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Abstract

This thesis sought to identify ligands which could be used in sensing or sequestering
applications for the toxic element beryllium. The overall aim was to search for ligands with
tight binding cavities and those capable of fully encapsulating the small Be(ll) cation.

Please refer to the foldout at the end of this book for ligand descriptions.

Proton sponge ligands L1 — L13 were synthesised and evaluated for their use as simple
bidentate small cation chelators. An efficient modified route to L1 was developed. The
derivatisation and properties of these unexplored ligands were investigated. X-ray
crystallography gave insight into the structures of these unique molecules. Ligands of type
L1 had an ideal size-fit for the small cation B(lll), used as a structural analogue for Be(ll),
as indicated by the crystal structure of the boron complex. Due to their high basicity they
were unsuitable for coordination to Be(ll) in agueous systems due to competition for
protonation. The larger Cu(ll) cation was a poor fit for these ligands and a rare crystal
structure showed large distortions of the metal ion from the ligand plane. The Cu(ll)

complexes were unstable and hydrolysed readily.

A fundamentally new type of tetra-coordinate ligand, L14, was synthesised and while

untested in this thesis offers promise as an ideal Be(ll) chelator.

The ligands L15 — L21 were evaluated for use as fully encapsulating Be(ll) chelators and
those containing three oxygen donors were found to be most suitable. The rigidity
imparted by the locking of certain conformations of the ligands L18 and L19 upon Be(ll)
coordination gave rise to fluorescence. The ligands containing carboxylic acid groups (L17
and L18) enabled good water solubility and L18 in particular showed the most promise as a

ligand for beryllium sensing or sequestering applications.
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Figure 2.3: 1,8-bis(Dimethylamino)naphthalene, L3
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Figure 2.5: N1,N8-bis(1,3-Dimethyl-1H-imidazol-2(3H)-ylidene)naphthalene-

1,8-

diamine, 201

Figure 2.6: Computer model of the beryllium bis-ligand chelate of 201
Figure 2.7: Quino[7,8-h]quinoline, L2

Figure 2.8: Computer model of the beryllium bis-chelate of L2

Figure 2.9: Quino[7,8-h]quinoline, L2

Figure 2.10:

Quino[7,8-h]quinoline, L2, and misreported products formed,

202 and 203
Figure 2.11 IR spectrum for the tautomer of 208

Figure 2.12: Crystal structure showing twisting of the heterocyclic ring system in L1

Figure 2.13:
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Parameters describing m — 7 stacking interactions

of L1

Figure 2.15: Crystal structure of Zirnstein and Staab showing flattened heterocyclic

ring system of L2

Figure 2.16: Face view of the crystal structure of [H(L1)][BF4] showing hydrogen

bonding

Figure 2.17: Example of stacking m — 7 stacking interactions between two molecules

of [H(L1)][BF4]

Figure 2.18: Classification of important bond lengths and angles associated with
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Figure 2.20:
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Scheme 2.1:
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N-(Benzo[h]quinolin-10-yl)benzamide, 215

Crystal structure of 214, grown by D. Parr
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Successfully synthesised proton sponge ligands
2,11-bis(Methylthio)quinolino[7,8-h]quinoline, 213
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difumarate, 205

Scheme 2.3: Synthesis of dimethyl 4,9-dioxo-1,4,9,12-tetrahydroquinolino-
[7,8-h]quinoline-2,11-dicarboxylate, 206

Scheme 2.4: Synthesis of quinolino[7,8-h]quinoline-4,9(1H,12H)-dione, 208

Scheme 2.5: Microwave assisted ester cleavage of ethyl indole-2-carboxylate, 210

Scheme 2.6: Microwave assisted ester cleavage of dimethyl 4,9-dioxo-
1,4,9,12-tetrahydroquinolino[7,8-h]quinoline-2,11-dicarboxylate, 206

Scheme 2.7: Synthesis of dimethyl 4,9-dichloroquinolino[7,8-h]quinoline-
2,11-dicarboxylate, L13

Scheme 2.8: Synthesis of 4,9-dichloroquino[7,8-h]quinoline, L1

Scheme 2.9: Synthesis of quino[7,8-h]quinoline, L2

Scheme 2.10: Synthesis of 2,11-bis(methylthio)quino[7,8-h]quinoline, 213
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Figure 3.11: Hydrogen bonding in methyl 2-aminobenzoate, 304
Figure 3.12: Compounds; (a) L7, (b) [H(L7)][BF4], (c) L8, (d) [H(L8)][BF4],

viewed in the dark under a long wave 385 nm UV lamp

Figure 3.13: Molecular orbitals associated with the © — n* transition for [H(L7)][BF4]
Figure 3.14: Molecular orbitals associated with the © — 7* transition for [H(L8)][BF4]

