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Abstract 

In order to study the as of yet unexplored competition between halogen bonds (XB) and 

chalcogen bonds (ChB) attached to the same molecular skeleton, a series of 4,7-

bis(haloethynyl)benzo-1,2,5-chalcogenadiazoles capable of forming competing ChB and XB 

dimers were designed, synthesized and analyzed crystallogrpahically. Quantum mechanical 

calculations were carried out on all targets to provide further insight, and to try to predict the 

experimental outcome of these competing interactions. The computational results aligned perfectly 

with crystallographic outcomes, predicting a XB dimer to exist in only one out of twenty-four 

targets, and correctly calculating halogen bond lengths, angles and intramolecular bending angles. 

The ChB synthon was further employed in providing a template towards the design of 

multicomponent crystals. The 4 and 7 position substituted haloethynyl species were replaced with 

different acceptor molecules, which could then bind to bond donors on co-formers towards the 

formation of co-crystals. Liquid assisted grinding with fifteen co-formers showed excellent 

success rates towards the formation of co-crystals, and two crystal structures obtained showed that 

using carboxylic acid co-formers retains the ChB dimer as intended.  

Stronger halogen bonds lead to better synthon robustness, which in turn contribute to 

improved supramolecular synthesis reliability. With this in mind, a triple activation strategy was 

explored to design a library of triply activated ketones with among the highest reported σ-hole 

potentials, which are used as a yardstick for the halogen bond donor ability of the iodine atom. 

Computational calculations were carried out to rank the molecules relative to each other and to 

benchmark them with literature, which confirmed they outperform previously reported molecules. 

The targets were subsequently synthesized and crystallized, and the single crystal structures of 



  

these targets confirmed that they can indeed form strong halogen bonds as the primary structure-

directing motif. 

The ketones were then used as building blocks for supramolecular co-crystal synthesis. A 

co-crystal screening with thirty-five co-formers revealed an overall 64% success rate in the 

formation of co-crystals. A total of nine co-crystal structures were obtained, and these further 

confirmed the strength and structure directing influence exerted by these highly activated halogen-

bond donors. 

In order to further test the robustness of the triple activation design strategy, a library of 

triply activated ester targets was assessed computationally and experimentally. Computational 

calculations showed that they slightly outperform the triply activated ketones in terms of σ-hole 

potentials and are superior to previously reported molecules. After they were synthesized and 

crystallized, the crystal structures once again confirmed their ability in forming strong structure 

directing halogen bonds. 

To confirm that this new library too can be employed towards the formation of co-crystals, 

a co-crystal screening with thirty-three co-formers revealed an overall success rate of 76%, even 

higher than the 64% success rate of the triply activated ketones. A total of eight co-crystal 

structures were obtained, once again including for all targets with phenazine. Computational 

calculations were carried out to rationalize the 1:1 vs. 1:2 stoichiometric halogen bonds formed by 

different targets with phenazine. Results revealed that only very high σ-hole potentials can lead to 

the formation of a 1:2 stoichiometric halogen bonding synthon, further articulating the importance 

of the strength of the interaction and its resultant ability to direct complex supramolecular 

assemblies. 
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Abstract 

In order to study the as of yet unexplored competition between halogen bonds (XB) and 

chalcogen bonds (ChB) attached to the same molecular skeleton, a series of 4,7-

bis(haloethynyl)benzo-1,2,5-chalcogenadiazoles capable of forming competing ChB and XB 

dimers were designed, synthesized and analyzed crystallogrpahically. Quantum mechanical 

calculations were carried out on all targets to provide further insight, and to try to predict the 

experimental outcome of these competing interactions. The computational results aligned perfectly 

with crystallographic outcomes, predicting a XB dimer to exist in only one out of twenty-four 

targets, and correctly calculating halogen bond lengths, angles and intramolecular bending angles. 

The ChB synthon was further employed in providing a template towards the design of 

multicomponent crystals. The 4 and 7 position substituted haloethynyl species were replaced with 

different acceptor molecules, which could then bind to bond donors on co-formers towards the 

formation of co-crystals. Liquid assisted grinding with fifteen co-formers showed excellent 

success rates towards the formation of co-crystals, and two crystal structures obtained showed that 

using carboxylic acid co-formers retains the ChB dimer as intended.  

Stronger halogen bonds lead to better synthon robustness, which in turn contribute to 

improved supramolecular synthesis reliability. With this in mind, a triple activation strategy was 

explored to design a library of triply activated ketones with among the highest reported σ-hole 

potentials, which are used as a yardstick for the halogen bond donor ability of the iodine atom. 

Computational calculations were carried out to rank the molecules relative to each other and to 

benchmark them with literature, which confirmed they outperform previously reported molecules. 

The targets were subsequently synthesized and crystallized, and the single crystal structures of 



  

these targets confirmed that they can indeed form strong halogen bonds as the primary structure-

directing motif. 

The ketones were then used as building blocks for supramolecular co-crystal synthesis. A 

co-crystal screening with thirty-five co-formers revealed an overall 64% success rate in the 

formation of co-crystals. A total of nine co-crystal structures were obtained, and these further 

confirmed the strength and structure directing influence exerted by these highly activated halogen-

bond donors. 

In order to further test the robustness of the triple activation design strategy, a library of 

triply activated ester targets was assessed computationally and experimentally. Computational 

calculations showed that they slightly outperform the triply activated ketones in terms of σ-hole 

potentials and are superior to previously reported molecules. After they were synthesized and 

crystallized, the crystal structures once again confirmed their ability in forming strong structure 

directing halogen bonds. 

To confirm that this new library too can be employed towards the formation of co-crystals, 

a co-crystal screening with thirty-three co-formers revealed an overall success rate of 76%, even 

higher than the 64% success rate of the triply activated ketones. A total of eight co-crystal 

structures were obtained, once again including for all targets with phenazine. Computational 

calculations were carried out to rationalize the 1:1 vs. 1:2 stoichiometric halogen bonds formed by 

different targets with phenazine. Results revealed that only very high σ-hole potentials can lead to 

the formation of a 1:2 stoichiometric halogen bonding synthon, further articulating the importance 

of the strength of the interaction and its resultant ability to direct complex supramolecular 

assemblies. 

 



viii 

Table of Contents 

List of Figures ............................................................................................................................... xv 

List of Tables ............................................................................................................................. xxiii 

Acknowledgements ..................................................................................................................... xxv 

Dedication ................................................................................................................................ xxviii 

Preface........................................................................................................................................ xxix 

Chapter 1 - Introduction .................................................................................................................. 1 

1.1. Structure dictates property .............................................................................................. 1 

1.2. Covalent vs. supramolecular synthesis ........................................................................... 2 

1.3. Types of non-covalent interactions ................................................................................. 3 

1.4. Significance of competing interactions ........................................................................... 5 

1.5. The need for stronger intermolecular interactions .......................................................... 6 

1.6. Goals of this dissertation ................................................................................................. 7 

1.7. References ....................................................................................................................... 8 

Chapter 2 - Traversing the tightrope between halogen- and chalcogen bonds using structural 

chemistry and theory .............................................................................................................. 11 

2.1. Introduction ................................................................................................................... 11 

2.2. Experimental ................................................................................................................. 15 

2.2.1. General .................................................................................................................. 15 

2.2.2. Computational calculations ................................................................................... 16 

2.2.3. Synthesis ............................................................................................................... 17 

2.2.3.1. Synthesis of 4,7-dibromobenzo-1,2,5-thiadiazole (S3)55-56 ........................... 18 

2.2.3.2. Synthesis of 4,7-diiodobenzo-1,2,5-thiadiazole (S4)57 .................................... 19 

2.2.3.3. Synthesis of 4,7-bis((trimethylsilyl)ethynyl)benzo-1,2,5-thiadiazole (ST)58 .. 19 

2.2.3.4. Synthesis of 4,7-bis(chloroethynyl)benzo-1,2,5-thiadiazole (S6)59 ................ 20 

2.2.3.5. Synthesis of 4,7-bis(bromoethynyl)benzo-1,2,5-thiadiazole (S7)59 ................ 20 

2.2.3.6. Synthesis of 4,7-bis(iodoethynyl)benzo-1,2,5-thiadiazole (S8)59 ................... 21 

2.2.3.7. Synthesis of 4,7-dibromobenzo-1,2,5-selenadiazole (Se3)56........................... 22 

2.2.3.8. Synthesis of 4,7-diiodobenzo-1,2,5-selenadiazole (Se4)57 .............................. 23 

2.2.3.9. Synthesis of 3,6-bis((trimethylsilyl)ethynyl)benzene-1,2-diamine (SeT1)60 .. 23 



ix 

2.2.3.10. Synthesis of 4,7-bis((trimethylsilyl)ethynyl)benzo-1,2,5-selenadiazole 

(SeT2)60 24 

2.2.3.11. Synthesis of 4,7-bis(chloroethynyl)benzo-1,2,5-selenadiazole (Se6)59 ....... 24 

2.2.3.12. Synthesis of 4,7-bis(bromoethynyl)benzo-1,2,5-selenadiazole (Se7)59 ...... 25 

2.2.3.13. Synthesis of 4,7-diethynylbenzo-1,2,5-selenadiazole (SeT3)61 .................. 26 

2.2.3.14. Synthesis of 4,7-bis(iodoethynyl)benzo-1,2,5-selenadiazole (Se8)62 .......... 26 

2.2.4. Crystal growth ....................................................................................................... 27 

2.3. Results ........................................................................................................................... 28 

2.3.1. Molecular electrostatic potentials ......................................................................... 28 

2.3.2. Interaction energies ............................................................................................... 31 

2.3.3. Single crystal structures ........................................................................................ 33 

2.4. Discussion ..................................................................................................................... 37 

2.4.1. Theoretical calculations ........................................................................................ 37 

2.4.1.1. Non-activated targets ........................................................................................ 37 

2.4.1.2. Activated targets ............................................................................................... 40 

2.4.1.3. Steric competition ............................................................................................. 44 

2.4.2. Single crystal structures ........................................................................................ 47 

2.4.2.1. Non-activated targets ........................................................................................ 47 

2.4.2.2. Activated targets ............................................................................................... 49 

2.4.2.3. Benchmarking interactions with the Cambridge Structural Database (CSD) ... 53 

2.5. Conclusions ................................................................................................................... 57 

2.6. References ..................................................................................................................... 61 

Chapter 3 - 4,7-disubstituted-2,1,3-benzochalcogenadiazoles towards hierarchical assembly of 

multicomponent crystals ........................................................................................................ 66 

3.1. Introduction ................................................................................................................... 66 

3.2. Experimental ................................................................................................................. 71 

3.2.1. General .................................................................................................................. 71 

3.2.2. Computational calculations ................................................................................... 72 

3.2.3. Synthesis ............................................................................................................... 72 

3.2.3.1. Synthesis of 4,7-di(pyridin-3-yl)benzo-1,2,5-thiadiazole (3PYS)44 ............... 73 

3.2.3.2. Synthesis of 4,7-di(pyridin-4-yl)benzo-1,2,5-thiadiazole (4PYS)44 ............... 74 



x 

3.2.3.3. Synthesis of 4,7-di(pyridin-3-yl)benzo-1,2,5-selenadiazole (3PYSe)44 .......... 74 

3.2.3.4. Synthesis of 4,7-di(pyridin-4-yl)benzo-1,2,5-selenadiazole (4PYSe)44 .......... 75 

3.2.3.5. Synthesis of 4,7-bis(pyridin-4-ylethynyl)benzo-1,2,5-thiadiazole (4EPYS)45 76 

3.2.3.6. Synthesis of 4,7-di(1H-pyrazol-4-yl)benzo-1,2,5-thiadiazole (PZS)44, 46 ..... 77 

3.2.4. Co-crystal screening.............................................................................................. 79 

3.2.5. Crystal growth ....................................................................................................... 80 

3.3. Results ........................................................................................................................... 80 

3.3.1. Molecular orbital energies .................................................................................... 80 

3.3.2. Molecular electrostatic potentials ......................................................................... 81 

3.3.3. Co-crystal screening.............................................................................................. 81 

3.3.4. Crystal structures .................................................................................................. 83 

3.3.5. UV-Visible spectroscopy ...................................................................................... 85 

3.4. Discussion ..................................................................................................................... 86 

3.4.1. Theoretical calculations ........................................................................................ 86 

3.4.1.1. Molecular orbital energies ................................................................................ 86 

3.4.1.2. Molecular electrostatic potentials ..................................................................... 87 

3.4.2. Experimental results.............................................................................................. 89 

3.4.2.1. UV-Visible spectroscopy .................................................................................. 89 

3.4.2.2. Single crystal structures .................................................................................... 90 

3.4.2.3. Co-crystal screening.......................................................................................... 92 

3.5. Conclusions ................................................................................................................... 96 

3.6. References ................................................................................................................... 101 

Chapter 4 - A triple activation strategy for designing exceptionally strong halogen-bond donors - 

3-iodo-1-phenylprop-2-yn-1-ones ....................................................................................... 105 

4.1. Introduction ................................................................................................................. 105 

4.2. Experimental ............................................................................................................... 108 

4.2.1. General ................................................................................................................ 108 

4.2.2. Molecular electrostatic potential calculations ..................................................... 108 

4.2.3. Counterpoise corrected interaction energy calculations ..................................... 109 

4.2.4. Synthesis ............................................................................................................. 110 

4.2.4.1. Synthesis of 3-iodo-1-phenylprop-2-yn-1-one (K1-US) ................................ 111 



xi 

4.2.4.2. Synthesis of 1-(4-fluorophenyl)-3-iodoprop-2-yn-1-one (K1-4F) ................. 112 

4.2.4.3. Synthesis of 3-(3-iodopropioloyl)benzonitrile (K1-3CN) .............................. 114 

4.2.4.4. Synthesis of 4-(3-iodopropioloyl)benzonitrile (K1-4CN) .............................. 115 

4.2.4.5. Synthesis of 3-iodo-1-(3-nitrophenyl)prop-2-yn-1-one (K1-3N) ................... 117 

4.2.4.6. Synthesis of 3-iodo-1-(4-nitrophenyl)prop-2-yn-1-one (K1-4N) ................... 118 

4.2.5. Crystal growth ..................................................................................................... 120 

4.3. Results ......................................................................................................................... 121 

4.3.1. Molecular electrostatic potentials ....................................................................... 121 

4.3.2. Interaction energies ............................................................................................. 122 

4.3.3. Single crystal structures ...................................................................................... 123 

4.4. Discussion ................................................................................................................... 125 

4.4.1. Theoretical calculations ...................................................................................... 125 

4.4.1.1. Molecular electrostatic potentials ................................................................... 125 

4.4.1.2. Counterpoise corrected interaction energies ................................................... 125 

4.4.2. Which XB synthons can be predicted to exist? .................................................. 127 

4.4.3. Single crystal structures ...................................................................................... 127 

4.5. Conclusions ................................................................................................................. 132 

4.6. References ................................................................................................................... 133 

Chapter 5 - Co-crystallizations of triply activated substituted 3-iodo-1-phenylprop-2-yn-1-ones

 ............................................................................................................................................. 136 

5.1. Introduction ................................................................................................................. 136 

5.2. Experimental ............................................................................................................... 139 

5.2.1. General ................................................................................................................ 139 

5.2.2. Co-crystal screening............................................................................................ 139 

5.2.3. Crystal growth ..................................................................................................... 140 

