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ABSTRACT 

 Recent advancements in supramolecular chemistry have given a wealth of strongly 

binding host-guest combinations.  However, the deployment of these systems into meaningful 

constructs has been hindered due to difficulty of synthesis or to the lack of functionality in one or 

both components.  Systems caught in this trap were the pyridyl cryptands of dibenzo-30-crown-

10 and bis(m-phenylene)-32-crown-10 paired with paraquat.  Exceptionally high association 

constants in the range of 105 to 106 have been observed for these systems, but their applications 

have been hindered. 

 Easing the implementation of pyridyl cryptands based on dibenzo-30-crown-10 was made 

a priority.  An efficient method for the synthesis of pyridyl cryptands based on dibenzo-30-

crown-10 and bis(m-phenylene)-32-crown-10 made use of the salt pyridinium 

bis(trifluoromethane)sulfonamide (TFSI) as a template.  Optimization of the pyridinium TFSI 

template allowed for cyclization yields as high as 89%, as well as without the use of a syringe 

pump.  Addressing the concern of functionality, for pyridyl cryptands, chelidamic acid was 

targeted as a way to build in functionality.  Using a chelidamic isopropyl ester, 20 new 

chelidamic precursors of varying functionality were synthesized.  The chelidamic derivatives fell 

into six groups: potential covalent monomers, initiators, chain terminators, leaving groups, aryl 

halides and host-guest monomers. 

 In an attempt to boost the association constants of pyridyl cryptands based on dibenzo-

30-crown-10 with paraquat, alterations to the paraquat guest were explored. It was found that the 

association constants could be increased by nearly an order of magnitude.  Tweaks to the 

paraquat included changing the counterion to TFSI, methyl groups to benzyl and allowing for 

access to more nonpolar solvents that were previously inaccessible, such as solvent change from 

DCM to acetone. 
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Two new biscryptands and two new bisparaquat TFSI monomers were synthesized.  

Using these monomers supramolecular polymers were synthesized and characterized.  Fibers of 

these polymers drawn from concentrated solutions were found to be flexible and one such 

polymer solution was found to have an upper log / log specific viscosityïconcentration slope of 

3.55, which is the theoretical maximum.  Additionally, a biscryptand was used to produce a 

chain extended polymer. 

 Using a fundamental understanding of host-guest chemistry, work was conducted on the 

synthesis of norbornene monomers and polymers with pendant imidazolium tethered by 

ethyleneoxy linkages to aid in the stabilization of the imidazolium cation.  Through the use of 

ethyleneoxy linkages, the free anion content and conductivity was increased.  Imidazolium 

monomer and polymer conductivities ranged up to nearly 10-4 S/cm.  Furthermore, it was 

determined that as long as the ethyleneoxy spacer between the norbornene and imidazolium was 

two units or greater, similar properties were obtained for both the monomer and corresponding 

polymer.  Expanding the work further, the imidazolium monomers were incorporated as a soft 

segment into a triblock copolymer to produce a single direction mechanical actuator. 
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ABSTRACT (General audience) 

 The research reported herein relates to two areas: 1) the development and application of 

systems involving two molecular components with very strong affinities for one another, and 2) 

design, preparation and testing of materials for use in electromechanical actuators for robotics.  

Work on the two component systems included improved synthetic methods, structural 

alterations to increase the affinity of components for one another, and their use to self-assemble 

large, linear polymeric arrays with the mechanical properties of plastics, i. e., materials capable 

of film and fiber production with attendant novel properties.   

 The development of electromechanical actuators was achieved through production of a 

new class of ionic polymers in which the positive charges are associated with the polymer 

molecule and are immobile.  When an electric field is placed across films of the polymers, the 

negatively charged anions, which are not attached to the polymer molecule and hence are mobile, 

are displaced toward the positive electrode, causing the film to bend, i. e., undergo actuation.  

For this work, advancements were made in methods of synthesis of these new materials and 

fundamental understanding of the structural requirements for optimal ionic conductivity and 

hence actuation.  

 

  



v 
 

Dedication 

I dedicate this to my family and friends how have seen me through this process.  I give special 

thanks to my wife Michelle Price who has been by my side since I began at Virginia Tech and 

my daughter Rachel Price who has been an inspiration.  Additionally, I would like to thank my 

grandmother Audrey Goins, grandfather Samuel Goins, father Terry Price, and mother Kim 

Price, all of whom have pushed me onward in my life. 

 

 

  



vi 
 

Acknowledgements 

Many individuals have kindly contributed in various ways to this work; their contributions are 

appreciated and listed in no particular order.  Conductivity measurements were conducted by U 

Hyeok Choi and Ren Xie under the direction of Dr. Ralph Colby at Penn State.  Computational 

experiments were conducted by Dr. Richard Gandour at Virginia Tech.  Light microscopy was 

carried out at Virginia Tech by Dr. Michelle Price.  Actuation testing was conducted by Dong 

Wang at Virginia Tech under the direction of Dr. Randy Heflin.  Priceless DSC advice and melt 

pressing attempts were provided by Dr. Bruce Orler.  SAX was provided by Mingqiang Zhang 

under the direction of Prof. Robert Moore at Virginia Tech.  From the Gibson group, both 

Minjae Lee and Zhenbin Niu provided valuable synthetic precursors and Daniel Schoonover 

provided instrumentation advice.  Additionally, all Gibson group members have provided 

valuable advice over the years.  A special acknowledgment is also owed to my advisor Dr. Harry 

Gibson and committee members Dr. James M. Tanko, Dr. Richard D. Gandour and Dr. S. 

Richard Turner, all of whom have guided this work.  This work has been generously funded by 

the NSF (DMR 0704076, CHE-1106899, CHE- 1507553) and by the Army Research Lab as part 

of a Ionic Liquids in Electro-Active Devices (ILEAD) MURI grant (Army Research Office grant 

number W911NF-07-1-0452).  

  



vii 
 

Table of Contents 

Chapter 1: Host ï Guest Introduction        1 

 References          24 

Chapter 2: New Hosts 

Introduction          27 

Results and Discussion        29 

Conclusion          39 

Experimental          40 

References          43 

Chapter 3: Cryptand Templation 

Introduction          45 

Results and Discussion        47 

Conclusion          59 

Experimental          59 

References          63 

Chapter 4: New Guests 

Introduction          64 

Results and Discussion        65 

Conclusion          83 

Experimental          84 

References          91 

Chapter 5: Chelidamic Acid Derivatives 

Introduction          93 



viii 
 

Results and Discussion        94 

Conclusion          103 

Experimental          104 

References          119 

Chapter 6: Cryptand Functionalization 

Introduction          121 

Results and Discussion        122 

Conclusion          126 

Experimental          127 

References          130 

Chapter 7: Biscryptands 

Introduction          131 

Results and Discussion        132 

Conclusion          139 

Experimental          140 

References          145 

Chapter 8: Supramolecular Polymers 

Introduction          147 

Results and Discussion        150 

Conclusion          166 

Experimental          167 

References          169 

Chapter 9: Ionic Liquids and Mechanical Actuators      170 



ix 
 

 References          177 

Chapter 10: Norbornene TFSI Monomers 

Introduction          179 

Results and Discussion        181 

Conclusion          210 

Experimental          210 

References          230 

Chapter 11: Norbornene TFSI Polymers 

Introduction          231 

Results and Discussion        232 

Conclusion          242 

Experimental          243 

References          247 

Chapter 12: Norbornene TFSI Triblock Polymers 

Introduction          248 

Results and Discussion        249 

Conclusion          259 

Experimental          259 

References          261 

Chapter 13: Other Norbornene Salts 

Introduction          263 

Results and Discussion        264 

Conclusion          270 



x 
 

Experimental          270 

References          275 

Chapter 14: Conclusions and Future Work 

 Conclusions          277 

Future Work          279 

 References          287 

Appendix           288 

 

  



xi 
 

List of Figures 

Chapter 1: Host ï Guest Introduction  

Figure 1.1.   Host-Guest association.       2 

Figure 1.2.   Example crown ethers along with the general structures for dialkylammoniums 

and paraquats.         4 

Figure 1.3.  Structures supporting Table 1.1      6 

Figure 1.4. Cartoon depicting pseudocryptands.      7 

Figure 1.5.   Reversible threading between a host and guest to form a pseudorotaxane. 9 

Figure 1.6.  The formation of a rotaxane by addition of a large bulky group and the  

formation of a catenane by a difunctional molecule at high dilutions. 9 

Figure 1.7.  Different types of polymeric structures which employ supramolecular  

chemistry.         16 

Figure 1.8.  Cartoon showing the formation of two types of supramolecular polymers, poly[2] 

and poly[3]pseudorotaxanes.       18 

Figure 1.9.  Star Polymer from host-guest moieties by Gibson and coworkers.  20 

 

Chapter 2: New Hosts 

Figure 2.1.  Cartoon depicting pseudocryptands.      28 

Figure 2.2.  500 MHz 1H NMR Job Plot titration of 3a with diquat in acetone-d6 at room 

temperature; H1 used for analysis.      31 

Figure 2.3.  Scatter plot of enthalpies vs. entropies for 3a ï 3c determined at 25 °C in acetone, 

values taken from Table 2.1.       32 



xii 
 

Figure 2.4.  Top: 500 MHz 1H NMR spectrum of a 1:1 mixture (15 mM) of 3a and diquat PF6 

taken in acetone-d6. Bottom: 2D NOESY of a 1:1 mixture of 3a and diquat PF6 

taken in acetone-d6; peaks of interest are highlighted and a possible 3D structure 

is shown.         34 

Figure 2.5.  Top: 500 MHz 1H NMR spectrum of a 1:1 mixture (15 mM) of 3b and diquat PF6 

taken in acetone-d6. Bottom: 2D NOESY of a 1:1 mixture of 3b and diquat PF6 

taken in acetone-d6; peaks of interest are highlighted and a possible 3D structure 

is shown.         35 

Figure 2.6.  Top: 500 MHz 1H NMR of a 1:1 mixture (15 mM) of 3c and diquat PF6 taken in 

acetone-d6. Bottom: 2D NOESY of a 1:1 mixture of 3c and diquat PF6 taken in 

acetone-d6, peaks of interest are highlighted and a possible 3D structure is shown. 

          36 

Figure 2.7.  X-ray crystallography of 3b Å DQ PF6 grown by slow vapor diffusion of ether 

into acetone (crystal structure contains a reasonable amount of disorder, counter 

ions, solvent, artifacts, and non-guest hydrogens have been removed for clarity): 

a) side view; b) top down view; c) hydrogen bonding to the m-ethyleneoxy chain; 

d) hydrogen bonding to the p-ethyleneoxy chain; e) hydrogen bonding at the ester; 

f) structures 3b and diquat.  Hydrogen-bond parameters: C---O distances (Å), C-

H---O distances (Å), C-H ---O angles (deg) A: 3.455, 2.887, 117.29; B: 3.088, 

2.405, 128.55; C: 3.605, 2.843, 137.98; D: 3.072, 2.093, 170.35; E: 3.031, 2.541, 

110.42; F: 3.117, 2.458, 123.64; G: 3.320, 2.451, 146.20; H: 3.340, 2.447, 149.74; 

I: 3.421, 2.739, 126.35; J: 3.278, 2.808, 109.76; K: 3.619, 2.722, 150.96; L: 3.281, 

2.399, 154.19; M: 2.954, 2.230, 132.31; N: 3.679, 3.170, 113.52; O: 3.445, 2.470, 



xiii 
 

173.75; P: 3.265, 2.470, 141.24.  X-ray crystallography was performed and solved 

by Dr. Carla Slebodnick.       37 

Chapter 3: Cryptand Templation 

Figure 3.1.  Sample host progression to cryptands     46 

Figure 3.2.  Paraquat H+PF6 conversion to pyridinium PF6 in the presence of pyridine. 50 

Figure 3.3.  Crystal structure of 5 Å 11 grown by slow solvent evaporation of an equimolar 

chloroform solution; hydrogens of 5 have been removed for clarity; a) side view; 

b) top view; c) hydrogen bonding involving chloroform, water and TFSI; d) 

hydrogen bonding involving the 3-substituted ethyleneoxy chain (chloroform, 

water, and TFSI removed for clarity); e) planes of stacked aromatic rings shown 

with centroids of stacked rings and plane inclinations indicated; f) structures 5 and 

11.  Hydrogen-bond parameters: C---O distances (Å), C-H---O distances (Å), C-H 

---O angles (deg) A: 3.633, 2.969, 124.71; B: 3.282, 2.289, 172.28; C: 3.503, 

2.589, 161.71; D: 2.660, 1.793, 167.73; E: 2.901, 2.097, 169.41; F: 2.861, 2.060, 

170.62; G: 3.205, 2.663, 116.72; H: 3.315, 2.415, 157.98. Face-to-face ˊ-stacking 

parameters: centroid-centroid distance (Å): I: 3.972; J: 3.801; ring plane/ring 

plane inclinations (deg): i: 12.74°; ii: 0.18°.  X-ray crystallography was performed 

and solved by Dr. Carla Slebodnick.      54 

Figure 3.4.  Proposed preorganization of diol 2 to a ñtaco complexò brought about by the 

pyridinium ion.        55 

Figure 3.5.  Job plot of 11 with 12, obtained via 1H NMR in CDCl3 at room temperature using 

signal Ha of 11. Give total concentration of components.   58 

 



xiv 
 

Chapter 4: New Guests 

Figure 4.1.  Pyridyl cryptands 1a and 1b, alongside functionalized pyridyl cryptand 2. 64 

Figure 4.2.   ITC titrations: top, 1a Å 4b in DCM at 25 °C; bottom, 1b Å 4b in DCM at 25 °C. 

            69 

Figure 4.3.  Scatter plot of enthalpies vs. entropies for 1a and 1b determined at 25 °C in 

acetone or DCM, values taken from Table 4.3.    72 

Figure 4.4.  Crystal structure of 1a Å 3b grown from a chloroform:acetone 1:1 (v:v) mixture by 

liquid-liquid diffusion of diethyl ether; non-paraquat hydrogen atoms and 

impurities have been removed for clarity; a) top view; b) side view; c) hydrogen 

bonding to the p-ethyleneoxy chain (counterions removed for clarity); d) 

hydrogen bonding to the m-ethyleneoxy chain (counter ions removed for clarity); 

e) hydrogen bonding to acetone (solvent), pyridine and ester group (counterions 

removed for clarity); f) planes of stacked aromatic rings shown with centroids of 

stacked rings and plane inclinations indicated; g) structures 1a and 3b.  

Hydrogen-bond parameters: C---O distances (Å), C-H---O distances (Å), C-H ---

O angles (deg) A: 3.291, 2.560, 133.96; B: 3.818, 3.116, 129.64; C: 3.284, 2.339, 

161.30; D: 3.403, 2.783, 121.72; E: 3.601, 2.826, 136.44; F: 3.264, 2.332, 156.38; 

G: 3.370, 2.828, 115.61; H: 3.866, 3.024, 144.66; I: 3.004, 2.327, 127.76; J: 

3.140, 2.607, 115.86; K: 3.275, 2.426, 148.72; L: 3.248, 2.692, 117.95; M: 3.435, 

3.066, 104.95.  Face-to-face ˊ-stacking parameters: centroid-centroid distance 

(Å): N) 3.586; O) 3.782; ring plane/ring plane inclinations (deg): i) 7.68°; ii) 

1.63°.  X-ray crystallography was performed and solved by Dr. Carla Slebodnick. 

          74 



xv 
 

Figure 4.5.  ITC titration of 2 Å 4b in DCM at 25 °C.     76 

Figure 4.6.  Incomplete crystal structure of 2 ǒ 4b grown by liquid-liquid diffusion of pentane 

into a 1:1 v:v mixture of dichloromethane : acetone (missing one two TFSI 

counter ions); hydrogens which do not belong to the guest or host hydrogens not 

believed to be hydrogen bonding are removed for clarity; a) side view; b) top 

view with cryptandïcryptand hydrogen bonding; c) zoom showing TFSI 

hydrogen bonding to cryptand; d) structures 4b and 2; e) zoom showing TFSI and 

water hydrogen bonding to paraquat; f) hydrogen bonding with m-ethyleneoxy 

chain (Second complex along with all non-guest hydrogens, TFSI, and water 

atoms removed for clarity); g) hydrogen bonding with p-ethyleneoxy chain 

(Second complex along with all non-guest hydrogens, TFSI, and water atoms 

removed for clarity); h) hydrogen bonding at the pyridyl arm (Second complex 

along with all non-guest hydrogens, TFSI, and water atoms removed for clarity); 

hydrogen-bond parameters: C---O distances (Å), C-H---O distances (Å), C-H ---O 

angles (deg) A: 3.417, 2.532, 154.80; B: 3.758, 2.855, 158.91; C: 3.566, 2.717, 

144.13; D: 3.793, 3.020, 135.71; E: 3.260, 2.428, 146.08; F: 3.414, 2.616, 141.89; 

G: 3.149, 2.745, 104.97; H: 3.295, 2.597, 127.53; I: 3.418, 2.515, 158.62; J: 

3.368, 2.467, 158.21; K: 3.430, 2.529, 158.30; L: 3.104, 2.469, 124.18; M: 3.239, 

2.261, 169.92; N: 3.502, 2.693, 143.32; O: 3.145, 2.803, 102.23; P: 3.493, 2.745, 

136.13; Q: 3.110, 2.573, 115.97; R: 3.141, 2.208, 166.30; S: 3.554, 3.050, 112.89; 

T: 3.300, 2.833, 111.26; U: 3.790, 3.092, 131.53; V: 3.183, 2.276, 159.36; W: 

3.059, 2.496, 117.87. Face-to-face ˊ-stacking parameters: centroid-centroid 

distance (Å): X: 4.501; Y: 3.696; Z: 4.497; AA: 3.713; ring plane/ring plane 



xvi 
 

inclinations (deg): i: 7.90°; ii: 1.10°; iii: 3.97°; iv: 3.65°.  X-ray crystallography 

was performed and solved by Dr. Carla Slebodnick.     79 

Figure 4.7.   Paraquat acidic aliphatic protons.      81 

 

Chapter 5: Chelidamic Acid Derivatives 

Figure 5.1.  1H NMR spectrum (500 MHz, CDCl3, 23 oC) of crude reaction mixture of 12 with 

p-vinylbenzyl chloride after removal of unreacted chloride. O-alkylated peaks 

contain an arrow and dash above them; approximately 80% O-alkylation (14) and 

20% N-alkylation (15).       98 

 

Chapter 6: Cryptand Functionalization 

Figure 6.1.  Generic reaction for dibenzo-30-crown-10- and bis(m-phenylene)-32crown-10 

based-pyridyl cryptand synthesis.      122 

 

Chapter 7: Biscryptands 

Figure 7.1.   Uses for a Ditopic Host.       131 

Figure 7.2.  ITC titration of 2 with dimethyl paraquat PF6 in acetone at 25 °C; error is 

indicated in parenthesis.       135 

Figure 7.3.  ITC titration of 17 with dibenzyl paraquat TFSI in DCM at 25 °C.  138 

Figure 7.4.  Niu's cooperative system: host 18 and guest 19.    138 

 

Chapter 8: Supramolecular Polymers 

Figure 8.1.  Association and disassociation of a supramolecular polymer.  147 



xvii 
 

Figure 8.2.  DP vs Ka at 1M.        148 

Figure 8.3.  Cartoon depicting the intended chain extension technique employed within. 

            150 

Figure 8.4.  Biscryptands VII 16  and VII 17 .      151 

Figure 8.5.  Supramolecular polymer P3 cast on glass and laid on top of text to show clarity. 

            155 

Figure 8.6.  A) P3 fiber color image taken on a black background, B) P3 fiber differential 

interference contrast image at 10x magnification, C) P3 fiber differential 

interference contrast image at 40x magnification, D) P3 fiber differential 

interference contrast image at 60x magnification.    157 

Figure 8.7.  Viscosity plot of P3.        158 

Figure 8.8.  DLS data for P3 and P4.       160 

Figure 8.9.  DSC overlay of monomer VII 17 , monomer IV 9, and polymer P3 using a scan 

rate of 5 °C / min, all traces are second heating.    162 

Figure 8.10.  TGA overlay of polymers P1ïP5 using a heating rate of 20 °C / min under 

nitrogen.         163 

Figure 8.11.  Viscosity plot of 2 and P6 in chloroform at 25 °C.    166 

 

Chapter 9: Ionic Liquids and Mechanical Actuators 

Figure 9.1.  Generic structure of the imidazolium cation and TFSI counter ion.  170 

Figure 9.2.  Multiple vs. single direction actuation.  Top contains an ionic liquid swollen 

polymer, both cation and anion are mobile (dual direction actuation is observed); 



xviii 
 

bottom contains the cation embedded into the polymer, only the anion is mobile 

(single direction actuation is observed).     173 

Figure 9.3.  Target monomer architecture.       175 

Figure 9.4.  Phase morphologies for AB and ABA block copolymers. A monomers are shown 

as orange ovals while B monomers are shown as light blue ovals.  Figure has been 

adapted from literature sources.      176 

 

Chapter 10: Norbornene TFSI Monomers 

Figure 10.1.  General structure of last generation imidazolium acrylate monomers (not shelf 

stable).           180 

Figure 10.2.  General imidazolium TFSI monomer structure.    181 

Figure 10.3.  A) Observed endo vs exo NOESY correlations for norbornenes; B) partial 

NOESY spectrum of 8s taken in CDCl3 at room temperature.  187 

Figure 10.4.  Partial 1H NMR (500 MHz) spectra of 8c at 8.8 mM taken in: a) CDCl3, b) 

CD2Cl2, c) acetone-d6, d) acetonitrile-d3, e) methanol-d4, f) DMSO-d6. 192 

Figure 10.5.  1H NMR peak ratios of H1 for 8c observed in Figure 10.4 compared to 

corresponding solvent dielectric constants.     194 

Figure 10.6.  Partial 1H NMR spectrum of 8t, 600 mHz, CDCl3 A) 25 °C; B) ï26 °C. 195 

Figure 10.7.  Partial 13C NMR of 8c at 126 mHz: A) solvent CD2Cl2 and B) solvent DMSO-d6. 

            196 

Figure 10.8.  Compounds used to show intermolecular interactions between the imidazolium 

cation and ethyleneoxy units.       196 



xix 
 

Figure 10.9.  1H NMR (500 MHz) results from dimethyl imidazolium TFSI solvent 

experiments: A) ether, B) glyme, C) diglyme, D) triglyme, E) tetraglyme. 198 

Figure 10.10.  Figure 10.9 H1 chemical peak shift vs oxygen content of solvent, fit to a 

logarithmic trend line.        199 

Figure 10.11.  2D NOESY NMR of 8d taken in acetone-d6.     200 

Figure 10.12.  Imidazolium tail group 2-D NOESY correlation summary for 8d in acetone-d6. 

            201 

Figure 10.13.  1H NMR spectrum (500 MHz) for 8r in DMSO-d6 at room temperature. 204 

Figure 10.14.  13C NMR spectrum (126 MHz) for 8r in DMSO-d6 at room temperature. 205 

Figure 10.15.  Molecules used for computational modeling to explore the optimal spatial 

orientation of ester groups in norbornene monomers.   206 

Figure 10.16.  2D NOESY (500 mHz) of 8r in CDCl3 at room temperature, degassed using 

argon.          207 

Figure 10.17.  i) 1H NMR (500 MHz) spectrum of 8r in CDCl3 at room temperature; ii) 1D 

NOESY irritated peak N; iii) 1D NOESY irritated peak O; iv) 1D NOESY 

irritated peak P.        208 

Figure 10.18.  1D and 2D NOESY summary of 8r.      209 

 

Chapter 11: Norbornene TFSI Polymers 

Figure 11.1.  1H NMR spectrum (500 MHz, CD2Cl2, room temp) of 1d indicating DP = 25.  

Initiator hydrogens are indicated in red (integral 1.20) and imidazolium hydrogens 

are indicated in green and blue (integrals 29.96, 30.27 and 29.24).    234 



xx 
 

Figure 11.2.  Partial 1H NMR spectra (500 MHz) taken during the polymerization of monomer 

X 8i at 25 oC in CD2Cl2.       236 

Figure 11.3.  a) Consumption of monomer X 8i in the ROMP experiment of Figure 11.2 as 

determined by 1H NMR, b) graph of ln[monomer] vs time (pseudoïfirst order 

plot).          236 

Figure 11.4.  1H NMR spectrum (500 MHz, CDCl3, room temp) of 2d indicating the loss of 

olefinic backbone hydrogens.  Olefinic hydrogens are indicated in red (integral 

0.23) and imidazolium hydrogens are indicated in green (integral 1.00). 241 

 

Chapter 12: Norbornene TFSI Triblock Polymers 

Figure 12.1.  Hard segment monomers chosen for investigation.    250 

Figure 12.2.  3a and 3b visually compared to soft and hard segment homopolymers and 

monomers.         252 

Figure 12.3.  Overlay of 3a starting and ending position with arrow showing actuation. 254 

Figure 12.4.  Curvature diagram for 3a (actuation).     254 

Figure 12.5.  Imidazolium diblock copolymer by Scalfani et al.    255 

Figure 12.6.  SAXS data for 3a.        256 

Figure 12.7.  3a thermally annealed at 170 °C for 12h and 202 °C for 24 h in nitrogen. 257 

 

Chapter 13: Other Norbornene Salts 

Figure 13.1.  Imidazolium TFSI monomer architecture alongside two new systems: 

imidazolium/new anions and paraquat/TFSI.     263 



xxi 
 

Figure 13.2.  Partial 1H NMR spectra taken in acetone-d6 at room temperature of 10 (5.9 mM) 

and a mixture of 10 and 30-crown-10 (5.9 mM each component).  269 

 

Chapter 14: Conclusions and Future Work 

Figure 14.1.  Generic structure of an arm that may assist in the binding of a guest. 284 

Figure 14.2.  Large commercially available counterions.     287  



xxii 
 

List of Schemes 

Chapter 1: Host ï Guest Introduction  

Scheme 1.1.  The conversion of Dibenzo-30-crown-10 into cryptand 2 via acid chloride.  

            3 

Scheme 1.2.  Synthesis of [2]catenane by phenanthroline templation   11 

Scheme 1.3.  Molecular muscle by Stoddart and coworkers    21 

Scheme 1.4.  Current synthetic method for the synthesis of non-functionalized cryptand  

            23 

Scheme 1.5.  Synthesis of chelidamic acid.       24 

 

Chapter 2: New Hosts 

Scheme 2.1.  Synthesis of pyridyl esters of dibenzo-30-crown-10: pseudocryptands 3aï3c. 

            29 

 

Chapter 3: Cryptand Templation 

Scheme 3.1.  Synthesis of 9.         48 

Scheme 3.2.  Synthesis of 5.         51 

Scheme 3.3.  Synthesis of 6 and 13.        52 

 

Chapter 4: New Guests 

Scheme 4.1.  Synthesis of benzylic bisparaquat TFSI monomer 7 and methyl bisparaquat TFSI 

monomer 9.         80 

Scheme 4.2.  Variation of benzylic halide and functionality.    81 



xxiii 
 

Scheme 4.3.  Synthesis of fluorinated guests: paraquat TFSI 13.    82 

 

Chapter 5: Chelidamic Acid Derivatives 

Scheme 5.1.  Typical route to pyridyl cryptands.      93 

Scheme 5.2.  Synthesis of Chelidamic Acid.      94 

Scheme 5.3.  Initial chelidamic acid derivatives.      95 

Scheme 5.4.  Tautomers of 2.        97 

Scheme 5.5.  N- vs. O-alkylation in the synthesis of styrene chelidamic acid derivative 17. 

            97 

Scheme 5.6.  Versatility of 13 as a feedstock chemical for chelidamic derivatives. 99 

Scheme 5.7.  ROMP quenching via aldehyde and ethylvinyl ether.   101 

Scheme 5.8.  Difunctional A-A monomer precursors.     103 

 

Chapter 6: Cryptand Functionalization 

Scheme 6.1.  Synthesis of functionalized cryptands 5 and 6.    124 

Scheme 6.2.  Synthesis of aryl bromide cryptand 8.     125 

Scheme 6.3.  Synthesis of cryptand 10.       126 

 

Chapter 7: Biscryptands 

Scheme 7.1.  Synthesis of Ullmann coupled cryptand 2.     133 

Scheme 7.2.  Synthesis of 4 via Ullmann coupling.      134 

Scheme 7.3.  Synthesis of biscryptand 6.       135 

Scheme 7.4.  Synthesis of biscryptands 16 and 17.      136 



xxiv 
 

Chapter 8: Supramolecular Polymers 

Scheme 8.1.  Bisparaquats.         152 

Scheme 8.2.   Supramolecular polymers P1 ï P5 along with their pictures. Films were cast via 

slow solvent evaporation using the following solvent systems and substrates: P1 

(chloroform / acetonitrile, 1/1 v/v on Teflon); P2 (1,2-dichloroethane on silicon); 

P3 (o-dichlorobenzene on glass); P4 (1,2-dichloroethane on Teflon); P5 

(chloroform / acetonitrile, 1/1 v/v on glass).     154 

Scheme 8.3.  Synthesis of chain extended polystyrene paraquat.    165 

 

Chapter 10: Norbornene TFSI Monomers 

Scheme 10.1.  Synthesis of norbornene monomers.      182 

Scheme 10.2.  Synthesis of imidazole precursors.      183 

Scheme 10.3.  Imidazolium monomer synthesis.      184 

 

Chapter 11: Norbornene TFSI Polymers 

Scheme 11.1.  Synthesis of imidazolium polymers 1aï1f.     232 

Scheme 11.2.  Synthesis of reduced polymers 2d and 2f.     240 

 

Chapter 12: Norbornene TFSI Triblock Polymers 

Scheme 12.1.  Synthesis of triblocks 3a and 3b.      251 

Scheme 12.2.  Attempted synthesis of triblock copolymer 4.    258 

 

Chapter 13: Other Norbornene Salts 



xxv 
 

Scheme 13.1. Synthesis of new monomers 4b, 4c, 8b and 8c.    265 

Scheme 13.2.  Synthesis of paraquat TFSI norbornene monomer 10 and proposed complexation 

with 30-crown-10.        267 

 

Chapter 14: Conclusions and Future Work 

Scheme 14.1.  Proposed switchable supramolecular polymer employing a difunctional 

pyridinium and biscryptand VIII 17 .      281 

Scheme 14.2.  Proposed switchable crosslink.      282 

Scheme 14.3.  Proposed workable unit.       283 

Scheme 14.4.  Proposed synthesis for a tricryptand.      285 

 

 

 

  



xxvi 
 

List of Equations 

Chapter 8: Supramolecular Polymers 

Equation 8.1.  Full equation for DP estimate.      148 

Equation 8.2.  Simplified DP estimate equation.      148 

  



xxvii 
 

List of Tables 

Chapter 1: Host ï Guest Introduction  

Table 1.1.  Association constants, Ka, of selected crowns and cryptands in acetone. 5 

 

Chapter 2: New Hosts 

Table 2.1.  ITC results for 3aï3c with diquat and paraquat obtained in acetone at 25 °C via 

ITC.          29 

Table 2.2.  Ka values for 4a ï 4c with paraquat 6 and diquat.    33 

 

Chapter 3: Cryptand Templation 

Table 3.1.  Association constant summary of hosts 1 ï 6 with 7.  Values were obtained from 

literature sources for 1Å7, 2Å7, 3Å7, 4Å7, 5Å7 and 6Å7. Association constants 

obtained in acetone at room temperature.     46 

Table 3.2.  Initial templation experiments for the synthesis of 9.    50 

Table 3.3.  Association constants of hosts 1, 2, 5, 6, 12 and 13 with guest 11 in DCM at 25 

°C; error is indicated in parenthesis.      52 

Table 3.4.  Templation optimization of the synthesis of 5; concentrations in mM. 56 

 

Chapter 4: New Guests 

Table 4.1.  Paraquat compounds.        66 

Table 4.2.  Paraquat solubilities (mM) at 25 °C.      67 



xxviii 
 

Table 4.3.  Association constants of hosts 1a and 1b with guests 3a, 3b, 4a and 4b at 25 oC; 

errors indicated in parenthesis.  Values for 1a Å 3a (lit.) and 1b Å 3a (lit.) were 

obtained from published sources.        70 

Table 4.4.  ITC results for 13 with 1a obtained at 25 °C.     83 

 

Chapter 8: Supramolecular Polymers 

Table 8.1.  Tg and 5% wt loss comparison of polymers P1 - P5.    161 

 

Chapter 10: Norbornene TFSI Monomers 

Table 10.1.  Tg (°C) values of NB[(EO)xIm(EO)yCH3]2 TFSI.    189 

Table 10.2.  NB[(EO)xIm(EO)yCH3]2 TFSI conductivity values (S/cm) at 25 °C. 189 

 

Chapter 11: Norbornene TFSI Polymers 

Table 11.1.  Molecular weights (Da) and Tg values (oC) for Polymers 1aï1f and Chapter 10 

Monomers X 8.        238 

Table 11.2.  Ionic Conductivities (S/cm) of 1aï1f and Chapter 10 monomers X 8 at 25 °C. 