Figure 3.15: *H NMR of the nitrated quinolino[7,8-h]quinoline, L9

Figure 3.16: Crystal structure of L11

Figure 3.17: Crystal packing of L11

Figure 3.18: Proton sponges with different chemical environments

Figure 3.19: Crystal structure of [H(L13)][BF4] showing H2 close contacts

Figure 3.20: Crystal packing of [H(L13)][BF4]

Figure 3.21: Crystal structure of [H(L3)][BF4] with a long range contact
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Scheme 3.12: Proposed generalised Suzuki coupling reaction with L12

Scheme 3.13: Synthesis of dimethyl 4,9-dichloroquinolino[7,8-h]quinoline-
2,11-dicarboxylate, L13

Scheme 3.14: Proposed ester hydrolysis of L13
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Scheme 3.16: Proposed synthesis of 2,2'-(4,9-dichloroguinolino[7,8-h]quinoline-
2,11-diyl)diacetic acid, 316
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Figure 4.2: Neutral nitrogen donor ligands with boron complexes; 2,2’-bipyridine,
1,10-phenanthroline, and 1,8-bis(dimethylamino)naphthalene respectively

Figure 4.3: Perspective view of the crystal structure of [Pt(L1)Cl;]

Figure 4.4: 4,9-Dichloroquino[7,8-h]quinoline, L1

Figure 4.5: Side view of the crystal structure of [BF,(L1)][BF4]

Figure 4.6: Top view of the crystal structure of [BF,(L1)][BF]

Figure 4.7: Packing within the structure of [BF,(L1)][BF4]

Figure 4.8: Quino[7,8-h]quinoline, L2

Figure 4.9: Side view of the crystal structure of [BF,(L2)][BF]

Figure 4.10: Top view of the crystal structure of [BF,(L2)][BF4]

Figure 4.11: Packing within the structure of [BF,(L2)][BF4]

Figure 4.12: Ligands which did not show good coordination to B(lI)

Figure 4.13: UV-Vis spectra of [BF,(L2)][BF4] and [BF,(L1)][BF4] showing the
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Figure 4.14: UV-Vis spectra of [BF,(L2)][BF4] and [BF2(L1)][BF4] showing the
charge transfer peak for[BF,(L1)][BF4] at 10° M

Figure 4.15: UV-Vis spectra of L1 and [H(L1)][BF4] showing the © — n* transitions

Figure 4.16: Comparison between the IR spectra of [BF,(L1)][BF4]; measured as
KBr disc, OLYP and B3LYP

Figure 4.17: Comparison between the IR spectra of L1; measured as KBr disc,
OLYP and B3LYP

Figure 4.18: Comparison between the UV-Vis spectra of [BF2(L1)][BF4];
measured in MeCN at 10° M, OLYP and B3LYP

Figure 4.19: Comparison between the UV-Vis spectra of L1; measured in MeCN,
OLYP and B3LYP

Figure 4.20: Normalised absorption and emission spectra of [BF,(L1)][BF]

Figure 4.21: Molecular orbitals associated with the fluorescence for [BF,(L1)][BF4]

Figure 4.22: Normalised absorption and emission spectra of [H(L1)][BF4]

Figure 4.23: Molecular orbitals associated with the fluorescence for [H(L1)][BF4]

Figure 4.24: Raman spectra of [BF,(L1)][BF]; calculated and SERS

Figure 4.25: Coordination of beryllium to 2,2'-bipyridine
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Figure 4.26: Proton sponge ligands tested for beryllium coordination

Figure 4.27: 4,9-Dichloroquino[7,8-h]quinoline, L1

Figure 4.28: Normalised absorption and emission spectra at 10> M of neutral L1
and after BeSO, or H,SO, addition

Figure 4.29: Change in UV-Vis spectrum at 10> M of neutral L1 and after BeSO,
or H,SO, addition

Figure 4.30: Calculated distribution of beryllium hydroxo species at Cge = 0.002 M

Figure 4.31: Normalised absorption and emission spectra at 10> M of neutral L1
and after BeSO, addition in DMF and NEt;

Figure 4.32: Shift in UV-Vis spectrum at 10> M of neutral L1 and after BeSO,
addition or simply heating L1 in DMF and NEt;

Figure 4.33: °Be NMR shift of L1 coordinated to beryllium and BeSO,
in DMF / NEt;

