.95 (q, 3J(H,H) = 7.1 Hz, 2H, CH2), 

1.25 (t, 3J(H,H) =  7.1 Hz, 3H, CH3).
13C{1H} NMR (101 MHz, CDCl3, 25 °C):  148.8 

(C=O), 38.3 (CH2), 13.3 (CH3). MS (GC-EI) m/z: calcd. for C9H15N3O3 [M]+ 213.1108, 

found: 213.1106 (err [ppm] = 0.94). 

 

3.2.3.2 1,3,5-Tri(n-propyl)-isocyanurate (19b) 

The isocyanurate was identified by comparison of its spectroscopic 

data with those reported in the literature.16 Selected spectroscopic 

data: 1H NMR (400 MHz, CDCl3, 25 °C):  3.88-3.81 (m, 2H, 

CH2
1), 1.74-1.62 (m, 2H, CH2

2), 0.94 (t, 3J(H,H) = 7.5 Hz, 3H, 

CH3
3).13C{1H} NMR (101 MHz, CDCl3, 25 °C):  149.2 (C=O), 44.6 (CH2

1), 21.3 

(CH2
2), 11.2 (CH3

3). MS (GC-EI) m/z: calcd. for C12H21N3O3 [M]+ 255.1577, found: 

255.1572 (err [ppm] = 2.17). 

 

3.2.3.3 1,3,5-Tri(n-hexyl)-isocyanurate (19c) 

The isocyanurate was identified by comparison of its 

spectroscopic data with those reported in the literature.41 

Selected spectroscopic data: 1H NMR (500 MHz, CDCl3, 25 

°C):  3.96-3.77 (m, 2H, CH2
1), 1.66-1.58 (m, 2H, CH2

2), 1.40-1.24 (m, 6H, CH2
3+4+5), 

0.94-0.79 (m, 3H, CH3
6). 13C{1H} NMR (126 MHz, CDCl3, 25 °C):  149.2 (C=O), 43.2 
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(CH2
1), 31.5 (CH2), 27.9 (CH2

2), 26.5 (CH2), 22.7 (CH2), 14.2 (CH3
6). MS (ESI) m/z: 

calcd for C21H39N3O3 [M+H]+ 382.3064, found: 382.3070 (err [ppm] = 1.60). 

 

3.2.3.4 1,3,5-Tri(benzyl)-isocyanurate (19d) 

The isocyanurate was identified by comparison of its spectroscopic 

data with those reported in the literature.41 Selected spectroscopic 

data: 1H NMR (500 MHz, CDCl3, 25 °C):  7.49 (d, 3J(H,H) = 7.1 

Hz, 2H, Pho), 7.42-7.27 (m, 3H, Phm+ p), 5.07 (s, 2H, CH2).
13C{1H} 

NMR (126 MHz, CDCl3, 25 °C):  149.2 (C=O), 135.9 (Phi), 129.2 (Pho), 128.8 (Phm), 

128.3 (Php), 46.4 (CH2). MS (ESI) m/z: calcd for C24H21N3O3Na [M+Na]+ 422.1475, 

found 422.1468 (err [ppm] = 1.60). 

 

3.2.4 Stoichiometric Reaction of 3,5-Dimethoxyphenyl Isocyanate with 11 

to Form Carboxamide, 2,6-Mes2C6H3C(O)NH-3,5-(OMe)2C6H3 (20) 

3,5-Dimethoxyphenyl isocyanate, (8.0 mg, 0.045 mmol) was added to a yellow solution 

of (2,6-Mes2C6H3)2Fe (11) (30.5 mg, 0.045 mmol) in toluene (4 mL). The reaction was 

monitored by solution IR spectroscopy. After stirring for 12 h at room temperature no 

reaction had been observed, so the solution was heated to 60 C and stirred for 16 h, 

whereupon the solution became dark red and a complete consumption of the isocyanate 

was observed via IR spectroscopy. The solvent was removed under vacuum to yield a 

yellow solid and dissolved in “wet” Et2O and filtered through a short silica column. The 

solvent was then evaporated to yield a colourless crystalline solid. 1H NMR indicated a 

mixture 42:58 of 20 and protonated ligand (2,6-Mes2C6H4) respectively. Single crystals 
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for X-ray diffraction studies were grown from a saturated hexane solution at –30 C. 1H 

NMR (400 MHz, CDCl3, 25 °C):  7.56 (t, 3J(H,H) = 7.6 Hz, 

1H, PhAp), 7.21 (d, 3J(H,H) = 7.6 Hz, 2H, PhAm), 6.96 (s, 4H, 

PhBm), 6.11 (t, 4J(H,H) = 2.3 Hz, 1H, PhCp), 5.97 (d, 4J(H,H) = 

2.3 Hz, 2H, PhCo), 5.32 (s, 1H, NH), 3.65 (s, 6H, OCH3), 2.30 

(s, 6H, CH3
Bp), 2.12 (s, 12H, CH3

Bo). 13C{1H} NMR (101 MHz, 

CDCl3, 25 °C): δ 166.2 (C=O), 160.8 (PhCm), 141.1 (PhBo), 139.2 (PhAo), 138.9 (PhBi), 

138.7 (PhCi), 137.2 (PhBp), 135.9 (PhAi), 130.0 (PhAp), 129.2 (PhAm), 128.2 (PhBm), 99.5 

(PhCo), 96.9 (PhCp), 55.4 (OCH3), 21.2 (CH3
Bp), 20.8 (CH3

Bo). MS (ESI) m/z: calcd for 

C33H34NO [M–H]– 492.2544, found 492.2538 (err [ppm] = 1.20). IR (Toluene) 𝜈̅/cm-1: 

3557 (s, N–H), 1676 (s, C=O). 

 

3.2.5 Catalyst Poisoning Tests 

3.2.5.1 Mercury Drop Test 

In two separate Young’s NMR tubes was added 10 (5.0 mg, 0.5 mol%) in C6D6 (0.6 mL) 

and to one, a drop of mercury was added. Ethyl isocyanate (116 µL, 1.47 mmol) was 

added to each tube and the reactions were monitored by 1H NMR spectroscopy. Both 

reactions were found to reach >90% conversion after 2 days at room temperature.  

 

3.2.5.2 Radical Trap Test 

In two separate Young’s NMR tubes was added 15 (10.0 mg, 5 mol%) in C6D6 (0.6 mL) 

and to one, an excess of cumene (C6H5CH(CH3)2) was added (9.3 µL, 0.0665 mmol). 

n-Propyl isocyanate (25 µL, 0.266 mmol) was added to each tube and the reactions were 
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monitored by 1H NMR. Both reactions were found to reach >80% conversion after 7 h at 

room temperature.  

 

3.2.6 General Procedure for Kinetic NMR Experiments  

In a Young’s NMR tube the precatalyst 10 was dissolved in C6D6 so that the total volume 

was 600 µL and was frozen at ‒30 °C. Ethyl isocyanate was then added and the sample 

was frozen to ‒78 °C to prevent the reaction from proceeding. The sample was transferred 

to the NMR spectrometer and monitored directly at 25 °C. Conversion was quantified by 

integration of 1H NMR spectra.  

 

3.2.7 Cyclotrimerisation with Mixed Isocyanates 

In a Young’s NMR tube was added 10 (10.0 mg, 5 mol%) in C6D6 (0.6 mL). The 

isocyanates were added and the reactions were monitored by 1H NMR and GC-MS after 

16 h at room temperature. See Table 3.2 for quantities and ratios of the isocyanates used. 
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Ratio 

EtNCO:RNCO 

EtNCO RNCO 

µL mmol R µL mmol 

1:2 23 0.294 pTol 74 0.588 

2:1 47 0.588 pTol 37 0.294 

1:2 23 0.294 iPr 58 0.588 

2:1 47 0.588 iPr 29 0.294 

Table 3.2 Reactions performed with a mixture of isocyanates with the manganese(II) precatalyst 10 

present, where RNCO is an isocyanate with a substrate that does not undergo catalytic cyclotrimerisation 

with only the precatalyst present.   
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3.3 Results and Discussion  

3.3.1 Preliminary Testing 

Initial reactions of the manganese, iron, and cobalt precatalysts 10-12 with an excess of 

ethyl isocyanate were performed in toluene and stirred overnight at room temperature. 

After subsequent workup, colourless crystals were isolated which X-ray diffraction 

measurements showed the structure to be the cyclotrimerisation product, triethyl 

isocyanurate. This prompted the investigation as to whether the reaction was catalytic. 

Using ethyl isocyanate as a model substrate, an initial assessment of the catalytic activity 

of a range of m-terphenyl transition metal complexes (Mn: 10, 15; Fe: 11, 14, 16; Co: 12) 

were trialled at room temperature, monitored via 1H NMR spectroscopy (Table 3.3). 

Entry Cat.    

(mol%) 

Time  

(h) 

Conversion 

(%) 

1 12 (10) 24 85 

2 14 (10) 24 66 

3 11 (5) 5 95 

4 16 (5) 14 97 

5 10 (5) 2.5 98 

6 15 (5) 1 97 

Table 3.3 Reaction conditions: room temperature (20C ± 2), 0.6 mL of C6D6. Conversion determined by 
1H NMR spectroscopy. 

 

When the cobalt precatalyst 12 was employed at 10 mol% catalyst loading the room 

temperature reaction had only reached 24% conversion after 7 h. After 24 h, there was a 

significant amount of black precipitate observed in the reaction solution and had reached 

85% conversion suggesting that the catalyst was decomposing to an as yet unidentified, 
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catalytically inactive species (Table 3.3, entry 1). Assessment of the iron(II) complexes 

showed that the 2,6-Xyl substituted m-terphenyl complex 14 was much slower than the 

analogous Mes (11) or Tmp (16) substituted m-terphenyl complexes. The reaction of 14 at 

10 mol% catalyst loading reached only 66% conversion after 24 h at room temperature 

whereas 11 and 16 at a lower catalyst loading (5 mol%) had reached >95% after 5 and 14 

h respectively (Table 3.3, entries 2-4). The two manganese catalysts 10 and 15 showed 

excellent performance with high conversions to the isocyanurate after very short periods 

of time at room temperature (Table 3.3, entries 5 and 6). With this information, the study 

of the catalytic cyclotrimerisation was limited to the two- and three-coordinate 

manganese and iron precatalysts (2,6-Mes2C6H3)2M (M = Mn, 10; Fe, 11) and (2,6-

Tmp2C6H3)2M(THF) (M = Mn, 15; Fe, 16) with the aim to evaluate how catalytic activity 

is affected as a consequence of changing the ligand environment and transition metal in 

these complexes. 

 

3.3.2 Catalytic Cyclotrimerisation of Primary Alkyl Isocyanates 

The catalytic activity of complexes 10, 11, 15 and 16 as precatalysts for the 

cyclotrimerisation of isocyanates were carried out in C6D6 at room temperature or at 60 

°C and monitored  via 1H NMR. The samples which were heated were maintained at 60 

°C for 14 h after which, 1H NMR spectroscopy was performed at the final time. The 

conversions of starting isocyanates to the corresponding isocyanurate were quantified by 

integration of 1H NMR spectra where these results are summarised in Table 3.4. The 

three-coordinate manganese precatalyst 15 performed remarkably well with EtNCO from 

5-0.5% catalyst loading at room temperature where high conversion to the isocyanurate 

was observed in relatively short times (Table 3.4, entries 1-3). A significant decrease in 
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rate was observed when using the analogous three-coordinate iron complex 16 where the 

reaction reaches 97% after 24 h however, when increasing the reaction temperature to 60 

°C high conversions are achieved after just 14 h (Table 3.4, entries 4 and 5). The two-

coordinate complexes 10 and 11 also performed well at room temperature with EtNCO. 

Whilst the two manganese complexes 15 and 10 reached completion in comparable times, 

a notable difference was seen for the two iron complexes 16 and 11.  

Indeed, this is clearly evident in the calculated turnover frequency (TOF) for the room 

temperature cyclotrimerisation of ethyl isocyanate (Table 3.4, entries 2, 4, 6 and 7). The 

three coordinate manganese precatalyst, 15, had the highest TOF of 81.6 h-1, followed by 

complex 10. The worst performing precatalyst was complex 11. 

When the chain length of the substrate is increased from ethyl to n-propyl and n-hexyl it 

became necessary to increase the temperature to 60 °C to achieve high conversions after 

14 h (Table 3.4, entries 8-16). The cyclotrimerisation of benzyl isocyanate was also 

successful for all, however when using precatalyst 16, the reaction only reached 65% 

conversion after 14 h. Notably, no dimerisation of the isocyanates to uretdiones, a 

common by-product, were observed in these reactions.22,24,28 These reactions are also 

scalable where the isocyanurates 19a-d were isolated by reaction of 11 (5 mol%) with the 

corresponding isocyanate in toluene and purified via passage through a short silica 

column using dichloromethane as an eluent.  
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Entry Isocyanate 

RN=C=O 

Cat.  

(mol%) 

Product T 

(°C) 

Time 

(h) 

Conversion 

(%) 

TOF        

(h-1) 

1 

 

 

 

 R = Et 

 

15 (5) 19a rt 1 97 - 

2 15 (2) 19a rt 2.8 98 81.6 

3 15 (0.5) 19a rt 5 98 - 

4 16 (5) 19a rt 24 97 4.6 

5 16 (2) 19a 60 14 94 - 

6 10 (5) 19a rt 2.5 98 26.7 

7 11 (5) 19a rt 6.5 99 1.5 

8 

 

R = nPr 

15 (5) 19b rt 14 96 - 

9 15 (5) 19b 60 14 98 - 

10 16 (5) 19b 60 14 88 - 

11 10 (5) 19b 60 14 94 - 

12 11 (5) 19b 60 14 >99 - 

13 

 

R = nHx 

15 (5) 19c 60 14 97 - 

14 16 (5) 19c 60 14 98 - 

15 10 (5) 19c 60 14 99 - 

16 11 (5) 19c 60 14 99 - 

17 

 

R = Bn 

15 (5) 19d 60 14 99 - 

18 16 (5) 19d 60 14 65 - 

19 10 (5) 19d 60 14 >99 - 

20 11 (5) 19d 60 14 >99 - 

Table 3.4 Reaction conditions: 0.6 mL of C6D6. Conversion determined by 1H NMR spectroscopy.- rt = 

room temperature (20C ± 2). TOF = Turnover frequency (h-1). 
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3.3.3 Reactions with Aromatic, Secondary and Tertiary Alkyl Isocyanates 

After the successful use of 10, 11, 15 and 16 as precatalysts for the cyclotrimerisation of 

primary aliphatic isocyanates, the scope of this reaction was extended to a variety of 

aliphatic and aryl isocyanates with precatalysts 10 and 11 (Table 3.5). 

Entry Isocyanate 

RN=C=O 

Cat.    

(mol%) 

T   

(°C) 

Time    

(h) 

Conversion 

(%) 

1 

 

R = Ph 

10 (5) 60 48 0 

2 11 (5) 60 48 0 

3 

 

R = pTol 

10 (10) 50 48 0 

4 11 (10) 50 48 0 

5 

 

R = 3,5-(OMe)2Ph 

10 (5) 60 48 0 

6 11 (5) 60 48 0 

7 

 

R = Cy 

10 (5) 60 48 0 

8 11 (5) 60 48 0 

9 

 

R = iPr 

10 (5) 60 48 0 

10 11 (5) 60 48 0 

11 

 

R = tBu 

10 (5) 80(a) 48 0 

12 11 (5) 80(a) 48 0 

Table 3.5 Reaction conditions: 0.6 mL of C6D6. Conversions determined by 1H NMR spectroscopy. (a) 

Reactions performed in toluene-d8.  
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No cyclotrimerisation was observed via NMR spectroscopy when aromatic isocyanates 

(phenyl-, p-tolyl and 3,5-dimethoxyphenyl isocyanate) were used as substrates, even 

when the reactions were heated to temperatures 50 °C or higher for 48 h (Table 3.5, 

entries 1-6). This was also seen when secondary and tertiary isocyanates were used (Table 

3.5, entries 7-12), possibly due to the incremented steric bulk of the substrates which 

could prevent access to the metal centre. However, subsequent experiments suggest that 

there is possible formation of an metal-amidate complex when using these isocyanates 

thereby preventing formation of the active catalyst (infra vide). Therefore, the lack of 

catalytic activity is due to an electronic rather than a steric effect. 

 

3.3.4 Reaction of 3,5-Dimethoxyphenyl Isocyanate with 11 

To gain information regarding the absence of catalytic activity observed for aryl 

isocyanates with these m-terphenyl precatalysts, a stoichiometric reaction between 11 and 

one equivalent of 3,5-dimethoxyphenyl isocyanate in toluene was performed according to 

Scheme 3.1. Due to the paramagnetic nature of 11 it was not possible to observe 

intermediates via NMR and therefore the reaction was monitored by performing solution 

IR spectroscopy on aliquots of the reaction mixture. No reaction was observed after 

stirring for 12 h at room temperature, subsequently raising the temperature to 60 °C for 16 

h results in a colour change from light yellow to dark red with the appearance of new 

peaks in the IR spectra. Whilst no peaks were found in the aromatic isocyanurate region 

(ca. 1693-1770 cm–1),13,15,30 the appearance of a strong peak at 1676 cm–1 which can 

plausibly be assigned to the formation of an Fe-amidate and species resulting from the 

insertion of the 3,5-dimethoxyphenyl isocyanate into the Fe–C bond.4 2–4 5 
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Scheme 3.1 Insertion of one equivalent of RN=C=O (R = 3,5-(OMe)2C6H3) into the Fe–C bond of 

complex 11 followed by hydrolysis. 

 

Although this species could not be isolated, it was hydrolysed leading to the in situ 

formation of the amide species 20 which has been characterised by IR NMR 

spectroscopy, mass spectrometry and single crystal X-ray diffraction. That there is no 

reaction towards isocyanates indicates that this putative Fe-amidate species is deactivated 

towards further insertion of an external isocyanate therefore preventing the catalysis from 

proceeding. The IR spectrum shows peaks at 3557 and 1676 cm–1 corresponding to the 

N–H and C=O moieties respectively and accurate mass measurements of 20 also agree 

well with theoretical values. The 1H NMR features the characteristic triplet, doublet and 

singlet in the aromatic reaction from protons on the central aryl and from the Mes 

substituent of the m-terphenyl ligand 2,6-Mes2C6H3
–. There are also two peaks in the 

methyl region (2.30 and 2.12 ppm) corresponding to the meta and para methyl groups of 

the Mes moiety. The aryl-CH protons on the 3,5-methoxyphenyl moiety are shifted 

slightly upfield from the free isocyanate with a four-bond coupling constant of 2.3 Hz. 

The NH peak occurs at 5.32 ppm which is slightly lower than related compounds.46–48 

The solid state structure of 20 (Figure 3.3) was obtained via X-ray diffraction of single 

crystals grown from storage of a saturated hexane solution at ‒30 °C. A list of bond 

lengths and angles are given in Table 3.6. 20 is the second reported crystallographically 

characterised 2,6-disubstitued aryl benzamide with the previous example synthesised by 

Wan et al., which features a4-methoxy aryl flanking group and a quinolone moiety  
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Figure 3.3 Crystal structure of 20. Thermal ellipsoids are set at the 50% probability level. Hydrogen 

atoms [except H(1)], minor disorder components and solvent of recrystallisation omitted for clarity. 

 

attached to the nitrogen.47 The C‒C distances between the central aryl and the carbonyl 

moiety are very similar [1.502(3) Å vs. 1.509(3) Å in 20] and have identical C=O 

distances.  The plane between the two aryls (C(1)plane···C(26)plane) however are 

significantly different where the aryls in the aforementioned structure are orientated 

almost orthogonal to each other [ca. 84° vs. 145.16(6)° in 20] presumably as a result of 

crystal packing. Hunter et al. have synthesised a series of similar amide compounds with 

various substituents in the para-position of the benzoyl moity where the solid state 

structures feature linear H-bonded chains where the molecules are arranged in a ‘head-to-

head fashion’. This is contrary to what is observed in 20 which has no H-bonds between 
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adjacent molecules as a result of the steric bulk imposed by the bulky Mes flanking 

groups.49 

 20  

C(1)–C(25) 1.509(3) 

O(1)–C(25) 1.220(3) 

N(1)–C(25) 1.364(3) 

N(1)–C(26) 1.414(3) 

C(1)plane···C(26)plane 145.16(6) 

Table 3.6 Selected bond lengths (Å) and angles (°) for amide species 23. 
 

3.3.5 Mechanistic Studies 

To gain insight to the mechanism of the cyclotrimerisation of aliphatic isocyanates a 

series of experiments were undertaken. The reaction of n-PrNCO and the two manganese 

precatalysts 10 and 15 at 5 mol% were monitored using NMR spectrometry at 60 °C and 

room temperature, respectively. These samples were prepared by dissolving the 

precatalyst in C6D6, cooling the solution to –30 °C after which the isocyanate was added 

and was quickly cooled to –78 °C to prevent the reaction from proceeding. The samples 

were then transferred directly into the NMR spectrometer and a 1H NMR spectrum was 

then taken in numerous time intervals. From the plot of conversion vs. time (Figure 3.4) 

no induction period was observed indicating that the reaction most likely proceeds though 

a homogenous mechanism. Furthermore the mercury drop test was performed which is a 

common method in the literature whereby Hg(0) will make an amalgam with the metal 

therefore deactivating the heterogeneous catalyst but will not affect the activity of a 

homogeneous catalyst.50,51 To this end, two samples were prepared with 10 (0.5 mol%) 

and ethyl isocyanate in C6D6, with one sample containing a drop of mercury which were  
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Figure 3.4 Conversion (%) vs. time (h) for the cyclotrimerisation of n-PrNCO with 5 mol% of 15 at room 

temperature (top) and 10 at 60 °C (bottom) in C6D6 
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followed simultaneously by 1H NMR. The rate of the reaction catalysis was found to be 

unaffected further supporting the theory of a homogenous mechanism. The catalysis was 

also carried out in the presence of the radical trap cumene where two samples of 15 (5 

mol%) and n-propyl isocyanate in C6D6 were prepared with one containing an excess of 

cumene. The reactions were followed simultaneously by 1H NMR and were both found to 

reach >80% conversion after 7 h at room temperature with no observable decrease in 

reaction rate leading to the conclusion that the reaction is not radical mediated. 

 

3.3.5.1 Proposed Mechanism 

With the experimental observations indicating that the catalytic cyclotrimerisation of 

primary aliphatic isocyanates is homogeneous and not radical mediated this led to the 

proposed mechanism as shown in Scheme 3.2. Considering the inherent coordinative 

unsaturated nature and the +II oxidation state of the precatalysts 10, 11, 15 and 16, it is 

reasonable to assume that the precatalysts act as Lewis acids,52 in a similar manner to that 

postulated for Yb complexes.25 Initially, the isocyanate coordinates to the metal centre to 

give A where this coordination renders the carbon atom of the isocyanate more 

electrophilic. Following this, an outer-sphere attack of the nucleophilic nitrogen of an 

incoming isocyanate at the electropositive carbon yields intermediate B.30,53 

Subsequently, nucleophilic attack of a free isocyanate on the coordinated linear dimer (B) 

results in the formation of C. Finally, ring closure to give the cyclotrimer, which is 

displaced by a new isocyanate moiety therefore regenerating the catalyst A. Previous 

calculations on a Pd(0) cyclotrimerisation catalyst by Paul et al. have found that the C=N 

coordination mode is slightly more stable than C=O, but both states lie close in energy.31 

This coordination renders the carbon atom more electrophilic. It is also proposed that the 
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coordination of the isocyanate to the metal centre results in an increase of the nucleophilic 

character of the coordinated isocyanate. Therefore, the stepwise formation of the 

cyclotrimer would take place by nucleophilic attack of the coordinated isocyanate onto a 

free isocyanate.31 

 

 Scheme 3.2 Proposed catalytic cycle for the cyclotrimerisation of isocyanates catalysed by Mn(II) (10 

and 15) and Fe(II) (11 and 16) complexes. 

 

It could also be possible that the mechanism operates through a metallacyclic 

intermediate where upon two isocyanate molecules coordinate to the metal centre, 

dimerise and form a metallacycle though an oxidative coupling reaction. A successive 

concerted oxidative coupling of another isocyanate followed by reductive elimination 

yields the cyclotrimer.31 This process would require the oxidation state of metal to change 

from M(II) to M(IV) which seems unlikely to occur in these systems due to the already 

electron deficient Mn and Fe metal centres. 
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The proposed mechanism is consistent with the substantial difference in the catalytic 

activity of the manganese and iron complexes which is most probably due to the more 

Lewis acidic manganese(II) centre compared to the iron(II) centre. 

 

3.3.5.2 Cyclotrimerisation with Mixed Isocyanates 

The mechanism proposed in Scheme 3.2 suggests that the steric demands about the metal 

centre decrease as the linear chain grows further away. Therefore, it should be possible 

for the unreactive isocyanates (aryl and secondary or tertiary alkyl isocyanates, see Table 

3.5) to react after the coordination of the first or second isocyanate (Scheme 3.2, 

intermediates B and C) producing mixed cyclotrimers. Preliminary cross coupling 

reactions were carried out with isocyanate mixtures (Table 3.2) with precatalyst 10 (5 

mol%) in C6D6 at room temperature. After 16 h the 1H NMR spectra showed multiple 

resonances suggesting formation of mixed cyclotrimers which was confirmed by 

subsequent GC-MS measurements of the reaction mixtures (Table 3.7 and Table 3.8). 

The reaction of ethyl and p-tolyl isocyanate (1:2) yielded mixed trimers with some 

selectivity with the isocyanurate (EtNCO)2(
pTolNCO) being the major product with a 

large amount of unreacted pTolNCO in the reaction mixture. 
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Entry Compound m/z 

Normalised Area (%) 

EtNCO:pTolNCO 

1:2 2:1 

1 
 

133.05 66 12 

2 

 

213.11 7 51 

3 

 

275.13 17 33 

4 

 

337.14 10 4 

Table 3.7 GC-MS results for the reaction of EtNCO with pTolNCO (1:2 and 2:1 ratio) with 10 (5 mol%). 

 

Furthermore, when ethyl isocyanate was in excess (2:1) the isocyanurate (EtNCO)3 was 

the major product. There was no formation of the isocyanurate (pTolNCO)3 observed in 

both cases. The reaction of ethyl and iso-propyl isocyanate in either 1:2 or 2:1 molar ratio 

showed the same trend where triethyl isocyanurate (19a) is the major product with 

decreasing amounts of the mono-, di- and tri-substituted iso-propyl isocyanurate (Table 

3.8, entries 2-4) with the proportion of the mixed isocyanurates being higher when 

iso-propyl isocyanate was in excess.  Note that n-propyl isocyanate eluted along with the 

solvent and therefore was not seen in the GC-MS trace. The presence of the more reactive 

monomer in this case does not promote the formation of (pTolNCO)3 or (iPrNCO)3 which 

has been previously been observed by Moritsugu and co-workers with mixed isocyanate 

systems.4 
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Entry Compound m/z 

Normalised Area (%) 

EtNCO:iPrNCO 

1:2 2:1 

1 

 

213.11 88 64 

2 

 

227.16 10 29 

3 

 

241.18 >1 6 

4 

 

255.19 >0.1 1 

Table 3.8 GC-MS results for the reaction of EtNCO with iPrNCO (1:2 and 2:2 ratio) with 10 (5 mol%). 
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3.3.5.3 Kinetic Studies 

Kinetic experiments for reagent order determination were performed at variable 

concentrations of precatalyst (10) and isocyanate (EtNCO), whilst keeping the other 

reagent concentration constant. The samples were prepared by cooling the precatalyst 

(10) in C6D6 to ‒30 °C then adding the isocyanate and quickly cooling the reaction 

mixture to ‒78 °C to prevent the reaction from initiating. The samples were transferred 

into the NMR spectrometer and monitored in situ by 1H NMR at 25 °C and the ethyl 

isocyanate concentration was obtained via monitoring the CH2 signal from the starting 

isocyanate relative to the isocyanurate. The initial rates of the reaction were derived from 

least squares fit from the plot of ethyl isocyanate concentration vs. time for various 

precatalyst concentrations and ethyl isocyanate concentration (Figure 3.5) and are shown 

in Table 3.9. The plot of ln(initial reaction rate) vs. ln(concentration) for precatalyst 10 

and ethyl isocyanate (Figure 3.6) shows a first-order relationship with respect to both 

precatalyst and ethyl isocyanate concentration. 

