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Abstract 

The application of circular dichroism (CD) spectroscopy to the study of molecular 

recognition phenomena in chiral water-soluble cyclophane hosts is described. The CD 

method produces results that complement and expand upon previous NMR studies. This 

includes allowing the measurement of larger binding constants by allowing studies to be 

carried out at lower concentrations. 

Using the excitonic chirality method, these studies have provided a means of 

assigning the absolute stereochemistry of the ethenoanthracene building blocks used in 

preparation of the hosts. This information, along with an x-ray structure of one of the 

cyclophane molecules, has provided important information concerning host structure. The 

x-ray structure and CD spectral changes observed on guest binding have also served to 

provide direct experimental evidence for binding conformations of the hosts. 

The chiral hosts have been shown to induce CD in achiral chromophoric guests . 

Analysis of this induced CD using INDO/S and coupled-oscillator calculations has 

provided valuable information concerning the conformations of the bound guest. These 

data complement information obtained in NMR studies (D values) and provide additional 

insights into the important factors that govern the binding event. 

Finally, preliminary studies of self-assembling systems in aqueous media are 

reported. These studies employ etheno- and ethanoanthracene based structures designed to 

form aggregates with well defined order and discrete stoichiometries. These molecules are 

designed to aggregate through hydrophobic forces. The aggregate is kept from becoming a 

micelle using polar groups strategically placed to complement one another within the 

assembling structure. 



viii 

Table of Contents 

Acknowledgments ....................••..•.•..........••••....••.•••.... iii 

Abstract ·································································· vii 

List of Figures xvii 

List of Tables xxxvi 

Chapter 1: Non-Covalent Interactions in Aqueous Media. ............ 1 

1.1 Introduction ..... .... .... ........ .... .. .................... ............. .. ...... . 2 

1.2 Molecular Recognition .. ... .. .... .. ...... .. ......... ......... ........ ...... .... 6 

1.2.1 General .. ... .. . .. .. . .. .. . . .. . . . . . . . .. . . .. . . .. . .. . . . . .. .. ... ... .. . . . . . ... . 6 

1.2.2 Dougherty Group Studies 9 

1.2.3 The Cation-1t Effect in Molecular Recognition ..................... 15 

1.3 Self-Assembly ................................... . ............ .... .............. 16 

1.3.1 General .................................................................. 16 

1.3.2 Dougherty Group Studies ............ ..... . .. ........ ..... ..... .. .... 25 

1.4 References and Footnotes .... ... ... ....... ... .... .. . .. . ..... .. ...... . ... . .. . .. 27 

Chapter 2: Molecular Recognition with Cyclophane Hosts in Aqueous 

Media. Measurement of Association Constants with Circular Dichroism. 

• • • • • • • • • • • • • • • • • • • · • • • • • • • • • • • • • • • • • · • • • • • • · • • · · · · · • · • • • • • • · • . . . • • • • • • • • • • • • • • 5 4 

2.1 Introduction ····································································· 55 

2.2 Circular Dichroism (CD) Spectroscopy ... ............ ..... ..... .... ....... .. 57 

2.2.1 Introduction ............................................................ 57 



ix 

2.2.2 Measurement of Binding Constants with CD ...................... 60 

2.2.3 The CD Fitting Procedure ............................................ 63 

2.2.4 Data Handling .......................................................... 64 

2.2.5 Comparison with Other CD Methods ............................... 64 

2.2.6 Comparison with NMRfit and EMUL Results ..................... 66 

2.3 Applications of the CD Methodology ........................................ 69 

2.3.1 Introduction ............................................................ 69 

2.3.2 Tightly Bound, Highly Water Soluble Molecules ................. 69 

2.3.3 Sparingly Soluble Molecules ......................................... 71 

2.3.4 Dyes ..................................................................... 73 

2.3.5 Other Host-Guest Systems ........................................... 75 

2.4 Conclusions ...... ............................................................... 77 

2.5 Experimental Section ........................................................... 77 

2.5.1 General Methods ....................................................... 77 

2.5.2 CD Binding Studies ................................................... 78 

2.5.3 Synthesis of Ethenoanthracene-based Molecules .................. 80 

2.5.4 Guest .................................................................... 82 

2.5.5 CD Data for Previously Reported Compounds .................... 84 

2.6 Appendix 1: Creating CDfit Input files ...................................... 83 

2. 7 Appendix 2: Measurement of l'l£, values and Estimation of Concentrations 

..................................................................................... 85 

2.8 References and Footnotes ....... .......... .......... ... ....................... 85 

Chapter 3: Stereochemical Assignments and Molecular Conformations of 

Cyclophane Host Molecules. ............................................ 9 3 

3.1 Introduction ..................................................................... 94 

3.2 Stereochemical Assignments of 2,6-Dihydroxyethenoanthracenes ...... 94 



X 

3.2.1 Background ........................................................... 94 

3.2.2 Excitonic Chirality .................................................... 97 

3.2.3 Application to the Dougherty Group System ...................... 102 

3.2.4 Expected Excitonic Chirality of the 2,frDihydroxyethenoanthracene 

System ....... ... ............. . ......................................... 103 

3.2.5 Results and Other Applications ......................... .. .......... 108 

3.3 Solution Conformations of Cyclophane Host Molecules ................. 110 

3.3.1 Introduction - Conformations of Host P ................... ...... .. 110 

3.3.2 Circular Dichroism Studies .......................................... 113 

3.3.3 Other Hosts ...... ................ .. .... ..... .. . ............. ...... .... . 114 

3.4 X-Ray Crystallography 116 

3.4.1 Introduction ....... ... ........... .. ...... ........... ........ ........... 116 

3.4.2 Crystal Structure of PE•CH3CN ....... ........... .. ..... .... .... .. 116 

3.5 Conclusions .................................... . ..... ..... .. ................... 122 

3.6 Experimental Section .......................................................... 123 

3.6.1 General Methods ...................................................... 123 

3.6.2 Synthesis .... ..... ..... ...... .. ....... .... ........... .... ......... .... . 124 

3.6.3 CD Data for Previously Reported Compounds ................... 125 

3.6.4 Computational Studies ............................................... 126 

3.6.5 X-Ray Crystallography .............................................. 126 

3. 7 Appendix 1: CD Spectra oflntennediates in the Synthesis of Etheno-

anthracene Building Blocks 1 and 12 ....................................... 128 

3. 7 .1 Introduction ...... ..... ............... .. ...... . ..................... ... 128 

3. 7 .2 2,6-Dihydroxyethenoanthracene (1) ............................... 129 

3. 7 .3 1,5-Dibromo-2,6-Dihydroxyethenoanthracene (12) .... ... ... ... 132 

3. 7.4 Ethanoanthracenes ....... .... .... ... ... ............................... 134 



xi 

3.8 Appendix 2: Distances and Angles Not Involving Hydrogen for the PF.S 

Crystal Structure ............................................................... 137 

3.9 Appendix 3: Assigned Hydrogen Atom Parameters for the PF.S Crystal 

Structure 139 

3.10 Appendix 4: Distances and Angles Involving Hydrogen for the PEs Crystal 

Structure ........................................................................ 140 

3.11 Anisotropic Displacement Parameters for the PF.S Crystal Structure ... 142 

3.12 Appendix 7: IUPAC Name for PEs ........................................ 143 

3.13 References and Footnotes 143 

Chapter 4: Bound Guest Orientations in Chiral Cyclophane Hosts From 

Induced Circular Dichroism Data. . ..................................... 149 

4.1 

4.2 

Introduction 

Modeling Optical Activity 

150 

155 

4.2.1 Mechanisms of Optical Activity ..................................... 155 

4.2.2 Coupled-Oscillator Calculations .................................... 157 

4.2.3 Electronic Transition Moments and the INDO/S Method ........ 161 

4.3 Application to Hosts P and C ................................................ 163 

4.3.1 Calculation Coordinate System ...................................... 163 

4.3.2 Host Chromophores .................................................. 163 

4.3.3 Guests .................................................................. 167 

4.3.4 Calculation Setup ..................................................... 174 

4.4 Calculation Results and Bound Guest Orientations ........................ 178 

4.5 

4.4.1 Long-Axis dyes ....................................................... 178 

4.4.2 Azulenes 

4.4.3 Quinolines and Coumarins 

Calculation Control Studies 

182 

189 

199 



xii 

4.5.1 Approaches to Coupled-Oscillator Calculations .................. 199 

4.5.2 Guest-Binding Orientations ......................................... 204 

4.6 Conclusions .................................................................... 214 

4. 7 Experimental Section .......................................................... 215 

4.7.1 General Methods ...................................................... 215 

4.7.2 Experimental Measurement of R ..................................... 216 

4.7.3 Computational Studies ............................................... 216 

4. 8 Appendix 1: Host Coordinates in Calculation Coordinate System ....... 217 

4.9 Appendix 2: Transition Moments of Host Chromophores ................ 219 

4.9.1 7t ➔ 1t* Transition Moments for Ethenoanthracene Chromo-

phore 1 .......................................................................... 219 

4.9.2 7t ➔ 1t* Transition Moments for Ethenoanthracene Chromo-

phore 2 .......................................................................... 219 

4.9.3 7t ➔ 1t* Transition Moments for Linker Chromophore 1 ........ 223 

4.9.4 7t ➔ 1t* Transition Moments for Linker Chromophore 2 ........ 224 

4.10 Appendix 3: AMI Optimized Geometries and INDO/S Spectral Data for 

Guest Molecules ............................................................... 225 

4.10.1 Long-Axis Dyes ..................................................... 225 

4.10.2 Azulenes .............................................................. 228 

4.10.3 Quinolines and Coumarins ......................................... 229 

4.11 Appendix 4: Using the DZDO Program ..................................... 232 

4.11.1 Input Files ............................................................ 232 

4.11.2 Execution of Program ............................................... 235 

4.12 References and Footnotes .................................................... 235 

Chapter 5: Larger Hosts and Higher Order Stoichiometries. . ....... 244 

5.1 Introduction .................................................................... 245 



xiii 

5.2 Circular Dichroism Studies of Hosts 3 and 4 .............................. 246 

5.2.1 Spectral Features ...................................................... 246 

5.2.2 Bound Guests and Binding Conformations ....................... 247 

5.2.3 Spectral Changes Associated with guest Binding ................. 249 

5.2.4 Porphyrins as Guests ................................................ 250 

5.3 Guests Showing Unusual Behavior with Host P .......................... 263 

5.3.1 Introduction ........................................................... 263 

5.3.2 Picrate Anion .......................................................... 263 

5.3.3 Cationic Dyes ......................................................... 264 

5.4 Conclusions ···································································· 268 

5.5 Experimental Section .......................................................... 269 

5.5.1 General Methods ...................................................... 269 

5.5.2 Synthesis .............................................................. 271 

5.5.3 CD Data for Previously Reported Compounds ................... 272 

5. 6 Appendix 1: Determination of 1: 1 Binding Constants by the Benesi-

Hilde brand Method ......... ... ... ............................................. 272 

5.7 Appendix 2: Estimation of Equilibrium Concentrations ................... 273 

5.8 References and Footnotes .................................................... 275 

Chapter 6: Chiral Recognition of Inorganic Metal Complexes by 

Cyclophane Host Molecules. . .......................................... 280 

6.1 Introduction .................................................................... 281 

6.2 A-Co(en)33+ .................................................................... 283 

6.2.1 General ................................................................. 283 

6.2.2 Binding Results ....................................................... 284 

6.2.3 Co(NH3)6 3+ .. .... .................................................... . 288 

6.3 Ru(phen)3 2+ ....................... ............ .... ... ... .... ................... 290 



xiv 

6.3.1 General ................................................................. 290 

6.3.2 Binding Results .... ................................................... 290 

6.4 Control Studies ................................................................. 295 

6.5 Conclusions and Future Directions .......................................... 295 

6.6 Experimental Section .......................................................... 296 

6. 7 References and Footnotes .. . . . ... . . . . .... ... . . .. .. . . . . . . . . . . .. ............... 298 

Chapter 7: Progress Toward Self-Assembling Systems in Aqueous Media. 

· · · • • • • · · · · · · · · · · · · . . . . . . . . . . . . . . . . . . . • . • • • • . . . • . • • • • • . • . . • • • . • 3 0 I 

7 .1 Introduction .................................................................... 302 

7 .2 Initial Designs and Results ................................................... 304 

7 .2.1 Homomolecular Self-Assembly ..................................... 304 

7 .2.2 Heteromolecular Self-Assembly .................................... 309 

7 .2.3 Control Studies ....................................................... 316 

7 .2.4 Implications of the Initial Studies ................................... 319 

7.3 Charge Mismatching in Aggregation Studies ............................... 320 

7.3.1 General ................................................................. 320 

7 .3.2 Hexacarboxylate (33) ................................................ 321 

7 .3.3 Other Designs ......................................................... 322 

7.3.4 Studies in Mixed Solvents ...................... ..................... 326 

7 .3.5 Conclusions ··························································· 327 

7.4 Ion-Pairing vs Hydrogen Bonding in a Homomolecular System ........ 327 

7 .4.1 General ................................................................. 327 

7 .4.2 Synthesis .............................................................. 328 

7.4.3 Experimental Observations .......................................... 330 

7.4.4 Preliminary Results ................................................... 332 

7.5 Ion-Pairing in Place of Hydrogen Bonding in a Homomolecular System 336 



xv 

7.5.1 Cationic Heteromonomer Design and Synthesis .................. 336 

7.5.2 Experimental Observations and Results ............................ 338 

7 .6 Conclusions and Future Directions .......................................... 342 

7 .6.1 General ................................................................. 342 

7 .6.2 Future Directions and Alternate Designs ........................... 344 

7. 7 Experimental Section .......................................................... 347 

7.8 

7. 7 .1 General Methods ...................................................... 347 

7.7.2 NMR Studies .......................................................... 348 

7. 7 .3 Circular Dichroism Studies .......................................... 349 

7.7.4 Synthesis 

References and Footnotes 

349 

370 

Chapter 8: Miscellaneous Laboratory Projects. . ..................... 3 7 4 

8.1 Introduction .................................................................... 375 

8.2 Amides as Neutral Water-Solubilizing Groups ........... ......... ........ 375 

8.2.1 Introduction ........................................................... 375 

8.2.2 Synthesis and Solubility .... .. .............................. ......... 377 

8.2.3 Other Designs ......................... ............... .. ............... 379 

8.3 Stabilization of Resonance Structures by Binding to a Cyclophane Recep-

tor ............. . .... .. ............................... ....... ...................... 380 

8.3.1 Introduction ......................................... .. ................ 380 

8.3.2 Binding Studies ............................. .......................... 380 

8.3.3 Conclusions and Future Directions ................................. 382 

8.4 Induction of Circular Dichroism in an Achiral Host ...................... 383 

8.4.1 Introduction .. . .. .. ......... .. ............. . ........................... 383 

8.4.2 Binding Studies .......................... . ..... .. ..................... 384 

8.4.3 Future Directions ........ ..................... .... ... ................. 385 



8.5 Experimental Section 

8.5.1 General Methods 

XVI 

·························································· 385 

............................ .......................... 385 

8.5.2 Binding Studies ....................................................... 386 

8.5.3 Synthesis .......................................................... .... 387 

8.6 References and Footnotes .................................................... 389 



xvii 

List of Figures 

Acknowledgments 

Max Biaggi and the Chesterfeild Aprilia (1994, 1995 250cc World Champion) iii 

Chapter 1: Non-Covalent Interactions in Aqueous Media. 

1.1 Protein folding into helical structures (A) and aggregation of folded 

proteins into a well defined structure (B). ................................... 3 

1.2 Proposed structure of the dopamine binding site in the Di-dopaminergic 

neuroreceptor (the numbers refer to the receptor subunits). ............... 4 

1.3 Langmuir-Blodgett film formation by dipping a graphite slab through a 

monolayer of the salt of arachidic acid on water. (A) Dipping, waals 

(B) van der interaction, (C) multilayer formation, (D) bilayer film. ...... 5 

1.4 Host-Guest interactions (molecular recognition) as a general phenomena 

(A), in organic media (B), and in aqueous media (C). ............ ......... 7 

1.5 Commonly studied host systems. ............................................ 8 

1.6 General design of hosts studied in the Dougherty group. ................. 10 

1. 7 Synthesis of enantiomerically pure ethenoanthracene units. . ......... ..... 11 

1. 8 Macrocyclization to prepare host molecules. . .... ... . ... ... ... .... ... ... .... 12 

1. 9 Higher oligomers of host molecules. . ........................................ 13 

1.10 Hosts P and C. . ................................................................ 13 

1.11 The cation-7t effect idealized for host P (A), quadrupole moment of ben

zene (B); quadrupole moments can be thought of as being derived from 

two dipole moments arranged in such a way as to create no net dipole (C).16 

1.12 Self-assembly of the Tobacco Mosaic Virus at low and physiological pH. 

. . .. . .. . .. . . .. . .. . . .. . .. . . .. . .. . . .. . . . . . .. . . .. . .. . . .. . . . . . .. . .. . . .. . . . . . . . . .. . . .. . . . . 18 

1.13 Self-assembly through hydrogen bonding. . ................................. 19 



xviii 

1.14 Self-assembly through hydrogen bonding to give infinite solid arrays. 20 

1.15 Self-assembly through coordinate covalent bonding: formation of a 

double helicate structure. ........ ........ ............... ............ ........ ... 21 

1.16 Self-assembly through coordinate covalent bonding: formation of square 

arrays. . ........................................................................... 22 

1.17 Self-assembly through coordinate covalent bonding: formation of capped 

structures. . .. . .. . . . . .. .. . . . .. . .. .. . .. . .. . . . .. . . . . . .. . . . . . . . . . .. ... .. .. . . .. .. .. . . . 22 

1.18 The formation of ordered phases out of an aqueous environment. ....... 24 

1.19 Sodium dodecyl sulfate (34) micelle formation. . ........................... 25 

1.20 Proposed structures for self-assembling molecules. . ...................... 26 

1.21 Proposed scheme for self-assembly of molecules with structures like 35 and 36 

in an aqueous environment. ................................................... 26 

Chapter 2: Molecular Recognition with Cyclophane Hosts in Aqueous 

Media. Measurement of Association Constants with Circular Dichroism. 

2.1 Host P and non-macrocyclic control molecules studied in this chapter. 56 

2.2 Three dimensional structures of left (A) and right (B) circularly polarized 

light. Time = 0 and K changes as z = KA/12 (K = 0 ,1, 2, .... ). Namely, 

circularly polarized light is composed of an appropriately handed helicity of 

electric field vector. But an observer facing the propagated light encounters the 

electric field vector in order 6, 5, 4, 3, 2, 1, 0, because the light travels toward 

the observer, so the light appears to be of opposite handedness. ......... 58 

2.3 Definition of optical rotation and ellipticity. The elliptic transmitted light as seen 

by an observer facing the direction of the propagated light (for the case of EI > 

Er). . ............................................................................... 59 

2.4 Circular dichroism spectra of the enantiomers of host P in aqueous borate 

buffer (pH 9). ................................................................... 60 



XlX 

2.5 CDfit output and fitted spectrum of Host-Guest complex for guest 7 bound by 

host Ps in aqueous borate buffer (pH 9). . .................................. 68 

2.6 Binding constants (-~G0 a in kcal/mol) measured by CD with host Panda 

variety of guests in aqueous borate buffer (pH 9). ...................... ... 70 

2. 7 CD spectrum of host Ps and fined spectrum of its complex with guest 10 in 

aqueous borate buffer (pH 9). . ...................... .. ....................... 71 

2.8 Resonance structures of azulene hydrocarbons. . .......... ................. 72 

2. 9 CD spectrum of host Ps and fined spectrum of its complex with guest 15 in 

aqueous borate buffer (pH 9). .. ......... ... ........ ..... ........ ... .... .... .. 72 

2.10 CD and UV/visible spectra of Guest 24 (5.75 x 10-6 M) in the absence (a) 

presence (b) of host Ps (1.00 x 10-s M) in aqueous borate buffer (pH 9) . 

. ............. . ...................................................................... 74 

2.11 Host P trimer (31). . .. ......................................................... 75 

2.12 Host P tetramer (32) . . .... ... ... .... ............... ......... ......... ..... ..... 76 

2.13 Host TBP and representative binding constants measured by CD in aqueous 

borate buffer (pH 9). . .......... .................................. .... ......... . 76 

Chapter 3: Stereochemical Assignments and Molecular Conformations of 

Cyclophane Host Molecules. 

3.1 Hosts P, PE, and C and their 2,6-dihydroxyethenoanthracene building blocks 

......... . ... .. ........................ ....... . ................. ....... 95 

3.2 Olefin-facial selectivities in the Diels-Alder reaction that leads to the preparation 

of 2,6-dihydroxyethenoanthracenes ls and lR. .. .. ...... ............ .... 96 

3.3 Circular dichroism spectra of host PR in aqueous borate buffer (pH 9). 98 

3.4 Circular dichroism spectra of host CR in aqueous borate buffer (pH 9). 98 

3.5 Model chromophores for host P. ...... .. ............. ....................... 98 

3.6 By exciton interaction between the two chromophores a and b, the excited state 



xx 

splits into two energy levels. The energy gap 2Vab is called the Davydov 

splitting. .... .. ... .. ... .. ... .. .. ... ............. ..... .. ... .. ... .. ... .. ... .. ... . . . 99 

3. 7 Summation curves (CD and UV, solid lines) of two component absorption 

bands (dotted lines) separated by Davydov splitting .1A. .................. 100 

3.8 Spacial relationship between transition moments (double headed arrows) 

showing excitonic chirality. . ................................................. 101 

3.9 CD Spectrum of lR in acetonitrile. . ......................................... 102 

3.10 The p-(dimethylamino)benzoate chromophore (8); the arrow indicates the 

direction of the electronic transition moment. .............................. l 02 

3.11 Synthesis of the bis[p-(dimethylamino)benzoate] derivative of 1# . ..... 103 

3.12 Atoms defining torsion angles for the (R, R)-enantiomer of 9 . .......... 105 

3.13 Lowest energy conformer of 9R, the arrow indicates the right-handed sense of 

screw. The atoms which define the directions of the transition moments are 

also indicated .................................................................... 105 

3.14 CD Spectrum of 9R in acetonitrile. . ......................................... 109 

3.15 CD difference spectrum of 9R and lR in acetonitrile. . ................... 109 

3.16 Host TBP and its ethenoanthracene building block (12) . ................ 110 

3.17 Toroid (A, calculated structure) and rhomboid (B, structure adopted from 

crystal structure of P tetramethyl ester) conformations of host P . ....... 111 

3.18 Prototypical toroid and rhomboid binding guests. . ........................ 111 

3.19 Toroid (A) and rhomboid (B) conformations of host P with docked prototypical 

guests. . ......................................................................... 112 

3.20 CD spectrum of host Ps and fitted spectrum of its complex with guest 13 in 

aqueous borate buffer (pH 9). . .............................................. 113 

3.21 CD spectrum of host Ps and best-fit spectrum of its complex with guest 14 in 

aqueous borate buffer (pH 9). . ............ .................................. 114 



xxi 

3.22 CD spectrum of host CR and best-fit spectrum of its complex with guest 13 in 

aqueous borate buffer (pH 9). . .............................................. 115 

3.23 CD spectrum of host CR and fitted spectrum of its complex with guest 14 in 

aqueous borate buffer (pH 9). . .............................................. 115 

3.24 An OR TEP view of PES, with the atom numbering. Heavy atoms are shown 

as their 50% probability ellipsoids and H atoms as spheres of arbitrary, small 

dimension. Cl I is hidden behind 02. . ..................................... 118 

3.25 Two views of PES in space-filling representation, showing the dimensions of 

the cavity. The top view is the orientation of Figure 3.23, and the bottom view 

is the back, i.e. rotated by 180° about the horizontal axis. The six aromatic 

rings of the cavity are labeled A-C. . ......................................... 120 

3.26 View of PES (A) perpendicular to the cavity and (B) 90° from (A) showing 

ester groupings of adjacent molecules entering from both sides of the cavity. 

···················································································· 120 

3.27 Structures and stereochemistry of 2,6-dihydroxyethenoanthracene (1) and the 

intermediates in its synthesis. ................................................ 129 

3.28 ............................................... 130 CD spectra of 1 m acetonitrile. 

3.29 ··············································· 130 CD spectra of 2 in acetonitrile. 

3.30 ··············································· 131 CD spectra of 3 In acetonitrile. 

3.31 CD spectra of 4 in acetonitrile (first set of enantiomers). . ................ 131 

3.32 CD spectrum of 4 in acetonitrile (second set of enantiomers) ............ 132 

3.33 CD spectra of 12 in acetonitrile. . ............................................. 132 

3.34 Synthesis of 1,5-Dibromo-2,6-dihydroxyethenoanthracene (12) . ...... 133 

3.35 CD spectra of 13 in acetonitrile. . ............................................ 133 

3.36 Structures and stereochemistry of several 2,6-dihydroxyethanoanthracenes. 

···················································································· 134 

3.37 CD spectra of 15 in acetonitrile. . ............................................ 135 



xx.ii 

3.38 CD spectra of 16 in acetonitrile. . ............................................ 135 

3.39 CD spectra of 17 in acetonitrile. . ........................ .................... 136 

3.40 CD spectra of 18 in acetonitrile. . ............................................ 136 

Chapter 4: Bound Guest Orientations in Chiral Cyclophane Hosts From 

Induced Circular Dichroism Data. 

4.1 Hosts P and C and non-macrocyclic control molecules .................. 151 

4.2 Guests showing induced circular dichroism with hosts P and/or C . .... 152 

4.3 CD spectrum of host Ps and best-fit spectrum of its complex with guest 4 in 

aqueous borate buffer (pH 9). . .............................................. 153 

4.4 CD and UV /visible spectra of Guest 11 (7 .18 x 10-6 M) in the absence (a) and 

in the presence (b) of host PR (1.06 x lQ-5 M) in aqueous borate buffer (pH 9) . 

..................................................................................... 153 

4. 5 CD and UV /visible spectra of Guest 11 (7 .50 x 10-6 M) in the absence (a) and 

in the presence (b) of host CR (1.40 x IQ-5 M) in aqueous borate buffer (pH 

9). A larger bathochromic shift is observed with the guest visible absorption 

band than occurs with host P; this is consistent with cavities of differing 

polarity for the two hosts. .. .................................................. 155 

4.6 Circular dichroism spectra of host PR and control molecule lR in aqueous 

borate buffer (pH 9). .. ............... ......................................... 158 

4.7 Circular dichroism spectra of host CR and control molecule 2R in aqueous 

borate buffer (pH 9). . ......................................................... 158 

4. 8 Illustration of an electronic transition moment using the La transition of 

naphthalene. (A) Coefficients of the highest occupied (HOMO) and lowest 

unoccupied (LUMO) molecular orbitals. (B) The transition density for the 

HOMO ➔ LUMO transition. (C) The transition charge density (PIA) and its 

dipole moment (µ). The circles indicate the sign (white = positive, dark = 



xxiii 

negative) and magnitude (proportional to radius) of the contributions from 

individual carbon 2pz orbitals. Although shown as a one directional arrow, 

transition moments are generally written as two-headed arrows or straight lines 

to indicate the oscillation (see Figure 4.13) ...................... ............ 162 

4.9 Atom numbering scheme of host coordinate system. . .................... 164 

4.10 Host coordinate system showing views down x, y, and z-axes (A, B, and C 

res pee ti vely ). . .................................................................. 165 

4.11 Component chromophores of host P. . ...................................... 166 

4.12 Component chromophores of host Ps (taken from the PsE crystal structure). 

166 

4.13 AM 1 optimized guests with the transition moments of interest. ......... 173 

4.14 Relationship in space between a transition moment endpoint (µ) and six atoms 

(A-F) with known positions in the host coordinate system. The vectors G, H, 

and I are defined by equations 4.11-4.13 ............ ........... ........... 174 

4.15 ICD expected from rotation of guest State 2 transition moment about the y-axis 

for guests 9 (A), 10 (B), and 11 (C) bound by host Ps. . ............... 179 

4.16 ICD expected from rotation of guest State 2 transition moment about the y-axis 

for guests 9 (A), 10 (B), and 11 (C) bound by host Cs . ............... 180 

4.17 Observed (A) and non-observed (B) binding orientations for long-axis guests 

with host Cs (illustrated with guest 9). The view is down the +y-axis, and the 

guest lies in the xz-plane and is positioned with the long-axis transition moment 

at an angle midway through the range of allowed S's off the z-axis. Note that 

each of the two orientations shown generates an equivalent orientation by 

adding 180° to the value of 8. . ............................................... 181 

4.18 ICD expected from rotation of guest States 2 and 3 transition moments about the 

y-axis for guests 6 bound by host P s. .. .... .. .. .. .. .. .. . .. .. .. . .. . .. . .. . . . 183 



xxiv 

4.19 ICD expected from rotation of guest States 2 and 3 transition moments about the 

y-axis for guests 6 bound by host Cs. . .... ... .. ... . .. ... ..... .. . .. ... . .. . . 183 

4.20 Binding orientations predicted for guest 6 with host Cs based on ICD observed 

in guest long-axis (State 3) transition. The view is the same as that of figure 

4.17. . ........................................................................... 184 

4.21 Binding orientations predicted for guest 6 with host Cs based on ICD observed 

in guest long-axis (State 3) transition when & for ICD in short-axis (State 2) 

transition is approximately zero. The view is the same as that of figure 4.17 . 

.............................................. ... ................................... 184 

4.22 ICD expected from rotation of guest States 2 and 5 transition moments about the 

y-axis for guests 7 bound by host Ps. . .......... .. ........................ 185 

4.23 ICD expected from rotation of guest States 2 and 5 transition moments about the 

y-axis for guests 7 bound by host Cs. . .................................... 185 

4.24 Binding orientations predicted for guest 7 with host Cs based on ICD observed 

in guest long-axis (State 5) transition when llE for ICD in short-axis (State 2) 

transition is approximately zero. The view is the same as that of figure 4.17 . 

.................................................................................... 186 

4.25 CD spectrum of host Ps and fitted spectrum of its complex with guest 7 in 

aqueous borate buffer (pH 9). . .............................................. 187 

4.26 Calculated sign of excitonic coupling between guest 7 State 6 and etheno

anthracene chromophores State 5 in complexes with hosts Ps and Cs. 188 

4.27 Relationship in space of guest 7 State 6 and ethenoanthracene State 5 transition 

moments for the 0 = 0° orientation of the guest long-axis, illustrating the left-

handed sense of screw for the system. Viewed through anthracene framework 

of ethenoanthracene chromophore 1 (A) and in relation to one another (B) . 

. ......... ..... .. .... ... . ..... .. ... . . ... .. . . .. ........... ....... .............. ...... 188 

4.28 0 = 0° orientations for quinoline based guests in the host coordinate system 



XXV 

(illustrated with host Cs and guest 3). The view is down the +y-axis, and the 

guest lies in the xz-plane with the C(9)-C(10) bond aligned with the z-axis and 

centered at the origin. . ......................................... .... ..... ...... 189 

4.29 ICD expected for guest State 2 transition from rotation of guest C(9)-C(10) 

bond about the y-axis for guest 3 bound by host Cs. .................... 190 

4.30 Binding orientations predicted for guest 3 with host Cs based on ICD observed 

in guest State 2 transition. The view is down the +y-axis, and the guest lies in 

the xz-plane and is positioned with the C(9)-C(1O) bond at an angle midway 

through the range of allowed 0's off the z-axis. . ........... .. ............ . 191 

4.31 Relative D values from NMR experiments for guest protons in guest 3 bound 

by host P. . .................. .. ......................................... ..... ... 192 

4.32 ICD expected for guest State 2 transition from rotation of guest C(9)-C(10) 

bond about the y-axis for guest 4 bound by host Cs. . ....... .. .......... 193 

4.33 ICD expected for guest State 2 transition from rotation of guest C(9)-C(1O) 

bond about the y-axis for guest 4 bound by host Ps. . ................... 193 

4.34 Binding orientations predicted for guest 4 with host Cs based on ICD observed 

in guest State 2 transition. The view is the same as that of figure 4.30. 194 

4.35 CD spectrum of an aqueous borate buffer (pH 9) solution 1.08 x 10-s Min 

guest 5 and 1.06 x 10-s M in host PR. . ...... .. ................ ............ 195 

4.36 ICD expected for guest State 4 and 5 transitions from rotation of guest C(9)

C(1O) bond about the y-axis for guest 5 (in 0 = 0° orientation #1) bound by 

host Ps. .. .......... .... .. ........ ... ..... .. .............. ........ .............. 196 

4.37 ICD expected for guest State 4 and 5 transitions from rotation of guest C(9)

C(1O) bond about the y-axis for guest 5 (in 0 = 0° orientation #2) bound by 

host P s. ·································· ·· ·· ·································· 196 

4.38 Binding orientations predicted for guest 5 with host Ps based on ICD observed 



XXVI 

in guest State 4 and 5 transitions. The view is the same as that of figure 4.30. 

···················································································· 197 

4.39 Coumarin dyes. . ............................................................... 198 

4.40 ICD expected from rotation of guest State 3 transition moment about the y-axis 

for guest 8 bound by host Cs. . ............................................. 198 

4.41 Binding orientations predicted for guest 8 with host Cs based on ICD observed 

in guest long-axis (State 3) transition. The view is the same as that of figure 

4.17. . ........................................................................... 199 

4.42 ( + )-2-Methylenebenzonorbornene (15) and its component chromophores (16 

and 17 ). . ....................................................................... 200 

4.43 AMI optimized 15 showing calculation numbering scheme ............. 201 

4.44 Component chromophores of AM 1 optimized 15 and their 7t ➔ 1t* transition 

moments. ······································································· 202 

4.45 ICD expected from rotation of a transition moment about the x-axis for a guest 

bound by host Ps. (lµI = 2.54 x I0- 18 esu•cm; f = 0.0867, 0.0759, 0.0675, 

0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A = 350, 400, 450, 500, 550, 

600, 650, and 700 nm). .. .................................................... 205 

4.46 ICD expected from rotation of a transition moment about the x-axis for a guest 

bound by host Cs. (lµI = 2.54 x I0- 18 esu•cm; f = 0.0867, 0.0759, 0.0675, 

0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A = 350, 400, 450, 500, 550, 

600, 650, and 700 nm). .. .................................................... 205 

4.4 7 ICD expected from rotation of a transition moment about the z-axis for a guest 

bound by host Ps. (lµI = 2.54 x 10- 18 esu•cm; f = 0.0867, 0.0759, 0.0675, 

0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A = 350, 400, 450, 500, 550, 

600, 650, and 700 nm). . ..................................................... 206 

4.48 ICD expected from rotation of a transition moment about the z-axis for a guest 



xx.vu 

bound by host Cs. (lµI = 2.54 x 10-18 esu•cm; / = 0.0867, 0.0759, 0.0675, 

0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A = 350, 400, 450, 500, 550, 

600, 650, and 700 nm). . ..................................................... 207 

4.49 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Ps, where the transition moment is offset along the x-axis from 

the origin by 0 (A), 1 (B), 2 (C), and 3 (D) A distances. (lµI = 2.54 x 10-18 

esu•cm; f = 0.0861 at A = 350 nm). . ........................................ 208 

4.50 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Cs, where the transition moment is offset along the x-axis from 

the origin by 0 (A), 1 (B), 2 (C), and 3 (D) A distances. (lµI = 2.54 x 10-18 

esu•cm; f = 0.0867 at A = 350 nm). . ........................................ 209 

4.51 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Ps, where the transition moment is offset along the x-axis from 

the origin by 0 (A), 0.25 (B), 0.50 (C), 0.75 (D), and 1 (E) A distances. (lµI = 

2.54 x lQ-18 esu•cm; f = 0.0867 at A = 350 nm). . ........................ 209 

4.52 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Cs, where the transition moment is offset along the x-axis from 

the origin by 0 (A), 0.25 (B), 0.50 (C), 0.75 (D), and 1 (E) A distances. (lµI = 

2.54 x 10-18 esu•cm; f = 0.0867 at A = 350 nm). .. ....................... 210 

4.53 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Ps. (lµI = 2.54 x 10-18 esu•cm; f = 0.0867, 0.0759, 0.0675, 

0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A = 350, 400, 450, 500, 550, 

600, 650, and 700 nm). . ..................................................... 211 

4.54 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Cs. (lµI = 2.54 x 10-18 esu•cm; f = 0.0867, 0.0759, 0.0675, 

0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A = 350, 400, 450, 500, 550, 

600, 650, and 700 nm). .. ................. .... .............. ... .............. 211 



xxviii 

4.55 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Ps. (f = 0.30; lµI = 4.731 x 10-18, 5.058 x 10-18, 5.364 x 10-

18, 5.655 x 10-18, 5.931 x 10-18, 6.194 x 10-18, 6.447 x lQ-18, and 6.691 x 

10-18 esu•cm at A= 350,400, 450, 500, 550, 600, 650, and 700 nm). 212 

4.56 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Cs. (f = 0.30; lµI = 4.731 x 10-18, 5.058 x 10-18, 5.364 x 10-

18, 5.655 x 10-18, 5.931 x lQ-18, 6.194 x lQ-18, 6.447 x lQ-18, and 6.691 x 

10-18 esu•cm at A= 350,400, 450, 500, 550, 600, 650, and 700 nm). 212 

4.57 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Ps. [f = 0.05 (A), 0.25 (B), 0.45 (C), 0.65 (D), 0.85 (E), and 

1.05 (F) with lµI = 2.065 x 10-18, 4.617 x lQ-18, 6.194 x lQ-18, 7.445 x 10· 

18, 8.513 x 10-18, and 9.462 x 10-18 esu•cm at).= 400] ................ 213 

4.5 8 ICD expected from rotation of a transition moment about the y-axis for a guest 

bound by host Cs. [f = 0.05 (A), 0.25 (B), 0.45 (C), 0.65 (D), 0.85 (E), and 

1.05 (F) with lµI = 2.065 x lQ-18, 4.617 x lQ-18, 6.194 x lQ-18, 7.445 x 10· 

18, 8.513 x lQ-18, and 9.462 x lQ-18 esu•cm at).= 400] ... ............. 213 

Chapter 5: Larger Hosts and Higher Order Stoichiometries. 

5.1 Preparation of host P and its higher oligomers. . .......................... 246 

5.2 CD spectra of PR, 3R, and 4R in aqueous borate buffer (pH 9) ........ 247 

5.3 Binding constants (-~G0 a in kcal/mol) for guests bound by host 3 in aqueous 

borate buffer (pH 9). Binding constants for the guest with host Pare given in 

parentheses. ···································································· 248 

5.4 Binding constants (-~G 0 a in kcal/mol) for guests bound by host 4 in aqueous 

borate buffer (pH 9). . ........................................... .............. 248 

5.5 CD and visible spectra of guest 5 (3.69 x 10-6 M) in the absence (a) and in the 



XXlX 

presence (b) of host 3s (2.14 x I0-5 M) in aqueous borate buffer (pH 9) . 

.................................................................................... 252 

5.6 CD and UV/visible spectra of guest 6 (7.18 x lQ-6 M) in the absence (a) and in 

the presence (b) of host 3s (1.53 x 10-5 M) in aqueous borate buffer (pH 9) . 

.................................................................................... 252 

5. 7 CD and UV /visible spectra of Guest 5 (7 .64 x 1 o-7 M) in the presence of a 

limiting concentration of host 3s (1.26 x 10-5 M) in aqueous borate buffer (pH 

9). . .............................................................................. 253 

5.8 CD spectrum of host 3s and fitted spectrum of its complex with guest 7 in 

aqueous borate buffer (pH 9). . .............................................. 253 

5.9 Transition moments for the porphyrin Soret band. The transition moments 

shown were obtained from an INDO/S calculation of AMl optimized 

porphyrin. .. .................................................................... 254 

5.10 CD spectrum of host 3s and fitted spectrum of its complex with guest 8 in 

aqueous borate buffer (pH 9). .. .......... ...... ............................. 254 

5.11 Fitted CD spectrum of the host 4R complex with guest 8 in aqueous borate 

buffer (pH 9). . ................................................................. 255 

5.12 CD and visible spectra of guest 7 (2.97 x lQ-6 M) in the presence of 8.01 x 

10-6 M host 4R (A, 1: 1 complex) and in the presence of 8.90 x 10-5 M host 4R 

(B, 2: 1 complex) in aqueous borate buffer (pH 9). .. ..................... 256 

5.13 Mol ratio plot for binding of guest 7 by host 4R in aqueous borate buffer (pH 

9). . ................ . ................. . ................................ . .......... 256 

5.14 Job plot for binding of guest 7 by host 4R in aqueous borate buffer (pH 9). 

([G] + [H] = 4.00 x 10-6 M) ................................................ 256 

5.15 Relative D values from 1 H NMR studies of guest 8 with host 4R in 10% 

CD3CN/90% borate-d. D < 0 represents a down-field shift of the NMR signal 

_ on binding. ..................................................................... 258 



XXX 

5 .16 Visible absorption spectra of solutions 2.26 x 10-0 M in guest 7 (a), 2.26 x 

10-6 Min guest 8 (b), and 1.13 x lQ-6 M in both guests (c) in aqueous borate 

buffer (pH 9). . ................................................................. 259 

5.17 CD and visible absorption spectra of a solution containing 7 (1.13 x 10-6 M), 8 

(1.13 x 10-6 M), and host 4R (6.75 x lQ-6 M) in aqueous borate buffer (pH 9) . 

. .......... . ........................................................................ 260 

5.18 Non-macrocyclic molecule that normally shows no interaction with the guests 

bound by host P. . .............................................................. 260 

5.19 CD and visible absorption spectra of guest 7 (7.20 x I0-6 M) in the absence (a) 

and in the presence (b) of host PR (1.26 x IQ-6 M) in aqueous borate buffer 

(pH 9). .. ........................................................................ 261 

5.20 CD and visible absorption spectra of guest 7 (7.18 x 10-6 M) in the absence (a) 

and in the presence (b) of 9R ( 1.60 x 1 Q-5 M) in aqueous borate buffer (pH 9) . 

.................................................................................... 261 

5.21 CD and visible absorption spectra of guest 8 (1.68 x 10-6 M) in the absence (a) 

and in the presence (b) of host PR (1. 77 x I0-5 M) in aqueous borate buffer 

(pH 9). ······················· ·· ················································· 262 

5.22 CD and visible absorption spectra of guest 8 (1.68 x 10-6 M) in the absence (a) 

and in the presence (b) of 9R (1.28 x IQ-4 M) in aqueous borate buffer (pH 9) . 

.......................................................................... .... ...... 262 

5.23 Guest showing unusual behavior with host P. . ............................ 264 

5.24 CD spectra of host Ps (3.3 x IQ-6 M) in the absence (a) and in the presence (b) 

of guest 10 ( 1.17 x IQ-4 M) in aqueous borate buffer (pH 9). .. ........ 265 

5.25 CD and visible absorption spectra of guest 11 (3.27 x IQ-6 M) in the absence 

(a) and in the presence (b) of host Ps (4.00 x IQ-6 M) in aqueous borate buffer 

(pH 9). ·········································································· 266 

5.26 CD and visible absorption spectra of guest 12 (5.89 x lQ-6 M) in the absence 



xxxi 

(a) and in the presence (b) of host Ps (6.40 x lQ-6 M) in aqueous borate buffer 

(pH 9). . ............................ . .................... ...................... . . 266 

5.27 Mol ratio plot for binding of guest 11 by host Ps in aqueous borate buffer (pH 

9). . .... ..... . .. .... . ............................................... . ............. 267 

5.28 Carbinol formation from guest 11. The carbinol is much more prone to photo-

bleaching than 11 itself. . ....................................... ... .... .. ..... 267 

5.29 CD and visible absorption spectra of guest 12 (5.89 x 10-{; M) in the absence 

(a) and in the presence (b) of 9R (4.60 x lQ-4 M) in aqueous borate buffer (pH 

9). ··············································································· 268 

Chapter 6: Chiral Recognition of Inorganic Metal Complexes by 

Cyclophane Host Molecules. 

6.1 Cyclophane hosts studied in this chapter. .................................. 282 

6.2 The cation-1t effect (A) and the quadrupole moment of benzene (B); quadrupole 

moments can be thought of as being derived from two dipole moments arranged 

in such a way as to create no net dipole (C). . .............................. 282 

6. 3 Chiral metal complexes bound by the hosts of Figure 6.1. ............... 283 

6.4 Crystal structure of guest 4 docked in optimized toroid conformation of host 

P s. . ............................................................................. 285 

6.5 lH NMR spectra showing guest NH2 proton signals of DMSO-d6 solutions 

containing (A) free guest 4 (2.56 x IQ-3 M) and (B) guest 4 (5.20 x 10-4 M) 

with host PEs (4.86 x 10·4 M). . ................ .. ... ..... .................. 285 

6.6 CD spectra of host Ps (a) and guest 4 (b) and fitted spectrum of the complex 

they form (c) in aqueous borate buffer (pH 9). . ........................... 286 

6. 7 The prototypical toroid-binding guest, adamantyltrimethylammonium ion (6). 

··························· ··· ······················································ 287 

6.8 CD spectra of solutions containing 2.53 x 10-5 M Co(NH3)63+ in the presence 



xxxii 

of (A) 3.0 x 10-s M host Ps, (B) 3.9 x 10-s M host Ps, and (C) 5.7 x 10-s M 

host Ps in aqueous borate buffer (pH 9). . ................................. 289 

6.9 Non-macrocyclic control molecules. . ....................................... 289 

6.10 CD spectra of host 2s (a) and guest ~-5 (b) and fitted spectrum of the complex 

they form (c) in aqueous borate buffer (pH 9). . ........................... 292 

6.11 CD spectra of host 3a (a) and guest A-5 (b) and fitted spectrum of the complex 

they form (c) in aqueous borate buffer (pH 9). . ........................... 292 

6.12 CD spectra of host Ps (a) and guest A-5 (b) and fitted spectrum of the complex 

they form (c) in aqueous borate buffer (pH 9). . ........................... 293 

6.13 I H NMR spectrum of a solution containing host PR (6.89 x IQ-5 M), A-5 

(5.91 x IQ-5 M) and ~-5 (1.74 x 10·4 M) in 10% CD3CN/90% borate-d (for 

proton numbering scheme see Figure 6.14). .. ............................. 294 

6.14 Proton numbering scheme for phenanthroline rings of guest 5 . ......... 294 

Chapter 7: Progress Toward Self-Assembling Systems in Aqueous Media. 

7 .1 Designs for molecules capable of taking on a "U-shaped" conformation. 303 

7 .2 Schematic of the self-assembly resulting from appropriate designed U-shaped 

molecules. (A) Homomolecular self-assembly, (B) heteromolecular self

assembly, and (C) an illustration of the self-complimentarity of hetermolecular 

dimers. ·········································································· 304 

7. 3 Simple application of the type A design for a self-assembling monomer. 305 

7.4 CPK representation of a possible structure for the dimer formed by lR. The 

bridgehead proton is stripped for identification. .. ......................... 306 

7 .5 Proton designations for ethenoanthracene and ethanoanthracene building blocks 

used in the preparation of self-assembling molecules. . ................... 306 

7.6 Synthesis of 1. ................................................................. 307 



xxxiii 

7. 7 Estimation of the isoelectric pornt of 1, from the pKa's of its component 

ionizable groups. .. ............................................................ 308 

7.8 Variation of 1H NMR chemical shift with pH for the protons of lR, ... 309 

7. 9 Monomers capable of forming heteromolecular dimers. . ................. 310 

7.10 Synthesis of 9. . ................................................................ 311 

7.11 Attempted synthesis of 10 . ................................................... 311 

7.12 Attempted synthesis of 11 and 12. . ......................................... 311 

7 .13 Attempted synthesis of an alternate tetraguanidine (18). . ................ 311 

7.14 Type B tetracation capable of forming heterodimers with 9 . ............. 314 

7 .15 CPK representation of a possible structure for the dimer formed by 9R and 

25RS· The bridgehead protons are stripped for identification. . ........ 314 

7.16 1H NMR spectra of (A) a solution 7.5 x IQ-4 Min 25Rs in pD 7 buffer, (B) 

solution A after addition of a 20% excess of 9R, (C) solution B after addition of 

DCl to bring the pD to 2, and (D) solution C after addition of NaOD to bring the 

pD to 12. ............................................................ 315 

7.17 Ethanoanthracene based tetracarboxylates observed to interact with 25RS· 

.................................................................................... 316 

7 .18 Ethanoanthracene based molecules that are not expected to aggregate in an 

ordered manner. ............................................................... 317 

7 .19 Variation of 1H NMR chemical shift with concentration for the protons of 30R 

in borate-d (pD 9 buffer). . .................................................... 318 

7.20 Variation of 1H NMR chemical shift with concentration for the protons of 31 in 

borate-d (pD 9 buffer). . ....................................................... 318 

7.21 Variation of 1H NMR chemical shift with concentration for the protons of 9R in 

borate-d (pD 9 buffer). . ....................................................... 319 

7 .22 Molecules proposed to form dimers with net charge. . .................... 321 

7.23 Synthesis of 33. . .............................................................. 322 



xxxiv 

7.24 Attempted synthesis of 34. . .................................................. 323 

7.25 Attempted synthesis of 35. ··················································· 324 

7.26 Attempted synthesis of 55. ................................................... 325 

7.27 Variation of 1H NMR chemical shift with addition of 9R for the protons of 15R 

in 10% DMSO-d6/90% 0.01 M CsOD. . .................................... 327 

7 .28 Homomonomers proposed to form dimers incapable of hydrogen bonding 

together. . ....................................................................... 328 

7.29 Synthesis of 60. . .............................................................. 329 

7.30 Attempted synthesis of 61. ................................................... 329 

7. 31 I H NMR Spectra of aqueous solutions of 60R (1 x IQ-3 M) at (A) pD 10, (B) 

pD 7, and (C) pD 5. . .......................................................... 331 

7 .32 Variation of 1H NMR chemical shift with concentration for the protons of 60R 

in borate-d (pD 9 buffer). . ........................ ......... ................... 333 

7.33 Variation of 1H NMR chemical shift with addition of CD3CN for the protons of 

60R in borate-d (pD 9 buffer). . .................. ........... ... .............. 333 

7 .34 Best-fitting lines to the dimer model for all NMR observable proton signals of 

60R in borate-d (pD 9 buffer). . .............................................. 335 

7.35 Synthesis of 71. . .......... ........... ....... ..... ........................... .. 337 

7 .36 An alternate synthesis proposed for 71. .................................... 338 

7. 3 7 Variation of 1 H NMR chemical shift with addition of 9R for the protons of 

71RR in phosphate-d (pD 7 buffer). . ....................................... 339 

7 .38 Variation of 1H NMR chemical shift on addition to 71RR for the protons of 9R 

in phosphate-d (pD 7 buffer). . ............................................... 339 

7.39 Variation of 1H NMR chemical shift with addition of 33R for the protons of 

71RR in phosphate-d (pD 7 buffer). . ....................................... 340 

7.40 Variation of lH NMR chemical shift on addition to 71RR for the protons of 

33R in phosphate-d (pD 7 buffer). . ..................... .................... 340 



XXXV 

7.41 Variation of 1H NMR chemical shift with addition of 9s for the protons of 

71RR in borate-d (pD 9 buffer). . ............................................ 341 

7.42 Variation of 1H NMR chemical shift on addition to 71RR for the protons of 9s 

in borate-d (pD 9 buffer). . .................................................... 341 

7.43 Fully methylated analog of 25. . ............................................. 343 

7.44 A less complex self-assembling system. . ................................... 344 

7.45 CPK representation of a possible structure for a dimer formed by 79 . . 345 

7.46 Using crown ethers as recognition elements for self-assembly .......... 345 

7.47 Template assisted assembly of a host-like structure ....................... 346 

Chapter 8: Miscellaneous Laboratory Projects. 

8.1 Anionic cyclophane hosts. . ................................................... 376 

8.2 Prototypical guests and their binding constants with hosts P and C. ... 376 

8.3 Tetraamide analog of host P. . ............................................... 377 

8.4 Amide preparation by ammoniolysis. . ...................................... 378 

8.5 Ammoniolysis of PE. . ........................................................ 378 

8.6 Amines capable of providing more hydrophilic amides. . ................. 379 

8.7 Cationic polyene dyes. . ....................................................... 380 

8.8 Relative D values observed for dyes 12 and 13 bound by host Pin borate-d. 

··············· ......... ············ ............................ ············· ....... 381 

8.9 Hydrolysis of polyene dyes. . ................................................ 381 

8.10 Resonance structures of Azulene (14 ). . .................................... 383 

8.11 Achiral isomer of host P. . .................................................... 383 

8.12 Guests studied with Pmeso• 384 

8.13 Chiral guests expected to induce CD in host Pmeso• ..................... 385 



xxxvi 

List of Tables 

Chapter 1: Non-Covalent Interactions in Aqueous Media. 

1.1 Representative non-covalent interactions. .................................... 2 

1.2 Representative guests and their binding constants with hosts P and C in 

aqueous borate buffer (pH 9) ................................................... 14 

1.3 Definitions of self-assembly. . ................................................. 17 

Chapter 2: Molecular Recognition with Cyclophane Hosts in Aqueous 

Media. Measurement of Association Constants with Circular Dichroism. 

2.1 Comparison of binding constants for host P measured by CD and 1H NMR in 

pH 9 aqueous buffer. .......................................................... 67 

2.2 OctanoVwater partition coefficients for a series of methyl and trifluoromethyl 

substituted molecules. .. ........................................................ 73 

2.3 Bathochromic shifting of guest absorption bands observed on binding to host P 

in aqueous borate buffer. ....................................................... 74 

Chapter 3: Stereochemical Assignments and Molecular Conformations of 

Cyclophane Host Molecules. 

3.1 Crystal data for PEs•CH3CN. .. ............................................. 118 

3.2 Final heavy atom parameters (Ueq in A2) for PEs•CH3CN .............. 119 

3.3 Selected distances (A) across the cavity in PEs•CH3CN. .. .............. 119 

3.4 Average bond distances (A) for PES· ....................................... 122 

3.5 Distances not involving hydrogen for the PEs crystal structure ......... 137 

3.6 Angles not involving hydrogen for the PEs crystal structure ............ 138 

3. 7 Assigned hydrogen atom parameters for the PEs crystal structure. . .... 139 

3.8 Distances involving hydrogen for the PEs crystal structure. .. .......... 140 



xx.xvii 

3.9 Angles involving hydrogen for the PEs crystal structure. 141 

3.10 Anisotropic displacement parameters for the PES crystal structure ..... 142 

Chapter 4: Bound Guest Orientations in Chiral Cyclophane Hosts From 

Induced Circular Dichroism Data. 

4.1 Induced circular dichroism (ICD) observed in aqueous borate buffer with hosts 

P and C. . ....................................................................... 154 

4.2 Principle axis coordinates (A) for ethenoanthracene chromophore 1 using full 

host atom numbering scheme (Figure 4.9). . ............................... 168 

4.3 Principle axis coordinates (A) for ethenoanthracene chromophore 2 using full 

host atom numbering scheme (Figure 4.9) . . ............................... 168 

4.4 INDO/S calculated transition moments for ethenoanthracene chromophore 1 

(Figure 4.12). ·································································· 169 

4.5 INOO/S calculated transition moments for ethenoanthracene chromophore 2 

(Figure 4.12). .. ................. .... ........................................... 170 

4.6 Principle axis coordinates (A) for linker chromophore 1 using full host atom 

numbering scheme (Figure 4.9). . ........... .. .............................. 171 

4. 7 Principle axis coordinates (A) for linker chromophore 2 using full host atom 

numbering scheme (Figure 4.9). . ............................... ............ 171 

4. 8 INDO/S calculated transition moments for linker chromophore 1 (Figure 4.12) . 

. .. . ... ..... .. . .. . . .. . .. . . .. . . .. . .. . . .. . .. . . .. . .. . .... .. . . .. . .. . . ... .. .. .. . .. . . .. . .. 171 

4. 9 INDO/S calculated transition moments for linker chromophore 2 (Figure 4.12) . 

.................................................................................... 172 

4.1 O INDO/S Calculated Parameters for Longer Wavelength Transitions in AM 1 

Optimized Guests. ········ · ···················· ··· ····························· 172 

4.11 Atomic coordinates of AMl optimized 15, using the atom numbering scheme of 

Figure 4.43. ···································································· 200 



xxxviii 

4.12 Atomic coordinates of component chromophores of AM 1 optimiz.ed 15 in their 

principle axis coordinate systems, using the atom numbering scheme of Figure 

4.43. . ........................................................................... 201 

4.13 INDO/S calculated data for component chromophores of 15 . ........... 201 

4.14 Experimental and calculated CD spectral data for 15. . .................... 203 

4.15 Host coordinates in calculation coordinate system (A) using atom numbering 

scheme of Figure 4.9. . ........................................................ 217 

4.16 Host ethenoanthracene chromophore 7t ➔ 1t* transition moment coordinates in 

calculation coordinate system (A). . .......................................... 218 

4.17 Host linker chromophore 7t ➔ 1t* transition moment coordinates in calculation 

coordinate system (A). . ....................................................... 219 

4.18 Principle axis atomic coordinates (A) of AM 1 optimized geometry long-axis dye 

guests 9, 10, and 11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225 

4.19 INDO/S calculated spectral data for AMI optimized long-axis dye guests 9, 10, 

and 11. . ........................................................................ 227 

4.20 Principle axis atomic coordinates (A) of AMI optimized geometry azulene 

guests 6 and 7. . ............................................................... 228 

4.21 INOO/S calculated spectral data for AM 1 optimized azulene guests 6 and 7 . 

.................................................................................... 228 

4.22 Principle axis atomic coordinates (A) of AMI optimized geometry quinoline and 

coumarin guests 3, 4, 5, and 8. . ............................................ 229 

4.23 INDO/S calculated spectral data for AM 1 optimized quinoline and coumarin 

guests 3, 4, 5, and 8. . ....................................................... 231 

4.24 Input switches for INDO/S calculations with DZDO. . .................... 232 



xxxix 

Chapter S: Larger Hosts and Higher Order Stoichiometries. 

5.1 Bathochromic shifting of guest absorption bands observed on binding to hosts 

P, 3, and 4 in aqueous borate buffer. . ..................................... 250 

5.2 Induced circular dichroism (ICD) observed in aqueous borate buffer with hosts 

P , 3 , and 4 . . . . . . . . . . . . .. . . . .. . . . . . . . .. .. .. . . .. . . . . . . . . . . . .. . . . . . .. . . . .. .. . . . . . . 251 

Chapter 6: Chiral Recognition of Inorganic Metal Complexes by 

Cyclophane Host Molecules. 

6.1 Binding constants measured in aqueous borate buffer for guest 4. ..... 286 

6.2 Binding constants (-~G0 a, kcal/mol) measured in aqueous borate buffer for 

guest 5. .. ....................................................................... 291 

6.3 Relative D values (ppm) for protons of guest 5 in 10% CD3CN/90% borate-d 

(using proton numbering scheme of Figure 6.12). .. ...................... 294 

Chapter 7: Progress Toward Self-Assembling Systems in Aqueous Media. 

7 .1 1H NMR chemical shifts (ppm) observed for several ethenoanthracene-based 

molecules. ...................................................................... 331 

7 .2 Fitted and observed data for the protons of 60R in borate-d. .. .......... 335 



1 

Chapter 1: 
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Chapter 1 

Non-Covalent Interactions in Aqueous Media. 

1.1 Introduction 

Non-covalent bonding interactions play an important role both as primary and as 

secondary stabilizing forces for a wide variety of inter- and intra-molecular processes 

across a range of fields of study. These forces include hydrogen bonding, Coulombic 

attractions, 1 van der Waals interactions, 1 1t-1t interactions, 1 cation-1t interactions, 3 and the 

collection of phenomena termed hydrophobic interactions. IA Table 1.1 lists the important 

non-covalent forces and provides representative examples of each. 

Interaction Distance Dependence Example 
Only occurs at very short 0---·HNH R' 

Hydrogen bonding 1,2 distances (typically ~ sum of II ·c· 
van der Waals radii of the ,c. II 

heavy atoms involved) 
R HNH--- 0 

Electrostatic 
NH2 

1/r I 

(Coulombic)l 
RC02··-----.C. + 

H2N NHR' 

van der Waals forces I l/r2 n-Alkane crystals 

1t-1t Interactions I 1/i-O <:>-~ Q 
i I 

"~ H 
I 

0 Face to Face 

Edge to Face 

Cation-1t interactions3 l/r0 (n < 2) 0 
I 

0 
Hydrophobic forces 1,4 1/r0 (n < 2) Surfactant aggregation in water 

Table 1.1. Representative non-covalent interactions. 
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In biological systems, non-covalent forces provide secondary intramolecular 

stabilizing interactions that induce proteins to fold into stable tertiary structures as well as 

providing the primary stabilizing interactions that hold non-covalently bound subunits 

together in a well-defined manner (Figure 1.1).5 The weak nature of these forces also 

make them ideally suited for holding small molecules in specific binding sites where they 

A 

B 

4 

Randomly coiled 
structure 

► 

Helical structure 

► 

Top View 

Figure 1.1. Protein folding into helical structures (A) and aggregation of 
folded proteins into a well defined structure (B).5 
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can regulate biological process.6 Figure 1.2 shows a model for the binding site of the D2-

dopaminergic neuroreceptor.7 It can be seen that the ligand (dopamine) is held in the 

binding site through a combination of hydrogen bonding, 7t-stacking, and electrostatic 

interactions. 7 

5 4 3 6 

Figure 1.2. Proposed structure of the dopamine binding site in the D2-
dopaminergic neuroreceptor (the numbers refer to the receptor subunits).7 

Biological systems provide some of the most elegant examples of the use of non

covalent interactions for carrying out specific functions, but the use of non-covalent 

interactions is not limited to the realm of biology. Langmuir-Blodgett films, for example, 

can be used to modify the surface properties of a materiaI.8 These films arise through non

covalent association of surfactant molecules with solid surfaces. Figure 1.3 illustrates the 

formation of a Langmuir-Blodgett film of the salt of arachidic acid.6 A graphite slab is 

pulled through a monolayer of the salt on water (Figure 1.3A), the alkyl tails adhere to the 

graphite surface through weak van der Waals forces (Figure 1.3B).9 Repeated dipping of 

the graphite results in multilayer formation (Figure 1.3C);9 the layers add in such a way as 

to segregate their hydrophobic and hydrophilic regions (Figure 1.30). 
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The important role played by non-covalent forces has lead to a great effort toward 

the design and study of synthetic systems that exploit non-covalent interactions to form 

supramolecular complexes. It is the purpose of this manuscript to report the results of a 

number of studies on such supramolecular systems carried out in the Dougherty group at 

the California Institute of Technology. The studies of molecular recognition and self

assembly described herein were inspired heavily by biological systems and as such were 

performed primarily in aqueous media 

H3C. 
(:H2 

H2C 
~H2 

H2C 
S:H2 

H2C 
~H2 

H2C 
~H2 

H2C. 
~H2 

H2C 
~H2 

H2C 
~H2 

H2C. 
~H2 

H2C 

clo-

A 

~ Graphite 

Water 

D 
::::g g:= ~:.• ::::g g:= -00- . -00-
-00- .• -oo-
-00- =: -00-
-00- -00-

Figure 1.3. Langmuir-Blodgett film formation by dipping a graphite slab 
through a monolayer of the salt of arachidic acid on water. (A) Dipping, 
(B) van der Waals interaction, (C) multilayer formation, (D) bilayer film.9 
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1.2 Molecular Recognition 

1.2.1 General 

"Molecular recognition" encompasses a broad array of intermolecular interactions in 

a large variety of processes, and as such is not limited to the context of the work in this 

manuscript. For this reason we limit our definition of "molecular recognition" specifically 

to the encapsulation of smaller "guest" molecules by larger "host" molecules (Figure 

1.4).10 

The strength of the binding interactions observed with the various host-guest 

systems are highly dependent on the solvent medium. 16a,l 7 In non-polar organic solvents, 

for example, the hosts can take advantage of the strong interactions between hydrogen 

bond donors and acceptors or between oppositely charged functional groups. 17 Figure 

1.4B illustrates a cyclophane (1) receptor that binds barbiturate guests (such as 2) in 

chloroform. The guest is drawn out of the solvent environment and into the binding site, 

where it is stabilized by the formation of six hydrogen bonds. 11 Molecular recognition in 

aqueous media is more relevant to biological phenomena, and has spawned a wide variety 

of cyclophane-based host systems. 10chjq,l2,l6,l8-32 In aqueous media, functional groups 

capable of forming hydrogen bonds or participating in electrostatic interactions are strongly 

solvated; this results in the attenuation (but not the complete absence32) of the interactions 

that these groups undergo. 17 On the other hand, hydrophobic forces become very strong 

in an aqueous environment, as illustrated in Figure 1 .4C where a guest with large 

hydrophobic surface area (azulene, 3) is drawn out of the aqueous environment into the 

cavity of a cyclophane receptor (4) that is less polar than the aqueous solvent. 12ad 

There exist a wide variety of synthetic host-guest systems that make use of non

covalent forces for the stabilization of the guest molecule in the host binding site (generally 

a molecular cavity). Figure 1.5 gives some representative examples of the various classes 
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of host molecules. Such hosts include crown ethers and cryptands,13 calix[n]arenes,14 

cyclodextrins, l5 and a variety of cyclophane structures.16 All of these structures contain a 

central cavity that serves as the binding site for the guest. 