            239 

Table 11.3.   Tgs and conductivities (25 oC) of hydrogenated polymers 2d and 2f compared to 

their unsaturated precursors 2d and 2f.     242 

 

Chapter 12: Norbornene TFSI Triblock Polymers 

Table 12.1.  Properties summary of ABA block copolymers 3a and 3b.   253 

 



xxix 
 

Chapter 13: Other Norbornene Salts 

Table 13.1.  Tg and Conductivity values for 4a ï 4c and 8a ï 8c.    266 

Table 13.2.  Conductivity comparison of 8a and 11.     269 

 

Appendix 

Table A.1.   Crystal data and structure refinement for cs2219.    289 

Table A.2.    Bond lengths [Å] and angles [°] for  cs2219.     290 

Table A.3.   Hydrogen bonds for cs2219  [Å and °].     294 

Table A.4.   Crystal data and structure refinement for cs2173.    295 

Table A.5.    Bond lengths [Å] and angles [°] for  cs2173.     296 

Table A.6.   Hydrogen bonds for cs2173  [Å and °].     304 

Table A.7.   Crystal data and structure refinement for cs2237.    305 

Table A.8.    Bond lengths [Å] and angles [°] for  cs2237.     306 

Table A.9.   Crystal data and structure refinement for cs2231.    310 

Table A.10.    Bond lengths [Å] and angles [°] for  cs2231.     311 

Table A.11.   Hydrogen bonds for cs2231  [Å and °].     318 

 



1 
 

Chapter 1  

HostïGuest Introduction 

1.  Supramolecular chemistry 

On the atomic level, many different types of bonds and attractive forces exist between 

atoms and complexes.  Even within a given classification such as covalent bonds, a spectrum is 

present ranging from a perfectly covalent bond (such as dihydrogen) to a polar covalent bond 

(found in methane) and eventually the classification changes to ionic bonds once the 

electronegativities are adequately separated.  Supramolecular chemistry has the same type of 

spectrum, since the term itself can be used to describe any type of attractive force between atoms 

or molecules that are not covalent.1,2  This leads to forces such as ionic bonds (salt complexes), 

metal ligands, lone pair interactions, hydrogen bonding, dipole-dipole interactions, charge 

transfer, hydrophobic-hydrophilic interactions, van der Waals forces, etc. falling within the realm 

of supramolecular chemistry.  The term supramolecular chemistry, however, must be used 

judiciously since some structures that are comprised of noncovalent interactions, such as with 

some rotaxanes, are not chemical bonds per se, but instead mechanical bonds.  Rotaxanes are 

defined as molecules that are sterically interlocked with one another, typically via electrostatic 

interaction between the molecules. If the electrostatic interaction is disrupted in a subsequent 

reaction, then the complex is not supramolecular, but instead, considered as a mechanically 

interlocked molecule (MIM).3 

Supramolecular interactions in host-guest chemistry may be broken into two parts when 

considering a bi- or multi-molecular system: a host (H) that provides some type of an 

environment for interaction(s); and a guest (G) which can fit the environment and be stabilized 
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by noncovalent interactions.  Of particular interest here and the focus of this review is the 

supramolecular chemistry of crown ethers and their corresponding cryptands. In this instance of 

host-guest chemistry, the host would be either a crown ether or cryptand and the guest would 

typically be an ammonium or pyridinium salt.  The host-guest complex would result from 

association of the two components.  Figure 1.1 provides an example of this. 

 

Figure 1.1.  HostïGuest association. 

 

1.1 Hosts  

For host-guest chemistry, the host molecule is generally larger than the guest, providing 

an opening into which the guest can fit, thus allowing for some form of noncovalent interaction 

to hold the complex together, most commonly through hydrogen bonding (as with ammonium 

salts) or charge transfer (as with paraquat).  Very often, the host is some type of electron rich 

macrocycle.  Many types of crown macrocycles exist such as aza-crown ethers4,5 and crown 

thioethers,6,7 but the hosts of interest to this review are crown ethers and their corresponding 

cryptands.  A cryptand is composed of a ring system that contains a third bridge to form a crypt-

like structure.  Synthetically the structures are synthesized by using a ring system as precursor, 

which is reacted with an additional molecule, such as a pyridine linkage, to form the bridge in 

the macrocycle.  The first cryptands were reported 19688,9 and 1969.10  The 1968 report by 

Simmons and Park described a cryptand containing an aliphatic ring with two nitrogen atoms 
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that were used for the production of another aliphatic bridge.8,9  The 1969 report by Dietrich, 

Lehn, and Sauvage was analogous, except that it contained ethyleneoxy linkages instead of 

aliphatic linkages.10  Of particular interest here are cyclics and cryptands that contain 

ethyleneoxy units, because the oxygen atoms can often aid in the binding of guest molecules.11,12  

Scheme 1.1 shows an example of a reaction used for the formation of cryptand 2. 

 

Scheme 1.1. The conversion of cis(4,4ǋ)-Di(hydroxymethylbenzo)-30-crown-10 into cryptand 2 

via 2,6-dicarboxypyridine diacid chloride. 

 

Crown ether macrocycles are cyclic compounds that contain ether linkages; this produces 

an electron rich cavity which can function as a host for both metallic and organic cations.  Initial 

crown ether complexations were reported with metals; however, organic cations have since 

rapidly gained in popularity.13  A large variety of crown ethers may be produced, ranging from 

entirely aliphatic cyclic ether rings to rings containing aromatic groups and substituents as well 

as variations in ring size.  The substitution of aromatic groups into the ring system over the 

simple aliphatic groups allows for ease of functionalization of the crown, while also providing a 

more rigid structure. 

The ring size dictates the nomenclature of the crown and in many ways is the most 

important factor with regards to guest complexation.  Crown ethers are named by placing a 
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number before and after crown, the first number tells how many atoms make up the ring system 

and the second tells how many oxygens are present, for example 24-crown-8 represents a 

macrocycle of 24 atoms with 8 oxygens.  Depending upon the size of the macrocycle, different 

guests better fit in the cavity and give higher association constants than others.  For example 24-

crown-8 has a higher association constant with dialkylammonium salts than paraquat salts with 

the same counterion in the identical solvent.14,15   

 

Figure 1.2.  Example crown ethers along with the general structures for dialkylammoniums and 

paraquats. 

 

Although smaller crown ethers have been much better characterized (likely due to their 

chemistry with metal cations)16-18 those of pressing interest here are crown ethers of sizes 24, 30, 

and 32 atoms and specifically those macrocycles which contain functional groups available for 

further modification.  Macrocycles of these sizes provide adequate association constants with the 

organic cations dialkylammonium, paraquat, and diquat, all of which can be functionalized.   

The desire for relatively high association constants between hosts and guests has brought 

about a shift from the use of crown ethers to their analogous cryptands; consider the trends for 

association constants in Table 1.1.   
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Table 1.1.  Association constants, Ka (M
-1 at 25 oC), of selected crowns and cryptands in acetone 

unless noted. 

 

dibenzylammoniu

m PF6 salt (5, R = 

CH2C6H5) 

unless noted 

Paraquat PF6 salt 

(6) 

 

unless noted 

Diquat PF6 

salt (8) 

 

unless noted 

    

Crown    

dibenzo-24-crown-8 (4) 19-22  360 a 106 a 2.0 x 102 a 

dibenzo-30-crown-10 23-25 ~1 x 102 a, i Unobservable c  1.8 x 104 a 

cis(4,4ǋ)-di(hydroxymethylbenzo)-30-

crown-10 (1) 26  N/A 1.1 x 103 a 5.0 x 104 a 

trans-bis(hydroxymethylbenzo)-30-

crown-10 26 N/A 1.7 x 103 a 3.3 x 104 a 

bis(m-phenylene)-32-crown-10 27,28 5 a, d 393 a, f 390 a 

bis(m-phenylene)-32-crown-10 diol 

(9) 29-31 9.5 x 102 a, g 1.2 x 103 a 2.8 x 103 a 

    

Cryptand    

2,6-pyridino cryptand of cis-dibenzo- 

24-crown-8 32 Weak 

 

1 x 104  a, e N/A 

2,6-pyridino cryptand of trans-

dibenzo-24-crown-8 32 Weak 1.4 x 104 a, e N/A 

ether cryptand of bis(m-phenylene)-

32-crown-10 (7) 33,34  N/A 6.1 x 104 a 2.0 x 104 a 

2,6-pyridino cryptand of cis dibenzo-

30-crown-10 (2) 35  N/A 1 x 105  b 1.8 x 106 b 

2,6-pyridino  cryptand of bis(m-

phenylene)-32-crown-10 (10) 34,36 N/A 5 x 106 a 3.3 x 105 a 

    
a  Ka obtained via NMR titration. b  Ka obtained via ITC.  c  Interaction measured via electrodes.  
d value taken in CD3CN.  e  N,Nô-bis(ɓ-hydroxyethyl)-4,4ô-bipyridinium PF6 used as guest in 

study.  f  value taken in CDCl3/CD3CN.  g  value taken in 2.5:1 acetone-d6:CDCl3 with guest 

N,Nô-dibenzyl-m-xylylenediammonium PF6.  
h  NMR titration in 2:3 v:v CD3CN:CDCl3 

suggested a weak interaction (no value reported).  i  NMR titration in 1:1 v:v CD3CN:CDCl3 

and dibenzylammonium R = CH2C6H4C(CH3)3 
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Figure 1.3. Structures supporting Table 1.1. 

Although in nearly every case the cryptand is far superior to the crown ether, currently 

the synthetic schemes for these compounds are far more difficult than the syntheses of crown 

ethers and the yields are much lower, which greatly hinders their use.  In many ways, the use of 

cryptands is limited by their availability, an obstacle which will be overcome with the 

development of novel synthetic pathways presented within this dissertation in Chapter 3. 

In regards to complexation, most cryptands are superior to their crown ether counterparts; 

this is due to the increased electron density that is provided by the third bridge as well as a more 

fixed geometry, pre-organization.  In the case of dibenzo-30-crown-10 versus its pyridine 

cryptand, the addition of the third arm increases the association constant with paraquat in acetone 

from 1.1 x 103 M-1 to 1 x 105 M-1.  Threading has not been observed via crystal structures in the 

dibenzo-30-crown-10 system; instead the host wraps around the paraquat to give a taco-like 

complex.  Threading becomes an issue when considering the complexation of crown ethers with 
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paraquat, since the taco complex cannot be converted into a rotaxane and the two components 

are not mechanically interlocked. 

Strictly in terms of binding, neglecting arguments such as potential rotaxane formation, 

an attractive alternative to cryptands exists.  Conceptually the idea is to produce a ring system 

that contains a side arm capable of aiding in binding, Figure 1.4; early workers termed these 

types of hosts ñlariat ethersò.37-44  If the correct side arm is chosen, the compound behaves like a 

cryptand to give what is known as a pseudocryptand.28,37,45-48  Figure 1.4 provides cartoons of 

both single and double armed pseudocryptands.37-41,45-47  The benefits of pseudocryptands over 

cryptands primarily resides in simplified synthetic routes and the potential to control whether the 

arms are participating  in the binding event. 

 

 

Figure 1.4. Cartoon depicting pseudocryptands. 

 

1.2 Guests 

Guest molecules complexing with crown ethers or cryptands are usually some type of 

cation (inorganic or organic), although due to the ease of functionality, organic cations are most 

commonly used in these systems.  Three of the most studied and used cations with crowns are: 
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dialkylammonium salts (5) for 24-crown-8 systems, and paraquat salts (6) along with diquat salts 

(8) for dibenzo-30-crown-10 and bis(m-phenylene)-32-crown-10. All of these salts have 

primarily used the PF6
ï counterion, although complexations with other counterions 49,50 have 

been reported.  The rationale for using PF6
ï as the counterion is increased solubility in organic 

solvents.  With paraquat, the PF6 anion provides solubility in solvents with dielectric constants as 

low as acetone.  Alternative counterions and their solubilities will be explored further in Chapter 

4; it will be demonstrated that a better suited counter ion does exit. 

1.3 Types of complexation 

When a host and guest form a threaded complex, the complex may be characterized as 

one of three classes depending upon structure and reversibility.  First, if the complex is reversible 

and an association constant defines the extent of complexation, then the resulting complex is 

classified as a pseudorotaxane.  Secondly, if the complex is locked into place by addition of a 

large bulky group to prevent decomplexation, then the complex is considered to be a rotaxane.  

Finally, if the guest is converted to a macrocycle, resulting in interlocked macrocycles, the 

complex is termed a catenane. 

 

1.3.1 Pseudorotaxanes 

In relation to crown ethers and cryptands, pseudorotaxanes are formed when a crown is 

mixed with a guest molecule such as paraquat and allowed to associate in solution.  The complex 

is free to associate and dissociate; an example is provided in Figure 1.5.  Typically smaller 

crowns such as dibenzo-24-crown-8 form pseudorotaxanes with dialkylammonium salts,51 and 
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larger crowns or cryptands such as dibenzo-30-crown-10 will form pseudorotaxanes with guest 

molecules such as paraquat or diquat salts.26,35 

 

Figure 1.5.  Reversible threading between a host and guest to form a pseudorotaxane. 

 

Pseudorotaxanes serve as templates for producing rotaxanes52-55 and catenanes.56,57  

Rotaxanes may be formed by adding large blocking groups to the guest molecule to prevent de-

threading.  Catenanes are formed through one of two methods.  First a pseudorotaxane could be 

sufficiently diluted and reacted in such a way to produce cyclic species.  Secondly, multiple host 

molecules can be used complex a single guest; this results in an intertwined complex that can 

undergo cyclization to produce a catenane. Figure 1.6 shows the formation of rotaxanes and 

catenanes. 

 

Figure 1.6. The formation of a rotaxane by addition of large bulky end groups and the formation 

of a catenane by cyclization with a difunctional molecule at high dilution. 
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1.3.2 Rotaxanes  

Rotaxanes can be formed through one of three methods: pseudorotaxane precursors, 

slippage, or statistical methods.  As previously stated the most common method for preparation 

is by adding large ñblocking groupsò to a pseudorotaxane to sterically hinder disassociation.  The 

slippage method uses thermal energy to bring about the formation of a rotaxane from a host and 

sterically hindered guest.58,59  When ample thermal energy is supplied, the guest inserts itself into 

the host to bring about the formation of a rotaxane.  One potential drawback of this method is 

that under certain conditions, such as solvent, time, and/or temperature, the rotaxane may de-

thread.  Rotaxanes may also be formed through a statistical method, such as when a polymer is 

forming. In this method, if macrocycles are present there is a probability that the polymer will 

insert itself through the macrocycle.  After the rotaxane has been formed, the structure is locked 

in place mechanically and is no longer dependent upon an association constant to hold the 

structure together; this leads to a decreased importance of the association constant and removes 

reversibility. 

 

1.3.3 Catenanes 

Catenanes are interlocked rings, which can be formed from pseudorotaxanes by 

cyclization. Scheme 1.2 shows a conventional method for the formation of [2]catenanes which 

uses phenanthroline templated with copper, followed by a ring closure and removal of copper.57  

Currently, the maximum amount of interlocked rings in a reported catenane is seven, leaving a 

wealth of constructs to be discovered.60 
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Scheme 1.2. Synthesis of [2]catenane by phenanthroline templation 

 

1.4 Driving force for complexation 

The degree of complexation between a host and guest is controlled by several factors.  

The association constant can be changed due to factors such as solvent, pH, ionic strength, and 

temperature.  The solvent is a most important and influential.61  Considering that the host is rich 

in electron density and the guest is a cation, polar solvents solubilize the guest and its counterion, 

whereas a non-polar solvent will tend to drive the guest molecule into the electron rich cavity of 

the host.  However, the use of highly non-polar solvents (such as hexanes) is often not possible 

due to lack of solubility of the salt.  Depending upon the guest, pH can also play a very valuable 

role in complexation, such as is the case for dialkylammonium salt complexes. In this situation, 

as the pH rises, the ammonium ion will be converted into an amine and complexation will be 

lost.14,15   

2. Characterization of complexation 
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The numerical value placed on the interaction between a host and guest is described as an 

equilibrium constant (Ka) and referred to as an association constant.  Association constants may 

be determined by either using a type of spectroscopy or isothermal titration calorimetry (ITC), 

each having its own advantages and disadvantages.  One of the largest problems encountered 

while obtaining association values is solubility; with regards to crown ether complexes, the more 

non-polar the solvent, the higher the association constant, and conversely, if the solvent is too 

non-polar the cation will be insoluble in solution.  

2.1 Spectroscopy 

Spectroscopic methods acceptable for determining association constants include NMR,62 

UV-Vis,63 and luminescence.  The requirement for using a spectroscopic method is that there 

must be an observable change in the spectrum in the form of a peak shift or new peak 

(complexed versus uncomplexed).  For these methods, data is obtained by analyzing a spectrum 

of a pure compound alongside varying ratios of host to guest.  Peak shifts or changes in 

chromophore intensities are then plotted to find association constants.  Since every molecule of 

host is not complexed two plots / equations must be assessed: one for the stoichiometry of 

complexed to uncomplexed species (such as a Job plot) and the other to obtain the association 

constant (such as a Scatchard plot).  Association constants obtained in this way are generally 

acceptable up to approximately 104, although higher values may be obtained through competitive 

studies.   

Additionally, it should be noted that by NMR the equilibrium can be fast or slow 

exchanging relative to the NMR time scale at a given temperature. If a proton peak is shifted 

from its original location fast exchange is occurring.  However, if the peak splits in to two, slow 

exchange is occurring.  In a fast exchange system, the extent of complexation is indicated by the 
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percentage change of the chemical shift.  In a slow exchange system, the extent of complexation 

is indicated by the relative areas of the two peaks. 

Scatchard plots graph the percentage of complexed species divided by free species versus 

(the same) complexed species to give a line which (when the stoichiometry is 1:1 or statistical) 

has a slope and y-intercept equal to the association constant (Ka).  These data are obtained by 

monitoring chemical shift values in the NMR spectrum.  The change in chemical shift value 

corresponds to the percentage difference between the uncomplexed and fully complexed system 

peaks.  The uncomplexed peaks are defined by the spectra of the pure materials and the 

maximum change can be defined by a system containing a large excess of either the host or 

guest.  The difference in these chemical shifts defines the maximum range of change.  The 

percentage of that change corresponds to the percentage of complexed species in systems with 

different molar ratios.  Although they give no indication as to binding stoichiometry, Scatchard 

plots do explain to some extent how binding is occurring.  For example, in a 2:1 system, 

cooperative, statistical, and anti-cooperative binding are witnessed when the plot appears arcï

shaped, linear, or troughïshaped, respectively. 

In addition to Scatchard plots (or any other data transformation), the binding 

stoichiometry must be determined to fully characterize the association constant of a system.  

Typically, for fast exchanging systems this is achieved through the use of a Job plot. Job plots 

are constructed by selecting a specific peak in the host or guest NMR spectrum and then 

monitoring the change in its chemical shift.  This change in chemical shift is divided by the 

initial concentration of the host or guest and plotted against the mole fraction of host or guest, 

respectively.  Even though Ka cannot be obtained by the Job plot, the determination of the 
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systems stoichiometry is a necessary complement to any method of Ka determination. In slow 

exchange systems stoichiometry can be determined by simple integration. 

 

2.2 Isothermal Titration Calorimetry (ITC)  

ITC is a method used for obtaining association constants in supramolecular systems 

through performing calorimetric titrations.  By titrating a host into a guest solution (or guest to 

host), mixing between the two species occurs and heat is either transferred into or out of the 

system.  The ITC instrument records this heat change for every point as the titration is underway 

and the data is used to provide ȹH directly, while association constants and the Gibbs free 

energy equation can be solved by back calculating from the data provided by the ITC.35  The use 

of ITC in obtaining an association constant is generally acceptable for systems with values 

between 102 to 109 M-1.  Additionally, when using the ITC, care and discretion must be used 

since the data do not correlate directly to the hostïguest system (such as specific NMR peak 

would) but instead to the solution as a whole.   

The utility of NMR titrations and other spectroscopic methods is in the characterization 

of systems with low association constants.  In regards to spectroscopic techniques the limit of 

detection is notable, given that it is dependent upon the instrument used for analysis, allowing for 

hostïguest concentrations as low as 10-8 to be analyzed with UVïVis.  ITC however offers 

numerous advantages over spectroscopic methods such as: not requiring special solvents, 

extensive data, direct determination of æH at constant temperarure, leading to determination of 

æS, applicable to higher Ka, and rapid analyses. 
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2.3 What classifies as a ñgoodò Ka 

Concerning the question of what classifies as a good association constant, the term can be 

considered relative. Depending upon the desired application of the motifs, association constants 

such as those of crown ethers may be acceptable (the range of 10ï103 M-1) for applications such 

as chain extensions, construction of star polymers, crosslinking, or for the formation of 

pseudorotaxanes and rotaxanes to change solubility or properties.  However, for those systems 

which are exceptionally dependent upon the association constant, such as supramolecular 

polymers, higher association constants such as those of cryptands are required (104 M-1or 

greater). 

3. Supramolecular chemistry in relation to polymers 

Supramolecular chemistry may be used to incorporate pseudorotaxane, rotaxane, or 

catenane complexes into polymeric structures in many ways.  The various types of polymeric 

complexes are shown in Figure 1.7, and although no pseudorotaxanes are shown, each rotaxane 

structure corresponds to its analogous pseudorotaxane.  Complexation in poly[3]rotaxanes, 

poly[2]rotaxanes and polycatanenes is found in the backbone of the polymer and crucial for 

holding the repeat unit of the polymer together.  In main chain and side chain polyrotaxanes, the 

backbone of the polymer is held together through covalent bonds and complexation is not 

essential to maintaining a polymeric structure. 
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Figure 1.7. Different types of polymeric structures which employ supramolecular chemistry. 

 

3.1. Poly[2] and [3] rotaxanes and pseudorotaxanes as well as polycatenanes 

One of the most interesting branches of polymeric supramolecular chemistry is that of 

supramolecular polymers, which contains poly[2]rotaxanes, poly[3]rotaxanes and the 

corresponding pseudorotaxanes.  Polymers from this class are formed through the noncovalent 

linking of small molecules to bring about a polymeric structure, poly[2]  being a linkage of a 
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single small molecule or oligomer and poly[3] being a linkage between two small molecules or 

oligomers.  Pseudorotaxanes are held together by intermolecular forces; therefore, complexation 

is an equilibrium process and must be treated as such.  With regards to the rotaxanes, the 

molecules are sterically held in place and the structures are better defined.  In each situation the 

polymers are developed in the same way in which a step growth polymerization is carried out, 

molecules link together in random arrays to form oligomers then eventually polymers.   

The synthesis of a step growth molecule can be achieved through the use of either an Aï

B or AïA / BïB system where A will react with B.  Supramolecular polymers are similar to 

covalently bound polymers in this sense, supramolecular polymers can be synthesized as either 

an AïB or AïA / BïB system in which A is a host and B a guest.  To form poly[2]s a small 

molecule or oligomer must be made to be heterobifunctional with both a host and guest moiety, 

A-B.  The host and guest moieties then align host to guest in the same manner as a step-growth 

reaction would align head to tail to form a polymeric structure; this is a poly[2]pseudorotaxane.  

Poly[2]rotaxanes are then formed by either reacting the small molecules of the pseudorotaxane 

with a blocking group or by producing monomer rotaxanes followed by polymerization.  

Poly[3]s are formed from a heteroditopic host and guest moiety incorporated into a small 

molecule or oligomer, AïA / BïB; as with poly[2]s the molecules then align via a step growth 

reaction to form a polymer.  Once association has occurred between the heteroditopic hosts and 

guests, the poly[3]pseudorotaxane is formed and can be converted into a rotaxane by the addition 

of a blocking group.  Polycatanenes are under-developed compounds synthetically, and because 

no high molecular weight polymers have to-date been reported, this class will not be further 

discussed. 
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Figure 1.8. Cartoon showing the formation of two types of supramolecular polymers, poly[2]- 

and poly[3]pseudorotaxanes. 

 

3.2 Main chain and side chain rotaxanes and pseudorotaxanes 

In addition to supramolecular polymers and polymers that end in either a host or guest 

moiety, polymerization may be carried out on host and guest molecules to produce main chain 

rotaxanes and pseudorotaxanes.  This makes it possible to form two types of main chain 

rotaxanes/pseudorotaxanes in which the backbone may be composed of either the host or guest.  

Synthetically, forming the rotaxane may be done either before or after polymerization; however, 

pseudorotaxane formation is generally done after polymerization.  Several advantages exist for 

polymers of this type, such as after complexation, the solubility of the polymer can change 

drastically from that of the uncomplexed polymer, either improving or lowering solubility 

depending upon the groups added and solvent.13  By controlling complexation through some 

means such as solvent,64 concentration,64,65 acidity,66,67 temperature,64,67 light,65 etc., the polymer 

may be made to be stimuli responsive.  Through selective choice of the complexing species, 

mechanical properties may also be enhanced through means such as adding crosslinking or 
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branching.13  Additionally, given that the rotaxane/pseudorotaxane joint is dynamic in nature, 

some polymers have the potential to exhibit self-healing properties.67   

3.5 Polymers ending in a host or guest 

Polymers ending in either a host or guest provide means to couple the polymer to its 

complementary moiety.  By the addition of a host or guest end to a polymer chain, association 

between the moieties can bring about the formation of block copolymers, star polymers, chain 

extensions, and dendronized polymers.   

4. Applications of supramolecular chemistry 

Although supramolecular chemistry is a relatively new field, applications have already 

begun to emerge from it and have received enough attention that it was awarded a Nobel Prize in 

1987.  The Nobel Prize was awarded to Donald J. Cram,68 JeanïMarie Lehn,69 and Charles J. 

Pedersen70 for their work in supramolecular chemistry with crown ethers and cryptands.  

Concerning crown ethers, applications have begun to emerge in the way of combinatorial 

libraries, molecular sensors, polymer chain extenders, crosslinking, and molecular muscles. 

Work conducted by Gibson and coworkers provides examples of hostïguest end 

terminated or initiated polymers, which are used for chain extensions.  These chain extenders 

have proven noteworthy and efficient in producing star polymers71 such as seen in Figure 1.9.62  

The complex in Figure 1.9 was the first report of a tri-armed pseudorotaxane; this was 

accomplished through the use of a dialkylammonium guest and dibenzo-24-crown-8 host .  The 

average association constant for this system was 25 x 102 M-1. 
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Figure 1.9. Star Polymer from host-guest moieties by Gibson and coworkers.34 

 

When correctly constructed, crown ether complexes can have the ability to function as 

molecular muscles.  As an example of this, consider the crown ether system developed by 

Stoddart and coworkers, Scheme 1.3, a daisy chain (poly[2]rotaxane) composed of DB24C8 

(dibenzo-24-crown-8) with paraquat and a dialkylammonium guests built into the polymer 

backbone.14,15  The DB24C8 within the system has a preference to associate with the 

dialkylammonium; however, in its absence it will associate with the paraquat.  The 

dialkylammonium (Scheme 1.3) may be deprotonated by base to convert the group into a neutral 

species and thereby eliminate complexation, while simultaneously shifting complexation to the 

paraquat.  Additionally, through the addition of an acid, the dialkylamine may be reprotonated, 



21 
 

causing complexation to revert to its previous state.  This leads to the polymer functioning as a 

molecular muscle controlled by external stimuli. 

 

Scheme 1.3. Molecular muscle by Stoddart and coworkers9,10 

 

5. Research objectives 

With any host-guest system, preliminary work begins with a search for an appropriate 

hostïguest pair, either by analysis of known systems or a synthetic search for new pairs.  The 

Gibson group in the past has targeted crown ethers and cryptands for complexations with 

alkylammonium and pyridinium salts, laying the ground work for synthetic routes for the 

production of crown ethers, and an understanding of how these complexations occur by analysis 
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of X-ray crystal structures.  Chapters 2 and 4 of this dissertation will focus on the development 

of new hosts and guests, respectively.   

Of particular interest, regarding hostïguest systems, are the pyridyl cryptand host group 

and the guest group of paraquats.  Crown ethers have been shown to complex paraquat in the 

range of 102 M-1 in acetone, while affording two possibilities for complexation, either by 

threading or folding of the crown ether around the paraquat to form a taco-like complex.  The 

analogous cryptands, however, give complexations in the range of 105ï106 M-1 in acetone and 

give complexations by threading alone, making them advantageous to use over crown ethers.  

Gibson et al. have provided an adequate high yielding regioselective route to produce pure 

disubstituted dibenzo crown ethers through templation,51 while work by Pederson et al. have 

provided a route to the synthesis of 2,6-pyridino cryptand of cis dibenzo-30-crown-10 (Scheme 

1.4).19  Additionally the work by Pederson et al. showed the benefits of using a cryptand over its 

crown ether counterpart, such as the increased binding constant and only threading occurring 

during complexation.35  Problems with the pyridyl cryptand, however, remained with 

functionalizing the cryptand, so that it may be further used to produce a system of interest, and 

determining how to appropriately scale the reaction and or reduce the time required to produce it.  

The method for producing the cryptand required an excess of six days and was limited to pseudo-

high dilution conditions.  This prompted one of our goals: the synthesis of a functionalized 

cryptand, which may be easily modified in high yields to provide a range of cryptands, the 

targets being derivatives of the 2,6-pyridino cryptand of cis dibenzo-30-crown-10. 
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Scheme 1.4. Previous method for the synthesis of non-functionalized cryptand 

 

Chapter 3 focuses on relieving the burden of cryptand synthesis by developing a 

templation method for cryptand synthesis which allows for an easier scale up and reduction in 

overall reaction time.  To bring about a solution to cryptand functionalization, we focused on the 

4-position of its pyridine ring.  One possibility for functionalizing the pyridine arm is to begin 

with chelidamic acid, seen in Scheme 1.5, and convert the OH into some other easily 

functionalized group.  It should be noted that the chelidamic acid as its benzyl ether was reported 

by Pederson 19 to not provide a suitable pathway due to hydrogenolysis of the ester linkages upon 

attempted deprotection. Horvath et al. provide a high-yielding synthetic route to chelidamic acid, 

seen in Scheme 1.5, 72 allowing Chapter 5 of this dissertation to focus on its derivatives.  Chapter 

6 and 7 then employ the derivatives of Chapter 5 to produce functionalized cryptands.  Chapter 6 

explores singly functionalized cryptands while Chapter 7 concentrates on the synthesis of 

dicryptands.  Chapters 8 builds upon the work of all previous chapters to prepare supramolecular 

structures, polypseudorotaxanes and polymer chain extension through the use of supramolecular 

motifs.   
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Scheme 1.5. Synthesis of chelidamic acid.40 
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CHAPTER 2 

NEW HOSTS 

INTRODUCTION  

In the field of host-guest chemistry there is an ever-progressing race to find new higher 

binding systems, easier to synthesize systems, and or systems that bind differently.  This opens 

the door to the production of new materials which may be accessed more easily than their 

predecessors and/or possess unique properties.  As an example, work in our group began with a 

modest binding bis(m-phenylene)-24crown-8 / dialkylammonium system.1  Due to ion pairing 

and higher association constants, the system was abandoned for the dibenzo-30-crown-10 / 

paraquat2 and bis(m-phenylene)-32crown-10 / paraquat3 system and then these systems were 

eventually replaced by the higher binding cryptand / paraquat combination.2,4  With each change 

the system was simplified and/or higher binding was achieved, leading to more efficient host-

guest combinations.  As an illustration of the importance of this progression, if the goal is the 

production of supramolecular polymers or chain extension, with every increase in binding, 

higher molecular weights are achieved or a higher degree of chain extension is reached, 

respectively.5  Since the synthesis of the pyridyl dibenzo-30-crown-10 cryptands and the recent 

introduction of pseudocryptands achieving association constants close to those of the 

corresponding cryptands with paraquat,6 effort has been put into exploring pseudocryptands.  

Pseudocryptands are cyclic host compounds which contain one or two unconnected arms that can 

come together reversibly, by some driving force, to form a third arm to yield a cryptand-like 

structure; these compounds are an extension to the class of pseudomacrocyclic compounds.3,7-9  

Figure 2.1 provides cartoon examples of pseudocryptands. 
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Figure 2.1. Cartoon depicting pseudocryptands. 

 

Crown ether derivatives now offer an ease of synthesis and association constants 

competitive with their cryptand counter parts, as well as they can provide insight into the design 

of better cryptands.  Here we explore the effects of the attachment of a pyridyl ester to cis-

di(hydroxymethylbenzo)-30-crown-10.  The variation of the point of attachment of the pyridyl 

group is expected to greatly affect the way in which the host interacts with either diquat or 

paraquat PF6
ï. 

This leads to the conclusion that for pyridyl cryptands there must be an optimal pyridyl 

attachment to optimize binding for a given guest.  Thus, a series containing three isomeric 

pyridyl esters was synthesized, Scheme 2.1.  The underlying idea is that by changing the 

orientation in which the pyridyl ring could hydrogen interact with guests, we could better direct 

the synthesis of novel cryptands to allow for higher association constants with paraquat and 

diquat. 
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Scheme 2.1. Synthesis of pyridyl esters of dibenzo-30-crown-10: pseudocryptands 3aï3c. 

 

 

RESULTS AND DISCUSSION 

A series of three pyridyl esters of dibenzo-30-crown-10 pseudocryptands, 3aï3c 

(Scheme 2.1) was synthesized and association constants with paraquat and diquat were 

determined.  As is the case with non-functionalized dibenzo-30-crown-10 and its cryptand 

counterpart,2,10 it was suspected that association constants with diquat would be higher than with 

paraquat.  Table 2.1 shows ITC data for titrations conducted in acetone at 25 °C. 

 

 

Table 2.1. ITC results for 3aï3c with diquat and paraquat obtained in acetone at 25 °C via ITC. 

