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Abstract

This thesis presents the synthesis and characterisation of a range of cobalt(l) and
cobalt(ll) complexes of narrow bite angle bis(diphenylphosphino)amine-type (‘PNP’) and
associated ligands.

Chapter 1 outlines the importance of bite angle in the coordination chemistry and
reactivity of cobalt complexes, with particular emphasis on ‘PNP’ and related ligands.

Chapter 2 describes the synthesis of an array of ‘PNP’ and associated ligands and
their corresponding phosphine selenides.

Chapter 3 presents the coordination chemistry of ‘PNP’ and ‘PCNCP’ ligands with
[(MeCN),PdCl;]. The reactivity of [{Ph(CH2);N(PPh3);}PdCl;] with MeOH (affording
[(PhCH2CH2NHPPh2)(MeOPPh2)PdCl])  and  [{Py-0-(CH2)aN(PPh2)2}PdCl]  with
trifluoroacetic acid (affording [(H-Py-o-(CH2):N(PPh3)2)PdCl;][CF3CO;]) as well as CoCl,
and [N(n-Pr)4]Cl (affording [N(n-Pr)a][({ClsCo}Py-0-(CH2):N(PPh,)2)PdCl]) is probed.

Chapter 4 discusses the coordination of ‘PNP’ ligands with CoX; (X = Cl, Br, and I), in
particular  describing the formation of zwitterionic (e.g., [CoX(Py-o-
(CH2)2N{PPh,}2)({X3Co}Py-0-(CH2)2N{PPh,},)]) or ionic (e.g.,
[CoX(Ph(CH2)2N{PPh3}2)2]2[C02Xs]) complexes. The pathway to zwitterionic cobalt(ll)
complexes via an ionic cobalt(ll) complex formed in situ is verified through the synthesis
of [CoBr(Ph(CH2)2N{PPh3},)2][PyCoBr3] obtained from reacting
[CoBr(Ph(CH2)2N{PPh3},)2]2[Co2Bre] with pyridine.

Chapter 5 outlines the synthesis and zinc reduction of cobalt(ll) complexes
[CoBr(‘PNP’)2][BArf4] to afford cobalt(l) complexes of the form [Co(‘PNP’)2][BArfs].
Attempts at other strategies to access cobalt(l) complexes, as well as the reactivity of
Py-0-(CH2)2N(PPh3); and Ph(CH3):N(PPh;), with ZnBr,, are presented.

Chapter 6 explores the reactivity of [Co{Ph(CH2):N(PPh).}.][BArf4] with ethylene,
CO and Hy, and describes the formation of [Co{Ph(CH)2N(PPh2),}2(n?-CH2CH2)][BArfa],
[Co{Ph(CH3)2N(PPh>),},CO][BArF4] and an equilibrium mixture of
[Co{Ph(CH2)2N(PPh;)2}2(n2-H2)1[BArfs]  and  [Co{Ph(CH.)2N(PPh2).}2(cis-(H)2)1[BArF4],
respectively (primarily studied by 3'P{*H} NMR and computational studies).

Chapter 7, Chapter 8 and the Appendices contain all experimental details,

conclusions and future outlook, and supplementary information, respectively.
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Chapter 1 — Introduction

The main aim of this work is to gain an understanding of the effect of ligands with < 90°
bite angles on the structure and reactivity of cobalt complexes. Hence, this thesis
explores aspects of the fundamental coordination chemistry of narrow bite angle ‘PNP’
ligands (RN{PPh.},, where R = alkyl, aryl, etc.,) and associated analogues (i.e., ‘PCNCP’,
‘SPNP’ and ‘SPNPS’) with cobalt using a combination of synthetic, spectroscopic and
computational approaches. Subsequently, the reactivity of synthesised ‘PNP’ cobalt
complexes with activated zinc and gaseous substrates (ethylene, carbon monoxide and
dihydrogen) is probed. The synthesis of zinc and palladium complexes of ‘PNP’ ligands is
also presented. The overarching theme of Chapter 1 is a discussion of the importance
of bidentate ligand bite angle in metal complex reactivity. An overview of the use of low
valent cationic diphosphine cobalt(l) complexes in catalysis and a summary of the

fundamental chemistry established in relation to ‘PNP’ ligands are also presented.

1.1 An Overview of Ligand Bite Angle

The bite angle (B, a), Figure 1.1) is the angle subtended at the metal between the two
coordinating donors of chelating ligands in metal complexes. This angle has significant
effects on metal complex reactivity and the subsequent application of metal complexes
as catalysts by altering reaction selectivity and catalytic activity. Preferences for
geometries adopted by (and accessible to) metal complexes are dictated by the bite
angle of the chelating ligand as the bite angle is heavily dependent on the nature and
number of atoms in the backbone between the donor atoms. The ability of a ligand to
enforce specific bite angles enables access to reaction pathways through the

stabilisation of particular metal complex geometries present in the initial, transition and
final states, as well as in intermediates in catalytic cycles.> =7

AU )
a) b) S P\ c) ‘ s M~
%7 QY ) ’. Qi.- O @ .

Increasing Bite Angle

Figure 1.1. a) the bite angle of (P,P)M; b) natural bite angle of (P,P)M; c) the steric bite angle effect, increasing with
increasing bite angle, where black spheres represent phosphorus substituents.*



For diphosphine complexes, the P-M-P angle (a), Figure 1.1) is often measured from
solid-state structures of complexes determined by XRD analysis, but increasingly the
bidentate ligand bite angle is also being determined computationally. For example, the
natural bite angle, Bn, as defined by Casey and Whiteker® (b), Figure 1.1), is computed
using molecular mechanics by placing the phosphine donor at an average distance (e.g.,
2.315 A for M = rhodium)? away from a “dummy” metal centre (necessary to ensure the
phosphorus atom lone pairs are orientated in the correct direction).2®° B, is defined as
the preferred chelation angle determined not by metal valence angles, but only by the
ligand backbone, i.e., dependent only on ligand sterics and not electronic considerations
imposed by the metal centre.? In reality, the determined P-M-P angle 8 is a compromise
between the P-M-P angles preferred by the metal centre (determined by the metal
valence orbitals, generally d-orbitals, involved in the P-M bond molecular orbitals) and
the ligand (determined by steric repulsion arising from the phosphorus substituents and
the backbone, and geometric constraints arising from the ligand backbone).%?

Two effects can be observed in a series of related metal complexes stemming from
the influence of the P-M-P bite angle: the steric bite angle and the electronic bite angle
effects.? The steric bite angle effect (c), Figure 1.1) is observed for a series of bidentate
diphosphine ligands with the same phosphorus substituents, but with different ligand
backbones.? Bidentate ligands with wider bite angles can be regarded as being more
sterically demanding, occupying more of the coordination sphere around the metal
centre and exerting more steric repulsion upon other ligands or substrates coordinating
at the metal centre.? The electronic bite angle effect is orbital in origin as the P-M-P
angle determines metal orbital energies as a result of metal hybridisation.® As a result,
a particular P-M-P angle electronically favours and stabilises a preferred geometry,
which is exhibited by the complex. For example, square planar and tetrahedral
complexes prefer ligands with bite angles of approx. 90° and 109.5°, respectively.!

The P-M-P angle can also impact the structures of obtained complexes. For example,
diphosphines 'Pr,P(CH2)xP'Pr, with x = 4 have enough flexibility to reduce the statistical
likelihood of chelation,!! allowing instead for the formation of bridged bimetallic
complexes, for example 1.2 (Figure 1.2), a structure that is quite different to that of
complex 1.1 (Figure 1.2) containing two bidentate 'Pr,P(CH2)«P'Pr; ligands with x = 2.1

In contrast, rigid linkers can be used in order to achieve chelation with large bite angle



ligands, something well-established for ligands such as Xantphos and DPEphos (Figure

1.2).2
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Figure 1.2. Structures of complexes 1.1 and 1.2,* and of so-called “wide bite angle” diphosphine ligands Xantphos
and DPEphos.?

1.1.1 Low Valent Cationic Diphosphine Cobalt Complexes in Catalysis

The effect of the P-M-P angle upon catalyst selectivity in a range of metal complex-
mediated reactions is well-established. For example, complexes 1.3 — 1.6 have been
utilised as pre-catalysts, in combination with MesAl, to afford catalytically active cationic
cobalt(ll) species (believed to be [(PAP)CoH]*), active for the hydrovinylation of 1,3-(E)-
nonadiene.'? The systems incorporating diphosphine ligands with larger bite angles, i.e.,
n = 2, 3, 4, afforded almost exclusively the 4,1-(Z)-diene 1.7, whereas the derivatives
with smaller bite angle diphosphines, i.e., n = 1, gave mostly 2,1-(E)-diene 1.8 (Scheme
1.1).22

ha 1.3(n=1)

P
Cl
n N /S 14 (n=2)
) zé /CO\‘ Yoin-4 i\) /\j\
Ph 1.6 (n=4) +
N : > CsH4 Z CsHyy N\

1
Me,Al, .~ (1 atm), —20 °C
1.7 (4,1-(2)-product 1.8 (2,1-(E)-product
5 mol% Co, Al/Co = 3 (4,1-(2)-product) (2,1-(E)-product)

CH,Cl,:Toluene (4:1)

CsHy

Scheme 1.1. Major products 1.7, 4,1-(Z)-product, when n = 1, and 1.8, 2,1-(E)-product when n = 2, 3, or 4, of the
hydrovinylation of 1,3-(E)-nonadiene.*?

Complexes 1.3 — 1.6, in combination with MAO (or activated zinc and NaBArf,), have

also been used as pre-catalysts for the hydroboration of 1,3-(E)-nonadiene.'* The



catalytic system, using MAO, with complex 1.3 (n = 1, smallest bite angle) provided 82%
regioselectivity for compound 1.10 in 4 hours (1.9:1.10:1.11 of 6:82:12), whereas the
catalytic system with complex 1.5 (n = 3, i.e., a larger bite angle) afforded compound 1.9
with 95% regioselectivity in 15 minutes (1.9:1.10:1.11 of >95:5:0), further evidencing
the impact that bite angle can have upon reactivity (a), Scheme 1.2).13 The catalytic
system incorporating complex 1.5, alongside activated zinc and NaBArF,, still affords
compound 1.9 as the major product, but only with 82% regioselectivity (1.9:1.10:1.11 of
82:14:4), with the proportion of compound 1.11 (isomerisation product) increasing with
time.!3 Activation of complex 1.5 with zinc (in the absence of NaBArf;) and subsequent
reaction with 1,3-(E)-nonadiene did not result in any reaction, but utilising NaBAr; (in
the absence of zinc) again afforded compound 1.9 as the major product (1.9:1.10:1.11
of 82:13:5), with a cationic cobalt(l) catalyst presumably being produced through HBPin
serving as a reducing agent.® Synthesis and catalytic application of isolated cobalt(l)
complex 1.12 (b), Scheme 1.2) with NaBArf, resulted in compound 1.9 being afforded
as the major product (1.9:1.10:1.11 of 83:14:3) in a 5 minute reaction. The role of a
cationic cobalt(l) species in the catalytic hydroboration process (Scheme 1.2) was
verified by the observation that utilising complex 1.12 in the absence of NaBArf, resulted

in no reaction.’3

Pha 13 (n=1) N~ BRI CSH11—\IBPin
N r\é g 14(=2)  CsHu —
7 el 1.5(n=3) 1.9 (1,2-adduct) 1.10 (1,4-adduct)
a) N\ Ph, 1.6 (n=4) .

. e CsHﬂ BPin
MAO (2 equiv.) or Zn (1 equiv.) / + _\_/_
CsHy

NaBArF, (0.1 equiv.) _—
HBPin, 5 mol% Co, Ether, 25 °C 1.11 (Isomerisation Product)

PPh,
e

Ph, ciPh,

Phz by s
b) 2NN “co”
A
Ph, \j
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Scheme 1.2. a) major products 1.9, 1,2-product when n = 3 and 4, and 1.10, 1,4-product whenn=1and 2, and
isomerisation product 1.11 for the hydroboration of 1,3-(E)-nonadiene; b) structure of complex 1.12.3

The cationic cobalt(l) complex generated from the reduction of complex 1.13 (Scheme
1.3) with activated zinc, in the presence of NaBArF,, has been identified to be the active
species for enantioselective heterodimerisation of acrylates and 1,3-dienes.'*> The

proposed catalytic mechanism (Scheme 1.3) is supported by a detailed kinetic study that



found reaction rate orders with respect to the catalyst, 2,3-dimethylbutadiene and
methyl acrylate, are first, first and zeroth order, respectively.!* The observation of an
induction period was also confirmed by stirring complex 1.13 (Scheme 1.3), zinc and
ZnBr, before the addition of methyl acrylate and 2,3-dimethylbutadiene. An initial
activation time of 5 minutes is observed during which only a slow decrease in the alkene
substrate concentration occurs.'® It is proposed that this is due to incomplete catalyst
activation, i.e., production of A (Scheme 1.3) not taking place until after 5 minutes of

reaction.

(-hydrlde Elimination

Migratory Insertion

[(dppp)(S)Co]*
A

12n 2

(dppp)(S)Co

-

(dppp)CoLir,
1.13

Scheme 1.3. Proposed catalytic cycle for the cobalt-dppp complex catalysed heterodimerisation reaction of methyl
acrylate and 2,3-dimethylbutadiene. NB. S = solvent, Co = [(dppp)Co]* and dppp =1,3-
bis(diphenylphosphino)propane.*

The role of a cobalt(l) species in the catalytic cycle shown in Scheme 1.3 has been
elucidated spectroscopically. Comparison of the UV-Vis spectra of a stirred mixture of
complex 1.13, zinc and ZnBr; (i.e., the reaction used for in situ catalyst generation) over
a period of time revealed that the absorbance of bands characteristic of cobalt(l) species
(namely at 740 nm and a broad band above 900 nm) increased up until 240 minutes
after initial mixing.'* It was shown that the cobalt(l) complex must be cationic by running
two parallel reactions; one reaction included (dppp)CoBr (isolated from the reduction
of complex 1.13 with zinc), methyl acrylate and 2,3-dimethylbutadiene, and the other
reaction included (dppp)CoBr, methyl acrylate, 2,3-dimethylbutadiene and ZnBr,. Only

the reaction containing (dppp)CoBr, methyl acrylate, 2,3-dimethylbutadiene and ZnBr;



showed conversion of the alkene substrates to the desired product.** Hence, it is implied
that a cationic cobalt(l) complex is the active species for heterodimerisation (and related

catalytic processes), since the role of ZnBr; is to generate a cationic cobalt(l) complex.

1.1.2 Importance of Bidentate Ligand Bite Angle in Cobalt Complex
Coordination Chemistry

Systematic variation in the P-M-P bite angle can result in drastic changes in the structure
of metal complexes. For example, utilising acute bite angle ligands can result in metal
complexes exhibiting unique coordination chemistry. lonic complexes of the form
[CoX(dppe)2]2[X3Co-dppe-CoXs] (where X = Cl, Br, |, Figure 1.3) are obtained upon

16 with the cationic cobalt(ll) centre having a trigonal

reaction of CoX; with dppe,
bipyramidal (1.14) or square-based pyramidal (1.15) geometry (Figure 1.3). The
structures of complexes 1.14 and 1.15 differ significantly from the structure of complex
1.4 proposed in Scheme 1.1/1.2. In contrast, the neutral molecular structure
[(dppp)CoCl;] is obtained upon reaction of dppp (with a larger natural bite angle than
dppe) with CoCl,,'’ agreeing with the structure of complex 1.5 proposed in Scheme
1.1/1.2. The differing regioselectivities outlined for the catalytic processes described in
Scheme 1.1/1.21213 are likely implications of the differing geometries around the cobalt

centre and structure types of the pre-catalyst species [CoX(dppe):]2[X3Co-dppe-CoXs]

and [(dppp)CoCl;] (and analogously for the catalytically active species).

® 20 ® 20
Ph, X PhX  Ph, X
| wPPh Ph CouX "Co Ph CouX
X—Co:"" N2 2 Go=x C o0 ) 2 FO~X
| YRPhy| | X~co N\ Ph, B Bl |Xco N\ Ph,
Ph, \) \ 2 2 \
2 X 2 X
1.14 1.15

Figure 1.3. Structures of complexes 1.14 and 1.15, where X = Cl, Br and | for complex 1.14 and X = Br and | for
complex 1.15.%6

A comparison of the structures of complexes 1.16,'® 1.17,*° 1.182°/1.19%! and 1.21 —
1.27?122 shows that increasing the bite angle in a series of ligands ranging from ‘PNP’ in
complex 1.16, ‘PCNCP’ in complexes 1.17 — 1.19, to ‘PCCNCCP’ in complexes 1.21 — 1.27
results in a significant change in the structure of the associated cobalt complexes (Figure
1.4). Zwitterionic complex 1.16 (with a distorted trigonal bipyramidal cationic cobalt(ll)

centre, with two equivalents of diphosphine coordinating, and a distorted tetrahedral



anionic cobalt(ll) centre) is obtained from the 1:1 reaction of CoCl, with acute bite angle
‘PNP’ ligand MeS(CH2)sN(PPhy),. In contrast, neutral [(PAP)CoX,] complexes 1.21 — 1.27
(with distorted tetrahedral cobalt(ll) centres) are afforded from the 1:1 reactions of CoX;
(X=Cl, I) with large bite angle ‘PCCNCCP’ ligands. This suggests that the acute bite angle
of ‘PNP’ ligands promotes zwitterionic complex formation. In contrast, the larger bite
angle of ‘PCCNCCP’ ligands disfavours this, instead preferring neutral cobalt(ll)
complexes of the form [(PAP)CoX,]. However, both zwitterionic (complex 1.17) and
neutral (complexes 1.18 and 1.19) cobalt(ll) halide complexes are accessible from the
1:1 reactions of CoX; (X = Cl, 1) with ‘PCNCP’ ligands (Figure 1.4), suggesting that ‘PCNCP’
ligands have an intermediate bite angle that can support both types of cobalt(ll)
complex. Hence, unique cobalt complex structures can be achieved using acute bite
angle ‘PNP’ ligands (including co-crystal 1.20),2% although elucidation of the exact

reasoning requires further study.
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Figure 1.4. Structures of complexes 1.16 — 1.19 and 1.21 — 1.27, and co-crystal 1.20.18-23

1.2 An Overview of ‘PNP’ ligands

As highlighted in Section 1.1.1 — 1.1.2, cobalt complexes with acute bite angle
diphosphine ligands exhibit unique reaction selectivity when utilised as pre-catalysts in

catalytic processes!?3

and unique coordination chemistry compared to their larger bite
angle analogues.’®~23 Hence, metal complexes containing acute bite angle diphosphine
ligands are interesting targets for further study. Complex 1.16* and co-crystal 1.20%3

(Figure 1.4) contain acute bite angle ‘PNP’ ligands (bis(diphenylphosphino)amine



ligands, i.e., 1.28 in Scheme 1.4) which have been identified as a suitable ligand scaffold
for future investigation. ‘PNP’ ligands are easy to synthesise (although incorporation of
sterically demanding motifs on the bridging N-atom can be synthetically challenging)
from cheap, readily available amine and chlorophosphine starting materials (Scheme
1.4). ‘PNP’ ligands are also readily structurally tuneable through variation of ligand

substituents (on the amine and chlorophosphine starting materials).!824-30

Et; (excess) R
2 PPhyCl + RNH, STT’ | +2 NEtgHC
Ph,P” “PPh,
1.28

Scheme 1.4. Generic synthesis of ‘PNP’ compounds.
‘PNP’ ligands feature prominently in the literature due to the unique steric and
electronic properties they offer, combined with the constrained coordination
geometries they confer as a result of their acute bite angle.! ‘PNP’ metal scaffolds
evidence a range of coordination modes, including bridging (dashed box, Scheme 1.5)%
and chelating®>?%?7 (containing one,?* e.g., complex 1.30,%¢ or two,?’ e.g., complex 1.31,

chelate rings at the same metal centre), exhibited with a variety of transition metals.?®
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Scheme 1.5. Synthesis of complexes 1.30 — 1.33 and 1.16.1826:27.29,30



Polynuclear complexes (e.g., complex 1.16),*® and coordination polymers (e.g., complex
1.33),%° shown in Scheme 1.5, are accessible with ‘PNP’ ligands containing a nitrogen
substituent with an additional coordinating heteroatom, e.g., R’ = (CH;)3sSMe in 1.28
(Scheme 1.4). Complex 1.32 (Scheme 1.5) contains two chromium(lll) metal centres in
the same environment,3® with analogous complex 1.34 (Figure 1.5) being utilised as a
pre-catalyst by Sasol for ethylene oligomerisation. This catalyst system affords Cs olefins
with 68.3% selectivity and a productivity of 272400 g/g Cr/h at 45 bar, 45 °C alongside
300 equivalents of MAO.3! Indeed, various ‘PNP’ metal complexes have been employed
for an array of catalytic applications. For example, palladium(ll) complexes are utilised
for Suzuki-Miyaura coupling,3? rhodium(ll) and ruthenium(ll) complexes have been used
for transfer hydrogenation of ketones,> and chromium(lll) and nickel(Il) complexes are

well-established as effective catalysts for ethylene oligomerisation.31,33-38
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Figure 1.5. Structure of complex 1.34.31

1.2.1 An Overview of ‘SPNP’ and ‘SPNPS’ ligands

Modification of the ‘PNP’ scaffold, for example to produce ‘SPNP’ and ‘SPNPS’ ligands,
leads to variation in bite angle, ligand donor atoms available to coordinate at the metal
centre, and, accordingly, the structure of obtained metal complexes. ‘SPNP’ and ‘SPNPS’
compounds are synthesised by reacting the parent ‘PNP’ compound with either /g or
1/, equivalents of Sg, respectively,?6:3949 as shown in Scheme 1.6 for parent ‘PNP’ 1.35.4!
The palladium complexes of ‘SPNP’ compound 1.36 and ‘SPNPS’ compound 1.37,
complexes 1.38 and 1.39, respectively, evidence the expected k?-P,S and k%-S,S

coordination modes, respectively.
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Scheme 1.6. Synthesis of compounds 1.36 (‘SPNP’) and 1.37 (‘SPNPS’) and their corresponding palladium complexes
1.38 and 1.39, respectively.*

The reactions of the ‘SPNP’ and ‘SPNPS’ derivatives of compound 1.29 (Scheme 1.5) with
(DME)NICl,, however, do not necessarily proceed as would be expected.?63° Compound
1.41 could not be obtained in a pure form due to formation of about 30% of compound
1.40 during the synthesis of compound 1.41 (Scheme 1.7).2 Hence, compound 1.41 was
generated in situ for the synthesis of complexes 1.42 and 1.43. Excess compound 1.40
was removed from the crude mixture of complexes 1.42 and 1.43 by washing with
toluene, implying (as study of the reaction of compound 1.40 with (DME)NICl; is not
reported)?® that compound 1.40 did not react with (DME)NiCl, (a), Scheme 1.7).
Compound 1.41 reacts with (DME)NiCl, to afford complex 1.42 (P-Ni-P = 94.12(6)°, cf.
73.69(3)° measured for complex 1.30, Scheme 1.5)?° as evidenced by a solid-state
structure. Complex 1.42 is in an equilibrium in solution with complex 1.43 (b), Scheme
1.7); complex 1.43 is afforded through reversible ligand exchange of compound 1.29
(MeS(CH2)sN(PPh;)2) and chloride migration. An analogous equilibrium is not observed

for complex 1.30, which is found to be stable in solution.?6:3?
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Scheme 1.7. a) attempted reaction of compound 1.40 with NiCl,(DME); b) reaction of compound 1.41 with
NiCl,(DME) producing complexes 1.42 and 1.43 in equilibrium.2®

1.3 Summary

The bite angle (f) is the angle subtended at the metal between the two coordinating
donors of chelating ligands in metal complexes. Acute bite angle cobalt diphosphine
complexes exhibit unique catalytic reaction selectivity (Section 1.1.1)2'3 and
coordination chemistry (Section 1.1.2)'81° relative to their large bite angle analogues.
‘PNP’ ligands are an example of an acute bite angle ligand structurally related to dppm,
H,C(PPh;)2, with their synthesis and vast coordination chemistry featuring prominently
in the literature.?* =38 The ‘PNP’ ligand scaffold can be modified to produce ‘SPNP’ and
‘SPNPS’ ligands, leading to changes in ligand bite angle, the nature of the donor atoms,
and coordination chemistry relative to their ‘PNP’ analogues.?®3°~41

Cobalt has been selected as the primary metal of choice for the work presented in
this thesis as low valent cationic cobalt(l) species have been utilised for a range of
catalytic  applications, including [2+2] cycloadditions,*>  hydrovinylation,*?
hydroalkenylation,*? alkene coupling,** hydroacylation,* and hydrogenation.*® The low
valent cationic cobalt(l) species employed for the aforementioned applications all have
relatively large P-Co-P bite angles due to there being at least two atoms in the backbone
between the two phosphorus donor atoms. However, the application of low valent

cationic cobalt(l) diphosphine species containing acute P-Co-P bite angle ligands in
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catalytic processes is a vastly overlooked area.'® Hence, further study of the synthesis
and reactivity of cobalt(l) complexes containing acute bite angle ‘PNP’ ligands is required
(and will be the focus of this thesis). Further study would establish greater insight into
fundamental underpinning coordination chemistry, which can be used, for example, to
guide design of highly active and selective catalytic systems.

Cobalt complexes are suitable targets for study in the context of homogeneous
catalysis. Cobalt-alkyl intermediates have a reduced tendency to undergo S-H
elimination (relative to, e.g., palladium-alkyl intermediates) due to their high spin
electronic configuration with five or more d-electrons (cobalt(l), cobalt(ll) and cobalt(lII)
are d® d” and d® respectively) having no empty d-orbitals (an empty d-orbital is a
requirement for 5-H elimination). Hence, it has been shown that cobalt-based catalysts
are very efficient at sp3C—sp3C coupling.*’” Furthermore, cobalt has various accessible
oxidation states, allowing for the application of cobalt complexes as catalysts in catalytic
processes involving oxidation and reduction of a cobalt centre in a catalyst to be
pursued.*®

However, there are difficulties associated with utilising cobalt in synthetic chemistry
and catalytic study. A large proportion of cobalt is extracted by mining to meet the
demand of cobalt being utilised as a component of Lithium ion batteries for electric
vehicles.*? Cobalt mining involves child labour and very primitive health and safety
measures, resulting in many of the miners and their families developing severe health
conditions.*® Post-extraction, the experimental application of cobalt complexes can
exhibit further disadvantages. The reactivity of cobalt complexes can be unpredictable
as cobalt can access multiple spin states®® and undergo single-electron transfer
processes (which can subsequently generate highly reactive carbon-based radicals, if the
criteria of persistent radicals is not met).>! Hence, reaction control is required to exploit
the aforementioned advantages that cobalt has to offer. One strategy to control cobalt
complex reactivity is through the bite angle present in cobalt complexes containing

bidentate phosphine ligands, and highlighted in Section 1.1.1 —1.1.2.

1.4 Thesis Aims
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The aim of the work presented in this thesis is to study the structures and reactivity of
acute bite angle ligand cobalt complexes, allowing for an understanding of the effects
of acute bite angle ligands on the chemistry of cobalt complexes to be gained. In order
to achieve this aim, Chapter 2 will present the synthesis of a range of ‘PNP’ ligands and
associated derivatives (e.g., ‘PCNCP, ‘SPNP’ and ‘SPNPS’ ligands). The coordination
chemistry of the synthesised ligands with CoX, will be presented in Chapter 4. Low
valent cationic cobalt(l) species of ‘PNP’ ligands are accessed in Chapter 5, and their
reactivity with a range of substrates of interest for a variety of catalytic processes, e.g.,
ethylene, carbon monoxide and hydrogen, will be probed in Chapter 6. Additionally, the
coordination chemistry of ‘PNP’ compounds with palladium(ll), zinc(ll) and selenium (to
determine their basicity via measurement of |YJsep|) will be outlined in Chapter 3,
Chapter 5 and Chapter 2, respectively. Palladium(ll) complexes of ‘PNP’ compounds are
well-established to evidence k?-P,P coordination of the ‘soft’ phosphorus donor atoms
with ‘soft’ palladium(ll), contrasting the coordination chemistry illustrated in complex
1.16 ([CoCl(MeS(CH2)3sN{PPhz},)({ClsCo}MeS(CH2)sN{PPhz},)], Figure 1.4) with ‘hard’
cobalt(Il). Palladium(Il) complexes will be accessed via reaction of the ‘PNP’ ligands with
[(MeCN),PdCl;]. The coordination chemistry of ‘PNP’ compounds with zinc(ll) halides
has also been scarcely studied,>? and will be studied due to the use of activated zinc in
the reduction of cobalt(ll) halide species to cobalt(l) species producing zinc(ll) halides
which may coordinate to ‘PNP’ compounds in solution. Zinc(ll) complexes will be

accessed via reaction of the ‘PNP’ ligands with ZnBr».
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Chapter 2 — Design and Synthesis of
‘PNP’, ‘PCNCP’, ‘'SPNP’ and ‘SPNPS’
Ligands

2.1 Introduction

As highlighted in Chapter 1, the research presented in this thesis involves the synthesis
and coordination study of a range of ‘PNP’, ‘PCNCP’, ‘'SPNP’ and ‘SPNPS’ compounds.
‘PNP’ compounds are generally easily synthetically accessible (see Section 2.2) from
reaction of a primary amine with two equivalents of a chlorophosphine of choice, i.e.,
readily available and cheap starting materials. Notably, the potentially unique
coordination chemistry and reactivity (arising from the acute P-Co-P angle) of cobalt
halide complexes containing ‘PNP’ ligands has been scarcely studied.! =3 Hence, further
study of the fundamental chemistry associated with the cobalt complexes of ‘PNP’
ligands (i.e., their synthesis, coordination chemistry, and reactivity) is required to
develop low valent cationic cobalt(l) complexes with ‘PNP’ ligands for potential catalytic
applications.

Structures of the various ‘PNP’ (2.2 —2.7), ‘PCNCP’ (2.8), ‘SPNP’ (2.9), ‘SPNPS’ (2.10),
aminophosphines (2.11 and 2.12) and 2.13 (phosphite variant of compound 2.1)
compounds explored in this thesis are shown in Figure 2.1. Compound 2.1 (with a
pendant donor pyridyl group) has been established to react with CoBr; to afford
complex 2.14 (Figure 2.1).* Since no structures of cobalt complexes containing ‘PNP’
ligands without pendant donor groups have been reported in the literature, the study
of the coordination chemistry of compounds 2.2, 2.3 and 2.6 with cobalt halides is
informative. Probing the coordination chemistry of compounds 2.4, 2.5 and 2.7 with
cobalt halides is hoped to evidence the structures of cobalt complexes accessible with
‘PNP’ compounds containing a range of potential pendant donor groups and linkers
(e.g., aryl compound 2.7 and alkyl in compound 2.4) between the pendant donor group
and the -N(PPh3); moiety. Notably, it is of interest to determine if cobalt complexes with

structures differing from that exhibited by complex 2.14 are obtained from the reaction
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of cobalt halides with ‘PNP’ compounds containing suitable pendant donor groups, or if

only cobalt complexes analogous to complex 2.14 are afforded.

................. F,h2 Ph2 Ph2 Ph2 Ph2 Ph2 Ph2 th Ph2
2.1 2.5 2.6
I
Z
" “PPh, Ph2 -
2 “P(OPh),
PhoP” “PPh, th Phy
2.7 2.8 2.9 2.10 2.11 2.12
| X
~_/
wCo®
/ Phg S =
Ph, P~ /
(W AN
»Co?
/ \ Phy | PPh2
(PhO),P~ “P(OPh), —
2.13 2.14

Figure 2.1. Structures of compounds (potential ligands) 2.1 —2.13 and complex 2.14.

Comparison of the coordination chemistry of compounds 2.8, the ‘PCNCP’ analogue of
compound 2.1, and 2.1 with CoBr; will evidence the impact of chelate ring size. Similarly,
the study of the coordination of compounds 2.9 and 2.10 (‘SPNP’ and ‘SPNPS’ analogues
of compound 2.2, respectively) with CoBr; will reveal the impact of the addition of one
and two sulfur atoms to the -N(PPh;), moiety. The impact of the addition of sulfur
atom(s) to the -N(PPh;)> moiety is likely to be related to both bite angle and the change
in the nature of the coordinating atoms, i.e., sulfur is ‘softer’ than phosphorus.
Compound 2.13 contains electron-withdrawing OPh substituents and hence may better
stabilise the electron-rich cobalt(l) oxidation state relative to compound 2.1.
Compounds 2.11 and 2.12, the mono-P analogues of compounds 2.1 and 2.13,
respectively, may coordinate in a k2-P,N manner with CoBr; (as coordination k2-P,P is

not possible) via the PR, (R = Ph, OPh) and pyridyl moieties.
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The synthesis of compounds 2.2,> 2.3,° 2.4,7 2.5% and 2.11° has been reported
previously (ligands used in a variety of different applications). New compounds 2.6 —
2.10, 2.12 and 2.13 were prepared using adaptations of methods for related compounds

reported in the literature.>~13

2.2 Synthesis of ‘PNP’ Compounds Ph(CH:),N(PPh;), (2.2), n-
BuN(Pth)z (2.3), NMeZ(CHz)3N(Pth)z (2.4), Py-m-CHzN(Pth)z
(2.5), Ph-C5H4N(Pth)z (26) and Py-O-C5H4N(PPh2)2 (2.7)

Compounds 2.2 — 2.7 (c), Scheme 2.1) are synthesised by reaction of the appropriate
primary amine with two equivalents (a), Scheme 2.1) of Ph,PCl (R’ = Ph in a), Scheme
2.1; 6p = 81 ppm in CD,Cl2)** in the presence of an excess of triethylamine base.” 8 The
reactions described in a), Scheme 2.1, were monitored by 3!P{*H} NMR spectroscopy. A
singlet in the range of §p = 55— 70 ppm is observed for ‘PNP’ compounds RN(PPh3); (a),
Scheme 2.1), whereas a singlet in the range 6r = 20 — 30 ppm corresponds to
aminophosphines RN(PPh;)H (b), Scheme 2.1).

2.2, R = Ph(CH,),

Et; (excess)
a) 2PR,CI+RNH, —  THF  RN(PR’y), + 2 NEtzH R 2.3,R=n-Bu
~78°C to 25 °C 0 | 2.4, R = Me,N(CH,),
, Et (excess) , PN 2.5, R= Py-m-CHz
p) PR2CI+RINH, —— ==~ RN(PRH + NEtgH Phe P2 2.6,R=Ph-CH,
-78°Cto25°C 2.7, R=CiH,-0-Py

Scheme 2.1. a) generic synthesis of RN(PR’;); b) generic synthesis of RN(PR’;)H; c) structures of compounds 2.2 —
2.7 (R =Phin a)).

During the synthesis of ‘PNP’ compounds, e.g., 2.2 — 2.7, trace amounts of the
corresponding aminophosphine (R’ = Ph in b), Scheme 2.2) and iminobiphosphine
products (2.18 in Scheme 2.2) are produced. The iminobiphosphine impurity, formed by
the deprotonation and subsequent reaction of 2.17 (the prototropomer of 2.16) with
Ph,PCl, gives rise to the expected AB system by 3'P{*H} NMR spectroscopy; one doublet
is centred at approx. dp = 15 — 20 ppm and the other at approx. dp = =15 to —25 ppm,
with Ypp = 220 — 290 Hz (values comparable to those reported for related compounds in

the literature).®
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H H Ph
Ph, 7" ppeci |Ph, Ph, | PhPCI Ph, |72
‘D— ~anR P— R ~——— DP— R =N-R
Et Et
pH’ 3 |pn’ phY > P
2.15 2.16 2.17 2.18

Scheme 2.2. Prototropism of an aminophosphine resulting in tautomers 2.16 and 2.17, which can react with Ph,PCI
affording 2.15 and iminobiphosphine 2.18, respectively.?>

2.3 Synthesis of ‘PCNCP’ Compound Py-0-(CH2).N(CH2PPh;).(2.8)

Compound 2.8 (b), Scheme 2.3) is synthesised by heating a solution of HPPh; (R’ = Ph,
a), Scheme 2.3, 6p = —40 ppm)® with paraformaldehyde at reflux, generating a
hydroxymethylphosphine intermediate. Subsequently, two equivalents of the
hydroxymethylphosphine react with one equivalent of the desired amine, generating
the ‘PCNCP’ compound in a Mannich-type condensation. The hydroxymethylphosphine
intermediate can either be isolated or formed in situ in the presence of the desired
amine; 10 for the synthesis of compound 2.8, the latter ‘one pot’ method was followed.
The reaction described in a), Scheme 2.3, was monitored by 3'P{*H} NMR spectroscopy.
For R’ = Ph, a singlet in the range of approx. dp = —15 to —50 ppm is observed for
bis(diphenylphosphinomethyl)amine ‘PCNCP’ compounds (n = 2, a), Scheme 2.3),
whereas a singlet in the range of approx. ép = —10 to —20 ppm is observed for

(diphenylphosphinomethyl)amine ‘PCNH’ compounds (n = 1, a), Scheme 2.3).

i O
Reflux 110 °C
HPR’ CH,0),+ RNHy —————— R’
\n 2+n (CH, )D+ 2 MeOH/Toluene <H>/ §/ 2> =
\lf 2-n n
b)
RK
Forol ]
R Ch w Ph
(In situ intermediate 2 2
hydroxymethylphosphine) 2.8

Scheme 2.3. a) Generic synthesis of ‘PCNCP’ (n = 2) and ‘PCNH’ compounds (n = 1);1°b) structure of compound 2.8.

2.4 Synthesis of ‘SPNP’ Compound Ph(CH2).N(SPPh2)(PPh;) (2.9)
and ‘SPNPS’ Compound Ph(CH3),N(SPPh3),(2.10)

Compounds 2.9 and 2.10 (c), Scheme 2.4) are synthesised by reacting a solution of
compound 2.2 (Ph(CH2)2N(PPhy)2) with either /s or /4 equiv. of Sg (a) and b), Scheme

2.4), respectively, an extension of previously published methodologies.'* =13 The 3!P{*H}
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NMR spectrum of the crude reaction mixture for the synthesis of compound 2.9
evidenced 69% purity, with unreacted 2.2 and compound 2.10 being the major by-
products. Recrystallisation from THF/MeOH increased the purity to 93%. Compound 2.9
exhibits the expected AB system in its 3'P{*H} NMR spectrum, with doublets (*/pp = 88
Hz) at 71.0 ppm (‘SPNP’) and 51.9 ppm (‘SPNP’) . Compound 2.10 exhibits a singlet at
69.0 ppm (cf. a singlet at 62.7 ppm for compound 2.2). IR spectroscopic analysis shows

v(P=S) stretches at 697 and 685 cm™ for compounds 2.9 and 2.10, respectively.

R
| '? 1/8 5, '
a ° th 7 Ph2
Ph, PN Ph, THF, 25 °C I
c)
R PN PN
R | Ph, Ph, Ph, Ph,
| 1/4 8 N I Il ”
b) _N_ THE 25 °C Ph, i Ph,
. s ° ]
Ph, Ph, 2.9 2.10

Scheme 2.4. Generic synthesis of a) ‘SPNP’ compounds and b) ‘SPNPS’ compounds, and c) structures of ‘SPNP’
compound 2.9 and ‘SPNPS’ compound 2.10.

2.4.1 Solid-State Structures of ‘SPNP’ Compound Ph(CH,),N(SPPh;)(PPh,)
(2.9) and ‘SPNPS’ Compound Ph(CH;),N(SPPh,), (2.10)

Single crystals of compounds 2.9 and 2.10 (Figure 2.2) were obtained and molecular
structures determined. Analysis of the molecular structure of compound 2.9 reveals that
P1 is partially oxidised, i.e., the mixed phosphine oxide/sulfide is present in 12% of the
asymmetric units. Oxidation likely occurred as the single crystals of compound 2.9 were

grown under air.

2.9 X-ray 29 2.10 X-ray 2.10

Figure 2.2. Solid-state molecular structures determined from XRD analysis of single crystals of a) 2.9 and b) 2.10.
Hydrogen atoms are omitted for clarity. Thermal ellipsoids are shown at the 50 % probability level. O1 in the solid-
state structure of 2.9 is only present in 12% of asymmetric units. Atom colour key: carbon — grey; nitrogen — blue;

phosphorus — orange; sulfur — yellow and oxygen — red.

21



Table 2.1. Key bond lengths and angles measured from the solid-state molecular structures of compounds 2.9 and

2.10.

Parameter 2.9 2.10
N1-P1/A 1.732(1) 1.7042(9)
N1-P2 /A 1.687(1) 1.7012(9)
P1-S1/A - 1.9460(4)
P2-S2 / A - 1.9521(4)
P1-01/A 1.558(8) -
P2-S1/A 1.9516(5) -

P1-N1-P2 /° 114.77(8) 131.89(6)

The key bond lengths and angles measured from the solid-state structures of
compounds 2.9 and 2.10 are shown in Table 2.1. Compound 2.9 has measured N1-P2
and N1-P1 distances of 1.687(1) A and 1.732(1) A, respectively, whereas compound 2.10
has P-N bond lengths of 1.704(1) A and 1.701(1) A. The ‘PNP’ moiety of 2-{N=PPh;,-PPh;}-
3-{N(PPh;),}-CsHsN has P-N bond distances of 1.725(2) A and 1.737(2) A,%” showing good
similarity to the N1-P1 distance of compound 2.9. Thiolation of the phosphorus atom
(i.e., forming N-P=S) results in a reduction in the P-N bond distance, indicating greater
P-N multiple bond character and likely reflecting the greater electron deficiency of the
phosphorus(V) atom in N-PV=S relative to the phosphorus(lll) atom in N-P"", The N1-P2
bond distance (1.687(1) A) measured for complex 2.9 is the shortest of the
aforementioned distances, potentially as delocalisation of the N1 lone pair occurs onto
the N-PV2=S1 moiety to a greater extent relative to the P""1-N1 bond, favouring the
*N=P-S~ canonical form (a), Scheme 2.5). The P-N bond distances (1.704(1) A and
1.701(1) A) in compound 2.10 are the next shortest as delocalisation of the N1 lone pair
occurs onto both N1-PV1=S1 and N1-PY2=S2 moieties (b), Scheme 2.5) equally in
compound 2.10, as both P1 and P2 are phosphorus(V). This is unlike compound 2.9,
which contains only one N-P=S motif (with delocalisation of the N1 lone pair not being
shared over two N-P=S moieties). Hence, the P-N bond distances in compound 2.10
increase relative to N1-P2 bond distance in compound 2.9. The N1-P1 distance
measured for compound 2.9 (1.732(1) A) is the longest, reflecting the lesser N1-P1
multiple bond character due to reduced N1 lone pair delocalisation onto the N1-P1 as

P1is phosphorus(lll), i.e., more electron rich.
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Scheme 2.5. Resonance canonicals of a) a S-P-N-P moiety and b) a S-P-N-P-S moiety.

The measured P1-N1-P2 bond angles of compounds 2.9 and 2.10 are 114.77(8)° and
131.89(6)°, respectively. The P-N-P bond angle compresses with the addition of one
sulfur atom (i.e., in compound 2.9) and expands with the addition of two sulfur atoms
(i.e., in compound 2.10) relative to the approx. 120° P-N-P angle of a ‘PNP’ ligand, e.g.,
in 2-{N=PPh»-PPh3}-3-{N(PPh>),}-CsH3N with a P-N-P bond angle of 120.48(11)°.}” The
compression of the P-N-P bond angle in compound 2.9 is likely due to the shortening of
the N1-P2 bond distance to 1.687(1) A upon thiolation. The P-N-P bond angle of ‘SPNPS’
compound 2.10 likely expands relative to the approx. 120° angle present in ‘PNP’
compounds to reduce the greater steric clash between the two (S)PPh, moieties.

Good similarity is seen between the key bond lengths and angles of compound 2.9
with those of Ph(Me)CHN(PPh)({S}PPh;), which are: P1-N1-P2 = 112.0(2)°; P1-N1 =
1.748(5) A; P2-N2 = 1.694(4) A and P2-51 = 1.955(2) A.28 The key bond lengths and angles
of compound 2.10 show good similarity to those of (Ph,P{S}),NCH,CH;N({S}PPh3),, which
are (for one S-P-N-P-S moiety): P2-N1-P1 = 133.3(1)% S1-P2 = 1.953(1) A; P2-N1 =
1.719(2) A; P1-N1 = 1.706(2) A and P1-52 = 1.9441(8) A.»°

2.5 Synthesis of Aminophosphines Py-0-(CH2).N(PPh2)(Me)
(2.11) and Py-o0-(CH2).N(P{OPh},)(Me) (2.12)

Compounds 2.11 and 2.12 (b), Scheme 2.6) were synthesised as described in a), Scheme
2.6 and exhibit singlets in their 3'P{*H} NMR spectra at 64.4 ppm (CD>Cl;) and 140.1 ppm
(CDCls), respectively. These chemical shifts are consistent with previously reported data

for comparable systems: 2.11 61.7 ppm°® and Me;NP(OPh), at 139.0 ppm,?° respectively.
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Et; (excess)

R’,Cl + RNH(Me RN(PR’)(Me) + NEtgHC
a) 2Cl + RNH(Me) THE (PR’2)(Me) 3
B B
7 7
b)
-~ “PPh, -~ “P(OPh),
2.11 2.12

Scheme 2.6. a) generic aminophosphine synthesis; b) structures of compounds 2.11 and 2.12.

2.6 Attempted Synthesis of Py-0-(CH;).N(P{OPh}.). (2.13)

The synthesis of compound 2.13 (Py-o0-(CH2):N{P(OPh).},) was attempted through the
reaction of two equivalents of P(OPh),Cl (6p = 158.2 ppm; synthesised following a
published procedure in a), Scheme 2.7)%! with 2-(aminoethyl)pyridine, in the presence
of an excess of NEt; (a), Scheme 2.1 with R’ = OPh and R = Py-0-(CH3)2). 3'P{*H} NMR
spectroscopic analysis of the crude reaction mixture from the attempted synthesis of
compound 2.13 revealed a mixture of compounds with signals at 6r = 138.1 ppm
(assigned to Py-o-CH,CH,NH(P{OPh};)) and &r = 126.2 ppm (tentatively assigned to
compound 2.13), as well as unreacted P(OPh),Cl. Since heating the reaction mixture at
reflux in THF did not increase conversion, a route to compound 2.13 utilising Py-o-
(CH2)2N(TMS),22%2 was implemented. It was hoped that the formation of TMSCI upon

reaction with P(OPh),Cl would drive the reaction to completion (b), Scheme 2.7).

a) Reflux
2 P(OPh)g + PCl, 3 P(OPh),
A O D
|
F 2 TMS 7 2 P(OPh),C 7
—_—
b) ex. NEt,
Ha ™S >TMS (PhO),P~" “P(OPh),
2.13

Scheme 2.7. a) synthesis of P(OPh),Cl; b) two-step attempted synthesis of compound 2.13 via 0-PyCH,CH,;N(TMS),.

The isolated product from the attempted reaction (b), Scheme 2.7) was exposed to

elemental selenium in an NMR tube in order to produce the corresponding phosphine
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selenide (see Section 2.7), but no reaction took place. A lack of reaction suggests that
compound 2.13 (Py-o0-(CH2):N{P(OPh),};) is indeed not the isolated product as
PhN{P(OCsHs0Me-0),}2) (a ‘PNP’” compound with phosphite substituents) reacts with
elemental selenium to form PhN{P(Se)(OCsHs0Me-0),},) with |YJsep| = 1004 Hz,22 hence
compound 2.13 would be expected to exhibit analogous reactivity. Research relating to

compound 2.13 was halted at this point.

2.7 Measuring |Jsep| to Estimate the Basicity of the Phosphorus
Donor Atoms

Phosphine selenides are prepared by reaction of elemental grey selenium with the
desired phosphine (Scheme 2.8). The synthesis of phosphine selenides allows for the
basicity, and hence donor ability, of the phosphorus donor atoms of compounds 2.2 -
2.9, 2.11 and 2.12 to be estimated by measuring |Yser| gained from 3P{*H} NMR
spectroscopic analysis of the corresponding phosphorus(V) selenides.

CDCl; © @
+ PRy — % Ge-PR

3

Scheme 2.8. Generic reaction of elemental grey selenium with a phosphine to generate a phosphine selenide.

The NMR-active 7’Se nucleus (/ = %) has a natural abundance of 7.6%. Accordingly, the
31p{IH} NMR spectrum of phosphine selenides shows two satellites of 3.8% intensity
originating from 7’Se-31P coupling. The satellites are observed as doublets (* in Figure
2.3 for compound 2.19) due to 2Jppr coupling in the phosphine selenides of compounds
2.2 — 2.7 arising from the inequivalence of the two phosphorus atoms in the
Ph,P(Se)NR(”’Se)PPh, isotopomer. Phosphorus atom inequivalence in the phosphine
selenide of ‘SPNP’ compound 2.9 (Ph,P(S)N{(CH2).Ph}(’’Se)PPh,) results in satellites
observed as doublets in the corresponding 3!P{*H} NMR spectrum. Analogously, */pp
coupling in the phosphine selenide of compound 2.8 and phosphorus atom
inequivalence in the Ph,P(Se)CH2N(R)CH2(’’Se)PPh; isotopomer is responsible for the
satellites being observed as doublets for the phosphine selenide of compound 2.8. The
phosphine selenides of compounds 2.11 and 2.12 only have one phosphorus atom,
hence the satellites in these 3!P{*H} NMR spectra are singlets. NB a Jpp coupling constant
(%pp for compounds 2.2 — 2.7 and 2.9 and “Jpp for compound 2.8) of approx. 9 — 12 Hz is

measured for the phosphine selenides of compounds 2.2 — 2.9.
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Figure 2.3. 3P{*H} NMR (162 MHz, 290 K, CDCls) spectrum for compound 2.19. * indicates satellites originating from
77Se-31P coupling.

Table 2.2 shows the measured |YJsep| values for the phosphine selenides of compounds

2.2-2.9,2.11,2.12 and 2.21 - 2.26.%4~28

Table 2.2. Experimentally determined |YJsep| coupling constants for the phosphine selenides of compounds 2.2 —
2.9,2.11,2.12 and 2.21 - 2.26.%*~ 2 | Ysep| values of the phosphine selenides of compounds 2.2 —2.9, 2.11 and 2.12
are measured in CDCl; from the relevant 3'P{*H} NMR spectrum (162 MHz, 290 K). On average, the peak width at
half maximum for the singlets in the 3'P{*H} NMR spectra of compounds 2.2 — 2.9, 2.11 and 2.12 is approx. 4 Hz.

Phosphine Selenide Corresponding Parent Phosphine | Jsep| / Hz
Ph(CH.),N({Se}PPh,), Ph(CH.)2N(PPh,); (2.2) 772
n-BuN({Se}Pth)z n-BuN(Pth)z (2.3) 770
MeZN(CH2)3N({Se}Pth)z M62N(CH2)3N(PPh2)z (2.4) 771
Py-m-CH;N({Se}PPh,), Py-m-CH;N(PPh3); (2.5) 777
Ph-CsHsN({Se}PPh;), Ph-CsHiN(PPh;); (2.6) 794
Py-0-CsHaN({Se}PPh,), Py-0-CsHsN(PPh3)2 (2.7) 796
Py-0-(CH2).N(CH.PPh2{Se}). Py-0-(CH3)2N(CH2PPh3); (2.8) 730
Ph(CH3)2N(SPPh>)({Se}PPh,) Ph(CH2)2N(SPPh;)(PPh;) (2.9) 783
Py-0-(CH2):N({Se}PPh;)(Me) Py-0-(CH2):N(PPh;)(Me) (2.11) 759
Py-o- Py-0-(CH2):N(P{OPh},)(Me) (2.12) 951
(CH2)2N({Se}P{OPh},)(Me)
SePPh; PPhs (2.20) 736%
(Ph2P{Se})2N(CH,-o-pyridine) (Ph2P)2N(CH2-0-pyridine) (2.21) 776%
(Ph2P{Se}):N(CH.Ph) (Ph2P)2N(CH2Ph) (2.22) 772%
(Ph2P{Se}).N(2-fluorene) (Ph2P)2N(2-fluorene) (2.23) 7962%°
9- 9-adenine(CHz)zN(CHzPth)z 73027
adenine(CH2)2N(CH2{Se}PPh,), (2.24)
9-adenine(CH2)sN(CHx{Se}Ph2), 9-adenine(CH2)sN(CH:PPh;), 730%
(2.25)
HN(SPPh,)({Se}PPh,) HN(SPPh;)(PPh,) (2.26) 7908
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The relationship shown (Equation 2.1) illustrates that a greater |Ysep| corresponds to a
greater amount of phosphorus atom lone pair s-character and therefore a lower basicity
of the phosphine, translating to a phosphine with a greater |'Jser| being a weaker o-

donor.

1

| o« % s-character of P lone pair x ——— 2.1
|Hser 0 P basicity of PR3 (2.1)

PPhs, due to its wide usage, has been deemed a suitable benchmark phosphine to allow
for interpretation of the measured |Ysep| values listed in Table 2.2. Compounds 2.2 —
2.7, 2.9, 2.11 and 2.12 contain phosphorus atoms directly bonded to an electron-
withdrawing nitrogen atom (i.e., P-N bonds), resulting in a decrease in basicity relative
to PPhs by increasing the s-character of the phosphorus lone pair (Equation 2.1).
‘PCNCP’ compound 2.8 does not contain phosphorus atoms directly bonded to electron
withdrawing nitrogen atoms. Hence, the electron-withdrawing effect of the P-C-N-C-P
nitrogen atom on the phosphorus atoms is reduced relative to the ‘PNP’ compounds.
Accordingly, this leads to a decrease in s-character of the phosphorus lone pairs and
therefore leads to an increase in basicity, resulting in compound 2.8 being more basic
than compounds 2.2 -2.7, 2.9, 2.11, 2.12 and PPhs. The | Ysep| values for the phosphine
selenides of compounds 2.2 — 2.5, compounds 2.6 and 2.7, compound 2.8, and
compound 2.9 are consistent with the |Ysep| values for the phosphine selenides of
compounds 2.21 — 2.22,2> compound 2.23,%® compounds 2.24 — 2.25%’ and compound
2.26,% respectively (Figure 2.4).

reN e Waeey

2.21 2.23
PN
/Q\)r} /\ H
‘2/—< k P2 pnp” Sepn,
I
2 Ph

—/ ?

2.24 (n=2)

2.25 (n=3) 2.26

Figure 2.4. Structures of compounds 2.21 — 2.26.2>~28
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Comparison of the |Ysep| values for compounds 2.2 — 2.9, 2.11 and 2.12 (Table 2.2)
identifies that compound 2.8 is the most basic (as explained above), followed by
aminophosphine compound 2.11 (the nitrogen atom lone pair is delocalised over one P-
N bond as opposed to two P-N bonds in a ‘PNP’ compound, resulting in a more electron
dense phosphorus atom). Compounds 2.2 — 2.5 exhibit measured |YJsep| values which
can be regarded as the same (approx. 1 Hz difference), as do compounds 2.6 — 2.7 (cf.
the measured approx. 4 Hz peak width at half maximum from Figure 2.3). Compounds
2.2-2.7 and 2.9 exhibit similar | Ysep| values in the small range of 770 — 796 Hz, and can
be regarded as having the same basicity. Compound 2.12 is the least basic due to

containing strongly electron-withdrawing OPh substituents.

2.8 Summary

Ph(CH,)2N(PPh3)2 (2.2), n-BuN(PPhy)2 (2.3), Me2N(CH2)sN(PPh;); (2.4), Py-m-CH,N(PPhy)2
(2.5), Ph-C¢HaN(PPhy); (2.6), Py-0-CeHaN(PPh2)2 (2.7), Py-0-(CH2):N(CH2PPh,), (2.8),
Ph(CH2)2N(SPPh,)(PPh2) (2.9), Ph(CH2)2N(SPPh2)2 (2.10), Py-0-(CH,):N(PPhy)(Me) (2.11)
and Py-0-(CH;)2N(P{OPh};)(Me) (2.12) have been synthesised (Section 2.2 —2.5), and the
synthesis of Py-0-(CH2)2N{P(OPh);}, (2.13) was attempted (Section 2.6). Compound 2.13
was not afforded from its attempted synthesis, as evidenced by a lack of reactivity
between the isolated product with elemental selenium. The basicity of compounds 2.2
— 2.9, 2.11 and 2.12 was estimated via the synthesis of the corresponding phosphine

selenides and measurement of |Ysep| coupling constants (Section 2.7).
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Chapter 3 — Synthesis and Reactivity
of Palladium(ll) Complexes of ‘PNP’
and ‘PCNCP’ Ligands

3.1 Introduction

In order to offer a contrast to the coordination chemistry exhibited by ‘PNP’ and ‘PCNCP’
ligands with ‘hard’ cobalt(ll), i.e., zwitterionic complexes (further studied in Chapter 4),*
the synthesis of square planar [(RN(PPh3)2)PdCl;] complexes, with ‘soft’ palladium(ll)
centres will be pursued. Exploitation of the well-established k?-P,P coordination
chemistry and diamagnetic nature of [(RN(PPh,)2)PdCl;] complexes?~# allows for their
31p{IH} NMR spectroscopic study, a technique not readily applicable to paramagnetic
cobalt complexes.

Although the synthesis of [(RN(PPh3):)PdCl;] complexes is well-established, their
reactivity has been scarcely studied. For example, some of the reactions of
[(RN(PPh3)2)PdCl;] that have been studied include reaction with R’-OH (mainly when R’
= Me) affording [{RNH(PPh)}(R’"OPPh;)PdCl,],> and chloride ligand exchange (to iodide
ligands,® SOsCFs~ ligands,” or L-type ligands”2). In order to further study the reactivity of
[(RN(PPh3)2)PdClz] complexes, [(RN(PPh2)2)PdCl;] complexes containing a pendant
donor group, e.g., the pendant and non-coordinating pyridyl group of [(Py-o-
CH2N(PPh3)2)PdCl,],? will be studied. A pendant donor group could serve as a reactive
site to allow for the functionalisation of [(RN(PPh;)2)PdCl,] complexes through Lewis or
Brgnsted base behaviour. Hence, the reactivity of the potential pendant pyridyl and
amine groups in the palladium(ll) complexes of compounds 2.1 (Py-o0-(CH2):N(PPhs3),),
2.4 (Me3N(CH2)sN(PPh3)2) and 2.8 (Py-0-(CH2)2N(CH2PPh;),) will be pursued.

Note that the reactivity of ‘SPNP’ compound 2.9 (Ph(CH2)2N(SPPh;)(PPh3)) and
‘SPNPS’ compound 2.10 (Ph(CH2)2N(SPPh3)2) with [(MeCN),PdCl;] has not been studied.
However, the k*>-P,S and k%-S,S coordination modes (which would be evidenced in the
palladium(ll) complexes of compounds 2.9 and 2.10, respectively) have been described
previously for complexes 1.38 and 1.39 ([{(CO,Me)(Me)HCN(PPh;)(SPPh;)}PdCl;] and
[{(CO2Me)(Me)HCN(SPPh2)2}PdCly], respectively, Scheme 1.6, Section 1.2.1).°
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3.2 Coordination Chemistry of Ph(CH:).N(PPhz). (2.2), n-
BUN(Pth)z (2.3), NMEz(CHz)gN(Pth)z (2.4), Py-m-CHzN(Pth)z
(2.5), Ph-C5H4N(PPh2)2 (2.6), Py-O-C5H4N(Pth)z (2.7) and Py-o-
(CH2)2N(CH2PPh,), (2.8) with Palladium(ll) Dichloride

To assess their coordination chemistry with palladium(ll) dichloride, ‘PNP’ compounds
2.2 -2.7 and ‘PCNCP’ compound 2.8 were reacted with 1 equivalent of [(MeCN).PdCl;],

affording complexes 3.1 — 3.7 (Scheme 3.1).

R 2.2/3.1,R = Ph(CH,),
R | 2.3/3.2,R=n-Bu
| [(MeCN),PdCI,] P 2.4/3.3, R= Me,N(CH,),
A S CHCl,25°C PR FPh 25/3.4,R=Py-m-cH,
2 2 -2MeC pd 2.6/3.5, R = Ph-C(H,
- - 2.7/3.6, R = C;H,-0-Py
22-27 3.1-3.6
R
R |

| [(MeCN),PdC,]
R~

ﬁ 2.8/3.7, R = Py-0-(CH,),
Phy

Ph, PPh, ~2MeC Pd
/7 \
2.8 3.7

Scheme 3.1. Synthesis of a) complexes 3.1 — 3.7 and b) complex 3.7.

The 3!P{*H} NMR spectra of the [(RN(PPh;);)PdCl,] complexes 3.1 — 3.6 show singlet
resonances at approx. 8p = 30 — 40 ppm evidencing k*-P,P coordination, as illustrated in
Scheme 3.1. In contrast, singlet 3'P{*H} resonances at slightly higher frequency, approx.
O6pr =55 — 70 ppm, are observed for uncoordinated ‘PNP’ (RN(PPh;),) compounds 2.2 —
2.7 (Scheme 3.1). The 3'P{*H} NMR spectra of compound 2.2 and complex 3.1,

illustrating the negative coordination chemical shift (—AS), are shown in Figure 3.1.
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Figure 3.1. 3P{*H} NMR (162 MHz, 290 K, CDCls) spectra for compound 2.2 and complex 3.1. a) shows resonance
canonicals of [RN(PPh,),PdCl;]. * indicates trace impurities.

The lower frequency 3!P{*H} NMR shifts of [(RN(PPh;);)PdCl2] complexes 3.1 — 3.6
relative to uncoordinated ‘PNP’ (RN(PPh3);) compounds 2.2 — 2.7 likely arises from
enhanced delocalisation of the ‘PNP’ nitrogen atom lone pair upon complexation. This
results in both phosphorus atoms having formal associated negative charges (a), Figure
3.1),2 providing further shielding from the applied magnetic field and resulting in a
negative coordination chemical shift, —Ad.

Coordination of Py-0-(CH2);N(CH2PPh;), (2.8) to afford complex [{Py-o-
(CH2)2N(CH2PPh;)2}PdCl;]) (3.7) occurs with a positive coordination chemical shift (+Ad)
with singlet resonances in their 3'P{*H} NMR spectra at —28.6 and 8.1 ppm, respectively,
(Figure 3.2). The N(CH;PPhy), CH, spacers preclude nitrogen atom lone pair
delocalisation to the phosphorus atoms. Hence, the phosphorus nuclei of compound 2.8
are less shielded, compared to those of compounds 2.2 — 2.7, upon coordination due to

lone pair donation to the palladium(ll) centre, resulting in +A§.
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Figure 3.2. 31P{*H} NMR (162 MHz, 290 K, CDCl; for 2.8, CD,Cl; for 3.7) spectra for compound 2.8 and complex 3.7. *
indicates a trace impurity.

3.2.1 Solid-State Molecular Structures of [(Ph(CH;).N(PPh,);)PdCl;] (3.1),
[(n-BUN(Pth)z)PdC|z] (3.2), [(NMEz(CHz)3N(Pth)z)PdC|z] (3.3), [(Py-m-
CH,N(PPh,),)PdCl,]  (3.4), [(Ph-CeHsN(PPhy),)PdCl]  (3.5),  [(Py-o-
Ce¢HsN(PPh,);)PdCl;] (3.6) and [(Py-0-(CH;),N(CH,PPh;),)PdCl,] (3.7)

Single crystals of complexes 3.1 — 3.7 were obtained and molecular structures
determined. Each of the solid-state molecular structures (Figure 3.3) shows k*-P,P
coordination, in agreement with the structures established from 3'P{*H} NMR analysis
(Section 3.2). The solid-state structures of complexes 3.3, 3.4, 3.6 and 3.7 confirm that
the potential nitrogen donor atoms are non-coordinating.

