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Abstract 

Chapter 1: This chapter introduces the topics pertinent to this thesis, including: in-

crystallo chemistry; single-crystal to single-crystal transformations; Ȓ-complexes; 

and C-H activation by organometallic complexes. 

Chapter 2: This chapter reports on the in-crystallo reactivity of [M(R-

PONOP)(L)(CO)2][BArF4] complexes with carbon monoxide. The reaction of these 

complexes with CO gas is shown to produce significant alterations to the 2Á 

microenvironment and 3Á periodic structure. Periodic DFT calculations are utilised 

to understand the non-covalent interactions responsible for these results. The use 

of MicroED techniques to circumvent crystal-cracking in SCSC transformations is 

also discussed.  

Chapter 3: This chapter reports on the in-crystallo synthesis, characterisation, and 

onward reactivity of a highly reactive, but stable, Rh(III) Ȇ1-Ȓ-alkane complex, 

supported by a structurally-responsive ligand. The structural-response of the 

ligand framework is shown to be reversible through substitution of the Ȓ-alkane 

with propylene. The ligand framework is also shown to facilitate selective H/D 

exchange at unactivated alkyl C-H positions.  
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CP   Cross Polarisation 
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g   Grams 
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J   Joules (Unit of Energy) 

J   Scalar Coupling 

k   kilo 

K   Kelvin (Unit of Temperature) 

kcal   kilocalories (4.184 kJ) 

L   Litres 

LLHT   Ligand-to-Ligand Hydrogen Transfer 

M   Mega 

m   milli or metres 



Abbreviations 

11 
 

Mw   Weight average molecular weight 
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MicroED  Microcrystal Electron Diffraction 

MOF   Metal-Organic Framework 

mol   mole(s) 

ms   milliseconds 

MS   Mass Spectrometry 

NBA   Norbornane 

NBD   Norbornadiene 

NBE   Norbornene 

NMR   Nuclear Magnetic Resonance 

NOE   Nuclear Overhauser Effect 

NOESY  Nuclear Overhauser Effect Spectroscopy 

OTf   trifluoromethylsulphonate  

Pa   Pascals (Unit of Pressure) 
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PP   Generic chelating diphosphine 

ppm   parts per million 
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Q   Quadrupole moment 

QTAIM  Quantum Theory of Atoms in Molecules 

R   Generic chemical group 

rel.   Relative 

RF-POCOP  2,6-{1,3,5-(CF3)3PO}2C6H3 

RCP   Ring Critical Point 

SC-SC   Single-crystal to single-crystal 

SCXRD  Single-crystal X-Ray Diffraction 

SEM   Scanning Electron Microscopy 

SMOM-Chem Solid-State Molecular Organometallic Chemistry 

tBu   Tert-butyl 

tBu-PONOP  2,6-(tBu2PO)2C5H3N 

TEM   Transmission Electron Microscopy 

THF   Tetrahydrofuran 

TMPyz  2,3,5,6-tetramethylpyrazine 
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TOCSY  Total Correlation Spectroscopy 
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V   Unit cell volume 

Xantphos  4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 

Z   Symmetry-independent formula units in unit cell 

Ȁ   Unit cell angle or crystallographic twin-component ratio 

ȁ   Unit cell angle or Natural Bite Angle 

Ȃ   Unit cell angle 

ǤE   Change in energy 

ǤG   Change in Gibbs Free Energy 

ȃ   Chemical Shift (in ppm) 

Ȇ   Hapticity 

ȉ   Denticity or Skew 

Ȋ   Wavelength  

ȋ   Micro or Bridging 

Ȑ   Electron density at bond critical point 

Ȓ-CAM  Ȓ-Complex-Assisted-Metathesis 
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Ƿ   Wavefunction 

Ǹ   Span 

Ṓ   Subset (encapsulated within)
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Chapter 1: Introduction 

This thesis will discuss in-crystallo reactivity and adaptivity of manganese and 

rhenium organometallics (Chapter 2), and a Rh(III) Ȓ-alkane complex (Chapter 3). 

A specific introduction on adaptivity in single-crystals, and ligand adaptivity, will 

be provided at the beginning of these two chapters, respectively. In this 

Introduction Chapter, a more general introduction to organometallic solution and 

in-crystallo chemistry is discussed. 

 1.1 Observation of Reactive Intermediates 

Large scale industrial fine-chemicals1-4 and pharmaceutical5-7 production is heavily 

dependent on the use of homogeneous transition metal catalysts. These reactions 

are carried out in the solution-state, which has a number of benefits for chemical 

reactivity such as ease of temperature control and dilution by inert solvent media. 

While the mechanism of these reactions can be determined in the solution-state, the 

direct observation of reactive intermediate complexes is necessary for catalyst 

optimisation, but represents significant challenges.8, 9 This is because these 

intermediate complexes in ôreal-worldõ reaction mixtures tend to be in small, 

steady-state concentrations, and rapidly undergo onward reactivity. For example, 

low valent species, Ȓ-alkane complexes, and oxidative addition products are all 

common reactive intermediates in alkane dehydrogenation by transition metal 

catalysts (Scheme 1.1), which each play key roles in the reaction mechanism but are 

unobserved.10-12 The use of low catalyst concentrations and elevated reaction 

temperatures, means that observation of the key reactive intermediates is often 
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difficult, or impossible, to achieve without advanced techniques. As Jack Halpern 

quoted13: òif you can observe it, it is probably not the catalyst.ó 

 

Scheme 1.1: The mechanism of dehydrogenation of n-alkanes by an iridium pincer complex 

includes the formation of highly reactive intermediate species. 12 

 

1.2a Phosphine Ligands 

Phosphine ligands (PR3) are one of the most common types of ligand used in 

organotransition metal chemistry.14, 15 Phosphines can act as both Ȓ-donor and ȏ-

acceptor ligands and thus can stabilise a wide range of metal oxidation states,16-19 

which is a major reason why they are ubiquitous among catalytic cycles.7, 19-22 

Phosphine Ȓ-donation arises from the overlap of the phosphorus-centred non-

bonding orbital (lone pair) with an empty d-orbital on the metal, while electron 

density can be accepted from a filled metal d-orbital into the PðR Ȓ*-antibonding 

orbitals (Figure 1.1).  
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Figure 1.1: Left: Wilkinsonõs Catalyst ([RhCl(PPh3)3]), an example of a transition metal-

phosphine complex, important in hydrogenation catalysis. Right: Bonding description of 

metal-phosphine complexes. 

 

Alteration of the R-groups on the phosphorus provide a platform to vary to steric 

profile of the complex. This can be described by the Tolman Cone Angle (ȇ, Figure 

1.2).23 This model assumes an arbitrary MðP distance of 2.28 ¡ which becomes the 

apex of a cylindrical cone which is drawn to encapsulate the R-groups of the 

phosphine. 

 

Figure 1.2: Determination of Tolman Cone Angle (ȇ) 23 of phosphine ligands. 

 

The R-groups also furnish a scaffold to influence the electronic properties of the 

complex. For example, alkyl groups push more electron density onto the 

phosphorus centre, enhancing the Ȓ-basicity, increasing from primary, to secondary, 

to tertiary carbons. Similarly, affixing electron-withdrawing R-groups (aryl < amide 

< alkoxyl < chloro < fluoro) to the phosphine lowers the PðR Ȓ*-antibonding orbital 

energy, making these derivatives more effective ȏ-acceptors (Figure 1.3). Phosphine 
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ligands are also valuable in organotransition metal chemistry due to their innate 

NMR spectroscopic handle: 31P is a spin-Ĳ nucleus, with 100% abundancy. 

 

Figure 1.3: Impact on the Ȓ*(PðR) orbital energy with increasing electronegativity of R-

group. The increased stability of Ȓ*(PðR) provides a better overlap with filled metal d-

orbitals, making the phosphine a more effective ȏ-acid. 

 

1.2b Chelating Phosphine Ligands 

Within this thesis, chelating phosphines are used exclusively. This includes ȉ2-

R2P(CH2)xPR2 and ȉ3-2,6-(R2PO)2C5H3N (R-PONOP) ligands (Figure 1.4). The 

ônatural bite-angleõ (ȁ), described by Casey and Whitaker,24 is a value of the 

preferred chelation angle of chelating bidentate phosphines. The ȁ-value is 

computationally determined, and independent of the metal-phosphine bonding, 

solely based on steric considerations of the phosphine backbone. As the phosphine 

backbone increases in length, the natural bite-angle also increases. The ȁ-angle is 

not only important for steric influence, but also has a large role to play in the 
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electronics of the metal centre.25, 26 For example, the oxidative addition of H2 by 

{Rh(diphosphine)2}+ complexes has been shown to be thermodynamically 

disfavoured when the phosphine backbone contains two methylene units (ЎὋ  = 

-0.87 kcal mol-1), and favoured when containing three methylene units (ЎὋ  = +5.1 

kcal mol-1, Scheme 1.2).26 This is explained the ground-state destabilisation of the 

square-planar Rh(I) starting material by larger bite-angle phosphines.  

 

Figure 1.4: Examples of chelating bidentate and R-PONOP phosphine ligands. Left: 

Chelating bidentate phosphines. Associated natural bite angles (ȁ) are listed.27 Right: ôR-

PONOPõ ligand. 

 

Scheme 1.2: Reversible oxidative addition of H2 by bis-diphosphine rhodium complexes. 

Triflate anion omitted for clarity. The Gibbs free energy of the reductive elimination of H2 

(ЎὋ ) becomes more negative with increasing phosphine bite-angle.26 

 

Chapter 2 of this thesis will work exclusively with the ôR-PONOPõ ligand platform 

(Figure 1.4). The ligand coordinates to metals in a ȉ3-fashion through the lone pairs 

located on the pyridyl nitrogen atom and the two phosphorus atoms, and can be 

electronically and sterically tuned through variations of the R-groups. This 
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framework is extremely rigid and is thus restricted to mer-coordination geometries, 

with very little deviation from planar.28 

 1.3 Carbonyl Ligands 

Carbon monoxide was one of the earliest ligands used in organometallic chemistry, 

with the synthesis of nickel tetracarbonyl reported in 1890 (Figure 1.5).29 Metal-

carbonyl complexes find a wide range of catalytic applications such as 

hydroformylation,30 Fischer-Tropsch,31 carbonylation32 and acetic acid synthesis.33, 

34 The nature of metal-carbonyl bonding involves Ȓ-donation through the overlap 

of the carbon-centred non-bonding orbital (lone pair), the HOMO, of carbon 

monoxide, with an empty d-orbital on the metal (Figure 1.5). Carbonyls are potent 

ȏ-acidic ligands, accepting electron density from the metal through overlap of a 

filled metal d-orbital with the vacant CðO ȏ*-antibonding LUMO orbital (Figure 

1.5). Carbon monoxide is not a strong nucleophile, which is reflected in relatively 

weak Ȓ-donation, so ȏ-backbonding is considered to play the major role in metal-

carbonyl bonding.35 

 

Figure 1.5: Left: The structure of nickel tetracarbonyl, first reported in 1890 by Mond.29 Right: 

Nature of metal-carbonyl bonding, with Ȓ-donation through the carbon-centred lone-pair, 

and ȏ-backdonation into the C=O ȏ*-antibonding orbital. 
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The electron donation into the ȏ*-antibonding character orbital lowers the CðO 

bond order, while increasing the MðCðO bond order. The IR stretch of metal 

carbonyls is a valuable diagnostic tool. It is utilised by the Tolman Electronic 

Parameter which is used for assessing the electron donating and withdrawing 

effects of phosphines, by measuring the A1 symmetric stretch of [Ni(CO)3(PR3)] 

(Figure 1.6).23 As the phosphine electron donation increases, the MƂCO ȏ-

backdonation also increases, decreasing the C=O bond order and the vibrational 

stretching frequency.  

 

Figure 1.6: The Tolman Electronic Parameter is used to assess the electron donation abilities 

of phosphines via the A1 symmetric carbonyl stretch of [Ni(CO)3(PR3)].23 

 

1.4 Weakly-Coordinating Anions 

This thesis reports on the direct observation, and isolation of, cationic reactive 

intermediates with very weakly bound ligands. Therefore, careful selection of an 

anion which will not out-compete the desired ligand for binding to the metal is 

required. Furthermore, a weakly-coordinating anion must be sufficiently 

chemically inert to not be prone to reactivity in the presence of reactive 

organometallic species.36 Triflate ([OTf]-), hexafluorophosphate ([PF6]-) and 

tetrafluoroborate ([BF4]-) are some of the earliest examples of weakly-coordinating 
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anions (Figure 1.7), however their undesirable coordination chemistry,37-39 and 

tendency to undergo decomposition (in the case of [PF6]- and [BF4]-) through 

fluoride abstraction and hydrolysis is well established.39-41 Three alternative classes 

of weakly-coordinating anion have begun to dominate the field in the last 20 years: 

halogenated alkyl- or arylborates,42-44 perfluoroalkoxyaluminates,45 and carborane 

anions (Figure 1.7).36, 46, 47 Incorporation of highly electron-withdrawing 

substituents such as fluoride are ubiquitous among weakly-coordinating anions. 