5.3. Results ......................................................................................................................... 141 

5.3.1. Co-crystal screening............................................................................................ 141 

5.3.2. Crystal structures ................................................................................................ 142 

5.4. Discussion ................................................................................................................... 146 

5.4.1. Possible modes of interaction ............................................................................. 146 

5.4.2. Co-crystal screening............................................................................................ 148 



xii 

5.4.3. Crystal structures ................................................................................................ 149 

5.4.3.1. Co-crystals with ditopic acceptors .................................................................. 149 

5.4.3.2. Co-crystal with N-oxide .................................................................................. 153 

5.4.3.3. Co-crystals with co-formers possessing halogen atoms ................................. 153 

5.4.3.4. Benchmarking XBs against literature data ..................................................... 154 

5.5. Conclusions ................................................................................................................. 157 

5.6. References ................................................................................................................... 159 

Chapter 6 - A triple activation strategy for designing exceptionally strong halogen-bond donors - 

phenyl 3-iodopropiolates ..................................................................................................... 161 

6.1. Introduction ................................................................................................................. 161 

6.2. Experimental ............................................................................................................... 163 

6.2.1. General ................................................................................................................ 163 

6.2.2. Molecular electrostatic potential calculations ..................................................... 164 

6.2.3. Counterpoise corrected interaction energy calculations ..................................... 164 

6.2.4. Synthesis ............................................................................................................. 166 

6.2.4.1. Synthesis of phenyl 3-iodopropiolate (E1-US)............................................... 166 

6.2.4.2. Synthesis of 2,4-difluorophenyl 3-iodopropiolate (E1-24DF) ....................... 167 

6.2.4.3. Synthesis of 3-cyanophenyl 3-iodopropiolate (E1-3CN) ............................... 169 

6.2.4.4. Synthesis of 4-cyanophenyl 3-iodopropiolate (E1-4CN) ............................... 170 

6.2.4.5. Synthesis of 3-nitrophenyl 3-iodopropiolate (E1-3N) .................................... 171 

6.2.4.6. Synthesis of 4-nitrophenyl 3-iodopropiolate (E1-4N) .................................... 172 

6.2.5. Crystal growth ..................................................................................................... 174 

6.3. Results ......................................................................................................................... 175 

6.3.1. Molecular electrostatic potentials ....................................................................... 175 

6.3.2. Interaction energies ............................................................................................. 175 

6.3.3. Single crystal structures ...................................................................................... 177 

6.4. Discussion ................................................................................................................... 179 

6.4.1. Theoretical calculations ...................................................................................... 179 

6.4.1.1. Molecular electrostatic potentials ................................................................... 179 

6.4.1.2. Counterpoise corrected interaction energies ................................................... 179 

6.4.2. Which XB synthons can be predicted to exist? .................................................. 180 



xiii 

6.4.3. Single crystal structures ...................................................................................... 181 

6.5. Conclusions ................................................................................................................. 187 

6.6. References ................................................................................................................... 188 

Chapter 7 - Co-crystallizations of triply activated substituted 3-iodo-1-phenylprop-2-yn-1-ones

 ............................................................................................................................................. 190 

7.1. Introduction ................................................................................................................. 190 

7.2. Experimental ............................................................................................................... 194 

7.2.1. General ................................................................................................................ 194 

7.2.2. Computation calculations.................................................................................... 194 

7.2.3. Co-crystal screening............................................................................................ 195 

7.2.4. Crystal growth ..................................................................................................... 196 

7.3. Results ......................................................................................................................... 197 

7.3.1. Molecular electrostatic potentials ....................................................................... 197 

7.3.2. Co-crystal screening............................................................................................ 198 

7.3.3. Single crystal structures ...................................................................................... 199 

7.4. Discussion ................................................................................................................... 203 

7.4.1. Possible modes of interaction ............................................................................. 203 

7.4.2. Molecular electrostatic potentials ....................................................................... 205 

7.4.3. Co-crystal screening............................................................................................ 207 

7.4.4. Crystal structures ................................................................................................ 209 

7.4.4.1. Co-crystals with phenazine ............................................................................. 209 

7.4.4.2. Co-crystals with 2,5-dibromopyridine ............................................................ 212 

7.4.4.3. Benchmarking XBs against literature data ..................................................... 213 

7.5. Conclusions ................................................................................................................. 215 

7.6. References ................................................................................................................... 217 

Chapter 8 - Future work .............................................................................................................. 219 

8.1. Benzochalcogenadiazole based fluorescent sensors for metal ions ............................ 219 

8.2. Ditopic and tritopic triply activated halogen bond donors.......................................... 220 

8.3. Triply activated sulfonyl targets ................................................................................. 220 

8.4. References ................................................................................................................... 221 

Appendix A - Additional information for Chapter 1 .................................................................. 222 



xiv 

Appendix B - Additional information for Chapter 2 .................................................................. 223 

Appendix C - Additional information for Chapter 3 .................................................................. 226 

Appendix D - Additional information for Chapter 4 .................................................................. 228 

Appendix E - Additional information for Chapter 5 ................................................................... 229 

Appendix F - Additional information for Chapter 6 ................................................................... 233 

Appendix G - Additional information for Chapter 7 .................................................................. 235 

Appendix H - Additional information for Chapter 8 .................................................................. 239 

  



xv 

List of Figures 

 

Figure 1.1. Stereoisomers of Thalidomide ..................................................................................... 1 

Figure 1.2. Images showing 11 out of the 12 reported polymorphs of ROY.5 .............................. 2 

Figure 1.3. Schematic showing covalent (left) vs. supramolecular (right) synthesis of component 

AB, both resulting in new materials with different properties. ............................................... 2 

Figure 1.4. The hygroscopicity of agrochemical compound urea can be reduced through co-

crystallization.8 ........................................................................................................................ 3 

Figure 1.5. Schematic showing a representative hydrogen (left), halogen (center) and chalcogen 

(right) bonds. ........................................................................................................................... 4 

Figure 1.6. Hepatitis C Virus NS3-NS4A Protease Inhibitor candidate BI 201335 named 

Faldaprevir. ............................................................................................................................. 5 

Figure 1.7. Previously explored strategies in enhancing halogen bond donor ability. .................. 6 

Figure 2.1. Molecular electrostatic potential surface of iodobenzene showing the σ-hole (blue 

circle) on the surface of the iodine atom (purple). ................................................................ 11 

Figure 2.2. Postulated structural outcomes determined by the balance between chalcogen- and 

halogen bonds. ...................................................................................................................... 13 

Figure 2.3. Library of target molecules explored computationally.............................................. 13 

Figure 2.4. Library of target molecules explored synthetically. .................................................. 14 

Figure 2.5. Does computational prediction correlate well with experimental outcomes? ........... 14 

Figure 2.6. Schematic of XB and ChB metrics of bond lengths and angles to be benchmarked 

with literature. X=halogen, Ch=chalcogen, A=acceptor. ..................................................... 15 

Figure 2.7. Schematic showing the pathway used to synthesize the targets explored in this study.

 ............................................................................................................................................... 17 

Figure 2.8. Molecular electrostatic potential surface map of non-activated 

benzochalcogenadiazole derivatives ChX (Ch=S, Se, Te and X=F, Cl, Br, I). A) Chalcogen 

view B) Halogen view. Contour value: 0.006. Red indicates an area of negative charge and 

blue an area of positive charge. Green is neutral. (Tran and Guidez). .................................. 28 

Figure 2.9. Molecular electrostatic potential surface map of activated benzochalcogenadiazole 

derivatives ChX (Ch=S, Se, Te and X=F, Cl, Br, I). A) Chalcogen view B) Halogen view. 



xvi 

Contour value: 0.006. Red indicates an area of negative charge and blue an area of positive 

charge. Green is neutral. (Tran and Guidez). ........................................................................ 29 

Figure 2.10. Primary intermolecular interactions in each crystal structure showing a ChB dimer 

in a) S363, b) S464, c) Se3, d) Se4 and e) Te365. *esds unavailable. ..................................... 33 

Figure 2.11. Primary interactions in each crystal structure showing a ChB dimer in polymorphs 

a) S6I and b) S6II, breaking of the ChB dimer in c) S7, and formation of a XB dimer in d) 

S8. ......................................................................................................................................... 34 

Figure 2.12. Primary interactions in each crystal structure showing a ChB dimer in a) Se6 and b) 

Se7. ........................................................................................................................................ 35 

Figure 2.13. IE's of ChB and XB dimers of all non-activated target molecules. Note that Ch-F 

non-activated targets S1, Se1 & Te1 do not have a XB dimer due to absence of σ-hole. .... 38 

Figure 2.14. Plot of % reduction in combined vdW radii for ChB and XB dimers of non-

activated target molecules. .................................................................................................... 39 

Figure 2.15. IE's of ChB and XB dimers of all activated target molecules. Red box highlights the 

switch of the most stable dimer from ChB dimer to XB dimer. ........................................... 41 

Figure 2.16. Plot of % reduction in combined vdW radii for ChB and XB dimers of activated 

target molecules. Red circle highlights switch of most stable dimer from ChB dimer to XB 

dimer ..................................................................................................................................... 43 

Figure 2.17. Attractive Ch---N (red dashed line) interactions bring repulsive Ch---X (green 

dashed line) and Ch---Ch (blue dashed line) atom pairs closer together in the optimized non-

activated ChB dimer. Black: carbon. Blue: nitrogen. White: hydrogen. Purple: chalcogen 

atom Ch (S, Se or Te). Brown: halogen atom X (F, Cl, Br or I). .......................................... 44 

Figure 2.18. Interaction energies calculated for ChB dimers and XB dimers of variously 

substituted S, Se and Te targets. Red arrows point to the calculations predicting the switch 

of the most stable dimer from the ChB dimer to the XB dimer in S8, as confirmed by its 

crystal structure. .................................................................................................................... 46 

Figure 2.19. Crystallographic outcomes of non-activated sulfur targets S3 & S4. ...................... 47 

Figure 2.20. Crystallographic outcomes of non-activated selenium targets Se3 and Se4. .......... 48 

Figure 2.21. Crystallographic outcome of non-activated tellurium target Te3. .......................... 48 

Figure 2.22. Crystallographic outcomes of activated sulfur targets S6, S7, and S8. ................... 50 



xvii 

Figure 2.23. S8 XB dimer geometry a) Computationally predicted and b) Experimentally 

observed from the crystal structure ....................................................................................... 51 

Figure 2.24. Crystallographic outcomes of activated selenium targets Se6 and Se7. .................. 52 

Figure 2.25. A plot of S---N ChB dimer bond lengths vs. angles from our crystal structures and 

the CSD. ................................................................................................................................ 54 

Figure 2.26. A plot of Se---N ChB dimer bond lengths vs. angles from our crystal structures and 

data from the CSD. ............................................................................................................... 55 

Figure 2.27. Plot of C≡C-I bend angle vs. the associated C-I---A halogen bonding angle from the 

crystal structure of S8 and data from the CSD. .................................................................... 57 

Figure 2.28. Computationally predicted outcomes of competing ChB and XB dimer interactions.

 ............................................................................................................................................... 58 

Figure 2.29. Experimentally observed outcomes of competing ChB and XB dimer interactions.

 ............................................................................................................................................... 59 

Figure 2.30. Results of this study showed a good correlation between computational prediction 

and experimental outcome. ................................................................................................... 60 

Figure 3.1. Outcomes of competing ChB and XB dimers explored in Chapter 2 show the 

robustness of the cyclic four membered [Ch···N]2 ChB dimer synthon (red box). .............. 67 

Figure 3.2. Possible templating effect provided by 2,1,3-benzochalcogenadiazole skeleton with 

acceptors orthogonal to it which can bind to various bond donors. ...................................... 68 

Figure 3.3. Target library explored in this study.......................................................................... 68 

Figure 3.4. Postulated structural outcomes in single crystal structures of target molecules........ 69 

Figure 3.5. List of co-formers used in this study. ........................................................................ 70 

Figure 3.6. Proposed binding modes between targets and acid (left) and halogen-bond donor 

(right) co-formers. ................................................................................................................. 71 

Figure 3.7. MEP surface of target molecules explored in this study with the potentials on the 

best donors (blue) and acceptors (red) in kJ/mol. ................................................................. 81 

Figure 3.8. Primary intermolecular interactions in the single crystal structures of a) 3PYS, b) 

3PYSe and c) 4PYS. ............................................................................................................. 83 

Figure 3.9. Primary intermolecular interactions in the co-crystal structures of a) 3PYSC2 and b) 

3PYSC12. ............................................................................................................................. 84 



xviii 

Figure 3.10. Plot of HOMO and LUMO energy levels computed for all targets at the B3LYP/6-

311++G** level of theory. .................................................................................................... 86 

Figure 3.11. Postulated structural outcomes based on MEP calculations .................................... 88 

Figure 3.12.  Calculated vs. experimental λmax for all targets. ..................................................... 89 

Figure 3.13. Calculate vs. experimental Δ Eg for all targets. ...................................................... 90 

Figure 3.14. Experimental outcomes in single crystal structures of 3PYS, 3PYSe and 4PYS. .. 92 

Figure 3.15. Results of co-crystal screening experiments of 3PYS and 4PYS. .......................... 93 

Figure 3.16. Comparison of primary interactions in the a) single crystal and b) co-crystal 

structures of 3PYS and 3PYSC2 respectively. Red circle highlights the vacant nitrogen 

atom from the single crystal now forming a XB with the conformer. .................................. 94 

Figure 3.17. A plot of C-I···N XB lengths vs. angles from the CSD and from the co-crystal 

structure of 3PYSC2. ............................................................................................................ 95 

Figure 3.18. Primary intermolecular interactions a) postulated and b) observed (3PYSC12) 

between a target and a carboxylic acid co-former. ............................................................... 96 

Figure 3.19. HOMO and LUMO energy levels computed for all targets. ................................... 97 

Figure 3.20. MEPs and primary interactions observed in the single crystal structures of 3PYS, 

3PYSe and 4PYS. ................................................................................................................. 98 

Figure 3.21. Plots of calculated vs. experimental λmax and ΔEg................................................... 99 

Figure 3.22. Co-crystal structures of 3PYSC2 and 3PYSC12. Red circle highlights previously 

vacant nitrogen atom binding to co-former......................................................................... 100 

Figure 4.1. Design strategy employed in creating library of triply activated XB donors. ......... 106 

Figure 4.2. Library of target molecules explored in this study, along with the benchmark 

molecules enclosed in a red box ......................................................................................... 107 

Figure 4.3. Screengrab showing the K1-4N+Ammonia complex with the target molecule’s 

atoms 'frozen', as seen by the pink markers in Spartan ‘14. ............................................... 110 

Figure 4.4. Schematic showing the pathway used to synthesize the targets explored in this study.

 ............................................................................................................................................. 110 

Figure 4.5. σ-Hole potentials, kJ/mol, on iodine atoms for all molecules in this study (in blue).