  

Diquat 

 

 
3a 3b 3c 

10-3 Ka (M
-1) 

40.6 

(±1.9) 

4.36 

(±0.10) 

3.50 

(±0.09) 

ȹG (kcal mol-1) 

ï6.28 

(±0.29) 

ï4.96 

(±0.11) 

ï4.83 

(±0.13) 

ȹH (kcal mol-1) 

ï17.4 

(±0.1) 

ï17.3 

(±0.2) 

ï17.7 

(±0.2) 

ȹS (cal mol-1 K-1) 

ï37.3 

(±1.8) 

ï41.4 

(±1.1) 

ï43.2 

(±1.3) 
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Paraquat 

 

 
3a 3b 3c 

Ka (M
-1) 

207 

(±5) 

785 

(±12) 

162 

(±11) 

ȹG (kcal mol-1) 

ï3.16 

(±0.08) 

ï3.95 

(±0.06) 

ï3.95 

(±0.20) 

ȹH (kcal mol-1) 

ï4.31 

(±0.04) 

ï10.2 

(±0.1) 

ï5.60 

(±0.08) 

ȹS (cal mol-1 K-1) 

ï3.86 

(±0.10) 

ï21.0 

(±0.35) 

ï8.66 

(±0.60) 

  

As expected the ITC data confirmed that association constants for 3a, 3b, and 3c were 

better with diquat PF6
ï than paraquat PF6

ï.  Interestingly however, the ITC data reveals that 

attachment at the 2-position gives the highest association constant with diquat, while attachment 

at the 3-position is advantageous for binding paraquat.  Looking first at the diquat series, as the 

pyridyl ringôs attachment is moved from the 4- position to 2-, DH remains the same within 

experimental error, while DS becomes more negative.  This is likely a result of the extent to 

which the cavity and pyridyl arms have to open to allow for optimal binding; thus as the 

attachment is moved, a larger volume is reached to obtain optimal placement of the pyridyl 

groups.  Looking at the paraquat series, the interesting data point is the complex of paraquat with 

3b, although the DS term is significantly lower than for the other two complexes, its higher 

association constant can be attributed to it having a much larger enthalpy change.   

Since ITC fits data to a given stoichiometric model, a Job Plot was constructed to confirm 

1:1 compexation.  In the 1H NMR titration experiment 3a was titrated with diquat in varying 

ratios of crown:diquat from 9:1 to 1:9.  Figure 2.2 shows the Job Plot.  The data indicates that 

the binding stoichiometry of 3a with diquat is 1:1.   

 



31 
 

 

 

Figure 2.2. 500 MHz 1H NMR Job Plot titration of 3a with diquat in acetone-d6 at room 

temperature; H1 used for analysis. 

 

Interestingly, using the obtained ɲH and ɲS values from Table 2.1, a linear relationship 

results when constructing a scatter plot of enthalpy vs. entropy for the complete series of 3aï3c, 

seen in Figure 2.3.  This type of correlation has been observed and described within peer 

reviewed literature in terms of enthalpyïentropy compensation.11-13  Correlations such as those 

observed in Figure 2.3 have recently driven arguments for a connection between entropy and 

internally stored energies,14 hidden term(s) connecting enthalpy and entropy,15 and the potential 

for a fourth law of thermodynamics that explains intermolecular binding processes.11  However, 

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6 0.8 1

ɲ
H

 *
 [
H

] o

mole fraction H

Job Plot of 3a with DQ



32 
 

for this system and those found within literature sources, 11-13 the reason for this correlation is not 

yet apparent.   

 

 

Figure 2.3. Scatter plot of enthalpies vs. entropies for 3a ï 3c determined at 25 °C in acetone, 

values taken from Table 2.1. 

 

Table 2.2 provides association constants for similar bis(m-phenylene)-32-crown-10 

pseudocryptands; compound 4a is the analogous 32-crown-10 version of 3a, while compounds 

4b and 4c have been designed to increase binding with paraquat.  Directly comparing 3a to 4a, it 

can be seen that the paraquat binding of 4a is an order of magnitude higher than 3a, but the 

diquat binding of 3a is nearly two orders of magnitude higher than 4a.  It is worth pointing out 

that 3a bound diquat better than the highly evolved host 4c. 

 

 

y = 0.0028x + 0.0073
R² = 0.9892

-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

-20 -15 -10 -5 0

ɲ
S

 (
kc

a
l/(

m
o

l*
K

))

ɲH (kcal/mol)

Series 3a - 3cEnthalpy vs. Entropy



33 
 

Table 2.2. Ka values for 4a ï 4c with paraquat6 and diquat.9 

Complex 10-3 Ka (M
-1) 

4a Å paraquat 3.1a 

4b Å paraquat 12.4a 

4c Å paraquat 250b 

4a Å diquat 0.77c 

4b Å diquat 0.56d 

4c Å diquat 32d 

 

a. value obtained in CDCl3/CDCN (1/1, v/v) via 1H NMR. 
b. value obtained in CHCl3/CHCN (1/1, v/v) via ITC. 
c. value obtained in acetone-d6 at 25 °C via 1H NMR. 
d. value obtained in acetone at 25 °C via ITC. 

 

From the ITC data it can be directly concluded that for diquat PF6, 3a is optimal.  To 

identify the role of the pyridyl group at differing positions and gain insight into the design of 

better systems, structural information for the complex must be gathered.  Both 2D NOESY and 

X-ray crystallography have been employed to provide 3D representations of the complexes.  2D 

NOESY spectra taken in acetone-d6 at room temperature are as follows: Figure 2.4 (3a ǒ DQ 

PF6), Figure 2.5 (3b ǒ DQ PF6) and Figure 2.6 (3c ǒ DQ PF6).  X-ray crystallography of 3b Å 

DQ PF6 grown by vapor diffusion of ether into acetone is shown in Figure 2.7. 
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Figure 2.4. Top: 500 MHz 1H NMR spectrum of a 1:1 mixture (15 mM) of 3a and diquat PF6 

taken in acetone-d6. Bottom: 2D NOESY of a 1:1 mixture of 3a and diquat PF6 taken in acetone-

d6; peaks of interest are highlighted and a possible 3D structure is shown. 
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Figure 2.5. Top: 500 MHz 1H NMR spectrum of a 1:1 mixture (15 mM) of 3b and diquat PF6 

taken in acetone-d6. Bottom: 2D NOESY of a 1:1 mixture of 3b and diquat PF6 taken in acetone-

d6; peaks of interest are highlighted and a possible 3D structure is shown.  
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Figure 2.5. Top: 500 MHz 1H NMR of a 1:1 mixture (15 mM) of 3c and diquat PF6 taken in 

acetone-d6. Bottom: 2D NOESY of a 1:1 mixture of 3c and diquat PF6 taken in acetone-d6, peaks 

of interest are highlighted and a possible 3D structure is shown. 



37 
 

   

 

 

 

 

Figure 2.7. X-ray crystallography of 3b Å DQ PF6 grown by slow vapor diffusion of ether into 

acetone (crystal structure contains a reasonable amount of disorder, counter ions, solvent, 

ŀύ                                                      ōύ           

Ŏύ                                                         Řύ 

Ŝύ                                                        Ŧύ 
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artifacts, and non-guest hydrogens have been removed for clarity): a) side view; b) top down 

view; c) hydrogen bonding to the m-ethyleneoxy chain; d) hydrogen bonding to the p-

ethyleneoxy chain; e) hydrogen bonding at the ester; f) structures 3b and diquat.  Hydrogen-bond 

parameters: C---O distances (Å), C-H---O distances (Å), C-H ---O angles (deg) A: 3.455, 2.887, 

117.29; B: 3.088, 2.405, 128.55; C: 3.605, 2.843, 137.98; D: 3.072, 2.093, 170.35; E: 3.031, 

2.541, 110.42; F: 3.117, 2.458, 123.64; G: 3.320, 2.451, 146.20; H: 3.340, 2.447, 149.74; I: 

3.421, 2.739, 126.35; J: 3.278, 2.808, 109.76; K: 3.619, 2.722, 150.96; L: 3.281, 2.399, 154.19; 

M: 2.954, 2.230, 132.31; N: 3.679, 3.170, 113.52; O: 3.445, 2.470, 173.75; P: 3.265, 2.470, 

141.24.  X-ray crystallography was performed and solved by Dr. Carla Slebodnick. 

 

Complexes of 3aïc with diquat, all contain roughly the same NOESY coupling, no 

interaction between the hydrogens of the substituted pyridine ring and those of the diquat cation 

and notable coupling between protons V and W of diquat with ethyleneoxy signals of the host.  

These results give support to the conclusion that diquat is likely sitting in a cupped pocket 

formed by the crown (similar to other taco structures observed for dibenzo-30-crown-10 

systems2,10).  As to how the pyridyl groups are orientated in space, it is suspected that in the 

complex of 3a Å diquat, the pyridyl rings are sitting over one another as indicated by arrows in 

Figure 2.4, while in the complexes of 3b and 3c, the arms sit over one another, but the pyridyl 

units point outwards, Figure 2.5 and Figure 2.6.  In Figure 2.4 a NOESY correlation is present 

between two protons that are on opposite sides of the pyridyl ring, protons A and D; the only 

logical conclusion for this is that the two pyridyl rings of 3a are sitting on top of one another.  

Similar coupling was not observed in 3b or 3c with diquat.  The lack of a distinguishable 

coupling between the pyridyl rings of 3b and 3c give rise to the speculation that p-stacking of the 

pyridyl groups is not occurring in either complex with diquat, as is likely the case with 3a and 

has been observed in complexes of 4a.6,9   

In the X-ray crystallographic structure of 3b Å diquat, Figure 2.7, most of the hydrogen 

bonding is occurring between the ethyleneoxy units and diquat, while the pyridyl nitrogen atoms 

sit too far away to play an active role.  Additionally, it can be seen that only one carbonyl oxygen 
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is precipitating in hydrogen bonding.  This gives rise to the conclusion that in the case of 3b 

complexing with diquat the attached pyridyl arms are offering little benefit in the way of binding.  

As NOESY spectra are very similar among all three complexes, with the exception of 3a Å 

diquat, suggesting the pyridyl rings are stacked, it is suspected that all three complexes adopt an 

arrangement similar to that observed in Figure 2.7.  Due to the association constant of 3a with 

diquat being nearly an order of magnitude higher than 3b or 3c, it is concluded that for diquat, 3a 

is the only compound with a significant benefit from the attached pyridyl groups. 

 

 

Conclusion 

Three pseudocryptands were successfully synthesized.  The placement of the 2-pyridyl 

carboxylate group in the crown diol diester provided the best overall binding constant, 3aǒdiquat 

in this series. However, all of these hosts (3aï3c) were worse in terms of the binding strength 

than the parent crown diol, Ka = 5.0 x 104 M-1 with diquat and 1.1 x 103 M-1 with paraquat 

(acetone, 25 °C).10  Considering the association constants observed with 3aǒdiquat (4.06 x 104 

M-1) and 3bǒparaquat (785 M-1), the addition of the pyridyl ring resulted in a less receptive host 

pocket.  Considering that the 3aǒdiquat association constant was an order of magnitude higher 

than those of 3b and 3c, this was the only diquat or paraquat complex to show a NOESY 

correlation that suggested a pseudocryptand.  The formation of a pseudocryptand is thus 

beneficial in terms of association constants.   
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EXPERIMENTAL  

General Information: 1HïNMR spectra were obtained on JEOL ECLIPSE-500, BRUKER-500, 

and AGILENT-NMR-vnmrs400 spectrometers.  13CïNMR spectra were collected at 125 MHz 

and 101 MHz on these instruments, respectively.  HRïMS were obtained using an Agilent LC-

ESI-TOF system.  Reagents were purchased and used as received without further purification, 

except for DCM, which was dried by distillation over CaH.  Compound 1 was made in 

accordance with a literature procedure; similar yields were achieved.2  ITC results were obtained 

using an instrument from Microcal, Inc.  X-ray crystallography was performed at Virginia Tech 

and solved by Carla Slebodnick.  Crystal structure of 3b Å DQ PF6 was grown by slow vapor 

diffusion of ether into an acetone equimolar solution.  X-ray crystallography tables can be found 

in the appendix of this dissertation.   

Example of ITC Titration Method:   Two different ITC titration methods were used for this 

work; in each the first data point was ignored to avoid error. Low gain titrations with paraquat 

PF6 employed 25 aliquots using host in the cell (5 mM) and guest in the syringe (75 mM).  High 

gain titrations with diquat PF6employed 100 aliquots using host in the cell (0.99 mM) and guest 

in the syringe (15 mM).  For both methods acetone was used as the solvent and experiments were 

conducted at 25 °C.  The following is a detailed description of titration of diquat PF6 with 1a; the 

other systems were done similarly with slightly different concentrations. Host 3a was loaded into 

the cell of the instrument at a concentration of 0.994 mM, while a 250 µL ITC syringe was 

loaded with diquat PF6 at a concentration of 15.00 mM.  The instrument was set to high gain 

(high sensitivity).  The titration was achieved through 100 injections of 2.50 µL every 180 s; a 

primary filter period of 2 s and a secondary filter period of 4 s were applied (filter period switch 

time was set to 120 s).  A background titration used exactly the same titration conditions with the 
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exception that the solution of 3a in the cell was replaced with acetone.  The heats for the dilution 

experiment were subtracted from the heats for the titration of diquat PF6 with 3a. Analysis of the 

data was carried out using software provided by the manufacturer.  A ñOne Set of Sitesò model 

was used; stoichiometries other than 1:1 provided unsatisfactory fits and the ñOne Set of Sitesò 

model was justified by an NMR-based Job Plot.   

1H NMR Job Plot Titration:   A diquat solution was made at 0.968 mM and 3a at 0.987 mM, 

both in deuterated acetone.  NMR solutions were made at ratios of host/guest: 9.0/1.0, 7.0/3.0, 

6.0/4.0, 5.0/5.0, 4.0/6.0, 3.0/7.0, and 1.0/9.0.  Aromatic hydrogen H1, Figure 2.2, of the crown 

was observed for the titration due to its large chemical shift. 

General procedure 1, acid chlorides.  Picolinoyl chloride (2a):  Thionyl chloride (18.0 mL, 

247 mmol) was added to a flask containing picolinic acid (4.35 g, 35.4 mmol) with magnetic 

stirring under nitrogen.  The reaction mixture was allowed to stir at room temperature for 48 h, 

followed by removal of the excess thionyl chloride using evaporation to provide the desired 

product, 5.00 g (100%).  No further purification was performed; the product was used directly.   

General procedure 2. Cisï(4,4ô)-Diyl((methylene)picolinate)-dibenzo-30-crown-10 (3a). 

Picolinoyl chloride (3.21 g, 22.7 mmol) was added to a flask with magnetic stirring, freshly 

distilled DCM (125 mL), and pyridine (2.9 mL, 36 mmol).  The mixture was stirred briefly and 1 

(0.38 g, 0.64 mmol) was added and the flask was placed under nitrogen to stir at room 

temperature for 48 h.  Solvent was removed by rotary evaporation and the residue was dissolved 

in chloroform (50 mL).  The mixture was washed with water (10 mL x 1), 2% NaHCO3 (10 mL 

x 3), water (10 mL x 1), 1 M HCl (until the aqueous wash was clear) and water again until pH 7.  

The organic layer was dried over sodium sulfate and solvent was removed by rotary evaporation.  

The crude material was purified using column chromatography: neutral alumina eluting with 
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96:4 chloroform to methanol to give the desired product, white solid 0.45 g (87%), mp 97.1 - 

99.2 C.  1H NMR (500 MHz, CDCl3) ŭ 8.76 (m, 2H), 8.12 (m, 2H), 7.82 (m, 2H), 7.46 (m, 2H), 

7.06ï7.00 (m, 4H), 6.85 (d, J = 8 Hz, 2H), 5.36 (s, 4H), 4.14 (m, 8H), 3.89ï3.82 (m, 8H), 3.78ï

3.72 (m, 8H), 3.69ï3.64 (m, 9H).  13C NMR (101 MHz, CDCl3) ŭ 165.07 (s), 149.91 (s), 149.17 

(s), 148.90 (s), 148.08 (s), 136.97 (s), 128.73 (s), 126.90 (s), 125.26 (s), 122.36 (s), 115.10 (s), 

113.97 (s), 70.90 (s), 70.70 (s), 69.69 (s), 69.15 (s), 67.52 (s) (21 peaks expected and 17 peaks 

found due to ethyleneoxy peak overlap).  HRïMS: calc for C42H50N2O14 [M+NH4]
+: m/z 

824.3600; found: m/z 824.3567 error (ï4.1 ppm) 

Nicotinoyl Chloride (2b).  General procedure 1 was used to produce a solid (3.68 g, 100%) 

using thionyl chloride (15.0 mL, 206 mmol) and nicotinic acid (3.20 g, 26.0 mmol) 

Isonicotinoyl Chloride (2c).  General procedure 1 was used to produce a solid (3.69 g, 100%) 

using: thionyl chloride (10 mL, 138 mmol) and isonicotinic acid (3.21 g, 26.1 mmol) 

Cisï(4,4ô)-Diyl((methylene)nicotinate)-dibenzo-30-crown-10 (3b).  General procedure 2 was 

used with nicotinoyl chloride (3.00 g, 21.2 mmol), DCM (150 mL), pyridine (5.0 mL, 62 mmol), 

and 1 (0.51655 g, 0.86574 mmol) to produce a white crystalline solid (0.6655 g, 95%), mp 62.8 -

67.1 C. 1H NMR (500 MHz, CDCl3) ŭ 9.24 (m, 2H), 8.77 (m, 2H), 8.30 (m, 2H), 7.38 (m, 2H), 

6.98 (m, 4H), 6.87 (d, J = 8 Hz, 2H), 5.29 (s, 4H), 4.19ï4.12 (m, 8H), 3.90ï3.84 (m, 8H), 3.77 

(m, 8H), 3.68 (m, 9H).  13C NMR (126 MHz, CDCl3) ŭ 165.17 (s), 153.47 (s), 150.99 (s), 149.26 

(s), 148.97 (s), 137.17 (s), 128.54 (s), 126.12 (s), 123.31 (s), 122.03 (s), 114.84 (s), 113.96 (s), 

70.92 (s), 70.72 (s), 69.71 (s), 69.68 (s), 69.21 (s), 69.12 (s), 67.14 (s) (21 peaks expected and 19 

peaks found due to ethyleneoxy peak overlap).  HRïMS: calc for C42H50N2O14 [M + NH4]
+: m/z 

824.3600; found: m/z 824.3584 error (ï2.0 ppm) 
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Cisï(4,4ô)-Diyl((methylene)isonicotinate)-dibenzo-30-crown-10 (3c).  General procedure 2 

using: isonicotinoyl chloride (3.69 g, 26.1 mmol) DCM (125 mL), pyridine (2.8 mL, 34.8 mmol), 

and 1 (0.34 g, 0.570 mmol) produced a white solid (0.42 g, 91%), mp: 85.8ï88.2 ᴈ.  1H NMR 

(500 MHz, CDCl3) ŭ 8.76 (m, 4H), 7.84 (m, 4H), 7.00ï6.95 (m, 4H), 6.86 (d, J = 8 Hz, 2H), 5.28 

(s, 4H), 4.15 (m, 9H), 3.90ï3.85 (m, 8H), 3.78 ï 3.74 (m, 8H), 3.67 (m, 8H).  13C NMR (126 

MHz, CDCl3) ŭ 165.00 (s), 150.60 (s), 149.34 (s), 148.97 (s), 137.37 (s), 128.28 (s), 122.91 (s), 

122.13 (s), 114.94 (s), 113.96 (s), 70.91 (s), 70.70 (s), 69.71 (s), 69.66 (s), 69.22 (s), 69.10 (s), 

67.51 (s).  (19 peaks expected and 17 peaks found due to ethyleneoxy peak overlap).  HRïMS: 

calc for C42H50N2O14 [M + NH4]
+: m/z 824.3600; found: m/z 824.3615 error (1.7 ppm) 
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Chapter 3 

Cryptand Templation 

Introduction  

 Crown ethers are well known and have been greatly studied for their role as hosts in 

supramolecular chemistry.  Although these hosts are capable of producing a wealth of 

supramolecular chemistries, the fact remains that their association constants with most guests is 

less than desirable and in many cases hinders the usage of the systems in certain supramolecular 

architectures.  The typical association constant for 24-crown-8 to 32-crown-10 macrocycles 

paired with a variety of guests, such as dialkyl ammonium and paraquat, lie in the range of 

approximately 101 ï 103.1,2  The exceptions to this are the highly evolved pseudocryptand 

derivatives of bis(m-phenylene)-32crown-10, which have achieved association constants as high 

as 5 x 106 with paraquat.3  High association constants are important, because the production of 

polypseudorotaxaes suffer when an inadequate association constant is employed.  As an 

example, the degree of polymerization for polypseudorotaxanes can be directly estimated from 

the association constant of the host and guest.  Thus lower association constants require higher 

concentrations to achieve polymer formation.  To illustrate this, consider cis(4,4ǋ)-

di(hydroxymethylbenzo)-30-crown-10 with paraquat; the system has an association constant of 

1.1 x 103 M-1 in acetone at 25 °C.  Using the equation DP = (Ka[H] o)
1/2 to estimate the degree of 

polymerization, it can be seen that if this system was used to produce polypseudorotaxanes at a 1 

M concentration, only a DP of 33 would be achievable.  Alternatively, the association constant of 

the cryptand 6 with paraquat has an association constant of 5.0 x 106 M-1 in acetone at room 

temperature.  Using the previous equation DP = (Ka[H] o)
1/2 with 5.0 x 106, it can be seen that a 
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DP of 2,236 would be obtainable at a 1 M concentration with this system.  Clearly high 

association constants are advantageous.   

Since the widespread adoption of crown ethers such as dibenzo-30-crown-10 and bis(m-

phenylene)-32crown-10 for paraquat and diquat complexes, research geared towards the 

production of a third arm of the macrocycles has significantly increased binding.  Macrocycles 

containing a bridge are generally referred to as cryptands. Figure 3.1 shows several cryptands 

that have significantly increased binding over their crown ether counterparts; Table 3.1 gives the 

association constants of those compounds with dimethyl paraquat PF6 (7). 

   

 

Table 3.1. Association constant summary of 

hosts 1 ï 6 with 7.  Values were obtained from 

literature sources for 1Å7,1 2Å7,2 3Å7,4 4Å7,5 5Å7 6 

and 6Å7.4 Association constants obtained in 

acetone at room temperature. 

Complex Ka (M
-1) 

1Å7 5.7 x 102 

2Å7 1.1 x 103 

3Å7 6.4 x 103 

4Å7 6.1 x 104 

5Å7 1.0 x 105 

6Å7 5.0 x 106 

 

Figure 3.1. Sample host progression to cryptands. 

 

From Table 3.1 it can be seen that cryptands, when correctly designed, offer superior 

association constants to their crown ether counterparts.  Pyridyl cryptands such as 5 and 6 are 
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particularly noteworthy, affording association constants in the range of 105 to 106 M-1; their use, 

however, has been greatly hindered due to synthetic difficulties.  The syntheses of 5 and 6 

require cyclization reactions to form crown ethers first then second cyclization reactions to form 

the cryptands. The results of multiple cyclization reactions are lengthy reactions times, large 

volumes of solvent and low yields.  To increase the deployment of 5, 6 and similar derivatives, 

work was conducted to optimize the syntheses of these compounds, such that reaction times 

could be lowered and yields increased.   

 

 

Results and Discussion 

During routine work on the production of pyridyl cryptands 5, general pseudo-high 

dilution conditions worked out by Pederson et al. were employed.6  As the procedure employed 

large volumes of the solvent DCM a shift was made to dry it via activated acidic alumina rather 

than distillation over CaH.  Upon changing the drying method, significant yield increases in 

cryptand cyclization reactions were observed.  It was determined that these yield increases were 

due to acidic alumina leaching into DCM and reacting with pyridine to form a pyridinium cation.  

The pyridinium cation was then suspected to act as a template for the cyclization reaction.  This 

led to the examination of several pyridnium cations as potential templates: acidic alumina / 

pyridine, pyridinium acetate, pyridinium p-toluenesulfonate, pyridinium chloride, pyridinium 

PF6, paraquat PF6 and pyridinium TFSI.   

The first templation experiments were carried out with acidic alumina / pyridine.  At the 

time of this work, an aryl bromide derivative of 5 was sought after for its potential in coupling 

reactions; for this reason, initial optimizations focused on the synthesis of 9, while later 
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optimizations focused on the synthesis of 5.  After the development of a procedure for the 

templation of 5, it was tested on two other pyridyl cryptands, bis(m-phenylene)-32-crown-10 and 

dibenzo-24-crown-8.  Emphasis was placed on the synthesis of 5, because a high yield templated 

procedure already existed for its precursor, 2.6  Scheme 3.1 shows the synthesis of 9 with two 

different synthetic methodologies: syringe pump addition and direct addition.  Syringe pump 

additions adhered to the procedure of Pederson et al., except in that a template was added to the 

reaction; both 8 and 2 were dissolved in separate solutions of DCM and loaded into syringes 

which were pumped into the reaction flask charged with DCM, pyridine and a template under 

nitrogen.  For direct additions the reaction flask was charged with DCM, pyridine and 2, mixed 

for 15 min and 8 was added all at once. 

 

 

Scheme 3.1. Synthesis of 9. 

 

Table 3.2 provides the experimental results for 9 with templation.  Experimentation 

focused heavily upon direct addition methods, given that syringe pump additions are time 

consuming and effective templation should negate the need for pseudo-high dilution conditions.  
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By simply filtering DCM through a column of acidic alumina and carrying out syringe pump 

addition, a yield of 78% was achievable.   

Table 3.2 indicates yields of 30ï40 % via direct addition using acidic alumina / pyridine, 

4,4ô-bipyridinium PF6 or pyridinium p-toluenesulfonate.  Poor results for pyridinium chloride 

reflected its poor solubility in DCM. Pyridinium p-toluenesulfonate was troublesome to remove 

and the acidic alumina / pyridine mixture seemed to consuming 8 somehow.  Inspection of 

multiple reaction mixtures employing the acidic alumina / pyridine and 4,4ô-bipyridinium PF6 

template revealed large amounts of unreacted 2; this could be remedied through three 

consecutive additions of 8.  It was suspected that consumption of 8 was likely due to residual 

water in the acidic alumina and 4,4ô-bipyridinium PF6.  Additionally, it was determined that there 

was no reason to use 4,4ô-bipyridinium PF6 over pyridinium salt given that no significant yield 

increases were observed.  4,4ô-Bipyridinium PF6 in the presence of pyridine would yield 

pyridinium PF6 as seen in Figure 3.2.  Further inspection also reveals that the yield of the acidic 

alumina/pyridine system was inversely related to the amount of base added; typically, the more 

pyridine added to the reaction of 9, the lower the yield. 
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Table 3.2. Initial templation experiments for the synthesis of 9. 

exp.. Addition 
host 
(mmol) 

guest 
(mmol) 

Time 
(h) DCM (L) dried by Base / vol (mL) Additive Yield 

1 
1.0 
mL/h 0.71548 0.71722 97  2.7  

acidic 
alumina Pyridine / 2.4 N/A 78% 

2 
1.5 
mL/h 1.211 1.214 240 2.7  

acidic 
alumina Pyridine / 3  N/A 46% 

3 Direct 0.5993 0.5997 48 0.700 
acidic 
alumina Pyridine/ 5  N/A 31% 

4 
1.5 
mL/h 0.9003 0.9043 162.5 2.7  CaH Pyridine / 15  N/A 20% 

5 Direct 0.5868 1.184 41 0.600  
acidic 
alumina Pyridine / 5  N/A 30% 

6 Direct 1.084 1.184 65 0.700  
acidic 
alumina Pyridine 5  acidic alumina 1 g 36% 

7 Direct 0.6505 0.6532 62 0.300  CaH Pyridine / 10.5 acetic acid 3.5 mL 0% 

8 Direct 0.3989 0.4033 52 0.700  CaH Pyridine / 5  neutral alumina 1g 0% 

9* Direct 0.4291 0.4437 67 0.600  CaH Pyridine / 5  

pyridinium p-
toluenesulfonate 
1.34 g 30% 

10 Direct 0.3127 0.3187 242 0.700  CaH Pyridine / 5  
pyridinium chloride 
1g 11% 

11 Direct 0.4562 0.46205 116 0.750  CaH Pyridine / 5  pyridium H+PF6 1% 

12 Direct 0.4177 0.41943 70 0.750  CaH Pyridine / 3  paraquat H+PF6 31% 

13 Direct 0.4324 0.4388 24 0.750  CaH 
пΣпΩ-Bipyridyl / 
1.4 g paraquat H+PF6 23% 

14 Direct 0.4086 0.41434 48 0.750  CaH 
пΣпΩ-Bipyridyl / 
1.8 g acidic alumina 1 g 1% 

15 Direct 0.3915 0.428 60 0.200  CaH Pyridine / 5  acidic alumina 1 g 23% 

16 Direct 0.4049 0.4128 54 1.75 CaH Pyridine / 10  acidic alumina 1 g 1% 

17 Direct 0.5385 0.5416 18 0.700  CaH Pyridine / 3.5  paraquat H+PF6 24% 

18**  Direct  0.6516 1.9018 48 0.700  CaH Pyridine / 4  paraquat H+PF6 85% 

          ~Notes~ 
        * product would not decomplex from guest.  Yield has been adjusted for by subtracting out a 1:1 complex of guest 

 ** 3 additions of the acid chloride were made 12 h apart 
     

 

Figure 3.2. Paraquat H+PF6 conversion to pyridinium PF6 in the presence of pyridine. 
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Although the acidic alumina/pyridine system could be made to work through multiple 

additions of 8, optimizations would need to made with every new purchase of acidic alumina, 

due to inconsistences found between products.  Thus the acidic alumina system was abandoned.  

Secondly, there was no reason to use 4,4ô-bipyridinium PF6 over a pyridinium salt.  This led to 

the conclusion that a pyridinium salt should be investigated; it should be soluble in DCM and 

hydrophobic to prevent residual water from wrecking the reaction.   

These guidelines led to the adoption of pyridinium TFSI, 11, as a template; the salt is 

highly soluble in DCM, reasonably hydrophobic and can be easily dried via melting under 

vacuum.  The template was optimized for the synthesis of 5, Scheme 3.2, and emphasis was once 

again placed on a direct addition of reagents without the use of a syringe pump.   

 

 

 

Scheme 3.2. Synthesis of 5. 

To provide a better understanding of the systems, the association constants of 1, 2, 5, 6, 

12 and 13 were obtained with pyridinium TFSI in DCM at room temperature by ITC (Table 3.3). 
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Scheme 3.3. Synthesis of 6 and 13. 

Table 3.3. Association constants of hosts 1, 2, 5, 6, 12 and 13 with guest 11 in DCM at 25 °C; 

error is indicated in parenthesis. 

Complex Ka 

(M -1) 

æG 

(kcal/mol) 

æH 

(kcal/mol) 

æS 

(cal/mol K) 

1 Å 11 

crown 

5.31 x 102 

(±0.69 x 102) 

ï3.72 

(±0.48) 

ï4.14 

(±0.24) 

ï1.42 

(±0.20) 

6 Å 11 

cryptand 

1.37 x 104 

(±0.08 x 104) 

ï5.64 

(±0.33) 

ï11.6 

(±0.1) 

ï20.0 

(±1.2) 

2 Å 11 

crown 

7.46 x 102 

(±0.57 x 102) 

ï3.92 

(±0.30) 

ï7.40 

(±0.23) 

ï11.7 

(±1.0) 

5 Å 11 

cryptand 

2.34 x 104 

(±0.11 x 104) 

ï5.96 

(±0.28) 

ï15.1 

(±0.1) 

ï30.7 

(±1.5) 

12 Å 11 

crown 

1.58 x 103 

(±0.21 x 102) 

ï4.36 

(±0.58) 

ï2.94 

(±0.12) 

4.78 

(±0.67) 

13 Å 11 

cryptand 

8.69 x 104 

(±0.18 x 104) 

ï6.74 

(±0.14) 

ï11.5 

(±0.1) 

ï16.0 

(±0.3) 
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The crytands (5, 6, 13) display higher association constants than their crown ether 

precursors (1, 2, 12). For 1 vs. 6 and 2 vs. 5 the increase is about 30-fold.  For 12 vs. 13 the 

increase is only 5-fold.  Additionally, it should be noted that the association constants of each 

cryptand (5, 6, 13) fell in the range of 104, which is quite remarkable considering the association 

constant of 5 with dimethyl paraquat PF6 in acetone at room temperature is 1.0 x 105. 6 

Inspection of the crystal structure of 5 Å 11 (Figure 3.3) shows hydrogen bondings and 

the shape of the complex. Water and chloroform have been incorporated into the crystal structure 

in a ratio of 1:1:1:1, for water:chloroform:5:11.  The presence of water has been attributed to the 

usage of non-anhydrous solvents.  Both water and chloroform play an active role in terms of 

intermolecular interactions; water acts as a hydrogen bonding bridge between the pyridinium N-

H and ethyleneoxy oxygen atoms and chloroform hydrogen bonds with two of the TFSI oxygens 

(Figure 3.3c).  Interestingly, the p-ethyleneoxy chain of 5 does not directly participate in 

hydrogen bonding with 11. 