A 

D + 
,.,,__ 

""""" 
Host Guest Host-Guest Complex 

B 

1 

·02C CO2· ·02C CO2· 

' C 

():) 
3 

..... 

+¢0 0¢ 
o~o 

·02C CO2· 

\ ..... 

::::::""""";;;;;;H;::2=0~,.,,__~ ¢: ~- '~...-r- . ~¢ 

4 

Figure 1.4. Host-Guest interactions (molecular recognition) as a general 
phenomenon (A), in or anic media (B),11 and in aqueous media (C))2ad 



Crown Ether 
(18-Crown-6) 

8 

Cryptand 

HO~ 

HOH2C_;Zi OH OHO~~H,OH 

~ ~ HOHO-i 

b~OHHO !? 0 

O~ O~~H20H 
CH20H O 

P-Cyclodextrin 

Calix[ n ]arene 
(p-1-butylcalix [ 4 ]arene) 

Fi ure 1.5. Commonly studied host systems. 

Koga 's Cyclophane 
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1.2.2 Dougherty Group Studies 

Molecular recognition studies in the Dougherty group have focused on the study of 

cyclophane receptors of the general structure shown in Figure 1.6 (this includes the 

receptor of Figure 1.4C).12 These hosts are based around two ethenoanthracene units that 

serve to provide rigid, concave hydrophobic surfaces for formation of a cavity-like binding 

site. 12im Two of these ethenoanthracene units are linked together through variable regions, 

hereafter referred to as linkers. 12im Figure 1.6 illustrates a number of linkers that have 

been employed. 12,33 The ethenoanthracene units also serve to hold the solubilizing groups 

(R in Figure 1.6) external to the binding site, so that their influence on binding is 

minimized. 12im The ethenoanthracene units are chiral, with C2-symmetry, and give rise to 

a host structure with a maximum symmetry of D2. 12im 

The synthesis of the ethenoanthracene unit is shown in Figure 1.7 _ 12im 

Anthraflavic acid (5) is reduced with aluminum amalgam to provide 2,6-

dihyroxyanthracene (6). After protection of the hydroxyl groups, the anthracene derivative 

(7) undergoes an asymmetric Diels-Alder reaction with (-)-dimenthyl fumarate (8) in the 

presence of an excess of diethylaluminum chloride. The Diels-Alder reaction provides the 

ethanoanthracene diastereomers 9a and 9b (syn and anti respectively); these diastereomers 

are separated so that they can be converted into enantiomerically pure product. The etheno 

bridge is incorporated by reaction of 9 with diphenyldiselenide in the presence of 

potassium r-butoxide; this reaction is immediately followed by deprotection of the phenols 

to give ethenoanthracenes 10a and 10b. Transesterification with methanol provides the 

enantiomerically pure ethenoanthracenes lla and llb. The ethenoanthracene units are 

macrocyclized with the appropriate linker precursor (a dibromide or ditosylate) under high

dilution conditions in DMF with cesium carbonate as base to provide the tetramethyl ester 

12 (Figure 1.8).12im Hydrolysis of the esters provides the water-soluble receptor 13. 
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The major isolable byproducts of the macrocyclization are the trimer (14) and tetramer (15) 

oligomers of the host structures (Figure l.9).12i 

Chapters 2-6 and 8 of this manuscript report studies of primarily two hosts from 

Figure 1.6, hosts P and C (Figure 1.10). The names of these hosts are derived from the 

linkers, P for para-xylyl and C for trans-1,4-cyclohexyl. Like all of the hosts shown in 

Figure 1.6, these two hosts are general receptors for a variety of neutral and cationic 

organic guests in an aqueous environment.12 

I 
H2C. 

0 

D2 Symmetry I 

P, Y= H 
TMP, =OCH3 
TCL, = Cl 
TBL, = Br 
TML, =CH3 

~ 
TBP y Br 

Solubilizing Groups 
External to Binding Site 

R R = -Co2·cs+ (water) 

R = -C02CH3 (organic media) 

,,._ O, CH 
X I 2 

Rigid, Concave 
Hydrophobic Surface 

Iv\ Variable 
\0) Region 

R 

Host X 

M 

F 

T 

X I 
~ O,..CH2 

X 

H 

Host 
C 

-(CH2)n- H 

III, n = 3 
IV, =4 
V, =5 

Fi ure 1.6. General desi n of hosts studied in roup. 
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~OH (sat. aq.) 
O Al(Hg) 

OH EtOH ,COO'OH 
~ ., I ~ ~ ~ (45%) 
~ ~ ~ ~ 

HO O H20 HO 

S TB~~l/ 6 
Et~ 

OTBS R* = (-)-menthyl = 

TBSO 

HO 

~ 
~ (95%) 

TBSO 
o 7 

R*~ OR*! XS Et2AICI, 
0 8 Toluene, 0°C 

O 0 
0 0 

OTBS 
TBSO 

9a "Syn" "Anti" 
1. PhSeSePh 

! t-BuO·K+ ! 2. HCl(sat. aq.)• 

i-PrOH 
R*02C 

C02R* 
OH -~, 

H3C02C 
C02CH3 .. 
------~OH 

HO 
Ila llb 

OTBS 

9b 

OH 

OH 

(R, R)-enantiomer 
[a.lo= +600 

(S, S)-enantiomer 
[a.Jo= -60° 

(total yield 73%) 

(91%) 

(64%) 

Figure 1. 7. 
units.l2im 

Synthesis of enantiomerically pure ethenoanthracene 
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Table 1.2 lists binding constants for representative guest molecules. These guests 

include electron-deficient neutral molecules (16, 17), iminium ions (18, 19), quaternary 

ammonium ions (20), sulfonium ions (21), guanidinium ions (22), and the neuroreceptor 

acetylcholine (23).12h Some general trends can be observed from the data in Table 1.2: for 

neutral guests (such as isoquinoline, 16) the binding constants observed for both hosts are 

the same, while charged guests (18-21) generally show greater affinity for host P than for 

host c.t2i Another interesting observation is that with guests of the same size and shape 

(17 and 19), a charged guest (19) always shows higher binding affinity than an uncharged 

one (17). 12i 

llb 

► 
OH Cs2C0:3 

DMF 
high dilution 

13 

Fi ure 1.8. Macrocyclization to prepare host molecules.1 2 im 

12 
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Guest -!\G 0
11 (kcal/mo)) rPl -!\G 0 

.. (kcal/mo)) rCl 

0) 6.3 6.3 
N 

16 

co 5.9 6.0 
,.: 

N 

17 

0) 7.3 6.0 
N. 
+ CH3 

18 

ro 8.4 6.3 
+~ 

,.: 

CH3 

19 

+ CH3 
H3C, 1 CH 

N- 3 6.7 5.6 

Q1 
20 

H3C,+,CH3 
s 

¢ 5.7 4.5 

N02 

21 

N(CH3)i 
_A+ 4.7 NIA 

(H3C)iN NH2 

22 

0 CH3 
6.2 NIA Jl ~N·"CH3 

H3C O •cu3 
23 

Table 1.2. Representative guests and their binding constants with hosts P 
and C in aqueous borate buffer (pH 9). Values are accurate to ± 0.2 
kca1.t2adi 
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The host and guest interact through a number of non-covalent interactions. These 

include hydrophobic attractions between the organic guest and host cavity, weak 

electrostatic forces from the remote carboxylate solubilizing groups and cationic guests, and 

a strong cation-1t effect3b,I 2dhi which is evident in the binding preference for charged 

guests by host P (a cavity with a greater number of aromatic rings than host C). The 

observation of a cation-1t effect in the binding behavior of the hosts is of primary interest in 

the study of such systems. 

1.2.3 The Cation-1t Effect in Molecular Recognition 

The cation-7t effect (Figure 1.11) can qualitatively be thought of as the interaction 

between a positive charge and the negatively charged face of a benzene ring, or more 

specifically with the benzene quadrupole momenr.3b The quadrupole moment of benzene is 

depicted in Figure 1.11. As shown in the Figure, the faces of the ring represent regions of 

negative charge, while the periphery of the ring represents a region of positive charge.3b 

Qualitatively, the magnitude of a cation-7t effect is dominated by the cation-quadrupole 

interaction. Quantitatively, however, contributions from induced dipoles, polarizability, 

dispersion forces, and charge transfer cannot be ignored.3b This binding force is thought 

to be important in a number of biological binding sites,3b,34 including those for the 

neurotransmitter acetylcholine (23)3b,I2h and has been invoked to explain cation selectivity 

in a number of biological cation channels.3b,34 Cation-7t interactions are also known to be 

important in the gas-phase3b,35 and have been observed with a number of other synthetic 

host systems in aqueous media.12,23d,25o,27b,29a,36 
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A B C 

Figure 1.11. The cation-1t effect idealized for host P (A), quadrupole 
moment of benzene (B); quadrupole moments can be thought of as being 
derived from two dipole moments arranged in such a way as to create no 
net dipole (C).3 

1.3 Self-Assembly 

1.3.1 General 

Self-assembly is a type of molecular recognition, in which a number of smaller 

molecules combine in a specific manner to produce a supramolecular array of well defined 

structure.17,37 Like molecular recognition, the term "self-assembly" has broad usage 

throughout the literature and self-assembly processes can be divided into a number of 

classes; Table 1.3 provides descriptions and representative examples of these classes.17,37c 

The studies described in this manuscript (Chapter 7) fall into the class of Strict (or 

Equilibrium) Self-Assembly (Table 1.3, Class 1).17,37c In these processes the formation 

of the assembly is a reversible equilibrium process, and requires that the assembly itself 

represent a thermodynamic minimum.17,37 The same combination of non-covalent forces 
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that allows for the formation of host-guest complexes are used in self-assembly processes; 

however, the self-assembled structures tend to be far more ordered than loosely associated 

host-guest complexes (the structure is more precise than simply encapsulating a guest in a 

cavity). The formation of ordered assemblies is highly entropically unfavorable; 

consequently, most of the reported structures self-assemble through enthalpically favorable 

processes. 17,37 

Class Self-Assembly Definitaon Example(s) 
1 Strict (or Equilibrium) Self- The product forms sponta- Tobacco Mosaic Virus,3 8 

Assembly neously (and reversibly) upon metal chelates.37c 
combining the component parts 
under proper conditions. 

2 Irreversible (or Kinetic) A self-assembly process that Cascade reactions, 3 7 c, 3 9 
Self-Assembly involves irreversible bond form- formation of self-assembled 

ing reactions. monolayers.40 

3 Precursor Modification Fol- One or more of the component GTP binding to tubulin before 
lowed by Self-Assembly parts must be modified before polymerization into micro-

self-assembly can occur. tubules occurs.41 
4 Self-Assembly with Post- The initial assembly requires Self-splicing and self-cleaving 

Modification modification (usually by an ex- RNA's,42 template assisted 
ternal agent) before it can attain formation of catenanes.43 
functional comoetence. 

s Assisted Self-Assembly An external agent that is not "Molecular chaperone" pro-
part of the final assembly is re- Leins mediate many protein 
quired to accompany the assem- assembly processes.44 
bly process. 

6 Directed Self-Assembly A temporary "template" partici- Template assisted self-replica-
pates as a structural element in tion.45-47 
the assembly process, but does 
not appear in the final assem-
bled product. 

7 Self-Assembly with Inter- Combinations of classes 1-6, Ribosome biogenesis,48 bac-
mittent Processing this allows for sequential alter- teriophage assembly.49 

ations of self-assembly and irre-
versible modifications to pro-
vide a highlv-controlled urocess. 

Table 1.3. Definitions of self-assembly.JSc 

The most elegant examples of self-assembly come from biological system s.17 ,37 

The Tobacco Mosaic Virus (TMV), for example, forms from the self-assembly of 2130 

protein subunits and a single strand of viral RNA into a spiral cylinder of protein which 

surrounds the RNA (Figure 1.12).38 This assembly occurs spontaneously at physiological 

pH both in vivo and in vitro; at low pH the protein subunits will assemble into the spiral 
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cylinder without the presence of the RNA (Figure 1.12).38 The formation of TMV 

represents a process which is both spontaneous and cooperative.17 ,37,38 Biological 

molecules are very large and can create microenvironments that are less polar than the 

aqueous solvent medium. This allows strong non-covalent interactions (hydrogen 

bonding) to occur without attenuation from solvent, thus providing a strong enthalpic 

contribution to the formation of the structure.17.37 

Protein Subunit 

Viral RNA 

Self-assembly of the Tobacco Mosaic Virus at low and 
pH,38 

Given the requirements for enthalpic control of the assembly process, the majority 

of reported strictly non-covalent synthetic systems have relied on hydrogen bonding in 
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non-polar solvents (Figure 1.13).17,37,50,51 A number of systems have been reported 

which assemble into highly ordered structures in solution,17,36,50,5l-56 in the solid state 

(from non-polar solutions),5l,57..(,() and in liquid-crystalline phases.61 Hydrogen bonding 

has also been used to self-assemble solution-phase structures with cavities capable of 

encapsulating guest molecules.53ab,55,57c The choice of structure is critical for the 

assembly of component units into highly organized structures with discrete stoichiometry 

(Figure 1.13) instead of into infinite arrays (Figure 1.14).17,37 Figures 1.13 and 1.14 

illustrate how the size of a substituent (,-butyl vs methyl vs ethyl ester) determines if a 

small aggregate (26) or a specific type of solid array is formed (27 or 28). 17a,5 l ,52aef,57b 

3 24a + 3 25 
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Figure 1.14. Self-assembly through hydrogen bonding to give infinite 
solid arrays.17 a,57b 
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Other non-covalent forces have seen less application in solution-phase synthetic 

self-assembling systems (but have been successfully used to create specific solid state 

structures;62 the use of 7t-7t interactions has even been employect63). While representing 

one type of covalent interaction, coordinate covalent bonding (dative bonding) is weak 

enough to be reversible and has attracted a large amount of attention for formation of self

assembling structures (Figures 1.15-1.17).17,37 Such structures include double and triple 

helix "helicates" derived from tetrahedral and octahedral metal centers respectively (Figure 

1.15),63-68 square arrays (Figure 1.16),69 and capped structures (Figure 1.17).70 Metal 

coordination has also been used to create infinite arrays,71 to form structures containing 

internal cavities for guest binding,72 and to organize arrays of peptides.73 These metal 

complexes form through spontaneous and cooperative processes and as such represent ex-

0 

2 29 + 3 Cu+ 

0 

29 

Cu+=O 

Figure 1.15. Self-assembly through coordinate covalent bonding: 
formation of a double helicate structure.641 
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Ag+=. 

6 30 + 9 Ag+ 

22 

Figure 1.16. Self-assembly through coordinate covalent bonding: 
formation square arrays.69a 

3 31+232 + 6 Cu+~----

31 

Cu+ • 
N~ ~N*~ ~ I # 

N N 

NJ 
32 

Figure 1.17. Self-assembly through coordinate covalent bonding: 
formation of capped structures.70a 
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amples of strict self-assembly (Table 1.3). 17.37 Metal coordination represents an attractive 

alternative to hydrogen bonding because it can occur in aqueous solvents, although its 

relevance to biological self-assembly is not clear. 

Synthetic systems that self-assemble through strictly non-covalent interactions in 

aqueous media are more difficult to design, but are more interesting to study given their 

biological relevance. Assembly of small molecules from aqueous media into highly 

organized structures is possible, but the majority of reported systems fall out of solution as 

extended structures in gel or solid phases. 17a,74-77 Figure 1.18 illustrates such a self

assembly process. In the presence of potassium or ammonium ions, guanosine 

monophosphate (33, as well as molecules of similar structures) will form tetrameric arrays 

templated about the cation; the "G-quartets" then stack upon one another to give liquid

crystalline like "gel" phases. 17,75 These G-quartets also have biological significance, as 

they can form from guanosine-containing polynucleotides.78 

Small molecules can be induced to aggregate from aqueous solution into organized 

structures, 74 although formation of such aggregates tends to be en tropically driven 

(classical hydrophobic effect)4b and these structures are much more loosely organized than 

the previously described self-assembled structures. One of the most common of such 

aggregates is the micelle.4b,?9 These roughly spherical aggregates assemble through the 

aggregation of surfactant molecules above a certain critical aggregation concentration 

(CAC) in water (Figure 1.19). The micelle structure is such that the aggregate 

compartmentalizes its hydrophobic region (the alkyl tails of the surfactant molecules) to the 

interior of a sphere whose surface is made up of the hydrophilic head groups of the 

surfactant components (Figure 1.19).4b,79 This compartmentalization of hydrophobic and 

hydrophilic regions is a common motif in biological systems.5 
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33 

4 33 + K+ 

Liquid crystalline array of cylindrical structures. 

Figure 1.18. The formation of ordered phases out of an aqueous 
environment.17a,7Scd 



n 

(average n for 34 = 62) 

34 

25 

Cross section of 
spherical aggregate 

(micelle) 

Fi ure 1.19. Sodium dodecyl sulfate (34) micelle formation.4b,78 

1.3.2 Dougherty Group Studies 

Chapter 7 describes some of the initial attempts in the Dougherty group at creating 

strictly non-covalent aqueous systems for self-assembly. These studies have focused on 

molecules derived from the same ethenoanthracene units (11) as our host systems. The 

structures (35 and 36) are proposed to take on "U-shaped" conformations (Figure 1.20) 

that enable two such molecules to combine to form a dimer (Figure 1.21). The assembly 

into a dimeric structure is proposed to be driven by a combination of hydrophobic and other 

more directional (hydrogen bonding and electrostatic) non-covalent forces. The 

ethenoanthracene unit (with its aryl side chains) provides a hydrophobic surface that should 
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give the molecules a high propensity toward micelle-like aggregation; appending the 

molecules with polar groups that can form hydrogen bonds or salt bridges should allow 

these interactions to occur and hold the aggregate to a dimeric stoichiometry (Figure 1.21). 

xx 

} 
y y 

"U-Shaped" Structure 

36 

X, Y = Charged or polar functional groups that are 
complementary to each other. 

Fi ure 1.20. Proposed structures for self-assemblin molecules. 

2 

xx 

y y 

X, Y = Charged or polar functional groups that are 
complementary to each other. 

Figure 1.21. Proposed scheme for self-assembly of molecules with 
structures like 35 and 36 in an aqueous environment. 
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While a large portion of the driving force for the fonnation of these structures may 

come from an entropic effect (hydrophobic aggregation), the study of these structures in an 

aqueous environment using strictly non-covalent forces to bring about assembly is quite 

relevant to biological processes. The potential for learning how to bring about the 

controlled and specific aggregation of small molecules in an aqueous environment has 

provided the impetus for the studies that will be described in Chapter 7. 
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Chapter 2 

Molecular Recognition with Cyclophane Hosts in Aqueous 

Media. Measurement of Association Constants with Circular 

Dichroism.t 

2.1 Introduction 

Previous studies in the Dougherty group have conclusively established the 

formation of 1: 1 complexes between host P (Figure 2.1) and a number of neutral and 

cationic molecules in aqueous solution.2 Quantitative estimates of the binding constants for 

these 1:1 complexes were established primarily through the use of 1H NMR spectroscopy.2 

These studies further established that the guest molecule resides within the cavity of the 

host molecule in the complex, and it was shown that molecules containing no binding 

cavity (1 and 2, Figure 2.1) do not form complexes with guests in aqueous solution.2b,3 

The NMR method used in these studies follows standard protocols for studying 

binding interactions in host-guest systems.4-6 NMR is a powerful tool for use in these 

studies, allowing measurement of thermodynamic binding constants as well as providing 

information on the structure of the complexes being formed. 4-6 However, there are 

limitations. These limitations arise when the hosts and/or guests have low solubilities or 

critical aggregation concentrations (CAC) and when relaxation phenomena result in a loss 

of signal. For the cyclophanes studied in our laboratories, these problems limit the range 

of binding constants we can measure to -~G0 a ~ 8.0 kcaVmoL 1.2a 

Optical methods (UV Nis and circular dichroism spectroscopy) are attractive 

alternatives to NMR due to a higher instrumental sensitivity. UV Nis spectroscopy can be 

employed to overcome some of the NMR problems by allowing studies at lower 

concentrations. This also allows for more accurate evaluation of the equilibrium constants 
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since activity coefficients approach values of unity under these conditions. 7 Unfortunately, 

the UV spectra of cyclophane molecules (P) are often not very informative; they typically 

appear with multiple overlapping absorption bands. This requires guests with long 

wavelength (colored) absorption bands for elucidation of structural information on binding. 

Circular dichroism (CD) spectroscopy on the other hand provides spectra in which the 

overlapping absorptions are resolved for chiral molecules, but still operates at low 

concentration. Additionally, CD spectra are very sensitive to geometry changes in the 

absorbing species, allowing information about the conformation of a chiral host to be 

obtained in the presence of a guest. 

4 

Figure 2.1. Host P and non-macrocyclic control molecules studied in this 
chapter. 
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The intrinsic chirality (Di-symmetry) of host P makes circular dichroism (CD) 

spectroscopy a potentially powerful probe of binding interactions with this host. CD 

spectroscopy provides the advantages of UV concentrations as well as highly informative 

spectra with respect to structural information. For studies of host P (and analogous hosts), 

CD allows us to take advantage of the chirality of the system, a feature of these hosts that 

has been largely neglected in the previous NMR studies.2 While CD spectroscopy has 

been used extensively for studying inclusion in cyclodextrin hosts8· 12 and substrate 

binding in biological systems, 13 its application for the study of synthetic host systems has 

been limited. 14-16 

2.2 Circular Dichroism (CD) Spectroscopy16 

2.2.1 Introduction 

Circular dichroism spectroscopy is a form of UV Nisible spectroscopy that employs 

linearly polarized light. 17 A linearly polarized beam of light can be decomposed into two 

circular components of equal amplitude-right circularly polarized light and left circularly 

polarized light (Figure 2.2). 17 These two components cancel each other to give the linearly 

polarized beam.17 For an achiral molecule (in an achiral environment) the extinction 

coefficients, EJ and Er, for the absorption of left and right circularly polarized light 

respectively, are equivalent. 17 For an optically active molecule, these extinction 

coefficients are inequivalent for any given absorption (E '# o), and the circular dichroism (in 

units of M·1cm·1) is defined by equation 2.1. 17 

(2.1) 

The result of this differential absorption of the circularly polarized components is 

that the transmitted light will have a greater contribution of one of the circularly polarized 
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components. 17 The components no longer cancel each other, instead the transmitted light 

beam becomes elliptic (Figure 2.3). 17 The eccentricity (ellipticity, 8;.., in millidegrees) of 

the ellipse of the transmitted light is measured at each wavelength of the spectrum and 

relates to the circular dichroism at a given wavelength as shown in equation 2.2,11 

(h=g&,Jc 

g = 2.30259 X ~ X 1()()() 
100 1t 

A: Right Circularly Polarized Light 

X 

t 
Light Propagation 

K= 0 1 2 3 4 5 · 6 

B: Left Circularly Polarized Light 

X 

t 
Light Propagation 

K= 0 1 2 3 4 5 6 

Observer 

(2.2) 

(2.3) 

Figure 2.2. Three dimensional structures of right (A) and left (B) 
circularly polarized light.I 7 Time = 0 and K changes as z = KA/12 (K = 0, 
1, 2, .... ). Namely, circularly polarized light is composed of an 
appropriately handed helicity of electric field vector.1 7 But an observer 
facing the propagated light encounters the electric field vector in order 6, 
5, 4, 3, 2, 1, 0, because the light travels toward the observer, so the light 
a ears to be of o osite handedness.I 8 
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where c is the concentration of the absorbing species (M), I is the pathlength of the cell 

(cm), and 8;., is measured in millidegrees. A circular dichroism active absorption band is 

called a Cotton effect and its rotational strength (R) is defined as the area under the curve of 

the absorption band.17 Enantiomers rotate the plane of polarized light in equal amounts but 

opposite directions and thus CD spectra of a pair of enantiomers will have Cotton effects of 

equal magnitude but opposite sign (Figure 2.4).17 

Plane-polarized 
incident light 

Ea, Er: Electric field vectors of left 
and right circularly polarized light 

a.: Rotation angle 

8: Ellipticity angle 

Elliptic 
transmitted 

light 

Figure 2.3. Definition of optical rotation and ellipticity.18 The elliptic 
transmitted light as seen by an observer facing the direction of the 

ro a ated Ii ht for the case of E > E .1 8 
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(S, S, S, S)-Host P (P8) (R, R, R, R)-Host P (PR) 
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Figure 2.4. Circular dichroism spectra of the enantiomers of Host P in 
a ueous borate buffer H 9 . 

2.2.2 Measurement of Binding Constants with CDl,19 

The equations and procedures described in this section (as well as in sections 2.2.3, 

2.2.4, and 2.2.5) were developed in collaboration with Richard E. Barrans, Jr. 

For a system containing a host (H) and guest (G) that are in equilibrium with the 

1:1 host-guest complex HG (equation 2.4): the equilibrium constant, K , is given by 
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equation 2.5 and the mass balance relations for the total host ([H]o) and total guest ([G]0 ) 

are given by equations 2.6, and 2.7.4,5 

H + G :::;:==~ HG 

[HG] 
K = [H][G] 

[H] 0 = [H] + [HG] 

[G]o = [G] + [HG] 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

The equilibrium concentration of HG can be determined from equation 2.8, when the 

equilibrium constant is known. 

The procedure for determining the equilibrium constant, K, from a set of CD 

spectra at different total host ([H]o) and total guest ([G]o) concentrations is similar to that 

for obtaining K from NMR data, as in our previously described NMRfit and EMUL 

programs.4 

The basic assumption of our mcxiel is that the observed ellipticity at wavelength A 

of a sample containing free host (H), free guest (G), and host-guest complex (HG) is 

given by equation 2.9, 

(2.9) 

where 0;. = the observed ellipticity at wavelength )., (millidegrees, m0
), &i;. = the molar 

circular dichroism of species i at wavelength A, and [i] = the concentration of species i. 

Substituting the expressions for total host concentration, and total guest concentration 

(equations 2.6 and 2.7, respectively) into equation 2.9 results in equation 2.10: 
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8;. = gl{.6.EH;.[H]0 + 6£o;.[G]0 +E;.[HG]) (2.10) 

where 
(2.11) 

EJ., an unknown quantity, is the change in molar ellipticity arising upon complexation. The 

value of [HG] is determined by K, [H]0 , and [G]0 (equation 2.8). The optical constants 

for the free species (&u and MG) are experimentally measured and thus represent known 

quantities in these equations. 

The task of the fitting procedure is to find Kand E;., to minimize equation 2.12, 

over the N experimental samples n and L observed wavelengths ). (analogous to the 

estimation of Kand D from NMR data).4 

N L 
SSR = L L ( 0n). calc - 0n). obsf (2.12) 

n = 1 ). 

The best-fit value of E;., corresponding to any K is immediately available by linear 

regression. The best-fit value of K, however, can only be found by iteration. Richard 

Barrans, Jr., developed a computer program (CDfit) that uses a Levenberg-Marquardt20 

procedure to accomplish this. Given the experimental data and an initial estimate of K, it 

returns the best-fit Kand the set of best-fit E;.,. CDfit further converts the E;., values into 

the best-fit CD spectrum of the pure host-guest complex (see Figure 2.5). 

Although we have not applied this methodology to UV Nis spectroscopy, the model 

is easily modified to accept this type of spectral data as well. In such studies absorbance 

(A) rather than ellipticity is measured; the constant g (equation 2.3) is replaced with a value 

of 1.00, and the circular dichroism optical constants (LlE) are replaced with the appropriate 

extinction coefficients (E). 
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2.2.3 The CD Fitting Procedure I 9 

The Levenberg-Marquardt method is described in detail elsewhere.20 For our 

purposes, all that is necessary to carry out the fitting is the expression for x2 (this is SSR 

as defined in equation 2.12) and the derivatives 'iJx2/iJK and a2x2/al(2. The derivatives 

follow: 

_aX_
2 

= 2 ± ± ( 0n). calc - 0n). obs) (-a O_n)._cal_c) 
aK n=l;. aK 

(2.13) 

Where 

(2.14) 

(2.15) 

n 

and where 

D;. = M:;.[H]on +~E;.[G]on (2.17) 

The second derivative, with the destabilizing residual term omitted, is given by equation 

2.18: 

(2.18) 

For completeness, the best-fit value of E?,., at an arbitrary K is given by equation 2.19: 
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N 

L [8n.t calc - g/J~E,t[H]on +~,t[G]on)Yn[HG]n 

Ei=-"------------------N 
(2.19) 

gL ln2[HG]~ 

" 

2.2.4 Data Handlingl 9 

In NMRfit, every proton is assigned a list of the samples in which it was observed. 

This allows for signals broadening into the baseline, crossing, disappearing under the 

solvent peak, and so on.4,5 Likewise, in CDfit a given wavelength (or wavelength range) 

can be eliminated from one or more samples in a set of N samples (this is done by 

assigning the value (h = 10,000 for each data point to be eliminated from the fitting), while 

this wavelength region is kept in the remaining samples of the set. This allows for 

elimination of regions where UV absorbance is either strong enough to produce high noise 

levels and/or other spectral artifacts in more concentrated samples, or to eliminate regions 

of high noise in very low concentration samples. Basically, each wavelength is assigned a 

reference to a list of samples; in practice, many wavelengths will be referred to the same 

list. New lists are created only when necessary. 

2.2.5 Comparison with Other CD Methodsl,19 

The method commonly used for obtaining association constants from CD spectra 

was developed by Rosen.21 Rosen's method can be used for cases in which the host has 

an unknown number of non-interacting binding sites for the guest, but here we will only 

discuss its application to the case in which the host has exactly one site. Although this 

method was derived for cases in which the free guest has no CD over the wavelengths 

studied (~EG = 0), it is easily extended to cases for which ~EG -:tc 0. 



65 

This method requires measuring the CD of a set of samples in which [H]0 is held 

constant and [G]0 varies, or vice versa. Equation 2.10 rearranges to 2.20, 

(2.20) 

in which the value on the right-hand side is E;. multiplied by the fraction of host that is 

bound. For convenience, let us call this B, B = E;.,([HG]J[H]o). A plot of Bas a function 

of [G]0 forms a rectangular hyperbola with an asymptote of E;.,. Near the origin of the 

plot, where [G]0 approaches zero,22 [HG] is equal to [G]0 , making the response of B to 

[G]0 the same as its response to [HG]. Thus, a tangent line drawn to the initial region of 

the B vs. [Glo plot is a graph of the definition of B, giving Bas a function of [HG]. This 

definition readily inverts to yield [HG] as a function of B. Consequently, [HG], [H], and 

[G] are known from the measured value of B. 

K is then estimated by Scatchard analysis.23 A plot of BJ[G] vs. B has a slope of 

-Kand a y-intercept of KE;., making these parameters readily available from the plot by 

linear regression. Weighting each point by 1/[G ]0 corrects for transforming the 

experimental observations 0obs to B. 

For our systems, the CDfit analysis has several advantages over the 

Rosen/Scatchard analysis. CDfit does not require that [H ]0 be held constant; any 

combination of informative values of [H] 0 and [G]0 may be used. No error is introduced 

by estimating the initial slope of the plot. The loss score x2 directly measures how well the 

experimental data are modeled, in contrast to the equation fitted in the Scatchard analysis. 

Furthermore, CDfit is better suited to analyze data recorded at a number of wavelengths. 

There is no need to estimate L initial slopes, nor does one need to reconcile L different 

estimates of K from L Scatchard plots. Only one estimate of K is returned, and it is the 

single value, in a least squares sense, most consistent with the experimental CD spectra in 

their entirety. Recording and fitting data at a number of wavelengths uses all of the 
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available information in determining K. This not only makes the fined K more reliable, but 

also directly shows the effect of binding on the host and guest circular dichroism spectra. 

2.2.6 Comparison with NMRfit and EMUL ResuJtsl,19 

The accuracy of our CD method is illustrated in the comparison of binding 

constants measured by this method and by our 1 H NMR method (Table 2.1 ). As shown in 

Table 2.1, the agreement with NMR lies within the 0.2 kcal/mol error bar range, except 

where the binding constant lies at the outer limits of either method. In the case of 

cyclophane hosts like P, our NMR method seems best suited to the range of 3.5 kcal/mol $ 

-~G 0 $ 8.0 kcal/mol. Likewise, the CD method also has its limitations for the study of P 

and its analogs: 4.5 kcal/mol $ -~0° $ 10.5 kcal/mol; the lower limit of this range 

approaches 5.0-6.0 kcal/mol when the guest has strong UV absorbance in spectral regions 

that overlap with transitions in the host. These limits of these ranges arise from a 

combination of solubility (and aggregation) limits and instrument sensitivity. Unlike our 

EMUL program, CDfit does not give a statistically meaningful estimate of error bars. 

Based on experimental observations and reproducibility of experiments, we estimate the 

error bars on a typical CD result (with good fit) to be of ±0.2 kcal/mol (the same as with 

our NMR measurements). 

In general a CD binding study is taken to be valid when 1) statistical fitting 

parameters show strong agreement with our model, 2) the samples used in the experiment 

cover a reasonable portion of the 20-80% bound range of the more dilute component in the 

solution, and/or 3) the results are reproducible to -~G0 ± 0.2 kcal/mol. CDfit evaluates the 

statistical parameters root mean square (RMS, equations 2.21 and 2.22) and SSR (equation 

2.12) for individual samples and for the entire data set; the data output includes 8n). calc and 

( Bn;., calc - Bn;., obs) for all samples. Control experiments with our ethenoanthracenes 3 and 

4 (Figure 2.1) consistently gave poorly fitting, non-reproducible data sets. Binding 
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constants obtained from the fitted data of these control studies were either negligible (~G0 > 

0) or erroneous (-~G0 > 20 kcal/mol), providing further evidence that the preorganized 

cavity is required for guest binding. 

nns (individual sample)= ff (2.21) 

N 

I, (rms)2 

RMS (entire data set) = n=l 

N 
(2.22) 

Guest -~G 0 (CD) -~G 0 (NMR)8 

co 8.4 (8.0) 
kcal/mol kcal/mol 

N 
~ 

I + 
CH3 

5 

mu,>, 6.7 6.7 

6 

(X) 7.3 7.3 
N.. + 

CH3 

7 

co 5.3 5.3 

N 
~ 

8 

H H 

Ct) 4.9 5.0 

9 

Table 2.1. Comparison of binding constants for host P measured by CD 
and lff NMR in pH 9 aqueous buffer. 
8These values are considered accurate to ±0.2 kcal/mol, except for guest 5 which cannot be accurately 
studied with our NMR methodology. 
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Data which best fits the model shows the smallest values of SSR and RMS, in 

general RMS S: 0.1 and SSR S: 1 % of K are taken to be good fits. Figure 2.5 shows the 

output from a typical data set for guest 7 in Table 2.1. 

best-fit binding constant= 214260.2689 M-1 (-.10°8 = 7.3 kcal/mol) 
chi-squared (SSR) = 41.9053 
geometric average deviation (RMS)= 0.0964 
breakdown by spectrum: 

n 
1 
2 
3 
4 
5 
6 

I 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

[H]o 
1.2 X lQ-6 
1.2 X lQ-6 
1.2 X lQ-6 
1.2 X lQ-6 
1.2 X lQ-6 
1.2 X lQ-6 

200.00 

[G]o 
1.75 X lQ-6 
3.50 X lQ-6 
5.24 X lQ-6 
6.75 X lQ-6 
1.05 X lQ-5 
1.75 X lQ-5 

a 

%H Bound 
23.872 
39.348 
49.863 
56.539 
67.992 
78.017 

a: Host 

%G Bound 
16.369 
13.491 
11.419 
10.0514 

7.713 
5.350 

- 100.00 b: Host-Guest Complex 
E 
c.J 

0 
E 0.00 

::::. -w 
<l -100.00 

-200.00 
200 225 250 275 300 325 

A (nm) 

ssr 
24.200 
5.747 
2.477 
2.622 
4.210 
2.649 

350 

rms 
0.180 
0.087 
0.057 
0.059 
0.075 
0.059 

Figure 2.5. CDfit output and fitted spectrum of Host-Guest complex for 
uest 7 bound b host P in a ueous borate buffer H 9. 

The charged guests in Table 2.1 can have a variety of counter ions. Previous work 

in our labs showed that counter ions have a negligible effect on binding.2a Of course, in 

the CD experiment the use of a UV Nis-active counter ion (iodide for example) can result in 

erroneous data sets under conditions of low binding. When lower binding guests are used 

(-.10° < 6.5 kcal/mol), the experimental conditions require guest concentrations (and thus 
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counter ion concentrations) to increase to levels where the counter ion absorbance becomes 

significant. This can result in high noise and/or spectral artifacts in the absorbing regions 

of the spectrum. For this reason, chloride and tetrafluoroborate are the preferred counter 

ions for CD studies. This susceptibility to erroneous results due to UV active achiral 

species is one of the major limitations of this CD methodology. 

2.3 Applications of the CD Methodologyl,2a 

2.3.1 Introduction 

The results described thus far in this chapter show the success of our CD 

methodology on systems that had already been studied by NMR. Once it had been 

established that we could obtain accurate and reproducible results with CD, we wished to 

apply the methodology to guest systems that were problematic for studies with NMR, 

thereby taking advantage of CD as a method that can stand on its own for studying 

molecular recognition. The extension of the class of guest we can study includes tightly 

bound, highly water soluble molecules, molecules with limited aqueous solubility, and 

dyes with very long wavelength absorption bands. A summary of guests studied and 

binding constants measured with the CD methodology is given in Figure 2.6. 

2.3.2 Tightly Bound, Highly Water Soluble Molecules1 

Guests 5 and 10-13 are highly water soluble molecules that all bind to host P with 

an affinity too large to accurately measure by NMR (-~G 0 ~ 8.0 kcaVmol). Guests 10 and 

11 deserve special mention as these molecules have absorption bands which lie at longer 

wavelength than those of the host. As anticipated for the coupling of an achiral 

chromophore to a chiral environment (host P), circular dichroism can be induced into these 
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14, R = H: 9.0 16, 6.6 

15, R = CHO: 9.4 

~CN -v ~o- -o 

19, 9.6 

ob 
23, 6.9 

20, 7.0 

24, 6.2 

~.-~N+ 
CH3 

12, 8.0 13,85 

ro H2N O 0 
DS (H3C)zN O 0 

17, 9.4 18, 9.1 

Cl -r ~+ c= c-D- N(CH3)z 
CH3 H H~ 

21, 7.4 

22, 7.7 

25, 5.2 26,55 

Figure 2.6. Binding constants (-~G 0
8 in kcal/mol) measured by CD with 

host P and a variety of e:uests in aaueous borate buffer (oH 9).1 
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long wavelength transitions.24.25 Figure 2.7 shows the fitted spectrum of the host P/10 

complex, illustrating the induced negative Cotton effect (R < 0) centered near 350 nm. 

This induced CD phenomenon will be further explored in Chapter 4. 

2.3.3 Sparingly Soluble Moleculesl 

The guests 14-19 represent a special class of guest for our host system. These 

molecules have limited aqueous solubility, with the concentration of saturated solutions 

near or below the NMR sensitivity limit. The high binding constants of these sparingly 

soluble guests can be attributed in part to strong hydrophobic forces. 

-E 
C,.I 

"S 
E 

-:;;;;; _, 
w 
<l 

200.00 

100.00 

0.00 

-100.00 

a: Host 

b: Host-Guest Complex 

A (nm) 

t 
Induced CD 

(~e < 0) 

Figure 2.7. CD spectrum of host Ps and fitted spectrum of its complex 
with uest 10 in a ueous borate buffer H 9 . 

There are a number of interesting observations that can be made concerning guests 

14-19. First, the azulenes 14 and 15 are of interest because these molecules have a 

resonance structure in which the seven membered ring can be thought of as a tropylium 

cation (Figure 2.8). l ,2a,26 Given the strong cation-rt component in the binding of guests to 



72 

host P, it is tempting to describe a cation-1t effect with this seven membered ring. 

However, strong hydrophobic forces dominate the binding interaction with these guests. I 

The azulenes also show induced CD with their long-wavelength transitions; I 15 is 

particularly interesting as it shows excitonic couplingl8 (Figure 2.9) with the host.I These 

observations will be discussed in detail in Chapter 4. 

Fi ure 2.8. Resonance structures of azulene h drocarbons. 
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- 100.00 s 
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0 s 0.00 
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a: Host 

b: Host-Guest Complex 

Excitonic coupling17 

between host and Guest 
(negative excitonic chirality) 

275 300 325 

A (nm) 

350 

Figure 2.9. CD spectrum of host Ps and fitted spectrum of its complex 
with uest 15 in a ueous borate buffer H 9 . 

Guests 16 and 17 provide an interesting comparison. These two coumarins differ 

only by replacement of a methyl group with a trifluoromethyl group, yet their binding 

constants differ by a remarkable 2.8 kcaVmol. 1 One might consider this to be due to 

hydrophobic forces, but a comparison of octanoVwater partition coefficients (log P)27 for a 
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series of methyl and trifluoromethyl analogs (fable 2.2) shows that this substitution results 

in only small increases in the hydrophobic nature of the molecules. I We attribute the 

increase in binding affinity to the inductive effect of the electron withdrawing 

trifluoromethyl group. This leads to a stronger cation-1t effect operating on the more 

electron deficient coumarin.1 

Structure Loe P, X = CH3 Loe P, X = CF3 

X 

6 
2.73 2.79 

27 

0 
II 0.66 1.18 X- C- OCH 2CH3 

28 

0 
II -0.13 0.12 X-C-NH2 

29 

0 0 
II II 1.55 1.96 

X-C- CH2- C- CH3 

30 

Table 2.2. Octanol/water partition coefficients for a series of methyl and 
trifluoromethyl substituted molecules.27 

2.3.4 Dyes1 

While the binding constants of the dye guests 20-22 do not fall outside of the range 

that can be measured by NMR, these guests show some interesting spectral features that 

would not be observed in an NMR experiment. The long wavelength charge transfer 

absorptions of the dyes 20-22 exhibit bathochromic shifting in the presence of host P as in 

Figure 2.10 and tabulated in Table 2.3. Such behavior is consistent with the dye moving 

into an environment of different polarity than the solvent (the host cavity);28 this 
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observation further suppons guest inclusion in the host cavity (no bathochromic shifting is 

observed with the dyes and non-macrocyclic molecules 3 and 4). Strong induced circular 

dichroism was also observed with these guests (Figure 2.10). 

Free Guest Bound Guest8 

Guest Amax (nm) Eb (M· 1cm •1) Amax (nm) Eb (M·1cm· 1) ~A (nm) 
20 452 2.6 x 10'4 482 2.8 X lo4 +30 
21 439 2.8 X 10'4 473 2.0 x 1()4 +34 
22 412 1.8 x 10'4 424 1.9 X 1()4 +12 

Table 2.3. Bathochromic shifting of guest absorption bands observed on 
binding to host P in aqueous borate buffer. 
aData was obtained by fitting from known binding constants, equilibrium concentrations, and optical 
constants. b Approximate value. 
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Figure 2.10. CD and UV/visible spectra of Guest 20 (5.75 x · 10·6 M) in the 
absence (a) and in the presence (b) of host Ps (2.00 x 10-5 M) in aqueous 
borate buffer H 9 . 
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2.3.5 Other Host-Guest Systems 

The CD methodology has been successfully applied to host P and its guests. Its 

extension to other host-guest systems has also been realized. Additional work to be 

described later in this manuscript (Chapters 5 and 6) and studies by Pat Keamey2a.29 and 

Sarah Ngola30 have established that this methodology can be successfully applied to other 

hosts. The most notable of these hosts are the higher oligomers of host P (31 and 32, 

Chapters 5 and 6, Figures 2.11 and 2.12) 1 and the tetrabromo derivative of P, TBP 

(Figure 2.13).2a,29 These hosts all have critical aggregation concentrations that prohibit 

study at NMR concentrations in purely aqueous solvents. 

31 

Fi ure 2.11. Host P trimer 31 ,l,2b 
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Fi ure 2.12. Host P tetrarner 32 _l,2b 

5, 8.1 

Br 

H~ ,,-_ ~ 

~ 
H2C 

0 

TBP 

6, 9.3 7, 7.8 

32 

co 
8, 8.8 

Figure 2.13. Host TBP and representative binding constants measured by 
CD in a ueous borate buffer H 9 .2a,29 
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2.4 Conclusions 

Circular dichroism (CD) spectroscopy has been used to develop methodology for 

measuring binding constants of guests with cyclophane hosts in aqueous media.1 While 

the use of CD to measure binding constants is not novel,8,l3 this work represents the first 

use of a non-linear least-squares fitting procedure (CDfit) that fits every data point from a 

series of spectra to generate an estimate of the binding constant 1 Another novel feature of 

the CDfit program is that it also generates a best-fit CD spectrum of the pure host-guest 

complex; this has the advantage of allowing quantitative changes in the CD to be observed 

between the free and bound states (see Chapters 3 and 4). This methodology complements 

our previously reported NMR methodology ,4,5 expanding the range of binding constants 

that can be measured and providing another means by which structural information on the 

host-guest complex can be obtained. Figure 2.6 is a summary of all the binding constants 

measured for host P by the CD method; the data in this figure nicely illustrates the range of 

binding constants that can be covered using this methodology. 

2.5 Experimental Section 1 

2.5.1 General Methods 

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with either 1.0 or 

0.5 cm pathlength quartz cells. A standard set of measurement parameters was used in all 

quantitative experiments: Band Width 1.0 nm, Sensitivity 50 m0 /cm, Time Constant 1.0 

Sec., Scan Speed 50 nm/min., Step Width 0.2 nm/point, and a minimum of 4 

accumulations. Quantitative UV Nis spectra were recorded on a CARY 2200 or Beckman 

DU-640 spectrophotometer; UVNis spectra used for qualitative purposes for CD studies 

were taken from the J-600. 1 H NMR spectra were recorded on a Bruker AM-500 
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spectrometer, routine spectra were referenced to the residual proton signals of the solvents 

and are reported in ppm downfield of 0.0 as o values. NMR spectra in borate-d were 

referenced to the 1.09 ppm peak of 3,3-dimethylglutarate (DMG) as internal standard. 

Preparation of solutions used for NMR binding studies and the protocols for such studies 

have been described previously.2ab 

All solvents used in spectroscopy were spectrophotometric or HPLC grade. 

Aqueous cesium borate buffer (pH 9) was prepared by dissolving 0.25 g high purity boric 

oxide in 800 g water and adding 3.74 ml of 1 M CsOH followed by thorough mixing. The 

water used in these preparations was passed through a Milli-Q purification system. 

All reactions, unless otherwise noted, were stirred magnetically under nitrogen 

atmosphere. Solvents were distilled from drying agents under argon atmosphere; 

acetonitrile, CaH2; THF, sodium benzophenone ketyl. Ion exchange for Nfi4+ was 

carried out with Dowex® 50w-x2 cation exchange resin (the resin was treated with 

concentrated ammonium carbonate then washed with Milli-Q purified water before use). 

Unless otherwise noted reagents obtained from commercial sources were used without 

further purification. 

2.5.2 CD Binding Studiesl,2a 

Stock solutions of guests were prepared by weighing out solutes on a Sartorius 

microbalance followed by dilution to appropriate volumes. Further dilutions of stock 

solutions gave the desired concentrations. For sparingly soluble guests 14, 15, 16, 17, 

18, and 19, saturated solutions in cesium borate buffer were prepared. Aliquots of these 

saturated solutions were diluted with acetonitrile and the concentrations determined by 

fitting to UV /Vis calibration curves of the guest in mixed acetonitrile/cesium borate solvent 

systems. Stock solutions of guest were prepared fresh for all studies with the sparingly 
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soluble guests and with guests 22 and 24 (these guests decompose upon prolonged 

standing in cesium borate). 

Solutions of host P were prepared by dissolving lyophilized samples of the 

tetraacid in cesium borate buffer.2ab Concentrations were determined from CD 

spectroscopy by fitting to standardized & data (See Appendix 2, Section 2.7). 

Standardized & values for hosts were determined from a series of 5-6 solutions of 

the host in the 10-7 - 10-5 M concentration range. The data at each wavelength in the 200-

350 nm range was fitted to the Beer-Lambert law to give the best fit & data used in the 

binding studies. For host P these calibration studies used stock solutions prepared and 

standardized for NMR studies.2ab 

Fitting CD data from acetonitrile solutions of P tetraacid to~£ values for the 230-

350 nm region of PE in CH3CN provided estimates of purity of samples of the tetraacid. 

Calibration studies with P stock solutions in cesium borate prepared by weighing out 

samples of the tetraacid (with "known purity") produced nearly identical~£ values to the 

studies with NMR standardized stock solutions. This method of~£ determination was 

used for 3, and 4 using the corresponding esters. 

In a typical CD binding study, 5-6 spectra of solutions with a fixed concentration of 

one component (usually host) but varying concentration of the other component (usually 

guest) were used. The spectra and the ~£ values of the host were fit to an association 

constant with the CDfit program. In general, host concentrations were kept between 1-5 

µM. All cases of guest induced CD in fitted ~£HG spectra were confirmed in solutions 

where [Host]:[Guest] ratios were alternately very high and very low (high % bound guest 

and high % bound host). 

The E and Amax values for the bathochromic shifts of guest absorptions in host P 

complexes (Table 2.3) come from spectra of solutions containing known amounts of host 

and guest. Using previously measured binding constants and extinction coefficients, the 

host-guest complex spectrum was calculated from the measured spectrum using equation 
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2.23 and fitting over all wavelengths in the spectrum (comes from the resultant plotted 

spectrum). 

(2.23) 

Where AA is the total solution absorption at wavelength 11.; [H], [G], and [HG] are 

equilibrium concentrations of host, guest and host-guest complex; I is the pathlength of the 

cell (cm); and Ev.. is the extinction coefficeint for species i at wavelength A. For dyes 20-

22, the wavelength range of interest covered only wavelengths where the host had no 

absorption (EHA. = 0). 

2.5.3 Synthesis of Ethenoanthracene-based Molecules! 

Compounds P, 3, and 4 were prepared by procedures described previously.2b 

(9R, lOR)-2, 6-Bis(p-methylbenzyloxy)-9,10-dihydro-11, 12-dicarb

oxyethenoanthracene (3R-diacid). In a 50 ml flask 0.018 g (3.38 x 10-s mol) 3-

dimethyl ester (preparation below) was dissolved in 10 ml TI-IF, followed by addition of 

0.049 g (3.27 x I0-4 mol) cesium hydroxide and 2.5 ml water. The mixture was allowed 

to stir in the dark at room temperature overnight, after which the THF was removed by 

rotary evaporation. The aqueous mixture was frozen at -78 °C and lyophilized to give a 

white powder that was dissolved in water and ion-exchanged for NI14+. The ion

exchanged solution was frozen at -78 °C and lyophilized to give 0.020 g of a white powder 

(78.3% pure by CD; impurities were inorganic salts and water). 1H NMR (Borate-d) o 

(ppm) 7.34 (d, 4H, J = 6.0 Hz), 7.32 (d, 4H, J = 5.6 Hz), 7.25 (d, 2H, J = 7.9 Hz), 7.11 

(d, 2H, J = 1.8 Hz), 6.62 (dd, 2H), 5.28 (s, 2H), 4.98 (S, 4H), 2.33 (s, 6H). 

(9R, lOR )-2, 6-Bis(p-methylbenzyloxy)-9,10-dihydro-11, 12-di

carbomethoxyethenoanthracene (3R-dimethyl ester). A 25 ml oven dried flask 
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was charged with 0.012 g (3.40 x 10-5 mol) (9R, lOR )-2,6-

dihydroxyethenoanthracene,2b 0.020 g (1.08 x 10-4 mol) a-bromo-p-xylene, and 

0.054 g (1.65 x 10-4 mol) cesium carbonate. After addition of 10 ml acetonitrile, the 

mixture was heated to 55 °C and allowed to stir in the dark. After 18 hours TLC (silica gel, 

3: 1 ether:pet ether) indicated completion of the reaction. The mixture was filtered and 

purified by flash chromatography (material placed on silica gel plug, 1: 1 ether:pet ether). 

Obtained 0.0176 g (98%) of product. lH NMR (CDCl3) 6 (ppm) 7.21 (d, 4 H), 7.16 (d, 

4 H), 7.05 (d, 2H), 7.02 (d, 2H), 6.54 (dd, 2H), 5.30 (s, 2H), 4.93 (s, 4H), 3.76 (s, 

6H), 2.33 (s, 6H). CD [(9R, lOR)-enantiomer, CH3CN] A (~E) [nm (M-lcm-1)], 318 

(+2.3), 301 (-0.8), 286 (+17.6), 250 (-53.1), 230 (+102.4), 216 (-2.5), 207 (+52.1). 

(9R, l0R )-2, 6-Bis(rnethoxy)-9,10-dihydro-11, 12-dicarboxy-

ethenoanthracene (4R-diacid). In a 10 ml flask 0.015 g (3.94 x 10-s mol) 4R-

dirnethyl ester (preparation below) was dissolved in 4 ml THF, followed by addition of 

0.06 g (3.96 x lQ-4 mol) cesium hydroxide and 1.0 ml water. The mixture was allowed to 

stir in the dark at room temperature overnight, after which the THF was removed by rotary 

evaporation. The aqueous mixture was frozen at -78 °C and lyophilized to give a white 

powder that was dissolved in water and ion-exchanged for NB4+. The ion-exchanged 

solution was frozen at -78 °C and lyophilized to give 0.022 g of an off-white powder 

(69.1 % pure by CD; impurities were inorganic salts and water). IH NMR (Borate-d) o 

(ppm) 7.36 (d, 2H, J = 7.6 Hz), 7.13 (d, 2H, J = 2.3 Hz), 6.63 (dd, 2H, J = 2.4, 7.4 

Hz), 5.31 (s, 2H), 3.77 (s, 6H). 

(9R, l0R)-2, 6-Bis(rnethoxy)-9,10-dihydro-11, 12-dicarbornethoxy

ethenoanthracene (4R-dirnethylester). A 25 ml oven dried flask was charged with 

0.051 g (1.45 x lQ-5 mol) (9R, 10R)-2,6-dihydroxyethenoanthracene,2b and 

0.234 g (7.46 x 10-4 mol) cesium carbonate. After addition of 10 ml acetonitrile, methyl 

iodide (0.1 ml, 0.228 g 1.60 x lQ-3 mol) was added dropwise. The mixture was heated to 

50 °C and allowed to stir in the dark. After six hours TLC (silica gel, 1: 1 ether:pet ether) 
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indicated completion of the reaction. The mixture was filtered and purified by flash 

chromatography (material placed on silica gel plug, 1: 1 ether:pet ether). Obtained 0.06 g 

(quantitative yield) of product. 1H NMR (CDC13) 6 (ppm) 7.23 (d, 2 H), 6.95 (d, 2H,), 

6.47 (dd, 2H), 5.31 (s, 2H), 3.79 (s, 6H), 3.76 (s, 6H). CD [(9R, IOR)-enantiomer, 

CH3CN] A (~E) [nm (M- 1cm-1)], 318 (+2.6), 302 (-1.4), 285 (+16.2), 250 (-46.6), 229 

(+71.0), 217 (-1.1), 205 (+72.6). 

2.5.4 Guestsl 

Guests 7, 14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, and 26 were obtained 

from commercial sources. Guests 93 1 and 1532 were prepared as described in the 

literature. Guests 5, 6, 7, 10, 11, 12, and 13 were prepared through alkylation of the 

appropriate amine, quinoline, or isoquinoline with methyl iodide. Guest 8 was distilled 

under vacuum prior to use. Chloride salts were obtained by ion exchange of the 

appropriate iodide or bromide salt using Dowex® 1X8-400 ion exchange resin. Guest 

purity of hydroscopic guests (all the chloride salts) was ascertained by elemental analysis. 

Guests were used as is unless elemental analysis, NMR, or UV Nis spectroscopy indicated 

the presence of organic impurities; in such cases further ion exchange, recrystallization, or 

other appropriate means of purification were employed and the samples checked by 

elemental analysis. 

2.5.5 CD Data for Previously Reported Compounds1 

2, 6-Dihydroxyethenoanthracene. 2h [ (9R, lOR)-enantiomer, CH3CN] A 

(~E) [nm (M·lcm•l)], 302 (-3.5), 285 (+16.4), 250 (-41.9), 229 (+61.3), 217 (-9.0), 206 

( +59.8). 
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P-Tetramethyl Ester.2b [(9S, 10S, 9'S, IO'S)-enantiomer, CH3CN] A (~E) 

[nm (M-lcm-1)], 297 (+14.0), 283 (-2.8), 251 (+144), 227 (-272), 208 (-85.6). 

P.2b [(9S, lOS, 9'S, lO'S)-enantiomer, pH 9 borate buffer] A(~) [nm (M-lcm-

1)], 296 (-35.0), 277 (+15.7), 252 (-151), 226 (+168), 211 (sh) (+50.6). 

2.6 Appendix 1: Creating CDfit Input filesl9 

The input file for CDfit must contain the following information: concentrations and 

pathlengths of each sample, the range of wavelengths being covered with the known optical 

constants for each solution component for each of the wavelengths in the range, and the 

observed 0;., at each wavelength for each sample. If it is desired to eliminate some 

wavelengths from the fitting for a given sample, setting 0;., = 10,000 at the given 

wavelength will alert the computer to ignore that data point. Using a program like 

Kaleidagraph33 or Excel,34 the wavelength, optical constant, and ellipticity data can be 

compiled into columns and saved in a text format. 

In the text file (which should have no column headings for the data), the following 

information is added at the top of the page, for each solution: host concentration, guest 

concentration, and pathlength. Each solution gets its own line with each piece of 

information separated by a single space. 

As an illustrative example, consider a study in which three solutions containing a 

chiral host and an achiral guest are to be fitted over the wavelength range from 250-240 nm 

with data taken with a 1 nm step width. 

Solution 
1 
2 
3 

[Hlo 
1 x 10-6 M 
1 x 10-6M 
1 x 10-6 M 

[G lo 
1 x 10-6 M 
2x J0-6M 
3 x 10-6 M 

I 
1cm 
1cm 
1cm 
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The input file should appear as follows: 

le-6 le-6 1 
le-6 2e-6 1 
le-6 3e-6 1 

250.00 100.00 0 1.500 1.510 1.520 
249.00 98.00 0 1.480 1.490 1.500 
248.00 97.00 0 1.460 1.470 1.480 
247.00 95.00 0 1.400 1.410 1.420 
246.00 80.00 0 1.350 1.360 1.370 
245.00 75.00 0 1.340 1.350 1.360 
244.00 60.00 0 1.240 1.250 1.260 
243.00 50.00 0 1.200 1.210 1.220 
242.00 45.00 0 1.150 1.160 1.170 
241.00 44.00 0 1.140 1.150 1.160 
240.00 43.00 0 1.130 1.140 1.150 

At the top of the page is the information on each solution being fitted-all information 

separated by a single space, and each solution on a separate line; the first line is solution 

number 1, the second line solution number 2, and so on. A single blank line separates the 

solution information, which is seen as the six vertical columns of data. Reading from left 

to right, these columns of data are (1) wavelengths, (2) host optical constants (&u).), (3) 

guest optical constants (~£G)., all are zero because the guest is achiral), (4) 8;. from 

solution 1, (5) 0;. from solution 2, and (6) 0;. from solution 3. If there had been more than 

three solutions, the 0;. columns for solution 4 and on would go on the right of the solution 

3 data. The row of data for the final wavelength (240 nm in the above example) is the 

terminal line of the text file; any characters or blank lines beyond this will cause CDfit to 

give an error message. 

The input file should be given the extension ".in", thus for the above case we can 

call the file "example.in". To run CDfit off of the Dougherty group Silicon Graphics 

machine, type "CDfit" and follow the instructions. There are two output files with 

extensions ".cdf' and ".tab". The .cdf file contains the output summary (see Figure 2.5), 

and the .tab file contains all the input data with the quantities E;., ~£HG)., and 8)..calc· It 

also contains the residuals 8)..caic - 8?..obs• 
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2.7 Appendix 2: Measurement of~£ values and Estimation of Concentra

tions 

Standardized sets of & values are obtained by fitting data to the Beer-Lambert law 

at each wavelength over the desired range from N solutions of known concentration. 

Mathematically, this is performed for the N data points at each wavelength using equation 

2.24, 

(2.24) 

where c is the concentration (M), / is the pathlength of the cell (cm), the constant g is 

defined by equation 2.3, and (his measured in millidegrees. Concentrations of solutions 

can be estimated by plotting (h vs g/11£. The plotted data is fitted to a straight line with an 

intercept of zero, the slope is the molar concentration of the unknown solution. 
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Chapter 3 

Stereochemical Assignments and Molecular Conformations of 

Cyclophane Host Molecules. 

3.1 Introduction 

One of the questions of primary interest in the study of host-guest complexes is that 

of the host structure in both the free and bound states. The previous studies of host P 

(Figure 3.1) and similar ethenoanthracene hosts relied primarily on 1 H NMR spectroscopy, 

and to a lesser extent on molecular mechanics calculations to infer important structural 

information about the hosts. 1 The studies in this chapter describe the application of 

methodology other than 1H NMR to experimentally address these structural issues. These 

studies have employed circular dichroism (CD) spectroscopy (see Chapter 2) to address 

issues of stereochemistry (section 3.2) and solution structure (section 3.3).2 In addition, 

x-ray crystallography has been used to address the structure of the host binding site 

(section 3.4).3 

3.2 Stereochemical Assignments of 2,6-Dihydroxyethenoanthracenes 

3.2.1 Background 

One of the important issues that had not been conclusively established in previous 

studies was the assignment of absolute stereochemistry of the samples of our molecules. 

In earlier work the absolute stereochemistry of the hosts had been assigned based on 

indirect observations and empirical models.lb Two dimensional 1H-1H correlated NMR 

(NOESY) was used to confirm the identities of the syn and anti diastereomers (2 and 3) 
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Figure 3.1. Hosts P, PE, and C and their 2,6-dihydroxyethenoanthracene 
buildin blocks (ls, lR), 

used for the preparation of ethenoanthracene building block 1 (Figure 3.2). 1 b The absolute 

stereochemistry of these samples was then inferred by the known olefin-facial selectivity of 

the asymmetric Diels-Alder reaction between TBS protected 2,6-dihydroxyanthracene (5) 

and ( +) or (-)-dimenthylfumarate (Figure 3.2). 1 The final evidence for correct assignment 

came from data on a variety of C2-symmetric bridged anthracenes. 1b These molecules 

show a consistent relationship between the sign of the optical rotation ([ a]o) and the 

absolute configuration. 1b,4 Positive optical rotation is expected for the absolute 

stereochemistry of lR and negative optical rotation is expected for the absolute 

stereochemistry of ls. lb,4 The measured optical rotations complemented the NOESY re-
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Figure 3.2. Olefin-facial selectivities in the Diels-Alder reaction that leads 
to the reparation of 2,6-dihydroxyethenoanthracenes ls and lR-1 b 
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suits and the inferred olefin-facial selectivity, leading to the assignments.lb Although the 

evidence strongly suggested that the stereochemistry of the samples had been correctly 

assigned, more direct proof was desirable. 