 

Entry 
[10]  

mM 

Rate 

mMmin-1 

 
Entry 

[EtNCO] 

M 

Rate 

mMmin-1 

1 9.78 1.61  1 0.4 4.26 

2 14.7 3.49  2 0.5 5.18 

3 19.5 4.18  3 0.6 6.24 

4 24.5 5.63  4 0.7 6.25 

5 29.3 6.13  5 0.8 7.22 

Table 3.9 Initial rates obtained when concentration of 10 (left) and ethyl isocyanate concentration (right) 

is varied in C6D6 (0.6 mL) at 25 °C. 
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Figure 3.5 Initial rate graphs of EtNCO concentration vs. time when catalyst concentration 10 is varied 

(top) and when EtNCO concentration is varied (bottom).  
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Figure 3.6 Plot of ln(initial rate) vs. ln(concentration) when precatalyst concentration 10 is varied (top) 

and when EtNCO concentration is varied (bottom) both showing first-order kinetics. 
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3.4 Conclusions  

Two- and three-coordinate Mn(II) and Fe(II) m-terphenyl complexes 10, 11, 15, and 16 

were found to be efficient precatalysts for the cyclotrimerisation of primary aliphatic 

isocyanates under mild conditions. The rate of the reaction decreased as the chain length 

of the primary alkyl isocyanate increased (ethyl, n-propyl, n-hexyl) and was found 

necessary to heat the reaction to 60 °C to achieve high conversions after 14 h. Initial 

assessments of other two-coordinate m-terphenyl complexes (12 and 14) were found to 

perform inferior than the aforementioned complexes and were therefore not assessed 

further. 

The scope of the reaction was extended to secondary and tertiary aliphatic isocyanates 

and aromatic isocyanates using precatalysts 10 and 11 but were not successful even after 

heating the reaction mixtures at temperatures upwards of 50 °C for 48 h. In situ IR 

spectroscopy studies on a stoichiometric reaction of the iron precatalyst 11 and 

3,5-dimethoxyphenyl isocyanate suggested the formation of an Fe-amidate species 

resulting from the insertion of the 3,5-dimethoxyphenyl isocyanate into the Fe–C bond. 

This complex prevents formation the active catalyst (Scheme 3.2, A) therefore inhibiting 

the cyclotrimerisation of the isocyanate thus providing an insight into the apparent lack of 

catalytic activity when using aryl isocyanates. Subsequent hydrolysis of this compound 

allowed for the isolation of the novel amide species 20 further supporting the proposed 

formation of the Fe-amidate species. 

Experimental observations suggested that the catalysis is homogeneous, not radical 

mediated and most likely proceeds via a Lewis acid type mechanism with coordination of 

an isocyanate to the metal centre which undergoes successive addition of an external 

isocyanate. Preliminary results with isocyanate mixtures showed the formation of mixed 
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isocyanurates, further supporting the proposed mechanism, with possibility of the 

selective synthesis of cross-coupled isocyanurates. 

Kinetic experiments were performed at variable concentrations of precatalyst (10) and 

isocyanate (EtNCO) and using the initial rates method, analysis of the rate order reveals 

first-order behaviour with respect to both the precatalyst and the isocyanate.  
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3.5 Future Work  

DFT calculations on the mechanism would be of utmost importance to help elucidate 

which coordination mode between the isocyanate to the transition metal centre is more 

favourable (C=N vs. C=O). It could also be possible that the coordinated isocyanate is 

more nucleophilic and therefore attacks an external isocyanate as suggested by Paul et al. 

with Pd(0) complexes.31 These calculations could also provide an insight into why the 

isocyanurate is obtained from the reaction mixture and not any other cyclic oligomers: 

(RNCO)n (where n = 2, 4, 5 etc.), or a linear chain polymer. Calculations could also 

confirm that the formation of an metal-amido species is energetically more favourable 

than the coordination of the isocyanate to the transition metal centre when using 

secondary, tertiary or aromatic isocyanates. 

The scope of the reaction with isocyanates mixes could be explored further with other 

isocyanates in different ratios in the presence of various precatalysts to produce 

mixed/asymmetric isocyanurates. These asymmetrically-substituted isocyanurates have 

been shown to be of interest through their pharmaceutical and agricultural utility.11,12 

 

Figure 3.7 Commercial isocyanates containing heteroatoms. 

As this catalysis has been shown to be successful in the cyclotrimerisation of primary 

aliphatic isocyanates, it would be beneficial to investigate whether the reaction is 

heteroatom tolerant (Figure 3.7). Expanding up on this, it would also be interesting to 

investigate whether these two- and three-coordinate precatalysts are effective for the 
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cyclotrimerisation of isothiocyanates (RNCS) or alkynes of which have great importance 

in drug development,54 biological molecular recognition55 and energetic materials.56 
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4.1 Introduction  

Organophosphorus compounds are a vital class of chemicals with extensive applications 

such as organocatalysis, as ligands for transition metal complexes, and as building blocks 

for medicinal and supramolecular chemistry.1,2 Classic synthetic methodologies for 

phosphine preparation have major drawbacks; including poor functional group tolerance, 

side-product formation, the use of protecting groups and stoichiometric amounts of 

additives, which is a significant disadvantage for atom economy.3 Hence, there is a 

growing requirement to develop atom-economical routes in the preparation of 

functionalised phosphines. 

Hydrophosphination reactions are an attractive synthetic route to phosphine products, 

proceeding via PH bond addition across a CC/X (X = O, N, S) multiple bond.4–6 This 

reaction can be synthetically challenging as a result of the coordination capability of both 

starting phosphine and products to the soft metal centre thereby inhibiting the catalyst. 

This issue is a significance challenge in the double hydrophosphination of alkynes 

whereby the reaction product binds stronger than a monodentate ligand because of the 

chelate effect. Nakazawa and co-workers circumvented this issue by utilising precatalysts 

with a hard iron(II) centre in thereby preventing product coordination to the catalyst 

(Scheme 4.1).7 

 

Scheme 4.1 The first catalytic double hydrophosphination of alkynes using iron(II) precatalysts ([Fe]).7 

The hydrophosphination of olefins and alkynes has been extensively explored in the last 

decade, 5,8–15 whereas the hydrophosphination of heterocumulene substrates has been less 

explored, with examples of precatalysts for these reactions limited to rare-earth,16–23 alkali 
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metal,24 and group 2 complexes.25,26 The hydrophosphination of organic isocyanates, 

yielding phosphinocarboxamide products, are limited to a few recent examples, all of 

which are catalysed by f-block or rare earth complexes as shown in Figure 4.1.16,17,19,21 A 

significant issue with the hydrophosphination of isocyanates is that of competing side 

reactions, such as the cyclotrimerisation of isocyanates to isocyanurates and catalyst 

incompatibility towards heteroatom-containing substrates. This has been documented for 

the hydrophosphination of aromatic isocyanate substrates using a yttrium precatalyst 

(Figure 4.1, bottom left).19 

   

 

 

Figure 4.1 Rare earth and f-block precatalysts for the hydrophosphination of isocyanates in the 

literature.16,17,19,21 

This chapter explores the catalytic activity of two and three coordinate iron(II) 

m-terphenyl complexes in hydrophosphination of isocyanates producing 

phosphinocarboxamides, and the diinsertion product, phosphinodicarboxamides, a new 

family of derivatised phosphines currently absent in the literature. Preliminary 

assessments in the coordination chemistry of the novel phosphinodicarboxamides is also 

explored with dichloro(p-cymene) ruthenium dimer.  
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4.2 Experimental  

4.2.1 Standard Procedure for the Catalytic Hydrophosphination of 

Isocyanates 

In a Young’s NMR tube 5 mol% of the precatalyst (11: 10.0 mg, 0.0147 mmol; 16: 10.0 

mg, 0.0132 mmol) was dissolved in C6D6 (0.6 mL) with the corresponding isocyanate and 

Ph2PH (1:1 or 2:1 of RNCO:Ph2PH). The reaction was either carried out at room 

temperature and monitored by 1H and 31P{1H} NMR spectroscopy or heated to 60 °C; the 

samples were maintained at 60 °C for 16 h and 1H and 31P{1H} NMR spectroscopy were 

performed at the final time. Conversion was quantified by integration of 1H and 31P{1H} 

NMR spectra. For the catalysis with 2 mol% (11: 5.0 mg, 0.00733 mmol; 16: 5.0 mg, 

0.00662 mmol) and 0.5 mol% (11: 5.0 mg, 0.00733 mmol) of precatalyst 11 and 16 were 

used.  

 

4.2.2 Standard Procedure for in situ NMR Reaction Monitoring for the 

Catalytic Hydrophosphination of Isocyanates 

In a Young’s NMR tube 5 mol% of precatalyst (11: 10.0 mg, 0.0147 mmol; 16: 10.0 mg, 

0.0132 mmol) were dissolved in C6D6 (0.6 mL) with the corresponding isocyanate. The 

solution was cooled to ‒30 °C after which the phosphine was added and the sample 

cooled to ‒78 °C to prevent the reaction from initiating. The sample was transferred to the 

NMR spectrometer and monitored directly at 25 °C or heated to 60 °C. Conversion was 

quantified by integration of 1H and 31P{1H} NMR spectra.  
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4.2.3 Standard Procedure for the Catalytic Hydrophosphination of 

Isocyanates in THF 

In a Young’s NMR tube 5 mol% of the precatalyst (11: 10.0 mg, 0.0147 mmol) was 

dissolved in THF (0.6 mL) with the corresponding isocyanate (0.293 mmol) and Ph2PH 

(51 µL, 0.293 mmol) with a C6D6 insert. The reaction was either carried out at room 

temperature or heated to 60 °C and monitored by 1H and 31P{1H} NMR spectroscopy. 

Conversion was quantified by integration of the 31P{1H} NMR spectrum. 

 

4.2.4 Catalytic Hydrophosphination of Isocyanates with Additives 

4.2.4.1 In situ NMR Reaction Monitoring for the Catalytic 

Hydrophosphination of Isocyanates with Additives 

In a Young’s NMR tube 5 mol% of the precatalyst 11 (10.0 mg, 0.0147 mmol) was 

dissolved in C6D6 (0.6 mL) with CyNCO (38 µL, 0.294 mmol) and the corresponding 

additive (see Table 4.1 below). The solution was cooled to ‒30 °C after which Ph2PH (51 

µL, 0.294 mmol) was added and the sample cooled to ‒78 °C to prevent the reaction from 

initiating. The sample was then transferred to the NMR spectrometer and monitored 

directly at 25 °C. Conversion was quantified by integration of 1H and 31P{1H} NMR 

spectra.  

Additive Quantity 

CS2 (0.05 M in toluene) 29 µL, 0.00147 mmol 

Hg  ca. 1 drop 

Cumene 10 µL, 0.0735 mmol 

Table 4.1 Additive and quantities used in the in situ NMR reaction monitoring experiments.  



   Chapter IV 

110 

4.2.4.2 Catalytic Hydrophosphination of Isocyanates with Weak Base/Acid  

In a Young’s NMR tube 5 mol% of the precatalyst 11 (10.0 mg, 0.0147 mmol), the 

corresponding isocyanate, Ph2PH (51 µL, 0.294 mmol) and the additive (see Table 4.2 

below) were dissolved in C6D6 (0.6 mL). The reactions were kept at room temperature 

and monitored by 1H and 31P{1H} NMR at the final time. Conversion was quantified by 

integration of 1H and 31P{1H} NMR spectra. 

Additive RNCO Solvent 
Time 

(h) 

Conv. 

(%) 

NEt3 

(41 µL, 0.294 

mmol) 

3,5-(OMe)2 

C6H3 

(105 mg, 

0.588 mmol) 
C6D6 (0.6 mL) 16 >99 

Et3N·HCl 

(40.4 mg, 

0.294 mmol) 

 

3,5-(OMe)2 

C6H3 

(105 mg, 

0.588 mmol) 

C6D6 (0.6 mL), 

THF-d8 (ca. 2 

drops) 

16 >99 

3,5-(OMe)2 

C6H3 

(105 mg, 

0.588 mmol) 

C6D6 (0.6 mL), 

THF-d8 (ca. 2 

drops) 

16 19 

Ph 
(64 µL, 

0.588 mmol) 

C6D6 (0.6 mL), 

THF-d8 (ca. 2 

drops) 

16 >99 

Cy 
(75 µL, 

0.588 mmol) 

C6D6 (0.6 mL), 

THF-d8 (ca. 2 

drops) 

48 0 

Table 4.2 Additive and quantities used in the catalytic hydrophosphination of isocyanates with a weak 

base (NEt3) or weak acid (Et3N·HCl). 

 

 4.2.5 Hydrophosphination with Isocyanate Mixtures  

In a Young’s NMR tube 5 mol% of the precatalyst (11: 10.0 mg, 0.0147 mmol) was 

dissolved in C6D6 (0.6 mL) in a glove box with Ph2PH (51 µL, 0.293 mmol), PhNCO (32 

µL, 0.293 mmol) and CyNCO (37 µL, 0.293 mmol). The reaction was carried out at room 

temperature and monitored by 1H and 31P{1H} NMR spectroscopy. After 16 h at room 

temperature catalysis was completed (>99% conversion) and the formation of 21a, 21f, 

22a and 22i was observed by NMR with a ratio of 26/27/30/17 (21a/21f/22a/22i). 
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Selected spectroscopic data for phosphinocarboxamide 22i: 1H NMR (400 MHz, C6D6, 25 

ºC): δ 9.22 (s, 1H, NH), 7.63-6.82 (Ar), 3.93 (CH2), 1.97-1.87 (m, CH2), 1.49-1.45 (m, 

CH2), 1.18 (m, CH2), 1.11-1.04 (m, CH2). 
31P{1H} NMR (162 MHz, C6D6, 25 ºC): δ 7.8 

(s, 1P, Ph2P). MS (ESI) m/z: calcd. C26H28N2O2P [M+H]+ 431.1883, found: 431.1883 (err 

[ppm] = 0.1). 

 
Scheme 4.2 Hydrophosphination of mixture of phenyl and cyclohexyl isocyanate with diphenylphosphine 

(1:1:1) using 11. A combination of four products are obtained 21a/21f/22a/22i 

 

4.2.6 Scale up of Hydrophosphination Products 21 and 22 

4.2.6.1 Synthesis of 21a, c, and d 

5 mol% of 11 (30.0 mg, 0.0441 mmol), Ph2PH (153 µL, 0.880 mmol) and the isocyanate 

(0.880 mmol) were dissolved in THF (1.5 mL) and stirred at 60 °C for 3 days (21a and 

21c) or 2 days (21d). The solvent was removed in vacuo and the solid was washed with 

cold iso-hexane (3 × 5 mL) and dried under vacuum affording the corresponding pure 

phosphinocarboxamide as a white powder (21a:  190 mg, 71%; 21c: 184 mg, 57%; 21d: 

217 mg, 64%). 
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4.2.6.2 Synthesis of 21f-h 

5 mol% of 11 (30.0 mg, 0.0441 mmol), Ph2PH (153 µL, 0.880 mmol) and the isocyanate 

(0.880 mmol) were dissolved in toluene (5 mL) and stirred at room temperature (21f) or 

at 60 °C (21g and 21h) for 16 h. The solvent was removed in vacuo and the oily residue 

was extracted into n-pentane (2 × 10 mL) and stored at ‒30 °C for one day. This resulted 

in the precipitation of white crystalline solid of the corresponding pure 

phosphinocarboxamide (21f: 153 mg, 56%; 21g: 137 mg, 57%; 21h: 168 mg, 67%). 

 

4.2.6.3 Synthesis of 22a-d 

5 mol% of 11 (30.0 mg, 0.0441 mmol), Ph2PH (153 µL, 0.880 mmol) and the isocyanate 

(1.76 mmol) were dissolved in toluene (5 mL) and stirred at room temperature for 16 h. 

The solvent was removed in vacuo and the oily residue was washed with n-pentane (2 × 

10 mL) and dried for ca. 6 h. enabling the isolation of the corresponding pure 

phosphinodicarboxamide (22a: 186 mg, 50%; 22b: 220 mg, 55%; 22c: 304 mg, 65%, 

22d: 406 mg, 79%). 

 

4.2.6.4 Large Scale Synthesis of 22a 

5 mol% of 11 (102 mg, 0.150 mmol), Ph2PH (522 µL, 3.00 mmol), PhNCO (653 µL, 6.00 

mmol) and Et3N·HCl (404 mg, 2.93 mmol) were dissolved in toluene (6 mL) and stirred 

at room temperature for 16 h. The solvent was removed in vacuo and the product was 

extracted into toluene (20 mL) and the solvent removed yielding a white solid which was 

dried for ca. 3 h. The solid was washed with iso-hexane (3 × 10 mL) and dried for ca. 6 h 
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enabling the isolation of a while solid of the corresponding phosphinocarboxamide (22a: 

936 mg, 74%). 

 

4.2.7 Spectroscopic Data 

4.2.7.1 Ph2PC(=O)NH(Ph) (21a) 

White solid: 190 mg, 71%.1H NMR (400 MHz, C6D6, 25 ºC ): δ 

7.64-7.52 (m, 4H, PPh2
o), 7.35 (d, 3J(H,H) = 8.0 Hz, 2H, Pho), 7.24 

(d, 3J(H,P) = 7.6 Hz, 1H, NH), 7.07-7.01 (m, 6H, PPh2
m+p), 6.98 (t, 3J(H,H) = 7.9 Hz, 2H, 

Phm), 6.82 (t, 3J(H,H) = 7.4 Hz, 1H, Php). 13C{1H} NMR (101 MHz, C6D6, 25 ºC): δ 

175.2 (d, 1J(C,P) = 15 Hz, C=O), 138.5 (Phi), 134.8 (d, 2J(C,P) =19 Hz, PPh2
o), 134.3 (d, 

1J(C,P) = 10 Hz, PPh2
i), 129.9 (PPh2

m), 129.3 (Phm), 129.2 (PPh2
p), 124.6 (Php), 119.4 

(Pho). 31P{1H} (162 MHz, C6D6, 25 ºC) δ ‒0.2 (s, 1P, Ph2P). MS (ESI) m/z: calcd. for 

C19H17NOP [M+H]+ 306.1039, found: 306.1042 (err [ppm] = 1.00). IR (ATR) 𝜈̅/cm-1 

3244 (N–H), 1645 (C=O). 1H NMR and IR data matched previous reported literature.21 

 

4.2.7.2 Ph2PC(=O)NH[3,5-(OMe)2C6H3] (21c) 

White solid: 184 mg, 57%.1H NMR (400 MHz, C6D6, 25 ºC ): δ 

7.57 (td, 3J(H,H) = 6.9, 3J(H,P) = 6.9, 4J(H,H) = 2.9 Hz, 4H, 

PPh2
o), 7.37 (s, 1H, NH), 7.18-6.94 (m, 6H, PPh2

m+p), 6.91-6.75 

(m, 2H, PhAo), 6.34 (s, 1H, PhAp), 3.27 (s, 6H, OCH3). 
13C{1H} NMR (101 MHz, C6D6, 

25 ºC): δ 175.5 (d, 1J(C,P) = 16 Hz, C=O), 161.8 (Phm), 140.4 (d, 3J(C,P) = 5 Hz, Phi), 

134.7 (d, 1J(C,P) = 19 Hz, PPhi,), 134.2 (d, 2J(C,P) = 11 Hz, PPh2
o), 129.9 (PPh2

p), 129.2 

(d, 3J(C,P) = 7 Hz, PPh2
m), 97.9 (Pho), 97.6 (Php), 55.0 (OCH3). 

31P{1H} (162 MHz, 
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C6D6, 25 ºC): δ 0.8 (s, 1P, Ph2P). MS (ESI) m/z: calcd. for C21H21NO3P [M+H]+ 

366.1257, found: 366.1254 (err [ppm] = 1.00). IR (ATR) 𝜈̅/cm-1 3278 (N–H), 1630 

(C=O). 

 

4.2.7.3 Ph2PC(=O)NH(4-BrC6H4) (21d) 

White solid: 217 mg, 64%. 1H NMR (400 MHz, C6D6, 25 ºC ): δ 

7.62-7.45 (m, 4H, PPh2
o), 7.09-7.01 (m, 9H, NH, PPh2

m+p, Pho), 6.96 

(d, 3J(H,H) = 8.6 Hz, 2H, Phm). 13C{1H} NMR (151 MHz, C6D6, 25 ºC): δ 175.4 (d, 

1J(C,P) = 16 Hz, C=O), 137.3 (Phi), 134.8 (d, 2J(C,P) = 19 Hz, PPh2
o), 134.0 (d, 1J(C,P)  

= 10 Hz, PPhi), 132.1 (Pho), 130.0 (PPhp), 129.2 (d, 3J(C,P)  = 5 Hz PPhm), 121.1 (Phm), 

117.1 (Php). 31P{1H} (162 MHz, C6D6, 25 ºC): δ 0.2 (s, 1P, Ph2P). MS (ESI) m/z: calcd. 

for C19H15BrNNaOP [M+Na]+ 405.9967, found: 405.9966 (err [ppm] = 0.10). IR (ATR) 

𝜈̅/cm-1 3244 (N–H), 1645 (C=O). 1H NMR and IR data matched previous reported 

literature.21  

 

4.2.7.4 PPh2C(O)NH(Cy) (21f) 

White solid: 153 mg, 56%. 1H NMR (800 MHz, C6D6, 25 ºC): δ 7.67 

(td, 3J(H,H) = 7.4 Hz, 3J(H,P) = 1.4 Hz, 4H, PPh2
o), 7.12-7.02 (m, 

6H PPh2
m+p), 5.44 (br d, 3J(H,P) 4.1 Hz, 1H, NH), 3.95 (dddd, J = 

14.2, 10.2, 7.8, 3.9 Hz, 1H, CHa), 1.63 (dt, 2J(H,H) = 12.9 Hz, 3J(H,H) = 4.3 Hz, 2H, 

CHb’), 1.27 (dt, 2J(H,H) = 13.7, 2J(H,H) = 4.2 Hz, 2H, CHc’), 1.23 (dt, 2J(H,H) = 12.8 Hz, 

2J(H,H) = 4.2 Hz, 1H, CHd’), 1.07-0.98 (m, 2H, CHc’’), 0.79 (ddt, 2J(H,H) = 11.6 Hz, 

2J(H,H) = 11.6 Hz, 3.6, 1H, CHd’’), 0.74-0.65 (m, 2H, CHb’’). 13C{1H} NMR (101 MHz, 



   Chapter IV 

115 

C6D6, 25 ºC): δ 174.9 (d, 1J(C,P)  12 Hz, CO), 135.4 (d, 1J(C,P) = 12 Hz, PPh2
i), 134.7 (d, 

2J(C,P) = 19 Hz, PPh2
o), 129.6 (PPh2

p), 129.0 (d, 3J(C,P) = 6.6 Hz, PPh2
m), 48.7 (CH), 

32.8 (CbH2), 25.6 (CdH2), 24.7 (CcH2). 
31P{1H} (162 MHz, C6D6, 25 ºC): δ ‒4.3 (s, 1P, 

Ph2P). 15N NMR (81 MHz, C6D6, 25 ºC): δ 111.2 (1N, NH). Elemental analysis for 

C19H22NOP (311.36): calcd. C 73.29, H 7.12, N 4.50; found: C 73.16, H 7.00, N 4.58. MS 

(ESI) m/z: calcd. for C19H23NOP [M+H]+ 312.1512, found: 312.1526 (err [ppm] = 4.60). 

IR (ATR) 𝜈̅/cm-1 = 3244 (N–H), 1645 (C=O). 1H NMR and IR data matched previous 

reported literature.21 

 

4.2.7.5 PPh2C(O)NH(iPr) (21g) 

White crystalline solid: 137 mg, 57%. 1H NMR (800 MHz, C6D6, 25 ºC 

): δ 7.64 (ddd, 3J(H,H) = 7.5 Hz, 3J(H,P) = 7.5 Hz, 4J(H,P) = 1.5 Hz, 4H 

PPh2
o), 7.07 (t, 3J(H,H) = 7.4 Hz, 4H PPh2

m), 7.06-7.03 (m, 2H, PPh2
p), 5.35 (s, 1H, NH), 

4.14 (oct, 3J(H,H) = 6.8 Hz, 1H, CH), 0.72 (d, 3J(H,H) = 6.6 Hz, 6H, CH3). 
13C{1H} (101 

MHz, C6D6, 25 ºC): δ 175.0 (d, 1J(C,P) = 13 Hz, CO), 135.2 (d, 1J(C,P) = 12 Hz, PPh2
i), 

134.6 (d, 2J(C,P)  = 19 Hz, PPh2
o), 129.6 (s, PPh2

p), 129.0 (d, 3J(C,P) = 7 Hz, PPh2
m), 

42.1 (CH), 22.3 (CH3). 
31P{1H} (162 MHz, C6D6, 25 ºC): δ ‒4.0 (s, 1P, Ph2P).15N NMR 

(81 MHz, C6D6, 25 ºC): δ 113.5 (1N, NH). MS (ESI) m/z: calcd. for C16H19NOP [M+H]+ 

272.1199 found: 272.1205 (err [ppm] = 2.40). IR (ATR) 𝜈̅/cm-1 3258 (N–H), 1641 

(C=O). 
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4.2.7.6 PPh2C(O)NH(tBu) (21h) 

White crystalline solid: 168 mg, 67%. 1H NMR (800 MHz, C6D6, 25 ºC ): 

δ 7.64 (ddd, 3J(H,H) = 7.5 Hz, 3J(H,P) = 7.5 Hz, 3J(H,P) = 1.7 Hz, 4H, 

PPh2
o), 7.07 (t, 3J(H,H) = 7.4 Hz, 4H PPh2

m), 7.05-7.02 (m, 2H, PPh2
p), 5.42 (s, 1H, NH), 

1.12 (s, 9H, CH3). 
13C{1H} (101 MHz, C6D6, 25 ºC): δ 175.3 (d, 1J(C,P) = 13 Hz, CO), 

135.6 (d, 1J(C,P) = 12 Hz, PPh2
i), 134.6 (d, 2J(C,P) = 19 Hz, PPh2

o), 129.5 (s, PPh2
p), 

129.0 (d, 3J(C,P) = 7 Hz, PPh2
m), 52.5 (d, 3J(C,P) = 3 Hz, (C(CH3)3), 28.6 (CH3). 

31P{1H} 

(162 MHz, C6D6, 25 ºC): δ ‒2.7 (s, 1P, Ph2P). 15N NMR (81 MHz, C6D6, 25 ºC): δ 117.6 

(1N, NH). Elemental analysis for C17H20NOP (285.327): calcd. C 71.56, H 7.07, N 4.91; 

found: C 71.63 H 6.93, N 5.01. MS (ESI) m/z: calcd for C17H21NOP [M+H]+ 286.1355, 

found: 286.1372 (err [ppm] = 5.90). IR (ATR) 𝜈̅/cm-1 3310 (N–H), 1632 (C=O).  

 

4.2.7.7 PPh2C(O)N(Ph)C(O)NH(Ph) (22a)  

White solid: 186 mg, 50%. 1H NMR (800 MHz, C6D6, 25 ºC): δ 

11.57 (s, 1H, NH), 7.67 (d, 3J(H,P) = 7.9 Hz, 2H, PhBo), 7.31 (t, 

3J(H,P) = 7.8 Hz, 3J(H,H) = 7.8 Hz, 4H, PPho), 7.13-6.97 (m, 

8H, PPh2
m+p + PhBm), 6.92 (t, 3J(H,H) = 7.3 Hz, 1H, PhAp), 6.87-

6.82 (m, 3H, PhBp + PhAm), 6.80 (d, 3J(H,H) = 7.9 Hz, 2H, PhAo). 13C{1H} (101 MHz, 

C6D6, 25 ºC): δ 184.9 (d, 1J(C,P) = 29 Hz, PC=O), 151.2 (C=O), 138.7 (PhBi), 136.5 (d, 

3J(C,P) = 4 Hz, PhAi), 135.1 (d, 2J(C,P) = 21 Hz, PPh2
o), 133.3 (d, 1J(C,P) = 8 Hz, PPh2

i), 

132.3 (d, 4J(C,P) = 4 Hz, PhAo), 129.9 (PPh2
p), 129.4 (PhBm), 129.2 (PhAp), 128.8 (PPh2

m), 

128.7 (PhAm), 124.2 (PhBp), 120.1 (PhBo). 31P{1H} (162 MHz, C6D6, 25 ºC): δ 8.3 (s, 1P, 

Ph2P). 15N NMR (81 MHz, C6D6, 25 ºC): δ 116.7 (1N, NH). MS (ESI) m/z: calcd. for 
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C26H22N2O2P [M+H]+ 425.1413, found: 425.1414 (err [ppm] = 0.10). IR (ATR) 𝜈̅/cm-1 

3259 (N–H), 1718 (PC=O), 1588 (C=O). 