 ............................................................................................................................................. 121 

Figure 4.6. The main halogen bonds in the crystal structures of the target molecules. ............. 123 

Figure 4.7. Plot of CP corrected IE vs. σ-hole potential for molecules explored in this study. 126 



xix 

Figure 4.8. Schematic showing donors and potential acceptors present on target molecules. .. 127 

Figure 4.9. Plot of C-I···O=C halogen bonding distance and angles from the CSD. ................ 128 

Figure 4.10. Plot of C-I···NC halogen bonding distance and angles from the CSD. .............. 129 

Figure 4.11. Plot of C-I···O=N halogen bonding distance and angles from the CSD. .............. 131 

Figure 5.1. σ-Hole potentials of the triply activated ketone target library (Chapter 4). ............ 136 

Figure 5.2. What type of interactions can be proposed to take place between the target molecules 

and different types of co-formers? ...................................................................................... 137 

Figure 5.3. List of co-formers used in this study. ...................................................................... 138 

Figure 5.4. Major XB interactions in the crystal structures of a) K1-USC6, b) K1-4FC6, c) K1-

3CNC6, d) K1-4CNC6, e) K1-3NC6 and f) K1-4NC6..................................................... 142 

Figure 5.5. Major HB interactions in the crystal structures of a) K1-USC6, b) K1-4FC6, c) K1-

3CNC6, d) K1-4CNC6, e) K1-3NC6 and f) K1-4NC6..................................................... 143 

Figure 5.6. Major XB and HB interactions respectively in the crystal structures of K1-4FC5 (a), 

K1-4FC12 (b,c) and K1-3CNC10 (d,e). ............................................................................ 144 

Figure 5.7. Single crystal structures of triply activated ketone targets (Chapter 4). .................. 146 

Figure 5.8. Postulated heteromeric halogen and hydrogen bonding between a triply activated 

ketone and different functional groups on potential co-formers. ........................................ 147 

Figure 5.9. Homomeric hydrogen bonding synthons postulated to exist in the solid state. ...... 147 

Figure 5.10. Plot showing % success of co-crystal screening of targets with different groups of 

co-formers. .......................................................................................................................... 148 

Figure 5.11. Schematic showing co-crystallization outcomes of phenazine with low σ-hole 

potential targets. .................................................................................................................. 150 

Figure 5.12. Schematic showing co-crystallization outcomes of phenazine with high σ-hole 

potential targets. .................................................................................................................. 151 

Figure 5.13. Experimental outcome of previously postulated homomeric HB dimer synthons 

observed among phenazine co-crystals. .............................................................................. 152 

Figure 5.14. Target homomeric HB monomer outcomes observed among phenazine co-crystals.

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

Figure 5.15. Schematic showing how a halogen atom on a co-former can bind to a previously 

occupied acceptor on the target molecule. .......................................................................... 154 



xx 

Figure 5.16. Plot of C-I···N halogen bonding distance and angles from the co-crystal structures 

and CSD. ............................................................................................................................. 155 

Figure 5.17. Some of the postulated heteromeric and homomeric assemblies. ......................... 157 

Figure 5.18. Crystallographic outcomes among phenazine co-crystals. .................................... 158 

Figure 5.19. Schematic summarizing the templating effect provided by halogen atoms on the co-

former. ................................................................................................................................. 159 

Figure 6.1. Design strategy employed in creating library of triply activated XB donors. ......... 161 

Figure 6.2. Library of target molecules explored in this study, along with the benchmark 

molecules enclosed in red box ............................................................................................ 162 

Figure 6.3. Screengrab showing the E1-4N+ammonia complex with the target molecule’s atoms 

'frozen', as seen by the pink markers in Spartan ‘14. .......................................................... 165 

Figure 6.4. Schematic showing the pathway used to synthesize the targets explored in this study.

 ............................................................................................................................................. 166 

Figure 6.5. σ-Hole potentials in kJ/mol on iodine atoms (in blue). ........................................... 175 

Figure 6.6. Single crystal structures of target molecules showing the geometric parameters of the 

primary halogen bond. ........................................................................................................ 177 

Figure 6.7. Plot of CP corrected IE v/s σ-hole potential for molecules explored in this study. 180 

Figure 6.8. Schematic showing donors and potential acceptors present on target molecules. .. 181 

Figure 6.9. Plot of C-I···O=C halogen bonding distance and angles from the CSD. ................ 182 

Figure 6.10. Plot of C-I···N≡C halogen bonding distance and angles from the CSD. .............. 183 

Figure 6.11. Plot of C-I···N≡C halogen bonding distance and angles from the CSD for crystal 

structures possessing all three moieties of iodine atom, ester group and cyano group. ...... 184 

Figure 6.12. Plot of C-I···O=N halogen bonding distance and angles from the CSD. .............. 185 

Figure 6.13. Plot of C-I···O=N halogen bonding distance and angles from the CSD for crystal 

structures possessing all three moieties of iodine atom, ester group and nitro group. ........ 186 

Figure 7.1. σ-Hole potentials of new triply activated esters, (Chapter 6). ................................. 190 

Figure 7.2. Crystallographic outcomes among phenazine co-crystals of triply activated ketones 

(Chapter 5). ......................................................................................................................... 191 

Figure 7.3.  What is the effect of a halogen bond to one nitrogen atom on the negative potential 

on the second nitrogen atom?.............................................................................................. 191 



xxi 

Figure 7.4. What type of interactions will take place between target molecules and co-formers?

 ............................................................................................................................................. 192 

Figure 7.5. Schematic showing possible outcomes of complex formation on the MEP and 

supramolecular assembly. ................................................................................................... 192 

Figure 7.6. List of co-formers used. ........................................................................................... 193 

Figure 7.7. Major XB interactions in the crystal structures of a) E1-USC6, b) E1-3CNC6, c) 

E1-3NC6, d) E1-24DFC6, e) E1-4CNC6 and f) E1-4NC6. ............................................. 199 

Figure 7.8. Major HB interactions in the crystal structures of a) E1-24DFC6, b) E1-USC6, c) 

E1-3CNC6, d) E1-4CNC6, e) E1-3NC6 and f) E1-4NC6. ............................................... 200 

Figure 7.9. Major XB and HB interactions respectively in the crystal structures of E1-4CNC12 

(a,c), and E1-4NC12 (b,d). ................................................................................................. 201 

Figure 7.10. Single crystal structures of triply activated ester targets (Chapter 6). ................... 203 

Figure 7.11. Postulated heteromeric halogen and hydrogen bonding between a triply activated 

ester and different functional groups on potential co-formers. ........................................... 204 

Figure 7.12. Homomeric hydrogen bonding synthons postulated to exist in the solid state. .... 204 

Figure 7.13. MEP surface comparison of phenazine and K1-4N:phenazine complex showing a 

reduction in negative potential on adjacent nitrogen by 30.2 kJ/mol. ................................ 205 

Figure 7.14. Plot of σ-hole potential on iodine atoms of targets that formed co-crystals with 

phenazine vs. reduction in negative potential on the second nitrogen atom upon 

complexation. ...................................................................................................................... 206 

Figure 7.15. Plot showing % success of co-crystal screening of targets with groups of co-formers 

possessing different functional groups. ............................................................................... 208 

Figure 7.16. Co-crystallization outcomes of phenazine with low σ-hole potential targets. ....... 210 

Figure 7.17. Schematic showing co-crystallization outcomes of phenazine with high σ-hole 

potential targets. .................................................................................................................. 210 

Figure 7.18. Experimental outcome of previously postulated homomeric HB dimer synthons 

observed among phenazine co-crystals. .............................................................................. 211 

Figure 7.19. Experimental outcome of previously postulated homomeric HB dimer synthons 

observed among 2,5-dibromopyridine co-crystals. ............................................................. 212 

Figure 7.20. Plot of C-I···N halogen bonding distance and angles from the co-crystal structures 

and CSD. ............................................................................................................................. 213 



xxii 

Figure 7.21. Some of the postulated heteromeric and homomeric assemblies. ......................... 215 

Figure 7.22. Trend observed from MEP calculations on the complexation of targets and 

phenazine in the solid state. ................................................................................................ 216 

Figure 7.23. Crystallographic outcomes among phenazine co-crystals. .................................... 217 

Figure 8.1. Two benzothiadiazole-based compounds exhibit high selectivity and sensitivity to 

detect Cu2+ and OH– ions. ................................................................................................... 219 

Figure 8.2. Schematic of potential ditopic and tritopic triply activated ester targets. ............... 220 

Figure 8.3. Schematic of a potential triply activated sulfonyl target. ........................................ 220 

Figure A.1. Copyright permission for Chapter 1. ...................................................................... 222 

Figure B.1. Copyright permission for Chapter 2. ...................................................................... 225 

Figure F.1. Copyright permission for Chapter 6. ....................................................................... 234 

Figure H.1. Copyright permission for Chapter 8. ...................................................................... 239 

 

  



xxiii 

List of Tables 

Table 1.1. Relative strengths of common types of interactions.16-18 .............................................. 4 

Table 2.1. Solvents used for crystal growth and crystal descriptions .......................................... 27 

Table 2.2. HF/Def2-TZVP atomic Mulliken charges on Ch, N and X and electrostatic potential 

at the center of the σ-hole on X for the non-activated and activated benzochalcogenadiazole 

derivatives. (Tran and Guidez).............................................................................................. 30 

Table 2.3. CP-corrected MP2/Def2-TZVP interaction energy ∆E (in kcal/mol), RIMP2/Def2-

TZVP intermolecular distance R (in Å) and angle  (in ) of non-activated chalcogen-

bonded (ChB) and halogen-bonded (XB) dimers. (Tran and Guidez). ................................. 31 

Table 2.4. CP-corrected MP2/Def2-TZVP interaction energy ∆E (in kcal/mol), RIMP2/Def2-

TZVP intermolecular distance R (in Å) and angle  (in ) of activated chalcogen-bonded 

(ChB) and halogen-bonded (XB) dimers. (Tran and Guidez). ............................................. 32 

Table 2.5. Summary of ChB and XB lengths and angles observed in crystal structures, along 

with the % reduction in their combined vdW radii. The switch from ChB dimer to XB dimer 

is highlighted in bold. ........................................................................................................... 36 

Table 2.6. Interaction energy between two activated monomers with Ch=S and X=I. ............... 42 

Table 2.7.  Calculated Ch---Ch and Ch---X distances in non-activated dimers from Figure 2.17.

 ............................................................................................................................................... 45 

Table 3.1. Solvents used for crystal growth and crystal descriptions .......................................... 80 

Table 3.2. . λ max, HOMO and LUMO orbital energy levels and Δ Eg computed from target 

molecules optimized at B3LYP/6-311++G** level of theory. ............................................. 80 

Table 3.3. Co-crystal screening experiment results for 3PYS and 4PYS. ................................... 82 

Table 3.4. Primary hydrogen and chalcogen bond parameters in the single crystal structures. .. 84 

Table 3.5. Primary hydrogen and chalcogen bond parameters in the co-crystal structures. ........ 85 

Table 3.6. . λ max and the resultant Δ Eg obtained from experimental UV-Vis absorption data. 85 

Table 4.1. Solvents used for crystal growth and crystal descriptions ........................................ 120 

Table 4.2. σ-Hole potential, interaction energies and the associated XB distances and % vdW 

reduction for complexes epxlored in this study .................................................................. 122 

Table 4.3. σ-hole potential, XB distances, % vdW reduction and XB angles obtained from 

crystal structure. .................................................................................................................. 124 



xxiv 

Table 5.1. Solvents used for crystal growth and crystal descriptions ........................................ 140 

Table 5.2. Results of co-crystal screening experiments. (Green box = Co-crystal formed, Red 

box = No co-crystal formed) ............................................................................................... 141 

Table 5.3. Major XB and HB parameters observed in all 9 co-crystals. .................................... 145 

Table 5.4. Ranking of the observed XBs based on bond lengths and angles to those previously 

reported in literature. ........................................................................................................... 156 

Table 6.1. Solvents used for crystal growth and crystal descriptions ........................................ 174 

Table 6.2. σ-Hole potential, interaction energies and the associated XB distances and % vdW 

reduction for complexes epxlored in this study .................................................................. 176 

Table 6.3. σ-Hole potential, XB distances, % vdW reduction and XB angles obtained from 

crystal structure. .................................................................................................................. 178 

Table 7.1. Solvents used for crystal growth and crystal descriptions ........................................ 196 

Table 7.2. Table showing σ-hole potential on target, decrease in potential on second nitrogen 

atom of phenazine upon complexation, XB synthons observed in solid state. ................... 197 

Table 7.3. Results of co-crystal screening experiments. (Green box = Co-crystal formed, Red 

box = No co-crystal formed) ............................................................................................... 198 

Table 7.4. XB and HB parameters observed in all 8 co-crystals. .............................................. 202 

Table 7.5. Ranking of the observed XBs based on bond lengths and angles to those previously 

reported in literature. ........................................................................................................... 214 

 

  



xxv 

Acknowledgements 

It takes a village to raise a graduate student, and my village is a large and precious one. I 

would first and foremost like to express my deepest gratitude to my advisor and mentor, Dr. 

Christer B. Aakeröy. Thank you for believing in me and giving me an opportunity to be a part of 

this wonderful team. Your tremendous support, motivation and patience have helped shape me 

into a better researcher, and your trust in me has helped me grow into a better public speaker and 

more confident individual. Thank you for the selfless hours you spent analyzing my challenging 

crystals, without which this work would simply not be the same!  

I would also like to thank my Ph.D. advisory committee members; Dr. Tendai Gadzikwa, 

Dr. Paul Smith, Dr. Michael O’Shea and Dr. Hulya Dogan for their valuable time, feedback, 

support, flexibility and encouragement throughout my Ph.D. 

My dissertation would be incomplete without the immense contributions of Dr. Abhijeet 

Sinha and Dr. Boris Averkiev towards collecting and solving so many of my crystal structures. 

Special thanks to Dr. Averkiev for solving my structures so quickly towards the final months of 

my Ph.D. Thank you to my collaborators Dr. Emilie B. Guidez and Anh Tran for all your 

contribution over the years and for being so accommodating. 

I want to thank everyone in the department of Chemistry for creating such a warm and 

welcoming environment. I want to thank all the professors who taught the various courses I took 

throughout my Ph.D., including Dr. Tendai Gadzikwa, Dr. Emilie McLaurin, Dr. Jun Li, Dr. Stefan 

Bossmann, Dr. Michael Hinton, Dr. Tingting Liu, Dr. Christine Aikens and Dr. Peter Sues. I would 

like to thank Dr. Michael Hinton for all his hard work and for being such an efficient lab 

coordinator. Every conversation I had with you meant that I would walk away wiser. I would also 

like to thank Dr. Simon Sham for keeping the NMR spectrometer always up and running, Mr. Bart 



xxvi 

Bath for managing the storeroom and helping with placing orders throughout the supply chain 

disruption, Dr. Tingting Liu for the inspections and keeping our labs safe, Mr. Tobe Eggers and 

Mr. Ron Jackson for helping fix every single glitch that we encountered, Dr. Daniel Higgins for 

steering this department so masterfully through a once in a lifetime pandemic, Mr. Jim Hodgson 

for the wonderful glassblowing course and for fixing and custom designing glassware, Lawrence 

for keeping our labs and offices clean and spotless, Ms. Mary Dooley and Ms. Kimberly Ross for 

giving me the very first and warmest welcome into this department five years ago, and for keeping 

the department running smoothly. 

I would like to thank the Department of Chemistry for funding throughout my time at K-

State, along with the NOTICXE Graduate Student Fellowship for funding in Summer 2020. I 

would also like to thank the Graduate Student Council, College of Arts and Sciences and Phi 

Lambda Upsilon for providing the funding to attend the numerous conferences and workshops 

over the last four years. 

I would like to thank Prof. Vibhavari Jani and all the past and present members of the 

Society for the Promotion of Indian Classical Music And Culture Amongst Youth, K-State chapter, 

for providing a memorable time and the opportunity to serve the Manhattan community though 

the rich art and culture of India. 