The key bond lengths and angles for complexes 3.1 — 3.6 are very similar (Table 3.1
and Table 3.2), and are very similar to those previously reported for
[(Ph(CH2)N(PPh3)2)PdCl2].3 Similarly, the key bond angles and lengths determined for
complex 3.7 (Table 3.2) are very similar to those previously reported for [(o-

CH3C(=CH2)CeHaN(CH2PPh,),)PdCl,].4
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Figure 3.3. Solid-state molecular structures of complexes 3.1 — 3.7. NB hydrogen atoms (for 3.1 — 3.7 X-rays) and
DCM molecules (for 3.1, 3.4, 3.5, 3.6 and 3.7 X-rays) are omitted for clarity. Thermal ellipsoids are shown at the 50
% probability level. Atom colour: carbon — grey; nitrogen — blue; phosphorus — orange; chlorine — green and
palladium — blue-green. NB the molecular structure of 3.2 has not been completely refined due to the crystal being
twinned, however the connectivity is certain and bond lengths/angles can be measured. Accordingly, the
crystallographic data have been omitted from Appendix 4.
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Complexes 3.1 — 3.7 adopt a distorted square planar geometry around the palladium(ll)
centre. As expected, complexes 3.1 — 3.6 are significantly more distorted from the ideal
square planar geometry (3.1 — 3.6 : P1-Pd-P2 ~71°) than complex 3.7 (P1-Pd-P2 ~95°)
arising from the smaller P-Pd-P angle. The distortion of a square planar geometry is
quantified by the 74 geometry index!? (Table 3.1 and Table 3.2); for a perfect square

planar geometry, 74 has a value of 0. 74 is calculated by Equation 3.1:

T4 = —0.00709 — 0.00709f + 2.55 (3.1)

where a and B are the two largest valence angles around the four-coordinate centre.®
The calculated 74 value for complex 3.7 is 0.03993, which is much closerto 0 (¢ = =
180°) than the 14 values for complexes 3.1 — 3.6 in the range of ~0.15 —0.18.

Table 3.1. Key bond lengths and angles measured from the solid-state molecular structures of complexes 3.1 -3.3,
and calculated 7, parameters for complexes 3.1 —3.3.

Parameter 3.1 3.2 3.3
N1-P1/A 1.700(1) 1.695(2) 1.697(1)
N1-P2 /A 1.695(1) 1.700(8) 1.682(1)
P1-Pd /A 2.2112(5) 2.227(2) 2.2255(6)
P2-Pd / A 2.2038(5) 2.209(2) 2.2017(5)
Pd-Cl1 /A 2.3602(5) 2.340(2) 2.3653(5)
Pd-CI2 /A 2.3548(5) 2.357(2) 2.3566(6)
N1-C1/A - - -
N1-C2 /A - - -
P1-N1-P2/° 98.43(6) 99.6(4) 100.19(9)
P1-Pd-P2 /° 71.20(2) 71.51(7) 71.69(2)
P1-Pd-Cl1/° 96.11(2) 100.76(7) 98.70(2)
P2-Pd-CI2 /° 97.93(2) 93.90(7) 92.51(2)
Cl1-Pd-Cl2 / ° 94.90(2) 93.86(7) 97.06(2)
P1-Pd-CI2 /° 166.81(2) 165.24(8) 164.07(2)
P2-Pd-Cl1/° 167.17(2) 172.23(8) 170.34(2)
C1-N1-C2/° - - -
T4 0.18 0.12 0.18
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Table 3.2. Key bond lengths and angles measured from the solid-state molecular structures of complexes 3.4 —3.7,
and calculated 74 parameters for complexes 3.4 —3.7.

Parameter 3.4 3.5 3.6 3.7
N1-P1/A 1.697(4) 1.7083(7) 1.714(2) -
N1-P2 /A 1.699(5) 1.7083(7) 1.705(2) —~
P1-Pd /A 2.209(1) 2.2143(2) 2.1979(7) 2.240(1)
P2-Pd /A 2.215(1) 2.2143(2) 2.2058(6) 2.244(1)
Pd-Cl1 /A 2.365(1) 2.3548(2) 2.3666(5) 2.351(1)
Pd-Cl2 /A 2.359(1) 2.3548(2) 2.3556(7) 2.352(1)
N1-C1/A - - - 1.447(5)
N1-C2 /A - - - 1.453(5)

P1-N1-P2 /° 99.7(2) 99.79(6) 99.0(1) —~

P1-Pd-P2/° 71.83(4) 72.33(13) 72.40(2) 95.22(4)

P1-Pd-Cl1/° 96.46(4) 96.52(9) 95.63(3) 86.12(4)
P2-Pd-Cl2/° 96.67(4) 96.52(9) 94.11(3) 86.87(4)
Cl1-Pd-Cl2 /° 95.02(4) 94.63(14) 97.95(3) 91.69(4)
P1-Pd-Cl2/° 168.50(4) 168.83(9) 165.92(3) 176.40(4)
P2-Pd-Cl1/° 167.66(4) 168.83(9) 167.90(3) 177.63(4)
C1-N1-C2/° - - - 111.1(3)
T4 0.17 0.16 0.18 0.04

The P1-N1-P2 bond angle (~98°) in complexes 3.1 — 3.6 is significantly smaller than the
expected 120° P-N-P bond angle in non-coordinated ‘PNP’ compounds, e.g., in 2-
{N=PPh,-PPh,}-3-{N(PPh,),}-CsHsN where P-N-P = 120.48(11)°,*! resulting in significant
strain in the planar Pd-P-N-P four-membered chelate rings in complexes 3.1 — 3.6. The
six-membered chelate ring in complex 3.7 adopts a typical puckered conformation, with
C1-N1-C2 ~111° being close to the ideal 109.5° tetrahedral bond angle.

The square planar geometry of palladium(Il) complexes 3.1 —3.7 is further evidenced
by considering the distance between the palladium(ll) centre and the mean plane
containing the two phosphorus atoms and the two chloride ligands (Figure 3.4) — the
shorter the distance, the more planar the geometry around the palladium(ll) centre. For
complexes 3.1 and 3.7 (Figure 3.4), these measured distances are short at 0.063 A and

0.048 A, respectively.
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Figure 3.4. The mean plane (red) calculated from the positions of P1, P2, Cl1 and CI2 in complex 3.7. Thermal
ellipsoids are shown at the 50 % probability level.

3.3 Protonation and Deprotonation of [(Py-o0-
(CH2)2N(PPhy);)PdCl;] (3.8), [(Py-0-(CH2)2N(CH2PPh;),)PdCI;] (3.7)
and [(NMEz(CHz)gN(Pth)z)PdC|z] (33)

To explore the potential reactivity of the pendant nitrogen donor groups present in
complexes 3.3, 3.7 and 3.8 (previously prepared),? they were treated with one
equivalent of trifluoroacetic acid (TFA), affording complexes 3.9, 3.10 and 3.12 (Scheme
3.2). Complex 3.3 was also treated with one equivalent of NH4PFg, affording complex
3.11 (Scheme 3.2). Additionally, complexes 3.9 — 3.12 were deprotonated with NEt; to

regenerate the corresponding complexes 3.3, 3.7 and 3.8 (Scheme 3.2).
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Scheme 3.2. Reactions of complexes a) 3.8 with TFA, b) 3.7 with TFA, and c) 3.3 with NH4PF¢ or TFA, affording
complexes 3.9, 3.10, 3.11 and 3.12, respectively, and the corresponding deprotonations with NEts.

TFA (pKas = —0.25 in H,0)®® was chosen as a suitable acid to probe the reactions of the

pendant amine and pyridine motifs (Scheme 3.2) due to being more acidic than Py*H
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(pKa = 5.21 in H,0)3 and EtsN*H (pKa = 10.75 in H,0).23 Pyridine and NEt; are suitable
models for the pyridyl groups present in complexes 3.7 and 3.8 and the tertiary amine
groups in compounds 3.3 and 3.7 (the P-C-N-C-P nitrogen atom), respectively. Previous
studies have explored reaction of complex 3.13 with triflic acid (pKa = =14 in H,0)*3 (a),
Scheme 3.3).* However, triflic acid was avoided in this work, in favour of TFA, due to
concerns of additional reactivity being possible between triflic acid and P-N bonds
arising from triflic acid’s greater acidity. Additionally, NH4PFs was also used to protonate
complex 3.3 to afford compound 3.11, as HsN* has pKa = 9.2 in H,0.%3 Similar protonation

of complexes 3.15 and 3.16 (b), Scheme 3.3) with NH4PF¢ has been reported.®®

Pld\r CH,S0,H /P|d\ ©
a) Phy C W Phy [CH3 03]
y 25°C  |H. ©
AN | RN | |
3.13 3.14

3.15 (M =12n) 3.17 (M =1Zn)
3.16 (M =Fe) 3.18 (M = Fe)

Scheme 3.3. a) synthesis of complex 3.14;'* b) synthesis of complexes 3.17 and 3.18.%

The 3P{*H} NMR spectra of complexes 3.8 and 3.9 evidence singlet resonances at &p =
31.5and 32.0 ppm, respectively, i.e., the same chemical shift. Comparison of the *H NMR
spectra of complexes 3.8 and 3.9 (Figure 3.5) shows that the pyridyl proton resonances
move to higher frequency upon protonation of complex 3.8, with A§(H-4Py) > AS(H-
5Py) >> A6 (H-6Py) > A§(H-3Py), where AS = Sprotonated — O unprotonated - Similar changes in
chemical shift are observed on protonation of 2-pyridyldiphenylphosphine!* and
pyridine,® further supporting that protonation occurs at the pyridyl nitrogen atom of
complex 3.8. A broad singlet centred at approx. 12 ppm (vi/2 ~440 Hz), corresponding

to the Py*H proton, is observed in the 'H NMR spectra of complex 3.9, agreeing with the
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broad singlet at 11.9 ppm seen in the *H NMR spectrum of complex 3.14 (a), Scheme
3.3).14

Deprotonation of complex 3.9 with NEts results in the signals for the pyridyl protons
returning essentially to the original chemical shifts determined for complex 3.8 prior to
protonation (with Ad’ ranging from ~0.05 — ~0.07 ppm, where A8’ = Sunprotonated —
Odeprotonated). Complete return to the original chemical shifts of the unprotonated
complex is not observed upon deprotonation since there is exchange with [NEtsH]CI
generated during deprotonation.!” The behaviour evidenced from the 'H NMR spectra
(Figure 3.5) is consistent with the protonation of the pyridyl nitrogen atom being

reversible as expected.
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Figure 3.5. Partial 'H NMR (400 MHz, 290 K, CD,Cl,) spectra for complexes 3.8, 3.9 and 3.9 + NEt3, i.e., the
deprotonation of 3.9 to reform 3.8. H3 — H® corresponding to the pyridyl protons.

The *H NMR spectrum of the complex [(Me2N(CH2)sN(PPh,)2)PdCl,] (3.3) shows a singlet
at 1.96 ppm corresponding to both N(CHs), and CH.NMe;. The *H NMR spectrum of the
PFs~ complex [(Me2N(H)(CH2)sN(PPh3),2)PdCl:][PFe] (3.11), obtained following reaction of
complex 3.3 with NH4PFs (Scheme 3.2), shows an analogous singlet at 2.36 ppm. In
contrast, the H NMR spectrum of CFsCOy~ complex
[(Me2N(H)(CH2)sN(PPh3)2)PdCl;][CF3CO;] (3.12), isolated following reaction of complex



3.3 with TFA (Scheme 3.2), presents a doublet at 2.49 ppm for N(CH3), and a multiplet
at 2.80 ppm for CH.NMe;, consistent with protonation occurring at the non-
coordinating tertiary amine site. The origin of the difference in the *H NMR spectra of
complexes 3.11 and 3.12 is most likely due to the PFs~ counter-anion of complex 3.11
being weakly coordinating relative to the CF3CO;™ counter-anion (which can coordinate

and interact with the Py-N*-H proton; see Section 3.3.1) of complex 3.12.
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Figure 3.6. Partial 'H NMR (400 MHz, 290 K, CD,Cl, for complexes 3.3 and 3.11, CDCl; for complex 3.12) spectra for
complexes 3.3, 3.11 and 3.12.

In conclusion, the reactions in Scheme 3.2 illustrate the Brgnsted basicity and reversible
protonation of the pendant non-coordinating nitrogen atoms in the complexes
[(Me2N(CH2)3N(PPh2)2)PdCly] (3.3), [(Py-o0-(CH2)2N(CH2PPh2)2)PdCl;] (3.7), and [(Py-o-
(CH2)2N(PPh,)2)PdCI;] (3.8). This evidences the potential behaviour of these groups as in
situ bases. In situ base functionality has proven useful in alkoxycarbonylation (the
reaction of an alkene/alkyne, carbon monoxide and an alcohol); deprotonating the
alcohol, hence making the alcohol more nucleophilic, increases the rate of catalysis

(Scheme 3.4).1819
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Scheme 3.4. Catalytic mechanism of methoxycarbonylation of ethene, showing a nitrogen donor behaving as an in
situ base. Adapted from Dong et al.®

MeOH

3.3.1 Solid-State Molecular Structures of [(H-Py-o-
(CHz)zN(Pth)z)PdC|2][CF3CO2] (3.9), [(H-PY-O-
(CHz)zN(CHzPth)z)PdClz][CF3COz] (3.10) and [(H-
NMEz(CHz)gN(Pth)z)PdCb] [PF5] (3.11)

Single crystals of complexes 3.9 — 3.11 (Figure 3.7) were obtained and molecular
structures determined. The solid-state molecular structures (Figure 3.7) show the
retention of the k2-P,P coordination present in the parent non-protonated complexes
3.3 ([(Me2N(CH2)sN(PPh3)2)PdCl3]), 3.7 ([(Py-0-(CH2)2N(CH2PPh,),)PdCl;]) and 3.8 ([(Py-
0-(CH2)2N(PPh3)2)PdCl;]). These molecular structures also reveal that the tertiary amine
nitrogen atom of complex 3.3 and the pyridyl nitrogen atoms of complexes 3.7 and 3.8
are indeed the protonated sites, agreeing with the *H NMR spectroscopic analysis
described in Section 3.3. Note that bond angles and lengths of complexes 3.9/3.11 and
3.10 are very similar to the metric parameters determined for complexes 3.1 and 3.7,

respectively.
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Figure 3.7. Solid-state molecular structures of a) 3.10, b) 3.9 and c) 3.11. d) shows the intermolecular metal halogen
hydrogen bond (MHHB) between the protonated tertiary amine site of one molecule of 3.11 and a chloride ligand
present in a different molecule of 3.11. Thermal ellipsoids are shown at the 50 % probability level. NB hydrogen
atoms (except the hydrogen atoms at the protonated pyridyl and tertiary amine sites in complexes 3.9, 3.10 and
3.11, respectively) and DCM molecules are omitted for clarity. Atom colour: carbon — grey; nitrogen — blue;
phosphorus — orange; chlorine — green; palladium — blue-green; hydrogen — white and fluorine — yellow.

The key bond lengths and bond angles measured from the solid-state structures of

complexes 3.9, 3.10 and 3.11 are presented in Table 3.3 and Table 3.4, respectively.

Table 3.3. Key bond lengths measured from the solid-state molecular structures of complexes 3.9 —3.11.

Parameter 3.9 3.10 3.11
N1-P1/A 1.705(3) - 1.691(3)
N1-P2 /A 1.706(2) - 1.706(3)
P1-Pd /A 2.2171(9) 2.2409(8) 2.204(1)
P2-Pd / A 2.3687(9) 2.234(1) 2.215(1)
Pd-Cl1/A 2.3540(9) 2.360(1) 2.359(1)
Pd-Cl2 /A 2.3687(9) 2.3440(9) 2.3655(9)
N1-C1/A - 1.454(5) -
N1-C2 /A - 1.458(5) -
01-H2 /A 1.58(7) 1.82(5) -
N2-H2 /A 1.02(7) 0.83(5) 1.000
N2-C4 /A - - 1.489(5)
N2-C5/ A - - 1.490(5)
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Table 3.4. Key bond angles measured from the solid-state molecular structures of complexes 3.9 — 3.11.

Parameter 3.9 3.10 3.11
P1-N1-P2 /° 98.4(1) - 99.5(1)
P1-Pd-P2/° 71.50(3) 92.63(3) 71.85(3)
P1-Pd-Cl1/° 99.49(3) 86.93(3) 96.70(4)
P2-Pd-CI2 /° 93.28(3) 90.11(3) 94.58(3)
Cl1-Pd-Cl2/° 95.89(3) 90.73(3) 97.09(3)
P1-Pd-CI2 /° 164.13(3) 176.65(4) 165.38(4)
P2-Pd-Cl1/° 170.68(3) 169.45(4) 168.16(4)
C1-N1-C2/° - 113.4(3) -
N2-H2-01/° 157(5) 174(5) -

The solid-state molecular structures of complexes 3.10 and 3.9 (a) and b), Figure 3.7)
show that there is hydrogen bonding between one of the oxygens of the CF3CO;™ anion,
01, and the Py-N*-H proton, H2. For complexes 3.9 and 3.10, O1-H2 is 1.58(7) A and
1.82(5) A (same value), respectively, and H2-N2 is 1.02(7) A and 0.83(5) A (same value),
respectively. The measured O1-H2 and H2-N2 bond distances show excellent agreement
with the analogous bond distances reported for complexes 3.19 (01-H2 = 1.82(2) A, H2-
N2 = 0.90(2) A)?° and 3.20 (01—H2 =1.580 A, H2-N2 = 1.040 A)% in a), Figure 3.8.
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Figure 3.8. a) structures of compounds 3.19% and 3.20;2! b) synthesis of complex 3.22.22
Together, the solid-state structure of complex 3.10 and the accompanying solution-state
'H NMR spectroscopic analysis (Figure 3.9) confirm exclusive protonation at the pyridyl
moiety, despite the P-C-N-C-P nitrogen atom being the more basic site in uncoordinated
compound 2.8. Protonation at the P-C-N-C-P nitrogen atom is possible (e.g., triflic acid
has previously been shown to protonate complex 3.21; b), Figure 3.8).22 Hence, for

complex 3.10, exclusive protonation at the pyridyl site likely arises due to the P-C-N-C-P
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nitrogen atom’s basicity being reduced in complex 3.7 relative to compound 2.8,
resulting in the pyridyl site of complex 3.7 being the more basic site. The NMR spectral
analysis summarised in Figure 3.9 shows that the resonances of the pyridyl protons (e.g.,
pyridyl resonances indicated by » and ‘, Figure 3.9) in complex 3.10 are at higher
frequencies relative to the analogous resonances in complex 3.7 (indicative of
protonation at the pyridyl nitrogen atom, as discussed in Section 3.3).
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Figure 3.9. *H NMR (400 MHz, 290 K, CD,Cl,) spectra for complexes 3.7 and 3.10. The region between approx. 3.7 —
6.8 ppm has been removed for clarity. » and ‘ label two of the pyridyl proton resonances. Red dashed boxes
highlight the signals corresponding to the (CH,), protons.

Comparison of the solid-state molecular structures of complexes 3.7 ([(Py-o-
(CH2)2N(CH2PPh;)2)PdCl>]) and 3.10 ([(HPy-o0-(CH2)2N(CH2PPh;),)PdCl,][CF3CO;]) shows
that the (CH,); linker (red dashed box in Figure 3.10) between the P-C-N-C-P moiety and
the pyridyl group has rotated in complex 3.10 relative to complex 3.7. Rotation of the
(CH2): linker likely facilitates the formation of the 0O1-H2 hydrogen bond, and results in
the shifting of the signals corresponding to the CH; protons in the 2.8 — 3.7 ppm region
of the *H NMR spectrum of complex 3.10 (relative to the 'H NMR spectrum of complex
3.7) such that the signals in the red dashed boxes (Figure 3.9) almost have the same

chemical shift.
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3.7 X-ray 3.10 X-ray

Figure 3.10. Solid-state structures of complexes 3.7 and 3.10, highlighting the effect of protonation on the (CH,),
linker (red dashed boxes). Thermal ellipsoids are shown at the 50 % probability level.

H2 of the solid-state structure of complex 3.11 ([(Me2N(H2)(CH2)sN(PPh2)2)PdCI;][PFe],
c), Figure 3.7) could not be located reliably and had to be placed into a calculated
position. The presence of H2 at the specified location is in agreement with the measured
distance of the intramolecular metal-halogen hydrogen bond (MHHB) of 2.1969 A (d),
Figure 3.7). This is consistent with the intramolecular metal-halogen hydrogen bond
distances of 2.17(6) A and 2.18(3) A determined for complexes 3.17
([Zn(Hdidpa)Cl>][PFe]) and 3.18 ([Fe(Hdidpa)Cl,][PFs]), respectively (Scheme 3.5).%°
Additionally, the N2-C4/C5 bond lengths in complex 3.11 (with an average of 1.490(2)
A) increase very slightly relative to the analogous bond lengths (with an average of
1.456(2) A) in complex 3.3, [(Me2N(CH2)3sN(PPh,)2)PdCl,]. Comparison of the solid-state
structures of complexes 3.15 ([Zn(didpa)Cl;]) and 3.17 ([Zn(Hdidpa)Cl;][PFe]) also
evidences an increase in N-C bond distance (respective average N-C bond distances for
complexes 3.15 and 3.17 are 1.485(7) A and 1.531(7) A),%® supporting that H2 is in the

specified location in the solid-state structure of complex 3.11 (c), Figure 3.7).
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Scheme 3.5. Synthesis of complexes 3.17 and 3.18.%°

3.4 Reaction of [(Ph(CH2).N(PPh;),)PdCl;] (3.1) with MeOH
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Complexes of the type [(RN(PPh)2)PdCl;] are known to react with alcohols, via
alcoholysis of a P-N bond, as shown in Scheme 3.6.° This reaction has been shown to
only occur for linear alcohols, and generally leads to only one P-N bond being cleaved.”
In order to further probe the alcoholysis reaction, complex 3.1 (R = (CH3)2Ph in Scheme

3.6) was reacted with MeOH (R’ = Me in Scheme 3.6) to afford complex 3.23.

| |HR (I)R’
AN R'OH PhP_ PPh, 3.23 (R’ = Me, R = (CH,),Ph)
PhoP  PPh; 25 °C Pd 3.24 (R’ = Me, R = CH(Me)(Ph))
/Pd\ H/ \V‘H

Scheme 3.6. Alcoholysis of [(RN(PPh,),)PdCl,] to afford complex 3.23 (when R’ = Me, R = (CH;),Ph), and the
structure of complex 3.24.°

The 3'P{*H} NMR spectrum of synthesised complex 3.23 (Figure 3.11) shows two doublet
resonances (2Jep = 30 Hz) at 108.8 ppm (cis-[(PhCH2CH2NHPPh;)(MeOPPh,)PdCly]) and
58.1 ppm (cis-[(PhCH2CH2NHPPh;)(MeOPPh;)PdCl;]), which is in contrast to the singlet
resonance observed at §p = 30.4 ppm for complex 3.1 ([(Ph(CH2)2N(PPh;);)PdCl;]). The
NMR spectroscopic data for complex 3.23 are very similar to those for the previously
reported complex 3.24 (Scheme 3.6), the corresponding data being: 3'P{*H} (162 MHz,
CDCls) 56.44 (d, N-P-Pd, 2Jpp = 27 Hz), 109.19 (d, O-P-Pd, 2Jpp = 27 Hz).5

3.1
Ph,
VAR /“'T"
Pd
N,/ \‘T
Ph, -
3.23
Phy )
MeO— N /r;ﬂ
’Pd\
HN— Ph2 Cl
oot ¥ v » " ol . WMo h b
110 105 100 95 92 8 8 75 70 65 60 55 50 45 40 35 30

6/ ppm

Figure 3.11. 3'P{*H} NMR (162 MHz, 290 K, CD,Cl,) spectra for complexes 3.1 and 3.23. NB the signal at 111.9 ppm
corresponds to known complex [(MeOPPh,),PdCl,].%3
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The difference in reactivity of complex 3.1 (reacts with MeOH) and parent ligand
compound 2.2 (Ph(CH2)2N(PPh3);; no reaction with MeOH) suggests that at least in part,
the driving force for methanolysis of 3.1 is relief of strain in the four-membered Pd-P-N-
P chelate ring. Additionally, only one of the two P-N bonds is cleaved, despite MeOH
being present in excess (reaction solvent). This has been attributed to the remaining P-
N bond in complex 3.23 being stronger than the P-N bonds in complex 3.1, since the P-
N-P nitrogen lone pair is no longer delocalised over two P-N bonds (discussed in Section
3.2), but instead is involved in bonding with one of the phosphorus atoms (N Ip 2>
PRo*).>24 Ultimately, the reactivity of complex 3.1 with MeOH suggests that complexes

of the form of [(RN(PPh2)2)PdCl,] will not be suitable for alkoxycarbonylation.

3.5 Reaction of [(Py-0-(CH2).N(PPh;),)PdCl,] (3.8) with CoCl, and
[N(n-Pr)4]Cl

Since pyridyl groups can behave as Lewis bases, complex 3.8 was reacted with one
equivalent of CoCl, and [N(n-Pr)4]Cl affording heterobimetallic complex 3.25, as shown
in a), Scheme 3.7. To the best of the author’s knowledge, this is the first synthesis of a

complex containing both [(k?-P,P)PdCl,] and Py-CoCls~ moieties.

b) N
. |
~ ~ /\ @_ =
| < Cloe\

) 0
Phor{ PPh,  25°C ‘ 9 j
N
Pd Ph,
VAN @l
0\ ¥py—FPh; c’ ©
3.8 3.25 AR g

o,

3.27

Scheme 3.7. a) Synthesis of complex 3.25; b) structure of complex 3.26, where R = ethyl, n-butyl, n-hexyl, n-heptyl,
n-octyl, n-nonyl, allyl, propargyl;? c) structure of complex 3.27.%¢

The structures of previously reported complexes 3.262° and 3.27%%, with similarities to
complex 3.25, are shown in b) and c) of Scheme 3.7, respectively. Complex 3.26
possesses a quinoline motif (cf. pyridyl group of complex 3.25) bound to the CoBrs;
fragment, alongside a 1-alkyl-3-methylimidazolium cation (cf. tetrapropylammonium

cation of complex 3.25). Complex 3.27 is zwitterionic containing an anionic CoCls
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fragment coordinated by a pyridine ligand (analogous to complex 3.25). However, the
palladium(ll) centre has a formal positive charge, unlike the neutral palladium(ll) centre
in complex 3.25 (the tetrapropylammonum cation is the source of positive charge in
complex 3.25). It is noteworthy that during the synthesis of heterobimetallic complex

3.25, there is no ligand exchange between the palladium(ll) and the cobalt(ll) centres.

3.5.1 Solid-State Molecular Structure of [N(n-Pr)4][({ClsCo}Py-o-
(CH2)2N(PPh,),)PdCl;] (3.25)

Single crystals of complex 3.25 were obtained and a molecular structure determined
(Figure 3.12), evidencing the Py-CoCls moiety and hence the Lewis basicity of the pyridyl
group of complex 3.8 ([(Py-0-(CH2)2N(PPh3)2)PdCl;]). The core bond angles and bond
lengths related to the P-N-P-Pd four-membered chelate ring for complex 3.25 are
essentially identical to those for complex 3.1 ([(Ph(CH2)2N(PPh3)2)PdCl;]). The anionic Py-
CoCl; moiety has a slightly distorted tetrahedral geometry (with N-Co-Cl and Cl-Co-Cl
bond angles deviating slightly from the ideal 109.5° tetrahedral angle), N1-Col bond
distance of 2.077(3) A (cf. Np,-Co = 2.084(3) A measured for complex 3.28),2” and Co-Cl
distances of 2.239(2) A, 2.238(2) A and 2.265(1) A (cf. Co-Cl distances varying from
2.2421(13) - 2.2653(13) A measured for complex 3.28).27 The slightly distorted
tetrahedral geometry is evidenced by a calculated (using Equation 3.1) 74 value of

0.94057 which is very close to 1, i.e., the 74 value for a perfect tetrahedron.1°

P1
ci2 IN1  Pe g\ / \ e
. Mi Nl — 7 \Pd/“'
b < z} N2ig \\ \© N e
% Q" = e z (‘:O/ Phy
&3 cla

3.25 X-ray -
X
(j\/ B
| ©
i\}i}'@p o\;;;]
3.28

Figure 3.12. Solid-state molecular structure determined from XRD analysis of single crystals of 3.25. Thermal
ellipsoids are shown at the 50 % probability level. NB hydrogen atoms are omitted for clarity. Atom colour: carbon —
grey; nitrogen — light blue; phosphorus — orange; palladium — blue-green; cobalt — dark blue, and chlorine — green.
Structure of previously reported complex 3.28 is also shown.?’
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The key bond lengths and bond angles measured from the solid-state structure of

complex 3.25 are presented in Table 3.5 and Table 3.6, respectively.

Table 3.5. Key bond lengths measured from
the solid-state molecular structure of complex

Table 3.6. Key bond angles measured from
the solid-state molecular structure of complex

3.25. 3.25.
Bond Bond Length / A Angle Bond Angle / °
N1-P1 1.698(3) P1-N1-P2 98.7(2)
N1-P2 1.703(4) P1-Pd-P2 71.39(5)
P1-Pd 2.208(1) P1-Pd-Cl1 96.24(5)
P2-Pd 2.214(1) P2-Pd-CI2 95.96(5)
Pd-Cl1 2.372(2) Cl1-Pd-CI2 96.36(5)
Pd-CI2 2.360(1) P1-Pd-CI2 167.31(5)
N2-Col 2.077(3) P2-Pd-Cl1 167.44(5)
Co-CI3 2.239(2) N2-Co-CI3 106.5(1)
Co-Cl4 2.238(2) N2-Co-Cl4 107.0(1)
Co-CI5 2.265(1) N2-Co-CIS 108.4(1)
CI3-Co-Cl4 114.14(6)
CI3-Co-CI5 112.86(6)
Cl4-Co-Cl5 107.65(6)

3.6 Coordination Chemistry of Py-o0-(CH,).N(PPh;)(Me) (2.11)
and Py-0-(CH;)N(P{OPh};)(Me) (2.12) with Palladium(ll)
Dichloride

Compounds 2.11 and 2.12 were reacted with [(MeCN).PdCl;] to afford complexes 3.29
and 3.30, respectively (Scheme 3.8). Complexes 3.29 and 3.30, due to the presence of
only one PR, moiety, are forced to exhibit k?-P,N coordination through coordination of

the pyridyl moiety.
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- 2MeC M\ ppl_
R |

"R,
2.11 (R = Ph) 3.29 (R = Ph)
2.12 (R = OPh) 3.30 (R = OPh)

Scheme 3.8. Synthesis of complexes 3.29 and 3.30.

The 3'P{*H} NMR spectra of complexes 3.29 and 3.30 show singlet resonances at 59.7
ppm and 83.8 ppm, respectively. In the case of complex 3.29, the chemical shift differs
only slightly from that determined for the parent ligand compound 2.11 (64.4 ppm),
whereas complex 3.30 shows a significant shift to lower frequency for the chemical shift
relative to that determined for compound 2.12 (140.1 ppm). The origins of the small Adp
(where Ad8p = Op-uncoordinated — Op-coordinated) Of 4.7 ppm between 2.11 and 3.29, but
approximately ten times larger Adp of 56.3 ppm between 2.12 and 3.30, is unclear, but
may relate to the fact that 3!P{*H} chemical shift is very sensitive to bond angles around
the phosphorus atom?® and hence phosphorus atom substituents (OPh in 3.30 and Ph
in 3.29). While the phosphorus centre of complex 3.30 bearing phenoxy groups is likely
to be at least partially m-accepting in nature, it is unlikely that there is significant Pd -
P t-backbonding for geometric reasons.

Evidence of pyridyl group coordination is clear from comparison of the 'H NMR
spectra of the uncoordinated ligands 2.11 and 2.12 and their corresponding metal
complexes 3.29 and 3.30, specifically considering the chemical shift of the ortho-pyridyl
proton. For Py-o-N(PPh;)(Me) and the corresponding palladium(ll) complex [{Py-o-
N(PPh;)(Me)}PdCly], the ortho-pyridyl protons have H chemical shifts of 8.29 ppm and
9.65 ppm, respectively, illustrating a shift to a higher frequency in 1 of 1.36 ppm upon
ligand coordination.?’ The ortho-pyridyl protons of compound 2.11 and complex 3.29
have §1=8.56 ppm and &= 8.80 ppm, respectively, evidencinga A1 =0.24 ppm (where
ASH = OH-complex— OH-free ligand). The ortho-pyridyl protons of compound 2.12 and complex
3.30 have 61 =8.57 ppm and 6x = 9.11 ppm, respectively, exhibiting a Adw = 0.54 ppm
(Figure 3.13). The change in 81 (Ad ) of the ortho-pyridyl proton in conjunction with the
aforementioned change in &p (Adp) upon complexation indicates that compounds 2.11

and 2.12 coordinate to the palladium(ll) centre in a k>-P,N fashion.
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Figure 3.13. 'H NMR (400 MHz, 290 K, CDCls) spectra for compound 2.11 and complex 3.29, with the 4.9 - 7.1 ppm
region removed for clarity.

The *H NMR spectrum of compound 2.11 presents two signals corresponding to the four
protons of the two CH; groups in the 2.8 — 3.7 ppm range. The *H NMR spectrum of
complex 3.29, however, shows four signals corresponding to the same four protons in
the 2.8 — 4.8 ppm region (Figure 3.13). This is attributed to coordination of the pyridyl
group resulting in conformational locking of the CH, chain, causing the individual
hydrogen atoms of the CH, groups to be in different chemical environments and have

different chemical shifts in complex 3.29 relative to compound 2.11.

3.6.1 Solid-State Molecular Structure of [(Py-o-(CH;);N(PPh;)(Me))PdCl,]
(3.29) and [(Py-0-(CH,).N(P{OPh},)(Me))PdCl;] (3.30)

Single crystals of complexes 3.29 and 3.30 have been obtained and molecular structures
determined (Figure 3.14), evidencing the k?>-P,N coordination mode inferred from *H and
31p{IH} NMR spectroscopies (Section 3.6). The 7-membered chelate rings of complexes
3.29 and 3.30 are less strained than the 4-membered chelate rings of complexes 3.1 —
3.6; this is reflected in the N1-Pd1-P1 bite angles of complexes 3.29 and 3.30 being
91.97(6)° and 91.11(3)°, respectively (cf. approx. 71° for complexes 3.1 — 3.6). The other
bond angles around the palladium(ll) centres of complexes 3.29 and 3.30 (Cl1-Pd1-Cl2,
N1-Pd1-Cl1 and P1-Pd1-ClI2) are also very close to the ideal 90° bond angle (Table 3.7),

suggesting that the square planar geometry around the palladium(ll) centres is not
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significantly distorted (quantified by the calculated values for complexes 3.29 and 3.30,

Table 3.7, being very close to 0).%°

3.29 (R = Ph)
3.29 X-ray 3.30 X-ray 3.30 (R = OPh)

Figure 3.14. Solid-state molecular structure determined from XRD analysis of single crystals of complexes 3.29 and
3.30. Thermal ellipsoids are shown at the 50 % probability level. NB hydrogen atoms (except H6A) and a DCM
molecule (for complex 3.29) is omitted for clarity. Atom colour: carbon — grey; nitrogen — blue; phosphorus —

orange; palladium — blue-green; oxygen — red, chlorine — green. Black dashed line indicates interaction between
H6A and Pd.

The key bond lengths and bond angles measured from the solid-state structures of

complexes 3.29 and 3.30 are presented in Table 3.7.

Table 3.7. Key bond lengths and angles measured from the solid-state molecular structures of complexes 3.29 and
3.30, and calculated 4 values for complexes 3.29 and 3.30.

Parameter 3.29 3.30
N1-Pd 2.041(2) 2.041(1)
P1-Pd 2.2260(8) 2.2125(4)
Pd-Cl1 2.3546(7) 2.3379(4)
Pd-Cl2 2.2859(8) 2.2923(4)
N2-P1 1.682(2) 1.637(1)
Pd-H6A 2.6366 2.5683
P1-01 - 1.608(1)
P1-02 = 1.609(1)

N1-Pd-P1 91.97(6) 91.11(3)

N1-Pd-Cl1 89.86(6) 87.54(3)

P1-Pd-CI2 85.83(3) 89.82(2)
Cl1-Pd-ClI2 92.08(3) 91.47(2)
N1-Pd-CI2 171.96(6) 178.44(3)
P1-Pd-Cl1 177.23(3) 177.24(2)
C6-H6A-Pd 114.7 115.98
T4 0.0074 0.0028
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The P1-Pd bond lengths of 2.2260(8) A and 2.2125(4) A for complexes 3.29 and 3.30,
respectively, are very similar to those of complexes 3.1 ([(Ph(CH2)2N(PPh;),)PdCl,]) and
3.7 ([(Py-0-(CH2)2N(CH2PPh3);)PdCl;]). The N1-Pd bond lengths are identical (3.29:
2.041(2) A; 3.30: 2.041(1) A). The N2-P1 bond length is shorter in complex 3.30 (1.637(1)
A) than in complex 3.29 (1.682(2) A) due to P1 having OPh substituents in complex 3.30.
The P(OPh); moiety of complex 3.30 is more electron-withdrawing than the PPh; moiety
of complex 3.29, hence there is greater P-N multiple bond character in complex 3.30
resulting in a shorter P1-N2 distance.

Notably, there is a Pd-H6A interaction (H6A-Pd distances: 2.6366 A (3.29); 2.5683 A
(3.30). C6-H6A-Pd angles: 114.7° (3.29); 115.98° (3.30)), which is retained in solution as
evidenced by 6y H6A ~4.7 — 4.8 ppm for complexes 3.29 and 3.30 (cf. 2.99 — 3.06 for Py-
CH; in compound 2.11 in Figure 3.13, hence Adn ~1.73 ppm). The aforementioned Pd-
H distances and C-H-Pd angles are within the general ranges of 2.3 — 2.9 A and 110 -
170°, respectively, accepted to describe anagostic Pd~H-C interactions.3%3! Anagostic
interactions are poorly understood compared to their agostic counterparts (with a M---
H distance of ~1.8 —2.3 A), but have been established to control polymer microstructure
during catalytic polymerisation processes.3? Agostic interactions are an interaction
between the two electrons in a C-H bond and an empty d-orbital on a transition metal,
forming a three-centre two-electron bond. Anagostic interactions are more electrostatic
in character relative to their agostic counterparts.?? Indeed, a similar H-Pd distance
(2.8875 A), C-H-Pd angle (116.3°) and A8 (~1.08 ppm; this may be smaller than the ASy
for complexes 3.29 and 3.30 as an ortho-aryl proton is involved in the anagostic
interaction in complex 3.31, cf. an alkyl proton in complexes 3.29 and 3.30) value have

been reported for complex 3.31 (Figure 3.15).33

H

‘-, CH,OH
HOH,C “Pd” 2
/7 \

331

Figure 3.15. Structure of complex 3.31, highlighting the anagostic Pd---H-C interaction.3?
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3.7 Summary

The various ‘PNP’ and ‘PCNCP’ compounds Ph(CH;)2N(PPh3)2 (2.2), n-BuN(PPh3), (2.3),
MezN(CH2)sN(PPhy), (2.4), Py-m-CH2N(PPhy); (2.5), Ph-Ce¢HaN(PPhy), (2.6), Py-o-
CsHaN(PPh3)2 (2.7), Py-0-(CH2)2N(CH2PPh,)2 (2.8), Py-0-(CH2)2N(PPh2)(Me) (2.11) and Py-
0-(CH2)2N(P{OPh};)(Me) (2.12) were reacted with [(MeCN),PdCl;] in order to afford
complexes [(Ph(CH2)2N(PPh2)2)PdCl;] (3.1), [(n-BUN(PPh3),)PdCl;] (3.2),
[(Me2N(CH2)sN(PPh3),)PdCl;] (3.3), [(Py-m-CH;N(PPh3),)PdCl;] (3.4), [(Ph-
CsHaN(PPh2),)PdCl,] (3.5), [(Py-0-CsHsN(PPh2)2)PdCl,] (3.6), [(Py-o0-
(CH2)2N(CH2PPh3),)PdCl2] (3.7), [(Py-o-(CH2):N(PPhz)(Me))PdCl;] (3.29) and [(Py-o-
(CH,)2N(P{OPh},)(Me))PdCl,] (3.30), respectively. Complexes 3.1 — 3.7 exhibit k>-P,P
coordination, evidenced through 3'P{*H} NMR and solid-state molecular structure
studies (Section 3.2 — 3.2.1). The reactivity of complexes 3.3, 3.7 and 3.8 (previously
prepared)!? with pendant nitrogen donors has been studied. Complexes [(Py-o-
(CH2)2N(PPh;)2)PdCl;] (3.8), 3.3 and 3.7 were protonated using TFA (and NH4PFs for
complex 3.3, affording [(Me2N(H)(CH2)sN(PPh3)2)PdCl,][PFe], i.e., complex 3.11),
affording [(HPy-0-(CH2)2N(PPh3)2)PdCI;][CFsCO2],
[(Me2N(H)(CH2)sN(PPh;),2)PdCl,][CF3CO2], and [(HPy-o-
(CH32)2N(CH2PPh;)2)PdCl,][CF3CO;] (complexes 3.9, 3.12 and 3.10, respectively), verified
by 'H NMR spectroscopic analysis and solid-state structures for complexes 3.11, 3.9 and
3.10 (Section 3.3 — 3.3.1), evidencing the Brgnsted basicity of the pendant nitrogen
atoms. The Lewis basicity of the pyridyl moiety of complex 3.8 was evidenced by the
reaction of complex 3.8 with CoCl, and [N(n-Pr)4]Cl affording heterobimetallic complex
[N(n-Pr)a][({ClsCo}Py-0-(CH2)2N(PPh3)2)PdCl;] (3.25), with the pyridyl moiety of complex
3.8 coordinating to CoCls~ (Section 3.5 — 3.5.1). The reactivity of complex 3.1 (as a
representative [{RN(PPh3)2}PdCl;] complex) with MeOH to afford
[(PhCH2CH2NHPPh;)(MeOPPh;)PdCl;] (complex 3.23), via the established P-N alcoholysis
reaction, has been verified by 3!P{*H} NMR analysis (Section 3.4). Complexes 3.29 and
3.30 exhibited k*-P,N coordination and an anagostic C6-H6A~Pd interaction, both

evidenced by 'H NMR and solid-state molecular structure studies (Section 3.6 — 3.6.1).
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Chapter 4 — Synthesis and Reactivity
of Cobalt(ll) Complexes of ‘PNP’,
‘PCNCP’, ‘SPNP’ and ‘SPNPS’ Ligands

4.1 Introduction

The coordination chemistry of ‘PNP’ and ‘PCNCP’ ligands with cobalt halides has been
scarcely studied.! ~® Previously, syntheses of zwitterionic complex 1.16* and co-crystal
1.203 (Figure 4.1) have been reported, with their structures confirmed by XRD analysis
of single crystals. Complex 1.16 is obtained by the 1:1 reaction of CoCl, with
MeS(CH2)sN(PPh,),,! whereas co-crystal 1.20 is afforded from the 1:2 reaction of CoCl,
with {2,6-Me,CsH3N(PPh,),}.3 Co-crystal 1.20 contains tetrahedral cobalt(lll) complex
[CIsCo{NH2(2,6-Me;Ph)}] (with NHz(2,6-Me2Ph) forming from P-N bond cleavage in a
molecule of {2,6-Me;CsH3N(PPh;)2}). The origin of the change in cobalt oxidation state

and P-N bond cleavage is not established.3

1 co@
ph2 Ph, Ph Ph Ph
Ph, y - P n, .
5" ® / ~ 0
»Co< r oS
Phy | F’hz N\ : /\
Ph Ph ph Ph
\
1.16 1.20

Figure 4.1. Structures of complex 1.16 and co-crystal 1.20.%3

To further establish the fundamental coordination chemistry of ‘PNP’ ligands with cobalt
halides evidenced by complex 1.16 and co-crystal 1.20, the corresponding coordination
chemistry of ‘PNP’ compounds 2.2 — 2.7 was studied. The 1:1 reactions of compounds
2.4 (MezN(CH2)sN(PPhy)2), 2.5 (Py-m-CH;N(PPhy)2) and 2.7 (Py-0-CsHaN(PPhy)2),
containing pendant donor groups, with cobalt halides are predicted to afford
zwitterionic complexes based on the complex 1.16 being obtained from the 1:1 reaction
of CoCl, with MeS(CH2)sN(PPhy), (Figure 4.1).1 In contrast, the complexes obtained from
the 1:1 reactions of compounds 2.2 (Ph(CH3)2N(PPh3)2), 2.3 (n-BuN(PPh3),) and 2.6 (Ph-
CeHaN(PPh;)2) with cobalt halides are likely to adopt a structure different from that

exhibited by complex 1.16 since there is no pendant donor group on the ‘PNP’ ligand.
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Additionally, reactions of ‘PNP’ ligands with cobalt halides with various ‘PNP’:CoX;
stoichiometries (1:1 and 2:1) will be probed to elucidate potential changes in cobalt
complex structure upon changing reaction stoichiometry.

The reactivity of ‘PCNCP’ compounds with cobalt halides has been probed to a
limited extent, with the potential for both zwitterionic* and [(k?>-P,P)CoX2] complexes
being established (Figure 1.4, Section 1.1.2, Chapter 1).>° Study of the coordination
chemistry of ‘PCNCP’ compound 2.8 (Py-o0-(CH,):N(CH2PPh;),) with cobalt dibromide
aims to elucidate the factors governing the structure of the cobalt complexes obtained
with ‘PCNCP’ ligands. In contrast, the coordination chemistry of ‘SPNP’ and ‘SPNPS’
compounds has not been previously studied with cobalt. Study of the reactivity of ‘SPNP’
compound 2.9  (Ph(CH2)2N(SPPhy)(PPhy)) and  ‘SPNPS’ compound 2.10
(Ph(CH2)2N(SPPh3);) with cobalt dibromide is predicted to establish the impact of the
addition of sulfur atoms to a ‘PNP’ scaffold on the coordination chemistry with cobalt.
To the best knowledge of the author, the coordination chemistry of aminophosphine
compounds with cobalt is also unstudied. Consequently, the reactions of
aminophosphine compounds 2.11 (Py-o-(CH;)oN(PPhz)(Me)) and 2.12 (Py-o-
(CH2)2N(P{OPh},)(Me)) with cobalt halides are hoped to establish if k2-P,N coordination

is exhibited in the resultant cobalt complexes.

4.2 Coordination Chemistry of Py-0-(CH;):N(PPh;), (2.1),
Ph(CHz)zN(Pth)z (2.2), n-BUN(Pth)z (2.3), NMEZ(CHz)gN(Pth)z
(2.4), Py-m-CH;N(PPh;); (2.5), Ph-CsHsN(PPhz), (2.6), Py-o-
C5H4N(Pth)z (2.7), and Py-O-(CHz)zN(CHzpphz)z (2.8) with
Cobalt(ll) Halides

The previously prepared compound Py-o0-(CH2)2N(PPh3), (2.1)” and compound 2.2 were
each reacted in a 1:1 molar ratio with CoX; (X = Cl, Br and 1) allowing for the effect of
halide on cobalt(Il) complex structure to be probed. In contrast, compounds 2.3 — 2.8
were reacted with CoBr,, only, in a 1:1 molar ratio in THF (or DCM for the reaction
involving compound 2.8) solution. The corresponding cobalt(ll) halide complexes 4.1 —
4.11 were afforded (Scheme 4.1).

This coordination study revealed, for the first time, that ionic cobalt(ll) complexes

(4.1 -4.4, 4.9 — 4.11) of the form [CoX(RN{PPh2}:)2]2[Co2X¢] (X = Cl, Br, |) are obtained
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when no suitable pendant donor is present in R of RN{PPhy},, as is the case for
compounds 2.2, 2.3, 2.5 — 2.7. The reaction of compound 2.4 with CoBr; affords the
expected zwitterionic complex 4.5, with similar reactivity observed for compound 2.1
with CoCl, and Col, (analogous to previously prepared complex 2.14,” d), Scheme 4.1,

evidencing zwitterionic complex formation regardless of the halide ligand present).
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Scheme 4.1. Reactions of various ‘PNP’ and ‘PCNCP’ compounds with cobalt halides. NB complex 2.14 (previously
prepared) is included for completeness. Percentage yields included.
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Single crystal XRD analyses have confirmed the solid-state molecular structures of
complexes 4.1, 4.5, and 4.7 — 4.11 (see Section 4.2.1). The [Co2Xs] (X = Cl, Br, 1) dianion
of complexes 4.1 — 4.4 and 4.9 — 4.11 (Scheme 4.1) is of interest as a search using the
CSD Conquest Software® (31/01/24) reveals a limited number of reports of the [Co2Xe]
dianion in the literature. Indeed, there are several reported molecular structures

9= only three reported molecular structures containing

containing the [Co,Clg] dianion,
the [Co,Brg] dianion,?%?! with complex 4.11 being the first mention of the [Coale] dianion
(to the best knowledge of the author). In each case, the [Co2Xe] dianion is formed from
the breakdown of polymeric CoX».° Single crystals of complexes 4.2 and 4.4''* could not
be obtained, despite numerous attempts. Hence, their molecular structures (required in
order to determine the ionic, cf. complex 4.1, Scheme 4.1, or zwitterionic, cf. complex
4.5, Scheme 4.1, nature of the complex) could not be determined.

More generally, the characterisation of cobalt(ll) complexes is challenging due to the
paramagnetic nature of these d’ species. For example, the presence of paramagnetic
cobalt(ll) species results in very large NMR spectroscopic chemical shift ranges due to
the dependence of the chemical shift of a given nucleus on shielding and the chemical

environment.?? The actual magnetic field at a given nucleus is not simply equal to the

applied magnetic field, but instead is given by Equation 4.1:

Actual Field=Bo+ B (4.1)

Bo is the applied magnetic field and B is the field from adjacent nuclei, to which
paramagnetic nuclei contribute significantly.?> Hence, paramagnetic nuclei result in a
large range of magnetic field values experienced by neighbouring nuclei and very large
chemical shift ranges.?? Additionally, paramagnetic nuclei have very short spin-spin, i.e.,
T, relaxation times, and therefore have short excited state lifetimes; the shorter the
lifetime of a nucleus in a given state, the greater the uncertainty in the energy of that
given state. This greater uncertainty arising from short T, relaxation results in broader
NMR resonances (often broadened to the point of invisibility).?? Consequently, NMR

spectroscopy is often not suitable to characterise complexes described in Scheme 4.1.

L1* Single crystals of complex 4.3 also could not be obtained, but complex 4.3 can only have an ionic
structure due to the lack of a pendant donor group in the ‘PNP’ nitrogen atom’s substituent.
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CHN, ESI mass spectrometry and measurement of the magnetic susceptibility of the
complexes via the Evans Method?® have been employed to study complexes 4.1 —4.11,
but cannot distinguish between ionic and zwitterionic structures. Obtained CHN
analyses reflects the 1:1 ratio of ‘PNP’ compound to CoX; present in both ionic and
zwitterionic complexes. Positive ion ESI mass spectra evidence clear signals for the
[CoX(RN{PPh3},)2] cation and the [M-CoXs]* fragment of ionic (e.g., complex 4.4 lonic,
Figure 4.2) and zwitterionic (e.g., complex 4.4 Zwitterionic, Figure 4.2) complexes,
respectively, with the same m/z value (1214.20 m/z, Figure 4.2, hence equivalence of
[CoX(RN{PPh;}2).]* and [M-CoXs3]*). Negative ion ESI mass spectra show signals for the
equivalent [CoXs3]~ and [Co2Xe]>~ anions for zwitterionic and ionic complexes,
respectively. The aforementioned signals are not observed in the positive and negative
ion ESI mass spectra of complex 4.6, suggesting a neutral structure; a fragment at 656.3

m/z has been assigned as [M-Br]*, consistent with the proposed structure (Figure 4.2).
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Figure 4.2. Structures of complexes 4.1 —4.5.

Probing the magnetic susceptibility of complexes 4.1 — 4.11 via the Evans Method?? (see
Section 4.9) has proven to be unable to distinguish between zwitterionic and ionic
structures; for example, uesf values of 5.02 and 5.54 ug were measured for the possible

complexes 4.4 Zwitterionic and 4.4 lonic, respectively (Figure 4.2). However, pefsvalues
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of 5.02 and 5.54 ug agree with measured values for analogous zwitterionic and ionic
complexes (see Section 4.9), respectively.

Given the difficulty in obtaining structural information in the absence of single
crystal XRD analyses, the exact structures of complexes 4.2 and 4.4 cannot be confirmed.
Consequently, complexes 4.2 and 4.4 have been tentatively assigned ionic structures
(Scheme 4.1) since the formation of zwitterionic complexes (as described in Section 4.4)
has been shown to occur via an intramolecular reaction of a pendant donor moiety
present in the cation of an intermediate ionic cobalt(ll) complex and the [Co2Xs] dianion.
Since zwitterionic complex formation might not occur, the intermediate ionic cobalt(ll)
complex is assumed to be the isolated product during the synthesis of complexes 4.2

and 4.4.

4.2.1 Solid-State Molecular Structures of [CoBr(n-BuN{PPh},).]2[Co,Brs]
(4.1), [COBr(MEzN(CHz)gN{Pth}z)({BfgCO}MEzN(CHz)gN{Pth}z)] (4.5),
[CoCI(Py-0-(CH2);:N{PPh,},)({ClsCo}Py-0-(CH,);N{PPh,},)] (4.7), [Col(Py-o-
(CH2)2N{PPh,},)({IsCo}Py-0-(CH,),N{PPh,},)] (4.8),
[CoCI(Ph(CH2):N{PPh;},):]2[C0,Cls]  (4.9), [CoBr(Ph(CH):N{PPh;},),]
[COzBfe] (4.10) and [CO'(Ph(CHz)zN{Pth}z)z]2[C02|5] (4.11)

Single crystals of complexes 4.1, 4.5, and 4.7 — 4.11 were obtained and molecular
structures determined (Figure 4.3). NB the structure of the analogous previously
prepared complex 2.14 has been included here for comparison.” As anticipated, the
metric parameters of the [CoX(P,P).]* motif are very similar for complexes 4.1, 4.5, 4.7

—4.11 and 2.14.
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Figure 4.3. Solid-state molecular structures of complexes 4.7, 2.14, 4.8 and 4.5, and the cations and dianions of
complexes 4.9, 4.10, 4.11 and 4.1. Thermal ellipsoids are shown at the 50 % probability level. NB for 4.9 and 4.11
the asymmetric unit contains only one equivalent of cation and half of the [Co,Xs] dianion (X = Cl, 1), whereas for

4.10 and 4.1 the asymmetric unit contains two equivalents of cation and the entire Co,Br¢> anion, hence only one
cation is shown as a representative example of both in Figure 4.3. Hydrogen atoms and DCM molecules are omitted
for clarity. Atom colour: carbon — grey; nitrogen — light blue; phosphorus — orange; cobalt — dark blue; chlorine —
green; bromine — orange-brown, and iodine — purple.
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The key bond lengths and bond angles measured from the solid-state structures of
complexes 4.5, 4.7, 2.14 and 4.8 are shown in Table 4.1, with analogous data for
complexes 4.1 and 4.9 — 4.11 being presented in Table 4.2. The cationic cobalt(ll) centre
in complexes 4.1, 4.5, and 4.7 — 4.11 and 2.14 adopts a distorted trigonal bipyramidal
geometry (evidenced by equatorial-equatorial bond angles of Cl1-Co1-P4 ~132° and P1-
Col-P4 ~108°, cf. 120°, and axial-equatorial bond angles of Cl1-Co1-P2/3 ~95°, cf. 90°,
for complex 4.7) bearing a single halide ligand and two ‘PNP’ ligands coordinating in a
k2-P,P mannetr, i.e., [CoX(P,P),]*. Distortion arises due to small P1-Co1-P2 and P3-Co1-P4
angles of ~71.2 — 71.5°. Taking the molecular structure of complex 4.5 (Figure 4.3) as
an example, the Brl, P2 and P3 atoms are coplanar, with P1 and P4 occupying the apical
positions. Indeed, the distortion of a trigonal bipyramidal geometry can be probed be

calculating the 75 value?* using Equation 4.2:

Ts ~ —0.01667a + 0.01667f (4.2)

where a and 3 are the two largest valence angles around the five-coordinate centre and
B > a. For a perfect trigonal bipyramidal geometry, @ = 120° and 8 = 180°, resulting in a
Ts value of 1.2* The range of 75 values obtained for complexes 4.1, 4.5, and 4.7 — 4.11
are ~0.61 — 0.72, indicating significant distortion from the ideal trigonal bipyramidal
geometry.

lonic complexes 4.1 and 4.9 — 4.11 contain the [Co2Xs] dianion with two distorted
tetrahedral cobalt(ll) centres joined by two bridging halide ligands and completed by
two terminal halide ligands. In the case of zwitterionic complexes 4.5, 4.7, 4.8 and 2.14,
the anionic charge exists on a distorted tetrahedral cobalt(ll) centre with three halide
ligands and one nitrogen donor ligand, either pyridyl or tertiary amine-based, with the
pyridyl or tertiary amine moiety being present in the nitrogen substituent of the ‘PNP’
ligand. This same ‘PNP’ ligand is coordinating to the cationic cobalt(ll) centre in

complexes 4.5, 4.7, 4.8 and 2.14, resulting in a zwitterionic complex.
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Table 4.1. Key bond lengths and angles measured from the solid-state molecular structures of complexes 4.5, 4.7,
2.14 and 4.8, and calculated ts values for complexes 4.5, 4.7, 2.14 and 4.8.

Parameter 4.5 (X =Br) 4.7 (X=Cl) 2.14 (X = Br) 4.8(X=1)
Col-X1/A 2.3568(7) 2.2264(7) 2.3638(5) 2.5461(5)
Col-P1/A 2.242(1) 2.2687(7) 2.2692(9) 2.2804(8)
Col-P2 /A 2.250(1) 2.2396(7) 2.235(1) 2.239(1)
Col-P3/A 2.249(1) 2.2411(7) 2.238(1) 2.238(1)
Col-P4 /A 2.232(1) 2.2397(5) 2.2400(8) 2.2497(9)
N1-P1/A 1.683(3) 1.708(2) 1.707(3) 1.716(3)
N1-P2 / A 1.709(4) 1.694(2) 1.695(2) 1.701(2)
N2-P3 /A 1.707(4) 1.691(2) 1.687(2) 1.692(2)
N2-P4 /A 1.683(4) 1.698(2) 1.698(3) 1.709(4)
N3-Co2 / A 2.121(7) 2.077(2) 2.075(2) 2.073(2)
Co2-X2 /A 2.436(2) 2.250(1) 2.3836(7) 2.5954(8)
Co2-X3 /A 2.40(1) 2.2662(9) 2.3977(8) 2.5887(6)
Co2-X4 / A 2.374(2) 2.2530(6) 2.3894(6) 2.5788(6)
X1-Col-P1/° 94.54(4) 119.57(3) 120.25(3) 123.26(3)
X1-Co1-P2 /° 123.40(4) 95.16(2) 95.35(3) 96.17(3)
X1-Co1-P3 /° 128.73(4) 95.26(2) 94.70(3) 93.57(3)
X1-Co1-P4 /© 94.08(4) 132.33(3) 131.90(3) 129.50(3)
P1-Col-P2/° 71.46(4) 71.35(2) 71.49(3) 71.27(3)
P1-Col-P3/° 103.77(4) 103.71(2) 103.84(3) 104.06(4)
P1-Col-P4/° 171.26(5) 108.09(2) 107.83(3) 107.22(4)
P2-Co1-P3/° 107.83(4) 169.57(3) 169.82(3) 170.21(4)
P2-Col-P4/° 102.44(4) 100.96(2) 100.98(3) 101.34(4)
P3-Col-P4/° 71.71(4) 71.45(2) 71.46(3) 71.44(3)
P1-N1-P2 /° 101.3(2) 101.3(1) 101.3(1) 100.8(1)
P3-N2-P4/° 101.5(2) 101.0(1) 101.1(1) 100.8(2)
N3-Co2-X4 / ° 103.2(2) 114.01(6) 115.59(7) 117.73(9)
X3-Co2-X4 /° 109.9(2) 111.03(3) 109.31(2) 113.62(2)
X2-Co2-X4 / ° 117.5(1) 113.27(3) 113.44(2) 106.19(2)
Ts 0.71 0.62 0.63 0.68
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Table 4.2. Key bond lengths and angles measured from the solid-state molecular structures of complexes 4.1 and
4.9 - 4.11, and calculated 75 values for complexes 4.1 and 4.9 -4.11. NB “is 2, *is 2, M is 3, and “ is 4 for complexes
4.9and 4.11,and ‘is 3, *is 3, Mis 4, and “ is 5 for complexes 4.1 and 4.10.

Parameter 4.1 (X =Br) 4.9 (X=Cl) 4.10 (X = Br) 4.11 (X=1)
Col-X1/A 2.3819(6) 2.2296(6) 2.3708(6) 2.5561(7)
Col-P1/A 2.2645(10) 2.2650(5) 2.2512(9) 2.253(1)
Col-P2 /A 2.2606(10) 2.2194(5) 2.2265(9) 2.227(1)
Col-P3/A 2.2310(10) 2.2430(4) 2.2312(8) 2.259(1)
Col-P4 /A 2.2495(10) 2.2722(5) 2.2577(8) 2.30(2)
N1-P1/A 1.699(3) 1.707(1) 1.58(2) 1.705(4)
N1-P2 /A 1.689(3) 1.680(1) 1.81(2) 1.679(4)
N2-P3 /A 1.684(3) 1.685(1) 1.692(2) 1.684(4)
N2-P4 / A 1.717(3) 1.700(1) 1.712(2) 1.71(2)
Co’-X* /A 2.3431(6) 2.2340(5) 2.3452(6) 2.5713(7)
Co’-XA [ A 2.3726(6) 2.2371(7) 2.3602(8) 2.5516(7)
Co’-X" /A 2.4660(6) 2.3377(5) 2.4541(9) 2.6368(8)
X1-Col-P1/° 122.13(3) 127.64(2) 126.90(3) 133.67(4)
X1-Co1-P2 /° 97.23(3) 93.17(2) 94.47(3) 92.88(4)
X1-Col-P3/° 92.41(3) 96.19(2) 96.43(3) 96.36(4)
X1-Co1-P4 /© 129.25(3) 125.66(2) 125.17(3) 123.1(5)
P1-Col-P2/° 71.30(3) 71.18(2) 71.34(3) 71.18(4)
P1-Col-P3/° 103.01(4) 102.15(2) 101.62(3) 102.72(5)
P1-Col-P4/° 108.43(4) 106.67(2) 107.92(3) 103.0(5)
P2-Col-P3/° 170.34(4) 170.59(2) 169.10(3) 170.72(5)
P2-Col-P4/° 102.89(4) 103.76(2) 102.39(3) 102.8(5)
P3-Col-P4/° 71.07(4) 71.33(2) 71.38(3) 71.3(5)
P1-N1-P2/° 102.26(15) 100.83(7) 101(2) 100.8(2)
P3-N2-P4/° 99.93(15) 102.11(7) 100.6(1) 103.0(7)
X*-Co’-Xn [/ ° 116.59(3) 114.18(2) 109.80(3) 116.99(3)
X"-Co’-X" | © 97.19(2) 93.76(2) 96.48(2) 99.48(3)
Co’-X"-Co’ / ° 82.64(2) 86.24(2) 82.95(2) 80.52(2)
Ts 0.68 0.72 0.70 0.62
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4.3 Attempted Synthesis of [N(n-Pr)s]2[Co2Bre] (4.12)

In order to provide a model complex for the [Co;Brs] dianion, i.e., for reactivity and
magnetic studies, [N(n-Pr)4]Br was reacted with one equivalent of CoBr; in an attempt
to prepare complex 4.12 (Scheme 4.2). However, despite the 1:1 reaction stoichiometry,
the reaction afforded the complex [N(n-Pr)a]2[CoBr4] (4.13), Scheme 4.2, i.e., the 2 [N(n-
Pr)4]Br : 1 CoBr; reaction product, with one equiv. of unreacted CoBr;. The outcome of
this reaction was verified by obtaining a solid-state molecular structure (Section 4.3.1)
of complex 4.13. CHN analysis supports the isolated product having the chemical
formula CaaHseBreCoaN2, ie., [N(n-Pr)a]z[CoBrs]-CoBr, containing an unreacted
equivalent of CoBr,. The formation of complex 4.13, as opposed to complex 4.12,
highlights the preference to form complexes containing the [CoBrs] dianion when
tetraammonium-based cations are present, possibly due to more efficient packing in the
solid-state arising from both the cation and anion having distorted tetrahedral
geometries. Complexes of the form [NR4]2[CoBra] (where R = alkyl, aryl, H) are prevalent

in the literature, with well-established syntheses (i.e., a 2:1 ratio of NR4Br:CoBr;).?

20
1:1 reaction @50, N W
2 CoBry+2 [N(n-Pr),] T[ (n—Pr)‘,]2 0 Coy 4.12
22
Y 25°C
1:2 reaction

©)] 20
CH,Cl,, 25 °C [ (n-Pr)4]2 [Co 4] +Cobiry

4.13

Scheme 4.2. Attempted synthesis of complex 4.12 and formation of complex 4.13.