These substituents induce electron delocalisation across the entire anion, which 

minimises the basicity, and nucleophilic sites throughout the anion.48 

 

Figure 1.7: Examples of weakly-coordinating anions, including the early examples of [BF4]-, 

[PF6]- and [OTf]-, through to the modern prototypical [closo-CB11H6Br6]-, [Al(OC(CF3)3)4]- 

and [BArF4]- anions. 

 

The perfluoroalkoxyaluminate are considered to be the least coordinating anions,36, 

45 with carborane anions having a slight tendency to coordinate through their 

halogen substituents, and borate anions through their ȏ-system (Scheme 1.3).44, 49, 

50 However, the borate class possess some notable advantages over the other classes: 
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ease of synthetic access,51 solubility, crystallinity,52 and possession of NMR-active 

handles.  

 

Scheme 1.3: Examples of carborane and [BArF4]- coordination. In this work, the carborane 

coordination was the thermodynamic product [ǤG0(298 K) = -7.0 Ñ 0.5 kJ mol-1] due to a 

combination of entropic and solvation effects.50 

 

The ô[BArF4]-ô anion ([B(3,5-(CF3)2C6H3)4]-) is the anion which shall be exclusively 

used throughout the remainder of this thesis. Popularised by Brookhart,52 [BArF4]- 

has been utilised for the stabilisation of highly reactive organometallic complexes, 

both in solution43, 53, 54 and in the solid-state.44, 55 An early example case of the 

[BArF4]- anionõs utility is the formation of the latent low valent coordination 

complex [Mn(depe)2(CO)][BArF4] [depe = Et2P(CH2)2PEt2, Scheme 1.4] where the 

vacant site is masked by polyagostic interactions.56 

 

Scheme 1.4: Polyagostic manganese complex stabilised by the [BArF4]- anion, reported by 

Kubas.56 
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1.5a Ȓ-Complexes  

Coordination complexes featuring an EðH (E = H, C, B, Si, Ge) Ȓ-bond acting as a 

formally 2-electron donor, via a 3-centre-2-electron bond, are known as ôȒ-

complexes.õ57 These are considered to be the key, first-formed intermediates in 

many EðH activation mechanisms, such as oxidative cleavage, Ȓ-complex-assisted-

metathesis (Ȓ-CAM) and electrophilic activation.58-60 Ȓ-Interactions are classified as 

distinct from agostic and anagostic interactions, as these MāāāHðC interactions are 

intramolecular, such as the polyagostic species in Scheme 1.4.61  

The simplest, and first reported example of a Ȓ-complex is that of Ȓ-dihydrogen 

complexes, reported by Kubas in 1984, in the report of [trans-M(PR3)2(CO)3(Ȇ2-H2)] 

(M = Mo, W; R = iPr, Cy, Figure 1.8).62 The bonding of these systems is characteristic 

of Ȇ2-Ȓ-EðH complexes63 and is reminiscent of the Dewar-Chatt-Duncanson model 

of alkene bonding.64 The dihydrogen ligand acts as a 2-electron donor through 

overlap of the HðH Ȓ-orbital with a  vacant metal d-orbital. Filled metal d-orbitals 

can also ȏ-backdonate into the HðH Ȓ*-antibonding orbitals (Figure 1.8).  

 

Figure 1.8: Left: An example of a Ȓ-dihydrogen complex, [trans-Mo(PCy3)2(CO)3(Ȇ2-H2)], 

published in the original report by Kubas in 1984.62 Right: The bonding model for Ȓ-

dihydrogen. 
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The Ȓ-donation and metal ȏ-backdonation cause elongation of the HðH bond, 

which at its extreme leads to oxidative cleavage and formation of a dihydride 

complex. A considerable amount of research has been published on the continuum 

of Ȓ-dihydrogen, elongated H2 complexes, compressed dihydrides and dihydrides 

(Figure 1.9).63, 65, 66 The extent of metal backdonation is increased with metal d-

orbital radial extension, so the tendency to form dihydride complexes decreases 

across the period but increases down a group. Incorporating electron withdrawing 

ligands, or imparting a positive charge on the metal, will favour Ȓ-dihydrogen 

complex formation, by reducing the backdonation potential of the metal. 

 

Figure 1.9: Increased metal backdonation to dihydrogen leads to weakening of the HðH 

bond and its respective elongation, culminating in oxidative cleavage.   

 

Boranes and silanes also form Ȓ-complexes with metals and are often more tightly 

bound than dihydrogen, due to the increased polarizability of the BðH and SiðH 

bonds.67-71  Ȓ-Alkane complexes exist at the other end of the spectrum of stability. 

The CðH bond is essentially non-polar, non-polarisable, and alkanes possess 

relatively high steric bulk which disfavours the CðH approach to the metal centre.72-
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74 Furthermore, the Ȓ(CðH) bond is very low in energy, so finds poor overlap with 

metal d-orbitals, and the Ȓ*(CðH), which is high in energy, is a poor energy match 

for metal backdonation. For these reasons, Ȓ-alkane complexes tend to have a bond 

dissociation energy in the region of 15 kcal mol-1.73, 75 Ȓ-Complexes are not only of 

academic interest, but also relevant to industrial processes involving transition 

metal-catalysed E-H bond activation, such as hydroboration, hydrosilylation and 

alkane dehydrogenation.12, 60, 70, 71, 76, 77 

The coordination geometries of Ȓ-(EðH) complexes are typically Ȇ1 (binding 

through hydrogen-based Ȓ- and Ȓ*-orbitals) or Ȇ2-EðH (Figure 1.10).60, 78-81 This is 

considered to be a continuum as the Ȓ-interaction may be located anywhere along 

the EðH bond.78 

 

Figure 1.10: Continuum of coordination modes of Ȓ(EðH) (E = C, Si, B, Ge) complexes with 

metal centres. 

 

1.5b Ȓ-Alkane Complexes Characterised by In Situ 

Characterisation 

Due to the very low bond dissociation energy of Ȓ-alkane complexes and their 

tendency to undergo onward reactivity, their direct observation is challenging.58, 73, 

82 Ȓ-Alkane complexes tend to have transient lifetimes (ps to hours) in solution, even 

at low temperatures, and necessitate in situ characterisation techniques such as 
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time-resolved infrared spectroscopy (TRIR)82, 83 and low temperature NMR 

spectroscopy (Figure 1.11).43, 54, 84-86 TRIR studies are especially insightful in the case 

of photolysis of CO-containing complexes as the CO ligands provide a valuable 

spectroscopic handle.83, 87 The timescale of TRIR also enables observation of very 

short lived Ȓ-alkane complexes (ps to Õs). Studying Ȓ-alkane complexes through in 

situ NMR spectroscopy requires a significantly longer lived Ȓ-alkane complex (ms 

to hours), with the bound alkane appearing as a shielded resonance (ȃH 0 to -10) 

relative to the free alkane.43, 84 

 

Figure 1.11: Selected examples of solution characterised Ȓ-alkane complexes, formed 

through photolysis (top)74, 85, 86 and protonolysis (bottom).43, 80 
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These studies have provided evidence not only for the formation of Ȓ-alkane 

complexes, but also for fluxional processes such as ring- and chain-walking,88, 89 and 

for onward reactivity such as substitution by water,90 dinitrogen90 or solvent,43 or 

intramolecular substitution by ȏ-systems or heteroatoms (Scheme 1.5).89, 91 

However, these studies have significant limitations: incomplete conversions, 

especially in photolytic studies; very low temperatures are required for Ȓ-alkane 

complex lifetimes sufficient for in situ NMR spectroscopy; and only small quantities 

of Ȓ-alkane complex formed (often ca. 2 mg).43, 74, 80, 83-86 Additionally, all Ȓ-alkane 

complexes studied in solution are ultimately unstable, and isolation of a Ȓ-alkane 

complex through solution techniques is a goal which has not yet been achieved.43, 

54, 88, 90 

 

Scheme 1.5: Intramolecular substitution of a Ȓ-alkane complex by a heteroatom or ȏ-
system.89 

 

 

 



Chapter 1: Introduction 

58 
 

 1.6.1 ôIn-Crystalloõ Chemistry for Studies of Reactive 

Intermediates 

In this thesis, in-crystallo chemistry is defined to be chemistry occurring within 

crystalline materials through solid/gas or photochemical reactivity, whether the 

material retains bulk crystallinity after the reaction or not. In-crystallo chemistry has 

many potential benefits to circumvent the above issues regarding decomposition of 

reactive species in the solution-state, through isolation of active sites.92, 93 In-crystallo 

chemistry has also been increasingly recognised in chemical transformations.93-101 

This section will highlight some of the successes of in-crystallo chemical techniques 

with organometallic fragments through photocrystallography and solid/gas 

chemistry, as well as difficulties associated with in-crystallo reactivity studies. As 

this thesis will discuss solid/gas in-crystallo chemistry of organometallic complexes, 

the areas of mechanochemistry102 and single-crystal to single-crystal (SCSC) 

transformations of organic substrates94 fall outside the scope of this section.  

 1.6.2a Crystal Engineering for ôIn Crystalloõ Chemistry 

In-crystallo reactivity can be investigated and probed via a range of solid-state 

analytical techniques, including solid-state NMR and ATR IR spectroscopies, and 

powder X-Ray diffraction. However, often the most desirable characterisation 

technique in inorganic and organometallic chemistry is single-crystal X-Ray 

diffraction (SC-XRD) to unambiguously assign structural changes. In-crystallo 

reactivity can only be appropriately investigated by SC-XRD techniques if the 

reaction undergoes a ôsingle-crystal to single-crystal transformation,õ that is, if the 

starting single-crystalline material diffracts X-Rays, and the single-crystalline 
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product of the reaction also diffracts X-Rays, and retains short- and long-range 

order.103 While recrystallisation may provide a sample which can be solved using 

SC-XRD techniques, the crystal metrics, space group, the local and repeating 

environments, and even the species of interest, may change substantially on 

recrystallisation as the compound may decompose.95, 104-106 Thus, maintaining 

single-crystallinity, while not always necessarily integral to understanding the 

product, is an important challenge to overcome when studying how chemical 

reactions occur in the solid-state. 

 1.6.2b Synthetic Methods and Challenges in In-Crystallo 

Chemistry 

In-crystallo photochemistry (or photocrystallography) involves photoactivation of a 

chemical species within a crystalline material. These methods have been utilised to 

enable crystallographic characterisation of metastable linkage isomers,107-109 

snapshots of intermediates in CðH activation by chlorine radicals,110 and synthesis 

of highly reactive metal-nitride and metallonitrene complexes (Figure 1.12).95, 105, 111 
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Figure 1.12: Selected examples of photocrystallographic studies of metastable linkage 

isomers (top) and highly reactive metal-nitride (middle) and metallonitrene complexes 

(bottom).95, 108, 111 

 

Solid/gas in-crystallo chemistry involves the addition of a reagent as a gas or vapour 

to crystalline materials. These methods have been utilised for ligand substitution, 

carbon dioxide hydrogenation and isolation of highly reactive Ȓ-alkane 

complexes.44, 112-115 Solid/gas reactivity has also been applied to industrially 

relevant alkene and alkyne upgrading processes such as isomerisation and di- and 

trimerisation (Scheme 1.6).99, 100, 116-118 
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Scheme 1.6: Solid/gas chemistry has been utilised for the oligomerisation of acetylene to 

benzene, cyclohexa-1,3-diene, buta-1,3-diene and but-2-enes.117 Listed percentages denote 

the relative population formed of each complex. 

 

Despite the advantages and advances of in-crystallo chemistry, major challenges 

exist for in-crystallo chemistry: permeation of the gas throughout the solid and 

sufficient flexibility of the solid-state reagent to undergo reactivity in the solid-state 

confinement.119, 120 Photocrystallographic techniques also have substantial 

difficulties with penetration of irradiation through the crystal due to strong internal 

filtering effects.93 If these issues are not addressed successfully then the final 

product will be impure, with significant amounts of the starting material remaining.  

To circumvent issues with gas permeation and flexibility within the solid-state, the 

groups of Fujita,121 Champness122 and Sumby123 have loaded organometallic 

complexes into porous solid materials, such as clathrates and metal-organic 

frameworks (MOFs). These studies have focused on the photocrystallography of 

metal carbonyl complexes and have provided observation of an electronically- and 

coordinatively-unsaturated 16e Mn(I) complex, fac-/mer-isomerisation and ligand 

substitution (Figure 1.13). 
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Figure 1.13: In-Crystallo reactivity of organometallic complexes in porous solid materials. 

