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Abstract

The application of neutral dicopper helicates to the encapsulation of a number of
anions was investigated. Two dicopper salen derived helicates were studied which
contained phenolic and either iminophenyl (1) or oxime (2) donor groups. UV-visible
spectroscopy was used to determine the binding stoichiometry and formation constants
of the anion complexes. Complex binding was supported by electrospray ionisation
mass spectrometry. Receptor 1 possessed a remarkable selectivity for sulfate in
isopropanol (IPA) for which a log K value of 5.07 + 0.24 was obtained. Receptor 2
bound all anions studied more strongly than 1. Crystal structural data supports the
proposition that there is a steric barrier to contraction of 1 from the bulky iminophenyl
groups. Receptor 2 was not restricted by the small oxime moieties allowing for

optimum copper-anion interactions.






Acknowledgements

I would like to extend my gratitude to my supervisor Dr. Paul Plieger whose advice and
encouragement throughout this project | could not have done without. His continued
support and patience with my endless questions has been greatly appreciated. | would
also like to thank my wife Katie. Without her love and continued support throughout

the last two years this thesis would never have come to fruition.






Contents

ADSIIACT. ... ettt bt e e r et en e b e et e nreas i
ACKNOWIEAGEMENTS. ... i
(O00] 11151 ] TSSO P TP RPRPRRO iii
LISt OF FIQUIES... e et e e et e nreeeeans vii
LISE OF TaDIES. ...ttt ettt ne b e Xi
F N o] o] 1= AT A o] USSR Xii
Chapter One Introduction 1
1.1 Anion Binding SYSIEIMS .......cciiiiiicie et 1
N o o g I =T Uod (o {00 o USSR 1
1.1.2 ANION RECEPLOIS ...ttt sttt sttt st s neeae e 2

1.2 Analysis and Evaluation of Anion Receptor SYStems..........cccccveveieeveiiieveesieenenn, 7
1.3 PrOJECt ODJECLIVES. ....c.eeieieieiiicsie ettt 11
Chapter Two Titrations of [Cu,(L'-2H),] 13
2.1 INTFOAUCTION ..ottt bbb 13
2.2 RESUILS aNd DISCUSSION .....ccvviiiieiieriesiie it eiesiee st e e sie e sree e ae e sreeeesneesreenee e 14
2.2.1 ADSOrption SPECra OF L ......cceiiiiiieieierie e 14
2.2.2 Sulfuric Acid TItration OF 1 .......ccoeiiiiiiiiee e 17
2.2.3 ACKI TIrAtioNS OF L....cveieiiiieiisieiee e 19
2.2.4 Phosphate encapsulation Within 1..........c.ccccoovviiiiiiiiicc s, 24
2.2.5 Effect of Protonation of 1 on Anion BiNding ........ccccceeeiienininiinneneseeen, 26






Contents

2.2.6 Colourimetric Sensor Ability of 1 Upon Anion Binding............ccceevevveinenenn. 28
2.2.7 Conductivity of 1.S0y4, 1.ClO4 and 1.BF, in Nitromethane...............c.cc......... 29
2.2.8 X-Ray Crystal Structure of [ICIH4]BF4lz c.ccovoiiiiiieeeceeeeecc e, 31
2.2.9 SUMIMAIY ...tttk b e e et e e sb e e s be e e nb e et e e sne e e aneeanneereas 33
2.3 EXPEITMENTAL ..ot ne e 34
2.3.1 Materials and REAGENTS.........ciiiiieiiiie e 34
2.3.2 SpectrophotometriC TItrAtiONS ..........coovrieiiieiere s 34
2.3.3 Method of ContinUOUS Variation ...........ccccovererierenenisiseseeeese s 35
2.3.4 SOIULION Preparation ..........cocvccvoieiieie et 35
2.3.5 Reliability of Standard SOIULIONS..........ccoiiiiiiiiiie e 36
2.3.6 ConductiVity MEASUIEIMENTS ........ccuriiieieieierie et 36
2.3.7 Synthesis of [ICIHIBF 412 ..cooiiicieecece e 36
Chapter Three Titrations of [Cu,(L%-2H),] 37
B T0 A )0 o [0 Tod 1 o] o ISP URPRURRRRSPN 37
3.2 RESUILS aNd DISCUSSION ......cuviiiieieeriesiieiiteiesieesiee e see e ee e te e seesreeeesneesreenee e 39
3.2.1 ADSOrPLioN SPECTIA OF 2....coiiiiiiii e 39
3.2.2 Sulfuric Acid TItration OF 2 ......ccceiieie e 41
3.2.3 Base Titrations OF 2.SO4 ....ccueiiiiiiiiiieie et 42
3.2.4 ACI TIrAtIONS OF 2...ecviiiiiii e 44
3.2.5 Large Scale Titration of the Tetrafluoroborate Encapsulated Complex......... 46
3.2.6 Reaction of Hydrochloric ACid With 2...........cccooiiiiiiiiiiee 46
3.2.7 Colourimetric Sensor Ability of 2 Upon Anion Binding............cccocvevvivenenn. 49
32,8 SUMIMAIY ...ttt ettt ettt sb e e be et e e be e e ne e e nbeeanneereas 49
3.3 EXPEITMENTAL ... et 51
3.3.1 Materials and REAGENIS........ciuiiiiiiiie e 51
3.3.2 Spectrophotometric TItrAtiONS ..........ccoviieieieierie s 51
3.3.3 Method of ContinUOUS Variation ...........ccccoerenenenenisesesesee e 51
3.3.4 SOIULION Preparation ..........cccvciveiiieeiecec e 52
3.3.5 [BF,cCu,L3|(BF,)3 (2.BF4) Synthesis via the Free Base...........cooccverernnee. 52