 

 

 

 

 

 

ŀύ                                                    ōύ 
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Figure 3.3. Crystal structure of 5 Å 11 grown by slow solvent evaporation of an equimolar 

chloroform solution; hydrogens of 5 have been removed for clarity; a) side view; b) top view; c) 

hydrogen bonding involving chloroform, water and TFSI; d) hydrogen bonding involving the 3-

substituted ethyleneoxy chain (chloroform, water, and TFSI removed for clarity); e) planes of 

stacked aromatic rings shown with centroids of stacked rings and plane inclinations indicated; f) 

structures 5 and 11.  Hydrogen-bond parameters: C---O distances (Å), C-H---O distances (Å), C-

H ---O angles (deg) A: 3.633, 2.969, 124.71; B: 3.282, 2.289, 172.28; C: 3.503, 2.589, 161.71; 

D: 2.660, 1.793, 167.73; E: 2.901, 2.097, 169.41; F: 2.861, 2.060, 170.62; G: 3.205, 2.663, 

116.72; H: 3.315, 2.415, 157.98. Face-to-face ˊ-stacking parameters: centroid-centroid distance 

Ŏύ                                                     Řύ 

Ŝύ                                                      Ŧύ 
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(Å): I: 3.972; J: 3.801; ring plane/ring plane inclinations (deg): i: 12.74°; ii: 0.18°.  X-ray 

crystallography was performed and solved by Dr. Carla Slebodnick. 

 

 Although attempts to grow a crystal of 2 complexed with 11 were fruitless, there is 

literature precedence that when 2 complexes paraquats such as 7, the host wraps around the 

paraquat in a taco fashion.6  Considering this and the previous ITC, X-ray crystallography, and 

templation results, it is reasonable to suspect that the pyridinium cation is templating the 

formation of the cryptand macrocycle by causing 2 to adopt a taco-like geometry (Figure 3.4). 

 

 

Figure 3.4. Proposed preorganization of diol 2 to a ñtaco complexò brought about by the 

pyridinium ion. 

 

With these promising findings, optimization of a templated procedure using 11 for the 

synthesis of 5 was begun (Scheme 3.2).  Emphasis was once again placed on directly combining 

the reagents by varying the following parameters: reagent concentrations, base concentration, 

pyridinium TFSI concentration, and solvent; results are summarized in Table 3.4.  All reported 

yields are isolated yields.  Optimizations used the following addition and mixing methodology.  

DCM, pyridine, 2 and 11 were allowed to mix for 15 min. followed by the complete addition of 

10 into the reaction mixture.  The reaction mixture was allowed to mix for 12 h; then workup 

was begun.  The workup procedure followed Pederson et al., but with alterations as follows.  The 

aqueous acidic wash step was removed. The column chromatography step was altered; instead of 
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loading and eluting the compound over neutral alumina, the compound was loaded onto basic 

alumina and eluted over neutral alumina.  This allowed for the pyridinium cation to be 

deprotonated to pyridine, for a simplified isolation procedure. 

 

Table 3.4. Templation optimization of the synthesis of 5; concentrations in mM. 

Experiment number [2] = [10] [pyridine] [11] % Yield 

1 

non-templated 

0.719 1.7 0 31 

 Variation: Reagent concentrations 

2 2.22 6.0 13.9 64 

3 0.691 1.7 3.97 69 

4 0.618 1.7 3.97 75 

5 0.617 1.7 3.97 81 

6 0.618 1.7 3.97 83 

7 0.619 1.7 3.97 89 

8 0.173 0.48 1.11 81 

 Variation: Pyridine 

9 0.619 35 3.97 76 

 Variation: Pyridinium TFSI concentration 

10 0.622 1.7 9.33 81 

 Variation: solvent change to chloroform 

11 0.630 1.7 3.97 49 
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 The first parameter optimized was reagent concentration.  Ideally at lower concentrations 

the reaction would benefit from high dilution conditions in addition to the templating agent, 

resulting in a yield increase.  Acceptable yields were obtained over the entire starting material (2 

and 10) range of 0.173 mM to 2.22 mM, but there appeared to be little practical reason to go 

below the concentration of ~0.6 mM.  Experiment 8 at a reagent concentration of 0.173 mM 

gave a yield of 81% but required ~3.5 times the solvent.  Repeating the ~0.6 mM reagent 

experiment five times gave a low yield of 69% and a high of 89%; the variation of 20% is 

attributed primarily to variations in quality and handling of the diacid chloride 10, given that it 

was freshly synthesized for each experiment.   

To determine the benefits of pyridinium TFSI as template, an experiment was run using 

parameters similar to the ~0.6 mM experiments except in that no pyridinium TFSI was added; a 

yield of 31% was obtained.  

Using substrate concentrations of ~0.6 mM, the concentration of pyridine was varied.  

Although no significant yield change was observed by increasing the concentration of pyridine, 

the use of less was advantageous because it allowed for an easier workup of the product during 

column chromatography.  Thus a pyridine concentration of 1.7 mM was adopted, ~2.5 

equivalents.   

Next, testing was conducted to determine if increased amounts of pyridinium TFSI (11) 

influenced yields; the concentration was increased from 1.1 to 9.33 mM (15 equivalents), but no 

significant yield change was observed.  Thus, a pyridinium TFSI concentration of 3.97 mM, ~ 6 

equivalents, was adopted.   

Lastly, chloroform was tested as an alternative to DCM.  A significant yield decrease was 

observed, attributed to the decreased solubility of 10 and 11 in chloroform. 
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 Using the general parameters obtained for the synthesis of 5, substrate concentrations of 

~0.6 mM, ~2.5 equivalents of pyridine and ~6 equivalents of 11 in DCM, the template 11 was 

tested for the formation of cryptands 6 and 13, Scheme 3.3.  6 was produced in an 80% yield and 

13 in 26% yield.  Considering templation was inefficient for the synthesis of 13 and the 

association constant of 12 with 11 was in the range of 103 while the other crown ethers (1 and 2) 

were in the range of 102, stoichiometry of the complex was tested.  Using 1H NMR, a Job Plot 

was made for 11 with 12, Figure 3.5.  Although ITC and reaction mixtures were carried out in 

DCM, CDCl3 was chosen as the 1H NMR solvent for the Job Plot due to costs associated with 

CD2Cl2.   

 

Figure 3.5. Job plot of 11 with 12, obtained via 1H NMR in CDCl3 at room temperature using 

signal Ha of 11. Give total concentration of components. 

 

 The Job plot of Figure 3.5 shows a binding stoichiometry intermediate of 1:1 to 1:2 (0.50 

to 0.66, respectively).  Considering this point lies between the two and the lack of ability for 

pyridinium TFSI to template the synthesis of 13, it is reasoned that in solution, a mixture is 

present of 1:1 and 1:2 complexes.  It is reasoned that the 1:2 complex is brought about due to the 
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alcohols of 12 hydrogen bonding with pyridinium TFSI.  Occupying the alcohols of 12 in 

hydrogen bonding with pyridinium TFSI would inhabit the cyclization reaction and explain why 

templation did not occur. 

 

 

Conclusion 

 A successful templation reaction has been developed for the production of pyridyl-based 

dibenzo-30-crown-10 and bis(m-phenylene)-32crown-10 cryptands.  Using ~6 equivalents of 

template 11 and substrate concentrations of ~0.6 mM, and ~2.5 equivalents of pyridine in DCM, 

yields of 89 and 80% were obtained for 5 and 6, respectively.  Additionally, 11 complexed 5, 6 

and 13 all with association constants in the range of 104 M-1. 

 

 

Experimental 

Measurements: 1HïNMR spectra were obtained on JEOL ECLIPSE-500, BRUKER-500, and 

AGILENT-NMR-vnmrs400 spectrometers.  13CïNMR spectra were collected at 125 MHz and 

101 MHz on these instruments.  HRïMS were obtained using an Agilent LC-ESI-TOF system.  

X-ray crystallography was performed at Virginia Tech and solved by Carla Slebodnick.  Crystal 

structure of 5 Å 11 was grown by slow solvent evaporation of an equimolar chloroform solution.  

X-ray crystallography tables can be found in the appendix of this dissertation.  Reagents were 

purchased and used as received without further purification.  Compounds 1,7 2,6 10,8 11,9 and 

1210 were synthesized in accordance with literature procedures; similar yields were obtained.   

Compound 8 was prepared as described in chapter 6.   
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Example ITC titration : The association constants reported for 11 with 1, 2, 5, 6, 12 and 13 

were obtained via ITC in DCM at 25 °C.  The following is a detailed description of titration of 

10 with 2; the other systems were done similarly with slightly different concentrations.  Host 2 

was loaded into the cell of the instrument at a concentration of 1.46 mM, while a 250 µL ITC 

syringe was loaded with 10 at a concentration of 22.4 mM.  The instrument was set to high gain 

(high sensitivity).  The titration was achieved through 50 injections of 5.00 µL every 180 s; a 

primary filter period of 2 s and a secondary filter period of 4 s were applied (filter period switch 

time was set to 120 s).  A background titration used exactly the same titration conditions with the 

exception that the solution of 2 was replaced with DCM.  The heats for the dilution experiment 

were subtracted from the heats for the titration of 10 with 2.  Analysis of the data was carried out 

using software provided by the manufacturer.  The first data point was ignored to avoid error.  A 

ñOne Set of Sitesò model was used; stoichiometries other than 1:1 provided unsatisfactory fits.   

General procedure 1, syringe pump addition, dibenzo-30-crown-10 based pyridyl cryptand 

5.  To a round bottom flask containing DCM (2.5 L) was added acidic alumina (1.00 g) and 

pyridine (2.00 mL, 24.7 mmol).  The contents were mixed for 15 min.  2 (0.2942 g, 0.4931 

mmol) and 10 (0.1006, 0.4931 mmol) were each dissolved separately in DCM (25 mL) and 

loaded into syringes and additions were made at 1 mL / h.  The reaction mixture was allowed to 

stir for 12 h and filtered.  Following removal of solvent from the filtrate, the crude material was 

dissolved in DCM (50 mL) and washed with 1 M HCl (3 x 15 mL) and water (3 x 15 mL).  

Solvent was removed by rotary evaporation and the crude material was subjected to column 

chromatography using basic alumina eluting with DCM then DCM : MeOH (99:1 v:v).  Isolated 

a white solid, 0.2773 g (77%); mp 160.8 ï 162.9 °C (lit. mp 160.9ï162.7 °C).6  1H NMR 

spectrum (400 MHz, CDCl3): ŭ 8.33 (d, J = 8 Hz, 2H), 8.02 (t, J = 8 Hz, 1H), 6.94 (m, 4H), 6.77 
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(d, J = 9 Hz, 2H), 5.33 (s, 4H), 4.18ï4.13 (m, 4H), 4.03ï3.98 (m, 4H), 3.95ï3.90 (m, 4H), 3.84ï

3.79 (m, 4H), 3.76ï3.72 (m, 4H), 3.72ï3.66 (m, 8H), 3.66ï3.61 (m, 4H).  13C NMR spectrum 

(101 MHz, CDCl3): ŭ 164.80, 148.99, 148.89, 148.40, 138.14, 128.17, 127.98, 121.60, 114.21, 

113.94, 70.98, 70.75, 70.72, 70.61, 69.68, 69.46, 68.97, 68.79, 67.60 (19 signals expected and 19 

signals found).  HRïMS: calc. for C37H45O14N [M + NH4]
+: m/z 745.3178; found: m/z 745.3170 

(error 1 ppm). 

General procedure2, direct addition, dibenzo-30-crown-10 based pyridyl cryptand 5.  To a 

round bottom flask containing DCM (700 mL) was added 11 (1.00 g, 2.78 mmol), pyridine (2.00 

mL, 24.7 mmol), and 2 (0.2587 g, 4336 mmol).  The contents of flask were allowed to stir for 15 

min.  10 (0.0885 g, 4.34 mmol) was then added directly to the reaction mixture.  Stirring was 

continued for 12 h at which time solvent was removed by rotary evaporation and the crude 

material was subjected to column chromatography, basic alumina eluting with DCM and then 

DCM to MeOH (99:1 v:v); isolated white solid 0.2807 g, (89%); mp 160.4ï162.6 °C (lit mp 

160.9ï162.7 °C).6  1H NMR spectrum (400 MHz, CDCl3): ŭ 8.33 (d, J = 8 Hz, 2H), 8.02 (t, J = 8 

Hz, 1H), 6.94 (m, 4H), 6.77 (d, J = 9 Hz, 2H), 5.33 (s, 4H), 4.18ï4.13 (m, 4H), 4.03ï3.98 (m, 

4H), 3.95ï3.90 (m, 4H), 3.84ï3.79 (m, 4H), 3.76ï3.72 (m, 4H), 3.72ï3.66 (m, 8H), 3.66ï3.61 

(m, 4H).  13C NMR spectrum (101 MHz, CDCl3): ŭ 164.80, 148.99, 148.89, 148.40, 138.14, 

128.17, 127.98, 121.60, 114.21, 113.94, 70.98, 70.75, 70.72, 70.61, 69.68, 69.46, 68.97, 68.79, 

67.60 (19 signals expected and 19 signals found).  HRïMS: calc. for C37H45O14N [M + NH4]
+: 

m/z 745.3178; found: m/z 745.3170 (error 1 ppm). 

Bis(m-phenylene)-32-crown-10 based pyridyl cryptand 6 .  General procedure 2 was used 

with: 11 (1.00 g, 2.78 mmol), 1 (0.2507 g, 0.4202 mmol), pyridine (0.10 mL, 1.2 mmol) 10 

(0.0857 g, 0.420 mmol) and DCM (700 mL) to produce 0.2451 g, (80%) of a white solid; mp 
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147.9ï151.2°C, (lit mp 153.5ï155.3 °C).4  Isolated via column chromatography on basic alumina 

eluting with DCM and then DCM:MeOH (99:1 v:v).  1H NMR (400 MHz, CDCl3) ŭ 8.34 (d, J = 

8 Hz, 2H), 8.03 (t, J = 8 Hz, 1H), 6.54 (d, J = 2 Hz, 4H), 6.45 (t, J = 2 Hz, 2H), 5.31 (s, 4H), 

3.96ï3.88 (m, 8H), 3.76ï3.71 (m, 8H), 3.67ï3.59 (m, 16H).  13C NMR (101 MHz, CDCl3) ŭ 

165.10, 160.28, 148.50, 138.38, 137.51, 128.32, 106.51, 102.41, 71.18, 71.00, 69.87, 67.87, 

67.71 (13 signals expected and 13 signals found).  High res MS: calc. for C37H45O14N [M + 

NH4]
+: m/z 745.3178; found: m/z 745.3195 (error ï2.3 ppm). 

Dibenzo-30-crown-10 based 4-(p-bromobenzyloxy)pyridyl cryptand 9.  General procedure 1 

was used with DCM (2.7 L), pyridine (2.4 mL), 3 (0.42690 g, 0.71548 mmol), 8 (0.27902 g, 

0.71722 mmol) and acidic alumina as a template (1.00 g) to provide a solid which was purified 

by column chromatography using basic alumina eluting chloroform : methanol (99 : 1); 0.5064 g, 

(78%) of  white solid, mp 188.8ï192.7.  1H NMR (400 MHz, CDCl3) ŭ 7.88 (s, 2H), 7.55 (d, J = 

8 Hz, 2H), 7.32 (d, J = 8 Hz, 2H), 6.94ï6.92 (m, 4H), 6.77 (d, J = 9 Hz, 2H), 5.30 (s, 4H), 5.18 

(s, 2H), 4.20ï4.11 (m, 4H), 4.03ï3.97 (m, 4H), 3.95ï3.90 (m, 4H), 3.84ï3.78 (m, 4H), 3.74 (m, 

4H), 3.72ï3.67 (m, 8H), 3.64 (m, 4H).  13C NMR (126 MHz, CDCl3) ŭ 166.43 (s), 164.88 (s), 

150.24 (s), 149.12 (s), 149.00 (s), 133.85 (s), 132.14 (s), 129.37 (s), 128.19 (s), 122.87 (s), 

121.80 (s), 114.80 (s), 114.34 (s), 114.02 (s), 71.10 (s), 70.96 ï 70.66 (m), 70.03 (s), 69.79 (s), 

69.55 (s), 69.09 (s), 68.90 (s), 67.83 (s) (24 peaks expected and 24 peaks found).  High res MS: 

calc. for C44H50NO15Br [M + H]+1: m/z 912.2437; found: m/z 912.2452 (error ï1.6 ppm).   

Bis(m-phenylene)-24crown-8 based pyridyl cryptand 13. General procedure 2 was used with: 

12 (0.2491 g, 0.4898 mmol), 10 (0.0999 g, 0.490 mmol), pyridine (0.10 mL, 1.2 mmol), 11 (1.00 

g, 2.78 mmol) and DCM (700 mL) to produce 0.0812 g, (26%); mp 160.0ï163.3°C, (lit mp 

162.0ï162.5 °C).11  Isolation via column chromatography on basic alumina eluting with DCM 
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and then DCM:MeOH (99:1 v:v) to yield white solid.  1H NMR (400 MHz, CDCl3) ŭ 8.34 (d, J = 

8 Hz, 2H), 8.03 (t, J = 8 Hz, 1H), 6.95 (d, J = 2 Hz, 2H), 6.92 (dd, J = 2 Hz, J = 8 Hz, 2H), 6.75 

(d, J = 8 Hz, 2H), 5.28 (s, 4H), 4.18ï4.14 (m, 4H), 4.04ï4.00 (m, 4H), 3.95ï3.91 (m, 4H), 3.86ï

3.82 (m, 4H), 3.79 (s, 4H), 3.73 (s, 4H).  13C NMR (101 MHz, CDCl3) ŭ 165.21, 149.50, 148.95, 

148.65, 138.41, 128.28, 127.88, 122.37, 115.38, 113.55, 71.39, 70.99, 69.90, 69.83, 69.49, 68.98, 

68.23 (17 signals expected and 17 signals found).  High res MS: calc. for C33H37NO12 [M + 

Na]+1: m/z 662.2208; found: m/z 662.2203 (error 0.8 ppm).   
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Chapter 4 

NEW GUESTS 

INTRODUCTION  

 Association constants play a large role in supramolecular chemistry.  Depending upon the 

application, either lower or high association constants may be desired. For many systems the 

desire is to have as much bound as possible, affording high molecular weight supramolecular 

polymers and systems capable of self-repair.  Considering this, we seek host-guest systems that 

either lead to higher binding,1-3 possess a unique responsive property4 or are easier to deploy.5  

Of particular interest to our group are the dibenzo-30-crown-10 and bis(m-phenylene)-32-crown-

10 hosts paired with paraquat guests, which have evolved into higher binding pyridyl cryptand / 

paraquat systems.  Here, attempts are made to find better guests for the pyridyl cryptands 1a and 

1b (Figure 4.1) from both the standpoint of being easier to synthesize as well as higher binding. 

 

 

Figure 4.1. Pyridyl cryptands 1a and 1b, alongside functionalized pyridyl cryptand 2. 
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RESULTS AND DISCUSSION 

 Currently the model guest most widely employed for 1a, 1b, and derivatives is dimethyl 

paraquat as the PF6 salt (PQ PF6).  The widespread employment of this guest can be attributed to 

two things: first, the guest has a reasonable association constant with dibenzo-30-crown-10, 

bis(m-phenylene)-32crown-10 and analogous cryptands, extending to cryptands not containing a 

pyridyl group.1,6-8  Secondly, synthetically speaking, paraquats are relatively simple to synthesize 

and derivatize.  The system however isnôt without problems; due to the complexes being salts 

paired with neutral organic compounds, finding and choosing a solvent which allows for ñgoodò 

solubility of both components, while not hindering binding can be challenging.  Paraquat PF6 

salts are typically soluble in polar aprotic solvents, while crown ether / cryptand hosts generally 

exhibit lower solubilites in such solvents.  Additionally, solvents with a high dielectric constant 

tend to drastically lower the association constants. To address this problem, variations in the 

paraquat salt were explored.  Salt solubilities are highly influenced by the anion/cation 

combination.  Thus a change from PF6
- to a more appropriate anion, in terms of lower dielectric 

solvent solubility, has the effect of increasing the range of useable solvents and providing higher 

association constants. 

Typically, the anion of choice for paraquat has been PF6.  Use of this salt pair generally 

leads to the adoption of one of the following solvent systems for solubility reasons: acetone, 

acetonitrile, or acetonitrile:chloroform mixtures.  Considering that DCM has a dielectric constant 

much lower than acetonitrile or acetone, the goal became producing a paraquat salt with 

reasonable solubility in DCM.  To achieve this goal two different paths were taken: first, 

different counterions were explored and, second, the N-methyl groups were changed to N-benzyl 

groups.  The TFSI and large borate-containing counterions have been well documented in the 
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literature to increase the solubility of organic salts in low dielectric solvents.9,10 The choice of 

benzyl groups was made because a wide range of benzyl building blocks are commercially 

available. Table 4.1 provides a listing of tested compounds, while Table 4.2 gives their 

solubilities.   

 

Table 4.1. Paraquat compounds. 

 

Counterion  

 

 

3a 4a 

 

3b 4b 

 

3c 4c 

 

 

 

   



67 
 

Table 4.2. Paraquat solubilities (mM) at 25 °C. 

Compound Acetone DCM 

3a 56.2 Unobservable 

3b 749 < 0.04 

3c Not taken 0.49 

4a 261 Unobservable 

4b 1,080 6.26 

4c Not taken 3.60 

 

Using dimethyl paraquat PF6 (3a) as a standard, improvement gains in solubility can be 

assessed.  From Table 4.1, it can be seen that by changing form PF6 to TFSI in 3b, a 13-fold 

increase in its acetone solubility is achieved.  In a similar fashion changing the methyl group to a 

benzyl group offers a solubility increase of over 4-fold in acetone.  Due to the extremely high 

costs associated with 3c and 4c, only small quantities of these compound were synthesized, 

resulting in too little to test the solubilities in acetone. 

Tests of 3a and 4a in DCM resulted in no observable uptake.  TFSI salts 3b and 4b, 

however, provided different results.  With 3b, although no measurable amount dissolved, a faint 

haze was observed.  4b provided solubility in DCM.  Tetratrikis salts 3c and 4c also were soluble 

in DCM.  It is noteworthy that the trend in solubility in DCM for 3b and 3c was inverse to that of 

4b and 4c.  For dimethyl paraquat, the tetrakis(perfluorophenyl)borate anion (3c) displayed 

higher solubility in DCM than the TFSI salt (3b), while for the dibenzyl paraquat, TFSI (4b) 

gave higher solubility in DCM than the borate (4c).   
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Solubility results showed three possibilities for using DCM as solvent for paraquat 

complexes with pyridyl cryptands 3c, 4b, and 4c.  Due to high synthetic costs associated with the 

synthesis of tetrakis(perfluorophenyl)borates 3c and 4c, these were not studied further. Figure 

4.2, top, shows the ITC titration of 1a with 4b, while the bottom shows the ITC titration of 1b 

with 4b.  Table 4.3 compares association constants of 1a / 1b with 4b in DCM to 1a / 1b with 3a 

in acetone alongside 1a with 3b / 4a / 4b / in acetone. 
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Figure 4.2.  ITC titrations: top, 1a Å 4b in DCM at 25 °C; bottom, 1b Å 4b in DCM at 25 °C. 
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Table 4.3. Association constants a of hosts 1a and 1b with guests 3a, 3b, 4a and 4b at 25 oC; 

errors indicated in parenthesis.  Values for 1a Å 3a (lit.) 1 and 1b Å 3a (lit.) 8 were obtained from 

published sources.   

 Solvent Ka 

(M -1) 

æG  

(kcal/mol) 

æH  

(kcal/mol) 

æS  

(cal/mol K) 

1a ǒ 3a (lit.) acetone 1.00 x 105 ï6.82 ï13.0 ï20.7 

1a ǒ 3a acetone 2.21 x 105 

(±0.22 x 105) 

ï7.29 

(±0.73) 

ï14.8 

(±0.2) 

ï25.3 

(±2.5) 

1a ǒ 3b acetone 2.86 x 105 

(±0.17 x 105) 

ï7.44 

(±0.44) 

ï14.7 

(±0.1) 

ï24.2 

(±1.5) 

1a ǒ 4a acetone 6.49 x 105 

(±0.54 x 105) 

ï7.93 

(±0.66) 

ï18.9 

(±0.1) 

ï36.7 

(±3.1) 

1a ǒ 4b acetone 8.34 x 105 

(±0.49 x 105) 

ï8.08 

(±0.48) 

ï18.1 

(±0.1) 

ï33.7 

(±2.0) 

1a ǒ 4b DCM 1.00 x 106 

(±0.13 x 106) 

ï8.18 

(±1.06) 

ï18.1 

(±0.2) 

ï33.3 

(±4.3) 

1b ǒ 3a (lit.)  acetone 5.0 x 106 b N/A N/A N/A 

1b ǒ 3a acetone 1.12 x 106 

(±0.21 x 106) 

ï8.25 

(±1.55) 

ï18.8 

(±0.4) 

ï35.4 

(±6.7) 

1b ǒ 3b acetone 2.22 x 106 

(±0.36 x 106) 

ï8.66 

(±1.40) 

ï17.5 

(±0.201) 

ï29.7 

(±4.8) 

1b ǒ 4b DCM 1.41 x 106 

(±0.23 x 106) 

ï8.39 

(±1.37) 

ï13.8 

(±0.1) 

ï18.2 

(±3.0) 

a  Association constant obtained by ITC. 
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b  Association constant obtained by NMR titration; ȹG, ȹH, and ȹS not reported. 

 

The first noticeable item in Table 4.3 is the differences observed for 1a ǒ 3a between the 

literature reported values and those obtained here.  These differences likely result from 

differences in how the ITC experiments were run.  The literature reported titration for 1a ǒ 3a 

was run using a 33 point titration, while values reported here were obtained using a 60 point 

titration.  As the isotherm is fit to a mathematical construct, the more defined the curve, the 

better the fit; so it is reasonable to suspect that binding constants and thermal values would 

change as the curve becomes more defined. For comparisons the new 1a ǒ 3a titration will be 

used, since the parameters used for this experiment are those or close to those used for the 

remainder of the table. 

The results were both remarkable and disheartening.  As seen in Table 4.3 changing from 

PF6 to TFSI and methyl to benzyl groups, an association constant of 1.0 x 106 M-1 was obtained 

for 1a ǒ 4b in DCM at 25° C.  By comparison, 1a ǒ 3a in acetone at 25° C has an association 

constant of 2.2 x 105 M-1; the changes led to nearly an order of magnitude increase in Ka, coming 

from the solvent DCM and a change from methyl to benzyl groups.  Teasing out the effect of 

each change, we can see the effects of switching from acetone to DCM by looking at 1a ǒ 4b in 

Table 4.3 for acetone and DCM.  In the table it can be seen that Ka did not change within 

experimental error, and æH and æS also remained the same within experimental error. As for the 

effects of changing to N-benzyl groups, we see in the titration of 1a ǒ 3b compared to 1a ǒ 4b, 

Ka increased 2.9-fold.  In terms of æH and æS, the benzyl group leads to a more favorable 

enthalpy term that offsets a less favorable entropy term.  The change in æH for 1a ǒ 3b 

compared to 1a ǒ 4b, ï14.7 vs. ï18.1, is likely attributable to the benzyl group increasing the 
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positive character of the benzylic protons relative to that of the methyl protons.  Additionally, as 

in Chapter 2, a correlation was found between enthalpy and entropy values when graphed against 

one another.  As in Chapter 2, the correlation is not apparent, a discussion of this may be found 

in Chapter 2. 

 

 

Figure 4.3. Scatter plot of enthalpies vs. entropies for 1a and 1b determined at 25 °C in acetone 

or DCM, values taken from Table 4.3. 

 

Comparing PF6 to TFSI reveals an interesting piece of information; TFSI counter ions 

consistently yield higher association constants in complexes with 1a in Table 4.4.  Dimethyl 

paraquat received a 32% boost in its association constant by switching to TFSI, while dibenzyl 

paraquat received a 28% boost.  Additionally, it is noteworthy to point out that for these systems, 

in each instance, PF6 had higher æH values than TFSI, æS was found to be the same within 

experimental error.  Looking at the crystal structure of 1a ǒ 3b, reveals why the association 

constant has increased. Figure 4.4 shows that the paraquat cation seats directly in the cavity of 

the cryptand, as observed in other various difunctional paraquat PF6 complexes with 1a and 
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similar cryptands.1,8,11-13  In a direct comparison of crystal structures of 1a ǒ 3a to 1a ǒ 3b, there 

are several notable differences.  First, instead of sitting between the pyridyl arm and crown ether 

portion of the cryptand, the paraquat has inserted itself in such a way that one methyl group sits 

directly inside the crown ether segment of the ring.  This new orientation leads to five hydrogen 

bonds at less than 3 Å with the single methyl group; additionally, two protons on the paraquat 

ring provide four interactions that are less than 3 Å in spacing.  The second methyl group of the 

complex sits directly outside of the cryptandôs cavity and is hydrogen bonded to the oxygens of 

the TFSI counterion.  In total the highly dispersed negative charge over the TFSI counter ion and 

multiple oxygen atoms, allow for the anion to play a greater role in interacting with the paraquat 

cation via hydrogen bonding.  The result is a complex that contains more and stronger hydrogen 

bonds, leading to a higher association constant.   

 

 

 

ŀύ                                                       ōύ 
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Figure 4.4. Crystal structure of 1a·3b grown from a chloroform:acetone 1:1 (v:v) mixture by 

liquid-liquid diffusion of diethyl ether; non-paraquat hydrogen atoms and impurities have been 

removed for clarity; a) top view; b) side view; c) hydrogen bonding to the p-ethyleneoxy chain 

(counterions removed for clarity); d) hydrogen bonding to the m-ethyleneoxy chain (counter ions 

removed for clarity); e) hydrogen bonding to acetone (solvent), pyridine and ester group 

(counterions removed for clarity); f) planes of stacked aromatic rings shown with centroids of 

Ŏύ                                                       Řύ 

Ŝύ                                                       Ŧύ 

Ǝύ                                                      
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stacked rings and plane inclinations indicated; g) structures 1a and 3b.  Hydrogen-bond 

parameters: C---O distances (Å), C-H---O distances (Å), C-H ---O angles (deg) A: 3.291, 2.560, 

133.96; B: 3.818, 3.116, 129.64; C: 3.284, 2.339, 161.30; D: 3.403, 2.783, 121.72; E: 3.601, 

2.826, 136.44; F: 3.264, 2.332, 156.38; G: 3.370, 2.828, 115.61; H: 3.866, 3.024, 144.66; I: 

3.004, 2.327, 127.76; J: 3.140, 2.607, 115.86; K: 3.275, 2.426, 148.72; L: 3.248, 2.692, 117.95; 

M: 3.435, 3.066, 104.95.  Face-to-face ˊ-stacking parameters: centroid-centroid distance (Å): N) 

3.586; O) 3.782; ring plane/ring plane inclinations (deg): i) 7.68°; ii) 1.63°.  X-ray 

crystallography was performed and solved by Dr. Carla Slebodnick. 

 

As literature reported results for 1b ǒ 3a were obtained via NMR, to ensure a uniform 

comparison, the complexation of 1b with 3a was reassessed using ITC:  Ka =1.12 x 106 in 

acetone at 25 °C.  Although a small gain, using this value, it can be seen that switching to TFSI 

offers a near doubling of the association constant, 1b ǒ 3b Ka = 2.22 x 106.  Additionally, 

considering 1b ǒ 3a and 1b ǒ 3b both æG and æS were found to be within experimental error, 

while æH values were very similar.  The complex of 1b with the benzyl paraquat 4b gave a slight 

decrease in binding, but overall values were similar to one another.  The association constant for 

1b ǒ 4b in DCM at 25° C, 1.41 x 106 M-1, was found to be less than the complex of 1b ǒ 3b in 

acetone at 25 °C, 2.22 x 106 

Encouraged by the results for 1a ǒ 4b in DCM, it was speculated that the benzyl groups 

of 4b could be used to further increase the association constant of a crypand which also 

contained a benzyl group, because there would be an increased opportunity for ˊ-stacking. Thus 

the hypothesis was tested by ITC through the complexation of 2 ǒ 4b; Figure 4.5 shows ITC 

results.   
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Figure 4.5. ITC titration of 2 Å 4b in DCM at 25 °C. 

 

Figure 4.5 proved part of the hypothesis correct; by using a benzyl containing cryptand a 

5-fold increase in the association constant was observed for 2 ǒ 4b (Ka = 5.35 x 106 M-1), when 

compared to 1a ǒ 4b.  The belief that this would be driven by ˊ-stacking, however, was 

incorrect.  Figure 4.6 shows the crystal structure of 2 ǒ 4b. Sadly, due to the complexity of the 

complex and TFSI anion, a full structure containing the correct ratio of TFSI counter anions was 

not obtained; instead only one TFSI per paraquat could be solved for.  The benzyl rings of the 

paraquat add extra points at which hydrogen bonding can occur.  As an interesting note to the 

solid state and not necessarily relevant to solution complexation, the unit cell was found to be 

composed of two cryptand and two paraquat molecules.  This is due to the 4-bromobenzyl ring 

attached to the cryptand offering a hydrogen in the 2-position that appears to be interacting with 
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an oxygen from the adjacent cryptand, Figure 4.6b.  In Figure 4.6b, the hydrogen bonds labeled 

A and B have bond distances (angles) of 2.532 (154.80 °) and 2.855 (158.91 °), respectively. 