In multichromophoric systems, the positions in space of the chromophores with 

respect to one another (and hence absolute stereochemistry) can be deduced from the CD 

spectra. 5-8 As expected the chirooptical properties of our hosts appear to be dominated by 

the coupling of the component chromophores (exciton optical activity) and thus the spectra 

could reveal the spatial relations of these chromophores.5,6 However, complete 

interpretation of the host spectra (Figures 3.3 and 3.4) is complicated by a number of 

overlapping transitions between the component chromophores of the molecules (6 and 7 

Figure 3.5). Semi-empirical calculations (INDO/S, to be discussed more fully in Chapter 

4) indicate that there are at least seventeen 7t ➔ 1t* transitions associated with the 

diprotonated form of 6 (Figure 3.5) in the 200-315 nm region of the CD spectrum . 

Calculations on a, a'-dimethoxy-p-xylene (7, a mcxlel for the linker chromophore, Figure 

3.5) indicate two additional 7t ➔ 1t* transitions occur in the 200-250 nm region, further 

complicating the direct analysis of the host P CD curves. 

While the interpretation of the host CD spectra is quite complex, circular dichroism 

spectra of exciton coupled C2-symmetric systems has been used to assign absolute 

stereochemistry.6-8 The ethenoanthracene building block 1 is a C2-symmetric 

chromophore and is thus suited for this type of analysis. Assignment of the absolute 

configuration of 1 establishes the absolute stereochemistry of the host prepared from the 

known sample. Exciton-coupled CD has been addressed in much detail by Harada and 

Nakanishi,6 from which the intrcxluction in section 3.2.2 is adapted. 

3.2.2 Excitonic Chirality6 

For a binary system composed of two chromophores (a and b) that are either identi-
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Figure 3.3. Circular dichroism spectra of host PR in aqueous borate buffer 
(pH 9).2 
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Figure 3.4. Circular dichroism spectra of host CR in aqueous borate buffer 
(pH 9).2 

6 
Fi ure 3.5. Model chromophores for host P. 
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cal or have similar Amax positions for a particular absorption band, and where a and b are 

brought to an excited state at the same probability, the two states can mix to give the excited 

state of the whole system (Figure 3.6).6 This results in a splitting of the absorption band 

into two components. 6 In the UV /vis spectrum the splitting is not experimentally 

observed, but if the chromophores are in chiral positions with respect to one another, a CD 

spectrum can exhibit a split Cotton effect (Figure 3.7).6 As illustrated in Figure 3.7, the 

split Cotton effect shows positive and negative components with equal rotational strength 

(the area under the curve).6 The wavelength midway between the minimum and maximum 

points passes through ~E = 0 and corresponds to the Amax of the chiral absorption band.6 

.. 
' ' .... State 2 2 Vab .. :----,,--

.......... v __ .... '~ (First Excited State) -~----
t 

Energy 

---- ------------ -----_ ___._ __ State 1 
(Ground State) 

Group a Total System Group b 

Figure 3.6. By exciton interaction between the two chromophores a and b, 
the excited state splits into two energy levels.6 The energy gap 2V ab is 
called the Davvdov solittin2:.6a 

The splitting pattern of the Cotton effect directly correlates with the relative 

positions of the electronic transition moments of the two chromophores, thus allowing 

unambiguous determination of their positions in space with respect to one another (that is 

the chirality of the system, Figure 3.8).6 Harada and Nakanishi have presented a thorough 

theoretical discussion of this phenomenon; interested readers are referred to reference 6. 
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Mathematically, the chirality of a C2-symmetric molecule that contains the two 

identical chromophores a and b, separated from one another through space, can be 

determined by evaluating the sign of expression 3.1, 

(3.1) 

where Rab is the interchromophoric distance vector between the midpoints of the transition 

moments of a and b, µal2 and µbl2 are the electronic transition dipole moments of the 

excitation from the ground state to the first excited state (State 1 ➔ State 2) for groups a 

and b, and V ab is the interaction energy of the two chromophores. 

Positive Chirality 

Negative 2nd 
Cotton Effect 

I , , , 
I 

,. 
, ' , ' , ' , ' , ' , , 

I 

I 
I , 

' , .... , 

Positive 1st 

Negative Chirality 
,. 
I\ 

, ' 
Positive 2nd ' ~ 

CD 

' ' I 
I 
I 
I 

' I 
I 
I 

' , 
I I ... 

I , , 
I 
I 

Figure 3.7. Summation curves (CD and UV, solid lines) of two component 
absor tion bands dotted lines se arated b · · ~).,.6a 

If the sign of expression 3.1 is negative, the system has negative chirality (negative 

long-wavelength, positive short-wavelength splitting pattern, Figure 3.7).6 If the sign is 
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positive, the system has positive chirality (positive long-wavelength, negative short-wave

length splitting pattern, Figure 3.7).6 To evaluate the sign one must know the handedness 

of the system, the polarization directions of the interacting transitions, and the relative 

positions in space of the atoms that make up the interacting chromophores.6 The cross 

prcxluct of the electronic transition dipoles can be assigned a positive value by talcing an in 

phase combination of the two vectors; the correct result will be obtained as long as the 

vector directions are consistent in all calculations.6 The sign of equation 3.1 thus depends 

only on the sign of V ab- The interaction energy can be evaluated by equation 3.2:6 

(3.2) 

0 

/ 

Negative Chirality Positive Chirality 

Figure 3.8. Spacial relationship between transition moments (double-
headed arrows showin excitonic chiralit .6a 

In equation 3.2, ea, eb, and eab are unit vectors along the directions of µa12, µb12, and 

Rab, while Rab, µa12, and µb12 are scalar, not directional quantities. The sign comes from 

the dot products of the unit vectors, which are 

(3.3) 

(3.4) 

(3.5) 
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These angles are the angles between the transition dipole moment and distance vectors on 

the molecule in question. 

80.00 
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Col -0 
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Fi ure 3.9. CD S ectrum of 1 in acetonitrile. 

N 
/ ' / ' 

8 

Figure 3.10. The p-(dimethylamino)benzoate chromophore (8); the arrow 
indicates the direction of the electronic transition moment.63 

3.2.3 Application to the Dougherty Group System 

Ethenoanthracene 1 does not show a strong, easily assignable excitonic coupling in 

its CD spectrum despite the presence of the phenolic rings (Figure 3.9). So, two strongly 
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interacting chromophores needed to be placed onto the phenolic oxygens. Following 

Nakanishi's protocol, we chose the p-(dimethylamino)benzoate chromophore (8, Figure 

3.10).6a The bis[p-(dimethylamino)benzoate] derivative of 1, compound 9, was prepared 

as shown in Figure 3.11. 6a 

¢OH 
I-..: 
~ 

,N, 

10 

H3:b~H~H 
~ 

HO 

¢Cl PCls 
I-..: 

N (50 %) u ~ 

,t\ 
CS2 

11 

11 
(80%) 

N u 
THF 

cat. DMAP 

Figure 3.11. Synthesis of the bis[p-(dimethylamino)benzoate] derivative of 
t .6a 

3.2.4 Expected Excitonic Chirality of the 2,6-Dihydroxyetheno

anthracene System 

In order to assess the meaning of the bisignate signal from 9, a calculation to 

evaluate the expected sign of the excitonic chirality for a given enantiomer is required. The 

atomic coordinates for 9R were obtained from molecular mechanics calculations on the (R, 

R)-enantiomer using BIOGRAF9 with the AMBER10 force field. To obtain the best 

sampling of possible conformations, a usage-directed Monte Carlo search 11 was performed 

in which the torsion angles A-B-C-D, B-C-D-E, C-D-E-F, G-H-1-J, H-1-J-K, and 1-J-K-L 

(Figure 3.12) were varied from 0-180°. After minimization and duplicate elimination, 64 
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low energy conformations (all within 1.2 kcal) were obtained. The lowest energy 

conformer is shown in Figure 3.13 and the (R, R)-enantiomer has a right-handed 

(clockwise) sense of screw as indicated by the arrow. AMBER10 is not parameterized for 

an N(amine)-C(aromatic) bond, so for purposes of calculation the dimethylamino group was 

replaced with an isopropyl group. 

To calculate the sign of equation 3.1 for 9R, the following must be defined. First, 

since 9R has clockwise-handedness (Figure 3.13) 

Rab>O (3.6) 

Defining the directions of the transition moment vectors as "in-phase" for all calculations 

makes6a 

(3.7) 

Thus only the sign of Vab needs to be evaluated. From equation 3.2, the _sign of Vab 

depends only on the term with the unit vectors (expression 3.8).6a 

(3.8) 

Substituting equations 3.3, 3.4, and 3.5 into expression 3.8, the following expression for 

the sign of V ab is obtained: 

The desired angles can be found by creating lines that are superimposed onto the points in 

space that define the actual distance and transition moment vectors, then finding the angles 

between these lines. The atoms which define these points in space are defined in Figure 

3.13. 
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Figure 3.12. Atoms defining torsion angles for the (9R, lOR )-enantiomer 
of 9. 

Figure 3.13. Lowest energy conformer of 9R, the arrow indicates the 
right-handed sense of screw. The atoms that define the directions of the 
transition moments are also indicated.6a 
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To define the electronic moment vectors, two lines on each chromophore must be 

defined. These lines are from atoms 2 to 1 and from 3 to 4 on the left side, and the 

analogous lines on the right side from atoms 6 to 5 and 8 to 7 (Figure 3.13) For four 

points in space, two lines can be found using the general relationships 3.10 and 3.11 12 

L = (x2 - x1, y2 - y1, z2 - z1) 

L' = (X4 - X3, Y4 - Y3, Z4 - Z3} 

Once these lines are defined the points of intersection between lines 2-1 and 3-4 

(point A) and between 6-5 and 8-7 (point B) are needed. These intersections can be found 

from the equations for a line in space. For the two lines, the following equations can be 

written12 

where s and t are parameters for each line. At the intersection of the two lines 

x = x', y = y', z = z' 

The following expressions can be written for the unknown parameters s and t 

x,+ (x2 - x,)t - X3 X3+ (X4 - X3)S - x, s = ------ t = ------
(X4 - X3) ' (x2 - x,) 

y,+ (y2 - y,)t - Y3 y3+ (y4 - y3)S - y, 
s=------t=------

(y4 - y3) , (y2 - y,) 

z,+ (z2 - z,)t - Z3 Z3+ (Z4 - Z3)S - z, 
s = ------ t = ------

(Z4 - Z3) , (z2 - Z1) 

Solving for s and tin terms of x and y gives equation 3.25: 

(3.12, 3.13) 

(3.14, 3.15) 

(3.16, 3.17) 

(3.18) 

(3.19, 3.20) 

(3.21, 3.22) 

(3.23, 3.24) 

(3.10) 

(3.11) 
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s = (y2 - Y1)(x3 - x1) + (x2 - x1)(y1 - y3) 
(X2 - X1)(y4 - y3) - (y2 - y1)(X4 - X3) 

(3.25) 

From equation 3.25 it is possible to obtain values of s and t and then to find the points of 

intersection of the lines using the Cartesian coordinates of the atoms in Figure 3 .13. 

The transition moment vector of the left chromophore (call it a) in Figure 3.13 is 

defined by the vector from point A to atom J ,6a i.e., 

(3 .26) 

The transition dipole moment for the right chromophore (call it b) is defined by the vector 

from point B to atom 5,6 i.e., 

(3.27) 

Defining the midpoints of the transition moment vectors as points C and D allows the 

distance vector to be defined6a 

RcD = Rab = ((XD - Xe), (yD - ye), (ZD - Zc)) = (xab, Yab, Zab) 

Using equations 3.26, 3.27, and 3.28, the following expressions can be defined 

Cos Sab = µa12•µb12 = [(xa)(xb) + (ya)(yb) + (za)(zb)] 

lµa1~µb1~ Y (x~ + y~ + z~) Y (xi+ yi + zi) 

Cose R = µb12•Rab = [(xb)(xab) + (yb)(yab) + (Zb)(zab)] 
µb ob lµbl .-fR .. ~ y (x~ + Yt + Zt ) y (x;b + y;b + z;.b ) 

Cos 8 R = µ .. 12•Rab = [(xa)(xab) + (y.,)(yab) + (za)(Zab)] 
µ 0 

ob lµa1~Ra~ Y (X~ +fa+~) Y (X;b + y;b + z;.b) 

(3.28) 

(3.29) 

(3 .30) 

(3 .31) 

Equation 3.9 allows evaluation of the sign of V ab and thus determination of the chirality of 

the system. 



108 

Evaluation of V ab for all 64 confonners gave a positive value, indicating that the (R, 

R)-enantiomer of 9 should show a split Cotton effect with positive long-wavelength and 

negative short-wavelength components. The Cotton effect is expected to be centered near 

310 nm (Amax for chromophore 8).6 

3.2.5 Results and Other Applications 

Figure 3.14 shows the CD spectrum in acetonitrile of a sample assigned from the 

synthesis as 9R. As expected, there is a split Cotton effect centered at 307 nm with 

positive long-wavelength and negative short-wavelength components. However, the two 

component curves should be of approximately the same rotational strength, and as 

observed in Figure 3.14 this is not the case; the rotational strength of the long wavelength 

(first) Cotton effect is about six times that of the shorter wavelength (second) Cotton effect. 

It appears that the reason for this is the overlapping of the shorter-wavelength component 

of the split Cotton effect with a Cotton effect from the phenolic rings of 1 (Figure 3.9). 

The difference spectrum 13 (subtraction of the lR spectrum from the 9a spectrum) does 

show a split Cotton effect with a ratio of about 2: 1 for the rotational strengths of the 

component curves (Figure 3.15), thus confirming that the chirality assignment of the 

sample was correct. Likewise, the sample assigned from the synthesis as 9s showed 

negative excitonic chirality. 

Once the sample assignments had been confirmed, the CD spectra of all 

intermediates in the synthesis of 1 were obtained, and these can be used to assign the 

stereochemistry of synthetic samples. These spectra are available in Appendix 1 (section 

3.7) of this chapter. The excitonic chirality approach has also been used to confirm the 

stereochemistry of the dibromo ethenoanthracene (12) used in our laboratories to prepare 

host TBP (Figure 3.16).la,14 
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Fi ure 3.14. CD S ectrum of 9 in acetonitrile. 
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Fi ure 3.15. CD difference s ectrum of 9 in acetonitrile. 
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Fi ure 3.16. Host TBP and its ethenoanthracene buildin block (12 ,la,14 

3.3 Solution Conformations of Cyclophane Host Molecules 

3.3.1 Introduction - Conformations of Host P 

On the basis of modeling studies, it had been proposed that host P has two 

preferred conformations capable of encapsulating a guest molecule (Figure 3.17). 1 b,2 

These are a D2-symmetric toroid conformation (Figure 3.17 A) and a C2-symmetric 

rhomboid conformation (Figure 3. l 7B). lb,2 The toroid is thought to be preferred only for 

guests with a three-dimensionally spherical structure; the prototypical guest of this type 

being adamantyltrimethylammonium (ATMA) ion (13, Figure 3.18). lb,2 The rhomboid 

conformation is best suited for binding guests that have a naphthalene-like shape; the 

prototypical guest for this conformation is N-methylquinolinium (NMQ) ion (14, Figure 

3.18).lb,2 Figure 3.19 illustrates how well these prototypical guests fit into the optimized 

cavities of the two conformations. 



111 

A 

B 

Figure 3.17. Toroid (A, calculated structure) and rhomboid (B, structure 
adopted from crystal structure of P tetramethyl ester3) conformations of 
host P.1 b, 2 

14 

Fitmre 3.18. Prototvoical toroid- and rhomboid-bindine euests. 
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B 

Figure 3.19. T~roid (A) and rhomboid (B) conformations of host P with 
docked uests.l b,2 

NMR studies with host P and the guests of Figure 3.18, support the two-state 

binding model proposed in Figure 3.19.lb The shifting of host proton peaks is quite small 

in these NMR studies,lb and more conclusive experimental evidence for this binding model 

was desired. It was thought that the two conformations should be readily detectable from 

the CD spectra of the bound complexes. 



113 

3.3.2 Circular Dichroism Studies2 

Figures 3.20 and 3.21 show the best-fit CD spectra of complexes of host P with 

ATMA chloride (13) and NMQ chloride (14) in aqueous borate buffer compared to the CD 

spectrum of uncomplexed host.2 The spectra show very striking qualitative differences. 

The CD spectra provide strong experimental support for our two-state model. The changes 

associated with the rhomboid are very subtle, the CD curve showing a general decrease in 

magnitude of all Cotton effects (Figure 3.21). This is consistent with the host preferring 

the rhomboid conformation and thus being preorganized to bind NMQ-like guests. The 

toroid form is characterized by increasing intensity of lower wavelength Cotton effects 

(Figure 3.21 ); the changes observed in the spectrum are consistent with the host 

undergoing a significant conformational change in order to bind guest 13. This pattern 

persists throughout the series of guests studied (see Chapter 2). Only two guests showed 

the toroid binding spectral changes, 13 and tetrabutylammonium ion. All other guests 

show the rhomboid binding spectrum, and CPK models show that all of these other guests 

fit well into the rhomboid binding site. 

200.00~-----------------~ 
a a: Host 

90.00 b: Host-Guest Complex 

0 
5 -20.00 ---
~ -130.00 

-240 .00 L-...L...J.......L......L.....__,_--'-.J.......J........L-JL-...L....L.-J.__.__.__,____._..______.._....L-J~...L.-J.__.__.__,_~ 

200 225 250 275 300 325 350 

A (nm) 

Figure 3.20. CD spectrum of host Ps and best-fit spectrum of its complex 
with uest 13 in a ueous borate buffer H 9 . 
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Figure 3.21. CD spectrum of host Ps and best-fit spectrum of its complex 
with uest 14 in a ueous borate buffer H 9 . 

3.3.3 Other Hosts 

Another host of interest is the saturated linker analog of host P, host C (Figure 

3.1).lb,15 Modeling suggests that host Chas binding conformations and behavior nearly 

identical to host P.16 Host C is also thought to have a cavity of approximately the same 

dimensions as host P.16 As a result, spectral behavior similar to that observed for host P 

was expected. 

Figures 3.22 and 3.23 show the CD spectra of host C and its complexes with 

ATMA chloride (13) and NMQ chloride (14) in aqueous borate buffer. The differences 

between the spectra of the two conformations are very subtle (Figures 3.22 and 3.23). 

This data suggests that it is the repositioning of the linkers (CD active in P, non

contributing to CD spectrum in C) which are responsible for the observed CD changes 

accompanying host conformational changes. This assumption is consistent with the 

calculated conformations of the hosts. 
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CD studies of other hosts derived from P have also shown the rhomboid vs toroid 

binding conformations with appropriate guests when the linkers are CD active.14,17 
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Figure 3.22. CD spectrum of host CR and fitted spectrum of its complex 
with uest 13 in a ueous borate buffer H 9 . 
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Figure 3.23. CD spectrum of host CR and fitted spectrum of its complex 
with uest 14 in a ueous borate buffer H 9 . 
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3.4 X-Ray Crystallography3 

3.4.1 Introduction 

A number of attempts were made to obtain solid-state structures of hosts from our 

laboratories with and without bound guests. The only success from these experiments was 

obtained with the tetramethyl ester of host P <PE, Figure 3.1). PE was crystallized by a 

combination of slow evaporation of and water vapor diffusion into an acetonitrile solution 

of the host. Crystals of PE as a mono-acetonitrile solvate were obtained from solutions 

containing no guests and from solutions containing guests 13 or 14. The binding 

constants for these guests with PE in pure acetonitrile are expected to be negligible, I8 but it 

was hoped that the water vapor would serve to increase hydrophobic binding forces and 

thus allow for crystals of host-guest complexes to form. Unfortunately, no guest binding 

was obtained in the crystal. However, esters from neighboring host molecules in the 

crystal were bound in the cavity. Thus the crystal structure of PE is believed to represent a 

true binding conformation. 3 

3.4.2 Crystal Structure of PE•CH3CN 3 

Table 3.1 summarizes the crystal data for the orthorhombic crystals obtained of the 

(S,S,S,S)-enantiomer of PE•CH3CN. The final heavy atom parameters are give in Table 

3.2. Figure 3.24 shows an ORTEP19 drawing of the molecule, including the numbering 

system. The cavity is in the rhomboid conformation, consistent with this being the more 

energetically favorable of the two preferred solution conformations. 1b,2,3 The cavity has 

an effective size of approximately 4.0 x 7.6 A, as illustrated in Figure 3.25. Table 3.3 lists 

selected trans-cavity distances.3 
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Interestingly, the acetonitrile molecule of solvation was not associated with the 

cavity. Rather, the cavity is filled with the ester moieties from two adjacent PE molecules, 

one entering from either side.3 Figure 3.26 illustrates two views of this arrangement The 

ester moieties ("guests") are packed quite snugly into the cavity: O···C distances to the 

aromatic atoms in the walls (from oxygen atoms involved in the ester linkage) range down 

to 3.28(1) A, and C000C distances (from the terminal methyl groups) down to 3.56(1) A.3 

Although none of the ester groups penetrate completely into the center of the cavity, it is 

still perhaps best to think of the observed conformation of PE as a binding conformation, 

rather than as a conformation of free host.3 It is important to point out that the preferred 

gas-phase conformation of the host cavity without any guest present is thought to be 

collapsed on itself. 16,20 It should be noted that the single ester grouping that enters the 

cavity from the right-hand side in Figure 3.26B is disordered between two conformations; 

only the major orientation is shown in Figures 3.24-3.26.3 The alternative orientation, 

with population 0.16(1 ), is rotated by -102° about the C-C bond. In this orientation, the 

terminal methyl group C46B lies outside the cavity.3 It is worth noting that the positions of 

the ester grouping atoms in the cavity are less certain than the other atoms in the structure, 

as illustrated by the large thermal ellipsoids for these atoms (Figure 3.24). 

The cavity shows approximate C2-symmetry. Disregarding the central linker 

groupings (rings B and B', Figure 3.25), corresponding atoms in the two halves of the 

molecule map onto one another to within 0.2 A.3 Some atoms of B and B' show mis

matches of about 0.5 A, representing significantly different tilts of these rings relative to the 

central axis.3 The walls of the cavity are only approximately vertical. Rings C and C' are 

inclined (from the vertical) by about 10°, and rings A and A' by about 30°, while ring B' is 

inclined by only 12°, and ring Bis inclined by 34°.3 Opposite walls are inclined in opposite 

directions, so that the two openings into the cavity have quite different shapes.3 In the 

present case, one side of the opening accommodates much of two methyl esters, while the 

other side accommodates but one.3 Despite the deviations from perfect C2-symmetry, the 
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structure agrees quite well with the calculated rhomboid structure. The rhomboids of 

Figures 3.17 and 3.19 are derived from this crystal structure, and as seen in Figure 3.19. 

The cavity size is ideally suited to encapsulation of our prototypical rhomboid binding guest 

(14). 

C42 
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CJ4 )C35 

C22 C2 a: C4 7 
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b C3 C14 C18 
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Figure 3.24.3 An ORTEP19 view of PEs, with the atom numbering. Heavy 
atoms are shown as their 50% probability ellipsoids and H atoms as 
s heres of arbitrar small dimension. Cll is hidden behind 02. 

Space Group orthorhombic P212 12 1 
a 11.741(6) A 
b 16.155(5) A 
C 25.895(7) A 
V 4912 Aj 
z 4 

Dr 1.28 
F(OOO) 2020e-

Radiation Mo Ka 

"- 0.7107 A 
u 0.84 cm- 1 

R 0.0538 
(for 2410 independent reflections with I> 0) 

s 2.29 
( for 2610 total reflections) 

Table 3.1. Crystal data for PEs•CH3CN.3 
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a X }()4 

Atom 
01 C25 
02 C26 
03 C27 
04 7 C28 
05 58 C29 
06 34 C30 
07 C31 
08 C32 
09 C33 
010 C34 
011 C35 
012 14 C36 
Cl 56 C37 
C2 58 C38 
C3 59 C39 
C4 59 C40 
C5 33 C41 
C6 23 C42 
C7 C43 
C8 C44 
C9 C45 
ClO 51 C46 
Cl 1 61 C47 
C12 62 C48 
C13 55 C49 
Cl4 57 C50 
Cl5 42 C51 
C16 41 C52 
C17 68 C53 
C18 68 C54 
Cl9 70 C55 
C20 77 C56 
C21 58 C57 
C22 C58 
C23 57 N 
C24 55 

Distance Distance Distance Distance 
(A) ,;. ) <A) ,;. ) 

Cl-C51 7.994(12) 05-011 8.060(8) C27-C31 7.624(13) C6-C43 11.683(12) 
Cl-C55 7.075(12) C21-C49 7.624(13) C8-C33 11.133(12) C6-C44 11.087(12) 
C2-C50 7.745(12) C23-C29 7.624(13) C8-C36 9.567(12) C7-C43 10.980(12) 
C3-C51 8.557(12) C23-C31 8.376(13) C5-C33 12.414(12) C7-C44 10.256(12) 
C3-C55 7.014(12) C27-C29 7.624(13) C5-C36 11.355(12) 

Table 3.3. Selected distances (A) across the cavity in PEs•CH3CN. 3 
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Figure 3.25.3 Two views of PEs in space-filling representation, showing 
the dimensions of the cavity. The top view is the orientation of Figure 
3.24, and the bottom view is the back, i.e. rotated by 180° about the 
horizontal axis. The six aromatic rin s of the cavit are labeled A-C. 
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A 

B 

Figure 3.26. View of PEs (A) perpendicular to the cavity and (B) 90° from 
(A) showing ester groupings of adjacent molecules entering from both sides 
of the cavit . 

Bond lengths and angles are, in general, normal (Table 3.4), but it is worth noting 

the following: the CH2-0 bond lengths between rings A and B, and between A' and B', are 
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significantly longer [1.443(6) vs 1.1415(6) A] than those between Band C (and B', C'), 

reflecting a lack of conjugation due to the sharp bend in the molecule. 3 The two adjacent 

bonds show similar but smaller effects, the differences bordering on insignificance. 3 

Number or Bonds Avera 
36 1 
4 
4 

4 
8 
4 
2 
4 

4 

4 

Table 3.4. Average bond distances (A) for PEs.3 
8C45-08, 1.212(14) A, not included. hQuantities in parentheses are sample standard deviations. 

Lists of distances and angles not involving hydrogen (Tables 3.5 and 3.6), 

assigned hydrogen parameters (Table 3.7), distances and angles involving hydrogen 

(Tables 3.8 and 3.9), and anisotropic displacement parameters (Table 3.10) are given in 

appendices 2-5 (Sections 3.8-3.11). 

3.5 Conclusions 

Through a combination of experiments using circular dichroism (CD) spectroscopy 

and x-ray crystallography, several important features of the structures of hosts P, PE, and 

C have been probed. Exciton coupled CD spectroscopy has established the absolute 

stereochemistry of samples of the chiral ethenoanthracene building blocks (1) used in the 

preparation of these hosts.1,2 CD spectroscopy has also provided direct experimental 

evidence of the proposed two-state binding model of host Pin solution.2 Finally, an x-ray 

crystal structure of PE has confirmed the rhomboid binding conformation proposed as one 
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of the two favored solution conformations.3 In this solid-state structure, ester groupings 

from neighboring hosts in the crystal act as guests bound in the cavity.3 These studies 

serve to confirm earlier studies in which the structures were inferred from indirect 

experimental evidence and computation. 1 

3.6 Experimental Section 

3.6.1 General Methodsl 

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with a 1.0 cm 

pathlength quartz cell. A standard set of measurement parameters was used in all 

quantitative experiments: Band Width 1.0 nm, Sensitivity 50 m0 /cm, Time Constant 1.0 

Sec., Scan Speed 50 nm/min., Step Width 0.2 nm/point, and a minimum of 4 

accumulations. IR spectra were recorded on a Perkin-Elmer 1600 Ff-IR. GC/MS data 

was obtained on a Hewlett-Packard 5890/5970 GC/MS. 1H NMR spectra were recorded 

on a Bruker AM-500 spectrometer; routine spectra were referenced to the residual proton 

signals of the solvents and are reported in ppm downfield of 0.0 as o values. 

All ,solvents used in spectroscopy were spectrophotometric or HPLC grade. 

Aqueous cesium borate buffer (pH 9) was prepared by dissolving 0.25 g high purity boric 

oxide in 800 g water and adding 3.74 ml of 1 M CsOH followed by thorough mixing. The 

water used in these preparations was passed through a Milli-Q purification system. 

All reactions, unless otherwise noted, were stirred magnetically under a nitrogen 

atmosphere. Solvents were distilled from drying agents under argon atmosphere; 

acetonitrile, CaH2; TI-IF, sodium benzophenone ketyl. Ion exchange for NI-4+ was 

carried out with Dowex® 50w-x2 cation exchange resin (the resin was treated with 

concentrated ammonium carbonate then washed with Milli-Q purified water before use). 
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Unless otherwise noted, reagents obtained from commercial sources were used without 

funher purification. 

Compounds 1, 2, 3, 4, 5, 13, 14, P, PE, and C were prepared by procedures 

described previously. 1.2 Circular dichroism binding studies are described in Chapter 2 of 

this manuscript. 

The & values for the host C complexes (Figures 3.22 and 3.23) come from single 

spectra of solutions containing known amounts of host and guest; using previously 

measured binding constants and extinction coefficients (-60° a = 5.5 kcal/mol for 13, 

-60° a= 6.3 kcal/mol for 14); lb the host-guest complex spectrum was calculated from the 

measured spectrum using equations 3.32 and 3.33. 

_ 0;. [H]~Em. + [G]~Em. 
~£um.. - gl [HG] - [HG] (3.32) 

g = 2.30259 X ~ X 1()00 
100 1t 

(3.33) 

Where 0;., is the total solution ellipticity at wavelength A; [H], [G], and [HG] are 

equilibrium concentrations of host, guest and host-guest complex; / is the pathlength of the 

cell (cm), and &i). is the extinction coefficeint for species i at wavelength A. 

3.6.2 Synthesis 

(9R, lOR )-2, 6-Bis[p-( dimethylamino )benzoyloxy]-9,1 O-dihydro-11, 

12-di-carbomethoxyethenoanthracene (9R). A 25 ml oven dried flask was charged 

with 0.024 g (6.81 x 10-s mol) lR, 0.065 g (3.54 x IQ-4 mol) p-(dimethylamino)benzoyl 

chloride (11, preparation below), 50 µl (0.05 g, 6.18 x 1()-4 mol) pyridine, and a catalytic 

amount of 4-dimethylaminopyridine. The mixture was dissolved in 5 ml TI-IF and heated 

to 55 °C with stirring in the dark. After 19 hours TLC (silica gel, 7:3 CH2Cl2:ether) 

indicated completion of reaction. The mixture was filtered and the filtrate rotary evaporated 
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to give a yellowish residue. Two consecutive purifications by flash chromatography (Si 

gel, 7:3 CH2Cl2:ether) provided 0.035 g (80%) of 9R. 1H NMR (CD3CN) o (ppm) 

8.12 (d, 4H, J = 8.6 Hz), 7.48 (d, 2H, J = 8.3 Hz), 7.38 (d, 4H, J = 8.6 Hz), 7.33 (d, 

2H, J = 2.2 Hz), 6.91 (dd, 2H, J = 8.3, 2.3 Hz), 5.63 (s, 2H), 3.75 (s, 6H), 3.09 (s, 

12H). FAB-MS, mle 647 (MH+), 312, 180, 166, 148, 122; HRMS, 664.2659 (M + 

NH4+), calculated for C3gH34N2Os + N~+ 664.2660. CD [(9R, lOR)-enantiomer, 

CH3CN] A (.1e) [nm (M-1cm-l)], 324 (+35.0), 295 (-6.2), 270 (+4.9), 247 (-9.4), 218 

(+42.3). 

p-(Dimethylamino)benzoyl Chloride (11).6 A suspension of phosphorous 

pentachloride (12.61 g, 0.061 mol) in 225 ml carbon disulfide was added slowly over a 

one hour period to a stirring suspension of 10.04 g (0.061 mol) p-(dimethylamino)benzoic 

acid (10) and 5.4 ml (5.28 g, 0.067 mol) pyridine in 100 ml carbon disulfide. Upon 

complete addition the mixture was heated at reflux until all the white solid dissolved, after 

which the mixture was filtered (CAUTION-CS2 is very flammable) and allowed to cool. 

The white crystals that formed on cooling were collected and dried under vacuum in a 

desiccator to yield 5.52 g (50%). 1H NMR (CDCl3) 8 (ppm) 7.95 (d, 2H, J = 9.12 Hz), 

6.71 (d, 2H, J = 9.4 Hz), 3.15 (s, 6H). IR (KBr) 1737 cm- 1 (COCl). GC/MS 21 min. 

mle 120 (M - COCI). 

3.6.3 CD Data for Previously Reported Compounds 

C. [(9R, lOR, 9'R, lO'R)-enantiomer, aqueous borate buffer] A (.1e) [nm (M

lcm-1)], 297 (-30.9), 277 (+36.6), 252 (-190), 224 (+163), 208 (+218). 
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3.6.4 Computational Studies2 

Excitonic chirality calculations were set up and executed using ExceI.22 The atomic 

coordinates for 9R were obtained from molecular mechanics calculations using BIOOR.AF9 

with the AMBER 10 force field. 

Conformational Searching. The six torsion angles involving the benzoates 

were varied from 0° -18O°using a 1000-step Monte Carlo search with 200 minimizations at 

each step. A total of 1000 possible structures were searched by a usage-directed method11 

and all structures within 6 kcal of the lowest energy conformation were saved. In an effort 

to save computational time, energy was checked after the first 100 minimizations, and if the 

best structure was 12 kcal above the previous best structure, it was discarded. This gave 

553 low energy structures, which were resubmitted for further minimization, and 

duplicates were identified and eliminated by superimposing of heavy atoms resulting in 

deviations in overlap of less than 0.25 A. This resulted in 64 structures within 1.2 kcal of 

one another. The excitonic chirality calculations (as described in section 3.2.4)6 on these 

64 structures all predicted positive excitonic chirality (positive first Cotton effect, negative 

second Cotton effect). This observation was experimentally confirmed. 

3.6.5 X-Ray Crystallography3 

The crystal structure was solved by R. E. Marsh and W. P. Schaefer at the Caltech 

X-ray Facility. The crystal examined was obtained from an acetonitrile solution that 

contained a 1: 1 mole ratio of PEs:13 (as iodide salt), by a combination of vapor diffusion 

of water and evaporation of acetonitrile. After a preliminary photographic survey, the 

crystal was mounted on an Enraf-Nonius CAD-4 diffractometer (Mo Ka radiation). The 

unit-cell dimensions and orientation matrix were obtained from the setting angles of 25 

reflections having 20° < 20 < 26°. Intensities were collected, by w scans, for four octants 
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(h, ± k, ± 1) to 28 = 40°, at 4°min·1 over a range of 1.5°; backgrounds were collected for 

five seconds at each extremum. The backgrounds measured for the very weak reflections 

were averaged in regions of 28 and these averages were substituted for the measured 

backgrounds for all reflections, to increase precision and reduce truncation losses.23 Three 

check reflections showed no significant variations. 

There resulted 9882 intensities, which were averaged according to Laue symmetry 

mmm to yield 2610 independent observations; the goodness-of-fit for merging was 0.95, 

with variances a21 including, besides counting statistics, a term 0.014/2. An additional 

lack-of-confidence term 0.014f2 was then added to the final variances CY/2. An E map 

calculated from the best MULTAN24 solution showed two small fragments (five and seven 

atoms) of the molecule; the remaining C, N, and O atoms were recovered gradually from a 

series of factor-Fourier cycles. All hydrogen atoms were placed in assumed positions 

(with the help of a difference section for the acetonitrile group). Refinement was by least

squares minimization of 'I,OJ(F 0 2 -F c2)2 with weights m equal to the reciprocals of the 

variances CJF22. Initial convergence was reached at R = 0.063, S = 2.7; however, a 

difference map showed two peaks at about 0.5e-A-3 in positions that strongly suggested 

alternative orientations of the two ester groups at C45 and C47. Eventually, three of the 

oxygen atoms and one methyl group (07, 08, 09, C46) were represented as disordered 

between two distinct sites, with a refinable population parameter; the remaining pair of 

atoms 010 and C48 seemed content in single sites, with their Ui/s (and those of the central 

carbon atom C47) being able to compensate for the necessary disorder. The four atoms in 

the minor sites, with final population 0.16(1 ), were refined as isotropic, and their hydrogen 

atoms were ignored; all other C, N, and O atoms were anisotropic. The full-matrix cycles 

now involved 641 parameters (including a secondary-extinction coefficient; final value, 

0.19(4) x 10-6); at the end, the most significant shift was at 0.12<5, involving the minor site 

C46B. A final difference map had no feature as large as 0.3e-A-3. Final indicators: S = 

2.3 for 2610 total reflections and 641 parameters; R = 0.054 for 2410 reflections with/> 
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0.0; R = 0.050 for 2293 reflections with / > 3.0CTJ. Incomplete modeling of the disorder 

can surely be blamed for at least some of its overruns. 

Calculations were made on a VaxStation 3100 under the CRYM Crystallographic 

Computing System,25 using scattering factors from the International Tables;26 the 

secondary extinction coefficient was that of Larson.27 Final coordinates are in Table 3.2; 

they correspond to the (9S, IOS, 9'S, lO'S)-enantiomer as required by the synthesis,lb 

which we did not attempt to confirm by crystallography. 

3.7 Appendix 1: CD Spectra of Intermediates in the Synthesis of 

Ethenoanthracene Building Blocks 1 and 12 

3.7.1 Introduction 

This appendix contains circular dichroism (CD) spectra of a number of etheno- and 

ethano-anthracene-based building blocks used in the Dougherty labs to prepare hosts and 

self-assembling molecules. The purpose of this appendix is to aid in the assignment of the 

sample's absolute stereochemistry during synthesis. The CD spectra were taken in 

spectrograde acetonitrile using the standard measurement parameters for the J-600 

Spectropolarimeter (see Section 3.6.1 ). The & values reported here were determined from 

analyses of a single spectra, and as such they are only approximate values and should not 

be used quantitatively. In addition, baseline corrections for CD drift were employed as 

needed. For purposes of qualitative analysis, use the following relationship as a guide to 

preparing solutions of appropriate concentration for study: 

(3.34) 

where 0;. is the observed ellipticity at wavelength A (in millidegrees, m 0
), l is the 

pathlength of the cell (cm), ~E). is the molar circular dichroism of the species being 
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examined at wavelength A (M-lcm-1), c is the concentration of the species being examined 

(M), and g is defined by equation 3.33. 

3. 7 .2 2,6-Dihydroxyethenoanthracene (1) 

HO 

R* = (+)-menthyl = 

R' = (-)-menthyl = 

(9S, 10S)-l 
(ls) 

OTBS 
Syn (9S, lOS, I IR, 12R) 

(2(+)SR) 

TBSO 

C02R* 

(9S, IOS)-4 

4(+)S 

0 
0 

OH 

Syn (9R, IOR, l IS, 12S) 
(2(.)RS) 

R'O C 2 
C02R' 

" ....--__,,,OH 

HO 

OH 

TBSO 
Anti (9R, IOR, llR, 12R) 

(3(+)RR) 

(9R, IOR)-4 

4(+)R 

0 

OTBS 
Anti (9S, IOS, l lS, 12S) 

(3(.)SS) 

OH 
(9R, IOR)-4 (9S, IOS)-4 

4(·)R 4(.)S 

Figure 3.27. Structures and stereochemistry of 2,6-dihydroxyetheno-
anthracene 1 and the intermediates in its s nthesis. 
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Figure 3.27 shows the structures and stereochemistry of the intermediates in the 

synthesis of 2,6-dihydroxyethenoanthracene (1). Figures 3.28-3.32 show the spectra. 
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Fi ure 3.28. CD s ectra of 1 in acetonitrile. 
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Fi ure 3.29. CD s ectra of 2 in acetonitrile. 
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Fi ure 3.31. CD s ectra of 4 in acetonitrile first set of enantiomers . 
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Fi ure 3.32. CD s ectra of 4 in acetonitrile second set of enantiomers . 

3.7.3 1,5-dibromo-2,6-dihydroxyethenoanthracene (12) 

Th spectra of the enantiomers of the dibromo ethenoanthracene derivative (12) are 

shown in Figure 3.33. The Diels-Alder reaction used to prepare 12 (Figure 3.34) 

produces a single diastereomer (13),la,14 whose spectra are shown in Figure 3.35. 
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Fi ure 3.33. CD s ectra of 12 in acetonitrile. 
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R* = ( + )-menthyl = R' = (-)-mentbyl = 
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Fi ure 3.35. CD s ectra of 15 in acetonitrile. 
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3. 7 .4 Ethanoanthracenes 

Figure 3.36 shows the structures and stereochemistry of a number of 2,6-

dihydroxyethanoanthracenes. Figures 3.37-3.40 show the spectra. 
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R' = (-)-menthyl = 

OH 
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Figure 3.36. Structures and stereochemistry of several 2,6-
dih droxyethanoanthracenes. 
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3.8 Appendix 2: Distances and Angles Not Involving Hydrogen for the 

PEs Crystal Structure 

Distance Distance Distance Distance 
<A) <A) <A) (A) 

OI-Cl7 1.176(12) Cl-C2 1.372(12) Cl5-Cl6 1.397(11) C37-C42 1.5 I ()(11) 
O2-Cl7 1.327(11) Cl-Cl3 1.365(11) C21-C22 1.499(13) C37-C43 1.531(11) 
O2-Cl8 1.442(12) C2-C3 1.401(12) C22-C23 1.375(14) C38-C39 1.537(12) 
O3-Cl9 1.207(12) C3-C4 1.382(12) C22-C27 1.361(14) C38-C41 1.508(11) 
04-Cl9 1.324(12) C4-CI4 1.366(12) C23-C24 1.400(14) C38-C44 1.515(11) 
04-C20 1.473(13) C5-C6 1.396(11) C24-C25 1.374(14) C39-C40 1.32()(12) 
O5-C2 1.373(11) C5-Cl5 1.378(11) C25-C26 1.359(15) C39-C45 1.487(14) 
O5-C21 1.416(11) C6-C7 1.384(12) C25-C28 1.510(14) C40-C47 1.460(13) 
06-C28 1.446(11) C7-C8 1.395(12) C26-C27 1.400(15) C41-C42 1.400<1 l) 
06-C34 1.390(11) C8-CI6 1.369(11) C29-C30 1.397(12) C43-C44 1.394(12) 
O7-C45 1.225(15) C9-CI2 1.530(11) C29-C41 1.357(11) C49-C50 l.49I(12) 
O8-C45 1.212(14) C9-CI4 1.539(11) C30-C31 1.355(12) C50-C51 1.378(12) 
O8-C46 l.48I(17) C9-CI5 1.515(11) C31-C32 1.385(11) C50-C55 1.355(12) 
09-C47 1.217(13) CIO-Cl I 1.521(11) C32-C42 1.380(11) C51-C52 1.398(12) 
O10-C47 1.29302) CIO-Cl3 1.538(11) C33-C34 1.404(13) C52-C53 1.387(12) 
O10-C48 1.440(12) CIO-CI6 1.537(11) C33-C43 1.372(12) C53-C54 1.369(12) 
Oll-C30 1.378(10) Cl l-Cl2 1.319(11) C34-C35 1.360(13) C53-C56 1.499(12) 
Ol l-C49 1.413(10) Cl l-Cl7 1.494(12) C35-C36 1.389(13) C54-C55 1.380(12) 
O12-C6 1.390(10) Cl2-CI9 1.480(13) C36-C44 1.372(12) C57-C58 1.48(2) 
O12-C56 1.452(10) Cl3-Cl4 1.386(11) C37-C40 1.520(12) C58-N 1.058(19) 

Table 3.5. Distances not involving hydrogen for the PEs crystal structure. 
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Angle (0
) Angle (0

) Angle (0
) 

Cl8-02-Cl7 117.0<7) Cl6-Cl5-C5 121.5(7) C44-C38-C39 106.7(6) 
C20-04-Cl9 117.2(8) Cl6-Cl5-C9 111.2(7) C44-C38-C41 104.7(6) 
C21-05-C2 119.8(7) Cl0-Cl6-C8 127.5(7) C40-C39-C38 113.7(7) 
C34-06-C28 116.7(7) C15-C16-C8 119.()(7) C45-C39-C38 117.8(8) 
C46-08-C45 116.9(10) Cl5-Cl6-Cl0 113.3(7) C45-C39-C40 128.3(9) 
C48-01O-C47 121.6(8) 02-Cl7-0l 122.9(9) C39-C40-C37 114.4(8) 
C49-0l l-C30 117.1(6) Cll-Cl7-Ol 125.6(9) C47-C40-C37 119.3(8) 
C56-012-C6 117.2(6) Cll-Cl7-O2 111.3(7) C47-C40-C39 126.2(8) 
Cl3-Cl-C2 119.1(8) 04-Cl9-O3 124.4(9) C38-C4 l -C29 127.5(7) 
Cl-C2-O5 115.2(8) Cl2-Cl9-O3 122.6(8) C42-C41-C29 120.0(7) 
C3-C2-O5 124.6(8) Cl2-Cl9-04 112.9(8) C42-C41-C38 112.4(7) 
C3-C2-Cl 120.2(8) C22-C21-O5 108.9(7) C37-C42-C32 127.0(7) 
C4-C3-C2 119.3(8) C23-C22-C2 l 122.3(8) C41-C42-C32 120.0(7) 
Cl4-C4-C3 120.6(8) C27-C22-C2 l 120.4(9) C41-C42-C37 l 13.1(7) 
Cl5-C5-C6 118.1(7) C27-C22-C23 117.2(9) C37-C43-C33 125.7(7) 
C5-C6-O12 l 13.5(7) C24-C23-C22 121.6(9) C44-C43-C33 121.9(8) 
C7-C6-O12 124.9(7) C25-C24-C23 120.0(9) C44-C43-C37 112.4(7) 
C7-C6-C5 121.6(8) C26-C25-C24 118.6(9) C38-C44-C36 128.8(8) 
C8-C7-C6 118.5(8) C28-C25-C24 120.1(9) C43-C44-C36 118.3(8) 
Cl6-C8-C7 121.3(7) C28-C25-C26 121.3(9) C43-C44-C38 112.8(7) 
Cl4-C9-Cl2 107.4(6) C27-C26-C25 120.6(10) O8-C45-07 121.8(11) 
Cl5-C9-Cl2 106.6(6) C26-C27-C22 121.8(10) C39-C45-O7 117.6(10) 
Cl5-C9-Cl4 105.7(6) C25-C28-06 110.7(7) C39-C45-O8 120.0(10) 
Cl3-C10-Cl I 105.3(6) C4 I -C29-C30 119.6(8) O10-C47-09 121.1(9) 
Cl6-Cl0-Cl I 106.3(6) C29-C30-O11 115.4(7) C40-C47-09 123.5(9) 
Cl6-C10-Cl3 103.9(6) C31-C30-Ol l 124.2(8) C40-C4 7-0 I 0 114.7(9) 
Cl2-Cl 1-ClO 115.3(7) C3 l -C30-C29 120.4(8) C50-C49-Ol l 110.7(7) 
Cl7-Cl 1-ClO I 19.4(7) C32-C3 I -C30 120.7(8) C51-C50-C49 120.2(7) 
Cl7-Cl l-Cl2 125.2(8) C42-C32-C3 l 119.1(7) C55-C50-C49 120.7(7) 
Cl l-Cl2-C9 112.4(7) C43-C33-C34 118.0(8) C55-C50-C5 l 119.1(8) 
CI9-Cl2-C9 120.4(7) C33-C34-06 112.9(8) C52-C51-C50 120.9(8) 
Cl9-Cl2-Cll 127.2(8) C35-C34-06 125.7(8) C53-C52-C5 l 118.9(8) 
Cl0-Cl3-Cl 125.2(7) C35-C34-C33 121.3(9) C54-C53-C52 119.4(8) 
Cl4-Cl3-Cl 121.8(7) C36-C35-C34 119.2(8) C56-C53-C52 119.2(7) 
Cl4-Cl3-Cl0 112.9(7) C44-C36-C35 121.4(8) C56-C53-C54 121.3(7) 
C9-Cl4-C4 129.1(7) C42-C37-C40 105.8(6) C55-C54-C53 120.6(8) 
Cl3-Cl4-C4 118.9(7) C43-C37-C40 105.9(6) C54-C55-C50 121.0(8) 
Cl3-Cl4-C9 111.7(7) C43-C37-C42 104.7(6) C53-C56-O12 112.8(7) 
C9-Cl5-C5 127.1(7) C4 I -C38-C39 105.6(6) N-C58-C57 176.4(16) 

Table 3.6. Angles not involving hydrogen for the PEs crystal structure. 
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3.9 Appendix 3: Assigned Hydrogen Atom Parameters for the PEs Crystal 

Structure 

I x, y, and z x 104 
Atom X y z B Atom X y z B 
HI 5515 2110 1523 5.0 H32 -1135 5655 485 5.0 
H3 6137 4329 2203 5.0 H33 1511 5734 -755 5.0 
H4 6035 3703 3009 5.0 H35 3443 3655 -878 5.0 
H5 3511 2198 3838 4.0 H36 1851 2855 -670 5.0 
H7 1372 954 2869 4.0 H37 -616 5558 -489 5.0 
HS 2923 668 2321 4.0 H38 -319 2800 -423 5.0 
H9 5628 2335 3545 4.0 H46A -2761 2405 -2098 20.0 
HlO 5094 858 2110 4.0 H46B -2704 1883 -1596 20.0 
H18A 6380 -1337 1830 10.0 H46C -3599 2584 -1649 20.0 
Hl8B 7501 -832 1859 10.0 H48A -2797 6892 -1172 10.0 
Hl8C 7135 -1383 2321 10.0 H48B -2872 6308 -1646 10.0 
H20A 7704 -623 4196 10.0 H48C -3699 6191 -1185 10.0 
H20B 8539 99 4085 10.0 H49A -392 4273 1888 6.0 
H20C 7546 222 4473 10.0 H49B -1669 4068 1976 6.0 
H21A 6566 4679 1301 6.0 H51 -1600 2316 2137 5.0 
H21B 5264 4676 1403 6.0 H52 -1098 1432 2821 5.0 
H23 6122 3474 367 6.0 H54 908 3244 3396 5.0 
H24 5636 3706 -495 6.0 H55 465 4080 2697 5.0 
H26 4661 6012 -141 6.0 H56A 174 1136 3506 5.0 
H27 5136 5770 724 6.0 H56B -177 1819 3896 5.0 
H28A 4675 4478 -1123 7.0 H57A 2302 2993 4915 15.0 
H28B 5134 5379 -1108 7.0 H57B 2243 2103 4684 15.0 
H29 -661 2786 564 5.0 H57C 2671 2234 5248 15.0 
H31 -1292 4962 1275 5.0 

Table 3.7. Assigned hydrogen atom parameters (A) for the PEs crystal 
structure. 
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3.10 Appendix 4: Distances and Angles Involving Hydrogen for the PEs 

Crystal Structure 

Distance Distance Distance Distance 
<A) <A) <A) <A) 

Cl--Hl 0.953 C20-H20C 0.946 C33-H33 0.955 C49-H49B 0.956 
C3-H3 0.950 C21-H21A 0.954 C35-H35 0.957 C51-H51 0.951 
CS-HS 0.955 C21-H21B 0.951 C36-H36 0.951 C52-H52 0.955 
C7-H7 0.957 C23-H23 0.954 C37-H37 0.952 C54-H54 0.955 
C8-H8 0.956 C24-H24 0.947 C38-H38 0.956 C55-H55 0.956 
C9-H9 0.952 C26-H26 0.956 C46-H46A 0.950 C56-H56A 0.951 
CIO-HIO 0.956 C27-H27 0.952 C46-H46B 0.943 C56-H56B 0.956 
Cl8-Hl8A 0.943 C28-H28A 0.949 C46-H46C 0.928 C57-H57A 0.938 
Cl8-Hl8B 0.943 C28-H28B 0.952 C48-H48C 0.928 C57-H57B 0.946 
Cl8-Hl8C 0.962 C29-H29 0.953 C48-H48B 0.939 C57-H57C 0.924 
C20-H20A 0.947 C31-H31 0.954 C48-H48C 0.955 
C20-H20B 0.953 C32-H32 0.951 C49-H49A 0.952 

Table 3.8. Distances involving hydrogen for the PEs crystal structure. 
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AnRle (0
) Angle (0

) Angle (0
) 

Hl-Cl-C2 120.7 H21B-C21-H21 A 109.1 H46C-C46-08 108.4 
Hl-Cl-Cl3 120.2 H23-C23-C22 119.4 H46B-C46-H46A 110.1 
H3-C3-C2 120.4 H23-C23-C24 119.0 H46C-C46-H46A 111.4 
H3-C4-C3 120.3 H24-C24-C23 119.8 H46C-C46-H46B 112.0 
H4-C4-C3 119.2 H24-C24-C25 120.2 H48A-C48-O IO 108.9 
H4-C4-Cl4 120.8 H26-C26-C25 119.6 H48B-C48-0 IO 109.7 
H5-C5-C6 120.8 H26-C26-C27 119.8 H48C-C48-O10 108.7 
H5-C5-C15 121.l H27-C27-C22 119.0 H48B-C48-H48A 110.4 
H7-C7-C6 120.4 H27-C27-C26 119.2 H48C-C48-H48A 109.1 
H7-C7-C8 121.0 H28A-C28-06 109.5 H48C-C48-H48B 110.0 
H8-C8-C7 119.2 H28B-C28-06 109.3 H49A-C49-Ol l 109.5 
H8-C8-Cl6 119.6 H28A-C28-C25 109.1 H49B-C49-0l l 109.0 
H9-C9-Cl2 111.7 H28B-C28-C25 108.9 H49A-C49-C50 109.6 
H9-C9-Cl4 112.2 H28B-C28-H28A 109.4 H49B-C49-C50 109.2 
H9-C9-C15 112.7 H29-C29-C30 120.6 H49B-C49-H49A 108.8 
HlO-ClO-Cl 1 112.4 H29-C29-C41 119.8 H51-C5 l -C50 119.6 
H10-Cl0-C13 114.4 H31-C31-C30 119.7 H5 l-C5 l-C52 119.5 
H10-Cl0-C16 113.7 H3 l -C3 l-C32 119.6 H52-C52-C51 120.4 
HI8A-C18-02 109.8 H32-C32-C3 l 120.5 H52-C52-C53 120.7 
Hl8B-Cl8-02 109.7 H32-C32-C42 120.5 H54-C54-C53 119.7 
HI8C-Cl8-O2 108.7 H33-C33-C34 120.8 H54-C54-C55 119.7 
HI8B-Cl8-H18A 110.6 H33-C33-C43 121.2 H55-C55-C50 120.0 
Hl8C-Cl8-H18A 109.0 H35-C35-C34 120.4 H55-C55-C54 119.0 
H18C-Cl8-H18B 109.0 H35-C35-C36 120.4 H56A-C56-O12 108.9 
H20A-C20-04 109.3 H36-C36-C35 119.1 H56B-C56-O12 108.7 
H20B-C20-04 109.0 H36-C36-C44 119.5 H56A-C56-C53 108.9 
H20C-C20-04 109.5 H37-C37-C40 112.1 H56B-C56-C53 108.6 
H20B-C20-H20A 109.4 H37-C37-C42 113.2 H56B-C56-H56A 108.9 
H20C-C20-H20A 110.1 H37-C37-C43 114.4 H57 A-C57-C58 106.1 
H20C-C20-H20B 109.6 H38-C38-C39 112.7 H57B-C57-C58 105.2 
H21A-C21-05 109.5 H38-C38-C41 113.5 H57C-C57-C58 106.6 
H21B-C21-05 109.7 H38-C38-C44 113.0 H57B-C57-H57A 111.5 
H21A-C21-C22 109.8 H46A-C46-O8 107.3 H57C-C57-H57A 113.8 
H21B-C21-C22 109.8 H46B-C46-O8 107.5 H57C-C57-H57B 113.0 

Table 3.9. Angles involving hydrogen. for the PEs crystal structure. 
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3.11 Appendix 5: Anisotropic Displacement Parameters for the PEs Crystal 

Structure 

The form of the displacement factor is given by expression 3.35. 

exJX-21t2{U11h 2a*2 + U22k2b*2 + U33/2c*2 + 2U12hka*b* + 2U13hla*c* + 2U23klb*c*)] 

(3.35) 

Uux 104 I 
Atom U' 1 u,, U 1 U12 U • .1 U 1 
01 4671 44 928 54 1361 62 213 43 -143 47 -4221 47 
02 452 39 519 41 1279 56 22 35 92 431 -3111 41 
03 6141 47 918 52 799 52 -66 44 -222 40 -48 42 
04 766 51 710 50 971 52 69 42 -321 44 138 42 
05 995 54 508 42 579 43 24 39 179 401 118 33 
06 379 41 844 48 1008 52 -34 40 -73 36 399 42 
07 1611 92 1666 88 1216 74 -7811 76 -82 701 -75 64 
08 1370 74 1391 69 639 51 -592 58 211 56 -186 54 
09 837 58 1434 71 1206 63 4101 55 -441 55 -500 54 
010 820 57 6921 52 1441 68 -W 47 -6481 51 2689 51 
011 891 50 485 37 4741 38 -65 37 47 38 56 35 
012 293 36 785 44 443 35 67 32 83 32 13033 
Cl 457 56 465 63 4151 59 82 51 43 48 14 48 
C2 495 62 463 64 525 67 57 52 156 54 67 54 
C3 461 59 418 55 6271 64 -30 46 85 53 35 57 
C4 390 55 488 66 567 64 42 50 -8 50 -138 53 
C5 421 6} I 428 57 3651 51 19 48 44 51 -1 44 
C6 328 61 495 58 427 61 63 51 % 50 99 50 
C7 237 53 552 60 524 63 -3046 14 51 101 51 
C8 551 66 344 53 477 58 35 49 -83 55 23 44 
C9 379 57 522 56 406 54 -13 51 -3 46 -101 47 
Cl0 353 53 438 58 472 57 28 46 42 46 -57 44 
Cl 1 288 52 418 57 574 60 .'.>U 47 111 51 -12 54 
Cl2 294 53 477 59 5111 60 38 48 571 51 5 51 I 

Cl3 314 50 365 53 474 57 42 43 65 49 -18 52 
Cl4 293 471 460 58 383 54 -13 46 -31 45 -58 521 
Cl5 341 57 399 52 348 53 -23 46 -33 51 89 46 
Cl6 275 57 385 51 449 56 -14 43 11 47 33 46 
Cl? 372 621 431 64 734 71 29 581 11 55 0 521 
Cl8 698 73 588 66 1471 101) 123 62 169 71 -399 67 
Cl9 227 56 786 85 620 73 35 58 8 56 -62 64 
C20 1033 96 1414 108) 1069 89 321 83 -473 84 4481 881 
C21 548 61 5621 661 756 72 -48 53 68 57 IO 52 
C22 361 56 579 67 655 70 -101 54 -10 53 127 62 
C23 685 71 572 68 877 81 115 60 -118 68 98 661 
C24 571 67 749 78 6% 73 -65 64 43 58 66 64 
C25 362 56 680 75 774 78 9 58 75 59 4121 7} I 

C26 638 72 612 75 1109 % 211 61 -32 72 93 76 
C27 812 82 648 78 907(86 55 64 -911 70 -3 671 
C28 454 68 811 74 973 84 -110(56 19 59 4151 681 

Table 3.10. Anisotropic displacement parameters for the PEs crystal 
structure (continued on next page). 
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Uux 104 I 
Atom U 1 u , U 1 U,, U 1 U 1 

~9 465 51 372 51 584 62 -110 48 -7 52 -41 53 
.. 30 499 62 488 63 421 62 12 51 29 49 73 53 
Ul 522 60 459 63 421 58 ~ 51 15 48 ~ 50 
C32 495 58 398 52 471 53 -10 48 -89 51 -26 53 
C33 531 68 523 65 513 58 -114 59 -115 51 187 49 
C34 321 63 728 79 658 69 -95 61 -76 51 243 59 
Ci5 349 60 516 701 883 77 2{) 54 46 54 187 56 
C36 576 69 439 59 629 65 -7 61 -92 55 94 50 
C37 491 59 426 52• 420 52 54 49 -19 52 -49 47 
C38 440 59 457 53 467 56 -45 48 -10 50 -X0<47 
C39 360 56 511 66 415 57 -}Of 52 22 48 -9H50 
C40 352 57 657 72 350 54 86 55 -84 47 25 50 
C41 347 50 522 65 285 54 -15 46 18, 441 42 46 
C42 458 54 288 54 434 58 -15 46 -94 48 -38 47 
C43 483 65 423 63 347 53 14 54 -65 471 281 44 
C44 412 63 493 69 425 55 -3 53 2 48 -103 45 
C45 8321 91 1233 105) 535 79) -480 81 272 731 -20i 82 
C46 2818 209) 1714 136) 1374 121) -1668 148) -625 127) -379 103) 
C47 3021 60 789 83 743 74) -27 66) -15 59> -2441 69 
C48 506 68 905 79 1489 106) -17 64 -213(74) 450(74 
C49 6051 64 612 60 509 61 65 54 66(53) 31 56 
C50 386 54 525 63 371 56 -38 52 63 521 491 50 
C51 3411 54 748 74 590 66 -95 56 -130 49 12 56 
C52 377 55 628 63 630 61 -84 52 -45 57 173 57 
C53 281 53 537 65 497 59 28 49 66 501 138 52 
C54 3571 55 557 63 552 61 -1 54 -38 49 50 53 
C55 397 53 441 55 541(57 1147 -1 53 105 53 
C56 2881 54 748 65 556 61 -22 49 57 46 167 55 
C57 1690 154) 1851 139) 918 92) -1M 1301 34 104) -3811 91 
C58 1103 121) 787 90 %7 104) 106 105) 113 101) -103 74 
N 8191 97 833 91 1457 127) 81 88 310 95) -45 83 

Table 3.10 (continued). Anisotropic displacement parameters for the PE s 
crystal structure. 

3.12 Appendix 7: IUPAC Name for PEs3 

(3S, 18aS, 21S, 36aS)-Tetramethyl 3,8,13,18a,21,26,31,36a-octahydro-4,6:9, 

12:22,24:27 ,30-tetraetheno-15,18,21 :33,36,39-diethenylylidenedibenzo-[k,al][ 1,8, 17, 

24 ]-tetraoxacyclodotriacon tene-1,2, 19 ,20-tetracarbox y late. 
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Chapter 4 

Bound Guest Orientations in Chiral Cyclophane Hosts From 

Induced Circular Dichroism Data. 

4.1 Introduction 

The studies in Chapter 3 described the structure of the host in both free and bound 

states, but the issue of guest orientation in the bound complex was not addressed. This 

issue is the subject of this chapter. Guest orientations are determined through a 

combination of experimentally observed induced circular dichroism (JCD) data with 

computational analysis. 

In previous studies with hosts P and C (Figure 4.1 ), the strongest evidence for 

bound guest orientations came from IH NMR D values.I These values represent the 

maximum upfield shift that an NMR signal for a guest proton exhibits upon being bound in 

the host. The shifts are generally in the upfield direction as a result of the shielding effect 

of the aromatic rings of the cavity on the guest protons. The largest D value for a given 

guest proton corresponds to a proton (and thus a portion of the guest) more preferentially 

bound within the host cavity. I The D values come from comparison of an observed 

chemical shift (Dobs) for the guest proton in the presence of host, with the chemical shift of 

the free guest (8rree)- The 800s comes from a weighted average of free and multiple bound 

states arising through complexation events; thus the D values do not come from 

observations resulting exclusively from the bound guests. 