Top: Observation of an electronically unsaturated Mn(I) complex within a clathrate.121 

Middle: Fac/Mer-isomerisation of a Mn(I) complex within a close-packed MOF.122 Bottom: 

Ligand substitution within a close-packed MOF.123 
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However, the use of cavities/porous materials has been shown to not be essential 

to gas permeation by the work of Brammer et al. Here, they show that heating single 

crystals of the non-porous, one-dimensional coordination polymer, 

[Ag4(TMPyz)3{O2C(CF2)3CF3}4(EtOH)2]n (TMPyz = tetramethylpyrazine) causes 

loss of the bound ethanol ligand through a SCSC transformation (Scheme 1.7).124 

Re-coordination of the ethanol ligand was verified by powder X-Ray diffraction 

techniques, but this step did not retain single-crystallinity. This work therefore 

showed that product egress, that is the loss of ethanol, is possible through a non-

porous solid without degradation to crystalline integrity.   

 

Scheme 1.7: Reversible loss of EtOH to a one-dimensional coordination polymer in a single-

crystal to single-crystal transformation reported by Brammer.124 

 

Brookhart has studied the addition of gaseous substrates to single crystals of [Ir(RF-

POCOP)(N2)] (RF-POCOP = 1,3-{(2,4,6-CF3C6H2)2PO}2C6H3). The gaseous substrates 

include NH3, ethylene and CO, and in each case addition leads to the formation of 

the molecular species where N2 has been substituted for the incoming ligand 

(Scheme 1.8).113 The non-porous crystalline material possesses solvent channels 

filled by toluene (3 toluene molecules per organometallic fragment) which the 
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authors proposed allows for the gaseous reagents to penetrate the crystal lattice. 

This work highlights that reactant ingress, as well as product egress, is possible 

without degradation of crystalline integrity in a non-porous solid.  

 

Scheme 1.8: Solid-state reactivity of a fluorinated iridium pincer dinitrogen complex with 

various substrates. In all cases the dinitrogen ligand is lost and replaced with the incoming 

substrate.113 

 

The Weller group has shown that single crystals of [Rh(dcpm)(NBD)][BArF4] [dcpm 

= bis(dicyclohexylphosphino)methane; NBD = norbornadiene] can reversibly 

uptake CH2Cl2 vapour or Xe gas (Figure 1.14).125 This example is interesting as the 

encapsulated CH2Cl2 or Xe are not bound to the metal as ligands, but encased 

within the lattice framework, despite this being a non-porous solid (defined in this 

work as a material with less than 1 ¡3 accessible by a spherical probe of 1.4 ¡ 

diameter). The CH2Cl2 can be removed by application of vacuum to the crystals for 

24 hours, while the Xe is less strongly held and is removed by simply flushing the 

system with Ar gas for 2 minutes. The unit cell metrics slightly increase with the 

incoming ligand [starting material: V = 6744.29(8) ¡3; CH2Cl2 encapsulated: V = 
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6855.15(12) ¡3; Xe encapsulated: V = 6809.24(10) ¡3] showing that the crystalline 

lattice expands and contracts with reactant ingress and ôproductõ egress to 

accommodate these substrates, without the displacement or reorganisation of the 

starting material. 

 

Figure 1.14: Reversible encapsulation of CH2Cl2 (left) and Xe (right) by a non-porous 

crystalline material ([Rh(dcpm)(NBD)][BArF4], centre). The [BArF4]- anions are represented 

as sticks for clarity.  

 

The common thread which connects all of the non-porous solid-state reactivity 

studies is the presence of fluorous groups. Interhalogen non-covalent interactions 

are non-specific and non-directional,126, 127 which enables crystalline structures to 

undergo plastic deformation without degradation to macroscopic crystalline 

integrity. 

 1.7 In-Crystallo Synthesis of Ȓ-Alkane Complexes 

In 2012 the Weller group published the first crystallographically characterised, 

well-defined128, 129 Ȓ-alkane complex.44 They showed that addition of hydrogen gas 

(1 bar gauge pressure, 2 minutes) to single-crystalline samples of 
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[Rh(dibpe)(NBD)][BArF4] (dibpe = iBu2PCH2CH2PiBu2) yielded [Rh(dibpe)(Ȇ2;Ȇ2-

NBA)][BArF4]  (NBA = norbornane, Scheme 1.9, Figure 1.15) in a SCSC 

transformation. The Ȓ-alkane complex formed through this reaction decomposes at 

room temperature in the solid-state to form the amorphous, zwitterionic species 

[Rh(dibpe){Ȇ6-C6H3(CF3)2}BArF3]. Despite the decomposition in the solid-state, this 

work highlighted that the solid-state could be used to crystallographically 

characterise Ȓ-alkane complexes for the first time. The crystallographic information 

provided by this study was essential information for computational insight into the 

Ȓ-bonding of alkanes with metal centres, allowing for direct comparison between 

experiment and theory. The stabilisation of this highly reactive Ȓ-alkane complex 

has been attributed to stabilising CðHāāāF and CðHāāāȏ non-covalent interactions 

between the organometallic fragment and the [BArF4]- anion.55, 130 

 

Scheme 1.9: The first report of the synthesis of a well-defined Ȓ-alkane complex was 

reported by Weller, achieved through solid/gas solid-state reactivity of a rhodium diene 

precursor.44 

 



Chapter 1: Introduction 

67 
 

 

Figure 1.15: Solid-state structure determined by single-crystal X-Ray diffraction of the first 

well-defined molecular Ȓ-alkane complex, reported by the Weller group in 2012.44 

Displacement ellipsoids are displayed at 50%. The carbons of the NBA fragment are 

displayed in red and protons on the chelating phosphine are omitted for clarity.  

 

Following the 2012 report by Weller, the group followed up in 2015 on the solid-

state synthesis of a more stable Ȓ-alkane complex by variation of the phosphine R-

groups from iso-butyl to cyclohexyl.131 The complex in question, [Rh(dcpe)(Ȇ2;Ȇ2-

NBA)][BArF4] (dcpe = Cy2PCH2CH2PCy2; Scheme 1.10), has been shown to be 

indefinitely stable in the solid-state under an argon atmosphere at ambient 

temperature.131, 132 This represents the first example of a Ȓ-alkane complex which is 

not only isolable, but able to be stored for long periods of time. The long-term 

stability of this system allowed for onward chemistry of the Ȓ-alkane to be 

investigated in the solid-state. In 2016 the group published work on the selective 

exchange of protons on the NBA fragment with deuterium (H/D exchange, Scheme 
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1.11). 132 The work showed that addition of D2 gas to the rhodium diene precursor 

led to endo-D4-NBA or endo-exo-D8-NBA, depending on the time of addition (5 

minutes or 16 hours). Contrastingly, addition of D2 gas to the protic Ȓ-alkane 

complex lead to exo-D4-NBA. This work highlights the potential of in-crystallo 

chemistry to enable selective CðH activation of Ȓ-alkane complexes. 

 

Scheme 1.10: Top: Solid-state synthesis of [Rh(Cy2PCH2CH2PCy2)(Ȇ2;Ȇ2-NBA)][BArF4], a 

crystalline Ȓ-alkane complex which is indefinitely stable in the solid-state. 131 Bottom: 

Selective H/D exchange occurring on the NBA fragment in the solid-state. 132 

 

The diphosphine bite-angle has also been varied by inclusion of alkyl linkers 

ranging from C1 to C5, keeping the R-group constant with cyclohexyls, with marked 

impact on the hydrogenation products. Hydrogenation of the C1 variant, 

[Rh(Cy2PCH2PCy2)(NBD)][BArF4], does not lead to the formation of an observable 

Ȓ-alkane complex, but immediately progresses through to the zwitterionic 

[Rh(Cy2PCH2PCy2)(Ȇ6-C6H3(CF3)2)BArF3] species. Addition of hydrogen to the C3 

and C4 congeners leads to similar Ȓ-norbornane complexes as seen for 

[Rh(dcpe)(Ȇ2;Ȇ2-NBA)][BArF4] (Scheme 1.11), both in terms of stability and 
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bonding.79 The C5 species will be discussed in more detail in the introduction for 

Chapter 3 due to the similarity of the product of this reaction with the topic of 

Chapter 3. 

 

Scheme 1.11: Variation of phosphine bite-angle in the solid-state reactivity of cationic 

rhodium Ȇ2;Ȇ2-NBD complexes.  

  

Finally, the alkene has been modified to enable access to different Ȓ-alkane 

complexes. The {Rh(dcpe)}+ scaffold has been utilised for this purpose due to the 

superior stability of the respective Ȓ-norbornane complex and the robustness of this 

framework towards SCSC transformations.104 Variation of the alkene is achieved 

through displacement of the norbornane ligand via SCSC transformations, or 

through reaction of the 1,2-F2C6H4 adduct with the desired alkene. Hydrogenation 

of single-crystalline samples of these alkene complexes has yielded Ȓ-propane, Ȓ-

(2-methyl)butane, and Ȓ-pentane complexes, among others, through solid/gas 

reactivity (Scheme 1.12).55, 133, 134 The culmination of these studies shows that in-

crystallo reactivity can harness isolation of a wide range of highly reactive species 
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which are inaccessible via solution techniques for extended timeframes (hours to 

days) and non-isolable.  

 

Scheme 1.12: General reaction scheme followed by the Weller group for access to various 

Ȓ-alkane complexes of {Rh(dcpe)}+.  

 

The next chapter will report on the solid/gas reactivity of manganese(I) and 

rhenium(I) pincer complexes and the impact of non-covalent interactions on the 

periodic structure of the crystalline material. 
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2.1 Introduction  

2.1a Lattice Adaptivity in Molecular Crystals 

As discussed in Chapter 1, organometallic chemists have recently utilised the 

single-crystalline solid-state to enable the synthesis of extremely reactive complexes 

which cannot otherwise be studied effectively in solution. These studies are, by 

design, focused on the coordination chemistry of the metal site, or 1Á coordination 

site. The intermolecular/inter-ion non-covalent interactions, or 2Á 

microenvironment, within the solid-state have been investigated by the Weller and 

Macgregor groups1, 2 due to the influence this site has on the 1Á coordination site. 

However, investigations into the impact of the 1Á and 2Á sites have on the 3Á periodic 

structure of the crystalline lattice in solid-state organometallic chemistry is 

underexplored (Figure 2.1).  

 

Figure 2.1: Left: The 1Á coordination site of the metal. Middle: The 2Á microenvironment, 

consisting of the local non-covalent interactions. Right: The 3Á periodic structure. 
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This is not universally the case in solid-state chemistry, as the study of lattice 

adaptivity within single-crystalline molecular species is an emerging field of study 

in materials chemistry. This is where external stimuli such as temperature,3 light,4, 

5 mechanical pressure,6 and chemical reactivity,7, 8 can induce changes to the lattice 

parameters through an in-crystallo transformation. This is often accompanied by the 

alteration, or complete breaking, of one set of (non-)covalent interactions, and a new 

set of (non-)covalent interactions becomes relevant or dominant.  

Structural rearrangements of crystalline materials impart significant mechanical 

strain on the material. The consequence of this is that lattice adaptations are often 

disintegrative, that is the loss of single-crystallinity.9 While reactions undergoing 

disintegrative lattice adaptions may retain their ability to diffract X-Rays as powder 

samples, single-crystal X-Ray diffraction (SC-XRD) data may be unobtainable due 

to the lack of suitably sized single crystals. This is typically due to crystal cracking 

along multiple fault lines in the crystal,10, 11 which gives rise to a loss of macroscopic 

long-range order, which is also a major reason for loss of single-crystalline 

diffraction in organometallic single-crystal to single-crystal (SCSC) reactivity. 

Restorative lattice adaptions, that is the retention of single-crystallinity are desirable 

as an asset to provide insight into the microscopic changes that take place within 

the transformation and the (non-)covalent interactions which have promoted the 

transformation.  

A partially restorative lattice adaption was serendipitously studied by Martinho and 

co-workers, who were studying a spin-crossover transition in an iron(III) Schiff base 

complex (Scheme 2.1).12 Spin-crossover transitions are reversible transitions 
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between spin isomers, for example, thermal interconversion between accessible 

high and low spin isomers.12 Heating single-crystals of the complex to 320 K led to 

the desired spin crossover transition, which was associated with an unexpected 

thermosalient effect, which is an event where crystals can bend, twist, or even 

explode,10, 13 which occurs in this example. The thermosalient effect observed here 

preserved sufficient single-crystalline material during the first cycle of heating to 

allow for SC-XRD analysis. After four repetitions of the heating/cooling cycles, the 

crystallites were estimated to have decreased in size by a factor of 1000, 

necessitating powder X-Ray diffraction techniques for further analysis. The nature 

of the cause of the thermosalient effect was ascribed to the rapid anisotropic 

lengthening of the crystallographic a and c axes [before heating a = 10.5910(2) ¡; c 

= 18.2420(3) ¡; after heating, a = 11.931(3) ¡; c = 19.166(5) ¡], with contraction of 

the b axis [before heating b = 14.2497(3) ¡; after heating b = 12.170(3) ¡; Figure 2.2]. 