Contents

Chapter Four Assessment of Anion Binding 53
4.1 ReSUILS and DISCUSSION ......ccuieueeiieiiieiesiesieeiesreestee e sree e eseesteeseesseesseesseeneesseenseans 53
4.1.1 Trends in Binding Between the Helicates 1 and 2...........cccocoevviiiiicciiennene 53
4.1.2 Interpretation of the Differences in Binding Between the Helicates 1 and 2.55
4.1.3 Summary of the anion binding between 1 and 2 .........cccooceveiiiiniiiic e, 60

4.2 EXPEIIMENTAL ...vvieiieiieece e e ne e 60
4.2.1 Materials and REAJENTS........c.cccviiieiiiie et 60
4.2.2 SpectrophotomMEtriC TIFAIONS .......cviiieiiieie e e 60
4.2.3 SOIULION Preparation ...........cceiiueiveieiiesie e e sie e se e saesie e sne e sneesneens 61
Chapter Five Conclusions and Future Work 63
5.1 CONCIUSIONS ...ttt b ettt neenne e 63
5.2 APPIICALIONS. ...t 65
5.3 FULUIE ENUEAVOUIS.....c.ceiiiiiitiiiieiteieee ettt 65
Chapter Six Synthesis of Ligands and Complexes 67
6.1 GENEIal PrOCEAUIES. ......oivieiieiie ettt sneeneenree e 67
I I T 1o I V7 1T SR 68
6.3 COMPIEX SYNTNESIS ...ttt 70
6.3.1 CU2(L-2H) 5 (1) SYNNESIS ..o 70
6.3.2 [ BF4,cCu, L] (BF )3 (1.BFs) SYNNESIS ...ooovvevvircriicrieeieseiceesenennaes 70
6.3.3 [SO,cCu,L1]S0, (1.504) SYNNESIS ... 71
6.3.4 [C10,cCu,LL](Cl0,) 3 (1.CIO4) SYNthESIS.......ccvecevevceeeeeeeeeeeeeeeeee e, 71
6.3.5 CU(L2-2H) (2) SYNNESIS ..o eee e ee e see e 71
6.3.6[BF,Cu, L3 (BF )3 (2.BF4) SYNNESIS ......vvvneiecvicieeeeisesie s 72
6.3.7 [SO,cCu,L2]S0y, (2.504) SYNNESIS ....voevveeecee e 72
Appendix A 73
Beginners Guide t0 SPECFIT/32 ......cooiiiiieiseseee e 73






Contents

Appendix B 79
Recorded UV-Visible Spectra for Acid Addition to [Cua(L™-2H)2] ....evvevvereeeeennn 79
Isopropanol Titration MediUm ........ccveiiiiiiieese e 79
50%(v/v) 1,2-Dichloroethane/lsopropanol Titration Medium.............ccccccevevienene. 84
Recorded UV-Visible Spectra for Acid Addition to [Cua(L22H)2] «...vevvevververrereerns 86
50%(v/v) 1,2-Dichloroethane/lsopropanol Titration Medium.............ccccccevevnrnne. 86
References 91

Vi






List of Figures

Figure 1. Anslyn and co-workers’ copper COMPIEX. ......ccovevviieiieiecieiie e 3
Figure 2. Kwon and Jeongs’ phosphate reCeptor. ........ccooveiieiiieieiiesee e 3
Figure 3. Uranyl complexes I and 11 of Cametti et al. ..........cccooeveiiiininiineen, 4

Figure 4. Solid state structure of the uranyl complex Ill of Cametti et al. Uranyl bound
methanol has been omitted in order to display the binding cavity..........c.cccocevviiiinennenn, 4

Figure 5. The ligand of Tasker and his colleagues and the ligand binding a cation and