In circular dichroism (CD) studies with hosts P and C ,2 it was observed that 

circular dichroism could be induced in achiral guests with longer wavelength electronic 

absorption bands (Figure 4.2). A specific example is shown in Figures 4.3, where a 

negative Cotton effect is observed in the spectrum of the host-guest complex for the long-
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wavelength absorption band of guest 4. This is not unexpected as circular dichroism 

induced in an achiral chromophore by complexation to a chiral receptor is well known from 

studies of cyclodextrins3 and biological molecules;4 as well as other synthetic host 

systems. 5-8 

However, this observation of ICD is very significant in light of our NMR studies, 

as these ICD signals result exclusively from specific orientations of the bound guest, unlike 

the NMR studies where the D value is determined from an averaged signal of free and 

bound guests.lb Additionally, the observed ICD results from complexation of the guest 

within the host binding cavity. This has been established with chiral non-macrocyclic 

control molecules I and 2 (Figure 4.1) which do not induce CD in achiral chromophoric 

guests.2,9 

p C 

2 

[(S, S)-Stereochemistry of ethenoanthracene units shown] 

Fi ure 4.1. Hosts P and C and non-macrocyclic control molecules. 
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Figure 4.2. Guests showing induced circular dichroism with hosts P 
and/or C. 

With the exception of guest 5, the ICD data with host P did not appear very 

informative for the determination of orientations of bound guests, as the ICD showed the 

same sign with all guests (6£ < 0 with Ps, 6£ > 0 with PR),2 However, control 

experiments with host C (which we believe exhibits bound guest orientations very similar 

to those of host P)lO revealed some interesting differences from host P.2 Guests 9, 10, 

and 11 exhibit opposite signs of ICD with P and C (Figures 4.4 and 4.5), while guests 

such as 4, 6, and 7 show the same sign of ICD with P and C.2 These discrepancies 

provided the impetus for the calculations of binding orientations described in Sections 4.2 

and 4.3. Table 4.1 lists the observed ICD with the guests shown in Figure 4.3. 

One final observation of the data in Table 4.1 is that the ICD observed with our host 

systems is larger than that normally induced by cyclodextrin hosts. This is thought to be 

the result of strong 1t ➔ 1t* transitions in the host coupling with 1t ➔ 1t* transitions in the 

guest by a coupled-oscillator mechanism, 12,13 a phenomenon expected for systems with 
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strong 1t ➔ 1t* absorptions.12,13 Not surprisingly, host P appears to induce larger 

rotational strengths (R) in achiral chromophores than does host C (a host with fewer 7t ➔ 

1t* transitions). 
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Figure 4.3. CD spectrum of host Ps and best-fit spectrum of its complex 
with uest 4 in aqueous borate buffer (pH 9). 
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Figure 4.4. CD and UV/visible spectra of Guest 11 (7.18 x 10·6 M) in the 
absence (a) and in the presence (b) of host PR (1.26 x 10·5 M) in aqueous 
borate buffer H 9 . 
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Guest Host A.max free A.max for ~£ Rotational 
e:uest induced CD (M·1cm·1) Strength (cgs) 

3 CR1 318 nm 315 run +14.6 +2.6 X 10-39 

4 Ps 355 nm 357 nm -8.0 -2.2 X 10-5~ 

4b CR 355 nm 356nm 6£ > 0 R > 0 
341 nm +1.5 +9.1 X 10-4 l 

s PRC 323 nmd 
309 nm -8.8 -1.1 X 10-39 

570 nm ICD not N/Ae N/Ae 
6 PR ooiervood 

337 nm 340nm +0.74 +1.5 X l0-40 
570 nm ICD not N/Ae N/Ae 

6b CR observood 
337 nm M: >0 R > 0 

321 nm 
467 nm ICD not N/Ae N/Ae 

observedd 

7 Ps 376 nm 379 nm -5.6 -1.5 X l0-39 

292 nm 299 nm shows excitonic negative excilonic 
coupling with chirality 

host transitions 
467 nm ICD not N/Ae N/Ae 

observedd 

7b CR 376 nm 379 nm M: >0 R > 0 

292 nm 297 nm shows excitonic positive excitonic 
coupling with chirality 

host transitions 
gb CRa 366 nm 376 nm 6e > O R>0 

9 Ps 452 nm 456 nm -4.7 -3.5 X 10-39 
9b CR 452 nm 470 nm 6e < 0 R<0 

10 Ps 439 nm 449 nm -11.6 -7.8 X 10-39 

10b CR 439 nm 470 nm 6e < 0 R < 0 

11 Ps 412 nm 422nm -18.8 -3.5 X l0-39 

11b CR 412 nm 427 nm ~e < 0 R < 0 

Table 4.1. Induced circular dichroism (ICD) observed in aqueous borate 
buff er with hosts P and C. 
1No ICD was detectable for this guest with Host P. bA binding constant was not obtained for this host
guest system, thus ICD is qualitative only. cNo ICD was detectable for this guest with Host C. <lThis 
data comes from the observed UV band of free guest; unfortunately, the band was too broad to pick out the 
true A.max for both of the transitions. ewhile it is tempting to assume this transition has & == 0 and R == 
0, it should be noted that the ICD may have been undetectable under the conditions of our studies. 
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Figure 4.5. CD and UV/visible spectra of Guest 11 (7.50 x 10·6 M) in the 
absence (a) and in the presence (b) of host CR (1.40 x 10·5 M) in aqueous 
borate buffer (pH 9). A larger bathochromic shift is observed with the 
guest visible absorption band than occurs with host P; this is consistent 
with cavities of differin olarit for the two hosts.I 1 

This chapter describes how the ICD observed in the guests of Figure 4.3 can be 

used to determine the bound orientations of the guest. These studies were carried out using 

coupled-oscillator calculations 12,13 with INDO/S 14 calculated spectral data. Before such 

studies can be described, a brief introduction into the theoretical basis of optical activity is 

required. 

4.2 Modeling Optical Activity 

4.2.1 Mechanisms of Optical Activity 

Optical activity arises in a molecule through a number of additive mechanisms. For 

a system of chromophores (a, b, ... ) with transitions from the ground state (State 1) to 
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excited states (States A, B, ... ), the rotational strength (R) of the system has the general 

mathematical fonn 13b 

(4.1.1) 

+ 2 L L lmVa1A,b1B(µa1A•mbBl VA+ µbB1•ma1AVB) 

b'Fa B'FA h( ~ - vl) 
(4.1.2) 

_ L L lmVaAB,b11(µa1A•maBl + µarn•fflaAi) 

a * b B * A h( VB - VA) 
(4.1.3) 

_ L L lmValB,bll(~lA•ffiaAB+ ~AB•fflaAi) 

b*a B*A hVB 
(4.1.4) 

_ L ImValA,bll(µaAA- µa11rmaAl 

b *a hVA 
(4.1.5) 

_ 27t L L Va1A,b1BVAVBRbAµblB X ~lA) 

c b * a B * A h( ~ -vl) 
(4.1.6) 

where µill and mill are the electronic transition and magnetic transition moments 

respectively, for the transition from State 1 ➔ State I for chromophore i, Rij is the 

interchromophoric distance vector between the midpoints of the transition moments for 

chromophores i andj, v1is the frequency of excitation for the transition from State 1 ➔ 

State I for chromophore i (in cm-1 ), his Planck's constant (6.26176 x 10-27 erg•sec), and c 

is the velocity of light (2.99792458 x 1010 cm•sec-1)_13ab The interaction energies (V) are 

defined as the coulombic interaction energy between the charge densities of the transition 

State 1 ➔ State I in chromophore i and the transition State 1 ➔ J in chromophore j (Vil IJIJ) 

or between the ground-state charge density in chromophore j and the transition charge 

density for the transition State 1 ➔ State I in chromophore i (Vm111). 13a Each of the terms 

in equation 4.1 represents a specific mechanism of optical activity. 13ab 

The first term ( 4.1.1) represents the contribution of electronic and magnetic 

transitions within the same chromophore to the rotational strength.13 This is the familiar 
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Rosenfeld equation that describes an intrinsically dissymmetric chromophore.13 If the 

electronic and magnetic moments are perpendicular to one another, the chromophore is 

achiral and the contribution to R from this term is z.ero.13 

Term 4.2.1 is Schnellman's, µ•m mechanism.13 The contribution to R arises from 

the mixing of the electronic and magnetic states on different chromophores.13 This term 

corresponds to an asymmetrically perturbed inherently achiral chromophore.13 

Terms 4.1.3 and 4.1.4 represent the mixing of excited states within individual 

chromophores due to the static field of the rest of the system (molecule).13 These terms 

correspond to the one-electron theory of optical activity.13 

The fifth term ( 4.1.5) represents a change in the electronic transition moment upon 

excitation.13b The contribution from this term is generally negligible and is often ignored 

in modeling studies.13b 

The final term (4.1.6) represents the mixing of electronic transition moments 

(dipolar coupling) in different chromophores. 13 This corresponds to the Coupled 

Oscillator theory.12,13 For molecules with strong 7t ➔ 1t* electronic transitions, such as 

hosts P and C (and control molecules 1 and 2), the major contribution to the optical 

activity comes from this coupled-oscillator term (Figures 4.6 and 4.7)_13a,l5 Furthermore, 

ICD in an achiral 1t ➔ 1t* absorption band (guest) bound in a chiral environment (host) 

arises primarily through this type of di polar coupling, 2,3, 12, 13 where the guest transition 

moment couples with all of the 7t ➔ 1t* transition moments in the chiral environment to 

which it is bound.2,3,l2,I3 

4.2.2 Cou pied-Oscillator Calculations 

As noted in the previous section, in highly chromophoric systems such as our 

hosts, optical activity arises predominantly through the coupled-oscillator mechanism 

(dipolar coupling). 12,I 3 The theoretical rotational strength from the dipolar coupling (RD) 
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comes from term 6 of equation 4.1; in terms of transitions in host (H) and guest (G) 

chromophores, 4.1.6 can be rewritten as equation 4.2. 

(4.2) 

250.00 
a: Host PR 

- 125.00 b: IR E 
C.J 

"S 
E 0.00 

-:::. -w 
<l -125.00 

a 
-250.00200 

225 250 275 300 325 350 

A (nm) 

Figure 4.6. Circular dichroism spectra of host PR and control molecule lR 
in a ueous borate buffer H 9 . 
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Figure 4.7. Circular dichroism spectra of host CR and control molecule 2R 
in a ueous borate buffer H 9 . 
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In this equation, excited State A corresponds to an excited state in the host chromophore 

and excited State B corresponds to an excited state in the guest chromophore. The 

interaction potential, VHIA,GIB, can be approximated using the point-dipole approximation 

and is defined by equation 4.3. 13b 

(4.3) 

The denominator terms, RHG, represent the magnitude of the interchromophoric distance 

vector. 

The use of equations 4.2 and 4.3 require knowledge of the magnitudes and 

directions of all the 7t ➔ 1t* transition moments in the system. These quantities can be 

obtained by calculation. Determining the rotational strengths of ICD from experimentally 

observable data, however, requires linear dichroism 16 to obtain the directions of the 

transition moments and polarizabilities to obtain the magnitudes; using this experimental 

approach RD is available through equation 4.4.13b 

In equation 4.4, 0ttG is the angle between the transition moments in the host and guest 

chromophores (the sign is determined by the right-hand rule), XttG is the angle formed 

between the cross product µH x µG and the interchromophoric distance vector (RttG), cf>H 

is the angle between µH and RGH, and <PG is the angle between µG and Ratt.13b ai and 

f3i are the mean anisotropic polarizabilities and are defined, respectively, by equations 4.5 

and 4.6.13b 

a · = l (a<i) + a..<_i) + a<i)) 
I 3 XX --yy ZZ 

(4.5) 
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Pi = c4ji -¥ aj~ + at>) 
ai 

(4.6) 

The coupled-oscillator approach to calculating ICD (and thus determining binding 

orientations) has seen much application in studies of cyclodextrin-based systems.3,17 The 

general approach has been to treat each bond in the host (cyclodextrin) as a chromophore 

with a single transition moment. Each of these transitions are then coupled with the 

transition of interest in the guest using a combination of equations 4.2 and 4.4_3k,17c,18 

Another approach to the use of equations 4.2 and 4.4 is to break up the interacting 

molecules into their component 7t ➔ 1t* chromophores. Experiments with the component 

chromophores or semi-empirical calculations (INDO/S 14) can then be used to determine all 

the transition moments of each individual chromophore. The individual transition moments 

can then be superimposed onto the framework of the host-guest system and equation 4.2 or 

4.4 can be applied directly for the calculation of ICD of a given guest transition coupled to 

the host transitions. For our host-guest system, it was decided to follow this "component 

chromophore" approach using semi-empirical calculations to obtain the required spectral 

data. 

We chose to use this computational approach for several reasons. First, the 

facilities for linear dichroism were not immediately available to us, and linear dichroism has 

seen its most successful applications with planar chromophores, l6 not the three

dimensional chromophores that make up the host framework (see section 4.3). 

Additionally, polarizabilities (axx, ayy, and azz) are not available for our host 

chromophores and guests. Some attempts to calculate the polarizability tensors using 

Gaussian92 19 at 6-310, 6-310*, and 6-310** levels of theory failed to give results that 

reproduced known experimental polarizabilities. Given these difficulties, it seemed 

reasonable to proceed with an INDO/S approach to determine the transition moments. We 

feel our approach using component chromophores is a more accurate approximation of ICD 
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data than the cyclodextrin approach.3k,l?c,l8 Our goal, however, was to obtain qualitative 

agreement of calculation with experimental data. 

4.2.3 Electronic Transition Moments and the INDO/S Method 

In the preceding discussion (and in Chapter 3) the term electronic transition moment 

has been used repeatedly, but it has never been fully defined A transition moment (µIA) is 

the dipole moment of the overlap charge density (pJA) between the initial and final states in 

an electronic transition (Figure 4.8).16 The electronic transition moment can be calculated 

from the wavefunctions of the initial and final states ['¥1 (q, Q) and 'I' A(Q, Q) respectively] 

by integration over the coordinates of all electrons (q) and all nuclei (Q), as shown in 

equation 4.7 .16 

(4.7) 

Where the electric dipole moment operator,µ, has the form 16 

n N 

µ=-~IL r1+l~L ZkRk (4.8) 
l=l k=l 

in equation 4.8, e is the charge of an electron (4.80324238 x 10-10 cgs•esu), Zk is the 

atomic number of nucleus k, n is the number of electrons, N is the number of nuclei, r1 is 

the position vector of the /-th electron, with coordinates (xi, YI, z1), and Rk is the position 

of the k-th nucleus, with coordinates (Xk, Yk, Zk). 16 Equations 4.7 and 4.8 can be written 

in terms of their x, y, and z components to give expressions for the three coordinates that 

define the transition moment in an appropriate principle axis system, as illustrated for the x 

component in equations 4.9 and 4. I0.16 
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µx!A = f 'l'1(q, Q)i,'I' A(q, Q) dqdQ (4.9) 

II N 

µx=-~L x,+l~L Ztx1r. (4.10) 
1=1 lr.=1 

<!>10) eO HOMO 

co Overlap density Overlap charge density 
Transition density Transition charge density 

B C 
Naphthalene La transition 

Figure 4.8.16a Illustration of an electronic transition moment using the La 
transition of naphthalene. (A) Coefficients of the highest occupied 
(HOMO) and lowest unoccupied (LUMO) molecular orbitals. (B) The 
transition density for the HOMO ➔ LUMO transition. (C) The transition 
charge density (p1 A) and its dipole moment (µ). The circles indicate the 
sign (white = positive, dark = negative) and magnitude (proportional to 
radius) of the contributions from the individual carbon 2pz orbitals. 
Although shown as a one directional arrow, transition moments are 
generally written as two-headed arrows or straight lines to indicate the 
oscillation see Fi ure 4.13 _1Sb 

Semi-empirical calculations using INDO/S (Intermediate Neglect of Differential 

Overlap parametrized for Spectroscopy) Hamiltonians have been quite successful in 

reproducing the spectral properties of 7t ➔ 1t* chromophores, 14 and thus provide a method 

for obtaining the transition moments needed for the coupled-oscillator calculations. 

INDO/S calculations include all valence electrons to predict the spectral properties of a 
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compound. 14 The calculation consists of two parts: first the ground state is calculated, 

providing molecular orbital coefficients and eigenvalues, and then a configuration 

interaction calculation is preformed to provide the excited states.14 

4.3 Application to Hosts P and C 

4.3.1 Calculation Coordinate System 

Spectral changes observed in the CD spectra together with size complementarity 

suggest that the guests of Figure 4.2 are all bound in the rhomboid conformation of the 

host cavity (Chapter 3). The crystal structure of host Ps tetramethyl ester represents a 

rhomboid binding conformation;20 thus it serves as an ideal framework in which guests can 

be oriented and coupled-oscillator calculations undertaken. 

The coordinate system chosen for these calculations was based on the crystal 

structure with the esters optimized as acids (Figures 4.9 and 4.10). We set the origin of 

our coordinate system as the center of mass of the six aromatic rings that form the host 

cavity. The z-axis is defined as the axis coming directly out of the cavity, and we define 

the angle 8 as the angle of inclination with respect to the z-axis (Figure 4.10). A general 

orientation of a transition moment in the xz-plane (as defined in Figure 4.10) will have 8 

varied from 0° (aligned on z-axis) through 360° by rotation of the transition moment 

counter-clockwise about the y-axis. A full listing of the atomic coordinates of host atoms 

in this coordinate system is given in Appendix 1 (Section 4.8). 

4.3.2 Host Chromophores 

Host P can be thought of as being made up of four independent chromophores: the 

two p-xylyl linkers and the two ethenoanthracene units (Figure 4.11). While the average 
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conformation of the individual chromophores should be the same for each set (linkers and 

cthenoanthracenes) based on C2-symmetry in the host rhomboid binding conformation, the 

crystal structure of Ps tetramethyl ester (Chapter 3) shows slight asymmetry between the 

two units of each set.20 We felt that this asymmetry might also be typical of the host in 

solution, and so the calculations were carried out using the four distinct chromophores 

implied by the crystal structure (Figure 4.12). The most significant difference between the 

two units in a set of chromophores is seen with the ethenoanthracenes: where the 

carboxylic acid moieties show different degrees of twisting (Figure 4.12, Tables 4.2 and 

4.3). This slight degree of asymmetry between otherwise equivalent structures, however, 

produced only very small perturbations in the calculated transitions of the chromophores 

(Tables 4.4 and 4.5). 

(behind 94) 

Fi ure 4.9. Atom numberin scheme of host coordinate svstem. 



B: View down +y-axis 

e = angle of inclination 
from z-axis in the xz-plane 

+z 
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+y 

A: View down +z-axis 

+y 

+z ______ __, 

C: View down +x-axis 

Figure 4.10. Host coordinate system showing views down x, y, and z
axes A B and C res ectivel .2 
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OCH3 

Ethenoanthracene Linker 

Fi ure 4.11. Com onent chromo bores of host P. 

Linker 1 Ethenoanthracene 1 

Ethenoanthracene 2 Linker 2 

Figure 4.12. Component chromophores of host Ps (taken from the Ps E 
er stal structure .20 

Semi-empirical methods do not lend themselves to the calculation of anionic species 

with high accuracy,21 so we approximated the host as the tetraacid (as opposed to tetra

carboxylate ). Experimental data show that the tetraester and tetraacid of host P and related 

structures have nearly identical CD and UV spectra.22 Thus, we felt that using the crystal 

structure of our tetraester with replacement of esters by acids was justified. In addition, 
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INDO/S calculations are expected to be reliable only for 7t ➔ 1t* transitions, so only states 

predominated by 1t ➔ x• contributions were considered for the actual calculation. 23 This 

exclusion of states predominated by n ➔ 1t* and CJ ➔ 1t* is not expected to affect the 

reliability of the calculations, as the low oscillator strengths of these transitions should not 

significantly contribute to calculated rotational strengths. An additional constraint of the 

calculations was the limitation of transitions to only those above 180 nm (the energy gap 

between shorter wavelength host transitions and longer wavelength guest transitions results 

in insignificant contributions to the rotational strength of the induced transition). 

Comparison of the calculated wavelengths for the transitions with actual spectra showed 

good agreement in general, thus the calculated wavelengths were not corrected to 

approximate experimental observations. 

In the work described here, the INDO/S Hamiltonian with the Zerner parameter set 

and the closed-shell RHF method for SCF calculations was employed. In addition, CI was 

limited to singly excited states and considered only excitations from the 10 highest occupied 

to the 10 lowest unoccupied orbitals (for the ethenoanthracene chromophores, excitations 

from the 14 highest occupied to the 14 lowest unoccupied orbitals were considered). 

Tables 4.2-4.9 list the principle axis coordinates and INDO/S calculated transition moments 

for the component chromophores of Figure 4.12. The 7t ➔ 1t* transition moments in the 

framework of the chromophore are shown pictorially in Appendix 2 (Section 4.9). 

4.3.3 Guests 

INDO/S calculations 14 on guest molecules were handled in the same manner as for 

the host chromophores (Section 4.3.2). The guest geometries come from AMI calcula

tions.24 The transition moments corresponding to the absorption bands of interest are 

given in Table 4.10 and pictorially illustrated in Figure 4.13. All calculations with guests 9 
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and 10 assume the trans-isomer. 25 Complete listing of the guest INOO/S spectral data and 

the principle axis coordinates for each guest are given in Appendix 3 (Section 4.10). 

Atom X " z Atom X l' z 
0 8) -4.53377 2.00240 0.61578 C 65 -1.97029 0.92024 -1.80409 
0 9) 1.74989 -2.81254 -2.02612 H 66 -1.75723 0.94012 -2.87280 
01 10 -0.13942 -3.754:59 -1.7:5743 C 67 -U.25718 -U.33326 1.24263 
H 11 -1.00673 -3.33966 -2.10702 C1 68 0.25509 -0.32331 -1.27092 
0 12 0.20520 -4.00830 1.16958 C 69 0.24105 -1.72317 -0.63588 
0 13 -0.23455 -2.60539 2.78763 C1 70 -0.04321 -1.71771 0.65345 
H 14 -1.03125 -1.96258 2.90056 C 71 1.25915 0.47008 -0.47517 
0 15 4.04675 2.73920 -0.64876 C 72 0.98272 0.45788 0.89681 
C 52 -531704 2.91705 -0.16385 C1 73 -1.37185 0.30813 0.41069 
C 53 2.28791 1.21686 -0.95279 C 74 -1.08071 0.31456 -0.95233 
H 54 2.49711 1.24143 -2.02217 C 75 0.65356 -2.87402 -1.48292 
C 55 3.07672 1.95344 -0.06535 C 76 -0.07770 -2.88228 1.53418 
C 56 2.86180 1.87399 1.27042 C 771 4.68353 3.69267 0.17691 
H 57 3.52067 2.40853 1.95465 H -4.73165 3.84157 -0.29603 
C 58 1.81487 1.12132 1.77621 H 5.12844 4.45582 -0.50009 
H 59 1.65047 1.05402 2.85155 H 931 -5.46897 2.50989 -1.01182 
C, 601 -2.51414 0.87834 0.90963 H 94 -6.17652 2.98958 0.27899 
H 61 -2.73296 0.85586 1.97722 ff, 951 -0.43346 -0.36473 2.17742 
C, 621 -3.39421 1.49255 0.00321 H 96 0.44421 -0.34573 -2.20760 
c, 63 -3.13702 1.50869 -1.33162 H(97 4.00143 4.10153 0.69846 
H 641 -3.83749 1.97747 -2.02278 H 98 5.26924 3.20722 0.75601 

0 

Table 4.2. Principle axis coordinates (A) for ethenoanthracene 
chromophore 1 using full host atom numbering scheme (Figure 4.9). 

Atom X V z Atom X _)' z 
0 1 0.94007 -3.92696 -1.00620 C 38 -1.01353 0.41272 -0.90705 
O, 2) 0.23439 -2.72052 -2.70497 C 391 0.45875 -2.93467 -1.41482 
0 3 -0.19000 -2.98765 2.66951 C 40 -0.50900 -2.91137 1.50903 
0 5) -1.23400 -3.81570 0.87093 C 41 5.07421 3.29357 0.11418 
0 7 4.35236 2.31218 -0.60567 C, 88 -4.97018 3.46732 -0.18057 
0 16 -4.29661 2.45062 0.60876 H 3) 0.48035 -3.48068 -3.35502 
C 171 2.45823 1.00382 -0.87849 H 6) -1.49054 -4.66632 1.39205 
C 19 3.28089 1.68529 -0.01682 H 18 2.65557 0.96283 -1.80987 
Ci 20 2.97954 1.74050 1.35081 H 2lt 3.53189 2.23560 1.94437 
C 22 1.86366 1.07714 1.82399 H 23 1.66829 1.10443 2.75250 
C 24 -2.42208 1.10836 0.93609 H 25 -2.63570 1.10319 1.86570 
C 26 -3.21587 1.80501 0.02316 Hi 28 -3.46286 2.32470 -1.93690 
Cl 271 -2.91785 1.82409 -1.32878 H 30 -1.60250 1.10595 -2.71111 
C 29 -1.80457 1.11452 -1.77684 H 89 -0.48632 -0.33952 2.19309 
C 311 -0.28495 -0.31973 1.26219 H 90 0.48589 -0.38614 -2.16142 
C 32 0.28605 -0.34249 -1.22714 H 5.72810 3.83856 -0.56673 
C 331 0.14324 -1.72119 -0.60092 H(91 5.60062 2.87229 0.78907 
C 34 -0.19688 -1.72945 0.67359 H 92 4.46768 3.89876 0.52694 
C 351 1.34998 0.37901 -0.38290 H -4.26186 4.26426 -0.40671 
C 36 1.05201 0.38455 0.97157 H 99 -5.28494 3.07253 -0.98550 
C 37 -1.32609 0.42363 0.45402 HO00) -5.71733 3.79523 0.31679 

Table 4.3. Principle axis coordinates (A) for ethenoanthracene 
chromophore 2 using full host atom numbering scheme (Figure 4.9). 
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Transition Moment Vectors 
(atomic units) 

State "' Predominate r Rx R-' Rz 
(nm) Transition 

2 378.6 n ➔ 1t* 0.00050 0.07721 -0.00396 0.01607 
3 359.9 n ➔ 1t* 0.00307 -0.15103 0.03580 0.11088 
4 314.9 1t ➔ 1t* 0.03191 -0.27134 -0.45437 0.22516 
5 300.0 1t ➔ 1t* 0.11570 0.90534 -0.09235 0.56078 
6 287.6 1t ➔ 1t* 0.00811 -0.07667 0.26131 0.05106 
7 272.8 1t ➔ 1t* 0.01522 -0.00744 0.36872 -0.02676 
8 244.2 1t ➔ 1t* 0.00169 -0.03447 0.10280 -0.04310 
9 238.5 1t ➔ 1t* 0.09115 -0.59985 -0.46784 0.37000 

10 238.0 1t ➔ 1t* 0.22410 -1.13727 -0.19890 0.65028 
11 233.6 1t ➔ 1t* 0.19849 0.08520 0.80826 -0.93051 
12 229.0 1t ➔ 1t* 0.07922 -0.52338 -0.52348 -0.22198 
13 225.5 1t ➔ 1t* 0.55924 2.02298 -0.07136 0.23268 
14 216.7 1t ➔ 1t* 0.00172 -0.08786 -0.06764 -0.00129 
15 215.9 1t ➔ 1t* 0.04347 -0.52975 0.15388 -0.06800 
16 214.1 1t ➔ 1t* 0.03434 0.12343 -0.43239 0.19961 
17 211.0 1t ➔ 1t* 0.12206 -0.28479 -0.84668 -0.22337 
18 206.8 1t ➔ 1t* 0.24151 -1.20081 -0.44301 -0.07927 
19 205.0 1t ➔ 1t* 0.03250 -0.29915 0.34010 0.11883 
20 202.5 1t ➔ 1t* 0.10426 -0.54443 0.36596 -0.51460 
21 198.8 1t ➔ 1t* 0.01397 0.24206 0.01501 -0.18059 
22 196.0 1t ➔ er• 0.07034 -0.15144 0.13694 -0.64200 
23 195.2 n ➔ 1t* 0.05684 -0.22011 -0.21535 -0.52001 
24 193.6 1t ➔ 1t* 0.27318 -0.78946 0.73423 -0.76058 
25 193.5 1t ➔ 1t* 0.19087 0.46745 0.24448 0.96820 
26 192.7 7t ➔ 1t* 0.13010 -0.89461 -0.13952 -0.07493 
27 190.4 7t ➔ 1t* 0.26965 0.67771 0.28297 -1.07258 
28 189.6 7t ➔ er* 0.12872 -0.44262 0.31508 0.71278 
29 188.8 1t ➔ 1t* 0.44196 -0.66693 1.44268 0.47057 
30 187.2 1t ➔ 1t* 0.12553 -0.22819 -0.09883 0.84363 
31 186.6 7t ➔ er• 0.04706 0.07341 -0.43861 0.30216 

Table 4.4. INDO/S calculated transition moments for ethenoanthracene 
chromophore 1 (Figure 4.12). 
80scillator strength from transition dipole moments. 
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Transition Moment Vectors 
(atomic units) 

State A Predominate r Rx Ry Rz 
(nm) Transition 

2 353.3 n ➔ 1t* 0.00445 -0.02861 -0.08107 0.21064 
3 348.2 n ➔ 1t• 0.00180 0.12847 -0.05617 -0.03068 
4 315.4 7t ➔ 1t* 0.01421 0.26779 -0.11626 -0.24959 
5 300.3 7t ➔ 1t* 0.09960 0.83115 -0.02876 0.54145 
6 288.6 7t ➔ 1t* 0.01409 -0.08630 -0.35098 -0.05675 
7 273.6 7t ➔ 1t* 0.00547 0.02042 0.22073 -0.01261 
8 243 .7 7t ➔ 1t* 0.00844 -0.03632 0.25759 -0.00132 
9 238.5 7t ➔ 1t* 0.08362 -0.59201 -0.08183 0.54724 

10 233 .3 7t ➔ 1t* 0.29167 0.76568 -0.19020 -1.27201 
11 227 .9 7t ➔ 1t* 0.22850 -0.89728 0.93329 -0.19488 
12 223.9 7t ➔ 1t* 0.69330 -2.21670 -0.39250 -0.20593 
13 219.4 7t ➔ 1t* 0.02507 -0.41935 -0.040% 0.05970 
14 218 .3 7t ➔ 1t* 0.12505 0.78090 -0.46496 -0.26980 
15 211.2 7t ➔ 1t* 0.01286 -0.18782 -0.21359 0.09234 
16 208 .9 7t ➔ 1t* 0.06995 -0.06240 0.65883 -0.20769 
17 207.0 7t ➔ 1t* 0.16415 -1.03310 -0.19185 -0.12106 
18 204.1 7t ➔ 1t* 0.01929 -0.02204 0.33744 -0.12343 
19 201.5 7t ➔ 1t* 0.01672 -0.10347 -0.05032 -0.31257 
20 197.3 7t ➔ CJ* 0.05743 -0.02444 -0.51933 -0.32041 

n ➔ 1t* 

21 195.3 n ➔ 1t* 0.01667 0.11499 -0.25065 0.17641 
22 194.8 n ➔ 1t• 0.18653 0.60166 0.25568 0.87672 
23 192.2 7t ➔ 1t* 0.21091 0.33913 -0.88383 0.66204 
24 191.5 7t ➔ 1t* 0.28556 -1.15275 0.09355 -0.68042 
25 190.7 7t ➔ 1t* 0.23366 0.04269 -0.63438 -1 .03089 
26 188.5 7t ➔ 1t* 0.25891 -0.20130 1.22747 0.24457 
27 188.1 7t ➔ 1t* 0.52647 0.80321 0.00689 -1.61706 
28 187.3 7t ➔ CJ* 0.21469 -0.31418 -0.94115 0.58225 
29 183.7 7t ➔ 1t* 0.00389 0.13645 -0.06787 -0.01712 
30 183.2 7t ➔ 1t* 0.29480 -0.82351 0.16042 1.03652 
31 182.2 7t ➔ CJ* 0.00854 0.02915 -0.08897 -0.20610 

Table 4.5. INDO/S calculated transition moments for ethenoanthracene 
chromophore 2 (Figure 4.12). 
80scillator strength from transition dipole moments. 
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Atom X V % Atom X V z 
0 15 3.35978 U.073:n -0.5852.b H 80 1.53356 1.89042 -0.42438 
01 16 -3.73505 -0.37416 -0.08866 C1 81 -0.56042 1.44550 -0.16918 
C 26 -3.49147 -1.03742 -1.28389 H 82 -0.89999 2.37827 -0.61935 
H -4.18587 -1.90664 -1.31456 C 83 -1.47628 0.51631 0.30009 
H -2.44443 -1.41162 -1.23440 C1 84 -1.02522 -0.63741 0.88258 
H -3.75852 -0.33126 -2.10171 H 85 -1.74042 -1.35123 1.29123 
C 59) 4.62536 -0.43302 -0.78675 Ci 86 0.32733 -0.90553 U.95745 
H 4.97765 -0.03394 -1.76416 H 871 0.66442 -1.85259 1.37878 
H 4.51912 -1.53825 -0.86369 C1 88 -2.94188 0.81142 0.18642 
H 5.26700 -0.02254 0.02472 H 97 2.83115 -1.22923 0.76503 
C1 77 2.70069 -0.30050 0.60738 H 98 3.07360 0.19101 1.33772 
C 78 1.24160 -0.00932 0.51514 H 99 -3.07683 1.44025 -0.51300 
C 79 0.80496 1.16799 -0.05638 H 100) -3.24010 1.19452 1.00956 

0 

Table 4.6. Principle axis coordinates (A) for linker chromophore I using 
full host atom numbering scheme (Figure 4.9). 

Atom X V z Atom X V z 
0 7) 3.34727 0.55819 -0.04284 H 4.94100 1.77030 -0.29777 
0 8) -3.67043 0.01441 -0.46403 H 5.29289 0.03164 -0.15499 
C1191 4.60156 0.76918 -0.56255 H 91' 3.10965 -1.35477 0.27589 
C 41 2.69718 -0.68016 -0.25800 H 92 2.76790 -0.92397 -1.17458 
C 42 1.25383 -0.54386 0.12163 H 44 1.41770 1.10138 1.28649 
Ci 43 0.79310 0.49238 0.90017 H 46• -0.85957 1.37957 1.71053 
C 45 -0.57167 0.67083 1.15216 H 49 -1.66274 -1.90337 -0.43530 
C1 47, -1.49205 -0.18736 0.59656 H 51 0.62257 -2.16606 -0.87166 
C 48 -1.03901 -1.25547 -0.11135 H 93 -3.09401 0.90047 1.20589 
Ci so, 0.32938 -1.42143 -0.35522 H(94 -3.31536 -0.62618 1.37017 
C 52 -2.96816 0.05132 0.79873 H -2.41170 1.16100 -1.57521 
C1 62 -3.47005 1.08968 -1.32287 H -4.05147 0.94134 -2.23317 
H 4.56665 0.67240 -1.64781 H -3.78984 2.01032 -0.83354 

Table 4. 7. Principle axis coordinates (A) for linker chromophore 2 using 
full host atom numbering scheme (Figure 4.9). 

Transition Moment Vectors 
(atomic units) 

State ,._ Predominate r Rx Ry Rz 
(nm) Transition 

2 267.5 1t ➔ 1t* 0.01222 0.15436 0.26381 -0.11908 
3 210.2 1t ➔ 1t* 0.05647 0.55159 -0.24735 0.15936 
4 186.5 1t ➔ 1t* 1.10946 -2.57219 0.41025 -0.16466 
5 185.5 1t ➔ 1t* 0.88425 -0.42957 -2.05130 1.00309 

Table 4.8. INDO/S calculated transition moments for linker chromophore I 
(Figure 4.12). 
80scillator strength from transition dipole moments. 
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Transition Moment Vectors 
(atomic units) 

State A. Predominate r R.r R _, Rz 
(nm) Transition 

2 267.5 7t ➔ 7t* 0.00844 -0.10195 -0.21095 -0.13953 
3 209.6 7t ➔ 1t• 0.01288 0.29224 -0.05850 -0.00200 
4 188.1 7t ➔ 7t* 1.09376 2.58623 -0.11585 -0.26747 
5 187.3 7t ➔ Jt* 0.86197 -0.10826 -1.91555 -1.27804 

Table 4.9. INDO/S calculated transition moments for linker chromophore 2 
(Figure 4.12). 
80scillator strength from transition dipole moments. 

Transition Moment 
Vector (atomic units) 

Guest State A (nm) A (nm) Predominate r Rx Ry Rz 
INDO/S Experiment Transition 

3 2 329.9 318 7t ➔ 7t* 0.12855 -0.95750 0.69220 -0.00028 
4 2 337.0 355 7t ➔ 7t* 0.35896 1.89165 0.63533 0.00404 

2 589.3 not observed n ➔ 7t* 0.00111 -0.14144 0.03783 0.00769 

3 530.1 not observed n ➔ 1t* 0.00049 0.01445 0.09149 0.00753 
s 

4 313.3 7t ➔ 7t* 0.13569 1.13598 0.32958 0.02228 
323c 

5 308.2 7t ➔ 7t* 0.13795 0.45616 -1.08923 -0.07288 
2 618.6 570 7t ➔ 7t* 0.01691 0.00011 -0.58680 0. 0000 1 

6 
3 353.0 340 7t ➔ 7t* 0.03038 -0.59421 0.00021 0.00004 
2 515.3 467 7t ➔ 1t* 0.02292 0.62336 0.01458 0.00036 

3 434.7 not observed n ➔ 1t* 0.00000 0.00028 0.00017 0.00224 

7 4 431.9 not observed n ➔ 1t* 0. 0000 8 -0.00005 0.00018 -0.03381 

5 362.6 376 7t ➔ 1t* 0.22150 -0.00569 -1.62597 -0.00029 

6 301.8 292 7t ➔ 1t* 0.12011 -1 .09238 -0.00021 0.00098 
2 366.5 not observed n ➔ 7t* 0.00072 0.01469 -0.00751 0.09186 

8 
3 340.0 366 7t ➔ 1t* 0.64682 2.51389 -0.95928 -0.00787 

9 2 486.7 452 7t ➔ 7t* 1.44654 -4.81355 -0.09670 0.00077 
10 2 482.5 439 7t ➔ 7t* 1.16405 4.29969 -0.06427 -0.00361 
11 2 430.9 412 7t ➔ 7t* 0.95693 -3.67980 0.18417 0.02033 

Table 4.10. INDO/S Calculated Parameters for Longer Wavelength 
Transitions in AM124 Optimized Guests.a 
astate 2 up to shortest wavelength state for which ICD was experimentally observed. boscillator strength 
from transition dipole moments. conly one broad absorption band observed experimentally (Amax = 323 
nm), but ICD shows two transitions at 341 and 309 nm (see Table 4.1). 



173 

3, State 2 4, State 2 

7, States 2, 5 and 6 

8, State 3 

Figure 4.13. AMI24 optimized guests with the transition moments of 
interest. 2 
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4.3.4 Calculation Setup 

Once the host transition moments were known, they needed to be superimposed 

onto the host coordinate system of Section 4.3.1. From the calculations all the host 

chromophores and their transition moments are obtained in a principle axis coordinate 

system specific to the component chromophore. In addition, the coordinates for each atom 

in the host framework are also known, but the coordinates of the transition moments are 

unknown in the host coordinate system. The positions of the endpoints of the transition 

moments (µ 1 and µ2) can be obtained from their relation in space (from the principle axis 

coordinate system) to six atoms in the host framework (Figure 4.14). Tables 4.4, 4.5, 

4.8, 4.9, and 4.10 list µ1 only (this endpoint defines the direction of the dipole); the 

coordinates of the second endpoint are obtained by reflecting µ 1 through the origin of the 

principle axis coordinate system. 

Figure 4.1_4. Relationship in space between a transition moment endpoint 
(µ) and sax atoms (A -F) with known positions in the host coordinate 
svstem. The vectors G. H. and I are defined bv equations 4.11-4.13. 

With reference to Figure 4.14, the six known atoms can be labeled A-F, and the 

distances from these atoms to an endpoint, µ, are labeled a-f, where a is the distance from 

atom A to µ, and so on. It is also useful to define three vectors G, H, and I. 
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G =RBA 

H=Roc 

l=RFE 

(4.11) 

(4.12) 

(4.13) 

Where RJJ denotes the distance vector from atom J to atom/. From the six known points 

in space (atoms) and the six known distances (a-/), the following relationships are 

obtained: 

a2 = (µx - Axf + (µy - Ay}2 + {µz - Azf 

b 2 = {µx - Bxf + (µy - By}2 + {µz - Bzf 

c2 = {µx - Cxf + (µy - Cy}2 + {µz - Czf 

d 2 = (µx - Dxf + (µy - Dy}2 + (µz - Dzf 

e2 = (µx - Exf + (µy - Ey}2 + (µz - Ezf 

{
2 = (µx - Fxf + (µy - Fy}2 + (µz - Fzf 

(4.14) 

(4.15) 

(4.16) 

(4.17) 

(4.18) 

(4.19) 

In expressions 4.14-4.19, the x, y, and z subscripts refer to x, y, and z coordinates in the 

host coordinate system. The only unknown variables in these expressions are µx, µy, and 

µz . Subtracting equation 4.15 from equation 4.14 and rearranging the terms gives the 

following expression: 

2 b2 A2 A2 A2 B2 B2 B2 a- -x-y-z+x+y+z_ 'BA) 'BA) 'BA) 2 - µX\ X - X + µ)'\ J - J + µZ\ Z - Z 

(4.20) 

In equation 4.20, the terms on the left are all known and thus a constant for a givenµ; this 

constant can arbitrarily be defined as g J. Substituting the expression for G (equation 4.11) 

into equation 4.20 gives: 

( 4.21) 
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where g1 is defined as: 

(4.22) 

Analogously, equations 4.23 and 4.24 can be derived and are defined in terms of atom set 

(C, D) for 4.23 and atom set (E, F) for 4.24. 

Where 

g2 = µxHx + µyHy + µzHz 

g3 = µxix + µyly + µzlz 

c2 - d2 - C; -Cy2 - C; + D; + D; + D; 
g2=---------<-------=---

2 

(4.23) 

(4.24) 

(4.25) 

(4.26) 

Equations 4.21, 4.23, and 4.24 provide three expressions to solve for the three unknown 

quantities µx, µy, and µz. Solving the system as a 3 x 3 determinant26 gives the following 

relationships for the unknown quantities: 

g1 Gy Gz 
g2 Hy Hz 

µx = g3 ly lz g1Hylz + GyHzg3 + Gzg2ly - GzHyg3 - g1Hzly- Gyg2lz 
= Gx Gy Gz GxHylz + GyHzlx + GzHxly - GzHylx- GxHzly - GyHxlz 

Hx Hy Hz 
Ix ly lz 

(4.27) 

Gx g1 Gz 
Hx g2 Hz 

µy = Ix g3 lz Gxg2lz + g1Hzlx + GzHxg3 - Gzg2lx- GxHzg3 - g1Hxlz = 
Gx Gy Gz GxHylz + GyHzlx + GzHxly - GzHylx- GxHzly - GyHxlz 
Hx Hy Hz 
Ix ly lz 

(4.28) 
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(4.29) 

Using Excel,27 a spreadsheet was set up to solve equations 4.27-4.29 given appropriate 

input atoms and their coordinates in both principle axis and host coordinate systems. In 

this manner the coordinates of all endpoints for the transition moments (and thus the 

transition moments themselves) were obtained in the host coordinate system. Given 

appropriate aligning of axes or planes in a guest molecule, this spreadsheet could also be 

used to locate positions of guest transition moments and atoms in the host coordinate 

system as well. The complete listing of transformed coordinates for the host 7t ~ 1t* 

transitions are given in Appendix 1 (Section 4.8). 

Once all the transition moments are translated into the host coordinate system, 

calculations using equation 4.2 can be carried out. The transition moments from Tables 

4.4, 4.5, 4.8, 4.9, and 4.10 give directions, but not magnitudes. The magnitude of the 

transition moment (in cgs units, esu•cm) is given by equation 4.3013b 

-is" rr 11µ1I = 1.46 x 10 y -v (4.30) 

In this equation f is the oscillator strength of the transition and vis the frequency of the 

transition (cm-I). This requires that all transition moment coordinates be multiplied by a 

constant, m, in order to calculate dot and cross vector products; mis defined by equation 

4.31 and always has the value shown.13b 
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For the calculations, guests were oriented in the cavity based on reasonable binding 

geometries (specific to the type of guest; see Section 4.4) and rotated about the y-axis in 1(}° 

increments. The rotated coordinates (µx+8, µy+0, µz+a) are obtained from multiplying the 

initial coordinates (µx, µy, µz) by the rotation matrix shown in equation 4.32. 

cos e 

0 

-sine 

0 

1 

0 

sine 

0 

cos e 

µx+e 
µx 

X µy = µy+0 = 
µz 

µyl (4.32) 

-µx sin e + µz cos e 

Unless otherwise specified in Section 4.4, the initial orientation (0 = 0°) was alignment of 

the transition dipole under consideration with the z-axis. Rotational strength (R) was 

calculated at each 10° increment. The value of R was calculated for the given orientation of 

the transition moment and was not modified for "impossible" orientations, i.e., guest atoms 

and host atoms sitting at the same locations in space. Calculation of ICD with host Cs was 

done analogously to the case of host Ps, but the contributions from transition moments in 

the linkers were neglected from the coupling.28 

4.4 Calculation Results and Bound Guest Orientations 

4.4.1 Long-Axis Dyes 

Guests 9, 10, and 11 can be thought of as control molecules. CPK and molecular 

mechanics calculations show that these guests can only orient themselves in the host cavity 

with the long-axis having a less than 90° (and probably much less than 90°) inclination from 

the z-axis in the xz-plane. For purposes of calculation, the starting orientation placed the 

guest long axis transition moment in the xz-plane, aligned along the z-axis with the 

midpoint of the transition moment coincident with the origin. The ICD vs 0 curves are 

shown in Figures 4.15 and 4.16. The host P calculations (Figure 4.15) are relatively 
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uninformative, as R < 0 for all values of 8, but the host C data (Figure 4.16) confirm what 

the models have shown. Experimentally, host Cs induces CD with R > 0 for all three of 

the long axis guests.29 According to the calculations this places the transition moments at 

140° S 8 S 185° (± n18O°), or up to 40° off perfect alignment with the z-axis for guests 9 

and 10. Guest 11 has a slightly broader range, 135° S 8 S 190° (± n18O°). Based on the 

size of the guests, 8 approaching 90° should be impossible to attain, and this is confirmed 

by the calculation. The host C cavity is thought to be slightly narrower than host P, thus a 

guest in host P may have a slightly broader range of allowed 0's. 

Another feature of the curves showing the expected I CD (Figures 4.15 and 4.16) is 

that a larger R is to be expected for CD induced by host P than by host C. This is the 

result of the contribution to R from the transitions associated with the linkers (particularly 

the transition to State 4; see Tables 4.8 and 4.9). This larger R for ICD in host P 

complexes is predicted for all the guests studied in these coupled-oscillator calculations. 
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.S -100.0 
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A: Guest 9 
B: Guest 10 
C: Guest 11 
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Figure 4.15. ICD expected from rotation of guest State 2 transition 
moment about the y-axis for guests 9 (A), 10 (B), and 11 (C) bound by 
host P . 
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Figure 4.16. ICD expected from rotation of guest State 2 transition 
moment about the y-axis for guests 9 (A), 10 (B), and 11 (C) bound by 
host C . 

The binding orientation suggests that these guests may twist in order to better fill 

the cavity and to push their aromatic rings into the aromatic cavity walls. In each of the 

three guests, one ring is electron deficient, and we believe that it is the electron-poor ring 

that pushes up to the electron-rich face of a cavity aromatic ring. One intriguing aspect of 

the calculations is the preference for two of four possible binding orientations (Figure 

4.17). The difference in sign of ICD for these seemingly equivalent orientations suggests 

that the interaction of wavefunctions of cavity walls and guest differ significantly. The 

difference is apparently strong enough to result in a preference for a clockwise inclination 

from the z-axis (Figure 4.17). This preference for the "clockwise" twisted bound guest is a 

very subtle aspect of the bound complex that would not be detectable in an NMR study (the 

D values are expected to be similar for either conformation). AM 1 calculations show that 

guest 9 is ideally planar, but there is a low energy barrier to conformations in which the 

aromatic rings are twisted relative to the plane of the ethylene bridge;30 AM 1 optimized 10 

and 11 are twisted (and thus chiral) in their lowest energy conformations.3 1 We propose 
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that the chirality of the host induces a subtle preference for the rings of guests 9, 10, and 

11 to be twisted to cause a better fit (and thus better cation-7t stabilization) at one side of the 

cavity .32 These data suggest that there is some directionality in the cation-7t effect acting as 

a stabilizing force in molecular recognition. 

A 

Experimentally Observed (R > 0) 

.40<>< e< s0 

± n180° 

B 

Not Observed 

\__) 
Clockwise Rotation of Guest 

ExpectR > 0 

Counter Clockwise 
Rotation of Guest 

ExpectR < 0 

Figure 4.17. Observed (A) and non-observed (B) binding orientations for 
long-axis guests with host Cs (illustrated with guest 9). The view is down 
the +y-axis, and the guest lies in the xz-plane and is positioned with the 
long-axis transition moment at an angle midway through the range of 
allowed e's off the z-axis. Note that each of the two orientations shown 

enerates an e uivalent orientation bv addin 180° to the value of 8. 
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4.4.2 Azulenes 

Guests 6 and 7 were chosen for study because each has a pair of well-defined, 

mutually perpendicular long wavelength transition moments (oriented along the long and 

short axes of the molecule; see Figure 4.13). It was also of interest to determine if a cation-

1t effect is operative with the seven-membered "cationic" ring of the guest. la.33 As with the 

long-axis guests, the starting orientation put the guest transition moment in the xz-plane, 

aligned along the z-axis with the midpoint of the transition moment coincident with the 

origin. 

Figures 4.18 and 4.19 show the expected rotational strength for bound 

conformations of azulene (6) with hosts P and C. Only the transition to State 3 was 

experimentally observed (with both hosts), this transition being polarized along the long 

axis of the guest (Figure 4.13 ). The expected R < 0 places the binding orientation from 0°-

1400 (± n180°) for host P and from 30°-130°(± n180°) for host C (Figure 4.20) . This 

suggests the guest is most likely to be near the 90° orientation. That is, the guest prefers to 

be nearly fully encapsulated in the host-a binding conformation consistent with a strong 

hydrophobic effect contributing to the binding. Models show that the host cavity is long 

enough to accommodate the long axis. We were unable to experimentally see ICD for State 

2 (short axis transition, 90° inclination from State 3). The calculations indicate that, in 

general, the magnitude of~£ should be smaller for State 2 than for State 3. If we assume 

our observation is not an experimental artifact, but rather indicates that & "'" 0, Figure 4.18 

suggests the binding orientations for host C to be in the range of 140°-175°(± n180°). This 

would imply 50-85°(± n180°) for State 3 (Figure 4.21), a result consistent with the direct 

analysis of State 3. Host Pis expected to have a similar binding orientation. 

Figures 4.22 and 4.23 show the expected rotational strength for bound 

conformations of guest 7 with hosts P and C . ICD is observed in State 5 (long-axis 

transition) for both hosts and State 2 (short-axis transition) is not observed under our 
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experimental conditions. Based on an analysis analogous to that of the rotational strength 

curves for guest 6, it can be shown that the most likely orientation for guest 7 with host C 

(and presumably host P) is 500-800 (± nl80°) for the long a.xis of the guest (Figure 4.24). 

Again we see a preference for greater encapsulation of guest surf ace area and strong 

hydrophobic binding contributions. 
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Figure 4.18. ICD expected from rotation of guest States 2 and 3 transition 
moments about the -axis for uest 6 bound bv host P . 
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Figure 4.19. ICD expected from rotation of guest States 2 and 3 transition 
moments about the -axis for uest 6 bound b host C . 
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210°~ e < 310° 

Figure 4.20. Binding orientations predicted for guest 6 with host Cs based 
on ICD observed in guest long-axis (State 3) transition. The view is the 
same as that of Figure 4.17. 

0 

230°~ e < 26s0 

Figure 4.21. Binding orientations predicted for guest 6 with host Cs based 
on ICD observed in guest long-axis (State 3) transition when .1.E for ICD in 
short-axis (State 2) transition is approximately zero. The view is the same 
as that of Fi ure 4.17. 
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Figure 4.22. ICD expected from rotation of guest States 2 and 5 transition 
moments about the -axis for uest 7 bound b host P . 
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Figure 4.23. ICD expected from rotation of guest States 2 and 5 transition 
moments about the -axis for uest 7 bound b host C . 
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0 

Figure 4.24. Binding orientations predicted for guest 7 with host Cs based 
on ICD observed in guest long-axis (State 5) transition when ~E for ICD in 
short-axis (State 2) transition is approximately zero. The view is the same 
as that of Fi ure 4.17. 

Guest 7 also shows an interesting spectral feature in its host-guest complex with 

both hosts P and C (data for host P shown in Figure 4.25). It appears that the transition to 

State 6 (short-axis, near 300 nm) shows an excitonic coupling15 (split Cotton effect 

centered near 300 nm) to State 5 of the ethenoanthracene chromophores of the host. To our 

knowledge, this is the first example of an excitonic coupling between host and guest 

chromophores in a host-guest complex; Previous reports of excitonic coupled CD spectra 

in host-guest complexes have shown excitonic coupling between bound guests3i or 

between component chromophores in the host itself.5ab,6be 
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Figure 4.25. CD spectrum of host Ps and fitted spectrum of its complex 
with uest 7 in a ueous borate buffer H 9 . 

The general form of the equation describing excitonic coupling of chromophores 

(see Chapter 3, Section 3.2.2) isl5 

(4.33) 

where the interaction energy (VaIA,bIB) between the interacting transitions is defined by the 

point-dipole approximation and has the form of equation 4.3. 15 The expected sign of the 

excitonic chirality for the host Ps/Cs-guest 7 complex was computed for the binding 

orientations of Figures 4.22 and 4.23; the result is shown in Figure 4.26. Using these 

binding orientations, the relationship of the three transition moments in space shows a left

handed sense of screw in our host coordinate system (Figure 4.27). This requires that the 

sign of Rab< 0 for purposes of calculation. 15 Based on the observed negative chirality for 

7-Ps complex (negative first Cotton effect, positive second Cotton effect; as expected CR 

gives opposite chirality), the calculation gives a short-axis binding orientation in the range 

115°-240° (± n180°); this is 25°-150° (± n180°) for the guest long-axis. While broad, the 

range of 0 is consistent with the data obtained from Figures 4.22 and 4.23 and guest 6; it 
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also rules out the orientation where the seven membered "cationic" ring is exclusively 

bound (00 with respect to the long-axis of the guest). 
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Figure 4.26. Calculated sign of excitonic coupling between guest 7 State 6 
and ethenoanthracene chromophores State 5 in complexes with hosts Ps and 
C. 
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Ethenoanthracene 2 
State S 
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RttG < 0 
0 

Figure 4.27. Relationship in space of guest 7 State 6 and ethenoanthracene 
State 5 transition moments for the 0 = 0° orientation of the guest long-axis, 
illustrating the left-handed sense of screw for the system. Viewed through 
anthracene framework of ethenoanthracene chromophore 1 (A) and in 
relation to one another B . 
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4.4.3 Quinolines and Coumarins 

While convienient for our analysis, the dyes and azulenes previously described do 

not represent typical guests studied with our hosts. The most prototypical guests that 

exhibited ICD were the quinoliniums 3, 4, and 5. These guests have transition moments 

that do not lie perfectly along a long or short-axis in the guest framework (Figure 4.13). 

As a result, using a 8 = 0° based on the transition moment (as in the previous cases) 

provides bound guest orientations that are unlikely to occur (given NMR data and cavity 

dimensions). 1,20 In order to approximate a more realistic binding orientation, the guests 

were oriented in the xz-plane so that the C(9)-C(l 0) bond of the quinoline ring was 

coincident with the z-axis, and the midpoint of this bond was placed at the origin. The 

midpoints of the C(2)-C(3) and C(6)-C(7) bonds were bisected by the x-axis. Beginning 

(X) ~ 

N+ 
I 
CH3 

0 

Orientation #2 

Figure 4.28. 8 = 0° orientations for quinoline based guests in the host 
coordinate system (illustrated with host Cs and guest 3). The view is 
down the +y-axis, and the guest lies in the xz-plane with the C(9)-C(10) 
bond ali ned with the z-axis and centered at the ori in. 
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with this orientation, the guest was rotated about the y-axis to give the R vs 8 curves. 

Unlike the previous guests, whose orientations were determined by the transition moments, 

the three quinolines each have two initial orientations that need to be considered (Figure 

4.28). 

Experimentally, guest 3 shows ICD only with host C. In the case of host P, the 

ICD band is thought to be buried under the tail of the host longer wavelength Cotton 

effects. Figure 4.29 shows the expected rotational strength for guest 3 interacting with 

host C. The data (Cs, R < 0) puts 8 at 0°-100° (± n180°) for orientation #1 and 80°-185° 

(± n 180°) for orientation #2. In each case the guest appears to rotate in such a way as to 

place the N-methyl group towards the interior of the cavity (Figure 4.30). Since the methyl 

group carries a large fraction of the positive charge in such a structure, this finding is 

consistent with the cation-1t interaction influencing binding orientations.34 

NMR experiments with guest 3 and host P show that the protons in the 2, 6, and 7 

positions on the quinoline ring experience greater upfield shifting on complexation than do 

other guest protons (Figure 4.31 )_35 We believe that these protons are therefore more 

deeply buried in the host cavity than are the remaining (more exposed) guest protons. The 

10.0 
C' ... 
= - 5.0 
~ 

"' QI) 
1,1 0.0 '-' 

.c -QI) 
C -5.0 
~ ... -t'-l 
-;; -10.0 
C .:: -CIII -15.0 -0 Orientation #2 

IX 

-20.0 
0 50 100 150 200 250 300 350 

e (deg) 

Figure 4.29. ICD expected for guest State 2 transition from rotation of 
uest C 9 -C 10 bond about the -axis for uest 3 bound b host C . 
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B 
0 1so0

~ e ~ 2so0 

0 Guest in Orientation #1 

C 

D 

Guest in Orientation #2 

Figure 4.30. Binding orientations predicted for guest 3 with host Cs based 
on ICD observed in the guest State 2 transition. The view is down the +y
axis, and the guest lies in the xz-plane and is positioned with the C(9)
C(10) bond at an angle midway through the range of allowed S's off the z
axi s. 
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u ,,,,.cu2 
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Figure 4.31. Relative D values from NMR experiments for guest protons 
in uest 3 bound b host P.35,36 

binding orientations shown in Figure 4.30 are consistent with these NMR observations. In 

particular the proton at the 2-position is shown to be near the cavity walls in all four of the 

Figure 4.30 binding orientations, and this proton is upfield shifted to the greatest extent in 

the NMR studies (Figure 4.31).36 As expected, we observe binding orientations for host 

P that are similar to those of host C with a given guest. 

Similar calculations were performed for guest 4. The R vs 8 curves are shown in 

Figures 4.32 and 4.33. With host Ps (R < 0), the data places 8 at 10°-140° (± n180°) for 

orientation #1 and at -25°-125° (± n180°) for orientation #2 (Figure 4.32). The host C data 

narrows the range of 8, giving ranges of 35°-125° (± nl 80°) for orientation #1 and 30°-115° 

(± n180°) for orientation #2 (where Cs is expected to produce R < 0, Figure 4.33). Again 

the data for the two systems are consistent and indicate that the guest rotates in such a way 

as to place one substituent towards the inside of the cavity (Figure 4.34). In this case there 

are two substituents, the N-methyl and 4-dimethylamino groups. We expect the preferred 

orientation would place the hydrophilic dimethylamino group more exposed to solvent and 

the hydrophobic methyl group in the cavity (Figure 4.34 orientions A and B). This also 

puts the formal positive charge in the cavity, where it can experience cation-1t interactions. 
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Figure 4.32. ICD expected for guest State 2 transition from rotation of 
uest C 9 -C 10 bond about the -axis for uest 4 bound b host P . 
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Figure 4.33. ICD expected for guest State 2 transition from rotation of 
uest C 9 -C 10 bond about the -axis for uest 4 bound b host C . 
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0 Guest in Orientation #1 
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0 
D 2os0 !:: e < 310° 
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Guest in Orientation #2 

Figure 4.34. Binding orientations predicted for guest 4 with host Cs based 
on ICD observed in guest State 2 transition. The view is the same as that 
of Fi ure 4.30. 
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For guest 5, induced CD was observed only with host Ps (Figure 4.35). The 

expected rotational strength is shown in Figures 4.36 and 4.37. This guest was of 

particular interest, as the ICD was observed for two nearly in-plane transitions separated 

through an angle of 83.5° (States 4 and 5, see Figure 4.13). The 8 range satisfying the 

observed ICD (State 4 R > 0, State 5 R < 0) for host Ps is 80° - 150° (± n180°) for 

orientation #1 and 0°-70° (± n180°) for orientation #2. This indicates a preference for 

binding orientations in which both substituents are outside the cavity (Figure 4.38). This 

places the hydrophilic nitro group in a solvent-exposed environment. This is in contrast to 

the preferred orientations of guests 3 and 4 where a substituent is pushed towards the 

interior of the cavity. It may be that a 1,5 substitution pattern does not allow a comfortable 

fit in the cavity unless both substituents are outside. Alternatively, a high desolvation 

penalty for the hydrophilic nitro group may dictate that this group remain exposed to 

solvent. 

2.00 
State 5 

1.00 

0.00 -0 

E 
-1.00 State 4 -,< 

<D 

-2.00 

-3.00 

-4.00 
300 310 320 330 340 350 

A (nm) 

Figure 4.35. CD spectrum of an aqueous borate buffer (pH 9) solution 
1.08 x 10-s M in uest 5 and 1.06 x 10-s M in host P . 
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Figure 4.36. ICD expected for guest State 4 and 5 transitions from rotation 
of guest C(9)-C(1O) bond about the y-axis for guest 5 (in 0 = 0° orientation 
#1 bound b host P . 
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Figure 4.37. ICD expected for guest State 4 and 5 transitions from rotation 
of guest C(9)-C(1O) bond about the y-axis for guest 5 (in 0 = 0° orientation 
#2 bound b host P . 
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Figure 4.38. Binding orientations predicted for guest 5 with host Ps based 
on ICD observed in guest State 4 and 5 transitions. The view is the same 
as that of Fi ure 4.30. 
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It was hoped that by looking at chromophoric guests with a naphthalene-like 

topology, we could learn about the binding orientations of more protoypical guests than the 

dyes and azulenes. For these studies, we looked at several coumarin based-dyes (8, 12-

14 ), but only 8 gave detectable ICD and only in studies with host C. Calculation by 

orienting the guest with its transition moment coincident with the z-axis and the midpoint of 

the transition moment at the origin, places 8 in the range 30° - 130° (± 180°) for the 

expected R < 0 with host Cs (Figure 4.40) As seen with guests 6 and 7, this puts the 

guest in an orientation that allows most of its surface area to be placed in the cavity (Figure 

4.41 ). The data suggests hydrophobic forces dominate the binding of this guest. 

12 13 

Fi ure 4.39. Coumarin d es. 
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Figure 4.40. ICD expected from rotation 
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Figure 4.41. Binding orientations predicted for guest 8 with host Cs based 
on ICD observed in guest long-axis (State 3) transition. The view is the 
same as that of Fi ure 4.17. 

4.5 Calculation Control Studies 

4.5.1 Approaches to Coupled-Oscillator Calculations 

As previously noted, our approach towards coupled-oscillator calculations 

(described in Sections 4.2-4.4) differs from more commonly applied 

approaches3k,12,17c,18 in the way we define the chromophores. It is the general practice to 

treat each bond in the host (usually a non-chromophoric system) as a chromophore and 

then couple the resultant transition moments with 7t ➔ 1t* transition moments in the 

guest.3k,12,17c,18 This immediately brings into question the validity of our approach, 

since others do not use it. We believe that our approach to defining actual chromophores is 
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more realistic, but we needed to demonstrate this in light of the literature precedence for the 

bond chromophore approach. 