Similar reasonings have been given for other thermosalient events.13, 14 The authors 

theorised that the absence of strong non-covalent interactions in the solid-state, 

namely hydrogen-bonds, rendered the crystals susceptible to the explosive 

thermosalient event. 

 

Scheme 2.1: Reaction scheme for the synthesis of an iron(III) Schiff base complex and its 

associated thermally induced spin-crossover transition.12 
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Figure 2.2: Application of heat (320 K) to single-crystals of an iron(III) Schiff base complex 

causes a thermosalient event to occur. A large distortion in the solid-state packing can be 

seen along the crystallographic b-axis of the structures taken before (left) and after (right) 

heating. The iron(III) complex is represented as red polyhedra and the chlorate counterions 

are represented as green sticks for clarity.  

 

Another example of a reaction which shows restorative lattice adaptivity, this time 

caused by breakage and formation of covalent and non-covalent bonds, as well as 

large crystallographic parameter changes was published by Tao et al.3 Here, 

molecular single-crystals of [Zn(eg)3][SO4] (eg = ethylene glycol) undergo reversible, 

thermally induced, elimination of ethylene glycol ligands in two SCSC steps, first 

forming the helical 1-dimensional coordination polymeric material, [Zn(eg)2(Õ-

SO4)]n, then the 3-dimensionally structured material {[Zn(eg)2]Zn(Õ3-SO4)2}n 

(Scheme 2.2). Both of these steps are associated with space group changes, starting 

from the centrosymmetric space group P 21/n, to the chiral orthorhombic Sohncke 

space group P 212121, to the polar Sohncke space group P 21 (Figure 2.3).  
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Scheme 2.2: Reaction scheme of the thermally-induced two-step single-crystal to single-

crystal elimination of ethylene glycol from ǫ/Ǥ-[Zn(eg)3]SO4. This first forms the 

intermediate one-dimensional coordination polymer [Zn(eg)2(Õ-SO4)]n, which then 

transforms into the three-dimensional coordination polymer {[Zn(eg)2]Zn(Õ3-SO4)2}n. 
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Figure 2.3: Reversible two-step single-crystal to single-crystal transformation reported by 

Tao et al. 3 A. Single-crystal structure of [Zn(eg)3]SO4. The Ǥ and ǫ stereoisomers crystallise 

in parallel directions along the crystallographic a-axis. B. Solid-state structure of the 

product of heating single crystals of [Zn(eg)3]SO4 to 366 K. C. The solid-state structure 

obtained by further heating the sample to 422 K. 
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Overall, the elimination of these chelating ligands causes a 50% decrease in volume, 

while retaining crystallinity - one of the largest reported changes in volume 

associated with a restorative lattice adaption. The formation of strong hydrogen 

bonds between the ethylene glycol and the sulphate anions is attributed to the 

remarkable crystalline elasticity of this system. The authors note however that the 

ôsingle crystals suitable for SC-XRD analysis were carefully chosen from cracked 

crystals,õ highlighting degradation of bulk crystal quality, which is common among 

SCSC transformations. It is noteworthy that the egress of ethylene glycol from the 

crystalline material throughout the sequential SCSC transformations may be 

essential to the formation of material retaining long-range order. The long-range 

order of the material may be lost throughout the course of the reaction but regained 

through phase rebuilding of damaged crystals. 

 2.1b Value of Halogenated Groups in Retention of Macroscopic 

Crystallinity 

As discussed in Chapter 1.6.2, halogenated groups appear to be important to 

retention of macroscopic crystallinity during solid-state reactivity. This has been 

reflected in lattice adaptivity,13, 15 as the weak, non-specific, and non-directional 

nature of interhalogen interactions16, 17 can assist with solid-state plasticity to 

overcome the mechanical stresses associated with these transformations. 

This has been highlighted by the work of Naumov et al, who have studied the 

crystal flexibility of hexachlorobenzene.18 The solid-state structure of 

hexachlorobenzene reveals that the major intermolecular interactions within the 
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crystal are ClāāāCl and ȏāāāȏ, which operate along different planes. The non-

directional and non-specific nature of ClāāāCl interactions means that application of 

external pressure to the (001) face causes deformation of the macroscopic crystal, 

without loss of crystallinity. Conversely, application of external pressure along the 

(100) face leads to breaking of ȏāāāȏ interactions, causing the crystallite to fragment 

(Figure 2.4). This demonstrates that interhalogen interactions can facilitate 

plasticity within molecular crystals. 

 

Figure 2.4: Crystals of hexachlorobenzene can be bent when pressure is applied on the (001) 

face, where intermolecular interactions are dominated by ClāāāCl interactions (top row). 

When pressure is applied to the (100) face, the crystals break as the intermolecular 

interactions are dominated by ȏāāāȏ interactions (bottom row). Image reproduced from ref. 

18 with permission. 
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Lattice adaptivity has also been investigated for a fluorinated organometallic 

species by the same, and other, authors.19, 20 The fluorinated organometallic species, 

[Pd(hfac)(phenylazophenyl)] (hfac = hexafluoroacetylacetonate, Figure 2.5), 

thermally interconverts between five polymorphs.20 These conversions are 

associated with both positive and negative thermal expansion coefficients (Table 

2.1, Figure 2.6). 

 

Figure 2.5: Chemical structure of [Pd(hfac)(phenylazophenyl)], which undergoes thermal 

interconversion between five polymorphs in the solid-state.19, 20 

Table 2.1: Comparison of unit cell parameters between determined polymorphs of 

[Pd(hfac)(phenylazophenyl)].  

Parameter Form Ȁ Form ȁ Form Ȃ Form Ȅ 

Temperature (K) 150 298 358 90 

Space Group P 1ŀ P 1ŀ P 1ŀ P 1ŀ 

a, b, c (¡) 8.138(4) 

13.173(5) 

16.240(6) 

7.0160(2) 

11.6870(3) 

12.4659(3) 

4.2736(5) 

13.5601(2) 

14.8046(3) 

7.7972(2) 

13.2030(2) 

16.4284(3) 

Ȁ, ȁ, Ȃ (Á) 85.75(2) 

81.91(2) 

80.10(2) 

63.1390(10) 

84.7600(10) 

80.9950(10) 

83.307(8) 

93.959(9) 

76.843(7) 

94.002(2) 

87.307(3) 

100.656(3) 

Volume (¡3) 1695.6(12) 900.38(4) 825.66(10) 1657.03(6) 

Z 4 2 2 4 
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Figure 2.6: Phase transitions and solid-state structures of four of the five determined 

polymorphs of [Pd(hfac)(phenylazophenyl)]. Forms Ȁ and ȁ were determined by single-

crystal X-Ray diffraction, while Ȃ and Ȅ where determined by Rietveld refinement of 

powder X-Ray diffraction data.20 Form ȁ does not revert to form Ȃ in the solid-state, 

suggesting this is the thermodynamically preferred polymorph of 

[Pd(hfac)(phenylazophenyl)]. 
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The authors also noted that the ȀƂȂ transition is associated with a thermosalient 

event where the crystals ôfly off the hot stage,õ without cracking of the crystals.19, 20 

This thermosalient effect is due to the anisotropic extension of the crystallographic 

a and b axes, with contraction of the c axis. The retention of single-crystallinity after 

a violent thermosalient effect, and the observation of five distinct polymorphs 

which can interconvert through thermal control, again highlights the function of 

halogenated groups allowing for flexibility and plasticity of crystalline structures. 

 2.1c Aims and Objectives 

In this chapter, the reaction of two cationic group 7 pincer complexes, [M(R-

PONOP)(L)(CO)2][BArF4] [M = Mn, R = iPr, L = tetrahydrofuran (THF); M = Re, R = 

tBu, L = vacant site; PONOP = ȉ3-2,6-(R2PO)2C5H3N; ArF = 3,5-(CF3)C6H3],  with 

carbon monoxide in solid/gas reactions is reported. The reactions show significant 

macroscopic fracturing of the crystals, with microcrystal Electron Diffraction 

(MicroED) methods required to structurally analyse the resultant microcrystals 

from the reaction with the manganese congener. The fracturing of the crystals is 

shown to be due to significant reorganisation of the periodic structures due to 

changes in the 2Á microenvironment. Computational calculations were used to 

investigate and metricise changes in non-covalent interactions and other inter-ion 

contributions to the lattice adaption.  

 



Chapter 2 ð In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic 
Group 7 Pincer Complexes 

 

95 
 

2.2. Results and discussion  

 2.2a Acknowledgements 

NMR tensor analysis and related NMR computational calculations were performed 

by Dr Matthew Conley at the University of California, Riverside. Periodic density 

functional theory (DFT) calculations, IGMH and QTAIM analyses were carried out 

by Dr M. Arif Sajjad and Professor Stuart Macgregor at Heriot-Watt University (now 

University of St. Andrews). The collection, reduction and refinement of microcrystal 

Electron Diffraction data was carried out by Miss Emily Thompson and Dr Huw 

Jenkins at the York Structural Biology Laboratories at the University of York. Solid-state 

NMR data were collected by Dr Samuel Page at the University of Durham Solid-State 

NMR Service or Dr Matthew Gyton and Dr Laurence Doyle at the University of York. 

Scanning Electron Microscopy (SEM) data were collected by Dr Adam Kerrigan at 

the York-JEOL Nanocentre at the University of York. Gel Permeation Chromatography 

(GPC) data were collected by Mr Mathew Cross at the University of York. All other 

data were collected by the thesis author. The major results of this chapter have been 

published in the literature (Chem. Commun., 2023, 59, 10749-10752). 21 

2.2b. Synthesis and Characterisation of [Mn(iPr-

PONOP)(CO)3][BArF
4] 

2.2bi. Project Outline 

Several geometric motifs of [BArF4]- anions around cationic organometallic moieties 

have been shown to successfully sustain SCSC transformations. Namely, an 

approximately octahedral arrangement of six anions around one cation (Figure 2.7), 
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and an approximately bicapped square prismatic arrangement, where ten anions 

are organised around two cations (Figure 2.7). Both of these arrangements have 

both supported the formation and isolation of Ȓ-alkane complexes through the 

stabilising inter-ion non-covalent interactions.2, 22, 23  

 

Figure 2.7: Previously published geometric motifs of [BArF4]- anions which have supported 

the formation of Ȓ-alkane complexes in the solid-state. [BArF4]- anions are mapped with a 

van der Waals surface (yellow). Left: An approximately octahedral motif of six [BArF4]- 

anions template around one cationic organometallic fragment.24 Right: An appropriately 

bicapped square prismatic arrangement of ten [BArF4]- anions around two cationic 

organometallic fragments.23 

 

Recently, the Weller group have published research on the solid-state reactivity of 

[Ir(iPr-PONOP)(propene)][BArF4], in which the R-PONOP ligand scaffold has been 
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shown to template the bicapped square prismatic framework of anions which 

appears to be favourable for solid-state reactivity.25 Looking to expand solid-state 

molecular organometallic chemistry (SMOM-Chem) beyond group 9 metals, two 

cationic manganese and rhenium R-PONOP complexes were designed and paired 

with the [BArF4]- anion. As noted in Chapter 1.6.2, manganese and rhenium 

complexes have been explored in solid-state chemistry, using 

photocrystallographic techniques in porous materials such as metal-organic 

frameworks (MOFs)26, 27 and clathrates.28 Here, the solid-state reactivity of non-

porous, single-crystalline, molecular species of manganese and rhenium is reported. 

The solid-state reactivity at the 1Á coordination site induces large changes to inter-

ion non-covalent interactions (2Á microenvironment) which was investigated 

through periodic DFT calculations. The changes to the 2Á microenvironment invoke 

a lattice adaption in the 3Á periodic structure of the crystal, which was characterised 

by solid-state NMR spectroscopy and single-crystal X-Ray diffraction or 

microcrystal Electron Diffraction techniques. 

 2.2bii. Synthesis and Spectroscopic Data 

Starting from the previously reported complex, [MnBr(iPr-PONOP)(CO)2],29 halide 

abstraction with Na[BArF4] in the weakly-coordinating solvent 1,2-F2C6H4 under an 

atmosphere of carbon monoxide (1 bar gauge pressure at 78 K) led to the formation 

of [Mn(iPr-PONOP)(CO)3][BArF4] ([Mn-CO]). After removal of the solvent in vacuo, 

extraction into CH2Cl2 and layering with pentane, [Mn-CO] was isolated in 75% 

yield as a crystalline solid (Scheme 2.3). 
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Scheme 2.3: Synthetic route to [Mn(iPr-PONOP)(CO)3][BArF4] ([Mn-CO]), starting from 

[MnBr(iPr-PONOP)(CO)2].  