Figure 4.34: Quino[7,8-h]quinoline, L2

Figure 4.35: 1,8-bis(Dimethylamino)naphthalene, L3

Figure 4.36: 9-(4-tert-Butylphenoxy)quinolino[7,8-h]quinolin-4(1H)-one, L4

Figure 4.37: 4-(4-tert-butylphenoxy)-9-chloroquinolino[7,8-h]quinoline, L5

Figure 4.38: The broad °Be NMR shift for the reaction mixture of beryllium and L5
in DMF / NEt;

Figure 4.39: Shift in UV-Vis spectrum at 10> M of neutral L5 and after BeSO,
addition in DMF and NEt;

Figure 4.40: Normalised absorption and emission spectras at 10° M of neutral L5
and after BeSO, addition in DMF and NEt;

Figure 4.41: Proton sponges with tautomers incapable of coordinating to Be(ll)

Figure 4.42: Metal complexes with L1

Figure 4.43: Perspective view of the crystal structure of [Cu(L1)(CH3CN)3][(ClO4),]

Figure 4.44: Space-filling diagram showing a perchlorate stabilising the acetonitriles

Figure 4.45: Crystal packing of [Cu(L1)(CH3CN)3][(ClO4)2]

Figure 4.46: UV-Vis of [Cu(L1)(CH3CN)3][(ClO4).] and copper perchlorate
in acetonitrile

Figure 4.47: Summary of energy ranges for closely related CuNy chromophores
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with different stereochemistries

Figure 4.48: Perspective view of the crystal structure of [Cu(L2)(CH3CN)3][(ClO4)]

Figure 4.49: Crystal packing of [Cu(L2)(CH3CN)3][(ClO4)]

Figure 4.50: UV-Vis of [Cu(L2)(CH3CN)3][(CIO4).] and copper perchlorate
in acetonitrile

Figure 4.51: Atoms used to relate the size-fit of various cations for
quino[7,8-h]quinolines

Figure 4.52: Atomic motion relative to cation size

Figure 4.53: Coordination of boron trifluoride to quino[7,8-h]quinoline

Figure 4.54: Coordination of beryllium hydrate to benzo[h]quinolin-10-ol

Figure 4.55: Inactivation of quino[7,8-h]quinoline by protonation
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Figure 5.1: 2-(6-(Dipyridin-2-ylmethyl)pyridin-2-yl)phenol, 501

Figure 5.2: A related four-coordinate ligand to 501

Figure 5.3: Computer model of beryllium coordinated to 501

Figure 5.4: 2-(Dipyridin-2-ylmethyl)quinoline-8-carboxylic acid, 502

Figure 5.5: Computer model of beryllium coordinated to 502

Figure 5.6: Range of tetra-coordinate amine-capped ligands

Figure 5.7: Computer model of beryllium coordinated to L17

Figure 5.8: Disconnection of 2-(6-(dipyridin-2-ylmethyl)pyridin-2-yl)phenol, 501
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Figure 5.10: Dipyridin-2-ylamine, 517

Figure 5.11: COSY of 6-(2-methoxyphenyl)-N,N-di(pyridin-2-yl)pyridin-
2-amine, 518

Figure 5.12: HMQC of 6-(2-methoxyphenyl)-N,N-di(pyridin-2-yl)pyridin-
2-amine, 518

Figure 5.13: 'H NMR of 2-(6-(dipyridin-2-ylamino)pyridin-2-yl)phenol, L14
showing the deshielded proton at 12.55 ppm.
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Figure 5.14: 2-Chloro-3-(trifluoromethyl)quinoline-8-carboxylic acid, 520

Figure 5.15: *H NMR of the trace amount of 525 (A) and the side-product (B)
isolated in Scheme 5.19

Figure 5.16: *H NMR of 2-chloroquinoline-8-carboxylic acid, 519

Figure 5.17: Successfully synthesised 2-(6-(dipyridin-2-ylamino)pyridin-
2-yl)phenol, L14

Figure 5.18: Variety of amine-capped tetra-coordinate ligands

Figure 5.19: COSY of 2-(((2-hydroxybenzyl)(quinolin-8-yl)amino)methyl)-
4-nitrophenol, L20

Figure 5.20: HMQC of 2-(((2-hydroxybenzyl)(quinolin-8-yl)amino)methyl)-
4-nitrophenol, L20

Figure 5.21: Successfully synthesised 2-(6-(dipyridin-2-ylamino)pyridin-
2-yl)phenol, L14