 

4.2.7.8 PPh2C(O)N(pTol)C(O)NH(pTol) (22b) 

White solid: 220 mg, 55%. 1H NMR (400 MHz, C6D6, 25 ºC ): δ 

11.58 (s, 1H, NH), 7.63 (d, 3J(H,H) = 8.2 Hz, 2H, PhBo), 7.35 (td, 

3J(H,H) =  8.1, 3J(H,P) = 8.1, 4J(H,H) =1.6 Hz, 4H, PPh2
o), 7.06-

6.98 (m, 6H, PPh2
m+p), 6.88 (d, 3J(H,H) = 8.2 Hz, 2H, PhBm), 6.73 

(dd,3J(H,H) = 8.1 Hz, 5J(H,P) = 1.5 Hz, 2H, PhAo), 6.67 (d, 3J(H,H) = 8.1 Hz, 2H, PhAm), 

2.02 (s, 3H, CH3
B), 1.97 (s, 3H, CH3

A). 13C{1H} (101 MHz, C6D6, 25 ºC): δ 184.9 (d, 

1J(C,P) = 28 Hz, PC=O), 151.3 (C=O), 138.8 (PhAp), 136.3 (PhBp), 135.1 (d, 2J(C,P) = 21 

Hz, PPh2
o), 134.0 (PhAi), 133.6 (d, 1J(C,P) = 8 Hz, PPh2

i), 133.4 (PhBi), 132.1 (d, 4J(C,P) 

= 3 Hz, PhAo), 130.0 (PhBm), 129.2 (PPh2
p), 129.1 (PhAo), 128.7 (d, 3J(C,P) = 8 Hz, PPh2

m), 

120.2 (PhBo), 21.1 (CH3
A), 20.8 (CH3

B). 31P{1H} (162 MHz, C6D6, 25 ºC): δ 8.0 (s, 1P, 

Ph2P). Elemental analysis for C28H25N2O2P (452.494): calcd. C 74.32, H 5.57, N 6.19; 

found: C 74.01, H 5.39, N 6.07. MS (ESI) m/z: calcd. for C28H26N2O2P [M+H]+ 453.1726, 

found: 453.1731 (err [ppm] = 1.10). IR (ATR) 𝜈̅/cm-1 3202 (N–H), 1716 (PC=O), 1536 

(C=O). 
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4.2.7.9 PPh2C(O)N(3,5-(OMe)2C6H3)C(O)NH(3,5-(OMe)2C6H3) (22c) 

White solid: 304 mg, 65%. 1H NMR (400 MHz, C6D6, 25 

ºC ): δ 11.74 (s, 1H, NH), 7.43-7.34 (m, 4H, PPh2
o), 7.22 

(d, 4J(H,H) =  2.3 Hz, 2H, PhBo), 7.06-6.96 (m, 6H, 

PPh2
m+p), 6.53 (t, 4J(H,H) = 2.3 Hz, 1H, PhAp), 6.42 (t, 

4J(H,H) = 2.3 Hz, 1H, PhBp), 6.19 (dd, 4J(H,H) = 2.3 Hz, 5J(H,P) = 1.3 Hz, 2H, PhAo), 

3.30 (s, 6H, OCH3
B), 3.09 (s, 6H, OCH3

A). 13C{1H} (101 MHz, C6D6, 25 ºC): δ 184.9 (d, 

1J(C,P) = 30 Hz, PC=O), 162.0 (PhBm), 160.9 (PhAm), 151.1 (C=O), 140.5 (PhBi), 138.2 

(d, 3J(C,P) = 4 Hz, PhAi), 135.1 (d, 2J(C,P) = 21 Hz, PPh2
o),133.8 (d, 1J(C,P) = 9 Hz, 

PPh2
i), 129.8 (PPh2

p), 128.8 (d, 3J(C,P) = 8 Hz, PPh2
m), 110.4 (d, 4J(C,P) = 4 Hz, PhAo), 

102.8 (PhAp), 98.4 (PhBo), 97.8 (PhBp), 54.9 (OCH3
B), 54.9 (OCH3

A).31P{1H} (162 MHz, 

C6D6, 25 ºC): δ 7.7 (s, 1P, Ph2P). Elemental analysis C30H29N2O6P: calcd. C 66.17, H 

5.37, N 5.14; found: C 65.89, H 5.25, N 5.07. MS (ESI) m/z: calcd. for C30H30N2O6P 

[M+H]+ 545.1836, found: 545.1822  (err [ppm] = 2.50). IR (ATR) 𝜈̅/cm-1  3161 (N–H), 

1719 (PC=O), 1544 (C=O). 

 

4.2.7.10 PPh2C(O)N(4-BrC6H4)C(O)NH(4-BrC6H4) (22d) 

White solid: 406 mg, 79%.1H NMR (400 MHz, C6D6, 25 ºC 

): δ 11.41 (s, 1H, NH), 7.52 (m, 4H, PPh2
o), 7.30 (d, 

3J(H,H) = 9.0 Hz, 2H, PhBm), 7.13 (d, 3J(H,H) = 9.0 Hz, 2H, 

PhBo), 7.09-6.97 (m, 6H, PPh2
m+p), 6.92 (d, 3J(H,H) = 8.6 

Hz, 2H, PhAm), 6.40 (dd, 3J(H,H) = 8.6 Hz, 5J(H,P) = 1.5 Hz, 2H, PhAo).  13C{1H} (101 

MHz, C6D6, 25 ºC): δ 185.0 (d, 1J(C,P) = 31 Hz, PC=O), 150.8 (C=O), 137.1 (PhBi), 

135.1 (d, 2J(C,P) = 21 Hz, PPh2
o), 134.7 (d, 3J(C,P) = 4 Hz, PhAi), 134.6 (PhAp), 134.0 
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(PPh2
i), 133.4 (d, 4J(C,P) = 4 Hz, PhAo), 132.1 (PhBo), 131.3 (PhAm), 129.8 (PPh2

p), 128.8 

(d, 3J(C,P) = 8 Hz, PPh2
m), 121.3 (PhBm), 116.6 (PhBp). 31P{1H} (162 MHz, C6D6, 25 ºC): 

δ 8.8 (s, 1P, Ph2P).  MS (ESI) m/z: calcd. for C26H19Br2N2O2P [M+H]+ 580.9642, found: 

580.9624 (err [ppm] = 3.20). IR (ATR) 𝜈̅/cm-1 3268 (N–H), 1717 (PC=O), 1594 (C=O). 

 

4.2.7.11 PPh2C(O)N(nHx)C(O)NH(nHx) (22e) 

22e was prepared in situ by addition of Ph2PH (51 µL, 

0.293 mmol) and nHxNCO (85 µL, 0.586 mmol) to a 

solution of 11 (10 mg, 5 mol%) in C6D6 (0.6 mL). After 

16 h at r.t the solution was studied by NMR 

spectroscopy. Selected spectroscopic data: 1H NMR 

(400 MHz, C6D6, 25 ºC): δ 9.22 (s, 1H, NH), 7.55-7.45 (m, 4H, PPh2
o), 7.07-6.99 (m, 6H, 

PPh2
m+p), 4.03 (t, 2H, 3J(H,H) = 4.6 Hz, CH2

1a), 3.25 (q, 2H, 3J(H,H) = 4.2 Hz, CH2
1b), 

1.64 (m, 2H, CH2
2a), 1.34 (br t, 3J(H,H) = 5.6 Hz, CH2

2b), 1.17-1.04 (m, 12H, CH2
3a,4a,5a + 

CH2
3b,4b,5b), 0.81 (m, 4H, CH3

6a+6b). 13C{1H} NMR (101 MHz, C6D6, 25 °C): δ 182.8 (d, 

1J(C,P) = 25 Hz, PC=O), 154.4 (CO), 135.0 (d, 2J(C,P) = 20 Hz, PPh2
o), 133.4 (d, 1J(C,P) 

= 7 Hz, PPh2
i), 46.2 (d, 4J(C,P) = 19 Hz, CH2

1a), 40.6 (CH2
1b), 28.2 (CH2

2a+2b), 26.6 

(CH2), 22.5 (CH2), 14.4(CH3
6a+6b). 31P{1H} (162 MHz, C6D6, 25 ºC): δ 8.4 (s, 1P, Ph2P). 

MS (ESI) m/z: calcd. for C26H38N2O2P [M+H]+ 441.2665, found: 441.2677 (err [ppm] = 

2.60). 
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4.2.8 Coordination of Phosphinocarboxamides to Dichloro(p-cymene) 

Ruthenium 

4.2.8.1 Synthesis of [Ru(p-cym){PPh2C(O)NH(iPr)}Cl2] (23) 

To a mixture of 21g (12.0 mg, 0.0442 mmol) and [Ru(p-cym)Cl2]2 (13.5 mg, 0.0221 

mmol) was added dichloromethane (4 mL) and the red solution stirred for 3 days. The 

solvent was removed in vacuo and the product dried for 6 h. The product was extracted 

into toluene (4 mL) and stored at –30 °C for 1 week resulting in the precipitation of a red 

crystalline solid (5 mg, 39%). Crystals suitable for XRD were grown from a solution of 

23 in C6D6 at room temperature. 1H NMR (400 MHz, C6D6, 25 ºC 

): δ 8.63 (d, 3J(H,P) = 7.4, 1H, NH), 8.20-8.02 (m, 4H, PPho), 

7.14-6.94 (m, 6H, PPhm+p), 4.75 (d, 3J(H,H) = 6.1, 2H, p-cymc), 

4.70 (dd, 3J(H,H) = 6.1 Hz, 4J(H,H) = 1.3 Hz, 2H, p-cymd), 4.05 (m, 1H, iPrCH), 2.56 

(hept, 3J(H,H) = 7.0 Hz, 1H, p-cymf ), 1.51 (s, 3H, p-cyma), 1.04 (d, 3J(H,H) = 6.6 Hz, 

6H, iPrCH3), 0.82 (d, 3J(H,H) = 7.0 Hz, 6H, p-cymg). 13C{1H} (101 MHz, C6D6, 25 ºC): δ 

167.4 (d, 1J(C,P) = 55 Hz, C=O), 134.8 (d, 2J(C,P) = 9 Hz, PPho), 133.7 (d, 1J(C,P) = 43 

Hz, PPhi).130.7 (d, 4J(C,P) = 2 Hz, PPhp), 128.2 (d, 3J(C,P) = 10 Hz, PPhm), 109.7 (p-

cymb), 95.2 (p-cyme), 89.7 (d, 2J(C,P) = 4 Hz, p-cymd), 86.0 (d, 2J(C,P) = 6 Hz, p-cymc), 

43.6 (d, 3J(C,P) = 6 Hz, iPrCH), 30.3 (p-cymf), 22.2 (p-cymg), 21.7 (i-PrCH3), 17.3 (p-

cyma). 31P{1H} (162 MHz, C6D6, 25 ºC): δ 29.8 (s, 1P, Ph2P). 

  



   Chapter IV 

121 

4.2.8.2 Synthesis of [Ru(p-cym){PPh2C(O)N(pTol)C(O)NH(pTol)}Cl2] (24) 

To a mixture of 22c (57.3 mg, 0.126 mmol) and [Ru(p-cym)Cl2]2 

(38.6 mg, 0.066 mmol) was added dichloromethane (4 mL) and 

the red solution stirred overnight. The solvent was removed in 

vacuo and the oily residue dried for 6 h. The oil was triturated with iso-hexane (4mL) and 

the solvent removed to give a red solid. This was extracted into toluene (4 mL) and 

layered with iso-hexane (2 mL) and stored at –30 °C for 1 week resulting in the 

precipitation of a red crystals suitable for XRD. The remaining solid was an intractable 

mixture of products via analysis by 1H and 31P{1H} NMR. 
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4.3 Results and Discussion  

The catalytic hydrophosphination of isocyanates using two- and three-coordinate iron(II) 

precatalysts 11 and 16 were investigated under mild conditions (25 °C or 60 °C) and 

monitored via 1H and 31P{1H} NMR in C6D6 (Scheme 4.3). 

 

Scheme 4.3 Hydrophosphination of isocyanates with diphenylphosphine catalysed by Fe(II) m-terphenyl 

complexes (11 and 16). 

Initially, diphenyl phosphine was reacted with one equivalent of phenyl isocyanate in 

C6D6 in the presence of 5 mol%. After 16 h at room temperature the solution underwent a 

colour change from yellow to dark red with formation of two phosphorus-containing 

products as observed by 1H and 31P{1H} NMR in a relative ratio of 59:41 (98% 

conversion). Further analysis revealed that the major product was [Ph2PC(=O)N(H)Ph] 

(21a), while the second product was [Ph2C(=O)N(Ph)C(=O)N(H)Ph] (22a), resulting 

from the double insertion of two isocyanate molecules into the P–H bond of Ph2PH 

(Scheme 4.3). These diinsertion processes are incredibly rare, and indeed, this is the first 

example of a diinsertion of an isocyanate into a phosphine.27 
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Entry 
Isocyanate 

RN=C=O 

Cat. 

(mol %) 

RNCO: 

Ph2PH 

T 

(°C) 

Time 

(h) 

Conv. 

(%) 
21/22/(Ph2P)2 

TOF 

(h-1) 

1 

 
R = Ph 

11 (5) 1:1 25 16 98 59/41/0 - 

2 11 (5) 2:1 25 15 95 33/67/0 2.5 

3 11 (2) 2:1 25 21 >99 20/80/0 - 

4 16 (5) 2:1 25 6 96 35/65/0 6.7 

5 

 

R = pTol 

11 (5) 2:1 25 16.5 95 27/72/1 3.8 

6 16 (5) 2:1 25 4.8 94 36/63/1 7.3 

7 11 (2) 2:1 25 19 71 2/98/0 - 

8 

 
R = 

3,5-(OMe)2C6H3 

11 (5) 2:1 25 12 95 43/57/0 3.0 

9 16 (5) 2:1 25 3 99 46/54/0 17.8 

10 

 
R = 4-BrC6H4 

11 (5) 2:1 25 15 99 30/70/0 - 

11 16 (5) 2:1 25 4 99 27/71/2 - 

12 

 
R = nHx 

11 (5) 1:1 25 15 99 13/26/5/56[a] - 

13 11 (5) 2:1 25 15 99 8/39/3/49[a] - 

14 16 (5) 2:1 25 15 99 12/36/7/46[a] - 

15 

 
R = Cy 

11 (5) 1:1 25 16 90 93/0/6/1[b] 1.4 

16 16 (5) 1:1 25 8 89 95/0/5 16.0 

17 

 
R = iPr 

11 (5) 1:1 25 16 55 91/5/4 - 

18 11 (5) 1:1 60 1.6 89 96/0/4 22.4 

19 16 (5) 1:1 60 1 92 97/0/3 55.3 

20 

 
R = tBu 

11 (5) 1:1 60 16 70 91/0/9 - 

21 11 (5) 2:1 60 16 99 92/0/8 - 

22 16 (5) 1:1 60 16 77 86/0/14 - 

Table 4.3 Reaction conditions: 0.6 mL of C6D6. Conversions and ratios of products determined by 1H and 

31P{1H} NMR spectroscopies. [a] (nHxNCO)3 ratio, [b] unidentified 31P{1H} resonance.  
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In order to optimise the formation of the diinsertion product 22a, the ratio of 

PhNCO:Ph2PH was changed from 1:1 to 2:1 (Table 4.3, entries 1-2), resulting in an 

increase in the ratio of 22a (67%) with respect to 21a (33%). Upon lowering the catalyst 

loading to 2 mol%, the reaction reached high conversion after 21 h with a higher 

proportion of the diinsertion product 22a (Table 4.3, entry 3). Three-coordinate iron 

complex 16 shows a higher activity than 11; high conversion is achieved in a significantly 

shorter time (Figure 4.2;16 h [top] vs. 6 h [bottom]) with a similar product distribution 

(Table 4.3, entry 4).  

Very similar behaviour is observed when using p-TolNCO (Table 4.3, entries 5 and 6) 

with 5 mol% of precatalyst. However, when the precatalyst is lowered to 2 mol% of 11, 

and monitored after a similar time, the diinsertion product is favoured in a larger ratio 

than observed when using PhNCO (Table 4.3, entry 7). Reactions with isocyanates 

featuring functional groups proceed in a similar manner, with excellent conversions for 

substrates which bear either electron donating or withdrawing groups (Table 4.3, entries 

8-11). When 3,5-(OMe)2C6H3NCO is used, the hydrophosphination proceeds with a 

higher reaction rate and a small decrease in the amount of the diinsertion product, 

whereas the reaction of 4-BrC6H4NCO yields the diinsertion product in higher quantity. 

The scope of the reaction was extended to aliphatic isocyanate subustrates. When the 

reaction was performed with 
nHxNCO, the hydrophosphination competes with the 

cyclotrimerisation reaction leading to a mixture of [nHxNCO]3 (19c, see Chapter III), 

[Ph2PC(=O)N(H)nHx] (21e) and [Ph2PC(=O)N(nHx)C(=O)N(H)nHx] (21e) (Table 4.3, 

entries 12-14). Increasing the stoichiometry from 1:1 to 2:1 (RNCO:Ph2PH) when using 

11 at 5 mol% increased the proportion of diinsertion product obtained. 
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Figure 4.2 Conversion (%) vs. time (hour) for the hydrophosphination of PhNCO with 5 mol% cat. of 11 

(top) or 16 (bottom) in C6D6 at 25 °C. 

 

Reactions with more sterically bulky secondary and tertiary isocyanates (RNCO; R = 

cyclohexyl, iso-propyl and tert-butyl), where precatalysts 11 and 16 are ineffective 
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precatalysts for the cyclotrimersation of isocyanates (Chapter III, Table 3.5), afforded 

almost exclusively the monoinsertion products 21f-h (Table 4.3, entries 15-22). When 

using iso-propyl or tert-butyl isocyanate, the temperature was raised to 60 °C in order to 

reach reasonable conversions in 16 h, however, this increase in temperature was 

accompanied by an increase in the dehydrocoupling product (Ph2P)2. Interestingly, when 

changing the stoichiometry from 1:1 to 2:1 of tBuNCO:Ph2PH when using 11 the reaction 

reached higher conversion after 16 h at 60 °C. Previous attempts to catalyse the 

hydrophosphination reaction of tBuNCO with Ph2PH were low yielding (<20%).21 

TOF values calculated clearly show that precatalyst 16 is more active than 11 in the 

hydrophosphination of aromatic and aliphatic isocyanates (Table 4.3).  

Collectively, these results indicate that the observed selectivity between the catalysis of 

the mono- and diinsertion of isocyanates into Ph2PH may be governed by steric factors 

obtaining preferentially the diinsertion product for less bulky isocyanates (R = Ph, pTol, 

3,5-(OMe)2C6H3 and 4-BrC6H4) and the monoinsertion product for secondary and tertiary 

aliphatic isocyanates. 

 

4.3.1 Product Selectivity 

Through small changes of the reaction conditions, the selectivity of the 

hydrophosphination products obtained in the reaction (mono vs. diinsertion) can be 

controlled as outlined in Scheme 4.4.  

 
Scheme 4.4 Hydrophosphination products obtained with using THF (left) or NEt3·HCl in C6D6 (right) 

with 11 (5 mol%). 
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When the solvent was replaced with THF, a significant change in the selectivity of the 

reaction was observed where the mono insertion product (21) was obtained almost 

exclusively (Table 4.4Table ). A decrease in the catalyst activity was also observed, for 

example, the reaction of PhNCO with Ph2PH (1:1) in the presence of 5 mol% of 11 at 

room temperature only reached 40% conversion after 16 h while the equivalent reaction 

in C6D6 reached 98% conversion (Table 4.4, entry 1; Table 4.3, entry 1). 

 

Entry Isocyanate 

RN=C=O 

Cat. 

(mol %) 

RNCO: 

Ph2PH 

T 

(°C) 

Time 

(h) 

Conv. 

(%) 

21/22/(Ph2P)2 

1 

Ph 

11 (5) 1:1 25 16 40 97/0/3 

2 11 (5) 1:1 60 32 80 100/0/0 

3 3,5-(OMe)2C6H3 11 (5) 1:1 60 32 66 99/1/0 

4 4-BrC6H3 11 (5) 1:1 60 24 50 98/0/2 

Table 4.4 Reaction conditions: 0.6 mL of THF. Conversions and ratios of products determined by 

31P{1H} NMR spectroscopy. 

With this decrease in catalyst activity, the reactions were heated to 60 °C in order to 

achieve moderate conversions (Table 4.4, entries 2-4). When the reaction was performed 

in the presence of a weak base (Table 4.5, entry 1) no significant changes were observed. 

However, the addition of a weak acid, NEt3·HCl, to the reaction mixture afforded the 

diinsertion product (22) in high selectivity. 
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Entry Isocyanate  

RN=C=O 

Cat. 

(mol %) 

RNCO: 

Ph2PH 

Time 

(h) 

Additive Conv. 

(%) 

21/22/(Ph2P)2 

1 

3,5-(OMe)2Ph 

11 (5) 2:1 16 NEt3 >99 37/63/0 

2 11 (5) 2:1 16 NEt3
.HCl >99 3/97/0 

3 None 2:1 16 NEt3
.HCl 19 94/0/1 

4 Ph 11 (5) 2:1 16 NEt3
.HCl >99 1/99/0 

6 Cy 11 (5) 1:1 48 NEt3
.HCl 0 - 

Table 4.5 Reaction conditions: 25 ºC, 0.6 mL of C6D6 . Conversions and ratio of products determined by 

1H and 31P{1H} NMR spectroscopies. Several drops of THF-d8 were added to solubilise NEt3
·
HCl. [a] 5% 

unidentified 31P{1H} NMR resonance. 

 

4.3.2 Mechanistic Studies 

To investigate the faster rates for precatalyst 16 compared to 11 (Table 4.3) the 

hydrophosphination catalysis was monitored using 1H and 31P{1H} NMR spectroscopy 

with CyNCO as a model substrate. In a Young’s tap NMR tube, the precatalyst (11 or 16, 

5 mol%) with CyNCO in C6D6 was cooled to –30 °C after which Ph2PH was added and 

the NMR tube quickly cooled to –78 °C to prevent the reaction from proceeding. The 

NMR tube was transferred into the spectrometer and the reaction monitored via 1H and 

31P{1H} NMR spectroscopies.  

When using 11, an induction period of around 2 h was observed (Figure 4.3, top), 

indicating that the two-coordinate complex 11 is not the true catalyst and that a 

transformation takes place before the catalysis begins. No induction period is observed 

for 16, where the catalysis starts immediately after substrate addition (Figure 4.3, 

bottom). It is likely that the same initial reaction takes place for 16 but the labile THF 

ligand is easily displaced making this step considerably faster.  
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Figure 4.3 Conversion (%) vs. time (hour) for the hydrophosphination of CyNCO with 5 mol% cat. of 11 

(top) or 16 (bottom) in C6D6 at 25 °C.  

  



   Chapter IV 

130 

Surprisingly, when complex 11 was reacted separately with either Ph2PH or CyNCO no 

reaction was observed after 48 h at room temperature by NMR and IR spectroscopy. As 

soon as the other substrate is added the formation of product 21f is observed. 

Stoichiometric studies were not conclusive as IR spectroscopy shows several peaks in the 

amide region, but indicates that the active catalyst is an iron amidate complex (Scheme 

4.5, A). The formation of this species could be an equilibrium; therefore, both Ph2PH and 

CyNCO are needed to drive the reaction to A. However, the possibility that both 

substrates are required for precatalyst activation cannot be ruled out. A similar 

observation has also been made by Hill et al. in the hydrophosphination of 

carbodiimides.26 

 Catalyst poisoning tests on the reaction of 11 with CyNCO and Ph2PH were undertaken 

and this was monitored in situ. The catalysis in the presence of 1 drop of mercury or with 

an excess of CS2 proceeded unhindered indicating that the catalysis homogeneous and 

that the reaction is not catalysed by iron metal or trace iron nanoclusters in 

suspension.28,29 The reaction appears to not be radical mediated where the catalysis in 

unaffected in the presence of a radical trap cumene.30 

 

4.3.2.1 Proposed Mechanism 

Experimental observations suggest the catalysis operates through a homogenous 

mechanism which does not appear to be radical mediated therefore plausible mechanism 

is proposed in Scheme 4.5. 
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Scheme 4.5 Proposed mechanism for the formation of the mono- (21) and diinsertion (22) products in 

the hydrophosphination of isocyanates 

First, insertion of an isocyanate into the Fe–C bond forms an iron amidate complex A as 

evidenced though IR spectroscopy. It is likely that the metal centre acts as a Lewis acid 

due to the relatively high +II oxidation state and its coordinative unsaturation. Hence, 

coordination of an isocyanate molecule to forms the active species B which is activated 

towards nucleophilic attack of a phosphine leading to P–C bond formation and generation 

of intermediate C. Similar substrate coordination followed by outer-sphere attack of a 

phosphine have been proposed.12,15,31,32 A 1,3-proton shift, followed by addition of a new 

molecule of isocyanate regenerates the active species B with displacement of the mono 

product 21. When the phosphinocarboxamide (21) produced in Cycle 1 contains a smaller 

R group, the reaction can proceed into Cycle 2 via nucleophilic attack on B with the 

subsequent formation of D. Proton transfer followed by displacement of the 



   Chapter IV 

132 

phosphinodicarboxamide (22) by an incoming isocyanate molecule results in the 

regeneration of B.  

To provide further support for the proposed mechanism a mixture of PhNCO and CyNCO 

were reacted with diphenylphosphine (1:1:1) where a combination of four products 

21a/21f/22a/22i were obtained (Scheme 4.2). The diinsertion product 22i 

[Ph2PC(=O)N(Ph)C(=O)NH(Cy)] results from the coordination of CyNCO to the iron 

amidate complex (A) to form B which then undergoes nucleophilic attack of 

[Ph2PC(=O)N(H)Ph] (21a) which is in agreement with the proposed mechanism. 

When coordinating solvents such as THF are used, solvation of intermediate B can occur 

blocking the income of a phosphinocarboxamide molecule (21) therefore enforcing the 

monoinsertion pathway (Cycle 1) and blocking Cycle 2. The weak acid (NEt3·HCl) likely 

aids the protonolysis step in Cycle 2 (D to B); a rate limiting step for hydroamination 

reactions.33,34 

An alternative mechanism similar to those reported for rare-earth precatalysts16,17,21 where 

the Ph2PH attacks the metal centre first through protolytic cleavage of the amide ligand 

has been dismissed due to the lack of evidence of the formation of 

(2,6-MesC6H3)C(=O)NH(R) via 1H NMR or IR spectroscopy. 

 

4.3.3 Scale up of Hydrophosphination Products 21 and 22 

The mono- and diinsertion products were successfully scaled up and isolated in moderate 

to good yields (50-79%). The mono-insertion products or phosphinocarboxamides, 

21a,c,d, were synthesised by reaction of the corresponding isocyanate with 

diphenyphospine (1:1) in the presence of precatalyst 11 (5 mol%) in THF. After removal 

of volatiles, the white solid was washed with cold iso-hexane and dried yielding pure 
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products. The other phosphinocarboxamides (21f-h) were obtained by the reaction of the 

isocyanate, phosphine (1:1) in the presence of precatalyst 11 (5 mol%) in toluene either at 

room temperature (21f) or 60 °C (21g, 21h). Subsequent removal of solvent afforded an 

oily residue after which the product was extracted into n-pentane. Storage at –30 °C 

overnight resulted in the precipitation of pure product. 

The diinsertion products, or phosphinodicarboxamides, 22a-d, were obtained in a similar 

manner with reaction of the isocyanate and phosphine (2:1) in the presence of 11 (5 

mol%) in toluene overnight. Removal of the volatiles and washing of the remaining 

residue with n-pentane enabled isolation of the corresponding pure 

phosphinodicarboxamide. A large scale (3 mmol of phosphine) reaction for the synthesis 

of phosphinodicarboxamide 22a was also performed where PhNCO, Ph2PH, and 11 with 

the addition of Et3N·HCl (ensuring formation of 22a over 21a) which were stirred in 

toluene at room temperature after which the solvent was removed and solid dried. The 

product was extracted into toluene, solvent removed and the white solid washed with iso-

hexane resulting in the isolation of the corresponding phosphinocarboxamide in high 

yield. 