4.3.1 Solid-State Molecular Structure of [N(n-Pr)4).[CoBr;] (4.13)

Single crystals of complex 4.13 were obtained and the molecular structure determined

(Figure 4.4).

Brl g

Br2

r .
C1A 2.
7 Bra \V Kz\\ Sos
N2 N1\ caA_q
[
w/—_—&/(ﬁ\/d ﬁ{m\u 2

4.13 X-ray 4.13

Figure 4.4. Solid-state molecular of complex 4.13. Thermal ellipsoids are shown at the 50 % probability level. NB
hydrogen atoms are omitted for clarity. Atom colour: carbon — grey; nitrogen — light blue; cobalt — dark blue and
bromine — orange-brown.
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The direct synthesis and molecular structure of complex 4.13 has very recently been
published,?® and the key bond lengths (Table 4.3) and bond angles (Table 4.4) between
the published molecular structure and the molecular structure determined during this
thesis work (Figure 4.4) show good similarity (e.g., Co-Br bond lengths vary from
2.403(1) — 2.433(1) A, 26 ¢f. 2.4041(6) — 2.4347(8) A for the molecular structure in Figure
4.4).

Table 4.3. Key bond lengths measured from
the solid-state molecular structure of complex

Table 4.4. Key bond angles measured from
the solid-state molecular structure of complex

4.13. ] 4.13.

Bond Bond Length / A Angle Bond Angle / °
Co-Br1 2.4347(8) Br1-Co-Br2 113.11(2)
Co-Br2 2.4290(6) Br1-Co-Br3 110.36(2)
Co-Br3 2.4217(4) Br1-Co-Br4 108.84(2)
Co-Br4 2.4041(6) Br2-Co-Br3 109.29(2)

Br2-Co-Br4 107.08(2)
Br3-Co-Br4 108.00(2)

4.3.2 Synthesis of [N(n-Pr)4][PyCoBr;] (4.14)

In order to provide a model of the [PyCoXs3]™ moiety present in complexes 4.7, 4.8 and
2.14, i.e., for magnetic studies, without the complex being zwitterionic, [N(n-Pr)4]Br was
reacted with one equivalent of CoBr; and one equivalent of pyridine to afford complex
4.14 (Scheme 4.3). With the addition of pyridine, CoBr, and [N(n-Pr)4]Br do react in the
desired 1:1 ratio (unlike the reaction described in Scheme 4.2). The reaction outcome

was verified by a solid-state molecular structure (Section 4.3.3) and CHN analysis.

il
Jle |2
CoBry + [N(n-Pr),] N
CH,Cl, iz\\ od
25°C PP

4.14
Scheme 4.3. Synthesis of complex 4.14.

4.3.3 Solid-State Molecular Structure of [N(n-Pr);][PyCoBr;s] (4.14)
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Single crystals of complex 4.14 were obtained and a molecular structure determined (a),
Figure 4.5). Complex 4.14 is analogous to complex 3.26%’ (b) in Figure 4.5). The metric
parameters of the anion of complex 4.14 (key bond lengths and bond angles are given
in Table 4.5 and Table 4.6, respectively) are very similar to those of 3.26. Complex 4.14
has N1-Co = 2.047(2) A and Co-Br ~2.39 A with complex 3.26 (R = Et) evidencing N1-Col
=2.058(2) A and Co-Br ~2.40 A; both complexes 4.14 and 3.26 (R = Et) exhibit Br-Co-Br
and Br-Co-N angles in the range of 103 — 118°.%7

/'j [ K\ ‘ X
N2 /\/ @ P
a) X Y 41 L |
/ Brigy]Co ;o [ 1\\ (cg)\
< Br2 ¢ ; L JL E ]
4.14 X-ray 4.14

(I
Fi\ /\@) =

b) >
< clf\

4

3.26

Figure 4.5. Solid-state molecular structure of complex 4.14. Thermal ellipsoids are shown at the 50 % probability
level. NB hydrogen atoms are omitted for clarity. Atom colour: carbon — grey; nitrogen — light blue; cobalt — dark
blue and bromine — orange-brown. Structure of complex 3.26 also shown.?”

Table 4.5. Key bond lengths measured from Table 4.6. Key bond angles measured from
the solid-state molecular structure of complex the solid-state molecular structure of complex
4.14. 4.14.

Bond Bond Length / A Angle Bond Angle / °
Co-Br1 2.3965(5) Br1-Co-Br2 111.99(2)
Co-Br2 2.3898(5) Br1-Co-Br3 113.73(2)
Co-Br3 2.3879(5) Br2-Co-Br3 111.71(2)
Co-N1 2.047(2) N1-Co-Brl 106.55(7)

N1-Co-Br2 104.74(7)
N1-Co-Br3 107.46(7)

4.3.4 Synthesis of [PPN];[Co,Cl¢] (4.15) and Reaction with 1,2-
bis(diphenylphosphino)ethane
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Since the previous attempt to prepare complex 4.12 was unsuccessful (Scheme 4.2), an
alternative approach was employed. The structure of complex 4.15 was found in the
aforementioned CSD Conquest Software® search (Section 4.2), and was synthesised
using an adapted literature procedure (Scheme 4.4).° [PPN]2[Co,Cl¢] (complex 4.15) and
[PPN]2[Co2Brs] (containing the [Co2Brs] dianion like complex 4.12) are both complexes
of the form [PPN]2[Co2Xe]. Since the reactivity of the [Co2Xs] dianion is not affected by
the halide ligand (X), complex 4.15 was synthesised (as opposed to [PPN][Co2Brs]) due
to easier synthetic accessibility arising from [PPN]CI availability. The structure of
complex 4.15 contains the [Co,Cls] dianion, contrasting with reactions utilising tetraalkyl
ammonium cations, which afford the [CoCls] dianion, allowing for the study of the
reactivity and the magnetic properties of the ‘isolated’ [Co.Cls] dianion, i.e., in a complex

where the cation is not cobalt-containing.

20

CH ®
@: 2Vl2 [Ph3==

Z[Phs = Ph3} 1€+ 2 cocl, T

Scheme 4.4. Synthesis of complex 4.15.

The [X3Co-PPh,CH,CH,Ph,P-CoX3] dianion of complex 1.14%8 is likely afforded upon
reaction the [Co,Xs] dianion of in situ complex 4.17 with one equivalent of dppe (b),
Scheme 4.5). To verify the reactivity described in b) in Scheme 4.5, complex 4.15 was

reacted with one equivalent of dppe to afford complex 4.16 (a), Scheme 4.5).

20 Pha x I 20
PhyP=No=PPhy| | CO Co N— I o T\ fog
A [PRPEIETS] e X O CH,Cl,, 25 °C S Wy Phy
’ \
4.15 4.16
® 20
PP « 20 PRP\ PhoP ) X,
DU - B D 2N Ph, || .PPh, Ph, CouX
b) X—Co ,Co  Coy — |X=CoJ 7 1 7 X
| YRPhy | |X7 N X | "RPhy Co Ph
PhoP_) X PhP ) "X 2
2 2 X
417 1.14

Scheme 4.5. a) reaction of dppe and complex 4.15 to afford complex 4.16; b) predicted reaction of complex 4.17
with dppe to afford complex 1.14.

Confirmation of the successful synthesis of complex 4.16 by obtaining a molecular
structure (Section 4.3.5) reveals that the [Co2Xs] dianion can react with dppe. Hence,

complex 1.14 is afforded via the reaction described in b) in Scheme 4.5.
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4.3.5 Solid-State Molecular Structures of [PPN],[Co,Cls] (4.15) and
[PPN];[Cl;Co-dppe-CoCls] (4.16)

Single crystals of complexes 4.15 and 4.16 were obtained and molecular structures

determined (Figure 4.6).

4.15 Dianion X-ray 4.16 Cation X-ray 4.16 Dianion X-ray

20 C[\ 20
wCl
“cd co ® PhyP Coxy
Co Co [Ph P=N=PPhs| | 7o cCl
M : ® 2H‘c{-< _\—1>«Ph2
4.15 4.16

Figure 4.6. Solid-state molecular structures of the cations and dianions of complexes 4.15 and 4.16. Thermal
ellipsoids are shown at the 50 % probability level. NB hydrogen atoms and a DCM molecule for complex 4.15 have
been omitted for clarity. Atom colour: carbon — grey; nitrogen — light blue; cobalt — dark blue and chlorine — green.

The solid-state structure of complex 4.16 is previously unreported, whereas the solid-
state structure of complex 4.15 has been described.® The key bond lengths and bond
angles measured from the solid-state structures of complexes 4.15 and 4.16 are
presented in Table 4.7 and Table 4.8, respectively.

Table 4.7. Key bond lengths measured from the solid-state molecular structures of complexes 4.15 and 4.16. NB ‘ is
1land “is 2 for complex 4.15, and “is 2 and “ is 3 for complex 4.16.

Parameter 4.15 4.16
P1-Col/A - 2.4000(5)
Cl1-Col/A 2.3462(6) 2.2532(6)
Cl2-Co1 /A 2.2328(5) 2.2531(6)
CI3-Col/A 2.2223(5) 2.2526(6)
P’-N1/A 1.584(1) 1.581(2)
P”-N1/A 1.584(1) 1.576(2)
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Table 4.8. Key bond angles measured from the solid-state molecular structures of complexes 4.15 and 4.16. NB ‘is 1
and “ is 2 for complex 4.15, and “is 2 and “ is 3 for complex 4.16.

Parameter 4.15 4.16
P’-N1-P” /° 137.77(9) 142.1(1)
Cl1-Col-Cl1/° 93.80(2) -
Cl2-Col1-CI3 /° 120.28(2) 118.23(3)
Col-Cl1-Col/° 86.20(2) -
Cl1-Col-Cl2 /° 111.97(2) 114.50(2)
Cl1-Co1-CI3 /° 109.67(2) 106.78(2)
Cl2-Co1-CI3 /° 120.28(2) 118.23(3)
P1-Col-Cl1/° - 104.36(2)
P1-Col-Cl2/° - 106.10(2)
P1-Col-CI3/° - 105.63(2)

The key bond lengths and bond angles of complex 4.15 (and the [PPN] cation of complex
4.16) agree with those in the previously reported structure.’ The [ClsCo-
PPh,CH,CH;Ph;P-CoCls] dianion in the solid-state structure of complex 4.16 adopts a
‘splayed’ conformation whereby steric clash between the phenyl groups of the two PPh;
moieties and the two distorted tetrahedral CoClz moieties is prevented. The Col-P1
bond distance (2.4000(5) A) is very similar to the analogous distance 2.390(1) A reported

for the same dianion in complex 1.14 (X = Cl, b), Scheme 4.5).28

4.4 Reaction of [CoBr(Ph(CH2).N{PPh.}.).]2[Co2Bre¢] (4.10) with
Pyridine

It is proposed that zwitterionic cobalt(ll) complex 2.14 is afforded via the reaction of the
[Co2Brg] dianion of in situ ionic intermediate 4.18 (analogous in structure to complex
4.10) with one of the two pyridyl groups in each of the two cations in intermediate 4.18
(Scheme 4.6). lonic cobalt(ll) complexes (e.g., complexes 4.1 and 4.9 — 4.11, Figure 4.3)
are isolated if there is no suitable heteroatom on a pendant donor group of the ‘PNP’
ligands as the proposed reaction (Scheme 4.6) cannot occur. The proposed reactivity of
the [Co;Brs] dianion is reasonable since the reactivity of the [Co2Xg] dianion of complex

4.15 with dppe has been established in Section 4.3.4 (a), Scheme 4.5).
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Scheme 4.6. Proposed reaction pathway leading to complex 2.14 via in situ ionic intermediate 4.18.
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Scheme 4.7. Stepwise (in DCM) and ‘one pot’ (in THF) syntheses of complex 4.19.
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2.14

are formed via an analogous reaction (Scheme 4.6).

In situ 4.10

CH,

25 °02 2 ’

4.19

X

=

-

20

The reaction of pyridine (a model for the pyridyl group in in situ ionic intermediate 4.18
in Scheme 4.6) with complex 4.10 (produced in situ from the 1:1 reaction of compound
2.2 and CoBr;) was studied (Scheme 4.7) to verify the existence of in situ ionic
intermediate 4.18 during the synthesis of zwitterionic cobalt(Il) complex 2.14. If pyridine
reacts with the [Co,Bre] dianion as proposed in Scheme 4.7 (producing complex 4.19), it

can be concluded that zwitterionic cobalt(ll) complexes with ‘PNP’ ligands, e.g., 2.14,

20



Reaction of pyridine with the [Co2Bre] dianion of complex 4.10 was studied by first
forming complex 4.10 in situ in DCM, from compound 2.2 and CoBr,, followed by
pyridine addition after a day of stirring. Additionally, a ‘one pot’ synthesis was
attempted where compound 2.2, CoBr; and pyridine were dissolved in THF (from which
complex 4.10 precipitates).

Mechanistically, an associative mechanism (involving an intermediate with an
increased coordination number, e.g., LiMX +Y = L,MXY = LMY + X) is expected for the
reaction of pyridine with the [Co;Brs] dianion (Scheme 4.8), as each cobalt(ll) in the
[CozBre] dianion can be regarded as having a 15 e~ valence electron count. Other
cobalt(ll) tetrahedral complexes have been shown by kinetic studies to undergo an

associative ligand substitution mechanism.?®

X
. @ _— 20 AN
X Z / |

X//,, 7/ \ .,\\X /
X'Co /CO‘X E— \ \C /X\ X —_—> | )l(
X4 Ny X xwCo_  _Co.y
X Nl X
— —20
o X
® L ®
X X
7 | N =
2 < xwCo__Co=X
d o
XX / N\

Scheme 4.8. Proposed associative mechanism for the reaction of the [Co,Xs] dianion (X = Cl, Br, 1) with two
equivalents of pyridine.

4.4.1 Solid-State Molecular Structure of [CoBr(Ph(CH;);N{PPh;},).]
[PyCoBr;] (4.19)

Single crystals of complex 4.19 were obtained and a molecular structure determined
(Figure 4.7). The same molecular structure was obtained from the isolated product of
both reaction pathways (Scheme 4.7). CHN analysis of the isolated product from both

routes in Scheme 4.7 support the proposed structure of complex 4.19.
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Figure 4.7. Solid-state molecular structure of complex 4.19. Thermal ellipsoids are shown at the 50 % probability
level. NB hydrogen atoms and DCM molecules are omitted for clarity. Atom colour: carbon — grey; nitrogen — light
blue; phosphorus — orange; bromine — orange-brown and cobalt — dark blue.

The key bond lengths and bond angles for the cation and anion of the molecular
structure of complex 4.19 (presented in Table 4.9) are in agreement with the analogous
bond lengths and angles present in the cation of complex 4.10 (Section 4.2.1) and the
anion of complex 4.14 (Section 4.3.3), respectively. The molecular structure of complex
4.19 (Figure 4.7) contains a [PyCoBr3] anion consisting of a cobalt(ll) centre with three
bromide ligands and one pyridine ligand. The [PyCoBr3] anion is afforded from the
reaction of the [Co,Brg] dianion with pyridine as proposed in Scheme 4.7. Hence, it can
be concluded that zwitterionic cobalt(ll) complexes (e.g., complex 2.14) form as

described in Scheme 4.6.
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Table 4.9. Key bond lengths and angles measured from the solid-state molecular structures of complexes 4.19, 4.10
and 4.11. NB “ has no value, *is 1,2 is 1, “is 2 and S is 3 for complex 4.14, whilst ‘is 3, *is 5,2 is3,“is4 and Sis 5
for complex 4.19.

Parameter 4.19 4.10 4.14
Col-Br1/A 2.3536(9) 2.3708(6) -
Col-P1/A 2.2238(8) 2.2512(9) -~
Col-P2 /A 2.2429(9) 2.2265(9) -
Col-P3/A 2.2195(8) 2.2312(8) -
Col-P4 /A 2.2659(9) 2.2577(8) -
N1-P1/A 1.686(3) 1.58(2) -
N1-P2 /A 1.709(2) 1.81(2) -
N2-P3 /A 1.684(3) 1.692(2) -
N2-P4 /A 1.720(2) 1.712(2) -~
N*-Co’ / A 2.051(3) - 2.047(2)
Co’-Brr / A 2.3842(7) - 2.3965(5)
Co’-Br” /A 2.3957(5) - 2.3898(5)
Co’-Bré / A 2.3902(9) - 2.3879(5)
Br1-Col-P1/° 94.69(3) 126.90(3) -
Br1-Col-P2/° 129.83(3) 94.47(3) -
Br1-Col-P3/° 92.89(3) 96.43(3) —~
Br1-Col-P4/° 122.25(3) 125.17(3) -
P1-Co1-P2 /° 71.57(3) 71.34(3) -
P1-Co1-P3/° 172.42(4) 101.62(3) -
P1-Col-P4/° 104.27(3) 107.92(3) -
P2-Co1-P3/° 103.60(3) 169.10(3) -
P2-Col-P4/° 107.92(3) 102.39(3) -
P3-Col-P4 /° 71.28(3) 71.38(3) -
P1-N1-P2/° 100.6(1) 101(2) -
P3-N2-P4 /° 100.3(1) 100.6(1) -
N*-Co’-Br” / °© 105.62(9) - 104.74(7)
BrA-Co’-Br” / © 117.68(3) - 111.99(2)
BrA-Co’-Br / °© 113.40(3) 113.73(2)
N*-Co’-Br®> /° 102.41(9) 107.46(7)
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4.5 Attempted Synthesis of [CoCl.{Py-0-(CH2).N(PPh.).}.][{Py-o-
(CH2)2NH2}CoCl3]  (4.20), [CoBra{Py-0-(CH;):N(PPh2).}.][{Py-o0-
(CHz)zNHz}COBI‘g] (4.21), [COC|2{Ph(CHz)zN(Pth)z}z]
[{Ph(CHz)zNHz}COC'g] (4.22) and [COBFz{Ph(CHz)zN(Pth)z}z]
[{Ph(CH2),NH;}CoBrs] (4.23)

With a view to establishing a rational synthesis of co-crystal 1.20 (b), Scheme 4.9),3 a
study of the synthesis of the related co-crystals 4.20 — 4.23 (via the 2:1 reaction of either
compound 2.1 or 2.2 with either CoCl, or CoBr;) was undertaken according to a),
Scheme 4.9. Co-crystals 4.20 —4.23 could be by-products formed during the 1:1 reaction
of ‘PNP’ compounds with CoX; (i.e., Scheme 4.1, Section 4.2). Hence, it is desirable to
devise a synthetic protocol to afford co-crystals 4.20 — 4.23 and subsequently

characterise them.

N B thx Ph2 sl
El / ",
~ - XN
CoX
5 S0 thx th E
25°C H2|
Co
Ph,P” “PPh, X7 2 X
L X
2.1{E=N} 4.20 {E = N} (X = Cl); 4.21 {E = N} (X = Br)
2.2 {E = CH} 4.22 {E = CH} (X = Cl); 4.23 {E = CH} (X = Br)
Ph, Ph Ph Ph
~ ( 7 |H2
\ \
Ph /CO;,, ‘
1.20

Scheme 4.9. a) attempted synthesis of co-crystals 4.20 — 4.23; b) structure of co-crystal 1.20.3

Despite repeated crystallisation attempts, the desired co-crystals 4.20 — 4.23 could not
be isolated, with each attempt instead affording complexes 4.7, 2.14, 4.9 and 4.11
(Figure 4.3), respectively, i.e., the 1:1 ‘PNP’:CoX; reaction products, despite the 2:1
‘PNP’:CoX; reaction stoichiometry. To date, an explanation for the formation of co-
crystal 1.20 cannot be devised. The reactivity observed with {2,6-Me2CsH3sN(PPh3),} to
generate co-crystal 1.20 cannot be replicated using compounds 2.1 and 2.2 studied in

this work.3
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4.6 Coordination Chemistry of Py-o-(CH:).N(PPhz)(Me) (2.11)
and Py-o0-(CH;),N(P{OPh},)(Me) (2.12) with Cobalt(ll) Dibromide

Compounds 2.11 and 2.12 were reacted with CoBr; to afford complexes 4.24 and 4.25
with a view to produce complexes that exhibit k?-P, N coordination. However, complexes
4.24 and 4.25 are proposed to react with H,O to afford complex 4.26 (confirmed by XRD
analysis) as shown in Scheme 4.10. The origin of H,O is unclear as the reactions were
performed under dry and inert conditions, using dry THF; the same outcome was
achieved upon repetition. The N-PR; bond of complexes 4.24 and 4.25 is hydrolysed and
coordination occurs through the newly formed secondary amine moiety and the pyridyl
moiety in a k2-N,N manner. PR,OH is presumably produced as a by-product.

X

| —
G \ X
~N_ _ + PR,OH
/ /¢ Z 2

THF _N_
25°C ~Co S
R, :
e,
2.11 (R = Ph) 4.24 (R = Ph) 426
2.12 (R = OPh) 4.25 (R = OPh) :

Scheme 4.10. Synthesis of complexes 4.24 and 4.25 and their subsequent reaction with H,0 forming complex 4.26.

The ESI positive ion mass spectrum of the isolated product (complex 4.26 as revealed by
the obtained solid-state structure) of the reaction of compound 2.11 with CoBr;
evidences a signal at 523.36 m/z corresponding to [4.24-Me+H]*. The signal at 523.36
m/z evidences the presence of a trace quantity of complex 4.24, which has not reacted
with H,0 to afford complex 4.26. Hence, complex 4.24 forms in the reaction before P-N
bond hydrolysis occurs. An analogous signal is not observed in the ESI positive ion mass
spectrum of the isolated product of the reaction of compound 2.12 with CoBr,,
suggesting that P-N bond hydrolysis is faster for complex 4.25 than for complex 4.24.
This is likely due to the electron-withdrawing OPh substituents of complex 4.25,
resulting in the phosphorus atom of complex 4.25 being more electron deficient and

thereby more susceptible to nucleophilic attack from H,0.

4.6.1 Solid-State Molecular Structure of [(MeHNCH,CH,0-Py)CoBr,] (4.26)
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Single crystals of complex 4.26 were obtained and a molecular structure determined
(Figure 4.8). The solid-state structure of the chloro-analogue of complex 4.26, i.e.,
[(MeHNCH2CH20-Py)CoCl,], has previously been reported,3® with the N1-Col and N2-
Co1 bond distances of 2.034(2) A and 2.041(3) A, respectively, showing good similarity
with those measured for complex 4.26 (2.028(2) A and 2.035(3) A, respectively). The key
bond lengths and bond angles measured from the solid-state structure of complex 4.26
are presented in Table 4.10 and Table 4.11, respectively. Further study of complexes

4.24 and 4.25 was abandoned due to their water sensitivity.

K@
H—

~_. ~ G
/ \\91

4.26 X-ray 4.26
Figure 4.8. Solid-state molecular structure of complex 4.26. Thermal ellipsoids are shown at the 50 % probability
level. NB hydrogen atoms (except the NH proton) are omitted for clarity. Atom colour: carbon — grey; nitrogen —
light blue; bromine — orange-brown; cobalt — dark blue, and hydrogen — white.

Table 4.10. Key bond lengths measured from Table 4.11. Key bond angles measured from
the solid-state molecular structure of complex the solid-state molecular structure of complex
4.26. 4.26.

Bond Bond Length / A Angle Bond Angle / °
N1-Col 2.028(2) Br1-Col-Br2 117.88(2)
N2-Co2 2.035(3) Br1-Col-N1 111.85(7)
Br1-Col 2.3837(4) Br1-Col-N2 105.81(7)
Br2-Co2 2.3677(5) Br2-Col-N1 106.77(7)

Br2-Col1-N2 113.00(7)
N1-Col1-N2 100.2(1)

4.7 Coordination Chemistry of Ph(CH;),N(SPPh;)(PPh;) (2.9) and
Ph(CH,)N(SPPh;); (2.10) with Cobalt(ll) Dibromide

‘SPNP’ compound 2.9 was reacted with CoBr; in a 1:1 ratio (a), Scheme 4.11) affording
an equilibrium mixture of neutral complex 4.27 and ionic complex 4.28 (analogous to
complex 4.10; c), Scheme 4.11). The solid-state molecular structure of complex 4.27 is

obtained from XRD analysis of single crystals of the isolated product of the reaction of
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compound 2.9 with CoBr; (a), Scheme 4.11). However, the positive ion ESI mass
spectrum of the isolated product of the reaction of compound 2.9 with CoBr; (a),
Scheme 4.11) evidences no signals assignable to complex 4.27, instead exhibiting a
signal at 1181.96 m/z (12.16%) corresponding to cation 4.29 (of complex 4.28). The
presence of the [Co2Brg] dianion in complex 4.28 is confirmed by the negative ion ESI
mass spectrum exhibiting a signal at 297.84 m/z. The magnetic susceptibility measured
for the isolated product of the reaction of compound 2.9 with CoBr; (a), Scheme 4.11)
via the Evans Method (1.13 ug using the molecular weight of 4.27 in the calculation, and
2.21 ug using the molecular weight of 4.28 in the calculation)? does not correspond to
the calculated magnetic moments for pure complexes 4.27 (3.87 ug) and 4.28 (6.92 us)
from the spin-only formula (see Section 4.9). The lack of agreement between the
measured and calculated magnetic moments suggests the presence of multiple
paramagnetic species in solution and that complexes 4.27 and 4.28 are in equilibrium in

solution (as is the case for complexes 1.42 and 1.43, d) in Scheme 4.11).3%3?
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Scheme 4.11. a) reaction of compound 2.9 with CoBr, to afford an equilibrium mixture of complexes 4.27 and 4.28;
b) structure of cation 4.30; c) synthesis of complex 4.10, containing cation 4.31; d) equilibrium mixture of
complexes 1.42 and 1.43.3132
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The positive ion ESI mass spectrum of the isolated product of the reaction of compound
2.9 with CoBr; (a), Scheme 4.11) exhibits signals at 1118.30 m/z (28.34%) and 1150.08
m/z (49.30%). These correspond to cations 4.31 (i.e., the cation of complex 4.10, c),
Scheme 4.11) and 4.30 (b), Scheme 4.11), respectively, which contain compound 2.2 (c),
Scheme 4.11), indicating that compound 2.2 is present in the reaction mixture.
Compound 2.2, present in cations 4.30 and 4.31, may originate from the sample of
compound 2.9 reacted with CoBr; (a), Scheme 4.11) as the 3!P{*H} NMR spectrum of
compound 2.9 (a), Scheme 4.11) shows the presence of 4.1% of compound 2.2. It is also
possible that coordination of compound 2.9 to the cobalt(ll) centre is promoting the loss
of sulfur, resulting in the generation of coordinated compound 2.2. Greater intensities
of the signals in the positive ion ESI mass spectrum corresponding to cations 4.31 and
4.30 relative to the signal corresponding to cation 4.29, coupled with the small quantity
of compound 2.2 present in the sample of compound 2.9 utilised in the reaction of
compound 2.9 with CoBr; (a), Scheme 4.11), suggests that complex 4.28 is likely losing
sulfur from coordinated 2.9 resulting in the formation of coordinated 2.2.

Compound 2.10 did not react with CoBr, (Scheme 4.12), as evidenced by the
measurement of the magnetic susceptibility of the resultant isolated material via the
Evans Method?3 suggesting that the isolated material is diamagnetic. Signals observed
in the 3'P{*H} and 'H NMR spectra of the isolated material of Scheme 4.12 are sharp and
well-resolved (and at essentially identical chemical shifts to those seen for compound
2.10). Hence, a diamagnetic cobalt(ll) complex is not formed as broad signals would be
observed due to the quadrupolar nature of >°Co nuclei (I = 7/2).3% Instead, the 3!P{*H}
and H NMR spectra reveal that the isolated material of Scheme 4.12 is impure

compound 2.10. Hence, no reaction between compound 2.10 and CoBr; has taken place.

Ph2 —
1 CoBr,
\ — X
25°C

Scheme 4.12. Attempted reaction of compound 2.10 with CoBr,.
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4.7.1 Solid-State Molecular Structure of [(Ph(CH,):N(SPPh;)(PPh,))CoBr,]
(4.27)

Single crystals of complex 4.27 were obtained and a molecular structure determined
(Figure 4.9). The key bond lengths and bond angles measured from the solid-state
structure of complex 4.27 are presented in Table 4.12 and Table 4.13, respectively. The
P2-Co1-S1 bite angle of 91.18(3)° is approx. 20° greater than the P-N-P bite angles in
complexes 4.1, 4.5, 4.7 — 4.11 and 2.14 (Figure 4.3), this being due to the fact that
complex 4.27 contains ‘SPNP’ ligand 2.9 rather than an acute bite angle ‘PNP’ ligand (i.e.,
RN(PPh3)2). The P2-N1-P1 angle is 118.6(1)°, showing a slight expansion from 114.77(8)°
measured in the solid-state structure of compound 2.9 (Figure 2.2, Section 2.4.1,
Chapter 2). The P1-N1 bond distance of complex 4.27 of 1.687(2) A (identical to that
measured for compound 2.9) is shorter than the P2-N1 bond distance of 1.711(2) A. This
P2-N1 bond distance measured for complex 4.27 is slightly shorter than the P2-N1 bond
distance of 1.732(1) A measured for compound 2.9 due to complexation. The P2-51
bond length measured for compound 2.9 (1.9516(7) A) is slightly shorter than that
measured for complex 4.27 (1.992(1) A) as a result of complexation. The P2-Co1 bond
length of 2.3654(9) A is close to those measured for complex 4.16 of 2.4000(5) A (Figure
4.6), but longer than those measured for complex 4.7 of ~2.24—2.27 A (Figure 4.3). The
Co1-S1 bond length is 2.3350(9) A, which is comparable to the aforementioned P2-Col

3, £

4.27 X-ray 4.27

bond length.

2

Figure 4.9. Solid-state molecular structure of complex 4.27. Thermal ellipsoids are shown at the 50 % probability
level. NB hydrogen atoms and disorder are omitted for clarity. Atom colour: carbon — grey; nitrogen — light blue;
bromine — orange-brown; cobalt — dark blue, and sulfur — yellow.
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Table 4.12. Key bond lengths measured from Table 4.13. Key bond angles measured from

the solid-state molecular structure of complex the solid-state molecular structure of complex
4.27. 4.27.

Bond Bond Length / A Angle Bond Angle /°
N1-P1 1.687(2) P1-N1-P2 118.6(1)
N1-P2 1.711(2) S1-Col-P2 91.18(3)
P2-Col 2.3654(9) $1-Co1-Brl 116.00(3)
P1-S1 1.992(1) S1-Co1-Br2 106.69(3)
$1-Col 2.3350(9) P2-Co1-Brl 111.89(3)

Col-Brl 2.3470(4) P2-Col-Br2 110.81(3)
Col-Br2 2.3444(5) Br1-Col-Br2 117.25(2)

4.7.2 DFT Relative Gibbs Free Energies (AG) for the Coordination of Py-
O-(CHz)zN(Pth)z (2.1), Ph(CHz)zN(SPth)(Pth) (29) and
Ph(CH;),N(SPPh;), (2.10) to Cobalt(ll) Dibromide

It is of interest to elucidate the reasoning behind the reaction between compound 2.1
and CoBr; affording zwitterionic complex 2.14 rather than complex 4.32 (Scheme 4.13),
and to understand the observation that compound 2.9 coordinates to CoBr;, but
compound 2.10 does not. In order to achieve this, the relative gas-phase Gibbs free
energies (AGel) for the coordination of compounds 2.1, 2.9 and 2.10 to CoBr; have been

determined computationally (Scheme 4.13). AG,e is calculated using Equation 4.3.

AGrel = ZGproduct - ZGreactant (4-3)

Values of Gproduct and Greactant Were obtained via geometry optimisation calculations of
compounds 2.1, 2.9 and 2.10, complexes 2.14, 4.27, hypothetical complexes 4.32 and
4.33, and CoBr; as a linear species at the B3LYP/6-31G(d) level. Note that, throughout
this thesis, the bond lengths determined from the geometry optimisation calculations
evidence good agreement with the bond lengths measured from the solid-state
structure of the same compound or complex (when a comparison was possible).
Reasoning for the selection of the B3LYP/6-31G(d) level hybrid-DFT functional and basis
set is outlined in Chapter 7. Optimising CoBr; as a linear species, despite having a

polymeric structure,3* is a valid approach previously utilised for similar published

83



calculations, including those involving NiCl; (also optimised as a linear species despite
being polymeric).3> NB the discrete [Co{Ph(CH2)2N(PPh2):}.Br] cation and [Co2Bre]
dianion present in complex 4.10 underwent successful geometry optimisations at the
B3LYP/6-31G(d) level. However, the geometry optimisation of the large complex
4.10 containing both charged species at the B3LYP/6-31G(d) level could not be carried
out due to the limited computing resources available, preventing determination of AGye.

The obtained computational AGy. results are shown in Scheme 4.13.
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Scheme 4.13. The reactions and associated calculated AG, values for the coordination of a) 2.1 to afford complex
4.32, b) 2.9 to afford complex 4.27, c) 2.10 to afford complex 4.33 and d) 2.1 to afford complex 2.14, with CoBr,.

The AGye values of —228 kJ mol™ and —403 kJ mol™ for a), formation of hypothetical
complex 4.32, and d), formation of complex 2.14 (Scheme 4.13), respectively, illustrate
that the formation of zwitterionic complex 2.14 is significantly more thermodynamically
favourable, potentially explaining why complex 4.32 is not observed. Comparison of
AGye values of =228 kJ mol™, =218 kJ mol™ and —194 kJ mol™ for a), b) and c),
respectively (a valid comparison as the effect of the pyridyl group in a) vs. the phenyl
group in b) and c) is likely minimised), reveals that the formation of complex 4.27 and
hypothetical complexes 4.32 and 4.33 becomes less thermodynamically favourable as
the number of sulfur atoms added to the ‘PNP’ scaffold increases from none in 2.1, one
in 2.9 (‘SPNP’) to two in 2.10 (‘SPNPS’), which may explain why complex 4.33 does not
form (Scheme 4.13). An analogous study of the coordination chemistry of NiCl;
complexes shows the same trend, with AE,e values of =300 k) mol™, =245 kJ mol™ and

-163 kJ mol™ being obtained for the reactions of ‘PNP’ (MeS(CH2)sN(PPhy)z2), ‘SPNP’
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(MeS(CH3)sN(PPh3)(SPPh3)) and ‘SPNPS’ (MeS(CH2)sN(SPPh3)2) compounds with NiCly,
respectively.??

In conclusion, ‘SPNP’ compound 2.9 reacts with CoBr, affording an equilibrium
mixture of complexes 4.27 and 4.28 (a), Scheme 4.11), whereas ‘SPNPS’ compound 2.10
does not react with CoBr, (Scheme 4.12). Computationally determined AG,e values for
the formation of complex 4.27 and hypothetical complex 4.33 provide a rationale for

the observed reactivity trend.

4.8 Hybrid-DFT Studies to determine the Gibbs free energy
change for the formation of [(P,P)CoCl;] vs. [(P,P).CoCI]CI
complexes

In order to rationalise why the reaction of CoX, (X = Cl, Br, 1) with dppe affords complexes
1.14 and 1.15 ([CoX(dppe).]2[X3Co-PPh,CH2CH,Ph,P-CoX3]),%® but the reaction of CoCly
with dppp affords [(dppp)CoCl.] (Section 1.1.2, Chapter 1),3> the Gibbs free energy
changes for the formation of neutral complexes 4.34 — 4.36, as well as their
corresponding ionic complexes 4.37 — 4.39, were determined (Figure 4.10). The study
of ionic complexes 4.37 — 4.39 of the form [(P,P),CoCI]Cl with the Cl anion, rather than
complex 4.9 ([CoCl(Ph(CH2)2N{PPh3},)2]2[Co2Clg]), allows for the issues arising from an
inability to optimise complexes 4.9 — 4.11, outlined in Section 4.7.2, to be overcome.
Complex 4.37 is synthetically accessible, with a published solid-state structure?® (utilised

as a suitable starting point for the geometry optimisations of complexes 4.37 —4.39).

PhP_PPh, — Ph, _®
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Ph, \9)
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27 y 2
Phy o Ph, 4 A i
4 > " (o
o 437 (n=1)
4.35 4.36 438(n=2) 4.39

Figure 4.10. Structures of complexes 4.34 — 4.39.

The gas-phase Gibbs free energy changes of formation for complexes 4.34 — 4.39

(obtained by geometry optimisation calculations of complexes 4.34 — 4.39, their
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corresponding ligands, and CoCl; as a linear species in the quartet state at the B3LYP/6-

31G(d) level and utilisation of Equation 4.3, Section 4.7.2) are shown in Table 4.14.

Table 4.14. The computationally calculated gas-phase Gibbs free energy change of formation (AGg) of complexes

4.34-4.39.

Complex AGe / k) mol™
[CoCla(Ph2P(CH2)2PPh,)] (4.34) —235
[CoCla(Ph2P(CH2)sPPh,)] (4.35) —255
[CoCla(Ph{CH,}.N(PPh.),)] (4.36) -230
[CoCI(Ph2P(CH.).PPh2);]CI (4.37) -13

[CoCI(Ph2P(CH2)sPPh,)]Cl (4.38) 31

[CoCI{Ph(CH,):N(PPh,).}.]Cl (4.39) —61

The data in Table 4.14 show that the Gibbs free energy of formation is more favourable
for neutral complexes 4.34 — 4.36 relative to their analogous ionic complexes 4.37 —
4.39. Comparison of the energies of neutral and ionic complexes has proven to be
challenging previously in the Dyer group as the results are very dependent upon the DFT
method utilised. Hence, comparison between a neutral complex and its ionic analogue
has been deemed to be unreliable, and has been avoided in this work. Comparison
within the neutral complex and ionic complex series’ are still useful; comparison of the
Gibbs free energies of formation of [(P,P)CoCl,] complexes 4.34 —4.36 clearly shows that
the Gibbs free energy of formation decreases, and hence complex stability increases, as
the bite angle of the diphosphine in the complex increases. In contrast, comparison of
the Gibbs free energies of formation of ionic [(P,P),CoCl]Cl complexes 4.37 — 4.39
evidences that the Gibbs free energy of formation decreases, and hence complex
stability increases, as the bite angle of diphosphine in the complex decreases.

In conclusion, the experimental accessibility of complexes 4.35 (Figure 4.10), with
larger bite angle dppp ligand, and 4.37 (Figure 4.10), 1.14 and 4.9 (Figure 4.11), with
smaller bite angle dppe and ‘PNP’ ligands, can be rationalised by computationally
determined AGr values (Table 4.14). The aforementioned trends likely stem from
diphosphine ligands with smaller bite angles (e.g., ~70 — 85°) better stabilising the
trigonal bipyramidal geometry of [Co(P,P).X]*, and diphosphine ligands with larger bite

angles (~90° and above) better stabilising the tetrahedral geometry of [(P,P)CoCl.].
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Figure 4.11. Structures of complexes 1.14%% and 4.9.

4.9 Measuring Ui to Determine the Number of Unpaired
Electrons in Cobalt Complexes

The effective magnetic moment, uesr, has been determined via the Evans NMR method?3
to further characterise an array of representative cobalt complexes synthesised and
discussed in Chapter 4. A summary of the measured et values, as well as the calculated
spin-only uersvalues for the aforementioned cobalt complexes is given in Table 4.15. The
spin-only pefs value for the whole formula unit was predicted by combining the predicted

values of uess for each distinct constituent metal centre as shown in Equation 4.4:

(4.4)

where n; is the number of unpaired electrons on metal centre i, with values of i ranging
from 1 to the upper limit of summation x. An example of utilising Equation 4.4 is shown
in Section 7.22. The spin-only formula assumes that the orbital angular momentum of
the d electrons is completely quenched. However, many of the experimentally
measured Uefr Values quoted in Table 4.15 deviate positively from the calculated spin-
only uess value, as they theoretically should for many cobalt(l), cobalt(ll) and cobalt(lll)
complexes with d®, d’ and d® electron configurations, respectively. This is due to the
orbital angular momentum of the d electrons being incompletely quenched; this effect
is particularly evident when the d subshell is more than half occupied (i.e., n > 5 in d").
Here, the spin-orbit coupling interaction (A, with A <0 for n>5in d") results in the orbital
angular momentum (L) and the spin (S) being in concert, i.e., parallel, which augments

Uetf to a value greater than that predicted by the spin-only formula due to the addition
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of the magnetic moment arising from the orbital angular momentum to the magnetic

moment arising from the spin.3®

Table 4.15. The measured (via the Evans NMR method) and calculated pes values for complexes 2.14, 3.25, 4.1, 4.3
-4.11,4.14 - 4.16 and 4.19. NB ~ indicates that 6.92 is calculated for spin-only formula if an ionic structure is
assumed. All ues values were measured in CD,Cly. pefr could not be measured for complex 4.2 due to solubility

issues.

Predicted
Complex Measured Spin-only
ueff/ Us

Heff / Us
[CoBr(Py-0-(CH2)2N{PPh2}.)({BrsCo}Py-0-(CHz):N{PPh.}.)] 4.94 4.24
[N(n-Pr)4][({CIgCo}Py-of(ZC.Zh:;zN(Pth)z)PdCIz] (3.25) 4.04 3.87
[CoBr(n-BuN{PPh;},):]2[C02Brs¢] (4.1) 6.55 4.69
[CoBr(Ph-CeHaN{PPh2},),]2[C02Brs] (4.3) 6.28 4.69
[CoBr(Py-0-CsHaN{PPh,}2)2]2[Co2Bré] (4.4) 5.54 4.697
[CoBr(MezN(CH2)sN{PPh.}.)({BrsCo}Me;N(CH.)sN{PPh2},)] 5.16 4.24
[(PV-O-(CHz)zN(Cﬁlz-gl)’hz)z)COBrzl (4.6) 3.61 3.87
[CoCI(Py-0-(CH2)2N{PPh,}2)({ClsCo}Py-0-(CH2).N{PPh,}.)] 5.19 4.24
[CoI(Py-o-(CHz)zN{PPhz}z()‘(‘gg)Co}Py-o-(CHz)zN{Pth}z)] 4.80 4.24

(4.8)

[CoCI(Ph(CH2)2N{PPh2},)2]2[C02Clé] (4.9) 6.07 4.69
[CoBr(Ph(CH2)2N{PPh:}):]2[Co2Brs] (4.10) 6.00 4.69
[Col(Ph(CH2)2N{PPh2},)2]2[Co2l¢] (4.11) 5.83 4.69
[N(n-Pr)4][PyCoBrs] (4.14) 4.04 3.87
[PPN]2[Co2Cl¢] (4.15) 5.47 4.00
[PPN]2[ClsCo-dppe-CoCls] (4.16) 6.43 5.47
[CoBr(Ph(CH2)2N{PPh2},).][PyCoBr;] (4.19) 5.13 4.24

Complexes 4.14, 3.25 and 4.6 (Figure 4.12) only contain a tetrahedral cobalt(ll) (d”)
centre with three unpaired electrons. The value of pess is expected to be between 4 -5
us,>” which is the case for complexes 4.14 and 3.25. However, the s value measured

for complex 4.6 is lower than the expected 4 — 5 us range,” with the exact reason for
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this being uncertain. The structural assignment of complex 4.6 may be incorrect, but

without a solid-state structure this is difficult to say.

O L O @wA
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Figure 4.12. Structures of complexes 4.14, 3.25 and 4.6.

Homobinuclear complex 4.16 (Figure 4.13) has two distorted tetrahedral cobalt(ll)
centres, therefore a spin-only pess value of 5.47 ug can be predicted (a summative pes
value for six unpaired electrons, with three per cobalt(ll) centre, assuming no magnetic
coupling between the cobalt(ll) centres). A pess value of 6.43 us was measured for
complex 4.16, suggesting a lack of magnetic coupling between the cobalt(ll) centres. A
lack of magnetic coupling in the [ClsCo-PPh,;CH,CH,Ph,P-CoCls] dianion in complex 4.16
is evidenced in the reported pef value of 8.39 us for complex 1.14 (X = Cl, Figure 4.13),28
corresponding to eight unpaired electrons (one per each equivalent of [Co(P,P),Cl]

cation and six in the [ClsCo-PPh,;CH,CH»Ph,P-CoCls] dianion).
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Figure 4.13. Structures of complexes 1.14?% and 4.16.

Zwitterionic complexes 2.14, 4.5, 4.7 and 4.8 (Figure 4.14) contain both a cationic
distorted trigonal bipyramidal cobalt(ll) centre with a single unpaired electron, and an
anionic distorted tetrahedral cobalt(ll) centre with three unpaired electrons. This results
in four unpaired electrons overall, and a summative spin-only pesr value of 4.24 ug is
calculated. The experimentally-determined uefr values for complexes 2.14, 4.5, 4.7 and
4.8 are slightly greater than the predicted spin-only ues value of 4.24 ug. Additionally,
these values are very similar to the uefr value of 5.22 ug determined for complex 1.16
(Figure 4.14) in the solid-state, verifying that the overall tefs is the sum of the magnetic
properties of both cobalt(ll) centres present in complexes 2.14, 4.5, 4.7 and 4.8.

Complex 4.19 (Figure 4.14), analogous in structure to zwitterionic complexes 2.14, 4.5,
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4.7 and 4.8 with the exception that the two cobalt(ll) centres are in different ions, has a
measured eff value of 5.13 us. Hence, the pefr value of complex 4.19 is the sum of the

magnetic properties of both cobalt(ll) centres present in the different ions.

ClI
Cl /
C ll:Coe I:Cc/: ©
Ph, 3 Ph

Ph 2
Pl S NN P, /@ /\J\

»Co< Npe-COZ
< Ph —~Co=5pn
Ph, «l, “ 2 /_/7 Ph, | 2

~
\ \
1.16 4.5
X — Ph2 _®
Xa / Ph, p_ " ©
Xl'-~C0® -, / / X
Ph, N ~Co~pPn |
Ph2 7\ / Ph2 | 2 _
pral® / AN
»Co=, |
7\ Phy | [ Phz Co..,
X 7~
4.7 (X =Cl), 2.14 (X = Br), 4.8 (X=1) 4.19

Figure 4.14. Structures of complexes 1.16,' 4.5, 4.7, 2.14, 4.8 and 4.19.

The pess value for complex 4.15 (Figure 4.15) has been determined to be 5.47 ug, showing
good similarity to the pef values of 5.80 ug and 5.9(2) us previously reported for complex
4.15 in the solid-state® and complex 4.40 (Figure 4.15) in solution, respectively.3® A pief
value of 5.47 ug suggests that the [Co:Clg] dianion of complex 4.15 contains four
unpaired electrons. Six unpaired electrons could be expected, with three unpaired
electrons each for both distorted tetrahedral cobalt(ll) centres. Hence, the pesf values of
complex 4.15 suggests that there is antiferromagnetic coupling of two of the unpaired

spins across the bridging dihalide (dichloride for complex 4.15).38

20

4.15 4.40

Figure 4.15. Structures of complexes 4.15 and 4.40.38
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lonic cobalt(ll) complexes 4.1, 4.3, 4.4, and 4.9 — 4.11 (Figure 4.16) contain the [Co2Xs]
dianion (with four unpaired electrons) with two distorted tetrahedral cobalt(ll) centres
and two cationic distorted trigonal bipyramidal cobalt(ll) centres (each with one
unpaired electron). The pesr values determined for complexes 4.1, 4.3, 4.4, and 4.9 —
4.11 are in the range of 5.54 — 6.55 us, which are slightly greater than the spin-only

summative pefr value of 4.69 usg (for six unpaired electrons in total).
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Figure 4.16. Structures of complexes 4.1, 4.3, 4.4, and 4.9 - 4.11.

All of the determined magnetic moments (Table 4.15) are entirely consistent with the
solid-state structures of the aforementioned complexes being retained in solution and

show good similarity with the magnetic moments estimated from the spin-only formula.

4.10 Summary

The 1:1 reaction of ‘PNP’ compounds with cobalt halides has been shown to generate
zwitterionic (e.g., [CoX(Py-0-(CH2)2N{PPh3},)({XsCo}Py-0-(CH2)2N{PPh.},)], complexes
4.7, 2.14 and 4.8 with X = Cl, Br and |, respectively, from the 1:1 reaction of Py-o-
(CH2)2N(PPh2),, compound 2.1, with CoXa) and ionic (e.g.,
[CoX(Ph(CH2)2N{PPh3}2).2]2[C02Xs], complexes 4.9, 4.10 and 4.11 with X = Cl, Br and |,
respectively, from the 1:1 reaction of Ph(CH2)2N(PPh),, compound 2.2, with CoX;)
complexes. The same zwitterionic and ionic complexes were isolated from reactions
with ‘PNP’:CoX; ratios of 1:1 and 2:1. The formation of ionic complexes (afforded when
the ‘PNP’ ligand does not contain a suitable heteroatom allowing for zwitterionic
complex formation) has been evidenced for the first time in this work. The solid-state
molecular structures of zwitterionic and ionic complexes, determined by XRD analysis of
obtained single crystals, are retained in solution as evidenced by pefs measurements and

ESI mass spectrometric analysis. The formation of zwitterionic complex 2.14 as opposed
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to the hypothetical ([(Py-0-(CH2)2N(PPh3)2)CoBr;] (complex 4.32) has been justified by
the lower AG obtained for complex 2.14 (Section 4.7.2). Zwitterionic complex
formation via an in situ ionic complex intermediate (Scheme 4.6) has been verified by
the synthesis of [CoBr(Ph(CH2)2N{PPh3}.):2][PyCoBrs] (complex 4.19) from the reaction
described in Scheme 4.7.

Reaction of Py-0-(CH3)2N(PPh;)(Me) and Py-o-(CH;)2N(P{OPh},)(Me) (compounds
2.11 and 2.12, respectively) with CoBr; afforded [(MeHNCH,CH,0-Py)CoBr;] (complex
4.26) via P-N bond cleavage. Ph(CH;)2N(P{S}Ph2)2 (compound 2.10) did not react with
CoBr,, whereas the reaction of Ph(CH;)oN(P{S}Ph;)(PPh;) (compound 2.9) with CoBr;
affords an  equilibrium  mixture of  [(Ph(CH2):N(SPPh;)(PPh;))CoBr,] and
[CoBr{Ph(CH2)2N(SPPh3)(PPh3)}:]2[Co2Brs] (complexes 4.27 and 4.28, respectively).
Hence, the reactivity of cobalt complexes containing ‘SPNP’ ligands will not be further
studied. Note that the reactivity of cobalt complexes containing ‘PCNCP’ ligands will also
not be further studied due to the lack of a solid-state structure (and hence complete
certainty in the structure) of [(Py-0-(CH2)2N(CH2PPh3)2)CoBr;] (complex 4.6).

Determination and comparison of the Gibbs free energies of formation of
[CoCl2(Ph2P(CH2)2PPh3)], [CoCl2(Ph2P(CH2)3PPh2)] and [CoClz(Ph{CH2}>N(PPh3).)] (neutral
complexes 4.34 — 4.36, respectively) revealed that the Gibbs free energy of formation
decreases as the bite angle of the diphosphine in the complex increases. In contrast, the
same analysis for [CoCl(PhyP(CH2)2PPh3);]Cl, [CoCl(Ph,P(CH2)sPPh3),]CI  and
[CoCI{Ph(CH2)2N(PPh3),}-]Cl (ionic complexes 4.37 — 4.39, respectively) evidenced that
the Gibbs free energy of formation decreases as the bite angle of diphosphine in the
complex decreases. Hence, complexes of the form [(P,P)CoCl,] are more stable with
larger bite angle diphosphines, whereas complexes of the form [(P,P).CoCl]Cl are more
stable with smaller bite angle diphosphines, agreeing with the synthetic accessibility of
complex 4.35, with larger bite angle dppp ligand, and complexes 4.37,
[CoX(Ph2PCH2CH2PPh3)2]2[X3Co-PPh,CH2CH2Ph,P-CoXs] (complex 1.14) and
[CoCl(Ph(CH2)2N{PPh3},)2]2[C02Cls] (complex 4.9), with smaller bite angle dppe and ‘PNP’

ligands.
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Chapter 5 — Synthesis of Cobalt(l)
Complexes of ‘PNP’ Ligands

5.1 Introduction

Building on the coordination chemistry of ‘PNP’ ligands with CoX; (X = Cl, Br, |) described
in Chapter 4, strategies to move towards the preparation of low valent cationic cobalt(l)
complexes containing ‘PNP’ ligands were considered. In this context, studying the
reactivity of complexes 4.7 —4.11 and 2.14 (Figure 5.1) is challenging as these complexes
contain multiple cobalt(ll) centres with vastly different geometries and coordination
environments. Multiple cobalt(ll) centres results in more potential sites of reactivity and
reaction pathways, complicating a reactivity study. Therefore, it is desirable to prepare

and study cobalt(ll) complexes containing a single cobalt(ll) environment.

i Phy b2 +
X 2 P
X‘:Cé? S 20
Phg Ph2 ~ Ph2| N th v X\ \
<Feco 7 \/ X xS0
7\ Phy | FPha X
L X
- -2
4.7 (X = Cl), 2.14 (X = Br), 4.8 (X=1) 4.9 (X =Cl),4.10 (X = Br), 4.11 (X=1)

Figure 5.1. Structures of complexes 2.14 and 4.7 — 4.11.

With this in mind, one suitable strategy is to synthesise complexes 5.1 — 5.3 (Figure 5.2)
containing a single cationic cobalt(ll) centre. Reduction of complexes 5.1 — 5.3 with
activated zinc is expected to afford cationic cobalt(l) species, and the outcome of these
reactions is presented here. Cationic cobalt(ll) complexes 5.1 — 5.3 may be suitable for
use as pre-catalysts, with many low valent cationic cobalt(l) diphosphine complexes
having been explored previously for applications including hydrovinylation,!

hydroboration? and heterodimerisation® (Section 1.1.1, Chapter 1).

— Ph -
Ph, p_
P,/
B Co~ Ph, 5.1 {E = CH}, X = PF
2 E=— |~ 5.2{E=N}X=PF
E 5.3 {E = CH}, X = BAr",
/ N\ N /

Figure 5.2. Structure of complexes 5.1 — 5.3.
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5.2 Synthesis of [CoBr(Ph(CH;).N{PPh3}.).][PFs] (5.1), [CoBr(Py-o-
(CHz)zN{Pth}z)z][PFs] (5.2) and [COBr(Ph(CHz)zN{Pth}z)z]
[BArf,] (5.3)

Two equivalents of compound 2.1 or 2.2 were reacted with one equivalent of CoBr; and
one equivalent of KPFs or NaBAr, (following an adapted literature procedure)* to afford
complexes 5.1 — 5.3 (a), Scheme 5.1). Reaction outcomes were confirmed by solid-state
structures (Section 5.2.1), CHN analyses, a et value of 2.10 us (cf. spin-only formula
result of 1.73 us) determined for complex 5.2 via the Evans Method,®> and positive ion
ESI mass spectrometry evidencing signals at 1118.4 m/z and 1120.3 m/z for the cations
of complexes 5.1/5.3 and 5.2, respectively. It is noteworthy that the attempted
synthesis of complex 5.4 (b), Scheme 5.1) afforded mono-halide complex 5.3 (UV-Vis
and mass spectrum of the isolated product of the attempted 2:1:2 ‘PNP’:CoBr,:NaBAr,

reaction described in b), Scheme 5.4, are identical to that of complex 5.3).

X - Phy -®
| Cobr, Ph, p
E A KPF g or <prch_/
NaAr, Phy | Phz o
a) 2 4>CH \ E E= [x]
212
25°C / A\ \ /
Ph,?” “PPh, L \— i
5.1 {E=CH},X=P
2.1{E=N} “N) X< PE.
2.2 {E=CH} 5:2{E =1}, X =Pl
5.3 {E = CH}, X = BAr,
— —2®
CobBr,
2Na“Ar, o
b) 2
CH,C1, Ph, Phy [ Ar 4]2
25°C Z :Co': -
Ph,P” “PPh, i Ph,  Phy |
2.2 5.4

Scheme 5.1. a) synthesis of complexes 5.1 — 5.3; b) attempted synthesis of complex 5.4.

5.2.1 Solid-State Molecular Structures of [CoBr(Ph(CH;).N{PPh;},).][PFs]
(5.1), [COBI’(Py-O-(CHz)zN{Pth}z)z][PFG] (5.2) and
[COBT(Ph(CHz)zN{Pth}z)z][BArF4] (5.3)

Single crystals of complexes 5.1 — 5.3 were obtained and molecular structures
determined (cations shown in Figure 5.3). Key bond angles and lengths of the cations of

complexes 5.1 —5.3 (presented in Table 5.1 and Table 5.2, respectively) are very similar

96



to those measured from analogous structures, e.g., complexes 2.14 ([CoBr(Py-o-

(CHz)zN{Pth}z)({Br3CO}Py-O-(CHz)zN{Pth}z)])

([CoBr(Ph(CH2)2N{PPh},).]2[C02Brg]), shown in Figure 5.1.

4.10

Ph -
Phy ‘\2 ®
<pech_ g
Phy | FPh 5.1/5.3 {E = CH}
E= 52{E=
A\ N\ /

5.2 Cation X-ray

Figure 5.3. Solid-state molecular structures of the cations of complexes 5.1 —5.3. Thermal ellipsoids are shown at
the 50 % probability level. Hydrogen atoms, a single DCM molecule and the PFg anions are omitted for clarity. Atom
colour: carbon — grey; nitrogen — light blue; cobalt — dark blue, and bromine — orange-brown.

Table 5.1. Key bond angles measured from the solid-state molecular structures of complexes 5.1 —5.3.

Angle 5.1 5.2 53
Br-Co-P1/° 92.42(2) 132.7(2) 92.03(2)
Br-Co-P2/° 125.61(3) 96.70(3) 118.85(2)
Br-Co-P3 /° 95.77(2) 91.03(3) 97.80(2)
Br-Co-P4 /° 127.27(3) 117.6(3) 134.37(2)
P1-Co-P2/° 71.54(2) 71.0(2) 71.18(2)
P1-Co-P3/° 171.81(3) 99.7(2) 170.16(3)
P1-Co-P4/° 103.29(3) 109.5(4) 101.07(3)
P2-Co-P3/° 103.57(3) 172.27(3) 103.97(3)
P2-Co-P4 /° 107.09(3) 104.6(3) 106.53(3)
P3-Co-P4/° 71.49(2) 71.6(3) 71.73(2)
P1-N1-P2/° 100.19(8) 105.2(4) 100.0(1)
P3-N2-P4/° 100.82(8) 102.8(5) 99.6(1)
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Table 5.2. Key bond lengths measured from the solid-state molecular structures of complexes 5.1 — 5.3.

Bond 5.1 5.2 5.3
Co-Br/A 2.3550(6) 2.3608(8) 2.3619(6)
Co-P1/A 2.2314(9) 2.24(1) 2.2286(6)
Co-P2 /A 2.2306(8) 2.2380(8) 2.2801(8)
Co-P3/A 2.2409(8) 2.2281(9) 2.2197(7)
Co-P4 /A 2.2540(6) 2.31(1) 2.2237(6)
N1-P1/A 1.693(2) 1.71(1) 1.702(2)
N1-P2 /A 1.707(1) 1.727(6) 1.724(2)
N2-P3 /A 1.695(2) 1.690(3) 1.714(2)
N2-P4 /A 1.712(1) 1.71(1) 1.696(2)

5.3 Reduction of [CoBr(Ph(CH2).N{PPh,},).][PFs¢] (5.1), [CoBr(Py-
0-(CH2):N{PPh;},;):][PF¢] (5.2) and [CoBr(Ph(CH;).N{PPh.},),]
[BArF4] (5.3) with activated zinc

Complexes 5.1 —5.3 were reduced with 4, 10 or 50 equivalents of activated zinc to afford
cationic cobalt(l) complexes 5.5 — 5.7 (Scheme 5.2), respectively. A reaction utilising 50
equivalents of activated zinc was attempted in order to result in over-reduction, which
would be evidenced by the production of cobalt(0); however, this did not occur. Since
experimental evidence suggests that complete reduction occurs with 4, 10 and 50
equivalents of activated zinc (i.e., equivalent 3'P{*H} NMR and positive ion ESI mass
spectra of the isolated products), it was inferred that at least 4 equivalents of activated
zinc is required to fully convert the starting material (unlike for reduction reactions of

complex 5.1 utilising 1 and 2 equivalents of activated zinc; see Section 5.3.4 — 5.3.5).

- Phy —-® _ ___®
Phy p " / \
//:Cé / 4,100r 50 o \ / 5.1/5.5 (£ < CHL X P

Phy | FPh © equiv.Zn E E o .1/5.5 {E=CH}, X = PFs

BN | X~ T Ph,  Php X 5.2/5.6 {E = N}, X = PF,

E THF P, WP 5.3/5.7 {E = CH}, X = BAr",
/N N/ 25°C {meos >
— Ph2 Ph2
5.1-5.3 5.5—-5.7

Scheme 5.2. Reduction of complexes 5.1 — 5.3 with 4, 10 and 50 equivalents of activated zinc.

Complexes 5.5 —5.7 are a deep purple colour in both THF solution and in the solid-state

as powders; this is in stark contrast to [CoBr(Py-o-(CH;)2N{PPh,},)({BrsCo}Py-o-
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(CH2)2N{PPh3}2)] (complex 2.14) and [CoBr(Ph(CH3)2N{PPh2},)2]2[Co2Brs] (complex 4.10;
Figure 5.1) which are brown and green powders, respectively. Complexes 5.5 — 5.7 are
extremely air sensitive, turning bright orange upon exposure to air. Complexes 5.5 -5.7
are insoluble in most solvents except DCM (which they react with; see Section 5.3.4),
MeCN (complexes 5.5 — 5.7 turn orange in MeCN), toluene (only complex 5.7 due to the
BArf, anion) and THF. Despite multiple attempts, the measured CHN analyses of
complexes 5.5 — 5.7 are not in good agreement with the corresponding calculated CHN
composition, likely due to the presence of small quantities of impurities produced during
the reduction or incomplete removal of activated zinc and zinc bromide (despite
employing filtration and, when possible, extraction steps). Attempts to grow single
crystals of complexes 5.5 — 5.7 were unsuccessful; even under an inert atmosphere, the
deep purple THF solution of complexes 5.5 — 5.7 turns brown as the THF and hexane
layers begin to mix.

Characterisation data have been obtained that supports the proposed structures of
complexes 5.5 — 5.7 (Scheme 5.2). Complexes 5.5 and 5.7 give a signal at 1037.5 m/z in
their positive ion m/z ESI mass spectra, and complex 5.6 presents a signal at 1039.6 m/z,
corresponding to the [Co(P,P),] cation, consistent with removal of the bromide ligand
during the reduction process. Determining the magnetic susceptibilities of complexes
5.5 — 5.7 by the Evans NMR Method® reveals that the complexes are diamagnetic. A
slightly broad (vy/, = 105 Hz) singlet is observed in the 3'P{*H} NMR spectra of complexes
5.5-5.7 at 6p=86.6 ppm, 86.8 ppm and 86.7 ppm for complexes 5.5, 5.6 and 5.7 (Figure
5.4), respectively, indicating that all the phosphorus atoms in the [Co(P,P):] cations of
complexes 5.5 — 5.7 are equivalent. The 'H NMR spectra of complexes 5.5 — 5.7 also
exhibits broad peaks. Signal broadening is a result of the 7/2 spin of *°Co.® Together,
these magnetic and spectral data are consistent with the [Co(P,P);] cations of complexes
5.5 — 5.7 having a square planar geometry (a tetrahedral [Co(P,P).] cation would have
two unpaired electrons and be paramagnetic). There is no spectroscopic evidence of
pyridyl coordination at the cobalt(l) centre in complex 5.6, hence coordination of the

pendant pyridyl moieties is not stabilising the cationic cobalt(l) species.
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5.7 M
n ©
[ Ph, Ph, [ Ar 4]
‘JJ \“ < ;Co‘; >
‘\‘ “ Ph2 Ph2
‘\ 5.7
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6/ ppm

Figure 5.4. 3'P{*H} NMR (162 MHz, 290 K, dg-THF) spectra of complex 5.7.
Square planar cationic cobalt(l) bis(diphosphine) complexes have been previously
reported, e.g., complexes 5.8 — 5.10 (Figure 5.5).6~8 Hence, the assignment of a square

planar geometry for complexes 5.5 — 5.7 has precedence.