Figure 5.22: Unsuccessfully synthesised 2-(dipyridin-2-ylmethyl)quinoline-8-
carboxylic acid, 502

Figure 5.23: Variety of amine-capped tetra-coordinate ligands

Scheme 5.1: Synthesis of 2-chloro-6-(2-methoxyphenyl)pyridine, 509

Scheme 5.2: Synthesis of 2-(2-pyridylmethyl)pyridine, 504

Scheme 5.3: Attempted synthesis of 2-(dipyridin-2-ylmethyl)-6-
(2-methoxyphenyl)pyridine, 512

Scheme 5.4: Synthesis of 2-bromo-6-(2-methoxyphenyl)pyridine, 513

Scheme 5.5: Attempted synthesis of 2-(dipyridin-2-ylmethyl)-6-
(2-methoxyphenyl)pyridine, 512

Scheme 5.6: Synthesis of 2,2'-(bromomethylene)dipyridine, 514

Scheme 5.7: Attempted synthesis of 2-(dipyridin-2-ylmethyl)-6-
(2-methoxyphenyl)pyridine, 512

Scheme 5.8: Attempted synthesis of (6-(2-methoxyphenyl)pyridin-2-yl)dipyridin-

2-ylmethanol, 516

Scheme 5.9: Proposed synthesis of 6-(2-methoxyphenyl)-N,N-di(pyridin-2-yl)pyridin-

2-amine, 518
Scheme 5.10: Synthesis of 6-(2-methoxyphenyl)-N,N-di(pyridin-2-yl)pyridin-
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2-amine, 518

Scheme 5.11: Synthesis of 2-(6-(dipyridin-2-ylamino)pyridin-2-yl)phenol, L14
Scheme 5.12: Disconnection of 2-(dipyridin-2-ylmethyl)quinoline-8-

carboxylic acid, 502
Scheme 5.13: Proposed synthesis of 2-chloroquinoline-8-carboxylic acid, 519
Scheme 5.14: Proposed synthesis of ethyl 2-chloroquinoline-8-carboxylate, 525
Scheme 5.15: Proposed synthesis of methyl 2-chloroquinoline-8-carboxylate, 528
Scheme 5.16: Proposed synthesis of ethyl 2-(dipyridin-2-ylmethyl)quinoline-8-

carboxylate, 529

Scheme 5.17: Synthesis of N-(dipyridin-2-yl(quinolin-2-yl)methyl)acetamide, 532

Scheme 5.18: Synthesis of 2-(2-pyridylmethyl)pyridine, 504

Scheme 5.19: Synthesis of 8-bromo-2-chloroquinoline, 524

Scheme 5.20: Unsuccessful esterification of 525

Scheme 5.21: Synthesis of 2-chloro-3-(trifluoromethyl)quinoline-8-
carboxylic acid, 520

Scheme 5.22: Synthesis of 2-chloroquinoline-8-carboxylic acid, 519

Scheme 5.23: Synthesis of methyl 2-chloroquinoline-8-carboxylate, 535

Scheme 5.24: Attempted synthesis of methyl 2-oxo-1,2-dihydroquinoline-8-
carboxylate, 527

Scheme 5.25: Attempted synthesis of 2-(dipyridin-2-ylmethyl)quinoline-8-
carboxylic acid, 502

Scheme 5.26: Synthesis of 8-bromo-2-(dipyridin-2-ylmethyl)quinoline, 537

Scheme 5.27: Attempted synthesis of 2-(dipyridin-2-ylmethyl)quinoline-8-
carboxylic acid, 502

Scheme 5.28: Synthesis of 2-chloroquinoline-8-carbonitrile, 538

Scheme 5.29: Synthesis of 2-(dipyridin-2-ylmethyl)quinoline-8-carbonitrile, 539

Scheme 5.30: Attempted synthesis of 2-(dipyridin-2-ylmethyl)quinoline-8-
carboxylic acid, 502

Scheme 5.31: Attempted synthesis of 2-(dipyridin-2-ylamino)quinoline-8-
carboxylic acid, 540

Scheme 5.32: Proposed synthesis of 2,8-dibromoquinoline, 541
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Scheme 5.33: Synthesis of 8-bromo-2-(dipyridin-2-ylmethyl)quinoline, 537

Scheme 5.34: Proposed synthesis of 8-bromo-N,N-di(pyridin-2-yl)quinolin-
2-amine, 542

Scheme 5.35: Synthesis of the tetra-coordinate ligand, 547

Scheme 5.36: Generalised Schiff base condensations for ligands
L15,L16,L17,L19, L20 and L21