ANION SIMUITANEOUSTY.......iiiiiiicee e 4
Figure 6. Helicate ligand used by Tasker et al...........ccccocoveviiiiiicie e, 5
Figure 7. Copper helicate with encapsulated BF4 . ......c.ccovevviiiiiiiecee e, 5

Figure 8. Solid state structure of Steel and McMorrans’ helicate with encapsulated
hexafluorophoSPNALE 10N, ..o 7
Figure 9. The ligand utilised by Plieger et al. and within this study. Referred to as L*
throughoUt thiS tEXL. .....eeiree e re e 14
Figure 10. Proposed structure of 1 used in the UV-visible titrations in this chapter...... 14
Figure 11. UV-Visible absorbance spectra of 1 in IPA. The band at 405 nm is
characteristic of the phenolate 7z to 77 electron transition. ............ccccooeeiiieiiiicnenn 16
Figure 12. Recorded UV-visible titration spectra of 1 upon titration of up to two
equivalents of H,SO,4. Each spectrum corresponds to the addition of 0.1 equivalences.
Arrows indicate relative intensity ChANGES. .......cccoviiiriiiiiee e 18
Figure 13. Predicted molar absorptivity spectra of the 1:sulfate adduct (red) and of 1
(1213 TSSO 18
Figure 14. Recorded UV-visible titration spectra of 1 upon titration of up to six
equivalents of HI. Each spectrum corresponds to the addition of 0.5 equivalences.

vii






List of Figures

Arrows indicate relative intensity changes. The molar absorbance of HI is overlaid in
blue (dashed, Tight AXES). ....c.eeiiiiiiiiiiiee e 20
Figure 15. Method of continuous variation applied to the acids titrated against 1. The
absorbance was recorded at the phenolate absorption peak..........ccccovevvieciienieecieennnnne. 21
Figure 16. The ESI-MS of attempted [Clc1H,]*" synthesis. From left to right, the peaks
are representative of [(L'-H)Cu,Cl,]", [L'Cu,Cl3]" and [(L*+H)Cu,Cl;.MeCN]"......... 21
Figure 17. L3 ligand used by Forgan and Plieger. L3 is similar to L? but with benzyl
groups in place of the methyl groups on the amines and only 5 methylene groups in the
ALKyl INKET ChaIN. ...cooiiiiiiiiiee et 22
Figure 18. Crystal structure of L3Cu,Cl, produced by Forgan and Plieger. It shows the
binding of copper(Il) chloride to each salicylaldimine moiety of L2 e 23
Figure 19. The calculated stability constants for anions binding within the cavity of 1 as
a function of anion volume. The anion volumes used are taken from the paper by
JENKINS BT AL ...ttt ene s 23
Figure 20. Recorded UV-visible titration spectra of 1 upon titration of up to one
equivalence of H;PO4. Each spectrum corresponds to the addition of 0.2 equivalences.
Arrows indicate relative intensity Changes. ........cccoceevieerieiciienieeiieeece e 24
Figure 21. Recorded UV-visible titration spectra of 1 upon titration of two to five
equivalences of H;PO4. Each spectrum corresponds to the addition of 0.5 equivalences.
Arrows indicate relative intensity Changes. .........coccevieeiieiiiienie e 25
Figure 22. Recorded UV-visible titration spectra of 1 upon titration of up to two
equivalents of TBAH,PO4. Each spectrum corresponds to the addition of a 0.25
equivalence of acid. Arrows indicate relative intensity changes. .........c.ccoccveveieennnennn. 26
Figure 23. IPA solutions of 1 in the presence of the acids studied in this chapter. From
left to right the solutions are; 1 only, 1+HCI, 1+HBr, 1+HNOs, 1+HBF4, 1+HCIO4,
1+H;PO4 and 1+S0,. Concentration of 1 is 360 umol L and acids are present at 100
CQUIVAICTIES. ..viiuiiiiiiieiieciie ettt ettt et et e et e et e et e e steeesbe e seessbeeseeesseesseessseensaesnseenseennns 29
Figure 24. Molar conductivity plotted against concentration revealed a sharp increase in

molar conductivity at low concentrations of complex. This behaviour is typical of weak