 

4.3.3.1 Spectroscopic Analysis 

The phosphinocarboxamides (PCAs, 21a,c-h) and phosphinodicarboxamides (PDCAs, 

22a-d) were fully characterised by multinuclear NMR and IR spectroscopy and mass 

spectrometry where selected data are shown in Table 4.6. 1H and IR data for compounds 

21a,d,f agree well with those reported in the literature.21 The NH resonances in the 1H 

NMR spectra occur at ca. 7 ppm for the aryl PCAs (21a,c,d) whereas the alkyl PCAs 

(21f-h) appear at ca. 5 ppm. This trend is also observed for the corresponding aryl/alkyl 
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PDCAs (22a-d vs.22e,i) which appear at approximately 11 and 9 ppm respectively. The 

31P{1H} NMR spectra feature a singlet between –4.3 to 0.8 ppm for the PCAs (21) 

whereas the PDCAs (22) are shifted downfield in the range between 7.7 and 8.8 ppm. A 

similar observation can be seen in the 13C{1H} NMR spectra where the signal 

corresponding to the PC=O carbon appears as a doublet where the PDCAs (22) (183.6-

184.9 ppm; 1J(C,P) = 25-31 Hz) are shifted downfield with respect to the PCAs (21) 

(174.9-175.5 ppm; 1J(C,P) = 12-16 Hz) indicating stronger multiple bond character of the 

carbonyl. This is also observed in the IR spectra where the bands corresponding to the 

PC=O stretches are higher in the PDCAs (22) (ca. 1718 vs. 1640 cm-1). Selected 15N 

chemical shifts for the NH moiety were obtained via a 1H, 15N HSQC which were found 

to range between 111.2-117.6 ppm. 

 Isolated Yield 

(%) 

31P 

(ppm) 

13CPCO 

(ppm) 

1J(C,P) 

(Hz) 

1HNH 

(ppm) 

15NNH 

(ppm) 

𝝂̅PCO 

(cm-1) 

𝝂̅NCONH 

(cm-1) 

21a 71 ‒0.2 175.2 15 7.24 - 1688[a] - 

21c 57 0.8 175.5 16 7.37 - 1630 - 

21d 64 0.2 175.4 16 7.00 - 1630[a] - 

21f 56 ‒4.3 174.9 12 5.44 111.2 1645 - 

21g 57 ‒4.0 175.0 13 5.35 113.5 1641 - 

21h 67 ‒2.7 175.3 13 5.42 117.6 1632 - 

22a 50 8.3 184.9 29 11.57 116.7 1718 1588 

22b 55 8.0 184.9 28 11.58 - 1716 1536 

22c 65 7.7 184.9 30 11.74 - 1719 1544 

22d 79 8.8 185.0 31 11.41 - 1717 1594 

22e - 8.4 182.8 25 9.22 - - - 

22i - 7.8 183.6 27 9.22 - - - 

Table 4.6 Selected spectroscopic data for phosphinocarboxamides (21) and phosphinodicarboxamides 

(22). [a] values from the literature.21 



   Chapter IV 

135 

4.3.3.2 Crystallographic Analysis 

The molecular structures of the hydrophosphination products were determined by X-ray 

crystallography where crystals for compounds 21a,c,d,f-h and 22a,b were obtained by 

either slow diffusion of n-pentane into C6D6 at room temperature or from storage of a 

saturated solution in n-pentane at room temperature or –30 °C. The crystal structures of 

the PCAs and PDCAs are shown in Figure 4.4 and Figure 4.5 with relevant bond 

distances and angles shown in Table 4.7 and Table 4.8 respectively.  

All the hydrophosphination products and crystallised with one molecule in the 

asymmetric unit with the exception of 21h which featured two molecules in the 

asymmetric unit with a hydrogen bond acceptor/donor interaction between the two 

independent molecules at a distance of 2.147(18) Å. Similar hydrogen bond 

acceptor/donor interactions are observed between adjacent molecules in the crystal 

structures of 21a,c,d,f,g which vary between 1.84(4)-2.071(19) Å. The solid state 

structures of 22a and 22c feature an intramolecular hydrogen bond between the amide 

proton and the phosphorus carbonyl of 1.94(6) and 1.884(9) Å respectively. 

The phosphorus atoms in these structures displays a pyramidal environment where the 

sum of the three angles about P(1) fall in the range of 299.12-303.36° and 304.8-305.18° 

for PCAs and PDCAs respectively, lower than the expected 328.5 for a tetrahedron due 

to the repulsion from the lone pair of electrons. The P–C distances to the carbonyl carbon 

are all statistically equivalent (ca. 1.88 Å), with the exception of 21c which is slightly 

longer. These distances are slightly longer than the sum of the single bond covalent radii 

(1.86 Å)35,36 but well within the sum of the Van der Waals radii.37 
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Figure 4.4 Crystal Structures of the PCAs. Top left to right: 21a, c, d. Bottom left to right: 21f, g, h. Thermal ellipsoids are set at the 50% probability level. Hydrogen 

atoms [with the exception of H(1)] and minor disorder components of the molecule have been omitted for clarity. 
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 21a 

X = 7 

21c 

X = 9 

21d 

X = 7  

21f 

X = 7 

21g 

X = 4 

21h 

X = 5 

P(1)–C(X) 

C(X)–O(1) 

N(1)–C(1) 

N(1)–H(1) 

H(1)···O(2) 

1.8882(14) 

1.2254(17) 

1.4184(18) 

0.846(19) 

- 

1.902(5) 

1.364(7) 

1.423(6) 

0.8800 

- 

1.885(5) 

1.220(6) 

1.407(6) 

0.86(3) 

- 

1.8855(19) 

1.225(3) 

1.466(2) 

0.91(3) 

- 

1.8855(14) 

1.2288(17) 

1.4699(18) 

0.80(2) 

- 

1.8943(13), 1.8886(13)[a] 

1.2316(15), 1.2288(15)[a] 

1.4839(16), 1.4846(17)[a] 

0.864(18), 0.843(19)[a] 

2.147(18) 

C(Ar)–P(1)–C(X) 

 

C(Ar)–P(1)–C(Ar) 

102.08(6) 

99.72(6) 

101.56(6) 

98.1(2) 

98.4(2) 

104.2(2) 

101.6(2) 

99.7(2) 

101.8(2) 

98.79(9) 

99.00(9) 

103.50(9) 

97.63(6) 

99.03(6) 

102.46(6) 

97.74(6), 100.75(5)[a] 

99.77(5), 99.82(6) [a] 

103.68(6), 100.57(6)[a] 
Table 4.7 Selected bond lengths (Å) and angles (°) for the PCAs 21a,c,d,f-h. [a] two molecules in asymmetric unit where chemically equivalent bond distances and 

angles are shown. 

 22a 

X = 13 

Y = 20 

22c 

X = 13 

Y = 21 

P(1)–C(X) 

C(X)–O(1) 

C(X)–N(1) 

C(Y)–O(2) 

N(2)–H(2) 

H(2)···O(1) 

1.889(5) 

1.237(6) 

1.369(6) 

1.196(6) 

0.882 

1.94(6) 

1.885(3) 

1.224(3) 

1.398(4) 

1.219(4) 

0.864(18) 

1.884(9) 

C(Ar)–P(1)–C(X) 

 

C(Ar)–P(1)–C(Ar) 

98.0(2) 

101.94(19) 

104.9(2) 

99.17(13) 

102.02(14) 

103.99(13) 
Table 4.8 Selected bond lengths (Å) and angles (°) of the PDCAs 22a and 22c. 



   Chapter IV 

138 

 

 

 

Figure 4.5 Crystal Structures of the PDCAs 22a (top) and 22c (bottom). Thermal ellipsoids are set at the 

50% probability level. Hydrogen atoms [with the exception of H(2)] and solvent of recrystallisation 

molecules omitted for clarity. 
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The carbonyl distances (C=O) in the PCAs (21a,c,d,f,g) are slightly longer than those 

found in the PDCAs (22a,c) [Table 4.8, C(Y)–O(2)] indicating stronger multiple bond 

character of PDCAs vs. PCAs which agrees with experimental observations (see Section 

4.3.3.1). The C–N distances in 21a,c,d,f,g are longer than those seen in the literature 

(1.329(2)-1.371(4) Å)38–40 which is indicative of the C–N bond possessing more single 

bond character. These experimental observations suggest that the most significant 

resonance form is I for the PCAs 21a,c,d,f,g, whereas in literature resonance form II is 

observed (Scheme 4.6).38–41 

 

Scheme 4.6 Possible resonance forms for PCAs 

 

4.3.4 Coordination of 21g and 22a to Dichloro(p-cymene) Ruthenium  

Phosphines bearing carboxamide amide moieties have been described as an 

‘inconspicuous gem’ by Štěpnička, where the combination of hard (N or O) and soft (P) 

donors on the molecule gives rise to the potential of these as use as hemilable donors.1 

These compounds have been shown to have applications in coordination chemistry,1,38,41 

biomedicine,42,43 enantioselective catalysis44,45 and supramolecular and self-assembled 

arrays.46 Indeed, a recent report by Nakazawa and co-works found that reaction between a 

ferrocene derivative bearing a PCA moiety, Fe(η-C5H4NHC(O)PPh2)2 with PtX2(PPh3)2 

(X = Cl, Br) allowed for the unprecedented selective synthesis of M4L6 cage complex, 

facilitated by hydrogen bond between PCA moiety and the halide ion.47 
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With this in mind, preliminary investigations into the coordination capabilities of PCAs 

and PDCAs to dichloro(p-cymene) ruthenium dimer, [Ru(p-cym)Cl2]2, were performed 

following a modified procedure as outlined by Goicoechea and co-workers.38 

 

Scheme 4.7 Coordination of phosphinocarboxamide 21g to Ru(p-cym)Cl2 .  

A solution of [Ru(p-cym)Cl2]2 and 21g in a 1:2 ratio in dichloromethane was stirred at 

room temperature overnight, after removal of solvent, extraction into toluene resulted in 

the precipitation of pure product of 23 (Scheme 4.7). Analysis by X-ray diffraction 

revealed the solid state structure of 23 (Figure 4.6) which was in good agreement with 1H, 

13C{1H} and 31P{1H} NMR spectra.  

The 1H NMR shows signals for the PCA ligand in 23 which are shifted with respect to 

free ligand (21g) where the NH proton is shifted significantly downfield (8.63 vs. 5.35 

ppm) due to the hydrogen bond donor interaction with the Cl atoms. This is also reflected 

in the 31P{1H} NMR which features a singlet at 29.8 ppm, a difference of ca. 34 ppm 

when compared to 21g (Table 4.6). The C=O is shifted slightly upfield in the 13C{1H} 

NMR spectra with respect to 21g indicating less multiple bond character of the carbonyl 

after coordination to the metal. 
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Figure 4.6 Crystal Structure of 23. Thermal ellipsoids are set at the 50% probability level. Hydrogen 

atoms [with the exception of H(1)] and solvent of recrystallisation molecules omitted for clarity. 

The molecular structure of 23 (Figure 4.6) features a ruthenium metal centre which is 

bonded to two chloride ions, the phosphorus atom from the PCA with an η6 interaction 

with the p-cymene moiety. Selected bond distances and angles are shown in Table 4.9. 

The Ru–Cl and Ru–P bond lengths in 23 are within the sum of the Van der Waals radii 

between the two elements37 and are similar to the related compound 

[Ru(p-cym){PH2C(O)NHCy}Cl2].
38  

The chloride ions form a hydrogen bond with the NH moiety of the PCA moiety of ca. 

2.58 Å. The phosphorus atom features a distorted tetrahedral geometry where the C–P–C 

angles are less than the ideal 109° for a tetrahedron whereas the Ru–P–C angles are 

larger. The P–C, bond in 23 is slightly longer and the C–O and C–N bonds are slightly 

shorter than those found in 21g.  
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 23 

Ru(1)–Cl(1) 

Ru(1)–Cl(2) 

Ru(1)–P(1) 

P(1)–C(4) 

C(4)–O(1) 

N(1)–C(1) 

N(1)–H(1) 

Cl(1)···H(1) 

Cl(1)···H(1) 

2.4115(5) 

2.4183(5) 

2.3476(5) 

1.902(2) 

1.217(3) 

1.328(3) 

0.80(3) 

2.58(3) 

2.57(3) 

C(11)–P(1)–C(4) 

C(5)–P(1)–C(4) 

C(11)–P(1)–C(5) 

C(4)–P(1)–Ru(1) 

C(5)–P(1)–Ru(1) 

C(11)–P(1)–Ru(1) 

100.55(9) 

99.83(9) 

105.02(9) 

120.52(6) 

117.60(7) 

110.96(6) 
Table 4.9 Selected bond lengths (Å) and angles (°) of 23. 

The analogous reaction of 22c with [Ru(p-cym)Cl2]2 (2:1) in dichloromethane over night 

at room temperature yielded an oily solid after removal of the solvent. This was triturated 

with iso-hexane and the resulting red solid was extracted into toluene, layered with iso-

hexane which enabled crystallisation of a small quantity of 24 (Scheme 4.8). Analysis via 

31P{1H} NMR suggested there was a mixture of species in solution with multiple peaks in 

the region of ca. 90-8 ppm. This was also reflected in the 1H NMR spectrum which 

showed multiple overlapping peaks which hampered useful structural interpretation of 24; 

presumably the sample of 22c contained impurities prior to the reaction. 

 

Scheme 4.8 Coordination of phosphinodicarboxamide 22c to Ru(p-cym)Cl2 
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Figure 4.7 Crystal Structure of 24. Thermal ellipsoids are set at the 50% probability level. Hydrogen 

atoms [with the exception of H(2)] and solvent of recrystallisation molecules omitted for clarity. 

It is also possible that there are enantiomeric isomers of 24 present in solution arising 

from the chirality at the Ru centre which could result in multiple resonances in the 

31P{1H} NMR spetrum. Never the less, analysis by X-ray crystallography allows for 

comparison between the starting PDCA (22c) and the coordination product. The 

molecular structure of 24 crystallised in the monoclinic space group of P21/c with one 

molecule of toluene in the asymmetric unit (Figure 4.7). The structure is very similar to 

that of 23 where the ruthenium centre is bonded to the p-cymene in an η6 fashion, two 

chloride ions and the phosphorus atom from the PDCA moiety. The Ru–Cl and Ru–P 

bond distances are similar to those in 23 which also features a hydrogen bond interaction 

between one of the chloride ions and the NH proton (Table 4.10). The core of the PCDA 

in 24 is twisted somewhat compared  
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 24 

Ru(1)–Cl(1) 

Ru(1)–Cl(2) 

Ru(1)–P(1) 

P(1)–C(16) 

N(2)–C(16) 

C(8)–O(1) 

C(16)–O(2) 

N(1)–H(1) 

Cl(1)···H(1) 

2.4302(11) 

2.3974(10) 

2.3635(10) 

1.898(4) 

1.385(5) 

1.213(5) 

1.208(5) 

0.874(3) 

2.438(5) 

C(23)–P(1)–C(16) 

C(24)–P(1)–C(16) 

C(24)–P(1)–C(23) 

C(16)–P(1)–Ru(1)  

C(23)–P(1)–Ru(1)  

C(24)–P(1)–Ru(1)  

109.58(19) 

102.49(18) 

104.52(19) 

104.45(13) 

120.11(13) 

114.33(13) 
Table 4.10 Selected bond lengths (Å) and angles (°) of 24. 

to 22c (Figure 4.8) which seems to be as a result of the π···π stacking interaction between 

the phosphorus aryl and the p-tolyl moiety and the hydrogen bonding interaction between 

the amide proton and chloride atoms (Figure 4.7). The phosphorus atom features a 

tetrahedral geometry where the C–P–C angles are slightly lower than idealised angle of 

109° for a tetrahedron whereas the Ru–P–C angles are larger. The carbonyl (C–O) bond 

distances in 24 are slightly shorter that those in 23 [1.208(5), 1.213(5) vs. 1.224(3), 

1.219(4) Å]. 

 

 

Figure 4.8 Core of PDCA in 22c (top) and 24 (bottom). 
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4.4 Conclusions 

Two- and three-coordinate iron complexes, 11 and 16 respectively, were found to be 

efficient precatalysts for the hydrophosphination of isocyanates producing mono (PCA) 

and/or diinsertion (PDCA) products where the PDCAs are a new family of functionalised 

phosphines. This work represents the first example of an iron system to catalyse this 

reaction and also, the first example of the diinsertion process in the hydrophosphination 

of isocyanates.  

The product obtained seems to be dominated by sterics of the isocyanate: bulky 

secondary and tertiary alkyl isocyanates produce almost exclusively the mono-insertion 

product (PCAs) whereas the less bulky aryl isocyanates (aryl and primary alkyl 

isocyanates) produce a mixture. When increasing the ratio of isocyanate to phosphine 

from 1:1 to 2:1 the corresponding PDCA is obtained in greater quantity. 

Simple changes in the reaction conditions allows for control of the selectivity of 

hydrophosphination products obtained: the addition of a weak acid enables isolation of 

the PDCA. Changing the solvent from C6D6 to THF allows for the isolation of the PDA 

almost exclusively. The addition of a weak base did not significantly alter the reaction.  

A plausible mechanism for the homogeneous catalysis is proposed in Scheme 4.5 where 

initial coordination of the isocyanate to the Lewis acidic iron centre is activated towards 

nucleophilic attack of the phosphine after which a 1,3-proton shift followed by 

displacement by an isocyanate generates the PCA (Cycle 1). If the isocyanate is less 

bulky the reaction can proceed through to Cycle 2 where the PCA reacts with the active 

species B, 1,3-proton shift followed by displacement of an isocyanate allows gives the 

PDCA. This agrees with experimental observations: the addition of the weak acid likely 

aids the 1,3-proton shift for species D and when the solvent is changed from C6D6 to THF 
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results in solvation of the PCA which therefore cannot react with species B. The increase 

in reaction rates when using 16 over 11 is possibly due to rapid formation for the iron 

amidate species A (Scheme 4.5) where the labile THF ligand and less bulky Tmp 

substituent in 16 facilitates this formation. Also, when using isocyanate mixtures (1:1:1 of 

Ph2PH:CyNCO:PhNCO) a combination of four products are obtained (Scheme 4.2) where 

the PDCA product 22i, [Ph2PC(=O)N(Ph)C(=O)NH(Cy)] results from the coordination of 

CyNCO with nucleophilic attack of [Ph2PC(=O)N(H)Ph]. 

The hydrophosphination products were scaled up successfully leading to good yields of 

the PCAs (21a,c,d,f-h) and PDCAs (22a-d) and were fully spectroscopically 

characterised. The crystal structures of all PCAs and the PDCAs 22a,b were analysed via 

X-ray crystallography. 

Initial coordination chemistry of PCA and PCDA was investigated with [Ru(p-cym)Cl2]2 

leading to the isolation of coordination products 23 and 24. The solid state structures 

show coordination of the PCA and PCDA to the ruthenium centre via the phosphorus lone 

pair. 23 and 24 feature intramolecular hydrogen bond interactions between the NH and Cl 

moieties. This interaction with the combination of the π···π stacking of the p-tolyl and a 

phosphorus-aryl substituent in 24 results in a significant twisting of the PDCA core 

(Figure 4.8) which highlights the flexibility of the PDCA ligand.  
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4.5 Future Work 

The possible application of the PDCAs, a new class of functionalised phosphines, will be 

interesting to explore. The combination of the hard and soft donors present the potential 

to allow for the simultaneous coordination of two different transition metal centres in the 

synthesis of heterobimetallic complexes which may have applications in cooperative 

catalysis.48 This could be achieved by first coordination of the phosphine to one transition 

metal centre, subsequent deprotonation at the NH moiety then a salt metathesis reaction 

with another transition metal halide. 

It would also be useful to isolate intermediates by performing a stoichiometric reaction at 

low temperatures. This would allow further understanding of the mechanism and to help 

verify the proposed mechanism.  

The scope of the hydrophosphination reaction could also be extended to other 

commercially available phosphines such as Cy2PH, (t-Bu)2PH and (1-Ad)2PH. Other 

heterocumulenes could also be used in hydrophosphination reactions such as 

carbodiimides and isothiocyanates which would be interesting to investigate whether 

diinsertion products are obtained. Other low-coordinate manganese, cobalt and zinc 

m-terphenyl complexes could also be investigated in this reaction to study how changing 

the metal centre affects the catalytic ability.  

These systems could also be extended to other hydroelementation reactions such as 

hydroamination, hydrosilyation, hydroalkoxylation and hydrothiolation which are 

particularly attractive due to their atom economical routs to various families of organic 

compounds.49 
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5.1 Introduction  

Dehydrocoupling reactions involve the formation of element-element bonds with the sole 

by-product being the formation of H2 gas.1 The catalytic dehydrocoupling on amine-

boranes (R2NH·BH3 where R = H or alkyl) has attracted much attention due to their 

potential use as a chemical hydrogen storage material as ammonia borane, NH3·BH3, has 

a high hydrogen content by mass (19.6%).2,3 Amine-boranes have further uses such as 

reagents for hydrogen transfer to organic and inorganic substrates,4–6 and as precursors to 

BN-based ceramics and polymeric materials.7–9 

 

Scheme 5.1 Catalytic dehydrocoupling of ammonia borane with possible boron nitrogen intermediates 

and products. 

Catalytic dehydrocoupling of amine-boranes can be easily monitored through convenient 

use of 11B NMR spectroscopy and can yield a variety of products as shown in Scheme 

5.1,10 and has been explored extensively through use of group 111, group 2,12–15 group 3,16 

group 47,15,17,18, precious metals (e.g Ru,19 Rh,20,21 Ir,7 Pd,22), rare earth,23 main group24 

and frustrated Lewis pair25 based catalysts. Nishibayashi and co-workers have also 

reported the use of heterobimetallic complexes which catalyse the dehydrogenation of 

Me2NH·BH3 where it is proposed that the two metal centres cooperatively participate in 

the catalysis.26 
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There are numerous examples of first row transition metal catalysts which have been used 

in the dehydrocoupling of amine-boranes such as Cr,27 Fe,28–33 Co,34,35 Ni.36,37 However, 

the only manganese based example is limited to the half sandwich carbonyl complex, 

CpMn(CO)3, by Shimoi and co-workers, which suffers from long reaction times and 

requires photoinitiation.27  

Herein, the catalysis of the dehydrocoupling of amine-boranes using two- and three-

coordinate transition metal m-terphenyl complexes is described, with the main focus 

being the use of manganese(II) complexes. 
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5.2 Experimental  

5.2.1 Catalytic Dehydrocoupling of NH3·BH3 

In a Young’s NMR tube 10 mol% of precatalyst 10, (10.0 mg, 0.0147 mmol) and 

NH3·BH3 (4.7 mg, 0.147 mmol) were dissolved in THF (0.6 mL) with a C6D6 insert. The 

reactions were kept at room temperature and monitored by 11B NMR spectroscopy. 

Conversion was quantified by integration of 11B NMR spectra.  

 

5.2.2 Catalytic Dehydrocoupling of NH3·BH3, with Hydrogen Acceptor 

In a Young’s NMR tube 10 mol% of precatalyst 10 or 11, (10.0 mg, 0.0147 mmol), 

NH3·BH3 (4.7 mg, 0.147 mmol) and 3,3-dimethyl-1-butene (2 eq., 38 µL, 0.294 mmol; or 

25 eq., 475 µL, 3.68 mmol) were dissolved in THF (0.6 mL) with a C6D6 insert. The 

reactions were kept at room temperature and monitored by 11B NMR spectroscopy. 

Conversion was quantified by integration of 11B NMR spectra.  

 

5.2.3 Standard Procedure for the Catalytic Dehydrocoupling of 

Me2NH·BH3 

In a Young’s NMR tube 5 or 2 mol% of precatalyst 10, 13 or 15 and Me2NH·BH3 were 

dissolved in C6D6 (0.6 mL). The reactions were either carried out at room temperature or 

heated to 60 °C for 16 h in a sealed NMR tube (closed system). Conversion was 

quantified by integration of 1H and 11B NMR spectra. See Table 5.1 for quantities of 

reagents used. 
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Precatalyst Me2NH·BH3 

Cat. (mol%) mg mmol mg mmol 

10 (5) 10.0 0.0147 17.3 0.294 

10 (2) 5.0 0.00733 21.5 0.367 

13 (5) 10.0 0.0160 18.9 0.320 

13 (2) 5.0 0.00799 23.7 0.400 

15 (5) 10.0 0.0133 15.7 0.266 

15 (2) 5.0 0.00663 19.7 0.322 

Table 5.1 Quantities of precatalyst and Me2NH·BH3 used in reactions. 

 

5.2.4 In situ NMR Reaction Monitoring for the Catalytic Dehydrocoupling 

of Me2HN·BH3 

In a Young’s NMR tube 5 mol% of precatalyst 10, 13 or 15 was dissolved in C6D6 (0.4 

mL) and cooled to ‒30 °C after which Me2NH·BH3 in C6D6 (0.2 mL) was added and the 

sample cooled to ‒78 °C to prevent the reaction from initiating. The sample was 

transferred to the NMR spectrometer and monitored directly at 60 °C. Conversion was 

quantified by integration of 1H and 11B NMR spectra. See Table 5.1 for quantities of 

reagents used. 

 

5.2.5 Catalyst Poisoning Tests 

5.2.5.1 Mercury Drop Test 

In a Young’s NMR tube was added 5 mol% of precatalyst 10, 13 or 15 and Me2NH·BH3 

in C6D6 (0.6 mL) with mercury (ca. 1 drop). The reaction mixture was heated at 60 °C for 

16 h and were monitored by 1H and 11B NMR spectroscopy at the final time. See Table 

5.1for quantities of reagents used. 
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5.2.5.2 CS2 

In a Young’s NMR tube 5 mol% of precatalyst 10 or 13 was dissolved in C6D6 (0.4 mL) 

with CS2 (0.05 M in toluene; 10: 29 µL, 0.00147 mmol; 13: 32 µL, 0.0016 mmol) and 

cooled to ‒30 °C after which Me2NH·BH3 in C6D6 (0.2 mL) was added and the sample 

cooled to ‒78 °C to prevent the reaction from initiating. The sample was transferred to the 

NMR spectrometer and monitored directly at 60 °C. Conversion was quantified by 

integration of 1H and 11B NMR spectra. See Table 5.1 for quantities of reagents used. 

 

5.2.5.3 Radical Trap Test 

In a Young’s NMR tube 5 mol% of precatalyst 10 or 13 was dissolved in C6D6 (0.4 mL) 

with cumene (10: 10 µL, 0.0735 mmol; 13: 11 µL, 0.0800 mmol) and cooled to ‒30 °C 

after which Me2NH·BH3 in C6D6 (0.2 mL) was added and the sample cooled to ‒78 °C to 

prevent the reaction from initiating. The sample was transferred to the NMR spectrometer 

and monitored directly at 60 °C. Conversion was quantified by integration of 1H and 11B 

NMR spectra. See Table 5.1 for quantities of reagents used. 
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5.3 Results and Discussion  

5.3.1 Catalytic Dehydrocoupling of NH3·BH3, by Manganese(II) and 

Iron(II) Precatalysts 

An initial assessment of the catalytic ability of the mesityl-substituted m-terphenyl 

complexes of manganese and iron (10 and 11 respectively) in the dehydrocoupling of 

NH3·BH3 were undertaken. These reactions were performed in a sealed Young’s NMR 

tube in THF with a C6D6 and were followed by 11B NMR spectroscopy at room 

temperature (Table 5.2). The manganese catalyst 10 in the relatively high catalyst loading 

of 10 mol% had only reached 4% conversion to products in 6 h (entry 1). Upon the 

addition of a hydrogen acceptor 3,3-dimethyl-1-butene (2 equivalents) with 10 mol% of 

10 or 11, very low conversions to dehydrocoupled products were observed (entries 2 and 

3).  

 

Entry Cat.(mol %) Additive T (°C) Time (h) Conv. (%) 

1 10 (10) None r.t. 6 4 

2 10 (10) 2 eq.  r.t. 24 16 

3 11 (10) 2 eq.  r.t. 30 27 

4 10 (10) 25 eq.  r.t. 65 12 

Table 5.2 Dehydrocoupling of ammonia borane H3N·BH3 with 10 and 11. Reaction conditions: room 

temperature (20C ± 2), 0.6 mL of THF with C6D6 insert. Conversion determined by 11B NMR 

spectroscopy.  
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Increasing the amount of hydrogen acceptor to 25 equivalents with respect to ammonia 

borane did not aid the progress of the reaction (entry 4). In all cases, a significant amount 

of black precipitate was observed indicating that the catalyst was decomposing into an 

unidentified inactive species. With this in mind, it is evident that these two-coordinate 

species are unsuitable for the catalytic dehydrocoupling of ammonia borane and therefore 

were not explored further. 

 

5.3.2 Catalytic Dehydrocoupling of Me2NH·BH3 by Manganese(II) 

Precatalysts 

The activity of two- and three-coordinate manganese(II) complexes (10, 13 and 15) were 

explored in the dehydrocoupling of Me2NH·BH3, in order to investigate how the ligand 

environment affects the catalytic activity of the complex and distribution of products 

obtained. All reactions were performed in C6D6 at either room temperature or 60 °C and 

were monitored after 16 h by 1H and 11B NMR spectroscopy. Upon addition of 

Me2NH·BH3 to the precatalyst, bubbles of hydrogen appeared in the NMR tube 

suggesting an immediate reaction. However, in the case of 15, after the addition of 

dimethylamine borane to precatalyst 15, the reaction mixture turned dark black. 