Et, Et, Et, Ph, Ph, Ph,
[ % j[m] [ 38 jm] [cojm
Ph, Ph, Ph, Et, Ph, Ph,
| Y J
5.9 (Z=Ph)
Isomers of 5.8 5.10 (=)

Figure 5.5. Structures of complexes 5.8 —5.10.6-8

5.3.1 Reaction of [Co{Ph(CH;),N(PPh;),;}.][PFs] (5.5), [Co{Py-o-
(CH2)2.N(PPh;),}2][PFe] (5.6) and [Co{Ph(CH.),N(PPh;),}.][BAr,] (5.7) with
Oxygen

Exposure of deep purple complex 5.7, as a solid and dissolved in ds-THF, to air and 99.5%
pure O, gas, affords bright orange peroxo-cobalt(lll)° complex 5.13 (a), Scheme 5.3),
with analogous reactivity being observed for complexes 5.5 — 5.6. Oxidation of
complexes 5.5 — 5.7 to complexes 5.11 — 5.13 occurs during mass spectra acquisition
(samples are introduced into the mass spectrometer under air). Hence, signals at 1069.5
m/z and 1071.5 m/z, corresponding to the [Co(P,P).(n3-0;)] cation of complexes

5.11/5.13 and 5.12, respectively, are observed in the positive ESI mass spectra of
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complexes 5.5/5.7 and 5.6, respectively. 3'P{*H} NMR spectroscopic analysis of complex
5.13 showed two broad (v;/, ~230 Hz), unresolved signals at approx. 48 and 75 ppm.
The FT-IR spectrum of the powder complex 5.13 evidences a v(0;) stretch at approx.
839 cm™, which is very similar to the v(0,) stretch at 861 cm™ reported for peroxo
complex 5.14 (b), Scheme 5.3).1° Reaction between cationic [Co'(P,P),] species complex
5.10 ([Co(dppV):][BF.], Figure 5.5) and O; (either in air or pure O gas) to afford the

peroxo complex 5.15 (c), Scheme 5.3) has previously been reported in the literature.?

Ph
Ph, p
—n,, /
~p / _ -D
B Co~ppn, o 5-5/5.11{E=CH},X=Pr,
h 2/ Y% X~ 5.6/5.12{E=N},X=P
2 Ix] “dgTHF or THF o’ E= 6
_Pu, 8" or E 5.7/5.13 {E = CH}, X = BAr",
Co no solvent / \

v — \ /
Ph, ho 25°C o
5.5-5.7 5.11-5.13
®
H, Ph, ﬁ
o . (o N, )
b) b,Co“ Ha [ 0416 <) Co“ Phy [ 41
| YNH, | YPPh,
Ha ﬂ)< P 2P
5.14 5.15

Scheme 5.3. a) reaction of complexes 5.5 — 5.7 with O, to afford peroxo complexes 5.11 — 5.13; b) structure of
complex 5.14;%0 ¢) structure of complex 5.15.8

Complex 5.13 ([Co(Ph(CH2)2N{PPh2},)2(n?-02)][BArf4]) was found to be unstable under
atmospheres of both N2 and O,. Overnight standing of a sample of complex 5.13 under
an atmosphere of Ny in a Young’s NMR tube resulted in an orange to purple colour
change, indicating that the bound O of complex 5.13 has dissociated to afford complex
5.7 ([Co(Ph(CH3):N{PPh,},)2][BArFs]), supported by 3'P{*H} NMR analysis showing a
singlet at approx. 86.7 ppm. Overnight standing of a sample of complex 5.13 under an
atmosphere of 99.5% pure O, in a Young’s NMR tube resulted in an orange to colourless
colour change. The obtained 3!P{*H} and *H NMR spectra present extremely broadened
signals, indicating that a paramagnetic complex had been produced. The positive ion ESI
mass spectrum evidences a signal at 812.3 m/z corresponding to
[Co(PhCH2CH2N{OPPh3},)3]?* (the dication of tri ‘PNP’ oxidised complex 5.16, Figure 5.6)
was observed. Peroxo complexes have previously been reported to oxidise
phosphines,!? with the proposed reaction pathway involving the formation of a

hydroperoxo (i.e., Co-O-O-H) intermediate, which presumably forms due to the

101



presence of water.!! However, the conversion of complex 5.13 to complex 5.16 occurs
in a sealed rigorously dried Young’s NMR tube under an atmosphere of dry 99.5% pure
02, meaning that only a negligible amount of water is likely to be present. This
potentially suggests that the oxidation of a phosphine by a peroxo complex can occur
without water. A small quantity of crystals (~5% yield) of complex 5.16 (Figure 5.6) were
isolated and XRD analysis performed. Although the atom connectivity was confirmed,

the data is of an insufficient quality to allow for full structure refinement.

— —/2®
| ~PRh2
PhoP O Ph,
O//,, | _.\\0=3‘\
~COy p )
A5 % bn [y
Ph2 > 4 2 2
I _-PPhy
5.16 Dication X-ray 5.16

Figure 5.6. Connectivity of the dication of complex 5.16. Atom colour: carbon — grey; nitrogen — light blue; cobalt —
dark blue, and oxygen —red. NB a solvent mask removed approx. two acetone molecules per asymmetric unit.

5.3.2 31P{*H} NMR spectroscopic study of the reaction of Ph(CH,),N(PPh;),
(2.2) with Oxygen

Since the oxidation of ‘PNP’ compound 2.2 (Ph(CH2)2N(PPh3)2), via a likely hydroperoxo
intermediate, was observed in the coordination sphere at cobalt for complex 5.16
(Figure 5.6), the reactivity of compound 2.2 with O, was studied in the absence of a
cobalt centre. Compound 2.2 was dissolved in dry ds-THF in a Young’s NMR tube, the
solution degassed via three freeze-pump-thaw cycles, and backfilled with O; gas. The
reaction was then followed by 3'P{*H} NMR spectroscopy (Figure 5.7). Partial oxidation
of one of the phosphorus atoms of compound 2.2 occurs after approx. 12 hours,
affording Ph(CH)2N(PPh;)(OPPh;) (compound 5.17, Figure 5.7). The 3'P{*H} NMR
spectrum of compound 5.17 contains two doublets at approx. 48.1 ppm and 28.7 ppm,
with 2Jpp = 83.4 Hz; this agrees with analogous data of 49.10 ppm, 32.95 ppm and 2Jpp =
87.5 Hz measured for n-HexN(PPh;)(OPPh;).12 A small amount of Ph(CH>)>N(Ph,P{0}),

(compound 5.18, Figure 5.7) also formed after approx. 12 hours, with compound 5.18
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being the major product after ca. 2 weeks. The 3P{*H} spectrum of compound 5.18
presents a singlet at approx. 27.5 ppm; this agrees with analogous chemical shift of
29.42 ppm measured for n-HexN(Ph,P{0})..12 Hence, the oxidation of compound 2.2 can
occur under an atmosphere of O, in the absence of a cobalt centre. However, the
oxidation of compound 2.2 under an atmosphere of O, (Figure 5.7) is much slower (days)
than the reactivity observed for the cation of complex 5.13 (affording complex 5.16 over
a period of ~12 hours). Therefore, the presence of a cobalt centre accelerates the rate
of oxidation of compound 2.2 to compound 5.18, albeit producing a complex where

compound 5.18 is coordinating to a cobalt centre.

A JPPhg 2.2 under N,
\
<: :}—’ Phy
) 2.2
A 2.2 under O,
12 hours
H * *
o 1 | B [
Ph,P=0 ¢ 2.2 under O,
/
1 week
\
* Ph2 *
A B | 5.17 |5 P
Phg =0 2.2 under O,
\ 2 weeks
Ph,P=0
5.18 ]

66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16
6/ ppm

Figure 5.7. 31P{*H} NMR (162 MHz, 290 K, ds-THF) spectra for compound 2.2 (*) under N, and compound 2.2 under
0, for 12 hours, 1 week and 2 weeks, leading to the formation of compound 5.18 (‘) via compound 5.17 (*).

5.3.3 Solid-State Molecular Structure of [Co{Ph(CH;);N(PPh;),},(n?*
0,)][PF¢] (5.11)

Single crystals of complex 5.11 were obtained and a molecular structure determined
(Figure 5.8). Complex 5.11 was synthesised by the reaction of complex 5.5
([Co(Ph(CH2)2N{PPh3}2)2][PFs]) with O, described in a), Scheme 5.3.
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Figure 5.8. Solid-state molecular structure of the cation of complex 5.11. Thermal ellipsoids are shown at the 50 %
probability level. Hydrogen atoms, three acetone molecules and the PFs anion are omitted for clarity. Atom colour:
carbon — grey; nitrogen — light blue; cobalt — dark blue, and oxygen — red.

Complex 5.11 has Co-O and 01-02 bond lengths of 1.896(3) A and 1.418(4) A,
respectively. [Co(Me,PCH,CH,PMe;),(n?-0,)][BPhs] has Col-O1 and Col-O2 bond
lengths of 1.867(7) A and 1.859(7) A, respectively,’® which are significantly shorter than
those in complex 5.11. The difference in Co-O bond lengths of complexes 5.11 and
[Co(Me2PCH,CH2PMe;)2(1n2-02)1[BPhs] may be due to steric crowding around the
cobalt(lll) centre in complex 5.11 resulting from the phenyl phosphine substituents (cf.
less bulky methyl substituents of [Co(Me2PCH2CH2PMe;)2][BPhal).
[Co(Me;PCH2CH2PMe;);][BPh4] has an 01-02 bond length of 1.41(1) A3 showing good
similarity to the 01-02 bond length measured for complex 5.11. The key bond lengths
and bond angles measured from the solid-state structure of the cation of complex 5.11

are presented in Table 5.3 and Table 5.4, respectively.
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Table 5.3. Key bond lengths measured from Table 5.4. Key bond angles measured from

the solid-state molecular structure of the the solid-state molecular structure of the
cation of complex 5.11. cation of complex 5.11.

Bond Bond Length / A Angle Bond Angle /°
Col-P1 2.222(1) P1-Col-P2 71.71(4)
Col-P2 2.243(1) P1-Col-P3 108.86(4)
Col1-P3 2.229(1) P1-Col-P4 101.83(4)
Col-P4 2.242(1) P1-Co1-01 105.3(1)
Co1-01 1.896(3) P1-Co1-02 146.20(9)
Co1-02 1.896(3) P2-Co1-P3 103.77(4)

N1-P1 1.696(3) P2-Col-P4 170.89(5)

N1-P2 1.685(3) P2-Co1-01 92.95(9)

N2-P3 1.694(3) P2-Co1-02 93.16(8)

N3-P4 1.681(3) P3-Col-P4 71.80(4)
01-02 1.418(4) P3-Co1-01 145.2(1)

P3-Co1-02 103.99(8)
P4-Co1-01 95.01(9)
P4-Co1-02 95.64(8)
01-Co1-02 43.9(1)
P1-N1-P2 101.3(2)
P3-N2-P4 101.9(2)

5.3.4 Solid-State Molecular Structure of 0.75[CoCI{Ph(CH.),N(PPh,)}.]
[PF5]-0.25[CoBr{Ph(CH,);N(PPh,),},][PFs] (5.19)

Single crystals of complex 5.19 were obtained (from the reduction of complex 5.1 with
1 equiv. of activated zinc in DCM) and a molecular structure determined (Figure 5.9).
Refinement of the solid-state structure reveals that the halide site is partially occupied
by both chloride and bromide ligands in a 0.75:0.25 ratio, i.e., the solid-state structure
contains a 0.75:0.25 mixture of complexes 5.20 (the chloride analogue of complex 5.1)

and 5.1.
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Figure 5.9. Solid-state molecular structure of the cation of complex 5.19, where X = Cl, Br. Thermal ellipsoids are
shown at the 50 % probability level. NB hydrogen atoms and DCM molecules are omitted for clarity. Atom colour:
carbon — grey; nitrogen — light blue; phosphorus — orange; bromine — orange-brown; chlorine — green; cobalt — dark
blue, and fluorine — yellow.

The key bond lengths and angles measured from the solid-state structure of complex
5.19 are presented in Table 5.5 and Table 5.6, respectively. NB only bond lengths and

bond angles including Br1 in the mixed halide site have been included.

Table 5.5. Key bond lengths measured from Table 5.6. Key bond angles measured from
the solid-state molecular structure of the the solid-state molecular structure of the
cation of complex 5.11. cation of complex 5.11.

Bond Bond Length / A Angle Bond Angle / °
Col-P1 2.228(2) Br1-Col-P1 129.03(7)
Col-P2 2.229(2) Br1-Col-P2 93.29(7)
Col-P3 2.270(2) Br1-Col-P3 122.92(7)
Col-P4 2.244(2) Br1-Col-P4 94.52(7)
Col-Brl 2.288(2) P1-Col-P2 71.69(7)
N1-P1 1.715(6) P1-Co1-P3 108.02(8)
N1-P2 1.686(5) P1-Col-P4 103.14(8)
N2-P3 1.706(7) P2-Co1-P3 103.93(8)
N3-P4 1.691(6) P2-Col-P4 172.19(8)

P3-Col-P4 71.73(7)
P1-N1-P2 100.3(3)
P3-N2-P4 102.3(3)

The reduction of complex 5.1 with 1 equiv. of activated zinc in DCM:THF (10:1) affords

a red-yellow solution (cf. deep purple solutions observed when using THF as the reaction
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solvent, indicating the synthesis of [Co(Ph(CH2)2N{PPh3},):]1[PF¢], i.e., complex 5.5, the
intermediate in Scheme 5.4). This difference in colour has been attributed to the
formation of complex 5.20 (Scheme 5.4). Since the only source of chlorine in the
reaction mixture is DCM, complex 5.20 must form as a result of the in situ formation of
complex 5.5 and subsequent abstraction of a chlorine atom from DCM (Scheme 5.4);

note complex 5.1 does not react with DCM.

th ® th
© CH
F’ha | Ph, | th 0=
s CH2 2THF WP
25 th e

5.5

Scheme 5.4. Reduction of complex 5.1 with activated zinc to afford complex 5.5 in situ, and the subsequent reaction
of complex 5.5 with DCM to afford complex 5.20.

The reactivity of cationic cobalt(ll) species with DCM to form a chloride adduct has been
previously reported.'* For example, the recrystallisation of complex 5.21 from a
DCM/ethanol mixture afforded the chloride adduct complex 5.22, resulting from
extraction of a chlorine atom from DCM (Scheme 5.5).}% In contrast, to the best
knowledge of the author, the chemistry described in Scheme 5.4 is the first observed

reactivity of a cobalt(l) complex with DCM.

Ph Pe Pn ®
5 ;Ph/Ph \ P e
Ph<,//. P o ALl {F h) e
Ph #clo\ bh | 4]2 25 |Ph >Co\ Ph [7]
Ny
el W
5.21 5.22

Scheme 5.5. Reaction of complex 5.21 with DCM.**

Halide exchange (Scheme 5.4) provides additional evidence for the existence of complex
5.5, supporting the experimental data discussed in Section 5.3. However, incomplete
halide exchange (evidenced by 25% bromide ligand in the molecular structure of
complex 5.19, Figure 5.9) evidences that 1 equiv. of activated zinc is not enough to

completely reduce complex 5.1 to complex 5.5 (first step of Scheme 5.4).
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5.3.5 Solid-State Molecular Structure of 0.76[Co{Ph(CH;),N(PPh;),},(n?
0,)1[PF¢]-0.24[CoBr{Ph(CH,),N(PPh,),}.][PF¢] (5.23)

Single crystals of the isolated product of the reduction of complex 5.1 with 2 equiv. of

zinc (first step of Scheme 5.4) were obtained, under air, and the molecular structure of

complex 5.23 determined (Figure 5.10). The presence of a bromide ligand in the

molecular structure of complex 5.23 evidences that unreacted complex 5.1 remains.

Hence, 2 equiv. of activated zinc is not enough to result in a complete reduction of

complex 5.1. The key bond lengths and bond angles measured from the solid-state

structure of complex 5.23 are presented in Table 5.7 and Table 5.8, respectively.

5.23 Cation X-ray

5.23 Cation

<

Figure 5.10. Solid-state molecular structure of the cation of complex 5.23. Thermal ellipsoids are shown at the 50 %
probability level. NB hydrogen atoms, three acetone molecules and a PFg anion are omitted for clarity. Atom colour:
carbon — grey; nitrogen — light blue; phosphorus — orange; bromine — orange-brown; cobalt — dark blue, and oxygen

Table 5.7. Key bond lengths measured from
the solid-state molecular structure of the
cation of complex 5.23.

Bond Bond Length / A
Col-P1 2.240(2)
Col-P2 2.226(1)
Co1-P3 2.237(2)
Col-P4 2.245(2)
Co1-01 1.897(7)
Co1-02 1.897(7)

N1-P1 1.685(5)

N1-P2 1.695(5)
01-02 1.430(9)

—red.
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Table 5.8. Key bond angles measured from
the solid-state molecular structure of the
cation of complex 5.23.

Angle Bond Angle /°
P1-Col-P2 71.69(5)
P1-Col-P3 103.68(6)
P1-Col-P4 170.70(6)
P2-Co1-P3 108.78(6)
P2-Col-P4 101.79(6)
P3-Col-P4 71.71(5)
01-Co1-02 44.3(3)

P1-N1-P2 101.4(3)
P3-N2-P4 102.0(3)




5.3.6 UV-Vis Spectroscopic Analysis of [CoBr{Ph(CH,),N(PPh;),}.]1[BArf,]
(5.3) and [CO{Ph(CHz)zN(Pth)z}z][BATF4] (5.7)

In order to verify the cobalt(l) oxidation state and to probe the origins of the deep purple
colour of complex 5.7, the UV-Vis spectra of complexes 5.3 (brown spectrum in Figure
5.11) and 5.7 (purple spectrum in Figure 5.11) were obtained. Complex 5.7 has been
selected as a representative example of complexes 5.5 — 5.7 for UV-Vis spectroscopic
study due to greater solubility of complex 5.7 arising from the BArf,; anion relative to
that of the PFs salts complexes 5.5 ([Co(Ph(CH2)2N{PPh3},)2][PFs]) and 5.6 ([Co(Py-o-
(CH2)2N{PPh2}2)2][PFe]).
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Figure 5.11. UV-Vis spectra (0.0001 M) of complexes 5.3 (brown spectrum) and 5.7 (purple spectrum) in THF in the
400 — 800 nm spectral window.

The UV-Vis spectrum of complex 5.3 evidences Amax at 466 and 728 nm, whilst the UV-
Vis spectrum of complex 5.7 shows Amax at 526, 646 and 737 nm (in the 400 — 800 nm
spectral window). The UV-Vis spectrum of complex 5.3 shows excellent agreement with

Amax at 470 and 725 nm reported for complex 5.24 (Figure 5.12).
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Figure 5.12. Structure of complex 5.24.%

The main band of interest in the UV-Vis spectra of complex 5.7 is the band at 526 nm,
which has been assigned to [LCo']*, i.e., a cationic cobalt(l) species with coordinating
ligands. The band at 526 nm is very similar to a band at 517 nm assigned to [(dppp)Co']*.3
Together, these data are consistent with complex 5.7 being a cationic cobalt(l)
diphosphine species.

The molar absorbance coefficient, g, for the band at 526 nm in the UV-Vis spectra of
complex 5.7, is estimated to be approx. 7400 dm3® mol™ cm™. An & value of this
magnitude indicates that the band at 526 nm is charge transfer in nature, consistent

with the very deep purple colour observed for complex 5.7.

5.3.7 Hybrid DFT UV-Vis Spectroscopic Analysis of [Co{MeN(PPh,),}.]
[BArF4]

Hybrid-DFT analysis (at the B3LYP/6-31G(d) level) was carried out to calculate the UV-
Vis spectrum of [Co{MeN(PPhz).}2][BArf4] in order to verify the origins and assist with
the assignment of the transitions observed experimentally. For ease of computation, a
simpler analogue of complex 5.7 with methyl substituents on the nitrogen atoms instead
of CH,CH,Ph was utilised. This analysis, when coupled with a molecular orbital

15 showed that there is a metal-ligand charge

population analysis using GaussSum,
transfer at 504 nm (band with greatest oscillator strength in the region of interest, with
metal-ligand charge transfer being indicated by the large numerical decrease of 88 on
the cobalt(l) centre coupled with the same numerical increase on the ligand fragments;
see Appendix 5 for output data). Considering the change in nitrogen atom substituent
from CH2CH2Ph in complex 5.7 to Me in [Co{MeN(PPh2)2}2][BArf4], the computed value
of 504 nm is in good agreement with the experimental value of 526 nm. The major

transitions responsible for the computationally calculated band found at 504 nm, with

their percentage contribution, are shown in Figure 5.13.
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Figure 5.13. The three major transitions, with their percentage contributions and computed molecular orbitals,
contributing to the band observed at 504 nm in the calculated UV-Vis spectrum of [Co{MeN(PPh,),},][BArf,].

The data in Figure 5.13 show that the transitions are occurring from the HOMO (the 3d,?
orbital, purely located on the cobalt(l) centre), to the predominantly ligand-based LUMO
(containing the 4y, orbital of the cobalt(l) centre), LUMO+2 and LUMO+4 (both with very
limited metal orbital character), illustrating that the charge transfer is metal-to-ligand in
nature. Although the LUMO contains the 4, orbital of the cobalt(l) centre, the LUMO <-
HOMO transition only has a 24% contribution to the computationally calculated band at
504 nm (cf. 61% combined contribution for the LUMO+2 <- HOMO and LUMO+4 <-
HOMO, i.e., transitions involving essentially purely ligand-based LUMOQOs). Hence, the
transitions are still primarily from a metal-based HOMO to ligand-based LUMOs and the

overall charge transfer can be regarded as a metal-ligand charge transfer in nature.
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5.4 Alternative Attempted Strategies to Access Cationic Cobalt(l)
Complexes of ‘PNP’ ligands

As outlined in Section 5.3, the reduction of analytically pure complexes 5.1
(ICoBr(Ph(CH2)2N{PPh2}2)21[PFsl), 5.2 ([CoBr(Py-o-(CH2)2N{PPh2}.)2][PFs]) and 5.3
([CoBr(Ph(CH2)2N{PPh2}2)2][BArf4]) with activated zinc afforded complexes 5.5
([Co(Ph(CH32)2N{PPh2}2)2]1[PFe¢]), 5.6 ([Co(Py-0-(CH2)2N{PPhy})2][PF¢]) and 5.7
([Co(Ph(CH2)2N{PPh3},).]1[BAr4]) respectively, of which satisfactory CHN analyses could
not be obtained. Hence, methodologies to access cationic cobalt(l) complexes
containing ‘PNP’ ligands without utilising zinc as a reductant were attempted to try and
circumvent the purification issues presented by residual zinc and the production of zinc
halides (as well as phosphorus-containing by-products). NB reactions utilising other
common reductants (e.g., magnesium, Sml, and KCs) in place of activated zinc were

avoided due to concerns of over-reduction to cobalt(0).1®

5.4.1 Reaction of Py-0-(CH;),N(PPh;), (2.1) and Ph(CH;),N(PPh;), (2.2) with
COC'(PPh3)3

Compounds 2.1 and 2.2 were reacted with one equivalent of CoCI(PPhs); in an attempt
to afford complexes 5.25 and 5.26 (Scheme 5.6). However, air sensitive complexes 5.27
and 5.28 are tentatively assigned as the isolated products (Scheme 5.6). Complexes 5.27
and 5.28 are the 2:1 ‘PNP’:CoCI(PPhs); reaction products, despite the 1:1
‘PNP’:CoCl(PPhs); reaction stoichiometry employed (Scheme 5.6). Indeed, the 1:1
reaction of CoCl, and dppbz with NaBHs in EtOH provides [CoCl(dppbz),], i.e., the 2:1
dppbz:CoCl, product is isolated despite the 1:1 dppbz:CoCl; reaction stoichiometry.'” NB

CoCl(PPhs); was synthesised following a literature procedure.®

7 N Ph
\th ’ th \2
Co~p— E._ _~ A
S /
) phs/ Ph, 2 CoCI(PPh,), CoCI(PPhy) Ph’2°|°\ Ph,
E— THF THF - E=—
25°C 25 °C /N /
\ / N\
L J Ph,P” “PPh, —
5.25 {E = N} 2.1{E =N} 5.27 {E = N}
5.26 {E = CH} 2.2 {E = CH} 5.28 {E = CH}

Scheme 5.6. Attempted synthesis of complexes 5.25 and 5.26 and proposed synthesis of complexes 5.27 and 5.28.
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The assignment of complexes 5.27 and 5.28 as the isolated product (Scheme 5.6) is
primarily based on positive ion ESI mass spectrometric analyses of the isolated products.
Signals at 1074.5 m/z and 1073.3 m/z corresponding to [CoCI{Py-0-(CH2)2N(PPh;)2}.]*
and [CoC{Ph(CH2):N(PPh3).}2]%, i.e., [M]* of complexes 5.27 and 5.28, respectively, are
evidenced. No signals assignable to complexes 5.25 and 5.26 are observed.
Disappointingly, single crystals of complexes 5.27 and 5.28 could not be obtained. The
measured CHN analyses of the isolated products (Scheme 5.6) were not in good
agreement with the calculated CHN composition for target complexes 5.27 and 5.28,
likely due to residual PPhs (despite washing the crude solids with copious amounts of
pentane). Attempted magnetic moment measurements (via the Evans NMR method;®
ds-THF, 294 K) for proposed complexes 5.27 and 5.28 proved to be inconclusive due to
several 'H NMR signals appearing in the spectral region of interest (0.5 — 4 ppm for ds-
THF) upon addition of the ds-THF lock tube to the sample, suggesting the presence of
paramagnetic impurities (or unreacted CoCl(PPhs)3). Complexes 5.27 and 5.28 should be
diamagnetic as the d® cobalt(l) centre most likely has a distorted trigonal bipyramidal

geometry and hence no unpaired electrons (Figure 5.14).

Trigonal E # #
Bipyramidal

Xz yz

Figure 5.14. d-Orbital energy diagram for a trigonal bipyramidal metal centre, showing the orbital occupancy for a
d? electron configuration.?

Experimental difficulty, coupled with the air sensitivity of proposed complexes 5.27 and
5.28 ([CoCl{Py-0-(CH2):N(PPh3)2}.] and [CoCI{Ph(CH):N(PPh,).}.], respectively), which
undergo a green to blue-grey colour change upon exposure to air, has made reliably
characterising complexes 5.27 and 5.28 challenging. Hence, further study of complexes
5.27 and 5.28 has been abandoned. Reaction of complexes 5.27 and 5.28 with ZnCl; in
THF would likely afford cationic cobalt(l) complexes 5.29 and 5.30 (Scheme 5.7),2° which
are analogous to complexes 5.5 — 5.7 ([Co(Ph(CH.):N{PPh3}:):][PFs], ([Co(Py-o-
(CH3)2N{PPh.},)2][PFs]) and ([Co(Ph(CH2):N{PPh.},).][BArf4]), respectively) apart from

the difference in anion (predicted to be the [ZnCl3(THF)] anion in complexes 5.29 and
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5.30).2° Hence, further study of complexes 5.27 and 5.28 seems futile when complexes
5.5 — 5.7 containing the same cation and weakly coordinating anions have been

synthesised successfully.

Ph, B — 1®
Ph, p.” 7\ ©
<prch_ 7 7 N\ / [
Ph, | Ph, Zncl, =E E o
E E= THF Ph, Ph, |
/' S F S
— Ph, Phy "
5.27 {E = N} 5.29 {E= N}
5.28 {E = CH} 5.30 {E = CH}

Scheme 5.7. The hypothetical halide abstraction reaction of complexes 5.27 and 5.28 with ZnCl, to afford
complexes 5.29 and 5.30, respectively.

5.4.2 Attempted Synthesis of [COH{Py-0-(CH;),N(PPh,)}.] (5.31)

Two equivalents of ‘PNP’ compound 2.1 were reacted with one equivalent of Co(acac);
and six equivalents of HBPin (pinacolborane) in DCM, in an attempt to prepare cobalt(l)
hydride complex 5.31 (Scheme 5.8), a target of potential importance in catalytic
processes, e.g., selective olefin oligomerisation.?! This reaction was adapted from a
literature procedure that employed the diphosphine dppbz.2> HBPin was selected as a
hydride source as opposed to other common hydride sources, e.g., NaBH4, due to the

established coordination of the BHs~ anion with cobalt centres.?3

X Ph,
pememmemeea————— | Ph, / ~
= Co(acac), 2 /
: o 6 eq. HBPI Ph>c|°\ Ph,
: —H 2 — *H =
I 0/ i CH,Cl,
5 : 25°C /' \ Y,
. HBPin | _N_
----------------- th Ph2 —
2.1 5.31
Co(acac),
Ph, DNe 6 eq. HBPIn th“ Ph,
2 1~ — ", ‘\ ~
4 — [ 0= L]
Ph, | PaPhy ol 7 th
I = /Co;"u
Cl ive ¢ i
\ Effective ‘Selective
/ N\ J Addition’ of Hydride
4.7

Scheme 5.8. Attempted synthesis of complex 5.31 and the synthesis of complex 5.32.

Instead of the target hydride complex 5.31 it was found that the mixed six coordinate

hydride halide complex 5.32 was formed, presumably due to the reaction of a cobalt(l)
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intermediate with DCM solvent (see Section 5.3.4; DCM is the only source of chlorine
atoms in this reaction). Complex 5.32 contains a cationic distorted octahedral cobalt(ll1)
centre with a hydride and chloride ligand with a trans relationship and an anionic
[PyCo'"Cl3] moiety analogous to complex 4.7 (Scheme 5.8). This transformation (Scheme
5.8) can be regarded as a ‘selective addition’ of a hydride to the cationic cobalt(ll) centre
of complex 4.7. Attempts to directly synthesise complex 5.32 from complex 4.7 would
be very challenging, if at all possible.

Attempted synthesis of complex 5.31 in THF vyielded a sticky solid, which was
challenging to isolate. Analytical data (*H and 3P NMR spectroscopy, CHN and mass
spectrometry) evidenced that a complex mixture of products had been produced.
Additional attempts to further purify this crude mixture, e.g., washing with pentane and
recrystallisation, were unsuccessful. Hence, this reaction was abandoned, as were
analogous reactions involving ‘PNP’ compound 2.2 (Ph(CH3):N(PPh3)2). An alternative
procedure for the formation of hydride complexes, i.e., the reaction of two equivalents
of ‘PNP’ compound 2.1 with Co(NOs3),6H,0 and an excess of NaBH4 (as utilised for the
synthesis of [CoH{P(OPh)s}4] using P(OPh)s as the phosphine)?* is unsuitable in this case
due to the necessity of an alcoholic solvent, e.g., EtOH; metal complexes of ‘PNP’ ligands

are known to undergo alcoholysis of a P-N bond, evidenced in Section 3.4, Chapter 3.%°

5.4.3  Solid-State Molecular  Structure of  [Co(H)(Cl)(Py-o-
(CH)2N{PPh_},)({Cl3Co}Py-0-(CH),N{PPh.},)] (5.32)

Single crystals of complex 5.32 were obtained from the reaction described in Scheme
5.8 and a molecular structure determined (Figure 5.15). H1 was clearly located during

the refinement process and refined freely.

5.32 X-ray 5.32

Figure 5.15. Solid-state molecular structure of complex 5.32. Thermal ellipsoids are shown at the 50 % probability
level. NB hydrogen atoms (except H1) and DCM molecules are omitted for clarity. Atom colour: carbon — grey;
nitrogen — light blue; phosphorus — orange; chlorine — green; cobalt — dark blue, and hydrogen — white.
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The key bond lengths and bond angles measured from the solid-state structure of

complex 5.32 are presented in Table 5.9.

Table 5.9. Key bond lengths and bond angles measured from the solid-state molecular structures of complexes 5.32

and 4.7.
Parameter 5.27 4.7
Cl1-Col-H1 174(1) -
Cl1-Co1-P1 90.48(2) 119.57(3)
Cl1-Co1-P2 90.05(2) 95.16(2)
Cl1-Co1-P3 93.72(2) 95.26(2)
Cl1-Col1-P4 103.40(2) 132.33(3)
H1-Col-P1 84(1) -
H1-Col-P2 88(1) -
H1-Col-P3 88(1) -
H1-Col-P4 83(1) -
P1-Co1-P2 72.44(2) 71.35(2)
P1-Co1-P3 108.45(2) 103.71(2)
P1-Col1-P4 166.05(2) 108.09(2)
P2-Co1-P3 176.11(2) 169.57(3)
P2-Col1-P4 105.69(2) 100.96(2)
P3-Col1-P4 72.50(2) 71.45(2)
Cl2-Co2-CI3 113.21(3) 113.52(3)
Cl2-Co2-Cl4 111.97(2) 113.27(3)
ClI3-Co2-Cl4 110.53(3) 111.03(3)
Cl2-Co2-N3 100.14(5) 100.88(6)
ClI3-Co2-N3 105.85(5) 103.39(6)
Cl4-Co2-N3 114.69(5) 114.01(6)
P1-N1-P2 99.35(7) 101.3(1)
P3-N2-P4 101.18(8) 101.0(1)
Col-Cl1 2.2806(6) 2.2264(7)
Col-H1 1.42(3) -
Col-P1 2.1927(5) 2.2687(7)
Col-P2 2.2078(5) 2.2396(7)
Col-P3 2.2209(5) 2.2411(7)
Col-P4 2.2073(5) 2.2397(5)
Co2-CI2 2.2575(7) 2.250(1)
Co2-CI3 2.2555(8) 2.2662(9)
Co2-Cl4 2.2477(6) 2.2530(6)
Co2-N3 2.072(2) 2.077(2)
N1-P1 1.700(1) 1.708(2)
N1-P2 1.711(1) 1.694(2)
N2-P3 1.698(1) 1.691(2)
N2-P4 1.691(1) 1.698(2)
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Comparing the key bond angles and bond lengths of the {Co(H)(Cl)(k?-P,P),} moiety of
complex 5.32 with those of the {CoCl(k?-P,P),}* moiety of complex 4.7 ([CoCl(Py-o-
(CH2)2N{PPh,},)({ClsCo}Py-0-(CH2)2N{PPh,},)], Scheme 5.8), reveals some interesting
observations. The PX-Col (X = 1 — 4) bond lengths are slightly shorter in complex 5.32
(~2.20 - 2.22 A) relative to complex 4.7 (~2.24 — 2.27 A). This could be because P1 — P4
of complex 5.32 are in the XY plane (Figure 5.15), hence the phenyl substituents of P1
and P3 (and P2 and P4) are more separated (relative to, for example, the phenyl
substituents on P1 and P3 of complex 4.7, Scheme 5.8) and any steric clash between
them is less. The greater separation between the P1 and P3 phenyl substituents of
complex 5.32 relative to complex 4.7 is evidenced in Figure 5.16. As a result, P-Co bond

length elongation is not required to reduce steric clash in complex 5.32.

5.32 X-ray 4.7 X-ray

Figure 5.16. Space filling models of solid-state structures of complexes 5.32 and 4.7. The carbon atoms of the P1
and P3 phenyl substituents are red. NB hydrogen atoms (except the hydride) and DCM molecules are omitted for
clarity. Atom colour: carbon — grey (unless stated to be red); nitrogen — light blue; phosphorus — orange; chlorine —
green; cobalt — dark blue, and hydrogen — white.

The P-N bond lengths (~1.69 — 1.71 A) and P-N-P angles (~101°) in complex 5.32 are
essentially unchanged relative to complex 4.7. The Cl1-Col bond is slightly longer in
complex 5.32 (2.2806(6) A) relative to complex 4.7 (2.2264(7) A), possibly due to the
strong trans influence of the hydride ligand in complex 5.32. The H1-Col bond length is
1.42(3) A (very similar to 1.45(2) A measured for previously reported CoH(dppbz)).2
The PX-Co-P(X+1) (where X = 1 or 3) bite angles in complex 5.32 are essentially the same
relative to those in complex 4.7 (~71°), but are ~17.5° smaller than the ideal 90° angle
between coordinating sites on an octahedral geometry. The small bite angles result in
PX-Co-P(X+2) (where X =1 or 2) bond angles of 108.45(2)° and 105.69(2)° for X =1 and
X = 2, respectively. The P1/3-Co1-Cl1 bond angles of ~90 — 94° are consistent with an

octahedral geometry. However, P4-Co1-Cl1 is 103.40(2)°, arising from the deviation of
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P4 from the Co(P1-4)s plane by ~0.434 A, clearly seen in Figure 5.15. The P2/3-Col-H1
bond angle is 88(1)°, with the P1/4-Col-H1 bond angle being 84(1)° and 83(1)° for P1
and P4, respectively. This distortion arises due to the H1-Col bond being more

orientated towards P1, and P4 being displaced from the Co(P1-4)4 plane closer to H1.

5.4.4 Synthesis of [Co(H)(Cl)(Py-o-(CH;).N{PPh;},).][PFs] (5.33) and
[Co(H)(CI)(Ph(CH2):N{PPh,},).][PF¢] (5.34)

Two equivalents of ‘PNP’ compound 2.1 or 2.2 were reacted with one equivalent of
Co(acac),, six equivalents of HBPin and one equivalent of KPFs in DCM to afford cationic
octahedral cobalt(lll) hydride complexes 5.33 and 5.34 (Scheme 5.9). The preparation
of complexes 5.33 and 5.34 was attempted in order to synthesise a diamagnetic
analogue of the octahedral cobalt(lll) motif present in complex 5.32 (Scheme 5.8),

allowing for characterisation by NMR spectroscopic methods.

| X B Ph,H Ph, 1@
E. _~ Co(acac), C lfclo\\ >
> 6 eq. HBPin Phy CI Phy ©
KP'g E — [ 6]
CH,Cl,25°C |/ \ .
_ /

Ph,” “PPh, L \ -
2.1 {E =N} 5.33 {E = N}

2.2 {E = CH} 5.34 {E = CH}

Scheme 5.9. Synthesis of complexes 5.33 and 5.34.

The *H NMR spectra of diamagnetic complexes 5.33 and 5.34 evidence a quintet, at &n
=-18.0 ppm for complex 5.33 (Figure 5.17), corresponding to the hydride. The quintet
arises from coupling of the hydride to four phosphorus atoms with 2Jyp = 53 Hz. The
spectral data are consistent with the 'H NMR spectral data for [Co(H)(Cl)(dppm).]ClI
(quintet at 6y = —17.5 ppm with 2Jyp = 51 Hz).26?’ The hydride has been confirmed to
come from HBPin and not DCM by conducting the reaction (Scheme 5.9) in CD,Cl,
instead of DCM and monitoring the reaction by *H NMR spectroscopy; the hydride signal

is present in the *H NMR spectrum regardless of the reaction solvent.
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Figure 5.17. *H NMR (400 MHz, 290 K, CDCl3) spectrum of complex 5.33, in the —17.80 to —18.25 ppm region,
showing the quintet, centred at §;=—-18.02 ppm, corresponding to the hydride.

The 3P NMR spectra of complexes 5.33 and 5.34 show a doublet (6p ~84 ppm, 2Jpp = 47
Hz) corresponding to the cobalt-bound phosphorus atoms and a septet (6p=—-144 ppm)
corresponding to PFs . Positive ion ESI mass spectrometry reveals signals at 1075.4 m/z
and 1073.5 m/z for the cations of complexes 5.33 and 5.34, respectively. Hence, 3P NMR
spectroscopic and mass spectrometric evidence together supports the formation of
complexes 5.33 and 5.34. However, measurements of pes via the Evans NMR method®
(CD2Cly, 294 K) for complexes 5.33 and 5.34 suggest that paramagnetic impurities are
also present (potentially complex 5.32 in the case of compound 5.33). This is further
evidenced from the measured CHN analyses of complexes 5.33 and 5.34 being different
from their calculated CHN compositions (for complex 5.33: AC =-1.86, AH =-0.42, AN
=-0.59; for complex 5.34: AC =-1.06, AH = 0.06, AN =-0.29).

Ultimately, 3'P and *H NMR (and mass spectrometric) data evidence the successful
synthesis of models for the octahedral cobalt(lll) motif present in complex 5.32
([Co(H)(CI)(Py-0-(CH2)2N{PPh,},)({ClsCo}Py-0-(CH2)2N{PPh,},)], Scheme 5.8). However,
the attempts to access cobalt(l) complexes without the use of activated zinc as a
reductant presented in Section 5.4 has highlighted that study of the reactivity of
complexes 5.5 = 5.7 ([Co(Ph(CH2)2N{PPh3},):][PFs], ([Co(Py-0-(CH2)2N{PPh},).][PFs]) and
([Co(Ph(CH2)2N{PPh2},)2]1[BArf4]), respectively, Section 5.3) is the most suitable direction
for future work, despite the likely presence of zinc-containing impurities. The reactivity
of complex 5.7 will be presented in Chapter 6.

Section 5.5 will focus on the isolation and characterisation of the products of the
reactions of ‘PNP’ compounds 2.1 (Py-0-(CH3)2N(PPh3)2) and 2.2 (Ph(CH3)2N(PPh3),) with
ZnBr; to elucidate if the same complexes form during the reductions of complexes 5.1 —

5.3 ([CoBr(Ph(CH2)2N{PPh2}2)2][PFe], ([CoBr(Py-0-(CH2)2N{PPh.}2)2][PFe]) and
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([CoBr(Ph(CH2)2N{PPh2}>)-2]1[BArf4]), respectively, Section 5.3) with activated zinc.
Studying the reactions of compounds 2.1 and 2.2 with ZnBr; is important because the
reduction of cobalt(ll) phosphine halide complexes with activated zinc can lead to the
formation of [(k?>-P,P)ZnX2] (X = Cl, Br, I) complexes.?® [(k*>-P,P)ZnX>] complexes are
prepared by the reaction of free phosphine with ZnX; formed during the reduction with
activated zinc.?® Free phosphine is present as a result of phosphine dissociation from the
cobalt(Il) complex, or from disproportionation of a cobalt(l) species to produce cobalt(0)
and a cobalt(ll) complex, followed by phosphine dissociation from the cobalt(ll)

complex.

5.5 Reactivity of Py-O-(CHz)zN(Pth)z (2.1) and Ph(CHz)zN(Pth)z
(2.2) with Zinc(ll) Dibromide

There has been scarce study of the coordination chemistry of ‘PNP’ compounds with
ZnX;. The only examples the author is aware of are the reaction of compound 5.35 with
ZnCl; affording complex 5.36 with rearrangement of the P-N-P moiety into N=P-P and
k2-N,N chelation (a), Scheme 5.10),%° and the reaction of compounds 5.37 — 5.39 with
ZnEt;, affording complexes 5.40 and 5.41, evidencing k2-P,P coordination, or complexes

5.42 and 5.43 (b), Scheme 5.10).3°

® O

7~ ZnCl,
THF /
a) _N—2n.,
40°C  Ph,p” !
Ph,P” “PPh, % A,
Ph,
5.35 5.36
Re R z
n
A\ R znm, N ozam, N PR,
Ny TR C.H b 1
Ny ‘ = PN y = ’
R R2 4" 110 R2 R2 41 110 2 \Zn/ ~ R2
b) 2
5.40 (R=R"=Pr, 5.42 (R=R’ = Ph,

5.37 (R=R’ = Ph)
5.38 (R=R’ =Pr)
5.39 (R= Ph, R’ =iPr)

25 °C, Pentane)
5.41 (R= Ph,R’ ='Pr,
110 °C, Toluene)

25 °C, Toluene)
5.43 (R= Ph, R’ =Pr,
25 °C, Pentane)

Scheme 5.10. Synthesis of complexes 5.36%° and 5.40 — 5.43.3°
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5.5.1 Coordination Chemistry of Ph(CH,).N(PPh;), (2.2) with Zinc(ll)
Dibromide

To further explore the coordination chemistry of ‘PNP’ compounds with zinc(ll), ‘PNP’
compound 2.2 was reacted with ZnBr,, with a view to potentially afford complex 5.44,

complex 5.45 or complex 5.46 (Scheme 5.11).

or n
s T /N
PhoP_Pho PhoP( PPh,

Zn Zn
n ZnBr, 4 ‘7

25°C — -n

n
CHCLTHE 5.44 5.45
10:2 or
PhoP” “PPh, e

%
/
n/2
22 Ph\ /Ph
R 2

(>

5.46

Scheme 5.11. Reaction of 2.2 with ZnBr, affording complex 5.44, complex 5.45 or complex 5.46.

Mass spectrometric analysis of the isolated product of the reaction of compound 2.2
with ZnBr, (Scheme 5.11) evidences no signals assignable to complexes 5.44, 5.45 or
5.46; only signals corresponding to fragments associated with compound 2.2 are
observed. CHN analysis of the isolated product of the reaction of compound 2.2 with
ZnBr; (Scheme 5.11) supports a 1:1 ratio of ZnBr;:2.2 (present in complexes 5.44, 5.45
and 5.46). Single crystals of isolated product of the reaction of compound 2.2 with ZnBr;
(Scheme 5.11) could not be obtained.

Following the reaction of compound 2.2 with ZnBr, (Scheme 5.11) by 3'P{*H} NMR
spectroscopy evidences a broad (v,/, = 101 Hz) singlet with §p=71.3 ppm relative to ¢
=62.7 ppm for compound 2.2 (Figure 5.18). The signals in the 'H NMR spectrum of the
isolated product of the reaction of compound 2.2 with ZnBr, (Scheme 5.11) are also
broadened relative to the sharp signals recorded for compound 2.2. The 3!P{*H} and 'H

NMR signal broadness is not due to paramagnetism as zinc(ll) is d*° and diamagnetic.
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Figure 5.18. 3'P{*H} NMR (162 MHz, 290 K) spectra for compound 2.2 (CDCl3) and the isolated product of the
reaction of compound 2.2 with ZnBr; (CD,Cl,).

A solid-state structure of complex 5.47 (the presumed oxidation product of complex
5.44) has been obtained (Section 5.5.2) whilst attempting to grow single crystals of the
isolated product of the reaction of compound 2.2 with ZnBr, (Scheme 5.11) under air.
Complex 5.48 is known to oxidise to afford complex 5.49 (Scheme 5.12).3! Hence, it is
reasonable to assume that complex 5.44 oxidises to afford complex 5.47, implying that

complex 5.44 is the product of the reaction of compound 2.2 with ZnBr, (Scheme 5.11).

e Ph, Ph, Ph, = ) Ph,
/Zn\ /\/ " noz P /Zn /\/\ PN /O\
Zn W o 0% 0 Nz N
Ph, Ph, < Phe ¢ % Phy
n/2

25°C |
5.48 5.49

n/2
Scheme 5.12. Reaction of previously reported complex 5.48 with O, to afford previously reported complex 5.49.3?

Coordination polymer complex 5.44 being the isolated product of the reaction of
compound 2.2 with ZnBr; (Scheme 5.11) is also supported by the broad 3!P{*H} and *H
NMR signals as coordination polymers (e.g., complex 5.48, Scheme 5.12) often exhibit
broad signals in their NMR spectra due to poor/hindered rotation along the polymer
backbone.?? Indeed, the structures and NMR spectroscopic analysis of previously
reported complexes 5.502 (analogous to complex 5.46, Scheme 5.11) and 5.5133 (Figure

5.19) further supports the assignment of complex 5.44 as the isolated product of the
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reaction of compound 2.2 with ZnBr, (Scheme 5.11). Complex 5.51 (afforded from both
the 1:1 and 2:1 reactions of dppm and Znl,) bears two mono-dentate dppm ligands
coordinating at the zinc(ll) centre,33 suggesting that acute bite angle diphosphine ligands
do not coordinate at zinc(ll) centres in a bidentate manner. Hence, complex 5.45 seems
unlikely to be the isolated product (Scheme 5.11). The 3'P{*H} and *H NMR spectra of
complex 5.50 exhibit sharp signals,3? suggesting that analogous complex 5.46 (Scheme
5.11) is not the isolated product of the reaction of compound 2.2 with ZnBr,. Hence,
complex 5.44 is tentatively assigned as the product of the reaction of compound 2.2

with ZnBr, (Scheme 5.11), although in the absence of a solid-state structure certainty is

impossible.
';hz ) PhyP PPh,
PhoP” N \Z|n-.,,

" | 1 thl'\ {th

“Zn PPh Zn~

/ \L—‘/\/ 2 lnz/

Ph, [

5.50 5.51

Figure 5.19. Structures of previously reported complexes 5.50%? and 5.51.33

5.5.2 Solid-State Molecular Structure of [(Ph(CH.):N(Ph2P0);)ZnBr,],
(5.47) metal-organic 1D chain polymer

Single crystals of complex 5.47 (a zinc(ll) phosphine oxide coordination polymer) were
obtained and a molecular structure determined (Figure 5.20). It should be noted that
the solid-state structure of complex 5.47 was obtained from one single crystal, which
may not be representative of the bulk material of the oxidation product (not enough

single crystals were obtained to allow for analysis of the bulk material).

5.47 5.47 X-ray

Figure 5.20. Solid-state molecular structure of the repeat unit and a chain segment of complex 5.47. Thermal
ellipsoids are shown at the 50 % probability level. NB hydrogen atoms are omitted for clarity. Atom colour: carbon —
grey; phosphorus — orange; oxygen — red; zinc — dark blue, and bromide — orange-brown.
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Table 5.10. Key bond lengths measured from Table 5.11. Key bond angles measured from

the solid-state molecular structure of complex the solid-state molecular structure of complex
5.47. 5.47.

Bond Bond Length / A Angle Bond Angle / °
Brl-Znl 2.3562(8) Brl1-Zn1-Br2 115.74(3)
Br2-Zn1l 2.3469(8) Br1-Zn1-01 111.3(1)
Zn1-01 1.978(3) Br1-Zn1-02 112.7(1)
Zn1-02 1.988(3) Br2-Zn1-01 110.5(1)

P1-01 1.482(3) Br2-Zn1-02 110.5(1)

P2-02 1.492(3) 01-Zn1-02 94.1(1)

P1-N1 1.692(4) P1-N1-P2 125.6(3)

P2-N1 1.676(5) Zn1-01-P1 167.5(2)

P2-02-Zn1 151.1(2)

The key bond lengths and bond angles measured from the solid-state structure of
complex 5.47 are presented in Table 5.10 and Table 5.11, respectively. The solid-state
structure of complex 5.47 shows that the two P=0 bonds in the repeat unit are pointing
in opposite directions, minimising steric clash around the P-N-P moiety. The bond angles

around the zinc(ll) centre are close to 109.5°, evidencing a distorted tetrahedral

geometry around the metal in complex 5.47. The O-Zn bond distances (02-Znl
1.988(3) A, 01-zn1 = 1.978(3) A) and P=0 distances (O1-P1 = 1.482(3) A, 02-P2

1.492(3) A) show good similarity to analogous distances in complex 5.49 (Zn-O distances:
1.958(2) A, 1.964(2) A; P=0 distances: 1.493(2) A, 1.506(9) A) in Scheme 5.12.31 The P=0
bond distances of complex 5.47 are slightly longer than the corresponding distances of
1.471(2) A and 1.477(2) A in compound 5.52 (Figure 5.21) serving as a model for the
Ph(CH3)2N{P(=0)Phy}, ligand in complex 5.47, i.e., compound 5.18, Figure 5.7.3* The P-N
bond lengths in complex 5.47 (P1-N1 = 1.692(4) A, P2-N1 = 1.676(5) A) show good
similarity to those in compound 5.52 (1.689(2) A and 1.691(2) A),3*and are significantly
shorter than the P-N bond lengths of 1.725(1) A and 1.718(1) A in compound 5.53 (Figure
5.21).3° Hence, oxidation of the phosphorus atom reduces the P-N bond length as
phosphorus(V) has a smaller ionic radius than phosphorus(Il1).3¢ The P1-N1-P2 bond
angle of complex 5.47 (125.6(3)°) shows good similarity to the P-N-P bond angles
measured for compounds 5.52(124.1(1)°)34 and 5.53 (122.55(8)°),3> showing that both
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phosphine oxidation and bridging coordination of the phosphine oxide ligand (in

complex 5.47) does not result in compression of the P-N-P bond angle.

| X
Z
AN
Ph, ~ \“ Ph, Ph, Ph,
Il
o)
5.52 5.53

Figure 5.21. Structures of compounds 5.523* and 5.53.3°

5.5.3 Coordination Chemistry of Py-o0-(CH,),N(PPh;), (2.1) with Zinc(ll)
Dibromide

Compound 2.1 was reacted with ZnBr,, potentially affording complex 5.54, 5.55 or 5.56
(Scheme 5.13). Both 3'P{*H} and 'H NMR spectral evidence verifies that the isolated
product of the reaction of compound 2.1 with ZnBr; (Scheme 5.13) exhibits P,N

coordination, despite having a P-N-P moiety allowing for k?-P,P coordination.

= =
g Phy Ph,
7 N/ "N\
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N Ph, /| Ph, d
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Phs Pha nox N / or nf2 \ » 7\
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/
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Scheme 5.13. Reaction of 2.1 with ZnBr, affording complex 5.54, complex 5.55 or complex 5.56.
The 3'P{*H} NMR spectrum of the isolated product of the reaction of compound 2.1 with
ZnBr, (Scheme 5.13) shows two doublets at §p = 56.3 and 49.5 ppm, with 2Jpp = 16 Hz
(very similar to 2Jp1p2 = 22 Hz measured for complex 5.57, Figure 5.22),3” confirming that
the two phosphorus atoms of the P-N-P moiety are inequivalent. Rearrangement of the

P-N-P moiety into a N=P-P moiety has not occurred as the aforementioned %Jpp coupling
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constant of 16 Hz is smaller than the typical Ypp = 220 — 290 Hz observed for an
iminobiphosphine product.®® The mass spectrum of the isolated product of the reaction
of compound 2.1 with ZnBr, (Scheme 5.13) only evidences signals assignable to
compound 2.1. CHN analysis of the isolated product of the reaction of compound 2.1
with ZnBr; (Scheme 5.13) supports a 1:1 ratio of ZnBr,:2.1 present in complexes 5.54 —
5.56 (Scheme 5.13).
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Figure 5.22. 3'P{*H} NMR (162 MHz, 290 K, CDCl3) spectra for compound 2.1 and the isolated product of the
reaction of compound 2.1 with ZnBr,, and the structure of complex 5.57 in the dashed box.3”

In order for the zinc(ll) centre in the isolated product of the reaction of compound 2.1
with ZnBr; (Scheme 5.13) to attain a tetrahedral geometry with only one phosphorus
atom coordinating at zinc(ll) (resulting in the doublets observed in the 3'P{*H} NMR
spectrum, Figure 5.22), another coordinating moiety, i.e., the pyridyl group, must
occupy the vacant zinc(ll) coordination site. Comparison of the *H NMR spectra (Figure
5.23) of compound 2.1 and the isolated product of the reaction of compound 2.1 with
ZnBr; (Scheme 5.13) reveals that the signal for the ortho-pyridyl proton shifts to a higher
frequency from 81 = 8.43 ppm in compound 2.1 to 9.17 ppm in the isolated product of
the reaction of compound 2.1 with ZnBr; (Scheme 5.13). This evidences that the isolated
product of the reaction of compound 2.1 with ZnBr; (Scheme 5.13) contains pyridyl

nitrogen atom coordination at the zinc(ll) centre. The &y of the ortho-pyridyl proton in
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complex 3.8 (Figure 5.23) is 1 = 8.35 ppm, showing only a very slight shift to a lower
frequency from the 64 of the analogous proton in compound 2.1, supporting a lack of
pyridyl nitrogen coordination in complex 3.8. Indeed, the signal corresponding to the
ortho-pyridyl proton in the *H NMR spectra of complex 5.58 (Figure 5.23) is at 61 = 9.57
ppm? relative to 61 = 8.43 ppm in the corresponding free ligand.*° This shift to a higher
frequency in 6y of 1.14 ppm is also attributed to the coordination of the pyridyl motif to

the zinc(ll) centre to afford complex 5.58.
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Figure 5.23. 'H NMR (400 MHz, 290 K, CDCls) spectra for compound 2.1, the isolated product of the reaction of
compound 2.1 and ZnBr,, and complex 3.8. The structure of previously reported complex 5.58 is in a black dashed

box.3?

The *H NMR spectrum (Figure 5.23) of the isolated product of the reaction of compound
2.1 (Py-0-(CH2)2N(PPhs3);) with ZnBr; (Scheme 5.13) shows broad signals, suggesting that
coordination polymer 5.54 is the isolated product of the reaction of compound 2.1 with
ZnBr; (Scheme 5.13). However, in the absence of a solid-state structure it is impossible
to be determine if complex 5.54, 5.55 or 5.56 is the isolated product of the reaction of

compound 2.1 with ZnBr; (Scheme 5.13).

5.6 Summary
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[CoBr(Ph(CH2)2N{PPh3},)2]1[PFs] (complex 5.1), [CoBr(Py-o-(CH2)2N{PPh2}:)2][PFs]
(complex 5.2) and [CoBr(Ph(CH3):N{PPh,},),][BArfs] (complex 5.3) have been
synthesised and reduced with activated zinc (at least 4 equivalents) affording cationic
cobalt(l) complexes [Co(Ph(CH2)2N{PPh2}2)2][PFs], [Co(Py-0-(CH2)2N{PPh2}.):][PFs] and
[Co(Ph(CH32)2N{PPh,},),][BArfs] (complexes 5.5 — 5.7, respectively, Scheme 5.2).
Complexes 5.5 — 5.7 are very air sensitive and, upon exposure to air, react immediately
with dioxygen affording the corresponding peroxo complexes
[Co(Ph(CH2)2N{PPh2}2)2(n%-0,)1[PFs],  ([Co(Py-0-(CH2)aN{PPh1}»)2(n%-0,)][PFe])  and
([Co(Ph(CH32)2N{PPh3}2)2(n?-02)][BArf4] (complexes 5.11 — 5.13, respectively, Scheme
5.3). UV-Vis spectroscopic analysis of complex 5.7 confirms that complex 5.7 is a cationic
cobalt(l) phosphine complex by the presence of a band at 526 nm, assigned to
[{Ph(CH2)2N(PPh2)2}2Co'l*, which is very similar to a band at 517 nm assigned to
[(dppp)Co'l* in published work.2 The molar absorption coefficient has been estimated to
be approx. 7400 dm?® mol™ cm™, indicating that the deep purple colour is due to a
charge transfer (revealed to be a metal-to-ligand charge transfer by hybrid-DFT
calculations).

The reactions of Py-0-(CH2):N(PPh3y); (compound 2.1) and Ph(CH3):N(PPh3);
(compound 2.2) with CoCl(PPhs); were attempted to afford cobalt(l) complexes without
utilising activated zinc as a reductant. Characterisation of the resulting isolated products
proved inconclusive, with mass spectrometric analysis allowing for the tentative
assighment of the isolated products as [CoCl{Py-o0-(CH2).N(PPhz):};] and
[CoCI{Ph(CH2)2N(PPh3)2}2] (complexes 5.27 and 5.28, respectively, Scheme 5.6).
[Co(H)(CI)(Py-0-(CH2)2N{PPh,},)({ClsCo}Py-0-(CH2):N{PPh,},)] (complex 5.32), containing
a cationic octahedral cobalt(lll) centre, was afforded when attempting to synthesise
cobalt(l) hydride species (Scheme 5.8). Synthesis of [Co(H)(Cl)(Py-o-
(CH2)2N{PPh3},)2]1[PFs] and [Co(H)(CI)(Ph(CH2)2N{PPh3},)2][PFs] (complexes 5.33 and
5.34, respectively, Scheme 5.9) affords diamagnetic cobalt(lll) complexes serving as a
model for complex 5.32, which can be characterised readily by *H NMR spectroscopy,
showing a quintet at dy ~ —18 ppm for the cobalt hydride.

The reaction of compounds 2.2 and 2.1 with ZnBr; were studied, and the resulting
isolated products are believed to most likely be coordination polymers

[(Ph(CH2)2N(Ph2P)2)ZnBry]n (complex  5.44, Scheme 5.11) and  [(Py-o-
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(CH2)2N(Ph2P)2)ZnBr2]n  (complex 5.54, Scheme 5.13), respectively. A solid-state
structure of coordination polymer [(Ph(CH2)2N(Ph2P0O);)ZnBr;]» (complex 5.47), the
presumed oxidation product of coordination polymer 5.44, has been obtained.
Complexes 5.44 and 5.54 are not formed as impurities during the reduction of
complexes 5.1/5.3 and 5.2 (Scheme 5.2), respectively, as the 3!P{*H} NMR spectra of
complexes 5.5/5.7 and 5.6 do not contain signals assignable to complexes 5.44 and 5.54,
respectively. Hence, it is likely that the poor agreement between the obtained CHN
analyses for complexes 5.5 — 5.7 and the calculated CHN composition for the target

complexes 5.5 — 5.7 is due to the presence of trace activated zinc and ZnBr-.
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Chapter 6 — Reactivity of Cationic
Cobalt(l) Complexes of ‘PNP’ Ligands
with Ethylene, Carbon Monoxide
and Hydrogen

6.1 Introduction

Ethylene, carbon monoxide and hydrogen (reagents in hydroformylation) are substrates
of interest due to their use in a variety of catalytic processes, e.g. hydroformylation.!
Indeed, many low valent cationic cobalt(l) complexes have been applied to a range of
catalytic processes using alkenes as a reagent.?2 =19 Hence, it is of interest to elucidate
the reactivity of cationic cobalt(l) complexes containing ‘PNP’ ligands with ethylene,
carbon monoxide and hydrogen. In order to achieve this, complex 5.7
([Co(Ph(CH2)2N{PPh},)2]1[BArf4], selected for further study due to greater solubility
arising from BArf, anion relative to complexes 5.5 and 5.6, ie.,
[Co(Ph(CH32)2N{PPh;}2)2][PFs] and [Co(Py-o-(CH2)2N{PPh.},).][PF¢], respectively) was
studied by NMR spectroscopy, under a pressure (generally 1 atm) of the aforementioned

gaseous reagents in sealed NMR tubes.

6.2 Reaction of [Co{Ph(CH.):N(PPh.);}:][BArfs] (5.7) with
ethylene

Complex 5.7 (0.01 g) was dissolved in ds-THF in an NMR tube and the resulting solution
degassed by three freeze-pump-thaw cycles before being sealed under vacuum, back-
filled with dry ethylene (1 atm or approx. 1 equivalent) and flame—sealed. An immediate
colour change from the characteristic deep purple of complex 5.7 to a yellow-brown on
contact with ethylene is observed, something that has been attributed to the formation
of new alkene complex 6.1 (Scheme 6.1). The 3'P{*H} NMR spectrum at —85 °C (Figure
6.1) verifies that the complex 6.1, i.e. the ethylene adduct of complex 5.7, is diamagnetic
(based on the presentation of well-resolved and sharp signals) and contains two unique

phosphorus environments, in line with the proposed structure of complex 6.1. Probing
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the structure of ethylene adducts of [Co(‘PNP’)2][X] complexes (where X = PF¢ or BArf,
anions) affords geometry optimised structures of complexes of the form [Co(‘PNP’)2(n?-
CH,CH2)][X], i.e., complex 6.1. Further experimental and computational details to
support complex 6.1 being the ethylene adduct of complex 5.7 are discussed in Section

6.2.1-6.2.2.

_ _® _ Bh _®
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<ot > 130°C <T (1 atm _~)
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5.7 6.1

Scheme 6.1. The reaction of complex 5.7 with ethylene to afford complex 6.1. NB T is temperature.

6.2.1 VT-NMR Studies of [Co{Ph(CH,);N(PPh,),;};][BArfs] (5.7) with
ethylene

In order to study the reaction of ethylene with complex 5.7 to afford complex 6.1, 3'P{*H}
NMR studies were undertaken. The 3!P{*H} NMR spectrum of complex 6.1 is broad (V12
~290 Hz) and unresolved at 25 °C, cf. the broad (v;/, = 105 Hz), but resolved, singlet
observed for complex 5.7 at 86.7 ppm (25 °C, Figure 6.1). The observation of a broad
and unresolved feature in the 3'P{*H} NMR spectrum for complex 6.1 prompted a 3'P{*H}
VT-NMR study of the reaction of complex 5.7 with 1 atm of ethylene (i.e., formation of

complex 6.1) in ds-THF over the temperature range of —85 to 60 °C (Figure 6.1).
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Figure 6.1. 3'P{*H} NMR spectra (162 MHz) of the reaction between complex 5.7 and ethylene (1 atm), i.e.,
formation of complex 6.1 at various specified temperatures over the —85 to 60 °C range, and complex 5.7 at 25 °C.
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The 3'P{*H} NMR spectra acquired at various temperatures (Figure 6.1) clearly show that
increasing the acquisition temperature to approx. 35 °C from 25 °C results in
coalescence, with a broad singlet (v;,, ~360 Hz) at approx. 84.3 ppm being observed at
60 °C. Lowering the acquisition temperature from 25 °C results in the development of
two resolved triplets (resulting from an A;X; spin system) at 88.5 ppm and 79.2 ppm at
—85 °C (%Jpp ~87 Hz). Since a broad singlet is observed in the 3!P{*H} NMR spectrum of
complex 5.7 in the absence of ethylene irrespective of temperature, the observed
triplets (Figure 6.1) must arise from ethylene complex 6.1 (Scheme 6.1).