Considering any interaction found in 2 ǒ 4b should likely be found in 1a ǒ 4b, the 

increase in association constant must be attributed to an interaction with the 4-bromobenzyl 

group.  The one interaction which should be unique to 2 ǒ 4b over 1a ǒ 4b is the interaction of 

TFSI in these complexes with the host.  Figure 4.6c shows hydrogen bonding between the TFSI 

counter ion and cryptand, two bonds at 3.020 and 2.717 Å.  Although the listed hydrogen 

bonding is weak in nature, it only employs one of each of the TFSI oxygens while the other two 

oxygens moderately hydrogen bond to the paraquat, Figure 4.6e 

 

 

 

ŀύ                                                       ōύ 
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Ŏύ                                                       Řύ 

Ŝύ                                                       Ŧύ 

Ǝύ                                                       Ƙύ 
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Figure 4.6. Incomplete crystal structure of 2 ǒ 4b grown by liquid-liquid diffusion of pentane 

into a 1:1 v:v mixture of dichloromethane : acetone (missing one two TFSI counter ions); 

hydrogens which do not belong to the guest or host hydrogens not believed to be hydrogen 

bonding are removed for clarity; a) side view; b) top view with cryptandïcryptand hydrogen 

bonding; c) zoom showing TFSI hydrogen bonding to cryptand; d) structures 4b and 2; e) zoom 

showing TFSI and water hydrogen bonding to paraquat; f) hydrogen bonding with m-

ethyleneoxy chain (Second complex along with all non-guest hydrogens, TFSI, and water atoms 

removed for clarity); g) hydrogen bonding with p-ethyleneoxy chain (Second complex along 

with all non-guest hydrogens, TFSI, and water atoms removed for clarity); h) hydrogen bonding 

at the pyridyl arm (Second complex along with all non-guest hydrogens, TFSI, and water atoms 

removed for clarity); hydrogen-bond parameters: C---O distances (Å), C-H---O distances (Å), C-

H ---O angles (deg) A: 3.417, 2.532, 154.80; B: 3.758, 2.855, 158.91; C: 3.566, 2.717, 144.13; 

D: 3.793, 3.020, 135.71; E: 3.260, 2.428, 146.08; F: 3.414, 2.616, 141.89; G: 3.149, 2.745, 

104.97; H: 3.295, 2.597, 127.53; I: 3.418, 2.515, 158.62; J: 3.368, 2.467, 158.21; K: 3.430, 

2.529, 158.30; L: 3.104, 2.469, 124.18; M: 3.239, 2.261, 169.92; N: 3.502, 2.693, 143.32; O: 

3.145, 2.803, 102.23; P: 3.493, 2.745, 136.13; Q: 3.110, 2.573, 115.97; R: 3.141, 2.208, 166.30; 

S: 3.554, 3.050, 112.89; T: 3.300, 2.833, 111.26; U: 3.790, 3.092, 131.53; V: 3.183, 2.276, 

159.36; W: 3.059, 2.496, 117.87. Face-to-face ˊ-stacking parameters: centroid-centroid distance 

(Å): X: 4.501; Y: 3.696; Z: 4.497; AA: 3.713; ring plane/ring plane inclinations (deg): i: 7.90°; 

ii: 1.10°; iii: 3.97°; iv: 3.65°.  X-ray crystallography was performed and solved by Dr. Carla 

Slebodnick.   

 

As previously stated, any interaction found in 2 ǒ 4b should likely be found in 1a ǒ 4b; 

with this in mind it can be reasoned why a significant increase in Ka was observed in 1a but not 

1b when switching from dimethyl to dibenzyl paraquat.  In Figures 4.6f and 4.6g, it can be seen 

that a hydrogen of the benzyl group produced two hydrogen bonds of moderate strength, labeled 

K and U.  It is reasonable to suspect that the placement of ethyleneoxy arms in 1b would at best 

ƛύ                                                       Ƨύ 
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net one hydrogen bond at this point, due to atom placement and the presence of a hydrogen at the 

4-position in 1b. 

Several other derivatives of the benzyl paraquat TFSI were synthesized. Scheme 4.1 

shows the synthesis of useful bisparaquats 7 and 9, which could be used for chain extensions,14 

supramolecular polymers,2,15,16 or [3]pseudorotaxanes12,17 if combined with appropriate host 

compounds.  Additionally, Scheme 4.1 contains the most desirable feedstock molecules 5 and 8; 

typically, [4,4'-bipyridin]-1-ium molecules (halfquats) are synthesized to break the symmetry 

and introduce functionality for more complex molecules.  Both halfquats (5 and 8) and 

supramolecular guest monomers (7 and 9) were synthesized in acceptable yields, 97%, 41%, 

91%, and 75%, respectively.  In Scheme 4.2, the yields were 89% for 10, 95% for 11, and 77% 

for 12, indicating halide and functionality can be altered while maintaining reasonable yields. 

 

 

 

Scheme 4.1. Synthesis of benzylic bisparaquat TFSI monomer 7 and methyl bisparaquat TFSI 

monomer 9. 
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Scheme 4.2. Variation of benzylic halide and functionality. 

 

Typically, one of the forces that greatly drive complexation between a paraquat and 

cryptand are the relatively acidic protons of the carbon attached directly to the terminal nitrogen 

atoms of the 4,4'-bipyridinium moiety, Figure 4.7.  These protons interact with lone pairs of 

electrons in the cryptands.  It was anticipated that if these protons could be made more acidic, 

binding between the paraquat and cryptand could be further increased.  To test this hypothesis a 

[4,4'-bipyridine]-1,1'-diium employing 2,3,4,5,6-pentafluorobenzyl rings was synthesized, 13, 

Scheme 4.3.   

 

 

Figure 4.7.  Paraquat acidic aliphatic protons. 
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Scheme 4.3. Synthesis of fluorinated guests: paraquat TFSI 13. 

 

 It was anticipated that the electron deficient pentafluorophenyl rings of 13 could greatly 

increase the acidity of the benzylic protons and thereby ultimately drive the binding constant 

higher with 1a.  Comparing 13 to its hydrogen counterpart 4b, the first notable item comes from 

the 1H NMR spectrum; the benzylic protons of 13 are found 0.25 ppm downfield, indicating 

deshielding and more acidic protons. Secondly, by changing to fluorinated rings, the advantage 

of the salt being soluble in DCM was lost. From Table 4.4 it can be seen that, despite the 

benzylic protons in 13 being more acidic, the binding constant decreased by an order of 

magnitude compared to 4b.  The ȹH value decreased markedly from ï18.1 to ï12.9 kcal/mol, 

even though the æS for 1a ǒ 4b was ï33.7 eu while æS for 1a ǒ 13 is ï20.7 eu.  In the case of 

dimethyl paraquat vs. dibenzyl paraquat, increased opportunities for intermolecular interactions 

yielded a net increase in binding constant with 1a and analogous cryptands such as 2.  However, 

by changing the hydrogens atoms of the benzyl ring to fluorine atoms, a net loss was observed 

that was not outweighed by the increased acidity of the benzylic protons found in 13. 
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Table 4.4. ITC results for 13 with 1a obtained at 25 °C. 

 Solvent Ka 

(M -1) 

æG  

(kcal/ mol) 

æH  

(kcal/mol) 

æS  

(cal/molK) 

1a ǒ 13 acetone 8.47 x 104 

(±0.39 x 104) 

ï6.72 

(±0.31) 

ï12.9 

(±0.2) 

ï20.7 

(±1.0) 

 

 

 

CONCLUSION 

 In conclusion, the original dimethyl paraquat PF6 motif was successfully altered to a 

dibenzyl paraquat TFSI motif.  This change resulted in increased solubility of the paraquat salt in 

less polar solvents.  Taking advantage of the less polar solvent DCM, the association constant of 

dibenzo-30-crown-10-based pyridyl cryptand 1a with dibenzyl paraquat TFSI (4b) increased by 

an order of magnitude over the analogous dimethyl paraquat PF6 complex in acetone. However, 

the association constant of the 32-crown-10 counterpart did not increase similarly; Ka of 

cryptand 1b with dibenzyl paraquat TFSI (4b) in DCM decreased slightly compared to dimethyl 

paraquat PF6 in acetone.  Although 1b benefited from the change of PF6 to TFSI with dimethyl 

paraquat, at best only a nearly doubling in Ka was observed.  Inspection of several paraquat 

cryptand combinations revealed that TFSI-containing paraquats yielded higher association 

constants than their PF6 counter parts, but gains were modest.  A dibenzocrown ether based 

pyridyl cryptand containing a benzylic group led to a 5-fold increase in Ka with the dibenzyl 

paraquat as an apparent result of TFSI hydrogen bonding with the cryptand.  Useful 

supramolecular guest monomers 7 and 9 were prepared and a number of functional dibenzyl 



84 
 

paraquat TFSI salts were synthesized.  Lastly, 2,3,4,5,6-pentafluorobenzyl rings were installed 

on paraquat with the intent of increasing the acidity of the benzylic protons, in the hope of 

increasing association constants with 1a; this attempt was fruitless.  In total 10 new novel 

compounds were synthesized in this chapter. 

 

 

EXPERIMENTAL  

Measurements: 1HïNMR spectra were obtained on JEOL ECLIPSE-500, BRUKER-500, and 

AGILENT-NMR-vnmrs400 spectrometers.  13CïNMR spectra were collected at 125 MHz and 

101 MHz on these instruments.  HRïMS were obtained using an Agilent LC-ESI-TOF system.  

Reagents were purchased and used as received without further purification. Compounds 3a,18 

4a,19 6,20 and 8 21 were prepared as described by literature procedures; similar yields were 

achieved.  Compound 1 was prepared as described in chapter 2 and compound 2 was prepared as 

described in chapter 7.  X-ray crystallography was performed at Virginia Tech and solved by Dr. 

Carla Slebodnick.  Crystal structure of 1a Å 3b was grown from an equimolar solution of 

chloroform:acetone 1:1 (v:v) by liquid-liquid diffusion of diethyl ether.  Crystal structure of 2 Å 

4b was grown from an equimolar of dichloromethane:acetone 1:1 (v:v) by liquid-liquid diffusion 

of pentane.  X-ray crystallography tables can be found in the appendix of this dissertation.   

Solubility testing.  All solubility testing was carried out at 25 °C. A mixture of solvent and 

excess paraquat salt was made and placed in a water bath at 25 °C for 8 h.  A 5.00 mL aliquot 

was removed from the saturated solution using a volumetric pipette and placed in a cleaned tared 

vial.  Solvent removal and determination of the mass of the solid residue allowed calculation of 

the molarity of the saturated solution. 
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Sample ITC titration .  The following is an example using 1a Å 4b in DCM at 25 °C.  Host 1a 

was loaded into the cell of the instrument at a concentration of 0.160 mM, while a 250 µL ITC 

syringe was loaded with 4b at a concentration of 2.291 mM.  The instrument was set to high gain 

(high sensitivity).  The titration was achieved through 60 injections of 4.167 µL every 180 s; a 

primary filter period of 1 s and a secondary filter period of 3 s were applied (filter period switch 

time was set to 60 s).  A background titration used exactly the same titration conditions with the 

exception that the solution of 1a was replaced with DCM.  The heats for the dilution experiment 

were subtracted from the heats for the titration of 4b with 1a.  Analysis of the data was carried 

out using software provided by the manufacturer.  A ñOne Set of Sitesò model was used; 

stoichiometries other than 1:1 provided unsatisfactory fits; additionally, the first data point was 

ignored. 

Dimethyl paraquat TFSI (3b).  In 20 mL of water dimethyl paraquat iodide 22 (2.65 g, 6.02 

mmol) was dissolved. This solution was then added to a second flask containing LiTFSI (4.10 g, 

15.6 mmol) dissolved in 10 mL water. The resulting precipitate was filtered and allowed to air 

dry to provide a white solid: 4.32 g (96%), recrystallized from water and acetone three times 

2.88 g (64%), mp 125.9ï127.9 ᴈ; lit. mp 130 °C.21  1H NMR (500 MHz, acetone-d6) ŭ 9.42 (s, 

4H), 8.87 (s, 4H), 4.77 (s, 6H).  13C NMR (126 MHz, acetone-d6) ŭ 150.67 (s), 147.88 (s), 127.76 

(s), 120.95 (q, J = 322 Hz), 49.46 (s) (5 signals expected and 5 signals found).  High res MS: 

calc. for C16H14N4O8S4F12 [M+Na]+: m/z 768.9395; found: m/z 768.9405 (error 1.3 ppm). 

Dimethyl paraquat TPFB (3c).  In 3 mL of water dimethyl paraquat iodide 22 (63.1 mg, 0.143 

mmol) was dissolved. This solution was added to a second flask containing 

tetrakis(pentafluorophenyl)borate ethyl etherate (310.4 mg, 0.3563 mmol) dissolved in 3 mL of 

water. The resulting precipitate was filtered and allowed to air dry to provide a white solid: 
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0.2171 g (98%), mp 204.6ï208.5 °C.  1H NMR (400 MHz, acetone-d6) ŭ 9.51 (d, J = 7 Hz, 4H), 

8.96 (d, J = 7 Hz, 4H), 4.79 (s, 6H).  13C NMR (101 MHz, acetone-d6) ŭ 149.81 (s), 147.08 (s, 

overlap), 148.13 (br d, J = 237 Hz, overlap), 143.13 (br d, J = 773 Hz, overlap), 136.11 (br d, J = 

253 Hz), 136.90 (s, overlap), 126.90 (s), 48.64 (s) (8 signals expected and 8 signals found).  High 

res MS: calc. for C36H14F20N2B [M - TPFB]+: m/z 865.0925; found: m/z 865.0890 (error 4.0 

ppm). 

General Procedure 1: Dibenzyl paraquat TFSI (4b).  To a round bottom flask containing 

acetonitrile (100 mL) was added 4,4ô-dipyridyl (2.03 g, 13.0 mmol) and benzyl bromide (5.0 mL, 

42 mmol) under nitrogen.  The reaction mixture was held at reflux for 21 h, after which the 

solvent was removed by rotary evaporation.  The crude material was triturated with acetonitrile 

and DCM, followed by collection on a fritted glass filter where it was washed with DCM and air 

dried: 6.45 g (99%), mp 260 (dec); lit. mp 260 (dec).23  The precipitate (1.47 g, 2.95 mmol) was 

dissolved in 10 mL of water and after dissolving LiTFSI (2.11 g, 8.02 mmol) in 5 mL of water in 

a separate container, the two aqueous solutions were combined.  The precipitate was filtered, 

washed with water and allowed to air dry; this provided a white solid: 2.6514 g (100%), 

recrystallized from water-acetone mixture (x3), mp 112.4ï113.3 °C.  1H NMR (500 MHz, 

DMSO-d6) ŭ 9.52 (d, J = 7 Hz, 4H), 8.75 (d, J = 7 Hz, 4H), 7.62 (d, J = 7 Hz, 4H), 7.52ï7.41 (m, 

6H), 5.96 (s, 4H).  13C NMR (126 MHz, DMSO-d6) ŭ 149.34 (s), 145.65 (s), 134.01 (s), 129.48 

(s), 129.22 (s), 128.86 (s), 127.23 (s), 119.45 (q, J = 323 Hz), 63.54 (s) (9 peaks expected and 9 

peaks found).  High res MS: calc. for C28H22F12N4O8S4 [M+NH4]
+: m/z 916.0467; found: m/z 

916.0503 (error ï3.9 ppm). 

General Procedure 2: 1,1'-bis(p-vinylbenzyl)-[4,4'-bipyridine] -1,1'-diium TFSI (10).  To a 

round bottom flask containing acetonitrile (30 mL) was added 4,4ô-dipyridyl (0.5071 g, 3.247 
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mmol) and p-vinylbenzyl chloride (1.2 mL, 8.5 mmol) under nitrogen.  The reaction mixture was 

held at reflux for 21 h, after which time the solvent was removed by rotary evaporation.  The 

crude material was triturated with DCM, collected on a filter, washed with DCM and air dried.  

The precipitate was dissolved in 10 mL water and after dissolving LiTFSI (2.35 g, 8.19 mmol) in 

10 mL water in a separate container, the two aqueous solutions were combined.  The precipitate 

was filtered, washed with water and allowed to air dry; this provided a white solid with a blueish 

tint: 2.74 g (89%), mp 261°C (dec).  1H NMR (500 MHz, CD2Cl2) ŭ 8.93 (d, J = 7 Hz, 2H), 8.45 

(d, J = 7 Hz, 2H), 7.57 (d, J = 8 Hz, 2H), 7.47 (d, J = 8 Hz, 2H), 6.78 (dd, J = 18, 11 Hz, 1H), 

5.88 (d, J = 18 Hz, 1H), 5.82 (s, 2H), 5.40 (d, J = 11 Hz, 1H).  13C NMR (126 MHz, CD2Cl2) ŭ 

150.81 (s), 145.54 (s), 140.55 (s), 135.85 (s), 130.41 (s), 130.08 (s), 128.07 (s), 120.08 (q, J = 

323 Hz), 116.61 (s), 65.89 (s).  High res MS +1 peak: calc. for C32H26O8N4S4F12 [M-TFSI]+: m/z 

670.1264; found: m/z 670.1248 (error ï2.4 ppm). 

Dibenzyl paraquat TFSI (4b).  General procedure 1 was used to produce a white solid: 2.6514 

g (100%), mp 112.4-113.3°C, by using dibenzyl paraquat bromide (1.47 g, 2.95 mmol) and 

LiTFSI (2.11 g, 8.02 mmol) in 5 mL of water.  1H NMR (500 MHz, DMSO-d6) ŭ 9.52 (d, J = 7 

Hz, 4H), 8.75 (d, J = 7 Hz, 4H), 7.62 (d, J = 7 Hz, 4H), 7.52ï7.41 (m, 6H), 5.96 (s, 4H).  13C 

NMR (126 MHz, DMSO-d6) ŭ 149.34 (s), 145.65 (s), 134.01 (s), 129.48 (s), 129.22 (s), 128.86 

(s), 127.23 (s), 119.45 (q, J = 323 Hz), 63.54 (s) (9 peaks expected and 9 peaks found).  High res 

MS: calc. for C28H22F12N4O8S4 [M+NH4]
+: m/z 916.0467; found: m/z 916.0503 (error ï3.9 

ppm). 

Dibenzyl paraquat TPPB (4c).  General procedure 1 was used to produce an off-white solid 

162.3 mg (98% ), mp 240.6ï242.3 ᴈ, by using dibenzyl paraquat dibromide (48.6 mg, 0.0975 

mmol) and tetrakis(pentafluorophenyl)borate ethyl etherate (286.0 mg, 0.3283 mmol) dissolved 
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in 3 mL of water.  1H NMR (400 MHz, acetone-d6) ŭ 9.63 (d, J = 7 Hz, 4H), 8.96 (d, J = 7 Hz, 

4H), 7.75ï7.58 (m, 4H), 7.57ï7.43 (m, 6H), 6.22 (s, 4H).  13C NMR (101 MHz, acetone-d6) ŭ 

150.67 (s), 148.15 (br d, J = 245 Hz), 146.09 (s, overlap), 142.71 (br d, J = 683 Hz), 136.10 (br 

d, J = 254 Hz), 136.92 (s, overlap), 133.24 (s), 130.05 (s), 129.58 (s), 129.17 (s), 127.77 (s), 

64.98 (s) (12 signals expected and 12 signals found).  High res MS: calc. for C72H22F40N2B2 

[M+Na]+: m/z 1719.1223; found: m/z 1719.1303 (error ï4.7 ppm).   

1-Benzyl-[4,4'-bipyridin] -1-ium TFSI (5).  A solution of acetone (200 mL), 4,4ô-dipyridyl 

(5.02 g, 32.1 mmol) and benzyl bromide (3.2 mL, 27 mmol) was held at reflux for 45 min and 

allowed to cool to room temperature. Half of the acetone was removed by rotary evaporation and 

the solution was diluted with ether and filtered.  The solid was washed with ether, air dried and 

3.01 g of the precipitate was dissolved in 30 mL water and a separate aqueous solution of LiTFSI 

(4.25 g, 14.0 mmol) in 10 mL of water was made.  The two aqueous solutions were combined 

and after brief stirring extracted with DCM twice.  The organic layers were combined and 

washed with water (x3).  Removal of solvent provided the desired product as a white solid; 

4.7063 g (97%), mp 90.8ï92.5 ᴈ.  1H NMR (500 MHz, CDCl3) ŭ 8.92 (d, J = 7 Hz, 2H), 8.83 

(d, J = 6 Hz, 2H), 8.22 (d, J = 7 Hz, 2H), 7.63 (d, J = 6 Hz, 2H), 7.51ï7.39 (m, 5H), 5.75 (s, 2H).  

13C NMR (126 MHz, CDCl3) ŭ 154.89 (s), 151.48 (s), 144.80 (s), 140.83 (s), 131.52 (s), 130.59 

(s), 130.01 (s), 129.45 (s), 126.16 (s), 121.46 (s), 119.80 (q, J = 321 Hz), 65.00 (s) (12 peaks 

expected and 12 peaks found).  High res MS: calc. for C19H15O4F6N3S2 [M-TFSI]+: m/z 

247.1230; found: m/z 247.1223 (error -3 ppm). 

1',1''' -(((Pentane-1,5-diylbis(oxy))bis(4,1-phenylene))bis(methylene))bis(1-benzyl-[4,4'-

bipyridine] -1,1'-diium) TFSI (7).  A solution of 1,5-bis[p-(bromomethyl)phenoxy]pentane,20  

(0.7450 g, 1.685 mmol), acetonitrile (100 mL) and 1-benzyl-[4,4'-bipyridin]-1-ium TFSI (1.8580 
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g, 3.5225 mmol) was held at reflux under nitrogen for 24 h.  After it had cooled to room 

temperature, the mixture was filtered and the solid was washed with acetonitrile, DCM, and 

dried on the filter.  The precipitate was dissolved in 30 mL of boiling water, while a separate 

aqueous solution of LiTFSI (1.1 g, 4.2 mmol) in 10 mL of water was made.  The aqueous 

solution of the precipitate was filtered and the two solutions were combined and allowed to cool 

to room temperature. The water was decanted and the remaining material was triturated with 

water (x3) and collected. After complete removal of solvent in vacuum the material was 

collected as a yellow solid: 2.90 g (91%); the precipitate was purified via recrystallization from 

water-acetone three times (product remained a yellow solid) 1.43 g (45%), mp 116.4ï118.8 ᴈȢ  

1H NMR (500 MHz, DMSO) ŭ 9.49 (m, 8H), 8.73 (m, 8H), 7.61 (m, 8H), 7.54ï7.41 (m, 6H), 

7.03 (d, J = 9 Hz, 4H), 5.96 (s, 4H), 5.86 (s, 4H), 4.00 (t, J = 6 Hz, 4H), 1.85ï1.72 (m, 4H), 

1.61ï1.51 (m, 2H).  13C NMR (126 MHz, DMSO) ŭ 160.11 (s), 149.85 (s), 149.66 (s), 146.13 

(s), 145.85 (s), 134.51 (s), 131.26 (s), 129.98 (s), 129.73 (s), 129.36 (s), 127.70 (s), 127.63 (s), 

126.19 (s), 119.94 (q, J = 323 Hz), 115.52 (s), 68.01 (s), 64.03 (s), 63.73 (s), 28.77 (s), 22.60 (s) 

(20 peaks expected and 19 peaks found, two peaks are believed to overlap at 126.19).  High res 

MS: calc. for C61H52O18F24N8S8 [M+Na]+: m/z 1919.0680; found: m/z 1919.0505 (error ï9.12 

ppm). 

1',1''' -(decane-1,10-diyl)bis(1-methyl-[4,4'-bipyridine] -1,1'-diium) TFSI  (9).  1-Methyl-[4,4'-

bipyridin]-1-ium TFSI (6.10 g, 13.5 mmol) and 1,10 dibromodecane (1.64 g, 5.47 mmol) were 

combined in a round bottom flask, dissolved in acetonitrile (75 mL), and held at reflux under 

nitrogen for 12 h.  The mixture was allowed to cool and the solid was collected on a glass frit 

and washed with cold acetonitrile followed by dichloromethane.  The solid was dissolved in 

water and a separate solution of LiTFSI (4.01 g, 14.0 mmol) in water (10 mL) was made.  The 
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two solutions were combined.  The solid precipitate was collected and recrystallized from water 

to yield an off white product 6.53 g (75 %).  Further purification was achieved via 

recrystallization from water-acetone, mp 93.2ï94.4 ᴈȢ  1H NMR (400 MHz, DMSO-d6) ŭ 9.32 

(d, J = 7 Hz, 4H), 9.24 (d, J = 7 Hz, 4H), 8.74 ï 8.69 (m, 8H), 4.63 (t, J = 8 Hz, 4H), 4.40 (s, 

6H), 1.94 (s, 4H), 1.40ï1.18 (m, 12H).  13C NMR (101 MHz, DMSO-d6) ŭ 149.03, 148.62, 

147.04, 146.15, 126.95, 126.49, 119.89 (q, J = 323 Hz), 61.37, 48.46, 31.24, 29.28, 28.90, 25.98 

(13 signals expected and 13 signals found).  High res MS: calc. for C40H42N8O16S8F24 [M - 

TFSI]+: m/z 1322.0923; found: m/z 1322.0839 (error 6.4 ppm) 

1,1'-Bis(p-bromobenzyl)-[4,4'-bipyridine] -1,1'-diium TFSI (11).  General procedure 2 was 

used to produce a white solid, 4.2173 g (95%), mp 153.6ï155.9 ᴈ, using 4,4ô-dipyridyl (0.6551 

g, 4.19 mmol), p-bromobenzyl bromide (2.81 g, 11.2 mmol), acetonitrile (50 mL) and LiTFSI 

(3.00 g, 10.4 mmol) in 10 mL of water. 1H NMR (400 MHz, DMSO-d6) ŭ 9.44 (d, J = 7 Hz, 4H), 

8.69 (d, J = 7 Hz, 4H), 7.66 (d, J = 8 Hz, 4H), 7.54 (d, J = 8 Hz, 4H), 5.88 (s, 4H).  13C NMR 

(101 MHz, DMSO-d6) ŭ 149.74 (s), 146.17 (s), 133.70 (s), 132.62 (s), 131.65 (s), 127.64 (s), 

123.52 (s), 119.89 (q, J = 323 Hz), 63.19 (s) (9 signals expected and 9 signals found).  High res 

MS +1 peak: calc. for C28H20Br2O8N4S4F12 [M+NH4]
+: m/z 1071.8677; found: m/z 1071.8676 

(error 0.09 ppm). 

1,1'-Bis(p-(isopropoxycarbonyl)benzyl)-[4,4'-bipyridine] -1,1'-diium TFSI (12).  General 

procedure 2 was used to produce a white solid, 2.65 g (77%), mp149.9-151.3 ᴈ, using 4,4ô-

dipyridyl (0.50 g, 3.2 mmol), isopropyl p-(iodomethyl)benzoate (2.50 g, 8.22 mmol), acetonitrile 

(20 mL) and LiTFSI (2.39 g, 8.32 mmol) in 10 mL water. 1H NMR (400 MHz, DMSO-d6) ŭ 9.44 

(d, J = 7 Hz, 4H), 8.71 (d, J = 7 Hz, 4H), 7.98 (d, J = 8 Hz, 4H), 7.67 (d, J = 8 Hz, 4H), 5.99 (s, 

4H), 5.10 (hept, J = 6 Hz, 2H), 1.28 (d, J = 6 Hz, 12H).  13C NMR (101 MHz, DMSO-d6) ŭ 
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165.05 (s), 149.75 (s), 146.37 (s), 139.15 (s), 131.57 (s), 130.28 (s), 129.60 (s), 127.66 (s), 119.9 

(q, J = 323 Hz), 68.94 (s), 63.37 (s), 22.00 (s) (12 signals expected and 12 signals found).  High 

res MS calc. for C36H34O12N4S4F12 [M+NH4]
+: m/z 1088.1203; found: m/z 1088.1213 (error ï

0.92 ppm). 

1,1'-Bis((perfluorophenyl)methyl)-[4,4'-bipyridine] -1,1'-diium TFSI (13).  General procedure 

1 was used to produce a white solid, 4.88 g (99%), mp 166.5ï167.9 °C, using 4,4ô-dipyridyl 

(0.7161 g, 4.585 mmol), 2,3,4,5,6-pentafluorobenzylbromide (2.0 mL, 13 mmol), acetonitrile (20 

mL), and LiTFSI (3.29 g, 11.5 mmol) in 10 mL water.  1H NMR (500 MHz, DMSO-d6) ŭ 9.38 

(d, J = 6.9 Hz, 4H), 8.75 (d, J = 7.1 Hz, 4H), 6.21 (s, 4H).  13C NMR (126 MHz, DMSO-d6) ŭ 

150.13 (s), 146.70 (s), 146.09 (br d, J = 255 Hz), 142.25 (br d, J = 255 Hz), 137.71 (dt, J = 252, 

13 Hz), 127.66 (s), 119.9 (q, J = 323 Hz), 107.87 (tt, J = 8, 4 Hz), 51.99 (s) (9 signals expected 

and 9 signals found).  High res MS: calc. for C14H7F11N2O4S2 [M - TFSI]+: m/z 260.0493; found: 

m/z 260.0492 (error 0.4 ppm).   
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Chapter 5 

CHELIDAMIC ACID DERIVATIVES  

INTRODUCTION  

 

Scheme 5.1. Typical route to pyridyl cryptands. 

 

Although pyridyl cryptands are known and studied for their high binding constants with 

paraquats and diquats, without a synthetic ñhandleò on the molecules, this class of compounds is 

of little practical use. These compounds are typically produced via crown diols of varying size 

and a pyridyine-2,6-diacid chloride. A functional group (ñhandleò) attached to the crown ether 

component leads to complications. However, if the functional group is placed on the pyridine 

component, some of these difficulties are removed.  For this reason, chelidamic acid (2) and its 

derivatives have been studied in this chapter as presursors for functionalized cryptands.  

Compound 2 contains a hydroxyl group at the 4-position, which is ideal for functionalization, 

given the wide range of reactions available for hydroxyl moieties.  Substitution at the 4-position 

provides a location that should have little effect on how the host and guest associate.  

Conveniently, a high yielding literature procedure exists for 2; 1  chelidonic acid (1) is 
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synthesized form acetone and diethyl oxalate via aldol condensatiions and converted to 2 by 

reaction with ammonia (Scheme 5.2).   

 

 

Scheme 5.2. Synthesis of Chelidamic Acid. 

 

 

RESULTS AND DISCUSSION 

Although 2 already contains the phenolic moiety, this would interfere with the 

esterification/cyclization step in the synthesis of cryptand. For this reason, other functionalities 

must be explored.  Scheme 5.3 shows the early directions explored using chelidamic acid. 
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Scheme 5.3. Initial chelidamic acid derivatives. 

 

Initial studies of chelidamic derivatives began with the synthesis of the reported aryl 

bromide (3).2  4 and 5 were then synthesized to demonstrate the potential of Heck coupling; both 

reactions were achieved using palladium acetate in DMF at 90 °C with yields of 35% and 14%, 

respectively.  Thus, a wealth of feedstock molecules could be generated through Heck coupling 

or from a bromo-substituted cryptand.  Although Heck coupling provides a predominance of 

trans products, a measurable amount of cis product is normally produced.  Additionally, olefins 
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often lack the stability associated with their saturated counterparts.  Therefore, attempts were 

made with palladium on carbon (10%) and hydrogen gas to reduce 5; unfortunately, these 

attempts to produce 8 were unsuccessful.  5 could, however, be saponified by potassium 

hydroxide and water, but in doing so the alkyl halide was converted to an alcohol, i.e., 6 in a 

yield of 71%.  Attempts to convert 6 to the diacid chloride 7 with thionyl chloride were, 

however, unsuccessful.  It is hypothesized before the alcohol is converted to the chloride, the 

acid chloride is formed and reacts with the alcohol to form an ester.  As acid chlorides are 

problematic to purify 7 was abandoned.   

Alkylation of chelidamic was explored as an alternative to Heck coupling.  10 was 

synthesized via esterification of 2 with thionyl chloride and methanol to produce 9 in 82% yield.  

9 was then alkylated using 5-bromopent-1-ene to provide 10 as a mixture of N and O alkylated 

products in a quantitative yield.  Although 11 has been reported 3 using a synthetic scheme 

slightly different that shown here, characterization and melting point of the compound were not 

provided.  Instead a downstream product was characterized and reported after recrystallization; it 

is likely this was done because the synthesis resulted in a mixture of N and O alkylated products.  

The two different possibilities for alkylation arise from the tautomers 2a and 2b (Scheme 5.4).  

In 2a, the ketone form, the nitrogen is available to react; in 2b, the phenolic form, the oxygen is 

available to react.  Although TLC indicated that the two isomeric compounds could be separated, 

inspection of the reaction showed an inefficiency in going from 9 to 10, yield loss and increased 

effort in terms of purification.  For these reasons, this synthetic methodology was abandoned. 
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Scheme 5.4. Tautomers of 2. 

 

To establish a synthetic route which would yield only the desired O-alkylated products, it 

was reasoned that if enough steric bulk could be placed around the nitrogen atom in chelidamic 

esters, N-alkylation could be stopped altogether. To test this theory, the ethyl ester 12 and 

isopropyl ester 13 were synthesized and reacted with p-vinylbenzyl chloride to determine if N 

alkylation could be halted, Scheme 5.5. 

 

 

Scheme 5.5. N- vs. O-alkylation in the synthesis of styrene chelidamic acid derivative 17. 
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Figure 5.1. 1H NMR spectrum (500 MHz, CDCl3, 23 oC) of crude reaction mixture of 12 with p-

vinylbenzyl chloride after removal of unreacted chloride. O-alkylated peaks contain an arrow 

and dash above them; approximately 80% O-alkylation (14) and 20% N-alkylation (15). 