As a test of our method, we chose to calculate the expected CD in (+)-2-

methylenebenzonorbornene (15, Figure 4.42). As for our guest molecules, the INOO/S 

calculation was carried out on AM124 optimized 15 (Table 4.11, Figure 4.43), with the 

calculation subject to the same computational constraints as described in Section 4.3.2 

(with the exception that 7t ➔ 1t* transitions below 180 nm were included). Structure 15 

has component chromophores 16 and 17 (Figure 4.42), the INDO/S 14 calculated spectral 

data for these component chromophores and principle axis coordinates are presented in 

Tables 4.12 and 4.13; the 7t ➔ 1t* transition moments are shown pictorially in Figure 4.44. 

15 16 17 

Figure 4.42. (+)-2-Methylenebenzonorbornene (15) and its component 
chromo hores 16 and 17 . 

Atom X y z Atom X y z 
C(l) -1.3909 l 5 0.008896 -1.705215 H(13) -0.310425 1.999329 1.253159 
C(2) -0.553894 0.138870 -0.599609 C(14) 0.286194 -0.135071 1.564804 
C(3) -0.865067 -0.489639 0.599518 HOS) 0.028625 -0.235474 2.635788 
C(4) -2.014893 -1.264496 0.720108 H(16) 0.958252 1.744720 -1.054886 
C(S) -2.861252 -1.399826 -0.384933 C(l 7) 1.941100 -0.067291 -0.159241 
C(6) -2.550171 -0.765427 -1.594086 H(18) 1.423981 1.794754 1.579514 
H(7) -1.143036 0.497833 -2.635773 C(19) 1.643906 -0.791489 1.153992 
H(8) -2.245193 -1.756348 1.653625 H(20) 1.555252 -1.886353 1.020538 
H{9) -3.756943 -1.999313 -0.306427 H(21) 2.436676 -0.605591 1.903305 
HOO) -3.206741 -0.876404 -2.445145 C(22) 2.988785 -0.263824 -0.962067 
C(ll) 0.768951 0.899155 -0.367111 H{23) 3.756943 -0.995071 -0.707855 
CO2) 0.547028 1.309448 1.101028 H(24) 3.094650 0.302400 -1.888107 

Table 4.11. Atomic coordinates of AM1 24 optimized 15, using the atom 
numbering scheme of Figure 4.43. 
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23 

Fi ure 4.43. AMI 24 o ti mi zed 15 showin calculation numberin scheme. 

Atom X y z Atom X y z 
Chromophore 16 
CO) 0.72998 1.40503 -0.00394 HOO) 2.87580 1.25014 -0.00921 
C(2) -0.46482 0.68934 0.00028 C(l 1) -1.94702 1.11953 0.00648 
C(3) -0.45595 -0.69978 0.00700 CO2) -2.35570 1.09203 -1.02838 
C(4) 0.74431 -1.40439 0.00512 H(13) -2.54049 0.43110 0.64883 
C(S) 1.94869 -0.69363 0.00149 C(14) -1.93999 -1.12428 -0.00966 
C(6) 1.94174 0.70682 -0.00339 HOS) -2.04207 -2.15809 0.37008 
H(7) 0.71735 2.48494 -0.01145 H(16) -2.04094 2.14778 0.40364 
H(S) 0.74224 -2.48437 0.00215 H -2.53854 -0.44124 0.63367 
H(9) 2.88837 -1.22728 -0.00124 H -2.33728 -1.07889 -1.04833 

Chromophore 17 
COl) 0.83312 1.17329 -0.00137 H(21) 0.45209 -1.86096 -0.90134 
H 1.69976 0.93439 0.65485 H(20) 0.47060 -1.86325 0.90028 
H 1.20069 1.35046 -1.03683 C(22) -1.50039 0.08297 -0.00154 
H(16) 0.34599 2.09573 0.36696 H(23) -2.10742 -0.82309 -0.00593 
C0 7) -0.16786 0.01182 0.00831 H(24) -2.00640 1.04906 -0.00719 
C(19) 0.68240 -1.25876 -0.00206 H 1.76323 -0.99337 -0.01066 

Table 4.12. Atomic coordinates of component chromophores of AM1 24 

optimized 15 in their principle axis coordinate systems, using the atom 
numbering scheme of Figure 4.43. 

Transition Moment Vectors 
(atomic units) 

State A. Predominate r Rx Ry Rz 
(nm) Transition 

Chromophore 16 
2 271.5 7t ➔ 1t* 0.00349 0.17649 -0.00131 0.00941 
3 215.3 7t ➔ 1t* 0.00745 -0.01788 -0.22894 0.00792 
4 209.3 7t ➔ 1t* 0.18557 -1.13061 -0.02212 -0.00188 
5 199.7 7t ➔ 1t* 0.19819 0.04915 -1.14032 0.00865 
6 189.7 (f ➔ 1t* 0.49319 -0.22902 -1.74003 0.00569 
7 188.7 7t ➔ 1t* 0.82651 2.25973 -0.16370 0.03559 

Chromophore 17 
2 175 7t ➔ 1t* 0.57175 -1.81081 0.11784 0.01130 

Table 4.13. INDO/S 14 calculated data for component chromophores of 15. 
80scillator strength from transition dipole moments. 
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State 2 State 3 

State 4 State 5 

Figure 4.44. Component chromophores of AM124 optimized 15 and their 7t 

➔ 1t* transition moments. 

The calculation results are compared with experiment in Table 4.14 and agree quite 

well with experimental observations37 in terms of sign, but not in magnitude of R . 

Experimentally, two Cotton effects are observed at 265 nm (R > 0) and 224 nm (R > 0). 

Additionally, a third Cotton effect is detected through a fitting procedure and is thought to 
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be at about '207 nm with R < 0.37 Computationally, we predict a Cotton effect at about 272 

run (R > 0), corresponding to the experimental 265 nm Cotton effect. A second Cotton 

effect is predicted at about 215 nm with R < 0, but this is not seen experimentally; 

however, the experimentally observed Cotton effect at 224 nm with R > 0 is calculated to 

occur at about 20CJ nm, a greater IRI than the 215 nm transition. Experimentally, the larger 

R transition should hide the 215 nm Cotton effect. Additionally the Cotton effect expected 

at 207 nm with R < 0 is predicted computationally at about 200 nm. The results of a 

previously reported calculation38 of CD in 15 that used the approach of coupling the 

benzene 7t ➔ 1t* transitions with each bond in the rest of the molecule are also reported in 

Table 4.14. This calculation predicts two Cotton effects at 27 5 nm (R > 0) and 220 nm (R 

< 0).38 While these transitions are also predicted by our calculation (271 nm, 224 nm), 

they certainly do not represent the experimental observations without also predicting the 

large R > 0 transition below 220 nm. 

While the data of Table 4.14 shows some discrepancy in the calculated magnitude 

of R with experiment, we see strong qualitative agreement with the sign of R, and our 

results explain the observed spectrum. A coupled-oscillator calculation using the more 

common bond as chromophore approach,38 however, fails to rationalize the experimental 

CD spectrum of 15. This example nicely illustrates the utility of our component 

chromophore approach to carrying out coupled-oscillator calculations. 

Calculated38 

Experiment37 (Coupling or bond transl tlons Calculated in this 
with benzene ring) work 

A (nm) R A (nm) R ,_ (nm) R 
(cgs x 10· 40 ) (cgs X 10-40) (cgs x 10· 40 ) 

265 small> 0 275 0.1 271.5 0.26 
220 -17.0 215.3 -7.0 

224 43 .5 209.3 30.6 
207 -20.0 199.7 -7.1 

175.0 4.1 

Table 4.14. Experimental and calculated CD spectral data for 15. 
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4.5.2 Guest Binding Orientations 

Another important question that arises from these calculations concerns the choice 

of the 8 = 0° orientation of the guest. The 8 = 0° orientations employed within the 

calculations are based on ideal fits (supported by NMR data and CPK models) for the guest 

within the host cavity, but how valid are they and how would the calculated results differ 

with slight perturbations of these 8 = 0° orientations? A series of calculations in which the 

8 = 0° orientations were systematically varied was undertaken in order to address these 

questions. These calculations and their implications are discussed in this section. 

The first issue addressed was that of the guest transition moment not lying in the 

xz-plane. All the guests, except the quinoliniums 3-5, were oriented such that their 

transition moments lie in the xz-plane. Quinoliniums 3-5 were placed so that the quinoline 

ring actually lies in the xz-plane. In order to address the effect of non-planarity, a "generic" 

transition moment (with a constant magnitude of 2.54 x lQ-18 esu•cm at wavelengths from 

350-700 nm)39 was placed with the standard 0 = 0° orientation (in xz-plane, aligned along 

z-axis, centered on origin). Then the transition moment was rotated in 10° increments 

counter-clockwise about the x-axis (this is done as in y-axis rotation calculations using the 

rotation matrix of equation 4.34), the results are shown in Figures 4.45 and 4.46. 

1 0 0 µx µx +8 µx 

0 cos e sine X µy = µy+e = µy cos e -µz sin e (4.34) 

0 -sin e cos e µz µz+e µy sin e + µz cos e 

In Figures 4.45 and 4.46, the sign at 0 = 0° represents the in plane transition 

moment as implied in our calculations. From the R vs 0 curves, it can be seen that it 

requires an x-axis rotation of at least 20° to change the sign of R. Given the dimensions of 

the host cavity and the fit of the guest in the cavity (from CPK models), such a rotation of 
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the guest out of the xz-plane would require the guest actually leave the cavity, so such a 

perturbation shouldn't represent a bound-guest orientation. 
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Figure 4.45. ICD expected from rotation of a transition moment about the 
x-axis for a guest bound by host Ps. (lµI = 2.54 x 10· 18 esu•cm; f = 
0.0867, 0.07 59, 0.067 5, 0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A 
= 350 400 450 500 550 600 650 and 700 nm .3 9 
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Figure 4.46. ICD expected from rotation of a transition moment about the 
x-axis for a guest bound by host Cs. (lµI = 2.54 x 10· 18 esu•cm; f = 
0.0867, 0.0759, 0.0675, 0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A 
= 350 400 450 500 550 600 650 and 700 nm ,3 9 
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Following a similar protocol, the "generic" transition moment was placed in the xz

plane, centered at the origin, and aligned with the x-axis. This time the transition moment 

was rotated about the z-axis, and the results are shown in Figures 4.47 and 4.48; the 

rotation matrix is given in equation 4.35. 

cos e -sine 

sine cos e 

0 0 

0 

0 

1 

µx 
X µy 

µz 

µx+e µx cos e + µy sin e 

= µy+e = - µx sin e + µy cos e (4.35) 

µz +8 µz 

These R vs 8 curves also show that an out of plane rotation of at least 20° is required to 

change the sign of the ICD. Since such an out-of-plane rotation precludes the guest from 

fitting into the rhomboid binding site, it appears that our choice of 8 = 0° orientations are 

reasonable for the host-guest complexes of interest. 
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Figure 4.47. ICD expected from rotation of a transition moment about the 
z-axis for a guest bound by host Ps. (lµI = 2.54 x 10· 18 esu•cm; f = 
0.0867, 0.0759, 0.0675, 0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A 
= 350 400 450 500 550 600 650 and 700 nm .3 9 
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Figure 4.48. ICD expected from rotation of a transition moment about the 
z-axis for a guest bound by host Cs. (lµI = 2.54 x I0- 18 esu•cm; f = 
0.0867, 0.0759, 0.0675, 0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A 
= 350 400 450 500 550 600 650 and 700 nm ,3 9 

With the exception of the quinolinium guests (3-5), all of the calculations were 

carried out with the transition moments centered at the origin. However, given the degrees 

of freedom of the system and the xz-plane dimensions of the binding site compared to the 

size of some guests, it seems likely that perturbations of these ideal binding conformations 

should occur. To examine the effects of in-plane translation of the 0 = 0° orientation, a 

generic transition moment was studied (2.54 x 10-18 esu•cm at 350 nm with/= 0.0867). 

Translating the transition moment along either x or z-axes followed by y-axis rotation 

provided the R vs 0 curves of Figures 4.49-4.52. Off setting along the y-axis was not 

considered as the cavity dimensions prohibit any significant translation of a guest along this 

axis. 

Figures 4.49 and 4.50 show the effect of translation on the x-axis, that is moving 

the transition moment from the cavity center towards the cavity walls. The host P 

calculation (Figure 4.49) suggests that only as the transition gets very close to the cavity 

walls (3 A translation) is a change in the sign of the ICD observed (although differences in 

magnitude are predicted even for small offsets). Such an offset towards the cavity walls is 
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not expected to occur, as this puts the transition moment itself about 1.3 A from the cavity 

wall (see Chapter 3 for cavity dimensions). This short distance should result in some of 

the atoms that make up the guest framework being at even closer distances to the atoms in 

the cavity walls; the close contact of these guest and host atoms should result in severe 

repulsions and thus suggests that such a binding orientation is unlikely. Similarly, for host 

C (Figure 4.50) the data suggest no significant effects on the sign of the ICD for x-axis 

offsets up to 3 A. 

Figures 4.51 and 4.52 show the effects of z-axis offsetting. This is essentially the 

moving of the guest transition moment away from the origin towards the outside of the 

cavity. As in the case of x-axis offsetting, host P is more affected than host C (Figure 

4.51 vs Figure 4.52). However, only at larger displacements is the sign of the ICD 

significantly affected. This means that the guest is expected to be outside the cavity for a 

sign change to occur, and since this does not represent a bound conformation, such a 9 = 

0° orientation should not be considered for the ICD in a bound complex. 
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Figure 4.49. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Ps, where the transition moment is offseJ 
along the x-axis from the origin by 0 (A), 1 (B), 2 (C), and 3 (D) A 
distances. = 2.54 x l0-18 esu•cm· = 0.0867 at A = 350 nm . 
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Figure 4.50. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Cs, where the transition moment is offseJ 
along the x-axis from the origin by 0 (A), 1 (B), 2 (C), and 3 (D) A 
distances. = 2.54 x 10·18 esu•cm· = 0.0867 at A = 350 nm . 
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Figure 4.51. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Ps, where the transition moment is offset 
along the ~-axis from the origin by 0 (A), 0.25 (B), 0.50 (C), 0.75 (D), 
and 1 (E) A distances. (lµI = 2.54 x l0- 18 esu•cm; f = 0.0867 at A = 350 
nm. 



210 

0.0 .-
• C -

M 10. 
=, 
" -

.1:1 0 . -~ 
c::l 
~ ... - -10.0 c,;i 

'i 
c::l 

.5! 
-20.0 -CIII -0 

1¥ 

-30. 
0 50 100 150 200 250 300 350 

0 (deg) 

Figure 4.52. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Cs, where the transition moment is offset 
along the ~-axis from the origin by 0 (A), 0.25 (B), 0.50 (C), 0.75 (D), 
and 1 (E) A distances. (lµI = 2.54 x 10· 18 esu•cm; f = 0.0867 at A = 350 
nm. 

The factor that appears to have the most significant effect on the sign (and 

magnitude) of ICD is the wavelength of the guest transition, where longer wavelength 

absorptions are more likely to show R < 0 with (S, S, S, S)-host stereochemistry. This is 

seen with transition moments having constant magnitude across the 350-700 nm range 

(decreasing f with increasing A,39 Figures 4.53 and 4.54) and with transition moments 

having constant oscillator strength across the 350-700 nm region (increasing lµI with 

increasing A,40 Figures 4.55 and 4.56). Given that longer wavelength transitions are 

required in order to observe ICD, Figures 4.53-4.56 predict that x and z-axis offsets for the 

transitions at longer wavelengths should show less propensity for a change in the sign of 

ICD than the short wavelength (350 nm) transition moment chosen to generate Figures 

4.49-4.52. It is also worth noting, especially for Figures 4.49-4.52, that the increase in 

magnitudes of the ICD as a result of off-setting is due to a decrease in the distance between 

the guest transition moments and some of the host transition moments. In many cases the 
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higher magnitude portion of the ICD curve is the result of an orientation that places guest 

atoms at sub van der Waals radii distances from host atoms (impossible orientations). 
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Figure 4.53. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Ps. (lµI = 2.54 x 10· 18 esu•cm; f = 
0.0867, 0.0759, 0.0675, 0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A 
= 350 400 450 500 550 600 650 and 700 nm .3 9 
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Figure 4.54. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Cs. (lµI = 2.54 x 10· 18 esu•cm; f = 
0.0867, 0.0759, 0.0675, 0.0607, 0.0552, 0.0506, 0.0467, and 0.0434 at A 
= 350 400 450 500 550 600 650 and 700 nm .3 9 
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Figure 4.55. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Ps. (f = 0.30; lµI = 4.731 x 10· 18, 5.058 
x 10-1s, 5.364 x 10-1s, 5.655 x 10-rs, 5.931 x 10-is, 6.194 x 10-1s, 6.447 
x 10-ts, and 6.691 x 10·18 esu•cm at A = 350, 400, 450, 500, 550, 600, 
650 and 700 nm ,40 
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Figure 4.56. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Cs. (f = 0.30; lµI = 4.731 x l0-18, 5.058 
x 10-1s, 5.364 x 10-1s, 5.655 x 10-rs, 5.931 x 10-1s, 6.194 x 10-1s, 6.447 
x 10-ts, and 6.691 x 10-ts esu•cm at A = 350, 400, 450, 500, 550, 600, 
650 and 700 nm ,40 

Surprisingly, increasing the oscillator strength for a given transition (Figures 4.57 

and 4.58) only serves to increase the magnitude of the observed ICD in regions where R -:t 
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Figure 4.57. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Ps. [f = 0.05 (A), 0.25 (B), 0.45 (C), 
0.65 (D), 0.85 (E), and 1.05 (F) with lµl = 2.065 x l0-18, 4.617 x l0· 18, 
6.194 x 10·18, 7.445 x 10·18, 8.513 x 10· 8, and 9.462 x 10-18 esu•cm at A 
= 400 .40 
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Figure 4.58. ICD expected from rotation of a transition moment about the 
y-axis for a guest bound by host Cs. [f = 0.05 (A), 0.25 (B), 0.45 (C), 
0.65 (D), 0.85 (E), and 1.05 (F) with lµl = 2.065 x 10·18, 4.617 x 10•18, 
6.194 x 10·18, 7.445 x 10·18, 8.513 x 10· 8, and 9.462 x 10·18 esu•cm at A 
= 400 .4 0 

0. However, as shown in Figures 4.57 and 4.58, the value of 0 where R = 0 remains 

constant. Given this data and the data of Figures 4.55 and 4.56, it appears that oscillator 
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strength has only a small effect on the sign of the observed ICD with our host-guest 

system. 

The control calculations described here suggest that only the more extreme cases of 

penurbation from the ideally chosen 0 = 0° orientation of a bound guest should produce 

different results than what we have based our bound orientations on in Section 4.4. The 

extent of these deviations are furthermore likely to decrease as the guest transition moves to 

longer wavelength. For these reasons we believe that our choice of in-plane and origin 

centered 0 = 0° orientations are valid and produce results that qualitatively agree with 

experimental observations. 

4.6 Conclusions 

Using INDO/S transition moments 14 combined with appropriately optimized 

geometries, a series of coupled-oscillator calculations 12,I3 were carried out. These 

calculations were used to analyze experimental induced circular dichroism (ICD) spectra 

and to infer bound guest orientations in cyclophane hosts P and C. In general, the 

calculations suggest that the guests fit in the host cavity in such a way as to maximize both 

cation-7t and hydrophobic interactions. 

The ICD observed in achiral guests with hosts P and C complements D values 

obtained from NMR experiments for providing information on the bound guest orientation. 

In addition, the ICD analysis can provide information too subtle to be picked up from the 

NMR experiment, as seen with dyes 9, 10, and 11 (see Figure 4.17). 

Control calculations have shown the applicability of our coupled-oscillator 

calculation method to qualitative interpretation of CD spectra and suggest that our approach 

is more realistic than that of previous studies where actual bonds are treated as 

chromophore groups. In addition, control calculations in which guest orientations are 

slightly perturbed in a number of ways suggest that the types of deviations expected in the 
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actual host-guest geometry from the ideal orientations used in our calculations should not 

affect our results and conclusions. 

The method developed here for analysis of ICD data, while specific to hosts P and 

C, is easily applicable to other host-guest systems with strong 7t ➔ 1t* absorptions. 

Calculations are easily carried out provided that transition moments and optimized 

geometries are available for the host and guest and their component chromophores. 

Applications to other hosts derived from host P have already been undertaken in the 

Dougherty labs.41 

4. 7 Experimental Section 

4.7.1 General Methodsl,2 

Circular dichroism binding studies (from which quantitative values of ~E and R 

were obtained) are described in Chapter 2 of this manuscript. Qualitative detection of 

induced CD was done using excess concentrations of the appropriate host and/or control 

molecule with the guest of interest. For these studies the standard measurement parameters 

were often varied to provide conditions with the highest sensitivity. All solvents used in 

spectroscopy were spectrophotometric or HPLC grade. Aqueous cesium borate buffer (pH 

9) was prepared by dissolving 0.25 g high purity boric oxide in 800 g water and adding 

3.74 ml of 1 M CsOH followed by thorough mixing. The water used in these preparations 

was passed through a Milli-Q purification system. Assessment of purity of samples of 3 

and 4 was done from the corresponding esters using the method described in Chapter 2. 

Compounds 3, 4, 5, P, and C were prepared by procedures described 

previously. 1.2 The synthesis of control molecules 1 and 2 is described in Chapter 2.2 All 

other compounds were obtained commercially, except guest 7 which was synthesized 

according to published procedure.42 
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4. 7 .2 Experimental Measurement of R 

Quantitative rotational strengths (R) can be obtained from experimental CD spectra 

(plotted as & vs v) in cgs units using equation 4.3615 

1
"1 

R = 2.296 X 10-39 &(v)dv 
Vo 

"i 

(4.36) 

where the value of the integral of ~e(v) is obtained from the area under the curve of the 

Cotton effect; v0 is the wavenumber of the extremum of the Cotton effect (in cm-1); and Vi 

and Y/ are the beginning and ending wavenumbers (cm-1), respectively, of the Cotton 

effect. 15 

4.7.3 Computational Studies2 

Coupled-oscillator calculations were set up and executed (as described in Section 

4.3 and 4.5) using ExceI.27 Geometry optimizations with AMI were done in InsightIJ.43 

Semi-empirical calculations of spectroscopic observables were set up and executed using 

the DZDO program44 using the 2.erner parameter set for an INDO/S model Hamiltonian 

with the SCF calculations using the closed shell RHF method (the Hamiltonian was an 

IND0/2 with /S). CI was limited to singly excited states and considered transitions from 

the ten highest occupied to the ten lowest unoccupied orbitals for all chromophores except 

the ethenoanthracenes. For the ethenoanthracenes, transitions from the 14 highest occupied 

to the 14 lowest unoccupied orbitals were considered. A complete description of the DZOO 

input commands employed for the calculations and the use of the program is given in 

Appendix 4 (Section 4.11 ). 
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4.8 Appendix 1: Host Coordinates in Calculation Coordinate System 

Atom X ' z Atom X ' z 
u I -6.396836 -5,lMJ6X3 -3.579025 H 51 2.508117 -3.775'Ji5 2.858124 
0 2 -5.406434 -3.347122 -4.483841 C 52 5.%2310 -3.525391 -0.247879 
H 3 -5.011582 -4.009201 -5.166931 C 53 2.393905 3.465485 -0.467728 
0 4 -8.073594 -4.759186 -0.008591 H 54 1.873321 3.512528 -1.424133 
0 s -8.539887 -3.947403 -~ .041718 C 55 1.708038 3.733780 0.71%35 
H 6 -8.924027 -4.851486 -~ .351395 Ci 56 2.366150 3.741119 1.904343 
0 7 -0.398316 -4.036133 C.113678 H 57 1.831466 4.U08225 2.815857 
0 8 6.424118 -2.262405 0.282410 C 58 3.710266 3.413284 1.970444 
0 9 5.247283 5.359436 -2.906754 H 59 4.237365 3.428055 2.924347 
0 10 7.150543 4.456680 -3.226975 C 60 6.144485 0.043655 0.463791 
H 11 7.233596 3.483612 -3.554245 H 61 6.668670 -0.012482 1.417831 
0 12 8.159927 5.165314 -0.559937 C 62 5.900543 -1.111786 -0.297104 
0 13 7.978912 4.129822 1.356964 C1 63 5.263565 -1.047409 -1.496353 
H 14 8.026123 3.122391 1.565811 H 64 5.094696 -1.951996 -2.080567 
01 151 0.358108 3.973145 0.581573 C1 65 4.830429 0.185639 -1.968247 
0 16 -6.532029 2.156754 0.682403 H 66 4.311065 0.238648 -2.925049 
C 17 -2.357407 -3.321045 -0.898346 C 67 5.801330 2.594269 0.685882 
H 181 -1.793000 -3.205566 -1.823548 C168 4.600050 2.749985 -1.575348 
C 19 -1.742539 -3.781174 0.239059 Ci 69 5.845993 3.643021 -1.460571 
Ci 201 -2.471955 -3.922455 1.427444 C 70 6.467300 3.539719 -0.300141 
H 21 -1.980576 -4.265320 2.337936 Ci 71 3.713058 3.145798 -0.423279 
Ci 22, -3.820650 -3.622238 1.432144 C 72 4.371750 3.067444 0.809112 
Hi 23 -4.396546 -3.739838 2.350082 Ci 73 5.703201 1.243820 -0.030090 
C 24 -6.268250 -0.140793 0.410094 C 74 5.043136 1.338181 -1.254028 
Hi 25• -6.867402 -0.274109 1.310821 C1 751 6.133941 4.580231 -2.578995 
C 26 -5.979889 1.134827 -0.078232 C 76 7.642181 4.298920 0.119888 
C 21, -5.212632 1.318375 -1.215958 C1 771 -0.416474 3.984406 1.763260 
H 28 -4.986100 2.320969 -1.578659 C 78 -1.867524 3.868530 1.441818 
C 29 -4.735840 0.193665 -1.887985 C1 791 -2.400071 4.570618 0.380371 
H 30 -4.132660 0.322907 -2.786621 H 80 -1.756989 5.222809 -0.210663 
C 31' -5.884232 -2.685516 0.110351 Ci 81 I -3.754380 4.455689 0.053650 
C 32 -4.492966 -2.398834 -2.012222 H 82 -4.170594 5.014496 -0.784485 
C 33 -5.709595 -3.297516 -2.172989 Cl 831 -4.560227 3.620087 0.811767 
C 34 -6.465821 -3.420517 -1.099121 C 84 -4.019577 2.946625 1.873840 
C 35 -3.686188 -3.010131 -0.854599 H 851 -4.658005 2.321823 2.498474 
C 36 -4.439118 -3.179703 0.297775 Ci 86 -2.673020 3.051254 2.161484 
C 37 -5.773362 -1.227692 -0.279877 H 87, -2.251893 2.467331 2.979919 
C 38 -5.011475 -1.070221 -1.439575 Cl 88 -6.014650 3.497330 0.468963 
C 39 -5.924790 -4.019516 -3.464020 H 89 -6.414216 -2.818741 0.890716 
C 40 -7.757569 -4.136307 -0.991638 H 90 -4.002457 -2.301407 -2.827423 
C 41 0.396377 -4.200531 1.272796 H 91 I 0.201965 -5.042511 1.676926 
C1 42 1.842330 -4.146438 0.882522 H 92 0.203857 -3.506561 1.894134 
Ci 43 2.258941 -4.305131 -0.418762 H 931 6.018295 -3.509659 -1.195999 
Hi 44 1.527023 -4.566482 -1.182861 H 94 6.511962 -4.226013 0.088455 
Ci 45 3.598968 -4.139221 -0.785980 H 95 6.259796 2.564377 1.519440 
H 46 3.902801 -4.290405 -1.821747 H 96 4.172317 2.822296 -2.427124 
C 47 4.533035 -3.785431 0.159927 H 971 -0.154831 3.260544 2.321823 
Ci 48 4.141586 -3.700287 1.458679 H 98 -0.262558 4.804504 2.229950 
H 49 4.881500 -3.498581 2.233185 H 991 -6.137650 3.732254 -0.443436 
C1 so 2.797470 -3.869156 1.811355 H 100) -6.508698 4.106232 1.015259 

Table 4.15. Host coordinates in calculation coordinate system (A) using 
atom numbering scheme of Figure 4.9. 



218 

State µ1.r µty µlz µz.r µzv µz,. 
Ethenoanthracene 1 

4 5.536940 2.556975 -0.303320 4.398392 2.396499 -0.336934 
5 4.6966:l.j 3.304482 0.299484 5.238710 1.648963 -0.939797 
6 4.842162 2.263661 -0.195163 5.093170 2.689804 -0.445109 
7 4.695861 2.246337 -0.221276 5.239471 2.707132 -0.418989 
8 4.898458 2.383353 -0.330348 5.036874 . 2.570112 -0.309925 
9 5.792689 2.318752 -0.220137 4.142643 2.634726 -0.420110 

10 6.015937 1.758118 0.054696 3.919395 3.195331 -0.695000 
11 4.w2766 l.~7365 -0.899874 5.932541 2.986097 0.259490 
12 5.577878 2.355309 -0.778547 4.357454 2.598166 0.138295 
13 3.902837 4.145899 0.161190 6.032495 0.807547 -0.801501 
14 5.068209 2.447667 -0.356788 4.867123 2.505799 -0.283484 
15 5.146205 1.957582 -0.407003 4.789127 2.995884 -0.233269 
16 5.278032 2.854196 -0.263224 4.657300 2.099271 -0.377046 
17 5.669792 2.738812 -0.855130 4.265540 2.214669 0.214888 
18 5.971698 1.783770 -0.715389 3.963633 3.169731 0.075188 
19 4.941026 2.046470 -0.137274 4.994306 2.906992 -0.503005 
20 4.843253 1.774887 -0.752654 5.092080 3.178557 0.112340 
21 4.749370 2.642025 -0.448399 5.185962 2.311437 -0.191879 
24 4.634860 1.335088 -0.891848 5.300425 3.618366 0.251525 
25 4.856820 2.794267 0.729792 5.078513 2.159156 -1.370150 
26 5.572225 1.844260 -0.564892 4.363106 3.109218 -0.075354 
27 3.981309 2.739343 -1.125039 5.954026 2.214031 0.484583 
29 4.486001 1.125570 0.510436 5.449332 3.827868 -1.150765 
30 5.473298 2.437304 0.398271· 4.462036 2.516094 -1.038677 

Ethenoanthracene 2 
4 -4.767160 -2.535743 -1.056866 -5.181840 -2.142562 -0.543484 
5 -4.666560 -3.135788 -0.294837 -5.282434 -1.542428 -1.305629 
6 -5.227956 -2.467473 -1.030733 -4.721045 -2.210831 -0.569620 
7 -4.817539 -2.219030 -0.698997 -5.131461 -2.459275 -0.901354 
8 -4.836634 -2.157923 -0.674359 -5.112367 -2.520380 -0.925994 
9 -5.643229 -2.105376 -0.406678 -4.305768 -2.572890 -1.193723 

10 -4.061963 -2.653125 -1.944588 -5.887024 -2.024973 0.343969 
1 1 -4.902765 -1.054575 -0.556945 -5.046226 -3.623595 -1.043580 
12 -6.601022 -0.856056 -1.315538 -3.347964 -3.822036 -0.285089 
13 -5.302099 -2.067582 -0.795812 -4.646902 -2.610729 -0.804530 
14 -4.637932 -3.121443 -1.216737 -5.311069 -1.556871 -0.383603 
15 -5.270609 -2.353186 -0.839602 -4.678391 -2.325116 -0.760752 
16 -4.51733 I -1.838677 -0.652754 -5.431664 -2.839558 -0.947687 
17 -5.727779 -1.646004 -1.066403 -4.221222 -3.032302 -0.533946 
18 -4.726744 -2.085257 -0.738744 -5.222255 -2.593030 -0.861630 
19 -4.945335 -2.200469 -1.101667 -5.003664 -2.477816 -0.498709 
23 -5.577256 -3.313329 -0.651219 -4.371727 -1.364718 -0.949466 
24 -5.3971 I 8 -1.222904 -1.413219 -4.551890 -3.455507 -0.186994 
25 -4.917821 -2.448237 -2.005243 -5.031172 -2.229962 0.404756 
26 -4.439812 -1.527747 0.013968 -5.509184 -3.150495 -1.614400 
27 -3.771198 -2.462860 -2.140834 -6.177796 -2.215345 0.540353 
29 -4.919714 -2.476641 -0.840348 -5.029287 -2.201667 -0.759998 
30 -5.846656 -1.930744 0.122264 -4.102337 -2.747443 -1.722767 

Table 4.16. Host ethenoanthracene chromophore 1t ➔ 1t* transition moment 
coordinates in calculation coordinate system (A). 
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State I.L 1.r I.Lh I.L lz: 1.12.r I.Lh I.Llz: 
Linker 1 

2 -2.863665 3.598406 0.671322 -3.111431 3.160689 1.092545 
3 -2.430054 3.353772 1.175204 -3.539064 3.405405 0.588726 
4 -5.527383 3.084248 0.359230 -0.448206 3.676667 1.406042 
5 -3.215936 1.886330 2.647355 -2.759139 4.872690 -0.883546 

Linker 2 
2 3.056555 -3.466185 0.599505 2.839620 -3.587949 0.114146 
3 2.673770 -3.616811 0.431171 3.222408 -3.437341 0.282482 
4 U.41UL86 -3.YJ7823 U.762064 5.486143 -3.117956 -0.048228 
5 3.137892 -3.153452 2.623769 2.758162 -3.899898 -1.910205 

Table 4.17. Host linker chromophore 7t ➔ 1t• transition moment 
0 

coordinates in calculation coordinate system (A). 

4.9 Appendix 2: Transition Moments of Host Chromophores 

4.9.1 1t ➔ 1t* Transition Moments for Ethenoanthracene 

Chromophore 1. 

The following views are looking at the anthracene ring from the face opposite the 

bridge. Hydrogen atoms have been omitted for clarity. 

State 4 Stale 5 

State 6 Stale 7 

State 8 Stale 9 
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State 10 State 11 

State 12 State 13 

State 14 State 15 

State 16 State 17 

State 18 State 19 

State 20 State 21 
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State 24 State 25 

State 26 State 27 

State 29 State 30 

4.9.2 7t ➔ 1t* Transition Moments for Ethenoanthracene 

Chromophore 2. 

The following views are looking at the anthracene ring from the face opposite the 

bridge. Hydrogen atoms have been omitted for clarity. 

State 4 Stale 5 

State 6 Stale 7 
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State 8 State 9 

State IO State 11 

State 12 State 13 

State 14 State 15 

State 16 State 17 

State 18 State 19 
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State 23 State 24 

State 25 State 26 

State 27 State 29 

State 30 

4.9.3 7t ➔ 1t* Transition Moments for Linker Chromophore 1 

In the following views hydrogen atoms have been omitted for clarity. 

' \t) \ ' 0) \ • e 
State 2 State 3 

~-< ) \ • 
State 4 
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State 5 

4.9.4 7t ➔ 1t* Transition Moments for Linker Chromophore 2 

In the following views hydrogen atoms have been omitted for clarity. 

\ \ 

State 4 

State 5 
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4.10 Appendix 3: AMI optimized Geometries and INDO/S Spectral Data 

for Guest Molecules 

4.10.1 Long-Axis dyes 

Atom X V z H Atom X " z 
Guest 9 
N 1 5.47109 -0.05924 -0.00244 C 20 -3.93356 -0.00830 0.00344 
Ci 2, 4.64325 -1.15580 -0.00672 C 21 -3.06763 1.12746 0.00074 
C 3 3.26158 -1.03091 -0.01203 C 22 -1.69711 0.97359 -0.00146 
C1 4, 2.67142 0.25915 -0.00730 C 23 -1.09308 -0.30075 -0.00381 
C 5 3.54092 1.38375 -0.00412 C 24 -1.94931 -1.42950 -0.00353 
C 6 4.91354 1.20005 -U.00030 H 25 -3.94002 -2.20867 0.00317 
Hi 7 5.13453 -2.14916 -0.00768 H 26 -3.48717 2.14497 0.00135 
H 8 2.64418 -1.94172 -0.01838 H 27 -1.06547 1.87742 -0.00305 
H19 3.13066 2.40645 -0.00473 H 28 -1.50508 -2.43862 -0.00475 
H 10 5.61786 2.05618 0.00499 N 29 -5.29973 0.13348 0.00628 
C 11 6.91175 -0.22822 0.02689 Ci 30 -6.15490 -1.02219 0.00756 
H 12 7.26417 -0.24439 1.09424 H 31 -5.95621 -1.65418 0.91526 
H 13) 7.19312 -1.19335 -0.47260 H 32 -7.23235 -0.70735 0.02161 
H 14) 7.40551 0.62266 -0.51591 H 33 -5.97577 -1.64287 -0.91267 
C 15 1.26653 0.47995 -0.00784 C1 34 -5.89466 1.44302 -0.00007 
C 16 0.31737 -0.50242 -0.00532 H 35 -5.57634 2.01109 -0.91692 
H 17 0.95231 1.53875 -0.00746 H 36 -7.01338 1.36134 -0.00092 
H1 18 0.63466 -1.56448 -0.00624 H1 371 -5.57966 2.01958 0.91199 
C 19 -3 .31839 -1.30017 0.00256 
Guest 10 
N 1 -3.87004 0.96389 -0.18768 C 20• 1.41446 0.85057 0.28965 
C 2 -2.93287 -0.01837 0.08444 C1211 2.77966 1.04222 0.32133 
C 3 -3.39463 -1.33572 0.37300 C 22 3.68106 -0.02077 0.00429 
C 41 -4.74452 -1.63353 0.38374 Cl 231 3.10371 -1.27466 -0.36296 
C 5 -5.67522 -0.61252 0.10965 C 24 1.73705 -1.44562 -0.39005 
C 6 -5.21316 0.66460 -0.16503 Hi 25 0.75673 1.69396 0.55368 
H 71 -2.64725 -2.10914 0.61144 HI 26 3.16875 2.03143 0.60712 
H 8 -5.09621 -2.65555 0.61215 H 27 3.75094 -2.12609 -0.62922 
H 9 -6.75867 -0.81524 0.11431 H 28 1.32517 -2.42858 -0.67435 
H 10 -5.91094 1.49994 -0.38070 N 29 5.04217 0.15599 0.05059 
C 11 I -3.44607 2.31962 -0.49004 C 30 5.59816 1.44023 0.38171 
H 12 -3.02097 2.79564 0.43557 H 31 5.30445 1.73410 1.42688 
H 131 -2.66013 2.29335 -1.29398 H 32 6.71796 1.40544 0.32215 
H 14 -4.31881 2.92613 -0.85105 H 33 5.22674 2.22361 -0.33421 
C1151 -1.52801 0.30037 0.09638 C 34 5.92876 -0.93207 -0.25867 
C1 16 -0.55572 -0.63324 -0.10463 HI 35 6.99581 -0.61364 -0.12316 
H 171 -1.24658 1.34965 0.28525 H 36 5.72729 -1.80348 0.42233 
H 18 -0.84472 -1.67770 -0.34438 H 37 5.78550 -1.26252 -1.32474 
Cl 191 0.85032 -0.39261 -0.06540 

Table 4.18. Principle axis atomic coordinates (A) of AM124 optimized 
geometry long-axis dye guests 9, 10, and 11 (continued on next page). 
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Atom X I V I % I Atom I X V % 
Guest 11 
N(l 1.22914 0.87074 0.17774 H 21 -3.62001 2.03920 -0.98230 
C 2 0.32933 -0.14834 0.02999 H 22 -1.19532 1.91450 -0.94986 
Si3 1.05618 -1.65892 -0.21366 C 23 6.22787 1.27749 0.07939 
Ci 41 2.61158 -1.01347 -0.13469 Hi 241 6.04721 2.35461 0.31581 
C 5 2.55904 0.39923 0.06540 H 25 6.89829 0.84932 0.86733 
C 6 3.85239 -1.64169 -0.24780 H 26 6.76156 1.21513 -0.903 18 
Ci 7, 5.01383 -0.88676 -0.17219 Ni 271 -5.31 869 0.13698 0.01923 
C 8 4.96058 0.51176 0.01496 C 281 -6.08436 -1.07100 0.20912 
C1 91 3.73473 1.16159 0.13522 H1 291 -6.20482 -1.27684 1.30730 
H 10 3.90697 -2.73240 -0.39954 Hi 301 -7.10271 -0.94692 -0.24845 
H 11 5.99571 -1.38008 -0.26182 H 31 -5.58109 -1.948()() -0.27864 
H 12, 3.69073 2.25239 0.27776 C 321 -6.07281 1.30730 -0.34708 
C 13 -1.87749 -1.09421 0.53926 Hi 331 -6.89995 1.45009 0.40254 
C1 14 -3.25007 -1.03723 0.54269 H 34 -5.44555 2.23411 -0.32520 
C 15 -3.94864 0.()()317 -0.00176 H1 351 -6.53080 1.17785 -1.36532 
C1 16 -3.14913 1.15659 -0.522()() C 36 0.92463 2.23528 0.51704 
C1 17 -1.77223 1.08807 -0.50205 Hi 37 -0.09676 2.29493 0.98268 
C 18 -1 .09985 -0.02866 0.03019 Hi 38 1.68603 2.61145 1.25378 
H 191 -1.37147 . -1.97563 0.97149 H 39 0.95734 2.87247 -0.40829 
H 20 -3.81712 -1.87496 0.98015 

Table 4.18 (Continued). Principle axis atomic coordinates (A) of AM124 

optimized geometry long-axis dye guests 9, 10, and 11. 
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Transition Moment Vectors 
(atomic units) 

State A Predominate r R.r R _, Rz 
(om) Transition 

Guest 9 
2 486.7 1t ➔ x- 1.44654 -4.81355 -0.09670 0.00077 
3 323.5 7t ➔ ~ 0.00458 -0.02057 0.21987 0.00238 
4 310.5 1t ➔ 1t• 0.00331 -0.02372 -0.18240 0.00154 
5 286.3 1t ➔ x- 0.07410 0.83275 -0.06990 -0.00905 
6 279.1 1t ➔ 1t• 0.08682 -0.88795 -0.09603 -0.00578 
7 268.3 1t ➔ 1t• 0.12094 0.38147 0.96051 0.00013 
8 255.7 1t ➔ 1t• 0.13331 0.21726 1.03686 0.00276 
9 234.5 1t ➔ 1t• 0.03066 -0.34067 0.34722 -0.00445 

10 211.2 1t ➔ 1t• 0.10354 0.11626 -0.84031 -0.00927 
11 209.4 1t ➔ 1t• 0.05214 -0.33025 -0.50030 0.00687 

Guest 10 
2 482.5 1t ➔ 1t• 1.16405 4.29969 -0.06427 -0.00361 
3 335.6 1t ➔ 1t• 0.12431 -1.04851 -0.50011 0.15423 
4 309.0 1t ➔ 1t• 0.00666 -0.06533 0.23934 0.07849 
5 288.7 1t ➔ 1t• 0.02531 -0.38973 0.29590 0.03372 
6 275.3 1t ➔ 1t• 0.12662 -1.05185 0.14545 -0.14184 
7 264.8 1t ➔ 1t* 0.12953 -0.40420 0.94388 0.27339 
8 238.8 1t ➔ 1t• 0.02613 -0.42024 -0.05335 0.16133 
9 228.0 1t ➔ 1t* 0.02315 0.25665 0.32393 0.05410 

10 219 .0 1t ➔ 1t* 0.00293 -0.00748 0.13139 -0.06176 
Guest 11 

2 430.9 1t ➔ 1t* 0.95693 -3 .67980 0.18417 0.02033 
3 319.7 1t ➔ 1t* 0.05127 -0.57350 -0.44803 -0.10047 
4 306.5 1t ➔ 1t• 0.00550 0.03942 0.22012 -0.07381 
5 292.2 1t ➔ 1t* 0.01677 0.23091 0.32557 0.04545 
6 276.1 1t ➔ 1t* 0.00594 -0.14565 -0.17795 -0.03379 
7 264.6 1t ➔ 1t• 0.12304 -0.03086 0.90979 -0.49292 
8 256.3 1t ➔ 1t* 0.12023 0.99830 0.13086 -0.02548 
9 235.6 1t ➔ 1t• 0.10602 -0.15313 -0.88544 -0.12157 

10 227.0 7t ➔ cr• 0.00077 -0.02944 -0.06053 0.03511 
11 214.6 1t ➔ 1t• 0.06879 -0.69667 0.02691 -0.00634 

Table 4.19. INDO/S 14 calculated spectral data for AMI 24 optimized long
axis dye guests 9, 10, and 11. 
30scillator strength from transition dipole moments. 
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4.10.2 Azulenes 

Atom X ' % RAtom X V % 
Guest 6 
C 1 0.52884 -0.71021 0. 00006 C 10 -2.47098 -0. 00005 -0.00007 
C 2 1.86256 -1.13105 0. 00004 Cl Iii -1.88669 -1.24250 -0.00002 
C 3 2.67810 -0.00001 -0.00004 HI 12 2.20809 -2.15519 0.00010 
C 4 1.86258 1.13105 -0.00007 H 13 3.75917 -0.00002 -0.00005 
C 5 0.52884 0.71023 0.00001 H1 14 2.20815 2.15519 -0.00015 
C 6 -0.55747 -1.57608 0.00002 H 15 -0.34239 2.63639 0.00016 
H 7 -0.34242 -2.63637 -0.00005 H 16 -2.57363 2.07775 0.00010 
C 81 -0.55749 1.57612 0.00006 HI 17 -3.55239 -0.00011 -0.00012 
C19 -1.88674 1.24252 0.00002 H 18 -2.57358 -2.07773 -0.00004 
Guest 7 
Ci 1 0.02495 3.13345 -0.00027 H 12 -0.01904 -3.18092 0.00062 
H 2 0.03243 4.24312 -0.00099 H 13 -2.66981 0.97657 -0.00044 
Ci 3• 1.14270 -1.27651 0.00073 H 14 -2.08595 3.25745 -0.00279 
C 4 -0.01415 -2.09041 0.00076 H 15 2.14074 3.22562 0.00145 
C1 5 -1.16216 -1.26620 0.00042 Hi 16 2.68102 0.93337 0.00271 
C 6 -0.73564 0.10662 0.00036 C 17 -2.51785 -1.77052 0.00013 
C 7 0.73188 0.09770 0.00085 0 18 -3.53775 -1.07018 -0.00033 
C 8 -1.57883 1.20675 -0.00068 H 19 -2.59540 -2.88337 -0.00014 
C 9 -1.23209 2.54797 -0.00161 C 20 2.49135 -1.79965 -0.00046 
C 10) 1.27473 2.53080 0.00134 0 21 3.52064 -1.l 1324 -0.00202 
C 11) 1.59463 1.18387 0.00156 H 22 2.55517 -2.91351 -0.00017 

Table 4.20. Principle axis atomic coordinates (A) of AMI2 4 optimized 
geometry azulene guests 6 and 7. 

Transition Moment Vectors 
(atomic units) 

State A. Predominate r Rx Ry Rz 
(nm) Transition 

Guest 6 
2 618.6 1t ➔ 1t* 0.01691 0.00011 -0.58680 0.00001 
3 353 .0 1t ➔ 1t* 0.03038 -0.59421 0.00021 0.00004 
4 282.6 7t ➔ 1t* 0.15014 0.00056 1.18198 -0.00004 
5 259.5 1t ➔ 1t* 1.67658 -3.78488 0.00014 0.00000 
6 223.3 7t ➔ 1t* 0.00003 -0.00023 0.01597 0.00005 
7 210.8 7t ➔ cr* 0.00013 0.00004 -0.00007 -0.02961 
8 204.5 7t ➔ 1t* 0.01753 -0.34358 0.00006 0.00003 
9 199.7 1t ➔ 1t* 0.00038 -0.00009 0.04966 -0.00009 

Guest 7 
2 515.3 1t ➔ 1t* 0.02292 0.62336 0.01458 0.00036 
3 434.7 n ➔ 1t* 0.00000 0.00028 0.00017 0.00224 
4 431.9 n ➔ 1t* 0.00008 -0.00005 0.00018 -0.03381 
5 362.6 1t ➔ 1t• 0.22150 -0.00569 -1 .62597 -0.00029 
6 301.8 1t ➔ 1t* 0.12011 -1.09238 -0.00021 0.00098 
7 283.9 1t ➔ 1t* 0.78641 2.68454 -0.37731 0.00010 
8 282.7 1t ➔ 1t* 0.77279 -0.38026 -2.65493 -0.00026 
9 255.9 n ➔ 7t* 0.00007 -0.00051 -0.00407 0.02324 

10 254.6 n ➔ 1t* 0.00000 0.00262 -0.00075 -0.00469 
11 230.l 7t ➔ 1t• 0.20375 -0.00493 -1.24231 0.00077 

Table 4.21. INDO/Sl4 calculated spectral data for AM1 24 optimized 
azulene guests 6 and 7. 
80scillator strength from transition dipole moments. 
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4.10.3 Quinolines and Coumarins 

Atom X I ' % I Atom I 
Guest 3 
C 1 I -2.27830 -0.25659 0.00046 H(12) 
C1 21 -1.90729 -1.61555 -0.00006 HI 13• 
C 3 -0.56861 -1.95701 -0.00068 H 14 
C 4 0.41890 -0.93961 0.00046 H 15 
C 5 0.00511 0.43291 -0.00014 H 16 
C16 1.80498 -1.25820 0.00058 N 17 
C 7 2.74332 -0.25376 -0.00067 C 18 
C 8 2.33816 1.10040 0.00028 HI 19 
C 9 1.00512 1.44826 -0.00027 H 20 
H 10) -3.35161 0.03474 0.00284 H 21 
H 11 -2.70237 -2.38051 -0.00004 
Guest 4 
C(l -0.03798 -1.87844 -0.33153 N 16 
C 2 1.09727 -2.65710 -0.27673 C 17 
C 3 2.34691 -2.06819 -0.01328 H 18 
C 4 2.44758 -0.70115 0.14397 H 19 
C 5 1.29118 0.12533 0.05117 H 20 
C 6 0.00619 -0.48179 -0.10507 N 21 
C 7 0.31102 2.28655 -0.15738 C 22 
C18 -0.96178 1.76056 -0.26290 HI 23) 
C19 -1.18563 0.35682 -0.09791 H 24 
H 10 -0.98969 -2.36331 -0.60418 H 25 
Hi 11 1.03586 -3.74365 -0.45315 C 26 
H 12 3.24807 0 2.70015 0.05331 H 27 
Hi 13 3.43908 -0.25424 0.32286 H 281 
H 14 0.46156 3.38719 -0.20668 H 29 
Hi 15 -1.79484 2.45972 -0.43558 
Guest 5 
C 1 -1.24695 -0.39946 -0.02193 C 13 
C 2 -1.29709 -1.78066 -0.06402 H 14 
C 3 -0.10028 -2.53122 -0.10447 C 15 
C 4 1.12489 -1.90933 -0.08774 H 16 
C 5 1.19717 -0.49306 -0.01504 H 17 I 
C 6 0.00517 0.27727 0.03030 H 18 
N 71 2.44183 0.14224 0.02395 H 19 I 
C 8 3.72028 -0.64228 0.01559 H 20 
H 9• 4.59531 0.04565 0.16967 N1 21 I 

H1 101 3.82851 -1.16632 -0.97337 0 22 
H 11 3.70574 -1.39737 0.84834 0 231 
C 12 2.39125 1.53843 0.07262 

X ' % 

-0.25538 -3.01732 -0.00160 
2.10388 -2.31976 0.00101 
3.82114 -0.49159 -0.00143 
3.11589 1.88550 0.00351 
0.72237 2.51370 0.00062 

-1.36150 0.73711 0.00027 
-1.78564 2.12870 -0.00047 
-1.38054 2.64086 0.91494 
-1.39299 2.63559 -0.92410 
-2.90666 2.19342 0.00659 

1.41337 1.52196 0.07217 
2.70822 2.13914 0.28007 
2.60135 3.25680 0.30090 
3.40438 1.85337 -0.55495 
3.13455 1.79541 1.26165 

-2.44650 -0.11449 0.07305 
-2.75719 -1.38266 0.69105 
-3.04222 -2.13650 -0.09244 
-3.63078 -1.24182 1.38652 
-1.88939 -1.76076 1.29444 
-3.58260 0.73880 -0.20944 
-4.51743 0.11566 -0.23509 
-3.45728 1.23190 -1.21136 
-3.68987 1.52603 0.58504 

1.17957 2.27829 0.09969 
1.22568 3.38057 0.14366 
0.13982 1.69341 0.09870 

-0.75224 2.35130 0.11568 
-2.26906 -2.31524 -0.07898 
-0.16592 -3.63398 -0.15346 
2.04383 -2.51851 -0.12829 
3.35261 2.07243 0.09701 

-2.55659 0.33569 -0.01325 
-2.61287 1.55575 -0.50328 
-3.60269 -0.29713 0.47361 

Table 4.22. Principle axis atomic coordinates (A) of AM1 24 optimized 
geometry quinoline and coumarin guests 3, 4, 5, and 8 (continued on next 
page). 
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Atom X V z RA tom X ' z 
Guest 8 
Cl 1 -0.19528 -0.62495 0.01520 C 17 4.00187 1.63276 -0.09039 
C 2• 0.31653 0.69276 0.01877 C 18 3.99284 0.09524 0.00154 
C 3 -0.60894 1.75266 0.01548 H 19 2.25335 2.75871 -0.82777 
C 4 -1.96739 1.51420 0.00958 m 20 2.36534 2.65415 0.97693 
C s -2.48874 0.18430 0.01324 H 21 4.43402 1.95966 -1.06648 
C 6 -1.57466 -0.88931 0.01402 H 22 4.61954 2.07446 0.72793 
H 7 -0.22911 2.78746 0.01650 H 23 4.48710 -0.25720 0.94047 
HI 8 -2.65602 2.37277 0.01918 H 24 4.52224 -0.37142 -0.86420 
H 9 -1.90052 -1.93929 0.01264 C 25 -4.77665 1.05099 -0.00402 
N 10 -3.85521 -0.04815 0.02811 H 26 -5.83152 0.67250 0.03118 
C 11 1.73623 0.83506 0.01388 H 27 -4.61001 1.72173 0.88262 
C 12 2.54641 -0.26508 0.00923 H 28 -4.64388 1.65476 -0.94283 
C 13 2.00794 -1.60443 0.00905 C 29 -4.35404 -1.38881 -0.07391 
o, 14 2.55225 -2.70626 0.00676 H 30 -4.03751 -1.98631 0.82518 
01 15 0.61143 -1.74166 0.01191 H 31 -5.47410 -1.38455 -0.13103 
C 16 2.53894 2.09212 0.02363 H 32 -3.94854 -1.89419 -0.99319 

0 

Table 4.22 (Continued). Principle axis atomic coordinates (A) of AM124 

optimized geometry quinoline and coumarin guests 3, 4, 5, and 8. 
I 
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Transition Moment Vectors 
(atomic units) 

State ,._ Predominate r R.r Ry Rz 
(nm) Transition 

Guest 3 
2 329.9 1t ➔ n- 0.12855 -0.95750 0.69220 -0. 00028 
3 314.9 1t ➔ 1t* 0.08378 -0.84741 -0.38779 -0.00009 
4 248.8 1t ➔ n- 0.65193 -2.16374 -0.81054 0.00023 
5 217.7 1t ➔ n- 0.13628 -0.92976 0.33510 -0.00014 
6 208.4 1t ➔ n- 0.04357 0.49412 0.23399 0.00135 
7 204.9 1t ➔ 1t* 0.71098 1.96595 0.96547 -0.00108 
8 194.4 1t ➔ 1t* 0.95490 0.69395 -2.37278 0.00049 

Guest 4 
2 337.0 1t ➔ 1t* 0.35896 1.89165 0.63533 0.00404 
3 311.7 1t ➔ 1t* 0.01030 0.03491 -0.32231 0.02473 
4 280.4 1t ➔ 1t* 0.31801 -1.51312 0.78965 0.14989 
5 250.8 1t ➔ 1t* 0.45909 -0.32676 1.91586 -0.11666 
6 244.1 1t ➔ 1t* 0.15993 -0.11441 1.12747 -0.02667 
7 221.0 1t ➔ 1t* 0.13513 0.81493 -0.56271 0.05100 
8 210.3 1t ➔ 1t* 0.14293 -0.99454 -0.02463 0.00363 
9 203.7 1t ➔ 1t* 0.09396 0.62868 -0.45868 0.15613 

10 199.9 x ➔ er* 0.04828 0.35558 -0.43323 0.06026 
11 193.0 1t ➔ 1t* 0.47194 0.63108 1.59928 0.20492 

Guest 5 
2 589.3 n ➔ x* 0.00111 -0.14144 0.03783 0.00769 
3 530.1 n ➔ x* 0.00049 0.01445 0.09149 0.00753 
4 313.3 1t ➔ 1t* 0.13569 1.13598 0.32958 0.02228 
5 308.2 1t ➔ 1t* 0.13795 0.45616 -1.08923 -0.07288 
6 279.6 1t ➔ 1t* 0.20280 -1.36198 -0.09665 -0.05016 
7 273.2 1t ➔ 1t* 0.01567 -0.20637 0.23106 -0.21211 
8 255 .6 1t ➔ 1t* 0.10392 -0.17883 -0.88782 -0.23262 
9 249.5 n ➔ 1t* 0.09703 0.52595 0.58876 -0.41662 

10 239 .2 7t ➔ 1t* 0.07880 0.31585 0.62127 0.36718 
11 230.6 1t ➔ 1t* 0.62173 -1.09988 -1.79119 0.54965 

Guest 8 
2 366.5 n ➔ x* 0.00072 0.01469 -0.00751 0.09186 
3 340.0 1t ➔ 1t* 0.64682 2.51389 -0.95928 -0.00787 
4 314.0 1t ➔ 1t* 0.08119 0.90331 0.15288 -0.00823 
5 254.6 1t ➔ 1t* 0.09036 0.64634 0.58259 -0.00843 
6 244.4 1t ➔ 1t* 0.18105 -0.16095 -1.19612 0.00175 
7 226.2 1t ➔ 1t* 0.19306 -0.59869 -1.03888 0.01076 
8 217.2 1t ➔ 1t* 0.66664 1.60870 -1.47619 -0.00484 
9 206.8 1t ➔ er* 0.00065 -0.03896 -0.01781 -0.05080 

10 205.4 1t ➔ 1t* 0.19062 0.74005 0.86101 0.00205 

Table 4.23. INDO/Sl4 calculated spectral data for AM1 24 optimized 
quinoline and coumarin guests 3, 4, 5, · and 8. 
80scillator strength from transition dipole moments. 
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4.11 Appendix 4: Using the DZDO Program44 

4.11.1 Input Files 

Unless otherwise noted for a specific calculation, the switches of Table 4.24 were 

set in the input files, and all other input settings were left at the DZDO defaults.44 Switch 

settings were only varied when the calculation output came up with error messages or if the 

molecule had special requirements for its calculation. 

Switch Settln2 Description Notes 
IRHYB 1 Hybridization calculations are performed. 
MULTI 1 Multiplicity to be used for LHP open shell 

SCF method. 
ISYMM 1 Classifies point group symmetry of SCF 

MO's. 
IPRTY 1 Output contains details of symmetry 

analysis . 
INrRNL 0 Geometries are put in Cartesian coordinates . 
EfOL 1.D-10 Tolerance of SCF convergence for SCF 

enen?Y. 
PIOL 1.D-10 Tolerance for SCF convergence for bond 

order matrix. 
MXIT 100 Maximum number of SCF iterations. 
IRHF 1 SCF is carried out using closed shell RHF 

method. 
NSTPRT 10 Number of CI states printed in output. For ethenoanthracenes this was set 

to 30.4 5 
ISTOXP 0 STO exponents are used with modifications. 
LORIB 0 MO's are deorthoganalized before 

transforming AO operator matrixes (this 
requires operator matrix elements be 
calculated explicitly from an STO basis). 

IZPARM 1 Zemer parameter set specified for an INDO/S 
Hamiltonian. 

!SPEC 1 Specifies a spectroscopic (IS) modal 
Hamiltonian. 

NOOfYP 2 Specifies a /2 type Hamiltonian. 
ICNOO 2 Snecifies an INDO Hamiltonian. 
IDOCI 1 CI calculation is done on basis of the MO's 

produced by SCF method . 
KPRCI 1 CI eigenvalues and eigenvectors printed in 

output. 
ICISC 1 CI is limited to singly excited states. 
IOBS 1 Spectroscopic observables are calculated. 
MCLFY 1 Orbitals are classified as 7t, cr, or n depending 

on composition in terms of hybrid orbitals. 
HRBNDL 1.650 Atoms further apart than this distance (in A) In most input files this switch was 

will not be treated as bonded for not specified (1.650 is a default), 
hybridization calculations. but for guest 11 the switch had to 

be specified as 1.700.46 

Table 4.24. Input switches for INDO/S14 calculations with DZDQ.44 
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A sample input file is shown on the following page for linker 1 (Figure 4.12). The 

first part of the input file is the calculation set up. The first line is for notes (file name), the 

second line separates the control switches and is denoted by "&CTL". The switches 

specified in the calculation follow, each on its own line with the"=" symbol preceding the 

switch setting (no spaces between characters). The switches are separated from the rest of 

the input file by the final line "&END". 

The second part (molecule input) begins on the line immediately below the 

"&END" statement. First is the molecular charge of the ground-state; the "+" sign is not 

used for positive charges. Only the number is written. Immediately below this is the input 

coordinates (from the optimized geometry used for the calculation, in A); each atom is on a 

separate line that contains the following information (each number separated by at least one 

space): atomic number of the atom, x-coordinate, y-coordinate, z-coordinate. Note that 

DZDO will take the input coordinates and convert them into the principle axis coordinates, 

used in the calculation; thus any set of input coordinates can be used for the input file . 

The line below the final atom is left blank. However, the final line of the file (no 

blank lines below this) lists two numbers separated by a space; these are the number of 

highest occupied orbitals to consider for CI and the number of lowest unoccupied orbitals 

to consider for CI (this value is written as a negative number) . As shown in the sample 

file, for excitation from the 10 highest occupied to the 10 lowest unoccupied molecular 

orbitals, the final line is written: 10 -10. 
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LINKER! 
&CIL 
IRHYB=l, 
MULTl=l, 
ISYMM=l, 
IPRTY=l, 
INTRNL=O, 
ETOL= 1.D-10, 
P'TOL= l .D-10, 
MXIT=lO0, 
IRHF=l, 
NSTPRT=lO, 
ISTOXP=0, 
WRTH=O, 
IZPARM=l, 
ISPEC=l, 
NDOTYP=2, 
ICNDO=2, 
IDOCI=l, 
KPRCl=l, 
ICISC=l, 
IOBS=l, 
MCLFY=l 
&END 
0 
8 2.541000 -0.964294 -0.056015 
8 -4.288437 1.070877 -0.038620 
6 -3.923584 1.288971 1.283173 
1 -4.416885 2.235275 1.599136 
1 -2.820297 1.435486 1.290421 
1 -4.345093 0.445587 1.874634 
6 3.882904 -0.813370 0.218170 
1 4.129990 -1.545441 1.019241 
1 4.013962 0.217606 0.616470 
1 4.432068 -1.091705 -0.709000 
6 1.991440 -0.129044 -1.054459 
6 0.502808 -0.125122 -0.975784 
6 -0.181885 -1.300842 -0.747223 
1 0.371277 -2.234116 -0.641403 
6 -1.576309 -1.309631 -0.649734 
1 -2.112518 -2.241684 -0.471497 
6 -2.267059 -0.114853 -0.783051 
6 -1.573181 1.039078 -1.029648 
1 -2.114594 1.973450 -1.177505 
6 -0.193756 1.030640 -1.092941 
1 0.342728 1.968094 -1.239349 
6 -3.763153 -0.119522 -0.684692 
1 2.318939 0.756866 -0.943527 
1 2.259796 -0.451035 -1.913727 
1 -4.037674 -0.883438 -0.190826 
1 -4.126160 -0.173889 -1.567032 

10-10 
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4.11.2 Execution of Program 

DZDO is run from the Dougherty Group SOI machine. All input files must have 

the extension ".zdo", while the output file can have any extension desired. The command 

to run the program is as follows (each string of characters is separated by a single space): 

dzdo <infile-name.zdo >outfile-name 

The time required for a calculation is proportional to the number of heavy atoms; generally 

DZDO calculations take several minutes, with larger molecule calculations taking up to 30 

minutes. 
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Chapter 5 

Larger Hosts and Higher Order Stoichiometries. 