The NMR spectral data (Figure 6.1) are consistent with a temperature-dependent
equilibrium between complexes 5.7 and 6.1 (i.e., complex 6.1 forming at lower
temperatures and complex 5.7 predominating at elevated temperatures). However, the
temperature dependence of the spectral data (Figure 6.1) could alternatively be

attributed to a Berry pseudorotation!! or Muetterties process?>~ 4 (Scheme 6.2).
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rocess | VF | | °F
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Scheme 6.2. General processes Berry pseudorotation®! and Muetterties'? =14 using trigonal bipyramidal PFs as a
representative example.

A Berry pseudorotation!! or Muetterties process? = % could interconvert the
energetically equivalent A and A isomers of the cation of complex 6.1 (Figure 6.2). An
interconversion process slower than the NMR timescale at lower temperatures would
result in the observed triplets (Figure 6.1; NB the A and A enantiomers have identical
31p{'H} NMR spectra). An interconversion process faster than the NMR timescale at
higher temperatures would result in the broad singlet observed at 60 °C (Figure 6.1).
Square planar complex 5.7 cannot undergo a Berry pseudorotation or Muetterties
process interconversion, unlike the trigonal bipyramidal cation of complex 6.1 (Figure
6.2), supporting the observation that the 3!P{*H} NMR spectra of complex 5.7 gives a

broad singlet resonance irrespective of temperature. Further experimental and
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computational study to determine the origin of the dynamic 3P{*H} VT-NMR behaviour

is discussed in Section 6.2.3.
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Figure 6.2. Interconversion between the A and /A enantiomers of the [Co(RN{PPhy},)2(n?-CH,CH,)] cation via a Berry
pseudorotation or Muetterties process (transition states shown).

The H NMR spectral data obtained for complex 6.1 during the VT NMR experiments
proved difficult to interpret (due to complications arising from the dynamic nature of
the system), with no clearly visible signal corresponding to coordinated ethylene being
observed. However, the 2D *H-'H NOESY spectrum (a), Figure 6.3) of complex 6.1 (i.e.,
from complex 5.7, [Co(Ph(CH2):N{PPh.},):][BArfs], in the presence of approx. 1
equivalent of ethylene) in ds-THF shows cross peaks (of the same sign, i.e., colour, as the
diagonal)®®> which indicates chemical exchange between uncoordinated ethylene
(approx. 5.3 ppm) and cobalt-bound ethylene (approx. 1.8 ppm). Hence, the signal
corresponding to coordinated ethylene at 1.8 ppm is not seen in the *H NMR spectrum
(b), Figure 6.3) of complex 6.1 (formed from complex 5.7 in the presence of approx. 1
equivalent of ethylene) due to being masked by the large THF signal at 1.79 ppm. Indeed,
a chemical shift of 1.8 ppm for cobalt-bound ethylene shows good similarity to the signal
at a chemical shift of 2.1 ppm corresponding to coordinated ethylene in complexes 6.2
and 6.3 (c), Figure 6.3).'® Cross peaks indicating chemical exchange between
uncoordinated and cobalt-bound ethylene are not evidenced in the 2D *H-'H NOESY
spectrum of complex 6.1 with 1 atm of ethylene. Hence, chemical exchange between

uncoordinated and coordinated ethylene is not observed when there is a large excess
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of ethylene, as a large excess of ethylene drives the position of equilibrium towards the

ethylene complex 6.1 (Scheme 6.1).
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Figure 6.3. a) 'H-H NOESY spectrum of the sample of complex 6.1 (with approx. 1 equivalent of ethylene) in dg-THF
at 298.15 K, with the cross peaks evidencing chemical exchange between uncoordinated (approx. 5.3 ppm) and
coordinated (approx. 1.8 ppm) ethylene being highlighted in green; b) *H NMR (400 MHz, 290 K, ds-THF) spectrum
of complex 6.1 with approx. 1 equivalent of ethylene; c) synthesis of complexes 6.2 and 6.3.1
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6.2.2 Hybrid-DFT studies probing the structure of
[CO{Ph(CHz)zN(Pth)z}z(nz-CH2CHz)] [BArF4] (6.1)

Due to the lability of ethylene, it was not possible to isolate and subsequently obtain a
solid-state  structure of ethylene complex 6.1 ([Co{Ph(CH;)2N(PPh2)2}:(n?-
CH2CH,)][BArf4]). Hence, the structure of complex 6.1 was probed by hybrid-DFT analysis
(Figure 6.4). The geometry optimisation calculation for complex 6.1 (containing the
large [Co{Ph(CH,)2N(PPh3)2}>(n?-CH,CH>)] cation and BArf4 anion) at the B3LYP/6-31G(d)
level could not be carried out due to the limited computing resources available.
However, the geometry optimisation calculations of analogous complexes 6.6
(containing the same cation as complex 6.1 and smaller PFs anion) and 6.7 (containing
the BArf, anion like complex 6.1 and smaller [Co{MeN(PPh;),}.(n2-CH,CH,)] cation) at
the B3LYP/6-31G(d) level did complete. The cations of the optimised structures of
complexes 6.4 — 6.7 adopt the same trigonal bipyramidal geometry, confirming the
geometry around the cobalt(l) centre in complex 6.1.

The optimised structures of complexes 6.5 — 6.7 have ethylene C=C bond distances
of approx. 1.416 A and average Co-C bond distances of approx. 2.034 A, showing good
agreement with the measured ethylene C=C bond distance of 1.4144 A and the average
Co-C bond distance of 2.027 A previously reported for related complex
[Co(PMes)3(MeCN)(n?-CH,CH>)][BPh4] (6.3, c), Figure 6.3).16 The similarity in C=C and Co-
C bond distances suggests that ethylene is activated to a similar extent in complexes 6.3
and 6.5 — 6.7 through the ethylene C=C bond distance increasing in length relative to
that of uncoordinated ethylene (1.3391(13) A).%7
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6.5

6.6

6.7 6.7 DFT
Figure 6.4. Geometry optimised structures of cation 6.4 and complexes 6.5 — 6.7, determined by hybrid-DFT
analysis at the B3LYP/6-31G(d) level. Atom colour: carbon — grey; nitrogen — dark blue; phosphorus — orange; cobalt
— light blue; boron — pink; fluorine — blue-green, and hydrogen — white.
It is noteworthy that the cations of geometry optimised structures 6.4 — 6.7 (Figure 6.4)
have essentially the same cation geometry as the isoelectronic peroxo complex 5.11
(Figure 6.5), with the ethylene CH, moieties of complexes 6.4 — 6.7 occupying analogous

positions of the O atoms of O in complex 5.11.
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5.11 Cation

Figure 6.5. Structure of the cation of complex 5.11.

6.2.3 Hybrid-DFT and experimental studies to probe the dynamic 3'P{*H}
VT NMR spectroscopic behaviour of [Co{Ph(CH,);N(PPh,);},(n?-
CH,CH,)][BArF,] (6.1)

In order to determine the origin of the dynamic 3!P{*H} VT NMR spectroscopic behaviour
observed for complex 5.7 in the presence of ethylene (Figure 6.1), the transition states
for the Berry pseudorotation and Muetterties process for the interconversion of the
enantiomers of the (computationally simpler) [Co{HN(PH2),}2(n2-CH2CH,)] cation were
determined (Figure 6.7). The value of AG* (the Gibbs free energy of activation) for the
Berry pseudorotation is 12.6 kcal mol™ (thermally accessible at room temperature),
indicating that the Berry pseudorotation process could be a viable origin for the dynamic
31p{'H} VT NMR behaviour (Figure 6.1). AG* of 12.6 kcal mol™ compares well with the
experimentally determined activation energy of 13 kcal mol™ for racemisation of anion
6.8 (Figure 6.6).1* The value of AG* for the Muetterties process of the [Co{HN(PH)2}»(n?-
CH2CH>)] cation is 19.5 kcal mol™ (Figure 6.7), a greater barrier than that determined

for the Berry pseudoroation process of the same cation (AG* of 12.6 kcal mol™).

©

Figure 6.6. Structure of anion 6.8.1
The energetic preference for the Berry pseudorotation process likely stems from the
preference of ethylene in the [Co{RN(PR’2)2}2(n2-CH2CH,)] cation to coordinate in the
equatorial plane to maximise t-back bonding. The loss of -back bonding with ethylene

occupying an axial position in the transition state for the Muetterties process likely
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significantly destabilises this transition state relative to that of the corresponding Berry
pseudorotation process (Figure 6.7). The Muetterties process transition state contains a
bis-equatorially bound ‘PNP’ ligand; the large difference between the approx. 71° P-Co-

P angle and the 120° angle between equatorial sites in a trigonal bipyramidal geometry

will likely result in significant strain and destabilisation of the transition state.
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Figure 6.7. Racemisation scheme showing the transition states for the interconversion of the A and A enantiomers
of [CofHN(PH,)2},(12-CH,CH,)] cation via a Berry pseudorotation process (black dashed lines) or a Muetterties
process (red dashed lines).

Transition State

Subsequently, the Berry pseudoroation transition state was determined for the cation
of complex 6.1 (Figure 6.8). Computationally, there is a 3.2 kcal mol™ Gibbs free energy
difference between the A and A enantiomers of the cation of complex 6.1. Hence, there
are two AG* values for the Berry pseudorotation process of 14.4 and 17.6 kcal mol™ for

the A and A enantiomers, respectively. The average value of AG* is 16 kcal mol™, which
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is close to the 12.6 kcal mol™? value of AG* determined for the simpler

[Co{HN(PH,)2}2(n2-CH2CH,)] cation. Hence, changing the nature of R and R’ in the

[Co{RN(PR’2)2}2(n?-CH2CH>)] cation has minimal effect on the activation energy for the

Berry pseudorotation process.
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Figure 6.8. Racemisation scheme showing the transition state for the interconversion of the A and A enantiomers of
the [Co{RN(PPh,),},(12-CH,CH,)] cation via a Berry pseudorotation process. NB R = CH,CH,Ph

The value of AG* of 13 kcal mol™ was determined for the process responsible for the

temperature dependence of the NMR spectral data (Figure 6.1) by using a rate constant

determined from the rate of exchange at coalescence, key, utilising Equation 6.1,%8 in the

Eyring equation (Equation 6.2). This value is in agreement with the computationally

determined average AG* value of 16 kcal mol™! for the Berry pseudorotation process of

the cation of complex 6.1. Av in Equation 6.1 is the frequency difference measured

between the two triplets in the 3!P{*H} NMR spectrum (Figure 6.1) at —85 °C (the lower

temperature

limit).

kex = 2.22Av

140

(6.1)



The rate constant determined from Equation 6.1 can then be applied to Equation 6.2,
where kg is the Boltzmann constant, h is Plank’s constant, R is the gas constant, and T is
the temperature (35 °C, as coalescence is essentially reached at 35 °C in Figure 6.1):

knT -AG*
kex= ~Pexp( o7

(6.2)
The excellent agreement between the computational and experimental AG* values of 16
and 13 kcal mol™, respectively, reinforces the suggestion that the observed fluxionality
of complex 6.1 results from a Berry pseudorotation process interconverting the two
enantiomers of the [Co{Ph(CH2)oN(PPh;).}»(n?-CH2CH,)] cation. However, the existence
of a temperature-dependent equilibrium between complex 5.7 and its corresponding
ethylene adduct complex 6.1 needs to be assessed experimentally as this equilibrium
could possibly be responsible for the dynamic 3P{*H} VT NMR behaviour (Figure 6.1).
To this end, a sample of complex 6.1 (prepared from complex 5.7,
[Co(Ph(CH3)2N{PPh,},)2][BArF4], in the presence of 1 atm ethylene) was heated in ds-THF
in a sealed NMR tube in an oil bath and the temperature increased at 10 °C intervals
with a pause of 15 minutes between each temperature. A purple colour, indicating
ethylene dissociation from complex 6.1 to afford complex 5.7, was first observed at
approx. 130 °C. Lowering the temperature of the sample resulted in the yellow-brown
colour returning, indicating ethylene association to complex 5.7 to afford complex 6.1,
illustrating a temperature—reversible colour change. Hence, the dynamic 3'P{*H} VT
NMR behaviour in the —85 °C to 60 °C temperature range is not due to a temperature—
dependent equilibrium between complexes 5.7 and 6.1 (Scheme 6.1), but is due to the
interconversion of the two enantiomers of the [Co{Ph(CH;):N(PPh2)2},(n?-CH2CH>)]
cation via the Berry pseudorotation process (Figure 6.2). In contrast, heating a 1:1 molar
ratio of complex 5.7 and ethylene in ds-THF in a sealed NMR tube evidences a purple
colour at approx. 45 °C. As expected, a lower ethylene concentration influences the
position of equilibrium (Scheme 6.1), resulting in a lower temperature being required to
cause ethylene dissociation. The observed colour changes are shown in Figure 6.9. NB

cooling the sample to approx. —78 °C did not result in any colour change.
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Figure 6.9. a) pictures the sealed glass tubes of complex 6.1 in dg-THF with 1 atm of ethylene (tube on the left hand

side) and with 1 equivalent of ethylene (tube on the right hand side) at 25 °C to 60 °C, and b) a picture of the sealed

glass tube of complex 6.1 in ds-THF with 1 atm of ethylene in an oil bath at approx. 130 °C. The equilibrium between
complex 5.7 and its ethylene adduct 6.1 is also shown (NB T is temperature).

Attempting to study the temperature-dependent colour change shown in Figure 6.9 by
UV-Vis spectroscopy was found to not be possible. Due to the low concentrations
required for UV-Vis spectroscopy, it was not possible to add 1 equivalent of ethylene to
a specially adapted UV-Vis cell containing complex 5.7. The lability of ethylene from
complex 6.1 renders dilution of a stock solution of complex 6.1 impossible. However, a
UV-Vis spectrum of complex 5.7 under 1 atm of ethylene in THF (obtained in a UV-Vis
cell allowing for data acquisition of air sensitive samples under an atmosphere of gas)
evidences only a single band (Amax at 498 nm) in the 400 — 800 nm window. This is
significantly different to the UV-Vis spectrum of complex 5.7 in THF in (Amax at 526, 646
and 737 nm, Figure 5.11), consistent with the aforementioned observed colour change.
The lability of ethylene from complex 6.1 is most likely the origin of a lack of signals
assignable to complex 6.1 in the positive ion ESI mass spectrum of a sample of complex
5.7 exposed to ethylene (retaining the yellow-brown colour of complex 6.1 prior to mass
spectrum acquisition).

It can be concluded that the dynamic behaviour observed by 3!P{*H} VT NMR

spectroscopy for complex 5.7 in the presence of 1 atm of ethylene over the temperature
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range of -85 — 60 °C (Figure 6.1) is due to the two enantiomers of the
[Co{Ph(CH2)2N(PPh,),2}2(n2-CH,CH,)] cation interconverting via a Berry pseudorotation
process. Treating a sample of complex 5.7 with an equimolar quantity of ethylene also
gives rise to a product that is dynamic in nature at temperatures below 45 °C (as
indicated by 3'P{*H} spectroscopy). In this case the dynamic behaviour is believed to be
more complex and to comprise of both Berry pseudorotation of the
[Co{Ph(CH2)2N(PPh3)2}2(n2-CH2CH2)]  cation and also ethylene dissociation at

temperatures greater than 45 °C.

6.2.4 Reaction of [Co{Ph(CH,).N(PPh,),},][BArf,] (5.7) with ds-ethylene

Since the signal corresponding to coordinated ethylene at 1.8 ppm could not be
observed in the *H NMR spectrum of complex 6.1 (due to being masked by a large THF
signal at 1.79 ppm), the analogous C,Ds complex, namely complex 6.9, was synthesised
(Scheme 6.3) by backfilling a degassed solution of complex 5.7 in (non-deuterated) THF
in a NMR tube with an excess of dry ds-ethylene. The NMR tube was then flame—sealed.
The 2H NMR spectrum of complex 6.9 should only evidence signals corresponding to
uncoordinated C;Da4, coordinated C;D4 and ds-THF (a small amount is naturally present
in non-deuterated THF). The signals corresponding to ds-THF should be small and not
mask the signal corresponding to coordinated C,D4, hence a signal corresponding to the
coordinated olefin ds-ethylene of complex 6.9 should be observed in the corresponding

2H NMR spectrum.
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Scheme 6.3. Synthesis of complex 6.9.

The obtained 2H NMR spectrum (298 K) in Figure 6.10 show signals at approx. 5.3 ppm
(M), corresponding to uncoordinated ds-ethylene, and at approx. 3.56 ppm and 1.77 ppm
(*), corresponding to ds-THF. A signal observed at approx. 1.5 ppm (Figure 6.10), which

is not present in the 2H NMR spectrum of ds-ethylene in non-deuterated THF, has been
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assigned to coordinated C;D4 in complex 6.9. The difference in chemical shift from the
predicted approx. 1.8 ppm (based on the determined chemical shift of coordinated
ethylene in complex 6.1 from 2D H-'H NOESY) to approx. 1.5 ppm is likely due to the
chemical anisotropy caused by the coordination of C;D4 containing deuterium atoms,
with / = 1, to the >°Co-centre with / = 7/2.1° Hence, a signal corresponding to the

coordinated olefin ds-ethylene has been observed, confirming ds-ethylene coordination.
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‘ 8/ ppn
|

* *

5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8
6 / ppm

Figure 6.10. 2H NMR spectrum (162 MHz, 298 K, THF) of complex 6.9, where * is the signal corresponding to
uncoordinated ds-ethylene and * are the signals corresponding to ds-THF.

6.2.5 Hybrid-DFT studies to determine the Gibbs free energy changes for
the association of ethylene to [Co{MeN(PMe;),}.][PFs] (6.10),
[CO{MEN(P{OPh}z)z}z][PFe] (6.11) and [CO{MEN(Pth)z}z][PFs] (6.12)

In order to probe the effect of the steric bulk and electronic effects of the phosphorus
atom substituents on the Gibbs free energy change of ethylene association (AG),
complexes 6.10 — 6.15 (Scheme 6.4) and ethylene were geometry optimised at the

B3LYP/6-31G(d) DFT level using a THF solvation model.

® R,
6.10 (R = Me) R, R o ~ Ro P~ © 6.13 (R=Me)
6.11 (R=0Ph) | __,—Prpon P, [ 6] — > |—NIpZeh A 6.14 (R = OPh)
6.12 (R = Ph) ~P” O YP” THF Re | 2 6.15 (R = Ph)
Ra R 25°C =

Scheme 6.4. The computationally studied reactions of complexes 6.10 — 6.12 with ethylene to afford complexes
6.13 — 6.15, respectively.

All AG values are calculated following Equation 6.3, with the results shown in Table 6.1.
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AG = ZGproduct - XGreactant (6-3)

Table 6.1. Calculated Gibbs free energy changes for the association of ethylene to complexes 6.10 — 6.12 in THF at
298.15 K, and the %V, (percentage volume buried) in the square planar [Co{MeN(PR;)}.] cation by the two
MeN(PR;); ligands determined using the online SambVca 2.1 software.?°

R AG / k) mol™ %Vbur [Co{MeN(PR:)2}2]*
Me -30.0 76.4
OPh -41.6 88.1

Ph 4.4 89.2

The computationally determined AG values (Table 6.1) show that changing the
phosphorus substituent from Ph to Me results in a lowering of AG from —4.4 kJ mol™ to
—-30.0 kJ mol™, reflecting the lower steric bulk of methyl relative to phenyl groups and
hence the less hindered association of ethylene. Examination of the value of %Vyur
(percentage volume buried, determined using the SambVca 2.1 software)?° calculated
for the [Co{MeN(PR3)2}-] cation also helps rationalise the computationally determined
AG values (Table 6.1). The %Vo.r of one of the Ph(CH2):N(PPhy); ligands in
[CoBr(Ph(CH2)2N{PPh3},)2][PFs] (complex 5.1) is shown in b), Figure 6.11, with the result
suggesting (highly sterically hindered regions appear in red) that little steric congestion
exists around the metal centre as a result of the ‘PNP’ ligand. The smaller value of %Vyur
for the [Co{MeN(PR3).}:] cation with R = Me (76.4) relative to R = Ph (89.2) evidences the
lower steric bulk of methyl relative to phenyl groups, resulting in greater accessibility of

the cobalt(l) centre for ethylene coordination and a more favourable AG.

a) %Vbur b) a
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Figure 6.11. a) representation of the percentage volume buried, with direction shown for the view of steric maps (a
representative example shown in b) for one of the Ph(CH,),N(PPh,), ligands in complex 5.1). NB radius is 3.5 A and
metal centre-ligand distance is 2 A.

The phenoxy phosphorus substituent (i.e., complexes 6.11 and 6.14, Scheme 6.4) results

in a AG of —41.6 k)] mol™ (the most favourable in Table 6.1), reflecting the electron-
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withdrawing nature of the phenoxy groups relative to methyl and phenyl as the %Vpur
values of 88.1 and 89.2 for the [Co{MeN(PR):}.] cation with R = OPh and Ph,
respectively, are essentially identical. Hence, there is practically no difference in the
steric congestion around the cobalt(l) centre in the [Co{MeN(PR3)2}:] cation (with R =
OPh or Ph). Phosphines with electron-withdrawing substituents, e.g., phenoxy, could
stabilise the cationic electron-rich low oxidation state cobalt(l) centre and reduce the
amount of electron density at the cobalt(l) centre, making coordination of a L-type

ligand, i.e., ethylene, more favourable.

6.2.6 Hybrid-DFT studies to determine the Gibbs free energy changes for
the association of THF, ethylene, N, MeCN, CO and H,O0 to
[CO{MEN(Pth)z}z][PFs] (6.12)

The reactivity of complex 6.12 ([Co(MeN{PPh;},):][PFs]), a computationally simpler
model of complex 5.7 ([Co(Ph(CH2)2N{PPh.},).][BArf4]) with THF, ethylene, N,, MeCN,
COand Hy0, i.e., Lin Scheme 6.5, has been probed by calculating the Gibbs free energies
of association of L to complex 6.12. Since complex 5.7 is synthesised in THF solvent,
under a N> atmosphere and potentially in the presence of trace amounts of H,0, it is
useful to computationally assess the coordination potential of THF, N, and H,O with
complex 6.12 as THF, N, and H,0 may coordinate to the cobalt centre of the [Co(‘PNP’);]
cation. From experiment, MeCN is believed to coordinate to complex 5.7 as a purple-to-
orange colour change is observed when complex 5.7 is dissolved in MeCN (Section 5.3).
Verification of coordination of MeCN to complex 5.7 can be provided by the
computational assessment of the coordination of MeCN to complex 6.12.
Computational assessment of the coordination of CO to complex 6.12 is also of interest
as CO is a commonly utilised substrate for many catalytic applications (e.g.,
hydroformylation)® and a large negative Gibbs free energy of association is expected due

to the m-accepting ability of CO.

N N ® o Ph, @ 6.5 (L = ethylene)
1, 2 W 2 @ L — ? / TN @ 6.16 (L ) THF)
—NZ_"Col ON— [ 5] — YSprCo it [ el 6.47 (L =N,)
P; \Ph/ THDF Phy | Phz 6.18 (L = MeCN)
2 2 25°C L 6.19 (L= CO)
6.12 6.20 (L = H,0)

Scheme 6.5. The association of molecule L to complex 6.12 to afford complexes 6.5 and 6.16 — 6.20 (L = ethylene,
THF, N, MeCN, CO and H,0).
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In order to determine the Gibbs free energies of formation of complexes 6.5 and 6.16 —
6.20 (Scheme 6.5), THF, ethylene, N, MeCN, CO and H,0, complexes 6.5, 6.12 and 6.16
— 6.20 underwent geometry optimisations at the B3LYP/6-31G(d) level (with a THF
solvation model). The Gibbs free energies of association were calculated using Equation

6.3 (Section 6.2.5), and the obtained values of AG are shown in Table 6.2.

Table 6.2. Calculated Gibbs free energy changes for the formation of complexes 6.5 and 6.16 — 6.20 (THF, 298.15 K).

Complex L AG / kI mol™
6.5 Ethylene -4.38
6.16 Tetrahydrofuran 51.3
6.17 Dinitrogen 2.95
6.18 Acetonitrile -4.62
6.19 Carbon monoxide -91.9
6.20 Water 15.7

The formation of complexes 6.17 ([Co(MeN{PPhy}:)2(N2)][PFs]) and 6.18
([Co(MeN{PPh3},)2(MeCN)][PFs]) are accompanied by very small AG values that are very
close to the AG value for the formation of complex 6.5 (with analogous ethylene
complex 6.1, [Co{Ph(CH2):N(PPh;)2}2(n2-CH,CH,)][BArF4], established experimentally to
exist at room temperature). It is therefore possible that N> and MeCN could also
coordinate to complex 6.12 ([Co(MeN{PPh3},)2][PFs]), and hence also to complexes 5.5
([Co(Ph(CH2)2N{PPh2}>)2][PFe¢]), 5.6  ([Co(Py-o-(CH2)2N{PPh3},).][PF¢]), and 5.7
([Co(Ph(CH2)2N{PPh2},)2]1[BArf4]). The computationally obtained IR spectrum of complex
6.17 reveals a v(N,) stretch at 2251 cm™. A peak corresponding to this stretch is not
observed in the experimental IR spectrum (acquired in a nujol mull) of complex 5.7
prepared in a glovebox under N, atmosphere. Hence, this suggests that N, does not
coordinate to complexes 5.5 — 5.7. Positive ion ESI mass spectra of solutions of
complexes 5.5 — 5.7 evidence no signal for the [Co(‘PNP’)2(MeCN)] cation, although this
does not confirm that MeCN does not coordinate to complexes 5.5 — 5.7.
Computationally, complex 6.19 ([Co(MeN{PPh3},)2(CO)][PFs]) has a AG of formation
of =91.9 kJ mol™, reflecting the m-accepting ability and small, linear nature of carbon
monoxide. The AG of formation of complexes 6.16 ([Co(MeN{PPh;}.)2(THF)][PFs]) and
6.20 ([Co(MeN{PPh3},)2(H20)][PFs]), with larger and non-linear molecules THF and HO,
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respectively, are larger positive values (Table 6.2), evidencing the greater steric bulk of
THF and H,O (particularly THF) relative to smaller molecules like MeCN. This suggests
that THF, the solvent for the ethylene coordination reactions (Scheme 6.1), and H,O do

not coordinate to complex 6.12 and complexes 5.5 — 5.7.

6.3 Reaction of [Co{Ph(CH.).N(PPh.),}:][BArf4] (5.7) with CO

Since CO was found to likely coordinate to complex 6.12 computationally (Section
6.2.6), the reactivity of CO with complex 5.7 was probed experimentally. A solution of
complex 5.7 in ds-THF was degassed by three freeze-pump-thaw cycles and backfilled
with 1 atm of CO gas. This results in a purple-to-orange colour change, consistent with

the formation of complex 6.21 (Scheme 6.6).
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5.7 6.21

Scheme 6.6. Synthesis of complex 6.21.

The positive ion ESI spectrum of isolated complex 6.21 exhibits a signal at 1066.1 m/z,
indicating the coordination of a single CO ligand (Scheme 6.6). The FT-IR spectrum of
complex 6.21 evidences a single vco stretching frequency of 1951 cm™, agreeing with
the computational value of 2010 cm™ and 1955 cm™ previously reported for complex
6.22%! (Figure 6.12). The cation of complex 6.21 has a C; point group, and group theory
analysis indicates that one CO stretching frequency should be expected. ‘Free’ CO
exhibits a vco of 2143 cm™,22 hence complex 6.21 evidences a reduction in vco relative
to ‘free’ CO. A reduction in vco relative to ‘free’ CO indicates C-O bond weakening upon

coordination to the [Co{Ph(CH,):N(PPh;)2},] cation as a result of synergic bonding.
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(PNO € 5ipr) Il 0% N
1 0 o
6.22 6.23 (R = 'Bu), 6.24 (R = 'Bu), 6.25 (R = CH,C,H,0)

Figure 6.12. Structures of complexes 6.22 — 6.25.21.23.24
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A singlet resonance in the 3!P{*H} and 3!P NMR spectra of complex 6.21 at 81.6 ppm
shows excellent agreement with singlet resonances in the 3'P{*H} and 3P NMR spectra
(6p ~76 — 84 ppm)?>?4 for analogous previously reported complexes 6.23 — 6.25 (Figure

6.12) containing the [Co(‘PNP’),(CO)] cation. Solid-state structures of complexes 6.23 —
6.25 show a trigonal bipyramidal [Co{RN(PPh),}>(CO)] cation.?324

The observation of a singlet (as opposed to two signals, cf. the 31P{*H} spectrum of

complex 6.1, [Co{Ph(CH,)2N(PPh3),}>(n?-CH2CH>)][BArF4], at temperatures below approx

35 °C) in the 3!P{*H} and 3P NMR spectra of complex 6.21 suggests that the rate of

exchange between the two enantiomers of the [Co{Ph(CH2)2N(PPh;)2}2(CO)] cation of
complex 6.21, via Berry pseudorotation, is faster than the NMR timescale.
Determination of the Berry pseudorotation transition state at the B3LYP/6-31G(d) DFT

level (Figure 6.13) demonstrates activation barriers of 2.5 and 4.3 kcal mol™ for
interconversion between A and A enantiomers
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Transition State
Figure 6.13. Racemisation scheme showing the transition state for the interconversion of the A and A enantiomers
of the [Co{RN(PPh;),},(CO)] cation of complex 6.21 via a Berry pseudorotation process. NB R = CH,CH,Ph
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The activation barriers of 2.5 and 4.3 kcal mol™ are negligible, allowing for rapid
interconversion between the two enantiomers of the [Co{Ph(CH2):N(PPh3).}>(CO)]
cation at room temperature. This is consistent with the observation of a singlet in the
31p{IH} and 3P NMR spectra of complex 6.21. The highlighted fluxional nature of
analogous trigonal bipyramidal cobalt(l) complexes is well established.?®

The activation barriers of 2.5 and 4.3 kcal mol™ (Figure 6.13) are much smaller than
the analogous activation barriers for the [Co{Ph(CH,).N(PPh;),}2(n*>-CH,CH,)] cation of
complex 6.1 (14.4 and 17.6 kcal mol™ for the A and A enantiomers, respectively), likely
stemming from ethylene having greater steric bulk than CO due to ethylene

coordinating in a ‘side on’ manner (Figure 6.8).

6.4 Reaction of [Co{Ph(CH.).N(PPh3).}.][BArf4] (5.7) with H; and
HD

In order to study the coordination chemistry of cationic cobalt(l) complexes containing
‘PNP’ ligands with Ha, a solution of the complex [Co(Ph(CH2)2N{PPh.},)2][BArfs] (5.7) in
ds-THF was degassed by three freeze-pump-thaw cycles and backfilled with 1 atm of H,
gas. This resulted in a purple-to-yellow colour change ascribed to the formation of the
corresponding H, adduct. Additionally, complex 5.7 was reacted with HD in order to
measure the value of Jup coupling of the resulting HD adduct of complex 5.7, to provide
insight into the nature of the Co-(H)(E) or Co(n2-HE) interaction (where E = H or D). The
H, and HD adducts of complex 5.7 could not be isolated and were primarily studied by
in situ NMR spectroscopy. HD gas was synthesised via a 1:1 reaction of NaH and D,0,%®
passed through a drying column of anhydrous CaCl; and used to backfill a solution of
complex 5.7 in ds-THF, degassed by three freeze-pump-thaw cycles, in a Young’s NMR
tube. However, a mixture of HD and H; gas (presumably due to the presence of H,0 in
D,0) was produced in an approx. 2H2:3HD ratio determined from integration of the H
NMR signals corresponding to H; (a singlet at 4.58 ppm) and HD (a 1:1:1 triplet at 4.54
ppm). Hence, the reaction of complex 5.7 with HD gas (Scheme 6.7) produces a mixture

of the HD and H; adducts of complex 5.7.
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Scheme 6.7. Synthesis of the H,, HD and D, adducts of complex 5.7, and structures of complexes 6.26 — 6.34.

The H NMR spectrum presented in a), Figure 6.14 evidences the presence of two cobalt-
bound hydrogen atoms as a quintet at 64 = —6.25 ppm with %/py ~36 Hz and an integral
of two is present. §y = —6.25 ppm is within the typical 61 range of -5 to —25 ppm
expected for hydride or n?-H, complexes.?” The *H{3!P} spectrum shown in b), Figure
6.14 shows a singlet, revealing that the quintet in the *H NMR spectrum displayed in a),
Figure 6.14 arises due to the cobalt-interacting hydrogen atoms coupling to the four
phosphorus atoms. The H{*'P} NMR spectrum shown in d), Figure 6.14 presents one
new singlet (in addition to that previously mentioned at —6.25 ppm) at approx. —6.16
ppm corresponding to the HD adduct of complex 5.7, evidencing a lack of H-D coupling.
A Jup value of 10 — 35 Hz is considered definitive evidence of a n?-HD ligand,?®2° and
trans-dihydride species (i.e., complex 6.33, Scheme 6.7) exhibit large Jup values.®®
Hence, a lack of H-D coupling suggests that complexes 6.26 — 6.27 (containing n2-H, and
n?-HD ligands, respectively) and trans-dihydride complexes 6.32 — 6.33 (Scheme 6.7) are
not observed experimentally. Therefore, it is likely that cis-dihydride complexes 6.29 —

6.30 are the Hy/HD adducts of complex 5.7 ([Co(Ph(CH2)2N{PPh3},)2]1[BArf4]). Two
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overlapping quintets are observed in the *H NMR spectrum shown in c), Figure 6.14. The
ratio of the HD and H> adducts of complex 5.7 is 2:3 (determined by *H NMR signal
integration in d), Figure 6.14), which is the inverse of the approx. 2H;:3HD ratio from HD

synthesis, suggesting that H-D scrambling may be taking place.

A
a) Al 1H Complex 5.7 + H,
A : A
A : A
A
b) : 1H{3!P} Complex 5.7 + H,
A
c) "f A it A 'HComplex5.7 +
* i : H,/HD
A : : *
* : ' A
i A
d) * - 1H{31P} Complex 5.7 +
i 5 H,/HD
' -6;00 ’ -6;05 ' -6;10 ' -6.‘15’ ' -5:20 ' -6:25 ' -6:30 ’ —6:35 ' —6:40 ’ —5:45 ' -6:50 '

6/ ppm

Figure 6.14. 'H (400 MHz, 290 K, ds-THF) spectra of a) complex 5.7 + H, and c) complex 5.7 + H,/HD, and *H{3'P}
(400 MHz, 290 K, ds-THF) spectra of b) complex 5.7 + H, and d) complex 5.7 + Hy/HD. » and * indicate signals
corresponding to complex 5.7 + H, and complex 5.7 + HD, respectively. NB approx. 2H,:3HD ratio added to sample
of complex 5.7.

The 3P NMR spectrum shown in a), Figure 6.15 evidences a broad triplet (2/py ~35 Hz)
at 6p = 100 ppm (assigned to the H; adduct of complex 5.7), indicating chemical
equivalence of all four phosphorus atoms, and coupling between the phosphorus atoms
and the two cobalt-bound hydrogen atoms. The 3'P{*H} NMR spectrum presented in b),
Figure 6.15 evidences a singlet at §p = 100 ppm. The 31P{*H} NMR spectrum shown in d),
Figure 6.15 evidences a broad signal with peaks «, 8, and y, assigned to the H,, HD and
D, adducts of complex 5.7 ([Co(Ph(CH2)2N{PPh2}>)>][BArf4]), respectively. The 3P NMR
spectrum displayed in c), Figure 6.15 evidences a doublet (?Jup ~38.6 Hz) assigned to the
HD adduct of complex 5.7. This signal is a doublet due to P-H coupling (and a lack of P-
D coupling) and masks peaks a and y visible in the 3P{*H} NMR spectrum shown in d),

Figure 6.15.
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E +H,
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6/ ppm

Figure 6.15. 3!P NMR spectra (162 MHz, 294 K) of a) complex 5.7 + H, and ¢) complex 5.7 + Ho/HD, and 3!P{*H}
spectra (162 MHz, 294 K) of b) complex 5.7 + H, and d) complex 5.7 + Ho/HD. , 3, and y represent signals
corresponding to complex 5.7 + Hz, complex 5.7 + HD, and complex 5.7 + D,, respectively. NB approx. 2H,:3HD ratio
added to sample of complex 5.7.

A signal assigned to the D, adduct of complex 5.7 appears in the 3!P{*H} NMR spectrum
obtained one day after exposure of complex 5.7 to H,/HD (b), Figure 6.16), and at a
greater intensity in the 3!P{*H} NMR spectrum obtained after 3 weeks (c), Figure 6.16).
The 31P{*H} NMR spectral data (Figure 6.16) suggest that D, is produced as a result of H-
D scrambling, implying occurrence of H-D and H-H bond cleavage, providing evidence

for cis-dihydride complexes 6.29 — 6.30 being the H,/HD adducts of complex 5.7.

a) Conlpll-le; 5.7/ ?,,,\ComfI:x 5.7 31p{iH}
| 2
Complex 5.7 : /o I:jComplex Ef.7 +H,/HD
+D ' : \ "\ 1 minute
b) i i *P{1H)
: VAR ,:F\Complex 5.7 + H,/HD
L 1k
N B N
B e
: N '\ Complex 5.7 + H,/HD
S/ i E 3 weeks
100.35 100.30 100.25 100.20 100.15 100.10 %o/o'.as 100.00 99.95 99.90 99.85 99.80 99.75
ppm

Figure 6.16. 3'P{*H} spectra (162 MHz, 294 K) of complex 5.7 + H,/HD acquired after 1 minute, 1 day and 3 weeks.
NB approx. 2H,:3HD ratio added to sample of complex 5.7.
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The 2D H-'H NOESY spectrum (Figure 6.17) evidences chemical exchange (indicated by
cross peaks of the same sign, i.e., colour, as the diagonal)!> between ‘free’ H,/HD and
H2/HD interacting with complex 5.7. Chemical exchange is observed only when there is
an excess of Hy/HD gas.

/ E:‘ ' ‘ ‘ - @> -6

Corhplex 5.7 + H,/HD

-5

-4

-3

6/ ppm

i
|

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 —0.5-1.0-1.5-2.0-2.5-3.0-3.5-4.0-4.5-5.0-5.5-6.0-6.5
6/ ppm

Figure 6.17. *H-'H NOESY spectrum of the sample of the H,/HD adducts of complex 5.7 in dg-THF at 298.15 K, with
the cross peaks evidencing chemical exchange between uncoordinated (approx. 4.5 ppm) and coordinated (approx.
—6.2 ppm) Hy/HD being highlighted in green. NB approx. 2H,:3HD ratio added to sample of complex 5.7.

Chemical exchange of H2/HD must occur through the association and dissociation of 1?-
HE (E = H or D). Hence, the observation of chemical exchange suggests that dihydrogen
complexes 6.26 — 6.27 are observed experimentally. The spectral data suggest that
complexes 6.26 ([Co(Ph(CH2)2N{PPh,},)2(n?-H2)][BArF4]) and 6.29
([Co(Ph(CH2)2N{PPh2}2)2(cis-(H)2)1[BArF4]), and complexes 6.27
([Co(Ph(CH2)aN{PPh,},)2(n*HD)][BArfs]) and  6.30  ([Co(Ph(CH,):N{PPhy}.)a(cis-
(H)(D))1[BArF4]), are both present in equilibrium (Scheme 6.8), with complexes 6.28
([Co(Ph(CH2)2N{PPh2}2)2(n?-D2)]1[BArf4]) and 6.31 ([Co(Ph(CH2)2N{PPh}2)2(cis-
(D)2)1[BArF4]) being produced as a result of H-D scrambling. However, complexes 6.26 —
6.31 have two unique phosphorus environments and hence would be expected to

exhibit two signals in their proton-coupled and proton-decoupled 3!P NMR spectra,
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which is not the case (even when cooled to —85 °C). Therefore, the H,, HD and D; adducts
of complex 5.7 must be fluxional (as was observed for the [Co{Ph(CH2)2N(PPh3),},(CO)]
cation in Section 6.3) to result in the four phosphorus atoms and two hydrogen atoms

interacting with the cobalt centre to be equivalent.

—- 1@
- Ph, @ Ph,P—
Ph, P~ Phy| |
<p / d.-THF _Pu, | WPPhy
thc|0\ Ph, © 285 °C Spv |°‘E2 ©
E1/Ez [ Ar 4‘ - Ph, E1 [ Ar 4]
6.26 (E' = E2=H), 6.27 (E: = H, E2= D), 6.29 (E' = E2=H), 6.30 (EL = H, E2=D),
6.28 (E' = E2= D) 6.31 (E'=E2=D)

Scheme 6.8. Equilibrium between complexes 6.26 — 6.28 and 6.29 — 6.31.

As a result of the fluxional behaviour and H; exchange, a Timin) relaxation time for the
dihydrogen/hydride resonance (obtained from an inversion recovery experiment) of the
H,/HD adducts of complex 5.7 ([Co(Ph(CH2)2N{PPh2}>):][BArf4]) could not be reliably
obtained. The Timin) relaxation time is a quantity classically utilised to distinguish
between dihydride, with Timin) > 50 ms, and dihydrogen, with T1(min) < 35 ms, species.3!
Note that the Timin) relaxation time criterion has been found to be generally unsuitable
for cobalt complexes due to cobalt’s high magnetogyric ratio (which significantly
impacts the relaxation time of species in or close to the cobalt centre).3? The fluxional
behaviour of the [Co{Ph(CH2)2N(PPh2)2}2(H2)] cation will be explored computationally in

Section 6.4.1.

6.4.1 Hybrid-DFT studies probing the structure of the H, adduct of
[Co{Ph(CH_)N(PPh,),},][BAr4] (5.7)

The fluxional behaviour of the H, adduct of complex 5.7 (i.e., the equilibrium mixture of
complexes 6.26 and 6.29, Scheme 6.8) may arise from the [Co{Ph(CH2);N(PPh2)2}>(n?-
H,)] cation of complex 6.26 undergoing a Berry pseudorotation (a), Scheme 6.9),
interconverting between A and A enantiomers. Alternatively, the octahedral
[Co{Ph(CH2)2N(PPh,),}2(cis-(H)2)] cation of complex 6.29 may undergo a Bailer twist33

(b), Scheme 6.9) interconverting between A and A enantiomers.
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Scheme 6.9. a) Berry pseudorotation of the [Co{Ph(CH,)2N(PPh,),}2(n2-H,)] cation and b) Bailer twist of the
[CO{Ph(CHz)zN(Pth)z}z(CIS-(H)z)] cation (NB R= CHchzph)

In order to probe the fluxional processes suggested in a) and b) (Scheme 6.9), the
optimised geometries of the A and A enantiomers of the [Co{Ph(CH2):N(PPh;)2}2(n2-H2)]
and [Co{Ph(CH2)2N(PPh3),}x(cis-(H)2)] cations need to be obtained via geometry
optimisation calculations at the B3LYP/6-31G(d) level. However, attempted geometry
optimisation calculations of the [Co{Ph(CH2):N(PPh;),}2(n2-H,)] cation afforded the
lower energy minima [Co{Ph(CH.);N(PPh,).}.(cis-(H)2)] cation. Hence, further
computational study of the [Co{Ph(CH2)2N(PPh;),}2(12-H,)] cation directly, including the
hypothesised Berry pseudorotation, was not possible. The [Co{Ph(CH2)2N(PPh2)}2(n?-
H,)] cation, however, could be observed indirectly from scan calculations of the H;
adduct of the cation of complex 5.7 ([Co(Ph(CH2)2N{PPh.},),][BAr"4]) at the B3LYP/6-
31G(d) level, allowing for the production of plots illustrating the effect of H-H distance
and H-Co-H angle upon the energy of the H, adduct of the cation of complex 5.7 (a) and

b), Figure 6.18, respectively.
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Figure 6.18. a) H-H distance vs. energy, and b) H-Co-H angle vs. energy, both for the H, adduct of the
[Co{Ph(CH3)2N(PPh,),},] cation of complex 5.7.

The H-H distance vs. energy plot of the H, adduct of the [Co{Ph(CH)2N(PPh3),}:] cation
(a), Figure 6.18) evidences a minimum at approx. 1.86 A, and the H-Co-H angle vs. energy
plot of the H; adduct of the [Co{Ph(CH2):N(PPh3).}:] cation (b), Figure 6.18) evidences a
minimum at approx. 80°, corresponding to the [Co{Ph(CH2)2N(PPh2).}x(cis-(H)2)] cation,
but no minimum corresponding to the [Co{Ph(CH;):N(PPh2):}2(n%H)] cation is
evidenced. Instead, plateaus in the H-H distance vs. energy plot of the H, adduct of the
[Co{Ph(CH2)2N(PPh;)2},] cation (a), Figure 6.18) in the approx. 0.9 — 1.1 A region and in
the H-Co-H angle vs. energy plot of the H, adduct of the [Co{Ph(CH3):N(PPh3),}.] cation
(b), Figure 6.18) in the approx. 32 — 44° region are identified (sensible H-H distance and
H-Co-H angle ranges for a n2-H; ligand).34 =36 The plots (Figure 6.18) evidence an approx.

6.7 kcal mol™ energy difference between the [Co{Ph(CH,).N(PPh2)2}>(n?-H;)] cation and
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the [Co{Ph(CH2)2N(PPh3)2}2(cis-(H);)] cation (from geometry optimised structure: H-H

distance ~1.868 A, H-Co-H angle ~79.1°). This very small 6.7 kcal mol™ energy
difference  between the

[Co{Ph(CH2):N(PPh3)2}2(cis-(H)2)] cation and the
[Co{Ph(CH2)2N(PPh;)2}2(n2-H2)] cation (cf. 5.8 kcal mol™ activation barrier for the
inversion of ammonia)?’ results in the [Co{Ph(CH2)2N(PPh3),}2(n2-H,)] cation effectively

being at a minimum in energy, supporting the facile interconversion inferred to occur
between complexes 6.26

([Co(Ph(CH32)2N{PPh,},)2(n?-H2)][BArfs]) and  6.29
([Co(Ph(CH2)2N{PPh2}2)2(cis-(H)2)1[BArf4]) from NMR spectral data (Section 6.4)
Since the geometry optimisation calculations of the A and A enantiomers of the

[Co{Ph(CH2)2N(PPh3)2}2(cis-(H)2)] cation were successful, the Bailer twist transition state

between the two enantiomers could be located at the B3LYP/6-31G(d) level (Figure

6.19). The Bailer twist transition state has a computationally determined H-H distance
of ~0.8 A, evidencing significant n%-H; ligand character
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Figure 6.19. Racemisation scheme showing the transition state for the interconversion of the A and A enantiomers
of [Co{RN(PPh,),}(cis-(H),)] cation via a Bailer twist process. NB R = CH,CH,Ph
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The Gibbs free energy of activation (AG*) of the computationally identified Bailer twist
process interconverting the A and A enantiomers of the [Co{Ph(CH2)2N(PPh3).}:(cis-
(H)2)] cation was found to be approx. 13 kcal mol™. The AG*value of 13 kcal mol~tis the
same as the AG* value determined for the Berry pseudorotation process interconverting
the A and A enantiomers of the [Co{Ph(CH2):N(PPh):}2(n3-CH,CH,)] cation, and
temperature—dependent effects were observed in the 3'P{*H} NMR spectra of complex
6.1 ([Co{Ph(CH2)2N(PPh2)2}2(n%-CH2CH2)][BArf4]). Hence, a lack of temperature—
dependent effects being observed in the NMR spectra of the H, adduct of complex 5.7
(e.g., when cooling to -85 °C) suggests that the Bailer twist of the
[Co{Ph(CH2)2N(PPh;)2}2(cis-(H)2)] cation is not the fluxional process responsible for the
four phosphorus atoms and two hydrogen atoms interacting with the cobalt centre in
the H, adduct of complex 5.7 ([Co(Ph(CH2)2N{PPh2}2)2][BArf4]) to be equivalent. Instead,
it is likely that the Berry pseudorotation process interconverting between the A and A
enantiomers of the [Co{Ph(CH2)2N(PPh2)}2(n?-H2)] cation would have a small AG* (cf. the
AG* value of approx. 3.4 kcal mol™ for the [Co{Ph(CH,)2N(PPh3).}>(CO)] cation, Figure
6.13) due to the small size of the n2-H; ligand and would hence be the fluxional process

responsible for the observed spectroscopic equivalence.

6.5 Reaction of [Co{Ph(CH;).N(PPh3).}.]1[BArf4] (5.7) with syngas

Continuing the study of the reactivity of complex [Co(Ph(CH2)2N{PPh2}.).]1[BArf4] (5.7),
the reactivity with syngas (50:50 CO:H;) was probed as cobalt complexes are ubiquitous
in olefin hydroformylation reactions involving syngas and alkenes.! Complex 5.7 reacted
exclusively with CO (affording complex 6.21, [Co(Ph(CH2)2N{PPh,},).CO][BAr"4], Scheme
6.6) when a degassed (by three freeze—pump—thaw cycles) solution of complex 5.7 in
ds-THF was backfilled with syngas. The computationally—determined AG values for the
formation of CO adduct complex 6.19 (—91.9 kJ mol™, probed in Section 6.2.6) and H,
adduct complex 6.35 (AG = -8 kJ mol™) support the exclusive reaction of complex 5.7
with CO (Scheme 6.10). NB complex 6.35, with the cis-(H); moiety rather than with the
n%-H, moiety due to computational limitations, was utilised for this computational study
due to the fact that the energy between the [Co{Ph(CH2)2N(PPh2).}:(cis-(H)2)] cation and

the [Co{Ph(CH2)2N(PPh2)2}2(n?-H2)] is so small (6.7 kcal mol™; Section 6.4.1).
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Scheme 6.10. Computationally studied synthesis of complexes 6.19 and 6.35.

Hence, there is a large thermodynamic preference for the formation of complex 6.19
relative to complex 6.35 (Scheme 6.10), which is reflected in the experimental

observation of the exclusive formation of complex 6.21

(ICo(Ph(CH2)2N{PPh,},).CO][BArF4])
([Co(Ph(CH2)2N{PPh2},).]1[BArf4]) with syngas. The exclusive formation of complex 6.21 is

from the reaction of complex 5.7
likely responsible for complex 5.7 leading to no conversion when screened for
hydroformylation catalysis by Jake Backhouse (Dyer group member). The origin of the
lack of catalytic activity of complex 5.7 is assumed to originate from the [Co{RN(PR’2)2}2]
cation containing two equivalents of ‘PNP’ ligand (RN(PR’2)2) coordinating at the

cobalt(l) centre in a k>-P,P manner, resulting in a sterically congested environment.

6.6 Summary

The reaction of [Co(Ph(CH2)2N{PPh.},)2][BArf4] (complex 5.7) with ethylene was found
to afford [Co{Ph(CH2)2N(PPh3),}2(n?-CH2CH;)][BArf4] (complex 6.1). Complex 6.1 exhibits
temperature—dependent behaviour by 3!P{*H} NMR spectroscopy, something found to
be due to the [Co{Ph(CH)2N(PPh2),},(n?-CH2CH>)] cation of complex 6.1 undergoing a
Berry pseudorotation. Good agreement between the experimentally (via the rate of
exchange at coalescence) and computationally determined Gibbs free energies of

activation for the Berry pseudorotation process of 13 and 16 kcal mol™, respectively,
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was obtained. Reaction of complex 5.7 with ds-ethylene evidenced a signal at approx.
1.5 ppm in the 2H NMR spectrum, assigned to cobalt-coordinated ds-ethylene.

The reaction of complex 5.7 with CO (1 atm) affords fluxional species
[Co{Ph(CH3)2N(PPh2).}2(CO)][BArf4] (complex 6.21) with a vco stretching frequency of
1951 cm™. Complex 6.21 has a small AG* ~3.4 kcal mol™ for the Berry pseudorotation
between the A and A enantiomers of the [Co{Ph(CH.)N(PPh,),},CO] cation. The
reactions of complex 5.7 with H; and HD is proposed to form equilibrium mixtures of
[Co(Ph(CH2)2N{PPh2}2)2(n?-H2)][BArfs]  and  [Co(Ph(CH2)2N{PPh,}.):(cis-(H)2)1[BArfa]
(complexes 6.26 and 6.29, respectively) and [Co(Ph(CH2)2N{PPh2},),(n?-HD)][BArf.] and
[Co(Ph(CH32)2N{PPh.},)2(cis-(H)(D))][BArf4] (complexes 6.27 and 6.30, respectively), i.e.,
the corresponding dihydrogen and cis-dihydride species. The reaction of complex 5.7
with syngas (50:50 CO:H,) affords exclusively complex 6.21, reflecting the
thermodynamic preference for CO coordination relative to H, coordination due to the

m-accepting capability of CO.
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Chapter 7 — Experimental

All syntheses were performed using standard Schlenk-line and glovebox (Saffron
Scientific; Innovative Technologies) techniques under an inert, dry nitrogen atmosphere.
Dry solvents, obtained from an Innovative Technologies SPS facility (except THF, which
was dried by heating at reflux over Na wire, with benzophenone indicator, and
subsequently distilled), were degassed using three freeze-pump-thaw cycles. All other
reagents were used as received, including solvents for NMR spectroscopy (excluding
CDCls, which was dried over CaH; and isolated by vacuum transfer), unless mentioned
otherwise. Solution phase NMR spectra were collected on a Varian Mercury 400 or
Bruker Advance 400 at ambient probe temperature (290 K), and chemical shifts (ppm)
referenced to residual proton (*H) impurities in the deuterated solvent, *3C shift of the
solvent for 13C, or (external) 85% H3PO4 for 31P and 3!P{ H}; chemical shifts are reported
in ppm and NMR coupling constants are reported in Hz. Infrared spectra were collected
on a FT-IR Perkin-Elmer Spectrum RXI. Elemental analyses were performed by Emily
Unsworth of Durham University (Exeter CE-440 Elemental Analyser). ESI mass spectra
were acquired using a Waters TQD Mass Spectrometer and Waters Acquity UPLC in
CHxCl;, MeCN or THF. ASAP mass spectra were acquired using a LCT Premier XE mass
spectrometer or Waters Xevo QToF mass spectrometer (all at Durham University).
Crystallographic data were obtained in Durham University by either Dr Andrei Batsanov,
Dr Dmitry Yufit or Dr Toby Blundell using a Bruker D8-Venture, with Cryosteam 700+ and
HELIX (Oxford Cryosystems) and ancillary attachments, and Mo-Kq (A 0.71073 A) at —
180(1) °C. All calculations were performed on the Olex2 software package, except for
refinements which used SHELXT.! Images were produced on Mercury, with ORTEPS set
at 50%.2 CSD searches were conducted using Conquest.® Butylamine and cobalt(Il)
iodide were purchased from Alfa Aesar; phenethylamine, elemental selenium, cobalt(ll)
acetylacetonate, tetrapropylammonium bromide, tetrapropylammonium chloride,
trifluoroacetic acid, pyridine, bis(triphenylphosphoranylidene) ammonium chloride,
ammonium hexafluorophosphate, tetrakis(acetonitrile)palladium(ll) tetrafluoroborate,
1,2-bis(diphenylphosphino)ethane, potassium hexafluorophosphate, zinc, sodium

borohydride, zinc(ll) bromide, cobalt(ll) bromide, deuterium oxide and sodium hydride

164



were purchased from Sigma Aldrich; 3-aminomethylpyridine, 3-(dimethylamino)-1-
propylamine, 2-(aminoethyl)pyridine, 4-(-2-pyridyl)aniline, 4-aminobiphenyl, N-Methyl-
N-(2-pyridin-2-ylethyl)amine, = pinacolborane  (HBPin),  sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate and Ph,PCl (purified by vacuum transfer) were
purchased from Fluorochem; triethylamine (dried over KOH, distilled and degassed),
paraformaldehyde, triphenylphosphine and cobalt(ll) chloride hexahydrate were
purchased from Fisher Scientific; cobalt(ll) chloride was purchased from ACROS
Organics, and were all used as received unless mentioned otherwise. All liquid reagents
were degassed before use and were not further purified unless mentioned. All hybrid-
DFT calculations were performed using the B3LYP 6-31G(d) basis set. Hamilton8
supercomputer (Durham University) was used for all calculations except those involved
in determining molecular orbitals, which were ran on a Windows PC via Gaussian16.*
GaussView6 > was used to analyse the results and prepare input gjf files; mol2 files from

crystallographic studies were used where appropriate to generate the input file.

7.1 Synthesis of Ph(CH;):N(PPhz), (2.2), n-BuN(PPh;), (2.3),
NMeZ(CH2)3N(PPh2)2 (2.4), Py-m-CHzN(Pth)z (2.5), Ph-
CsHaN(PPh;)2 (2.6) and Py-0-CsHsN(PPh3), (2.7)

PN

Phy Phy

2.2
Synthesis of Ph(CH3)2N(PPh;)2 (2.2): Phenethylamine (1.21 g, 10.0 mmol) was degassed

in a Schlenk flask by three freeze-pump-thaw cycles, and NEt3 (11.2 mL, 80.0 mmol) was
added. Both amines were dissolved in THF (40 mL), and the resulting solution cooled to
—40 °Cin an acetone/dry ice bath. PPh,Cl (3.6 mL, 20.0 mmol) was added dropwise, and
after the complete addition the resulting slurry was stirred overnight at room
temperature. The reaction was filtered to remove NEts;-HCl, the solvent removed in
vacuo, and the crude oil was stirred in MeOH (20 mL) to precipitate the product as a

white solid (3.383 g, 6.91 mmol, 69%), which was isolated by filtration and dried in
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vacuo; 6y (400 MHz, CDCl3) 7.41 — 7.48 (8H, m, aryl), 7.32 — 7.38 (12H, m, aryl), 7.05 —
7.17 (3H, m, phenyl), 6.72 — 6.77 (2H, m, phenyl), 3.34 — 3.45 (2H, m, (PPh;)2N-CH,), 2.23
—2.31 (2H, m, Ph-CHa); 8p 3'P{*H} (162 MHz, CDCls) 62.7 (2P, s); 8¢ (100.57 MHz, CDCls)
139.5 (t, J = 5.7 Hz, aryl-C), 139.3 (s, aryl-C), 132.9 (t, J = 11.0 Hz, aryl-C), 129.0 (s, aryl-
C), 128.8 (s, aryl-C), 128.32 (d, J = 3.1 Hz, aryl-C), 128.28 (s, aryl-C), 126.2 (s, aryl-C), 54.9
(s, CH2), 38.3 (t, J = 3.0 Hz, CHy); selected Vimax / cm™23051 (aromatic C-H stretch), 2981
(C-H stretch), 1605, 1478 (aromatic C=C), 1433 (P-Ph), 1090 (C-N), 863 (P-N-P); Anal. calc.
for C32H29NP; (489.54) (%): C, 78.51; H, 5.97; N, 2.86 Found (%): C, 78.12; H, 6.06; N, 2.83;
MS (ESI): positive ion m/z 490.5 (89.76% [M+H]*), 521.4 (13.57% [M+02]*). NMR

spectroscopic data and CHN elemental analyses are consistent with published data.®

PN

Phy Ph,

23

Synthesis of n-BuN(PPh3)2 (2.3): Compound 2.3 was synthesised following the same
method outlined for the preparation of compound 2.2, except butylamine (0.73 g, 10.0
mmol) was used. Compound 2.3 was gained as a white solid (2.427 g, 5.50 mmol, 55%);
8 (400 MHz, CDCl3) 7.27 — 7.42 (20H, m, phenyl), 3.16 — 3.27 (2H, m, (PPh2).NCH,), 1.00
—1.10 (2H, m, (PPh2)2NCH,CH), 0.87 —0.97 (2H, m, CH2CHs), 0.60 (3H, t, 2Juy = 7.30 Hz,
CHs); 8p 3'P{*H} (162 MHz, CDCl3) 62.0 (2P, s); 8¢ (100.57 MHz, CDCl3) 139.7 (t, J = 5.9 Hz,
aryl-C), 132.9 (t, J = 11.0 Hz, aryl-C), 128.8 (s, aryl-C), 128.2 (t, J = 3.2 Hz, aryl-C), 52.9 (s,
CH2), 33.6 (t, J = 3.2 Hz, CH,), 20.1 (s, CH,), 13.8 (s, CH3); selected Vmax / cm™ 3055
(aromatic C-H stretch), 2953 (C-H stretch), 1600, 1477 (aromatic C=C), 1453, 1374 (CHs
bend), 1432 (P-Ph), 1091 (C-N), 856 (P-N-P); Anal. calc. for CagH29NP; (441.49) (%): C,
76.17; H, 6.62; N, 3.17 Found (%): C, 75.42; H, 6.72; N, 3.03; MS (ESI): positive ion m/z
442.4 (72.77% [M+H]*), 458.4 (45.14% [M+H+0]*). NMR spectroscopic data are

consistent with published data.”
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2.4

Synthesis of NMe;(CH3)sN(PPh;); (2.4): Compound 2.4 was synthesised following
the same method outlined for the preparation of compound 2.2, except 3-
(dimethylamino)-1-propylamine (1.02 g, 10.0 mmol) was used, and the crude oil was
dissolved in MeOH (20 mL), which once removed in vacuo resulted in the isolation of the
product as a white solid (2.905 g, 6.17 mmol, 62%); 61 (400 MHz, CDCl3) 7.36 — 7.43 (8H,
m, phenyl), 7.27 — 7.34 (12H, m, phenyl), 3.22 — 3.34 (2H, m, (PPh;);NCH>), 1.94 (6H, s,
N(CHs)2), 1.85 (2H, t, 2Jun = 7.2 Hz, CH:NMey), 1.21 — 1.30 (2H, m, CH.CH2NMes); 8p
31p{1H} (162 MHz, CDCl3) 62.5 (2P, s); 8¢ (100.57 MHz, CDCl3) 139.5 (t, J = 6.1 Hz, aryl-C),
132.7 (t, /= 11.0 Hz, aryl-C), 128.7 (s, aryl-C), 128.1 (t, J = 3.1 Hz, aryl-C), 57.2 (s, alkyl-C),
51.1 (t, J = 10.9 Hz, alkyl-C), 45.4 (s, alkyl-C), 29.3 (s, alkyl-C); selected Vmax / cm™ 3052
(aromatic C-H stretch), 2969 (C-H stretch), 1603, 1478 (aromatic C=C), 1431 (P-Ph), 1090
(C-N), 861 (P-N-P); Anal. calc. for CagH32N2P2 (470.54) (%): C, 74.03; H, 6.86; N, 5.95 Found
(%): C, 73.60; H, 6.82; N, 5.54; MS (ESI): positive ion m/z 471.4 (100.00% [M+H]*), 487.4
(61.12% [M+H+0]*), 503.4 (4.92% [M+H+03]*). Although previously synthesised, no

characterisation data were reported.?

He
Hp - Hg
X
H
a PN
Ph, Ph,
2.5

Synthesis of Py-m-CH2N(PPh;), (2.5): 3-Aminomethylpyridine (1.08 g, 10.0 mmol)
was degassed in a Schlenk flask by three freeze-pump-thaw cycles, and NEts (11.2 mL,
80.0 mmol) was added. Both amines were dissolved in DCM (40 mL), and the resulting
solution cooled to —40 °C in an acetone/dry ice bath. PPhyCl (3.6 mL, 20.0 mmol) was

added dropwise, and after the complete addition the resulting slurry was stirred
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overnight at room temperature. The reaction was filtered to remove NEts;-HCl, the
solvent removed in vacuo, and the residue washed with H,O (3 x 20 mL), and
recrystallised from the minimum amount of EtOH in the freezer overnight, affording
compound 2.5 as a white solid (1.983 g, 4.16 mmol, 42%). The product was isolated by
filtration and dried in vacuo; 6x (400 MHz, CDCls) 8.33 (1H, d, %Jun = 3.7 Hz, Hp), 7.91 (1H,
s, Ha), 7.22 = 7.42 (20H, m, phenyl), 6.87 — 7.02 (2H, m, Hc + Hq), 4.52 (2H, d, 3Jup = 10.4
Hz, (PPh2)2NCH.); 8p 31P{H} (162 MHz, CDCls) 61.2 (2P, s); 8¢ (100.57 MHz, CDCls) 150.3
(s, py-C), 148.1 (s, py-C), 138.9 (dd, J = 4.3 Hz, 18.0 Hz, aryl-C), 136.4 (s, py-C), 135.2 (s,
py-C), 132.8 (d, J = 22.0 Hz, aryl-C), 129.0 (s, aryl-C), 128.2 (d, J = 6.7 Hz, aryl-C), 122.8 (s,
py-C), 58.4 (s, CH2); selected Vmax / cm™ 3049 (aromatic C-H stretch), 2979 (C-H stretch),
1606, 1479 (aromatic C=C), 1584, 1571 (C=N), 1434 (P-Ph), 1093 (C-N), 862 (P-N-P); Anal.
calc. for CaoH26N2P2 (476.50) (%): C, 75.62; H, 5.50; N, 5.88 Found (%): C, 75.40; H, 5.45;
N, 5.91; MS (ESI): positive ion m/z 477.3 (100% [M+H]*), 493.4 (15.20% [M+H+0]*). NMR

and FT-IR spectroscopic data are consistent with published data.’