 

The reaction of ethyl ester 12 with p-vinylbenzyl chloride gave a mixture of 14 and 15 

and as with 9, O-alkylation was the major process (80:20, Figure 5.1). Use of isopropyl ester 13, 

however, gave surprisingly different results; upon reaction with p-vinylbenzyl chloride: a single 

product, 16, in a yield of 64%. Formation of a single product drastically reduces isolation time 

and difficulty, allowing for a simplified purification procedure.  Purification of 16 was 

accomplished by filtering the reaction mixture through diatomaceous earth, solvent evaporation, 

and then titruration with hexanes. 

Additionally, the synthesis of 9, 12, and 13 provided an opportunity to pursue a second 

goal: develop a synthetic route to a diester which does not require the sometimes expensive and 

toxic chemical, thionyl chloride.  It should be noted that acid catalyzed (sulfuric acid or p-

toluenesulfonic acid) esterifications to produce 9 gave very low yields.  Acid catalyzed 

esterification with sulfuric acid produced of 12 and 13 in 79% and 86% yields, respectively.  

Yields for 9 using of thionyl chloride were 87%.  

To demonstrate the versatility of 13, Scheme 5.6 shows a wide range of products that 

have been synthesized from 13 with only O-alkylation being observed. These feedstock 
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molecules are capable of either directly undergoing saponification or reacted further to form 

more complicated precursors.  Attempts were made to produce feedstock molecules (for the 

synthesis of cryptands) falling into the following categories: covalent monomers, initiators, chain 

terminators, leaving groups, aryl halides and Host-Guest monomer feedstocks.   

 

Scheme 5.6. Versatility of 13 as a feedstock chemical for chelidamic derivatives. 

 

Beginning with the covalent monomer category, a single compound falls into this 

grouping, 16, as seen in Schemes 5.5 and 5.6.  It is anticipated that the styrene functionality of 

16 would be capable of undergoing anionic, cationic, and free radical polymerizations, given that 

the resulting cryptand can survive the reaction conditions. 

In addition to 16 serving as a feedstock molecule for a styrene cryptand, it also acts as the 

starting compound for the synthesis of an initiator.  Olefins can be directly converted to either 
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secondary or tertiary bromides by reaction with PBr3 in the presence of silica.4  Taking this into 

account, 16 was directly converted to 33 in 86% yield.  Such secondary bromides are well known 

for their ability to initiate chain polymerizations.5,6  However, hydrolysis of the halide as 

observed in the synthesis of 6 and 22 would result in the conversion of the secondary bromide to 

a secondary alcohol.  For this reason, 33 was converted to 34 in 57% yield using a procedure 

developed by Matyjaszewski et al. in which alkyl bromides can be directly converted to TEMPO 

derivatives in the presence of Cu(OTf)2.
7  34 provides an intermediate for a cryptand initiator 

which should not be affected by basic conditions during saponification. 

Regarding polymerization, ROMP has advantages over cationic, anionic, and free radical 

polymerizations in that the conditions for these reactions are very mild; typically, DCM as a 

solvent at room temperature and Grubbs 1st generation catalyst.8-10  As cryptands contain ester 

functional groups, ROMP provides a mild reaction attachment to polymers.  A ROMP 

polymerization can be quenched with either a vinyl ether or an aldehyde.  Quenching with a 

vinyl ether terminates the polymer with a vinyl group, while adding the ethoxy group to the 

catalyst, thus rendering it incapable of continuing the polymerization.  Quenching with an 

aldehyde terminates the polymer via substitution of the aldehyde while oxidixing the Grubbs 

catalyst, once again rending it incapable of initiation.9-11  The process of ROMP termination is 

shown in Scheme 5.7.  Benzaldehydes 25 and 26 were synthesized from 13 with 37 and 38, in 

48% and 59% yields respectively, to provide ROMP chain terminators.   
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Scheme 5.7. ROMP quenching via aldehyde and ethylvinyl ether. 

 

As previously mentioned the alkyl halide derivatives were incapable of standing up to the 

reaction conditions of saponification, which gave way to the isolation of 6 and 22 instead of the 

desired alkyl chlorides.  To use these feedstock molecules for the synthesis of cryptands, 

saponification is required; thus an alternative approach was needed to produce a cryptand 

containing a leaving group.  18 was synthesized in 37% yield with a tosylate functionality, which 

was retained during saponification with potassium hydroxide to yield 20 in 93% yield.  20 

provides a unique vantage point in that even if conversion of 20 to the acid chloride converts the 

tosylate group to a chloride, a leaving group will still be present in the molecule.   

Initially the target molecule of the reaction between 13 and 36 at 2:1 stoichiometry was 

19, but 18 was isolated as a side product. The reaction of 13 (2 eq.) with 36 (1 eq.) in the 

presence of potassium carbonate was executed once using acetonitrile as the solvent and once 

using acetone. Acetone gave a 4:1 ratio of 18:19, but with acetonitrile the product ratio was 

better than 1:99 18:19. Acetone provides a retarded reaction speed over acetonitrile, in which 

difunctional leaving groups such as 36 or 1,4-bis(chloromethyl)benzene may singly add to 13, 

allowing control over mono- or di-additions. Without solvent control, introduction of leaving 
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groups on 13 would require either a large excess of a difunctional component (such as 36) or the 

use of unsymmetrical compounds with staged functionalities. 

Aryl halides have a wide range of uses thanks to the recent development of coupling 

reactions, such as Heck, Suzuki, Ullman, and Sonograshira to just name a few.  Given the 

versatility of aryl halides, several differing feedstocks were developed.  28 and 30 were prepared 

from aryl bromides.  30, formed in a yield of 99%, was constructed to have the aryl bromide 

directly attached to the chelidamic acid portion of the molecule.  It was envisioned that in some 

situations a spacer between the chelidamic acid portion of the molecule and aryl bromide could 

be advantageous; an example would be the formation of a supramolecular polymer.  To satisfy 

this desire, 28 was synthesized with a linkage between the chelidamic acid portion of the 

molecule and aryl bromide.  The last feedstock molecule for this grouping is 32, which contains 

an aryl iodide.  Although costlier than its bromide counterpart, the aryl iodide was synthesized to 

meet the demand of any problematic coupling reactions.  Iodides are typically more reactive than 

bromides in palladium catalyzed coupling reactions.12-14 

Hostïguest monomers for supramolecular polymers fall into two separate types: AïB 

monomers and AïA/BïB monomers.  AïB monomers involve tethering of the host to a guest; 

the monomer then self-associates to form a polymeric structure.  AïA/BïB monomers are two 

separate difunctional monomers.  Mixing AïA/BïB monomers at 1:1 stoichiometry is used to 

provide polymeric structures.  Considering AïB monomers, cryptands associate very well with 

diquats, paraquats and to a lesser extent with pyridinium salts.  Since diquats require an 

extensive synthetic scheme to build in functionality and both diquats and paraquats degrade in 

even weak bases, tethering either to 13 would be fruitless, since neither could survive the 

reaction conditions for saponification.  The pyridinium cation, however, offers a reasonable 
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compromise. Although lower binding with cryptand systems, a direct synthesis can be 

formulated and the moiety will withstand saponification.  23 contains a pyridine ring that once 

reacted with acid will form a pyridinium cation capable of undergoing basic saponification.   

Given the recent development of dibenzo-30-crown-10- and bis(m-phenylene)-32-crown-

10-cryptand templation procedures (Chapter 3), the approach to a difunctional AïA monomer 

was to develop difunctional chelidamic acid derivatives for single pot, double cyclization.  

Scheme 5.8 provides structures and synthetic schemes for 40 and 42, each containing two 

chelidamic motifs tethered by different linkages.   

   

 

Scheme 5.8. Difunctional A-A monomer precursors. 

 

 

 

CONCLUSIONS 

Here we have shown that chelidamic acid (2) is capable of producing a wealth of 

compounds to be used as feedstock molecules for cryptands.  In this chapter, 27 new compounds 

were synthesized and fully characterized.  The first obstacle overcome was N- vs. O-alkylation; 

it was found that by using the diisopropyl ester 13 as a precursor, N-alkylation could be stopped.  
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Additionally, 13 was made in high yield by acid catalysis, while avoiding the use of thionyl 

chloride.  Next it was found that acetone could be used over acetonitrile to obtain compounds 

containing a leaving group in an economical fashion from difunctional electrophiles.  From 13 a 

wide range of feedstock molecules were synthesized.  Attempts made to produce feedstock 

molecules falling into the following categories were successful: covalent monomers (16), 

initiators (34), chain terminators (25 and 26), leaving groups (16, 18, 20, 21), aryl halides (27, 

28, 29, 30, 31, 32), and A-B Host-Guest monomers (19, 23, 40, 41, 42). 

 

 

EXPERIMENTAL  

Measurements: 1HïNMR spectra were obtained on JEOL ECLIPSE-500, BRUKER-500, and 

AGILENT-NMR-vnmrs400 spectrometers.  13CïNMR spectra were collected at 125 MHz and 

101 MHz on these instruments.  HRïMS were obtained using an Agilent LC-ESI-TOF system.  

Reagents were purchased and used as received without further purification.  Compounds 1,1 2,1 

3,2 9,15 10,3 12,16 35,17 36,18 37,19 and 38 20 were made in accordance with literature procedures; 

similar yields were achieved.   

General procedure 1: (E)-4-(p-hydroxymethylstyryl)pyridine -2,6-dicarboxylic acid (6).  5 

(187.8 mg, 0.5431 mmol) was dissolved in THF (50 mL) and a solution of 10 wt. % KOH (30 

mL) in water was added to the solution while stirring.  The solution was stirred for 12 h and THF 

was removed by rotary evaporation.  The remaining aqueous solution was acidified to pH 1 and 

the solid precipitate was collected by filtration:  115.6 mg (71 %), mp 85.6ï91.4 °C.  1H NMR 

(500 MHz, DMSO-d6) ŭ 8.40 (s, 2H), 7.78 (d, J = 16 Hz, 1H), 7.69 (d, J = 8 Hz, 2H), 7.46 (d, J = 

16 Hz, 1H), 7.37 (d, J = 7 Hz, 2H), 4.53 (s, 2H).  13C NMR (126 MHz, DMSO-d6) ŭ 166.15 (s), 
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149.28 (s), 148.33 (s), 144.35 (s), 135.64 (s), 134.93 (s), 127.84 (s), 127.37 (s), 124.60 (d, J = 8 

Hz), 63.18 (s).  (11 peaks expected and 11 peaks found).  HR MS: calc. for C16H13O5N [M + H]+: 

m/z 300.0866; found: m/z 300.0872 (error -2 ppm).  

(E)-Dimethyl 4-(2ô-ethoxyvinyl)pyridine-2,6-dicarboxylate (4).  To a flask containing DMF 

(100 mL) was added Pd(OAc)2 (57.5 mg, 0.256 mmol), 4-bromochelidamic methyl ester (2.16 g, 

7.88 mmol), K2CO3 (1.30 g, 9.41 mmol), PPh3 (156 mg, 0.595 mmol), and ethyl vinyl ether (1.0 

mL, 10 mmol).  The reaction mixture was stirred under nitrogen at 90 °C for 19 h.  Solvent was 

removed by rotary evaporation and the crude material was dissolved in chloroform.  The solution 

was washed with 1 M HCl (x 3) and water (x3), followed by drying over sodium sulfate.  

Filtration and removal of the solvent provided a material which was purified by passing through 

a silica column, eluting with hexanes:ethyl acetate 1:1 to give a mixture of cis and trans isomers; 

0.74 g (35%), mp: 48.2ï55.7 ᴈ. 1H NMR (500 MHz, CDCl3) ŭ 8.40 (s, 2H), 8.04 (s, 2H), 7.39 

(d, J = 13 Hz, 1H), 6.54 (d, J = 7 Hz, 1H), 5.82 (d, J = 13 Hz, 1H), 5.31 (d, J = 7 Hz, 1H), 4.46 

(qd, J = 7, 1 Hz, 8H), 4.11 (qd, J = 7, 4 Hz, 2H), 3.99 (q, J = 7.0 Hz, 2H), 1.45 (t, J = 7 Hz, 

16H), 1.37 (t, J = 7 Hz, 3H).  13C NMR (126 MHz, CDCl3) ŭ 165.37 (s), 165.22 (s), 153.56 (s), 

152.85 (s), 148.83 (s), 148.66 (s), 147.75 (s), 146.18 (s), 126.36 (s), 123.29 (s), 102.87 (s), 

102.16 (s), 70.52 (s), 66.79 (s), 62.37 (s), 62.22 (s), 15.46 (s), 14.80 (s).  (18 peaks expected and 

18 found).  HR MS: calc. for C15H19NO5 [2M + Na]+: m/z 609.2419; found: m/z 609.2364 (error 

-8.9 ppm).  1H NMR Cis- 1H NMR (500 MHz, CDCl3) ŭ 8.04 (s, 2H), 5.82 (d, J = 13 Hz, 1H), 

5.31 (d, J = 6.9 Hz, 1H), 4.46 (qd, J = 7, 1 Hz, 6H), 3.99 (q, J = 7 Hz, 2H), 1.37 (t, J = 7 Hz, 

3H). 1H NMR Trans- 1H NMR (500 MHz, CDCl3) ŭ 8.40 (s, 2H), 7.39 (d, J = 13 Hz, 1H), 6.54 

(d, J = 7 Hz, 1H), 4.46 (qd, J = 7, 1 Hz, 6H), 4.11 (qd, J = 7, 4 Hz, 2H), 1.45 (t, J = 7 Hz, 3H). 
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(E)-Dimethyl 4-(p-chloromethylstyryl)pyridine -2,6-dicarboxylate (5).  Dimethyl 4-

bromopyridine-2,6-dicarboxylate (0.83g, 3.0 mmol), palladium acetate (22.2 mg, 0.0989 mmol), 

triphenylphosphine (63.5 mg, 0.242 mmol), and sodium carbonate (0.45 g, 4.2 mmol) were 

added to a small flask containing a magnetic stir bar.  The solvent, DMF (80 mL), and p-

vinylbenzyl chloride (0.60 mL, 4.3 mmol) was added to the flask once an oil bath had been 

prepared at 90 °C.  The reaction mixture was allowed to stir under heat and nitrogen for 60 h.  A 

portion of solvent was removed by rotary evaporation and the remaining mixture was dissolved 

in chloroform; the mixture was washed with 1M HCl (x2), water (x3), and dried over Na2SO4.  

After filtration and evaporation of the solvent, a minimal amount of chloroform was used to 

dissolve the product and it was precipitated into a small amount of ether (~100 times the volume 

of chloroform).  The solution was filtered: a white yellow tinted solid, 146.5 mg (14%), mp 

175.0ï177.0 (dec).  1H NMR (400 MHz, CDCl3) ŭ 8.38 (s, 2H), 7.62 ï 7.41 (m, 5H), 7.14 (d, J = 

16 Hz, 1H), 4.62 (s, 2H), 4.05 (s, 6H). 13C NMR (126 MHz, CDCl3) ŭ 165.38 (s), 148.85 (s), 

147.59 (s), 138.78 (s), 135.68 (s), 135.11 (s), 129.34 (s), 128.98 (s), 127.77 (s), 125.05 (s), 53.38 

(s), 45.83 (s).  (12 peaks expected and 12 peaks found) HR MS: calc. for C18H16NO4Cl [M + H]+: 

m/z 346.0841; found: m/z 346.0860 (error 5.7 ppm). 

Attempted synthesis of (E)-4-(p-chloromethylstyryl)pyridine -2,6-dicarboxylic acid chloride  

(7).  (E)-4-(p-hydroxymethylstyryl)pyridine-2,6-dicarboxylic acid (108.1 mg, 0.3612 mmol) and 

thionyl chloride (5 mL, 0.07 mol) in a round bottom flask under nitrogen were stirred at reflux 

for 21 h.  Thionyl chloride was removed by evaporation.  Product appeared as a dark discolored 

ñgunkò which resisted being dissolved in the solvents DCM, chloroform and acetone. 

Attempted synthesis of Dimethyl 4-(p-chloromethylphenethyl)pyridine-2,6-dicarboxylate 

(8).  (E)-Dimethyl 4-(p-chloromethylstyryl)pyridine-2,6-dicarboxylate (55.3 mg 0.160 mmol) 
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was dissolved in chloroform (100 mL) and 10% Pd/C(10.0 mg 0.00940 mmol) was added.  The 

mixture was placed under hydrogen gas (65 psi) and shaken for 24 h.  The solution was filtered 

to remove the catalyst and solvent was removed by rotary evaporation (TLC and 1H NMR 

revealed only starting materials). 

Chelidamic Isopropyl ester (13).  To a flask containing isopropanol (200 mL, 2.61 mol) was 

added sulfuric acid (0.20 mL, 3.8 mmol) and chelidamic acid (2.48 g, 13.5 mmol) with magnetic 

stirring.  The solution was held at reflux under nitrogen for 36 h.  Solvent was removed by rotary 

evaporation and the crude material was dissolved in chloroform, washed with 5% Na2CO3 once 

(1.1 eq. to sulfuric acid added), 2% NaHCO3 (x4), water (x2), saturated NaCl (x1), and dried 

over sodium sulfate.  Filtration and removal of the solvent provided the desired product: 3.11 g 

(86%), mp 128.7-129.8 °C; lit mp 145ï146 °C.15  1H NMR (500 MHz, CDCl3) ŭ 7.11 (s, 2H), 

5.33ï5.24 (m, 2H), 1.40 (d, J = 6 Hz, 12H).  13C NMR (126 MHz, CDCl3) ŭ 181.06 (s), 161.07 

(s), 136.91 (s), 120.55 (s), 72.05 (s), 21.73 (s).  (6 peaks expected and 6 peaks found).  HR MS: 

calc. for C13H17O5N [M+H] +: m/z 268.1179; found: m/z 268.1193 (error 5.2 ppm) 

Diethyl 4-(p-vinylbenzyloxy)pyridine-2,6-dicarboxylate (14) and minor product diethyl 4-

oxo-1-(p-vinylbenzyl)-1,4-dihydropyridine -2,6-dicarboxylate (15).  To a flask containing 

acetone (100 mL) with a magnetic stir bar was added diethyl 4-hydroxypyridine-2,6-

dicarboxylate (12, 1.64 g, 6.86 mmol), p-vinylbenzyl chloride (1.5 mL, 11 mmol) and potassium 

carbonate (1.44 g, 10.4 mmol).  The mixture was held at reflux under nitrogen for 16 h, after 

which solvent was removed by rotary evaporation and the crude material dissolved in chloroform 

and washed with 1 M HCl (x3), saturated NaCl (x3), and dried over MgSO4.  The solution was 

filtered and solvent removed by rotary evaporation to give the desired product; 2.18 g, (57 %), 

white solid, mp 64.2ï70.6 ᴈ.  1H NMR (500 MHz, CDCl3) ŭ 7.85 (s, 2H), 7.45 (d, J = 8 Hz, 
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2H), 7.39 (d, J = 8 Hz, 2H), 6.72 (dd, J = 18, 11 Hz, 1H), 5.78 (d, J = 18 Hz, 1H), 5.29 (d, J = 11 

Hz, 1H), 5.20 (s, 2H), 4.46 (q, J = 7 Hz, 4H), 1.44 (t, J = 7 Hz, 6H).  13C NMR (126 MHz, 

CDCl3) ŭ 166.59 (s), 164.71 (s), 150.29 (s), 138.10 (s), 136.18 (s), 134.14 (s), 128.00 (s), 126.66 

(s), 11 4.63 (s), 114.33 (s), 70.53 (s), 62.43 (s), 14.20 (s) (13 peaks expected and 26 peaks found 

total, 13 of which are attributed to O- alkylation and 13 to N-alkylation; only O-alkylated peaks 

are listed).  HR MS: calc. for C20H21NO5 [M]+: m/z 356.1492; found: m/z 356.1463 (error 8.1 

ppm)  

Diisopropyl 4-(p-vinylbenzyloxy)pyridine-2,6-dicarboxylate (16).  To a flask containing 

acetone (200 mL) was added p-vinylbenzyl chloride (7.0 mL, 50 mmol), chelidamic isopropyl 

ester (8.65 g, 32.4 mmol), and K2CO3 (7.4 g, 54 mmol).  The mixture was held at reflux under 

nitrogen for 22 h with magnetic stirring.  The mixture was filtered through celite p545 and 

solvent was removed by rotary evaporation.  The crude material was triturated with hexanes and 

the remaining solid was collected: 7.98 g (64%), mp 96.2ï98.1 °C.  1H NMR (500 MHz, CDCl3) 

ŭ 7.80 (s, 2H), 7.45 (d, J = 8 Hz, 2H), 7.39 (d, J = 8 Hz, 2H), 6.72 (dd, J = 18, 11 Hz, 1H), 5.78 

(d, J = 18 Hz, 1H), 5.36ï5.22 (m , 3H), 5.19 (s, 2H), 1.41 (d, J = 6 Hz, 12H).  13C NMR (126 

MHz, CDCl3) ŭ 166.53 (s), 164.20 (s), 150.72 (s), 138.18 (s), 136.27 (s), 134.30 (s), 128.15 (s), 

126.73 (s), 114.81 (s), 114.46 (s), 70.58 (s), 70.26 (s), 21.89 (s).  (13 peaks expected and 13 

peaks found).  HR MS: calc. for C22H25NO5 [M + H]+: m/z 384.1805; found: m/z 384.1798 (error 

2 ppm). 

4-(p-vinylbenzyloxy)pyridine-2,6-dicarboxylic acid (17).  General procedure 1 used with 

styrene chelidamic ester (16, 0.24 g, 0.63 mmol), THF (15 mL), and 10% wt. aqueous KOH (50 

mL) to produce 0.16 g (86%), mp 140.2ï144.2 ᴈ.  1H NMR (400 MHz, DMSO-d6) ŭ 7.77 (s, 

2H), 7.50 (d, J = 8 Hz, 2H), 7.44 (d, J = 8 Hz, 2H), 6.73 (dd, J = 18, 11 Hz, 1H), 5.84 (d, J = 18 
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Hz, 1H), 5.34 (s, 2H), 5.26 (d, J = 11 Hz, 1H).  13C NMR (101 MHz, DMSO-d6) ŭ 167.07 (s), 

165.97 (s), 150.45 (s), 137.76 (s), 136.88 (s), 135.85 (s), 128.83 (s), 127.00 (s), 115.40 (s), 

114.68 (s), 70.54 (s).  HR MS: calc. for C16H13O5N [M + H]+: m/z 300.0866; found: m/z 

300.0864 (error 0.7 ppm). 

Diisopropyl 4-(p-(2ô-tosyloxyethoxy)phenoxyethoxy)pyridine-2,6-dicarboxylate (18).  To a 

flask containing acetone (300 mL) was added the ditosylate (36, 3.33 g, 6.57 mmol), isopropyl 

ester chelidamic (13, 3.59 g, 13.4 mmol), and potassium carbonate (3.18 g, 23.0 mmol) with 

magnetic stirring under a stream of nitrogen.  The reaction mixture was held at reflux for 24 h 

cooled to room temperature, filtered through Celite® p545 and the solvent was removed by 

rotary evaporation.  The crude material was dissolved in DCM and washed with Na2CO3 (x2), 

saturated NaCl (x3), and dried over sodium sulfate.  After filtration and removal of solvent, the 

material was purified by silica flash column chromatography eluting DCM to acetonitrile: 1.47 g 

(37%), a white solid 18:19 = 4:1, mp: 102.4ï109.1 °C.  1H NMR (500 MHz, CDCl3) ŭ 7.84 (d, J 

= 8 Hz, 2H), 7.82 (s, 2H), 7.37 (d, J = 8 Hz, 2H), 6.86 (d, J = 9 Hz, 2H), 6.77 (d, J = 9 Hz, 2H), 

5.32 (hept, J = 6 Hz, 2H), 4.53 ï 4.46 (m, 2H), 4.39 ï 4.35 (m, 2H), 4.35 ï 4.32 (m, 2H), 4.16 ï 

4.10 (m, 2H), 2.48 (s, 3H), 1.45 (d, J = 6 Hz, 12H).  13C NMR (126 MHz, CDCl3) ŭ 166.50 (s), 

164.11 (s), 152.97 (s), 152.76 (s), 150.68 (s), 144.92 (s), 132.96 (s), 129.85 (s), 128.03 (s), 

115.84 (s), 115.69 (s), 114.14 (s), 70.17 (s), 68.17 (s), 67.29 (s), 66.70 (s), 66.25 (s), 21.81 (s), 

21.66 (s) (19 peaks expected and 19 peaks found).  HR MS: calc. for C30H35NO10S [M+H]+: m/z 

602.2055; found: m/z 602.2064 (error 1 ppm). 

Tetraisopropyl 4,4'-(((1,4-phenylenebis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(pyridine-2,6-

dicarboxylate) (19).  To a flask containing acetonitrile (100 mL) was added the ditosylate (36, 

5.78 g, 11.4 mmol), chelidamic isopropyl ester (13, 6.79 g, 25.4 mmol), and potassium carbonate 
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(5.85 g, 42.3 mmol) with magnetic stirring under a stream of nitrogen.  The reaction mixture was 

held at reflux for 24 h.  After cooling to room temperature the mixture was filtered through 

Celite® p545 and solvent was removed by rotary evaporation.  The crude material was dissolved 

in DCM and washed with Na2CO3 (x2), saturated NaCl (x3), and dried over sodium sulfate.  The 

product was obtained after filtration and removal of solvent: 6.21 g (78%), white solid, mp 

193.1ï195.4°C.  1H NMR (500 MHz, CDCl3) ŭ 7.81 (s, 4H), 6.89 (s, 4H), 5.30 (hept, J = 6 Hz, 

4H), 4.52ï4.46 (m, 4H), 4.37ï4.32 (m, 4H), 1.43 (d, J = 6 Hz, 24H).  13C NMR (126 MHz, 

CDCl3) ŭ 166.53 (s), 164.10 (s), 153.00 (s), 150.64 (s), 115.82 (s), 114.18 (s), 70.21 (s), 67.32 

(s), 66.73 (s), 21.81 (s) (10 peaks expected and 10 peaks found).  HR MS: calc. for C36H44N2O12 

[M+H] +: m/z 697.2967; found: m/z 697.3000 (error 4.7 ppm).   

4-(p-(2ô-Tosyloxyethoxy)phenoxy)ethoxy)pyridine-2,6-dicarboxylic acid (20).  General 

procedure 1 used with diisopropyl 4-(p-(2ô-tosyloxyethoxy)phenoxyethoxy)pyridine-2,6-

dicarboxylate (18, 0.2570 mg, 0.4271 mmol), 10% wt. KOH (20 mL), and THF (40 mL) to 

produce 0.2051 g (93%), mp: 103.8ï107.3 ᴈȢ  1H NMR (500 MHz, DMSO-d6) ŭ 7.79 (d, J = 8 

Hz, 2H), 7.76 (s, 2H), 7.47 (d, J = 8 Hz, 2H), 6.87 (d, J = 9 Hz, 2H), 6.77 (d, J = 9 Hz, 2H), 4.58 

ï 4.53 (m, 2H), 4.31 ï 4.26 (m, 4H), 4.10 ï 4.07 (m, 2H), 2.41 (s, 3H).  13C NMR (126 MHz, 

DMSO-d6) ŭ 166.60 (s), 165.34 (s), 152.55 (s), 152.05 (s), 149.82 (s), 145.06 (s), 132.27 (s), 

130.20 (s), 127.70 (s), 115.59 (s), 115.47 (s), 113.76 (s), 69.27 (s), 67.67 (s), 66.48 (s), 65.85 (s), 

21.13 (s) (17 peaks expected and 17 peaks found).  HR MS: calc. for C24H23NO10S [M + H]+: 

m/z 518.1115; found: m/z 518.1077 (error 7.3 ppm).   

Diisopropyl 4-(p-chloromethylbenzyloxy)pyridine-2,6-dicarboxylate (21).  To a round 

bottom flask containing acetone (300 mL) was added Ŭ,Ŭô-dichloro-p-xylene (3.57 g, 20.4 mmol) 

and K2CO3 (3.08 g, 22.3 mmol) with magnetic stirring.  Chelidamic isopropyl ester (13, 0.91 g, 
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3.4 mmol) was dissolved in acetone and placed in an addition funnel attached to the reaction 

flask under nitrogen.  The reaction flask was held at reflux and the chelidamic solution was 

added dropwise.  After the chelidamic addition was complete, the mixture was kept at reflux for 

36 h, filtered through Celite p545® and the solvent was removed by rotary evaporation.  The 

crude material was triturated with hexanes and the solid was collected via filtration and purified 

on a silica column, eluting with dichloromethane: 0.21 g (15%), mp 141.1ï143.7°C.  1H NMR 

(400 MHz, CDCl3) ŭ 7.80 (s, 2H), 7.43 (s, 4H), 5.33 ï 5.22 (m, 2H), 5.20 (s, 2H), 4.59 (s, 2H), 

1.41 (d, J = 6.3 Hz, 12H).  13C NMR (101 MHz, CDCl3) ŭ 166.56 (s), 164.27 (s), 150.85 (s), 

138.25 (s), 135.28 (s), 129.38 (s), 128.42 (s), 114.67 (s), 70.54 (s), 70.31 (s), 45.91 (s), 22.04 (s).  

(12 peaks expected and 12 peaks found).  HR MS: calc. for C21H24NO5Cl [M+H] +: m/z 

406.1416; found: m/z 406.1405 (error 2.7 ppm).   

4-(p-Hydroxymethylbenzyloxy)pyridine-2,6-dicarboxylic acid (22).  General procedure 1 

used with 4-(p-chloromethylbenzyloxy)pyridine-2,6-dicarboxylate (21, 214.1 mg, 0.5275 mmol), 

10% wt. KOH (30 mL) and THF (30 mL) to produce 23.7 mg (15%), mp 127.0ï134.3°C.  1H 

NMR (500 MHz, DMSO-d6) ŭ 7.81 (s, 2H), 7.50 (d, J = 1 Hz, 4H), 5.39 (s, 2H), 4.78 (s, 2H).  

13C NMR (126 MHz, DMSO-d6) ŭ 166.36 (s), 165.24 (s), 149.78 (s), 137.66 (s), 135.73 (s), 

129.05 (s), 128.05 (s), 113.91 (s), 69.70 (s), 45.77 (s) (10 peaks expected and 10 peaks found).  

HR MS: calc. for C15H13O6N [M - H]-: m/z 302.0670; found: m/z 302.0681 (error ï3.6 ppm). 

Diisopropyl 4-(pyridin -4ô-ylmethoxy)pyridine-2,6-dicarboxylate (23).  Chelidamic isopropyl 

ester (13, 1.80 g, 6.73 mmol), 4-bromomethylpyridine hydrobromide (2.00 g, 7.91 mmol), and 

potassium carbonate (2.50 g, 18.1 mmol) were combined in a round bottom flask with acetone 

(60 mL) under nitrogen and held at reflux for 4 days.  After cooling, the mixture was filtered 

through Celite p545® and solvent was removed by rotary evaporation.  The product was isolated 
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by flash column chromatography on silica, eluting with DCM to EA: 0.39 g (16%), mp 102.8ï

104.3 °C.  1H NMR (400 MHz, CDCl3) ŭ 8.68 (d, J = 6 Hz, 2H), 7.82 (s, 2H), 7.38 (d, J = 6 Hz, 

2H), 5.30 (m, 2H), 5.25 (s, 2H), 1.43 (d, J = 6.3 Hz, 11H).  13C NMR (126 MHz, CDCl3) ŭ 

165.96 (s), 163.98 (s), 150.88 (s), 150.36 (s), 143.85 (s), 121.51 (s), 114.17 (s), 70.31 (s), 68.66 

(s), 21.81 (s) (10 peaks expected and 10 peaks found).  HR MS: calc. for C19H22N2O5 [M + H]+: 

m/z 359.1601; found: m/z 359.1616 (error ï4.2 ppm).   

4-(Pyridin -4-ylmethoxy)pyridine-2,6-dicarboxylic acid (24).  General procedure 1 used with 

diisopropyl 4-(pyridin-4ô-ylmethoxy)pyridine-2,6-dicarboxylate (23, 0.39 g, 1.1 mmol), 10% wt. 

KOH (20 mL), THF (20 mL) to produce a white solid, 56.6 mg (19%),  mp: 205.1ï207.3 °C 

(dec.).  1H NMR (500 MHz, DMSO-d6) ŭ 8.93 (br s, 2H), 8.09 (br s, 2H), 7.90 (br s, 2H), 5.74 

(br s, 2H).  13C NMR (126 MHz, DMSO-d6) ŭ 165.68, 165.19, 149.99, 143.07, 142.77, 123.85, 

113.99, 67.77 (8 signals expected and 8 signals found).  HR MS: calc. for C13H10N2O5 [M + H]+: 

m/z 275.0662; found: m/z 275.0674 (error ï4.4 ppm).   