Numerous products (25-28) were observed in the 1H and 11B NMR spectra of the 

reactions as shown in Scheme 5.2, with the corresponding 11B NMR shifts displayed  

 

Scheme 5.2 Products obtained from dehydrocoupling of Me2NH·BH3 using Mn(II) precatalysts 10, 13 

and 15. 
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in Table 5.3. As there is an overlap between the chemical shifts of the BH3 moiety in the 

linear diborazane Me2NH-BH2-Me2N-BH3 (26) and in Me2NH·BH3 (δB  –13.1 ppm, 

Table 5.3, entries 1 and 3) the presence of 26 is confirmed from the triplet from the BH2 

moiety in 26 at 2.3 ppm.38 This has been accounted for when calculating the conversion 

(%) to products when 26 is present in the reaction mixture. 

Entry Compound 11B NMR δ (ppm) 

1  –13.1 (q, 1J(B,H) = 97 Hz, BH3) 

2 25 
 

5.6 (t, 1J(B,H) = 113 Hz, BH2) 

3 26 

 

2.3 (t, 1J(B,H) = 109 Hz, BH2),   

–13.1, (q, 1J(B,H) = 97 Hz, BH3) 

4 27 

 

29.1 (d, 1J(B,H) = 131 Hz, BH) 

5 28  38.5 (t, 1J(B,H) = 128 Hz, BH2) 

Table 5.3 11B NMR shifts for dimethylamine borane and the corresponding dehydrocoupling products 

from reactions catalysed by 10, 13 and 15. 

 

5.3.2.1 Closed Reaction System  

The manganese precatalysts 10, 13, and 15 were employed at a 5 mol% catalyst loading 

at room temperature in a sealed NMR tube (closed system). After 16 h the progress of the 

reactions were monitored by 1H and 11B NMR spectroscopies. All three precatalysts gave 

poor conversion to products (Table 5.4, entries 1-3) affording 26 as the major product in 

all cases. Upon increase of reaction temperature to 60 °C, after 16 h the 1H and 11B NMR 

spectra showed complete consumption of Me2NH·BH3 to products where the major 

product in all cases is the cyclic dimer(Me2N‒BH2)2 (25) (Table 5.4, entries 4-6). 
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Entry Cat.  

(mol%) 

Temp. 

(° C) 

Additive Conversion 

(%) 

Product (%) 

25 26 27 28 

1 10 (5) r.t. - 33 10 84 3 3 

2 13 (5) r.t. - 15 24 76 0  0 

3 15 (5) r.t - 38 28 69 2 1 

4 10 (5) 60 - 100 98 0 2 0 

5 13 (5) 60 - 100 99 0 0 1 

6 15 (5) 60 - 100 98 0 1 1 

7 10 (2) 60 - 75 95 4 1 0 

8 13 (2) 60 - 94 98 1 1 0 

9 15 (2) 60 - 100 99 0 1 0 

10 10 (5)[a] 60 Hg 90 60 40 0 0 

11 13 (5)[b] 60 Hg 92 98 0 0 2 

12 15 (5) 60 Hg 29 83 14 1 2 

Table 5.4 Reaction conditions: closed system, 16 h, 0.6 mL of C6D6. Conversion determined by 1H and 

11B NMR spectroscopy. [a] reaction time = 4 h. [b] Reaction time = 2 h 

Small quantities of the diaminoborane HB(NMe2)2 and the aminoborane Me2N=BH2 (27 

and 26 respectively, Scheme 5.2) were also observed in all reactions (ca. 2%). The higher 

proportion of 26 observed in the room temperature reactions compared to the reactions 

carried out at 60 °C indicates that 26 is likely an intermediate to the formation of the 

cyclic dimer 25. This has also been observed in other dehydrocoupling reactions with 

dimethylamine borane using Ti(II),38 Fe(II),32 Sc(III)16 and Rh(I)21 catalytic systems. 

Upon lowering the catalyst loading from 5 to 2 mol% (Table 5.4, entries 7-9) moderate to 

excellent conversion to products were observed after 16 h at 60 °C where 25 is obtained  
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Figure 5.1 11B NMR spectra of the dehydrocoupling of dimethylamine borane  with 10 at 2 mol% (above) 

or 5 mol% (below) catalyst loading. 

almost exclusively (>94%). When precatalyst 10 was employed, the conversion dropped 

quite significantly from 100% to 75% as the catalyst loading was lowered from 5 to 2 

mol% (Figure 5.1), accompanied by a larger amount of 26 (4%) compared to the 

analogous reaction with 13 and 15 (<1%) at 2 mol%. 

 

5.3.2.2 In situ Reaction Monitoring  

To gain further insight into the dehydrocoupling of dimethylamine borane with the 

manganese(II) precatalysts, the reactions using 10, 13 and 15 at 5 mol% loading were 

monitored directly in the NMR spectrometer at 60 °C via 1H and 11B NMR 

spectroscopies. The 11B NMR spectra were processed using back linear prediction to 

eliminate the broad peak arising from the borosilicate NMR tube. A consequence of this 
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processing method is that broad peaks can often be removed therefore the conversions 

were confirmed by comparison of 1H and 11B NMR spectra. Furthermore, as the 

precatalysts are paramagnetic and the spectra were recorded at 60 °C, significant 

broadening of the NMR spectra were also observed.  

The samples were prepared by dissolving the precatalyst in C6D6 (0.4 mL) and cooled to 

‒30 °C after which dimethylamine borane in C6D6 (0.2 mL) was added and quickly 

cooled to ‒78 °C to prevent the reaction from proceeding. The sample was transferred to 

the NMR spectrometer and heated to 60 °C and the reaction was monitored via 1H and 

11B NMR.  

0 1 2 3 4 5

0

20

40

60

80

100

 C
o

n
v

er
si

o
n

 (
%

)

Time (hour)

 Me
2
NH.BH

3

 25

 26

 

Figure 5.2 Conversion (%) vs. time (h) for the dehydrocoupling of Me2NH·BH3 using 10 (5 mol%) at 60 

°C followed by 11B NMR. Products 27 and 28 were observed in small quantites (<4%) and omitted for 

clarity. 
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Figure 5.3 Conversion (%) vs. time (h) for the dehydrocoupling of Me2NH·BH3 using 13 (5 mol%) at 60 

°C followed by 1H NMR. Products 27 and 28 were observed in the 11B NMR spectra in small quantities 

(<2%). 

When 10 was employed at 5 mol% catalyst loading, after ca. 4.5 h complete consumption 

of Me2NH·BH3 was observed with formation of dimer 25 accompanied by small amounts 

of 26 (Figure 5.2). When 13 was used, however, the peaks corresponding to 

dimethylamine borane and the signal for the BH3 unit for 26 were very broad it was 

therefore not possible to observe them in the 11B NMR spectra, which is possibly a 

consequence of the interaction of the BH3 unit with the paramagnetic manganese centre. 

In this case, the conversion was quantified solely by 1H NMR by integration of the methyl 

peaks in Me2NH·BH3, 25 and 26 occurring at δH = 1.87, 2.24 and 2.33 ppm respectively. 

The graph of conversion to products can be seen in Figure 5.3 which shows smooth 

conversion from Me2NH·BH3 to the dimeric species 25 accompanied by very small 

amounts of 26. When assessing the 11B NMR spectra it can be seen that in the early stages 

in the reaction a small amount of 26 is observed at 2.3 ppm arising from the internal BH2  
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Figure 5.4 11B NMR spectra obtained from the dehydrocoupling of Me2NH·BH3 using 13 (5 mol%) at 60 

°C. 

moiety of 26 which decreases with time to 25 (Figure 5.4). When monitoring 15 at 5 

mol% catalyst loading with Me2NH·BH3, the reaction reached full conversion after 14 h 

(Figure 5.5), which is significantly longer than that for the analogous reactions with 10 

and 13. In the case of 15, free THF can been seen in the 1H NMR spectra, so a likely first 

step of this reaction is disassociation of the coordinating THF ligand. Calculation of TOF 

(after 60% conversion of Me2NH·BH3 to products at 60 °C) for each reaction revealed the 

best performing precatalyst is 13 (where TOF = 6.0, 19.4 and 7.1 h-1 for 10, 13 and 15 

respectively). 

In all cases no induction period was observed suggesting that the catalysis is 

homogeneous.39,40 However, the absence of the induction period could indicate that the 

nanoparticles (NPs) are formed immediately upon addition of the amine-borane; no 

induction period was similary reported by Morris et al. in the dehydrogenation of 

ammonia-borane by iron NPs.41 



Chapter V 

165 

0 2 4 6 8 10 12 14

0

20

40

60

80

100

 C
o

n
v

er
si

o
n

 (
%

)

Time (hour)

 Me
2
NH.BH

3

 25

 26

 

Figure 5.5 Conversion (%) vs. time (h) for the dehydrocoupling of Me2NH·BH3 using 5 mol% of 15 at 60 

°C followed by 1H NMR. Products 27 and 28 were observed in small quantities (<4%) and not displayed 

for clarity. 

 

5.3.2.3 Catalyst Poisoning Experiments  

In order to assess whether the catalysis is homogeneous or heterogeneous the mercury 

drop test was undertaken using the three precatalysts at 5 mol% at 60 °C (Table 5.4, 

entries 10-12). The reactions using 10 and 13 in the presence of this additive reached 

similar conversions to those without mercury after 4 and 2 hours respectively indicating 

that these reactions are homogeneous. However, when using 15 the conversion from 

dimethylamine borane to products was significantly lower from 100% to 29% (Table 5.4, 

entries 6 and 12) suggesting that mercury had formed an amalgam with manganese 

particles which are the active catalyst in the reaction. It is of note that upon the addition of 

Me2NH·BH3 to the precatalyst 15, the reaction mixture instantly turns from a colourless 

solution to a black suspension, suggesting the possible formation of manganese particles.  
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Further catalyst poisoning tests were undertaken using precatalysts 10 and 13 at 5 mol% 

and monitored directly in the NMR spectrometer. To elucidate further if the reaction 

proceeds through a homogeneous reaction pathway CS2 (10 mol% of precatalyst) was 

added into the reaction mixture which did not alter the reaction rate.40,39 The presence of 

an excess of cumene, which acts as a radical trap,42 had no effect on the reaction rate with 

using precatalysts 10 and 13 indicating that the reaction are not radical mediated. 

 

5.3.3 Particle Size Measurements 

5.3.3.1 Preliminary TEM Measurements 

The observation of a colour change from colourless solution to dark black suspention on 

addition of dimethylamine borane to the precatalyst 15 and that the addition of mercury 

results in the significantly lowered reaction rate indicates that the active catalyst in the 

dehydrogenation of Me2NH·BH3 is heterogeneous, which presented the possibility of 

manganese particles in the reaction mixture. To determine the morphology of the sample, 

e.g. aggregates of small particles or simply large particles, and chemical composition, 

samples of the reaction mixture were analysed transmission electron microscopy (TEM), 

scanning electron microscopy (STEM) and energy dispersive X-ray (EDX) spectroscopy. 

The reaction solution of 15 (5 mol% catalyst loading) and Me2NH·BH3 in C6D6 (0.6 mL), 

after heating at 60 °C for 16 h, was diluted with ca. 2 mL of benzene. An aliquot of the 

reaction solution in benzene was opened up to air and spotted onto a copper-mounted 

carbon film and left at room temperature overnight. The TEM micrographs show large 

clusters of particles measuring ca. 1 µm in diameter (Figure 5.6, top). Energy-dispersive 

X-ray spectroscopy (EDX) spectroscopy determined that these particles comprised 

mainly of oxygen (43%) and manganese (38%) atoms (Figure 5.6, bottom). 
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Figure 5.6 Top: TEM micrographs (bright field mode) micrograph of the NPs afforded during the 

reaction of Me2NH·BH3 with 15 (5 mol%) in C6D6 after 16 h at 60 °C. Bottom: EDX spectrum of 

manganese NPs on TEM grid with the table atomic% of elements (inset). Copper, carbon and silicon 

peaks originate from the lacey carbon coated copper grid.  
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5.3.3.2 TEM Measurements under Inert Atmosphere 

In order to rule out whether these particles are formed as a result of exposure to 

air/moisture, a new sample for TEM analysis was prepared under an inert atmosphere 

(dinitrogen) in a glove box. As before, the reaction solution of 15 (5 mol% catalyst 

loading) and Me2NH·BH3 in C6D6 (0.6 mL), after heating at 60 °C for 16 h, was diluted 

with ca. 2 mL of benzene. An aliquot of this solution was spotted onto a copper-mounted 

carbon film and the solvent allowed to dry. Next, the grid was transferred to the TEM 

holder after which an air tight cover was placed on the holder. This cover was then 

r e m o v e d  a n d  t h e  T E M  h o l d e r  w a s  q u i c k l y  p u t  i n s i d e  t h e  T E M  

 

 

Figure 5.7 Bright field TEM (above) and dark field STEM (below) micrograph of the NPs affored during 

the reaction of Me2NH·BH3 with 15 (5 mol%) in C6D6 after 16 h at 60 °C with minimal exposure to 

oxygen. Large sub-micron aggregates of small (ca. 10 nm) NPs are observed. 
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Figure 5.8 STEM micrograph (dark field, top left) with EDX spectroscopic mapping (top right) of Mn 

(white) and O (red). EDX spectrum (bottom) of manganese particles on TEM grid with the table of 

atomic% of elements (inset). 

microscope, resulting in the exposure of the sample in air for ca. 5 seconds until high 

vacuum was achieved. TEM and scanning transmission electron microscopy (STEM) 

micrographs obtained (Figure 5.7) provides clear evidence for the formation of 

aggregation of small particles, as seen previously (see Figure 5.6). of ca. 10 nm 

nanoparticles assembled into sub-micron aggregates ca. 500 nm in diameter, consistent 

with the absence of an effective mechanism for stabilisation of discrete nanoparticles. The 

small nanoparticle size indicates a rapid decomposition of the manganese precatalyst 15 

to Mn NPs. Furthermore, EDX spectroscopic analysis (Figure 5.8) confirmed the 
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presence of both manganese (75%) and oxygen (22%), with the apparent excess of 

manganese indicative of the formation of manganese nanoparticles passivated by a thin 

layer of a manganese oxide, an artefact of the unavoidable exposure of the sample to 

atmospheric oxygen during its introduction to the microscope. 

 

5.3.3.3 DLS Measurements 

To confirm that what is shown in the TEM and STEM micrographs is a true reflection of 

the NPs in solution, analysis of the post reaction mixture was undertaken using dynamic 

light scattering (DLS). DLS is a technique which measures the time-dependent 

fluctuations in scattered light intensity to determine size (as hydrodynamic diameter) and 

dispersity of particles as they move under Brownian motion in suspension. In this 

instance, it is used to determine the heterogeneity of a catalytic reaction by detection of 

metal colloid particles. After heating a mixture of 15 (5 mol%) and Me2NH·BH3 in C6D6 

(0.6 mL) at 60 °C for 16 h to ensure the formation of the catalytically active species, the 

solution was diluted with ca. 2 mL of benzene and transferred to a quartz cuvette and 

sealed under an inert atmosphere and analysed by DLS. These measurements indicated 

that large, sub-micron particles (ca. 800-900 nm in diameter) were present in the reaction 

mixture (Figure 5.9). However, the determined polydispersity index was high, indicative 

of a broad range of stable species in suspension, some larger than the limit of detection 

for the instrument and as such, the measured value is at best an estimate. The apparent 

offset in determined aggregate size vs TEM and STEM analysis is expected based on 

fundamental differences in how the absolute value of nanoparticle size is determined, 

where DLS typically overestimate nanoparticle size owing to the greater amount of light 

scattered by larger particles within the distribution. 
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Figure 5.9 Particle size distribution from DLS measurements of the reaction mixture of Me2NH·BH3 

with 15 (5 mol%) in benzene after 16 h at 60 °C. 

 

5.3.4 Proposed Catalytic Cycle 

With the mechanistic observations for precatalysts 10 and 13 that the reaction is 

homogeneous and not radical mediated, a plausible two stage catalytic cycle for the 

homogenous reaction is proposed in Scheme 5.3. As discussed in Chapters III and IV, due 

to the inherent coordinative unsaturated nature and the +II oxidation state of the 

manganese centre in 10 and 13, it is reasonable to assume that the precatalysts act as 

Lewis acids. Initially Me2NH·BH3 coordinates to the metal centre though interaction of 

BH3 unit to form A, similar to manganese half-sandwich complexes as investigated 

Shimoi.27,43,44Addition of another Me2NH·BH3 results in an intermolecular coupling with 

formation of a new B‒N bond between the two adducts at the metal centre (B).  
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Scheme 5.3 Proposed mechanism for homogeneous dehydrocoupling catalysis of dimethylamine borane. 

[Mn] = 10 or 13. 

Subsequent displacement of 26 and H2 by the addition of Me2NH·BH3 regenerates the 

active species A. 26 then coordinates to the Mn centre forming C which then cyclises 

releasing another molecule of H2 (D). 

Displacement by another molecule of Me2NH·BH3 reforms the active species A and 

releases 25 and a molecule of H2. This two stage mechanism is similar to an Fe(II) system 

where the catalyst is photoactivated, and the extensively studied Ti(II) system by 

Manners and co-workers.32,38  

An important question still remains however: why do two mechanisms exist 

(homogeneous vs. heterogeneous) for precatalysts 10, 13 and 15? A similar observation 

has been observed for iron carbonyl complexes in the dehydrocoupling of Me2NH·BH3 

under photoirradiation using iron complexes [CpFe(CO)2]2 and CpFe(CO)2I where the 

latter operates through a homogeneous mechanism and the former a heterogeneous 
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mechanism.32 The authors postulate that the low formal oxidation state of Fe(I) in the 

binuclear structure which already possess Fe(I)‒Fe(I) interactions could aid the reduction 

to Fe nanoparticles in the presence of Me2NH·BH3.
32 

In our system this is not the case as the manganese centres are all in the +II oxidation 

state however, the lower steric demands of the Tmp substituent vs. that of 2,6-Xyl and 

Mes, as the ortho substituents on the outer aromatic ring provide greater steric coverage 

to the metal centre,45 could render the metal centre in 15 more susceptible to reduction. It 

is also well reported that amine-boranes are effective in the chemical synthesis of 

nanoparticles,46 for example, Me2NH·BH3 is an effective reducing reagent to form Sn, Fe, 

Ni, Pd and Pt nanoparticles.41,47 This result is unexpected for manganese(II) due to its 

large negative reduction potential which has made chemical synthesis of Mn NPs via 

chemical reduction challenging.48 
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5.4 Conclusions  

Preliminary investigations have shown the first examples of manganese(II) complexes are 

efficient precatalysts in the dehydrocoupling of dimethylamine borane. Using relatively 

low catalyst loadings (5 or 2 mol%) under mild conditions (60 °C) the cyclic dimer is 

selectively produced in good to excellent yields. At lower reaction temperatures (room 

temperature) a higher proportion of 26 is obtained suggesting that 26 is an intermediate to 

the cyclic dimer 25 (Scheme 5.4). In situ NMR reaction monitoring using catalyst loading 

of 5 mol% of 10, 13 and 15 at 60 °C showed no induction period and revealed that the 

reactions reached completion after 4.7, 1.7 and 14 h, respectively. Catalyst poisoning 

experiments with 10 and 13 suggest that the reaction is homogeneous and not radical 

mediated.  

 

 

Scheme 5.4 Catalytic dehydrocoupling of Me2NH·BH3 to products 25 and 26. 

However, in the case of 15, the presence of ca. 1 drop of mercury caused the reaction rate 

to vastly reduce suggesting that the reaction is not homogeneous. Analysis by TEM, 

STEM and EDX spectroscopy confirmed the presence of small manganese NPs, 

assembled into sub-micron aggregates ca. 500 nm in diameter, which indicates a rapid 

decomposition of the manganese precatalyst 15 to Mn NPs. DLS analysis on the reaction 
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mixture when using 15 at 5 mol% suggested the presence of large, sub-micron particles 

(ca. 800-900 nm in diameter) present in the reaction mixture.  

A two stage mechanism has been proposed (Scheme 5.3) for the homogeneous catalysis 

where the linear diborazane 26 is synthesised first through an intermolecular coupling of 

dimethylamine borane adducts, which is subsequently dehydrogenated in an “on metal” 

process to the linear dimer 25. 

 

  



Chapter V 

176 

5.5 Future Work  

As the dehydrocoupling reactions were all performed as closed systems, it would be 

interesting to investigate how the reaction proceeds as an open system by using a gas 

burette where conversion is quantified by measuring the volume of H2 gas evolved. The 

reaction rate could possibly be affected as a result of the build-up of hydrogen gas 

pressure in the sealed NMR tube thereby lowering the rate of reaction. 

The scope of this catalysis could be extended further to other amine-boranes such as 

iPr2NH·BH3, MeBnNH·BH3 and MeNH2·BH3 and phosphine-boranes49,50 such as 

Me3P·BH3 and Ph2PH·BH3. This would allow for further understanding of the mechanism 

of the reaction, i.e if the sterics of the amine-borane is a limiting factor to the reaction. 

Other low coordinate Fe(II) and Co(II) m-terphenyl complexes could be explored to 

enable the understanding of the role of the metal centre in these reactions. 

As 26 has been suggested as a plausible intermediate to the dimeric species 25, it would 

be useful to react independently synthesised 26 with the manganese complexes 10, 13 and 

15 in catalytic amounts. If product 25 is formed, this would enable further verification of 

the proposed mechanism in Scheme 5.3. Stoichiometric reactions with precatalysts and 

Me2NH·BH3 could also enable the isolation of intermediates in the reaction which would 

enable further understanding into the mechanism. 

It would also be beneficial to follow the reaction by IR spectroscopy in order to elucidate 

if the mechanism operates through a hydride intermediate. These intermediate may be 

very short lived therefore ultra-fast IR may need to be used. 
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6.1 Introduction  

Carbon monoxide is an important chemical feedstock in the Fischer-Tropsch process used 

to produce solvents, fuels and bulk chemicals in industry where CO is obtained either by 

coal, natural gas, biomass or carbon dioxide.1 The Fischer-Tropsch process requires a 

heterogenous catalyst and high temperatures with the presence of additives (e.g. 0.5 wt.% 

K2O) to maintain high activity and stability, reduction promotion and selectivity control.2 

As hydrocarbon reserves become more depleted, the generation of hydrocarbons through 

reactions such as Fischer-Tropsch will only become more industrially and economically 

important.3 

Direct CO homologation has significant challenges: the CO bond has a bond dissociation 

energy of 1076 kJ mol–1 and is the strongest bond between two elements, where complete 

bond-breaking requires six electrons.4 In biological systems, molybdenum and vanadium 

nitrogenases use discrete proton and electron sources to efficiently convert carbon 

monoxide into hydrocarbons under mild conditions,5 whilst in the Fischer-Tropsch 

process dihydrogen is used for carbon monoxide coupling under high temperatures and 

pressures.6 Although the reductive coupling of two or more CO molecules has been 

demonstrated by alkaline earth,7 p-block,8–10 d-block,11–17 and f-block complexes,1,18–23 

much less explored are simple compounds that can induce scission of the carbon-oxygen 

bonds to generate carbon-carbon bonds.10,19,21,24–27 A notable example is a molybdenum 

arene complex which features a terphenyl diphosphine ligand which accommodates a 

broad range of binding modes to stabilise a range of highly reduced species.24 This 

complex was capable of the conversion of CO to C2O1 products which is facilitated by 

silylation and reduction.  
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Scheme 6.1 Insertion products obtained from the reaction of iron(II) complexes with CO. 

Previous reactivity of CO with transition metal m-terphenyl complexes has been shown to 

yield a variety of insertion products though alteration of the sterics of the ligand and by 

changing the metal centre as documented by Power and Kays.28–31 The reaction of the 

iron(II) complex, (2,6-Dipp2C6H3)2Fe, with CO yields the η2-acyl carbonyl complex: 

[2,6-Dipp2C6H3(η
2-CO)]2Fe(CO)2, via CO insertion into the Fe–C bonds (Scheme 6.1 

left).28 When the iron diaryl features 1-Naph flanking groups, (2,6-Naph2C6H3)2Fe·THF, 

the reaction with CO yields the iron metallacyclic carbene complex, (CO)3Fe[C(2,6-

Naph2C6H3)OC(O)(2,6-Naph2C6H3)]·OEt2, an 18 electron air stable complex which 

features trigonal bipyramidal core geometry around the iron centre (Scheme 6.1, right).31 

The mechanism for the formation is thought to involve initial coordination of CO, 1,1-

migratory insertion to yield the analogous bis(acyl) iron complex which cyclises to form 

the iron carbene complex.31  

The reactivity of cobalt complexes has also been investigated. Treatment of the cobalt 

diaryls Co(2,6-Ar2C6H3)2(OEt2)n (Ar = Mes, n = 0; Naph, n = 1) with dry CO produced 

sterically encumbered ketones as a result of CO insertion via M–C bond breaking and C–

C bond forming reactions with concomitant elimination of Co2(CO)8.
30  
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Scheme 6.2 Insertion products obtained from the reaction of cobalt(II) complexes with CO. 

Reaction of the naphthyl substituted terphenyl complex with CO produces a rare example 

of a tetra ortho-substuted benzophenone (Scheme 6.2, left) whereas the reaction with the 

mesityl substituted m–terphenyl complex produced an organic fluorenone containing two 

stereogenic centres (Scheme 6.2, right).30  

Herein, this chapter encompasses the reactivity of two coordinate bis iron(II) complexes 

with CO which form novel squarines and diironcarboxylate complexes from scission of 

the CO bond under ambient conditions in the absence of external reducing agents. 

.  
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6.2 Experimental  

6.2.1 Reaction of Iron Diaryls with CO 

6.2.1.1 Reaction of 11 with CO  

In a greaseless ampoule, a stirred solution of 11 (100 mg, 0.146 mmol) in toluene (5 mL) 

was exposed to an atmosphere of dry CO at room temperature whereupon an immediate 

colour change from yellow to red solution occurred. The reaction mixture was stirred for 

a further 6 days after which the solvent was removed in vacuo and the product extracted 

into hexane (20 mL), concentrated in vacuo and kept at –30 °C. This resulted in the 

precipitation of red needle crystals suitable for X-ray diffraction revealing the presence of 

a squaraine 1,3-(2,6-Mes2C6H3)2C4O2 (29Mes) (13.0 mg, 24%). 1H NMR (400 MHz, C6D6, 

25 ºC): δ 7.01 (t, 3J(H,H) = 7.6 Hz, 2H, C6H3
p), 6.86 (s, 

8H, CH-Mes), 6.79 (d, 3J(H,H) = 7.6 Hz, 4H, C6H3
m), 

2.19 (s, 12H, pCH3-Mes), 1.98 (s, 24H, oCH3-Mes). 

13C{1H} (101 MHz, C6D6, 25 ºC): δ 269.7 (CO), 177.3 

(CCO), 141.1 (C6H3
o), 137.0 (Mesp), 136.8 (Mesipso), 136.6 (Meso), 133.7 (C6H3

p), 132.2 

(C6H3
ipso), 129.3 (C6H3

m), 128.9 (Mesm), 21.3 (pCH3-Mes), 21.0 (oCH3-Mes). UV/Vis 

(DCM) at λmax/nm (ε/dm3 mol–1 cm–3): strong absorption between 200 and 300 nm 

(>8000), 480 (8904), 515 (9329), 742 (3110). MS (ESI) m/z: calcd. for C52H51O2 [M+H]+ 

707.3883, found: 707.3871, (err [ppm] = 1.80). IR (Toluene) 𝜈̅/cm-1: 1673 (C‒O). 