5.1 Introduction 

The studies in Chapters 2-4 have focused primarily on host P, a cyclophane made 

up of two ethenoanthracene units linked together by p-xylylene units.1,2 Host P is 

prepared from its tetramethyl ester cPE), a molecule formed from the macrocyclization of 

2,6-dihydroxyethenoanthracene 1 with a., a.'-dibromo-p-xylene (2, Figure 5.1 ).1 b In 

addition to providing PE, this macrocyclization yields a number of higher order oligomeric 

by-products; the most notable of these are the trimer 3E and tetramer 4E (Figure 5.1 ).1 b 

The properties of the hosts formed by hydrolysis of these esters (3 and 4) were not initially 

investigated due to low quantities of material and very low critical aggregation 

concentrations (CAC's) prohibiting study by 1H NMR methodology. However, the 

development of circular dichroism methodology for the study of molecular recognition 

(Chapters 2-4) provides a convenient means to overcome the problems faced in NMR 

studies.2 This chapter focuses on the investigations of the larger macrocycles 3 and 4 as 

host molecules in aqueous media. 

One interesting property of the large macrocycles is a propensity for forming 1 :2 

and/or higher order host:guest complexes with appropriate guests. While not unexpected, 

given the size of the macrocycles, guests capable of forming such non 1: 1 stoichiometries 

have been avoided in studies with host P. This has been mainly due to the difficulties 

associated with quantitative studies of such systems. The studies with hosts 3 and 4 have 

brought to light some of the spectral features expected when such higher order complexes 

are forming. These spectral changes associated with higher order complexes have also 

been observed with certain guests and host P,2 details of which are also presented. 
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5.2 Circular Dichroism Studies of Hosts 3 and 4 

5.2.1 Spectral Features 

The circular dichroism spectra of hosts P, 3 and 4 are shown in Figure 5.2.2 The 

spectra are all qualitatively similar in appearance, but quantitatively the optical constants 

(.1£) do not increase in a linear fashion. As described for host Pin Chapter 4, the spectra 

of these molecules appears to be dominated by the coupled-oscillator mechanism of optical 

activity.3 
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Figure 5.2. CD spectra of PR, 3R, and 4R in aqueous borate buffer (pH 
9).2 

5.2.2 Bound Guests and Binding Conformations. 

Figures 5.3 and 5.4 present the guests studied and their binding constants with 

hosts 3 and 4 (with comparisons to host P where appropriate). The CD studies with hosts 

3 and 4 generally show rhomboid-like changes (based on host P observations; see Chapter 

3) on binding guests, but there is some evidence for a toroid-like conformation with 3 (see 

Chapter 6). There is a general decrease in binding affinity on moving from 1 to the less 

conformationally restricted 3 and 4. Both 3 and 4 are expected to exist in aqueous solution 

as highly collapsed structures. Also in both 3 and 4 the ethenoanthracene units can twist 

so that the carboxylates can enter the cavity, thus allowing electrostatic contributions to the 

binding that are much stronger than in host P. This enhancement of electrostatic 

contributions to binding is thought to be more significant for 4 as this host is much less 

conformationally restricted than host 3 (from CPK models). This effect can be observed 

by the large binding constant for the highly positively charged guest 7. 
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Figure 5.3. Binding constants (-~G O a in kcal/mol) for guests bound by 
host 3 in aqueous borate buffer (pH 9). Binding constants for the guest 
with host P are iven in arentheses.2 

:CH3 
7, R = r : 1:1 complex 8.0 

~ 1 :2 complex 17.4 
(see discussion) 

Figure 5.4. Binding constants (-~G O a in kcal/mol) for guests bound by 
host 4 in aqueous borate buffer (pH 9).2 

CPK models indicate that the structures of 3 and 4 have considerably more degrees 

of freedom than host P. A result of this is that there should be numerous possible 

preferred binding conformations, not the two-state model as proposed for host P itself. 

Given the complexity of these structures and the large number of heavy atoms, no attempts 

were made to quantitatively address the issue of preferred conformations by molecular 

dynamics calculations. Despite many attempts, no crystal structures were obtained for 3 

and 4 or for their ester precursors (3E and 4E), Thus the studies of 3 and 4 are lacking in 

quantitative structural data. 
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S.2.3 Spectral Changes Associated with Guest Binding. 

As with host P, some guests show bathochromic shifting on binding to 3 and 4. 

Red shifting of absorption bands for guests Sand 6 with host 3 is much larger than what is 

observed for host P (Table 5.1). Additionally, the apparent extinction coefficients for these 

absorptions in the complex show an increase in magnitude compared to the free guest 

(hyperchromic shifting). This is inconsistent with what has been observed for host P (6 

shows a hyperchromic shift, but S exhibits a hypochromic shifting, Table 5.1) and is 

thought to be the result of significantly different binding conformations occurring with the 

two hosts. In support of this claim the two guests exhibit opposite signs for their 

respective ICD with host 3 (both guests have long axis transition moments, Table 5.2, 

Figures 5.5 and 5.6). In addition, we observe sign reversals in the ICD of S when binding 

studies are carried out with excess guest (Figure 5.7). Such spectral changes are thought to 

be the result of additional guest molecules entering the cavity to produce HG2 and/or higher 

order complexes. The large hyperchromic shift reported for the 3/5 complex in Table 5.1 

may be due in part to the presence of higher order complexes effecting the fitting procedure 

used to obtain the data. Guest 6 with host 3 does not show this behavior. 

Given the size of the guest compared to the size of the host, it is not surprising to 

observe the formation of 2: 1 and/or higher order complexes. The most notable examples 

are the 3/5 and 4n systems.2 For the other host-guest systems (3/6; 3n; 3/8; and 4/8), 

control studies with excess host reveal no unusual spectral changes-these complexes are 

thought to be exclusively 1:1 host:guest.2 

The di polar coupling mechanism of ICD3 is evident in examination of the rotational 

strengths in Table 5.2. In general, 3 induces greater rotational strengths than P, and 4 

induces greater rotational strengths than 3. This is expected from the coupling of a greater 

number of host transitions with the guest transition in the higher oligomers. Unfortunately, 
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due to the absence of rigorous conformational data, no induced CD calculations of bound

guest orientations (Chapter 4) could be attempted for hosts 3 and 4 and their guests. 

Free Guest Bound Guest8 

Guest Host Amax (nm) eb (M•lcm•l) Amax (nm) eb (M·1cm·1 ) ~A. (nm) 

5 p 439 2.8 X 104 473 2.0 X 104 +34 
5 3 439 2.8 X 104 527 6.6 X 104 +88 
6 p 412 1.8 X 104 424 1.9 X 104 +12 
6 3 412 1.8 X 104 440 2.9 X 104 +28 
7 p 423 1.9 x H>5 C C ~A,> 0 
7 3 423 1.9 x H>5 436 1.4 x lo5 +13 

1:1 complex 1:1 complex 1:1 complex 
439 2.0 x Io5 +16 

7 4 423 1.9 X }()5 
1:2 complex 1:2 complex 1:2 complex 

432 2.8 x lo5 +9 

8 p 414 4.6 X }()5 C C .11. > 0 
8 3 414 4.6 X lo5 414 4.4 X ]()5 ±0 
8 4 414 4.6 X lo5 423 4.4 X lo5 +9 

Table 5.1. Bathochromic shifting of guest absorption bands observed on 
binding to hosts P, 3, and 4 in aqueous borate buffer. 
8 Data was obtained by fitting from known binding constants, equilibrium concentrations, and optical 
constants. bApproximate value. cA binding constant was not obtained for this host-guest system, thus 
UV Nisible spectral changes are qualitative only. 

5.2.4 Porphyrins as Guests. 

The tetracationic porphyrin 7 shows significant CD changes on binding to 3 and 4. 

For the 3(1 system a strong Cotton effect is observed at 439 nm (red shifted 15 nm from 

the UV Sorel Amax), and a weaker Cotton effect is observed at 419 nm (5 nm blue shift 

from UV Sorel Amax) as shown in Figure 5.8. We believe this results from induced CD in 

the two mutually perpendicular component transitions in the Soret band (the long 

wavelength Bx transition lies along a line connecting the H atoms of opposing pyrrole 

groups, Figure 5.9).4 This observation of a split Cotton effect in induced CD for 7 has 

been observed in the intercalation of helical peptides and polymers.4,5 In the case of the 

3(1 complex, the two Cotton effects are not equivalent in rotational strength (Figure 5.8). 

Guest 8 also does not show the split induced CD for the Soret bands with either host 3 or 
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4 (Figures 5.10 and 5.11). We believe these observations to be the result of a much less 

specific binding orientation, where all guest orientations average to give a single induced 

CD band. The single induced CD band might also result from the host causing the 

porphyrin ring to bend out of the plane. 

Guest Host Amax free Amax for l1£ Rotational 
srnest induced CD (M·1cm·1) Strength (cgs) 

5 Ps 439 nm 449 nm -11.6 -7.8 X 10·39 

5 3s 439 nm ca 450nm M: <()8. R < ()8. 
6 Ps 412 nm 422 nm -18.8 -3.5 X 10-39 

6 3R 412 nm 448 nm -3.4 -7.4 X 10-40 

when [PR] > (7) when [PR] > (7] 
.1E < 0 R < 0 

7b PR 424 nm ca 432 nm 
when [7] > [PR] when [7] > [PR] 

.1E > 0 R > 0 
439 nm -145 -1.5 X 10-38 

7 3s 424 nmc 
419 nm +15.6 +2.0 X lQ-40 

1:1 complex 
447 nm -18d -1 X 10-38 d 

7 4R 424 nmc 429 nm +7d +5 X 10-40 d 

1:2 complex +96d +7 X 10-39 d 
438 nm 

419 nm 
-71d -9 X 10-39 d 

gb PR 424 nm e e e 

8 3s 414 nm 418 nm -38.9 -2.5 X lQ-39 

8 4R 414 nm 421 nm +153 +9.2 X lQ-39 

Table 5.2. Induced circular dichroism (ICD) observed in aqueous borate 
buffer with hosts P, 3, and 4. 
8Consistent data is only obtained when (3) > [S]; under conditions of excess guest there is evidence for the 
fonnation of complexes of the general fonn HGn where n ~ 2. b A binding constant was not obtained for 
this host-guest system, thus ICD is qualitative only. csoret band of porphyrin, ICD resolves it into the 
two component bands. dGiven the inaccuracy in the binding constants for this host-guest system (see 
discussion), the values given here are approximate. eNo ICD was detectable for this guest with Host P; 
while it is tempting to assume this transition has .1E == 0 and R -= 0, it should be noted that the ICD may 
have been undetectable under the conditions of our studies. Bathochromic shifting of the guest absorption 
band is, however, observed (Table 5.1). 
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Figure 5.5. CD and visible spectra of guest 5 (3.69 x 10- 6 M) in the 
absence (a) and in the presence (b) of host 3s (2.14 x 10·5 M) in aqueous 
borate buffer H 9 . 
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Figure 5.6. CD and UV/visible spectra of guest 6 (7.18 x 10-6 M) in the 
absence (a) and in the presence (b) of host 3s (1.53 x 10-s M) in aqueous 
borate buffer H 9 . 
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Figure 5.7. CD and visible spectra of guest 5 (7.64 x 10- 7 M) in the 
presence of a limiting concentration of host 3s (1.26 x 10-5 M) in aqueous 
borate buffer H 9 . 
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Figure 5.8. CD spectrum of host 3s and fitted spectrum of its complex 
with uest 7 in a ueous borate buffer H 9 . 
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Figure 5.9. Transition moments for the porphyrin Soret band. The 
transition moments shown were obtained from an INDO/S6 calculation of 
AMI 7 o timized or hyrin. 
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Figure 5.10. CD spectrum of host 3s and fitted spectrum of its complex 
with uest 8 in a ueous borate buffer H 9 . 
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Figure 5.11. Fitted CD spectrum of the host 4R complex with guest 8 in 
a ueous borate buffer H 9 . 

With the 4/7 system two distinct spectral patterns are observed, depending on 

whether one is under conditions of excess host or excess guest (Figure 5.12).2 In the case 

of excess host, the expected split Cotton effect is observed as with 3, but the rotational 

strengths of the two bands are more equally matched. Under conditions of excess guest, 

the Cotton effect changes sign and is blue shifted relative to the excess host induced CD 

bands. Mol ratio and Job plots8 of this data suggest a 1 :2 host:guest complex is forming 

(Figures 5.13 and 5.14). The discreet signals between 1:1 and 1:2 complexes suggest a 

specific orientation for the porphyrins in the cavity of 4.2 

The binding constants given for the 4/7 complex rn Figure 5.4 are only 

approximate. The 1:1 number comes from data fitting (using CDfit)2 a series of solutions 

in which only the spectral features of curve a in Figure 5.12 were evident. Starting from 

the 1: 1 complex and assuming all host was initially present as the complex, a series of 

solutions for which the spectral features of curve b were evident were then fitted assuming 

formation of a 2: 1 complex. The fitting gave -~G 0 = 8.8 kcal/mol for the second 

association. This gives an overall formation constant of 17.4 kcaVmol for the 2: 1 complex. 

Given the approximations involved in the analysis, however, these values should be 
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considered as only estimates. The results do indicate a cooperative process is occurring in 

the formation of the higher order complex. 
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Figure 5.12. CD and visible spectra of guest 7 (2.97 x 10-6 M) in the 
presence of 8.01 x 10-6 M host 4R (A, 1: 1 complex) and in the presence of 
8.90 x 10·5 M host 4 B 2:1 com lex in a ueous borate buffer H 9 . 
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Figure 5.13. Mol ratio plot for binding of guest 7 by host 4R in aqueous 
borate buffer H 9 . 
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Figure 5.14. Job plot8 for binding of guest 7 by host 4R in aqueous borate 
buffer H 9. G + H = 4.00 x l0-6 M 

It should be noted that the aggregation state of guest 7 in aqueous solution is not 

clear. The literature contains several conflicting reports in regard to this porphyrin, with 

different authors claiming it exists exclusively as monomer,9 exclusively as dimer, 10 or as 

monomer in equilibrium with dimer11 under the concentration range we studied. CDfit is 

unable to account for this aggregation, but our data shows good agreement with our model. 

This leads us to believe that the monomer predominates under our experimental conditions. 

Consideration of a monomer-dimer equilibrium (using a dimerization constant of KD = 1 x 

1()5 M-1)11 and data fitting by the Benesi-Hildebrand methoctl2 gives -~G0 = 6.9 kcal/mol 

for the 3/35 complex. Benesi-Hildebrand treatment of the 3/7 data without accounting for 

the monomer-dimer equilibrium gives a value of 7.3 kcal/mol. Guest 8 has also been 

reported to dimerize (KD = 6 x 103 M-1 ).11 These observations may result in additional 

error in the reported binding constants for 7 and 8 with host 4. 

Like 3/8 the 4/8 system shows only a single induced CD band (Figure 5.11 ). With 

8 host 4 is certainly capable of binding two guests (as per guest 7), but electrostatic 

repulsions from the high number of negative charges present in both host and guest are 

thought to keep the complex at a 1: 1 stoichiometry. 
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Guest 8 is significant because our hosts, as a rule, do not bind anionic species. We 

rationalize the binding of 8 to host 3 and 4 by a cation-7t effect with the electron deficient 

(positive) face of the porphyrin ring. This binding of the porphyrin, but not the 

phenylsulfonate substituents, is supported by NMR experiments in 10% CD3CN/90% 

Borate-d (a solvent that decreases aggregation)1a involving 3/8. These studies have shown 

weak downfield shifting of the phenylsulfonate protons-not the strong upfield shifting 

expected for encapsulation in an aromatic rich cavity. The interaction of host with the 

electron deficient region of an anionic guest represents a novel cation-7t effect previously 

unobserved in our studies of this phenomena. The relative D values for guest 8 from these 

NMR experiments are given in Figure 5.15. 

Figure 5.15. Relative D values from 1 H NMR studies of guest 8 with host 
4R in 10% CD3CN/90% borate-d.1 3 D < 0 represents a down-field shift of 
the NMR si nal on bindin . 

The porphyrin guests are also unusual in that they show an extremely high 

propensity not only for self-association, but also for association into tightly bound ion

pairs with certain oppositely charged ions. 14 The prototypical ion-pair of this type is the 

porphyrin dimer formed from a cationic and an anionic porphyrin (such as between 7 and 

8).14 This overall neutral 7/8 ion-pair is believed to be very stable in aqueous solution.14 

Given the highly favorable formation of a 1:2 complex with host 4 and guest 7, several 

attempts were made at complexation of a neutral 7 /8 dimer. In these experiments, host was 
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added to solutions containing 1: 1 mixtures of the two porphyrins, which were expected to 

exist primarily as neutral dimers; 14 Figure 5.16 and 5.17 illustrate the visible spectra 

associated with these porphyrins in the presence and absence of host. Guest 7 appears to 

interact much more strongly with host 4 than with guest 8; as seen in Figure 5 .17 the 

visible absorption band associated with the 7 /8 dimer begins to break up into the 

component 7 and 8 absorptions as host is added. The observed ICD in these experiments 

also supports the preferential formation of the 4/7 complex, not the encapsulation of the 

neutral porphyrin dimer (Figure 5.17). 

Likewise, anions such as host P and the non-macrocyclic 9 (Figure 5.18) also 

show strong interaction with these porphyrins (Figures 5.19 and 5.20). With host P, the 

sign of the induced CD is inconsistent at high and low host:guest ratios (Table 5.2). This 

is thought to be the result of non 1: 1 stoichiometric complexes forming under conditions of 

excess host. Such 2: 1 host:guest complexes have been observed with tetracationic 

porphyrins and cyclodextrin hosts; in some instances the complexes are stable enough to 
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Figure 5.16. Visible absorption spectra of solutions 2.26 x 10·6 M in 
guest 7 (a), 2.26 x 10·6 M in guest 8 (b), and 1.13 x 10·6 M in both guests 
c) in a ueous borate buffer H 9 . 
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Figure 5.17. CD and visible absorption spectra of a solution containing 7 
(1.13 x 10·6 M), 8 (1.13 x 10·6 M), and host 4R (6.75 x 10·6 M) in 
a ueous borate buff er H 9 . 

isolate by chromatography. 15 With 9, a molecule that normally shows no interaction with 

the guests bound by host P, a split Cotton effect is observed for the induced CD. Again 

this is thought to be the result of non 1: 1 stoichiometries. The sign of this split signal 

remains the same at both high and low ratios of 9:7. Given the difficulties associated with 

the quantitation of such complexes, further studies were not pursued. 

[(R, R)-Stereochemistry of ethenoanthracene unit shown] 

Figure 5.18. Non-macrocyclic molecule that normally shows no interaction 
with the uests bound b host P. 
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Figure 5.19. CD and visible absorption spectra of guest 7 (7.20 x 10-6 M) 
in the absence (a) and in the presence (b) of host Pa (1.26 x 10-6 M) in 
a ueous borate buffer H 9 . 
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Figure 5.20. CD and visible absorption spectra of guest 7 (7.18 x I0-6 M) 
in the absence (a) and in the presence (b) of 9a (1.60 x 10-s M) in aqueous 
borate buffer H 9 . 
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Figure 5.21. CD and visible absorption spectra of guest 8 (1.68 x 10-6 M) 
in the absence (a) and in the presence (b) of host PR (1.77 x 10-5 M) in 
a ueous borate buffer H 9 . 
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Figure 5.22. CD and visible absorption spectra of guest 8 (1.68 x 10·6 M) 
in the absence (a) and in the presence (b) of 9R (1.28 x 10-s M) in aqueous 
borate buffer H 9 . 
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Guest 8 also shows interaction with both P and 9 (Figures 5.21 and 5.22). No 

ICD was detected in either interaction, but changes in the visible absorption bands of the 

guest are clearly evident in the presence of both P and 9. Given the absence of ICD, these 

interactions appear to be much weak.er than those with guest 8. 

5.3 Guests Showing Unusual Behavior with Host P 

5.3.1 Introduction 

In Chapters 2-4 the host-guest complexes of host P exhibited exclusively 1:1 

stoichiometries. However, the host is capable of forming higher order complexes, as has 

been described with the porphyrin guest 8. A number of studies carried out with host P 

gave inconclusive data, and some of these studies appear to illustrate the formation of 

complexes with non 1: 1 stoichiometries. The observations of higher order complexes, 

with the larger hosts 3 and 4, brought to light some of the spectral changes to be expected 

from the formation of such higher order complexes, and many of these spectral changes 

were observed with the guests shown in Figure 5.23 on interaction with host P. This 

section describes observations of the formation of non 1: 1 stoichiometries with host P. 

5.3.2 Picrate Anion 

Given the observations of anionic hosts binding the electron deficient anionic guest 

8, it appeared that the picrate anion (10, a highly electron deficient anion) might be bound 

by host P. Preliminary studies with P and 10 gave no detectable ICD in the guest long

wavelength absorption band, but increased magnitude in the host shorter-wavelength 

Cotton effects was observed (Figure 5.24). Several experiments were run, but in no case 

was data obtained that gave good fitting results with CDfit. This may be due in part to a 
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very low binding constant (-~0°8 < 4.5 kcaVmol) or to a non 1:1 stoichiometry. A non 1:1 

complex is supported by the increase in magnitude of host lower wavelength Cotton 

effects, a spectral change characteristic of the toroid conformation of the host (Chapter 3). 

CPK models indicate that such a conformation is capable of binding two picrate anions, 

while a 1: 1 complex is expected to occur with the rhomboid conformation of the host. 

Alternatively, the spectral changes could arise from ICD in shorter wavelength guest 

absorptions. In either case, the data support the observation of a cation-1t effect with a 

highly electron deficient anionic guest 

Binding a picrate dimer is a distinct possibility for explaining the observed results, 

as guest 10 is known to dimerize in both aqueous and organic media. 16 However, the data 

obtained in these studies have not allowed quantitative interpretation. 

o-cs+ 
02N~N02 y 

N02 

10 11 

12 

Fi ure 5.23. Guests showin unusual behavior with host P. 

5.3.3 Cationic Dyes 

Dyes 11 and 12 show bathochromic shifting of absorption bands and ICD (~E < 0 

with Ps) on interaction with host P, as expected for dye guests (Figures 5.25 and 5.26). 
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Contrary to what is observed with other dyes in the presence of excess host, however, 

guests 11 and 12 show decreasing magnitudes of ICD bands relative to conditions of 

equivalent and excess guest concentrations (Figure 5.27). The data from studies of crystal 

violet (11) were most amenable to interpretation; Figure 5.27 shows a mol ratio plot of this 

data. Examining the data up to the point where the largest observed ICD magnitude occurs, 

it appears that a 2: 1 host:guest complex is forming. A similar stoichiometry is thought to 

occur with 12, although the data are not as clear. 
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Figure 5.24. CD spectra of host Ps (3.3 x l0-6 M) in the absence (a) and 
in the presence (b) of guest 10 (1.17 x 10-4 M) in aqueous borate buffer 

H 9. 

An interesting effect is noticed with solutions of 11 and P. In borate buffer, dye 

11 decomposes over the course of a few days as evidenced by a loss of color and 

formation of a precipitate. When the solution contains host P though (the host does not 

need to be in excess), the dye remains stable in solution for a prolonged period of time (as 

of this writing a five year old solution is still vividly purple in color). The fading of the 

crystal violet dye is believed to occur through formation of the more photosensitive carbinol 
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(13, Figure 5.28). 17 Even under conditions of fast-exchange, it appears that encapsulation 

by host P helps to prevent this reaction from occurring. 

Additionally, studies with 9 show interaction with dye 12 (Figure 5.29). The ICD 

signal is weak and bisignate, indicative of multiple dye chromophores.18 Aggregation of 
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Figure 5.25. CD and visible absorption spectra of guest 11 (3.27 x l0-6 
M) in the absence (a) and in the presence (b) of host Ps (4.00 x l0-6 M) in 
a ueous borate buffer H 9 . 
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Figure 5.26. CD and visible absorption spectra of guest 12 (5.89 x 10· 6 
M) in the absence (a) and in the presence (b) of host Ps (6.40 x 10·6 M) in 
a ueous borate buffer H 9 . 
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Figure 5.27. Mol ratio plot for binding of guest 11 by host Ps in aqueous 
borate buffer H 9 . 

11 13 

Figure 5.28. Carbinol formation from guest 11.l 7 The carbinol is much 
more rone to hotobleachin than 11 itself.I 7 

dyes like 11 and 12 is known to occur at low concentrations in aqueous media, but 

reported CAC's suggest that this is most likely to occur only at concentrations above 10 

µM.17 Our studies suggest that for guest 12 our hosts may help to induce dye aggregation 

at lower concentrations, possible as a result of the formation of complexes with non 1: 1 

stoichiometries. 
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Figure 5.29. CD and visible absorption spectra of guest 12 (S.89 x 10-6 
M) in the absence (a) and in the presence (b) of 9R (4.60 x 10-s M) in 
a ueous borate buffer H 9 . 

5.4 Conclusions 

The studies of oligomers of host P demonstrate the application of our circular 

dichroism methodology to hosts other than P itself. It was shown that the larger, less 

conformationally restricted hosts 3 and 4, are capable of binding guests but tend to show 

lower affinities for these guests than host P. The larger cavities of these hosts also provide 

the ability to bind several guests allowing the formation of higher order complexes. The 

spectral changes associated with the appearance of these higher order complexes are often 

associated with reversal of sign of induced circular dichroism signals. Several guests have 

also shown such anomalous spectral behavior (and higher order complex formation) with 

host P itself. 

The studies described here also illustrate the first examples of anion binding by the 

Dougherty group anionic cyclophane hosts. These hosts normally bind electron deficient 

neutral and cationic molecules, but studies with guests 8 and IO illustrate that given a 
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sufficiently electron poor anion binding interactions will occur. Guest 10 is interesting 

because it appears that a 1 :2 host:guest complex may occur with host P. 

5.5 Experimental Section 

5.5.1 General Methods 

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with a 1.0 cm 

pathlength quartz cell. A standard set of measurement parameters was used in all 

quantitative experiments: Band Width 1.0 nm, Sensitivity 50 m 0 /cm, Time Constant 1.0 

Sec., Scan Speed 50 nm/min., Step Width 0.2 nm/point, and a minimum of 4 

accumulations. Electrospray mass spectrometry was performed at the UC Berkeley mass 

spectrometry center. 1H NMR spectra were recorded on a Bruker AM-500 spectrometer; 

routine spectra were referenced to the residual proton signals of the solvents and are 

reported in ppm downfield of 0.0 as 8 values. 

All solvents used in spectroscopy were spectrophotometric or HPLC grade. 

Aqueous cesium borate buffer (pH 9) was prepared by dissolving 0.25 g high purity boric 

oxide in 800 g water and adding 3.74 ml of 1 M CsOH followed by thorough mixing. The 

water used in these preparations was passed through a Milli-Q purification system. 

Circular dichroism binding studies are described in Chapter 2 of this manuscript.2 

Qualitative detection of induced CD was done using excess concentrations of the 

appropriate host and/or control molecule with the guest of interest. For these studies the 

standard measurement parameters were often varied to provide conditions with the highest 

sensitivity. 

Fitting CD data from acetonitrile solutions of P tetraacid to ~E values for the 230-

350 nm region of PE in CH3CN provided estimates of purity of samples of the tetraacid. 

Calibration studies with P stock solutions in cesium borate prepared by weighing out 
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samples of the tetraacid (with "known purity") produced nearly identical & values to the 

studies with NMR standardized stock solutions. This method of & determination was 

used for 3, and 4. The method was also used to determine purity of samples of 9. 

The E values for the UV Nisible absorption spectra of host-guest complexes come 

from spectra of solutions containing known amounts of host and guest; using previously 

measured binding constants. The host-guest complex spectrum was calculated from the 

measured spectrum, as described in the experimental section of Chapter 2. 

Some binding constants reported in this chapter were determined from the Benesi

Hildebrand method.12 In such cases, an intial guess of the binding constant was used to 

estimate the equilibrium concentrations of the free species and this number optimized by 

repeated iterations until the best fitting plot was obtained. The application of the Benesi

Hildebrand method is given in Appendix 1 (Section 5.6). 

All reactions, unless otherwise noted, were stirred magnetically under nitrogen 

atmosphere. Solvents were distilled from drying agents under argon atmosphere; 

acetonitrile, CaH2; THF, sodium benzophenone ketyl. Ion exchange for Nfi4+ was 

carried out with Dowex® 50w-x2 cation exchange resin (the resin was treated with 

concentrated ammonium carbonate then washed with Milli-Q purified water before use) . 

Unless otherwise noted reagents obtained from commercial sources were used without 

further purification. 

Compounds P, 1, 2, 3E , and 4E were prepared by procedures described 

previously. I The synthesis of control molecule 9 is described in Chapter 2.2 All other 

compounds were obtained commercially and used as obtained, except 8 which was purified 

by ion-exchange (Dowex® 50w-x2 cation exchange resin, H+ form), and 10 which was 

prepared in our laboratories.19 



271 

S.S.2 Synthesis 

(9S, l0S, 9'S, IO'S, 9"S, l0"S)-3-Hexaacid. In a 25 ml flask 0.016 g 

(1.17 x 10-5 mol) 3sE was dissolved in 8 ml THF, followed by addition of 0.057 g (3.79 

x 104 mol) cesium hydroxide and 2 ml water. The mixture was allowed to stir in the dark 

at room temperature overnight and the THF removed by rotary evaporation. The aqueous 

mixture was frozen to -78 °C and lyophilized to give an off-white powder that was 

dissolved in water and ion-exchanged for NI-4+. The ion-exchanged solution was frozen 

at -78 °C and lyophilized to give 0.026 g of an off-white powder (59.7% pure by CD, 

impurities were inorganic salts and water). 1H NMR (10% CD3CN/90% Borate-d) o 

(ppm) 7.32 (s, 12H), 7.19 (d, 6H), 7.03 (d, 6H), 6.55 (dd, 6H), 5.20 (s, 6H), 5.09 (s, 

12H). CD [(9S, 10S, 9'5, IO'S, 9"5, 10"5)-enantiomer, pH 9 borate buffer] ). (fiE) [nm 

(M· 1cm· 1)], 297 (+24.6), 277 (-57.5), 252 (+165), 227 (-245), 209 (+70.5). 

(9R, l0R, 9'R, 10'R, 9"R, 10"R, 9"'R, 10"'R )-4-Octaacid. In a 

25 ml flask 0.016 g (1. 17 x I0-5 mol) 4RE was dissolved in 12 ml THF, followed by 

addition of 0.057 g (3.79 x I0-4 mol) cesium hydroxide and 3 ml water. The mixture was 

allowed to stir in the dark at room temperature overnight and the THF removed by rotary 

evaporation. The aqueous mixture was frozen to -78 °C and lyophilized to give an off

white powder that was dissolved in water and ion-exchanged for NI-4+. The ion

exchanged solution was frozen at -78 °C and lyophilized to give 0.030 g of an off-white 

powder (67.2% pure by CD, impurities were inorganic salts and water). ESMS (anion 

mode, material in borate buffer) mle 212 (M8·). CD [(9R, lOR, 9'R, lO'R, 9"R, lO"R, 

9"'R, lO"'R)-enantiomer, pH 9 borate buffer] A (fiE) [nm (M· 1cm·1)], 297 (-39.1), 277 

(+60.0), 252 (-224), 227 (+289), 211 (+85.0). 
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5.5.3 CD Data for Previously Reported compounds 

3E. [(9R, 10R, 9'R, lO'R, 9"R, lO"R)-enantiomer, CH3CN] A (!J.E) [nm (M-

1cm-1)], 320 (+4.6), 298 (-11.4), 285 (+23.7), 251 (-207), 228 (+360), 207 (+145). 

4E. [(9S, 10S, 9'S, IO'S, 9"S, lO"S, 9"'S, lO"'S)-enantiomer, CH3CN] A. 

(!J.£) [nm (M· 1cm·1)], 319 (-12.0), 300 (+2.3), 285 (-52.7), 251 (+224), 229 (-406), 207 

(-167). 

5.6 Appendix 1: Determination of 1:1 Binding Constants by the Benesi

Hildebrand Method 

If the equilibrium concentration of unbound guest is known for a given spectrum, a 

Benesi-Hildebrand plot can be used to determine the 1: 1 equilibrium constant, K, from 

circular dichroism data at a given wavelength using equation 5.1, 12 

_l_ = --~--+ -~- (5.1) 
!J.0';.. [H] 0 K/J.e11[G] [H]o!J.£11 

where/ is the pathlength of the cell; !J.&-;._ is the change in observed ellipticity at wavelength 

A., for a solution containing guest (G) with total host concentration, [H]0 (M) compared to 

a solution containing only host at concentration [H]0 ; [G] is the equilibrium concentration 

(M) of free guest; and !J.£11 is defined by equation 5.2 (the difference between the host

guest complex optical constant, &ttGA, and the free component optical constants). 12 

(5.2) 

A plot of //!J.&-;.. vs 1/[G] provides a straight line with K equal to the ratio y-intercept/slope 

and !J.£11 = l/([H]oy-intercept).1 2 Equations 5.1 and 5.2 describe the situation where the 
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concentration of host is held constant over a range of guest concentrations, where [G]0 > 

[HJ0 in each solution.20 Experiments run with guest as the minor component and [G]0 

held constant over a range of host concentrations require appropriate rewriting of the 

equations. The equations can be used with UV Nisible absorption data as well by replacing 

9-).. with A,. and ~i with Ei, 

5. 7 Appendix 2: Estimation of Equilibrium Concentrations 

In the studies described in this Chapter, there was no immediate way to obtain the 

' equilibrium concentrations of free species from the spectra. In order to apply the Benesi-

Hildebrand analysis, 12 a binding constant had to be assumed and the equilibrium 

concentrations calculated. Repeated iterations were then used to obtain the best-fit binding 

constant. 

In addition, a number of similar treatments were applied to the higher order 

equilibria described in the Chapter. Although the treatments of higher order complexes 

were generally unsuccessful, their applications resulted in the derivations of equations that 

can be used to estimate equilibrium concentrations of solution components from assumed 

or known binding constants . Excel21 was used in the applications of these equilibria 

relationships, and spreadsheets were created that computed the concentrations from the 

input total host and guest concentrations and equilibrium constants. 

This appendix lists the mathematical relationships that can be used for the estimation 

of equilibrium concentrations based on known or assumed equilibrium constants. They are 

given here for reference if studies of the non 1: 1 stoichiometries are pursued in future 

work. All relationships are derived from the determination of the concentration of free 

guest (G ), and in all cases [H] 0 and [G ]0 represent the total host and total guest 

concentrations respectively, where at equilibrium 
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n=N 
[H]0 = [H] + L [HGn] (5.3) 

n=l 

n=N 
[G]o = [G] + L n [HGn] (5.4) 

n=l 

In the case of guest self-association (only dimerization, m = 2, is considered in this 

appendix), equation 5.4 becomes 

m=M n=N 

[G]o = L m [GmJ + L n [HGn] (5.5) 
m = 1 n = 1 

For a system containing host and guest that form complexes up to HG 0 and where 

the guest self-associates into dimers (G2), the equilibrium relationships are 

Kn= [HGnl 
[HGn-tHG] 

(5.6) 

KD = [G2] 
[G]2 

(5.7) 

The equilibrium free guest concentration, [G], is obtained from the solution of the 

polynomial equation, 

n=N 
0 = [G]0 + L /3n[G]o - n/3n[H]o - f3n-t - 2KD/3n-2 (5.8) 

n=l 

where f3n is defined by equation 5.9 (for n ~ 1), with f3o = l and /11 = 0. 

n=N 
f3n = IJ Kn (5.9) 

n=l 

For the case where the highest order complex is HG (Kn = 0, n > 1) and guest self

association is negligible (KD = 0), equation 5.8 reduces to the quadratic 

(5.10) 
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Quadratic equations are easily solved, but for higher order equilibria equation 5.8 has the 

general form 

(5.11) 

which can be solved iteratively using Newton's method,22 

[Gln+l = [G]n _ ~([G]n) = [G]n _ X1[G] + X2[G] 2 + X3[G]3 + ... + XN[G]N+ [G] 0 

f ([G]n) X1 + 2x2[G] + 3x3[G]2 + ... + NXN[G]N-l+ [G] 0 

(5.12) 

basically after an initial guess of [G ln, equation 5.16 is applied until [G ln+ 1 and [G ln 

differ by an insignificant amount(± 0.001 %). 

Once the equilibrium concentration of free guest is known, this can be used to find 

the equilibrium concentrations of the various host-guest complexes using equations 5.13 

and 5.14, the mass balance relations (equations 5.3-5.5) can be used to determine the 

equilibrium values of [H] and [G2]. 

[HG]= K1[H] 0 [G] 
n=N 

(5.13) 

1 + L, ,8n[G]n 
n = 1 

(5.14) 
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Chapter 6 

Chiral Recognition of Inorganic Metal Complexes by 

Cyclophane Host Molecules. 

6.1 Introduction 

The previous chapters have described cyclophane hosts that bind cationic guests in 

aqueous media (Figure 6.1 ). 1 One of the important binding forces that operates in these 

host-guest interactions is the cation-7t effect - the interaction of a cation with the face 

(quadrupole) of an aromatic ring (Figure 6.2).2 The cationic guests described in the earlier 

chapters have all been quaternary ammonium ions and imminium ions. Previous studies 

have established that our hosts do not bind the more strongly solvated alkali metal cations 

or ammonium ion in solution,1i but these hosts form insoluble salts with alkaline earth and 

transition metal cations.3 However, water-soluble transition metal complexes with 

chelating ligands offer a means to study the binding of metal cations while attenuating any 

strong interactions with the host carboxylates (precipitation). These metal complexes 

should also have lower salvation energies than the corresponding naked metal ions, 

resulting in smaller desolvation penalties for binding. The ligand provides a handle from 

which lH NMR signals can be monitored. The metal center allows for variation of the 

charge of the ion and the ligands can be varied to alter hydrophobic and/or electrostatic 

contributions to the binding. 

Figure 6.3 illustrates the metal complexes chosen for study. The complexes are all 

stable to racemization,4,5 and ligand dissociation is negligible so that interactions of the 

metal center with the carboxylates shouldn't occur. The metal complexes of Figure 6.3 are 

all chiral, providing the additional aspect of chiral recognition with our enantiomerically 
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pure hosts. Chiral recognition has been observed in earlier studies of the ethenoanthracene 

based hosts in our labs with certain chiral organic cations, ldi although the preference for a 

R 

Qo • ' t ~ :9 
o~,!;on - \ ~ 

... 
R 

R 

PE, n = 1, R = -C02CH3 

2E, n = 2, R = -C02CH3 

3E, n = 3, R = -C02CH3 

P, n = 1, R = -CO2-cs+ 

2, n = 2, R = -CO2-cs+ 

3, n = 3, R = -CO2-cs+ 

[(R, R)-Stereochemistry of ethenoanthracene units shown] 

(R, R) 

¢0 -
0 

(S, S) 

cs+·0zc 

Fi ure 6.1. Cyclophane hosts studied in this chapter. 

··-0 
A B C 

Figure 6.2. The cation-rt effect (A) and the quadrupole moment of benzene 
(B); quadrupole moments can be thought of as being derived from two 
dipole moments arran ed in such a way as to create no net dipole (C).2 h 
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Fi ure 6.3. Chiral metal complexes bound b the hosts of Fi ure 6.1. 

given guest enantiomer tends to be small (1 kcal/mol > MG 0 a), ldi It was hoped that with 

higher charges on the cations, stronger cation-1t interactions would lead to higher binding 

constants, which in turn might lead to larger enantioselectivity. 

6.2 A-Co(en)33 + 

6.2.1 General 

The first guest we chose to look at was the Co(en)33+ ion (4). This guest has CH2 

and NH2 protons that can be followed by 1 H NMR. CPK models suggest that 4 can fit 

snugly into the toroid conformation of host plai with the CH2 groups sticking partially 

outside the cavity and NH2 groups fully encapsulated (Figure 6.4). This model suggests 
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that in an 1H NMR experiment large upfield shifts should be observed for NH2 protons 

relative to the CH2 protons. For these reasons 4 was thought to be an ideal guest for 

study. 

Figure 6.4. Crystal structure of guest 46 docked in optimized toroid 
conformation of host P .1 i 

6.2.2 Binding Results 

1 H NMR experiments with host P and 4 in borate-d provided poor data for 

analysis, due to extreme broadening of proton signals for both host and guest. In an 

attempt to decrease this peak broadening (by decreasing the binding constant), several 

experiments were carried out in DMSO-d6 using both the tetracaroxylate host and the 

tetraacid of the host. The data from these studies were still unquantifiable; however, the 

guest proton NH2 signals were observed to shift in the upfield (D > 0) direction in the 

presence of the host. The observation of upfield shifting of the guest protons is significant 

as it suggests encapsulation within the host cavity, 1 not association at the carboxylates 

(hydrogen bonding of the carboxylate to the guest NH2 protons would be expected to 
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produce down-field shifting).7 Additional experiments with PE in DMS0-"6 also resulted 

in the observation of upfield shifting of guest NH2 protons in the presence of the host 

(Figure 6.5), suggesting a strong cation-7t interaction as the driving force for the binding of 

guest 4 and down playing the presence of a strong electrostatic attraction. In all cases, 

guest CH2 protons exhibited only very slight upfield shifts in the presence of host (~o < 
I 

0.05 ppm). These shifts are consistent with guest encapsulation as depicted in Figure 6.4. 

B 

_A----~---~------

5.5 5.0 
-•--8(ppm) 

Figure 6.5. 1 H NMR spectra showing guest NH2 proton signals of DMSO
d6 solutions containing (A) free guest 4 (2.56 x 10-3 M) and (B) guest 4 
5.20 x 10-4 M with host P 4.86 x 10-4 M . 

Given the difficulties experienced with the NMR studies, the binding interactions 

were further probed using circular dichroism methods (Chapter 2); la the results of these 

studies are shown in Table 6.1. The data show a larger preference for guest 4 by the (S, 

S, S, S)-host compared to the (R, R, R, R)-host. Although small (0.7 kcal/mol), such a 

selectivity is quite remarkable given the spherical structure of the guest (and thus a very 

subtle difference between the enantiomers of this guest). The spectral changes associated 
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with the host Cotton effects don't agree with either a rhomboid or a toroid binding 

conformation for both Ps and Pg (Figure 6.6, Ps data shown). A large decrease in 

magnitude of the Cotton effects relative to the free host is observed, rhomboid binding is 

observed by small decreases, toroid binding by large increases at shoner wavelengths (see 

Chapter 3).18 This unusual type of spectral change may be due in part to the additivity of 

the guest CD absorptions to the host in the complex. Based on guest size (CPK models) a 

toroid conformation is still assumed. 

Host 
Ps PR PMeso 

I -tiG O a (kcal/mol) 7.2 6.5 8.6 

Table 6.1. Binding constants measured in aqueous borate buffer for guest 
4. 

200.00 
a: Host Ps 
b: Guest A-4 - 100.00 c: Host-Guest Complex E 

~ 

0 
E 0.00 

-;:;; -
w 
<I -100.00 

-200.00 
200 225 250 275 300 325 350 

A (nm) 

Figure 6.6. CD spectra of host Ps (a) and guest 4 (b) and fitted spectrum 
of the complex they form (c) in aqueous borate buffer (pH 9). 

An interesting observation from table 6.1 is the significantly larger binding of guest 

4 by the achiral form of the host <PMeso), The achiral host binds 4 with a greater than 1.4 

kcal/mol enhanced affinity compared to both enantiomers of the chiral form of host P. One 
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possible explanation for this is that with the chiral host, the twisting of the 

ethenoanthracene units creates a more collapsed cavity and thus provides a higher energy 

barrier to assuming the fully open Di-symmetric toroid conformation. With the achiral 

host, the C2h-symmetric toroid may be much more accessible due to the absence of the 

helicity that results in the twisting of the subunits in the chiral host. Studies with the 

prototypical toroid binding guest 6 (Figure 6.7), in pD 7.5 buffer, also show a much 

higher preference for binding with PMeso than with enantiomerically pure Ps and PR (8.1 

vs 6.9 kcal/mol). 1i,8 These observations further support this assumption about toroid 

conformation preference between the two diastereomeric forms of host P, but further 

studies would be required to confirm this. 

6 

Figure 6.7. The prototypical toroid-binding guest, adamantyltrimethyl
ammonium ion (6). 

The data in Table 6.1 also illustrates applications of the CDfitla protocol not 

previously exploited with studies of host P. The binding constants for 4 with Ps and PR 

come from fitting with a guest that does not have ~£ = 0 at all wavelengths. This is the 

first example of the use of CDfit for a host-guest system where both species are CD active 

in the unbound states (as described in Chapter 2, the ability to handle this type of data is 

one of the advantages that CDfit has over other CD fitting procedures)_ la The studies with 

PMeso represent the first use of CDfit for a host that is not CD active with a CD active 

guest. In the studies with PMeso, no induced CD was observed for the host transitions; 

using a chiral guest with strong 7t ➔ 1t* transitions is, however, expected to induce CD in 

this host (see Chapter 8). 



288 

Given the observation of a strong cation-1t interaction with guest 4, it was 

postulated that a cation such as Co(NH3)(;3+ might also be bound by the host cavity in both 

aqueous and organic media. Studies with this guest are described in the following section. 

In aqueous 1H NMR and CD studies with hexaamminecobalt (III) ion and host P, 

precipitate formation occurred immediately upon adding solutions of host and guest. NMR 

studies in DMSO-d6 showed down-field shifting of the guest NH3 protons, a result 

consistent with hydrogen bond formation at the carboxylates.7 Identical observations were 

made in studies with PE (in CDCl3 and DMSO-d6) , Again hydrogen bond formation, this 

time with the ester carbonyl oxygen, is postulated. These results were disappointing, but 

should not have been unexpected. In aqueous media the hexaammine ion is expected to be 

much more strongly solvated than a guest like 4, thus having a much greater energy barrier 

for complex formation (a process in which at least part of the solvation shell of the guest 

must be removed).9 In organic media, hydrogen bonding interactions can be quite strong, 

resulting in the preferred formation of these bonds over cation-TT stabilization in the host 

cavity. The hydrogen-bond forming NH3 ligands are much more accessible in the 

hexaammine ion than are the NH2 groups in guest 4. 

Despite the apparent absence of guest binding in the host cavity, CD experiments 

with Co(NH3)63+ did show an interesting effect. Induced CD was observed with studies 

of the guest in the presence of an excess of the enantiomeric forms of host P (Figure 6.8). 

The guest has two weak d-d transitions at 335 nm (1A1g ➔ 1T2g, electronically allowed)lO 

and 469 nm (lA1g ➔ lT1g, magnetically allowed)lO in borate buffer. The ICD illustrated 

in Figure 6.7 arises exclusively from the electronically allowed transition; this observation 

nicely supports the assumptions made in Chapter 4 of the coupling of electronic transition 

moments being responsible for the induction of CD active absorptions in achiral guests. 
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The result also contrasts what has been observed in other studies of Co(NH3)63+ with 

chiral anions. I I In these studies ICD was observed only in the magnetically allowed 

transition.I I Initially, this ICD was thought to be the result of encapsulation in the host 

cavity, a notion later dispelled by the NMR studies described in the preceding paragraph. 

A series of control experiments with non-macrocyclic molecules 7 and 8 (Figure 

6.9) failed to show detectable induced CD. The observation of ICD with P appears to 

simply be the result of a larger number of transitions coupling with the guest transition and 

1.00 

0.00 

-0 

E 
-1.00 --,< 

CD 

-2.00 

-3.00 ...................................................................... ~-'---'-.._.__~~ ......................................................... ~~~ 
320 330 340 350 360 370 380 390 400 

').._ (nm) 

Figure 6.8. CD spectra of solutions containing 2.53 x 10-s M Co(NH3)63 + 
in the presence of (A) 3.0 x 10-s M host Ps, (B) 3.9 x 10·5 M host Ps, and 
C 5.7 x 10-s M host P in a ueous borate buffer H 9 . 

[(R, R)-Stereochemistry of ethenoanthracene units shown] 

Fi ure 6.9. Non-macrocyclic control molecules. 
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leading to a larger rotational strength. Precipitation of insoluble salts with these anions 

was, however, observed. 

6.3 Ru(phen)J2 + 

6.3.1 General 

CPK models indicate that the enantiomers of guest 5 fits snugly into the fully open 

cavity of host 2, likewise the guest can be fully encapsulated by host 3 as well. In the case 

of host P, the guest is too large for full encapsulation. However, the phenanthroline rings 

of metal complex 5 have a propensity to partially intercalate between stacked base-pairs in 

nucleic acids; 12 a similar mode of binding should also be possible with host P. Since the 

guest can interact with all three hosts (-4, -6, and -8 charged anions), it is ideal for probing 

the importance of electrostatic attractions in the binding event. 

6.3.2 Binding Results 

Binding constants for guest 5 in borate buffer were ultimately obtained from CD 

studies and are listed in Table 6.2. Enantioselectivity is observed for host P and 2, but not 

with the much less conformationally restricted host 3. While host 2 is less 

conformationally restricted than P, it remarkably shows almost identical enantioselectivity 

(but with reversed guest preference for the same ethenoanthracene stereochemistry). As 

with the guest 4 studies, the spherical nature of the guests was not expected to produce 

high enantioselectivity with our hosts, yet the hosts do recognize these very subtle changes 

in handedness of the guest. For host 2, the equivalent enantioselectivity to P suggests a 

conformationally restricted binding conformation . Examination of the CD spectra of the 

2sf !l-5 host-guest complex (Figure 6.10) illustrates spectral changes in shorter wavelength 
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host Cotton effects similar to what is observed with host P taking a toroid conformation 

(increase in magnitude relative to free host, Chapter 3).18 Such a D 3-symmetric 

conformation of host 2, while possible and certainly restrictive enough for the observed 

cnantioselectivity, should be highly entropically unfavorable. It may be the increased 

electrostatic attractions with a hexaanionic host help to offset this entropy loss. Studies 

with A-5 produce similar results. 

Similar spectral changes are observed with host 3 on binding guest 5, again 

suggesting full encapsulation of the guest (Figure 6.11 shows the spectrum of the 3RI A-

Ru complex). However, CPK models suggest that the larger host 3 can encapsulate the 

guest without assuming a fully open D4-symmetric cavity. In contrast to the observations 

with hosts 2 and 3, CD spectra for the P/5 complexes suggest rhomboid-like 

conformational changes (small decreases in magnitude of all Cotton effects relative to free 

host,la Figure 6.12 shows the Psf A-5 complex spectrum). This observation, however, is 

not expected due to the different binding modes by which the guest would be predicted to 

take with P (insertion of a phenanthroline ligand into the cavity) vs 2 or 3 (full 

encapsulation of guest). 

Guest 
Host A-5 ~-5 
Ps 9.0 8.4 
PMeso 8.1 a 
2s 8.3 9.0 
3R 8.7 8.6 

Table 6.2. Binding constants (-~G 0 a, kcal/mo)) measured in aqueous 
borate buffer for guest 5. 
8This binding study was not carried out; the achiral host presumably binds both guest enantiomers with 
equal affinity. 
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Figure 6.10. CD spectra of host 2s (a) and guest ~-5 (b) and fitted 
spectrum of the complex they form (c) in aqueous borate buffer (pH 9). 
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Figure 6.11. CD spectra of host 3R (a) and guest A-5 (b) and fitted 
spectrum of the complex they form (c) in aqueous borate buffer (pH 9). 
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Figure 6.12. CD spectra of host Ps (a) and guest A-5 (b) and fitted 
s ectrum of the complex they form (c) in aqueous borate buffer (pH 9). 

Like guest 4, 1H NMR experiments with guest 5 and hosts P, 2, and 3 were 

quantitatively unsuccessful (not unexpected given the large binding constants in Table 6.2). 

In borate-d, interaction of 5 with host P showed very large upfield shifts and broadening of 

all protons. In 10% CD3CN/90% borate-d, signals were easier to follow, but only 

qualitative data was obtained. The enantioselectivity of hosts P and 2 is strong enough to 

allow the hosts to act as chiral shift reagents for mixtures of A- and ~-5, as illustrated in 

Figure 6.13. The relative D values of the guest protons are given in Table 6.3. 13 With all 

three hosts, upfield shifting was observed supporting binding within the host cavity. 

Unlike guest 4, however, studies in DMSO-d6 with P, 2, and 3 and studies in CD2Cl2 

with the esters PE, 2E, and 3E failed to detect any interaction, suggesting hydrophobic and 

electrostatic attractions control the binding of guest 5. 

The relative D values of Table 6.3 reveal some interesting comparisons. The shift 

patterns for host P differ significantly from the larger hosts. With P H2 is shifted the 

farthest upfield, with 2 and 3 H4 experiences the greatest shifting. This is consistent with 
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the larger hosts fully encapsulating the guest, while host P must exhibit a distinctly 

different interaction orientation. The shift patterns of the A- and L1-enantiomers also show 

slight variations with each host, as expected for the observed enantioselectivity (that is 

slightly different binding orientations with the two enantiomers). The observed preferences 

are not obvious from examination of CPK models; again the hosts show a remarkable 

selectivity given the very subtle differences between the guest enantiomers. 

HI H ......_______._ ~ JVi . -- _ ~ H2 (A) 

I 
8.5 8.0 

◄◄1--- o (ppm) 

7.5 

Figure 6.13. 1 H NMR spectrum of a solution containing host PR (6.89 x 
10-s M), A-5 (5.91 x 10-s M) and 1'.1-5 (1.74 x 10-4 M) in 10% CD3CN/90 % 
borate-d for roton numberin scheme see Fi ure 6.14 . 

A-5 Protons 1'.1-5 protons 
Host H1 H2 H3 li4 H1 H2 H3 li4 
PR 0.62 1.00 0.36 0.59 0.49 1.00 0.34 0.53 
2s 0.74 0.81 0.67 1.00 0.54 0.31 0.91 1.00 
3R 0.67 0.49 0.76 1.00 0.46 0.32 0.75 1.00 

Table 6.3. Relative D values (ppm) 13 for protons of guest 5 in 10% 
CD3CN/90% borate-d (using proton numbering scheme of Figure 6.14). 

Figure 6.14. 
5. 

H1 

Proton numbering scheme for phenanthroline rings of guest 
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6.4 Control Studies 

In order to asses the importance of cavity encapsulation vs electrostatic attraction, 

the guests of Figure 6.3 were studied with control molecules 7 and 8. In no case was a 

significant interaction observed (as determined by a lack of significant spectral changes and 

by non-fitting CDfit results). These studies suggest forces other than pure electrostatic 

attractions make a significant contribution to binding. For guest 4, the data suggest strong 

cation-7t interactions. With guest 5, hydrophobic forces appear to dominate the binding. 

6.5 Conclusions and Future Directions 

The studies described in this chapter show strong interactions of several chiral metal 

complexes with hosts P, 2, and 3 in aqueous media. Guest 4 is bound in the cavity of 

host P through a strong cation-7t interaction. The effect is observed in organic media with 

the neutral analog of the host (PE) as well. With guest 5, strong binding interactions occur 

with all three hosts, but in the absence of aqueous solvent the binding is negligible, 

suggesting a strong hydrophobic interaction. These results are consistent with 5 being 

thought of as a somewhat hydrophobic cation. 14 Enantioselectivity is also observed with 

the chiral hosts and the chiral guests for hosts P and 2. Host 4, a conformationally 

unrestricted molecule, shows negligible enantioselectivity. 

These studies are somewhat incomplete; a more quantitative analysis of the 

importance of electrostatic binding forces in these interactions could provide better insights 

into the data. Additional studies using the same ligands, but different metal centers, would 

allow variation of the charge on the cation. Alternatively, neutral analogs of the hosts could 

be employed in an aqueous environment. 15 

It has been shown that the neutral host PE can bind cations in organic media 

through strong cation-1t interactions. 1k These observations were further confirmed by the 
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studies of guest 4. Cation-7t binding in organic media could be assessed using crown 

ethers to solubiliz.e alkali metal, alkaline earth, and possibly other metal cations in organic 

media. The crown ether acts as a ligand for the ion that can be followed by I H NMR. In 

this manner a variety of cations could be studied and bound by the cyclophane host. CPK 

models suggest the cavity of PE is large enough to accommodate complexes of 15-crown-5 

and 12-crown-4. Such studies may provide further insights into the nature of solution

phase cation-7t interactions. 

6.6 Experimental Section 

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with a 1.0 cm 

pathlength quartz cell. A standard set of measurement parameters was used in all 

quantitative experiments: Band Width 1.0 nm, Sensitivity 50 m0 /cm, Time Constant 1.0 

Sec., Scan Speed 50 nm/min. , Step Width 0.2 nm/point, and a minimum of 4 

accumulations. lH NMR spectra were recorded on a Bruker AM-500 spectrometer. 

All solvents used in spectroscopy were spectrophotometric or HPLC grade. 

Aqueous cesium borate buffer (pH 9) was prepared by dissolving 0.25 g high purity boric 

oxide in 800 g water and adding 3.74 ml of 1 M CsOH followed by thorough mixing. The 

water used in these preparations was passed through a Milli -Q purification system. 

Circular dichroism binding studies are described in Chapter 2 of this manuscript. la 

Qualitative detection of induced CD was done using excess concentrations of the 

appropriate host and/or control molecule with the guest of interest. For these studies the 

standard measurement parameters were often varied to provide conditions with the highest 

sensitivity. 

Fitting CD data from acetonitrile solutions of P tetraacid to ~E values for the 230-

350 nm region of PE in CH3CN provided estimates of purity of samples of the tetraacid. 

Calibration studies with P stock solutions in cesium borate prepared by weighing out 
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samples of the tetraacid (with "known purity") produced nearly identical ~ values to the 

studies with NMR standardized stock solutions. This method of~ determination was 

used for 3, and 4, 7, and 8. Standardized & values for chiral guests were determined 

from a series of 5-6 solutions of the appropriate guest in the 10-7 - I0-5 M concentration 

range. The data at each wavelength scanned was fitted to the Beer-Lambert law to give the 

best fit N. data used in the binding studies. 

Protocols for NMR binding studies in aqueous media have been described 

previously_ ldi,16 Host concentrations of borate-d solutions were determined using circular 

dichroism spectroscopy and fitting to known calibration curves (as described in Chapter 2) . 

For studies in DMSO-d(j with the anionic forms of the host, samples of the host acids were 

weighed out, dissolved in DMSO-d6 and mixed with quantitative amounts of cesium 

carbonate. Dilution to appropriate volume provided a stock solution of known 

concentration. For studies in organic solvents, stock solutions were prepared by weighing 

out solutes on a Sartorius microbalance followed by dilution to appropriate volumes. 

Spectra in organic solvents were referenced to the residual proton signals of the solvents 

and are reported in ppm downfield of 0.0 as 8 values. 

Compounds PES/R, Ps/R, PMeso, 2E, and 3E were prepared as previously 

reported. The preparation of 7 and 8 is described in Chapter 2. la The preparation of 2 and 

3 are described in Chapter 5.la 

Guest 4 was prepared by the literature method and recrystallized and isolated as 

pure [A-Co(en)3Cl3]2•NaCl•6 H20.4 Samples of the enantiomers of guest 5 (as chloride 

salts) were gifts from the laboratories of Professor J. K. Barton at the California Institute 

of Technology_ 17 For purification, 5 was precipitated from aqueous solution as a 

perchlorate salt and recrystallized from water prior to use (purity was assessed from 

elemental analysis). Co(NH3)6Cl3 was obtained from commercial sources, counter ions 

were exchanged by precipitation from aqueous solution [Cl04·, BF4·, and/or B(phen)4· 

were used for studies in non-aqueous solvents] and samples purified by recrystallization 
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from water (purity was assessed from elemental analysis prior to use). The tetraphenyl 

borate salt of Co(NH3)63+ was found to decompose on standing in air at room temperature; 

other salts of this trication were indefinitely stable. 
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Chapter 7: 
Progress Toward Self-Assembling 

Systems in Aqueous Media. 
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Chapter 7 

Progress Toward Self-Assembling Systems in Aqueous Media. 

7.1 Introduction 

The molecular recognition studies described in the previous chapters were inspired 

by a desire to probe complex binding interactions in a simple system. I The non-covalent 

interactions probed are the same as those in the more complex biological receptors. 

Another important aspect of biological receptors is that many assemble from component 

subunits to form the functional receptor.2 With the intention of gaining insights into the 

self-assembly of more complex biological molecules, we set out to design and study 

simpler molecules that would spontaneously assemble into organized structures with 

discreet stoichiometries under appropriate conditions. This chapter describes observations 

from studies aimed toward understanding the rules governing spontaneous self-assembly in 

an aqueous environment. 

The studies focus on C2-symmetric molecules capable of adopting a "U-shaped" 

conformation. Figure 7 .1 illustrates two designs for such molecules: The "type A" design 

has aromatic side chains appended onto an ethenoanthracene core through ether linkages. 

The design allows for a variety of non-U conformations, but has the advantage of synthetic 

accessibility from molecules already available in the Dougherty laboratories. The "type B" 

molecule offers the advantage of a preorganized "U-shape," but requires more complex 

synthesis. 

The U-shape provides a concave hydrophobic surface complementary to itself. The 

structures are further modified with hydrophilic functional groups placed at the ends of the 

arms of the "U" and exterior to the concave surface. Non-directional hydrophobic forces 

should bring the two surfaces together, with directional forces between complementary 
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hydrophilic groups providing a means by which the two molecules are held in a 1: 1 

stoichiometry. Both homomolecular and heteromolecular systems can be envisioned 

(Figure 7.2). In the case of a heteromolecular system, the dimers themselves are self

complimentary, and under appropriate conditions higher order assemblies may be 

envisioned (Figure 7.2C). 

The studies described in this chapter focus mainly on molecules of the "type A" 

design, as self-assembling monomers based on simple modifications of the 

ethenoanthracene units used in building the cyclophane host molecules studied in our 

laboratories. I 

0 0 I \ 
CH2 CH2 

~ C xx 

CH2Y CH2Y 
Type A 

y y 

"U-Shaped" Structure 

Type B 
CH2Y 

X, Y = Charged or polar functional groups that are 
complementary to each other. 

Figure 7.1. Designs for molecules capable of taking on a "U-shaped" 
conformation. 
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X, Y = Charged or polar functional groups that are 
complementary to each other. 

Figure 7.2. Schematic of the self-assembly resulting from appropriate 
designed U-shaped molecules. (A) Homomolecular self-assembly, (B) 
heteromolecular self-assembly, and (C) an illustration of the self
complimentarity of heteromolecular dimers. 

7.2 Initial Designs and Results 

7.2.1 Homomolecular Self-Assembly 

A simple application of the type A design of Figure 7 .1 is the 

dicarboxylate/diammonium appended structure 1 (Figure 7.3). The molecule is highly 
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charged, yet overall neutral. The carboxylate and ammonium functional groups are self

complimentary and allow for the formation of salt-bridges or hydrogen bonds to hold the 

assembly in a dimeric stoichiometry. Examination of CPK models suggests a preferred 

conformation may be that shown in Figure 7.4. Figure 7.4 illustrates a dimeric assembly 

of 1, in which hydrogen bonds form between the polar groups. The structure also places 

the aromatic side chains in such a position as to place the bridgehead proton (striped atom 

in Figure 7.4) of the ethenoanthracene unit directly under the face of an aromatic ring (sec 

Figure 7.5 for proton designations). This positioning is significant because it predicts that 

in an 1H NMR experiment, upfield shifting of the signal for the bridgehead proton from its 

monomeric position should be observed on formation of a dimeric assembly. Another 

feature of this model is the localization of hydrophobic surface area to the interior of the 

dimer, with polar hydrophilic functionality on the exterior of the dimer exposed to solvent. 