Ha
Hp O Hp
He He

Hg Hgy

He He

Ph,P” “PPh,
2.6

Synthesis of Ph-C¢HasN(PPh3); (2.6): 4-aminobiphenyl (1.69 g, 10.0 mmol), and NEts3
(11.2 mL, 80.0 mmol) were dissolved in THF (40 mL), and the resulting solution cooled
to —40 °C in an acetone/dry ice bath. PPh,Cl (3.6 mL, 20.0 mmol) was added dropwise,
and after the complete addition the reaction mixture was allowed to warm to room
temperature and stir overnight. The reaction mixture was filtered, the solvent removed
in vacuo, the crude product washed with Et,0 (3 x 10 mL) and dried in vacuo, affording
compound 2.6 as a cream solid (2.395 g, 4.5 mmol, 45%); 6u (400 MHz, CDCl3) 7.18 —
7.50 (27H, m, phenyl, Ha, Hy, Hc, Ha), 6.73 (2H, d, J = 8.5 Hz, He); &p 3'P{H} (162 MHz,
CDCl3) 68.5 (2P, s); 6¢ (100.57 MHz, CDCls) 140.5 (s, aryl-C), 139.2 (s, aryl-C), 139.2 (d, J
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= 13.6 Hz, aryl-C), 139.1 (d, J = 6.9 Hz, aryl-C), 133.3 (t, / = 11.5 Hz, aryl-C), 129.2 (t, J =
3.2 Hz, aryl-C), 129.1 (s, aryl-C), 128.7 (s, aryl-C), 128.0 (t, J = 3.2 Hz, aryl-C), 127.0 (s,
aryl-C), 126.8 (s, aryl-C), 116.3 (s, aryl-C); selected vmax / cm™ 3052 (aromatic C-H
stretch), 1604, 1464 (aromatic C=C), 1434 (P-Ph), 1092 (C-N); Anal. calc. for C3sH29NP>
(537.58) (%): C, 80.43; H, 5.44; N, 2.61 Found (%): C, 79.59; H, 5.04; N, 2.53; MS (ESI):
positive ion m/z 538.4 (5.79% [M+H]*).

Hp
Ha N Ho
G Hg
He He
Hs Hs
Ph,P” “PPh,
2.7

Synthesis of Py-0-CsHsN(PPh2), (2.7): Compound 2.7 was afforded by the same
synthetic method outlined for the synthesis of compound 2.6, using 4-(-2-pyridyl)aniline
(1.70 g, 10.0 mmol), affording compound 2.7 as a beige solid (3.103 g, 5.8 mmol, 58%);
6w (400 MHz, CDCl3) 8.63 (1H, dqg, J = 0.89 Hz, 4.91 Hz, HJ), 7.70 (1H, td, J = 1.8 Hz, 7.7
Hz, Hc), 7.57 — 7.63 (3H, m, Hq + He), 7.38 — 7.45 (8H, m, phenyl), 7.27 — 7.36 (12H, m,
phenyl), 7.18 (1H, ddd, J = 0.9 Hz, 4.8 Hz, 7.4 Hz, Hp), 6.76 (2H, d, J = 8.6 Hz, Hs); 8 31P{1H}
(162 MHz, CDCls) 68.8 (2P, s); ¢ (100.57 MHz, CDCls) 156.9 (s, aryl-C), 149.5 (s, aryl-C),
139.0 (t, J = 6.6 Hz, aryl-C), 136.6 (s, aryl-C), 135.9 (s, aryl-C), 133.3 (t, J = 11.6 Hz, aryl-
C), 129.1 (s, aryl-C), 128.6 (d, J = 6.6 Hz, aryl-C), 128.1 (t, J = 3.3 Hz, aryl-C), 126.7 (s, aryl-
C), 121.8 (s, aryl-C), 120.2 (s, aryl-C), 116.0 (s, aryl-C); selected vmax/ cm™13049 (aromatic
C-H stretch), 2981 (C-H stretch), 1601, 1464 (aromatic C=C), 1585, 1561 (C=N), 1434 (P-
Ph), 1093 (C-N); Anal. calc. for CssH2sN2P2 (538.57) (%): C, 78.06; H, 5.24; N, 5.20 Found
(%): C, 78.86; H, 5.00; N, 5.66; MS (ESI): positive ion m/z 355.4 (100% [M-PPh+2H]"),
539.4 (12.34% [M+H]*).
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7.2 Synthesis of Py-0-(CH;)N(CH2PPh;),(2.8)

Hp
H, N Hc
G Hg

)

Ph, PPhy

2.8
Synthesis of Py-0-(CH:)N(CH:PPh;). (2.8): PPhH (4.28 g, 23.0 mmol),

paraformaldehyde (0.351 g, 11.7 mmol) and 2-(2-aminoethyl)pyridine (1.43 g, 11.7
mmol) were dissolved in MeOH (20 mL) and toluene (30 mL), and the resulting mixture
was refluxed overnight. After cooling to room temperature, the solvent was removed in
vacuo, the crude residue washed with hexane (3 x 10 mL) and dried in vacuo. Upon
standing, the product solidified, gaining compound 2.8 as an off-white solid (4.602 g,
8.87 mmol, 76%); &1 (400 MHz, CDCl3) 8.50 (1H, dq, J = 0.90 Hz, 4.95 Hz, H.), 7.48 (1H,
td,J=1.9 Hz, 7.7 Hz, H.), 7.38 — 7.44 (8H, m, phenyl), 7.25 - 7.32 (12H, m, phenyl), 7.07
(1H, ddd, J = 1.0 Hz, 4.9 Hz, 7.6 Hz, Hp), 6.96 (1H, dt, J = 1.0 Hz, 7.8 Hz, Hq), 3.65 (4H, d,
2Jup = 3.2 Hz, PhyP-CHa), 3.34 (2H, t, 3Jun = 7.6 Hz, (CH2PPh2)2NCHa), 2.92 (2H, t, 3Jun = 7.6
Hz, Py-CHa); 8p 3'P{*H} (162 MHz, CDCls) —28.5 (2P, s); 8¢ (100.57 MHz, CD,Cl,) 160.3 (s,
aryl-C), 149.1 (s, aryl-C), 138.3 (d, J = 13.3 Hz, aryl-C), 135.9 (s, aryl-C), 133.1 (d, J/ = 18.7
Hz, aryl-C), 128.5 (s, aryl-C), 128.3 (d, J = 6.9 Hz, aryl-C), 123.1 (s, aryl-C), 120.9 (s, aryl-
C), 58.5 (dd, J = 5.3 Hz, 9.4 Hz, CH3), 56.1 (t, J = 9.2 Hz, CH3), 35.0 (s, CH2); selected Vmax
/ cm™3051 (aromatic C-H stretch), 2978 (C-H stretch), 1605, 1470 (aromatic C=C), 1583,
1567 (C=N), 1432 (P-Ph), 1091 (C-N); Anal. calc. for C3sH32N2P2 (518.58) (%): C, 76.43; H,
6.22; N, 5.40 Found (%): C, 75.78; H, 6.33; N, 5.50; MS (ESI): positive ion m/z 199.2
(70.37% [PPh,CH2]*), 333.3 (100.00% [M-PPh;]*), 349.4 (57.69% [M-PPh,+0]").
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7.3 Synthesis of Ph(CH.;).N(SPPh;)(PPh;) (2.9) and
Ph(CH_).N(SPPh;); (2.10)

2.9
Synthesis of Ph(CH2):N(SPPh;)(PPh;) (2.9): Ph(CH.):N(PPh;), (2.2, 1.00 g, 2.04

mmol) and Sg (0.066 g, 0.26 mmol) were dissolved in THF (20 mL) and stirred overnight.
The reaction mixture was filtered, the volume reduced to approx. 5 mL in vacuo, the
remaining solution layered with MeOH (15 mL) and left to stand overnight, affording
compound 2.9 as a white crystalline powder (0.414 g, 0.79 mmol, 39%), which was
isolated by filtration and dried in vacuo; éx (400 MHz, CD,Cl;) 8.03 — 8.11 (4H, m,
phenyl), 7.43 — 7.60 (16 H, m, phenyl), 7.06 — 7.13 (3H, m, phenyl), 6.53 — 6.58 (2H, m,
phenyl), 3.60 — 3.70 (2H, m, (PPh2);N-CH>), 1.98 — 2.07 (2H, m, Ph-CH>); §p 3'P{'H} (162
MHz, CD2Cl,) 71.0 (1P, d, 2pp = 88.3 Hz, SPNP), 51.9 (1P, d, Zpp = 88.3 Hz, SPNP); 8¢
(100.57 MHz, CD,Cl;) 138.8 (s, aryl-C), 136.5 (dd, J = 5.0 Hz, 18.2 Hz, aryl-C), 135.3 (d, J =
3.64 Hz, aryl-CC), 134.2 (d, J = 3.60 Hz, aryl-CC), 132.9 (d, J = 20.9 Hz, aryl-C), 132.4 (dd,
J=3.06 Hz, 11.1 Hz, aryl-C), 131.7 (d, J = 3.10 Hz, aryl-C), 129.5 (s, aryl-C), 128.5 (dd, J =
5.95 Hz, 6.05 Hz, aryl-C), 128.3 (s, aryl-C), 128.1 (d, / = 1.85 Hz, aryl-C), 126.0 (s, aryl-C),
39.2 (s, CH,), 37.0 (s, CH>); selected Vmax / cm™ 3055 (aromatic C-H stretch), 2985 (C-H
stretch), 1603, 1478 (aromatic C=C), 1434 (P-Ph), 1097 (C-N), 862 (P-N-P) 697 (P=S);
Anal. calc. for CsaH29NP2S (521.60) (%): C, 73.69; H, 5.60; N, 2.69 Found (%): C, 72.53; H,
5.81; N, 2.89; MS (ESI): positive ion m/z 336.3 (5.39% [M-PPh]*), 490.3 (30.74% [M-
S+H]*), 522.3 (55.23% [M-S+20+H]*). Note poor agreement in CHN analysis for carbon
likely due to trace amounts of unreacted compound 2.2 and compound 2.10.

Single crystals suitable for XRD analysis were obtained by diffusion following

dissolution of a sample of compound 2.9 in THF and layering this with hexane.
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2.10
Synthesis of Ph(CH2)2N(SPPh2); (2.10): Ph(CH2),N(PPh3); (2.2, 0.500 g, 1.02 mmol)

and Sg (0.066 g, 0.26 mmol) were dissolved in THF (20 mL) and stirred overnight. The
reaction mixture was filtered, the solvent removed in vacuo, the crude product washed
with Et;0 (3 x 10 mL) and dried in vacuo, affording compound 2.10 as a white powder
(0.318 g, 0.57 mmol, 56%); 6w (400 MHz, CD,Cl,) 7.94 — 8.03 (8H, m, phenyl), 7.49 - 7.56
(4H, m, phenyl), 7.38 — 7.45 (8H, m, phenyl), 7.05—-7.11 (3H, m, phenyl), 6.40 — 6.46 (2H,
m, phenyl), 3.58 — 3.75 (2H, m, (PPh2)2N-CH,), 2.59 — 2.67 (2H, m, Ph-CH,); &p 31P{*H}
(162 MHz, CD2Cl;) 69.0 (2P, s); 8¢ (100.57 MHz, CD,Cl,) 138.1 (s, aryl-C), 133.8 (s, aryl-
C), 133.1 (t, J = 6.02 Hz, aryl-C), 132.8 (s, aryl-C), 131.8 (t, J = 1.37 Hz, aryl-C), 128.3 (d, J
= 21.1 Hz, aryl-C), 128.0 (t, J = 7.08 Hz, aryl-C), 126.3 (s, aryl-C), 38.3 (s, CH3), 36.9 (s,
CHy); selected vimax / cm™ 3054 (aromatic C-H stretch), 2984 (C-H stretch), 1602, 1479
(aromatic C=C), 1434 (P-Ph), 1100 (C-N), 866 (P-N-P) 685 (P=S); Anal. calc. for
C32H29NP2S; (553.66) (%): C, 69.42; H, 5.28; N, 2.53 Found (%): C, 69.44; H, 5.25; N, 2.46;
MS (ESI): positive ion m/z 123.9 (100% [M-2SPPh,+3H]*).

Single crystals suitable for XRD analysis were obtained by dissolving a sample of the
solid isolated from the reaction of compound 2.10 with CoBr; in acetone and allowing

the solvent to evaporate.
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7.4 Synthesis of Py-o0-(CH;).N(PPh;)(Me) (2.11) and Py-o-
(CH2)2N(P{OPh};)(Me) (2.12)

Hy,

Ha e
7 H
-~ “PPh,
2.11

Synthesis of Py-0-(CH2).N(PPhz)(Me) (2.11): N-Methyl-N-(2-pyridin-2-ylethyl)amine
(0.759 g, 5.57 mmol) and NEt3 (7 mL, 50 mmol) were dissolved in THF (30 mL), and the
resulting solution cooled to —40 °C in an acetone/dry ice bath. PPh,Cl (1 mL, 5.57 mmol)
was added dropwise, and after the complete addition the reaction mixture was allowed
to warm to room temperature and stir overnight. The reaction mixture was filtered, the
solvent removed in vacuo, the crude product washed with Et,0 (3 x 10 mL) and dried in
vacuo, affording compound 2.11 as a pale yellow oil (1.28 g, 4.00 mmol, 72%); &+ (400
MHz, CD2Cl,) 8.56 (1H, ddd, J = 0.76 Hz, 1.08 Hz, 4.75 Hz, Ha), 7.60 (1H, td, J = 1.90 Hz,
7.60 Hz, He), 7.36 — 7.42 (10H, m, phenyl), 7.11 — 7.18 (2H, m, Hp + Ha), 3.52 — 3.61 (2H,
m, (PPh2)2N-CH>), 2.99 — 3.06 (2H, m, Py-CHs), 2.63 (3H, d, 3/up = 5.67 Hz, Me); 8p 31P{1H}
(162 MHz, CD,Cl;) 64.4 (1P, s); 8¢ (100.57 MHz, CD,Cl,) 160.2 (s, aryl-C), 149.3 (s, aryl-
C), 139.5 (d, J = 15.1 Hz, aryl-C), 136.0 (s, aryl-C), 131.9 (d, J = 19.6 Hz, aryl-C), 128.3 (s,
aryl-C), 128.1 (d, J = 5.67 Hz, aryl-C), 123.3 (s, aryl-C), 121.1 (s, aryl-C), 56.8 (d, J = 30.6
Hz, Me), 38.1 (d, J = 5.7 Hz, CH,), 36.8 (s, CH>); selected vmax / cm™ 3055 (aromatic C-H
stretch), 2980 (C-H stretch), 1605, 1473 (C=C), 1586, 1563 (C=N), 1438 (P-Ph), 860 (P-N-
P); MS (ESI): positive ion m/z 137.2 (85.3% [M-PPhy+H]*), 215.3 (49.5% [M-
CH,CH2Py+H]*), 242.3 (10.2% [M-Ph]*). Note that compound 2.11 is very waxy, which
hindered sample transfer to the tin capsules, required for CHN analysis to be obtained,;
consequently no reliable data could be obtained. NMR spectroscopic data are consistent

with previously published data.*?
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Synthesis of Py-0-(CH:):N(P{OPh};)(Me) (2.12): N-Methyl-N-(2-pyridin-2-
ylethyl)amine (0.703 g, 5.16 mmol) and NEt3 (7 mL, 50 mmol) were dissolved in THF (30
mL), and the resulting solution cooled to —40 °C in an acetone/dry ice bath. P(OPh),Cl (1
mL, 5.16 mmol) was added dropwise, and after the complete addition the reaction
mixture was allowed to warm to room temperature and stir overnight. The reaction
mixture was filtered, the solvent removed in vacuo, the crude product washed with Et,O
(3 x 10 mL) and dried in vacuo, affording compound 2.12 as a pale yellow oil (1.25 g,
3.55 mmol, 69%); 81 (400 MHz, CD,Cl;) 8.57 (1H, d, J = 3.98 Hz, H,), 7.59 (1H, td, J = 1.84
Hz, 7.68 Hz, Hc), 7.04 — 7.44 (12H, m, phenyl + Hp + Ha), 3.58 — 3.68 (2H, m, (PPh,)2N-
CH.), 3.01 — 3.07 (2H, m, Py-CHa), 2.90 (3H, d, 3Jup = 7.14 Hz, Me); 8p 31P{H} (162 MHz,
CDCl,) 140.1 (1P, s); 8¢ (100.57 MHz, CD,Cl,) 159.5 (s, aryl-C), 153.8 (d, J = 6.91 Hz, aryl-
C), 149.4 (s, aryl-C), 136.1 (s, aryl-C), 129.6 (s, aryl-C), 123.4 (s, aryl-C), 123.0 (d, J = 1.26
Hz, aryl-C), 121.3 (s, aryl-C), 120.1 (d, J = 8.45 Hz, aryl-C), 48.7 (d, J = 30.4 Hz, Me), 37.6
(d, J =4.39 Hz, CH,), 30.9 (d, J = 10.6 Hz, CH>); selected Vmax / cm™ 3058 (aromatic C-H
stretch), 2982 (C-H stretch), 1601, 1476 (C=C), 1590, 1566 (C=N); MS (ESI): positive ion
m/z 137.2 (45.0% [M-P(OPh),+2H]*), 259.3 (9.73% [M-OPh]*). Note that compound 2.12
is very waxy, which hindered sample transfer to the tin capsules, required for CHN

analysis to be obtained; consequently no reliable data could be obtained.

7.5 Attempted synthesis of Py-o-(CH;).N(P{OPh}.).(2.13)

Synthesis of P(OPh)Cl: PCl3 (2.19 mL, 25.0 mmol) and P(OPh); (13.1 mL, 50.0 mmol)
were added to a Schlenk flask, followed by CF3CO;H (0.08 mL, 5.0 mmol). The reaction
mixture was heated at reflux overnight. Following this, the reaction mixture was allowed

to cool and was transferred via cannula into a distillation apparatus. P(OPh),Cl was
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collected by vacuum distillation (at approx. 120 °C) as a colourless liquid (6 mL, 31.0
mmol, 41%, density = 1.304 g mL™); 64 (400 MHz, CDCl3) 7.40 — 7.47 (4H, m, phenyl),
7.24 — 7.31 (6H, m, phenyl); &p 3'P{*H} (162 MHz, CDCls) 158.2 (1P, s); &c (100.57 MHz,
CDCls) 151.1 (s, aryl-C), 129.8 (s, aryl-C), 125.3 (d, J = 1.46 Hz, aryl-C), 121.2 (d, J = 6.25

Hz, aryl-C). NMR spectroscopic data are consistent with previously published data.'!

Hp
H, NG
/
Hy
T™MS™ “TMS

Synthesis of Py-0-(CH2);N(TMS),: 2-Aminoethylpyridine (0.618 g, 5.05 mmol) was
added to a Schlenk flask and degassed by freeze-pump thaw method (three cycles). To
this, THF (20 mL) and NEt3 (6 mL, 43.0 mmol) were added. This mixture was cooled to
approx. =40 °C in a acetone/dry ice bath, stirred and MesSiCl (2 mL, 15.8 mmol) added
slowly dropwise. The mixture was allowed to warm to room temperature and was
stirred overnight. A *H NMR spectrum of the crude reaction mixture was acquired by
removing an aliquot of the reaction mixture under nitrogen using a needle and syringe
and transferring to a previously evacuated and Nj-back-filled NMR tube (located in a
large Schlenk), removing the solvent in vacuo and dissolving the sample in CDCls. Upon
confirmation of reaction completion, the reaction mixture was filtered using a cannula
filter, volatile components removed in vacuo, and the product extracted in hexane (3 x
10 mL), affording the product as a colourless oil (1.13 g, 4.24 mmol, 84%); 61 (400 MHz,
CDCl,) 8.53 (1H, dq, /= 0.84 Hz, 4.90 Hz, Ha), 7.62 (1H, td, J = 1.90 Hz, 7.65 Hz, H¢), 7.11
—7.17 (2H, m, Hp + Hgq), 3.13 —3.20 (2H, m, (PPh2)2N-CH>), 2.80 — 2.88 (2H, m, Py-CH,),
0.19 (18H, s, Si(CHs)s); 8¢ (100.57 MHz, CD2Clz) 160.3 (s, py-C), 149.3 (s, py-C), 136.0 (s,
py-C), 122.8 (s, py-C), 121.0 (s, py-C), 46.0 (s, CHy), 44.2 (s, CH3), 1.78 (s, Si(CH3)3); MS
(ESI): positive ion m/z 123.3 (100.0% [M-2TMS+3H]*), 267.5 (1.18% [M+H]*). NMR

spectroscopic data are consistent with published data.*?
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Attempted synthesis of Py-o0-(CH;):N(P{OPh}.), (2.13) - Method 1: 2-
Aminoethylpyridine (0.630 g, 5.16 mmol) was added to a Schlenk flask and degassed by
freeze-pump thaw method (three cycles). To this, THF (20 mL) and NEt3 (6 mL, 43.0
mmol) were added. This mixture was cooled to approx. —40 °C in a Cardice/acetone
bath, stirred and P(OPh),Cl (2 mL, 10.3 mmol) added slowly dropwise. The mixture was
allowed to warm to room temperature and was stirred overnight. Crude 3'P{*H} NMR
analysis revealed a mixture of o-PyCH,CH,;NH(P{OPh},, compound 2.13 and unreacted

P(OPh),Cl, hence the reaction mixture was refluxed overnight. Since this did not alter

the crude 3'P{*H} NMR significantly, the reaction was abandoned.

Attempted synthesis of Py-o0-(CHz):N(P{OPh},), (2.13) — Method 2: Py-o-
(CH2)2N(TMS)2(0.69 g, 2.6 mmol) and NEts (6 mL, 43.0 mmol) were dissolved in THF (20
mL), the mixture cooled to approx. —40 °C in a acetone/dry ice bath, stirred and
P(OPh),Cl (1 mL, 5.2 mmol) added slowly dropwise. The mixture was allowed to warm
to room temperature and was stirred overnight. Volatilities were removed in vacuo,
affording a product tentatively assigned to be compound 2.13 as a sticky, waxy, pale
yellow oil; 8p 3'P{*H} (162 MHz, CD,Cly) 129.6 (2P, s). Due to the complexities of the H
and 3C NMR spectra, they cannot be assigned reliably. The sticky, waxy nature of the
product prevented removal of the majority of the product from the Schlenk flask, hence
an accurate yield cannot be reported. FT-IR and CHN analysis cannot be acquired for the
same reason. MS (ESI): positive ion analysis did not evidence any useful signals. Further

study of compound 2.13 was abandoned.
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7.6 Synthesis of Phosphine Selenides of Ph(CH;).N(PPh.).: (2.2),
n-BuN(Pth)z (2.3), NMez(CHz)gN(Pth)z (2.4), Py-m-CHzN(Pth)z
(2.5), Ph-C5H4N(PPh2)2 (2.6), and Py-O-C5H4N(Pth)z (2.7), Py-o-
(CH2):N(CH,PPh;), (2.8), Ph(CH;):N(SPPh2)(PPh;) (2.9), Py-o-
(CH2)2N(PPhz)(Me) (2.11) and Py-o-(CH;).N(P{OPh},)(Me) (2.12)

General Procedure 1: An excess of elemental grey selenium was added to a sample of
2.2-2.9,2.11 and 2.12 in CDCl3 in an NMR tube, and the NMR tube was sonicated for
40 mins at 30 °C. The |Ysep| coupling constants (Table 2.2, Chapter 2) were measured
from the obtained 3!P{*H} NMR spectra. All selenides were synthesised following

General Procedure 1.

7.7 Synthesis of [Ph(CH.):N(PPhy),PdCl,] (3.1), [n-
BUN(Pth)zpdC|z] (3.2), [NMEZ(CHz)gN(Pth)zpdCh] (33), [Py-m-
CH2N(PPh,),PdCl;] (3.4), [Ph-CéHsN(PPh),PdCl;] (3.5), [Py-o-
CsH4N(Pth)2PdC|z] (3.6), and [PV-O-(CHz)zN(CHzPth)deC'z]
(3.7)

General Procedure 2: 2.2 — 2.8 and [(MeCN),PdCl;] (0.100 g, 0.385 mmol) were
dissolved in DCM (~15 mL) and stirred overnight. The solution was concentrated to ~10
mL, layered with Et,0 (~20 mL) and left standing for approx. 1 — 2 days to gain the
product as single crystals suitable for XRD analysis. The product was isolated by filtration
and dried in vacuo. Note that complexes 3.2 — 3.4 and 3.6 are too insoluble in common
organic solvents to allow for 3C NMR spectra to be obtained (solvents tried: CD,Cl,

CDClsand ds-THF).

7\
PhoR  PPhy

Pd
/N

3.1
Synthesis of [Ph(CHz).N(PPhz).PdCl;] (3.1): Follows General Procedure 2, using

Ph(CH2)2N(PPh3)2 (compound 2.2, 0.188 g, 0.385 mmol), gaining complex 3.1 as a brown
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solid (0.149 g, 0.223 mmol, 58%); &1 (400 MHz, CDCl3) 7.89 — 7.99 (8H, m, phenyl), 7.64
—7.72 (4H, m, phenyl), 7.53 — 7.62 (8H, m, phenyl), 7.11 — 7.19 (3H, m, CH2CH,Ph), 6.67
—6.75 (2H, m, CH2CH,Ph), 3.14 — 3.41 (2H, m, (PPh2)2N-CH>), 2.18 — 2.27 (2H, m, PhCH,);
8p 31P{'H} (162 MHz, CDCl3) 31.1 (2P, s); ¢ (100.57 MHz, CD,Cl,) 136.8 (s, aryl-C), 133.6
(s, aryl-C), 133.58 (t, /= 6.8 Hz, aryl-C), 129.6 (t, /= 6.3 Hz, aryl-C), 128.7 (s, aryl-C), 128.1
(s, aryl-C), 127.2 (s, aryl-C), 127.0 (s, aryl-C), 50.8 (s, CH2), 36.0 (s, CH2); selected Vmax /
cm™ 3045 (aromatic C-H stretch), 2963 (C-H stretch), 1605, 1481 (aromatic C=C), 1434
(P-Ph), 1098 (C-N), 798 (P-N-P); Anal. calc. for Cs2H29CI;NP,Pd (666.86) (%): C, 57.64; H,
4.38; N, 2.10 Found (%): C, 56.77; H, 4.04; N, 2.23; MS (ESI): positive ion m/z 1296.2
(10.69% [2M-CI+H]").

AN
\ /

Ph, Ph,

Pd

AN
/

3.2

Synthesis of [n-BuN(PPh2),PdCl;] (3.2): Follows General Procedure 2, using n-
BUN(PPh3), (compound 2.3, 0.170 g, 0.385 mmol), gaining complex 3.2 as a yellow
powder (0.142 g, 0.229 mmol, 60%); &1 (400 MHz, CDCl3) 7.83 — 7.93 (8H, m, phenyl),
7.63—-7.70(4H, m, phenyl), 7.51-7.59 (8H, m, phenyl), 2.92 —3.07 (2H, m, (PPh3)2NCH,),
1.05 — 1.16 (2H, m, (PPh3)2NCH2CH,), 0.84 — 0.95 (2H, m, CH2CHs), 0.59 (3H, t, 3/ = 7.3
Hz, CH3); 8p 3'P{*H} (162 MHz, CDCl3) 31.4 (2P, s); selected Vmax / cm™ 3053 (aromatic C-
H stretch), 2969 (C-H stretch), 1611, 1480 (aromatic C=C), 1456, 1376 (CHs bend), 1434
(P-Ph), 1099 (C-N), 837 (P-N-P); Anal. calc. for C2sH29ClNP2Pd (618.81) (%): C, 54.35; H,
4.72; N, 2.26 Found (%): C, 53.20; H, 4.50; N, 2.48; MS (ESI): positive ion m/z 582.3
(100.00% [M-CI]*), 616.1 (37.78% [M-H]*), 1200.2 (57.02% [2M-Cl+H]").
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3.3

Synthesis of [NMe2(CH2)3sN(PPh2),PdCl;] (3.3): Follows General Procedure 2, using
NMe3(CH2)sN(PPh3), (compound 2.4, 0.181 g, 0.385 mmol), gaining complex 3.3 as a
light brown powder (0.137 g, 0.211 mmol, 55%); 6x (400 MHz, CD,Cl;) 7.89 — 8.00 (8H,
m, phenyl), 7.69 — 7.78 (4H, m, phenyl), 7.59 - 7.67 (8H, m, phenyl), 3.11 -3.28 (2H, m,
(PPh2)2NCHa), 1.96 (8H, s, N(CHs)2 + CH2NMey), 1.16 — 1.28 (2H, m, CH2CH:NMes); &p
31p{1H} (162 MHz, CD,Cl;) 30.5 (2P, s); selected Vmax / cm™2 3054 (aromatic C-H stretch),
2980 (C-H stretch), 1605, 1477 (aromatic C=C), 1433 (P-Ph), 1099 (C-N), 812 (P-N-P);
Anal. calc. for Ca9H32CloN2P,Pd (647.86) (%): C, 53.76; H, 4.98; N, 4.32 Found (%): C, 52.65;
H, 4.91; N, 3.97; MS (ESI): positive ion m/z 645.2 (100% [M-H]*), 1258.3 (10.57% [2M-
Cl+H]*).

VRN
PhoP_

Pd
7 N\
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Synthesis of [Py-m-CH2N(PPh;),PdCl;] (3.4): Follows General Procedure 2, using Py-
m-CH;N(PPh;), (compound 2.5, 0.183 g, 0.385 mmol), except 0.130 g of complex 3.4
precipitated during the reaction. The precipitate was isolated by filtration, and the
filtrate layered (without concentration) with Et,O (~20 mL), gaining a second crop of
complex 3.4 as single crystals suitable for XRD analysis. Complex 3.4 was isolated as a
yellow powder (0.200 g, 0.306 mmol, 79%); &4 (400 MHz, CD,Cl,) 8.29 (1H, dd, J =1.3
Hz, 4.4 Hz, Hy), 7.50 — 7.95 (21H, m, phenyl + H,), 6.78 (1H ,dd, J = 4.8 Hz, 8.0 Hz, H),
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6.59 (1H, dt, J = 1.9 Hz, 7.9 Hz, Hq), 4.33 (2H, t, 3Jup = 12.6 Hz, (PPh;)2NCH>); &p 31P{ H}
(162 MHz, CD,Cl) 34.3 (2P, s); selected Vmax / cm™ 3056 (aromatic C-H stretch), 2981 (C-
H stretch), 1603, 1478 (aromatic C=C), 1586, 1575 (C=N), 1434 (P-Ph), 1099 (C-N), 811
(P-N-P); Anal. calc. for C3oH26Cl2N2P2Pd (653.82) (%): C, 55.11; H, 4.01; N, 4.28 Found (%):
C, 54.44; H, 3.80; N, 4.74; MS (ESI): positive ion m/z 650.4 (100% [M-HI").

Ha
Hp O Hy
H¢ He

Hq Hg
He He
/N
Ph, N Ph,
Pd
S
3.5

Synthesis of [Ph-C¢HsN(PPh3),PdCl;] (3.5): Follows General Procedure 2, using Ph-
CeHaN(PPh3)2 (compound 2.6, 0.207 g, 0.385 mmol), gaining complex 3.5 as a brown
solid (0.179 g, 0.250 mmol, 65%); 61 (400 MHz, CDCl3) 7.92 — 8.01 (8H, m, phenyl), 7.64
—7.71 (4H, m, para-phenyl), 7.52 — 7.58 (8H, m, phenyl), 7.30 - 7.47 (7H, m, Ha + Hp + Hc
+ Ha), 6.62 (2H, d, J = 8.6 Hz, He); 8¢ (100.57 MHz, CDCl3) 139.0 (s, aryl-C), 133.9 (t, J =
6.6 Hz, aryl-C), 133.6 (s, aryl-C), 129.4 (t, J = 6.3 Hz, aryl-C), 128.9 (s, aryl-C), 128.1 (s,
aryl-C), 127.9 (s, aryl-C), 127.2 (s, aryl-C), 126.7 (s, aryl-C), 126.6 (s, aryl-C), 126.2 (t, J =
3.2 Hz aryl-C), 118.8 (s, aryl-C); 6p 3'P{'H} (162 MHz, CDCl3) 34.8 (2P, s); selected Vimax /
cm™ 3053 (aromatic C-H stretch), 2983 (C-H stretch), 1605, 1483 (aromatic C=C), 1434
(P-Ph), 1098 (C-N), 833 (P-N-P); Anal. calc. for C3gH29CI2NP2Pd (714.90) (%): C, 60.48; H,
4.09; N, 1.96 Found (%): C, 60.41; H, 3.84; N, 2.15; MS (ESI): positive ion m/z 712.2
(65.71% [M-H]*).
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Synthesis of [Py-0-CsHsN(PPh2).PdCl] (3.6): Follows General Procedure 2, using Py-
0-CeHaN(PPh3); (compound 2.7, 0.207 g, 0.385 mmol), gaining complex 3.6 as a brown
solid (0.132 g, 0.18 mmol, 48%); &+ (400 MHz, CDCls) 8.64 (1H, d, J = 5.1 Hz, Ha), 7.91 —
8.01 (8H, m, phenyl), 7.71 — 7.75 (3H, m, He + pyridyl-H), 7.63 — 7.70 (4H, m, para-
phenyl), 7.57 — 7.62 (1H, m, pyridyl-H), 7.50 — 7.58 (8H, m, phenyl), 7.23 —7.27 (1H, m,
Hb), 6.67 (2H, d, J = 8.5 Hz, Hy); 8p 3'P{*H} (162 MHz, CDCls) 35.0 (2P, s); selected Vmax /
cm~13052 (aromatic C-H stretch), 2981 (C-H stretch), 1603, 1480 (aromatic C=C), 1585,
1571 (C=N), 1434 (P-Ph), 1097 (C-N), 832 (P-N-P); Anal. calc. for CssH2sCl2N2P2Pd (715.89)
(%): C, 58.72; H, 3.94; N, 3.91 Found (%): C, 58.19; H, 3.78; N, 4.11; MS (ESI): positive ion
m/z 713.0 (89.48% [M-H]*).
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3.7

Synthesis of [Py-0-(CH2):N(CH2PPh;),PdCl;] (3.7): Follows General Procedure 2,
using Py-o-(CH2)2N(CH2PPh3); (2.8, 0.200 g, 0.385 mmol), gaining 3.7 as a brown solid
(0.185 g, 0.266 mmol, 69%); 61 (400 MHz, CD,Cl;) 8.50 (1H, dq, J = 0.8 Hz, 4.9 Hz, Ha),
7.42 —7.90 (21H, m, phenyl + H¢), 7.17 (1H, ddd, J = 0.9 Hz, 4.9 Hz, 7.6 Hz, Hp), 6.86 (1H,
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dt, J = 1.0 Hz, 7.8 Hz, Ha), 3.43 — 3.50 (4H, m, Ph,P-CH,), 3.17 (2H, t, 3Jun = 7.6 Hz,
(CH2PPh3)2NCH2), 2.84 (2H, t, 3Jun = 7.6 Hz, Py-CH>); 8¢ (100.57 MHz, CD2Cl;) 158.7 (s,
aryl-C), 149.4 (s, aryl-C), 136.4 (s, aryl-C), 133.9 (m, aryl-C), 131.5 (s, aryl-C), 129.2 (s,
aryl-C), 128.6 (m, aryl-C), 123.3 (s, aryl-C), 121.6 (s, aryl-C), 56.7 (d, J = 2.5 Hz, CH3), 56.3
(d, J = 3.0 Hz, CHa), 33.7 (s, CHa); &p 3'P{*H} (162 MHz, CD,Cl,) 8.10 (2P, s); selected Vimax
/ cm™13052 (aromatic C-H stretch), 2982 (C-H stretch), 1604, 1475 (aromatic C=C), 1588,
1567 (C=N), 1435 (P-Ph), 1099 (C-N); Anal. calc. for C33Hs2CI;N;P,Pd (695.90) (%): C,
56.96; H, 4.64; N, 4.03 Found (%): C, 56.56; H, 4.67; N, 3.39; MS (ESI): positive ion m/z
661.4 (64.82% [M-Cl+2H]*).

7.8 Synthesis and Deprotonation of [(H-Py-o-

(CH2)2N(PPh2)2)PdCI;][CF3CO] (3.9), [(H-Py-o-
(CH2)2N(CH2PPh,),)PdCI;][CFsCO:] (3.10), [(H-
NMe;(CH3)sN(PPh;);)PdCl,][PFs] (3.11) and [(H-

NMe;(CH:)3N(PPh,),)PdCl,][CF;CO;] (3.12)

Note that complexes 3.9 — 3.12 are too insoluble in common organic solvents to allow

for 13C NMR spectra to be obtained (solvents tried: CD,Cl,, CDCls and dg-THF).

Hp
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)k O . H/ 7 Hd
o
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/ '\
3.9

Synthesis of [(H-Py-0-(CH2)2N(PPh2)2)PdCI,][CF5CO:] (3.9): [(Py-o-
(CH2)2N(PPh3),)PdCl;] (3.8, 0.068 g, 0.1 mmol) and TFA (8 uL, 0.1 mmol) were dissolved
in DCM (15 mL) and the reaction mixture stirred overnight. The reaction mixture was
concentrated to approx. 5 mL and layered with hexane (10 mL). Following diffusion, this
provided crystals of complex 3.9 which were isolated by filtration and dried in vacuo,

affording complex 3.9, as a yellow solid (0.028 g, 0.036 mmol, 36%); & (400 MHz,
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CD,Cly) 12.0 (1H, s, br, v1/2 ~440 Hz, Py*-H), 8.69 (1H, d, J = 5.5 Hz, H,), 8.18 (1H, td, J =
1.4 Hz, 7.9 Hz, H¢), 7.98 — 8.08 (8H, m, phenyl), 7.59 — 7.81 (13H, m, phenyl + Hy), 6.95
(1H, d, J=7.9 Hz, Hq), 3.58 — 3.73 (2H, m, CH2N(PPh3)2), 2.51 — 2.63 (2H, m, Py-CH>); ¢
31p{1H} (162 MHz, CD,Cl>) 32.1 (2P, s); & ¥F (376.33 MHz, CD,Cl,) —=76.0 (3F, s, CF3COy™
); selected Vmax / cm™ 3454 (O-H + N-H stretch, br), 3054 (aromatic C-H stretch), 2963
(C-H stretch), 1686 (C=0 stretch, br), 1623, 1480 (aromatic C=C), 1586, 1570 (C=N), 1435
(P-Ph), 1099 (C-N), 833 (P-N-P); Anal. calc. for Ca3H29Cl,F3N,0,P,Pd (781.87) (%): C, 50.69;
H, 3.74; N, 3.58 Found (%): C, 49.45; H, 3.24; N, 3.53; MS (ESI): positive ion m/z 632.3
(100.00% [M-CI-CO2CF3]*), 1299.3 (8.94% [2M-Cl+H-2CO,CF3]*); negative ion m/z 113.1
(100.00% [CF3CO3]).

PhoP  PPh,
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Synthesis of [(H-Py-0-(CH2)2N(CH2PPh;)2)PdCI;][CF3CO:] (3.10): Complex 3.10 was
synthesised following the procedure outlined for complex 3.9, using [(Py-o-
(CH2)2N(CH2PPh;)2)PdCl,] (complex 3.7, 0.054 g, 0.078 mmol) and TFA (6 uL, 0.078
mmol), affording 3.10 as yellow crystals (0.023 g, 0.028 mmol, 36%); dn (400 MHz,
CD,Cly) 15.9 (1H, s, br, v1/2 ~440 Hz, Py*-H), 8.68 (1H, d, J = 5.7 Hz, Ha.), 7.96 (1H, td, J =
1.6 Hz, 7.8 Hz, Hc), 7.79 — 7.93 (8H, m, phenyl), 7.59 — 7.64 (1H, m, Hp), 7.52 — 7.59 (4H,
m, para-phenyl), 7.40 - 7.50 (8H, m, phenyl), 7.14 (1H, d, J = 8.0 Hz, Hq4), 3.58 — 3.70 (4H,
m, Ph2P-CHz), 2.98 — 3.15 (4H, m, (CH2PPh2)2NCH2CHa); 8p 31P{1H} (162 MHz, CD.Cl,) 8.91
(2P, s); 8¢ °F (376.33 MHz, CD,Cl,) =76.0 (3F, s, CF3C0O,7); selected vmax / cm™ 3417 (O-
H + N-H stretch, br), 3055 (aromatic C-H stretch), 2963 (C-H stretch), 1682 (C=0 stretch),
1627, 1481 (aromatic C=C), 1587, 1574 (C=N), 1435 (P-Ph), 1098 (C-N); Anal. calc. for
CssH33ClFsN,02P,Pd (809.92) (%): C, 51.90; H, 4.11; N, 3.46 Found (%): C, 50.69; H, 3.27;
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N, 3.41; MS (ESI): positive ion m/z 660.4 (100.00% [M-CI-CO,CFs]*), 1355.3 (5.74% [2M-
Cl-2CO,CF3]*); negative ion m/z 113.1 (100.00% [CF3CO,]").
Crystals suitable for XRD analysis were obtained by letting a DCM solution of
complex 3.10 stand for approx. 3 days in a sealed Young’s NMR tube under N,.
o, H
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3.11
Synthesis of [(H-NMe2(CH2)sN(PPh;)2)PdCl;][PFe] (3.11):

[(NMe2(CH2)sN(PPh,)2)PdCl3] (3.3, 0.050 g, 0.077 mmol) and NH4PFs (0.013 g, 0.077
mmol) were dissolved in DCM (10 mL) and the reaction mixture stirred overnight. The
reaction mixture was filtered, concentrated to approx. 5 mL, and layered with Et,0 (10
mL). After standing for ca. 2 days, single crystals suitable for XRD analysis were isolated
by filtration and dried in vacuo, affording complex 3.11 as yellow crystals (0.013 g, 0.016
mmol, 21%); 81 (400 MHz, CD,Cl;) 7.17 — 8.00 (21H, m, phenyl + N*-H), 3.07 — 3.24 (2H,
m, (PPh32)2NCH,), 2.20 — 2.58 (8H, m, br, v1/2 ~40 Hz, N(CHs), + CH:NMe3), 1.46 (2H, s,
br, v1/2 ~40 Hz, CH2CH2NMey); 8p 3LP{ H} (162 MHz, CD,Cl,) 30.7 (2P, s, PNP), —-144.4 (1P,
spt, YUpp = 711 Hz, PFe); 8¢ °F (376.33 MHz, CD,Cly) =73.0 (6F, d, Ypr = 713 Hz, PFe);
selected Vmax / cm™ 3055 (aromatic C-H stretch), 2980 (C-H stretch), 2855 (N-H stretch),
1623, 1480 (aromatic C=C), 1436 (P-Ph), 1099 (C-N), 833 (P-F stretch), 812 (P-N-P), 556
(P-F bend); Anal. calc. for Co9H33Cl2FeN2P3Pd (793.83) (%): C, 43.88; H, 4.19; N, 3.53 Found
(%): C, 42.80; H, 3.40; N, 3.74; MS (ESI): positive ion m/z 648.3 (100.00% [M-PFe]*),
1259.3 (5.06% [2M-CI-2PF¢]*); negative ion m/z 145.1 (100.00% [PFe]7).
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Synthesis of [(H-NMez(CH2)sN(PPh2);)PdCI;][CF3CO;] (3.12): Complex 3.12 was
synthesised following the procedure outlined for complex 3.9, using
[(NMe2(CH2)sN(PPh3),)PdCl;] (complex 3.3, 0.068 g, 0.105 mmol) and TFA (8 uL, 0.105
mmol), affording 3.12 as yellow crystals (0.024 g, 0.032 mmol, 30%); 61 (400 MHz, CDCls)
11.1 (1H, s, br, v1/2 ~440 Hz, N*-H), 7.75 — 7.95 (8H, m, phenyl), 7.55 — 7.65 (4H, m, para-
phenyl), 7.44 — 7.55 (8H, m, phenyl), 3.13 — 3.30 (2H, m, (PPh3);NCH>), 2.72 — 2.88 (2H,
m, CH2NMey), 2.49 (6H, d, J = 4.1 Hz, N(CHs)2), 1.37 — 1.53 (2H, m, CH.CH:NMe,); e
31p{1H} (162 MHz, CDCls) 30.8 (2P, s); 8¢ 1°F (376.33 MHz, CD,Cl,) —76.0 (3F, s, CF3COy);
selected Vmax/ cm™ 3445 (O-H, br), 3052 (aromatic C-H stretch), 2981 (C-H stretch), 2653
(N-H stretch, br), 1673 (C=0 stretch, br), 1486 (aromatic C=C), 1435 (P-Ph), 1099 (C-N),
798 (P-N-P); Anal. calc. for C31H33ClFsN20,P,Pd (761.88) (%): C, 48.87; H, 4.37; N, 3.68
Found (%): C, 48.45; H, 3.86; N, 3.79; MS (ESI): positive ion m/z 613.5 (87.47% [M-Cl+H-
CO,CFs]*), 649.5 (100.00% [M+H-CO,CF3]*), 1259.3 (12.09% [2M-CI-2CO,CF3]*); negative
ion m/z 113.1 (100.00% [CF3CO,]").

Deprotonation of complexes 3.9 — 3.12: Protonated palladium complex (0.01 mmol)
was dissolved in CDCl3 (0.7 mL) in a Young’s NMR tube, and NEts (1.6 uL, 0.01 mmol)
was added. The Young’s NMR tube was sonicated for approx. 10 mins, and subsequently

'H and 3P NMR spectra acquired.
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7.9 Synthesis of [(Ph(CH2).,NHPPh;)(MeOPPh;)PdCl;] (3.23)

Ph,
MeO— N

/Pd\
HN—PPh, C
3.23

Synthesis of [(Ph(CH2)2NHPPhz)(MeOPPh;)PdCl;] (3.23): [(Ph(CH2)2N(PPh2)2)PdCl;] (3.1,
0.025 g, 0.038 mmol) was dissolved in MeOH (15 mL) and stirred overnight. The solvent
was removed in vacuo, the crude product dissolved in DCM (5 mL) and layered with
hexane (10 mL), affording of complex 3.23 as a brown solid (0.003 g, 0.0043 mmol, 11%);
On (400 MHz, CD,Cly) 7.78 — 7.87 (4H, m, para-phenyl), 7.55 - 7.65 (8H, m, phenyl), 7.43
— 7.55 (8H, m, phenyl), 7.18 — 7.30 (3H, m, CH2CH:Ph), 7.03 — 7.09 (2H, m, CH2CH,Ph),
5.01-5.11 (1H, m, NH), 2.80 - 2.89 (2H, m, (PPh2)N-CH), 2.75 (3H, d, /= 11.5 Hz, OMe),
2.63 — 2.69 (2H, m, PhCH); &p 3'P{'H} (162 MHz, CD,Cl) 111.9 (0.19 P, s,
[(MeOPPh,),PdCl3]), 108.8 (1 P, d, Zpp = 30.0 Hz, [(Ph(CH2)2NHPPh,)(MeOPPh,)PdCl,]),
58.1 (1P, d, ZJpp = 30.0 Hz, [(Ph(CH2)2NHPPh2)(MeOPPh,)PdCl;]). NB due to the presence
of a notable amount of [(MeOPPh,),PdCl;]) and other irremovable trace impurities, a
reliable CHN and FT-IR analysis could not be obtained, and the percentage yield has been

calculated assuming all the mass of the isolated product is due to complex 3.23.

7.10 Synthesis of [N(n-Pr)4][({ClsCo}Py-0-(CH2).N(PPh).)PdCl.]
(3.25)

K\ / \ Ph,
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Synthesis of  [N(n-Pr)4][({ClsCo}Py-0-(CH2).N(PPh3)2)PdCl,] (3.25): [(Py-o-
(CH2)2N(PPh;)2)PdCl;] (3.8, 0.257 g, 0.385 mmol) was dissolved in DCM (15 mL) and
added via cannula transfer a Schlenk containing CoCl, (0.05 g, 0.385 mmol) and [N(n-

Pr)s]Cl (0.085 g, 0.385 mmol), with the resulting reaction mixture being stirred
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overnight. The reaction mixture was filtered, concentrated to approx. 5 mL, layered with
hexane, filtered after standing for 2 days and dried in vacuo, affording complex 3.25 as
a green powder (0.219 g, 0.215 mmol, 56%); pest (CD2Cl2, 294 K) = 4.04 us; 6p 31P{*H} (162
MHz, CD>Cl>) 30.0 (2P, s); selected vmax / cm™ 3055 (aromatic C-H stretch), 2971 (C-H
stretch), 1605, 1478 (aromatic C=C), 1585, 1570 (C=N), 1435 (P-Ph), 1099 (C-N), 839 (P-
N-P); Anal. calc. for CazHseClsCoNsP,Pd (1019.49) (%): C, 50.66; H, 5.54; N, 4.12 Found
(%): C, 50.65; H, 5.41; N, 4.28; MS (ESI): positive ion m/z 186.3 (88.40% [NEt4]*), 631.5
(100.00% [M-CoCls-CI-NEts]*).

Single crystals of complex 3.25 were obtained following diffusion of a saturated

acetone solution of 3.25 layered with hexane.

7.11 Synthesis of [(Py-o-(CH:).N(PPhz)(Me))PdCl;] (3.29) and
[(Py-0-(CH.):N(P{OPh},)(Me))PdCl;] (3.30)

Note that complexes 3.29 and 3.30 are too insoluble in common organic solvents to

allow for 13C NMR spectra to be obtained (solvents tried: CD,Cl,, CDCl3 and ds-THF).
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3.29

Synthesis of [(Py-o-(CH:):N(PPh2)(Me))PdCl;] (3.29): Py-o-(CH;);N(PPhz)(Me) (2.11,
0.123 g, 0.385 mmol) and [(MeCN),PdCl;] (0.100 g, 0.385 mmol) were dissolved in DCM
(15 mL) and stirred overnight. The solution was concentrated to 10 mL, layered with
Et,0 (20 mL) and left standing overnight to gain complex 3.29 (0.141 g, 0.283 mmol,
74%) as yellow single crystals suitable for XRD analysis. The product was isolated by
filtration and dried in vacuo; 6x (400 MHz, CD,Cl,) 8.80 (1H, d, J = 5.96 Hz, H.), 7.87 —
8.04 (3H, m, phenyl + pyridyl), 7.47 — 7.68 (9H, m, phenyl + pyridyl), 7.35 —-7.42 (1H, m,
phenyl or pyridyl), 4.81 (1H, tdd, /= 1.80 Hz, 6.33 Hz, 13.8 Hz, Py-CH--Pd), 3.38 (1H, ddd,
J=1.32 Hz, 5.50 Hz, 14.2 Hz, alkyl-CH), 2.91 — 3.16 (2H, m, CHa), 2.07 (3H, d, J = 9.71 Hz,
Me); &p 3'P{*H} (162 MHz, CD,Cl,) 59.7 (2P, s); selected Vmax / cm™* 3051 (aromatic C-H
stretch), 2958 (C-H stretch), 1604, 1483 (aromatic C=C), 1569 (C=N), 1436 (P-Ph), 1095
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(C-N); Anal. calc. for C20H21CI2N2PPd (497.70) (%): C, 48.27; H, 4.25; N, 5.63 Found (%): C,
45.82; H, 4.18; N, 5.85; MS (ESI): positive ion m/z 430.1 (100.0% [M-2Cl+4H]*).

3.30
Synthesis of [(Py-0-(CH2).N(P{OPh},)(Me))PdCl:] (3.30): Complex 3.30 was afforded

by the same synthetic method outlined for complex 3.29, using Py-o-
(CH32):N(P{OPh},)(Me) (compound 2.12, 0.136 g, 0.385 mmol), affording complex 3.30
as (0.136 g, 0.26 mmol, 67%) as yellow single crystals suitable for XRD analysis; d1 (400
MHz, CDCls) 9.11 (1H, d, J = 5.70 Hz, Ha), 7.60 — 7.78 (3H, m, phenyl + pyridyl), 7.21 —
7.46 (9H, m, phenyl + pyridyl), 6.98 — 7.04 (1H, m, phenyl or pyridyl), 4.71 (1H, tdd, J =
1.90 Hz, 5.23 Hz, 14.2 Hz, Py-CH--Pd), 3.40 — 3.47 (1H, m, alkyl-CH), 3.19 — 3.30 (1H, m,
alkyl-CH), 2.93 — 3.17 (1H, m, alkyl-CH), 2.72 (3H, d, J = 7.81 Hz, Me); &p 31P{iH} (162
MHz, CDCl3) 83.8 (2P, s); selected Vmax / cm™ 3066 (aromatic C-H stretch), 2961 (C-H
stretch), 1608, 1483 (aromatic C=C), 1585 (C=N), 1426 (P-Ph), 1102 (C-N); Anal. calc. for
Ca0H21C1aN202PPd (529.69) (%): C, 45.35; H, 4.00; N, 5.29 Found (%): C, 44.32; H, 3.99; N,
5.45; MS (ESI): positive ion m/z 137.1 (100.0% [M-P(OPh),PdCl,+2H]*), 353.5 (21.0% [M-
PdCl+H]*).
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7.12 Synthesis of [CoBr(n-BuN{PPh:}.).]>[Co.Brs¢] (4.1), [CoBr(Py-
m-CHzN{Pth}z)zlz[COzBfe] (4.2), [COBr(Ph-C5H4N{Pth}z)z]z
[Co:Brs] (4.3), [CoBr(Py-0-CsHisN{PPh;}:):]2[Co2Brs] (4.4),
[COBr(MezN(CH2)3N{Pth}z)({BfgCO}MEzN(CHz)gN{Pth}z)] (4.5),
[(Py-O-(CHz)zN(CHzpphz)z)COBrz] (4.6), [CoX(Py-o-
(CH2)2N{PPh,},)({X:Co}Py-0-(CH,).N{PPh,},)] (4.7, X = Cl; 4.8, X =
|) and [COX(Ph(CHz)zN{Pth}z)z]z[COsz] (4.9, X= Cl; 4.10, X = Br;
4.11,X =1)

Ph, 20

~ —Co\ Co
th Phj { f \ /

4.1
Synthesis of [CoBr(n-BuN{PPh:},).]>[Co2Br¢] (4.1): CoBr; (0.109 g, 0.5 mmol) and n-

BuN(PPh3); (2.3, 0.221 g, 0.5 mmol) were dissolved in THF (~15 mL) and the resultant
solution was stirred overnight. The solvent was removed in vacuo, the crude residue
washed with hexane (2 x 10 mL) and Et,0 (2 x 10 mL) and the product dried in vacuo,
affording complex 4.1 as a black solid (0.252 g, 0.1 mmol, 76%); et (CD2Cl2, 294 K) =
7.02 usg; selected vmax / cm™13053 (aromatic C-H stretch), 2958 (C-H stretch), 1606, 1481
(aromatic C=C), 1461, 1379 (CHs bend), 1433 (P-Ph), 1089 (C-N), 857 (P-N-P); Anal. calc.
for C112H116BrsCosN4Ps (2640.94) (%): C, 50.94; H, 4.43; N, 2.12 Found (%): C, 50.00; H,
4.52; N, 1.97; MS (ESI): positive ion m/z 471.3 (100.00% [CH3(CH2)3sN(OPPh;)2-2H]%),
1021.4 (20.26% [CoBr{CH3(CH:)3N(PPh,),}.]*); negative ion m/z 297.8 (100% [Co2Brs]?").
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Synthesis of [CoBr(Py-m-CH.N{PPhx}:);]o[Co2Brs] (4.2): Complex 4.2 was
synthesised following the same method as that outlined for the preparation of complex
4.1, using Py-m-CH;N{PPh3}, (2.5, 0.237 g, 0.5 mmol), affording complex 4.2 as a green
solid (0.202 g, 0.0726 mmol, 58%); selected vmax / cm™ 3053 (aromatic C-H stretch),
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2981 (C-H stretch), 1605, 1480 (aromatic C=C), 1585, 1571 (C=N), 1433 (P-Ph), 1091 (C-
N), 860 (P-N-P); Anal. calc. for C120H104BrsCosNgPg (2780.96) (%): C, 51.83; H, 3.77; N, 4.03
Found (%): C, 51.63; H, 4.03; N, 4.15; MS (ESI): positive ion m/z 506.2 (100.00%
[CsHaNCH2N(OPPh3)2)-2H]*), 1092.3 (54.33% [CoBr{CsHsNCH;N(PPh3).}2]*); negative ion
m/z 297.7 (100.00% [Co2Bre]?”). Magnetic moment not determined due to solubility

issues.
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4.3
Synthesis of [CoBr(Ph-C¢HaN{PPh.}.)2]2[Co2Brs] (4.3): CoBr; (0.109 g, 0.5 mmol) and

Ph-CsHsN(PPh3)2 (2.6, 0.269 g, 0.5 mmol) were dissolved in THF (~15 mL) and the
resultant solution was stirred overnight. The solvent was removed in vacuo, the crude
product being washed with hexane (2 x 10 mL) and Et,0 (2 x 10 mL) and dried in vacuo,
affording complex 4.3 as a dark brown solid (0.203 g, 0.07 mmol, 54%); uefr (CD2Cl,, 294
K) = 6.93 ug; selected vmax / cm™3050 (aromatic C-H stretch), 1605, 1482 (aromatic C=C),
1433 (P-Ph), 1091 (C-N), 829 (P-N-P); Anal. calc. for C1a4H116BrsCosN4Ps (3025.28) (%): C,
57.17; H, 3.87; N, 1.85 Found (%): C, 58.26; H, 4.29; N, 1.64; MS (ESI): positive ion m/z
1212.4 (100.00% [C72HssBrCoN2P4]*); negative ion m/z 297.8 (100.00% [Co2Brs]*).
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4.4
Synthesis of [CoBr(Py-0-CsHasN{PPh:},).]2[C02Br¢] (4.4): CoBr, (0.109 g, 0.5 mmol)

and Py-0-CsHaN(PPh3); (2.7, 0.269 g, 0.5 mmol) were dissolved in THF (~15 mL) and the
resultant solution was stirred overnight. The solvent was removed in vacuo, then the
crude product washed with hexane (2 x 10 mL) and Et,0 (2 x 10 mL) and dried in vacuo,
affording complex 4.4 as a dark brown solid (0.100 g, 0.03 mmol, 26%); et (CD2Cl2, 294
K) =7.11 us; selected vmax / cm™13049 (aromatic C-H stretch), 1605, 1474 (aromatic C=C),
1585, 1571 (C=N), 1433 (P-Ph), 1090 (C-N), 828 (P-N-P); Anal. calc. for C140H112BrgCosNgPs
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(3029.25) (%): C, 55.51; H, 3.73; N, 3.70 Found (%): C, 55.21; H, 4.11; N, 3.67; MS (ESI):
positive ion m/z 1216.3 (13.65% [C70HssBrCoN4P4]*); negative ion m/z 297.8 (100.00%
[Co2Bre)%).

4.5
Synthesis of [CoBr(Me;N(CH2)sN{PPh.},)({Br;Co}Me2N(CH;)sN{PPh:},)] (4.5): CoBr;

(0.109 g, 0.5 mmol) and NMe3(CHz)sN(PPhy), (2.4, 0.235 g, 0.5 mmol) were dissolved in
THF (~15 mL) and the resultant solution was stirred overnight. A brown precipitate
formed, which was isolated by filtration and dried in vacuo, affording complex 4.5 as a
dark brown solid (0.207 g, 0.15 mmol, 60%); tefs (CD2Clz, 294 K) = 5.16 us; selected Vmax
/ cm~13056 (aromatic C-H stretch), 2971 (C-H stretch), 1605, 1480 (aromatic C=C), 1433
(P-Ph), 1091 (C-N), 851 (P-N-P); Anal. calc. for CssHeaBraCoaNP4 (1378.56) (%): C, 50.53;
H, 4.68; N, 4.06 Found (%): C, 50.11; H, 5.00; N, 4.24; MS (ESI): positive ion m/z 500.2
(100.00% [((CH3)2N(CH2)3N(OPPh;),)-2H]*), 1080.4 (22.75%
[CoBr{(CH3)2N(CH2)3N(PPh2).}.]*); negative ion m/z 297.8 (33.24% [CoBr3]").
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Synthesis of [(Py-0-(CH2)2N(CH2PPh3);)CoBr;] (4.6): CoBr, (0.113 g, 0.52 mmol) and
Py-0-(CH2)2N(CH2PPh,); (2.8, 0.268 g, 0.52 mmol) were dissolved in DCM (~15 mL) and
the resultant solution was stirred overnight. The solution was concentrated to approx.
5 mL and layered with hexane (15 mL), which afforded the product as crystals after
approx. 18 hours, which were isolated by filtration and dried in vacuo, gaining a dark
green solid (0.225 g, 0.31 mmol, 59%); efs (CD2Cly, 294 K) = 3.61 us; selected Vimax / cm™
13051 (aromatic C-H stretch), 2978 (C-H stretch), 1605, 1482 (aromatic C=C), 1588, 1568
(C=N), 1433 (P-Ph), 1093 (C-N); Anal. calc. for Cs3H32BraN2P2Co (737.32) (%): C, 53.76; H,
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4.37; N, 3.80 Found (%): C, 54.03; H, 4.42; N, 3.67; MS (ESI): positive ion m/z 333.3
(98.56% [M-PPh,CoBr.]*), 656.3 (8.62% [M-Br]*).
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Synthesis of [CoCI(Py-o-(CHz)zN{PPhz};)({CI3Co}Py-o-(CHz)zN{Pth}z)] (4.7): CoCl,
(0.065 g, 0.5 mmol) and Py-0-(CH3):N{PPh3}, (2.1, 0.245 g, 0.5 mmol) were dissolved in
THF (~15 mL) and the resultant solution was stirred overnight. A dark green precipitate
formed, which was isolated by filtration and dried in vacuo, gaining complex 4.7 as a
green solid (0.171 g, 0.14 mmol, 55%); pefr (CD2Cl2, 294 K) = 5.19 us; selected Vmax / cm™
13056 (aromatic C-H stretch), 2973 (C-H stretch), 1604, 1481 (C=C), 1588, 1569 (C=N),
1434 (P-Ph), 834 (P-N-P); Anal. calc. for Ce2Hs6ClaCo2N4P4 (1240.72) (%): C, 60.02; H, 4.55;
N, 4.55 Found (%): C, 59.93; H, 4.68; N, 4.29; MS (ESI): positive ion m/z 520.2 (100.00%
[M-C02ClsCa1H3oN2P2+0,]*), 1074.4 (27.55% [M-CoCls]*); negative ion m/z 163.9
(100.00% [CoCl3]7).
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Synthesis of [COl(Py-O-(CHz)zN{Pthiz)({l3C0}Py-0-(CHz)zN{Pth}z)] (4.8): Col
(0.156 g, 0.5 mmol) and Py-0-(CH2)2N{PPh3}, (2.1, 0.245 g, 0.5 mmol) were dissolved in
THF (~15 mL) and the resultant solution was stirred overnight. A maroon precipitate
formed, which was isolated by filtration and dried in vacuo, gaining complex 4.8 as a red
solid (0.251 g, 0.16 mmol, 62%); et (CD2Cl2, 294 K) = 4.80 us; selected Vmax / cm™ 3053
(aromatic C-H stretch), 2970 (C-H stretch), 1603, 1480 (C=C), 1587, 1569 (C=N), 1433 (P-
Ph), 835 (P-N-P); Anal. calc. for Ce2Hs6C0214N4P4 (1606.54) (%): C, 46.35; H, 3.51; N, 3.49
Found (%): C, 46.81; H, 3.12; N, 4.25; MS (ESI): positive ion m/z 520.2 (100.00% [M-
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Co214C31H30N2P2+03]*), 1166.3 (56.07% [M-Cols]*); negative ion m/z 439.8 (56.47%
[Col3]").
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Synthesis of [CoCI(Ph(CH2)2N{PPh2},)]2[C0.Cle] (4.9): CoCl, (0.065 g, 0.5 mmol) and
Ph(CH2)2N{PPh}, (2.2, 0.245 g, 0.5 mmol) were dissolved in THF (~15 mL) and the
resultant solution was stirred overnight. A brown precipitate formed, which was isolated
by filtration and dried in vacuo, gaining complex 4.9 as a brown solid (0.259 g, 0.10
mmol, 84%); west (CD2Cly, 294 K) = 7.07 us; selected Vmax / cm™ 3056 (aromatic C-H
stretch), 2981 (C-H stretch), 1602, 1480 (aromatic C=C), 1433 (P-Ph), 1090 (C-N), 831 (P-
N-P); Anal. calc. for Ci2sH116ClsC0aN4Ps (2477.49) (%): C, 62.06; H, 4.72; N, 2.26 Found
(%): C, 62.33; H, 4.39; N, 2.48; MS (ESI): positive ion m/z 1072.3 (100.00%
[CoCH{Ph(CH2)2N(PPh2)2}2]*); negative ion m/z 163.9 (100.00% [Co2Clg]%).
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Synthesis of [CoBr(Ph(CH2).N{PPh,},).]2[C02Brs] (4.10): CoBr; (0.109 g, 0.5 mmol)
and Ph(CH2)2N{PPh3}, (2.2, 0.245 g, 0.5 mmol) were dissolved in THF (~15 mL) and the
resultant solution was stirred overnight. A green precipitate formed, which was isolated
by filtration and dried in vacuo, gaining complex 4.10 as a green solid (0.080 g, 0.03
mmol, 23%); et (CD2Cly, 294 K) = 6.82 us; selected vmax / cm™ 3055 (aromatic C-H
stretch), 2981 (C-H stretch), 1604, 1481 (aromatic C=C), 1433 (P-Ph), 1089 (C-N), 823 (P-
N-P); Anal. calc. for Ci28H116BrsCosN4Ps (2823.79) (%): C, 54.27; H, 4.13; N, 1.98 Found
(%): C, 54.29; H, 4.34; N, 2.12; MS (ESI): positive ion m/z 519.3 (100.00%
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[Ph(CH2)2N(OPPh3)2-2H]*), 1116.4 (47.60% [CoBr{Ph(CH2)2N(PPh2).}:]*); negative ion
m/z 297.7 (100.00% [Co2Bre]?).
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Synthesis of [Col(Ph(CH2)2N{PPh;}.).]>[Co2l¢] (4.11): Col, (0.156 g, 0.5 mmol) and
Ph(CH3)2N{PPh;}, (2.2, 0.245 g, 0.5 mmol) were dissolved in THF (~15 mL) and the
resultant solution was stirred overnight. A red precipitate formed, which was isolated
by filtration and dried in vacuo, gaining complex 4.11 as a red solid (0.178 g, 0.06 mmol,
44%); pers (CD2Cly, 294 K) = 6.89 us; selected vmax / cm™ 3053 (aromatic C-H stretch),
2980 (C-H stretch), 1602, 1480 (aromatic C=C), 1433 (P-Ph), 1088 (C-N), 825 (P-N-P);
Anal. calc. for Ci28H116C04lsN4Pg (3209.12) (%): C, 47.91; H, 3.64; N, 1.75 Found (%): C,
48.17; H, 3.60; N, 2.23; MS (ESI): positive ion m/z 519.2 (72.41% [Ph(CH2)2N(OPPh,),-
2H]%), 1164.7 (100.00% [Col{Ph(CH2):N(PPh2):}2]*); negative ion m/z 439.0 (1.41%
[Coale]?).