I want to thank Dr. Yasmin Patell for being such a caring and supportive person, and for 

making our group gatherings so much more fun. I want to thank Dr. Kamalambika Muthukumar 

for being by my side, through all the challenges right from day one to the last. Life at K-State was 

much more memorable thanks to you. I also want to thank Kathryn Tannahill for helping me out 

with rides as I was getting settled in my first year at K-State. I want to thank all the past and present 

members of the Aakeröy lab for making my time at K-State a joyful experience, I could not have 



xxvii 

asked for a better bunch to people to work with! A big thank you to Dr. Amila Abeysekera for 

being one of the most caring and selfless individuals that I have ever known, and for helping me 

get set up in the lab and guiding me through the first crucial months of work. A special thank you 

to Dr. Bhupinder Sandhu, not only for looking out for me when I first arrived in Manhattan, but 

also for mentoring and advising me throughout the stressful job application process close to the 

end of my Ph.D. I want to thank the group consisting of Dr. Amila Abeysekera , Viraj De Silva 

and Kelly Shunje for all the amazing memories together from all our trips, big and small. I want 

to thank Dr. Nandini Sarkar for her guidance, and for being a much-needed positive peer-pressure 

in eating healthy and staying active. I want to thank Dr. Janaka Gamekkanda, Aloka Amarasooriya, 

Adam Huber, Makena Utech, Jack Hensen, Jane Eilers and Daniel Hubin for all the feedback, 

guidance and support they have provided over the years. This was the best bunch of friends and 

colleagues I could have ever asked for and would do it all over again in a heartbeat. I have learnt 

and grown so much from each and every one of you, for which I am ever grateful. 

I am forever indebted to my parents for their decades of selfless hard work, all so that me 

and my sister could have a brighter future. And for that, I am thankful! No words can begin to 

express my gratitude towards my sister, my third parent and mentor, without whose faith, trust and 

support I would simply not be here today. Thank you for everything you have and continue to do 

for me. Thank you to Vaibhav and Ananya for bringing joy into our lives and joining us in this 

adventure. 

Lastly, I want to thank Nick, the kite to my line, for loving me so selflessly, and believing 

in me, even at times when I didn’t myself. I strive to be as endlessly loving and forgiving as you 

one day. Thank you to Marlese and Peter for being so warm, loving, and welcoming, and making 

me feel right at home, halfway around the world.  



xxviii 

Dedication 

To my sister 

For your unwavering trust in me… 

  



xxix 

Preface 

Research carried out at Kansas State University for this dissertation has led to the 

following publications in scientific journals. 

1. Panikkattu, V. V.; Tran, A.; Sinha, A. S.; Reinheimer, E. W.; Guidez, E. B.; 

Aakeröy, C. B. Traversing the Tightrope between Halogen and Chalcogen Bonds 

Using Structural Chemistry and Theory. Crystal Growth & Design 2021, 21 (12), 

7168–7178. https://doi.org/10.1021/acs.cgd.1c01023. (Chapter 2) 

2. Panikkattu, V. V.; Sinha, A. S.; Aakeröy, C. B. A Family of Powerful Halogen-

Bond Donors: A Structural and Theoretical Analysis of Triply Activated 3-Iodo-

1-Phenylprop-2-Yn-1-Ones. CrystEngComm 2022, 24 (4), 738–742. 

https://doi.org/10.1039/D1CE01583D. (Back cover feature) (Chapter 4) 

3. Panikkattu, V. V.; Huber, A. S.; Sinha, A. S.; Averkiev, B. B.; Aakeröy, C. B. 

“Triply Activated” Phenyl 3-Iodopropiolates: Halogen-Bond Donors with 

Remarkable σ-Hole Potentials. Crystal Growth & Design 2022. 

https://doi.org/10.1021/acs.cgd.1c01450. (Supplementary cover feature) (Chapter 

6) 

 

 

https://doi.org/10.1021/acs.cgd.1c01023
https://doi.org/10.1039/D1CE01583D
https://doi.org/10.1021/acs.cgd.1c01450


   1 

Chapter 1 - Introduction 

1.1.  Structure dictates property 

The critical link between the structural arrangement of molecules and their respective 

macroscopic properties form the bedrock of ‘supramolecular chemistry’,1 a term first coined by 

Jean-Marie Lehn more than four decades ago.2 This structural arrangement can range from the 

size, shape and stereochemical conformation of the molecule to the intermolecular interactions 

observed in its crystal in the solid state. Impact of the stereochemistry on the property of a molecule 

is perhaps most widely recognized from the Thalidomide tragedy in the late 1950’s,3 where the 

administration of (S)-thalidomide, a teratogen, along with the therapeutic sedative (R)-thalidomide 

resulted in devastating birth defects in tens of thousands of pregnant women (Figure 1.1). 

 

 

Figure 1.1. Stereoisomers of Thalidomide 

 

A similar influence of differing intermolecular interactions leading to differing properties, 

also known as polymorphs, is best illustrated by the compound 5-methyl-2-[(2-

nitrophenyl)amino]-3-thiophenecabonitrile, more widely known as ROY. With 12 crystal forms 

reported to date,4 ROY currently holds the record for the largest number of fully characterized 

organic crystal polymorphs with a range of different physical properties such as color and melting 

points (Figure 1.2).  



   2 

 

Figure 1.2. Images showing 11 out of the 12 reported polymorphs of ROY.5 

 

1.2. Covalent vs. supramolecular synthesis 

The size, shape and conformation for a given molecule are relatively restricted. This means 

that property modulation by changing these metrics involves a cumbersome covalent synthesis and 

modification of the molecular skeleton. On the other hand, its intermolecular interactions can be 

considered variable, and can be deliberately tweaked for a given molecular skeleton to result in 

new forms of the pre-existing material with potentially improved physiochemical properties 

through supramolecular synthesis (Figure 1.3). 

 

Figure 1.3. Schematic showing covalent (left) vs. supramolecular (right) synthesis of component 

AB, both resulting in new materials with different properties. 
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The product of such a supramolecular synthesis is termed as a co-crystal, which is defined 

as a solid that is a crystalline single-phase material composed of two or more different molecular 

or ionic compounds in a stoichiometric ratio interacting through noncovalent interactions (NCIs).6 

This idea of exploiting intermolecular interactions in making new crystalline solids by 

design, with an intended purpose, is termed as crystal engineering.7 This opens up a whole new 

world of potential applications ranging from agrochemicals8 and pharmaceuticals9 to 

optoelectronics,10 energetics11 and bending crystals12 (Figure 1.4) 

 

Figure 1.4. The hygroscopicity of agrochemical compound urea can be reduced through co-

crystallization.8 

 

1.3. Types of non-covalent interactions 

Non-covalent interactions encompass a wide gamut of attractive intermolecular forces, 

ranging from hydrogen bonds, σ-hole interactions like halogen and chalcogen bonds and metal-

ligand coordination bonds to weaker interactions like π−π interactions and van der Waals forces. 

A hydrogen bond (HB) is described as an attractive force between a hydrogen atom (H) 

bonded to an electronegative atom in a molecule or molecular fragment and an electronegative 

atom (A) or a group of atoms in the same or different molecule (Figure 1.5).13 
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Figure 1.5. Schematic showing a representative hydrogen (left), halogen (center) and chalcogen 

(right) bonds. 

 

σ-Hole interactions such as halogen bonds and chalcogen bonds on the other hand are 

defined as the attractive interaction between the positive electrophilic region or σ-hole on a halogen 

(X) or chalcogen (Ch) atom and a nucleophilic region on a Lewis base (A) (Figure 1.5).14-15 

While the weaker interactions usually constitute secondary forces stabilizing crystal 

packing, stronger non-covalent interactions usually act as structure directing forces, capable of 

changing the overall intermolecular assembly of the material (Table 1.1). 

Table 1.1. Relative strengths of common types of interactions.16-18 

Type of interaction Strength (kJ/mol) 

Covalent bond 100-400 

Hydrogen bond 10-65 

Halogen bond 10-200 

Chalcogen bond 25-305 

π−π 0-50 

van der Waals forces <5 

 

Hydrogen bonding has been used extensively in crystal engineering since almost three 

decades,19 with halogen bonding being the next most studied interaction since more than a 

decade,17 and the use of chalcogen bonding in crystal engineering still in its infancy.20 Table 1.1 
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shows that while covalent bonds are extremely strong, and π−π interactions and van der Waals 

forces are quite weak, the main structure directing forces encompassing hydrogen, halogen and 

chalcogen bonds are comparable in energy, which possess unique opportunities as well as 

challenges from a crystal engineering perspective. 

  

1.4. Significance of competing interactions 

While systematic studies of NCIs usually involve custom designed molecules with one 

dominant interaction,21 real world applications of molecules forming NCIs are far more complex. 

Consider Hepatitis C Virus NS3-NS4A Protease Inhibitor candidate BI 201335 named Faldaprevir 

developed by Boehringer-Ingelheim (Figure 1.6).22 

 

Figure 1.6. Hepatitis C Virus NS3-NS4A Protease Inhibitor candidate BI 201335 named 

Faldaprevir. 

 

Studies revealed that introduction of a bromine atom onto the quinoline substituent within 

this molecule led to the formation of a bromine-oxygen drug-protein halogen bond, which resulted 

in a significant increase in its potency.22 Upon examining the molecular skeleton of Faldaprevir in 

Figure 1.6, we see that it in-fact possess all three hydrogen (green oval), halogen (purple oval) and 
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chalcogen (orange oval) bond donors together in tandem. From a crystal engineering perspective, 

if one were to design this molecule from the ground up with the specific intention of forming a 

halogen bond, while still in the presence of competing hydrogen and chalcogen bond donors, it is 

imperative to possess the fundamental understanding about how these different NCIs compare in 

their relative strengths. This would then help guide rational design through a hierarchical synthetic 

strategy. While multiple studies have compared hydrogen and halogen bonding,23-24 a systematic 

study comparing halogen bonds to the relatively newer and lesser explored chalcogen bonds within 

the same molecular skeleton is still lacking.   

 

1.5. The need for stronger intermolecular interactions 

As seen in the case of Faldaprevir, sometimes it is essential for a molecule to selectively 

express a particular NCI over other competing forces towards a specific application. In the case of 

highly tuneable σ-hole interactions such as halogen and chalcogen bonds, the magnitude of the 

positive σ-hole potential is often used as a qualitative yardstick to assess the bond-donor ability; 

the larger the positive value, the stronger the bond.25 A better bond donor results in synthon 

robustness, which facilitates targeted applications such as molecular recognition,26 structural 

prediction27 and self-assembly,28 which are key features for effective and selective binding in 

biological systems.29  

 

Figure 1.7. Previously explored strategies in enhancing halogen bond donor ability. 
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While multiple strategies have been previously explored to design molecules capable of 

strong halogen bonds (Figure 1.7),30-34 it is necessary to challenge the existing boundaries, and 

design better halogen bond donors  capable of forming even stronger halogen bonds, which could 

subsequently be employed as an added tool in the rational design of supramolecular architectures 

towards the formation of functional multicomponent crystals.  

 

1.6. Goals of this dissertation 

First, the fundamental knowledge gap regarding the relative competition between halogen 

and chalcogen bonds, means that employing these interactions in tandem in the design of complex 

supramolecular architectures remains difficult. Second, there exists a perpetual need to design 

molecules capable of forming stronger bonds, as these lead to wider applications with improved 

performance. In order to address these specific needs, the dissertation will focus on the following 

goals: 

• Chapter 2 will explore the delicate balance between halogen and chalcogen bonds within 

a series of 4,7-bis(haloethynyl)benzo-1,2,5-chalcogenadiazoles. 

• Chapter 3 will utilize the dominant synthons in the 1,2,5-chalcogenadiazoles and employ 

them as a foundation for the synthesis of new co-crystals by replacing the bond donors in 

4 and 7 positions with acceptor sites suitable for recognition events with several co-

formers. 

• Chapter 4 will explore a triple activation strategy for developing a series of 3-iodo-1-

phenylprop-2-yn-1-ones (ketones) as exceptional halogen-bond donors. 

• Chapter 5 will employ the strong halogen bonds formed by the triply activated ketones in 

the supramolecular synthesis of multicomponent crystals. 
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• Chapter 6 will explore the triple activation strategy in designing strong halogen bond 

donors, through a new library of substituted phenyl 3-iodopropiolates (esters). 

• Chapter 7 will employ the new library of triply activated ester targets in the 

supramolecular synthesis of multicomponent crystals. 

• Chapter 8 will briefly discuss the path for further expansion of the work presented in this 

dissertation. 
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Chapter 2 - Traversing the tightrope between halogen- and 

chalcogen bonds using structural chemistry and theory 

 

2.1.  Introduction 

The a priori design of crystalline solids, with desirable structural features constructed by 

non-covalent interactions, represents a critical challenge in solid-state chemistry and materials 

science.1-5 By forging these diverse interactions into transferable protocols for programmable and 

hierarchical assembly,6  it may be possible to dial-in structures and properties determined within 

the paradigm of ‘nanoarchitectonics’.7-9  Although hydrogen bonds have been the most widely 

utilized synthetic vectors for supramolecular synthesis,10-11 halogen,12-13  chalcogen,14-15 and 

pnictogen bonds,16-18 frequently referred to as “σ-hole” interactions, are gaining attention for more 

advanced and versatile synthetic methodologies.  These bonds are all stabilized by a region of 

positive charge on the bridging atom called the σ-hole that attracts a nucleophile (Figure 2.1).  This 

electrostatic contribution can be complemented, to a greater or lesser extent, by charge transfer 

from the nucleophile into a σ* antibonding orbital of the Lewis acid, as well as by polarization and 

dispersion.19-21 

 

Figure 2.1. Molecular electrostatic potential surface of iodobenzene showing the σ-hole (blue 

circle) on the surface of the iodine atom (purple). 
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  The dramatic changes in length- and energy scales that are inevitable in bottom-up 

approaches to materials synthesis, can only be harnessed with the help of tools that operate in a 

synergistic manner with minimum mutual interference.22-24  In order to identify synthetic protocols 

that simultaneously utilize halogen- and chalcogen bonds for the assembly of molecular materials 

with specific structural features, we need to know precisely how they may cooperate or compete 

in a system with multiple structural outcomes.25-26  With that in mind, we have carried out a 

detailed experimental and theoretical study on a library of molecules that allows us to explore the 

delicate balance of strength and structural influence between halogen and chalcogen bonds. 

In order to correlate small but controllable changes to molecular structure with structural 

consequences, we opted for a core skeleton of a benzochalcogenadiazole.  This fragment presents 

nitrogen atoms as potential acceptor sites for chalcogen-bond (ChB) donors (either sulfur or 

selenium).  Based on existing structural data, the predominant interaction in the crystal structure 

of 2,1,3-benzothiadiazole is a chalcogen bonded dimer.27 However, upon introduction of halogen 

atoms in the 4 and 7 positions, we set the stage for a competition that can lead to three postulated 

outcomes in the resulting crystal structure; a chalcogen bonded dimer, a halogen bonded dimer, or 

a hybrid of both (Figure 2.2). 
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Figure 2.2. Postulated structural outcomes determined by the balance between chalcogen- and 

halogen bonds. 