This type of segregation of hydrophobic/hydrophilic portions of a structure is a common 

motif in biological systems.3 

,o 0 
\ 

6' O' 
CH2NH3+ +H3NH2C 

1 

[ (R, R)-Stereochemistry of Ethenoanthracene unit shown] 

Figure 7.3. Simple application of the type A design for a self-assembling 
monomer. 

Figure 7.6 illustrates the synthetic route used for preparation of 1. 

Ethenoanthracene building block 2 is alkylated with a,a' -dibromo-p-xylene (3). 

Ammoniolysis provides diamine 5, and ester hydrolysis affords the target molecule. An 
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alternate synthesis involved the preparation of S by borane reduction of dinitrile 6; 

however, purification of S from this reaction proved troublesome; thus the ammoniolysis 

procedure was preferred. 

Figure 7.4. CPK representation of a possible structure for the dimer 
formed b lR, The brid ehead proton is stripped for identification. 

~ f 
::,.._ 

H 
Bridgehead H 

4,8 H Side Chain 2,6 

H Side Chain 3,5 

: ) CH2N 

Figure 7.5. Proton designations for ethenoanthracene and 
ethanoanthracene building blocks used in the preparation of self-assembling 
molecules. 
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R' 
6 ff OH Br 

2 Cs2C03 4 
CH3CN CH2Br BrH2C 

/43,MeOH 

(77%) 

CsOH 
H2O/fHF 

1 

CH2NH2 H2NH2C 

(57%) 

6 6 

CN CN 

[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Fi ure 7.6. Synthesis of 1. 

Homomonomer 1 was found to be highly soluble in aqueous solutions only at low 

(pH~ 4) and high (pH~ 9) pH; additionally, it appeared to show negligible aggregation 

behavior at these pH's. At intermediate pH, the compound was observed to precipitate out 

of solution. Based on model compounds 7 and 8 (Figure 7 .7), it was predicted that the 

isoelectric point of 1 should be near pH 7, a pH where the molecule was clearly aggregated 

and sparingly soluble at best.4 Circular dichroism data of solutions of 1 suggest a critical 
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aggregation concentration of~ 5 x 10-6 Mat pH 7. Quantitative data were not obtained 

from the studies of 1, but the molecule was soluble enough to allow some of the 1 H NMR 

signals to be followed as a function of pH. 

NH3+ 

7 8 

pKa = 1.910, 6.33 pKa = 9.36 

1=7+2x8 

Isoelectric Point pH= (pKa1 + pKa2 + pKa3 + pKa.J/4 

Isoelectric Point pH = 6. 7 

Figure 7.7. Estimation of the isoelectric point of 1,s from the pK 8 's of its 
component ionizable roups.6,7 

As the pH (pD) approaches 7, the NMR signals of the protons in 1 broaden and 

shift away from monomeric positions (high and low pH positions). These shifts are 

illustrated in Figure 7.8. The shift of NMR peak positions include a weak upfield shifting 

of the bridgehead proton signal, and a large upfield shift of the signal of the 3,7-proton. 

Although the model (Figure 7.4) predicts the most significant upfield shift should be 

observed for the bridgehead, the dimeric structure has many degrees of freedom and a 

slight twisting of one of the ethenoanthracene units could potentially place the aromatic ring 

of the side chain over any proton on the edge of the ethenoanthracene unit (such as the 3,7-

proton). 

These initial observations from studies of 1 are highly encouraging, but far from 

quantitative. The observed NMR shifting patterns, while not true to the model of Figure 
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7.4, may be consistent with a similar structure. The next approach was to look at a 

heteromolecular system. In this case, the component molecules are soluble at the pH 

desired for study, possibly providing data more conducive to quantitative analysis. 
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Figure 7.8. Variation of lH NMR chemical shift with pH for the protons 
of lR, 

7.2.2 Heteromolecular Self-Assembly 

Using the type A design and a similar dimerization model to Figure 7.4, monomers 

9-12 were proposed (Figure 7.9). The tetraanion 9 is designed to be able to interact with 

any of the three tetracations 10-12. The preparation of these structures (except 9) is, 

however, more complex than preparation of 1. This resulted in some difficulties in the 

early stages of this project. 

Tetracarboxylate 9, is synthesized in two steps from ethenoanthracene building 

block 2 as shown in Figure 7 .10. The intermediate tetraester (13) provides the starting 

point for the synthesis of the tetracationic molecules 10-12 (Figures 7.11-7 .12 ). For 10, 

the tetraester can be converted to tetraamide 15 by ammoniolysis; unfortunately, all 
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attempts at the reduction of this amide failed (Figure 7 .11 ). An alternate attempt starting 

from the dinitrile 6 again smoothly under went ammoniolysis to give diamide/dinitrile 16 

(Figure 7 .11 ), but all reduction attempts of 16 also failed (Figure 7 .11 ). A similar 

tetrafunctionalization approach was tried for the preparation of 11 and 12 as well (Figure 

.o 0 0 
\ \ 

~2 
9 Q' ~2 

10 

Q2 
·02C CO2· +H3NH2C CH2NH3+ 

NH2 NH2 

+,A O 0 A+ 
H2N NHI NH NH2 

.o q 
CH2 CH2 

H2~NH~ 11 ~NH NH2 

o Y+ 
NH2 

NH2 
NH2 NH2 

+,A ,(+ 
H2N NH·CH 

CHz-NH NH2 

0 q 
I 

62 
~ 6"' 

H2~NH-CH2 12 H2C-NH NH2 y. 
NH2 NH2 

[(R, R)-Slereochemistry of Et.henoant.hracene units shown] 

Fi ure 7.9. Monomers capable of formin heteromolecular dimers. 
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[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Fi ure 7.10. S nthesis of 9. 
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NH3 

6 
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6 X 

16 
CN NC 

(72%) 

[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Fi ure 7.11. Attempted synthesis of 10. 
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17 
X .. 11 
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Fi ure 7.12. Attempted synthesis of 11 and 12. 
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C02CH3 H3C{hC 

21, R = (-)-menthyl (81 % ) 

22, R = CH3 (80%) 

[(S, S, S, S)-Stereochemistry of Ethanoanthracene units shown] 

XOH2C 

24, X =-OMs 
NH2 

18,X= ~ 
-NH NH2 

Fi ure 7.13. Attempted synthesis of an alternate tetra uanidine (18). 

7.12). Reaction of 13 with guanidine free base (17), however, failed to give a structure 

that could be assigned as 11. 

Using an alternate approach that did not involve an acylguanidine intermediate, 

tetraguanidine 18 was proposed (Figure 7 .13). Starting with either ethanoanthracene 

building block 19 or 20, a tetraester (21, 22) is prepared analogously to 13. Reduction 

affords the tetra alcohol 23. The attempted conversion to 18 without isolating the 

intermediate mesylate 24 was unsuccessful. 
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The syntheses of the tetracationic molecules 10-12 and 18 suffer from the attempts 

at tetrafunctionalizing the precursors to go directly to the desired product. Unfortunately, 

alternate syntheses in which the cationic functional groups are introduced sequentially or 

two at a time would require significantly lengthier syntheses (obtaining the etheno- and 

ethanoanthracene building blocks themselves already involves non-trivial synthetic 

procedures) .1 be 

At the point where attempts at the preparation of 10-12 were being abandoned, 

Jennifer Ma successfully prepared the type B tetracation 25 (Figure 7 .14 ). 8 This type B 

structure was predicted by CPK models to interact with a tetraanion like 9 by a similar 

model to the two type A molecule interaction (Figure 7.15). Again it is predicted that the 

bridgehead protons should experience a shielding effect due to the close proximity of an 

aromatic ring, resulting in an upfield shift of the bridgehead proton NMR signal upon 

interaction with 9. The initial heterodimerization studies were carried out with tetracation 

25. 

When pD 7 (phosphate-d buffer) solutions of 9R and 25Rs were mixed, immediate 

precipitation was observed. After the addition of a slight stoichiometric excess of 9R to a 

solution of 25, only weak NMR signals for the protons of 9R were observed (Figure 

7.16). Likewise prior to addition of an excess of 9R, only NMR signals for 25Rs were 

observed. The precipitate, however, could be resolubilized on changing pH, as shown in 

Figure 7.16. If the solution is made acidic (by addition of DCI), the tetraamine 25Rs is 

redissolved, but 9R remains a solid (the protonated form of 9R is not soluble at acidic pH). 

If base is added, the precipitate completely dissolves and signals for both 9R and 25Rs are 

observed by NMR. This is significant because 25Rs is normally not soluble at high pH; it 

appears that some type of complex is forming in which the tetraanionic 9R solubilizes the 

deprotonated form of 25Rs- These observations are not unexpected as carboxylates are 

known to be better solubilizing groups than protonated amines.9 Addition of organic 

solvents had little effect on the precipitate, CD3CN did not solubilize the complex and 
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DMS0-"6 brought the chemical shifts back to non-interacting values. The precipitate itself 

was found to have a 1:1 composition of 9R:25Rs, as determined by lH NMR of a DMSO

"6 solution of the precipitate. Analogous results were obtained when 25Rs was allowed to 

interact with 9s and the ethanoanthracene based tetracarboxylates 26 and 27 (Figure 

7.17).10 

25 

[(R, R, S, S)-Stereochemistry of Ethanoanthracene Unit Shown] 

Fi ure 7.14. T e B tetracation capable of formin heterodimers with 9.8 

Figure 7.15. CPK representation of a possible structure for the dimer 
formed by 9R and 25R s. The bridgehead protons are stripped for 
identification. 

Especially important in Figure 7.16 is that in the high pD solution (7.16D), all the 

proton signals of both compounds were shifted upfield from their lower pH non-interacting 
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positions. Most significantly shifted are the signals for bridgehead and CH2N protons of 

25gs. The signal for the CH2N protons is expected to be shifted, due to the adjacent 

amine group being deprotonated at the higher pH, but the bridgehead proton signal is not 

expected to show significant shifting at the higher pH in the absence of complexation. 

The results obtained here, along with those of the previous section, are highly 

encouraging and show some support for the dimer models proposed in Figures 7.4 and 

7.15. The results, however, are far from definitive and bring up a number of questions 

and new directions for study. The most important relates to the 1H NMR spectral changes 

associated with dimerization vs micelle-like aggregation. 

fl 
..,.,J.~u-,.lal ""'1'11•11 ... _~rltl!ll.,._l'II .. ;; .. ~11,i,,i •11tlllo1 _., ..-1-.1 t-•11•._,,__,I 1t111'•"""'~ I I 
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Scale= 4 
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Scale= 1 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 

-~-- 8(ppm) 

Figure 7.16. 1H NMR spectra of (A) a solution 7.5 x 10·4 M in 25Rs in 
pD 7 buffer, (B) solution A after addition of a 20% excess of 9R, (C) 
solution B after addition of DCI to bring the pD to 2, and (D) solution C 
after addition of NaOD to brin the pD to 12. 
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28 

0 
' 

27 

~H2 

~ 
·0ic 

[ (R, R, S, S)-Stereochemistry 
of Ethanoanthracene unit] 

Figure 7.17. Ethanoanthracene based tetracarboxylates observed to interact 
with 25Rs.1° 

7.2.3 Control Studies 

In assuming the observed upfield shifting of bridgehead and 3,7-proton NMR 

signals described in sections 7 .2.1 and 7 .2.2 are meaningful, it needed to be established 

that the NMR shift patterns associated with aggregation of similar molecules not self

complimentary to one another are different than what is observed for the 1 and 9/25 

systems. Figure 7 .18 shows several molecules based on the ethenoanthracene structure 

that are not self-complimentary, and hence should not assemble into dimeric assemblies. 

The molecules of Figure 7 .18 were studied in borate-d (pD 9 buffer), concentrated 

(aggregated) solutions were prepared and diluted while being followed with 1 H NMR. 

Spectra of 29 show broad peaks at higher concentrations, that on dilution sharpen up but 

do not show significant shifting (~8 > 0.05 ppm) of peak positions in either the upfield or 

downfield directions. Solutions of 30 and 31 at high concentrations showed large down

field shifts of the bridgehead proton signal relative to low concentration solutions, while 
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other peaks showed insignificant shifting (Figures 7 .19 and 7 .20). The aggregation behav

ior of 32 followed the same pattern of downfield shifting of the bridgehead proton signal at 

high concentration. Similar behavior was observed with tetracarboxylate 9 under condi

tions of aggregation in borate-d (Figure 7.21); large downfield shifting of the bridgehead 

proton signal occurs on aggregation. 

30 

NH 
\ 
CH2 

NH 0 I 
CH2 0 

0 32 31 

[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Figure 7.18. Ethanoanthracene based molecules that are not expected to 
a re ate in an ordered manner. 
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Figure 7.19. Variation of lH NMR chemical shift with concentration for 
the protons of 30R in borate-d (pD 9 buffer). 
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Figure 7.20. Variation of lH NMR chemical shift with concentration for 
the protons of 31 in borate-d (pD 9 buffer). 
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Figure 7.21. Variation of 1H NMR chemical shift with concentration for 
the protons of 9R in borate-d (pD 9 buffer). 

In all of these control studies, the shift patterns clearly do not mimic those observed 

with studies of 1 and 9/25. None of the molecules in Figure 7.18 are expected to form 

ordered assemblies; the NMR shift patterns that emerge are thought to be those of micelle

like aggregate formation. Given the dissimilarity between the observations here and those 

of the studies of 1 and 9/25, it is proposed that the molecules 1 and 9/25 assemble in an 

ordered manner, however, the degree of order and exact structure is not known. 

7.2.4 Implications of the Initial Studies 

The studies described in this section have established certain 1H NMR spectral shift 

patterns that are associated with some as of yet undetermined form of self-association that 

differs from micelle-like aggregation. This assembly is detected by strong upfield shifts of 

3,7-proton NMR signals for assemblies formed by type A structures and by upfield shifts 

of the bridgehead proton signal for assemblies formed from a combination of type A and 

type B structures. Micelle-like aggregation, on the other hand, is indicated by downfield 

shifting of bridgehead proton signals. 
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Due to problems associated with complex solubility, quantitative studies of these 

self-assembling systems have not been possible; however, the observations suggest two 

directions for future study. The first alteration of the initial molecule designs should 

address the overall charge of the assembly that is forming. At the pH of interest (pH 7), 

the component monomers are expected to interact to form complexes with an overall neutral 

charge. Perhaps having a net charge on the complex may keep the assembly soluble and 

thus allow quantitative studies to be undertaken. 

The second direction for future study involves the choice of the complimentary 

polar groups. The molecules studied thus far have the ability to form strong hydrogen 

bonds between the complimentary polar groups. The 1: 1 stoichiometries observed for 

precipitates in these studies may not be dimers, but instead may be infinite hydrogen 

bonded networks. The application of complimentary groups incapable of hydrogen 

bonding may help to keep the aggregates soluble by not allowing these large hydrogen 

bonded networks to form. 

Applications of these new directions are described in the following sections of this 

chapter. 

7.3 Charge Mismatching in Aggregation Studies 

7.3.1 General 

In an effort to keep the molecular assemblies soluble, a number of molecules 

incorporating non-equivalent charge matching was desired. Figure 7.22 illustrates four 

structures derived from the initial type A molecules, that are suited to this task. Molecules 

33-35 were proposed to interact with tetracations such as 25, while 36 is designed to be a 

homomonomer analogous to 1. In the case of 34, the molecule was proposed so that its 

overall charge can be controlled by pH. At pH 7 the phenols should be protonated, while 
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the carboxylates are deprotonated (overall charge -2); at pH> 10 the molecule should be 

fully deprotonated with an overall charge of -4. 

.o 0 0 \ . 
CH2 CH2 

6' ·o,c..()_ co,- ·o,c ~ co,-33 ~ 34 

HO 
[(R, R)-Stereochemistry ofEthenoanthracene units] 

H OP03= 
=03PO H 

0 0 
0 

, 

°' 
\ , 

O' O' 36 
35 

CH2NH3+ +H3NH2C 
OP03= =03PO 

[(S, S, S, S)-Stereochemistry ofEt.hanoant.hracene units] 

Fi ure 7.22. Molecules proposed to form dimers with net char e. 

Due to synthetic difficulties, only 33 was successfully prepared and studied. The 

following section describes these results. Section 7 .3.3 describes the synthetic approaches 

toward 34-36. 

7 .3.2 Hexacarboxylate (33) 

Hexaanion 33 was prepared by appending ethenoanthracene building block 2 with 

isophthalic ester side chains derived from 5-methylisophthalic acid (37) as shown in Figure 

7 .23 .11, 12 Hydrolysis of hexaester 40 provides 33. 
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38 (67%) 

F.t02C~CO,Et 40 

[(R, R)-Stereochemistry of Elhenoanlhracene unit shown] 

Fi ure 7 .23. Synthesis of 33. 

(92%) 

Studies of the interaction of 33 with 25 were carried out analogously to those 

described for 9 and 25. The results were almost identical to the 9/25 results (precipitation, 

precipitate redissolves at high pD). NMR signals for 33 could be detected in the presence 

of an excess of 25; however, these signals were very weak. The experiments suggest only 

a very slight increase in the solubility of the complex is obtained with the increased charge 

of the anionic component. It appears that the ability of the interacting molecules to 

hydrogen bond to one another is a more significant factor in complex formation than 

electrostatic forces. 

7.3.3 Other Designs 

A number of problems were encountered in attempts to prepare 34-36, and none of 

these species was successfully prepared. In light of the results obtained with 33/25, the 

synthesis of 34-36 was not considered a high priority. These molecules are still of 

interest, however, as they can be used in future work, particularly 34 and 35 for studies of 
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non-hydrogen bonding heteromolecular systems (see Section 7 .5). This section describes 

the initial strategies and attempts at these preparations. 

The synthesis proposed for 34 (Figure 7.24) failed in the alkylation step 

(preparation of 43). The acetyl protecting groups do not withstand the reaction conditions, 

resulting in a competition for phenolic oxygens and a variety of products. Similar 

problems have been encountered in attempts to prepare cyclophane hosts with phenolic 

oxygen atoms in our laboratories. 13 For future attempts at 34, the results of these other 

studies should prove usefuI.13 

Q3 
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~ 

OAc 
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NBS 
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ROOR 
~ 

CsOH 
H 20{fHF 

34 ------------------

43 

HO 

[(R, R)-Stereochemistry of Ethenoanthracene unit shown) 

Fi ure 7.24. Attempted s nthesis of 34. 

OH 

Several attempts were made at preparation of the tetraphosphate 35 (Figure 7 .25). 

Initially, a tetrafunctionalization of tetraol 23 using standard nucleic acid chemistry 

techniques for introducing phosphates was attempted. 14 No product was isolated from the 

attempted tetra-functionalization to prepare 44. In an attempt to assemble 34 convergently, 

the synthesis of the ethanoanthracene 48 and benzyl halide 49 was attempted. 48 was 

obtained in three steps from precursor 50, but all attempts at preparing protected phosphate 
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Fi ure 7.25. Attempted synthesis of 35. 
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49 failed. It appeared that the phosphate ester was cleaving under conditions of 

purification (Si gel, neutral and basic). Since benzyl phosphates tend to be labile, 15 an 

alternate tetraphosphate 55 was proposed (Figure 7.26). Unfortunately, benzyl bromide 

55 was never successfully converted to phosphate ester 58. While the convergent 

approach to 35 and 55 seemed logical, attempts to alkylate 48 in order to prepare 

homomonomer 36 were unsuccessful. This suggests that even if 49 and 58 had been 

prepared, the alkylation of 48 would have failed. 

Further attempts at the preparation of these compounds was abandoned, in favor of 

pursuing the studies described in Sections 7.4 and 7 .5. Their attempted synthesis is 

included for reference for future studies on these types of systems. 

Q2Br BH3 

I --
TI-IF 

CH2COiH 

Q2Br 1) ~H~e~:zole ¢ctt2Br 

" X ~ I " 
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CH2CH20H pyridine CH2CH20X 

56 57 (56%) 58, 
X = -OPO(OCH2CH2CN)i 

Cs2C03 
48 CH3CN 

~ 

[(S, S, S, S)-Stereochemistry of Ethanoanthracene units shown] 

Fi ure 7.26. Attempted synthesis of 55. 
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7 .3.4 Studies in Mixed Solvents 

The tetraamide intermediate (15) from the failed synthesis of 10 was found to have 

limited solubility in aqueous media. It also could potentially form a weakly hydrogen 

bonded aggregate with either itself or 9 under appropriate conditions. Aggregation in 

aqueous solutions of 15 was evident by cloudiness and limited solubility, precluding any 

dilution studies. It was found that addition of 10% DMSO-dt; (by volume) does solubilize 

15 and in this solvent system self-association appears to be negligible. Given this 

observation study of the interaction of 15 with the tetraanion 9 in the mixed solvent system 

10% DMSO-d6f)0% 0.01 M CsOD was investigated. In this system two type A molecules 

interact to form a dimer with an overall charge of -4. 

1H NMR spectra showed only very small changes on interaction (Figure 7.27). In 

general, the chemical shifts of the tetracarboxylate 9 showed no significant change in 

position, but upfield shifting of the signals for 15 were observed on addition of 9. Initially 

these small changes were thought to be insignificant. Figure 7 .27, however, shows a 

nearly 0.20 ppm upfield shift for the 3,7-protons of 15-a small shift, but one that is 

consistent with the model proposed for the type A systems (see Section 7 .2.1 ). Another 

interesting observation is that the curves saturate around a composition of 2: I 9:15; Figure 

7 .27 was not obtained under mol ratio conditions, and this stoichiometry requires 

additional testing. 

Small spectral changes are to be expected from this system; in general, the addition 

of an organic cosolvent (CD3CN in particular) has been found to decrease hydrophobic 

associations with systems studied in our laboratories. lb Such conditions, however, impart 

additional solubility to sparingly soluble molecules without negating strong intermolecular 

interactions. lb There is clearly some type of interaction between 15 and 9; however, the 

association constant appears small under the given conditions. No further studies were 

attempted with this 9/15 heteromolecular system . 
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Figure 7.27. Variation of 1H NMR chemical shift with addition of 9R for 
the protons of 15R in 10% DMSO-d6190% 0.01 M CsOD. 

7.3.5 Conclusions 

The addition of additional charge to the monomer units creates a number of 

synthetic challenges. The additional charge also does not appear to significantly help 

solubilize the assembly formed from the monomer units. From these initial results, it was 

thought that keeping the monomer units from hydrogen bonding to one another was more 

likely to provide results than simply changing the overall charge of the assembly. 

7.4 Ion-Pairing vs Hydrogen Bonding in a Homomolecular System 

7 .4.1 General 

In an effort to use electrostatic attractions as the directional functionality, and 

eliminate the ability of the monomers to hydrogen bond to one another, the molecules of 

Figure 7.28 were proposed. The dicarboxylate/diquaternary ammonium ion 60 is simply a 
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methylated analog of 1, while the dicarboxylate/dipyridinium ion 61 represents a slight 

alteration of the initial designed type A systems. Both of these molecules are designed to 

maximize hydrophobic interactions in aggregation while using salt-bridges to hold the 

stoichiometry as a dimer (analogous to the model of Figure 7.4). 

0 0 0 
• ' ' 

~' Q' 
CH2 CH2 

I f,J 
61 n ~ 60 N+ +~ 

CH2N(CH3)J+ +(H3C)JNH2C 
I 

CH3 CH3 

[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Figure 7.28. Homomonomers proposed to form dimers incapable of 
h dro en bondin 

7.4.2 Synthesis 

Following a protocol analogous to scheme of Figure 7.6, 60 was prepared by 

alkylation of bis(benzyl bromide) 4 with trimethyl amine to give diquaternary ammonium 

salt 62 (Figure 7 .29). Hydrolysis of the esters of 62 provides the target molecule. 

Several preparations of 60 were undertaken. In the case where the product was isolated by 

precipitation from acidic solution, the material was found to decompose over time; this was 

evidenced by an initial observation of two 1H NMR signals for the NCH3 protons and, 

after several weeks, the observation of double signals for all protons. The results obtained 

from samples of 60 isolated from neutral or basic solutions are described in the following 

section. 
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[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Fi ure 7.29. S nthesis of 60. 

CsOH 
H20/fHF 

61 -------------------· 

[(R, R)-Stereochemistry of Ethenoanthracene units shown] 

Fi ure 7.30. 

60 (53%) 

The proposed synthesis of 61 involves the alkylation of ethenoanthracene 2 with 

bromomethylpyridinium salt 62, 16 followed by hydrolysis of ester precursor 65 (Figure 

7 _30). However, under the alkylation conditions the pyridinium ion decomposes to 

produce a bright red colored material of unknown structure (most likely a polyene dye-like 

structure). Pyridinium ions are known to undergo ring opening in the presence of base; 17 

the alkylation conditions appear to be basic enough to bring about this rearrangement as 
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well. No further attempts were made to prepare 61, as 60 was readily available for 

studies. 

7.4.3 Experimental Observations 

The aggregation behavior of 60 was found to be highly pH dependent. Figure 

7.31 shows 1H NMR spectra of 60 in solutions of varying pD. At pD ~ 9, sharp signals 

for all protons are observed; but as the pD is lowered just below 7, the peaks begin to 

broaden and downfield shifting of the bridgehead proton signal is observed. As the pD is 

further lowered, the downfield shifting of the bridgehead proton signal continues and some 

peaks become so broad that they disappear into the baseline. These low pH spectral 

changes are consistent with the formation of a micelle-like aggregate (particularly the 

downfield shifting of the bridgehead proton signal as described in Section 7.2.3). The 

sharp peaks at basic pH on the other hand, do not represent monomeric 60 either. The 

positions at which these signals appear are all upfield of the positions at which they are 

expected for a monomeric molecule of the type A structure. Studies on large numbers of 

molecules that have the type A structure of Figure 7.1 have established that the 1H NMR 

peak positions for protons in these molecules are similar across a wide variety of 

substitutions in both aqueous and organic solvents. 18 Table 7.1 presents typical 1H NMR 

spectral data for several ethenoanthracene-based structures under non-aggregated 

conditions and compares it to the observed data of 60. 

Of particular importance was the observation of the 3,7-protons chemical shift be

ing shifted the most upfield from the expected monomeric position. This is the same spec

tral shift observed in studies of 1, a system for which there is some evidence for the dimer 

model in Figure 7.4. Dilution of the pD 9 solutions of 60 results in a slight downfield 

shifting of the proton signals toward expected monomeric positions, but the peaks are still 

at non-monomeric positions as the NMR detection limits approached (Figure 7 .32). Addi-
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Figure 7.31. 1H NMR Spectra of aqueous solutions of 60R (1 x lQ-3 M) at 
(A) pD 10, (B) D 7, and (C) D 5. 

60~◊ 
R R 

R = -CH2N(CH3)3+ (60)8 -CH2NH2 (1) -CH3 (29)C -CH3d 
Solvent = pD 9 pD 12h pD 9 CDCl3 

Oside chain (d,d) 7.24 7.44, 7.37 7.34, 7.32 7.21 , 7.16 
04 8 (d) 6.80 7.34 7.25 7.05 
01 s {d) 6.74 7.16 7.11 7.02 
OJ.7 (dd) 5.76 6.67 6.62 6.54 

Obrldl>ehead (s) 5.04 5.29 5.28 5.30 

00CH2 (s) (under solvent peak) 5.09 4.98 4.93 

0C02CH3 (s) 3.77 
0NCH2 (s) 4.08 3.78 

0NCH3 (s) 2.77 

0ArCH3 (s) 2.33 2.33 

Table 7.1. 1 H NMR chemical shifts (ppm) observed for several 
ethenoanthracene-based molecules. 
82.5 x 10-3 M (aggregated solution). bl is not aggregated at this pH. c2 x 10-4 M (not aggregated) . 
dThis is the diester analog of 29, a neutral organic soluble molecule. 1 a 
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tion of CD3CN (a solvent known to break up aggregation)lb brings the proton chemical 

shifts back to the expected monomeric values at a composition of about 20% CD3CN by 

volume (Figure 7.33). For reasons explained above, the presence of CD3CN is not 

expected to alter the chemical shifts expected for monomer protons. 

The pD 9 experiments are highly encouraging. The low pD observations suggest 

micelle-like behavior is occurring only at pD ~ 7. Additionally, chemical shifts and spectral 

changes observed on dilution or CD3CN addition suggest that a more organized aggregate 

is present at pD ~ 9. The observation of the largest upfield shift for the 3,7-protons is 

consistent with observations from studies of 1 and the proposed model of Figure 7.4. 

Given these qualitative results, an appropriate quantitative model was desired. The 

following section describes the initial attempts at quantifying the observations described 

here. 

7.4.4 Preliminary Results 

Although further work is required to establish the stoichiometry of the 58 

aggregate, the pD 9 data did fit to a dimer model. Furthermore, data from pD 7 and pD 2 

studies (where micelle-like aggregation is presumably occurring) do not fit to this model. 

The model chosen assumes that a monomeric molecule (M) exists in equilibrium with 

dimer M2, and has dimerization constant KD. 19 

2 M :::::::;,__;;::=~~ 

KD = [M2] 
[MJ2 

The mass balance equation for this system is given by 

(7 .1) 

(7.2) 

(7.3) 
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The changes in chemical shift between the observed chemical shift (6obs), the monomer 

chemical shift (Om000), and the dimer chemical shift (Owmec) are defined by equations 7.4 

and 7.5. Equation 7.6 relates these chemical shifts to Kv and the total and equilibrium 

concentrations ([M]0 and [M] respectively ).19 

7 0 0 0 0 0 0 0 00 
ij ij ij ij ijl ijl ij isl ij 
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□ 4,8 
Ir A A A A 66 0 1,5 s 5.s A 3,7 
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2
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• • • • • • •• ~NC8:i 

3.5 

2.5 
-9.00 -8.30 -7.60 -6.90 -6.20 -5.50 

In [60) 

Figure 7 .32. Variation of lff NMR chemical shift with concentration 
the rotons of 60R in borate-d (pD 9 buffer). 
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Figure 7.33. Variation of 1H NMR chemical shift with addition of CD3C N 
for the rotons of 60R in borate-d (pD 9 buffer). 
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.1o = 2KD[M]2 .10 
[M]o 2 

(7.4) 

(7.5) 

(7.6) 

A plot of Oobs vs 2KD[M]2/[M]0 gives a slope of .102 and an intercept of Omono.19 For 

purposes of applying this model to 60, Omono is assumed to be the same as the chemical 

shifts obtained in 20% CD3CN/80% borate-d. An initial KD is guessed and then adjusted 

until a best fit was obtained. In order to fit the results, the concentration of free monomer 

needed to be known this can be obtained by equation 7.7 

[M] = -1 - V 1 + 8KD[M] 0 

4KD 
(7.7) 

The best-fit straight lines are shown in Figure 7 .34 and the results tabulated in 

Table 7.2. The worst fitting data comes from the shifts for the bridgehead proton. This 

proton was not present in all the spectra of the experiment being fitted and thus has fewer 

data points than the other protons being fitted. The dimerization constant (-.1G 0 a = 7.5 

kcal/mol) obtained from this proton is also much larger than value obtained from the other 

protons, and it can be statistically discarded from a Q-test.20 The remaining protons give 

dimerization constants in the 3-5 kcal/mol range (Table 7.2) and with the exception of the 

3,7-proton signal, all fitted Omono values were consistent with experiment (in 20% 

CD3CN). Omono for the 3,7-protons was assumed to be 6.49 ppm, but the fitted value is 

6.0 ppm; the dimerization constant obtained from this data set is, however, consistent with 

the data from the other protons fitting the model. Using an average of the dimerization 

constants (excluding the bridgehead protons data) gives a value of 4.0 kcal/mol. 

The fit to the dimer model is encouraging, but not conclusive. Before the results 

here can be fully trusted, a broader range of concentrations should be studied (including 

monomeric concentrations). Additionally, experiments specifically designed to determine 
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the stoichiometry should be undertaken. The dimerization constant of 4.0 kcal/mol seems 

low for a system whose critical aggregation concentration (CAC) cannot be measured by 

NMR.; this value most likely represents a lower limit to the actual value. 

8.1t-r-----------------~ 
0 9 e 9 e eeoo 
0 0 ~ Ii G~◊W □rn:n o Side Chain 

.-6. 
E 

fr -A -A 6-oM 
D 4,8 

0 1.5 
C. 

,e 5. 

c.oi 
4. • • • • •••• 

-A 3,7 

• Bridgehead 

e C1½N 

--V-NCH
3 

3. 

2.lt-+----r--r--r--r--r----r-.---,--,---.---,---,---,--,-----,----.---r--..---,--i 

0.00 0.20 0.40 0.60 0.80 1.00 
2K[A] 2/[A] 

0 

7.34. Best-fitting lines to the dimer model for all NMR observable 
si nals of 60R in borate-d (pD 9 buffer)) 9 

Protons Kv (M· 1) -.1Goa Omono Omono 
(kcal/mot) (ppm, fitted) (ppm, 20% CD3CN) 

Side chain 5.2 X 102 3.7 7.39 7.44 
4,8 2.4 X 1()3 4 .6 7.05 7.17 
1,5 6.1 X 1()2 3.8 6.90 7.00 
3,7 1.6 X lo2 3.0 5.99 6.49 

Bridgehead 3.2 x 1()-'i 7.5 5.44 5.23 

NCH2 I.Ox HP 4.1 4.27 4.32 

NCH3 6.1 X 1()2 3.8 2.90 2.93 
Average 4.6 X 1<>4 6.4 
Average 8.8 X lo2 4.0 

(without bridgehead) 

Table 7.2. Fitted and observed data for the protons of 60R in borate-d. 

The lack of hydrogen bonding between the polar groups of interacting molecules 

appears to work well in terms of providing some type of soluble organized assembly. This 
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chapter concludes with the application of this modification of polar groups to a 

heteromolecular system. 

7.5 Ion-Pairing in Place of Hydrogen Bonding in a Heteromolecular 

System. 

7.5.1 Cationic Heteromonomer Design and Synthesis 

Given the preliminary success of eliminating the ability for hydrogen bonding 

between interacting monomers, it was desired to use this approach on heteromolecular 

systems. However, given the difficulties encountered in the synthesis of cationic 

heteromonomers (Section 7 .2.2), a molecule which could be quickly prepared was desired 

for interaction with the polyanionic monomers 9 and 33. 

To meet these goals, it was proposed that ethanoanthracene building block 19 be 

alkylated with benzyl iodide 68 followed by reduction (69), deprotection (70), and 

methylation to give the dicationic heteromonomer 71 (Figure 7.35). Alternately, 69 can be 

prepared by alkylating ethanoanthracene 75 with 68; this preparation proved easier for 

purification of the intermediate than did reduction of 67. The target molecule 71 would 

interact with polyanions 9 and 33 to give complexes with a non-zero charge held together 

through a combination of hydrophobic and electrostatic forces. Hydrophilic hydroxyl 

groups are used to aid solubility. The synthesis proved successful, but purification of the 

final product from potassium icxiide proved difficult. The studies reported in this section 

were done with impure samples, although the presence of the potassium salts are thought to 

have a negligible effect on the results. In future studies of 71, a synthesis analogous to 

that of 60 should prove more convenient (Figure 7.36). 



6 67 

CH2NHBOC 

R* = (+)-Menthyl 

--·-----

69 
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¢20H . Q20H 
(BOC)iO 

.1 PPh3 
Imidazole 

l2 
CH3CN/Et20 

CH2NH2 CH2NHBOC 

73 (38%) 74 (85%) 

HO 

CH20H 

6 
TFA:CH2CI2 

(60:40) 

CH2NHBOC 

(48% from 67) 
(78% from 75) 

58 

HCI 
(dilute) 

75 

70 

¢'I 
CH2NHBOC 

68(65%) 

CH2NH2 H2NH2C 

CH3I (49%) 
DMF 

K 2C03 

[(R, R, R, R)-Stereochemistry of Ethanoanthracene units shown] 

Fi ure 7.35. Synthesis of 71. 
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R.' 
6 0 

N(CH3h 
75 

Br 
76 

MeOH 

Cs2C~ 
CH3CN CH2Br BrH2C 

[(R, R, R, R)-Stereochemistry of Ethanoanthracene units shown] 

Fi ure 7.36. An alternate s nthesis roposed for 71. 

7.5.2 Experimental Observations and Results 

71 

Three 1H NMR experiments were performed with 71; interaction with 9a at pD 7, 

interaction with 33a at pD 7, and interaction with 9s at pD 9. The observed spectral 

changes were the same in all three experiments, that is upfield shifting of all proton signals 

for both components on interaction. For both molecules it was the 3,7-proton that showed 

the greatest upfield shifting (Figures 7 .37-7.42). 

None of the the plots of Figures 7.37-7.42 were obtained under mol-ratio 

conditions, and thus the plots may not reflect stiochiometries. However, the pD 7 studies 

(Figures 7.37-7.40) differ from the pD 9 study (Figures 7.41-7.42) only at the mol ratio of 

the saturation point. At pD 7 the curves saturate at 2:1 carboxylate:71 and at pD 9 the 

curves saturate at 2: 1 71:carboxylate. Although the stoichiometries may not be 1: 1, the 

spectral changes (upfield shifting of bridgehead and 3,7-proton signals in particular) 

indicate a non-micelle like aggregate is forming. The likelihood of a non 1: 1 stoichiometry 

may be high due to a low CAC for 71; the CAC was never measured, but due to limited 

solubility of 71 in our buffers, it is believed to be low. This may result in non-covalent 

oligomers of 71 being one of the species present in the solution (however, the spectra of 

solutions containing only 71 do not show unusual behavior). 
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Figure 7.37. Variation of 1 H NMR chemical shift with addition of 9R for 
the protons of 71RR in D 7 buffer). 

0 Side Chain 3,5 
- 7. a Side Chain 2,6 
E 
0. e 4,8 
~6.5 6 1,5 
c.o • 3,7 

6. • Bridgehead 

0.00 2.00 4.00 6.00 8.00 10.00 
(9]/[71) 

Figure 7.38. Variation of 1H NMR chemical shift on addition to 71RR for 
the protons of 9R in hosphate-d (pD 7 buffer). 
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Figure 7.39. Variation of 1H NMR chemical shift with addition of 33R for 
the protons of 71RR in phosphate-d (pD 7 buffer). 
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Figure 7.41. Variation of 1H NMR chemical shift with addition of 9s for 
the protons of 71R R in borate-d (pD 9 buffer). 
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Figure 7.42. Variation of 1H NMR chemical shift on addition to 71RR for 
the protons of 9s in borate-d (pD 9 buffer). 
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Given that the spectral changes observed for these experiments were consistent with 

earlier studies believed to involve dimerization of type U-shape molecules, an attempt was 

made to model the system as a 1:1 stoichiometry. The data from the 9Rl71 experiment 

was fitted by the EMUL NMR data-fitting programs.21 The fitting gave an estimate of a 

binding constant -60° a~ 8.0 kcal/mol, a value higher than can be accurately measured by 

the NMR methodology being employed (see Chapter 2). 1ab Alternately, the high binding 

constant may have resulted from poor fitting due to non 1: 1 stoichiometries. 

The results are again encouraging. For this system, accurate determination of 

stoichiometry is critical. Once this has been established, an appropriate model can be used 

to quantitatively fit the data. Given the observations here, a large association constant is 

expected. 22 

7.6 Conclusions and Future Directions 

7.6.1 General 

The studies described in this chapter have established that non-micelle like 

aggregation will take place between appropriately designed U-shaped molecules in aqueous 

media. Preliminary results show some agreement with a proposed model of a dimer for 

homomolecular systems 1 and 60 (Figure 7.4) and for heteromolecular systems such as 

9/25 (Figure 7.15). However, the results are not conclusive, and evidence from studies of 

9(71 suggest that non 1: 1 stoichiometries may also be possible. A number of further 

studies will be required before these observations can be quantified and reported. 

Of particular interest are studies of molecules such as 60 and 9/71. Systems in 

which hydrophobic association is inhibited from leading to micelle-like aggregates by the 

formation of non-hydrogen bonding ion-pairs. Future studies will require the observation 

of much broader ranges of concentrations than were possible in the initial NMR 
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experiments. Such studies might employ circular dichroism spectroscopy using cells of 

various pathlengths, so that both high and low concentrations can be probed. Additionally, 

experiments with gel-penneation chromatography and/or vapor-phase osmometry could be 

used to establish stoichiometry. Quantitative determination of stoichiometry is of critical 

imponance, as this information would allow an appropriate quantitative model for 

describing the system to be chosen. 

Another system that showed interesting behavior was the 9/25 system under high 

pH conditions. Under these conditions, the tetracarboxylate 9 solubilizes the normally 

insoluble deprotonated 25. A series of solid-liquid extraction experiments (solid 25 

extracted into basic solution by 9) might provide quantitative estimates of the observed 

interactions from the initial studies. 

Given the success using the 60 and 71 molecular systems, this approach with type 

B U-shaped molecules should be explored. Work by Jennifer Ma on the interaction of 

fully methylated analog of 25 (77, Figure 7.43) with carboxylates such as 9, 26, and 27 

is currently underway in the Dougherty labs.8 The type B systems offer the advantage of 

greater preorganization for the U-shape and thus should show greater binding affinity than 

analogous type A molecules. 

77 

[(R, R, S, S)-Stereochemistry of Ethanoanthracene Unit Shown] 

Fi ure 7.43. Fully methylated analo of 25. 
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7.6.2 Future Directions and Alternate Designs 

A severe weakness in these self-assembly studies lies in the complexity of the 

molecules. All the etheno- and ethanoanthracene building blocks require non-trivial 

syntheses, lbc adding the disadvantage of a limited quantity of material to the target 

molecules. This not only limits the studies that can be done, but also the ability to carry out 

exploratory syntheses toward new designs (see Sections 7.2.2 and 7.3.3 for example). 

Given the uncertain molecular features that will work best for the realization of aqueous 

self-assembling systems, quick syntheses capable of producing enough material to allow 

crystal growth are desirable. 

The type A molecules show potentially interesting self-assembly behavior and 

provide simpler syntheses than the type B systems. Using a more readily available 

· building block (78) and the type A benzyl ether linkages, molecule 79 (Figure 7 .44) may 

be a simple self-assembling system. Figure 7.45 shows a CPK representation of what a 

dimer of 79 might look like. As with the more complex systems studied in this chapter, 

the model places the hydrophilic functional groups exterior to the aggregated structure. 

Once studies on more simple designs like 79 provide insights into the controlling factors of 

self-assembly behavior, more complex molecules based on type A and type B designs 

could then be looked at. 

Figure 7.44. A Less complex self-assembling system. 
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Figure 7.45. CPK representation of a possible structure for a dimer 
formed b 79. 

Alternatively, other recognition elements might be examined. For example, Figure 

7.46 shows a d.iammonium ion fonned from a bis(crown-ether) appended ethanoanthracene 

unit (80, Figure 7.46). The concave hydrophobic surfaces from the ethenoanthracenes 

would aggregate, with crown-complexation of the ammonium holding the stoichiometry as 

a dimer (as per Figure 7.2). The system has the potential to be controlled by pH; at high 

pH where the ammonium groups of 80 are deprotonated, the interaction may turn off or 

micelle-like aggregates may fonn. 

Figure 7.46. 
assembl . 

Using crown ethers 'as recognition elements for self-

Another approach could involve the formation of a host-like structure by using an 

appropriate template to bring together assembling units such as 81 (Figure 7.47). 
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Depending on the choice of the complimentary groups X and Y, the system could be 

switched on and off by adjusting the pH. Appropriate neutral solubilizing groups, not 

complimentary to X or Y, can be chosen from studies on neutral water soluble cyclophane 

hosts in the Dougherty group.23 

X, Y =Complimentary polar groups 
R = Neutral water solubilizing group 

[ (R, R, R, R)-Stereochemistry of Ethanoanthracene units shown] 

Fi ure 7.47. Tern late assisted assembly of a host-like structure. 

The suggestions outlined here might be modified to suit future experimental results 

on functional self-assembling molecules (studies of simple systems like 79 are ideally 

suited to the task of exploring new directions). It is hoped that future studies in this area 

may provide important insights into the mechanisms by which self-assembling systems 

operate. 



347 

7.7 Experimental Section 

7.7.1 General Methods 

NMR spectra were recorded on a Bruker AM-500 spectrometer; routine spectra 

were referenced to the residual proton signals of the solvents and are reported in ppm 

downfield of 0.0 as O values. CD spectra were recorded on a JASCO J-600 

Spectropolarimeter with either 1.0, 0.5, or 0.1 cm pathlength quartz cells. A standard set 

of measurement parameters was used in all experiments (see Chapter 2). UV/vis spectra 

were recorded on a CARY 2200 or Beckman DU-640 spectrophotometer. IR spectra were 

recorded on a Perkin-Elmer 1600 Ff-IR. GC/MS data was obtained on a Hewlett-Packard 

5890/5970 GC/MS. Other mass spectral data was obtained from the University of 

California Riverside, Mass Spectrometry Center. All solvents used in spectroscopy were 

spectrophotometric or HPLC grade. 

All reactions, unless otherwise noted, were stirred magnetically under nitrogen or 

argon atmosphere. Solvents used in reactions were distilled from drying agents under 

argon atmosphere; acetonitrile and methylene chloride, CaH2; THF and ether, sodium 

benzophenone ketyl. All glassware, septa, and syringes used in reactions were oven-dried 

and/or stored in a desiccator prior to use, except in cases where aqueous solvents were 

employed. Ion exchange for Nf4+ was carried out with Dowex® 50w-x2 cation exchange 

resin (the resin was treated with concentrated ammonium carbonate then washed with Milli

Q purified water before use). Unless otherwise noted reagents obtained from commercial 

sources were used without further purification. 

Data fitting for the dimer model was set up using an Excel24 spreadsheet for 

computing free monomer concentrations. 
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7.7.2 NMR Studies 

Borate-d was prepared as previously described. 1bc Phosphate-d was prepared by 

combining 2.91 ml 0.1 M NaOD (or CsOD) and 5.00 ml KD2P04 followed by dilution to 

10.0 ml with 020. 25 Variations of the amount of Na OD can be used to alter the pD of the 

solvent (see reference 23). NMR spectra in OiO solutions were referenced to the 1.09 ppm 

peak of 3,3-dimethylglutarate (DMG) as internal standard or the 1.93 ppm peak of 

acetonitrile added in< 1 % by volume as CD3CN. Experiments were carried out in seven 

or nine inch long 5 mm diameter quartz NMR tubes. Volumes of aqueous solutions were 

added using Eppindorf Varipettes; volumes of non-aqueous (and mixed) solvents were 

added with Hamilton gas-tight syringes. In NMR experiments, volumes were assumed to 

be additive. 

Stock solutions of 60 and 71 were prepared, and aliquots were taken and diluted to 

known volumes in CD3OD. The D2O/CD3OD solutions were then standardized vs 

tetramethylammonium hydroxide pentahydrate by NMR integration. Stock solutions of 9, 

26, 27, 29 and 30 were prepared by weighing out samples of known purity (as di- and 

tetraacids) on a Sartorius microbalance followed by dilution to appropriate volumes. The 

sample purity was determined by fitting circular dichroism data from acetonitrile solutions 

of the appropriate di- and tetraacids to ~E values for the 230-350 nm region of the 

corresponding di- and tetramethyl esters in CH3CN (as described in Chapter 2). Stock 

solutions of 33 were prepared by our standard NMR protocols. 1 b Other stock solutions 

were prepared by weighing out solutes on a Sartorius microbalance followed by dilution to 

appropriate volumes. 

Studies of 1 at varying pD involved taking solutions of 1 in 0.01 M CsOD and 

lowering the pD by addition of 0.1 M or 1.0 M acetic acid-lf4. In other studies pD was 

adjusted by adding 0.1 Mor 1.0 M solutions of DCl, NaOD, or CsOD. 
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7.7.3 Circular Dichroism Studies 

Stock solutions were prepared by weighing out solutes on a Sartorius microbalance 

followed by dilution to appropriate volumes. Studies across varying pH's were carried out 

using the Britton-Robinson buffer system (desired pH is obtained by adding an appropriate 

volume of0.2 M NaOH to 100 ml of a solution 0.040 Min acetic acid. 0.040 Min H3P04, 

and 0.040 Min H3BO3).25 The water used in these preparations was passed through a 

Milli-Q purification system. 

7.7.4 Synthesis 

Compounds 3, 14, 41, 45, 46, 53, 56, 63, and 72 were obtained from 

commercial sources. The preparation of 29 and 30 are given in Chapter 2. 1a 2 and 50 

were synthesized as previously reported.le Compounds 19, 25, 31-dimethyl ester, 

32-dimethyl ester, and 37 were prepared in the Dougherty labs .26 Guanidine free base 

(17) was prepared by ion-exchange of the hydrochloride salt with Amberlite® IRA-400 

(OH) ion-exchange resin in methanol and the ion-exchanged material was stored under 

Argon (the material must be used within two or three days). 

(9R, l0R)-2, 6-Bis(p-aminomethylbenzyloxy)-9,10-dihydro-ll, 12-

dicarboxyethenoanthracene OR dicesium salt). In a 25 ml flask 0.030 g (5.0 x 

lQ-5 mol) SR was dissolved in 10 ml THF, followed by addition of 0.087 g (5.80 x 10-4 

mol) cesium hydroxide and 2.5 ml water. The mixture was allowed to stir in the dark at 

room temperature overnight and the THF removed by rotary evaporation. The aqueous 

mixture was brought to pH 7 by addition of 1 M CsOH and the resultant precipitate 

collected and dried overnight in a vacuum desiccator. 1H NMR (0.01 M CsOD) 6 (ppm) 

7.43 (d, J = 8.4 Hz), 7.40 (d, J = 8.1 Hz), 7.18 (d, J = 8.2 Hz), 7.02 (d, J = 8 Hz), 6.53 

(dd, J = 2, 8 Hz), 5.77 (s), 5.06 (s), 3.98 (s). 
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(9R, l0R)-2, 6-Bis(p-bromomethylbenzyloxy)-9,10-dihydro-11, 12-

dicarbomethoxyethenoanthracene (4R). A 50 ml flask was charged with 0.199 g 

(5.65 x lo-4 mol) 2, 1.511 g (5.72 x 10-3 mol) a,a'-dibromo-p-xylene (3), and 0.930 g 

(2.85 x 10-3 mol) cesium carbonate. After addition of 30 ml acetonitrile, the mixture was 

heated to 55 °C and allowed to stir in the dark. After 22 hours TLC (Si gel, 3: 1 

isooctane:Ethyl Acetate eluant) indicated completion of the reaction, the mixture was 

filtered, solids washed with acetonitrile, and the filtrate rotovapped to a yellowish solid. 

This solid was purified by flash chromatography (3:1 isooctane:Ethyl Acetate). Obtained 

0.314 g (77%) of product. 1H NMR (CDCl3) 8 (ppm) 7.39 (d, J = 8.2 Hz), 7.35 (d, J = 

8.3 Hz), 7.25 (d, J = 7.4 Hz), 7.04 (d, J = 2.0 Hz), 6.54 (dd, J = 2.0, 7.4 Hz), 5.33 (s), 

4.98 (s), 4.49 (s), 3.77 (s). FAB-MS (m/e) 591 (MH+), 573, 419, 391. FAB-MS (m/e) 

719, 717 (MH+), 391. HRMS 717.0487 (MH+), calculated for C36lf31Br2O6 717.0497. 

(9R, lOR)-2, 6-Bis(p-aminomethylbenzyloxy)-9,10-dihydro-11, 12-

dicarbomethoxyethenoanthracene (SR) [Ammoniolysis]. A suspension of 4R 

(0.42 g, 5.84 x IQ-5 mol) in 10 ml dry methanol (Aldrich Sure-Seal Bottle) was prepared 

in a three-neck 25 ml round bottom flask fitted with gas inlet, stopper, and dry-ice 

condenser. Anhydrous ammonia was condensed into the suspension and allowed to 

saturate the methanol (as indicated by condensation on the outside of the flask). After 

saturation, the gas inlet and dry-ice condenser were removed and replaced with stoppers, 

the mixture was allowed to stir for two hours and then evaporated to a white solid. The 

solid was dissolved in 1 M HCl and the solution neutralized with 1 M NaOH and placed in 

a refrigerator for several hours. The white precipitate was collected by vacuum filtration, 

washed with ice-cold water until the filtrate was neutral, and dried over night in a vacuum 

desiccator yielding 0.020 g of product (57%). 1H NMR (CD3CN) 8 (ppm) 7.34 (d, J = 

8.2 Hz), 7.31 (d, J = 7.8 Hz), 7.25 (d, J = 7.8 Hz), 7.07 (d, J = 2.3 Hz), 6.59 (dd, J = 

2.3, 8.5 Hz), 5.38 (s), 5.01 (s), 3.76 (s), 3.71 (s). FAB-MS (m/e) 591 (MH+), 573, 

419, 391. HRMS 591.2501 (MH+), calculated for C36lf35N2O6 590.2417. 
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(9R, l0R)-2, 6-Bis(p-aminomethylbenzyloxy)-9,10-dihydro-11, 12-

dicarbomethoxyethenoanthracene (SR) [Nitrile reduction]. A three-neck 25 ml 

round bottom flask was fitted with two stoppers and a septum. After purging 3 x with dry 

nitrogen, 0.047 g 6R (8.06 x 10-5 mol) and 10 ml of TI-IF were added to the flask. Upon 

complete dissolution of 6R, 0.15 ml of 1 M BH3 in TI-IF (2.1 x 10-3 g, 1.5 x lo-4 mol) 

was added by syringe over a 1 hour period and the mixture allowed to stir at room 

temperature. After 20 hours TLC (Si gel treated with 10% Et3N in hexanes, 9: 1 

CH2Cl2:CH3OH eluant) showed only non-moving spots. The cloudy reaction mixture was 

quenched with 2 ml cone. HCl and allowed to sit in a refrigerator ( 4 °C) for several hours, 

the white precipitate was collected by vacuum filtration washing with ice-cold water until a 

neutral filtrate was obtained and the solid dried overnight in a vacuum desiccator. The 

material can be converted to free amine by dissolving in water adding base and collecting 

the free precipitate. lH NMR (CD3CN) 8 (ppm) 7.34 (d, J = 8.2 Hz), 7.31 (d, J = 7.8 

Hz), 7.25 (d, J = 7.8 Hz), 7.07 (d, J = 2.3 Hz), 6.59 (dd, J = 2.3, 8.5 Hz), 5.38 (s), 

5.01 (s), 3.76 (s), 3.71 (s). FAB-MS (m/e) 591 (MH+), 573, 419, 391. HRMS 

591 .2501 (MH+), calculated for C36H35N2O6 590.2417. Product was never obtained as 

pure as in the above ammoniolysis preparation, even after recrystallization from methanol. 

(9R, 10R )-2, 6-Bis(p-cyanobenzyloxy)-9,10-dihydro-l l, 12-dicarbo

methoxyethenoanthracene (6R). A 25 ml flask was charged with 0.115 g (3.26 x 10· 

5 mol) 2R, 0.180 g (9.18 x 10-4 mol) p-bromomethylbenzonitrile (Aldrich), and 0.545 g 

(1.67 x 10-3 mol) cesium carbonate. After addition of 15 ml acetonitrile, the mixture was 

heated to 55 °C and allowed to stir in the dark. After 12 hours TLC (Si gel, 95 :5 

CH2C}i:Ethyl Acetate eluant) indicated completion of the reaction, the mixture was filtered, 

solids washed with acetonitrile, and the filtrate rotovapped to a yellowish solid. This solid 

was purified by flash chromatography (95:5 CH2Cl2:Ethyl Acetate). Obtained 0.150 g 

(80%) of product. IH NMR (CDCl3) 8 (ppm) 7.66 (d, J = 8.1 Hz), 7.49 (d, J = 8.2 Hz), 

7.24 (d, J"" 8 Hz), 7.04 (d, J "" 2 Hz), 6.53 (dd, J "" 8 Hz, J = 2.1 Hz), 5.34 (s), 4.06 
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(s), 3.78 (s). DEi-MS (m/e) 582 (M+), 551, 523, 466, 438, 406, 378, 324, 291, 263, 

219, 176, 152, 116, 89, 59. HRMS 582.1790, calculated for C36IfuN2O6 582.1791. 

2, 6-Bis(p-carboxybenzyloxy)-9,10-dihydro-11, 12-dicarboxyetheno

anthracene (9R•tetracid). In a 25 ml flask 0.056 g (8.63 x 10-s mol) 13R was 

dissolved in 15 ml THF, followed by addition of 0.220 g (1.47 x 10-3 mol) cesium 

hydroxide and 5 ml water. The mixture was allowed to stir in the dark at room temperature 

overnight and the THF removed by rotary evaporation. The aqueous mixture was frozen to 

-78 °C and lyophilized to give a white powder that was dissolved in water and ion

exchanged for NI-4+. The ion-exchanged solution was frozen at -78 °C and lyophilized to 

give 0.028 g of an off-white powder (84.0% pure by circular dichroism, impurities were 

inorganic salts and water, 46% yield). 1H NMR (CD3CN) 8 (ppm) 7.97 (d, J = 8.3 Hz), 

7.50 (d, J = 8.3 Hz), 7.28 (d, J = 8.1 Hz), 7.11 (d, J = 2.4 Hz), 6.62 (dd, J = 2.4, 8.1 

Hz), 5.68 (s), 4.10 (s). FAB-MS (m/e) 592 (M+), 557, 523, 439, 420, 391, 363, 343, 

286, 259, 186. HRMS 592.1345, calculated for C34H24O10 592.1369. 

(9S, 10S)-2, 6-Bis(p-carbomethoxybenzyloxy)-9,10-dihydro-11, 12-

dicarbomethoxyethenoanthracene (13s). A 25 ml flask was charged with 0.150 g 

(4.26 x 1Q-4 mol) 2s, 0.303 g (1.32 x 10-3 mol) methyl p-bromomethylbenzoate (14), and 

0.545 g (1.67 x 10-3 mol) cesium carbonate. After addition of 15 ml acetonitrile, the 

mixture was heated to 55 °C and allowed to stir in the dark. After 11 hours TLC (Si gel, 

95:5 CH2Ch:Ethyl Acetate eluant) indicated completion of the reaction, the mixture was 

filtered, solids washed with acetonitrile, and the filtrate rotovapped to a yellowish oil. This 

oil was subjected to flash chromatography (95:5 CH2Cl2:Ethyl Acetate) and provided 

0.278 g (100%) of product as a white solid. 1H NMR (CDCl3) 8 (ppm) 8.03 (d, J = 8.4 

Hz), 7.45 (d, J = 8.3 Hz), 7.24 (d, J = 8.7 Hz), 7.05 (d, J"'" 2 Hz), 6.54 (dd, J = 2.2, 8.5 

Hz), 5.33 (s), 5.05 (s), 3.91 (s). FAB-MS (m/e) 649 (MH+), 617, 589, 557, 529, 500, 

430, 410, 381, 327. HRMS 649.2049 (MH+), calculated for C3gH33O10 649.2017. 
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Circular dichroism [(9S, lOS)-enantiomer, CH3CN] A (.1£) [nm (M-lcm-1)], 315 (-2.7), 

301 (+1.2), 284 (-18.9), 252 (+49.6), 232 (+102.4), 217 (+6.6), 207 (-48.0). 

(9S, l0S)-2, 6-Bis(p-carboxamidomethylbenzyloxy)-9,10-dihydro

ll, 12-dicarboxamidoethenoanthracene (15s). A solution of 0.035 g (5.40 x 10-4 

mol) 13s in 5 ml dry methanol (Aldrich Sure-Seal Bottle) was prepared in a three-neck 25 

ml round bottom flask fitted with gas inlet, stopper, and dry-ice condenser. Anhydrous 

ammonia was condensed into the suspension and allowed to saturate the methanol (as 

indicated by condensation on the outside of the flask). After saturation, the gas inlet and 

dry-ice condenser were removed and replaced with stoppers. 1LC monitoring (Si gel, 9: 1 

CH2Cl2:CH3OH eluant) indicated the completion of the reaction after 25 days. The 

reaction mixture was evaporated to a white solid and flash chromatographed (10 ➔ 20% 

CH3OH in CH2Cl2) yielding 0.022 g of product (69%). 1H NMR (CD3CN) o (ppm) 

7.79 (d, J = 7.5 Hz), 7.48 (d, J = 7.7 Hz), 7.28 (d, J = 7.8 Hz), 7.11 (d, J = 2.3 Hz), 

6.59 (dd, J = 2.3, 8.5 Hz), 5.45 (s), 4.95 (s). 

(9S, 10S )-2, 6-Bis(p-cyanobenzyloxy )-9, 10-di hydro-11, 12-dicar

boxamidoethenoanthracene (16s), A solution of 0.049 g (8.41 x 10-s mol) 6s in 5 

ml dry methanol (Aldrich Sure-Seal Bottle) was prepared in a three-neck 25 ml round 

bottom flask fitted with gas inlet, stopper, and dry-ice condenser. Anhydrous ammonia 

was condensed into the suspension and allowed to saturate the methanol (as indicated by 

condensation on the outside of the flask). After saturation, the gas inlet and dry-ice 

condenser were removed and replaced with stoppers. 1LC monitoring (Si gel, 9: 1 

CH2Cl2:CH3OH eluant) indicated the completion of the reaction after two days. The 

reaction mixture was evaporated to a white solid and flash chromatographed (95:5 

CH2C}i:CH3OH) yielding 0.033 g of product (72%). 1H NMR (CD3OD) o (ppm) 7.71 

(d, J = 8.1 Hz), 7.58 (d, J = 8.1 Hz), 7.27 (d, J = 8.2 Hz), 7.12 (d, J == 2 Hz), 6.60 (dd, 

J == 2, 8 Hz), 5.40 (s), 5.13 (s). DEI-MS (m/e) 552 (M+), 535, 440, 419, 376, 324, 296, 
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260, 234, 210, 181, 152, 116, 89, 63. HRMS 552.1785, calculated for C34H24N4O4 

552.1798. 

(9S, l0S, llS, llS)-2,6-Dihydroxy-9,10-dihydro-11,12-dicarbo

methoxyethanoanthracene (20ss). In a 50 ml round bottom flask fitted with a reflux 

condenser, 1.02 g (1.22 x IQ-3 mol) 50ss was dissolved in 25 ml methanol. After 

addition of methane sulfonic acid (2.0 ml, 2.962 g, 0.031 mol), the solution was brought 

to reflux. TLC (Si gel, 3: 1 Ether:Pet ether eluant) indicated the completion of the reaction 

after 12 days. The mixture was cooled to room temperature and poured into a two-phase 

mixture of 100 ml pH 7 phosphate buffer25 and 100 ml ethyl acetate. The layers were 

separated, the aqueous layer extracted with ethyl acetate (2 x 20 ml), and the combined 

organic layers dried over anhydrous MgSO4. The dry solution was filtered and rotovapped 

onto Si gel, the Si gel was added as a plug to a flash column and eluted with 3: 1 Ether:Pet 

ether yielding 0.358 g (82%) of product. 1H NMR (CD3CN) 8 (ppm) 7.03 (d, J = 7.9 

Hz), 6.81 (d, J = 2.2 Hz), 6.77 (s), 6.49 (dd, J = 2.4, 8.0 Hz), 4.43 (s), 3.58 (s), 3.25 

(s). CI-MS (m/e) 355 (MH+), 339, 323, 314, 297, 230, 210, 194, 181, 162, 147, 113, 

102, 85, 70, 59. HRMS 355.1199 (MH+), calculated for C2oH19O6 355.1181. 