 

The solid-state ATR IR spectrum of [Mn-CO] reveals two CO stretching bands at 

ȌCO 2055 (w, s) and 1970 (s) cm-1 (Figure 2.8). The separation and intensity of these 

peaks are indicative of the C2v mer-isomer of [Mn-CO],30-32 as the symmetric stretch 

of the axial carbonyl ligands (A1-symmetric) is only weakly-allowed due to the 

minor change in dipole moment. Contrastingly, if the fac-isomer were to have 

formed, the peak separation should be ca. 20 cm-1, and both bands be of 

approximately equal, medium intensity,30-32 due to the significant increase in dipole 

moment caused by each of the carbonyl vibrations in this isomer. 
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Figure 2.8: ATR IR spectrum of [Mn-CO]. Carbonyl stretching bands are observed at ȌCO 

2055 and 1970 cm-1. 

 

[Mn-CO] shows apparent C2v symmetry in solution, with one set of iPr resonances 

in the solution 1H and 13C{1H} NMR (CD2Cl2, 298 K) spectra (Figure 2.9). The 

methine resonance (ȃH 3.00) is observed as a complex triplet of septets in the 1H 

NMR spectrum due to the magnetically inequivalent 31P environments [3]. The 

methine signal collapses upon 31P decoupling to a broad septet [3J(HH) = 7.0 Hz; 

Figure 2.9]. Similarly, the two iPr methyl environments (ȃH 1.47, 1.37) are observed 

as a pair of doublets-of-doublets in the 1H NMR spectrum which collapse to 

doublets [3J(HH) = 7.1 Hz, Figure 2.9] upon 31P decoupling. The solution 31P{1H} 

NMR spectrum reveals one broad resonance (ȃP = 225.2, FWHM = 165 Hz) due to 

quadrupolar broadening from the 55Mn nucleus (I = 5/2, 100% abundant Q = 0.33 x 

10-24 cm2).33  



Chapter 2 ð In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic 
Group 7 Pincer Complexes 

 

100 
 

 

Figure 2.9: Solution 1H (top) and 1H{31P} (bottom) NMR (600 MHz, CD2Cl2, 298 K) spectra of 

[Mn-CO]. The insets depict the iPr methine resonance (ȃH 3.00) and iPr methyl 

environments (ȃH 1.47 and 1.37). 

 

Solid-state 31P{1H} CP MAS NMR spectroscopy (10 kHz spin-rate, 298 K) of [Mn-

CO] further highlights the 31P-55Mn quadrupolar coupling. This spectrum would be 

expected to show two resonances due to the crystallographically independent 31P 

environments. However, at least seven resonances are observed (ȃP 227.5, 226.1, 

224.7, 223.2, 221.8, 220.5, 218.5) due to the trans 31P-31P coupling, mixed with 

quadrupolar coupling to the I = 5/2 55Mn nucleus (Figure 2.10). The apparent 1J-

coupling constants of the trans-31P-31P and 55Mn-31P coupling are approximately 

equal, with coupling constants between Japp ~ 215 - 300 Hz observed. Similar values 
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of 55Mn-31P 1J-coupling constants have been reported for trans-[MnX(PPh3)(CO)4] (X 

= Ph, Bz), where 1J(MnP) = 245 and 252 Hz.34, 35  

 

Figure 2.10: Solid-state 31P{1H} CP MAS spectrum of [Mn(iPr-PONOP)(CO)3][BArF4] (162.02 

MHz, 10 kHz spin rate, 298 K). Inset depicts fine coupling of isotropic chemical shift. ȃ 

denotes isotropic chemical shift. * denotes spinning side bands. 

 

The solid-state 13C{1H} CP MAS NMR spectrum for this compound is devoid of 

resonances indicative of metal-bound carbonyl ligands, which resonate at ȃC 217.2 

and 213.3 in the solution 13C{1H} NMR spectrum. Carbonyl resonances are typically 

low intensity due to their quaternary nature removing the potential for nuclear spin 

polarisation transfer (Nuclear Overhauser Effect) from nearby proton relaxation. 

These peaks are further broadened beyond detection36, 37 in this sample due to 
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quadrupole coupling to 55Mn, as well as coupling to the crystallographically 

inequivalent 31P environments. 

 2.2biii. Chemical Shift Anisotropy and Chemical Shift Tensor 

Analysis of [Mn-CO] 

The spinning side band intensity in the solid-state 31P{1H} CP MAS NMR spectrum 

(Figure 2.10) indicates a large magnitude and direction of asymmetry of the 

chemical shift tensors, known as the skew (ȉ) of the chemical shift tensors [ȉ = 3(ȃ22-

ȃiso)/Ǹ, where Ǹ = ȃ11-ȃ33].38, 39 The chemical shift tensors were quantified by 

experiment and theory by computational NMR calculations [PBE0/SDD(Mn)/6-

31G** (C, H, O, P, N)]. The experimental spectrum linewidth was broadened to 500 

Hz to reduce 1J(MnP) contributions to the resonances (Figure 2.11). The 

computational NMR calculations were run on a DFT-optimised structure of isolated 

{Mn(iPr-PONOP)(CO)3}+. Replicating accurate 31P NMR shieldings and chemical 

shifts by computation is challenging due to the wide chemical shift range which can 

span 2000 ppm, so differential from experiment of Ò 10% has been deemed to be 

ôexcellent.õ40, 41 Given this, the NMR calculations compare very well with the 

experimental values (Table 2.2). 

 

Table 2.2: Experimental and calculated chemical shift tensors for {Mn(iPr-PONOP)(CO)3}+.  

 ȃiso ȃ11 ȃ22 ȃ33 ȉ Ǹ 

Experimental 222 429 144 93 -0.70 336 
Theory 241 486 151 87 -0.68 400 
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Figure 2.11: Simulated (top, red) and experimental (bottom, black, with 500 Hz line 

broadening) solid-state 31P{1H} CP MAS NMR spectra of {Mn(iPr-PONOP)(CO)3}+ used for 

quantification of the chemical shift tensors. 

 

The transitions contributing to this were also calculated 

[PBE0/Mn(TZ2P)/P(DZP)/C,H,O,N(DZ)], with the major contributor (ὒ ) to the 

ȃ11 tensor was found to be the coupling between the orthogonal Ȓ(MnðP) and Ȓ*(Pð

O) bonds (Figure 2.12). The degree of coupling between the orthogonal orbitals can 

be quantified by Equation 2.1, below.  
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ὒ  
ộɰ ȿὒȿɰ Ớộɰ

ὒ
ὶ
ɰ Ớ

ɝὉ
 

Equation 2.1: Relationship of the integral overlap between two orthogonal orbitals, 

ộɰ ȿὒȿɰ Ớộɰ ɰ Ớ, their energy difference, ɝὉ , and the degree of coupling 

between them, ὒ . 

 

Figure 2.12: A) Orientation of the ȃ11 chemical shift tensor in {Mn(iPr-PONOP)(CO)3}+. B) 

The orthogonal coupling orbitals responsible for the highest contribution to the ȃ11 

chemical shift tensor. Left: Ȓ(MnðP). Right: Ȓ*(PðO). 

 

The strong coupling between the orthogonal Ȓ(MnðP) and Ȓ*(PðO) orbitals is 

therefore found to be the cause of the asymmetry of the 31P chemical shift tensors of 

[Mn-CO]. This may be due to the integral overlap of these orbitals being 

significantly larger than that of the ȃ22 and ȃ33, or, more likely, due to the small 

energy difference between Ȓ(MnðP) and Ȓ*(PðO). 
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 2.2biv. Single-Crystal X-Ray Diffraction Analysis of [Mn-CO] 

Colourless crystals of [Mn-CO] suitable for single-crystal X-Ray diffraction analysis 

were grown from layering a CH2Cl2 solution with pentane at room temperature. 

The single-crystal X-Ray structure of [Mn-CO] collected at 150 K reveals the 

complex crystallises in the triclinic space group, P1ŀ, where two cationic complexes 

are encapsulated by ten anions which occupy the bicapped square prismatic 

arrangement (Figure 2.13).  

 

Figure 2.13: Left: Single-crystal X-Ray structure of isolated cation of [Mn-CO]. Hydrogen 

atoms omitted for clarity. Thermal displacement ellipsoids displayed at 50%. Selected bond 

lengths and angles: Mn1-P1 = 2.2505(7) ¡; Mn1-P2 = 2.2492(9) ¡; Mn1-C1 = 1.8588(19) ¡; 

Mn1-C2 = 1.800(3) ¡; Mn1-C3 = 1.8483(19) ¡; Mn1-N1 = 2.047(2) ¡; P1-Mn1-P2 = 160.50(3)Á; 

C1-Mn1-C3 = 173.99(12)Á. Right: Packing of [BArF4]- anions around cations in [Mn-CO], 

forming a bicapped square prismatic arrangement. The anions are mapped with a van der 

Waals surface (yellow). 
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The MnðP bond lengths are crystallographically identical [Mn1-P1 = 2.2505(7) ¡, 

Mn1-P2 = 2.2492(9) ¡], as are the axial MnðC bond lengths [Mn1-C1 = 1.8588(19) ¡, 

Mn1-C3 = 1.8483(19) ¡]. The equatorial MnðC bond is shorter than the axial bonds 

[Mn1-C2 = 1.800(3) ¡] reflecting the weaker trans influence of the pyridyl group 

compared to carbonyl. The axial and equatorial CðO bond lengths are 

crystallographically identical [C1-O1 = 1.135(2) ¡; C2-O2 = 1.148(3) ¡; C3-O3 = 

1.142(2) ¡], therefore detailed interpretation on the reduction in C-O bond order 

based on the trans ligand is not valid from the SC-XRD data. The axial carbonyl 

ligands are slightly tilted away from parallel [C1-Mn1-C3 angle = 173.99(12)Ü], 

pushed forwards from the pyridyl backbone of the ligand.  

The donating and accepting properties of the PONOP ligand can be compared to 

the PNNNP [2,6-(iPr2PNH)C6H3N] ligand, through the solid-state structure of the 

cationic species, [Mn(iPr-PNNNP)(CO)3]Br (Figures 2.14 and 2.15), reported by 

Boncella and co-workers.29 For this complex, the MnðP bond lengths are slightly 

longer, at 2.2626(11) ¡. The axial MnðC bond lengths are 1.851(7) and 1.852(7) ¡ 

and the equatorial MnðC bond length is 1.808(4) ¡. The CðO bond lengths are very 

similar to [Mn-CO], but slightly shortened [C1-O1 = 1.124(10) ¡; C2-O2 = 1.134(6) 

¡; C3-O3 = 1.135(9) ¡]. From these data we can suggest that PNNNP and PONOP 

are likely similar in their Ȓ-donating properties, but PONOP is a stronger ȏ-acceptor. 

This is also reflected in the ATR IR data for [Mn(iPr-PONOP)(CO)3]Br, where the 

CO stretching frequencies are significantly red-shifted (PNNNP ȌCO = 1996 ð 1826 

cm-1; PONOP ȌCO = 2055, 1970 cm-1), implying reduction in CðO bond order 

compared to [Mn-CO].   
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Figure 2.14: Chemical structure of the cationic pincer complex, [Mn(iPr-PNNNP)(CO)3]Br, 

reported by Boncella and co-workers.29 

 

Figure 2.15: Solid-state structure of the cationic component of [Mn(iPr-PNNNP)(CO)3]Br, 

reported by Boncella and co-workers.29 The complex lies on a crystallographic two-fold 

position, such that both phosphorus atoms and nitrogen atoms are symmetry-related. 

 

 2.2bv. Solid-State Photochemistry of [Mn-CO] 

As discussed in Chapter 1.6.2, the Champness and George groups have 

investigated the solid-state photochemistry of manganese and rhenium halide 

carbonyl complexes [MX(diimine*)(CO)3] (M = Mn or Re; X = Cl or Br; diimine* = 
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5,5õ-dicarboxylate-2,2õ-bipyridine) supported in a close-packed MOF.26 

Isomerisation from the fac- to mer- isomers was observed by FTIR and SC-XRD 

(Figure 1.13). Further to this, the Champness and Sumby groups have published 

further photochemistry of [MnBr(bis-pyazole)(CO)3] supported in a porous, open-

packed MOF where carbonyl loss, followed by coordination of THF from the 

solvent channels of the MOF was observed (Figure 1.13).27  

Inspired by these reports, it was proposed that [Mn-CO] would be photochemically 

active in the solid-state, potentially providing an electronically- and coordinatively-

unsaturated species, [Mn(iPr-PONOP)(CO)2][BArF4] (Scheme 2.4). To assess 

whether electronic transitions associated with population of an MnðCO non-

bonding or anti-bonding orbital were accessible through UV-excitation, time-

dependent DFT [TD-DFT; PBE0/def2-TZVPP/def-ecf(Mn)] calculations were 

performed on a geometry optimised [BP86/def-SV(P)/def-ecp(Mn)] isolated cation 

of [Mn-CO]. A transition was found at 356 nm, with 73% of the wavefunction 

corresponding to an excitation from the HOMO -3 (dyz) to the LUMO which is a 

non-bonding combination of the Mn dz2 orbital and the CðO ȏ*-antibonding orbital 

(Figure 2.16). 