ClECETOLYLES. .evientieiiieiieee ettt ettt et e e et e e bt e sebe e aeesabeebeesnseenneeenne 31
Figure 25. Solid state structure of [IC1H4.]BF4la. coveiiiieiiiiiiiiiieecee, 32
Figure 26. The 14-membered pseudo-macrocyclic structure formed by salicylaldoxime
JIZANAS. 1ot e et e e e e e b e e e tbeeenaeeebaaeeraeennreaens 37
Figure 27. The ligand L? used to produce the free base complex 2.............coccveuvevereennn. 38

viil






List of Figures

Figure 28. The helicate (2) formed between L? and copper(Il) acetate and used in the
UV -VISIDIE tITAtIONS. ....eeiieeiiieiie ettt ettt ettt ettt et e st e et e sabeebeesaeeeseesneeens 38
Figure 29. UV-Visible absorbance spectra of 2 in 50% DCE-IPA. The broad band at
343 nm is characteristic of the phenolate MOiety..........ccceeeevieriieiiiiiiiieiieeieeee e, 40
Figure 30. Copper co-ordination environment Of 2. ..........cccveeviieeniieeiieeeiieecie e 41
Figure 31. Recorded UV-visible titration spectra of 2 with up to two equivalents of
H,SO,4.  Each spectrum corresponds to addition of 0.25 equivalences. The arrow
indicates the intensity Change. ..........ccocuiviiiiiiieiieieeee e 42
Figure 32. Recorded spectra of the sulfuric acid titration of 2 to six equivalents of added
acid. Each spectrum corresponds to addition of 0.25 equivalences. Arrows indicate
relative Intensity ChANZES. .....coouiiiiiiiiiie et 42
Figure 33. Recorded spectra of six equivalents of hydroxide to a solution of 2.SOj.
Arrows indicate relative intensity Changes. ........cccoveeiieiierciienie e 43
Figure 34. Structure of 1,8-diazabicyclo[5.4.0Jundec-7-ene or DBU used to deprotonate
the 2.504 COMPLEX....iiiiiiiiiiiie ettt ettt et e et esseesaeeens 44
Figure 35. Method of continuous variation of acids titrated against 2 recorded at the
phenolate abSOTPLION PEAK........ccieiiieiiieiiieiieete ettt e e 45
Figure 36. Expanded view of the assigned copper(Il) chloride visible absorbance band.
Taken from the UV-visible titration spectra of 2 with up to ten equivalents of HCI.
Each spectrum corresponds to addition of 0.25 equivalences. The arrows indicate the
relative INteNSItY CRANZE. ........oooiiiiiiiiieiecie ettt e e b e eaeeeeseens 47
Figure 37. Expanded view of the same wavelength range from the UV-visible titration
spectra of 2 with up to ten equivalents of HBF4. Each spectrum corresponds to addition
of 0.25 equivalences. The arrow indicates the relative intensity change. ...................... 47
Figure 38. Predicted formation of L2Cu2C14 species as a function of hydrochloric acid
equivalents. Formation based of the model fit with SPECFIT/32™ using the data
obtained from the titration of 2 with hydrochloric acid in 50% DCE-IPA..................... 48
Figure 39. DCE-IPA solutions of 2 in the presence of the acids studied in this chapter.
From left to right the solutions are; 2 only, 2+HCI, 2+HBr, 2+HNOs;, 2+HI, 2+HBF4,
2+HCIOy4, 2+H3PO4 and 2+H,SO4. The concentration of 2 is 349 pmol L' and acids are
present at 100 eqUIVALENLS. .....cc.eiiiiiiiiieiieeie ettt sttt 49
Figure 40. The calculated stability constants for anions binding within the cavity of 2 as
a function of anion size. Error bars represent one standard deviation of the values

obtained. Anion volumes are taken from the paper by Jenkins etal. ............................ 50

X






List of Figures

Figure 41. The determined anion stability constants of 1 in IPA and 2 in 50% DCE-IPA
as a function of the anion volumes. The anion volumes used are taken from the paper
DY JENKINS BT AL 54
Figure 42. The determined anion stability constants of 1 in IPA, 2 in 50% DCE-IPA and
1 in 50% DCE-IPA as a function of the anion volumes. Anion volumes are taken from
the paper by JENKINS €t al. ........ccoooiiiicicceccec e 55
Figure 43. Copper square planar environment of [BF4=2H,](BF4)s. The oxime groups
stabilise the copper centre by hydrogen bonding to the phenolate oxygen atoms........... 56
Figure 44. a. Solid state structure of [BFsc1H4]**. b. Enlargement of the distorted

trigonal bipyramidal environment formed upon weak interaction with the copper centre

OF the BF4 @NION. ettt bttt re b 57
Figure 45. Solid state structure of the freebase helicate [Cu,(L?-2H),]. Full extension of
the alkyl straps results in a Cu---Cu distance of 10.191(3) A.......coovvevveeeivcesereea, 58
Figure 46. Solid state structure of [NOsc1H4]**. The two amine-phenolate hydrogen
bonds and the two amine-nitrate hydrogen bonds are shown (dashed, turquoise).......... 59
Figure 47. The precursor for ligand L2 and LZ..........cooooeiveeeeeeeeeeeeeeeeee e, 68
FIGUIE 48. L1, oot 69
FIGUIE 49. L2, oot eee et n e es s ene e 69