(9S, 10S, 11S, 12S)-2, 6-Bis(p-carbomethoxybenzyloxy)-9,10-di

hydro-11, 12-dicarbomethoxyethanoa n thracene 11,12-B is[ (- )-menthyl 

ester] (2lss). A 25 ml flask was charged with 0.301 g (4.99 x 10-4 mo!) 19ss, 0.380 

g (1.66 x lQ-3 mo!) methyl p-bromomethylbenzoate (14), and 0.899 g (2.76 x lQ-3 mol) 

cesium carbonate. After addition of 20 ml acetonitrile, the mixture was heated to 55 °C and 

allowed to stir in the dark. After four days TLC (Si gel, 95:5 CH2C}i:Ethyl acetate eluant) 

indicated completion of the reaction, the mixture was filtered, solids washed with 

acetonitrile, and the filtrate rotovapped to a yellowish oil. This oil was subjected to flash 

chromatography (95:5 CH2C}i:Ether) and provided 0.364 g (81 %) of product as a white 

solid. lH NMR (CD3CN) 8 (ppm) 7.99 (d, J = 8.4 Hz), 7.52 (d, J = 8.4 Hz), 7.08 (d, J 

= 8.2 Hz), 7 .04 (d, J = 2.5 Hz), 6.68 (dd, J = 2.5, 8.2 Hz), 5.11 (s), 5.64 (s), 4.53 (dt, J 
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= 4.4, 10.9 Hz), 3.86 (s), 3.18 (s), 1.7-1.0 (m), 0.937 (d, J = 7.0), 0.847 (d, J = 6.4), 

0.674 (d, J = 7.0). FAB-MS (m/e) 899 (MH+), 623, 573, 506, 209, 181, 149, 121, 35. 

HRMS 899.4698 (MH+), calculated for C56fl6.,010 899.4734. 

(9S, lOS, US, 12S)-2, 6-Bis(p-carbomethoxybenzyloxy)-9,10-

dihydro-11, 12-dicarbomethoxyethanoanthracene (22ss). A 25 ml flask was 

charged with 0.093 g (2.64 x IQ-4 mol) 20ss, 0.263 g (1.15 x IQ-3 mol) methyl p

bromomethylbenzoate (14), and 0.609 g (l.87 x 10-3 mol) cesium carbonate. After 

addition of 10 ml acetonitrile, the mixture was heated to 55 °C and allowed to stir in the 

dark. After two days 1LC (Si gel, 95:5 CH2Cii:Ether eluant) indicated completion of the 

reaction, the mixture was filtered, solids washed with acetonitrile, and the filtrate 

rotovapped to a yellowish solid. This solid was subjected to flash chromatography (95:5 

CH2C}i:Ether) and provided 0.137 g (80%) of product as a white solid. I H NMR 

(CD3CN) o (ppm) 7.99 (d, J = 8.3 Hz), 7.52 (d, J = 8.3 Hz), 7.14 (d, J = 8.3 Hz), 7.04 

(d, J = 2.5 Hz), 6.70 (dd, J = 2.6, 8.1 Hz), 5.11 (s), 5.05 (s), 4.61 (s), 3.85 (s), 3.58 

(s), 3.27 (s). FAB-MS (m/e) 650 (M+), 506, 447, 419, 357. HRMS 650.2139 (M+), 

calculated for C38H34O10 650.2151. Circular dichroism [(9S, 10S, 11S, 12S)

enantiomer, CH3CN] 11. (~£) [nm (M-1cm-1)], 320 (-1.6), 277 (-6.4), 247 (+42.3), 226 (-

66.1), 207 (-81.8). 

(9S, 10S, 11S, 12S)-2, 6-Bis(p-hydroxymethylbenzyloxy)-9,10-

dihydro-11, 12-hydroxymethylethanoanthracene (23ss) [Prepared from 

21ss]. A solution of 0.359 g (3.99 x 10-4 mol) 23ss in 10 ml THF was prepared in a 

100 ml flask fitted with a septum; this was followed by dropwise addition of 4.0 ml 1.0 M 

LiBEt3H (4.0 x IQ-3 mol) from a syringe. 1LC (Ethyl acetate eluant) indicated complete 

reaction after two days. The mixture was quenched by adding 20 ml ethyl acetate and 

rotovapped to a colorless oil. The oil was dissolved in 25 ml ethyl acetate and 25 ml water, 

the layers separated, the aqueous layer extracted with ethyl acetate (3 x 10 ml), and the 

combined organic layers dried over anhydrous MgSO4. The dried organic solution was 
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filtered, rotovapped to a white solid, and flash chromatographed (0 ➔ 5% CH3OH in Ethyl 

acetate) yielding 0.055 g (26 %) of product. 1H NMR (CD3OD) o (ppm) 7.31 (d, J = 8.3 

Hz), 7.26 (d, J = 8.3 Hz), 7.04 (d, J = 8 Hz), 6.77 (d, J.., 2 Hz), 6.67 (dd, J = 2, 8 Hz), 

4.94 (s), 4.51 (s), 4.12 (s). FAB-MS (m/e) 538 (M+), 521, 450, 443, 391, 363. HRMS 

538.2362, calculated for C34H34O6 538.2355. 

(9S, IOS, US, 12S)-2, 6-Bis(p-hydroxymethylbenzyloxy)-9,10-

dihydro-ll, 12-hydroxymethylethanoanthracene (23ss) [Prepared from 

22ss]. A solution of 0.057 g (8.76 x 10-s mol) 22ss in 2.0 ml THF was prepared in a 

25 ml flask fitted with a septum. This was followed by dropwise addition of 0.8 ml 1.0 M 

LiBEt3H (8.0 x 10-4 mol) from a syringe. TLC (Si gel, Ethyl acetate eluant) indicated 

complete reaction after 24 hours. The mixture was quenched by adding 6 ml ethyl acetate 

and rotovapped to a white solid. The solid was dissolved in 5 ml ethyl acetate and 10 ml 

water, the layers separated, the aqueous layer extracted with ethyl acetate (3 x 5 ml), and 

the combined organic layers dried over anhydrous MgSO4. The dried organic solution was 

filtered, rotovapped to a white solid, and flash chromatographed (Ethyl acetate) yielding 

0.031 g (66 %) of product. 1H NMR (CD3OD) o (ppm) 7.31 (d, J = 8.3 Hz), 7.26 (d, J = 

8.3 Hz), 7.04 (d, J"" 8 Hz), 6.77 (d, J"" 2 Hz), 6.67 (dd, J"" 2, 8 Hz), 4.94 (s), 4.51 (s), 

4.12 (s). FAB-MS (m/e) 538 (M+), 521, 450, 443, 391, 363. HRMS 538.2362, 

calculated for C34H34O6 538.2355. 

(9S, 10S, 11S, 12S)-2, 6-Bis(p-carboxybenzyloxy)-9,10-dihydro-

11, 12-dicarboxyethanoanthracene (26ss-tetracid). In a 25 ml flask 0.033 g 

(5.07 x 10-s mol) 22ss was dissolved in 15 ml THF, followed by addition of 0.118 g 

(7 .87 x 1Q-4 mol) cesium hydroxide and 5 ml water. The mixture was allowed to stir in the 

dark at room temperature overnight and the THF removed by rotary evaporation. The 

aqueous mixture was frozen to -78 °C and lyophilized to give a white powder that was 

dissolved in water and ion-exchanged for~+. The ion-exchanged solution was frozen 

at -78 °C and lyophilized to give 0.038 g of an off-white powder (77.4% pure by circular 
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dichroism, impurities were inorganic salts and water, 98% yield). lH NMR (CD3CN) 6 

(ppm) 7.96 (d), 7.51 (d), 7.18 (d), 6.96 (d), 6.67 (dd), 5.10 (s), 4.47 (s). 

(9R, lOR, llS, 12S)-2, 6-Bis(p-carboxybenzyloxy)-9,10-dihydro-

11, 12-dicarboxyethanoanthracene (27as-tetracid). In a 25 ml flask 0.058 g 

(8.91 x 10-5 mol) 27as-tetramethyl ester was dissolved in 15 ml THF, followed by 

addition of 0.185 g (1.23 x 10-3 mol) cesium hydroxide and 5 ml water. The mixture was 

allowed to stir in the dark at room temperature overnight and the THF removed by rotary 

evaporation. The aqueous mixture was frozen to -78 °C and lyophilized to give a white 

powder that was dissolved in water and ion-exchanged for NI-4+. The ion-exchanged 

solution was frozen at -78 °C and lyophilized to give 0.059 g of an off-white powder 

(53.5% pure by circular dichroism, impurities were inorganic salts and water, 59% yield). 

1H NMR (CD3CN) 8 (ppm) 7.96 (d, J = 8.3 Hz), 7.51 (d, J = 8.3 Hz), 7.15 (d, J = 8.3 

Hz), 6.98 (d, J = 2.2 Hz), 6.66 (dd, J = 2.3, 8.3 Hz), 5.10 (s), 4.52 (s), 4.37 (s). 

(9R, lOR, 11S, 12S)-2, 6-Bis(p-carbomethoxybenzyloxy)-9,10-

dihydro-11, 12-dicarbomethoxyethanoanthracene (27as-tetramethyl ester). 

A 25 ml flask was charged with 0.106 g (2.99 x 10-4 mol) 28Rs, 0.210 g (9.17 x 10-4 

mol) methyl p-bromomethylbenzoate (14), and 0.504 g (1.55 x IQ-3 mol) cesium 

carbonate. After addition of 10 ml acetonitrile, the mixture was heated to 55 °C and 

allowed to stir in the dark. After 30 hours TI.,C (Si gel, 95:5 CH2Cl2:Ethyl acetate eluant) 

indicated completion of the reaction, the mixture was filtered, solids washed with 

acetonitrile, and the filtrate rotovapped to a yellowish solid. This solid was subjected to 

flash chromatography (95:5 CH2Cl2:Ethyl acetate) and provided 0.184 g (95%) of product 

as a white solid. lH NMR (CD3CN) 8 (ppm) 7.98 (d, J = 8.3 Hz), 7.51 (d, J = 8.2 Hz), 

7.25 (d, J = 8.1 Hz), 6.91 (d, J = 2.5 Hz), 6.72 (dd, J = 2.5, 8.2 Hz), 5.10 (s) , 4.57 (d, 

J = 4.5 Hz), 3.77 (s), 3.54 (s), 3.29 (d, J = 4.5 Hz). FAB-MS (m/e) 650 (M+), 619, 

506, 357, 242, 209, 178, 166, 121. HRMS 650.2187 (M+), calculated for C3gH34O10 
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650.2151. Circular dichroism [(9R, lOR, 11S, 12S)-enantiomer, CH3CN] A (.1.E) [nm 

(M-lcm-1)], 300 (-2.0), 274 (+5.2), 247 (-35.2), 230 (+60.0), 213 (+38.0), 207 (+47.8). 

(9R, lOR, llS, 12S)-2,6-Dihydroxy-9,10-dihydro-11,12-dicarbo

methoxyethanoanthracene (28Rs). In a 50 ml round bottom flask fitted with a reflux 

condenser, 0.57 g (9.49 x I0-4 mol) (9R, IOR, 11S, 12S)-2,6-Dihydroxy-9,10-dihydro-

11,12-dicarbomethoxyethanoanthracene bis[(-)-menthyl ester]27 was dissolved in 15 ml 

methanol. After addition of methane sulfonic acid (1.6 ml, 2.37 g, 0.025 mol), the 

solution was brought to reflux. TLC (Si gel, 3: 1 Ether:Pet ether eluant) indicated the 

completion of the reaction after five days. The mixture was cooled to room temperature 

and poured into a two-phase mixture of 50 ml pH 7 phosphate buffer25 and 50 ml ethyl 

acetate. The layers were separated, the aqueous layer extracted with ethyl acetate (3 x 15 

ml), and the combined organic layers dried over anhydrous MgSO4. The dry solution was 

filtered and rotovapped to a white solid and flash chromatographed (3 : 1 Ether:Pet ether) 

yielding 0.297 g (88%) of product. 1H NMR (CD3CN) o (ppm) 7.14 (d, J = 8.0 Hz), 

6.73 (s) , 6.70 (d, J = 2.4 Hz), 6.52 (dd, J = 2.4, 8.0 Hz), 4.54 (s), 3.58 (s), 3.26 (s). 

CI-MS (m/e) 355 (MH+), 339,314,297 , 230,210, 195, 181, 162, 147, 113. HRMS 

355.1178 (MH+), calculated for C20H19O6 355.1181. 

9,10-dihydro-11, 12-dicarboxyethenoanthracene (31-diacid). In a 25 

ml flask 0.035 g (1.08 x 10-4 mol) 31-dimethyl ester was dissolved in 10 ml THF, 

followed by addition of 0.095 g (6.3 x IQ-4 mol) cesium hydroxide and 2 ml water. The 

mixture was allowed to stir in the dark at room temperature overnight and the THF 

removed by rotary evaporation. The aqueous mixture was frozen to -78 °C and lyophilized 

to give a white powder that was dissolved in water and ion-exchanged for N~+. The ion

exchanged solution was frozen at -78 °C and lyophilized to give 0.036 g of an off-white 

powder. lH NMR (borate-d) o (ppm) 7.45 (d), 7.06 (d), 5.40 (s) . 

(±)-1,5-bis(N-Benzylcarboxamido)-9.1 0-dihydro-11, 12-dicarboxy

ethenoanthracene (32-diacid). In a 25 ml flask 0.020 g (3.5 x IQ-5 mol) (±)-32-
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dimethyl ester was dissolved in 10 ml lHF, followed by addition of 0.064 g (4.3 x 10-

4 mol) cesium hydroxide and 2 ml water. The mixture was allowed to stir in the dark at 

room temperature overnight and the THF removed by rotary evaporation. The aqueous 

mixture was frozen to -78 °C and lyophilized to give a white powder that was dissolved in 

water and ion-exchanged for NI-4+. The ion-exchanged solution was frozen at -78 °C and 

lyophilized to give an off-white powder. IH NMR (DMSO-~) o (ppm) 7.40 (d, J = 1.5 

Hz), 7.36 (d, J = 1.5 Hz), 7.26 (d, J = 6.4 Hz), 7.16 (d, J = 7.2 Hz), 7.04 (t, J = 8.4 

Hz), 6.96 (s), 6.56 (s), 4.54 (m). 

(9R, l0R)-2, 6-Bis(p-carboxybenzyloxy)-9,10-dihydro-11, 12-di

carboxyethanoanthracene (33R). In a 25 ml flask 0.027 g (3.64 x 10-s mol) 40R 

was dissolved in 10 ml THF, followed by addition of 0.171 g (1.14 x lQ-3 mol) cesium 

hydroxide and 4 ml water. The mixture was allowed to stir in the dark at room temperature 

overnight and the THF removed by rotary evaporation. The aqueous mixture was frozen to 

-78 °C and lyophilized to give a white powder that was dissolved in water and ion

exchanged for NI4+. The ion-exchanged solution was frozen at -78 °C and lyophilized to 

give an off-white powder that was immediately dissolved in pD 7 buffer to give a 5.08 x 

lQ-3 M solution (by NMR integration). lH NMR (phosphate-d) 8 (ppm) 8.14 (t), 7.92 (d), 

7.25 (d), 7.11 (d), 6.61 (dd), 5.21 (s), 4.06 (s). 

Diethyl 5-methylisophthalate (38). In a 100 ml flask fitted with a reflux 

condenser, 0.7 g (3.8 x l0-3) 37 was dissolved in 50 ml absolute ethanol and the solution 

brought to reflux. TLC (Si gel, 6:4 Hexane:Ether) indicated completion of the reaction 

after 17 hours. The solution was cooled to room temperature and poured into a two-phase 

mixture of 100 ml pH 7 phosphate buffer25 and 100 ml CH2Cl2. The layers were 

separated, the aqueous layer was extracted with CH2Cb (3 x 20 ml), the organic layers 

combined and dried over anhydrous MgS04. The dry organic solution was rotovapped to 

an orange oil and flash chromatographed (4 ➔ 40 % Ether in Hexanes) to yield 0.60 g (67 
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%) of product. 1H NMR (CD3CN) o (ppm) 8.45 (t, J = 1.6 Hz), 8.03 (d, J = 1.6 Hz), 

4.33 (quanet, J = 7.2 Hz), 2.44 (s), 1.37 (t, J = 7.1 Hz). 

Diethyl 5-bromomethylisophthalate (39). In a 50 ml flask fitted with a 

reflux condenser, 0.60 g (2.5 x 10-3 mol) 38 was dissolved in 20 ml CC4, 0.451 g (2.53 

x J0-3 mol) NBS and 0.020 g (9.3 x 10-5 mol) benzoyl peroxide were added and the 

mixture brought to reflux. TLC (Si gel, 6:4 Hexane:Ether) indicated complete reaction after 

two days. The orange solution was brought to room temperature and rotovapped to an 

orange solid. Recrystallization from 4% ether in hexanes provided 0.225 (28%) of a white 

solid. 1H NMR (CD3CN) 8 (ppm) 8.47 (t, J = 1.5 Hz, lH), 8.25 (d, J = 1.7 Hz, 2H), 

4.68 (s, 2H), 4.37 (quartet, J = 7.1 Hz, 4H), 1.37 (t, J = 6.9 Hz, 6H). CI-MS (NH3) 

(m/e) 348, 332 (M+NI--4+), 315 (MH+), 254, 237, 191, 182, 168, 150, 135, 110, 95, 86, 

73, 58. HRMS 332.0493 (M+NI--4+), calculated for C13H19BrNO4 332.0498. 

(9R, 10R )-2, 6-Bis(3,5-dicarboethoxybenzyloxy)-9, 10-dihydro-11, 

12-dicarbomethoxyethenoanthracene (40R). A 25 ml flask was charged with 

0.048 g (1.36 x 10-4 mol) 2R, 0.124 g (5.76 x 10-4 mol) 39, and 0.227 g (6.97 x 10-4 

mol) cesium carbonate. After addition of 10 ml acetonitrile, the mixture was heated to 55 

°C and allowed to stir in the dark. After 23 hours TLC (Si gel, 95 :5 CH2Cl2:Ether eluant) 

indicated completion of the reaction, the mixture was filtered, solids washed with 

acetonitrile, and the filtrate rotovapped to a brown oil. This oil was subjected to flash 

chromatography (95:5 CH2Cl2:Ether) and provided 0.103 g (92%) of product as a white 

solid. 1H NMR (CD3CN) 8 (ppm) 8.48 (d, J = 1.5 Hz), 8.23 (d, J = l.4 Hz), 7.29 (d, J 

= 8.1 Hz), 7.11 (d, J = 2.4 Hz), 6.63 (dd, J = 2.5, 8.1 Hz), 5.42 (s), 5.15 (s), 4.36 

(quartet, J = 7.1), 3.72 (s), 1.36 (t, J = 7.1). FAB-MS (m/e) 821 (MH+), 820 (M+), 789, 

751,678,585,525,444,387,371,351,309,291,263,235,215, 191, 117. HRMS 

820.2769, calculated for C46li44O14 820.2731 . 

a-Bromo-p-tolyl acetate (42). In a 50 ml flask fitted with a reflux condenser, 

1.048 g (6.98 x lQ-3 mol) 41 was dissolved in 30 ml CCl4, 1.246 g (7.00 x lQ-3 mol) 
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NBS and 0.020 g (9.3 x lQ-5 mol) benzoyl peroxide were added and the mixture brought 

to reflux. 1LC (Si gel, 4% Ether in Hexanes) indicated complete reaction after 21 hours. 

The solution was brought to room temperature and rotovapped to an orange oil. White 

crystals formed after sitting in a -20 °C freezer for two hours yielding 0.922 (56%) of 

product. 1H NMR (CD3CN) 6 (ppm) 8.45 (t, J = 8.3 Hz), 7.07 (d, J = 8.5 Hz), 4.59 (s), 

2.23 (s). 

Di(2-cyanoethyl)-N ,N-diisopropylaminephosphoramidite (47). A 

solution of 3.539 g (0.050 mol) 3-hydroxypropionitrile (46) and 13.0 ml (9.646 g, 0.075 

mol) diisopropylethylamine in 20 ml THF was prepared in a 100 ml three-neck flask fitted 

with two stoppers and a septum. The solution was cooled to 0 °C and 3.48 ml (5 g, 0.025 

mol) dichlorodiisopropylaminophosphine (45) was added slowly dropwise from a syringe. 

The mixture was allowed to stir for two hours and then poured into 75 ml acid-free ethyl 

acetate. The solution was washed with pH 7 phosphate buffer25 (3 x 20 ml) and the 

combined aqueous layers extracted with 30 ml acid-free ethyl acetate. The organic layers 

were combined and dried over anhydrous MgSO4. The dry organic layer was rotovapped 

to a cloudy oil and flash chromatographed (5:1 Hexane:Acetone with 0.20% Et3N) yielding 

2.612 g (40%) of a colorless oil. lH NMR (CD3CN) 8 (ppm) 3.82 (m), 3.64 (m), 2.64 

(td), 1.18 (s), 1.16 (s). 

(9S, lOS, llS, 12S)-2, 6-Dihydroxy-9,10-dihydro-11, 12-di-

hydroxymethylethanoan thracene Bis[ di (2-cyanoethyl )-phosphate] Ester 

(48ss). A mixture of 0.051 g (5.67 x lQ-5 mol) 52 in 4 ml methanol, 1 ml CH2Cl2, and 

0.5 ml cone. aqueous HCl was prepared in a 25 ml flask. The mixture was stirred for two 

hours, then poured into a two-phase mixture of 10 ml ethyl acetate, 15 ml saturated 

NaHCO3, and 5 ml pH 7 phosphate buffer.25 The layers were separated and the aqueous 

layer extracted with ethyl acetate (3 x 5 ml). The combined organic extracts were dried 

over anhydrous MgSO4, then rotovapped to a white solid. The solid was flash 

chromatographed (15% CH3OH in Ethyl acetate) yielding 0.031 g (82%) of a white solid. 
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1H NMR (CD3CN) 6 (ppm) 7.12 (cl, J = 8.0 Hz), 6.80 (s), 6.79 (d, J = 2.4 Hz), 6.55 

(dd, J = 2.4, 8.0 Hz), 4.20 (quartet of doublets), 3.80 (quintet, J = 5.0 Hz), 3.47 (quartet, 

J = 1.2 Hz), 2.78 (quartet of doublets), 1.22 (t, J = 9.0). FAB-MS (m/e) 671 (MH+). 

HRMS 671.1707 (MH+), calculated for C3()1-I33O1oP2 671.1672. 

(9S, lOS, llS, 12S)-2, 6-Bis(tert-butyldimethylsiloxy)-9,10-

dihydro-11, 12-dihydroxymethylethanoanthracene (Slss). A solution of 0.267 

g (3.32 x 10-4 mol) SOss in 5 ml THF was prepared in a 25 ml flask fitted with a septum, 

this was followed by dropwise addition of 1.7 ml 1.0 M LiBEt3H (1.7 x 10-3 mol) from a 

syringe. TLC (Si gel, 6:4 Ethyl acetate:Pet ether eluant) indicated complete reaction after 

23 hours. The mixture was quenched by adding 10 ml ethyl acetate and rotovapped to a 

colorless oil. The oil was dissolved in 20 ml ethyl acetate and 20 ml water, the layers 

separated, the aqueous layer extracted with ethyl acetate (3 x 5 ml), and the combined 

organic layers dried over anhydrous MgSO4. The dried organic solution was filtered, 

rotovapped to a white solid, and flash chromatographed (6:4 Ethyl acetate:Pet ether) 

yielding 0.112 g (64%) of product. 1H NMR (CD3CN) o (ppm) 7.09 (d, J = 7.9 Hz), 

6.80 (d, J = 2.1 Hz), 6.57 (dd, J = 2.1, 7 .9 Hz), 4.15 (s), 3.06 (m), 2.94 (m), 1.33 (d, J 

= 5.7 Hz), 0.95 (s), 0.14 (s). 

(9S, 10S, 11S, 12S)-2, 6-Bis(tert-butyldimethylsiloxy)-9,10-

dihydro-11, 12-dihydroxymethylethanoanthracene Bis[ di(2-cyanoethyl)

phosphate] Ester (52ss). A solution of 0.050 g (9.49 x 10-s mol) 51 and 0.028 g 

(4.00 x 1Q-4) tetrazole in 2 ml acetonitrile was prepared in a 10 ml round bottom flask. The 

flask was cooled to 0 °C and 0.076 g (2.8 x 10-4 mol) 47 was added by syringe. The 

mixture was allowed to warm to room temperature and stir for four hours. At this point 

0.082 g (3.23 x lQ-4 mol) Iodine in 0.5 ml 2: 1 :0.8 THF:H2O:pyridine was added, the 

iodine color immediately disappeared and addition continued until a slight yellowish color 

persisted. The reaction was allowed to stir for an additional ten minutes and the mixture 

rotovapped to a white residue. The residue was dissolved in 5 ml CHCl3 and washed with 
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5 ml 0.1 % aqueous NaHSO3, water (2 x 5 ml), and saturated NaCl (2 x 5 ml). The 

combined aqueous layers were extracted with 5 ml CHCl3 and the combined organic layers 

dried over anhydrous MgSO4. The dry solution was rotovapped to a colorless oil and flash 

chromatographed, eluting first with 6:4 Ethyl acetate:Pet ether then with 95:5 Ethyl 

acetate:methanol. A yellowish oil was obtained (0.051 g, 60%). lH NMR (CD3CN) o 

(ppm) 7.17 (d, J = 8.0 Hz), 6.86 (d, J = 2.4 Hz), 6.63 (dd, J = 2.4, 7.9 Hz), 4.26 (s), 

4.20 (quartet of doublets, J = 1.9, 6.0 Hz), 3.80 (quintet, J = 5.2 Hz), 3.44 (quartet, J = 

7.3 Hz), 2.78 (quartet of doublets, J = 1.0, 4.0 Hz), 1.67 (t, J = 2.8), 0.96 (s). FAB-MS 

(m/e) 921 (MNa+), 899 (MH+), 695, 531, 491, 438, 381, 325, 267, 211, 155. HRMS 

899.3446 (MH+), calculated for C42f¼1O10P2Si2 899.3401. 

p-Bromomethylbenzyl alcohol (54). A three-neck 100 ml flask was fitted 

with a reflux condenser, a 10 ml addition funnel, and a stopper. A solution of 2.555 g 

(0.0119 mol) p-bromomethylbenzoic acid (53) in 40 ml 1HF was prepared in the flask and 

the apparatus cooled to O °C. Once cooled, 10 ml of a 1.0 M solution of BH3 in THF was 

added dropwise over a period of 30 minutes; upon complete addition the apparatus was 

brought back to room temperature and the cooling bath replaced with a heating mantle. The 

solution was maintained at reflux for five and a half hours, at which point TLC (Si gel, 6:4 

Ethyl acetate:Pet ether eluant) indicated a complete reaction. The reaction was quenched by 

addition of 60 ml water and extracted with ether (3 x 50 ml). The combined organic 

extracts were washed with saturated NaHCO3 (2 x 50 ml) and 50 ml water, then dried over 

anhydrous K2CO3. The dry solution was rotovapped to a white solid and flash 

chromatographed (95:5 CH2Cl2:Ethyl acetate) yielding 1.993 g (83%) of a white solid. 1 H 

NMR (CDCl3) o (ppm) 7.40 (d, J = 6.1 Hz), 7.38 (d, J = 5.1 Hz), 4.70 (d, J = 6.0 Hz), 

4.50 (s), 1.65 (t, J = 6.0 Hz). 50 eV EI-MS (m/e) 202, 201 (M+), 121, 103, 91, 77, 72, 

61, 51, 43. HRMS 199.9837, calculated for CgH9BrO 199.9837. 

~-(p-Bromomethylphenyl)ethanol (57). A three-neck 100 ml flask was 

fitted with a reflux condenser, a 10 ml addition funnel, and a stopper. A solution of 2.725 
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g (0.0119 mol) (p-bromophenyl)acetic acid (56) in 40 ml TIIF was prepared in the flask 

and the apparatus cooled to 0 °C. Once cooled, 10 ml of a 1.0 M solution of BH3 in TI-IF 

was added dropwise over a period of 30 minutes. Upon complete addition the apparatus 

was brought back to room temperature and the cooling bath replaced with a heating mantle. 

The solution was maintained at reflux for ten hours, at which point 1LC (Si gel, 6:4 Ethyl 

acetate:Pet ether eluant) indicated a complete reaction. The reaction was quenched by 

addition of 60 ml water and extracted with ether (3 x 50 ml). The combined organic 

extracts were washed with saturated NaHC03 (2 x 50 ml) and 50 ml water, then dried over 

anhydrous K2CO3. The dry solution was rotovapped to a white solid and flash 

chromatographed (95:5 CH2Cli:Ethyl acetate) yielding 1.429 g (56%) of a white solid. 1H 

NMR (CDCI3) o (ppm) 7.35 (d, J = 8.0 Hz), 7.21 (d, J = 7.8 Hz), 4.49 (s), 3.87 (quartet, 

J = 6.2 Hz), 2.87 (t, J = 6.5 Hz), 1.37 (t, J = 5.7 Hz). 70 eV EI-MS (m/e) 216, 214 

(M+), 202,183,135,117,105, 89, 78, 66, 61, 51, 43. HRMS 214.0011, calculated for 

C9H11BrO 213.9993. 

(9R, lOR)-2, 6-Bis(p-trimethylaminomethylbenzyloxy)-9,10-di

hydro-11, 12-dicarboxy-ethenoanthracene (60R inner salt). In a 25 ml flask 

0.200 g (2.4 x lQ-4 mol) 62R was dissolved in 40 ml THF, followed by addition of 1.949 

g (0.013 mol) cesium hydroxide and 10 ml water. The mixture was allowed to stir in the 

dark at room temperature overnight and the THF removed by rotary evaporation. After 

addition of 10 ml of water, the cloudy suspension was sonicated and the precipitate allowed 

to settle. The precipitate was collected, washed with ice cold water, and dried overnight in 

a vacuum desiccator yielding 0.082 g (53%). 1H NMR (CD3OD) o (ppm) 7.58 (d, J = 8.0 

Hz), 7.53 (d, J = 8.1 Hz), 7.23 (d, J = 8.0 Hz), 7.03 (d, J = 2.5 Hz), 6.60 (dd, J = 2.4, 

8.0 Hz), 5.80 (s), 5.14 (s), 4.50 (s), 3.11 (s). FAB-MS (m/e) 647 ([M2+-H+]+), 338, 

219, 166. HRMS 647.3143 ([M2+-H+]+), calculated for C4oI-41N2O6 647.3121. 

(9R, lOR)-2, 6-Bis(p-trimethylaminomethylbenzyloxy)-9,10-di

hydro-11, 12-dicarbomethoxyethenoanthracene (62R ). A suspension of 4R 
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(0.3.14 g, 4.37 x 104 mol) in 30 ml dry methanol (Aldrich Sure-Seal Bottle) was prepared 

in a three-neck 50 ml round bottom flask fitted with gas inlet, s~opper, and dry-ice 

condenser. Anhydrous trimethylamine was condensed into the suspension and allowed to 

saturate the methanol (as indicated by increasing volume of the suspension). After 

saturation, the gas inlet and dry-ice condenser were removed and replaced with stoppers, 

the mixture was allowed to stir for one hour and then evaporated to a white solid. The 

solid was recrystallized from ethanol, collected by vacuum filtration, and dried overnight in 

a vacuum desiccator yielding 0.200 g of product (55%). 1H NMR (CD3CN) o (ppm) 7.54 

(d), 7.48 (d), 7.15 (d), 7.08 (d), 6.60 (dd), 5.13 (s), 4.35 (s), 3.57 (s), 2.97 (s) . FAB

MS (m/e) 661 ([M-CH3]+), 648,602,447,419, 363, 335, 312,251,233, 194, 180, 163, 

121. HRMS 661.3256 ([M-CH3]+), calculated for C41fl45N2O6 661.3278. 

4-Hydroxymethyl-1-methylpyridinium Iodide (64). To a solution of 

0.733 g (6.72 x lQ-3 mol) 4-hydroxymethylpyridine (63) in 20 ml acetonitrile in a 50 ml 

flask was added, 2.1 ml (4.78 g, 0.034 mol) CH3I was added by syringe. After four 

hours the solution was noticeably yellow, and a white precipitate had formed; the mixture 

was allowed to continue stirring overnight. The mixture was concentrated under vacuum 

and slurried with 50 ml ether. The yellowish solid was collected by vacuum filtration and 

dried overnight under vacuum, yielding 1.409 g (83%) of product. 1 H NMR (CD3OD) 8 

(ppm) 8.80 (d, J = 6.7 Hz), 8.03 (d, J = 6.0 Hz), 4.91 (s), 4.37 (s). 

4-Bromomethyl-1-methylpyridinium Bromide (65). A mixture of 0.506 g 

(2.02 x lQ-3 mol) 64 and 5 ml of 48.5% aqueous HBr were brought to reflux in a 10 ml 

flask fitted with a condenser. After four and a half hours, the mixture was concentrated to 

an orange oil and 10 ml absolute ethanol was added. A yellow solid precipitated from the 

oil, and this was collected by vacuum filtration and dried under vacuum overnight to yield 

0.318 g (59%) of product. lH NMR (CD3OD) 8 (ppm) 8.76 (d, J = 6.6 Hz), 8.05 (d, J = 

6.5 Hz), 4.79 (s), 4.34 (s). FAB-MS (m/e) 234, 188, 186 (M+), 165, 140, 124, 115. 

HRMS 185.9910, calculated for C7H9NBr 185.9918. 
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[dit-BOC protected] (9S, 10S, 11S, 12S)-2, 6-Bis(p-aminomethyl

benzyloxy )-9,10-dihydro-11, 12-dicarbomethoxyethanoanthracene Bis[ di-(

)-menthyl ester] (67ss). A 50 ml flask was charged with 0.057 g (9.49 x 10-s mol) 

19ss, 0.118 g (3.40 x 10-4 mol) 68, and 0.175 g (5.37 x 10-4 mol) cesium carbonate. 

After addition of 10 ml acetonitrile, the mixture was allowed to stir in the dark. TLC (Si 

gel, 95:5 CHCl3:Ether eluant) indicated completion of the reaction after 24 hours, the 

mixture was filtered, solids washed with acetonitrile, and the filtrate rotovapped to a 

yellowish solid. This solid was subjected to flash chromatography (6:4 Hexanes:Ether) 

and provided 0.086 g (86%) of product as a white solid. lH NMR (CD3CN) o (ppm) 7.36 

(d, J = 8.0 Hz), 7.25 (d, J = 8.0 Hz), 7.07 (d, J = 8.2 Hz), 7.01 (d, J = 2.4 Hz), 6.66 

(dd, J = 2.3, 8.1 Hz), 5.04 (s), 4.58 (s), 4.53 (td), 4.19 (d, J = 6.5 Hz), 3.18 (s), 1.79-

1.63 (m), 1.39 (s), 0.94 (d, J = 7.1 Hz), 0.85 (d, J = 6.4 Hz), 0.68 (d, J = 6.7 Hz). 

FAB-MS (m/e) 1050 (MH+), 886, 648, 373, 210. HRMS 1049.6807 (MH+), calculated 

for C64H93N2O10 1048.6830. 

(t-BOC protected) p-aminomethylbenzyl Iodide (68). In a three-neck 50 

ml flask fitted with a septum and two stoppers, 0.251 g (1.06 x lQ-3 mol) 74, 0.469 g 

(1.79 x lQ-3 mol) triphenylphosphine, and 0.141 g (2.07 x lQ-3 mol) tetrazole were 

dissolved in 5 ml ether and 2 ml acetonitrile. The solution was cooled to O °C and 0.479 g 

(1.89 x lQ-3 mol) solid iodine was slowly added; a yellow precipitate immediately formed. 

The mixture was allowed to slowly come to room temperature while stirring in the dark. 

TLC (Si gel, 6:4 Ethyl acetate:Pet ether eluant) indicated completion of the reaction after 

four hours. The mixture was rotovapped to a brown oil, 20 ml ether was added and the 

mixture sonicated and filtered. The filtrate was rotovapped to a red-brown oil and flash 

chromatographed (6:4 Hexanes:Ether) yielding 0.237 g (65%) of a white solid. 1H NMR 

(CD3CN) o (ppm) 7.36 (d, J = 8.0 Hz), 7.19 (d, J = 8.3 Hz), 4.54 (s), 4.15 (d, J = 6.2 

Hz), 1.40 (s). CI-MS (m/e) 348 (MH+), 320, 292, 248, 231, 220, 164, 146, 120, 104, 

91, 74, 57. HRMS 348.0465 (MH+), calculated for C13H19INO2 348.0460. 
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[dit-BOC protected] (9S, 10S, 11S, 12S)-2, 6-Bis(p-aminomethyl

benzyloxy )-9,10-dihydro-11, 12-dihydroxymethylethanoanthracene (70ss) 

[Prepared from reduction of 69ss]. A solution of 0.085 g (8.10 x t0-5 mol) 67ss 

in 2 ml THF was prepared in a 50 ml flask fitted with a septum. This was followed by 

dropwise addition of 0.5 ml 1.0 M LiBEt3H (5.0 x lQ-4 mol) from a syringe. TLC (6:4 

Ethyl acetate:Pet ether eluant) indicated complete reaction after two hours. The mixture was 

quenched by adding 5 ml ethyl acetate and rotovapped to a colorless oil. The oil was 

dissolved in 10 ml ethyl acetate and 10 ml water, the layers separated, the aqueous layer 

extracted with ethyl acetate (3 x 5 ml), and the combined organic layers dried over 

anhydrous MgSO4. The dried organic solution was filtered, rotovapped to a colorless oil, 

and flash chromatographed (Ethyl acetate:Pet ether) yielding 0.029 g (48%) of product. 1H 

NMR (CD3CN) o (ppm) 7.36 (d, J = 7.9 Hz), 7.25 (d, J = 8.0 Hz), 7.13 (d, J = 8.1 Hz), 

6.92 (d, J = 2.5 Hz), 6.67 (d, J = 2.5, 8.0 Hz), 5.01 (s), 4.18 (t, J = 6.0 Hz), 3.11 

(quartet), 2.95 (quartet), 2.86 (t, J = 5.0 Hz), 1.34 (s). FAB-MS (m/e) 736 (M+), 648, 

581,520,429, 373. HRMS 736.3686, calculated for C«Hs2Os 736.3724. 

[dit-BOC protected] (9R, lOR, llR, 12R )-2, 6-Bis(p-aminomethyl

benzyloxy)-9,10-dihydro-11, 12-dihydroxymethylethanoanthracene (69RR) 

[Prepared from alkylation of 75RR1- A 10 ml flask was charged with 0.033 g ( 1.11 

x IQ-4 mol) 75RR, 0.132 g (3.80 x 10-4 mol) 68, and 0.200 g (6.14 x 10-4 mol) cesium 

carbonate. After addition of 5 ml acetonitrile, the mixture was allowed to stir in the dark. 

TLC (Si gel, 6:4 Ethyl acetate:Pet ether eluant) indicated completion of the reaction after 

two days, the mixture was filtered, solids washed with acetonitrile, and the filtrate 

rotovapped to a yellowish solid. This solid was subjected to flash chromatography (6:4 

Ethyl acetate:Pet ether) and provided 0.064 g (78%) of product as a white solid. 1H NMR 

(CD3CN) o (ppm) 7.36 (d, J = 7.9 Hz), 7.25 (d, J = 8.0 Hz), 7.13 (d, J = 8.1 Hz), 6.92 

(d, J = 2.5 Hz), 6.67 (d, J = 2.5, 8.0 Hz), 5.01 (s), 4.18 (t, J = 6.0 Hz), 3.11 (quartet), 
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2.95 (quartet), 2.86 (t, J = 5.0 Hz), 1.34 (s). FAB-MS (m/e) 736 (M+), 648, 581, 520, 

429, 373. HRMS 736.3686, calculated for C«Hs2Os 736.3724. 

(9R, 10R, llR, 12R )-2, 6-Bis(p-aminomethylbenzyloxy)-9,10-di

hydro-11, 12-dihydroxymethylethanoanthracene (70RR). To a solution of 

0.064 g (8.68 x 10-5 mol) 69RR in 1.5 ml CH2Cl2 in a 10 ml flask was added 0.8 ml 

TFA. The stirring solution was monitored by 1LC (Si gel treated with 10% ET3N in 

hexanes, 85:15 Ethyl acetate:CH3OH) which indicated a complete reaction after 30 

minutes. The solvent was evaporated in a stream of nitrogen gas and the resultant solid 

dried overnight under vacuum to yield 0.023 g (49%) product. 1H NMR (DMSO-d6) 8 

(ppm) 7.45 (AB, J = 7.7 Hz, ll.v = 22.96 Hz), 7.16 (d, J = 8.1 Hz), 7.07 (d, J = 2.3 Hz), 

6.75 (dd, J = 2.4, 8.4 Hz), 5.75 (s), 5.06 (s), 4.22 (s), 4.08 (quartet, J = 5.4 Hz), 4.02 

(AB, J = 5.7 Hz), 3.83 (partly covered by water peak), 1.90 (t). 

(9R, IOR, UR, 12R )-2, 6-Bis(p-tri met hyla mi nomethyl ben zyloxy )-

9,10-dihydro-11, 12-dihydroxymethylethanoanthracene (71RR). To a 10 ml 

containing 0.023 g (4.28 x 10-5 mol) 70RR, 0.040 g (2.89 x 10-4 mol), and 1 ml dry 

DMF (Aldrich Sure-Seal Bottle) was added 0.3 ml (0.68 g, 4.82 x 10-4 mol) CH3I. The 

mixture was allowed to stir for one hour, then rotovapped to a yellowish oil, added 5 ml 

water and froze to -78 °C. The frozen solid was lyophilized to give a yellowish powder; 

recrystallization from ethanol provided a yellow solid. Mass spectrometry indicated a 

significant amount of KI was present as impurity. 1H NMR (CD3CN) 8 (ppm) 7.55 (AB, 

J = 9.8 Hz, !J.v = 29.36 Hz), 7.17 (d, J = 8.1 Hz), 6.96 (d, J = 2.4 Hz), 6.71 (dd, J = 

2.6, 8.0 Hz), 5.11 (s), 4.45 (s), 4.21 (s), 3.08 (s), 3.02 (s), 2.59 (t, J = l.8 Hz). 

p-aminomethylbenzyl alcohol (73). A three-neck 100 ml flask was fitted 

with a reflux condenser, a 10 ml addition funnel, and a stopper. A solution of 2.021 g 

(0.0137 mol) p-cyanobenzoic acid (72) in 10 ml THF was prepared in the flask and the 

apparatus cooled to O 0 C. Once cooled, 72 ml of a 1.0 M solution of BH3 in THF was 

added dropwise over a period of one hour; upon complete addition the apparatus was 
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brought back to room temperature and the cooling bath replaced with a heating mantle and 

the solution was maintained at reflux for four hours. The reaction was quenched by 

addition of 10 ml cone. HCl, rotovapped to a white solid and dissolved in 100 ml water. 

The aqueous solution was washed with 50 ml CHCl3 and made basic with 50/50 w/w 

NaOH. The basic solution was extracted with CHCl3 (3 x 50 ml) and the combined dried 

over anhydrous K2CO3. The dry solution was rotovapped to give a 0. 723 g (38%) of a 

white solid. 1H NMR (CD3CN) o (ppm) 7.26 (m), 4.54 (s), 3.75 (s). CI-MS (m/e) 136 

([M-H]+), 120, 106, 91, 61. HRMS 136.0756 ([M-H]+), calculated for CgH 10N 0 

136.0763. 

(t-BOC protected) p-aminomethylbenzyl alcohol (74). A 100 ml flask 

was charged with 0.332 g 73 (2.42 x IQ-3 mol) and 0.545 (2.50 x lQ-3 mol) BOC 

anhydride and heated to 100 °C in an oil-bath. After stirring at 100 °C for one and a half 

hours, the reaction was cooled to room temperature, dissolved in methanol and rotovapped 

onto a Si gel. The Si gel was added as a plug to a flash column and eluted with 6:4 ethyl 

acetate:pet ether yielding 0.487 g (85%) of a white solid. 1H NMR (CD3CN) o (ppm) 

7.27 (d, J = 8.1 Hz), 7.18 (d, J = 8.0 Hz), 5.74 (br), 4.53 (d, J = 6.0 Hz) , 4.18 (d, J = 

6.3 Hz), 3.11 (t, J = 5.9 Hz), 1.40 (s). CI-MS (m/e) 236 ([M-H]+), 220, 192, 180, 164, 

150. HRMS 236.1283 ([M-H]+), calculated for C13H1sNO3 236.1287. 

(9R, 10R, 11R, 12R)-2, 6-Dihydroxy-9,10-dihydro-11, 12-di-

hydroxymethylethanoanthracene (75RR), A mixture of 0.224 g (4.25 x 10-4 mol) 

51RR in 16 ml methanol, 4 ml CH2C!i, and 2 ml cone. aqueous HCl was prepared in a 25 

ml flask. The mixture was stirred for four hours, then poured into a two~phase mixture of 

40 ml ethyl acetate, 50 ml saturated NaHCO3, and 10 ml pH 7 phosphate buffer.25 The 

layers were separated and the aqueous layer extracted with ethyl acetate (3 x 20 ml). The 

combined organic extracts were dried over anhydrous MgSO4, then rotovapped to a 

colorless oil. The oil was flash chromatographed (95 :5 Ethyl acetate:CH3OH) yielding a 

white solid. 1H NMR (CD3CN) 8 (ppm) 7.04 (d, J = 7.9 Hz) , 6.72 (d, J = 2.4 Hz) , 6.66 
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(s), 6.49 (dd, J = 2.4, 7.9 Hz), 4.07 (s), 3.09 (quintet, J = 5.0 Hz), 3.47 (quintet, J = 5.3 

Hz), 2.99 (quintet, J = 4.6 Hz), 2.83 (t, J = 5.1 ), 1.32 (t, J = 2.9). 
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374 

Chapter 8 
Miscellaneous Laboratory Projects. 



8.1 Introduction 

375 

Chapter 8 

Miscellaneous Laboratory Projects. 

Chapters 2-7 describe the results of projects which were the major focus of study 

over the course of the author's residence at Caltech. While these studies comprised the 

bulk of the work, a number of side projects were also carried out. Several of these other 

projects are worth mentioning and are reported in this chapter. 1 

8.2 Amides as Neutral Water-Solubilizing Groups 

8.2.1 Introduction 

A very important question that arises in the studies of cyclophane receptors in the 

Dougherty group is the role that the charge on the host plays in binding cationic guests.2 

The hosts studied (typified by hosts P and C in Figure 8.1) all use anionic carboxylate 

groups to solubilize the organic molecule.2 The prototypical guests for these hosts are 

cations such as 1 and electron-deficient neutral guests such as 2 (Figure 8.2). A large 

amount of data suggests that a strong cation-7t effect rather than electrostatic forces is a 

controlling factor in the observed binding event (as observed in the comparison of binding 

constants for the guests shown in Figure 8.2, neutral guests are bound with the same 

affinity by the two hosts, but charged guests are not).2 While the solubilizing carboxylates 

should be tightly solvated, resulting in an attenuation of the electrostatic attractions through 

the aqueous environment, the contribution of the electrostatic attractions between host and 
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guest may not be negligible. In order to address this issue a neutral water soluble host 

analog was desired. 

Neutral solubilizing groups are not as effective as ionic solubilizing groups for 

organic molecules.3 However, with the development of circular dichroism (CD) 

spectroscopy as a means for studying the cyclophane systems,2a micromolar solubility 

would still allow study. Given the need for only slight solubility, the use of primary 

amides as neutral solubilizing groups seemed a good place to start. Thus, the tetraamide 

analog of host P (PA) was envisioned (Figure 8.3). The preparation and solubility of this 

molecule are described in the following section. 

p 

[(S, S)-Stereochemistry of ethenoant.hracene units shown) 

Fi ure 8.1. Anionic c clo hane hosts.2 

00 N 

1 2 

-~G0 
a (P) = 8.4 kcaVmol 5.9 kcaVmol 

-~G0 
8 (C) = 6.3 kcaVmol 6.0 kcaVmol 

- o .... c 

f' 
o-CH2 

Figure 8.2. Prototypical guests and their binding constants with hosts P 
and C.2 
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[(S, S)-Stereochemistry of ethenoanthracene units shown] 

Fi ure 8.3. Tetraamide analo of host P. 

8.2.2 Synthesis and Solubility 

Initial attempts to convert the carboxylates of host P to amides began with simple 

ammoniolysis of the host's tetra methyl ester precursor (PE). Model studies with 

ethenoanthracene 3 showed the ammoniolysis reaction to give diamide 4 (Figure 8.4) 

proceeds in high yield. Diamide 4 was found to be sparingly soluble in aqueous media, 

with a saturated solution having a concentration of around 2 µM (as determined by 

UV Nisible spectroscopy).4 These results were very encouraging. It was assumed that the 

host PA would also be more soluble than model compound 4, as the ratio of polar groups 

to organic groups is greater in the host. 

The ammoniolysis of PE (Figure 8.5) was found to proceed much more slowly 

than that of model compound 3. After 36 hours, TLC indicated the absence of starting 

material and the presence of a single product. On isolation, however, this single product 

turned out to be the triamide monoester 5. Conversion of 5 to PA required an additional 

six days and gave a product that proved difficult to purify (hence the low yield of isolated 

material). 



0 

378 

MeOH 

36 hours 

(100%) 

[(S, S)-Stereochemistry of Ethenoanthracene units shown] 

Fi ure 8.4. Amide reparation b ammoniolysis. 

[(S, S)-Stereochemistry of ethenoanthracene units shown] 

Fi ure 8.5. Ammoniolysis of PE. 

5, R = -C02CH3 (100%) 
reaction time = 1 day 

PA, R = -CONH2 (8%) 
reaction time = 7 days 

Host PA was found to be readily soluble in chloroform and DMSO, but not soluble 

in aqueous media. Saturated solutions (prepared by sonication of solid PA in the solvent 

and filtering the resultant solution) gave CD signals too weak to be useful in quantitative 

studies (sub-µM solubility). 

The indication of this work was that primary amides cannot impart significant water 

solubility for the more conformationally rigid cyclophane structure. From this failure it 
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was deduced that additional hydrophilic groups would be required to provide the desired 

solubility. One way of introducing this additional hydrophilic character is through hydroxy 

groups, as described in the next section. 

8.2.3 Other Designs 

In order to add additional hydrophilic character from hydroxyl groups, amides 

formed from amines 6-8 were proposed (Figure 8.6). A number of attempts to convert 3 

into the appropriate diamide (9-11) using conditions analogous to those used in the 

preparation of 4 failed, even with heating. Heating 3 in neat 6 also failed to provide the 

diamide 9. 

Fi ure 8.6. 

H2 

6 

~

OH 

OH 

7 8 

9, R = -CH2CH20H 

10, R = -CH(CH20H)z 

11, R = -C(CHzOHh 

[(S, S)-Stereochemistry of Ethenoanthracene unit shown] 

more hydrophilic amides. 

The project was abandoned at this point. However, later work in the group by 

Sandro Mecozzi did provide a neutral water soluble host using amides prepared from amine 

8 by a base-catalyzed aminolysis with ethano- rather than ethenoanthracene-based 

cyclophanes. 5 
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8.3 Stabilization of Resonance Structures by Binding to a Cyclophane 

Receptor. 

8.3.1 Introduction 

Cationic polyene dyes like 12 and 13 have resonance structures that place the 

formal positive charge on either of the two nitrogen atoms (Figure 8.7). Since host P 

stabilizes cations, it was of interest to see if the host would prefer to bind one of these 

resonance structures in preference to the other. 

Q 
I 

~~N~ 

12A 

00 
~N+ 

\ 
13A 

Fi ure 8. 7. Cationic pol ene d es. 

8.3.2 Binding Studies 

Q 
12B 

13B 

lH NMR binding studies were carried out with dyes 12 and 13. The experiments 

showed the expected upfield shifting of guest proton signals, consistent with the guest 

being bound in the host cavity;2bc the relative D values for the protons of interest are given 

in Figure 8.8.6 However, the dyes were observed to hydrolyze in the pD borate buffer 
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used in the studies (as indicated by the increasing intensity of the dimethyl amine signal at 6 

• 2.7 ppm over the course of the experiment, Figure 8.9). This decomposition (Figure 

8.9) prevented quantitative binding data from being obtained in the studies. 

Q 
~H3 1.0 

,,N~NtCH 09 CH3 3 . 

0.7 
(12A) 

(13B) 

Figure 8.8. Relative D values observed for dyes 12 and 13 bound by host 
P in borate-d.6 

f ~H3 

/~NtCH 'R 3 

Fi ure 8.9. olyene dyes. 7 

f 
/N.,_____~~A-0 

'R - ~ T 
H 

+ 

Qualitatively, however, the relative D values do give some indication of the binding 

interaction between the dyes and host P. Larger relative D values indicate guest protons (or 

a portion of the guest) that are more preferentially bound within the cavity. Based on the 
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data in Figure 8.8, it appears that the preferred resonance structures for binding are 12A 

and 13B, a seemingly contradictory result. The data should. however, be viewed with 

caution, as the exact effect of the decomposing dyes is not clear (note that signals for both 

hydrolyzed and non-hydrolyzed dyes were observed, and the relative D values come from 

the non-hydrolyzed signals). 

In the case of 12, the binding seems to prefer the more basic nitrogen atom (12A), 

while with 13 the opposite is observed. With 13 the hydrolysis occurs faster than with 12 

and the hydrolysis product (a tetrahydronapthalene derivative) is quite hydrophobic. Given 

the greater hydrophobic character of the aromatic end of the molecule, the result for 13 is 

not unexpected, whether or not hydrolysis occurs. The slower hydrolysis of 12 may be a 

result of a preferential binding of the dimethyl amine end of the dye, although the aromatic 

end of the molecule would be expected to be bound in preference to dimethyl amine. 

Several CD experiments were attempted in order to use induced CD to shed light on the 

NMR results. Unfortunately, no induced CD was detected with the dyes. The results are 

intriguing, yet inconclusive. 

8.3.3 Conclusions and Future Directions 

The results here suggest significantly different preferences are operating in the 

binding of 12 vs 13 by host P. But these systems were not further explored. Future 

studies at neutral pH (possibly with neutral hosts)5 may result in the absence of hydrolysis 

and may help to answer the questions brought up in these studies. 

The observation of preferred binding of a given resonance structure is interesting, 

particularly given that earlier attempts (see Chapter 4) at determining if the guest azulene 

(14, Figure 8.10) is preferentially bound at the seven-membered ("cationic") ring proved 

inconclusive. 
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14A 14B 

Fi ure 8.10. Resonance structures of Azulene (14). 

8.4 Induction of Circular Dichroism in an Achiral Host 

8.4.1 Introduction 

Chapter 4 describes the observation of CD induced in achiral guest chromophores 

by a chiral host. The converse situation in which a chiral guest induces CD in an achiral 

host is also known, and is generally the result of the guest forcing the host into a chiral 

comformation. 8 In our laboratories the achiral analog of host P cPmeso, Figure 8.11) 

appears well suited for this type of experiment. An appropriate guest should induce the 

chiral conformation and the strongly interacting chromophores of the host would be 

expected to show induced CD. 

(R,R) 

Fi ure 8.11. Achiral isomer of host P.2c 
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8.4.2 Binding Studies 

In Chapter 6, binding constants were measured for chiral guests 15 and 16 with 

Pmeso• But in neither case was any induced CD observed. With guest 1S, the metal 

complex itself has strong CD active absorptions that would hide any weak induced signals 

in the host. While guest 16 has a weaker CD spectrum, it also has no strong 7t ➔ 1t* 

transitions whose coupling to the host transitions would result in induced CD by the 

coupled-oscillator mechanism.9 Thus CD (if any) induced by guest 16 would be very 

weak and difficult to detect. The observation of induced CD in the host appeared to require 

a chiral guest whose CD would not interfere with any signals induced in the host. 

72+ 
. ---=::::: 

N 
Rt1''' ~• 2 ClO -~ ~~N 4 

I 

# 
~ 

A-15 

Fi ure 8.12. Guests studied with Pmeso• 

CD binding experiments with the non-chromophoric guest 17 were attempted in 

order to try to observe a chiral conformation of Pmeso without interference from guest CD. 

However, in these experiments (including under conditions of excess guest), no induced 

CD could be detected in the host. The result suggests that the conformation of the host 

cavity is dynamic enough to prevent it from being locked into a stable chiral conformation. 
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This may be a consequence of the fast-exchange binding conditions observed with 

cyclophane hosts studied in our laboratories. 2c 

8.4.3 Future Directions 

Additional studies with Pmeso and chiral guests by CD were not undertaken. The 

results here suggest that in order to bring about induced CD in the host, a strong 

chromophoric guest is needed. The guests of Figure 8.13 may be useful for future studies. 

Unfortunately, these guests may also have the disadvantage of obscuring the induced CD in 

the host with the guest's inherent CD signals. 

18 19 

( cinchonine) 

Fi ure 8.13. Chiral uests expected to induce CD in host Pmeso• 

8.5 Experimental Section 

8.5.1 General Methods 

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with a 1.0 cm 

pathlength quartz cell. A standard set of measurement parameters was used in all 

quantitative experiments : Band Width 1.0 nm, Sensitivity 50 m0 /cm, Time Constant 1.0 
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Sec., Scan Speed 50 nm/min., Step Width 0.2 nm/point, and a minimum of 4 

accumulations. UVNis spectra were recorded: on a Beckman DU-640 spectrophotometer. 

IR spectra were recorded on a Perkin-Elmer 1600 Ff-IR. 1H NMR spectra were recorded 

on a Bruker AM-500 spectrometer, routine spectra were referenced to the residual proton 

signals of the solvents and are reported in ppm downfield of 0.0 as 6 values. NMR spectra 

in borate-d were referenced to the 1.09 ppm peak of 3,3-d.imethylglutarate (DMG) as 

internal standard. Mass spectral data was obtained from the University of California 

Riverside, Mass Spectrometry Center. 

All reactions, unless otherwise noted, were stirred magnetically under nitrogen or 

argon atmosphere. Ion exchange for NI--4+ was carried out with Dowex® 50w-x2 cation 

exchange resin (the resin was treated with concentrated ammonium carbonate then washed 

with Milli-Q purified water before use). Unless otherwise noted, reagents obtained from 

commercial sources were used without further purification. 

8.5.2 Binding Studies 

Protocols for NMR binding studies in aqueous media have been described 

previously.2bc Host concentrations of borate-d solutions were determined using circular 

dichroism spectroscopy and fitting to known calibration curves (as described in Chapter 2). 

For guests, samples were weighed out on a Sartorius microbalance followed by dilution to 

appropriate volumes. 

Circular dichroism binding studies are described in Chapter 2 of this manuscript.2a 

Attempts at qualitative detection of induced CD was done using excess concentrations of 

the appropriate host and/or control molecule with the guest of interest. For these studies 

the standard measurement parameters were often varied to provide conditions with the 

highest sensitivity. Fitting UV data from acetonitrile solutions of Pmeso•tetraacid to E 
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values for the 230-350 nm region of Pmeso•tetramethyl ester in CH3CN provided 

estimates of purity of samples of the tettaacid (as described for CD data in Chapter 2). 

8.5.3 Synthesis 

Compounds P, PE, Pmeso, Pmeso•tetramethyl ester, 3, and 17 were prepared 

by procedures described previously.2c Ion-exchange to provide the chloride salt of guest 

17 was performed with Dowex® 1X8-400 ion exchange resin. Compounds 6, 7, and 8 

were obtained from commercial sources. Guests 12 and 13 were gifts from the 

laboratories of Seth Marder in the Beckman Institute at the California Institute of 

Technology. 10 Samples of the enantiomers of guest 15 (as chloride salts) were gifts from 

the laboratories of Professor J. K. Barton at the California Institute of Technology .11 For 

purification, 15 was precipitated from aqueous solution as a perchlorate salt and 

recrystallized from water prior to use (purity was assessed from elemental analysis). Guest 

16 was prepared by the literature method and recrystallized and isolated as pure [A-

Co(en)3Cl3]2•NaCl•6 H2O. 12 

(±)-2, 6-Bis(benzyloxy )-9,10-dihydro-11, 12-dicarboxami doetheno

anthracene [(±)-4]. A solution of 0.026 g (4.88 x 10-5 mol) (±)-4 in 5 ml dry 

methanol (Aldrich Sure-Seal Bottle) was prepared in a three-neck 25 ml round bottom flask 

fitted with gas inlet, stopper, and dry-ice condenser. Anhydrous ammonia was condensed 

into the suspension and allowed to saturate the methanol (as indicated by condensation on 

the outside of the flask). After saturation, the gas inlet and dry-ice condenser were 

removed and replaced with stoppers. TLC monitoring (Si gel, 95:5 CH2Cl2:Ether eluant) 

indicated the completion of the reaction after 36 hours. The reaction mixture was 

evaporated to a white solid and flash chromatographed (95:5 CH2Cl2:CH3OH) yielding 

0.025 g of product (100%). 1H NMR (CDCl3) 8 (ppm) 7.40 (d, J = 1.6 Hz), 7.36 (t, J = 

7.4 Hz), 7.31 (d, J = 1.6 Hz), 7.27 (d, J = 8.5 Hz), 7.10 (d, J = 1.8 Hz), 6.59 (dd, J = 
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2.3, 7.3 Hz), 5.44 (s), 5.03 (s). FAB-MS (m/e) 503 (MH+), 486, 447, 419, 391. 

HRMS 503.1969 (MH+), calculated for C32H27N2O4 503.1863. IR (v, cm- 1) 3448, 

2370.6, 1654.4 (C=O), 1617.9 (C=O), 1475.3, 1381.8, 1231.8, 1107.0, 1024.6, 737.8, 

696.6, 529.5. 

(9S, 10S, 9'S, l0'S)-5. A solution of 0.014 g (1.54 x 10-5 mol) (9S, 10S, 

9'S, l0'S)-PE in 10 ml dry methanol (Aldrich Sure-Seal Bottle) was prepared in a three

neck 25 ml round bottom flask fitted with gas inlet, stopper, and dry-ice condenser. 

Anhydrous ammonia was condensed into the suspension and allowed to saturate the 

methanol (as indicated by condensation on the outside of the flask). After saturation, the 

gas inlet and dry-ice condenser were removed and replaced with stoppers. 1LC monitoring 

(Si gel, 95:5 CH2Cli:Ether eluant) indicated the completion of the reaction after 24 hours. 

The reaction mixture was evaporated to a white solid and flash chromatographed (95:5 

CH2CJi:CH3OH) yielding 0.014 g of product (100%). 1H NMR (CDCl3) o (ppm) 7.25 

(partly covered by solvent peak), 7.14 (d), 6.93 (d), 6.49 (dd), 5.33 (s), 5.29 (s), 5.00 

(AB), 3.71 (s), 3.69 (d), 3.52 (d). 

(9S, 10S, 9'S, l0'S)-PA. A solution of 0.014 g (1.548 x 10-s mol) (9S, 

10S, 9'S, l0'S)-5 in 5 ml dry methanol (Aldrich Sure-Seal Bottle) was prepared in a 

three-neck 25 ml round bottom flask fitted with gas inlet, stopper, and dry-ice condenser. 

Anhydrous ammonia was condensed into the suspension and allowed to saturate the 

methanol (as indicated by condensation on the outside of the flask). After saturation, the 

gas inlet and dry-ice condenser were removed and replaced with stoppers. 1LC monitoring 

(Si gel, 95:5 CH2C}i:CH3OH eluant) indicated the completion of the reaction after six 

days. The reaction mixture was evaporated to a white solid and flash chromatographed 

(9:1 CH2CJi:CH3OH) yielding 0.001 g of product (8%). 1H NMR (CDCl3) o (ppm) 7.22 

(partly covered by solvent peak), 7.11 (d, J = 8.1 Hz), 7.05 (s), 6.92 (d, J = 2.1 Hz), 

6.42 (dd, J = 2.1, 8.7 Hz), 5.85 (s), 5.36 (s), 5.07 (AB, !w = 56.5 Hz). FAB-MS (m/e) 

849 (MH+), 815, 739, 625, 551, 505, 419, 391, 363, 335, 279. HRMS 849.2924 
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(MH+), calculated for C52RuN40s 849.2924. Circular dichroism [(9S, lOS, 9'S, lO'S)

cnantiomer, CH3CN] A (~E) [nm (M·1cm·1)], 297 (+16.9), 280 (-4.0), 251 (+149), 226 

(-214), 208 (-95.0). 
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