Diisopropyl 4-(p-formylphenoxyethoxy)pyridine-2,6-dicarboxylate (25).  To a round bottom 

flask containing acetone (125 mL) was added p-(2ô-bromoethoxy)benzaldehyde (37, 4.77 g, 18.5 

mmol), diisopropyl 4-hydroxypyridine-2,6-dicarboxylate (13, 4.14 g, 15.5 mmol), and potassium 

carbonate (3.82 g, 27.6 mmol) with magnetic stirring.  The mixture was held at reflux under 

nitrogen for 31 h, filtered through Celite p545® and evaporated to provide a material which was 

purified by flash column chromatography (silica gel, eluting with DCM / EA).  The product was 

found in the third fraction as a yellow tinted solid: 3.10 g (48%), mp: 111.8ï112.9 °C.  1H NMR 

(500 MHz, CDCl3) ŭ 9.91 (s, 1H), 7.87 (d, J = 9 Hz, 2H), 7.81 (s, 2H), 7.06 (d, J = 9 Hz, 2H), 

5.30 (hept, J = 6 Hz, 2H), 4.55 (dd, J = 6, 3 Hz, 2H), 4.48 (dd, J = 6, 3 Hz, 2H), 1.43 (d, J = 6 

Hz, 12H).  13C NMR (126 MHz, CDCl3) ŭ 190.69 (s), 166.31 (s), 164.04 (s), 163.16 (s), 150.74 
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(s), 132.03 (s), 130.54 (s), 114.83 (s), 114.07 (s), 70.23 (s), 66.88 (s), 66.25 (s), 21.80 (s) (13 

peaks expected and 13 peaks found).  HR MS: calc. for C22H25NO7 [M+H] +: m/z 416.1704; 

found: m/z 416.1700 (error 1 ppm).   

Diisopropyl 4-[p-(pô-formylphenoxymethyl)benzyloxy]pyridine-2,6-dicarboxylate (26).  To a 

flask containing acetone (60 mL) was added p-(pô-chloromethylbenzyloxy)benzaldehyde (38, 

0.88 g, 3.4 mmol), chelidamic isopropyl ester (13, 0.87 g, 3.3 mmol), and potassium carbonate 

(0.90 g, 6.5 mmol) with magnetic stirring under nitrogen.  The reaction mixture was held at 

reflux for 31 h, cooled to room temperature, passed through Celite p545® and evaporated.  The 

desired product was obtained by triturating the crude material with hexanes: product is a yellow 

tinted solid, 0.9417 g (59%), mp 124.4ï127.4 °C.  1H NMR (500 MHz, CDCl3) ŭ 9.90 (s, 1H), 

7.85 (d, J = 9 Hz, 2H), 7.82 (s, 2H), 7.49 (s, 4H), 7.08 (d, J = 9 Hz, 2H), 5.29 (hept, J = 6 Hz, 

2H), 5.23 (s, 2H), 5.18 (s, 2H), 1.42 (d, J = 6 Hz, 12H).  13C NMR (126 MHz, CDCl3) ŭ 190.74 

(s), 166.38 (s), 164.10 (s), 163.54 (s), 150.68 (s), 136.62 (s), 135.00 (s), 132.02 (s), 130.28 (s), 

128.15 (s), 127.89 (s), 115.14 (s), 114.34 (s), 70.32 (s), 70.22 (s), 69.81 (s), 21.81 (s) (17 peaks 

expected and 17 peaks found).  HR MS: calc. for C28H29NO7 [M + H]+: m/z 492.2017; found: 

m/z 492.2029 (error 2.4 ppm).   

Diisopropyl 4-[p-(pô-bromobenzyloxy)benzyloxy]pyridine-2,6-dicarboxylate (27).  To a 

round bottom flask containing acetone (200 mL) was added diisopropyl ester chelidamic (13, 

5.50 g, 20.6 mmol), K2CO3 (4.00 g, 28.9 mmol), and p-(pô-

bromomethylphenoxymethyl)bromobenzene (39, 7.91 g, 22 mmol) with magnetic stirring under 

nitrogen.  The reaction was held at reflux for 19 h, followed by filtration through Celite p545® 

and removal of solvent via rotary evaporation.  The remaining solid was triturated with boiling 

hexanes and filtered, product is a white solid: 10.51 g (94%), mp 90.4ï92.6 °C.  1H NMR (400 
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MHz, CDCl3) ŭ 7.80 (s, 2H), 7.51 (d, J = 8 Hz, 2H), 7.36 (d, J = 9 Hz, 2H), 7.31 (d, J = 8 Hz, 

2H), 6.98 (d, J = 9 Hz, 2H), 5.28 (hept, J = 6 Hz, 2H), 5.13 (s, 2H), 5.04 (s, 2H), 1.42 (d, J = 6 

Hz, 12H).  13C NMR (101 MHz, CDCl3) ŭ 166.68 (s), 164.35 (s), 159.09 (s), 150.82 (s), 135.95 

(s), 132.02 (s), 129.94 (s), 129.25 (s), 127.58 (s), 122.20 (s), 115.37 (s), 114.63 (s), 70.71 (s), 

70.42 (s), 69.52 (s), 22.04 (s) (16 peaks expected and 16 peaks found).  HR MS: calc. for 

C27H28O6NBr [M + Na]+: m/z 564.0992; found: m/z 564.0983 (error -2 ppm). 

4-[p-(pô-Bromobenzyloxy)benzyloxy]pyridine-2,6-dicarboxylic acid (28).  General procedure 

1 used with diisopropyl 4-[p-(pô-bromobenzyloxy)benzyloxy]pyridine-2,6-dicarboxylate (27, 

1.21 g, 2.23 mmol), 10% wt. KOH (20 mL) and THF (30 mL) to produce a white solid, 1.01 (99 

%), mp: 189.1ï192.3 ᴈ.  1H NMR (500 MHz, DMSO-d6) ŭ 7.77 (s, 2H), 7.58 (d, J = 8 Hz, 2H), 

7.41 (dd, J = 8, 3 Hz, 4H), 7.03 (d, J = 8 Hz, 2H), 5.27 (s, 2H), 5.10 (s, 2H).  13C NMR (126 

MHz, DMSO-d6) ŭ 167.05 (s), 165.87 (s), 158.74 (s), 150.30 (s), 137.03 (s), 131.93 (s), 130.38 

(d, J = 7.2 Hz), 128.37 (s), 121.51 (s), 115.44 (s), 114.49 (s), 70.51 (s), 68.95 (s) (14 peaks 

expected and 14 peaks found).  HR MS: calc. for C21H16O6NBr [M + H]+: m/z 458.0234; found: 

m/z 458.0238 (error ï0.9 ppm). 

Diisopropyl 4-(p-bromobenzyloxy)pyridine-2,6-dicarboxylate (29).  To a flask containing 

acetone (125 mL) was added 13 (4.30 g, 16.1 mmol), p-bromobenzyl bromide (4.54 g, 18.2 

mmol) and potassium carbonate (3.59 g, 26.0 mmol) with magnetic stirring.  The mixture was 

held at reflux under nitrogen for 8 h, filtered through Celite p545® and the solvent was removed 

by rotary evaporation.  The crude material was triturated with hexanes and the product was 

collected as a white solid: 6.14 g (87%), mp: 123.5ï124.6 °C.  1H NMR (500 MHz, CDCl3) ŭ 

7.80 (s, 2H), 7.55 (d, J = 8 Hz, 2H), 7.32 (d, J = 8 Hz, 2H), 5.29 (hept, J = 6 Hz, 2H), 5.17 (s, 

2H), 1.43 (d, J = 6 Hz, 12H).  13C NMR (126 MHz, CDCl3) ŭ 166.23 (s), 164.06 (s), 150.72 (s), 
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133.84 (s), 132.04 (s), 129.36 (s), 122.80 (s), 114.27 (s), 70.23 (s), 69.91 (s), 21.81 (s) (11 peaks 

expected and 11 peaks found); HR MS: calc. for C20H22O5NBr [M + H]+: m/z 436.0754; found: 

m/z 436.0760 (error 1 ppm). 

4-(p-Bromobenzyloxy)pyridine-2,6-dicarboxylic acid (30).  General procedure 1 used with 

diisopropyl 4-(p-bromobenzyloxy)pyridine-2,6-dicarboxylate (29, 2.65 g, 6.07 mmol), 10% wt. 

KOH (50 mL) and THF (50 mL) to produce a white solid, 2.13 g (99%), mp: 185.7ï187.7 ᴈ.  1H 

NMR (400 MHz, DMSO-d6) ŭ 7.80 (s, 2H), 7.62 (s, 2H), 7.46 (d, J = 8 Hz, 2H), 5.36 (s, 2H).  

13C NMR (101 MHz, DMSO-d6) ŭ 163.17 (s), 162.12 (s), 146.66 (s), 131.94 (s), 128.36 (s), 

126.81 (s), 118.32 (s), 110.75 (s), 66.17 (s) (9 peaks expected and 9 peaks found).  HR MS: calc. 

for C14H10O5NBr [M + H]+: m/z 351.9815; found: m/z 351.9827 (error ï3.4 ppm). 

Diisopropyl 4-(p-iodobenzyloxy)pyridine-2,6-dicarboxylate (31).  To a round bottom flask 

containing acetone (75 mL) was added 1-bromomethyl-4-iodobenzene (35, 0.55 g, 1.9 mmol), 

chelidamic isopropyl diester (13, 0.59 g, 2.2 mmol), and potassium carbonate (0.52 g, 3.8 mmol).  

The flask was placed under nitrogen and held at reflux for 1 day, after which the flask was 

allowed to cool and filtered through Celite p545®.  Solvent was removed by rotary evaporation 

and the crude material was purified via flash column chromatography (silica, eluting with 100% 

DCM to 100% EA; product elutes in 10% EA): 0.75 g (84%), white solid, mp 187.3ï189.8 ᴈ.  

1H NMR (500 MHz, CDCl3) ŭ 7.79 (s, 2H), 7.76 (d, J = 8 Hz, 2H), 7.19 (d, J = 8 Hz, 2H), 5.29 

(hept, J = 6 Hz, 2H), 5.15 (s, 2H), 1.43 (d, J = 6 Hz, 13H).  13C NMR (126 MHz, CDCl3) ŭ 

166.23 (s), 164.06 (s), 150.75 (s), 138.00 (s), 134.52 (s), 129.50 (s), 114.26 (s), 94.42 (s), 70.21 

(s), 69.99 (s), 21.81 (s) (11peaks expected and 11 peaks found).  HR MS: calc. for C20H22O5NI 

[M + H]+: m/z 484.0615; found: m/z 484.0586 (error 6.0 ppm). 
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4-(p-Iodobenzyloxy)pyridine-2,6-dicarboxylic acid (32).  General procedure 1 used with 

diisopropyl 4-(p-iodobenzyloxy)pyridine-2,6-dicarboxylate (31, 0.75 g, 1.6 mmol), THF (50 

mL), and 10% wt. potassium hydroxide (50 mL) to produce 0.61 g (98%), white solid, mp 

187.3ï189.8 ᴈ.  1H NMR (500 MHz, DMSO-d6) ŭ 7.79 (m, 4H), 7.30 (d, J = 8 Hz, 2H), 5.34 (s, 

2H).  13C NMR (126 MHz, DMSO-d6) ŭ 166.27 (s), 165.23 (s), 149.78 (s), 137.34 (s), 135.41 (s), 

129.96 (s), 113.91 (s), 94.44 (s), 69.40 (s) (9 peaks expected and 9 peaks found).  HR MS: calc. 

for C14H10O5NI [M + H] +: m/z 399.9676; found: m/z 399.9709 (error -8.3 ppm). 

p-[pô-Bromomethylphenoxymethyl]bromobenzene (39).  To a flask containing DCM (200 

mL) was added p-(pô-bromobenzyloxy)benzyl alcohol (6.88 g, 23.5 mmol) and PBr3 (1.4 mL, 15 

mmol) with magnetic stirring under nitrogen.  The solution was held at reflux for 39 h, after 

which it was poured into water, followed by washing the organic phase with water (x2), 

saturated NaCl (x2), and drying over sodium sulfate.  Filtration and removal of the solvent 

provided the product as a lightly brown tinted solid: 8.21 g (98 %), mp: 76.4ï78.8 °C.  1H NMR 

(400 MHz, CDCl3) ŭ 7.51 (d, J = 8 Hz, 2H), 7.31 (dd, J = 11, 8 Hz, 4H), 6.91 (d, J = 8 Hz, 2H), 

5.01 (s, 2H), 4.49 (s, 2H).  13C NMR (101 MHz, CDCl3) ŭ 158.77 (s), 135.96 (s), 131.96 (s), 

130.74 (s), 130.69 (s), 129.27 (s), 122.20 (s), 115.27 (s), 69.51 (s), 34.00 (s) (10 peaks expected 

and 10 large peaks found, very small impurity signals; due to the product being an intermediate, 

it was used without further purification).  HR MS: calc. for C14H12OBr2 [M - Br]+: m/z 275.0066; 

found: m/z 275.0065 (error ï0.4 ppm) 

Diisopropyl 4-[p-(1ô-bromoethyl)benzyloxy]pyridine-2,6-dicarboxylate (33).  To a flask 

containing silica (2.20 g) was added 4-(p-vinylbenzyloxy)chelidamic isopropyl ester (16, 0.383 

g, 0.998 mmol), and DCM (10 mL) with magnetic stirring under nitrogen.  PBr3 (0.08 mL, 0.85 

mmol) was dissolved in DCM (1 mL) and added dropwise to the flask.  After the addition was 
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complete, the flask was allowed to stir for 2 h.  The mixture was filtered to remove solids and the 

filtrate was washed with NaHCO3 (x3), saturated NaCl (x2), and dried over sodium sulfate.  

Filtration and rotary evaporation provided the product: 400 mg (86%), white solid, mp: 244.1ï

246.0 ᴈ (dec).    1H NMR (500 MHz, CDCl3) ŭ 7.80 (s, 2H), 7.49 (d, J = 8 Hz, 2H), 7.42 (d, J = 

4 Hz, 2H), 5.32ï5.24 (m, 2H), 5.91 (s, 2H), 5.18 (q, J = 7 Hz, 1H), 2.05 (d, J = 7 Hz, 3H), 1.41 

(d, J = 7 Hz, 12H).  13C NMR (126 MHz, CDCl3) ŭ 166.38, 164.09, 150.67, 143.85, 143.85, 

134.94, 129.38, 128.13, 127.35, 127.30, 114.34, 70.22, 48.67, 32.84, 26.74, 21.81 (13 peaks 

expected and 16 peaks found, 3 extra aromatic peaks founds, product believed to not be shelf 

stable at room temperature). 

Diisopropyl 4-[p-[1ô-(2ò,2ò,6ò,6ò-tetramethylpiperidin -N-oxy)ethyl]benzyloxy]pyridine-2,6-

dicarboxylate (34).  To a round bottom flask containing benzene (10 mL) was added copper (II) 

trifluoromethanesulfonate (8.9 mg, 0.025 mmol), copper powder (48.2 mg, 0.758 mmol), 

TEMPO (0.149 g, 0.952 mmol), diisopropyl diisopropyl 4-[p-(1ô-

bromoethyl)benzyloxy]pyridine-2,6-dicarboxylate (33, 0.287 g, 0.618 mmol), and 

N,N,Nô,Nôô,Nôô-pentamethyldiethylenetriamine (0.02 mL, 0.1 mmol) with magnetic stirring 

under nitrogen.  The mixture was held at reflux for 30 h, diluted with DCM, filtered through 

Celite p545®, and solvent was removed by rotary evaporation.  The residue was purified using 

column chromatography (neutral alumina, eluting with DCM:MeOH 99:1); the product eluted as 

the first fraction: 0.1893 g (57%), white solid, mp 113.1ï116.5 ᴈ.  1H NMR (500 MHz, CDCl3) 

ŭ 7.81 (s, 2H), 7.40 ï 7.35 (m, 4H), 5.34 ï 5.24 (m, 2H), 5.20 (s, 2H), 4.80 (q, J = 6 Hz, 1H), 

1.52 ï 1.23 (m, 23H), 1.16 (s, 4H), 1.02 (s, 3H), 0.63 (s, 3H).  13C NMR (126 MHz, CDCl3) ŭ 

166.53 (s), 164.12 (s), 150.62 (s), 146.55 (s), 133.20 (s), 127.66 (s), 127.09 (s), 114.41 (s), 82.78 

(s), 70.75 (s), 70.11 (s), 59.69 (s), 40.35 (s), 34.45 (s), 34.17 (s), 23.52 (s), 21.82 (s), 20.34 (s), 
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17.21 (s).  (19 peaks expected and 19 peaks found).  HR MS: calc. for C31H44O6N2 [M + H]+: 

m/z 541.3272; found: m/z 541.3283 (error -2.0 ppm) 

4,4'-(((p-Phenylenebis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(pyridine-2,6-dicarboxylic acid) 

(40).  General procedure 1 used with tetraisopropyl 4,4'-(((p-phenylenebis(oxy))bis(ethane-2,1-

diyl))bis(oxy))bis(pyridine-2,6-dicarboxylate) (19, 0.379 g, 0.544 mmol), THF (50 mL) and 10% 

aqueous potassium hydroxide (50 mL) to produce 0.287 g (100%), white solid, mp 260.0ï265.0 

ᴈ (dec).  1H NMR (500 MHz, DMSO-d6) ŭ 7.78 (s, 4H), 6.93 (s, 4H), 4.57 (s, 4H), 4.30 (s, 4H).  

13C NMR (126 MHz, DMSO-d6) ŭ 166.53 (s), 165.26 (s), 152.42 (s), 149.76 (s), 115.49 (s), 

113.69 (s), 67.61 (s), 66.43 (s) (8 peaks expected and 8 peaks found).  HR MS: calc. for 

C24H20O12N2 [M + H]+: m/z 529.1089; found: m/z 529.1084 (error 0.9 ppm) 

Tetraisopropyl 4,4'-(decane-1,10-diylbis(oxy))bis(pyridine-2,6-dicarboxylate) (41).  To a 

round bottom flask containing acetonitrile (200 mL) was added 1,10-dibromodecane (7.04 g, 

23.5 mmol), chelidamic isopropyl ester (13, 12.8 g, 47.8 mmol), and potassium carbonate (8.50 

g, 61.5 mmol) under nitrogen.  The reaction was held at reflux for 4 days, after which it was 

filtered through Celite p 545® and the solvent was removed by rotary evaporation.  The crude 

material was dissolved in DCM and washed with Na2CO3 (x2), saturated NaCl (x4), and dried 

over sodium sulfate.  Filtration and removal of the solvent provided a white solid: 15.63 g (99%), 

mp 76.8 ï 78.0 °C.  1H NMR (500 MHz, CDCl3) ŭ 7.72 (s, 4H), 5.29 (hept, J = 6 Hz, 4H), 4.12 

(t, J = 6 Hz, 4H), 1.89ï1.80 (m, 4H), 1.76 ï 1.27 (m, 36H).  13C NMR (126 MHz, CDCl3) ŭ 

166.92 (s), 164.29 (s), 150.52 (s), 114.08 (s), 70.13 (s), 68.91 (s), 29.44 (s), 29.27 (s), 28.80 (s), 

25.88 (s), 21.81 (s) (11peaks expected and 11 peaks found).  HR MS: calc. for C36H52N2O10 

[M+H] +: m/z 673.3695; found: m/z 673.3707 (error 1.8 ppm). 
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4,4'-(Decane-1,10-diylbis(oxy))bis(pyridine-2,6-dicarboxylic acid) (42).  General procedure 1 

used with tetraisopropyl 4,4'-(decane-1,10-diylbis(oxy))bis(pyridine-2,6-dicarboxylate) (41, 1.86 

g, 2.76 mmol), THF (50 mL) and 10% wt. potassium hydroxide (50 mL) to produce 1.08 g (78 

%), white solid, mp 192.8ï196.1 ᴈ.  1H NMR (500 MHz, DMSO-d6) ŭ 7.69 (s, 4H), 4.21 (t, J = 

6 Hz, 4H), 1.85 ï 1.68 (m, 4H), 1.35 (m, 12H).  13C NMR (126 MHz, DMSO-d6) ŭ 166.71 (s), 

165.27 (s), 149.65 (s), 113.51 (s), 68.69 (s), 28.83 (s), 28.59 (s), 28.12 (s), 25.21 (s) (9 peaks 

expected and 9 peaks found).  HR MS: calc. for C24H28O10N2 [M + H]+: m/z 505.1817; found: 

m/z 505.1840 (error ï4.6 ppm). 
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Chapter 6 

Cryptand Functionalization 

Introduction  

In terms of complexation with paraquats, pyridyl cryptands far surpass the ability of 

crown ethers.1-3  Adoption of pyridyl cryptands has however been slow at best, owing to 

problems in: lengthy syntheses, overall low yielding reactions for their production, and a lack of 

reasonable synthetic schemes to pyridyl feedstock molecules.  The generally accepted method of 

synthesis involves syringe pump addition of substrates over several days into a large volume of 

solvent, to achieve pseudo-high dilution conditions.  The result is a reaction that takes nearly a 

week to run and yields of about 45%; chapter 3, however, remedies this concern by introducing a 

templation method to accomplish the synthesis of dibenzo-30-crown-10- and bis(m-phenylene)-

32crown-10-based pyridyl cryptands.  The most direct route to functionalized 2,6-

pyridinedicarboxylates makes use of the precursor chelidamic acid.  Although commercially 

available, chelidamic acid has historically only been offered at relatively high prices, and 

published synthetic procedures for the compound were difficult or low yielding.  These 

drawbacks have likely hindered the use of functionalized 2,6-pyridinedicarboxylates across 

many fields, resulting in fewer than expected published derivatives of chelidamic acid.  Access 

to a high yielding, relatively easy synthesis, for chelidamic acid has recently been achieved by 

Horvath et al.4 and chapter 5 attempts to produce a more complete collection of chelidamic 

derivatives, while determining how to avoid N-alkylations during functionalization.  Here we 

present functionalized cryptands with synthetic handles that can be further used to produce 

supramolecular assemblies of interest.   
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Results and Discussion 

As some work of this chapter was completed before completion of chapter 3 (cryptand 

templation), some cryptands presented here were synthesized via syringe pump addition and 

others by templation.  Pyridyl cryptands explored here are functionalized on the pyridine ring 

and formed using either dibenzo-30-crown-10 or bis(m-phenylene)-32crown-10 precursors.  

Figure 6.1 shows a generic reaction scheme for the synthesis of functionalized cryptands.  A 

chelidamic diacid chloride precursor is reacted with a crown diol in the presence of base to form 

the desired cryptand. These reactions are carried out through either templation or pseudo-high 

dilution.   

 

Figure 6.1. Generic reaction for dibenzo-30-crown-10- and bis(m-phenylene)-32crown-10 

based-pyridyl cryptand synthesis. 

 

 Because aryl halides are capable of withstanding harsh reaction conditions while being 

useful in a range of coupling reactions, such as: Hiyama coupling,5 HiyamaïDenmark coupling,6 
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Kumada coupling,7 Negishi coupling,8 Stille coupling,9 Suzuki coupling,10 and Heck coupling,11 

they were chosen for incorporation into the cryptands of Figure 6.1.  It was reasoned that their 

inclusion could be used as a gateway to a wealth of supramolecular precursors.  The first 

functionalized cryptands explored were the aryl bromide cryptands 5 and 6, seen in Scheme 6.1.  

5 and 6 were synthesized in 43 and 24% yields, respectively, by reacting 2 with either 3 or 4, 

respectively, via syringe pump addition to achieve pseudo-high dilution conditions.  These two 

cryptands were originally attempted by Adam M.-P. Pederson and determined to be 

unobtainable, as described in his dissertation.12  The theory was that 2 was more sensitive to 

moisture than other chelidamic diacid chlorides and syringe pump use resulted in the hydrolysis 

of 2.  Syringe pump additions typically take place over 50 to 100 hours, making the seal between 

syringe and needle crucial to success.  To address this problem, the air-tight glass syringes and 

metal needles were replaced with disposable plastic syringes and HPLC tubing.  Through these 

changes, a tighter seal between the syringe and HPLC tubing was possible, and moisture could 

be better avoided.  Employing this methodology resulted in the formation of 5 and 6.  Although 5 

and 6 were successfully synthesized, exchange of the 4-bromo substituent to 4-chloro occurred 

with reaction times longer than 4 h to produce 2 from 1.  No noticeable exchange was observed 

with reaction times of less than 4 h; alternatively, thionyl bromide was used to avoid this 

problem.   
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Scheme 6.1. Synthesis of functionalized cryptands 5 and 6. 

 

Anticipating several scenarios in which one may want a spacer between the cryptand and 

the aryl halide, 8 was prepared as seen in Scheme 6.2.  As a special note, compounds discussed 

in other chapters will be named using that chapterôs number in Roman numerals before the 

compoundôs number of that chapter; as an example compound V 30 is found in chapter 5 as 

compound 30.  8 contains the aryl bromide connected to the cryptand through an ether linkage as 

a 4-bromobenzyl attachment.  Additionally, moving the bromide to a phenyl ring allows for 

reaction conditions to be better anticipated, as the bulk of published literature for coupling 

reactions focuses on halides attached to phenyl rings rather than pyridine rings. 
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Scheme 6.2. Synthesis of aryl bromide cryptand 8. 

 

 In addition to the aryl bromide cryptands, attempts were made to synthesize a styrene-

containing cryptand (Scheme 6.3).  Multiple attempts yielded the same result, the olefin was 

consumed and dichloro product 10 was isolated. It was determined that the thionyl chloride was 

contaminated with sulfuryl chloride, which reacted with the double bond to 9.  Work conducted 

by a coworker, Dr. Arunachalam Murugan, showed that the desired styrene cryptand could be 

synthesized by either freshly distilling the thionyl chloride or by use of oxalyl chloride.  

Additionally, intentionally adding sulfuryl chloride to freshly distilled thionyl chloride resulted 

in the synthesis and isolation of 10. 
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Scheme 6.3. Synthesis of cryptand 10. 

 

 

Conclusion 

Several functionalized cryptands were successfully synthesized by incorporating the aryl 

bromide functionality into compounds 5, 6 and 8.  Additionally, the isolation of dichloro 

cryptand 10 was achieved and its formation was determined to be due to the presence of the 

sulfuryl chloride in thionyl chloride.  In total 4 new functionalized pyridyl cryptands and 2 new 

chelidamic derivatives were successfully synthesized. 
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Experimental 

Measurements: 1HïNMR spectra were obtained on JEOL ECLIPSE-500, BRUKER-500, and 

AGILENT-NMR-vnmrs400 spectrometers.  13CïNMR spectra were collected at 125 MHz and 

101 MHz on these instruments.  HRïMS were obtained using an Agilent LC-ESI-TOF system.  

DCM was dried freshly distilling from CaH; other reagents were purchased and used as received 

without further purification.  Compound 113 was made in accordance with literature procedures; 

similar yields were achieved.  Compounds V 17 and V 30 were synthesized as described in 

chapter 5. 

General procedure 1.  4-bromopyridine-2,6-dicarbonyl dichloride (2).  4-Bromopyridine-2,6-

dicarboxylic acid 13 (0.7241 g, 2.943 mmol) and thionyl chloride (5 mL, 0.07 mol) was added to 

a round bottom flask under nitrogen.  DMF (1 drop) was added to the reaction mixture and the 

mixture was brought to reflux and held there for 4 h with magnetic stirring.  Excess thionyl 

chloride was removed by distillation and the material was used without further purification, an 

off-white solid with a yellow to pink tint 0.8325 g (100 %).   

General procedure 2.  Dibenzo-30-crown-10-based 4-bromopyridyl cryptand (5) .  3 

(0.25669 g, 0.43021 mmol) and 4-bromopyridine-2,6-dicarbonyl dichloride (0.121708 g, 

0.43021 mmol) were freshly prepared and each dissolved in 50.0 mL of freshly distilled DCM.  

DCM (1.5 L) freshly distilled was added to a three-neck reaction flask along with pyridine (2.4 

mL).  Each of the two solutions was loaded into plastic syringes and metal needles were replaced 

with HPLC tubing sealed to the syringe.  Additions from the syringes were made via syringe 

pump at 1 mL/h.  After additions were complete, the reaction mixture was allowed to stir for 3 

days, after which time solvent was removed by rotary evaporation and the resulting solid was 

dissolved into chloroform.  The crude mixture was washed with 1M HCl (x 1), water (x 3), 
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followed by drying over Na2SO4.  The mixture was filtered and solvent removed by rotary 

evaporation.  The resulting residue was passed through a neutral alumina column, eluting with 

chloroform and methanol (97:3); the first eluting band contained the product; 81.05 mg (43%); 

mp 144.1ï148.5 °C.  1H NMR (400 MHz, CDCl3) ŭ 8.48 (s, 2H), 6.94 (m, 2H), 6.93 (s, 2H), 

6.78 (d, J = 9 Hz, 2H), 5.33 (s, 4H), 4.21ï4.12 (m, 4H), 4.04ï3.97 (m, 4H), 3.95ï3.90 (m, 4H), 

3.86ï3.79 (m, 4H), 3.70 (m, 16H).  13C NMR (101 MHz, CDCl3) ŭ 164.80, 148.99, 148.89, 

148.40, 138.14, 128.17, 127.98, 121.60, 114.21, 113.94, 70.98, 70.75, 70.72, 70.61, 69.68, 69.46, 

68.97, 68.79, 67.60 (19 signals expected and 19 signals found).  High res MS: calc. for 

C37H44NO14Br [M + NH4]
+1: m/z 823.2283; found: m/z 823.2300 (error ï2.1 ppm).   

Bis(m-phenylene)-32crown-10-based 4-bromopyridyl cryptand (6) .  General procedure 2 was 

used with 2 (0.1532 g, 0.5414 mmol), 4 (0.3231 g, 0.5415 mmol) and pyridine (4.0 mL, 50 

mmol) to produce a white solid that was purified by passing over neutral alumina, eluting with 

chloroform:methanol (98:2) to give the desired product; 0.1055 g (24%); mp 137.9ï143.1 °C.  

1H NMR (500 MHz, CDCl3) ŭ 8.48 (s, 2H), 6.52 (m, 4H), 6.45 (m, 2H), 5.30 (s, 4H), 3.93 (m, 

8H), 3.76ï3.72 (m, 8H), 3.65 (m, 8H), 3.61 (m, 8H).  13C NMR (126 MHz, CDCl3) ŭ 163.92 (s), 

160.11 (s), 149.25 (s), 137.07 (s), 134.97 (s), 131.42 (s), 106.49 (s), 102.27 (s), 71.03 (s), 70.84 

(s), 69.69 (s), 67.94 (s), 67.71 (s) (13 signals expected and 13 signals found).  High res MS: calc. 

for C37H44NO14Br [M + NH4]
+1: m/z 823.2283; found: m/z 823.2278 (error 0.6 ppm).   

4-(p-Bromobenzyloxy)pyridine-2,6-dicarboxylic acid chloride (7).  General procedure 1 was 

used with V 30 (0.5177 g, 1.470 mmol), thionyl chloride (5 mL, 0.07 mol) and DMF (1 drop) to 

produce an off-white solid with a yellow tint 0.5719 g (100%).  The product was used directly 

without characterization. 
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Dibenzo-30-crown-10-based 4-(p-bromobenzyloxy)pyridyl cryptand (8).  General procedure 

2 was used with DCM (2.7 L), pyridine (2.4 mL), 3 (0.42690 g, 0.71548 mmol), 7 (0.27902 g, 

0.71722 mmol) and acidic alumina (1.00 g) as a template to provide a solid which was purified 

by column chromatography using neutral alumina, eluting with chloroform:methanol (99:1); 

0.5064 g, (78%) of white solid, mp 188.8ï192.7 °C.  1H NMR (400 MHz, CDCl3) ŭ 7.88 (s, 2H), 

7.55 (d, J = 8 Hz, 2H), 7.32 (d, J = 8 Hz, 2H), 6.94ï6.92 (m, 4H), 6.77 (d, J = 9 Hz, 2H), 5.30 (s, 

4H), 5.18 (s, 2H), 4.20ï4.11 (m, 4H), 4.03ï3.97 (m, 4H), 3.95ï3.90 (m, 4H), 3.84ï3.78 (m, 4H), 

3.74 (m, 4H), 3.72 ï 3.67 (m, 8H), 3.64 (m, 4H).  13C NMR (126 MHz, CDCl3) ŭ 166.43 (s), 

164.88 (s), 150.24 (s), 149.12 (s), 149.00 (s), 133.85 (s), 132.14 (s), 129.37 (s), 128.19 (s), 

122.87 (s), 121.80 (s), 114.80 (s), 114.34 (s), 114.02 (s), 71.10 (s), 70.86 (s), 70.83 (s), 70.73 (s), 

70.03 (s), 69.79 (s), 69.55 (s), 69.09 (s), 68.90 (s), 67.83 (s) (24 peaks expected and 24 peaks 

found).  High res MS: calc. for C44H50NO15Br [M + H]+1: m/z 912.2437; found: m/z 912.2452 

(error ï1.6 ppm).   

4-(p-(1ô,2ô-Dichloroethyl)benzyloxy)pyridine-2,6-dicarbonyl dichloride (9).  General 

procedure 1 was used with V 17 (0.16081 g, 0.53733 mmol), thionyl chloride (4.0 mL, 55 

mmol), sulfuryl chloride (0.10 mL, 1.2 mmol) and DMF (1 drop) to produce an off-white solid 

0.2187 g (100%).  The product was used directly without characterization. 

Dibenzo-30-crown-10-based 4-(p-(1,2-dichloroethyl)benzyloxy)pyridyl cryptand (10).  