Single crystals suitable for XRD analysis of compounds 4.1, 4.5 and 4.7 — 4.11 were
gained by dissolving a sample of the respective compound in DCM and layering this with

hexane.

7.13 Attempted Synthesis of Complex [N(n-Pr)4]2[Co2Brs] (4.12)
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4.12 4.13
Attempted synthesis of [N(n-Pr)s]2[Co2Brs] (4.12): [N(n-Pr)s]Br (0.329 g, 1.24 mmol,

20

which had been heated at 110 °C under vacuum for approx. 15 hours) and CoBr; (0.271
g, 1.24 mmol) were dissolved in DCM and stirred overnight. A blue-green precipitate

formed, which was isolated by filtration and dried in vacuo, providing complex 4.13 and
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one unreacted equivalent of CoBr; as a blue green solid. Single crystals suitable for XRD
analysis of [N(n-Pr)a]2[CoBra] (complex 4.13) were grown by dissolving a sample in H,0
and allowing the solvent to slowly evaporate; Anal. calc. for CaaHssBraCoN; + CoBr»

(970.02) (%): C, 29.72; H, 5.82; N, 2.89 Found (%): C, 29.83; H, 5.44; N, 1.17.

7.14 Synthesis of Complex [N(n-Pr)s][PyCoBrs] (4.14)
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4.14
Synthesis of [N(n-Pr)s][PyCoBrs] (4.14): [N(n-Pr)4]Br (0.329 g, 1.24 mmol, which had

been heated at 110 °C under vacuum for approx. 15 hours), CoBr; (0.271 g, 1.24 mmol)
and pyridine (0.1 mL, 1.24 mmol) were dissolved in DCM, forming a deep blue solution
which was stirred overnight. The reaction mixture was concentrated to approx. 5 mL
and layered with hexane (15 mL), gaining a blue solid which was isolated by filtration
and dried in vacuo, affording complex 4.14 as a blue powder (0.607 g, 1.07 mmol, 87%);
Uetf (CD2Clz, 294 K) = 4.04 us; selected vmax / cm™13055 (aromatic C-H stretch), 2981 (C-
H stretch), 1605, 1485 (aromatic C=C), 1587, 1570 (C=N), 1093 (C-N); Anal. calc. for
Ci17H33BrsCoN; (564.11) (%): C, 36.20; H, 5.90; N, 4.97 Found (%): C, 36.11; H, 5.60; N,
4.97; MS (ESI): positive ion m/z 186.3 (100.00% [N(n-Pr)4]*); negative ion m/z 297.8
(100.00% [CoBr3]7).

Single crystals suitable for XRD analysis were obtained by dissolving a sample in DCM

and layering it with hexane.
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7.15 Synthesis of Complex [PPN];[Co.Cls] (4.15)
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4.15
Synthesis of [PPN]2[Co:Clg] (4.15): [PPN]CI (0.574 g, 1 mmol) and CoCl; (0.130 g, 1 mmol)

were dissolved in DCM (15 mL) and stirred overnight. The reaction mixture was
concentrated to approx. 5 mL and layered with hexane (15 mL), affording complex 4.15
as blue crystals, which were isolated by filtration and dried in vacuo, suitable for XRD
analysis (0.510 g, 0.36 mmol, 72%); &n (400 MHz, CD2Cly) 7.30 (12H, s, br, vi2 ~17 Hz,
para-phenyl), 7.00 — 7.18 (48H, m, ortho- + meta-phenyl); 6p 3'P{*H} (162 MHz, CD,Cl,)
21.0 (4P, [PhsP=N=PPhs]*); 8¢ (100.57 MHz, CD,Cl,) 134.6 (s, aryl-C), 132.6 (t, J = 5.5 Hz,
aryl-C), 130.5 (s, aryl-C), 130.4 (d, J = 6.7 Hz, aryl-C); et (CD2Cl2, 294 K) = 5.47 us; selected
Vmax / cm~1 3056 (aromatic C-H stretch), 1587, 1481 (aromatic C=C), 1437 (P-Ph); Anal.
calc. for C72HeoClsCoaN2P4 (1407.75) (%): C, 61.43; H, 4.30; N, 1.99 Found (%): C, 63.72;
H, 4.02; N, 2.28; MS (ESI): positive ion m/z 538.3 (100.00% [PPN]*); negative ion m/z
163.9 (100.00% [C0:Clg]*"). IR data are consistent with the literature, NMR data

previously unobtained.'3

7.16 Synthesis of Complex [PPN]z[C|3CO-PthCHzCHzPth-COC|3]
(4.16)

20

4.16
Synthesis of [PPN]2[ClsCo-PPh,CH,CH,PPh,-CoCls] (4.16): [PPN]2[CoCls] (0.05 g, 0.0355

mmol) and dppe (0.014 g, 0.0355 mmol) were dissolved in DCM (15 mL) and stirred
overnight. The reaction mixture was concentrated to approx. 5 mL and layered with
hexane (15 mL), affording the product as crystals which were isolated by filtration and
dried in vacuo, affording complex 4.16 as blue crystals suitable for XRD analysis (0.036
g, 0.0199 mmol, 56%); &p 3'P{*H} (162 MHz, CD,Cly) 21.4 (4P, [PhsP=N=PPhs]*); &c
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(100.57 MHz, CD,Cl5) 135.1 (s, PPN aryl-C), 133.0 (t, J = 5.5 Hz, PPN aryl-C), 130.8 (s, PPN
aryl-C), 130.7 (d, J = 6.5 Hz, PPN aryl-C); pefs (CD2Cly, 294 K) = 6.43 us; selected Vimax / cm™
13052 (aromatic C-H stretch), 1587, 1482 (aromatic C=C), 1435 (P-Ph); Anal. calc. for
C72H60ClsCo2N2P4 (1806.17) (%): C, 65.17; H, 4.69; N, 1.55 Found (%): C, 63.80; H, 4.43;
N, 1.78; MS (ESI): positive ion m/z 538.8 (100.00% [PPN]*); negative ion m/z 163.8
(1.03% [CoCls]7). NB signals associated with the dppe ligand are not observed in the 3C
NMR spectra, something that has been attributed to paramagnetism of the cobalt(ll)

centres.

7.17 Synthesis of [CoBr(Ph(CH2).N{PPh3}.).][PyCoBr;] (4.19)
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DCM Route: CoBr; (0.109 g, 0.5 mmol) and Ph(CH3)2N{PPh,}, (2.2, 0.245 g, 0.5 mmol)
were dissolved in DCM (10 mL) and stirred overnight. The reaction was filtered, pyridine
(0.02 mL, 0.25 mmol) was added to the filtrate, and the resulting mixture was again
stirred overnight. The solvent was removed in vacuo, the crude product washed with
hexane (2 x 10 mL) and Et,0 (2 x 10 mL) and dried in vacuo, affording complex 4.19 as a
green solid (0.181 g, 0.121 mmol, 48%); pefs (CD2Cl2, 294 K) = 5.13 ug; selected Vmax / cm™
13053 (aromatic C-H stretch), 2981 (C-H stretch), 1604, 1481 (aromatic C=C), 1433 (P-
Ph), 1087 (C-N), 864 (P-N-P); Anal. calc. for CesHe3BraCo2N3P4 (1495.66) (%): C, 55.41; H,
4.25; N, 2.81 Found (%): C, 55.72; H, 4.37; N, 3.06; MS (ESI): positive ion m/z 519.2
(100.00% [Ph(CH2):N(OPPhy)>-2H]*), 1116.3 (67.96% [CoBr{Ph(CH2)2N(PPh2)2}2]*);
negative ion m/z 297.7 (100.00% [CoBrs3]").

THF Route: CoBr; (0.109 g, 0.5 mmol), Ph(CH3)2N{PPh3}, (2.2, 0.245 g, 0.5 mmol) and
pyridine (0.02 mL, 0.25 mmol) were dissolved in THF (10 mL) and stirred overnight. A
green precipitate formed, which was isolated by filtration and dried in vacuo, affording

complex 4.19 as a green solid (0.145 g, 0.097 mmol, 39%); selected Vmax / cm™ 3055
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(aromatic C-H stretch), 2971 (C-H stretch), 1607, 1480 (aromatic C=C), 1433 (P-Ph), 1091
(C-N), 858 (P-N-P); Anal. calc. for CeoHe3BraCoaNsP4 (1495.66) (%): C, 55.41; H, 4.25; N,
2.81 Found (%): C, 55.09; H, 4.07; N, 3.09; same MS and magnetic moment data as

reported for DCM route.

7.18 Attempted Synthesis of [CoX2{Py-0-(CH.).N(PPh2).}.][{Py-o-
(CHz)zNHz}COX3] (X C|, 4.20; X = BI‘, 4.21) and
[COXz{Ph(CHz)zN(Pth)z}z][{Ph(CHz)zNHz}COXg] (X = C|, 4.22; X =
Br, 4.23)

B Ph,X Ph, sl
_—~h KL
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/ N\ ) Hel
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L B X
X x 7
4.20 {E = N} (X = CI); 4.21 {E = N} (X = Br)

4.22 {E = CH} (X =

); 4.23 {E = CH} (X =

)

Attempted synthesis of [CoX>{Py-0-(CH2):N(PPh3);}.][{Py-0-(CH.):NH;:}CoXs] and
[CoX2{Ph(CH2)2N(PPh2).}>][{Ph(CH2)2NH2}CoX3] (4.20 — 4.23): Py-o0-(CH2)2N(PPh;), or
Ph(CH3)2N(PPh3); (compounds 2.1 or 2.2, respectively, 0.245 g, 0.5 mmol) and CoBr;
(0.055 g, 0.25 mmol) or CoCl, (0.032 g, 0.25 mmol) were dissolved in DCM (10 mL) and
stirred overnight. The reaction mixture was concentrated to approx. 2 mL and stored at
—18 °C for 3 days. After no crystals were produced, the reaction mixture was layered
with hexane, affording crystals of one of [CoCl(Py-o-(CH2):N{PPh3};)({ClsCo}Py-o-
(CH2)2N{PPh},)], [CoBr(Py-0-(CH2)2N{PPh;},)({BrsCo}Py-o0-(CH2)2N{PPh;},)],
[CoCI(Ph(CH2)2N{PPh3}2)2]2[C02Cls] or [CoBr(Ph(CH2)2N{PPh3}:):]2[Co2Brs] (complexes
4.7, 2.14, 4.9 and 4.10, respectively) as confirmed by both XRD and mass spectroscopic

analysis. At this point, the reactions were abandoned.
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7.19 Synthesis of Complex [(MeHNCH,CH,0-Py)CoBr,] (4.26)

(\<> H0  H | h
2 ~ + PR,OH

N Z
N /c:é‘ / \C({
R, : s
4.24 (R = Ph)
4.25 (R = OPh) 4.26

Synthesis of [(MeHNCH;CH,0-Py)CoBr;] (4.26): Either Py-0-(CH2)2N(PPh;)(Me)
(compound 2.11, 0.146 g, 0.46 mmol) or Py-o-(CH;).N(P{OPh},)(Me) (2.12,0.161 g, 0.46
mmol) was dissolved in THF (20 mL) alongside CoBr; (0.100 g, 0.46 mmol), and the
reaction stirred overnight. The reaction mixture was concentrated (10 mL), and layered
with hexane (20 mL), which upon standing overnight afforded single crystals suitable for
XRD analysis of complex 4.26 (the hydrolysis product of complexes 4.24 and 4.25); MS
(ESI):  positive m/z 137.2 (100.00% [PyCH,CH.NH;Me]*), 523.4 (62.67%
[({Me}PPhaNCH;,CH,0-Py)CoBr,-Me+H]*). Due to the reaction outcome not changing

upon repetition and changing solvent, etc., the reaction was abandoned.

7.20 Synthesis of [(Ph(CH.)2N(SPPh)(PPh;))CoBr;] (4.27)

- -®
20
Ph2 Ph,P— /N \
4 <5, 2 Ph S0 Coy
—P»Co_. 7 2
Ph2 - Ph2|
I y, Phy L ds
\CO
A7
4.27 4.28

Synthesis of [(Ph(CH2):N(SPPh;)(PPh;))CoBr;] (4.27): Ph(CH.):N(SPPh;)(PPh;) (2.9;
0.200 g, 0.384 mmol) and CoBr; (0.084 g, 0.384 mmol) were dissolved in DCM (20 mL)
and the reaction mixture stirred overnight. The reaction mixture was concentrated (10
mL), and layered with hexane (20 mL), which upon standing overnight afforded single
crystals suitable for XRD analysis of complex 4.27 (0.186 g, 0.251 mmol, 65%). Since
complex 4.27 is likely to be in equilibrium with [CoBr{Ph(CH2)2N(SPPh;)(PPh3)}.]2[Co2Bré]
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(complex 4.28), a reliable pesr could not be obtained; selected Vmax / cm™ 3055 (aromatic
C-H stretch), 2981 (C-H stretch), 1603, 1481 (aromatic C=C), 1435 (P-Ph), 1097 (C-N), 871
(P-N-P) 689 (P=S); Anal. calc. for C32H29Br,CoNP,S (740.34) (%): C, 51.92; H, 3.95; N, 1.89
Found (%): C, 51.64; H, 4.50; N, 1.99; MS (ESI): positive ion m/z 522.3 (25.59%
[Ph(CH2)2N(SPPh2)(PPh2)+H]*), 1118.30 (28.34% [CoBr{Ph(CH2)2N(PPh2)2}2]*), 1150.08
(49.30% [CoBr{Ph(CH;)2N(PPh2)2}{Ph(CH)2N(SPPh,)(PPh2)}]*), 1181.96 m/z (12.16%
[CoBr{Ph(CH2)2N(SPPh)(PPh;)}]*); negative ion m/z 297.8 (100.00% [Co2Brg]?").

7.21 Attempted Reaction of Ph(CH2).N(SPPh3), (2.10) with CoBr;

Attempted reaction of Ph(CH2)2N(SPPh3), (2.10) with CoBr,: Ph(CH;)2N(SPPh3); (2.10,
0.100 g, 0.183 mmol) and CoBr; (0.040 g, 0.183 mmol) were dissolved in DCM (20 mL)
and the reaction mixture stirred overnight. The reaction mixture was filtered, and the
solvent removed in vacuo. Since the obtained *H and 3!P{*H} NMR spectra of the isolated
product are essentially identical to those obtained for compound 2.10, it was concluded

that no reaction had taken place and hence the reaction was abandoned.

7.22 Measuring Ues via the Evans Method

General Procedure 3: A sample of a complex with a known concentration (for this work,
typically 4 — 10 mg in 0.7 mL) was prepared in CD,Cl, (or ds-THF for samples which are
known to or are predicted to react with CD,Cl;), and added to a Young’s NMR tube
containing a sealed capillary tube filled with the same deuterated solvent. A 'H NMR
spectrum (400 MHz) of the sample of a given complex is obtained, and the frequency
difference, Av, between the residual solvent in the sealed capillary tube (standard) and
the bulk solvent containing the chemical species, is measured. The measured value of

Av can then be used to calculate yg, as shown in Equation 7.1:

Av

=+ 7.1
Xg SEve Xo (7.1)

Xe is the mass magnetic susceptibility, sF is the shape factor (4m/3 for a cylindrical
sample in a superconducting NMR spectrometer), c is the sample concentration in the

NMR tube, and y.is the mass susceptibility of the solvent. The molar mass susceptibility,
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Xm, can be corrected from ym’ (itself being obtained by multiplying xg by the relative
molecular mass) by subtracting the diamagnetic contribution, yp (determined by using
xoi values for each atom present in the chemical species).* Finally, ym can be used to

calculate the effective magnetic moment, pes, following Equation 7.2:

3kTx,,
Ueff = N_ =2.828\/xmT (7.2)
A

k is Boltzmann’s constant, T is the temperature (in K), and Na is Avogadro’s constant.*>16

Example of utilising Equation 4.4: Complex 2.14 contains a trigonal bipyramidal
cobalt(Il) centre with one unpaired electron (n1 = 1) and a tetrahedral centre with three
unpaired electrons (n2 = 3). Hence, complex 2.14 contains two cobalt centres and the

upper limit of summation (x) is therefore two. The value of pesris determined as follows:

perr= V{I(1(1+2)]+[(3(3+2)]} = 4.24 pia.

7.23 Synthesis of [CoBr(Ph(CH2).N{PPh,},).][PFs] (5.1), [CoBr(Py-
O-(CHz)zN{Pth}z)z][PFs] (5.2) and [COBI‘(Ph(CHz)zN{Pth}z)zl
[BArF4] (5.3)

B Phy @
Phy p "
=P,/
~p»Co—./ S
6
5.1

Synthesis of [CoBr(Ph(CH2).N{PPh.},);][PF¢] (5.1): CoBr. (0.109 g, 0.5 mmol),
Ph(CH2)2N{PPh;}, (2.2, 0.490 g, 1 mmol) and KPFs (0.092 g, 0.5 mmol) were dissolved in
DCM (15 mL) and stirred over a weekend. The reaction mixture was filtered,
concentrated to approx. 5 mL, and layered with hexane (15 mL). This provided single
crystals suitable for XRD analysis which were isolated by filtration and dried in vacuo,
affording complex 5.1 as dark brown crystals suitable for XRD analysis (0.396 g, 0.31
mmol, 63%); selected Vmax / cm~ 3053 (aromatic C-H stretch), 2982 (C-H stretch), 1638,
1474 (aromatic C=C), 1433 (P-Ph), 1090 (C-N), 832 (P-F stretch), 556 (P-F bend); Anal.
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calc. for CeaHsgsBrCoFsN2Ps (1262.88) (%): C, 60.87; H, 4.63; N, 2.22 Found (%): C, 60.76;
H, 4.57; N, 2.76; MS (ESI): positive ion m/z 519.2 (100.00% [Ph(CH2)N(OPPhz)2-2H]"),
1118.4 (44.96% [CoBr{Ph(CH2)2N(PPh3),},]*); negative ion m/z 145.0 (100.00% [PFs]").

B Ph, @
Phy p.>
< ’:-cé\ / o
Phy | Phz [
= 6
7\ N J
5.2

Synthesis of [Co(Py-0-(CH2)2N{PPh.}.).Br][PF¢] (5.2): Complex 5.2 was synthesised
following the same method as that outlined for complex 5.1, using Py-o0-(CH3).N{PPhy},
(2.1, 0.491 g, 1 mmol), affording complex 5.2 as dark brown crystals suitable for XRD
analysis (0.415 g, 0.33 mmol, 66%); peff (CD2Cl2, 294 K) = 2.10 us; selected Vmax / cm™
3055 (aromatic C-H stretch), 2981 (C-H stretch), 1603, 1481 (aromatic C=C), 1585, 1571
(C=N), 1434 (P-Ph), 1088 (C-N), 832 (P-F stretch), 556 (P-F bend); Anal. calc. for
Co2H56BrCoFsN4Ps (1264.85) (%): C, 58.87; H, 4.46; N, 4.43 Found (%): C, 58.53; H, 4.40;
N, 4.33; MS (ESI): positive ion m/z 520.2 (100.00% [Py(CH2)2N(OPPh,),-2H]*), 1120.3
(15.63% [CoBr{Py(CH2)2N(PPh;)2}]*); negative ion m/z 145.0 (100.00% [PF¢]7).

@

\PhZCIO\ {Dh2 [ Ar 4]@

53
Synthesis of [CoBr(Ph(CH2)>N{PPh.}.).][BArf4] (5.3): Complex 5.3 was synthesised

following the same method as that outlined for complex 5.1, using Ph(CH2).N{PPh.},
(2.2, 0.494 g, 1.01 mmol), CoBr; (0.110 g, 0.503 mmol) and NaBArf, (0.447 g, 0.504
mmol) instead of KPFs, affording complex 5.3 as dark brown crystals (0.745 g, 0.376
mmol, 75%); selected Vmax / cm™13056 (aromatic C-H stretch), 2978 (C-H stretch), 1610,
1482 (aromatic C=C), 1436 (P-Ph), 1088 (C-N), 864 (P-N-P); Amax (THF) / nm 466, 728;
Anal. calc. for CogH70BBrCoF24N2P4 (1981.13) (%): C, 58.20; H, 3.56; N, 1.41; Found (%):
C, 58.10; H, 3.47; N, 1.53; MS (ESI): positive ion m/z 519.2 (100.00% [Ph(CH3)2N(OPPh3),-
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2H]*), 1118.1 (61.31% [CoBr{Ph(CH2)N(PPh3).}2]*); negative ion m/z 863.3 (100.00%
[BAFF4]_).

— —2®
©
Ph, Phy [ Ar 4]2
. AT~
_JCo, =
Ph,  Php
5.4

Attempted synthesis of [Co(Ph(CH2):N{PPh.},):][BArf4]> (5.4): CoBr, (0.109 g, 0.5
mmol), Ph(CH2)2N{PPh,}, (2.2, 0.490 g, 1 mmol) and NaBAr"; (0.894 g, 1.008 mmol) were
dissolved in DCM (15 mL) and stirred over a weekend. The reaction mixture was filtered,
and the solvent removed in vacuo. The UV-Vis spectrum of the resulting material was
identical to that of complex 5.3, and positive ion ESI mass spectrometric analysis only
evidences signals seen for complex 5.3, confirming that complex 5.3 was afforded; MS
(ESI): positive ion m/z 519.1 (100.00% [Ph(CH;);N(OPPh,),-2H]*), 1118.0 (25.76%
[CoBr{Ph(CH,)2N(PPh,).}2]*); negative ion m/z 863.3 (100.00% [BArf4]).

7.24 Synthesis of [Co(Ph(CH:).N{PPh;},).][PFe¢] (5.5), [Co(Py-o-
(CHz)zN{Pth}z)z][PFe] (5.6) and [CO(Ph(CHz)zN{Pth}z)z][BArF4]
(5.7)

Condition screen for the reduction of [CoBr(Ph(CH:):N{PPh.}.):][PFs] (5.1) to
[Co(Ph(CH2)2N{PPh2},):][PFs] (5.5): [CoBr(Ph(CH2):N{PPh},).][PFs] (complex 5.1) and
activated zinc powder (see Table 7.2 for 5.1 : zinc ratios attempted) were dissolved in
10 mL of THF. The solvent was removed in vacuo, the product washed with Et,0 (3 x 10
mL), and dried in vacuo affording [Co(Ph(CH3):N{PPh3}.),][PFs] (complex 5.5) as a purple
powder. It was concluded that at least 4 equiv. of activated zinc was required for the
reduction, and this was taken forward for the synthesis of [Co(Ph(CH2)2N{PPh2},)2][PFs]
(5.5), [Co(Py-0-(CH2)2N{PPh2},),][PFs] (5.6) and [Co(Ph(CH2)2N{PPhz}),][BArf4] (5.7).
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Some reactions were attempted using DCM (10 mL) and THF (1 mL) as the solvent;
the solvent was removed in vacuo, dissolved in DCM (5 mL), filtered, and layered with
hexane (10 mL). Single crystals of 0.75[Co{Ph(CH2);N(PPh;).}.CI][PFe]:
0.25[Co{Ph(CH2)2N(PPh3)2}.Br][PFs] (complex 5.19) were obtained for the reaction with
1 equiv. of zinc when attempted in DCM, evidencing an incomplete reaction.

Table 7.1. Screened quantities to optimise the reaction of complex 5.1 with activated zinc. *Visible brown colour in
solution, i.e., did not turn the characteristic deep purple observed during reduction. ASolid-state structures to

evidence incomplete reduction (see Section 5.3.4 and Section 5.3.5 for the 1 equiv., with DCM solvent, and 2 equiv.
reactions, respectively).

Massof5.1/g MassofZn/g Equivalents of Zn
1.263 0.033 0.5*
0.05 0.003 n
0.05 0.005 2A
0.05 0.010 4
0.100 0.052 10
0.100 0.260 50

Note that complexes 5.5 — 5.7 are not soluble enough in common organic solvents to
allow for 3C NMR spectra to be obtained (solvents tried: ds-THF and toluene-ds, the
latter in case the of complex 5.7). The range of possible deuterated solvents suitable to
use for NMR spectroscopic study of complexes 5.5 — 5.7 is limited by the reactivity of

complexes 5.5 — 5.7 with halogenated solvents (and their likely reactivity with MeCN).

_ _®
®
Ph, Ph, [ 6]
Lo, =
Ph, Pho
5.5

Synthesis of [Co(Ph(CH2):N{PPh.}.):][PFs] (5.5): [CoBr(Ph(CH.):N{PPh3},),][PFs]
(complex 5.1, 0.05 g, 0.0395 mmol) and activated zinc powder (0.02 g, 0.158 mmol) were
dissolved in THF, producing a deep purple solution, which was stirred overnight. The

solvent was removed in vacuo, the product washed with Et;O (3 x 10 mL) and dried in
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vacuo affording complex 5.5 as a purple powder (0.017 g, 0.014 mmol, 36%). Note that
trace excess activated zinc could not be completely removed, despite attempts to
extract complex 5.5 in various solvents, e.g., toluene. Hence, the percentage vyield is
calculated assuming all the mass is due to complex 5.5, and CHN analyses showing good
agreement with the calculated composition of complex 5.5 could not be acquired. ép
31p{'H} (162 MHz, ds-THF) 86.6 (4P, s, br, v/, = 105 Hz, Co-P), —143.9 (1P, septet, Y =
704 Hz, PFs); 8¢ °F (376.33 MHz, ds-THF) —72.6 (6F, d, Ypr = 703 Hz, PFs"); MS (ESI):
positive ion m/z 519.1 (100.00% [Ph(CH2):N(OPPh;),-2H]*), 1037.5 (30.23%
[Co{Ph(CH3)2N(PPh;)2}.]*), 1069.5 (27.21% [Co{Ph(CH2):N(PPh,),}.0:]*); negative ion
m/z 145.0 (100.00% [PFe]7). *H NMR spectrum cannot be reliably assigned due to

exhibiting numerous broad signals.

p———

7/ \
\
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Ph, Ph, [ e}
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Ph, Ph,
5.6

Synthesis of [Co(Py-0-(CH2)2N{PPh;};):][PFe] (5.6): Complex 5.6 was synthesised
following the same method as that outlined for [Co(Ph(CH2)2N{PPh},)2][PFs] (complex
5.5), using [Co(Py-o-(CH2)2N{PPh3},):Br][PFs] (complex 5.2, 0.05 g, 0.0395 mmol),
affording complex 5.6 as a purple powder (0.028 g, 0.024 mmol, 60%). Note that excess
activated zinc could again not be completely removed. Hence, the percentage yield is
calculated assuming all the mass is due to complex 5.6; a meaningful CHN analysis could
not be acquired. §p 3'P{*H} (162 MHz, ds-THF) 86.8 (4P, s, br, vy, = 105 Hz, Co-P), -143.9
(1P, septet, Usp = 704 Hz, PF¢7); 8 1°F (376.33 MHz, ds-THF) —72.6 (6F, d, Upr = 703 Hz,
PFe7); MS (ESI): positive ion m/z 520.1 (100.00% [Py(CH2)2N(OPPh3),-2H]*), 1039.6
(24.08% [Co{Py(CH1)2N(PPh2)2}2]%), 1071.5 (35.77% [Co{Py(CH;)2N(PPh;);},0,]%);
negative ion m/z 145.0 (100.00% [PFs]"). *H NMR spectrum cannot be reliably assigned

due to exhibiting numerous broad signals.
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Synthesis of [Co(Ph(CH2)2N{PPh2},)2][BArF4] (5.7): [CoBr(Ph(CH2)N{PPh2}2)2][BArFs]
(complex 5.3, 0.100 g, 0.05 mmol) and activated zinc (0.033 g, 0.5 mmol) were dissolved
in THF (20 mL), and the reaction mixture stirred overnight. The reaction mixture was
filtered, the solvent removed in vacuo, the product extracted in toluene (3 x 10 mL) and
the solvent removed in vacuo, affording complex 5.7 as a purple powder (0.052 g, 0.027
mmol, 55%). Note that excess activated zinc could again not be completely removed.
Hence, the percentage yield is calculated assuming all the mass is due to complex 5.7,
and a meaningful CHN analysis could not be acquired. 61 (400 MHz, ds-THF) 7.80 (8H, s,
br, v1/, = 10 Hz, 0-BArf), 7.54-7.63 (13H, m, phenyl + p-BArfs), 7.42-7.49 (15H, m,
phenyl), 7.36 (15H, t, J = 7.6 Hz, phenyl), 7.00-7.14 (7H, m, phenyl), 6.69-6.77 (4H, m,
phenyl), 2.87-3.00 4H, s, br, v,/, = 27 Hz, (PPh2)2N-CH>), 2.21 — 2.30 (4H, m, Ph-CH,); &
31P{1H} (162 MHz, ds-THF) 86.7 (4P, s, br, v /, = 105 Hz, Co-P); 8¢ 1°F (79.47 MHz, ds-THF)
—63.4 (CF3-BArf,); 68 1B{*H} (100.60 MHz, ds-THF) —6.52 (BArfs); selected vimax / cm™
3059 (aromatic C-H stretch), 2963 (C-H stretch), 1604, 1478 (aromatic C=C), 1436 (P-Ph),
1098 (C-N), 837 (P-N-P); Amax (THF) / nm 526 (¢ / dm3 mol™ cm™ ~7400), 646, 737; MS
(ESI): positive ion m/z 519.2 (100.00% [Ph(CH2)2N(OPPh;)2-2H]*), 1037.5 (31.37%
[Co{Ph(CH2)2N(PPh2)2}]*), 1069.6 (25.64% [Co{Ph(CH2)2N(PPh2)2}.02]*); negative ion
m/z 863.3 (100.00% [BArf4]7). The sample exhibited no change in the 3'P{*H} spectrum

at various temperatures across the range -85 — 60 °C.

7.25 Synthesis of [Co{Ph(CH.).N(PPh.).}.0:][BAr4] (5.13)
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Synthesis of [Co{Ph(CH2)2N(PPh;)2}.0,][BAr4] (5.13) in solution:
[Co(Ph(CH3)2N{PPh3},).][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube in the glovebox. The sample was brought out of the
glovebox, and the resulting solution was subject to three freeze-pump-thaw cycles. The
Young’s NMR tube was backfilled with 99.5% pure O, gas, and sealed under a 1 atm
pressure of O,. An immediate colour change from deep purple to orange was observed
(as had been seen when powder samples of complexes 5.5 — 5.7 had been exposed to
air). The solution underwent three freeze-pump-thaw cycles to remove excess O;; &p
31P{'H} (162 MHz, ds-THF) 74.9 (2P, s, br, v;;, ~230 Hz), 48.2 (2P, s, br, v,;, ~230 Hz);
this is the same as the 3!P{*H} NMR spectrum obtained for a sample of complex 5.13
when complex 5.7 is exposed to air. The *H NMR spectra could not be assigned reliably
due to complications arising from exchange between the two enantiomers of the
[Co{Ph(CH2)2N(PPh;),},0,] cation. A 3'P{*H} NMR spectrum the next day revealed a
broad singlet at 86.7 ppm, assigned to complex 5.7, with a purple colour exhibited by
the sample correlating with this observation. Hence, the sample was subject to three
freeze-pump-thaw cycles and was backfilled with 1 atm pressure of 99.5% pure O,
resulting in the orange colour being regained. A 3'P{*H} NMR spectrum the next day
evidenced a paramagnetic spectrum; this, along with the colourless colour of the sample
indicates the formation of complex 5.16; MS (ESI): positive ion m/z 812.3 (100.00%
[Co{Ph(CH2)2N(OPPh;),}5]%*).

Synthesis of [Co{Ph(CH:):N(PPh,),}.0,][BArfs] (5.13) in solid-state:
[Co(Ph(CH3)2N{PPh,},)2][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was added to a

Young’s NMR tube and sealed under vacuum. The Young’s NMR tube was backfilled with
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99.5% pure O; gas, and sealed under a 1 atm pressure of O,. An immediate colour
change from deep purple to orange was observed (as had been seen when powder
samples of complexes 5.5 — 5.7 had been exposed to air). Excess O, was removed in
vacuo, and the sample brought back into the glovebox. A portion of this sample was
dissolved in ds-THF (0.7 mL), affording the same 3!P{*H} NMR spectroscopic data
described in the above section; selected Vmax / cm™ 3058 (aromatic C-H stretch), 2964
(C-H stretch), 1610, 1485 (aromatic C=C), 1438 (P-Ph), 1113 (C-N), 839 (O-0O); MS (ESI):
positive ion m/z 519.0 (23.57% [Ph(CH2):N(OPPh3),-2H]*), 1037.6 (34.20%
[Co{Ph(CH3)2N(PPh3)2}2]*), 1069.6 (94.61% [Co{Ph(CH2):N(PPh3),}.0,]*); negative ion
m/z 863.3 (100.00% [BArf4]7). Reported characterisation data agrees with that obtained
from the bright orange powder gained upon exposure of complex 5.7 to air. CHN
analysis could not be obtained, likely due to trace contaminants present in the starting
material.

Single crystals suitable for XRD analysis of [Co{Ph(CH2)2N(PPh3),}.0:][PFs] (complex
5.11, afforded by exposure of [Co(Ph(CH2)2N{PPh3}.):][PFs], complex 5.5, to air) were
obtained, following diffusion, by dissolving a sample of complex 5.11 in acetone and

layering with hexane.

7.26 Reaction of Ph(CH:):N(PPh;). (2.2) with O, to afford
Ph(CH,)N(P{O}Ph,)(PPh;) (5.17) and Ph(CH.).N(P{O}Ph;); (5.18)

Reaction of 2.2 with O2: Ph(CH;).N(PPh;)2 (2.2, 0.02 g, 0.041 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution underwent three freeze-pump-thaw cycles.
The Young’s NMR tube was backfilled with 99.5% pure O; gas, and sealed under a 1 atm
pressure of O,. The reaction was then followed by 3'P{*H} NMR spectroscopy over a
period of two weeks, showing the gradual conversion of compound 2.2 to
Ph(CH;)2N(P{O}Ph,), (compound 5.18) via Ph(CH):N(P{O}Ph;)(PPh;) (compound 5.17);
8p 31P{1H} (162 MHz, ds-THF) 27.5 (2P, Ph(CH2)2N(P{O}Ph.), s).
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7.27 Synthesis of CoCI(PPhs);

Synthesis of CoCI(PPhs)s;: A slight modification of a known synthetic method was
employed.?” CoCl,.6H,0 (0.5 g, 2.10 mmol) and PPhs3 (1.75 g, 6.67 mmol) were dissolved
in degassed EtOH (30 mL) and heated at reflux for 30 minutes under an inert
atmosphere. After cooling to room temperature, NaBH4 (0.067 g, 1.77 mmol), dissolved
in degassed EtOH (10 mL), was added slowly portion-wise over approx. 20 minutes, with
the reaction mixture being stirred for approx. 50 minutes after complete addition. The
reaction was filtered, the crude solid washed with EtOH (until the EtOH washes were
colourless), H20 (3 x 20 mL), hexane (1 x 10 mL), and then dried in vacuo, affording
CoCl(PPhs)s as a brown solid (0.858 g, 0.97 mmol, 55%); 8p 3'P{*H} (162 MHz, CD,Cl,) —
5.59 (3P, s, br, v;/, ~80 Hz); Anal. calc. for Cs4HasCICoP3 (881.24) (%): C, 73.60; H, 5.15;
Found (%): C, 73.14; H, 5.14; MS (ESI): positive ion m/z 263.2 (56.52% [PPh3+H]*), 293.2
(32.42% [PPh3+20]*), 650.2 (3.29% [M-H-PPh3+20]*). CHN data are in good agreement

with previously published data.'’

7.28 Synthesis of [CoCK{Py-o0-(CH:).N(PPh;).}.] (5.27) and
[COC'{Ph(CHz)zN(Pth)z}z] (5.28)

5.27
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Synthesis of [CoCI{Py-0-(CH.):N(PPh.)}.] (5.27): CoCl(PPhs); (0.220 g, 0.25 mmol) and
Py-0-(CH32)2N(PPh3); (2.1, 0.123 g, 0.25 mmol) were dissolved in approx. 5 mL of THF and
stirred overnight. The solvent was removed in vacuo, pentane (5 mL) was added, and
the resulting suspension was stirred over a weekend. After filtration, the crude solid was
washed with pentane (3 x 10 mL) and dried in vacuo, affording complex 5.27 brown solid
(0.099 g, 0.09 mmol, 74%); Anal. calc. for Ce2Hs6CICoN4P4 (1075.44) (%): C, 69.24; H, 5.25;
N, 5.21 Found (%): C, 67.68; H, 4.31; N, —0.65; MS (ESI): positive ion m/z 523.3 (100.00%
[Py(CH2)2N(OPPh;),+H]*), 1074.5 (7.48% [CoCl{Py(CH2)2N(PPh2)2}2]").

5.28
Synthesis of [CoCI{Ph(CH:).N(PPh3).}.] (5.28): Complex 5.28 was synthesised

following the procedure outlined for [CoCl{Py-0-(CH2):N(PPh3)2}.] (complex 5.27), using
Ph(CH2)2N(PPh3); (2.2, 0.122 g, 0.25 mmol), affording complex 5.28 as a brown solid
(0.100 g, 0.09 mmol, 75%); Anal. calc. for CeaHssCICON,P4 (1073.46) (%): C, 71.61; H, 5.45;
N, 2.61 Found (%): C, 68.94; H, 4.88; N, 1.95; MS (ESI): positive ion m/z 519.0 (40.42%
[Ph(CH2)2N(OPPh;)2-2H]*), 1073.3 (57.86% [CoCI{Ph(CH2)2N(PPhy)2}2]*).

7.29 Synthesis of [Co(H)(Cl)(Py-o-(CH2).N{PPh.},)({ClsCo}Py-o-
(CH2)2N{PPh.},)] (5.32)

PhoH_ Phy

", WSO

N l°\ e

Phy Phy
Y
/ ) —Co,,
_ \ 7/ \~

5.32

Synthesis of [Co(H)(Cl)(Py-0-(CH2)2N{PPh2},)({ClsCo}Py-0-(CH;):N{PPh,})] (5.32): Py-o-
(CH2)2N{PPh3}, (2.1, 0.245 g, 0.5 mmol), Co(acac), (0.064 g, 0.25 mmol) and HBPin (0.192

g, 1.5 mmol) were dissolved in DCM (15 mL) and stirred overnight. The solvent was
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removed in vacuo, the crude product washed with pentane (3 x 10 mL), and dried in
vacuo, affording complex 5.32 as a green powder (0.113 g, 0.091 mmol, 36%); Uef
(CD2Cly, 294 K) = 4.31 us; selected vmax / cm™ 3054 (aromatic C-H stretch), 2972 (C-H
stretch), 1603, 1481 (C=C), 1588, 1569 (C=N), 1434 (P-Ph), 834 (P-N-P); Anal. calc. for
Ce2H57C12C02N4P4 (1241.73) (%): C, 59.97; H, 4.63; N, 4.51 Found (%): C, 58.60; H, 4.56;
N, 3.94; MS (ESI): positive ion m/z 520.5 (100.00% [Py(CH,);N(OPPh,),-2H]*), 1075.4
(33.65% [Co(H)(Cl){Py(CH2)2N(PPh,),}2]*); negative ion m/z 163.8 (100.00% [CoCls]"). NB
yield determined based on the reaction stoichiometry of Py-o-(CH2):N{PPh3}, (2.1).
Single crystals suitable for XRD analysis were obtained, following diffusion, by

dissolving the sample in DCM and layering with hexane.
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5.31
Attempted synthesis of [COH{Py-0-(CH2).N(PPh;).}.] (5.31): the procedure outlined

for the synthesis of complex 5.32 was repeated using THF (15 mL) as the solvent instead
of DCM; the resulting reaction mixture was stirred overnight. The reaction was filtered,
the solvent removed in vacuo, and the crude product washed with pentane (3 x 10 mL).
Attempts at recrystallising the product (e.g., using THF and pentane) were futile. The
product was dried in vacuo, affording a sticky black solid which was difficult to isolate
and characterise (*H and 3P NMR spectroscopy, CHN and mass spectroscopy evidencing
that a complicated mixture of products was produced). The reaction was abandoned at

this point.

7.30 Synthesis of [Co(H)(Cl)(Py-o0-(CH2):N{PPh3}.).][PFs] (5.33)
and [Co(H)(CI)(Ph(CH2):N{PPh,},).][PFs] (5.34)

Note that complexes 5.33 and 5.34 are not soluble enough in common organic solvents

to allow for 3C NMR spectra to be obtained (solvents tried: CD,Cl,, CDCls, and ds-THF).
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Synthesis of [Co(H)(CI)(Py-0-(CH2)2N{PPh2}>).][PFs] (5.33): Py-0-(CH2).N{PPh,}, (2.1,
0.245 g, 0.5 mmol), Co(acac), (0.064 g, 0.25 mmol), HBPin (0.192 g, 1.5 mmol) and KPFe
(0.046 g, 0.25 mmol) were dissolved in DCM (15 mL) and stirred overnight. The reaction
mixture was filtered, the solvent removed in vacuo and the crude product washed with
Et,0 (3 x 10 mL), affording complex 5.33 as a brown solid (0.103 g, 0.08 mmol, 34%); n
(400 MHz, CDCls) 8.35 (2H, s, br, vy, ~40 Hz, Ha), 7.09 — 7.67 (42H, m, phenyl + H), 7.02
(2H, s, br, vy, ~50 Hz, Hb), 6.73 (2H, s, br, v;/, ~50 Hz, Ha), 3.40 (4H, s, br, v, ~70 Hz,
(PPh2),NCH,), 2.64 (4H, s, br, v, ~50 Hz, Py-CH,), —18.02 (1H, quin, ZJpy = 52.6 Hz, Co-
H); &p 3P (162 MHz, CDCl3) 83.9 (4P, d, 2Jpn = 48.4 Hz, Co-P), —143.9 (1P, spt, Yep = 714
Hz, PFe"); 8¢ 1°F (376.33 MHz, CDCls) —73.0 (6F, d, Ypr = 714 Hz, PF); fess (CD2Cla, 294 K)
= 3.47 us; selected vmax / cm™ 3053 (aromatic C-H stretch), 2981 (C-H stretch), 1620,
1481 (aromatic C=C), 1588, 1570 (C=N), 1435 (P-Ph), 1095 (C-N), 835 (P-F stretch), 557
(P-F bend); Anal. calc. for Cs;Hs7CICoFsN4Ps (1221.41) (%): C, 60.97; H, 4.70; N, 4.59
Found (%): C, 59.11; H, 4.28; N, 4.00; MS (ESI): positive ion m/z 520.1 (55.72%
[Py(CH2)2N(OPPh,),-2H]*), 1075.4 (100.00% [Co(H)(CI){Py(CH2)2N(PPh3).}.]*); negative
ion m/z 145.0 (100.00% [PFe]").
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Synthesis of [Co(H)(CI)(Ph(CH2).N{PPh3},).][PFs] (5.34): Complex 5.34 was

synthesised following the same procedure outlined for [Co(H)(CI)(Py-o-

212



(CH2)2N{PPh3}2)2][PFe] (complex 5.33), using Ph(CH3)2N{PPh3}> (2.2, 0.245 g, 0.5 mmol),
affording complex 5.34 as a brown solid (0.112 g, 0.09 mmol, 37%); 61 (400 MHz, CDCls)
6.99 — 7.69 (48H, m, phenyl), 6.77 (2H, m, phenyl), 3.11 (4H, s, br, v;,, ~40 Hz,
(PPh2)2NCH>), 2.40 — 2.48 (4H, m, Ph-CH,), —18.00 (1H, g, Ypn = 52.6 Hz, Co-H); &8p 31P
(162 MHz, CDCl3) 83.9 (4P, d, 2Jpn = 48.3 Hz, Co-P), =143.9 (1P, spt, U = 711 Hz, PF¢);
8¢ 1°F (376.33 MHz, CDCl3) —73.0 (6F, d, Ups = 714 Hz, PF¢"); fett (CD2Cla, 294 K) = 2.47 us;
selected vmax / cm™ 3053 (aromatic C-H stretch), 2981 (C-H stretch), 1603, 1481
(aromatic C=C), 1434 (P-Ph), 1093 (C-N), 832 (P-F stretch), 556 (P-F bend); Anal. calc. for
CeaHs9CICOF6N2P5 (1219.43) (%): C, 63.04; H, 4.88; N, 2.30 Found (%): C, 61.98; H, 4.94;
N, 2.01; MS (ESI): positive ion m/z 519.1 (100.00% [Ph(CH2)2N(OPPh,)2-2H]*), 1073.5
(58.42% [Co(H)(CI){Ph(CH2).N(PPh2)2}>]*); negative ion m/z 145.0 (100.00% [PFg]").

Synthesis of [Co(H)(Cl)(Py-o-(CH2).N{PPh;},):][PFe] (5.33) in CDxCl: Py-o-
(CH2)2N{PPh;}, (2.1, 0.03 g, 0.061 mmol), Co(acac), (0.008 g, 0.031 mmol), HBPin (0.024
g, 0.186 mmol) and KPFs (0.006 g, 0.031 mmol) were dissolved in CD,Cl; (0.7 mL) in a
Young’s NMR tube and the reaction sonicated for approx. 30 minutes. *H and 3P NMR
spectroscopic data matched that reported for the reaction conducted in DCM (see

synthesis of [Co(H)(Cl)(Py-o-(CH2)2N{PPh3},)2][PFs] above).

7.31 Synthesis of Complexes [{Ph(CH.):N(PPh3),}ZnBr;], (5.44)
and [(Py-O-(CHz)zN(thP)z)ZnBrz]n (5.54)

NN M
N PO Phy PhoP”]
Phy \ZPD2 | I
n ~
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5.44 5.47

Synthesis of [{Ph(CH2):N(PPh;)2}ZnBr:], (5.44): Ph(CH2):N(PPh,), (2.2, 0.218 g, 0.444
mmol) and ZnBr; (0.100 g, 0.444 mmol) were dissolved in THF (2 mL) and DCM (10 mL)
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and stirred overnight. The solvent was removed in vacuo, and the crude product washed
with hexane (2 x 10 mL), affording complex 5.44 as a white powder (0.186 g, 0.260
mmol, 59%); &u (400 MHz, CDCl3) 7.70 — 7.85 (8H, m, phenyl), 7.49 — 7.64 (12H, m,
phenyl), 7.08 — 7.19 (3H, m, phenyl), 6.62 — 6.70 (2H, m, phenyl), 3.16 — 3.31 (2H, m,
(PPh2)2NCH3), 2.02 — 2.14 (2H, m, Ph-CH2); 8¢ (100.57 MHz, CD,Cly) 137.7 (s, aryl-C),
136.9 (s, aryl-C), 133.2 (t, /= 8.2 Hz, aryl-C), 132.1 (s, aryl-C), 129.2 (t, J = 4.9 Hz, aryl-C),
128.5 (s, aryl-C), 128.2 (s, aryl-C), 126.6 (s, aryl-C), 67.9 (s, CH2), 37.1 (s, CH2); &p 31P{*H}
(162 MHz, CDCl3) 71.3 (2P, s, br, v;/, = 101 Hz, PNP); selected Vmax / cm~t 3054 (aromatic
C-H stretch), 2981 (C-H stretch), 1603, 1481 (C=C), 1434 (P-Ph); Anal. calc. for n
Cs2H29BraNP2Zn (714.73) (%): C, 53.78; H, 4.09; N, 1.96 Found (%): C, 54.40; H, 4.36; N,
2.05; MS (ASAP): positive ion m/z 490.1 (100.00% [Ph(CH2)2N(PPh,)2+H]*).

Single crystals suitable for XRD analysis of [(Ph(CH2)2N(Ph2P0O)2)ZnBr;], (complex
5.47) were obtained by layered a DCM solution of [{Ph(CH2)2N(PPh3)2}ZnBr;], (complex

5.44) with hexane under atmospheric conditions.
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Synthesis of [(Py-0-(CH2)2N(Ph2P)2)ZnBr;]n (5.54): Complex 5.54 was prepared in the
same manner as compound 5.44, using Py-o-(CH2)2N(Ph;P), (compound 2.1, 0.109 g,
0.222 mmol) and ZnBr; (0.050 g, 0.222 mmol) were dissolved in THF (2 mL) and DCM (10
mL) and stirred overnight. The solvent was removed in vacuo, and the crude product
washed with hexane (2 x 10 mL), affording complex 5.54 as a white powder (0.163 g,
0.228 mmol, 51%); 8 (400 MHz, CDCls) 9.17 (1H, d, J = 5.3 Hz, Ha), 7.75 — 7.88 (4H, m,
phenyl and pyridyl), 7.30 — 7.60 (14H, m, phenyl and pyridyl), 7.10 — 7.23 (4H, m, phenyl
and pyridyl), 6.99 (1H, d, /= 7.9 Hz, phenyl or Hg), 3.92 — 4.05 (2H, m, (PPh3);NCH>), 3.11
(2H, t, J = 6.1 Hz, Py-CHa); 8¢ (100.57 MHz, CD,Cl,) 158.7 (s, aryl-C), 149.4 (s, aryl-C),
136.4 (s, aryl-C), 135.7 (s, aryl-C), 134.8 (s, aryl-C) 133.9 (m, aryl-C), 131.5 (s, aryl-C),
129.2 (s, aryl-C), 128.6 (m, aryl-C), 125.5 (s, aryl-C), 124.3 (s, aryl-C), 123.3 (s, aryl-C),
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121.6 (s, aryl-C), 56.3 (s, CH>), 33.7 (s, CH2); &p 3'P{*H} (162 MHz, CDCl3) 56.3 (1P, d, %Jpp
=16 Hz), 49.5 (1P, d, ZJpp = 16 Hz); selected Vmax / cm™ 3053 (aromatic C-H stretch), 2981
(C-H stretch), 1608, 1482 (C=C), 1586, 1571 (C=N), 1434 (P-Ph); Anal. Calc. for n
C31H28BraN2P2Zn (715.71) (%): C, 52.02; H, 3.94; N, 3.91 Found (%): C, 52.24; H, 3.10; N,
3.94; MS (ASAP): positive ion m/z 490.1 (100.00% [Py-o-(CH2)2N(PPh,)2]*).

7.32 Synthesis of [CO{Ph(CHz)zN(Pth)z}z(nz-CHzCHz)][BATF4]

(6.1)
E ~ErCo~gn ©
Ph2|// 2 [ Ar 41

6.1
Reaction of [Co{Ph(CH;);N(PPh.);}.][BArfs] (5.7) with 1 atm of ethylene:

[Co{Ph(CH2)2N(PPh;),},][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution subject to three freeze-pump-thaw cycles.
The Young’'s NMR tube was backfilled with 1 atm of ethylene gas, affording
[Co{Ph(CH2)2N(PPh,)2}2(n2-CH2CH,)][BArf4] (6.1). The sample was subject to a variable
temperature 3'P{*H} NMR spectroscopic study (Figure 6.1, Chapter 6). Acquired 3'P[*H]
spectra were essentially identical to their 3'P{*H} counterparts. The *H NMR spectra
could not be assigned reliably due to complications arising from exchange between the
two enantiomers of the [Co{Ph(CH2),N(PPh;).}>(n2-CH,CH,)] cation, and the sample was
too low a concentration to achieve a 3C NMR spectrum; &p 31P{*H} (162 MHz, 298 K, ds-
THF) 88.0 (s, br, v;/, = 105 Hz, [Co{Ph(CH2)2N(PPh,)2}2(n2-CH2CH2)]*), 80.5 (s, br, vy, =
105 Hz, [Co{Ph(CH2)2N(PPh;),}2(12-CH2CH,)]*).

Attempted isolation of [Co{Ph(CH:):N(PPh).}.(n?-CH.CH,)][BArfs] (6.1):
[Co{Ph(CH2)2N(PPh).}>][BArf4] (complex 5.7, 0.05 g, 0.026 mmol) was dissolved in THF
(10 mL) in a Schlenk flask, and the resulting solution subjected to three freeze-pump-

thaw cycles. The Schlenk flask was backfilled with 1 atm of ethylene gas, affording
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[Co{Ph(CH2)2N(PPh;)2}2(n2-CH2CH,)][BArf4] (6.1). Attempting to remove volatilities in
vacuo resulted in a return to the deep purple colour of complex 5.7, indicating that the
coordinated ethylene had been removed. No further attempts at isolating complex 6.1

were made.

Reaction of [Co{Ph(CH:):N(PPh;).}.][BArfs] (5.7) with 1 equiv. of ethylene:
[Co{Ph(CH3)2N(PPh2).},][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution subject to three freeze-pump-thaw cycles.
The Young’s NMR tube was backfilled with (approx.) 1 eq. of ethylene gas (this was
achieved by filling a 7 cm3 glass bulb, attached to the Schlenk line and the Young’s NMR
tube, with a pressure of ethylene at 14 mmHg, with this pressure being determined
using pV = nRT), affording [Co{Ph(CH2)2N(PPh;),2}2(2-CH2CH,)][BArf4] (6.1). The 'H and

31p{'H} NMR data are identical to those seen for the same sample with 1 atm of ethylene.

@
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6.9
Reaction of [Co{Ph(CH.):N(PPh2);}:][BArfs] (5.7) with ds-ethylene:

[Co{Ph(CH3)2N(PPh.),},][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution subject to three freeze-pump-thaw cycles.
The Young’s NMR tube was backfilled with an excess of ds-ethylene gas, affording
[Co{Ph(CH2)2N(PPhs)2}2(17?-CD2CD,)][BArf] (6.9); 85 (76.67 MHz, THF) 5.34 (s, C2D4), 3.56
(s, dg-THF), 1.77 (s, ds-THF), 1.52 (s, Co(n%-CD,CD,)); 8p 3'P{'H} (162 MHz, 298 K, ds-THF)
87.9 (s, br, vy, =496 Hz, [Co{Ph(CH2)2N(PPh;),}2(n2-CD,CD,)]*), 80.6 (s, br, Vi, =396 Hz,
[Co{Ph(CH2)2N(PPh2)2}2(n*-CD2CD:)]*).
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7.33 Synthesis of [Co{Ph(CH5)N(PPh,),}>(CO)][BAr*.] (6.21)
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6.21
Reaction of [Co{Ph(CH:):N(PPh;)}.][BArfs] (5.7) with 1 atm of CO:

[Co{Ph(CH2)2N(PPh;),}>][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution subject to three freeze-pump-thaw cycles.
The Young’s NMR tube was backfilled with 1 atm of CO gas, affording
[Co{Ph(CH2)2N(PPh;),}>(CO)][BArf4] (complex 6.21). The sample was studied by H and
31p{1H} NMR spectroscopy (the sample was too low a concentration to achieve a '3C
NMR spectrum) and the solvent was removed in vacuo, isolating complex 6.21 as an
orange powder (0.008 g, 0.00415 mmol, 79%); 6n (400 MHz, ds-THF) 7.80 — 7.87 (16H,
m, phenyl), 7.46 — 7.70 (20H, m, phenyl), 7.21 (9H, t, J/ = 7.58 Hz, phenyl), 6.95 — 7.03
(13H, m, phenyl), 6.51 — 6.58 (4H, m, phenyl), 2.75 — 2.88 (4H, m, (PPh2)2N-CH>), 1.87 —
1.97 (4H, m, Ph-CH>); 8 'P{*H} (162 MHz, ds-THF) 81.6 (4P, s); selected Vmax / cm™13057
(aromatic C-H stretch), 2962 (C-H stretch), 1951 (C-0) 1609, 1487 (aromatic C=C), 1436
(P-Ph), 1090 (C-N), 839 (P-N-P); MS (ESI): positive ion m/z 519.1 (55.99%
[Ph(CH2)2N(OPPh2)2-2H]*), 1066.1 (100.00% [Co{Ph(CH2)2N(PPh2)2}.COI*); negative ion
m/z 863.3 (100.00% [BArf4]7). CHN analyses in good agreement with the calculation
composition for complex 6.21 could not be obtained, most likely due to trace

contaminants present in the starting material.

7.34 Reaction of [Co{Ph(CH;).N(PPh.).}:][BArf4] (5.7) with H;
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Reaction of [Co{Ph(CH:):N(PPh;);}:][BArfs] (5.7) with 1 atm of Hy:
[Co{Ph(CH2)2N(PPh3),},][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution underwent three freeze-pump-thaw cycles.
The Young’s NMR tube was backfilled with 1 atm of H; gas, affording an equilibrium
mixture of [Co(Ph(CH2)2N{PPh,},)2(n?-H2)][BArfs] and [Co(Ph(CH2)2N{PPh.},).(cis-
(H)2)1[BArf4] (complexes 6.26 and 6.29, respectively). The sample was studied by *H and
31p{IH} NMR spectroscopy (the sample was too low a concentration to achieve a 3C
NMR spectrum); 4 (400 MHz, ds-THF) 7.80 — 7.86 (9H, m, phenyl), 7.54-7.60 (12 H, m,
phenyl), 7.44 (15H, s, br, v/, = 16 Hz, phenyl), 7.32 - 7.38 (15H, m, phenyl), 7.05 - 7.18
(7H, m, phenyl), 6.78 — 6.83 (4H, m, phenyl), 3.00 — 3.12 (4H, m, (PPh3)2N-CH,), 2.33 —
2.45 (4H, m, Ph-CH,), —6.25 (2H, quin, 2Jpn = 36.3 Hz, Co(H2)); 81 H{3P} (400 MHz, ds-
THF) —6.25 (2H, s, Co(H.)); 8p 3'P{*H} (162 MHz, ds-THF) 99.9 (4P, s); & 3'P (162 MHz, ds-
THF) 99.9 (4P, t, Ypy = 34.1 Hz); MS (ESI): positive ion m/z 519.1 (100.00%
[Ph(CH2)2N(OPPh;)>-2H]*), 1037.5 (57.13.23% [Co{Ph(CH2)2N(PPh2),}.]*), 1069.5 (40.48%
[Co{Ph(CH3)2N(PPh,),},0,]*); negative ion m/z 863.3 (100.00% [BArf4]7). Attempts to
isolate the H, adduct of complex 5.7 resulted in complex 5.7, i.e., removal of the

coordinated H in vacuo.

7.35 Reaction of [Co{Ph(CH.).N(PPh;).}][BArf,4] (5.7) with HD

Synthesis of HD gas: 60% NaH in mineral oil (0.13 mol, 3.21 g in 5.35 g) was added to a
50 mL three-necked round bottom flask (with a stopper on one neck, a tap connected
to a Schlenk line in another neck, and a frit containing CaCl, (5 g), serving as a drying
column for the gas, and a tap connected to a T-piece with a Young’s NMR tube,
containing ds-THF, 0.7 mL, degassed and under own vapour pressure, and double-

skinned balloon). The setup was put under vacuum and backfilled with nitrogen gas,

218



with this process being repeated three times. The apparatus was closed off from the
Schlenk line, and Nj-sparged D,O (0.13 mol, 2.42 cm3) was added cautiously and
dropwise via a syringe through a suba seal into the 50 mL flask, producing HD gas, which
was collected in the balloons. Once the balloon were inflated, the tap on the Young's
NMR tube (sealed under vacuum) was opened, allowing for the HD gas to enter the tube.
After a minute, the Young’s NMR tube was sealed, and the sample was studied by NMR
spectroscopy; x (400 MHz, ds-THF) 4.58 (s, H2), 4.54 (t, Yup = 42.6 Hz, HD). A mixture of
H, and HD gas (in a H2:HD ratio of approx. 2:3, determined from the integrals measured

from the *H NMR spectrum) was produced.
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Reaction of [Co{Ph(CH.):N(PPh.).}:][BArf4] (5.7) with HD: 60% NaH in mineral oil
(0.13 mol, 3.21 gin 5.35 g) was added to a 50 mL three-necked round bottom flask (with
a stopper on one neck, a tap connected to a Schlenk line in another neck, and a frit
containing CaCl; (5 g), serving as a drying column for the gas, and a tap connected to a
T-piece with a Young’s NMR tube, containing [Co{Ph(CH2)2N(PPh2)2}2][BArf4] (complex
5.7, 0.01 g, 0.00526 mmol) and ds-THF, 0.7 mL, degassed and under own vapour
pressure, and double-skinned balloon). The setup was put under vacuum and backfilled
with nitrogen gas, with this process being repeated three times. The apparatus was
closed off from the Schlenk line, and N-sparged D>0 (0.13 mol, 2.42 cm3) was added
cautiously and dropwise via a syringe through a suba seal into the 50 mL flask, producing
HD gas which was collected in the balloons. Once the balloon was inflated, the tap on
the Young’s NMR tube (sealed under vacuum) was opened, allowing for the HD gas to
enter the tube, affording an equilibrium mixture of [Co(Ph(CH2)2N{PPh2},)2(n?-
HD)][BArf4] (6.27) and [Co(Ph(CH)2N{PPh.},)2(cis-(H)(D))][BAr4] (6.30). After a minute,
the Young’s NMR tube was sealed, and the sample is studied by NMR spectroscopy; &
(400 MHz, ds-THF) 7.80 — 7.86 (10H, m, phenyl), 7.54 — 7.61 (12 H, m, phenyl), 7.44 (14H,
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s, br, vi/, = 16 Hz, phenyl), 7.31 - 7.38 (15H, m, phenyl), 7.03 — 7.11 (5H, m, phenyl),
6.78 — 6.82 (3H, m, phenyl), 3.00 — 3.13 (4H, m, (PPh3);N-CH2), 2.33 — 2.42 (4H, m, Ph-
CHa), =5.99 — —6.44 (2H, m, Co(Hz) + Co(HD)); 61 *H{*'P} (400 MHz, ds-THF) —6.16 (2H, s,
Co(HD)), —=6.25 (2H, s, Co(H,)); &p 3'P{*H} (162 MHz, ds-THF) 99.7 — 100.3 (m,
[Co{Ph(CH2)2N(PPh2)2}2(D2)]1[BArF4], [Co{Ph(CH2)2N(PPh2)2}2(HD)][BArF4],
[Co{Ph(CH2)2N(PPh2)2}2(H2)1[BArf4]); 8p 3P (162 MHz, ds-THF) 100.1 (4P, d, 2Jp = 37.1 Hz,
[Co{Ph(CH32)2N(PPh),}2(HD)][BArf4]). Note that the integrals of the *H NMR spectrum are
not reliable due to there being a mixture of complexes
[Co{Ph(CH2)2N(PPh2)2}2(H2)][BArF4], [Co{Ph(CH2)2N(PPh2)2}2(HD)][BArF4] and
[Co{Ph(CH2)2N(PPh3)2}2(D2)1[BArF,].