 

Scheme 2.4: Proposed reaction scheme of photo-induced carbonyl ligand loss in the solid-

state from [Mn-CO] to yield an electronically- and coordinatively-unsaturated complex. 
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Figure 2.16: Time-dependent DFT calculated orbitals involved in the electronic transition 

associated with an absorption at 356 nm. The ground-state is dominated by the HOMO -3 

(left) which is mostly a non-bonding dyz orbital. The excited-state is dominated by the 

LUMO (right) which is a non-bonding combination of the dz2 orbital with CO ȏ*-character. 

 

Despite the reports by Champness, Sumby and George, and the promising TD-DFT 

data, no photochemical reactivity (365 nm LED) was observed in the solid-state for 

[Mn-CO] under a range of conditions: in vacuo (< 1 x 10-2 mbar), ethylene, propylene, 

butene, isobutylene, nitrous oxide, dihydrogen or dinitrogen atmospheres. The 

difference in photochemistry between this study and the published studies from 

Champness and Sumby is likely due to the local solid-state environment of the 

organometallic fragments. Degenerate isomerisation of [Mn-CO] would be 

undetectable if the reactivity were reminiscent of the close-packed MOF example, 

and the porosity of the open-packed MOF structure gives space for the photoejected 

carbonyl ligand to diffuse away from the metal fragment without recombination, 

which is non-trivial in a non-porous molecular solid such as [Mn-CO]. 
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 2.2c. Synthesis and Characterisation of [Mn(iPr-

PONOP)(THF)(CO)2][BArF
4] ÅĲhexane 

 2.2ci. Synthesis and Spectroscopic Data 

Due to the lack of photoactivity of [Mn-CO] preventing formation of an 

unsaturated species, a complex which could operate as a ômaskedõ source of the 

desired low-coordinate species was designed. A carbonyl ligand was replaced by a 

THF ligand, which is expected to be weakly bound to a Mn(I) centre, allowing for 

substitution chemistry to be achieved. 

Amine-oxides, such as trimethylamine N-oxide (TMAO), are known to react with 

metal-carbonyl complexes to irreversibly form trimethylamine and CO2 (Scheme 

2.5).42 Therefore, a slight excess (1.05 equiv) of TMAO was added to [Mn-CO] in 

THF solution. After thorough removal of the volatiles in vacuo, extraction into THF 

and recrystallisation by layering with hexane, the desired complex, [Mn(iPr-

PONOP)(THF)(CO)2][BArF4]ÅĲ hexane ([Mn-THF]) was obtained as bright orange 

crystals in 65% yield (Scheme 2.6). 

 

Scheme 2.5: Reaction mechanism of the reaction between trimethylamine N-oxide and a 

metal-carbonyl complex. 
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Scheme 2.6: The reaction of [Mn-CO] with trimethylamine N-oxide in THF solution yields 

[Mn-THF].  

 

Solution NMR spectroscopic data show that [Mn-THF] is fluxional in solution, 

showing time-averaged C2v symmetry on the NMR timescale at 298 K, as evidenced 

by a single CO resonance in the solution 13C{1H} NMR spectrum (ȃC = 225.7). The 

solution 1H NMR (CD2Cl2, 298 K) spectrum of [Mn-THF] shows extremely broad 

and featureless resonances associated with the THF ligand and the iPr methine 

environments (ȃH = 4.0 ð 1.5; Figure 2.17), which become more resolved at 248 K 

(Figure 2.18). The fluxional behaviour of [Mn-THF] is attributed to the de-

coordination and recombination of the THF ligand (Scheme 2.7), which may be 

intra- or intermolecular, rather than THF rotation around the MnðO bond due to 

the presence of a single well-resolved carbonyl resonance in the solution 13C{1H} 

NMR spectrum. Although, [Mn-THF] undergoes slow decomposition in CD2Cl2 to 

form paramagnetic side products and [Mn-CO] through CO scavenging, CD2Cl2 

was chosen as the deuterated NMR solvent as all other common deuterated solvents 

lead to immediate decomposition of the bulk sample. THF-d8 was not used to ensure 

resonances associated with the bound THF ligand could be observed. 
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Figure 2.17: Solution 1H NMR (600 MHz, CD2Cl2, 298 K) spectrum of [Mn-THF]. * denotes 

[Mn-CO] which forms from CO-scavenged decomposition of [Mn-THF] in CD2Cl2 solution. 

# denotes co-crystallised hexane. 
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Figure 2.18: Variable temperature 1H NMR (500 MHz, CD2Cl2) spectra of [Mn-THF] 

recorded at 298 K (bottom) and 248 K (top). In the 248 K spectrum, resonances at ȃH 3.77, 

2.34, 1.83 and 1.63 are attributed to the THF ligand, and resonances at ȃH 2.98, 2.66 and 2.19 

are attributed to the iPr methine resonances. * denotes [Mn-CO] which is formed as a CO-

scavenged decomposition product in CD2Cl2. Ā denotes an unknown impurity. 

 

Scheme 2.7: The degenerate isomerisation process of de-coordination and recombination 

of THF from [Mn-THF] which shows time-averaged C2v symmetry on the NMR timescale 

at 298 K. 
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The solid-state 31P{1H} CP MAS NMR spectrum (10 kHz spin rate, 298 K) of [Mn-

THF] reveals a broad peak formed of at least four environments (ȃP 234.6, 232.6, 

230.8, 227.4) which is best rationalised as two crystallographically independent 31P 

environments with trans 31P-31P coupling (Figure 2.19). Due to the reduced local 

symmetry compared to [Mn-CO], the quadrupolar 55Mn-31P coupling is not clearly 

resolved. Importantly, the spectrum is devoid of any peaks originating from [Mn-

CO] showing that the decomposition products observed in the solution NMR 

spectra are due to reactivity with the solvent and the bulk sample does not contain 

[Mn-CO] starting material or decomposition products in the solid-state. 

 

Figure 2.19: Solid-state 31P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectrum of [Mn-

THF]. Inset depicts the isotropic chemical shift resonance (denoted as ȃ). * denotes spinning 

side bands. 
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The ATR IR (nujol mull) spectrum of [Mn-THF] reveals two peaks of approximately 

equal intensity at ȌCO 1963 and 1891 cm-1 (Figure 2.20) for the carbonyl stretching 

frequencies. The equal intensity of these bands shows that the carbonyl ligands are 

separated by approximately 90Á. The bands are significantly red-shifted with 

respect to [Mn-CO] (cf. 2055 and 1970 cm-1) representing the removal of a strongly 

ȏ-acidic carbonyl ligand, reducing competition for electron density.  

 

Figure 2.20: ATR IR spectrum of [Mn-THF] in a nujol mull. Carbonyl stretching bands are 

observed at ȌCO 1963 and 1891 cm-1. 

 

 2.2cii. Single-Crystal X-Ray Diffraction Analysis of [Mn-THF] 

Bright orange block-like crystals of [Mn-THF] suitable for SC-XRD analysis were 

obtained by layering a THF solution of [Mn-THF] with hexane at room temperature. 

The single-crystal X-Ray diffraction data for [Mn-THF] give data for a perfect 

pseudo-merohedrally twinned monoclinic cell (space group P 21/n; ȁ = 90Ü; Ȁ = 0.5; 
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where ȁ is the crystallographic angle, and Ȁ represents the fractional volume of the 

crystalõs minor twin domain, 0 < a πȢυ). A pseudo-merohedral twin is a case where 

a crystal system which should usually not be capable of producing twins, can be 

twinned due to the unit cell parameters. A monoclinic cell such as P 21/n can 

emulate an orthorhombic cellõs metric symmetry due to the ȁ angle being very close 

to, or equal to, 90Ü. 43, 44 

In the single-crystal X-Ray structure, the THF ligand is found to be trans to a 

carbonyl, as expected based on the strong ȏ-acceptor properties of CO (Figure 2.21). 

As expected based on the ATR IR spectrum (Section 2.2ci), the C1-Mn1-C2 angle 

(carbonyl separation) is 88.0(2)Á. Similarly to [Mn-CO], two cations are found 

within a bicapped square prismatic arrangement of ten [BArF4]- anions (Figure 2.21). 
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Figure 2.21: Left: Solid-state structure of the cationic component of [Mn-THF]. Hydrogen 

atoms are omitted for clarity. Displacement ellipsoids displayed at 50%. Selected bond 

lengths and angles: Mn1-P1 = 2.2529(14) ¡; Mn1-P2 = 2.2569(14) ¡, P1-Mn1-P2 = 162.29(6)Á; 

Mn1-N1 = 2.027(4) ¡; Mn1-C1 = 1.781(5) ¡; Mn1-C2 = 1.789(5) ¡; C1-Mn1-C2 = 88.0(2)Á; 

Mn1-O3 = 2.146(4) ¡. Right: Approximate bicapped square prismatic arrangement of ten 

[BArF4]- anions around the cationic organometallic fragment. [BArF4]- anions mapped with 

van der Waals surface (yellow) and THF ligand is represented in blue for clarity. 

 

The unit cell of [Mn-THF] contains 2 equivalents of co-crystallised hexane, which 

due to the twinned data necessitated isotropic modelling and restraining the 

geometry with bond length and angle restraints. The THF ligand and co-crystallised 

hexane are not removed under vacuum (< 1 x 10-3 mbar) over 72 hours. The axial 

and equatorial MnðCO bond lengths are crystallographically identical [Mn1-C1 = 

1.781(5) ¡, Mn1-C2 = 1.789(5) ¡] reflecting similar trans influences of THF vs 

pyridyl, with the THF and axial CO ligand almost co-linear [178.75(16)Ü]. The 
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backbone of the THF ligand is disordered over two positions and is located within 

a cleft formed by aryl groups on the [BArF4]- anion (Figure 2.22).  

 

Figure 2.22: The THF ligand of [Mn-THF] is located within a cleft of ArF groups of a 

neighbouring [BArF4]- anion in the solid-state. All non-THF hydrogen atoms omitted, and 

THF carbon atoms are represented in blue, for clarity. Displacement ellipsoids displayed at 

50%. 

 

 2.2d. Attempted Synthesis of [MnBr(tBu-PONOP)(CO)2] 

In addition to synthesising a ômaskedõ low coordinate species in the form of [Mn-

THF], increasing the steric bulk of the phosphinite R-groups was attempted to 

produce a species more likely to dissociate CO. The Kirchner group has recently 

published that the reaction between MnBr(CO)5 and tBu-PNNNP [2,6-

(tBu2PNH)C5H3N] yields [Mn(tBu-PNNNP)(CO)2]Br (Scheme 2.8).45 DFT 
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calculations revealed that coordination of CO to this electronically- and 

coordinatively-unsaturated species was endothermic due to the steric bulk of the 

tBu groups. 

 

Scheme 2.8: Synthesis of an electronically- and coordinatively-unsaturated Mn(I) complex 

reported by Kirchner and co-workers.45 

 

Owing to this report, tBu-PONOP46 [2,6-(tBu2PO)C6H3N] was combined with with 

MnBr(CO)5 under a range of experimental conditions. Unfortunately, no repeatable 

procedure could be realised, and solution NMR spectroscopic studies were 

hindered by paramagnetic broadening. A small crop of crystals was isolated from 

one of these attempted syntheses, from which SC-XRD data elucidated [Mn(tBu-

PONOP)(CO)2][MnBr3(THF)] (Figure 2.23) as one of the species formed through 

this reaction. Compared to the Kirchner groupõs finding, the free bromide anion 

formed in the reaction of [MnBr(CO)5] and tBu-PONOP causes undesirable 

decomposition, likely representing the weaker PðO bond strength compared to Pð

N. This decomposition species is similar to that published by the Beller group which 

was formed as a decomposition product in N-heteroarene hydrogenation by 

MnBr(CO)5 (Scheme 2.9).47  
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Figure 2.23: Chemical structure of a complex which was observed through reaction of 

MnBr(CO)5 with tBu-PONOP. No repeatable procedure was found for this complex. 