The corresponding diironcarboxylate complex (30Mes) was not isolated however, evidence 

for its formation can be seen via in situ reaction monitoring, see Section 6.3.3.1): IR 

(Toluene) 𝜈̅/cm-1: 1751 (C‒O). 
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6.2.1.2 Reaction of 14 with CO 

 In a greaseless ampoule, a solution of 14 (73.1 mg, 0.117 mmol) in toluene (10 mL) was 

exposed to an atmosphere of dry CO at room temperature whereupon an immediate 

colour change from yellow to red solution occurred. The reaction mixture was stirred for 

a further 6 days after which the solvent was removed in vacuo and the product extracted 

into toluene (5 mL), and pentane was carefully layered (5 mL) and kept at room 

temperature. This resulted in the precipitation of orange crystals suitable for X-ray 

diffraction revealing the presence of a squaraine 1,3-[(2,6-(2,6-Xyl)2C6H3]2C4O2 (292,6-

Xyl). The yield of 292,6-Xyl could not be accurately determined due to a mixture of 

paramagnetic species in the solid state that could not be 

separated. MS (ESI) m/z: calcd. for C48H42O2 [M]–: 

649.3112, found: 649.3097, (err [ppm] = 1.50). IR 

(Toluene) 𝜈̅/cm-1 1675 (C‒O) (as obtained via in situ 

reaction monitoring, see Section 6.3.3.1) 

However, when a solution of 14 was exposed to CO 

and stirred for only 16 h, subsequent workup and 

extraction of the reaction mixture into hexane (2 × 

10 mL) followed by storage at room temperature 

for 5 days allowed for the precipitation of red 

crystals suitable for X-ray diffraction revealing the presence of a diiron carboxylate 

complex [(2,6-Xyl2C6H3CO2)Fe(μ-CO2C6H3-2,6-(2,6-Xyl)2]2 (302,6-Xyl). The yield of 

302,6-Xyl could not be accurately determined due to a mixture of paramagnetic species in 

the solid state that could not be separated. IR (Toluene) 𝜈̅/cm-1: 1751 (C‒O) (as obtained 

via in situ reaction monitoring, see Section 6.3.3.1).  
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6.2.2 Standard Procedures for Reaction Monitoring 

6.2.2.1 Reaction Monitoring via IR Spectroscopy 

In a greaseless ampoule a solution of 11 (72.2 mg, 0.106 mmol) or 14 (73.1 mg, 0.117 

mmol) in toluene (8 mL) was exposed to an atmosphere of CO gas whereupon an 

immediate colour change from yellow to red was observed. Samples of the reaction 

solution (0.4 mL) were removed from the reaction vessel periodically under an 

atmosphere of CO and transferred to a separate ampoule after which the solvent was 

removed and the resulting red solid was dried for ca. 1h. The sample was dissolved in 

toluene (0.4 mL) under an argon atmosphere and transferred to a prepurged solution IR 

cell and the IR spectrum was recorded. 

 

6.2.2.2 Reaction Monitoring via EPR Spectroscopy 

In a Young’s tap modified quartz EPR tube was added 11 (20.0 mg, 0.0293 mmol) or 14 

(20.0 mg, 0.0319 mmol) in toluene (ca. 0.4 mL) and exposed to an atmosphere of CO gas 

whereupon an immediate colour change from red to yellow was observed. The tube was 

repressurised with CO gas every 24 h and an EPR spectrum was taken periodically at 

room temperature and 77 K. 

 

6.2.3 13CO Labelling Studies 

6.2.3.1 Reaction of 11 with 13CO  

A stirred solution of 11 (40 mg, 0.0586 mmol) in toluene (8 mL) was exposed to an 

atmosphere of dry 13CO (99%) at room temperature whereupon an immediate colour 
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change from yellow to red solution occurred. The reaction mixture was stirred for a 

further 6 days after which the solvent was removed in vacuo and the product extracted 

into hexane (20 mL), concentrated in vacuo and kept at –30 °C. This resulted in the 

precipitation of red needles of pure squaraine 1,3-(2,6-Mes2C6H3)2
13C4O2 (13C-29Mes).  

1H NMR (500 MHz, C6D6, 25 ºC) δ = 7.01 (t, 3J(H,H) = 

7.7 Hz, 2H, C6H3
p), 6.86 (s, 8H, CH-Mes), 6.79 (d, 

3J(H,H) = 7.7 Hz, 4H, C6H3
m), 2.19 (s, 12H, pCH3-Mes), 

1.98 (s, 24H, oCH3-Mes). 13C{1H} (126 MHz, C6D6, 25 

ºC) δ = 269.7 (t, 1J(C,C) = 45 Hz, CO), 177.3 (t, 1J(C,C) = 45 Hz, C4ring), 141.1 (C6H3
o), 

137.0 (Mesp), 136.8 (Mesipso), 136.6 (Meso), 133.7 (C6H3
p), 132.2 (C6H3

ipso), 129.3 

(C6H3
m), 128.9 (Mesm), 21.3 (pCH3-Mes), 21.0 (oCH3-Mes). MS (ESI) m/z: calcd for 

(C49H53O3
13C4) [M+MeO]- 741.4134, found: 741.4118, (err [ppm] = 2.20). IR (Toluene) 

𝜈̅/cm-1: 1638 (13C‒O). 

The corresponding diironcarboxylate complex (13C-30Mes) was not isolated however, 

evidence for its formation can be seen via in situ reaction monitoring, see Section 

6.3.4.2): IR (Toluene) 𝜈̅/cm-1: 1705 (13C‒O). 

 

6.2.3.2 Reaction Monitoring via IR Spectroscopy 

In a greaseless ampoule, 11 (40 mg, 0.0586 mmol) was dissolved in toluene (8 mL) under 

and argon atmosphere and sealed. The ampoule was connected to the 13CO gas bottle 

(fitted with a low-pressure regulator) and the Schlenk line via a three-way glass stopcock. 

After cycling the connecting pipes the argon atmosphere was removed from ampoule and 

sealed under reduced pressure after which the three-way glass stopcock was moved to the 

two-way position connecting the ampoule and gas bottle. The Young’s tap to the ampoule 
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and the gas bottle were opened exposing the solution of 11 in toluene to 13CO gas where 

upon an immediate colour change from yellow to red was observed. 

A sample of the reaction solution (0.4 mL) after 1 h and after 6 days was removed from 

the reaction vessel under an atmosphere of argon and transferred to a separate ampoule 

after which the solvent was removed and the resulting red solid was dried for ca. 1h. The 

sample was dissolved in toluene (0.4 mL) under an argon atmosphere and transferred to a 

prepurged solution IR cell and the IR spectrum was recorded. After each sample was 

taken the reaction vessel was re-pressurised with 13CO gas as described previously. 
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6.3 Results and Discussion  

Yellow solutions of iron(II) diaryls 11 or 14 in toluene were exposed to an atmosphere of 

dry CO gas at room temperature whereupon an immediate colour change to a red solution 

was observed. Subsequent work up and crystallisation by either controlled cooling of a 

saturated hexane solution (29Mes) or by toluene/pentane layering (292,6-Xyl) afforded red 

crystals of a squaraine molecule as identified by X-ray crystallography (Scheme 6.3). A 

diiron carboxylate complex (302,6-Xyl) has also been isolated in the reaction of 14 with CO 

where X-ray crystallography verified its structure. It has not been possible to 

crystallographically characterise the analogous Mes substituted m-terphenyl iron 

carboxylate complex (30Mes) due to the preferential crystallisation of 29Mes, however 

evidence for its formation has been observed through in situ reaction monitoring with IR 

spectroscopy (see Section 6.3.3.1 below). As both the squaraine and diironcarboxylate 

complex derive from the insertion of CO into the carbon-iron bond, it is significant to 

note that the squaraine molecule has an extra carbon (in the central C4O2 ring) and the 

iron carboxylate complex has an extra oxygen atom. Therefore, this indicates the CO 

triple bond, the strongest between two elements, has indeed been broken under ambient 

conditions. 

 

 
Scheme 6.3 Reaction of iron(II) diaryls 11 and 14 with CO.  
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6.3.1 Squaraines 

Squaraines are an important class of organic dyes32 which have been extensively studied 

in the literature and have been shown to have applications spanning bio-imaging,33 

nonlinear optics,34–36 photovoltaics,37–39 photodynamic therapy,40,41 ion42–45 and 

ammonia46 sensing. These molecules feature a central electron deficient four-membered 

ring (C4O2) and two electron donating groups  (e.g. N,N-dialkylanilines, benzothiazoles, 

phenyls, pyrroles etc.) in a donor-acceptor-donor (D-A-D) form which is resonance 

stabilised over the π-conjugated zwitterionic structure (Scheme 6.4).47 Squaraines often 

have strong absorptions (ε ≥ 105 dm3 mol–1 cm–3) in the visible to near IR (NIR) region 

due to their rigid planar structure via and intramolecular charge transfer (CT) from the 

electron-rich donor to the electron-poor central C4O2 unit. 48 

 

Scheme 6.4 Resonant forms of a π-conjugated zwitterionic squaraine molecule.47 

 

Symmetrical squaraines are usually synthesised through condensation reactions between 

electron-rich aromatic or heterocyclic compounds with squaric acid in a mixed solvent 

system or propan-2-ol with azeotropic removal of water.49,50  
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Scheme 6.5 Synthesis of unsymmetrical squaraine dye.33 

Unsymmetrical squaraines, featuring different donors on either side of the central C4O2 

unit, are also well known and are synthesised by first treating the aniline derivative with 

squaryl dicholoride to give the stable semi-squaraine intermediate which is subsequently 

heated with a second aniline derivative to give the unsymmetrical squaraine (Scheme 

6.5Scheme ).33 The asymmetry in the molecule has been shown to enhance the 

photophysical properties, where the absorption band is broader, improving light 

harvesting efficiency, and to provide anchoring groups to the TiO2 surface in dye 

sensitised solar cells (DSSCs).38,39,51  

There are few examples of squaraines with no heteroatoms substituents on the donor arms 

which are limited to azulene derivatives (Figure 6.1).52 

 

 

Figure 6.1 Squaraines with no heteratom containing substituents on the donor substituents.52 
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6.3.1.1 Spectroscopic Analysis of Squaraines 29Mes and 292,6-Xyl 

29Mes has been analysed spectroscopically through use of 1H and 13C{1H} NMR, MS, IR 

and UV/Vis measurements. Despite multiple attempts, it has not been possible to isolate 

and purify 292,6-Xyl in sufficient quantity for analysis by NMR, IR and UV/Vis 

spectroscopy due to contamination with unidentified paramagnetic species. The accurate 

mass measurements for both 29Mes and 292,6-Xyl agree well with the crystallographic 

formulations (Scheme 6.3). The solution IR spectrum of 29Mes in toluene shows an 

absorption at 1673 cm-1, which is higher than those reported in the literature (1594-1633 

cm-1)37,39,50,53–56 indicating stronger C=O character in 29Mes versus that in other 

squaraines.  

The 1H NMR of 29Mes features a characteristic triplet and doublet from the para- and 

meta-CH’s on central aryl ring of the m-terphenyl ligand at 7.01 and 6.79 ppm 

respectively. The singlet at 6.86 ppm is assigned to the CH protons on the flanking Mes 

substituent with the methyl protons at 2.19 and 1.98 ppm which is very similar to the 1H 

NMR of the lithium dimer [2,6-Mes2C6H3Li]2 (4).57 The 13C{1H} NMR spectrum is 

largely similar to 4 with peaks in the aromatic reaction (141.1 to 128.9 ppm) from the aryl 

carbons on m-terphenyl the ligand with two peaks at 21.3 and 21.1 ppm from the methyl 

carbons on the flanking Mes substituent. The most remarkable feature is the resonance at 

269.7 ppm from the C–O carbon of the C4O2 ring with the remaining carbons in the ring 

(CC–O) occurs at 177.3 ppm. This high chemical shift of 269.7 ppm is rather unusual 

however its assignment is confirmed via a heteronuclear multiple bond correlation 

(HMBC) experiment where the meta- and para-protons on the central aryl ring of the m-

terphenyl correlate to the C–O signal (Figure 6.2). Other squaraines reported in the 

literature either do not have the 13C{1H} NMR spectrum reported, with few papers citing 

the insolubility of the resulting squaraine in common organic solvents,47,53 or have  
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Figure 6.2 HMBC spectra of 29 on C–O region. 

unassigned NMR spectra. Of the latter, the highest chemical shifts (assuming the highest 

is the C–O) range from 192.2 to 172.9 ppm with the second highest (CC–O) in the range 

of 163.1-189.4 ppm which our value of 177.3 ppm agrees with.38,39,41,51,53,58,59 This 

discrepancy with the literature could be a consequence of the sterically bulky nature of 

the m-terphenyl squaraine and lack of charge delocalisation onto the whole molecule, i.e. 

there could be sufficient negative charge on the carbon of C–O resulting in a high 

chemical shift, similar to the chemical shift of a carbene centre.60 However unlikely, the 

possibility of the chemical shift range not being extended to higher ppm window, and 

therefore chemical shifts were not reported in the literature, cannot be dismissed. 

The UV/Vis absorption spectrum of 29Mes in dichloromethane, (Figure 6.3) features a 

transition in the NIR region (742 nm) from the intramolecular charge transfer (CT) from 

the donor aryl to the electron poor C4O2 ring. There are also two blue shifted CT 

transitions at 480 and 515 nm which is possibly due to H-aggregation in solution, well 

documented for other squaraines in the literature.61–64 This seems unlikely however due to 

the highly twisted nature of the central aryl of the m-terphenyl and the C4O2 ring (see 

Section 6.3.1.2). The UV/Vis spectrum also features strong absorptions below 300 nm 

from the π–π* transitions in the aryl rings.  
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Figure 6.3 UV/Vis absorption spectrum of 29 in dichloromethane. 

In order to gain insight into the origin of the features of the UV/Vis spectrum of 29Mes, 

preliminary gas-phase time-dependent density functional theory calculations (TD-DFT) 

were performed by Dr J. McMaster at the University of Nottingham on a geometry 

optimized model of 29Mes derived from the X-ray crystal structure. The calculations were 

performed using the Amsterdam Density Functional (ADF) suite version 2012.01.65,66 

The DFT geometry optimisations employed all-electron Slater type orbital (STO) triple-ζ-

plus polarisation basis sets from the TZP database of the ADF suite for the C, O, and H 

atoms. The local density approximation (LDA) with the correlation potential due to 

Vosko et al.65 was used in all of the calculations. Gradient corrections were performed 

using the functionals of Becke65 and Perdew.65 TD-DFT calculations were used to 

estimate the energies of the first 20 UV/Vis transitions of 29Mes. The calculations suggest 

that the LUMO (190a) is localized principally on the squaraine component with some 

delocalization on to the central aryl ring of the m-terphenyl unit (Figure 6.4, A). The 

HOMO (189a) possesses lone pair O character, which resides in the plane of the 

squaraine ring (Figure 6.4, B). The TD-DFT calculated UV/Vis spectrum of 29Mes (Figure  
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Figure 6.4 Calculated molecular orbitals of 29. 

6.5) in the gas phase possesses transitions that are considerably shifted from those 

observed in the experimental spectrum (Figure 6.3). These shifts may be associated with 

the gas-phase nature of the TD-DFT calculations. Nevertheless, the relative order of the 

transitions and their relative intensities suggests that the broad absorption at 742 nm in the 

experimental spectrum results from transitions from orbitals localized principally on the 

pendant aryl rings of the m-terphenyl unit (188a and 184a, Figure 6.4, C and D) into the 

LUMO (190a). A comparison of the calculated and experimental absorption spectra 

suggest that the more intense transition at 515 nm in the experimental spectrum may be 

assigned to a π–π* transition that is localized on the squaraine unit which involves the 

180a orbital (Figure 6.4, E) and the LUMO (190a). The higher energy transition at 480 

nm in the experimental spectrum may be assigned to a π–π* transition involving an 

orbital (176a, Figure 6.4, F) possessing O-lone pair character C– π contributions derived 

from central aryl ring of the m-terphenyl unit and the LUMO (190a).  
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Figure 6.5 Calculated UV/Vis spectrum of 29. 

 

The electrochemical properties of 29Mes were investigated using cyclic voltammetry in 

dichloromethane containing [nBu4N][BF4] (0.4 M) as the supporting electrolyte. 

Potentials are reported against the Fc+/Fc couple used as an internal standard (where Fc = 

ferrocene). 29Mes shows a reduction process at E1/2 –0.79 V and an oxidation process at 

Ep
a 0.48 V (Figure 6.6). The reduction gave peak anodic and cathodic potentials that were 

independent of scan rate and the separation of peak potentials (potentials (E = Ep
a – Ep

c) 

was 1.58 V. Moreover, a plot of the peak currents (Ip
a and Ip

c) vs. the square root of scan 

rate was linear in the scan rate range 20 to 300 mVs and the ratio of –Ip
a/Ip

c is in the range 

of 0.54-0.66. The reduction potential observed for 29Mes is higher than those seen for 

other squaraines in the literature (‒1.40 to ‒0.98).38,63 The oxidation process showed no 

evidence for a return wave in the range of scan rates employed. Given a lack of shift of 

peak potential to more positive values on increasing the scan rate, a property of an 

electrochemically irreversible process, this oxidation is tentatively assigned as an ‘EC’ 
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type process, where oxidation of 29Mes to [29Mes]+ results in chemical reactivity of the 

cationic species and hence its removal from the diffusion layer. 
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Figure 6.6 Cyclic voltammograms of 29 in dichloromethane containing 0.4 M [nBu4N][BF4] as the 

supporting electrolyte, reduction (top) oxidation (bottom). 
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The EPR activity of monoanionic 29Mes was investigated by chemical reduction of the 

parent compound with ca. 1 equivalent of cobaltocene. The experimental X-band EPR 

spectrum obtained as a fluid solution at room temperature with its simulated spectra is 

shown in Figure 6.7, top. On cooling to 77 K no additional spectral features were 

observed. A reasonable reproduction of the experimental spectral profile was achieved by 

simulation using one set of two equivalent hydrogens and one set of four equivalent 

hydrogens (para- and meta-CHs on the central aryl ring of the m-terphenyl substituent 

respectively) and two sets of two equivalent carbons (C4O2 ring) (see Table 6.1 for full 

parameters).  

Compound giso aiso/10-4cm-1 Linewidth/G Lineshape 

29Mes 2.0028 

0.96 (4H) 

0.76 (2H) 

19.43 (2C) 

11.12 (2C) 

0.52 Gaussian 

292,6-Xyl 2.0027 
1.11 (4H) 

0.85 (2H) 
0.23 Lorentzian 

Table 6.1 Parameters for the experimental and simulated EPR spectra for squaraines. 

 

It should be noted that monoanionic 29Mes was detected by EPR spectroscopy in a 

purified sample of 29Mes, prior to chemical reduction with Cp2Co, albeit in very small 

quantities. Upon addition of Cp2Co to an already EPR active sample of 29Mes in 

dichloromethane, the EPR signal increased significantly, which suggests that during the 

formation of 29Mes small quantities of a reducing agent are generated in the reaction 

mixture. Given this result, the EPR activity of a sample of 292,6-Xyl was investigated 

whereupon it was found that a small amount of the monoanionic species was also present 

in the sample (Figure 6.7, bottom). The simulation of the experimental spectrum using 

one set of two equivalent hydrogens and one set of four equivalent hydrogens (para- and 

meta-CHs on the central aryl ring of the m-terphenyl respectively) reproduced the central 



Chapter VI 

199 

features reasonably well, although in this case hyperfine coupling to carbon, observed as 

undulations in the baseline either side of the central features, were not sufficiently 

resolved to allow for their incorporation in the simulation parameters. Full parameters are 

shown in Table 6.1. 

3460 3465 3470 3475 3480 3485

Simulation

Experiment

 

 

Magnetic Field  (G)
 

3472 3476 3480 3484

  
 

Magnetic Field (G)

Simulation

Experiment

 
Figure 6.7 EPR spectra of the monoanionic squaraines (29Mes, top; 292,6-Xyl, bottom). Experimental data 

(black) simulated data (blue).  
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6.3.1.2 Crystallographic Analysis  

The solid state structures of 29Mes and 292,6-Xyl were determined by single crystal X-ray 

diffraction and are shown in Figure 6.8. The molecular structures of 29Mes and 292,6-Xyl 

features a central four membered ring with an m-terphenyl substituent on either side. 

29Mes was found to crystallise in the triclinic space group P-1 with one molecule in the 

asymmetric unit cell with a disordered solvent molecule of crystallisation. 292,6-Xyl 

crystallises in the orthorhombic space group Ccce with half a molecule in the asymmetric 

unit. Relevant bond distances and angels are shown in Table 6.2.  

The central C4O2 ring is twisted somewhat out of plane with respect to the central aryl on 

the m-terphenyl moiety [29Mes: 56.38(15)°, 51.71(11)°; 292,6-Xyl: 129.0719(17)°, 

50.9281(17)°] presumably a consequence of the steric demands of the bulky Mes and 2,6-

Xyl substituents on the flanking aryls. This observation is rather opposed to other 

crystallographically characterised squaraines in the literature which exhibit a rigid planar 

core structure where the plane to plane twist angle (with respect to the C4O2 ring and the 

adjacent aryl) ranges between 0.37(6)-3.23(9)°.38,41,59,63,67 The aforementioned 

guaiazulenyl-derived squaraine (Figure 6.1, middle) exhibits a larger plane to plane twist 

angle of 17.41(12)°,56 but is still significantly lower than observed for 29Mes and 292,6-Xyl. 

The C–O bond lengths in 29Mes and 292,6-Xyl (see Table 6.2) are slightly shorter than 

observed for other squaraines in the literature (1.2269(19)-1.260(5) Å),38,41,56,59,63,67 which 

is indicative the C–O bond possessing more C=O bond character, and was also reflected 

in the higher IR absorbance frequency of the C–O bond as discussed in Section 6.3.1.1. 



Chapter VI 

201 

 

29Mes 

* = 1 

# = 25 

A = 49 

B = 51 

C = 50 

D =52 

292,6-Xyl 

* = 1  

# = 1’ 

A = 13 

B = 13’’ 

C = 14’ 

D = 14 

C(*)–C(A) 

C(#)–C(B) 

1.450(4) 

1.442(3) 

1.451(2) 

- 

C(A)–C(C) 

C(A)–C(D) 

C(B)–C(C) 

C(B)–C(D) 

1.474(3) 

1.472(4) 

1.469(3) 

1.476(3) 

1.4838(18) 

1.4837(18) 

1.4837(18) 

- 

C(C)–O(1) 

C(D)–O(2) 

1.215(3) 

1.218(3) 

1.212(2) 

- 

C(A)–C(C)–C(B) 

C(A)–C(D)–C(B) 

C(C)–C(A)–C(D) 

C(C)–C(B)–C(D) 

88.98(19) 

89.17(19) 

90.9(2) 

90.95(19) 

- 

88.66(15) 

91.34(15) 

- 

(C6H3)plane···(Ar)plane 

 

 

 

75.89(12) 

81.50(11) 

74.40(8) 

79.48(8) 

107.3502(13) 

72.6498(13) 

- 

- 

(C6H3)plane···(C4O2)plane 56.38(15) 

51.71(11) 

129.0719(17) 

50.9281(17) 
Table 6.2 Selected bond lengths (Å) and angles (°) for 29Mes and 292,6-Xyl.Symmetry operation: ’ = 1 – x, + 

y, 3/2 – z; ’’= 1 – x, 3/2 – y,+ z. 
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Figure 6.8 Crystal structures of 29Mes (left) and 292,6-Xyl (right). Thermal ellipsoids are set at the 50% probability level. Hydrogen atoms and solvent of 

recrystallisation omitted for clarity. Symmetry operation: ’ = 1 ‒ x, 3/2 ‒ y,+ z; ’’ = 1 ‒ x, + y, 3/2 ‒ z. 
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6.3.2 Diironcarboxylate Complex  

Diiron carboxylates featuring m-terphenyl ligands are abundant in the literature where the 

carboxylate-bridged diiron(II) centre are similar to catalytic centres in proteins such as 

soluble methane monooxygenase (sMMO), the R2 subunit of ribonucleotide reductase 

(RNR-R2), Δ9 stearoyl-acyl carrier protein desaturase (∆9D), and toluene/o-xylene 

monooxygenase (ToMO) amongst others, which activate O2 for a variety of uses.68,69 

These diiron(II) complexes are synthesised by metathesis reactions between a metal salt 

of a carboxylate ligand, ArCO2M (Ar = m-terphenyl; M = Li, Na, Tl), and an iron(II) 

source (Fe(OTf)2·MeCN, FeCl2 or FeBr2) to form [Fe2(µ-O2CAr)2(O2CAr)2(L)2] where L 

= N or O bound ligand.70–73 These complexes generally crystallise in one of two 

conformations where the carboxylate ligands support the doubly bridged (windmill I) or 

quadruply bridged (paddlewheel II) diiron(II) cores as shown in Figure 6.9.74 

 

Figure 6.9 Windmill (I) or paddlewheel (II) conformation of [Fe2(µ-O2CAr)2(O2CAr)2(L)2].74 

 

6.3.2.1 Spectroscopic Analysis of Diiron Carboxylate Complex 302,6-Xyl 

302,6-Xyl was synthesised through reaction of 14 with CO for 16 h, upon work up and 

recrystallisaton from a solution in hexane, 302,6-Xyl was isolated as a red microcrystalline 

solid. It is highly unlikely that this reaction proceeded via the metathesis reaction of the 
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aryl lithium carboxylate ArCO2Li due to the rigorous exclusion of air and moisture 

throughout all manipulation. Despite numerous attempts, the sample of 302,6-Xyl was 

obtained in such small quantities that analysis by X-ray crystallography could only be 

performed. Solution IR spectra from in situ reaction monitoring (see Section 6.3.3.1) 

shows a peak at 1751 cm-1 which could be 302,6-Xyl which is higher than related diiron 

carboxylate complexes (1614-1570 cm-1).70–72,74–78 possibly due to the lack of 

coordinating ligand (L), but closer in value to 1697 cm-1 for the complex 

Fe2(µ-O2CArTol)2(O2CArTol)2(4-AcPy) (where ArTol = 2,6-p-Tol2C6H3; AcPy = 4-

cyanopyridine).79 The MS 302,6-Xyl is not conclusive as the molecular ion was not detected 

by EI or MALDI, with also the possibility that the sample contained a mixture of species.  

 

6.3.2.2 Crystallographic Analysis of Diiron Carboxylate Complex 302,6-Xyl 

302,6-Xyl crystallised in the monoclinic space group I2/a with half a molecule in the 

asymmetric unit with 1.5 hexane molecules per moiety in the unit cell. These disordered 

hexane molecules could not be sensibly modelled therefore Platon SQUEEZE was used to 

account for these diffuse molecules. 302,6-Xyl is geometrically similar to the ‘windmill’ 

conformation (Figure 6.9, I) with the absence of two additional N or O bound 

coordinating ligands. The iron atoms are coordinated to one terminal and two bridging 

carboxylate ligands (2,6-(2,6-Xyl)2C6H3CO2
-) where the flanking 2,6-Xyl groups 

encapsulate the diiron core (Figure 6.10, top). Selected bond angles and lengths of 302,6-

Xyl are shown in Table 6.3. The coordination of each iron centres (Figure 6.10, bottom) 

can be described as distorted tetrahedral with a four-coordinate geometry index value (τ4) 

of 1.10 (see Chapter II, Equation 2.1).80 The Fe(1)···Fe(1’) distance of 4.74314(11) Å is  
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Figure 6.10 Top: crystal structure of 302,6-Xyl with hydrogen atoms and flanking 2,6-Xyl moieties on 

bridging aryls omitted for clarity. Bottom: side on view of diiron core. Thermal ellipsoids are set at the 

50% probability level. Symmetry operation: ’ =  1/2 ‒ x, 3/2 ‒ y, 1/2 – z. 

larger than that in related diiron carboxylate complexes in the windmill conformation 

which range between 3.355(10)-4.6052(9) Å,69–78,81–83 possibly a consequence of the 

more sterically demanding 2,6-Xyl substituents.69 The Fe–O distances of the bridging 

ligand [1.9612(12)-1.9779(12) Å] are shorter than the analogous distances for the 

terminal carboxylate [2.0830(14)-2.1509(14) Å] which is similar to those observed in the 

literature.70,73,77–79,81 
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 302,6-Xyl 

Fe(1)···Fe(1’) 4.74314(11) 

C(1)–O(1) 

C(1)–O(2) 

1.252(2) 

1.254(2) 

C(24)–O(3) 

C(24)–O(4) 

1.250(2) 

1.252(2) 

Fe(1)–O(1’) 

Fe(1)–O(2) 

Fe(1)–O(3) 

Fe(1)–O(4) 

Fe(1’)–O(1) 

1.9779(12) 

1.9612(12) 

2.0830(14) 

2.1509(14) 

1.9778(12) 

O(1’)–Fe(1)–O(3) 

O(1’)–Fe(1)–O(4) 

O(2)–Fe(1)–O(1’) 

O(2)–Fe(1)–O(3) 

O(2)–Fe(1)–O(4) 

O(3)–Fe(1)–O(4) 

153.19(6) 

94.33(5) 

98.47(6) 

106.15(6) 

130.62(6) 

61.53(5) 
Table 6.3 Selected bond lengths (Å) and angles (°) for 302,6-Xyl. Symmetry operation: ’ =  1/2 ‒ x, 3/2 ‒ y, 1/2 

– z. 