7.36 Reaction of [Co{Ph(CH).N(PPh;).}.][BArf,] (5.7) with syngas
to afford [Co{Ph(CH.).N(PPh.);}.(CO)][BArf4] (6.21)

Reaction of [Co{Ph(CH2)2N(PPh,);}>][BArf,] (5.7) with syngas:
[Co{Ph(CH32)2N(PPh3),},][BArf4] (complex 5.7, 0.01 g, 0.00526 mmol) was dissolved in ds-
THF (0.7 mL) in a Young’s NMR tube inside the glovebox. The sample was brought out
of the glovebox, and the resulting solution subject to three freeze-pump-thaw cycles.
The Young’s NMR tube was backfilled with 1 atm of syngas, affording
[Co{Ph(CH32)2N(PPh;),}2(CO)][BArfs] (complex 6.21) exclusively (no evidence of
[Co(Ph(CH2)2N{PPh2}»)2(n2-H2)][BArf4] and [Co(Ph(CH.)2N{PPh,}.)2(cis-(H)2)][BArf4], i.e.,
complexes 6.26 and 6.29, respectively). An immediate colour change from deep purple
to orange was observed. The *H and 3'P{*H} NMR spectroscopic data is consistent with

that mentioned in Section 7.33.

7.37 Rationale for selection of DFT method and basis set

A ground-state DFT B3LYP method with a 6-31G(d) basis set was chosen for all
calculations in this project. This approach was taken since optimisation of the structure
of complex 5.1 ([CoBr(Ph(CH2)2N{PPh3},)2][PFe]) using these parameter gave the best
agreement with the experimentally determined solid-state structure of complex 5.1.

Although slight alterations in the basis set improved some parameters, this occurred at
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the expense of others, hence the ground state DFT B3LYP method with a 6-31G(d) basis

set was chosen as a best compromise.

7.38 Syntheses and characterisation data for previously
synthesised Py-0-(CH2).N(PPh,), (2.1), [CoBr(Py-o-
(CHz)zN{Pth}z)({Br3CO}Py-O-(CHz)zN{Pth}z)] (2.14) and [{PV-O-
(CH2)2N(PPh,),}PdCl;] (3.8)

Py-0-(CH2)2N(PPh2).  (compound  2.1),  [CoBr(Py-o0-(CH2)2N{PPhz}>)({Br3Co}Py-o-
(CH2)2N{PPh3}2)] (complex 2.14) and [{Py-0-(CH2)2N(PPh3),}PdCl;] (complex 3.8) were
previously synthesised in the MChem project of the author of this thesis.'® Further
original work (not previously submitted for as part of the author’s MChem thesis at
Durham University) has been undertaken in this thesis. The syntheses and
characterisation data for compound 2.1 and complexes 2.14 and 3.8 are included for

completeness.

| X

\

PN

Ph, Pho

2.1
Synthesis of Py-0-(CH2):N(PPh;)2 (2.1): 2-(2-aminoethyl)pyridine (1.22 g, 10.0 mmol)

and triethylamine (11.2 mL, 80.0 mmol) were dissolved in DCM (~15 mL), and the
resulting solution cooled to —40 °C in an acetone/dry ice bath. Chlorodiphenylphosphine
(3.6 mL, 20.0 mmol) was added dropwise. Salt formed immediately, and after the
complete addition the resulting yellow slurry was allowed to warm to room temperature
and stirred for 2 days. The resulting mixture was then filtered, the volatile components
removed in vacuo from the filtrate, and the product extracted from the crude oil that
formed with toluene (2 x 20 mL). The solvent was removed in vacuo, gaining the product
as a yellow waxy solid (1.410 g, 2.87 mmol, 29%). 61 (400 MHz, CDCl,) 2.52 (2H, m, Py-
CH>), 3.66 (2H, m, CH2N(PPh3)2), 6.66 (1H, dt, Jun = 1.0 Hz, 7.8 Hz, H-3Py), 7.04 (1H, ddd,
Jun=1.1Hz, 4.9 Hz, 7.6 Hz, H-4Py), 7.34-7.42 (12H, m, phenyl), 7.46-7.53 (9H, m, phenyl
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+ H-5Py), 8.43 (1H, dq, Jun = 0.9 Hz, 4.9 Hz, H-6Py); 8p 31P{1H} (162 MHz, CD,Cl,) 62.7 (2P,
s); 6¢ (376.45 MHz, CDCl;) 39.9 (t, J = 3.1 Hz, CH,), 53.0 (s, CH3), 121.0 (s, py-C), 122.9
(s, py-C), 128.1 (t, /= 3.1 Hz, aryl-C), 128.8 (s, aryl-C), 132.8 (dd, J = 11.0 Hz, 12.1 Hz, aryl-
C), 135.9 (s, py-C), 139.5 (dd, J = 6.3 Hz, 7.4 Hz, aryl-C), 149.2 (s, py-C), 159.3 (s, py-C);
selected Vmax / cm™ 3052 (aromatic C-H stretch), 2983 (C-H stretch), 1604, 1475 (C=C),
1587, 1565 (C=N), 1435 (P-Ph), 858 (P-N-P); Anal. calc. for C31H28Cl2N2P2(490.53) (%): C,
75.91; H, 5.75; N, 5.71 Found (%): C, 75.60; H, 5.48; N, 5.61; MS (ESI): positive ion m/z
491.4 (100.00% [M+H]*).

mCoO
Ph2 N —
— ", /@
~P»CoZ / \
/ \ Ph2 I Ph2
2.14

Synthesis of [CoBr(Py-o0-(CH2):N{PPh_}.)({Br;Co}Py-o-(CH2).N{PPh.}.)] (2.14): CoBr;
(0.109 g, 0.5 mmol) and Py-o0-(CH3)2N(PPh3),, 2.1, (0.245 g, 0.5 mmol) were dissolved in
THF and stirred at room temperature overnight. A precipitate formed, which was
isolated by filtration and dried in vacuo, affording the cobalt(ll) complex 2.14 as a light
brown solid (0.198 g, 0.140 mmol, 56%); uefr (CD2Cl2, 294 K) = 4.94 us; selected Vmax /
cm™ 1603, 1480 (C=C), 1586, 1569 (C=N), 1433 (P-Ph), 835 (P-N-P); Anal. calc. for
Ce2Hs6BraCoN4P4 (1418.54) (%): C, 52.50; H, 3.98; N, 3.95 Found (%): C, 51.91; H, 3.91; N,
3.92; MS (ESI): positive ion m/z 520.2 (100.00% [M-Co2BrsCs1H30N2P2+0,]*), 1120.4
(30.84% [M-CoBrs]*); negative ion m/z 297.7 (100.00% [CoBrs]").

| X
G

VRN

PhP{ PPh,

/

/7 N\

3.8
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Synthesis of [{Py-0-(CH2):N(PPh2)2}PdCl,] (3.8): Py-o-(CH2):N(PPhy),, 2.1, (0.195 g,
0.397 mmol) and [(MeCN)2PdCl;] (0.102 g, 0.397 mmol) were stirred in DCM (10 mL)
overnight. The reaction mixture was concentrated to 5 mL and layered with Et,O (15
mL), affording crystals after 18 hours. These were isolated by filtration, and the product
dried in vacuo, affording complex 3.8 as yellow crystals (0.173 g, 0.259 mmol, 65%). dn
(400 MHz, CD,Cl) 8.33 (1H, dq, Jun = 0.7 Hz, 4.8 Hz, H-6Py), 7.94-8.04 (8H, m, phenyl),
7.71-7.79 (4H, m, phenyl), 7.60-7.68 (8H, m, phenyl), 7.48 (1H, t, Jux = 7.5 Hz, H-4Py),
7.07 (1H, t, Jun = 5.7 Hz, H-5Py), 6.67 (1H, d, Jun = 7.9 Hz, H-3Py), 3.49-3.64 (2H, m,
CHaN(PPh3)2), 2.45-2.56 (2H, m, Py-CH,); &p 3'P{IH} (162 MHz, CD,Cly) 30.9 (2P, s);
selected Vmax / cm® 1603, 1473 (C=C), 1589, 1568 (C=N), 1433 (P-Ph), 842 (P-N-P), 331,
286 (Pd-Cl); Anal. calc. for CaiH28ClaN2P,PdClCH,Cl, (752.77) (%): C, 51.06; H, 4.02; N,
3.72 Found (%): C, 50.59; H, 4.04; N, 3.72; MS (ESI): positive ion m/z 632.2 (100.00% [M-
Cl+H]*).
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Chapter 8 — Conclusions and Future
Outlook

8.1 Conclusions

The main aim of the work presented in this thesis (outlined in Section 1.4, Chapter 1)
was to study the structures and reactivity of acute bite angle ligand complexes to
develop an understanding of the effects of acute bite angle ligands on cobalt complexes.
This aim has been achieved by probing the coordination chemistry of acute bite angle
‘PNP’ ligands, mainly Py-0-(CH;):N(PPh;)> (compound 2.1) and Ph(CH);N(PPh3)
(compound 2.2), with cobalt(ll) halides, and subsequently accessing low valent cationic
cobalt(l) species containing ‘PNP’ ligands for a reactivity study. The 1:1 reaction of
compound 2.1 with CoX, (X = Cl, Br, 1) affords zwitterionic complexes [CoX(Py-o-
(CH2)2N{PPh;}2)({X5Co}Py-0-(CH2)2N{PPh3}>)] (complexes 4.7, 2.14 and 4.8 with X = Cl, Br
and |, respectively). In contrast, the 1:1 reaction of compound 2.2 with CoX; affords ionic
complexes [CoX(Ph(CH2)2N{PPh3},)2]2[C02Xs] (complexes 4.9, 4.10 and 4.11 with X = Cl,
Br and I, respectively), which are presented for the first time in this work. The same
complexes are isolated irrespective of the ‘PNP’:CoX; ratio (1:1 and 2:1 screened). The
reaction of complex 4.10 with pyridine to afford [CoBr(Ph(CH2):N{PPh3},),][PyCoBrs]
(complex 4.19) verifies that zwitterionic complexes are afforded via an in situ formed
ionic complex ([CoBr(Py-0-(CH2):N{PPh3},):]2[Co2Brs], complex 4.18, in the case of
complex 2.14) which undergoes an intramolecular reaction.

Moving towards accessing low valent cationic cobalt(l) complexes containing ‘PNP’
ligands,  [CoBr(Ph(CH2)2N{PPh},):][PFs],  [CoBr(Py-o-(CH2)N{PPh,},):][PFs]  and
[CoBr(Ph(CH2)2N{PPh2},).][BArf4] (complexes 5.1 — 5.3, respectively), containing a single
cationic cobalt(ll) centre, were accessed. Reduction of complexes 5.1 — 5.3 with
activated zinc affords cobalt(l) species [Co(Ph(CH2)2N{PPh2},):][PFs], [Co(Py-o-
(CH2)aN{PPh2},)2][PFs] and [Co(Ph(CH2):N{PPhy}.)2][BArfs] (complexes 5.5 — 5.7,
respectively) suitable for a reactivity study. Indeed, complex 5.7 has been shown to react
with  dioxygen, ethylene, carbon monoxide and dihydrogen, affording

[CO{Ph(CHz)zN(Pth)z}z(T]z-Oz)][BAI’F4] (complex 5.13), [CO{Ph(CHz)zN(Pth)z}z(T]z-
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CH2CH2)][BArf4] (complex 6.1), [Co{Ph(CH2)2N(PPh),}>(CO)][BArf4] (complex 6.21), and
an equilibrium mixture of [Co(Ph(CH2):N{PPh,},)2(n2-H2)]1[BArfs] (complex 6.26) and
[Co(Ph(CH32)2N{PPh.},)2(cis-(H)2)][BArf4] (complex 6.29). Hence, low valent cationic
cobalt(l) complexes containing ‘PNP’ ligands have been accessed and their reactivity
with a range of substrates has been probed. One equivalent of ethylene coordinates to
complex 5.7 when exposed to a large excess of ethylene. As a result, complex 5.7 does
not catalyse ethylene oligomerisation. Attempts at using complex 5.7 for
hydroformylation catalysis by Jake Backhouse (Dyer group member) led to no
conversion, presumably because complex 5.7 reacts with CO affording complex 6.21
(Scheme 6.6), which is not catalytically active. Hence, application of complex 5.7 as a
catalyst for catalytic processes including olefin oligomerisation and hydroformylation
appears to be limited.

It is also noteworthy that side aims of studying the coordination chemistry of ‘PNP’
ligands with palladium(ll) dichloride and selenium were successful. The reactivity of
compounds 2.2 and 2.1 with zinc(ll) dibromide, with the structures of the obtained
complexes being tentatively assigned as coordination polymers
[(Ph(CH2)2N(Ph2P)2)ZnBr;]n (complex 5.44) and [(Py-0-(CH2)2N(Ph2P)2)ZnBr;]n (complex

5.54), respectively.

8.2 Future Outlook

As mentioned in Section 6.5, Chapter 6, the origin of the lack of catalytic activity of
complex 5.7 likely originates from two equivalents of ‘PNP’ ligand coordinating at the
cobalt(l) centre in a k?>-P,P manner in the [Co{RN(PR’,).}] cation. Hence, the cobalt(l)
centre of the [Co{RN(PR’;):}.] cation is sterically and coordinatively congested. A
strategy to potentially produce cationic cobalt(l) complexes with one equivalent of ‘PNP’
ligand coordinating at the cobalt(l) centre (which, accordingly, would be less sterically
congested, and potentially more suitable for catalytic applications) is to synthesise
complexes of the form of complex 8.1 (Scheme 8.1). This strategy has been successfully

implemented for other diphosphines in place of ‘PNP’ compounds in Scheme 8.1.1
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Scheme 8.1. Synthesis of complex 8.1.
The synthesis of compounds 8.2 and 8.3 (Figure 8.1) and a subsequent study of their
coordination chemistry with CoBr, would also be of interest. The cobalt(ll) bromide
complex of compound 8.2 could potentially exhibit k?-P,N, k?-P,S, or k2-S,N coordination,
whereas compound 8.3 may coordinate to cobalt(ll) bromide in a k>-S,N manner as k-
S,S coordination has been established to not occur due to the lack of reaction between

Ph(CH2)2N(P{S}Ph;)2 (compound 2.10) and cobalt(ll) bromide (Scheme 4.12, Chapter 2).

[ o
G G
thu/ “PPh, Phgll/ \”th
8.2 8.3

Figure 8.1. Structures of compounds 8.2 and 8.3.

Probing the reactivity of complex 5.7 with CO, (Scheme 8.2) may also be of interest as
it is likely that cobalt(lll) complex 8.4 would be produced. If accessible, complex 8.4, like

[Ni(n?-CO,)(PCys).], may be capable of catalysing organozinc coupling with CO,.?

— _®
— Ph, _®
Phy, p. "
<prch s
© Co, Pha/ % b, ©
Ph,  Ph, [ar THF %o 2 [ar)
- :Co‘;\ > 25°C (o]

Ph,  Phy

5.7 8.4

Scheme 8.2. Reaction of complex 5.7 with CO,.
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Appendices

Appendix 1 — Conferences Attended

OWPC-21 - Online Workshop on Phosphorus Chemistry 2021, March 29t — 315t
Poster: Catalytic Alkene Carbonylation: Design, Synthesis and Application of Multi-
functional Ligands

Dalton 2021 — joint interest group meeting, 29t June — 15t July 2021
Poster: Coordination chemistry of Bis(diphenylphosphino)amine-type ligands with
cobalt(ll) halides

Scottish Dalton Meeting 2021 — 26" August 2021
Flash: Coordination chemistry of Bis(diphenylphosphino)amine-type ligands with
cobalt(ll) halides

Durham Postgraduate Symposium 2022 — June 22" — 23 2022
Poster: Synthesis and Reactivity of bis(Diphenylphosphino)amine-type Ligand Cobalt
Complexes

Liverpool Summer School in Catalysis: Fundamentals and Practice 2022 — July 18 —
2272022

Poster: Synthesis and Reactivity of bis(Diphenylphosphino)amine-type Ligand Cobalt
Complexes

RSC Sir Geoffrey Wilkinson Dalton Poster Symposium 2022 — 7t" September 2022
Poster: Synthesis and Reactivity of bis(Diphenylphosphino)amine-type Ligand Cobalt
Complexes

18t European Workshop on Phosphorus Chemistry — September 14t — 16t 2022
Talk: Coaxing Cobalt with ‘PNP’ Ligands

Dalton 2023 — April 18" — 20t 2023
Talk: Coaxing Cobalt with ‘PNP’ Ligands

Durham Postgraduate Symposium 2023 — June 215 2023
Talk: Coaxing Cobalt with ‘PNP’ Ligands

7t SaFE National Teachers and Educators Hybrid Conference — 4" July 2023
Theme: The Next Generation of Chemistry Teachers — Enthusing Early Career Chemistry

Teachers. Developing Student Transitions

Dalton Young Members Event 2023 — August 17" — 18t 2023
Poster: Coaxing Cobalt with ‘PNP’ Ligands
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Appendix 2 — Seminars Attended

Substituted Shape-Shifters and 8pi/6pi Synthesis
Dr Thomas Fallon, University of Adelaide, Australia, 21t October 2020

Much ado about a ring: The curious case of tropylium ion
Dr Vinh Nguyen, University of New South Wales, Australia, 25™ November 2020

The role of ammonia in a future carbon-free energy landscape
Dr Laura Torrente Murciano, University of Cambridge, 24" February 2021

Early transition metal complexes for the treatment of cancer — a necessary evil?
Dr Rianne Lord, University of East Anglia, 10" March 2021

Linking Structure and Function in Materials for Energy and the Environment
Dr John Griffin, Lancaster University, 17" March 2021

Amazing Phosphorus Ligands for Innovations in Carbonylation Chemistry
Prof Matthias Beller, Leibniz Institute for Catalysis, 215 September 2021

How Do You Write Chemoselectivity? Of Course With a P!
Prof Christian Hackenberger, Leibniz-Forschungsinstitut fir Molekulare Pharmakologie,
21t September 2021

The Unique Properties of Organophosphorus Compounds for Optoelectronics
Prof Muriel Hissler, Rennes Institute of Chemical Sciences, 21t September 2021

Phosphorus Sustainability: Addressing Environmental Challenges of P Deficiencies and
Excesses
Prof Helen Jarvie, University of Waterloo, 215 September 2021

Conversion of butanol to propene via a triple flow cascade dehydration, isomerisation
and metathesis
Dr Yiping Shi, University of Durham, 10™ November 2021

Zeolite catalysis for the conversion of mandelic acid into bioplastic monomers
Sam Meacham, University of Durham, 10" November 2021

Improving the selectivity of nickel-based catalysts for vapour-phase furfural
hydrogenation

Kathryn Maclntosh, University of Durham, 10®" November 2021

From phosphorescence to delayed fluorescence in one step: tuning photophysical
properties by quanternisation of an sp? nitrogen atom

Dr Anastasia Klimash, 19t" November 2021

Twists and Turns in Stereoselective Synthesis
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Dr Roly Armstrong, Newcastle University, 15 December 2021

Shape Selective Mass Spectrometry
Dr Jackie Mosley, Teesside University, 28" January 2022

Making “Difficult-to-Make” Molecules: Photochemistry as an Enabling Tool
Dr Susannah Coote, Lancaster Univeristy, 23" February 2022

Design of anisotropic or hierarchical nanostructures for healthcare and energy
applications
Dr Sunjie Le, University of Leeds, 16" March 2022

From molecules to crystal treasures: Lessons learnt along the pathways
Dr Aurora Cruz-Cabeza, University of Manchester, 25" March 2022

Understanding and Exploring Selectivity in the Ir-Catalysed C-H Borylation of
Heterocycles
Prof Patrick Steel, Durham University, 4" May 2022

New Synthetic Chemistry for the Exploration of 3-D Pharmaceutical Space
Prof Peter O’Brien, University of York, 4" May 2022

Functionalization of N-Heterocycles using Li, Mg and Zn Organometallics
Prof Paul Knockel, Ludwig-Maximilians Universitat Minchen, 4" May 2022

Applications of Thiyl-Radicals for Peptide Synthesis
Dr Eoin Scanlan, Trinity College Dublin, 11t May 2022

Dissociation Dynamics of Complex lons

Dr Jemma Gibbard, Durham University, 9" November 2022

Advancing the Field of Bio-Derived Polymers Synthesised by Living Anionic
Polymerisation

Llyod Shaw, Durham University, 9" November 2022

Keeping You Smelling Nice for Longer — The Chemistry of Slow Release Perfumes
Beth Beck, Durham University, 9t November 2022

Characterising the Hygroscopicity of Chloride and Carbonate Containing Aerosols to
Quantify Multicomponent Droplets
C Day, Northumbria University, 9t November 2022

Nanostructural and Water Transport in Epoxy Barrier Coatings
Dr Suzanne Morsch, University of Manchester, 16™ November 2022

NMR Data Analysis By and For Synthetic Chemists: Is there a Better Way?
Dr Alan Kenwright, Durham University, 22" November 2022
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Redox-controlled Photochemistry and Photo-assisted Electrochemistry
Prof Franti Hartl, University of Reading, 25 January 2023

Can Data Save Us? Exploring the Role of Informatics on Materials Research
Dr Taylor Sparks, University of Utah, 1%t February 2023

Innovation in Research and Applied Technology in Organic Synthesis: Prospecting for
Bioactive Compounds and Certified Reference Materials
Prof Fernanda Gadini Finelli, University of Rio de Janeiro, 8t" February 2023

Advanced Electrocatalysts for Sustainable Energy Technologies
Dr Laurie King, Manchester Metropolitan University, 22" February 2023

Sustainable Processes and Catalysis for the Net Zero Transition
Dr Stephen Poulston, Johnson Matthey, 22" February 2023

Catalysis Using Renewable Resources to Make Recyclable and Degradable Plastics,
Elastics and Adhesives
Prof Charlotte Williams, University of Oxford, 22" February 2023

Evaluation and Development of Methodologies for the Synthesis of Chiral Phosphorus
Acid Organocatalysts
Prof Jean-Luc Montchamp, College of Science and Engineering, 8" March 2023

New Approaches for Reductive Elimination? — Exploring Phosphine-Alkene Ligand
Chemistry
Prof Philip W Dyer, Durham University, 8™ March 2023

High Performance Luminescent Materials Using Structural Constraint
Prof Zachary Hudson, University of British Columbia, 13t March 2023
Synthetic Biology Approaches to New Chemistry

Prof Michelle Chang, University of California, Berkeley, 23 March 2023

Polymers for Cells: a Journey Towards a Better Understanding of Cell Behaviour
Dr Maria Chiara Arno, University of Birmingham, 10t May 2023

How to build a molecular machine
Dr Stefan Borsley, University of Manchester, 20%" June 2023

From charge transfer processes in biopolymers to functional protein-based materials
Prof Nadav Amdursky, Technion, Israel Institute of Technology, 27™ June 2023

Appendix 3 — Publications in Preparation

1. A.Carrick, A. S. Batsanov, D. S. Yufit, P. W. Dyer, A study into the coordination of
DPPA-type ligands with cobalt(ll) halides. In preparation.
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Appendix 4 — Crystallographic Data

Compound 2.9:0.12 2.9 Ox 2.10 3.1 DCM
Identification 935rv152 535rv155 21srv159
code
Efmplrlcal C32H29NOO.12PZS C32H29NP252 C33H31C|4NP2PC|
ormula
Formula weight 523.44 553.62 751.73
Temperature/K 120.00 120.00 120
Crystal system monoclinic triclinic monoclinic
Space group P2:/c P-1 P21/n
a/A 10.2714(2) 10.2020(2) 11.1660(3)
b/A 18.5374(4) 11.2112(3) 16.5810(5)
c/A 14.8905(4) 13.3545(3) 17.3397(5)
a/° 90 87.7200(10) 90
B/° 106.5610(10) 71.4640(10) 91.9076(12)
v/° 90 70.7860(10) 90
Volume/A3 2717.61(11) 1363.94(6) 3208.55(16)
VA 4 2 4
Pealcg/cm3 1.279 1.348 1.556
w/mm-t 0.259 0.336 1.036
F(000) 1100.0 580.0 1520.0
Crystal 0.368 x 0.132 x 0.202 x 0.201 x 0.259 x 0.12 x
size/mm?3 0.044 0.163 0.095
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for 4.4 t0 69.938

data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?

Final R indexes
[1>=20 (1]
Final R indexes
[all data]
Largest diff.

peak/hole / e A-
3

4.394 to 65.242

-15<h<15,-28
<k<28,-22<I
<22

76348

9927 [Rint =
00659, Rsigma =
0.0427]

9927/0/335

1.079

R1=0.0542,
wR2=0.1110
R1=0.0724,
wR2=0.1179

0.71/-0.46

3.858 to 74.702

17<h<17,-19<
k<18,-22<1<22
66548

13082 [Rint =
00374, Rsigma =
0.0354]

13082/0/334

1.026

R1=0.0403,
wR2 = 0.0965
R1=0.0570,
wR2 =0.1037

0.55/-0.33

-18<h<17,-26<
k<26,-27<1<27

74884

14018 [Rint =
0.0485, Reigma =
0.0408]
14018/0/371

1.026
R1=0.0317, wR>
=0.0641
R1=0.0462, wR>
=0.0689

0.56/-0.69
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Compound 3.3 3.4DCM 3.52DCM
Identification 21srv179 21srv183 215rv366
code
Empirical Co9H32CIbN,PoPd - C31H2sClaN,P2Pd CasHasCleNP,Pd
formula
Formula weight 647.80 738.69 884.69
Temperature/K 120 120 120
Crystal system orthorhombic orthorhombic monoclinic
Space group Pna2; Pna2; C2/c
a/A 19.8695(5) 20.6994(5) 17.1508(4)
b/A 9.9715(3) 8.5461(2) 16.2438(4)
c/A 14.5270(4) 17.6036(4) 14.4493(3)
a/° 90 90 90
B/° 90 90 115.2488(8)
v/° 90 90 90
Volume/A3 2878.22(14) 3114.06(13) 3640.91(15)
Z 4 4 4
Pealcg/cm3 1.495 1.576 1.614
u/mm 0.963 1.067 1.068
F(000) 1320.0 1488.0 1784.0
Crystal 0.184 x0.132 x 0.212 x 0.054 x 0.27 x 0.267 x
size/mm?3 0.087 0.045 0.238
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for 4.11t074.836 5.156 to 68.992

data collection/®

Index ranges -32<h<33,-16 -32<h<32,-13<

<k<15,-24<| k<13,-28<1<27
<24
Reflections 90152 71531
collected
Independent 13798 [Rint = 13170 [Rint =
reflections 0.0340, Rsigma = 0.0530, Rsigma =
0.0244] 0.0438]
Data/restraints/ 13798/1/329 13170/2/377
parameters
Goodness-of-fit 1.043 1.047
on F?
Final Rindexes R;=0.0258, wR, Ri1=0.0367, wR;
[1>=20 (1)] =0.0580 =0.0828
Final Rindexes R;=0.0294, wR, Ri1=0.0466, wR;
[all data] =0.0597 =0.0877
Largest diff.
peak/hole / e A 0.72/-0.53 0.96/-0.73

3

5.906 to 73.988

28<h<29,-27<
k<26,-23<1<22
55829

8595 [Rin =
0.0320, Rsigma =
0.0241]

8595/0/287

1.040

R1 = 0.0246, wR;
=0.0551
R1=0.0293, wR>
=0.0570

0.59/-0.57
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Compound 3.6'1.5DCM 3.7.DCM 3.9DCM
Identification 21srv367 21sv024 22srv171
code
Empirical C365H31CIsN2P2P C3336H32.72Cl2.72N2 C3aH31ClaF3N2O2P2
formula d P,Pd Pd
Formula weight 843.22 726.22 866.75
Temperature/K 120 120 120.00
Crystal system orthorhombic orthorhombic monoclinic
Space group P212121 P212124 P21/n
a/A 10.1267(2) 8.0011(3) 9.2629(5)
b/A 14.6938(3) 17.5756(7) 27.5491(15)
c/A 24.9097(5) 22.6361(9) 14.5836(8)
a/° 90 90 90
B/ 90 90 101.602(2)
v/° 90 90 90
Volume/A3 3706.56(13) 3183.2(2) 3645.5(3)
VA 4 4 4
Pealcg/cm3 1.511 1.515 1.579
u/mm?t 0.976 0.938 0.939
F(000) 1700.0 1476.0 1744.0
Crystal 0.257 x 0.094 x 0.206 x0.146 x  0.18 x0.13 x 0.02
size/mm?3 0.083 0.024
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20rangefor ) o oc069.954  4.972t0 66 4.108 to 60

data collection/®

- <hc -
Index ranges 16 <h<15,-23 12<h<12, 26<
<k<23,-39<|
k<26,-34<1<34
<40
Reflections 89393 92973
collected
Independent 16268 [Rint = 12022 [Rint =
reﬂect|ons 0.0457, Rsigma = 0.0642, Rsigma =
0.0384] 0.0424]
Data/restraints/ ) e0/28/a60  12022/11/457
parameters
-of-fi
Goodnesszo it 1.034 1.026
onF
Final Rindexes R;=0.0344, wR, R;=0.0360, wR>
[1>=20 (I)] =0.0720 =0.0626
Final Rindexes R;=0.0408, wR, R;=0.0498, wR;
[all data] =0.0743 =0.0671
Largest diff.
peak/hole / e A 1.18/-0.54 0.52/-0.85
3

-13<h<13,-38<
k<38,-20<1<20

131547

10603 [Rint =
0.0579, Rsigma =
0.0267]
10603/12/464

1.226
R1=0.0483, wR2
=0.0937
R1=0.0537, wR2
=0.0955

0.73/-1.37
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Compound 3.10:2DCM 3.11.DCM 3.25
Identification 22srv061 22srv049 22srv090
code
Empirical C36.5H36ClsFsN2O  C29.33H33.67Cla67F6  CasHseClsCoNzP2P
formula 2P2Pd N,PsPd d
Formula weight 937.26 822.09 1019.42
Temperature/K 120.00 120.00 120.00
Crystal system monoclinic monoclinic monoclinic
Space group P2/c P2:/c P2:/c
a/A 21.1390(6) 22.2356(7) 16.3268(7)
b/A 11.2934(3) 22.9563(7) 8.6193(4)
c/A 17.7410(5) 20.2843(6) 33.1966(14)
a/° 90 90 90
B/° 101.9250(10) 92.7649(12) 98.3830(10)
v/° 90 90 90
Volume/A3 4143.9(2) 10342.0(5) 4621.7(4)
Z 4 12 4
Pealcg/cm3 1.502 1.584 1.465
u/mm 0.895 0.940 1.140
F(000) 1892.0 4968.0 2092.0
Crystal 0.14 x 0.05 x 0.16 x 0.12 x 0.08 0.14 x 0.02 x
size/mm3 0.01 0.0008
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for 4.11to 60 3.994 to 60 4,886 t051.998
data collection/®
Index ranges -29<h<29,-15 -31<h<31,-32< -20<h<20,-10<
<k<15,-24<| k<32,-28<1<28 k<10,-40<1<40
<24
Reflections 98846 236499 65386
collected
Independent 12090 [Rint = 30128 [Rint = 9079 [Rint =
reflections 0.0683, Rsigma = 0.0593, Rsigma = 0.1051, Rsigma =
0.0406] 0.0373] 0.0692]
Data/restraints/ 12090/6/482 30128/56/1222 9079/0/526
parameters
Goodness-of-fit 1.063 1.037 1.043
on F?
Final R indexes Ri= 0.0567, wWR3; Ri= 0.0507, WR32 R1 = 0.0486, wWR3;
[1>=20 ()] =0.1374 =0.1198 =0.0884
Final Rindexes R;=0.0702, wR, R;=0.0736, wR> R1=0.0905, wR>
[all data] =0.1449 =0.1334 =0.1068
Largest diff.
peak/hole / e A 2.02/-1.29 1.85/-1.20 0.67/-0.49
3
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Compound 3.29.DCM 3.30 4.13DCM
Identification 995rv230 995rv233 21srv160c
code
Empirical CotHosClaNoPPA  CooHarClaN,O,PPd C115H122BrsClsCoq
formula N4Ps
Formula weight 582.58 529.66 2895.62
Temperature/K 120.00 120.00 120
Crystal system orthorhombic monoclinic triclinic
Space group Pbca P2i/c P-1
a/A 9.0393(2) 10.4481(2) 12.0169(4)
b/A 16.8788(4) 12.6348(3) 24.1352(8)
c/A 30.3005(7) 15.5868(3) 24.2559(8)
a/° 90 90 61.7826(12)
B/° 90 91.4480(10) 75.9875(13)
v/° 90 90 77.1106(13)
Volume/A3 4623.02(18) 2056.95(7) 5965.7(5)
VA 8 4 2
Pealcg/cm3 1.674 1.710 1.612
u/mm?t 1.346 1.259 3.516
F(000) 2336.0 1064.0 2900.0
Crystal 0.206 x 0.08 x 0.191 x 0.18 x 0.438 x0.128 x
size/mm?3 0.072 0.106 0.064
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for 3.738 to 58

data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?

Final R indexes
[1>=20 (1)]
Final R indexes
[all data]
Largest diff.
peak/hole / e A
3

4.826 to 74.664

-14<h<15,-28
<k<27,-51<|
<48

104869

11229 [Rine =
0.0660, Rsigma =
0.0503]

11229/0/263

1.077

R1=0.0508,
wR2 =0.0969
R1=0.0829,
wR2 =0.1066

1.04/-1.64

5.742 to 74.558

-16<£h<16,-20<
k<21,-24<1<26

47659

9648 [Rin =
0.0338, Rsigma =
0.0308]

9648/0/254

1.046

R1=0.0273,
wR2 =0.0573
R1=0.0373,
wR2 = 0.0607

0.71/-0.85

-16<h<16,-32<
k<32,-33<1<33

104038

31682 [Rint =
0.0472, Rsigma =
0.0583]
31682/57/1385

1.051
R1=0.0482, wR;
=0.0927
R1=0.0736, wR2
=0.1005

1.41/-0.97
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Compound 4.5-DCM 4.7-4DCM 4.83DCM
Identification 21srv180 21srv281 21srv221
code
Empirical C59HssBr4C|2C02 C54,7H51,4C|3,7C02N C55H52C|5C02|4N4P
formula N4P2s aP4 4
Formula weight 1463.43 1445.13 1861.22
Temperature/K 120 120.0 120
Crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
a/A 11.7700(6) 11.5474(7) 11.6309(4)
b/A 16.1821(8) 17.1235(10) 17.7474(6)
c/A 17.3247(8) 19.7255(12) 20.0867(7)
a/° 74.1194(17) 65.107(2) 65.7961(11)
B/° 85.3665(17) 89.573(2) 73.3159(12)
v/° 85.9732(18) 71.176(2) 72.7477(12)
Volume/A3 3159.4(3) 3311.1(3) 3545.8(2)
z 2 2 2
Pealcg/cm3 1.538 1.449 1.743
w/mm-?t 3.280 0.992 2.567
F(000) 1472.0 1479.0 1816.0
Crystal 0.15 x 0.082 x 0.447 x 0.085 x 0.681 x0.126 x
size/mm3 0.038 0.022 0.064
Radiation Mo Ka (A = Mo Ka (A = MoKa (A =
0.71073) 0.71073) 0.71073)

20 range for
data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?
Final R indexes
[1>=20 ()]
Final R indexes
[all data]
Largest diff.
peak/hole / e A
3

R1=0.0546, wR:

4.2461033.998 3 7681062.998  3.982 0 60.068
- <h< -
15<h<14,-20 -16<h<16,-25<

-16<£h<16,-24<
<K< - <
<ks<20,-22<| k<25,-28<1<28 k<24,-28<1<28
<22
62072 87628 61843
13762 [Rint = 22004 [Rint = 20668 [Rint =
0.0416, Rsigma = 0.0621, Rsigma = 0.0624, Rsigma =
0.0410] 0.0608] 0.0677]
13762/42/790
142/ 22004/1/767 20668/110/860
1.088 1.013 1.033

R1=0.0489, wR2  R1=0.0442, wR;

=0.1262

=0.1034 =0.0937

R1=0.0769, wR2 R1=0.0729, wR> R1=0.0630, wR>
=0.1364 =0.1134 =0.1008
1.59/-0.95 0.82/-0.95 1.15/-1.07

237



Compound 4.9.2DCM 4.108DCM 4.11-8DCM
Identification 21srv285 21srv178 21srv222
code
Empirical C130H120C|12C04N C135H1328F8C|15CO4 C135H132C|15CO4|8N
formula 4Pg N4P3 4P3
Formula weight 2647.17 3512.41 3888.33
Temperature/K 120 120 120
Crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
a/A 11.8837(3) 11.8240(4) 12.0333(5)
b/A 13.8584(3) 19.4940(6) 14.7190(6)
c/A 20.7044(5) 31.9203(11) 21.4908(8)
a/° 78.7260(10) 83.8356(12) 80.0853(15)
B/° 74.1320(10) 83.7957(13) 82.6962(16)
v/° 69.5842(9) 86.4443(12) 82.5404(15)
Volume/A3 3054.82(13) 7262.7(6) 3696.4(3)
z 1 2 1
Pealcg/cm3 1.439 1.606 1.747
pu/mm-t 0.953 3.081 2.536
F(000) 1360.0 3512.0 1900.0
Crystal 0.509 x 0.239 x 0.537 x 0.08 x 0.204 x 0.063 x
size/mm?3 0.064 0.041 0.014
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)

20 range for
data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?

Final R indexes
[1>=20 (1)]
Final R indexes
[all data]
Largest diff.
peak/hole / e A
3

3.856 t0 66.28

-18<h <18, -21
<k<21,-31<|
<31

68215

23267 [Rint =
0.0393, Rsigma =
0.0516]

23267/6/730

1.021

R1= 0.0425, wWR3;
=0.0934
R1=0.0604, wR>
=0.1000

0.56/-0.47

3.824 t0 60.316

-16<h<16,-27<
k<27,-45<1<45

182175

42877 [Rint =
0.0519, Rsigma =
0.0516]
42877/76/1689

1.020
R1=0.0456, wR:
=0.0997
R1=0.0701, wR:
=0.1089

1.22/-1.60

4.118 t0 60.184

-16<h<16,-20<
k<20,-30<1<30
90624

21662 [Rint =
0.05 19, Rsigma =
0.0535]

21662/19/833

1.093

R1=0.0597, wR2
=0.1215
R1=0.0839, wR2
=0.1298

1.44/-1.96
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Compound 4.13 4.14 4.15
Identification 21srv368 21srv370 22srv037
code
Empirical C24HseBF4CON2 C17H33BI‘3CON2 C74H64C|10C02N2P4
formula
Formula weight 751.27 564.11 1577.51
Temperature/K 120 120 120.00
Crystal system monoclinic orthorhombic monoclinic
Space group C2/c Pca2; P21/n
a/A 32.6980(9) 14.0421(4) 11.0569(3)
b/A 14.1480(4) 11.3373(3) 12.3902(3)
c/A 14.8115(4) 14.1904(4) 25.6951(6)
a/° 90 90 90
B/° 109.5790(11) 90 91.1592(9)
v/° 90 90 90
Volume/A3 6455.8(3) 2259.10(11) 3519.44(15)
Z 8 4 2
Pealcg/cm3 1.546 1.659 1.489
w/mm-?t 5.497 6.067 0.987
F(000) 3048.0 1124.0 1612.0
Crystal 0.374 x0.26 x 0.259x0.253x  0.28x0.17 x0.13
size/mm3 0.23 0.045
Radiation MoKa (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for ] 3.168 to 64 4,618 to 63.996 3.982 to 59.998
data collection/
Index ranges -48<h<48,-21 -20£h<20,-16< -15<h<15,-17<
<k<20,-22<| k<16,-21<1<21 k<17,-36<1<36
<22
Reflections 62265 59272 83699
collected
Independent 11203 [Rint = 7819 [Rint = 10246 [Rint =
reflections 0.0389, Rsigma = 0.0447, Rsigma = 0.0391, Rsigma =
0.0325] 0.0306] 0.0227]
Data/restraints/ 11203/18/330 7819/1/217 10246/0/415
parameters
Goodnessz-of-flt 1.015 1.035 1.066
onF
Final R indexes Ri= 0.0263, WR3 R1= 0.0255, wWR; R1 = 0.0324, wR;
[1>=20 ()] =0.0479 =0.0457 =0.0738
Final Rindexes R;=0.0416, wR, R:1=0.0325, wR; R1=0.0374, wR>
[all data] =0.0512 =0.0477 =0.0759
Largest diff.
peak/hole / e A 0.73/-0.54 0.44/-0.55 0.58/-0.42

3
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Compound 4.16 4.192.6DCM 4.26
Identification 22srv127 21srv243 995rv231
code
Empirical C98H84C|5C02N2P C71,5H58.zBr4C|5,2C CngzBrzcoNz
formula 6 02N3P4
Formula weight 1806.05 1716.41 354.95
Temperature/K 120.00 120 120.00
Crystal system triclinic monoclinic monoclinic
Space group P-1 P21/n P2:/c
a/A 12.0205(3) 18.3763(6) 13.1024(4)
b/A 12.9884(3) 23.4798(8) 6.7551(2)
c/A 15.5087(3) 35.0514(12) 13.7347(4)
a/° 97.8273(9) 90 90
B/° 112.4955(8) 100.7733(12) 104.7550(10)
v/° 96.3601(8) 90 90
Volume/A3 2180.87(9) 14857.1(9) 1175.54(6)
Z 1 8 4
Pealcg/cm3 1.375 1.535 2.006
u/mm?t 0.723 2.914 8.217
F(000) 932.0 6890.0 684.0
Crystal 0.18 x 0.11 x 0.406 x 0.087 x 0.532x0.311 x
size/mm?3 0.06 0.087 0.278
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for 3.726 to 59.994 3.832to 58

data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?

Final R indexes
[1>=20 (1)]
Final R indexes
[all data]
Largest diff.
peak/hole / e A
3

-16<h<16,-18
<k<18,-21<|
<21
66202

12677 [Rint =
0.0370, Rsigma =
0.0288]
12677/0/514

1.024
R1=0.0412, wR:
=0.1013
R1=0.0491, wR;
=0.1060

2.04/-1.05

-25<h<25,-32<
k<31,-47<1<47

308095

39471 [Rint =
0.0590, Rsigma =
0.0385]
39471/7/1710

1.120
R1=0.0483, wR:
=0.0934
R1=0.0713, wR:
=0.1027

1.27/-0.82

6.158 t0 67.518

-20ch<20,-10<
k<10,-21<1<21
39905

4680 [Rint =
0.0604, Rsigma =
0.0335]

4680/0/119

1.065

R1=0.0388,
wR> =0.0751
R1=0.0586,
wR2 =0.0831

1.26/-1.09

240



Compound

4.27

5.10.5DCM

5.20.5DCM

Identification
code
Empirical
formula

Formula weight

Temperature/K
Crystal system
Space group
a/A
b/A
c/A
o/°
B/
v/°
Volume/A3
VA
pcalcg/cm3
p/mm?
F(000)
Crystal
size/mm?3
Radiation

20 range for
data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?

Final R indexes
[1>=20 (1)]
Final R indexes
[all data]
Largest diff.
peak/hole / e A-

3

23srv175

21srv355

21srv354

C32H29BroCoNP,S  CeasHsoBrCICoFsN  Cea.5Hs7BrCICoFgN

740.31
120.00
monoclinic
P2:/n
9.7944(3)
19.4469(6)
16.6465(5)
90
104.6940(10)
90
3066.97(16)
4
1.603
3.361
1484.0
0.14 x 0.06 x
0.03
Mo Ka (A =
0.71073)
4,188 to 59.998

-13<h<13,-27
<k<27,-23<|
<23
75138

9064 [Rint =
0.0563, Rsigma =
0.0360]
9064/0/378

1.099

Ry = 0.0409, wR,

=0.0795

R1=0.0602, wR>

=0.0857

1.15/-1.25

2Ps
1305.27
120
monoclinic
P21/n
11.6342(3)
33.6871(8)
16.3153(4)
90

108.3933(9)

90
6067.7(3)
4
1.429
1.178
2672.0

0.229 x 0.168 x

0.046
Mo Ka (A =
0.71073)
3.882 to 63

17<h<17,-49<
k<49,-23<1<23

147805

20175 [Rint =

0.0438, Rsigma =

0.0299]

20175/194/780

1.020

Ry = 0.0409, wR,

=0.0906

R1=0.0539, wR>

=0.0965

0.94/-1.15

4Ps
1307.26
120
monoclinic
P2:/n
11.4937(3)
33.3785(7)
16.2719(4)
90
107.7431(8)
90
5945.6(2)
4
1.460
1.203
2672.0
0.397 x0.136 x
0.03
Mo Ka (A =
0.71073)

3.916 to 58

-15<h<15,-45<

k<45,-22<1<22
103074

15791 [Rine =
0-0504, Rsigma =
0.0363]

15791/290/963

1.023

Ry = 0.0534, wR,
=0.1179

Ry = 0.0731, wR,
=0.1287

1.01/-1.17
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Compound 5.3 5.11:30C(CHs)> 5.19:3DCM
Identification 935rv090 235rv076 21srv446
code
Empirical Co6H70BBrCoFas  C73H76CoFeN20s5  Cs7H64Bro.25Cl6.75C
formula N2P4 Ps 0FeN2Ps
Formula weight 1981.07 1389.13 1484.24
Temperature/K 120.00 120.00 120.0
Crystal system triclinic monoclinic triclinic
Space group P-1 P2:/c P-1
a/A 12.8535(5) 17.6827(7) 11.5759(8)
b/A 18.1906(6) 11.3220(4) 14.9694(10)
c/A 19.6418(7) 33.6445(13) 19.9811(13)
a/° 74.3080(10) 90 80.781(2)
B/° 81.8800(10) 95.6670(10) 81.751(2)
v/° 83.6640(10) 90 81.586(2)
Volume/A3 4364.5(3) 6702.8(4) 3355.3(4)
Z 2 4 2
Pealcg/cm3 1.507 1.377 1.469
w/mm-t 0.828 0.445 0.852
F(000) 2006.0 2896.0 1519.0
Crystal 0.316 x0.223 x  0.446 x 0.081 x 0.13 x 0.05 x
size/mm?3 0.076 0.053 0.014
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20 range for 3.916to 52

data collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints/
parameters
Goodness-of-fit
on F?

Final R indexes
[1>=20 (1)]
Final R indexes
[all data]
Largest diff.

peak/hole / e A-
3

3.822t0 61.016

-18<h <18, -25
<k<25,-28<I
<28

164746

26627 [Rint =
0.0961, Reigma =
0.0688]
26627/709/131
1

1.045

R1=0.0553,
wR2=0.1030
R1=0.0899,
wR2 =0.1147

0.56/-0.75

3.798 to 57.398

-23<h<23,-15
<k<15,-45<]|
<45

109721

17261 [Rint =
01325, Rsigma =
0.0940]

17261/0/835

1.199

R1=0.0953,
wR2 =0.1567
R1=0.1318,
wR2 =0.1687

0.58/-0.53

-14<h<14,-18<
k<18,-24<1<24

52650

13191 [Rint =
0.1276, Rsigma =
0.1473]
13191/76/829

1.022
R1=0.0888, wR:
=0.1486
R1=0.1765, wR:
=0.1797

1.05/-0.65
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Compound 5.23:30C(CHs); 5.32:DCM 5.47
Identification 935070 21srv286 21srv428
code
Empirical C73H76Bro.2aCoFs CesHssCleCoaNaPa C32H29BroNO2P2Zn
formula N204.53Ps
Formula weight 1400.55 1326.58 746.69
Temperature/K 120.00 150 120.0
Crystal system monoclinic triclinic orthorhombic
Space group P2:/c P-1 P2:212;
a/A 17.7352(12) 11.9094(5) 10.6084(4)
b/A 11.3289(8) 14.2646(6) 15.3952(7)
c/A 33.583(2) 18.9925(8) 18.8859(8)
a/° 90 97.8859(16) 90
B/° 95.572(2) 102.6242(17) 90
v/° 90 91.4158(18) 90
Volume/A3 6715.7(8) 3113.7(2) 3084.4(2)
VA 4 2 4
Pealcg/cm? 1.385 1.415 1.608
u/mm-?t 0.585 0.936 3.521
F(000) 2914.0 1362.0 1496.0
Crystal 0.568 x 0.058 x 0.159 x 0.152 x 0.09 x 0.07 x 0.06
size/mm3 0.047 0.093
Radiation Mo Ka (A = Mo Ka (A = Mo Ka (A =
0.71073) 0.71073) 0.71073)
20rangefor g o) i050.054 3.71t0 65 4.664 10 59.996
data collection/

Index ranges -21<h<21,-13

18 <h<18,-21<

<ks<13,-39<| k<21, -28<1<28
<39
Reflections 117291 67297
collected
Independent 11859 [Rint = 22500 [Rint =
reflections 0.1224, Rsigma = 0.0372, Rsigma =
0.0633] 0.0466]
Data/restraints/ 1 0cq/0/845 22500/0/723
parameters
Goodnessz-of-flt 1208 1.033
onF
Final R indexes R1 =0.0966, R1 = 0.0454, wR;
[1>=20 (1)] wR; = 0.2003 = 0.0999
Final R indexes R1=0.1154, R1=0.0611, wR;
[all data] wR2 =0.2088 =0.1066
Largest diff.
peak/hole / e A- 0.76/-0.68 0.66/-0.95

3

-14<h<14,-21<k
<21,-26<1<26

75306

8984 [Rint = 0.0863,
Rsigma = 00539]

8984/0/361
1.040
R1=0.0399, wR; =
0.0790
R1=0.0532, wR; =
0.0837

0.60/-0.50
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Appendix 5 — GaussSum UV-Vis Data

Transition discussed in Section 5.3.7, Chapter 5, is in bold, with -88 highlighted in yellow.

HOMO is 436

No. Energy (cm-1) Wavelength (nm) Osc. Strength  Symmetry Major

contribs Minor contribs Co mel me2 phl ph2 ph3 ph4d
ph5 ph6 ph7 ph8 pnpl pnp2 B bphl bph2 bph3 bph4

1 11877.3205215 841.940737554 0.0109 Singlet-A HOMO-

>LUMO (68%) HOMO->L+2 (7%), HOMO->L+4 (7%), HOMO->L+19 (6%), HOMO->L+20
(2%) 103-->24 (-79) 0-->0 (0) 0-->0 (0) 0-->7 (7) 0-->3 (3) 0-->7

(7)  0-->4(4) 0-->2 (2) 1-->6 (5) 0-->12 (12) 0-->2(2) -3--

>14 (17) -3-->14 (17)  0-->0(0) 0-->0 (0) 0-->2 (2) 0-->0 (0)
0-->2(2)

2 13567.8586046 737.035982714 0.003 Singlet-A H-1->LUMO

(66%) H-1->L+2 (6%), H-1->L+4 (8%), H-1->L+19 (7%), H-1->L+20 (3%) 87-->24 (-63)
0-->0 (0) 0-->0 (0) 0-->7 (7) 0-->3 (3) 0-->6 (6) 1-->4

(3)  0->2(2) 1-->6 (5) 0-->12 (12) 0-->2(2) 4-->14 (10)  5-

>14 (9) 0-->0 (0) 0-->0 (0) 0-->2 (2) 0-->0 (0) 0-->3 (3)

3 16619.860564 601.689765176 0.0031 Singlet-A H-2->LUMO (65%)
H-2->L+2 (6%), H-2->L+4 (7%), H-2->L+19 (6%), H-2->L+20 (2%) 79-->24 (-55)
0-->0 (0) 0-->0 (0) 0-->7 (7) 1-->3 (2) 0-->7 (7) 1-->4

(3) 1-->2 (1) 0-->6 (6) 0-->12(12) 1-->2(1) 8-->14 (6) 8--
>14 (6) 0-->0 (0) 0-->0 (0) 0-->2(2) 0-->0 (0) 0-->2 (2)

4 19291.9753873 518.350236265 0.0011 Singlet-A HOMO->L+1

(94%) 103-->3 (-100) 0-->1 (1) 0-->0 (0) 0-->25(25) 0-->6(6)
0-->12(12) 0-->27(27) 0-->0(0) 1-->0 (-1) 0-->0 (0) 0-->1

(1) -3-->0 (3) -3-->25(28) 0-->0(0) 0-->0 (0) 0-->0 (0) 0-->0

(0) 0-->0 (0)

5 19816.2357661 504.636708911 0.0301 Singlet-A HOMO-

>LUMO (24%), HOMO->L+2 (45%), HOMO->L+4 (16%) HOMO->L+19 (4%) 103--

>15 (-88) 0-->0 (0) 0-->0 (0) 0-->14 (14) 0-->10(10) 0-->5(5)
0-->12 (12)  0-->5 (5) 1-->3 (2) 0-->6 (6) 0-->7 (7) -3--

>9 (12)-3-->12 (15)  0-->0 (0) 0-->0 (0) 0-->1 (1) 0-->0 (0) 0-->1

(1)

6 21436.603614 466.491809061 0.0064 Singlet-A H-10->LUMO (47%)
H-12->LUMO (3%), H-11->LUMO (6%), H-10->L+2 (5%), H-10->L+4 (7%), H-10-

>L+19 (7%), H-10->L+20 (3%) 56-->24 (-32) 1-->0 (-1) 0-->0 (0) 0-->7 (7)

1-->3 (2) 1-->6 (5) 0-->4 (4) 2-->2 (0) 12-->6 (-6)  1--
>12 (11) 2-->2 (0) 4->13(9)  4-->14(10) 0-->0 (0) 2--50 (-2)
13-->2 (-11)  1-->0(-1) 1-->3 (2)
7 21823.7497399 458.216398153 0.0178 Singlet-A H-1->L+1
(12%), H-1->L+2 (17%), HOMO->L+3 (43%) H-1->LUMO (8%), H-1->L+4 (7%) 95--
>9 (-86) 0-->0 (0) 0-->0 (0) 0-->10(10) 0-->7(7) 0-->3 (3)
0-->9 (9) 0-->22(22) 1-->3(2) 0-->12 (12) 0-->4(4) 0--
>13 (13) 1-->8 (7) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)
0-->0 (0)
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8 21888.2740942 456.865623894 0.0276 Singlet-A H-1->LUMO

(14%), H-1->L+2 (25%), HOMO->L+3 (38%) H-1->L+4 (8%), H-1->L+19 (2%) 94--

>11 (-83) 0-->0 (0) 0-->0 (0) 0-->8 (8) 0-->8 (8) 0-->3 (3)
0-->7 (7) 0-->20(20) 1-->4(3) 0-->12(12) 0-->5(5) 1--

>14 (13) 2-->7 (5) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)
0-->1 (1)

9 22214.1220835 450.16408762 0.0077 Singlet-A H-1->L+1 (77%)

H-1->LUMO (2%), H-1->L+3 (5%), HOMO->L+3 (8%) 89-->4 (-85)  0-->1 (1)
0-->0 (0) 0-->21(21) 0-->5(5) 0-->10(10) 1-->22(21) O0-->6

(6) 1-->1 (0) 0-->3 (3) 0-->1 (1) 3-->3(0) 4-->22 (18) 0-->0

(0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

10 23362.6555904 428.03353246 0.0036 Singlet-A HOMO->L+2 (34%),

HOMO->L+4 (62%) 103-->8 (-95) 0-->0 (0) 0-->0 (0) 0-->23 (23)
0-->15(15)  0-->2(2) 0-->18 (18)  0-->9 (9) 1-->1 (0) 0-->4

(4)  0-->6(6) -3-->5 (8) -3-->9(12)  0-->0(0) 0-->0 (0) 0-->0

(0) 0-->0 (0) 0-->0 (0)

11 24841.0698588 402.559151311 0.002 Singlet-A H-2->L+1

(92%) 79-->3 (-76)  0-->1 (1) 0-->0 (0) 0-->25(25)  1-->6 (5)
0->12 (12) 1->27(26) 1-->0(-1) 0-->0 (0) 0-->0 (0) 1-->1

(0) 8-->0 (-8) 8-->25(17) 0-->0(0) 0-->0 (0) 0-->0 (0) 0-->0

(0) 0-->0 (0)

12 25116.1049191 398.150908838 0.0687 Singlet-A H-2->LUMO

(18%), H-2->L+2 (38%), H-2->L+4 (13%), H-1->L+3 (12%)  H-2->L+3 (2%), H-2->L+19
(3%) 80-->13(-67) 0-->0(0) 0-->0 (0) 0-->12(12) 1-->10(9) 0-->4

(4)  1-->11(10) 1-->11(10) 0-->3(3) 0-->8 (8) 1-->6 (5) 7--

>10 (3) 7-->10 (3) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->1

(1)

13 25258.0584986 395.913248858 0.0242 Singlet-A H-1->L+3

(73%) H-2->LUMO (5%), H-2->L+2 (5%), H-1->L+1 (4%)  86-->8 (-78) 0-->0 (0)
0-->1 (1) 0-->4 (4) 0-->5 (5) 0-->1 (1) 1-->3 (2) 0--

>34 (34) 1-->4 (3) 0-->17 (17)  0-->2(2) 4-->18 (14)  5-->3(-2)
0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

14 25854.908776 386.773749102 0.0023 Singlet-A HOMO->L+5 (48%),

HOMO->L+6 (10%), HOMO->L+7 (28%) HOMO->L+2 (4%), HOMO->L+4 (4%) 103--
>3 (-100) 0-->1 (1) 0-->0 (0) 0-->24 (24) 0->14(14) 0-->8(8)

0-->28 (28)  0-->4 (4) 1-->1 (0) 0-->6 (6) 0-->6 (6) -3--
>2 (5) -3-->3(6) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0
(0)

15 26091.2292237 383.270558633 0.0038 Singlet-A HOMO->L+5
(34%), HOMO->L+6 (54%) HOMO->L+7 (4%)  103-->3 (-100) 0-->1 (1) 0-->0
(0) 0-->21(21) 0-->20(20) 0-->3(3) 0-->13(13)  0-->9 (9) 1-->4
(3)  0->19(19) 0-->2(2) -3-->4 (7) -3-->2 (5) 0-->0 (0) 0-->0
(0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

16 26363.0380663 379.318953106 0.0023 Singlet-A H-1->L+2
(34%), H-1->L+4 (59%) 87-->8 (-79) 0-->0 (0) 0-->0 (0) 0--
>23 (23) 0-->15(15)  0-->2 (2) 1-->18 (17)  0-->9 (9) 1-->1 (0)
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0-->4 (4) 0-->6 (6) 4-->5 (1) 5-->9 (4) 0-->0 (0) 0-->0
(0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

17 26484.8277851 377.574665811 0.0008 Singlet-A HOMO->L+5

(11%), HOMO->L+6 (26%), HOMO->L+7 (55%) 103-->2 (-101) 0-->0 (0)
0-->0 (0) 0-->9 (9) 0-->15(15) 0-->12(12) 0-->27(27) 0-->7

(7) 1-->2 (1) 0-->10(10) 0-->9(9) -3-->4 (7) -3-->2 (5) 0-->0

(0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

18 27458.3389809 364.18808898 0.0061 Singlet-A HOMO->L+8 (74%),

HOMO->L+9 (11%) H-2->L+3 (8%), HOMO->L+10 (2%) 101-->2(-99) 0-->0 (0)
0-->0 (0) 0-->23(23) 0-->6(6) 0-->13(13) 0-->25(25) 0-->9

(9) 1-->2 (1) 0-->11(11) 0-->6(6) -2-->3 (5) -2-->1 (3) 0-->0

(0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

19 27576.9024819 362.622307076 0.0004 Singlet-A H-2->L+3

(73%), HOMO->L+9 (11%)  H-2->L+2 (3%), HOMO->L+8 (3%) 82-->6 (-76) 0-->0

(0)  0-->1(1) 0-->4 (4) 1-->5 (4) 0-->3 (3) 1-->3 (2) 1--

>34 (33) 0-->5 (5) 0-->17 (17)  1-->6 (5) 6-->17 (11)  6-->1(-5)
0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

20 27849.5178789 359.072643321 0.0005 Singlet-A HOMO->L+8

(16%), HOMO->L+9 (65%) H-2->L+3 (6%), HOMO->L+10 (4%) 102-->2 (-100) 0-->0
(0)  0-->0(0) 0->13 (13) 0-->7(7) 0-->15(15)  0-->8 (8) 0--

>13 (13) 1-->4 (3) 0-->10 (10) 0-->22(22) -2-->4(6) -2-->3 (5)
0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0)

21 28241.5033314 354.088799121 0.0002 Singlet-A H-3->LUMO

(99%) 0-->29(29) 0-->0(0) 0-->0 (0) 0-->5 (5) 0-->1 (1)

0-->8 (8) 0-->2 (2) 0-->0 (0) 0-->7 (7) 0-->15(15)  0-->0
(0) 0->16(16) 0-->17(17) 3-->0(-3) 22-->0(-22)  4-->0 (-4) 64--
>0 (-64) 8-->0 (-8)
22 28671.3968421 348.779658524 0.0031 Singlet-A HOMO-
>L+10 (70%) H-1->L+5 (4%), H-1->L+7 (2%), HOMO->L+9 (4%), HOMO->L+11 (8%)

102-->2 (-100) 0-->0 (0) 0-->1 (1) 0-->3 (3) 0-->5 (5) 0-->5
(5) 0->7(7) 0-->42 (42) 1->3(2) 0-->17 (17) 0-->13(13)  -3--
>2 (5) -2-->1(3) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0 (0) 0-->0
(0)

23 28780.28169 347.460115495 0.0002 Singlet-A H-2->L+2 (33%), H-
2->L+4 (59%) 79-->8 (-71)  0-->0 (0) 0-->0 (0) 0-->23(23) 1-
>15 (14) 0-->2 (2) 1-->18 (17)  1-->9 (8) 0-->1 (1) 0-->4 (4)

1-->6 (5) 8-->5 (-3) 8-->9 (1) 0-->0 (0) 0-->0 (0) 0-->0
(0) 0-->0 (0) 0-->0 (0)
24 28832.7077279 346.828334486 0.0004 Singlet-A H-4->LUMO
(99%) 0-->29 (29)  0-->0 (0) 0-->0 (0) 0-->5 (5) 0-->1 (1)
0-->8 (8) 0-->2 (2) 0-->0 (0) 0-->7 (7) 0-->15(15)  0-->0
(0) 0->16(16) 0-->17(17) 4-->0(-4) 7--50 (-7) 29-->0(-29) 7-->0
(-7)  52-->0(-52)

25 29047.251206 344.266654668 0.0062 Singlet-A H-1->L+5 (74%), H-
1->L+7 (11%) H-1->L+4 (2%), HOMO->L+10 (4%) 88-->2(-86) 0-->1 (1) 0-->0
(0) 0-->33(33) 0-->13(13) 0-->6(6) 1-->30 (29)  0-->4 (4) 1-->0
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(-1)  0-->4(4) 0-->4 (4) 4-->1 (-3) 5-->2 (-3) 0-->0 (0) 0-->0
(0) 0-->0 (0) 0-->0 (0) 0-->0 (0)
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