 

Scheme 2.9: The formation of a Mn(II) anionic decomposition product through 

stoichiometric hydrogenation of quinoline, reported by Beller.47 

 

 2.2e. Synthesis of [Re(tBu-PONOP)(CO)2][BArF
4] 

 2.2ei. Synthesis and Spectroscopic Data 

The unsuccessful synthesis of [Mn(tBu-PONOP)(CO)2]Br led to attempts to 

synthesise the rhenium congener. It was hypothesised that the increased atomic 

radius from the 3d to 5d metal may facilitate the large steric bulk of the tBu-PONOP 

ligand. Stirring a mixture of tBu-PONOP and ReBr(CO)5 in toluene at 95 ÁC for 18 

hours caused a colour change from colourless to bright yellow. The reaction mixture 

was cooled, dried under vacuum, washed with pentane, and extracted into diethyl 

ether to give [ReBr(tBu-PONOP)(CO)2] ([Re-Br], Scheme 2.10) as a yellow 

microcrystalline solid in 70% yield on a gram scale. 
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Scheme 2.10: Synthetic route to [Re-Br]. Addition of tBu-PONOP to ReBr(CO)5 in toluene 

at 95 ÜC for 18 hours yields [Re-Br] in 70% yield. 

 

The solution 1H NMR spectrum (C6D6, 298 K) of [Re-Br] exhibits Cs symmetry, with 

two inequivalent tBu resonances (ȃH 1.66, 1.32) detected as very strongly coupled 

virtual triplets which collapse to singlets upon 31P decoupling [ȃH 1.66: ǲ{3J(PH) + 

5J(PH)} = 15.3 Hz; ȃH 1.32: ǲ{3J(PH) + 5J(PH)} = 14.1 Hz]. The solution 31P{1H} NMR 

spectrum reveals a single sharp resonance at ȃP 196.0. The carbonyl resonances are 

both observed in the solution 13C{1H} NMR spectrum as broad signals without 

distinguishable 31P coupling, at ȃC 206.2  and 198.9. 

 2.2eii. Single-Crystal X-Ray Diffraction Analysis of [Re-Br] 

Crystals of [Re-Br] suitable for single-crystal X-Ray diffraction were grown from 

slow diffusion of pentane into a toluene solution at -30 ÜC. [Re-Br] crystallises in the 

orthorhombic space group P na21 and the structure reveals a highly distorted 

octahedral coordination geometry. The bromide ligand is trans to a carbonyl but 

strongly distorted from co-linear [Br1-Re1-C1 = 169.12(16)Ü] and the pyridyl group 

is tilted towards the bromide ligand [N1-Re1-Br1 = 82.30(12)Ü, N1-Re1-C1 = 108.5(2)Ü, 

Figure 2.24].  
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Figure 2.24: Single-crystal structure of [Re-Br]. The complex exhibits a strongly distorted 

octahedral geometry, with a very acute BrðReðN angle. Hydrogen atoms omitted for clarity. 

Thermal displacement ellipsoids displayed at 30%. Selected bond lengths and angles: Re1-

Br1 = 2.6696(7) ¡; Re1-P1 = 2.4036(15) ¡; Re1-P2 = 2.4105(16) ¡; Re1-C1 = 1.872(5) ¡; Re1-

C2 = 1.925(6) ¡; Re1-N1 = 2.175(5) ¡; P1-Re1-P2 = 153.83(5)Á; Br1-Re1-N1 = 82.30(12)Á; N1-

Re1-C1 = 108.5(2)Á; C1-Re1-C2 = 84.0(3)Á. 

  

 

 

 

 

 

 



Chapter 2 ð In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic 
Group 7 Pincer Complexes 

 

123 
 

2.2f. Synthesis and Characterisation of [Re(tBu-

PONOP)(CO)2][BArF
4] 

 2.2fi. Synthesis and Spectroscopic Data 

The strongly distorted octahedral geometry of [Re-Br] suggested that the steric bulk 

of the tBu-PONOP ligand scaffold could support a vacant coordination site. [Re-Br] 

was added dropwise to a solution of Na[BArF4] in 1,2-F2C6H4, causing an immediate 

colour change from yellow to deep orange/red. The reaction mixture was 

precipitated with hexane, extracted into CH2Cl2, and layered with hexane at room 

temperature to form bright red block-like crystals of [Re(tBu-PONOP)(CO)2][BArF4] 

([Re], Scheme 2.11) in 80% yield. 

 

Scheme 2.11: Synthetic route to [Re], by addition of Na[BArF4] to [Re-Br].  

 

Only one carbonyl resonance is observed in the solution 13C{1H} NMR spectrum 

[CD2Cl2, 298 K, ȃc = 198.8, t, 2J(PC) = 5 Hz] and one tBu group is observed in the 

solution 1H NMR spectrum (ȃH 1.32) as a strongly coupled virtual triplet [ǲ{3J(PH) 

+ 5J(PH)} = 16.1 Hz] which collapses to a singlet upon 31P decoupling (Figure 2.25). 

The spectra are hence indicative of rapid intramolecular exchange on the NMR 

timescale to give time-averaged C2v symmetry in solution at 298 K (Scheme 2.12). 
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Infrared spectroscopic data of [Re], both in solution and in the solid-state, show two 

approximately equal intensity carbonyl stretching bands around 1965 and 1893 cm-

1 (Figure 2.26) which suggests a structure with two inequivalent carbonyl groups 

separated by ~90Ü.  

 

Figure 2.25: Solution 1H (bottom) and 1H{31P} (top) NMR (500 MHz, CD2Cl2, 298 K) spectra 

of [Re]. The inset depicts the tBu methyl resonance (ȃH 1.32). * denotes [Re(tBu-

PONOP)(CO)3][BArF4] which forms in solution through CO-scavenged decomposition. 
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Figure 2.26: ATR IR spectrum of [Re]. Carbonyl stretching bands are observed at ȌCO 1965 

and 1893 cm-1. 

 

Scheme 2.12: Degenerate isomerisation process of [Re] which is rapid on the NMR 

timescale at 298 K. 
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 2.2fii. Single-Crystal X-Ray Diffraction and DFT Calculations 

of [Re] 

Crystals of [Re] suitable for single-crystal X-Ray diffraction experiments were 

grown by layering a CH2Cl2 solution of [Re] with hexane at room temperature, to 

yield bright red, block-like crystals. [Re] crystallises in the triclinic space group, P 

1ŀ. The solid-state structure of the cation reveals a square-based pyramidal structure  

[ȓ5 = 0.26,48, 49 C1-Re1-C2 = 85.08(16)Ü at 110 K; Figure 2.27]. The trans-influence of 

the pyridyl is displayed by the lengthening of the Re1-C2 bond compared to the 

Re1-C1 bond which is trans to the vacant site [Re1-C1 = 1.863(3) ¡ cf. Re1-C2 = 

1.927(4) ¡]. 

 

Figure 2.27: Solid-state structure of cationic fragment of [Re] collected at 110 K. Hydrogen 

atoms omitted for clarity and displacement ellipsoids displayed at 50%. Selected bond 

lengths and angles: Re1-P1 = 2.3845(10) ¡; Re1-P2 = 2.3841(9) ¡; P1-Re1-P2 = 155.34(4)Á; 

Re1-N1 = 2.150(3) ¡; Re1-C1 = 1.863(3) ¡; Re1-C2 = 1.927(4) ¡; C1-Re1-C2 = 85.08(16)Á. 
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[Re] was investigated with variable temperature SC-XRD studies between 110 K 

and 298 K. No disorder was found in the carbonyl ligands at 298 K (Figure 2.28) 

showing that the fluxional isomerisation process is not active in the solid-state. The 

crystallographic, solution NMR and infrared spectroscopic data are supported by 

computation as (periodic) DFT calculations show that the ground-state structure of 

[Re] is a square-based pyramidal complex which interconverts by a rocking motion. 

The energy barrier to this rocking transition state is 3.4 kcal mol-1 in solution but 

increases to 19.4 kcal mol-1 when calculated within the unit cell of [Re].  

 

 

Figure 2.28: Structure of {Re(tBu-PONOP)(CO)2}+ cation as determined by single crystal X-

Ray diffraction at 298 K. Hydrogen atoms omitted for clarity. A map of the residual electron 

density indicates no sign of positional disorder of the carbonyl environments in the solid-

state. 
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Similar to [Mn-CO] and [Mn-THF], [Re] exhibits a bicapped square prismatic 

arrangement of ten [BArF4]- around two crystallographically equivalent {Re(tBu-

PONOP)(CO)2}+ cations (Figure 2.29). The vacant site of the cation is at the ôsurfaceõ 

of this arrangement of anions, rather than in the centre. 

 

Figure 2.29: Approximately bicapped square prismatic arrangement of ten [BArF4]- anions 

around two cations found in the solid-state structure of [Re]. 

 

Interestingly, the electronically and coordinatively unsaturated rhenium complex 

has one short ReðC distance [Re1-C22 = 3.122(4) ¡] and a compressed Re1-P2-C22 

angle compared to the opposite Re1-P1-C7 angle [107.83(13)Ü vs 117.49(14)Ü; Figure 

2.30]. This could indicate a CðH agostic interaction50 present at the vacant site 

(ReāāāH distance not directly observed as hydrogen atoms not readily located in X-

Ray diffraction data due to the weak scattering power of hydrogen, hydrogen atoms 
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geometrically placed and allowed to ride on their parent atoms) as has been noted 

in previous work on close CðH approaches to metal centres.51 However, the solid-

state 13C{1H} CP MAS NMR (10 kHz, 298 K) and solution 1H NMR (CD2Cl2, 193 K) 

spectra are devoid of upfield resonances relative to the tBu methyl groups, which 

would be expected if an agostic interaction were present.50, 52, 53 Furthermore, 

Quantum Theory of Atoms in Molecules (QTAIM)54, 55 studies could not locate a 

ReāāāHðC bond path (Figure 2.31). DFT geometry optimisation [PBE//def-

ecp(Mn/Re)//6-31G**] of the isolated [Re(tBuPONOP)(CO)2]+ cation results in 

both ReðPðC bond angles becoming equivalent (113.9Ü) and the Re-C22 distance 

increasing to 3.43 ¡. It is therefore suggested that the contortion of the tBu methyl 

group towards the rhenium centre is not due to an agostic interaction, but due to 

steric pressure from the solid-state environment, which has been noted 

previously.56 

 

Figure 2.30: The ReðPðC angle is compressed, with one short ReāāāC contact [3.122(5) ¡] 

which could suggest the presence of an agostic interaction. 
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Figure 2.31: Molecular graph for the {Re(tBuðPONOP)(CO)2}+ cation. Intramolecular non-

covalent bond paths are shown with a dotted line, with bond critical points shown in green. 

Note that atomic labels differ from the rest of the text. QTAIM analysis54 was employed 

through the AIMALL program.57 

 

 2.2fiii. Attempted Synthesis of Ȓ-Dihydrogen Adducts of [Mn-

THF] and [Re] 

With the wealth of research on the synthesis of Ȓ-dihydrogen adducts of 

coordinatively unsaturated manganese58-60 and rhenium complexes61-65 it was 

reasoned that dihydrogen should react with [Mn-THF] and [Re] to yield readily 

accessible Ȓ-dihydrogen complexes. Treating a solution of [Re] in CD2Cl2 with H2 

(1 bar gauge, Scheme 2.13) lead to no reaction at room temperature as determined 

by 1H and 31P{1H} solution NMR spectroscopy. Cooling the sample to 193 K enabled 

observation of a small set of signals (~10% NMR yield) in the 1H solution NMR 
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spectrum which were consistent with formation of a Ȓ-H2 adduct: a broad resonance 

at ȃH -2.85; a new, poorly resolved tBu resonance at ȃH 1.39; and a new meta-PONOP 

resonance at ȃH 6.84 (Figure 2.32). Additionally, there is a new signal in the 31P{1H} 

solution NMR spectrum at ȃP 203.0 (cf. starting material ȃP 213.2). All the resonances 

assigned to the Ȓ-H2 complex were lost when the sample was warmed to 200 K. No 

reaction of [Re] with H2 was observed in the solid-state as determined by single-

crystal X-Ray diffraction. 

 

Scheme 2.13: Attempted synthesis of a Ȓ-dihydrogen adduct of [Re]. An NMR tube of [Re] 

in CD2Cl2 was back-filled with H2 (1 bar gauge) and analysed by solution NMR 

spectroscopy. A small conversion (~10%) was achieved at 193 K. 
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Figure 2.32: 1H solution NMR (500 MHz, 193 K, CD2Cl2) of the reaction of [Re] with H2 in 

CD2Cl2. The inset depicts a broad resonance at ȃH -2.85 which is assigned to the Ȓ-H2 adduct. 

The para-PONOP proton associated with the Ȓ-H2 complex is coincident with the ortho-

BArF4 resonance.  # denotes free H2, Ā denotes CD2HCl which is a solvent impurity and * 

denotes an unknown impurity. 

 

No reactivity was observed between [Mn-THF] and dihydrogen under a range of 

pressures in solution or in the solid-state. In solution, THF is in a significant excess 

compared to dissolved H2 and therefore must outcompete the H2 for binding at the 

transient vacant site. In the solid-state, THF may bind more strongly to the 

manganese centre than H2, or the activation barrier of decoordination of THF in the 



Chapter 2 ð In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic 
Group 7 Pincer Complexes 

 

133 
 

solid-state, followed by THF egress from the crystals, is too high for reactivity to be 

observed.  