 

It is well known that the increasing polarizability of heavier halogens/chalcogens enhances 

the magnitude of their σ-holes, and consequently the strength of their respective intermolecular 

interactions.20, 28-31  Furthermore, a halogen-bond (XB) donor can be activated through addition of 

an adjacent sp-hybridized carbon atom,32-34 and this gives us access to two families of compounds 

where we can independently and very precisely alter the strength of the competing interactions 

(Figure 2.3). 

 

Figure 2.3. Library of target molecules explored computationally. 

 

 The goals of this study can be summarized as follows: 

Goal 1: To computationally assess the competing XB and ChB dimers using molecular 

electrostatic potential (MEP) surfaces and counterpoise (CP) corrected interaction energy (IE) 

calculations to determine which is more stable.  
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Goal 2: Second, the synthetic target library would be synthesized (Figure 2.4), suitable 

single crystals grown, and its crystal structure analyzed for the structural outcomes. 

 

Figure 2.4. Library of target molecules explored synthetically. 

 

Goal 3: To evaluate how well the quantum mechanical modeling predictions correlate with 

the single crystal structure data (Figure 2.5). 

 

Figure 2.5. Does computational prediction correlate well with experimental outcomes? 

 

This would help assess whether computation can be used as a reliable tool in future projects 

in predicting the outcome of  competing interactions while undertaking supramolecular synthesis. 
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Goal 4: To compare the metrics of the observed XB and ChB such as the bond angles and 

lengths to those observed in literature in order to benchmark these interactions and provide further 

insight (Figure 2.6).  

 

 

Figure 2.6. Schematic of XB and ChB metrics of bond lengths and angles to be benchmarked 

with literature. X=halogen, Ch=chalcogen, A=acceptor. 

 

2.2. Experimental 

2.2.1. General 

Commercial  reagents were purchased as reagent–grade and used without further 

purification. All solvents utilized in this study were purchased commercially as technical grade 

and used as is without further purification. Targets were synthesized by modified versions of 

previously reported synthetic routes as described when referenced. Melting points were measured 

using a TA Instruments DSC Q20 differential scanning calorimeter. Nuclear magnetic resonance 

(NMR) data were collected using either a Bruker Ascend 400 MHz or Varian Unity Plus 400 MHz 

spectrometer. The residual solvent peak was used as the internal reference for 1H and 13C NMR  

(CDCl3: δH=7.26 ppm, δC=77.16 ppm; DMSO-d6: δH=2.50 ppm, δC=39.52 ppm). The residual 

solvent peak from the 1H spectrum (DMSO-d6: δH=2.50) was used as reference for the 77Se 

spectrum. Target signals have been picked and labeled in all spectra and have also been integrated 

in 1H spectra. The 1H NMR spectra are reported as follows: chemical shift δ in ppm relative to  

TMS  (δ =  0  ppm),  multiplicity, number  of  protons.    The resonance  multiplicity  is  described  

as  s  (singlet) or m (multiplet).  Broad signals are described with br. (broad).  13C NMR  spectra  
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are  reported  as  follows:  chemical  shift δ in ppm  relative  to  TMS  (δ =  0 ppm), multiplicity, 

number  of  carbon atoms. 77Se NMR  spectra  are  reported  as  follows:  chemical  shift δ in ppm  

relative  to  TMS  (δ =  0 ppm), multiplicity, number  of  selenium atoms. Single crystal X-ray 

diffraction data were collected either using a Rigaku XtaLAB Synergy-S35 (S6II, S7) or a Bruker 

Kappa APEX II36 (S6I, S8, Se3-4, Se6-7) diffractometers. Data collection parameters are outlined 

in crystallographic information table. The structures were solved using Olex237 with the 

SHELXT38  structure  solution  program  using Intrinsic   Phasing and  refined  with  the SHELXL39  

refinement  package  using Least  Squares minimization. 

 

2.2.2. Computational calculations 

All calculations were performed by Anh Tran and Dr. Emilie B. Guidez from U. C. Denver 

as a collaborative project with the GAMESS software package.40-42 Geometry optimizations were 

performed at the RI-MP2 level of theory43-45 in conjunction with a Def2-TZVP basis set.46-47 An 

effective core potential was used for the tellurium and iodine atoms.48 The monomers shown in 

Scheme 2 were optimized with C2v symmetry whereas the halogen and chalcogen bonded dimers 

were optimized with C2h symmetry. The energy decomposition analysis (EDA) scheme by Li et 

al.49 was used to analyze dimer interaction energies at the MP2/Def2-TZVP level of theory. The 

Boys and Bernardi counterpoise (CP) correction was applied to correct the basis set superposition 

error.50 It is noted that the RI-MP2/Def2-TZVP methods have been commonly used in modeling 

sigma-hole interactions51-53 and proved to yield energies comparable to CCSD(T).54 
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2.2.3. Synthesis 

The targets were synthesized using modified versions of previously reported procedures 

(Figure 2.7).  

 

 

Figure 2.7. Schematic showing the pathway used to synthesize the targets explored in this study. 
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2.2.3.1. Synthesis of 4,7-dibromobenzo-1,2,5-thiadiazole (S3)55-56 

 

O-Phenylenediamine (60.0 mmol, 6.49 g) is dissolved in 75.0 ml CH2Cl2 in a round bottom 

flask (RB), and triethylamine (240 mmol, 33.5 ml) is added to this solution. This mixture is stirred 

vigorously while SOCl2 (180 mmol, 13.0 ml) is added dropwise, very slowly. After complete 

addition, the mixture is stirred for 12 hours at room temperature (RT), following which the mixture 

is washed with water twice and the solvent evaporated under reduced pressure. The resulting 

brown liquid is steam distilled to yield pure white product benzo-1,2,5-thiadiazole (S0) in 70.4 % 

yield. Mp: 44-45 °C (Reported 43–44 °C)55. 1H NMR (400 MHz, CDCl3) δ ppm: 7.86 (dt, J = 6.8, 

3.5 Hz, 1H), 7.43 (dt, J = 6.8, 3.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ ppm: 154.58, 129.08, 

121.35. 

S0 (32 mmol, 4.35 g) is first dissolved in HBr (120 ml) in an RB and liquid Br2 (72 mmol, 

11.5 g, 3.70 ml) is added dropwise. After complete addition, the mixture is stirred at 120 °C for 3 

hours, during which time the product precipitates out from solution. After completion based no 

thin layer chromatography (TLC), the mixture is filtered under vacuum to separate solid, which is 

washed with water twice to remove excess bromine and dried in air followed by recrystallization 

from ethyl acetate (EtOAc) to yield solid product 4,7-dibromobenzo-1,2,5-thiadiazole (S3) in 91.7 

% yield along with 4-bromobenzo-1,2,5-thiadiazole as a minor side product. Mp: 186-188 °C 

(Reported 187-188 °C)55. 1H NMR (400 MHz, CDCl3) δ ppm: 7.73 (s, 2H). 13C NMR (101 MHz, 

DMSO-d6) δ ppm: 152.32, 132.85, 113.15. 
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2.2.3.2. Synthesis of 4,7-diiodobenzo-1,2,5-thiadiazole (S4)57 

 

S3 (6 mmol, 1.76 g) is dissolved in DMSO (60.0 ml) in an RB, and CuI (27 mmol, 5.22 g) 

is added followed by KI (53 mmol, 8.77 g). The mixture is stirred at 130 °C under N2 for 3 days. 

After completion, this mixture is poured into 200 ml of cold water with ice to precipitate a brown 

solid, which is then filtered under vacuum. This solid is dispersed in 300 ml NH4OH and stirred 

for 12 hours, after which a yellow solid is isolated by filtration, air dried and recrystallized from 

EtOAc to yield product 4,7-diiodobenzo-1,2,5-thiadiazole (S4) in 71.8 % yield along with 4-

iodobenzo-1,2,5-thiadiazole as a minor side product. Mp: 191-193 °C. 1H NMR (400 MHz, 

CDCl3) δ ppm: 7.82 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 154.00, 139.94, 87.91. 

 

2.2.3.3. Synthesis of 4,7-bis((trimethylsilyl)ethynyl)benzo-1,2,5-thiadiazole (ST)58 

 

S3 (10 mmol, 3.07 g) is added to an RB along with Pd(PPh3)2Cl2 (10 %, 1 mmol, 0.70 g), 

PPh3 (10 %, 1 mmol, 0.26 g) and CuI (10 %, 1 mmol, 0.19 g). N2 bubbled THF (50 ml) and Et3N 

(50 ml) is added, followed by trimethylsilylacetylene (TMSA) (7 eq, 70 mmol, 10 ml). The 

reaction is stirred at 65 °C under N2 flow for 12 hours, after which the crude mixture is filtered 

through a frit and the solvent with added silica is evaporated under reduced pressure. The residue 

is loaded onto a silica column and eluted with pure hexane to yield target as a yellow solid product 
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4,7-bis((trimethylsilyl)ethynyl)benzo-1,2,5-thiadiazole (ST) in 63.09 % yield. Mp: 106-111 °C, 

1H NMR (400MHz, CDCl3) δ ppm: 7.63 (s, 2H), 0.28 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 

ppm: 154.21, 133.11, 117.27, 103.58, 100.09, -0.03. 

 

2.2.3.4. Synthesis of 4,7-bis(chloroethynyl)benzo-1,2,5-thiadiazole (S6)59 

 

ST (3.50 mmol, 1.15 g) is dissolved in acetonitrile (100 ml) in an RB which is covered in 

foil, along with AgF (10.5 mmol, 1.33 g) and NCS (10.5 mmol, 1.40 g). The mixture is stirred at 

RT under N2 for 4 days. The resulting suspension is filtered, rinsed with acetonitrile and solvent 

evaporated under reduced pressure. The residue is dissolved in CHCl3, washed twice with water 

and once with 1 M NaOH, dried using MgSO4 and the solvent evaporated under reduced pressure 

and solid recrystallized from EtOAc to yield a brown product 4,7-bis(chloroethynyl)benzo-1,2,5-

thiadiazole (S6) in 22.2 % yield. Decomposition: 124-132 °C. 1H NMR (400 MHz, CDCl3) δ ppm: 

7.68 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 154.62, 133.24, 116.70, 65.47, 29.70. 

 

2.2.3.5. Synthesis of 4,7-bis(bromoethynyl)benzo-1,2,5-thiadiazole (S7)59 

 

ST (3.50 mmol, 1.15 g) is dissolved in acetonitrile (80.0 ml) in an RB covered in foil, along 

with AgF (9.10 mmol, 1.15 g) and N-bromosuccinimide (9.10 mmol, 1.62 g). The mixture is stirred 

at RT under N2 for 2 days. The resulting mixture is filtered, and the residue washed with additional 
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acetonitrile, and solvent evaporated under reduced pressure. The residue is dissolved in CHCl3, 

washed twice with water and once with 1 M NaOH, dried using MgSO4 and the solvent evaporated 

under reduced pressure and solid recrystallized from EtOAc to yield a brown solid product 4,7-

bis(bromoethynyl)benzo-1,2,5-thiadiazole (S7) in 38.4 % yield. Decomposition: 154-159 °C. 1H 

NMR (400 MHz, CDCl3) δ ppm: 7.69 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 154.58, 133.27, 

117.24, 76.08, 59.40. 

 

2.2.3.6. Synthesis of 4,7-bis(iodoethynyl)benzo-1,2,5-thiadiazole (S8)59 

 

ST (2 mmol, 0.656 g) is dissolved in acetonitrile (60 ml) in an RB covered in foil, along 

with AgF (4.20 mmol, 0.533 g) and N-iodosuccinimide (4.20 mmol, 0.945 g). The mixture is 

stirred at RT under N2 flow for 1 hour. The resulting mixture is filtered and washed with additional 

acetonitrile, and solvent evaporated under reduced pressure. The residue is dissolved in CHCl3, 

washed twice with water and once with 1 M NaOH, dried using MgSO4 and the solvent evaporated 

under reduced pressure and solid recrystallized from EtOAc to yield a brown solid product 4,7-

bis(iodoethynyl)benzo-1,2,5-thiadiazole (S8) in 35.6 % yield. Decomposition: 177-184 °C. 1H 

NMR (400 MHz, CDCl3) δ ppm: 7.67 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 154.81, 133.59, 

117.87, 89.96, 17.21. 
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2.2.3.7. Synthesis of 4,7-dibromobenzo-1,2,5-selenadiazole (Se3)56 

 

O-Phenylenediamine (48.5 mmol, 5.25 g) is dissolved in ethanol (50.0 ml) in an RB, and 

SeO2 (53.4 mmol, 5.93 g) is added. This mixture is refluxed for 3 hours, then cooled and poured 

into cold water to precipitate the product. The resulting mixture is then filtered under vacuum, and 

the solid washed with water, dried and recrystallized using EtOAc to yield product benzo-1,2,5-

selenadiazole (Se0) in 93.5 % yield. Mp: 74-76 °C. 1H NMR (400 MHz, CDCl3) δ ppm: 7.76 (m, 

2H), 7.39 (m, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 160.50, 129.41, 123.45. 77Se NMR (76 

MHz, DMSO-d6) δ ppm: 1526.18. 

 

Se0 (20 mmol, 3.66 g) and Ag2SO4 (20 mmol, 6.24 g) are added to conc. HBr (150 ml) in 

an RB. Liquid Br2 (40 mmol, 6.40 g, 2.00 ml) is added dropwise and the mixture is stirred at 120 

°C for 6 hours. After completion based on TLC, the mixture is first filtered, and the residue washed 

with water. The residue is dried and recrystallized from EtOAc to yield a yellow solid product 4,7-

dibromobenzo-1,2,5-selenadiazole (Se3) in 56.4 % yield. Mp: 276-278 °C. 1H NMR (400 MHz, 

CDCl3) δ ppm: 7.64 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 156.23, 131.83, 116.04.  77Se 

NMR (76 MHz, DMSO-d6) δ ppm: 1532.40. 

 

 

 



   23 

2.2.3.8. Synthesis of 4,7-diiodobenzo-1,2,5-selenadiazole (Se4)57 

 

Se3 (6.00 mmol, 2.05 g) is dissolved in dimethylsulfoxide (DMSO) (60.0 ml) in an RB, 

and CuI (27.0 mmol, 5.22 g) is added followed by KI (53.0 mmol, 8.77 g). The mixture is stirred 

at 130 °C under N2 for 3 days. After completion, this mixture is poured into 200 ml ice cold water 

to precipitate a brown solid, which is then filtered under vacuum. This solid is dispersed in 300 ml 

NH4OH and stirred for 12 hours at RT, after which a yellow solid is isolated by filtration, dried 

and recrystallized from EtOAc to yield product 4,7-diiodobenzo-1,2,5-selenadiazole (Se4) in 92.1 

% yield along with 4-iodobenzo-1,2,5-thiadiazole as a minor side product. Mp: 272-275 °C. 1H 

NMR (400 MHz, CDCl3) δ ppm: 7.74 (s, 2H). 13C NMR (101 MHz, CDCl3) δ ppm: 157.00, 139.41, 

92.95. 77Se NMR (76 MHz, DMSO-d6) δ ppm: 1511.52. 