 

6.3.3 In situ Reaction Monitoring  

To gain insight into the reaction mechanism and to identify any possible intermediates, in 

situ reaction monitoring studies were undertaken using IR and EPR spectroscopies. The 

presence of paramagnetic species in solution hampered attempts to follow the reaction via 

NMR spectroscopy. 

 

6.3.3.1 Reaction Monitoring via Solution IR Spectroscopy 

A mixture of either 11 or 14 in toluene was exposed to an atmosphere of CO gas where an 

immediate colour change was observed. Samples of the reaction mixture (0.4 mL) were 

removed from the reaction vessel under an atmosphere of CO and dried under vacuum for 

ca. 1 h to remove any volatile iron carbonyl compounds and residual CO. This sample 

was redissolved in toluene and the solution IR spectrum was recorded. Samples were 
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taken shortly after addition of CO (35 min to 1 h) to the reaction vessel then every 24 h. 

IR spectra obtained throughout the reaction are shown in Figure 6.11 (top: 11 with CO; 

bottom: 14 with CO).  

Initially, three new bands appeared shortly after addition of CO to the reaction mixture 

(Figure 6.11, left, green spectra; 11: 2097, 2050, 1978 cm-1; 14: 2099, 2050, 1980 cm-1) 

where the band at highest wavenumber increased with time and the remaining two 

decreased with time. The band at 2097/2099cm-1 is indicative of a free or η1-coordinated 

ketene, which appear around from 2080 to 2250 cm-1
,
84,85 whereas the bands at 2050 and 

1978/1980 cm-1 are most probably due to and iron carbonyl or coordination of a ketene 

via C=C bond.86 After 1 day a shoulder appears at 2030/2031 cm-1 which could be an iron 

carbonyl intermediate. The iron carbonyl CO stretches seen in the IR spectra are similar 

to the CO absorption bands aforementioned iron acyl complex (Scheme 6.1, left; 2000 

and 1944 cm-1) and the metallacyclic iron carbene complex (Scheme 6.1, right; 2051, 

1982, 1966 cm-1).28,31 There is also formation of two new bands at lower wavenumber 

(Figure 6.11, right; 11: 1751, 1673 cm-1; 14: 1751, 1675 cm-1) where the peak at 1751 cm-

1 could be due to the formation of the diiron carboxylate complex and the peak at 

1673/1675 cm-1 is most likely the squaraine molecule (measurement from purified 29Mes: 

1673 cm-1). 
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Figure 6.11 Solution IR spectra obtained for the reaction of 11 (top) or 14 (bottom) with CO. Spectra on 

right show a close-up of the region 1800-1550 cm-1.  
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6.3.3.2 Reaction Monitoring via EPR Spectroscopy 

As mentioned in Section 6.3.1.1, occasionally the isolated squaraines are EPR active 

without the need to add a reducing agent, Cp2Co. This result prompted the investigation 

into possible radical intermediates in the reaction mixture. 

The fluid solution X-band EPR spectrum of the iron diaryl, 11 or 14, at room temperature 

was silent. Upon addition of CO to this EPR silent solution an immediate colour change 

was observed and the reaction mixture was monitored by EPR spectroscopy. 

The reaction of 11 with CO gave a room temperature fluid solution EPR spectrum 

featuring a peak at giso = 2.0981 after 24 hours. At 77 K a rhombic spectrum is obtained 

for this sample, which maybe suggestive of a metal-based radical, possibly containing CO 

coordinated to an iron centre (Figure 6.12). No hyperfine coupling was resolved for this 

feature. The simulated parameters for the 77 K frozen solution spectrum are shown in 

Table 6.4. 

3360 3380 3400 3420 3440 3460 3480
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Figure 6.12 EPR spectra obtained from reaction of 11 with CO after 1 day. Left: room temperature; 

right: 77 K with the simulated spectrum in blue. 
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 g Linewidth/G Lineshape 

gx 2.069 8 
Gaussian gy 2.041 7 

gz 2.003 6 
Table 6.4 Parameters for the experimental and simulated EPR spectra at 77 K. 

 

After 2 days a new peak appears at giso = 2.0033 (Figure 6.13 right and dotted circle in 

left). This peak exhibits hyperfine coupling (Figure 6.13 right) very similar to the 

coupling seen for 29Mes (Figure 6.7, top). 

When 14 is reacted with CO a similar result is obtained. After ca. 24 h the sample is EPR 

active. A large peak and a smaller peak are observed at giso = 2.0386 and 2.0049 

respectively (Figure 6.14, top). As with 11, the feature at giso = 2.0386 shows no 

hyperfine coupling at room temperature and is rhombic at 77 K suggesting the presence 

of a metal based radical (Figure 6.14, bottom left). The feature at giso = 2.0049 shows 

hyperfine coupling (Figure 6.14, bottom right) the magnitude of which is very similar to 

that observed for 292,6-Xyl (Figure 6.7, bottom). 

 

3350 3400 3450 3500 3550

 

Magnetic Field (G)

 

3460 3470 3480 3490

 

Magnetic Field (G)

 
Figure 6.13 EPR spectra obtained from reaction of 11 with CO after 2 days. Wide field sweep (left) and 

narrow field sweep (right) focussing on the feature at giso = 2.0033 (dotted circle in left spectrum)  
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It is important to highlight that other EPR active species could be present in the reaction 

solution that are not detectable by EPR spectroscopy under the conditions of these 

experiments and that may require lower temperatures, higher fields or different 

frequencies for their study. 

3350 3400 3450 3500 3550

 

Magnetic Field (G)

 

3200 3250 3300 3350

 

Magnetic Field (G)

 

3470 3472 3474 3476 3478 3480

 

Magnetic Field (G)

 
Figure 6.14 EPR Spectra obtained from reaction of 14 with CO after 1 day. Top: wide field sweep 

spectrum; bottom left: 77 K spectrum; bottom right: narrow field sweep centred on the feature at g iso = 

2.0049 (small feature to the right in the wide sweep spectrum). 
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6.3.4 Carbon-13 Labelling Studies 

 

Scheme 6.6 Reaction of 11 with 13CO. 

In order to provide further evidence that CO bond scission has occurred, carbon-13 

labelling studies were undertaken using 13CO (99%). As 29Mes could be reliably isolated 

and purified, the reaction between 11 and 13CO gas was performed (Scheme 6.6). 

Addition of 13CO gas to a solution of 11 in toluene resulted in an immediate colour 

change from a yellow to a red solution. A sample of the reaction solution was removed 

from the reaction vessel after 1 h and after 6 days for analysis by solution IR 

spectroscopy, the results of which are discussed in detail in Section 6.3.4.2. After 

subsequent workup and crystallisation, a small amount of pure 1,3-(2,6-

Mes2C6H3)2
13C4O2 (13C-29Mes) was isolated as red needles in sufficient quantity for 

analysis by 1H, 13C{1H} NMR, IR, EPR spectroscopies and mass spectrometry. 

 

6.3.4.1 Spectroscopic Analysis of 1,3-(2,6-Mes2C6H3)2
13C4O2 (13C-29Mes) 

Accurate mass measurements were found to be in good agreement with the negative ion: 

[13C-29Mes+MeO]– and 1H NMR of 13C-29Mes is essentially identical to 29Mes confirming 

the sample purity. The 13C{1H} NMR is rather striking: after only 8 scans the carbon 

signals arising from the central 13C4O2 ring appeared at triplets at 269.7 and 177.3 ppm 

each with a coupling constant of 45 Hz (Figure 6.15, left), upon full  
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Figure 6.15 13C{1H} (left) and 13C,13C COSY (right) NMR spectra of the C4O2 ring in 13C-29Mes  

 

acquisition the remaining carbon peaks were observed which did not differ from the 

13C{1H} NMR of 29Mes. The one bond coupling constant of 45 Hz between the adjacent 

for the carbons in the central C4O2 ring are similar to other one bond 13C, 13C coupling 

constants in the literature.87–89 The 13C, 13C correlation (COSY) experiment clearly 

showed correlation between these carbons (Figure 6.15, right), which strongly implies 

that these carbons are derived from 13CO. Two very small doublets at 171.3 and 24.5 ppm 

with a coupling constant of ca. 106 Hz were observed in the 13C{1H} NMR which is 

similar to the chemical shifts of a ketene,10,84,90–92 (where 171.3 ppm: 13C=13C=O; 24.5 

ppm 13C=13C=O) further supporting the theory of a ketene intermediate as observed in the 

solution IR of the reaction mixture (see Section 6.3.3.1).  

The solution IR spectrum of 13C-29Mes in toluene showed an absorption at 1638 cm-1 

which corresponds to an isotopic shift of 35 cm-1 when compared to 29Mes (1673 cm-1), 

similar other isotopic CO/13CO shifts in the literature (ca. 40 cm-1).12,19,20,93–95 
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3400 3420 3440 3460 3480 3500 3520 3540

Simulation

Experiment

 

 

Magnetic Field / G  

Figure 6.16 EPR spectra of the monoanionic 13C-29Mes. Experimental data (black) simulated data (blue). 

 
13C-29Mes was found to be EPR active upon chemical reduction of 13C-29Mes with Cp2Co 

in dichloromethane. The fluid EPR spectrum recorded at room temperature is shown in 

Figure 6.16. The feature at giso = 2.0028 shows hyperfine coupling where the simulation 

of the experimental spectrum was produced using parameters as shown in Table 6.5, 

identical to 29Mes, however accounting for 99% abundance of 13C in the C4O2 ring. 

 

giso aiso/10-4cm-1 Linewidth/G Lineshape 

2.0028 

0.96 (4H) 

0.76 (2H) 

19.43 (2C) 

11.12 (2C) 

3.60 Lorentzian 

Table 6.5 Parameters for the experimental and simulated EPR spectra of 13C-29Mes 

 

6.3.4.2 In situ Reaction Monitoring via Solution IR Spectroscopy with 

13CO 

Samples of the reaction solution of 11 with 13CO were taken from the vessel after 1 h and 

after 6 days, dried under vacuum removing any 13CO and volatile carbonyl compounds, 

and a solution IR spectrum in toluene was performed. The IR spectra feature bands 
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between 2038-1638 cm-1 all of which are shifted with respect to the analogous reaction 

between 11 and natural abundance CO (Figure 6.17) which shows that all these 

intermediates are derived from CO.  
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Figure 6.17 Left: IR spectra obtained from the reaction of 11 with 13CO. Right: summary of IR bands 

with reaction of 11 with CO and 13CO with the respective isotopic shifts in cm-1. 

 

6.3.5 Calculations  

The following calculations were performed on The University of Nottingham’s High 

Performance Computer by Dr David Robinson. Initial calculations were performed with 

the restricted active space self-consistent field (RASSCF) method (including π-orbitals 

and non-bonding orbitals) to determine the nature of the singlet state (closed-shell or 

open-shell). These calculations indicated a closed-shell singlet form of the molecule. 

Further calculations were then performed with density functional theory (DFT) with the 

ωB97X-D functional and 6-31G(d) basis set. Optimised geometries, with a Ph group as 

the flanking aryl, of the neutral (Figure 6.18) and reduced forms were obtained; 

vibrational frequencies were calculated for each structure (both 12C and 13C, Table 6.6). 
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Figure 6.18 Optimised geometry of the neutral form of 1,3-(2,6-Ph2C6H3)2C4O2. Hydrogen atoms omitted 

for clarity. 

It has been documented that when calculations assume a harmonic approximation for the 

potential wells this leads to an overestimation of the IR frequencies, and as such the 

frequencies have been scaled by 0.95.27 The calculated bond lengths for the neutral 

species (C‒C = 1.47 Å, C‒O = 1.21 Å) are in good agreement with those determined 

crystallographically [C‒C = 1.469(3)-1.474(3) Å, C‒O = 1.215(3), 1.218(3) Å]. The 

calculated structure features a non-planar core with a plane to plane twist angle of the 

central C4O2 ring with respect to the central aryl on the m-terphenyl moiety of 132.74° 

and 47.38°, similar to those observed in 29Mes and 292,6-Xyl.  

The calculated C‒O stretching frequency for 29Mes was found to be 1720 cm-1 which is 

slightly higher than the experimentally measured value (1672 cm-1), and similarly the 

calculated C‒O stretching frequency for 13C-29Mes was 1675 cm-1 (higher than the 
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experimental value of 1638 cm-1), which corresponds to a shift of 45 cm-1 lower than the 

calculated value for 29Mes. The reduced forms, [29Mes]– and [13C-29Mes]–, (reduced in situ 

with Cp2Co in DCM), showed a similar discrepancy between the measured and calculated 

C‒O stretching frequencies. The experimental IR spectra for [29Mes]– and [13C-29Mes]–
 

featured the C–O band at 1574 and 1523 cm-1 respectively, corresponding shift 51 cm-1 

lower on 13C enrichment. The C‒O stretching frequencies for calculated for [29Mes]– and 

[13C-29Mes]–
 were found to be 1666 and 1623 cm-1 respectively (Δ𝜈̅ = 43 cm-1) and were 

found to be higher than those observed experimentally by 92 and 100 cm-1 

 

Compound Experimental 

𝝂̅(C–O) (cm-1) 

Calculated 

𝝂̅(C–O) (cm-1) 

Exp. – Calc. 

29Mes 1672 1720 -48 

[29Mes]– 1574 1666 -92 

13C-29Mes 1638 1675 -37 

[13C-29Mes]– 1523 1623 -100 

Table 6.6 Experimental and calculated C‒O stretching frequencies for the neutral and reduced squaines 

from reaction of 11 with CO or 13CO. 
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6.3.6 Mechanistic Discussion 

The mechanism for the formation of squaraines and carboxylate complexes from the 

reaction of iron diaryl complexes 11 and 14 with CO still remains uncertain at this time. 

However, without further isolation of intermediates, partial spectroscopic analysis of 

reaction products and without further support from calculations, the reaction mechanism 

proposed herein is entirely speculative. Exactly how the CO bond scission occurs is not 

completely understood, however, from experimental observations though IR, EPR and 

NMR spectroscopies, there is precedent for the proposal of numerous intermediates. 

EPR spectroscopy of the reaction mixture shows the generation of at least two radical 

species in solution: one inorganic and one organic. The organic radical in both reactions 

cases strongly resembles the respective monoanionic squaraine species. The other radical 

is likely to be iron based due to the appearance of a rhombic spectrum when the 

measurement is performed at 77 K. This species is possibly a result of CO coordination to 

the iron metal centre. 

Iron carbonyls are also generated in the reaction evidenced by IR spectra features the 

presence of bands in the range of 2050-1978 cm-1 which are indicative of iron carbonyl 

CO stretches.96 This is most likely due to CO insertion into the Fe‒C bond as seen 

previously by Power28 and Kays.31 

There is also precedent for a ketene intermediate, which have long been proposed as 

intermediates in the Fischer-Tropsch process.97–99 The increasing band at ca. 2100 cm-1 in 

the IR spectra during the course of the reaction (Figure 6.11) is similar to a free or 

coordinated ketene.27,84 Evidence has also been seen in the 13C{1H} NMR data from the 

reaction of 11 with 13CO. The isolated sample of 13C-29Mes showed two very small 
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doublets at 171.3 and 24.5 ppm (R2
13C=13C=O) which could correspond to a minor 

amount of a ketene.84,90,91  

Previous reactivity within the Kays group has shown the formation of a metallacyclic 

Fe(II) carbene, (CO)3Fe[C(2,6-Naph2C6H3)OC(O)(2,6-Naph2C6H3)]·OEt2, through 

reaction of an iron m-terphenyl diaryl featuring 1-napthyl flanking groups with CO.31 

Furthermore, carbenes have been shown to react with CO to form ketenes, either on their 

own100–102 or between a metal-carbene centre (rhodium,103 iridum,84,104 samarium25 or 

lanthanum27). Ketenes have also been shown dimerise in a [2+2] cycloaddition reactions 

to form 1,3-cyclobutanedione and the β-lactone dimer, where the former is possibly how 

the squaraine forms.84 

With this information, it is plausible to assume that CO first coordinates to the iron(II) 

centre forming an iron radical, which then undergoes 1,1-migratory insertion of two CO 

molecules into the Fe−C σ-bonds of the m-terphenyl ligand to form an acyl intermediate 

species (Scheme 6.7, A) which resembles the closely related Fe(II) bis(η2-acyl) complex 

(η2-2,6-Dipp2C6H3CO)2Fe(CO)2.
28 The cyclisation process could then proceed first by 

rearrangement of the iron acyl species A, to the carbene intermediate B where a C=Fe 

double bond and an anionic CO‒ is formed. Attack of the carbonyl carbon by the 

nucleophilic oxygen with coordination of the carbonyl carbon forms the iron carbene C, 

s i m i l a r  t o  t h e  p r o p o s e d  f o r m a t i o n  o f  t h e  i r o n  c a r b e n e  s p e c i e s 

(CO)3Fe[C(NEt2)OC(O)NEt2].
105,106 The carbene intermediate C reacts with another 

molecule of CO, to produce a ketene, and undergoes CO bond scission between the 

carbene carbon and carboxylate oxygen (Scheme 6.8, C) to form intermediate D which 

features an iron centre bound to a ketene moiety (2,6-Ar2C6H3C=C=O) and a carboxylate 

ligand ([2,6-Ar2C6H3CO2]
-) (Scheme 6.8). Intermediate D could then dimerise to form an 

iron ketene carboxylate complex E, reminiscent to those observed from reaction of CO  
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Scheme 6.7 Proposed mechanism for the formation of the iron carbene intermediate C. 

 

with low valent organolanthanide complexes.25,27 Intermediate E could then form a ketene 

iron complex F which aids the [2 + 2] cycloaddition reaction forming the squaraine. The 

carboxylate moieties on E could go on to dimerise to form the diiron carboxylate 

complex. Exactly how E converts to the carboxylate complex F is still very much 

unknown, and further study and isolation of possible intermediates would allow for a 

deeper understanding and insight into the mechanism. 
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Scheme 6.8 Proposed mechanism for the formation of the iron carboxylate complex and squaraine from reaction of iron carbene (C) with CO. 
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6.4 Conclusions 

Two-coordinate iron complexes have been shown to react with carbon monoxide under 

ambient conditions to form novel squaraines and diironcarboxylate complexes, from a 

result of CO bond scission, via analysis by single crystal X-ray diffraction.  

The diiron carboxylate complex crystallised in the windmill conformation where the iron 

is bound to a terminal and two bridging carboxylate ligands. This is the first diiron 

carboxylate complex bearing m-terphenyl carboxylate ligands with the absence of 

coordinating N or O ligands. 

The crystal structures of the squaraines 29Mes and 292,6-Xyl show a large plane to plane 

twist angle between the central aryl ring of the m-terphenyl moiety as a result of the steric 

demands of the flanking aryls, by far the highest observed for any other squaraines in the 

literature. The IR spectra of the squaraines show a higher C–O stretch than those 

observed in the literature, highlighting the greater double bond character possessed by the 

C–O bond in 29Mes and 292,6-Xyl compared to other squaraines. This is also reflected in the 

shorter C–O bond distance in the solid state structures of 29Mes and 292,6-Xyl. The 13C{1H} 

NMR for 29Mes features a very high chemical shift for the C–O carbon at 269.7 ppm 

which is like those observed for a carbene centres. The monoanionic forms of 29Mes and 

292,6-Xyl are EPR active where the radical couples to protons on the central aryl of the 

m-terphenyl and the two inequivalent carbon atoms on the central C4O2 ring. 

To gain insight into the reaction mechanism, in situ reaction monitoring was performed 

using IR and EPR spectroscopies. The IR spectrum showed bands which suggest the 

presence of ketene and iron carbonyl intermediates, with formation of bands which 

correspond to the squaraine molecule and the diiron carboxylate complex. EPR 

spectroscopy revealed the presence of radical species in the reaction medium with the 
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initial formation of a peak at giso = 2.0981 and 2.038 (11 and 14 respectively) which 

appears as a rhombic signal when the measurement was performed at 77 K. This was 

accompanied by a new peak at giso = 2.0033 or 2.0049 which showed hyperfine coupling 

similar to that observed from the monoanioinic squaraines [29Mes]- and [292,6-Xyl]- 

respectively. 

Carbon-13 labelling studies on the reaction of 11 with 13CO were performed to fully 

elucidate the origin of the carbons from the central C4O2. The IR spectra of the reaction 

mixture showed CO bands which where all shifted to lower wavenumber, which is 

expected due to the weakening of the C–O bond though isotopic substitution. The isolated 

13C-29Mes was spectroscopically characterised though NMR, EPR spectroscopy and MS. 

The 13C{1H} NMR featured triplets at 269.7 and 177.3 ppm from coupling between the 

inequivalent carbons on the 13C4O2 ring, which was confirmed via NMR correlation 

experiments. The monoanionic 13C-29Mes EPR spectrum was accurately simulated using 

the same hyperfine coupling parameters as for the simulation of 29Mes, with the difference 

of 99% abundance of 13C. These spectroscopic observations strongly support the origin of 

the carbons in the C4O2 ring are indeed from carbon monoxide. 

From spectroscopic observations of the reaction mixture, a mechanism for the reaction is 

proposed in Scheme 6.7 and Scheme 6.8 where coordination of carbon monoxide to the 

iron centre results in CO insertion into the iron–carbon bond forms an iron(II) bis(acyl) 

complex which undergoes rearrangement into a carbene. The reaction between the 

carbene and CO forms a ketene which then encounters CO bond scission yielding a 

ketene carboxylate complex which subsequently dimerises (E). Intermediate E could then 

form a ketene iron complex F which aids the [2 + 2] cycloaddition reaction forming the 

squaraine and the carboxylate moieties on E could go on to dimerise to form the iron 

carboxylate complex: exactly how E converts to the carboxylate complex is still very 
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much unknown, and further study and isolation of possible intermediates would allow for 

a deeper understanding and insight into the mechanism. 

The radical pathway is not fully understood however it could be possible that an iron 

carbonyls reduces the squaraine forming the monoionic species which are EPR active. 

There could also be other radical intermediates which are not detected via the X-band 

EPR spectrometer.  

 

  



Chapter VI 

225 

6.5 Future Work  

The most urgent future work is the isolation and full characterisation of 292,6-Xyl and the 

carboxylate complexes (30). This would allow for comparison for IR bands as seen in the 

reaction monitoring studies to enable greater confidence in the assignments and hence the 

mechanism of formation of these reaction products. The properties of the squaraines 

29Mes and 292,6-Xyl could be explored and investigated further with respect to their optical 

properties and possible applications in solar cells.63 

Previous reactivity of iron(II) m-terphenyl complexes bearing more sterically demanding 

flanking groups (Dipp and Naph) have shown to give different reaction products with CO. 

Hence, it would be interesting to investigate the extent of how the ligand environment 

effects the resulting reaction products, for example, if the steric demands of the ligand 

were lower, e.g. Tmp in 16, or if the electronics of the ligand were altered with electron 

donating or withdrawing substituents on the ligand backbone. 

It would also be beneficial to perform low temperature reaction studies to enable the 

isolation of reaction intermediates to gain further understanding of the mechanism. 

Stoichiometric reactions with the iron diaryl (11 or 14) with CO in a 1:1 ratio could also 

allow for the isolation of intermediates and provide further insight into the mechanism.20 

From the IR spectra from the reaction mixture, it can be seen after 6 days that the bands 

corresponding to the squaraines (1673/1675 cm-1) are rather weak as compared to the 

other higher energy bands: this could be a consequence of the metal carbonyl which 

absorb more strongly or could be indicative that the squaraines and carboxylates are only 

presence as a minor component. Therefore, it would be beneficial to try alternate reaction 

conditions such as other solvents, increasing or decreasing the temperature and whether 

an increase of CO pressure would effect of the formation of the end products.  
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It would be interesting to perform the reaction in the presence of a reducing agent, such as 

potassium, and in the presence of a silane, where these substrates have been shown to aid 

CO bond scission.24,26 This would most likely allow for alternate reaction pathways to 

proceed. 
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The purpose of this thesis sought to expand understanding of low-coordinate transition 

metal complexes bearing sterically demanding m-terphenyl ligands. The synthesis of low-

coordinate transition metal complexes, their reactivity towards small molecules and their 

application as catalysts for organic transformations is reported. There are significant 

challenges with these systems due to the need for rigorous exclusion of air and moisture. 

As a result, low-coordinate complexes challenge preconceived ideas of structure and 

bonding and often exhibit unusual and unique reactivity. 

The steric demands of the m-terphenyl ligand were easily modified through substitution 

of the flanking aryl with either a Mes, 2,6-Xyl and Tmp moiety. The m-terphenyl ligand 

bearing an asymmetric Tmp substituent enabled the synthesis of novel two-coordinate 

Group 12 (7-9) and three-coordinate open shell (15, 16) complexes. The Group 2 

complexes 7-9 were found to exhibit conformational isomerism in solution as evidenced 

by the broad overlapping signals in the 1H and 13C{1H} NMR spectra with multiple peaks 

in the 113Cd{1H} and 199Hg{1H} NMR spectra for complexes 8 and 9 respectively. The 

analogous reaction between the aryl lithium salt (4) and the transition metal dihalide 

afforded the three-coordinate complexes 15 and 16 where a molecule of THF is 

coordinated to the transition metal centre. The solid state structures, as determined via X-

ray crystallography, showed the flanking Tmp substituents of the m-terphenyl in the syn-

conformation whereas the Group 12 complexes are in the anti-conformation. 

The reaction of the two-coordinate diaryls 10 and 11 with an excess of acetonitrile 

yielded the four-coordinate complexes 17 and 18 respectively where the metal centre is 

bonded to two m-terpheyl ligands and two molecules of acetonitrile in a seesaw geometry.  

The electronic structure of the open shell complexes 15-17 were analysed by Evans’ 

method where the magnetic moments are indicative of a high spin M(II) centre. Further, 
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more rigorous measurements using SQUID and EPR spectroscopy would provide further 

understanding of the electronic structure.   

The two- and three-coordinate Mn(II) and Fe(II) complexes 10, 11, 15, and 16 were 

investigated towards the catalytic cyclotrimerisation of isocyanates, a well-known 

reaction, as the first foray into these systems acting as catalysts. Interestingly, these 

complexes were only able to catalyse reaction between primary isocyanates, a limit that 

does not seem to be apparent in literature. Investigations of the lack of catalytic reactivity 

towards secondary and tertiary aliphatic isocyanates and aromatic isocyanates suggested 

that the formation of a M-amidate species prevents formation of the catalytically active 

species, as suggested from the stoichiometric reaction of 3,5-dimethoxyphenyl isocyanate 

with 11. The reaction rate decreased as the chain length of the primary alkyl isocyanate 

increased (ethyl, n-propyl, n-hexyl) and was found necessary to heat the reaction to 60 °C 

to achieve high conversions after 14 h. Initial assessments of other two-coordinate 

m-terphenyl complexes (12 and 14) were found to have low catalytic activity than the 

aforementioned complexes and were therefore not assessed further. Kinetic experiments 

were performed at variable concentrations of precatalyst (10) and isocyanate (EtNCO) 

using the initial rates method, where analysis of the rate order reveals first-order 

behaviour with respect to both the precatalyst and the isocyanate.  

Further investigations of the catalytic activity of these low-coordinate systems were 

extended to the hydrophosphination of isocyanates where these reactions often suffer 

from poor functional group tolerance, side product formation, where the active species 

catalyses the cyclo-oligomerisation of reactive isocyanates, an obstacle overcome with 

these systems, and the requirement for stoichiometric amounts of additives. 
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The two- and three-coordinate iron complexes 11 and 16 were found to be efficient 

precatalysts for the hydrophosphination of isocyanates producing mono (PCA) and/or 

diinsertion (PDCA) products where the PDCAs are a new family of derivatised 

functionalised phosphines. This work represents the first example of an iron system to 

catalyse this reaction and also, the first example of the diinsertion process in the 

hydrophosphination of isocyanates, demonstrating the fine line between low-coordination 

number and unique steric pocket around metal centre which enables these systems to act 

differently to those previously reported.  

The product selectivity appeared to be dominated by the sterics of the isocyanate 

substrate where the more sterically demanding secondary and tertiary alkyl isocyanates 

afforded the mono-insertion product (PCAs) exclusively whereas the less bulky aryl 

isocyanates (aryl and primary alkyl isocyanates) produced a mixture. Through small 

alterations to the reaction conditions, the product selectivity could be easily controlled. 

The addition of a weak acid selectively produced the PCDA whereas performing the 

reaction in THF rather than C6D6 produced the PCA only. However, a significant drop in 

the catalytic activity was also observed where these reaction required heating to 60 °C to 

achieve moderate conversions after 48 h. 