Scheme 5.37: Generalised reaction scheme for tertiary amines
L15, L16, L17,L19, L20 and L21

Scheme 5.38: Acid hydrolysis of 549 to achieve L17

Scheme 5.39: Mannich reaction to achieve L18
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Figure 6.3: Crystal structure of [Fe( ‘L.18”)(bipy)]
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nitrophenol, L19

Figure 6.5: Previously unreported tertiary amine ligands
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Figure 6.7: °Be NMR shift of L18 coordinated to beryllium in DMF

Figure 6.8: Tetra-coordinate ligands with well correlated °Be NMR shifts

Figure 6.9: Tetra-coordinate ligands with poorly correlated °Be NMR shifts

Figure 6.10: Optimised model of [Be(L16)(H20)]

Figure 6.11: Change in UV-Vis spectrum at 10 M of neutral L15 and after
BeSO, addition

Figure 6.12; Change in UV-Vis spectrum at 10 M of neutral L17 and after
BeSO, addition

Figure 6.13: Change in UV-Vis spectrum at 10 M of neutral L19 and after
BeSO, addition

Figure 6.14: Change in UV-Vis spectrum at 10° M of neutral L18 and after
BeSO, addition

Figure 6.15: Normalised absorption and emission spectras at 10> M of neutral L18
and after BeSO, addition in DMF and NEt;

Figure 6.16: Normalised absorption and emission spectras at 10° M of neutral L19
and after BeSO,4 addition in DMF and NEt;

Figure 6.17: Flexible tetra-coordinate ligands with a single conformer upon
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Figure 6.18: Optimised model of [Be(L17)] with anti geometry

Figure 6.19: 3,3',3"-nitrilotripropanoic acid, 601

Figure 6.20: Crystal structure of [Be(601)] with anti geometry

Figure 6.21: Strained four-coordinate ligands with two conformers
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Figure 6.22: Syn conformer (left) and anti conformer (right) of [Be(L18)]

Figure 6.23: Top view of the Syn conformer (left) and anti conformer (right)
of [Be(L18)]

Figure 6.24: Molecular orbitals associated with the © — w* transition
for [Be(L15)] (anti conformer)

Figure 6.25: Molecular orbitals associated with the m — * transition
for [Be(L17)] (anti conformer)

Figure 6.26: Molecular orbitals associated with the = — o* transition
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for [Be(L18)] (syn conformer)

Figure 6.27: Molecular orbitals associated with the = — n* transition
for [Be(L.18)] (anti conformer)

Figure 6.28: Molecular orbitals associated with the © — &* transition
for [Be(604)] (syn conformer)

Figure 6.29: Second possible minimised structure of [Be(L19)]

Figure 6.30: Molecular orbitals associated with the T — w* transition for [Be(L19)]

Figure 6.31: Water-soluble encapsulating ligands

Figure 6.32: Change in UV-Vis spectrum at 10 M of neutral L18 and after
BeSO, addition in H,O

Figure 6.33: Change in UV-Vis spectrum at 10° M of neutral L17 and after
BeSO, addition in H,O
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Figure 6.35: Asymmetric unit for the crystal of [Cu,(L16)]

Figure 6.36: The bridged dimer [Cuz(L16),]

Figure 6.37: UV-Vis of [Cux(L16),] at 10 M showing metal d — d transition
in MeOH

Figure 6.38: UV-Vis of [Cuy(L16),] at 10®° M showing ligand 7 — 7* transitions
in MeOH

Figure 6.39: Crystal structure of [Zn,(L16).]

Figure 6.40: Perspective view of [Zny(L16),]

Figure 6.41: UV-Vis of [Zn,(L16),] at 10 M showing ligand & — n* transitions
in MeOH

Figure 6.42: Water-soluble and fluorescent encapsulating ligand, L18

Figure 6.43: Water-soluble and fluorescent encapsulating ligand, L18
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XXX

188

189

190

190

191

192

192

193

193

195

195

197

197

198

199

200

200

202

203

203
203



Figure 7.3: 2,2'-(pyridine-2,6-diyl)diphenol, 702

Figure 7.4: 2-(bis(2-Hydroxy-3,5-dimethylbenzyl)amino)acetic acid, L18

Figure 7.5: A representation of the lack of selectivity of simple bidentate ligands

Figure 7.6: Successfully synthesised 2-(6-(dipyridin-2-ylamino)pyridin-
2-yl)phenol, L14

Figure 7.7: A representation of the potential selectivity of the encapsulating
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