 

2.2.3.9. Synthesis of 3,6-bis((trimethylsilyl)ethynyl)benzene-1,2-diamine (SeT1)60 

 

ST (1.5 mmol, 0.5 g) is dissolved in anhydrous THF (30 ml) in an RB, to which LiAlH4 (5 

eq, 7.6 mmol, 0.29 g) is added slowly under ice, and the resulting mixture is stirred at RT for 2 

hours. The mixture is cooled once again under ice and sat. NH4Cl is added dropwise till fizzing 

ceases. Water (50 ml) is added to the RB and the mixture extracted with EtOAc (3x100 ml), 
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washed twice with water, dried with MgSO4 and evaporated under reduced pressure to yield 3,6-

bis((trimethylsilyl)ethynyl)benzene-1,2-diamine (SeT1) as orange crystalline solid product in 

85.17 % yield. Product being unstable is immediately used for the next reaction. Mp: 142-144 °C. 

1H NMR (400 MHz, CDCl3) δ ppm: 6.78 (s, 2H), 3.94 (br s, 4H), 0.27 (s, 18H). 

 

2.2.3.10. Synthesis of 4,7-bis((trimethylsilyl)ethynyl)benzo-1,2,5-selenadiazole 

(SeT2)60 

 

SeT1 (1.3 mmol, 0.39 g) is dissolved in ethanol (60 ml, 15 ml/100 mg) in an RB, to which 

SeO2 (5 eq, 6.5 mmol, 0.72 g) dissolved in warm water (4 ml, 1 ml/200 mg) is added. This mixture 

is refluxed for 1 hour, and 60 ml cold water is added to the mixture to precipitate out the product, 

which is then filtered and dried to yield yellow solid product of 4,7-

bis((trimethylsilyl)ethynyl)benzo-1,2,5-selenadiazole (SeT2) in 90.2 % yield. Mp: 165-169 °C. 1H 

NMR (400 MHz, CDCl3) δ ppm: 7.61 (s, 2H), 0.32 (s, 18H). 13C NMR (101 MHz, CDCl3) δ ppm: 

159.12, 133.57, 119.10, 103.49, 100.67, 0.06. 

 

2.2.3.11. Synthesis of 4,7-bis(chloroethynyl)benzo-1,2,5-selenadiazole (Se6)59 

 



   25 

SeT2 (2 mmol, 0.751 g) is dissolved in acetonitrile (80.0 ml) in an RB covered in foil, to 

which AgF (8 mmol, 1.02 g) and NCS (8 mmol, 1.07 g) is added. The mixture is stirred at RT 

under N2 for 4 days. The resulting suspension is filtered, rinsed with acetonitrile and the solvent 

evaporated under reduced pressure. The residue is dissolved in CHCl3, washed twice with water 

and once with 1 M NaOH, dried using MgSO4 and the solvent evaporated under reduced pressure 

to yield a brown solid product 4,7-bis(chloroethynyl)benzo-1,2,5-selenadiazole (Se6) in 22.5 % 

yield. Decomposition: 141-152 °C. 1H NMR (400 MHz, CDCl3) δ ppm: 7.60 (s, 2H). 13C NMR 

(101 MHz, DMSO-d6) δ ppm: 158.34, 133.02, 117.27, 75.47, 66.55. 77Se NMR (76 MHz, DMSO-

d6) δ ppm: 1539.23. 

 

2.2.3.12. Synthesis of 4,7-bis(bromoethynyl)benzo-1,2,5-selenadiazole (Se7)59 

 

SeT2 (1.5 mmol, 0.563 g) is dissolved in acetonitrile (60.0 ml) in an RB covered in foil, to 

which AgF (3.3 mmol, 0.419 g) and NBS (3.3 mmol, 0.587 g) are added. The mixture is stirred at 

RT under N2 for 1 day. The resulting mixture is filtered, the residue washed with additional 

acetonitrile and solvent evaporated under reduced pressure. The residue is dissolved in CHCl3, 

washed twice with water and once with 1 M NaOH, dried using MgSO4 and the solvent evaporated 

under reduced pressure and solid recrystallized using EtOAc to yield a brown solid product 4,7-

bis(bromoethynyl)benzo-1,2,5-selenadiazole (Se7) in 23.7 % yield along with 4-

bromoethynylbenzo-1,2,5-selenadiazole as a minor side product. Decomposition: 160-165 °C. 1H 

NMR (400 MHz, DMSO-d6) δ ppm: 7.68 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ ppm: 158.86, 

133.56, 118.33, 77.19, 61.22. 77Se NMR (76 MHz, DMSO-d6) δ ppm: 1539.00. 
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2.2.3.13. Synthesis of 4,7-diethynylbenzo-1,2,5-selenadiazole (SeT3)61 

 

SeT2 (0.65 mmol, 0.37 g) is dissolved in a warm mixture of MeOH (40 ml) and THF (5 

ml) in an RB, to which K2CO3 (1 mmol, 0.14 g) is added and stirred at RT for 13 hours. The 

mixture is evaporated under reduced pressure, the residue dissolved in CHCl3 and washed twice 

with H2O, dried with MgSO4 and evaporated under reduced pressure to yield a brown solid product 

4,7-diethynylbenzo-1,2,5-selenadiazole (SeT3) in 69.48 % yield. Product being unstable is 

immediately used for the next reaction. 1H NMR (400 MHz, CDCl3) δ ppm: 7.77 (s, 2H), 3.69 (s, 

2H). 

 

2.2.3.14. Synthesis of 4,7-bis(iodoethynyl)benzo-1,2,5-selenadiazole (Se8)62 

 

SeT3 (1.41 mmol, 0.325 g) is dissolved in THF (10 ml) and MeOH (10 ml) in an RB, to 

which NaOH (9 mmol, 0.360 g) and I2 (9 mmol, 2.29 g) are added and stirred at RT for 1 day. The 

mixture is evaporated under reduced pressure, the residue dissolved in CHCl3 and washed twice 

with H2O and once with 1 M NaOH, dried with MgSO4 and evaporated under reduced pressure 

and the solid is recrystallized from EtOAc to yield an orange solid product 4,7-

bis(iodoethynyl)benzo-1,2,5-selenadiazole (Se8) in 25.3 % yield. Decomposition: 171-182 °C. 1H 
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NMR (400 MHz, DMSO-d6) δ ppm: 7.62 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ ppm: 158.75, 

132.82, 118.77, 89.59, 27.29. 77Se NMR (76 MHz, DMSO-d6) δ ppm: 1536.86. 

 

2.2.4. Crystal growth 

The targets were crystallized using slow evaporation technique to grow good quality single 

crystals suitable for single-crystal X-ray diffraction, Table 2.1. below. Crystallographic 

information has been summarized in Appendix B. 

 

Table 2.1. Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent 
Color and 

morphology 

Thermal 

stability 

4,7-Bis(chloroethynyl)benzo-1,2,5-

thiadiazole 
S6I Tetrahydrofuran 

Light yellow, 

needle 

Decomposition 

124-132 °C 

4,7-Bis(chloroethynyl)benzo-1,2,5-

thiadiazole 
S6II Tetrahydrofuran 

Orange, 

needle 

Decomposition 

123-132 °C 

4,7-Bis(bromoethynyl)benzo-1,2,5-

thiadiazole 
S7 Tetrahydrofuran 

Brown, 

needle 

Decomposition 

154-159 °C 

4,7-Bis(iodoethynyl)benzo-1,2,5-

thiadiazole 
S8 Tetrahydrofuran 

Orange, block Decomposition 

177-184 °C 

4,7-Dibromobenzo-1,2,5-

selenadiazole 
Se3 

Dioxane Yellow, 

parallelopiped 

Melting 

276-278 °C 

4,7-Diiodobenzo-1,2,5-

selenadiazole 
Se4 

Dioxane Yellow, 

needle 

Melting 

272-275 °C 

4,7-Bis(chloroethynyl)benzo-1,2,5-

selenadiazole 
Se6 

Dioxane Orange, plate Decomposition 

141-152 °C 

4,7-Bis(bromoethynyl)benzo-1,2,5-

selenadiazole 
Se7 

Chloroform Yellow, 

needle 

Decomposition 

160-165 °C 
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2.3. Results 

2.3.1. Molecular electrostatic potentials 

 

Figure 2.8. Molecular electrostatic potential surface map of non-activated 

benzochalcogenadiazole derivatives ChX (Ch=S, Se, Te and X=F, Cl, Br, I). A) Chalcogen view 

B) Halogen view. Contour value: 0.006. Red indicates an area of negative charge and blue an 

area of positive charge. Green is neutral. (Tran and Guidez). 
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Figure 2.9. Molecular electrostatic potential surface map of activated benzochalcogenadiazole 

derivatives ChX (Ch=S, Se, Te and X=F, Cl, Br, I). A) Chalcogen view B) Halogen view. 

Contour value: 0.006. Red indicates an area of negative charge and blue an area of positive 

charge. Green is neutral. (Tran and Guidez). 
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Table 2.2. HF/Def2-TZVP atomic Mulliken charges on Ch, N and X and electrostatic potential 

at the center of the σ-hole on X for the non-activated and activated benzochalcogenadiazole 

derivatives. (Tran and Guidez). 

 

Non-activated systems Activated systems 

 Target Ch N X Electrostatic 

potential on 

X (kcal/mol) 

Target Ch N X Electrostatic 

potential on 

X (kcal/mol) 

S1 0.4491 -0.2713 -0.1848 -9.39 S5 0.4348 -0.2633 -0.1446 7.41 

S2 0.4471 -0.2694 -0.0348 35.81 S6 0.4355 -0.2625 0.0724 57.15 

S3 0.4460 -0.2658 -0.0212 48.72 S7 0.4358 -0.2610 0.1322 67.88 

S4 0.4449 -0.2734 0.0414 63.85 S8 0.4350 -0.2600 0.2198 88.26 

Se1 0.4956 -0.2986 -0.1855 -11.93 Se5 0.4762 -0.2893 -0.1463 7.60 

Se2 0.4958 -0.2968 -0.0394 37.23 Se6 0.4774 -0.2888 0.0696 59.73 

Se3 0.4952 -0.2933 -0.0277 51.13 Se7 0.4781 -0.2875 0.1290 69.03 

Se4 0.4940 -0.3029 0.0331 68.25 Se8 0.4771 -0.2861 0.2161 91.91 

Te1 0.6607 -0.3835 -0.1873 -13.80 Te5 0.6389 -0.3697 -0.1492 8.39 

Te2 0.6667 -0.3822 -0.0472 37.78 Te6 0.6414 -0.3697 0.0646 62.55 

Te3 0.6686 -0.3794 -0.0373 51.38 Te7 0.6427 -0.3689 0.1234 71.29 

Te4 0.6684 -0.3894 0.0205 69.49 Te8 0.6417 -0.3673 0.2096 96.10 
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2.3.2. Interaction energies 

 

Table 2.3. CP-corrected MP2/Def2-TZVP interaction energy ∆E (in kcal/mol), RIMP2/Def2-

TZVP intermolecular distance R (in Å) and angle  (in ) of non-activated chalcogen-bonded 

(ChB) and halogen-bonded (XB) dimers. (Tran and Guidez). 

 

 ChB dimer XB dimer 

Target ∆𝑬 Ra b ∆𝑬 Rc d 

S1 -5.58 3.01 173.91 N/A N/A N/A 

S2 -6.39 2.99 173.51 -2.61 3.26 164.37 

S3 -6.76 2.99 173.79 -3.30 3.33 160.72 

S4 -6.95 2.99 174.98 -3.54 3.49 156.00 

Se1 -9.93 2.87 166.36 N/A N/A N/A 

Se2 -11.02 2.86 166.75 -2.63 3.24 164.86 

Se3 -11.37 2.87 167.50 -3.40 3.31 161.19 

Se4 -11.25 2.89 169.09 -3.58 3.47 156.46 

Te1 -20.74 2.67 156.37 N/A N/A N/A 

Te2 -20.88 2.71 158.41 -2.67 3.23 165.39 

Te3 -20.70 2.73 159.58 -3.51 3.29 161.74 

Te4 -19.46 2.77 161.59 -3.66 3.45 157.11 

aCh---N distance, bN-Ch---N angle, cX---N distance, dC-X---N angle. 
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Table 2.4. CP-corrected MP2/Def2-TZVP interaction energy ∆E (in kcal/mol), RIMP2/Def2-

TZVP intermolecular distance R (in Å) and angle  (in ) of activated chalcogen-bonded (ChB) 

and halogen-bonded (XB) dimers. (Tran and Guidez). 

 

 ChB dimer XB dimer 

Target ∆𝑬 𝑹𝒂 
𝒃
 ∆𝑬 𝑹𝒄 

𝒅 
𝒆
 

S5 -6.30 2.99 173.20 -1.37 3.17 164.30 179.89 

S6 -7.57 2.99 171.63 -5.45 3.11 166.04 177.48 

S7 -8.11 2.99 171.39 -7.17 3.10 165.87 175.29 

S8 -8.63 2.99 171.36 -9.37 3.09 165.77 171.67 

Se5 -10.79 2.85 166.48 -1.32 3.19 164.91 179.91 

Se6 -12.56 2.87 165.52 -5.56 3.09 166.21 177.10 

Se7 -13.20 2.86 165.44 -7.39 3.06 166.17 174.65 

Se8 -13.84 2.86 165.45 -9.78 3.05 166.22 170.62 

Te5 -20.52 2.70 158.07 -1.28 3.20 165.09 180.00 

Te6 -22.64 2.71 157.70 -5.69 3.07 166.59 176.50 

Te7 -23.34 2.71 157.68 -7.68 3.03 166.72 173.66 

Te8 -24.15 2.70 157.65 -10.43 3.00 167.20 169.05 

aCh---N distance, bN-Ch---N angle, cX---N distance, dC-X---N XB angle, eC≡C-X bend angle 

  



   33 

2.3.3. Single crystal structures 

The key crystallographic features of the new targets are summarized below.  

 

Figure 2.10. Primary intermolecular interactions in each crystal structure showing a ChB dimer 

in a) S363, b) S464, c) Se3, d) Se4 and e) Te365. *esds unavailable. 



   34 

 

Figure 2.11. Primary interactions in each crystal structure showing a ChB dimer in polymorphs 

a) S6I and b) S6II, breaking of the ChB dimer in c) S7, and formation of a XB dimer in d) S8. 
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Figure 2.12. Primary interactions in each crystal structure showing a ChB dimer in a) Se6 and b) 

Se7. 

 

Halogen and chalcogen bond lengths and angles observed in the crystal structures are 

summarized in Table 2.5, along with their % reduction in vdW radii. 
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Table 2.5. Summary of ChB and XB lengths and angles observed in crystal structures, along 

with the % reduction in their combined vdW radii. The switch from ChB dimer to XB dimer is 

highlighted in bold. 

 

Target 

Ch---N chalcogen bond X---N halogen bond 

Dimer/ 

monomer 
Length 

% 

Redn 
Angle 

Dimer/ 

monomer 
Length 

% 

Redn 
Angle 

 Å %   Å %  

N
o
n

-a
ct

iv
a
te

d
 S3 Dimer 3.23 3.7 168.4 - - - - 

S4 Dimer 3.09 7.7 170.9 - - - - 

Se3 Dimer 2.94 14.7 164.4 - - - - 

Se4 Dimer 2.91 15.6 166.9 - - - - 

Te3 Dimer 2.70 25.3 164.4 - - - - 

A
ct

iv
a
te

d
 

S6I Dimer 3.06 8.6 168.2 Monomer 3.16 4.2 159.7 

S6II Dimer 3.31 1.3 177.1 Monomer 3.14 4.8 159.7 

S7 Monomer 3.30 1.6 169.2 Monomer 3.27 3.9 133.0 

S8 Monomer 3.28 2.2 148.7 Dimer 3.09 12.6 165.7 

Se6 Dimer 2.97 14.0 162.7 Monomer 3.08 6.8 158.3 

Se7 Dimer 2.97 14.0 163.9 Monomer 3.05 10.2 158.3 
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2.4. Discussion 

2.4.1. Theoretical calculations 

 

2.4.1.1. Non-activated targets  

Quantum chemical calculations on the ChB dimer sulfur targets S1-S4 show that the 

interaction energies increase by ~1.4 kcal/mol from F to I (Table 2.3, Figure 2.13), whereas the S-

--N distances remain nearly constant with a ~11% reduction in combined vdW radii (Figure 2.14). 