Due to the inherent low-coordination number and relatively high oxidation state of the 

iron precatalysts 11 and 16, the normal catalytic steps of oxidative addition and reductive 

elimination did not seem likely as the iron centre would have to undergo and 2 electron 

change from Fe(II) to Fe(IV). Hence, the mechanism proposed was a Lewis acid type 

mechanism with a two-stage cycle. Initial coordination of the isocyanate to the Lewis 

acidic iron centre is activated towards nucleophilic attack by the phosphine. 1,3-Proton 

shift followed by displacement with a new isocyanate moiety enables the formation of the 

PCA. If the sterics of the isocyanate is somewhat lower, the reaction can proceed to Cycle 
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2 where the PCA reacts with the catalytically active species, 1,3-proton shift followed by 

displacement of an isocyanate allows the formation of PDCA. 

The initial coordination chemistry of the phosphines were investigated towards 

[Ru(p-cym)Cl2]2 leading to the isolation of coordination products 23 and 24. The solid 

state structures show coordination of the PCA and PCDA to the ruthenium centre via the 

phosphorus lone pair. 23 and 24 feature intramolecular hydrogen bond interactions 

between the NH and Cl moieties. This interaction, in combination of the π···π stacking of 

the p-tolyl and a phosphorus-aryl substituent in 24 results in significant twisting of the 

PDCA core (Figure 5.8) which highlighting the flexibility of the PDCA ligand. 

Low-coordinate manganese(II) m-terphenyl complexes 10, 13, and 15 were also found to 

be active in the dehydrocoupling of dimethylamine borane, which have potential uses in 

chemical hydrogen storage, under mild conditions. The only previous example of a 

manganese-based catalyst was found to suffer from long reaction times and required UV 

irradiation to initiate the reaction. It was found that small changes in the ligand 

architecture drastically alter the reaction mechanism: for precatalysts 10 and 13 it is likely 

that the reaction proceeds via a homogeneous Lewis acid type mechanism where 

Me2NH·BH3 is first converted to the linear diborazane 26, which then transforms into the 

cyclic dimer 25 with evolution of H2 gas. When precatalyst 15 is used, however, the 

reaction is catalysed via a heterogeneous mechanism where Mn particles are present in 

the solution, which was corroborated via analysis by DLS and TEM measurements. It is 

possible that the lower steric demands of the Tmp substituent vs. that of 2,6-Xyl and Mes 

could render the metal centre in 15 more susceptible to reduction.  

The final experimental Chapter in this thesis sought to investigate the reactivity of iron(II) 

m-terphenyl complexes towards CO. Complexes 11 and 14 lead to the unprecedented 
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formation of squaraine molecules and diironcarboxylate complexes, from a result of CO 

bond scission. The diiron carboxylate complex 302,6-Xyl is the first diiron carboxylate 

complex bearing m-terphenyl carboxylate ligands with the absence of coordinating N or 

O ligands. The crystal structures of the squaraines 29Mes and 292,6-Xyl show a large plane 

to plane twist angle between the central aryl ring of the m-terphenyl moiety as a result of 

the steric demands of the flanking aryls, by far the highest observed for any other 

squaraines in the literature. The monoanionic forms of 29Mes and 292,6-Xyl are EPR active 

where the radical couples to protons on the central aryl of the m-terphenyl 29Mes and 292,6-

Xyl and the two inequivalent carbon atoms on the central C4O2 ring (29Mes only). 

To gain insight into the reaction mechanism, in situ reaction monitoring was performed 

using IR and EPR spectroscopies. The IR showed bands which suggest the presence of 

ketene and iron carbonyl intermediates, with formation of bands which correspond to the 

squaraine molecule and the diiron carboxylate complex. EPR spectroscopy revealed the 

presence of radical species in the reaction medium with the initial formation of a peak 

which appears as a rhombic signal when the measurement was performed at 77 K, 

indicative of an inorganic based radical. This was accompanied by a new peak at giso = 

2.0033 or 2.0049 which showed hyperfine coupling similar to that observed from the 

monoanionic squaraines [29Mes]- and [292,6-Xyl]- respectively. Reaction of 13CO and 11 

was performed in order to elucidate the reaction mechanism and to understand the origin 

of the carbons in the central C4O2 ring in the squaraine. The IR spectra from the reaction 

mixture showed all carbonyl bands shifted to a lower wavenumber due to isotopic 

substitution. 13C-29Mes was successfully isolated and characterised using NMR, EPR 

spectroscopy and MS which confirmed that the formation of the central C4O2 originated 

from carbon monoxide.  
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The mechanism for the formation of squaraines and diiron carboxylate complexes 

proposed involves the formation of an iron carbene complex which reacts with CO to 

form a ketene carboxylate complex which subsequently dimerises. This goes on to form a 

ketene iron complex, where a [2 + 2] cycloaddition reaction forms the squaraine, and the 

carboxylate moieties could then dimerise and form the diiron carboxylate complex. This 

mechanism will require further investigation in order to fully determine the reaction 

pathway, however, ketene intermediates long thought these are intermediates in Fischer-

Tropsch process, hence, this reaction further supports this theory. 
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8.1 General Experimental Techniques 

8.1.1 Manipulation of Air-sensitive Compounds 

Due to the highly air- and moisture-sensitive nature of the compounds synthesised, all 

manipulation of solids and liquids were carried out under strict anhydrous and anaerobic 

conditions through the use of standard Schlenk line and glove box techniques unless 

stated otherwise. 

8.2 Physical Measurements  

8.2.1 NMR Spectroscopy 

Air-sensitive samples were prepared under an inert atmosphere using standard glovebox 

techniques and sealed in Young’s tap modified borosilicate glass NMR tube. NMR 

spectroscopy were performed on either a Bruker DPX300, DPX400, AV400, AV(III)400, 

AV(III)400HD, AV(III)500, AV(III)600 or AV(III)800 spectrometers. Chemical shifts 

are quoted in ppm relative to neat TMS (1H, 13C{1H}), LiCl/D2O solution (7Li{1H}), 

CdMe2 (113Cd{1H}), HgMe2 (199Hg{1H}), BF3·OEt2 (11B{1H}), H3PO4 (31P{1H}) and 

MeNO2 (15N) (in the case of 113Cd{1H}, 199Hg{1H} and 11B{1H}NMR, 0.1 M 

Cd(ClO4)2/D2O, 1.0 M Hg(ClO4)2/D2O and 0.04M NaBPh4/MeCN-d3 were used as 

internal standards respectively). Residual solvent signals were used as internal references 

for 1H and 13C{1H} NMR measurements, and 1H, 13C and 15N assignments were 

confirmed with the use of 1H, 1H, 1H, 13C, 1H, 15N and 1H, 31P correlation experiments 

where necessary. 
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8.2.2 IR Absorption Spectroscopy 

Air-sensitive samples for IR absorption spectroscopy were prepared under an inert 

atmosphere as a solution in dry degassed solvents in a cell with KBr windows. Spectra 

were recorded on a Bruker Alpha FTIR instrument. None air sensitive samples were 

recorded on a Bruker Alpha FTIR instrument with a ‘Platinum’ ATR attachment. 

 

8.2.3 Mass Spectrometry 

Air-sensitive compounds for mass spectrometry were prepared in an inert atmosphere and 

sealed in glass capillary tubes. EI-MS measurements were carried out either by Dr Mick 

Cooper at the University of Nottingham, using a Bruker Apex IV FTICR-MS (Bruker 

Daltonics, Billerica, MA, USA) with heptacosafluorotributylamine (FC43) as mass 

calibrant, or else at the EPSRC National Mass Spectrometry Facility (Swansea 

University, UK) using a perfluorotributyl high resolution MS reference, on a Finnigan 

MAT 95 XP (Thermo Fisher Scientific, Bremen, Germany) double focussing mass 

spectrometer. GC-EIMS measurements were carried out at the University of Nottingham 

by Dr Mick Cooper using a JEOL AccuTOF GCX mass spectrometer equipped with an 

Agilent 7890B gas chromatograph. Again, mass calibration was performed using 

perfluorotributylamine calibrant. ESI-MS measurements were performed on highly dilute 

(ca. 10ng µL-1) sample solutions in methanol, using an automated LC-MS system based 

on a Bruker micrOTOF mass spectrometer (Bruker Daltonik, Bremen, Germany), at the 

University of Nottingham, with sodium formate as mass calibrant.  

 



Chapter VIII 

242 

 

8.2.4 Elemental Microanalysis 

Air-sensitive elemental analysis samples were prepared in a glove box and sealed in glass 

ampoules under and argon atmosphere using Schlenk techniques. Elemental 

microanalyses were carried out using a Carlo Erba CE1108 Elemental Analyser by Mr 

Stephen Boyer at the Microanalysis Service, London Metropolitan University. 

 

8.2.5 UV/visible Absorption Spectroscopy 

UV/visible absorption samples were prepared as solutions of known concentrations under 

an inert atmosphere. Spectra were obtained in a Young’s tap modified 10 mm quartz cell 

using a Perkin Elmer Lambda 5 or Lamda 750 spectrophotometer over a wavelength 

range of 200-900 nm with 1 nm data spacing. 

 

8.2.6 Evans Method 

Magnetic moments were calculated using Evans method at 298 K in benzene-d6 using 

Equation 8.1. Diamagnetic corrections were calculated according to Pascal’s constants.1–3 

𝑋 =  
3∆𝑓

2𝜋𝑓𝑚
 + 𝑋0 +   

𝑋0(𝑑0 − 𝑑𝑠)

𝑚
 

Equation 8.1 X = mass susceptibility, Δf = frequency separation between signals (Hz), m = mass of 

substance (in 1 ml solution), X0 = mass susceptibility of solvent, d0 = density of solvent and ds = density 

of solution. 
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8.2.7 X-ray Crystallography 

Under a flow of nitrogen, crystals suitable for analysis by X-ray diffraction were quickly 

removed from the crystallisation vessel and covered in YR-1800 perfluoropolyether oil. 

Crystals were mounted on a MiTeGen MicroMount™ and cooled rapidly in a cold stream 

of nitrogen using an Oxford Cryostreams open flow cryostat.4 Single crystal X-ray 

diffraction data were collected on an Agilent SuperNova diffractometer (mirror-

monochromated Cu-Kα radiation source; λ = 1.54184 Å; ω scans), equipped with either 

an Atlas, AtlasS2 or TitanS2 detector. Cell parameters were refined from the observed 

positions of all strong reflections in each data set and absorption corrections were applied 

using an Gaussian numerical method with beam profile correction (CrysAlisPro).5 The 

structures were solved either by direct or iterative methods and all non-hydrogen atoms 

refined by full-matrix least-squares on all unique F2 values with anisotropic displacement 

parameters with the exception of some partially occupied disordered atoms, detailed in 

the enclosed .cif files, which could not be refined anisotropically and were therefore 

refined isotopically. Hydrogen atoms were refined with constrained geometries and riding 

thermal parameters with the exception of amide hydrogen atoms whose positions were 

refined freely. Where necessary, Platon SQUEEZE6 was used to account for the scattering 

from highly disordered solvent molecules that could not be sensibly modelled. Programs 

used include CrysAlisPro5 (control and integration of Supernova), SHELXL7 (structure 

refinement), SHELXT8 (structure solution), SHELXS9 (structure solution), Superflip10 

(structure solution), Platon6 (SQUEEZE) and OLEX211 (molecular graphics). CIF files 

were checked using checkCIF12 and by Dr William Lewis at the University of 

Nottingham Crystal Structure Service. 
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8.2.8 Electron Paramagnetic Resonance Spectroscopy 

Continuous wave X band EPR spectra were carried in a Young’s tap modified Wilmad 

quartz EPR tube and recorded using a Bruker EMX spectrometer by Dr E. Stephen 

Davies at the University of Nottingham. Frozen solution spectra were collected using a 

Wilmad quartz EPR dewar with liquid N2. The simulations of CW EPR spectra were 

performed using the Bruker WINEPR SimFonia package. 

 

8.2.9 Cyclic Voltammetry  

Cyclic voltammetry (CV) measurements were carried out by Dr E. Stephen Davies at the 

University of Nottingham using an Autolab PGSTAT320N potentiostat and performed 

using a three-electrode system in a single compartment cell containing a glassy carbon 

working electrode, a Pt wire secondary electrode and a saturated calomel reference 

electrode, chemically isolated from the test solution via a bridge tube containing 

electrolyte solution and fitted with a porous vycor frit. The concentration of solutions 

were 1 mM for test compound and 0.4 M for the supporting electrolyte [nBu4N][BF4] in 

dichloromethane under an argon atmosphere. Redox potentials are referenced to the 

ferrocenium-ferrocene (Fc+/Fc) couple by an internal calibration. 

 

8.2.10 Dynamic Light Scattering   

Dynamic light scattering (DLS) measurements were carried out by Dr Graham Rance at 

the Nanoscale and Microscale Research Centre, The University of Nottingham. Samples 

were prepared as a suspension in dry degassed benzene in a sealed quartz cuvette under 
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an inert atmosphere and intensity particle size distributions acquired using a Malvern 

Zetasizer Nano-ZS at 25 °C. 

 

8.2.11 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) measurements were performed by Dr Michael 

Fey and Mr. Rhys Lodge at the Nanoscale and Microscale Research Centre, The 

University of Nottingham using a JEOL 2100F transmission electron microscope (field 

emission electron gun source, information limit 0.19 nm). TEM samples were prepared 

by casting several drops of the reaction mixture onto copper-mesh holey-carbon films and 

dried under an inert atmosphere or in air. 

 

8.2.12 Scanning Transmission Electron Microscopy 

Scanning transmission electron microscopy (STEM) images were acquired using the 

JEOL digital STEM system by Dr Michael Fey and Mr. Rhys Lodge at the Nanoscale and 

Microscale Research Centre, The University of Nottingham. STEM samples were 

prepared by casting several drops of the reaction mixture onto copper-mesh holey-carbon 

films and dried under an inert atmosphere or in air. 

 

8.2.13 Energy Dispersive X-ray Spectroscopy 

Energy dispersive X-ray (EDX) spectra were recorded using an Oxford Instruments 

30mm2 Si(Li) detector or an Oxford Instruments x-Max 80 SDD running on an INCA 

microanalysis system by Dr Michael Fey and Mr. Rhys Lodge at the Nanoscale and 

Microscale Research Centre, The University of Nottingham. EDX samples were prepared 
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by casting several drops of the reaction mixture onto copper-mesh holey-carbon films and 

dried under an inert atmosphere or in air. 

 

8.3 Preparation of Solvents and Reagents 

Solvents were dried via heating at reflux over molten potassium (toluene and benzene), 

sodium/benzophenone (THF), calcium hydride (acetonitrile, dichloromethane and 

1,2-dimethoxyethane) or sodium-potassium alloy (diethyl ether) for a minimum of three 

days before distillation and storage.  Iso-Hexane and n-pentane were dried by passage 

over a drying column with 4 Å molecular sieves. All solvents were stored in ampoules 

either over a potassium mirror (toluene, benzene iso-hexane and n-pentane) or activated 4 

Å molecular sieves (THF, acetonitrile, dichloromethane and 1,2-dimethoxyethane) and 

were thoroughly degassed in vacuo prior to use. Deuterated solvents were dried by 

heating in sealed ampoules at 80 °C over molten potassium (benzene-d6 and toluene-d8) or 

calcium hydride (THF-d8, chloroform-d, dichloromethane-d2 and acetonitrile-d3) for a 

minimum of 5 days. After distillation, the solvents were degassed with three freeze–

pump–thaw cycles prior to use. 

The transition metal halide adducts FeCl2(THF)1.5 and CoBr2(DME) (where DME = 

1,2-dimethoxyethane) were prepared by minor modifications to literature procedures.13,14 

All of the isocyanates were commercially available and were transferred directly into the 

glovebox after which 4 Å molecular sieves were added with the exception of 3,5-

dimethoxyphenyl isocyanate which was dried in vacuo for 16 h. Diphenylphosphine 

(Sigma-Aldrich) was supplied in a Sure/Seal™ bottle and was transferred directly into the 

glove box. Ammonia borane (NH3·BH3) and dimethylamine borane (Me2NH·BH3) were 

transferred directly into the glove box and stored at –30 °C. Mercury was cleaned by 
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washing with conc. HCl (3 × 10 mL), water (3 × 10 mL) and acetone (3 × 10 mL) and 

dried overnight in vacuo. 13CO (13C, 99%) was supplied by CK Isotopes and used as 

received. 
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A2 

 

Crystallographic Data 

 

  7 9 15 

Formula C48H50Zn C48H50Hg C52H58OMn 

Mw 692.25 827.47 753.92 

T (K) 120(2) 120(2) 120(2) 

Crystal System Tetragonal Orthorhombic Orthorhombic 

Space Group P43212 Pca21 Ccce 

a (Å) 12.50531(16) 12.0175(3) 18.67834(16) 

b (Å) 12.50531(16) 19.1672(3) 21.44845(18) 

c (Å) 48.7716(13) 16.7438(3) 21.13621(17) 

α (°) 90 90 90 

β (°) 90 90 90 

γ (°) 90 90 90 

V (Å3) 7627.0(3) 3856.79(13) 8467.62(12) 

Z 8 4 8 

Dcalc (g cm–3) 1.206 1.425 1.183 

μ (mm–1) 1.116 7.379 2.798 

F000 2944.0 1672.0 3224.0 

Crystal Size (mm3) 0.1109 × 0.0815 

× 0.0543 

0.4243 × 0.1772 

× 0.0492 

0.2361 × 0.1696 

× 0.0756 

λ (Å) 1.54184 1.54184 1.54184 
2θ range for data collection 

(°) 
7.25 to 148.77 8.684 to 148.902 7.542 to 148.53 

Reflections. collected  35023 9894 16280 
Independent reflections  7690 4924 4254 
Rint 7690 0.0227 0.0184 
GooF on F2  1.014 1.063 1.053 

R1, wR2 [I > 2σ(I)] 0.0352, 0.0835 0.0276, 0.0717 0.0301, 0.0814 

R1, wR2 (all data) 0.0402, 0.0855 0.0302, 0.0740 0.0331, 0.0839 

Largest diff. peak/hole (eÅ-3) 0.37/-0.33 1.20/-1.04 0.23/-0.30 

Code ZNHRSA GADLKH MNHRSC 

 

 

 

  



A3 

 

 

  16 17 18 

Formula C52H58FeO C58H65MnN C58H65FeN5 

Mw 754.83 887.09 888.00 

T (K) 120(2) 120(2) 120(2) 

Crystal System Orthorhombic Monoclinic Monoclinic 

Space Group Pnna C2/c C2/c 

a (Å) 18.6528(2) 10.96523(12) 10.90871(15) 

b (Å) 43.7692(5) 22.8713(3) 22.9285(5) 

c (Å) 10.50646(11) 20.5974(2) 20.5205(5) 

α (°) 90 90 90 

β (°) 90 93.2876(11) 92.7247(15) 

γ (°) 90 90 90 

V (Å3) 8577.65(17) 5157.11(11) 5126.79(18) 

Z 8 4 4 

Dcalc (g cm–3) 1.169 1.143 1.15 

μ (mm–1) 3.079 2.383 2.662 

F000 3232.0 1892.0 1896 

Crystal Size (mm3) 0.2723 × 0.1438 

× 0.0917 

0.1675 × 0.1312 

× 0.0946 

0.4272 × 0.283 × 

0.1551 

λ (Å) 1.54184 1.54184 1.54184 
2θ range for data collection 

(°) 
8.08 to 148.422 7.73 to 148.842 7.712 to 148.718 

Reflections. collected  50578 16575 10829 
Independent reflections  8631 5157 5089 
Rint 0.0316 0.0203 0.0191 
GooF on F2  1.078 1.093 1.104 

R1, wR2 [I > 2σ(I)] 0.0456, 0.1038 0.0381, 0.1027 0.0379, 0.1037 

R1, wR2 (all data) 0.1038, 0.1067 0.0406, 0.1049 0.0392, 0.1049 

Largest diff. peak/hole (eÅ-3) 0.44/-0.54 0.25/-0.26 0.31/-0.29 

Code FEHRSI MNHRSB FEHRSA 
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  20 21a 21c 

Formula C36H42NO3 C19H16NOP C21H20NO3P 

Mw 536.7 305.3 365.35 

T (K) 120(2) 120(2) 120(2) 

Crystal System Monoclinic Orthorhombic Orthorhombic 

Space Group C2/c Pbca Iba2 

a (Å) 31.251(2) 10.3671(4) 37.803(3) 

b (Å) 12.6345(10) 9.7004(3) 10.3736(7) 

c (Å) 16.0331(12) 30.7223(11) 9.4895(7) 

α (°) 90 90 90 

β (°) 99.824(7) 90 90 

γ (°) 90 90 90 

V (Å3) 6237.8(8) 3089.59(18) 3721.3(5) 

Z 8 8 8 

Dcalc (g cm–3) 1.143 1.313 1.304 

μ (mm–1) 0.558 1.573 1.476 

F000 2312 1280 1536 

Crystal Size (mm3) 0.157 × 0.073 × 

0.041 

0.612 × 0.217 × 

0.143 

0.2603 × 0.0832 

× 0.0633 

λ (Å) 1.54184 1.54184 1.54184 
2θ range for data collection 

(°) 
7.564 to 149.91 

10.294 to 

148.912 
8.84 to 149.442 

Reflections. collected  20065 7371 4993 
Independent reflections  6245 3060 2553 
Rint 0.0557 0.0244 0.044 
GooF on F2  1.039 1.058 1.084 

R1, wR2 [I > 2σ(I)] 0.0587, 0.1380 0.0348, 0.0878 0.0661, 0.1694 

R1, wR2 (all data) 0.1059, 0.1692 0.0399, 0.0916 0.0716, 0.1754 

Largest diff. peak/hole (eÅ-3) 0.33/-0.28 0.39/-0.23 0.78/-0.46 

Code MNHRSI FEHRTL FEHRTQ 
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  21d 21f 21g 

Formula C19H15NOPB C19H22NOP C16H18NOP 

Mw 384.2 311.34 271.28 

T (K) 120(2) 120(2) 120(2) 

Crystal System Monoclinic orthorhombic Orthorhombic 

Space Group P21/c Iba2 Pbca 

a (Å) 16.4956(7) 34.1888(3) 11.1668(2) 

b (Å) 10.3340(5) 10.64763(8) 9.5381(2) 

c (Å) 9.7346(4) 9.49011(9) 28.3885(5) 

α (°) 90 90 90 

β (°) 94.043(4) 90 90 

γ (°) 90 90 90 

V (Å3) 1655.28(13) 3454.68(5) 3023.67(10) 

Z 4 8 8 

Dcalc (g cm–3) 1.542 1.197 1.192 

μ (mm–1) 4.319 1.408 1.536 

F000 776 1328 1152 

Crystal Size (mm3) 0.323 × 0.145 × 

0.102 

0.849 × 0.311 × 

0.182 

0.321 × 0.088 × 

0.048 

λ (Å) 1.54184 1.54184 1.54184 
2θ range for data collection 

(°) 
10.108 to 

148.846 
8.698 to 147.574 

10.078 to 

147.404 
Reflections. collected  6619 37101 15166 
Independent reflections  6619 3273 3017 
Rint - 0.0426 0.0397 
GooF on F2  1.013 1.066 1.026 

R1, wR2 [I > 2σ(I)] 0.0729, 0.1972 0.0360, 0.0949 0.0350, 0.0922 

R1, wR2 (all data) 0.0837, 0.2079 0.0360, 0.0949 0.0401, 0.0963 

Largest diff. peak/hole (eÅ-3) 2.40/-0.76 0.18/-0.28 0.49/-0.25 

Code OAMGLE FEHRTV FEHRTW 

 

  



A6 

 

 

  21h 22a 22b 

Formula C17H20NOP C26H21N2O2P C28H25N2O2P 

Mw 285.31 424.42 452.47 

T (K) 120(2) 120(2) 120(2) 

Crystal System Triclinic Orthorhombic Monoclinic 

Space Group P-1 P212121 C2/c 

a (Å) 10.1317(3) 5.9842(2) 26.103(3) 

b (Å) 10.5022(4) 10.9578(5) 5.7961(5) 

c (Å) 14.6490(6) 31.8272(12) 32.100(4) 

α (°) 87.932(3) 90 90 

β (°) 89.517(3) 90 104.115(11) 

γ (°) 89.127(3) 90 90 

V (Å3) 1557.48(9) 2087.01(15) 4710.0(9) 

Z 4 4 8 

Dcalc (g cm–3) 1.217 1.351 1.276 

μ (mm–1) 1.515 1.377 1.251 

F000 608 888 1904 

Crystal Size (mm3) 0.981 × 0.164 × 

0.081 

0.606 × 0.081 × 

0.071 

0.456 × 0.072 × 

0.049 

λ (Å) 1.54184 1.54184 1.54184 
2θ range for data collection 

(°) 
8.426 to 147.656 5.554 to 147.524 6.984 to 151.008 

Reflections. collected  11349 5909 27055 
Independent reflections  6080 3561 4797 
Rint 0.0347 0.0515 0.0917 
GooF on F2  1.046 1.067 1.066 

R1, wR2 [I > 2σ(I)] 0.0343, 0.0876 0.0597, 0.1546 0.0779, 0.2126 

R1, wR2 (all data) 0.0386, 0.0917 0.0660, 0.1587 0.0942, 0.2316 

Largest diff. peak/hole (eÅ-3) 0.42/-0.29 0.40/-0.62 0.76/-0.54 

Code FEHRTS OAMGLD FEHRTK 
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  23 24 29Mes 

Formula C32H38Cl2NOPRu C45H47N2O2PCl2Ru C55H57O2 

Mw 655.57 850.78 750 

T (K) 120(2) 120(2) 120(2) 

Crystal System triclinic Monoclinic Triclinic 

Space Group P-1 P21/c P-1 

a (Å) 10.6269(9) 13.7569(4) 11.0869(8) 

b (Å) 12.5033(13) 11.3299(3) 11.7248(6) 

c (Å) 12.5086(9) 25.8146(10) 17.6257(11) 

α (°) 88.346(7) 90 79.831(5) 

β (°) 89.950(6) 96.096(3) 79.293(6) 

γ (°) 66.060(9) 90 83.642(5) 

V (Å3) 1518.3(2) 4000.8(2) 2208.7(3) 

Z 2 4 2 

Dcalc (g cm–3) 1.434 1.412 1.128 

μ (mm–1) 6.486 5.008 0.506 

F000 676 1760 806 

Crystal Size (mm3) 0.225 × 0.141 × 

0.075 

0.244 × 0.172 × 

0.106 

0.1641 × 0.0438 

× 0.0328 

λ (Å) 1.54184 1.54184 1.54184 
2θ range for data collection 

(°) 
7.07 to 147.608 6.462 to 147.096 7.686 to 147.408 

Reflections. collected  10786 18329 18751 
Independent reflections  5905 7855 8637 
Rint 0.0274 0.0422 0.0692 
GooF on F2  1.034 1.152 1 

R1, wR2 [I > 2σ(I)] 0.0248, 0.0623 0.0516, 0.1180 0.0649, 0.1438 

R1, wR2 (all data) 0.0263, 0.0633 0.0606, 0.1219 0.1148, 0.1781 

Largest diff. peak/hole (eÅ-

3) 
0.41/-0.67 1.01/-0.62 0.22/-0.27 

Code RUHRSB RUHRSC FEHRSM 
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  292,6-Xyl 302,6-Xyl 

Formula C48H42O2 C101H105Fe2O8 

Mw 325.41 1558.54 

T (K) 120(2) 120(2) 

Crystal System Orthorhombic Monoclinic 

Space Group Ccce I2/a 

a (Å) 11.7258(5) 22.1583(5) 

b (Å) 19.0058(8) 11.7559(3) 

c (Å) 16.1304(7) 32.9915(8) 

α (°) 90 90 

β (°) 90 91.687(2) 

γ (°) 90 90 

V (Å3) 3594.8(3) 8590.3(4) 

Z 4 4 

Dcalc (g cm–3) 1.203 1.205 

μ (mm–1) 0.551 3.147 

F000 1384 3308 

Crystal Size (mm3) 0.122 × 0.104 × 

0.052 

0.4467 × 0.2437 

× 0.1245 

λ (Å) 1.54184 1.54184 
2θ range for data collection (°) 9.306 to 147.156 7.984 to 148.418 
Reflections. collected  4697 19141 
Independent reflections  1770 8551 
Rint 0.0317 0.031 
GooF on F2  1.032 1.035 

R1, wR2 [I > 2σ(I)] 0.0410, 0.1033 0.0442, 0.1206 

R1, wR2 (all data) 0.0527, 0.1114 0.0495, 0.1256 

Largest diff. peak/hole (eÅ-3) 0.28/-0.18 0.46/-0.48 

Code FEHRTO FEHRSH 
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