General procedure 2 was used with 9 (0.1740 g, 0.4274 mmol), 3 (0.2551 g, 0.4275 mmol), and 

pyridine (3.0 mL, 37 mmol), to provide a solid which was purified via column chromatography, 

eluting with 98:2 (v:v) chloroform:methanol over neutral alumina; product isolated as fourth 

band, 29.1 mg (7%), mp 115.3ï124.6 °C.  1H NMR (500 MHz, CDCl3) ŭ 7.90 (s, 2H), 7.49ï7.45 

(m, 2H), 7.39ï7.37 (m, 2H), 6.94ï6.92 (m, 4H), 6.76 (d, J = 8 Hz, 2H), 5.30 (s, 4H), 5.24 (s, 
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2H), 5.04ï4.96 (m, 1H), 4.17ï4.11 (m, 4H), 4.01ï3.96 (m, 5H), 3.94ï3.89 (m, 4H), 3.82ï3.78 

(m, 4H), 3.75ï3.73 (m, 4H), 3.71ï3.68 (m, 8H), 3.41ï3.34 (m, 5H).  High res MS: calc. for 

C46H53NO15Cl2 [M + NH4]
+1: m/z 947.3131; found: m/z 947.3162 (error ï3.3 ppm).   
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Chapter 7 

BISCRYPTANDS 

Introduction  

 In supramolecular chemistry certain key molecules contain the potential to unlock a 

wealth of chemistry. Ditopic hosts can be used for supramolecular polymers, chain extensions, 

and crosslinking (Figure 7.1).   

 

Figure 7.1.  Uses for a Ditopic Host. 

 

Supramolecular polymers and chain extensions have long been a focus within the Gibson 

group; formerly the host workhorses for these projects were ditopic crown ethers.1-3  Host 

systems, however, have far surpassed simple crown ethers and evolved into cryptands.4-13  
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Specifically, pyridyl cryptands have demonstrated exceptionally high binding constants with 

paraquat guests.4,6,8,12  Up until recently, inadequate synthetic pathways existed for the synthesis 

of pyridyl cryptands, hindering their use and blocking the development of ditopic analogs.  New 

synthetic pathways as well as correctly staged functional groups have removed many of the 

problems initially hindering the synthesis of cryptands and thereby now allow for the 

development of ditopic cryptands.  Here synthetic strategies to produce biscryptands are reported 

and a suitable ditopic host compound is chosen to move forward with on supramolecular 

projects. 

 

 

Results and Discussion 

 Initial attempts to synthesize a biscryptand employed the dibenzo-30-crown-10-based 

pyridyl cryptand 1 with the intent of Heck coupling the cryptand to a diolefin.  These attempts 

were unsuccessful; coupling at the olefin was not observed.  Instead Ullman coupling prevailed 

and 2 was formed as an unexpected product in 26% yield, with large quantities of 1 left 

unreacted after 36 h.  Repeating the reaction, as shown in Scheme 7.1, without the diolefin and 

maintaining the previously used reagents with similar concentrations and reaction times, once 

again gave an Ullman coupled product as before in a yield of 25% with a large amount of 1 

remaining unreacted. Similar conditions and reagents are known to give this Ullman coupling 

outcome.14   
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Scheme 7.1. Synthesis of Ullmann coupled cryptand 2. 

  

A similar reaction was carried out using the 32-crown-10 aryl bromide cryptand 3 to 

produce 4 in 11% yield; the yield reduction vs. 2 is primarily attributed to 4 being synthesized on 

a small scale (18 mg).  Once again a large fraction of the aryl bromide was unreacted.   

The desire to produce both dibenzo-30-crown-10 and bis(m-phenylene)-32crown-10 

cryptands comes from the synthetic yields and the binding constants observed with dimethyl 

paraquat PF6.  The diol of dibenzo-30-crown-10, used to produce cryptand 1 is formed in high 

yield (93%)4 through a templation procedure, so large scale reactions are possible.  The diol of 

bis(m-phenylene)-32-crown-10 cannot be synthesized through a templated reaction,4,15  but its 

pyridyl cryptand binds dimethyl paraquat PF6 more than 10 times better than the dibenzo-30-

crown-10 analog (5 x 106 M-1 vs. Ka = 1 x 105 M-1 ).4,6   
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Scheme 7.2. Synthesis of 4 via Ullmann coupling. 

Although 2 and 4 were the first biscryptands produced, their use was short lived.  

Complexation of 2 with dimethyl paraquat revealed that although a reasonable average binding 

constant was obtained, Ka1 and Ka2 varied significantly.  Figure 7.2 is an ITC plot of 2 with 

dimethyl paraquat PF6 in acetone at 25 °C; analysis of the isotherm revealed that Ka1 = 4.50 x 

105 M-1, while Ka2 = 1.78 x 104 M-1, with an average association constant of 2.33 x 105 M-1.  For 

statistical complexation Ka2 = (1/4) Ka1.
16-18  This leads to the conclusion that the system is anti-

cooperative (Ka2 = (3.96 x 10-2) Ka1).  The anti-cooperative behavior of 2 is attributed to the 

close proximity of the two host cavities, causing the complexation of the second paraquat to feel 

a repulsive electrostatic force from the first complexed paraquat. Due to the small scale on which 

4 was synthesized and the binding constants obtained for 2, no further effort was put into 4.  

Instead, compounds 2 and 4 were abandoned for constructs that contain a linker between the two 

cryptand units. 
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Figure 7.2. ITC titration of 2 with dimethyl paraquat PF6 in acetone at 25 °C; error is indicated 

in parenthesis. 

 

Since Ullman coupling proved to be possible using the aryl bromides 1 and 3, aryl 

bromide 5 was developed such that coupling could be carried out to yield a biscryptand which 

contained a linker of moderate length, 6.  It was anticipated the longer linkage would overcome 

the anticooperativity observed with 4. 

 

Scheme 7.3. Synthesis of biscryptand 6. 

 

Synthesis of 6 was achieved in a yield of 12% after 17 h. Chromatography provided 

recovery of the remaining starting material, providing a clear indication that the reaction had not 
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reached completion.  At the same time progress was made on templation of the formation of 

cryptands and it became evident that biscryptands could be prepared more readily by these 

methods. For this reason, 6 was abandoned for the production of a new, easier overall synthesis.   

Two biscryptands, 16 and 17, were chosen for production based on the concept of 

carrying out a dual cyclization (Scheme 7.4). 

 

 

Scheme 7.4. Synthesis of biscryptands 16 and 17. 

 

Linkages for 16 and 17 were chosen because the literature 1 indicates that if the linkage is 

long enough, the formation of cyclic species, a side reaction when producing supramolecular 

polymers, can be minimized.  The suggested linkage length to avoid cyclics is a ten atom or 

greater linkage.1  

Syntheses of 16 and 17 were achieved via the previously developed templation reaction, 

whereby two cyclizations were carried out at the same time on double ended chelidamic acid 
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chlorides, 11 and 14.  Cyclization yields of 23% for 16 and 43% for 17 were achieved, resulting 

in a quicker and easier synthesis and isolation process compared to the halide coupling reactions.   

As expected, ITC results revealed that the complexation process with dibenzyl paraquat 

TFSI was actually cooperative; this paraquat was chosen due to its solubility in DCM.  Figure 

7.3 is the ITC plot of 17 with dibenzyl paraquat TFSI in DCM at 25 °C, yielding Kavg = 4.36 x 

105 M-1, Ka1 = 2.49 x 105 M-1 and Ka2 = 6.23 x 105 M-1; Ka2  = 2.5 Ka1! Cooperative behavior 

found in other cryptand paraquat systems has been attributed to conformational changes and 

restrictions promoting the complexation of a second site and the first complexation bringing 

about a change in ion pairing and the local environment.19  Here we suggest a similar occurrence 

in which the first binding induces a conformational change that promotes the binding of the 

second paraquat.  The crystal structures of complexes of 2,6-pyridyl cryptands of cis(4,4ô)-

dibenzo-30-crown-10 with dimethyl paraquat PF6 (and other paraquat PF6 derivatives) typically 

reveal the guest ˊïstacked within the host in such a way that the paraquat methyl groups interact 

with the oxygen atoms of the host.4  It is likely that the electron poor benzyl moieties of the 

paraquat are capable of interacting via hydrogen bonding with the adjacent uncomplexed 

cryptand motif in 17.  This likely causes the second uncomplexed cryptand motif to adopt a 

conformation that assists in the complexation of the next paraquat guest. 
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Figure 7.3. ITC titration of 17 with dibenzyl paraquat TFSI in DCM at 25 °C. 

  

In a similar system, a ditopic paraquat guest was found to complex cooperatively with a 

monotopic crown ether host, by Niu and coworkers.20  Figure 7.4 shows Niuôs cooperative 

system, host 18 and guest 19.20  The cooperative nature of Niuôs system was determined via X-

ray crystallography to be due to hydrogen bonding of a carbonyl oxygen of one macrocycle with 

an ethyleneoxy hydrogen of the other macrocycle in the [3]complex.  Further analysis of the 18 Å 

19 complex suggested that once the [2]complex is formed, the conformational freedom of 19 is 

restricted through hydrogen and CH--ˊ bonds, thereby promoting the second addition of 18. 

 

 

Figure 7.4. Niu's cooperative system: host 18 and guest 19.20 
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The successful synthesis of 16 and 17 led to the decision to begin self-assembly work. 

The weakness of this approach is that to vary the linker, new bispyridine precursors have to be 

prepared; that is, this synthesis is not modular. The precursor tetra(acid chloride)s 11 and 14 each 

required six synthetic steps, not counting those to make the linker.  This is the same number of 

synthetic steps to reach the dibenzo-30-crown-10 diol precursor 15, leading to a state of affairs 

where the chelidamic component is just as evolved, if not further evolved than 15.   

 

 

Conclusion 

 In total five novel biscryptands were successfully produced.  Aryl bromide cryptands 1 

and 3 were both used to successfully produce the respective biscryptands 2 and 4 through 

Ullmann reactions.  Initial ITC results indicated that these ditopic hosts bind paraquats 

anticooperatively and we thus abandoned this approach to biscryptands.  6 was then synthesized 

to extend the linkage between the cryptand units. Continued improvements in template 

cyclization methods for the formation of the cryptands, however, resulted in 6 being abandoned 

in favor of 16 and 17, which were produced directly from tetra(acid chloride)s.  16 and 17 

offered shortened reaction times and reduced effort in purification when compared to 2, 4, and 6.  

Importantly, the complexation of 16 with a paraquat derivative demonstrated highly positive 

cooperativity.   
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Experimental 

 

Measurements: 1HïNMR spectra were obtained on JEOL ECLIPSE-500, BRUKER-500, and 

AGILENT-NMR-vnmrs400 spectrometers.  13CïNMR spectra were collected at 125 MHz and 

101 MHz on these instruments.  HRïMS were obtained using an Agilent LC-ESI-TOF system.  

Reagents were purchased and used as received without further purification.  Compounds 7,21 8,22 

and 154 were made in accordance with literature procedures; similar yields were achieved.  

Compounds 1, 3, and 5 were synthesized as described in Chapter 6.  

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand linked directly at the 4-pyridyl 

position) (2). 1 (34.67 mg, 0.0430 mmol), palladium acetate (2.1 mg, 0.0094 mmol), 

triphenylphosphine (18.9 mg, 0.072 mmol), and sodium carbonate (21.8 mg, 0.206 mmol) were 

added to a small flask containing a magnetic stir bar.  DMF (20 mL) was added to the flask.  The 

reaction mixture was stirred in an oil bath at 90 °C under nitrogen for 36 h.  A small portion of 

solvent was removed by rotary evaporation and the remaining mixture was dissolved in 

chloroform; the mixture was washed with 1M HCl (2x), water (3x), and dried over Na2SO4.  

After filtration and evaporation of the solvent, chromatography was used to isolate the coupled 

biscryptand product (neutral alumina, eluting with ethyl acetate/dichloromethane/methanol 

(30:30:2): 15.8 mg (25%), mp 107.8ï114.5 °C.  1H NMR (500 MHz, CDCl3) ŭ 8.71 (s, 2H), 6.98 

(d, J = 8 Hz, 4H), 6.80 (d, J = 8 Hz, 2H), 5.40 (s, 4H), 4.18 (t, J = 4, 4H), 4.03 (t, J = 4, 4H), 3.93 

(t, J = 4, 4H), 3.84 (t, J = 4, 4H), 3.70 (m, 16H).  13C NMR (126 MHz, CDCl3) ŭ 164.47 (s), 

150.02 (s), 149.20 (s), 149.04 (s), 146.54 (s), 128.06 (s), 125.60 (s), 121.94 (s), 114.41 (s), 

114.01 (s), 71.08 (s), 70.80 (d, overlap of two singlets), 69.75 (s), 69.56 (s), 69.09 (s), 68.89 (s), 
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68.15 (s) (18 peaks expected and 18 peaks found).  High res MS: calc. for C74H88N2O28 

[M+NH4]
+: m/z 1470.5862; found: m/z 1470.5845 (error ï1.2 ppm) 

Biscryptand (bis(m-phenylene)-32crown-10-based pyridyl cryptand linked directly at the 4-

pyridyl position) (4).  3 (18.0 mg, 0.0223 mmol), Pd(OAc)2 (2.2 mg, 9.8 µmol), PPh3 (5.2 mg, 

20 µmol), DMF (4 mL), and Na2CO3 (22 mg, 0.21 mmol) were combined in a round bottom 

flask with magnetic stirring and heated in an oil bath at 90 °C under nitrogen for 42 h, after 

which the mixture was diluted with chloroform and washed with 1 M HCl (2x), water (3x), and 

dried over Na2SO4.  The solution was filtered, followed by solvent removal.  Product isolation 

was achieved using preparative scale TLC (neutral alumina eluting with ethyl 

acetate:dichloromethane:methanol (30:30:1.5); 1.8 mg (11 %), mp: 96.1ï105.4 °C.  1H NMR 

(500 MHz, CDCl3) ŭ 8.75 (s, 3H), 6.58 (m, 6H), 6.50ï6.47 (m, 7H), 5.39 (s, 8H), 4.05ï4.00 (m, 

9H), 3.82 (s, 11H), 3.79ï3.74 (m, 18H), 3.72ï3.61 (m, 70H).  Integration was very poor and 

indicated impurities, but further purification was not possible due to the small amount of 

material.  High res MS: calc. for C74H88N2O28 [M + NH4]
+: m/z 1470.5862; found: m/z 

1470.5848 (error 0.95 ppm).   

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand employing a biphenyl linkage) 

(6).  To a flask containing DMF (5 mL) was added bromobenzyl 30-crown-10 cryptand 5 (37.0 

mg, 40.5 µmol), palladium acetate (1.0 mg, 4.5 µmol), and potassium carbonate (31.7 mg, 229 

µmol) under nitrogen with magnetic stirring.  The mixture was held at reflux for 17 h and the 

solvent was removed by rotary evaporation.  The crude material was dissolved in DCM, washed 

with 1 M HCl (7x), water (5x), and dried over sodium sulfate.  The solution was filtered and 

rotary evaporation gave a material which was passed over neutral alumina, eluting with 

chloroform:methanol (97:3 ); 4.2 mg (12%), mp 113.4ï120.1 °C.  1H NMR (500 MHz, CDCl3) ŭ 
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7.93 (s, 4H), 7.66 (d, J = 8 Hz, 4H), 7.54 (d, J = 8 Hz, 4H), 6.94 (d, J = 8 Hz, 8H), 6. 77 (d, J = 8 

Hz, 4H), 5.31 (s, 8H), 5.29 (s, 4H), 4.18ï4.14 (m, 8H), 4.02 ï 3.97 (m, 8H), 3.95ï3.90 (m, 8H), 

3.83ï3.79 (m, 8H), 3.74 (m, 8H), 3.71ï3.68 (m, 16H), 3.64 (m, 8H).  Carbon NMR spectrum not 

obtained due to the small amount of material.  High res MS: calc. for C88H100N2O30 [M+ NH4]
+: 

m/z 1683.6733; found: m/z 1683.6582 (error ï8.97 ppm).   

Tetraisopropyl 4,4'-(((p-phenylenebis(oxy))bis(ethane-2ò,1ò-diyl))bis(oxy))bis(pyridine-

2òô,6òô-dicarboxylate) (9).  A mixture of acetonitrile (100 mL), 8 (5.78 g, 11.4 mmol), 7 (6.79 

g, 25.4 mmol), and potassium carbonate (5.85 g, 42.3 mmol) was held at reflux for 24 h with 

magnetic stirring under nitrogen.  After cooling to room temperature the mixture was filtered 

through Celite® p545 and solvent was removed by rotary evaporation.  The crude material was 

dissolved in DCM and washed with Na2CO3 (x2), saturated NaCl (x3), and dried over sodium 

sulfate.  The product was obtained after filtration and removal of solvent: 6.21 g (78%) of white 

solid, mp 193.1ï195.4 °C.  1H NMR (500 MHz, CDCl3) ŭ 7.81 (s, 4H), 6.89 (s, 4H), 5.30 (hept, 

J = 6 Hz, 4H), 4.52ï4.46 (m, 4H), 4.37ï4.32 (m, 4H), 1.43 (d, J = 6 Hz, 24H).  13C NMR (126 

MHz, CDCl3) ŭ 166.53 (s), 164.10 (s), 153.00 (s), 150.64 (s), 115.82 (s), 114.18 (s), 70.21 (s), 

67.32 (s), 66.73 (s), 21.81 (s)  (10 peaks expected and 10 peaks found).  High res MS: calc. for 

C36H44N2O12 [M+H] +: m/z 697.2967; found: m/z 697.3000 (error 4.7 ppm) 

4,4'-(((p-phenylenebis(oxy))bis(ethane-2ò,1ò-diyl))bis(oxy))bis(pyridine-2òô,6ôò-

dicarboxylic acid) (10).  9 (0.3790 g, 0.5440 mmol) was dissolved in THF (50 mL) and 10% 

aqueous potassium hydroxide (50 mL) was added to the solution contained in a round bottom 

flask.  The reaction mixture was then stirred at reflux for 27 h.  THF was removed by rotary 

evaporation and concentrated HCl was added until pH=1.  The precipitate was collected and 

washed with cool water and dried: 0.2871 g (100%) of a white solid, mp 260.0ï265.0 ᴈ (dec).  
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1H NMR (500 MHz, DMSO-D6) ŭ 7.78 (s, 4H), 6.93 (s, 4H), 4.57 (s, 4H), 4.30 (s, 4H).  13C 

NMR (126 MHz, DMSO-D6) ŭ 166.53 (s), 165.26 (s), 152.42 (s), 149.76 (s), 115.49 (s), 113.69 

(s), 67.61 (s), 66.43 (s) (8 peaks expected and 8 peaks found).  HR MS: calc. for C24H20O12N2 [M 

+ H]+: m/z 529.1089; found: m/z 529.1084 (error 0.9 ppm) 

4,4'-(((p-phenylenebis(oxy))bis(ethane-2ò,1ò-diyl))bis(oxy))bis(pyridine-2òô,6òô-dicarbonyl 

dichloride) (11).  10 (0.1120 g, 0.2120 mmol) was added to a round bottom flask followed by 

thionyl chloride (3 mL, 0.04 mol) and DMF (1 drop).  The contents of the flask were held at 

reflux under nitrogen for 12 h and the solvent was removed by vacuum.  The material was used 

directly without further purification; the yield was assumed to be quantitative. 

Tetraisopropyl 4,4'-(decane-1ò,10ò-diylbis(oxy))bis(pyridine-2,6-dicarboxylate) (12).  A 

round bottom flask containing acetonitrile (200 mL), 1,10-dibromodecane (7.04 g, 23.5 mmol), 7 

(12.78 g, 47.82 mmol), and potassium carbonate (8.50 g, 61.5 mmol) under nitrogen was held at 

reflux for 4 days, after which it was filtered through Celite® p 545 and the solvent was removed 

by rotary evaporation.  The crude material was dissolved in DCM and washed with Na2CO3 (2x), 

saturated NaCl (4x), and dried over sodium sulfate.  Filtration and removal of the solvent 

provided the desired product as a white solid: 15.63 g (99%), mp 76.8ï78.0 °C.  1H NMR (500 

MHz, CDCl3) ŭ 7.72 (s, 4H), 5.29 (hept, J = 6 Hz, 4H), 4.12 (t, J = 6 Hz, 4H), 1.89ï1.80 (m, 

4H), 1.76ï1.27 (m, 36H).  13C NMR (126 MHz, CDCl3) ŭ 166.92 (s), 164.29 (s), 150.52 (s), 

114.08 (s), 70.13 (s), 68.91 (s), 29.44 (s), 29.27 (s), 28.80 (s), 25.88 (s), 21.81 (s) (11peaks 

expected and 11 peaks found).  High res MS: calc. for C36H52N2O10 [M+H] +: m/z 673.3695; 

found: m/z 673.3707 (error 1.8 ppm) 

4,4'-(Decane-1ò,10ò-diylbis(oxy))bis(pyridine-2,6-dicarboxylic acid) (13).  12 (1.86 g, 2.76 

mmol) in THF (50 mL) and 10% wt. potassium hydroxide (50 mL) was held at reflux for 24 h, 
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followed by the removal of THF by rotary evaporation.  The aqueous solution was acidified to 

pH 1 using concentrated HCl and the precipitate was collected via filtration: 1.0831 g (78 %) of a 

white solid, mp 192.8ï196.1 ᴈȢ  1H NMR (500 MHz, DMSO-d6) ŭ 7.69 (s, 4H), 4.21 (t, J = 6 

Hz, 4H), 1.85ï1.68 (m, 4H), 1.35 (m, 12H).  13C NMR (126 MHz, DMSO-D6) ŭ 166.71 (s), 

165.27 (s), 149.65 (s), 113.51 (s), 68.69 (s), 28.83 (s), 28.59 (s), 28.12 (s), 25.21 (s) (9 peaks 

expected and 9 peaks found).  HR MS: calc. for C24H28O10N2 [M + H]+: m/z 505.1817; found: 

m/z 505.1840 (error ï4.6 ppm). 

4,4'-(Decane-1ò,10ò-diylbis(oxy))bis(pyridine-2,6-dicarboxylic acid chloride) (14).  13 

(0.2025 g, 0.4014 mmol), thionyl chloride (2.0 mL, 28 mmol) and DMF (1 drop) under nitrogen 

were held at reflux for 12 h and the solvent was removed by vacuum.  The material was used 

directly without further purification, assuming the yield was quantitative. 

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand containing a hydroquinone 

linkage) (16).  A mixture of dry DCM (700 mL), 15 (0.52911 g, 0.88679 mmol), pyridine (2 

mL), and acidic alumina (1.00 g) was stirred for 1 h. 11 (0.26701 g, 0.44340 mmol) dissolved in 

20 mL of DCM then added.  Stirring was continued for 32 h; the mixture was filtered through a 

small plug of neutral alumina.  The solvent was removed by rotary evaporation and the crude 

material was taken up in DCM and washed with 1 M HCl (3x), water (3x) and dried over sodium 

sulfate.  After filtration the solvent was removed by rotary evaporation and the material was 

purified using flash column chromatography, eluting with DCM to MeOH over neutral alumina: 

0.1697 g (23%) of a white solid, mp 197.6ï200.5 °C.  1H NMR (500 MHz, CDCl3) ŭ 7.91 (s, 

4H), 6.99ï6.93 (m, 8H), 6.90 (m, 4H), 6.79ï6.77 (m, 4H), 5.31 (s, 8H), 4.53ï4.48 (m, 4H), 4.36 

(m, 4H), 4.20ï4.14 (m, 8H), 4.03ï3.99 (m, 8H), 3.96ï3.92 (m, 8H), 3.85ï3.80 (m, 8H), 3.75 (m, 

8H), 3.73ï3.68 (m, 16H), 3.65 (m, 12H).  13C NMR (126 MHz, CDCl3) ŭ 166.66 (s), 164.84 (s), 
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153.04 (s) 150.10 (s), 149.05 (s), 148.94 (s), 128.16 (s), 121.73 (s), 115.89 (s), 114.61 (s), 114.32 

(s), 114.00 (s), 71.02 (s), 70.79 (s), 70.76 (s), 70.65 (s), 69.72 (s), 69.49 (s), 69.03 (s), 68.84 (s), 

67.74 (s), 67.46 (s), 66.74 (s) (23 signals expected and 23 signals found).  High res MS: calc. for 

C84H100N2O32 [M + 2H]+2: m/z 825.3203; found: m/z 825.3223 (error 2.4 ppm).   

Biscryptand (dibenzo-30-crown-10-based pyridyl cryptand containing a C10 linkage) (17).  

A mixture of dry DCM (700 mL), 15 (0.4789, 0.8026 mmol), pyridine (2 mL), and acidic 

alumina (1.0 g) was stirred for 1 h.  14 (0.2025 g, 0.4014 mmol) dissolved in 20 mL of DCM 

then added.  Stirring was continued for 32 h; the mixture was filtered and the solvent was 

removed by rotary evaporation. The crude material was taken up in DCM and washed with 1 M 

HCl (3x), water (3x), then dried over sodium sulfate.  After filtration the solvent was removed by 

rotary evaporation and the material was purified using flash column chromatography, eluting 

with DCM to MeOH over neutral alumina: 0.2828 g (43%) of a white solid, mp 103.9ï106.2 °C.  

1H NMR (500 MHz, CDCl3) ŭ 7.82 (s, 4H), 6.97ï6.92 (m, 8H), 6.77 (d, J = 9 Hz, 4H), 5.31 (s, 

8H), 4.16 (m, 12H), 4.01 (m, 8H), 3.93 (m, 8H), 3.81 (m, 8H), 3.75 (m, 8H), 3.71ï3.68 (m, 

16H), 3.64 (m, 8H), 1.86 (m, 4H), 1.49 (m, 4H), 1.41ï1.32 (s, 8H).  13C NMR (126 MHz, 

CDCl3) ŭ 167.03 (s), 165.00 (s), 149.95 (s), 149.04 (s), 148.94 (s), 128.19 (s), 121.70 (s), 114.52 

(s), 114.32 (s), 114.02 (s), 71.04 (s), 70.81 (s), 70.76 (s), 70.66 (s), 69.73 (s), 69.49 (s), 69.05 (s), 

68.86 (s), 67.67 (s), 29.43 (s), 29.25 (s), 28.76 (s), 25.86 (s) (24 peaks expected and 23 peaks 

found; it is believed that one peak overlaps another in the 71.04 to 70.66 region).  MS: calc. for 

C84H108N2O30 [M+H] +: m/z 1625.7065; found m/z 1625.6921 (error ï8.86 ppm) 
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Chapter 8 

Supramolecular Polymers 

Introduction  

Previous chapters focused upon the production of high yielding synthetic procedures for 

the production of cryptands and determined that the most efficient way to produce biscryptands 

was via dual cyclizations, which were made possible through templation.  This chapter focuses 

on use of the previously produced biscryptands as monomers for supramolecular polymers by 

association with bisparaquats.  Supramolecular polymers are of particular interest because of 

their dynamic character.  This dynamic character allows for reversibility, since the linkages are 

constantly breaking apart and reforming.  The extent of this process is defined in terms of an 

association constant, Ka; Figure 8.1 provides an example of this. 

 

Figure 8.1. Association and disassociation of a supramolecular polymer. 

 

Polymers of this type are thus unique in the sense that if the polymer sustains damage at 

the points of association, the polymer will be capable of repairing itself; thus these systems are 

sometimes marketed as being ñselfïhealingò.  A range of supramolecular polymers exist 

employing the crown ether motif to form polymeric structures.  Additionally, it should be noted 

that some of these crown ether systems have displayed a strong tendency to thermally selfïheal 

when deformed.1  Stimuli have the ability to influence the association constant of the crown ether 

motif and to a certain extent the association constant can be controlled via stimuli such as 



148 
 

temperature, pH, electrochemistry, counter ion or light.2  Recently supramolecular polymers 

have been reported using cryptand motifs of varying types.3  The extremely high binding pyridyl 

cryptand motif, however, has yet to be incorporated into a supramolecular polymer. 

Although crown ethers have served the supramolecular community well, the focus of this 

work is on accessing and utilizing the higher binding cryptand motif.  When considering 

supramolecular polymers, the association constant of the complex can be used to determine the 

degree of polymerization (DP) achievable for that system at a given concentration using 

Equation 8.1.4  When association constants are sufficiently high (i. e., 4Ka[Ho] >>1) the 

equation simplifies to Equation 8.2.   

Equation 8.1. Full equation for DP estimate. 

 

Equation 8.2. Simplified DP estimate 

equation. 

 

 
Figure 8.2. DP vs Ka at 1M. 

 

 Equation 8.1 shows at a specific concentration of host the dependence of DP on the 

association constant.  In Figure 8.2 the DP for a hypothetical supramolecular polymer has been 

estimated at a concentration of 1 M while varying the Ka from 0 to 10 million.  From Figure 8.1 
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it can be seen that the DP responds exponentially to the association constant; a DP of 100 is not 

achieved at a 1 M concentration until Ka is ten thousand.  This becomes fairly problematic when 

considering most crown ethers have association constants below 1,000 M-1 at 25 °C; this 

translates into most crown ethers having a maximum DP of about 32.  The normal workaround 

for this, to reach entanglement molecular weight, is to use amply high molecular weight 

monomers, since molecular weight actually dictates if polymeric properties are observed.  A 

pyridyl cryptand system with paraquat would not need such a workaround to achieve a high 

molecular weight polymer.  The pyridyl dibenzo-30-crown-10 cryptand with dimethyl paraquat 

PF6 in acetone has an association constant of 1 x 105, while the same cryptand with dibenzyl 

paraquat TFSI in DCM has an association constant of 1 x 106.  Using these association constants 

in Equation 8.1 gives a DP of 316 for the acetone system and 1,000 for the DCM complex; 

either system is thus capable of producing a truly high molecular weight polymer. 

 In addition to the straight forward argument that higher association constants lead to 

higher molecular weight supramolecular polymers, it must also be acknowledged that association 

constants are highly depended on solvent and temperature; this adds a degree of control to DP.  

Moreover, the concentration of supramolecular monomers can be used to alter the DP of the 

polymeric system.  As a last form of control over molecular weight, a monofunctional host or 

guest can be added to end cap the polymer.  These items together highlight how the molecular 

weight of a supramolecular polymer is highly controllable and to what a great extent the 

molecular weight can be altered if sufficiently high association constants are employed.  With a 

high association constant, using solvent, temperature, and concentration, a specific degree of 

polymerization can be ñdialed inò by use of Equation 8.1.  
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 Additionally, the previously stated points extend to supramolecular chain extensions as 

well, since the same biscryptands can be employed.  For these reasons, an investigation was 

made into polymer chain extensions using one of the prepared biscryptands.  Although several 

types of chain extensions exist, Figure 8.3 displays a cartoon showing how a polymeric chain 

extension will be achieved here using a biscryptand.  A polymer either terminated or initiated 

with a guest such as paraquat would allow for the doubling of its molecular weight through the 

addition of a biscryptand, via the linking of the two chains. 

 

 

Figure 8.3. Cartoon depicting the intended chain extension technique employed within. 

 

 

Results and Discussion 

The biscryptands used in this work are those generated in chapter 7 via templation, VII 

16 and VII 17  (Figure 8.4).  To avoid confusion, compounds produced and described in other 

chapters will be labeled using that chapterôs number as a Roman numeral followed by the 

compoundôs number in that chapter; as an example a compound found in chapter 7 and number 

in chapter 7 as 16 would be VII 16 .  The dibenzo-30-crown-10-based pyridyl cryptand motif was 

chosen over the bis(m-phenylene)-32-crown-10-based pyridyl cryptand for two reasons.  First, a 

significantly higher total yield for the dibenzo-30-crown-10-based pyridyl cryptand was 

obtained.  Second, work presented in previous chapters demonstrated that the dibenzo-30-crown-

10-based pyridyl cryptand was capable of providing association constants similar to that of the 
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bis(m-phenylene)-32-crown-10-based pyridyl cryptand with dibenzyl paraquat TFSI in DCM at 

25 °C. 

 

 

Figure 8.4. Biscryptands VII 16  and VII 17 . 

 

Bisparaquats used for this study are 1, IV 7 , and IV 9 (Scheme 8.1).  These bisparaquat 

were chosen for the following reasons.  First, the literature 5 dictates that to avoid the formation 

of cyclic species and promote the formation of linear supramolecular polymers, a linker of at 

least 10 atoms should be used.5  On an individual basis, 1 was chosen due to its high literature 

occurrence with crown ether and crown ether-like supramolecular polymer systems;3,6,7 this aids 

in assessing the newly developed biscryptands.  IV 9 was developed because of the drastic 

solubility increases observed in Chapter 4 using the TFSI counter ion instead of PF6.  

Additionally, since the only difference between IV 9  and 1 is a change from PF6 to TFSI, direct 

conclusions about TFSI can be made.  Model systems in Chapter 4 showed TFSI paraquats 

employing the N-benzyl group over N-methyl resulted in compounds soluble in DCM.  IV 7  

contains two benzyl groups to insure maximum solubility in DCM.  Additionally, benzylic 

groups provide increased molecular weight over their methyl counterparts.  In theory, the 

increased solubility of IV 9  and IV 7 in less polar solvents should allow the polymers to be 
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formed in less polar solvents such as DCM, thereby achieving higher molecular weights than in 

more polar solvents such as acetone.   

 

 

 

 

Scheme 8.1. Bisparaquats. 

 

 Using the host monomers VII 16  and VII 17  along with the guest monomers 1, IV 7, and 

IV 9, five supramolecular polymers were synthesized by dissolving the host and guest separately 

and combining them.  The monomers and polymers are as follows: VII 17  + 1 for polymer P1, 

VII 16  + 1 for polymer P2, VII 17  + IV 9 for polymer P3, VII 17  + IV 7 for polymer P4, and 

VII 16  + IV 7 for polymer P5.  P1ïP5 are shown in Scheme 8.2 along with a picture of a film of 

the supramolecular polymers cast from the indicated solvents. 

 


















































































































































































































































