Computed intermolecular distances are underestimated compared to experiment, possibly because 

the computations are done in the vacuum phase and do not account for the solid-state environment. 

The stronger chalcogen bond with increasing halogen atom size is driven by the larger 

polarizability of the halogen atom.  

 

The corresponding XB dimer interaction energies are roughly half in value, increasing by 

~0.9 kcal/mol from Cl to I (Figure 2.13). The XB lengths vary slightly, with a 1-2% reduction in 

combined vdW radii (Figure 2.14). We note that since fluorine does not have a σ-hole,30 a halogen 

bonded dimer could not be optimized.  The C-X---N angle becomes less linear as the halogen atom 

becomes larger (Table 2.3). We hypothesize that since the σ-hole becomes larger with increasing 

halogen atom size, such misalignment has a small effect on the strength of the electrostatic σ-hole 

interaction. However, it can reduce the X---X repulsion between neighboring halogen atoms 

involved in the halogen bond (Section 2.4.1.3). 
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Figure 2.13. IE's of ChB and XB dimers of all non-activated target molecules. Note that Ch-F 

non-activated targets S1, Se1 & Te1 do not have a XB dimer due to absence of σ-hole. 

 

Quantum chemical calculations for the ChB dimer selenium targets Se1-Se4 show that the 

interaction energies increase by ~1.3 kcal/mol from F to I (Table 2.3, Figure 2.13), whereas the 

intermolecular distances do not vary significantly with a ~17% reduction in combined vdW radii 

(Figure 2.14). We note that unlike the sulfur systems, the total interaction energy slightly decreases 

when switching from X=Br to X=I. This is likely due to the large steric repulsion between the 

neighboring selenium and iodine atom. The Se---N interactions in the ChB dimers are about 4 

kcal/mol stronger than the corresponding S---N interactions. In agreement with this observation, 

the Se---N bond is shorter with a higher % reduction in combined vdW radii compared to the sulfur 

analogue. This behavior is consistent with the stronger σ-hole interaction for larger chalcogen 

atoms66 as seen by the larger Mulliken67 charges on the chalcogen and nitrogen atoms  (Figure 2.8, 

Table 2.2). The corresponding halogen-bonded dimer interaction energies are roughly a third in 
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value, increasing by ~1.1 kcal/mol when going from Cl to I (Table 2.3). Unsurprisingly, the 

strengths of the intermolecular forces are similar to those computed for the sulfur compounds, S1-

S4, as a result of the XB motif remaining the same with a 2-3% reduction in combined vdW radii 

(Figure 2.14). 

 

Figure 2.14. Plot of % reduction in combined vdW radii for ChB and XB dimers of non-

activated target molecules. 

 

Quantum chemical calculations for the ChB dimer tellurium targets Te1-Te4 show that 

unlike Ch=S, Se, the interaction energy of the ChB dimer decreases with increasing halogen size, 

consistent with an increasingly large Te---N bond distance (Table 2.3, Figure 2.13). This trend can 

be readily explained by the structural rearrangement of the monomers that is necessary to reduce 

the large steric repulsion between the adjacent Te-X atom and Te-Te atom pairs as seen from its 

increasing percent overlap in vdW radii (Section 2.4.1.3). The interaction energies of the chalcogen 

bonded dimers are nearly twice as large for Ch=Te than for Ch=Se, which is reflected by the 
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shorter Te---N distances and higher % reduction in combined vdW radii compared to the Se---N 

distances (Figure 2.14). This stronger interaction can be explained by the higher positive charge 

on tellurium (Table 2.2). Finally, it is observed that the N-Ch---N angle decreases in the order 

S>Se>Te, which can be explained by the larger area of the -hole in that order allowing for 

increased rearrangement to reduce steric repulsion (Figure 2.8, Section 2.4.1.3). The corresponding 

XB dimer interaction energies are approximately a fifth in value and similar to those obtained for 

Ch=S, Se. Geometries for these systems are also similar to those observed for Ch= S, Se (Table 

2.3), once again as a result of the XB motif remaining the same with a 2-4% reduction in combined 

vdW radii (Figure 2.14). 

 

2.4.1.2. Activated targets  

Quantum chemical calculations for the ChB dimer sulfur targets S5-S8 show that the 

interaction energies increase by ~2.3 kcal/mol when going from F to I (Table 2.4, Figure 2.15), 

whereas the inter-molecular distances remain constant with a ~11% reduction in combined vdW 

radii (Figure 2.16). These trends are similar to what was observed for the non-activated targets S1-

S4. We note that unlike the non-activated systems, no reduction of the N-Ch---N angle is observed 

with increasing halogen size. In addition, this angle is up to about 3.5 degrees smaller for these 

activated dimers than for the non-activated ones. We propose that this is due to the lack of repulsion 

between the adjacent S-S atom and S-X atom pairs. The XB dimer interaction energy steadily 

increases by about 4 kcal/mol from Cl to I (Table 2.4). This energy increase is much larger than 

that found for the non-activated systems (Table 2.3). This is consistent with the higher magnitude 

of the Mulliken charges on the halogen atoms and the larger electrostatic potentials of the -hole 

compared to those in the non-activated systems (Figure 2.9, Table 2.2).  
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Figure 2.15. IE's of ChB and XB dimers of all activated target molecules. Red box highlights the 

switch of the most stable dimer from ChB dimer to XB dimer. 

 

Unlike in the non-activated systems, the XB dimers S5-S8 are energetically comparable to 

the ChB dimer. With increasing halogen atom size, an increase in the interaction energy is 

observed with an associated increase in % reduction in combined vdW radii from 6% to 13% going 

from S6-S8 (Figure 2.16). As shown in Table 2.4, the C-X---N XB angle increases from 164.3 

for F in S5 to 165.8 for I in S8. This is possible because the attached intramolecular C≡C-X triple 

bond angle bend increases considerably from original relatively linear 179.9 in S5 to 171.7 in 

S8 as we go from F to I. For S8 with Ch=S and X=I, the halogen bonded dimer interaction energy 

in fact becomes slightly larger than that of the chalcogen bonded dimer (Table 2.4 in red, Figure 

2.15 in red box), something also observed in its corresponding % reduction in combined vdW radii 

(Figure 2.16, red circle). The purpose of the bending is to maximize the highly directional -hole 

interaction while minimizing repulsion between the alkyl chains. It is worth point out that without 
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this C≡C-I bending, the chalcogen bonded dimer would, in fact, have a lower interaction energy 

than the corresponding chalcogen bonded dimer (Table 2.6). This table shows that the interaction 

energy between the monomers is lowered by 2.47 kcal/mol upon bending of the C≡C-I angle. 

Without such bending, the interaction energy is -8.00 kcal/mol, which is higher than the interaction 

energy of the chalcogen bonded dimer of -8.63 kcal/mol (Table 2.4). In addition, we see that the 

energy cost of distorting the C≡C-I angle for the two monomers  is about 1 kcal/mol, which is 

smaller than the 2.47 kcal/mol gained through bonding. 

Table 2.6. Interaction energy between two activated monomers with Ch=S and X=I. 

C≡C-I angle (◦) ΔE (kcal/mol) 
Monomer bending 

energy (kcal/mol) 

171.00 -10.33 0.61 

171.50 -10.37 0.54 

171.67a -10.47 0.52 

179.60b -8.00 0.00 

a. C≡C-I Angle in the optimized dimer 

b. C≡C-I Angle in the optimized monomer 

 

Quantum chemical calculations for the ChB dimer selenium targets Se5-Se8 show that the 

interaction energies increase by ~3 kcal/mol when going from F to I (Table 2.4, Figure 2.15), 

whereas the intermolecular distances do not vary significantly with a ~17% reduction in combined 

vdW radii (Figure 2.16). Similar to the non-activated systems, the interaction energy of the ChB 

dimers is larger for Ch=Se than for Ch=S (Tables 2.3, 2.4). We note that unlike the non-activated 

systems, the interaction energy continuously increases with halogen size. In addition, the N-Ch---

N angle does not increase as the halogen size becomes larger. We propose that these trends are 

due to the absence of steric repulsion between the chalcogen and the halogen atom that occur in 

the non-activated dimers (Section 2.4.1.3). The corresponding halogen-bonded dimer interaction 
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energies increase by ~4.0 kcal/mol from Cl to I, consistent with a decreasing intermolecular 

distance and an increase in % reduction in combined vdW radii from 6% to 14% going from Se6-

Se8 (Figure 2.16), albeit this increasing stabilization is unable to surpass the ChB dimer in Se8 as 

it did for S8. The directional -hole interaction is enhanced in these activated systems compared 

to in the non-activated ones. The presence of a halogen-bonded dimer for X=F is observed to be 

due to dispersion forces, and not electrostatic interactions.  

 

Figure 2.16. Plot of % reduction in combined vdW radii for ChB and XB dimers of activated 

target molecules. Red circle highlights switch of most stable dimer from ChB dimer to XB dimer 

 

Quantum chemical calculations for the ChB dimer tellurium targets Te5-Te8 show that As 

observed for Ch=S, Se, the ChB interaction energy increases in the order F<Cl<Br<I (Table 2.4, 

Figure 2.15), but the intermolecular distance remains relatively unchanged, with a ~25% reduction 

in combined vdW radii (Figure 2.16). In addition, the interaction energy for the ChB dimer 

increases in the order S<Se<Te. The XB dimers behave similarly to those in the Ch=S, Se series, 



   44 

showing that the nature of the chalcogen atom does not affect the interactions in the XB dimers. 

As expected, as the interaction energy increases, the intermolecular distance decreases and % 

reduction in combined vdW radii increases from 7% to 16% with increasing halogen atom size 

(Table 2.4, Figure 2.16). 

 

2.4.1.3. Steric competition 

 

Figure 2.17. Attractive Ch---N (red dashed line) interactions bring repulsive Ch---X (green 

dashed line) and Ch---Ch (blue dashed line) atom pairs closer together in the optimized non-

activated ChB dimer. Black: carbon. Blue: nitrogen. White: hydrogen. Purple: chalcogen atom 

Ch (S, Se or Te). Brown: halogen atom X (F, Cl, Br or I). 

 

For the non-activated systems, changing the identity of the halogen atom leads to some 

unexpected structural and energetic changes. The attractive Ch---N σ-hole interactions that tend to 

bring the molecules closer also brings the repulsive Ch---X atom pair and the Ch---Ch atom pair 

closer together (Figure 2.17).  
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Table 2.7.  Calculated Ch---Ch and Ch---X distances in non-activated dimers from Figure 2.17. 

 

 Ch---Ch (Blue line, figure 2.17) Ch---X (Green line, figure 2.17) 

 Distance (Å) 
van der Waals 

reduction (%) 
Distance (Å) 

van der Waals 

reduction (%) 

S, F 3.85 -6.9 4.22 -29.1 

S, Cl 3.83 -6.4 4.10 -15.5 

S, Br 3.82 -6.1 4.09 -12.1 

S, I 3.79 -5.3 4.14 -9.5 

Se, F 3.86 -1.6 3.95 -17.2 

Se, Cl 3.84 -1.1 3.87 -6.0 

Se, Br 3.83 -0.8 3.90 -4.0 

Se, I 3.82 -0.5 3.97 -2.3 

Te, F 3.86 6.3 3.58 -1.4 

Te, Cl 3.86 6.3 3.64 4.5 

Te, Br 3.86 6.3 3.70 5.4 

Te, I 3.86 6.3 3.83 5.2 

 

We see that the Ch---X atomic overlap increases to become almost similar to the Ch---Ch 

atomic overlap for the larger chalcogen atoms as observed from the percent reduction in the vdW 

radii (Table 2.7). Second, for the activated systems, a smooth increase in interaction energy and 

exchange repulsion is observed for all three chalcogen atoms as the halogen atoms change from 

X=F to X=I (Table 2.4). For these systems, the same Ch---Ch interaction is present but there are 

no Ch---X steric effects. This suggests that the Ch---X interaction becomes more prominent as the 

chalcogen atoms become larger, and the system rearranges itself into a less linear ChB angle (Table 

2.3) to minimize this steric repulsion with the help of the larger and more diffuse σ-hole as the 

chalcogen atom increases in size. 
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Figure 2.18. Interaction energies calculated for ChB dimers and XB dimers of variously 

substituted S, Se and Te targets. Red arrows point to the calculations predicting the switch of the 

most stable dimer from the ChB dimer to the XB dimer in S8, as confirmed by its crystal 

structure. 

 

Our first goal was to assess the competitions between the ChB and XB dimer interactions 

and predict which among them was expected to be the most stable. These computational results 

help address this goal in predicting that the ChB dimer is always expected to be the most stable 

dimer interaction in all the targets assessed in this study except one, in S8, where the XB dimer is 

predicted to be more stable than the corresponding ChB dimer interaction as a result of the 

intramolecular C≡C-I angle bend facilitating a greater σ-hole overlap between the iodine and 

nitrogen atoms (Figure 2.18). 
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2.4.2. Single crystal structures 

 

2.4.2.1. Non-activated targets 

The crystal structures of both non-activated sulfur targets S363 and S464 show the presence 

of the postulated ChB dimer, with the ChB in S4 being shorter with an 8% reduction in combined 

vdW radii as compared to 4% in S3 (Figure 2.10.a&b, Table 2.5, Figure 2.19). Also present are 

Type-II halogen-halogen short contacts with a 4% reduction in combined vdW radii in both 

structures.  

 

Figure 2.19. Crystallographic outcomes of non-activated sulfur targets S3 & S4. 

 

The crystal structures of both non-activated selenium targets Se3 and Se4 once again show 

the presence of the postulated ChB dimer (Figure 2.10.c&d, Table 2.5, Figure 2.20). This time the 

ChB’s are almost similar in strength, with the ChB in Se4 being marginally shorter with a 16% 

reduction in combined vdW radii, compared to 15% in Se3. Also present is a Type-II I---I short 

contact in Se4 with a 4% reduction in combined vdW radii, whereas this contact is a quasi Type-I 

Br---Br short contact in case of Se3 with a 5% reduction in combined vdW radii.  
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Figure 2.20. Crystallographic outcomes of non-activated selenium targets Se3 and Se4. 

 

The crystal structure of Te365 displays the previously seen Ch---N dimer interaction with 

a 25.3% reduction in its combined vdW radii (Figure 2.10.e, Table 2.5, Figure 2.21). A new feature 

for this tellurium series is that the second σ-hole of the same Te-atom, which is much larger than 

the corresponding sulfur or selenium σ-hole, also forms a chalcogen bond with the electron-rich 

equator of the bromine atom, with a 5.8% reduction in its combined vdW radii. That same bromine-

atom in turn also forms a Type-I Br---Br halogen short contact with a 5.2% reduction in its 

combined vdW radii. 