 2.2g. Lattice Adaptivity Induced by Solid/Gas Reactions of [Mn-

THF] and [Re] 

 2.2gi. Solid-State Reactivity of [Mn-THF] with Carbon 

Monoxide 

Addition of CO (1 bar gauge) to crystalline samples of [Mn-THF] (Scheme 2.14) 

causes the material to change in colour from bright yellow to colourless (Figure 

2.33). It is immediately obvious that the reaction is diffusion controlled as larger 

crystals react far slower (days to weeks) than finely ground material (28 hours, as 

determined by solid-state 31P{1H} CP MAS NMR spectroscopy, vide infra). The 

reaction is a disintegrative solid-state reaction as the crystals are internally 

shattered, as seen in the scanning electron microscopy (SEM) images before and 

after CO addition, which show significant cracking on a Õm scale (Figure 2.34). The 

internal fracturing of the crystals leaves behind smaller crystalline domains (~50 

Õm), as shown by SEM, which are far too small to be suitable for SC-XRD studies. 

The reaction was repeated on a range of crystal sizes (0.1 mm3 to 2 mm3) as smaller 

crystals have been shown to be less susceptible to cracking under solid/gas 

reactions,11, 66 however all attempts at finding suitable material for SC-XRD studies 

from this reaction failed.  



Chapter 2 ð In-Crystallo Lattice Adaptivity Triggered by Solid/Gas Reactivity of Cationic 
Group 7 Pincer Complexes 

 

134 
 

 

Scheme 2.14: In-Crystallo reaction of microcrystalline [Mn-THF] with CO to form [Mn-CO]. 

The time of this reaction is highly dependent on crystallite size, with macrocrystalline 

samples requiring days to weeks. 

 

Figure 2.33: Optical microscopy image under plane polarized light of crystals of [Mn-THF] 

before (left) and after (right) exposure to CO (1 bar gauge, 48 hours). The colour change 

from yellow to colourless is clearly observed. Larger crystals remain yellow at the centre, 

indicating the reaction is diffusion ordered. Post-exposure to CO crystals can be seen to be 

extensively cracked internally. 
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Figure 2.34: Scanning Electron Microscopy (SEM) images of [Mn-THF] before (A) and after 

(B) exposure to CO (1 bar gauge, 28 hours). The surfaces of the crystals are smooth and well 

defined before exposure to CO. After exposure, splintering and cracking of the crystal is 

clearly observed. 

 

The solid-state 31P{1H} CP MAS and 13C{1H} CP MAS NMR spectra (10 kHz, 298 K) 

show that the reaction quantitatively forms [Mn-CO] in the solid-state (Figure 2.35). 

The resonances remain sharp after the reaction indicating that the reaction 

maintains short-range order. The same pattern of peaks from two 

crystallographically independent 31P environments, their respective trans-coupling 

and the 55Mn-31P quadrupolar coupling found in [Mn-CO], showing local 

symmetry is retained in the 31P{1H} CP MAS NMR spectrum. Dissolution of the 

product of this reaction into CD2Cl2 shows the clean formation of [Mn-CO], and 

liberation of free THF and hexane by 1H and 31P{1H} NMR spectroscopy. 
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Figure 2.35: Solid-state 31P{1H} CP MAS NMR (10 kHz spin rate, 298 K) spectra of [Mn-THF] 

(bottom) and [Mn-CO] (top) formed by addition of CO (1 bar gauge, 28 hours) to [Mn-THF] 

in the solid-state. The inset depicts the isotropic chemical shift resonance (denoted ȃ). * 

denotes spinning side bands. 

 

 2.2gii. Microcrystal Electron Diffraction Studies 

Microcrystal Electron Diffraction (MicroED) is a structure elucidation technique 

which utilises electrons, rather than X-Rays or neutrons.67 Electrons interact with 

chemical matter much stronger than X-Rays or neutrons, meaning extremely thin 

crystalline samples are required (< 500 nm depth)68 to allow for the electrons to pass 

through the sample. This has benefits where macroscopic crystals suitable for SC-

XRD analysis cannot be obtained, which was first applied to protein 
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crystallography. 7, 69-71 Since then, MicroED methods have been utilised in 

organometallic and main group chemistry to structurally characterise Schwartzõs 

reagent ([{Cp2ZrCl}2(ȋ2-H)2]),72 a copper-carborane cluster,73 and a rhodium Ȓ-

alkane complex (Figure 2.36).74 

 

Figure 2.36: Organometallic complexes structurally characterisated by MicroED methods. 

Left: Schwartzõs Reagent.72 Middle: A copper-carborane tetramer.73 Right: A Rh(I) Ȓ-alkane 

complex.74 

 

The SEM images of [Mn-THF] exposed to CO showed small crystalline domains 

remaining among a fractured crystal. Therefore, it was hypothesised that the loss in 

ômacroscopicõ long-range order on X-Ray diffraction regimes could be 

circumvented through MicroED methods.  

A microcrystalline sample of [Mn-THF] was reacted with CO (1 bar gauge) for 28 

hours and deposited onto Quantifoil Cu R2/4 transmission electron microscopy 

(TEM) grids in an Ar-filled glovebox. The TEM grids were analysed by MicroED 
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methods72-75 (Figure 2.37). Eight independent datasets collected from regions of 

fractured crystallites (1ͯ Õm3, Figure 2.37) were merged to give 95.3% completeness 

with 0.83 ¡ resolution. The MicroED data confirms the substitution of the THF 

ligand with CO at the metal centre (Figure 2.38). The data and model statistics are 

standard for electron diffraction data72-74 (Rint = 17.48%, R1 = 15.14% and wR2 = 

40.84%).  

 

Figure 2.7: Microcrystal Electron Diffraction methods were used to structurally characterise 

the products of the reaction of [Mn-THF] with CO in the solid-state. A) ATLAS view of a 

larger crystallite, imaged by TEM. B) TEM image of a cracked edge of the larger crystallite 

from A, which was analysed by MicroED. C) Example diffraction frame from the MicroED 

analysis. Diffraction peaks are present out to 0.83 ¡. 
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Figure 2.38: Solid-state structure of [Mn-CO], synthesised by addition of CO (1 bar gauge, 

28 hours) to [Mn-THF] in the solid-state, as determined by MicroED methods. Hydrogen 

atoms are omitted for clarity. Displacement ellipsoids displayed at 50%. 

  

Also evident within the solid-state structure are significant changes in the 2Á 

microenvironment and 3Á periodic structure. The transformation is associated with 

a space group change from P 21/n to P 1ŀ , the unit cell volume is reduced by 

approximately 11% {[Mn-THF]: Z = 4, V = 6306.0(2) ¡3; [Mn-CO]: Z = 2, V = 

2835.6(3) ¡3; Table 2.3} and the THF ligand and co-crystallised hexane are lost. The 

solid-state structure of [Mn-THF] showed that the THF ligand was encapsulated 

within a cleft formed by a neighbouring [BArF4]- anion (Figure 2.22). The 
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substitution of the THF ligand in [Mn-CO] causes this [BArF4]- anion to ôswingõ in 

and reorientate (Figure 2.39). In [Mn-THF] the cations were orientated in a 

herringbone formation perpendicular to the crystallographic c-axis (Figure 2.40). 

The cations are rearranged into a parallel formation perpendicular to the 

crystallographic a-axis in the product (Figure 2.40). This dramatic transformation is 

likely largely responsible for the extreme fracturing of the crystals during the 

reaction. Additionally, the loss of lattice hexane and bound THF from the 

crystallites, as well as the large energy release from the reaction may play a part in 

crystal degradation. It is proposed that, despite the extensive restructuring of the 

material, the fluorus groups on the [BArF4]- anion is responsible for providing 

sufficient plasticity for crystallinity to be maintained on a microscopic scale. 

 

Table 2.3: Comparison of selected crystallographic parameters between [Mn-THF] and 
[Mn-CO]. 

 [Mn-THF] [Mn-CO] 
(MicroED) 

[Mn-CO] 
(Recrystallised, SC-

XRD) 
Temperature 
(K) 

150.00(10) 80(2) 149.95(10) 

Crystal System Monoclinic Triclinic Triclinic 
Space Group P 21/n P 1ŀ P 1ŀ 

Z 4 2 2 
a, b, c (¡) 19.6838(4), 

23.8631(6), 
13.4251(3) 

13.0245(6), 
14.1722(9), 
17.0849(12) 

12.9543(6), 14.1111(6), 
17.0692(8) 

Ȁ, ȁ, Ȃ (Á) 90, 90, 90 105.823(5), 
106.400(5), 
97.542(5) 

105.704(4), 106.445(4), 
97.358(4) 

Volume (¡3) 6306.0(2) 2835.6(3) 2809.2(2) 
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Figure 2.39: Rearrangement of [BArF4]- anion motifs from [Mn-THF] (left) to [Mn-CO] 

(right). The THF ligand (blue) is located in a cleft of ArF rings in [Mn-THF]. The 

neighbouring [BArF4]- anion reorientates in [Mn-CO]. 

 

Figure 2.40: Rearrangement of the 3Á periodic structure from a herringbone-type 

arrangement in [Mn-THF] (left) to a parallel arrangement in [Mn-CO] (right). Cationic 

components are represented as purple spheres of arbitrary radius. 
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 2.2giii. Solid-State Reactivity of [Re] with Carbon Monoxide 

In a similar fashion to [Mn-THF], addition of CO (1 bar gauge) to [Re] (Scheme 2.15) 

causes the sample to change from deep red crystals, to colourless over 4-5 hours. 

Full completeness of this reaction occurs over approximately 24 hours, as 

determined by solid-state NMR spectroscopy. This example is also a disintegrative 

reaction, with significant degradation of crystalline integrity. In contrast to the 

example of [Mn-THF], the crystalline integrity degradation is not from internal 

fracturing of the crystals, but the surfaces fragment into microcrystalline material, 

which could be observed by optical microscopy (Figure 2.41). Unfortunately, high 

resolution SEM images could not be obtained for the material either before or after 

the reaction due to high electron beam sensitivity of the samples.  

 

Scheme 2.15: In Crystallo reaction of [Re] with CO to form [Re-CO] in the solid-state. 

 

Figure 2.41: Optical microscopy images of [Re] (left) and [Re-CO] (right) formed by 

addition of CO (1 bar gauge, 5 hours) to [Re] in the solid-state. The surfaces of [Re-CO] 

formed through this reaction have fragmented into a microcrystalline material. 
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Despite the surface fracturing and degradation of crystalline integrity, internal 

long-range order was retained, and structural analysis was achieved using SC-XRD, 

which confirms the formation of [Re-CO] (Figure 2.42). The SCSC transformation 

and crystalline integrity degradation is associated with only a modest impact on the 

data and model statistics compared to that found for [Re] ([Re]: Rint = 4.01%, R1 = 

4.07%, wR2 = 10.63%; [Re-CO]: Rint = 8.89%, R1 = 5.35%, wR2 = 14.60%). The 

coordination of CO to the vacant site of [Re] to produce [Re-CO] causes the tBu 

methyl group which is in close proximity to the Re centre in [Re] to be thrust away 

from the metal and the ReðPðC angle to be opened [ReðC distances range 3.847(4) 

ð 4.119(8) ¡, Re1-P2-C21 = 119.4(4)Ü]. The axial carbonyl ligands are distorted from 

co-linear [C1-Re1-C3 = 163.5(2)Ü] and tilted towards the equatorial carbonyl [C1-

Re1-C2 = 80.5(2)Ü, C2-Re1-C3 = 83.0(2)Ü]. 
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Figure 2.42: Solid-state structure of [Re-CO]. Hydrogen atoms omitted for clarity. 

Displacement ellipsoids displayed at 50%. Selected bond lengths and angles: Re1-P1 = 

2.4177(3) ¡; Re1-P2 = 2.4212(13) ¡; P1-Re1-P2 = 153.65(5)Á; Re1-N1 = 2.172(4) ¡; Re1-C1 = 

1.977(6) ¡; Re1-C2 = 1.942(6) ¡; Re1-C3 = 2.024(5) ¡; C1-Re1-C2 = 80.5(2)Á; C2-Re1-C3 = 

83.0(2)Á. 

 

No change in space group is observed in the SC-XRD data for [Re] compared to 

[Re-Br] (P 1ŀ), and only a modest change in the 3Á periodic structure is noted. The 

single-crystal X-Ray data for [Re-CO] exhibits no space group change occurs (P - 1) 

and a very modest change in the 3Á periodic structure is observed (Figure 2.43). The 

unit cell parameter changes are far smaller than that observed in the transformation 

of [Mn-THF] to [Mn-CO] (Table 2.4), which is expected based on the smaller 

change at the 1Á coordination site and the related impact on the 2Á 

microenvironment and 3Á periodic structure. A slight movement of the three 












































































































































































































































