 

Figure 2.21. Crystallographic outcome of non-activated tellurium target Te3. 
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Thus, in-line with the computational predictions, all of the non-activated targets only 

possess the ChB dimer interaction with no competing X---N halogen bond present in any of the 

structures.  

 

2.4.2.2. Activated targets 

The chlorine substituted activated S6 produced two different polymorphs, and both of them 

still possess the ChB dimer despite the presence of the activated chlorine (Figure 2.22).  Form 1 

(S6I, Figure 2.11.a, Table 2.5) contains a ChB dimer with a considerable 9% reduction in 

combined vdW radii, which represents the shortest ChB in the sulfur series. Interestingly, the 

second nitrogen atom of the same thiadiazole moiety forms part of a previously unseen Cl---N 

halogen bond with a 10% reduction in its combined vdW radii. Form 2 (S6II, Figure 2.11.b, Table 

2.5) contains a ChB dimer with a lower 1% reduction in combined vdW radii, which is also the 

longest ChB in the sulfur series. The second nitrogen atom of the same thiadiazole moiety takes 

part in a Cl---N halogen bond with a 5% reduction in combined vdW radii. That same chlorine 

atom also forms a weak Cl---C≡C halogen bond with a low 0.6% reduction in combined vdW 

radii. Given the higher % reduction in combined vdW radii of both the ChB and XB in S6I, the 

same is predicted to be the more stable thermodynamic form compared to form 2 S6II. 

The crystal structure of S7 was particularly challenging. Qualitative analyses of each 

atom’s temperature factors suggested that all three molecules in the asymmetric unit were 

disordered. Splitting of the individual atoms or the re-orientation of each molecule in Olex2 to 

wholly assign the disordered components coupled with bond distance restraints did not yield 

successful refinement results.  The secondary (or in some cases tertiary) positions of the atoms 

from the three disordered molecules in the asymmetric unit were found in the difference map.  
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After renaming, the atoms at each site were assigned to parts and reasonable occupancy ratios, 

assigned to resolve as much residual electron density as possible.  Suitable bond distances, thermal 

parameters, and molecular orientations were achieved via the application of the RIGU, SADI, and 

EADP constraints and restraints. 

Changing the halogen atom from Cl to Br in S7 disrupts the previously dominant ChB 

dimer (Figure 2.11.c, Table 2.5, Figure 2.22). While the relative orientation of molecules in S7 is 

similar to that in S6 which forms a ChB dimer, only one S---N pair forms a chalcogen bond with 

a representative 2% reduction in its combined vdW radii, along with a S---C≡C short contact from 

the same S-atom with a 5.1% reduction in combined vdW radii. The other S---N pair is separated 

further than their combined vdW radii and thus not interacting. The second nitrogen atom of the 

thiadiazole moiety forms the previously seen X---N halogen bond with a representative 4% 

reduction in its combined vdW radii. There also exists a Br---C≡C halogen bond with an 8% 

combined reduction in its combined vdW radii. 

 

Figure 2.22. Crystallographic outcomes of activated sulfur targets S6, S7, and S8. 

 

However, in the structure of the iodo-substituted S8 (Figure 2.11.d, Table 2.5), in line with 

the computational prediction, a considerable structural change has taken place in the form of the 
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postulated XB dimer (Figure 2.22) with a I---N halogen bond with a 12.6% reduction in its 

combined vdW radii.  The second nitrogen atom of the same thiadiazole moiety forms a S---N 

chalcogen bond with a low 2.2% reduction in its combined vdW radii. At the same time, the second 

iodine atom forms a I---C≡C halogen bond with a 7% reduction in combined vdW radii. 

Through computational calculations, it was found that the C≡C-I intramolecular angle bend 

facilitated the XB dimer in becoming more stable than the corresponding ChB dimer. A closer 

analysis revealed that the XB length, angle, and the C≡C-I intramolecular bend angle observed in 

the crystal structure were almost the same as that predicted computationally from the optimized 

geometries (Figure 2.23). 

 

Figure 2.23. S8 XB dimer geometry a) Computationally predicted and b) Experimentally 

observed from the crystal structure 

 

The crystal structure of the chlorine substituted Se6 (Figure 2.12.a, Table 2.5), once again 

in line with computational predictions, presents a Se---N ChB dimer with a 14.0% reduction in 
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combined vdW radii, while the other nitrogen atom of the selenadiazole moiety forms a Cl---N 

halogen bond with a 6.8% reduction in combined vdW radii. A second chlorine atom also forms a 

Cl---C≡C halogen bond with a 1% reduction in combined vdW radii. 

The bromo substituted Se7 is isostructural with Se6 possessing a ChB dimer (Figure 2.12.b, 

Table 2.5, Figure 2.24). The Se---N ChB dimer has a 14.1% reduction in combined vdW radii, 

while the second nitrogen atom of the thiadiazole moiety forms a Br---N halogen bond with a 

10.2% reduction in combined vdW radii. A second bromine atom also participates in a Br---C≡C 

halogen bond with a 4% reduction in combined vdW radii. 

 

Figure 2.24. Crystallographic outcomes of activated selenium targets Se6 and Se7. 

 

Although we successfully synthesized Se8, we were unable to grow single crystals suitable 

for single-crystal diffraction despite considerable efforts. Crystallization from dioxane yielded 

crystals but they turned out to be solvates with disordered dioxane molecules present in the crystal 

structure. 
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Our second goal was to synthesize the synthetic target library (Figure 2.4) and analyze the 

dimer interactions prevalent in the crystal structures each of these targets. Towards this goal, all 

targets were synthesized, and their single crystal structures obtained. Analyzing these structures 

revealed that the ChB dimer was the dominant dimer interaction in all target molecules except in 

the case of S7 & S8, where the former had a single ChB and XB and the latter showed the presence 

of the postulated XB dimer in its single crystal structure. 

Our third goal was to evaluate how well the quantum mechanical modeling predictions 

correlate with the single crystal structure data. Towards this goal, we saw that the experimental 

work was successfully reflected by the results obtained from state-of-the-art ab initio calculations, 

which predicted target S8 to be the tipping point where a XB dimer becomes more stable than the 

corresponding ChB. This reflects the usefulness of computational calculations in trying to predict 

crystallographic outcomes in supramolecular systems. 

 

2.4.2.3. Benchmarking interactions with the Cambridge Structural Database 

(CSD) 

Our fourth and final goal was to compare the metrics of the observed XB and ChB such as 

the bond angles and lengths to those observed in literature so as to benchmark these interactions 

and obtain further insight. Towards this goal, to assess the prevalence of the interactions observed 

in the crystal structures, a search of the Cambridge Structural Database (CSD) for the similar S---

N ChB dimer motif possessing ChB angle > 120 was first carried out, which revealed that there 

were 264 crystal structures possessing a total of  301 interactions similar to this synthon (Figure 

2.25).68  
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Figure 2.25. A plot of S---N ChB dimer bond lengths vs. angles from our crystal structures and 

the CSD. 

 

The data reveals that in the case of the activated  sulfur targets, where there is no steric 

hindrance present between the chalcogenadiazole moiety and the adjacent halogen atom, there are 

26 ChB interactions shorter and more linear than the one found in polymorph S6I, putting it among 

the top 9% of interactions. That same number is just 7 interactions for  polymorph S6II, putting it 

among the top 2.5% of reported interactions. But focusing on the non-activated targets, we see that 

there are 65 interactions shorter and more linear than the ChB in S4, putting it among the top 22% 

of interactions. That same number is 153 interactions for S3, putting it among the top 51% of 

reported interactions. These results confirm that the presence of large halogen atoms adjacent to 

the ChB dimer motif in the non-activated molecules cause steric hindrance as discussed in section 

2.4.1.3, leading to a rearrangement of the dimer into a less linear and longer ChB synthon. 
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A similar CSD search for the Se---N ChB dimer motif possessing ChB angle > 120 was 

carried out and revealed that there were only 77 crystal structures possessing a total of  105 

interactions similar to this synthon (Figure 2.26), showing that such targets are less prevalent in 

literature.68 

 

Figure 2.26. A plot of Se---N ChB dimer bond lengths vs. angles from our crystal structures and 

data from the CSD. 

 

The data reveals that for the non-activated selenium targets, there are 16 interactions 

shorter and more linear than the ChB in Se4, putting it among the top 16% of interactions. That 

same number is 35 interactions for Se3, putting it among the top 34% of reported interactions. 

Moving to the activated targets, we see that there are 44 interactions shorter and more linear than 

the ChB in Se6, putting it among the top 43% of interactions. That same number is 43 interactions 

for Se7, putting it among the top 42% of reported interactions. In the case of selenium targets, we 

do not see the expected trend of a poorer ChB metrics for non-activated targets which possess 
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steric hindrance, and this could be attributed to the limited amount of crystallographic data points 

available for the selenium targets (Only 77 structures reported for Se---N ChB dimer, compared to 

264 structures reported for S---N ChB dimer), coupled with the extremely large range of bond 

lengths observed for these few selenium structures (~ 0.9 Å range, Figure 2.26) in comparison to 

the sulfur analogues (~ 0.5 Å range, Figure 2.25). 

 

A search of the CSD for the Te---N ChB dimer motif possessing ChB angle > 120 revealed 

that there were a mere 16 crystal structures reported to date possessing this synthon, which were 

too few to draw any reasonable conclusions from. This observation is also in line with our initial 

assessment about Tellurium compounds being less stable and less prevalent in literature, and our 

subsequent decision to not pursue these targets crystallogrpahically.   

 

Given the accurate computational prediction of the tipping point from a ChB dimer to a 

XB dimer being target S8, we wanted to further explore the prevalence of the intramolecular C≡C-

I bend, since that was understood to be the driving force facilitating the formation of the XB dimer. 

A search of the Cambridge Structural Database (CSD) was carried out for C≡C-I bend angles and 

the associated C-I---A halogen bond angles (A = Any halogen, chalcogen or nitrogen atom). This 

search resulted in 142 crystal structures having a total of 254 interactions with this same halogen 

bonding synthon (Figure 2.27).68  
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Figure 2.27. Plot of C≡C-I bend angle vs. the associated C-I---A halogen bonding angle from the 

crystal structure of S8 and data from the CSD. 

 

A closer analysis revealed that there are just four interactions having a C≡C-I bend angle 

more acute than S8 (171.7 ), putting it among the top 2% of the most bent C≡C-I moieties reported 

in literature to date. This proves that such a bend is highly unfavorable and uncommon, and that 

there needs to sufficient secondary interactions to stabilize this bend, which in the case of S8 is the 

formation of the XB dimer interaction leading to a supramolecular chelating effect, stabilizing this 

XB dimer to a lower energy than the corresponding ChB dimer. 

 

2.5. Conclusions 

In summary, we have demonstrated that organic crystalline solids with specific structural 

features can be constructed by exploiting and fine-tuning the competition between different -hole 

interactions such as halogen and chalcogen bonds. 
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The first goal for this systematic synthetic and computational effort was predicting the 

outcome of a competitive system of 4,7-dihalo-2,1,3-benzochalcogenadiazoles using quantum 

mechanical calculations, where two different dimer interactions were possible and plausible 

(Figure 2.2). This study showed that for all the explored targets, the ChB dimer is expected to be 

more stable except in the sole case of S8, where the corresponding XB dimer was computed to be 

more stable (Figure 2.28). 

 

Figure 2.28. Computationally predicted outcomes of competing ChB and XB dimer interactions. 

 

The second goal of synthesizing the targets was subsequently achieved and the single 

crystal structures analyzed for the presence of the postulated dimer interactions. All the 

synthesized targets showed the presence of the ChB dimer, except in the case of S7 & S8, where 

the former had a single ChB and XB and the latter showed the presence of a XB dimer in its single 

crystal structure (Figure 2.29). 
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Figure 2.29. Experimentally observed outcomes of competing ChB and XB dimer interactions. 

 

Our third goal was to evaluate how well the quantum mechanical modeling predictions 

correlate with the single crystal structure data. In line with this goal, we found that the experimental 

work was successfully reflected by the results obtained from state-of-the-art ab initio calculations, 

predicting target S8 to be the tipping point where a XB dimer becomes more stable than the 

corresponding ChB.  Not only were structural trends accurately mapped out, but a number of 
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detailed geometric features in the experimentally observed crystal structures could be predicted 

and rationalized by the computational work. This shows that theoretical calculations can be used 

effectively in trying to predict crystallographic outcomes in small molecule systems (Figure 2.30). 

 

Figure 2.30. Results of this study showed a good correlation between computational prediction 

and experimental outcome. 

 

Towards our fourth and final goal, the observed ChB and XB lengths and angles were 

compared to similar synthons from literature. It was found that the observed interactions ranged 

from being among the top 2.5% of reported interactions all the way to the top 51% of reported 

interactions, revealing that some interactions were among the strongest reported while others were 

weak. A comparison of the unique C≡C-I bend angle which facilitated the formation of the XB 

dimer in S8 to similar bends in literature revealed that this moiety was among the top 2% of most 

bent structures reported to date. This highlights how such a bend is highly unfavorable and 

uncommon, and needs to be stabilized by secondary interactions, which in the case of S8 was the 

formation of the XB dimer leading to a supramolecular chelating effect, stabilizing this XB dimer 

to a lower energy than the corresponding ChB dimer..  

The multi-disciplinary approach presented herein provides an effective blueprint for how 

we can deliberately manipulate the delicate balance between two closely related -hole 

interactions in order to program and direct different self-assembly paths through subtle covalent 
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modifications. From a practical point of view, this may facilitate more effective and robust bottom-

up approaches to materials design, where specific architectural features are required in order to 

deliver function and performance in the resulting bulk material. 
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Chapter 3 - 4,7-disubstituted-2,1,3-benzochalcogenadiazoles towards 

hierarchical assembly of multicomponent crystals 

 

3.1.  Introduction 

The most remarkable advancements made in solid-state chemistry in the past few decades1-

2 have been guided by fundamental research in the field of crystal engineering, championed 

predominantly by research on multicomponent crystals3-4 utilizing hydrogen bonding (HB).5-9 

Similar studies utilizing σ-hole interactions such as halogen10-12 and chalcogen bonding13-15 have 

only recently picked up pace, and have revealed an ever expanding world of applications ranging 

from pharmaceuticals16 and energetics17 to luminescence,18 nonlinear optics,19-20 molecular 

recognition21 and self-assembly.22-23 

 

To utilize multiple non-covalent interactions (NCI) in the bottom up assembly of 

multicomponent crystals, especially in the case of lesser studied halogen (XB) and chalcogen 

(ChB) bonds, it is imperative to know the relative competitiveness between these two interactions 

so as to know precisely how they may compete in a system with multiple structural outcomes.24 

Such a delicate balance was explored in detail in chapter 2 in a set of 2,1,3-benzochalcogenadiazole 

molecules, and it was found that the cyclic four-membered chalcogen-bonded (ChB) dimer 

supramolecular synthon [Ch···N]2 (Ch = S, Se, Te) was exceptionally stable, being overcome by 

competing halogen bonds only in two instances out of twenty four possible combinations (Figure 

3.1). 
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Figure 3.1. Outcomes of competing ChB and XB dimers explored in Chapter 2 show the 

robustness of the cyclic four membered [Ch···N]2 ChB dimer synthon (red box). 

 

This provides crucial information towards supramolecular synthesis of multicomponent 

crystals with predetermined and desirable structural features, wherein this robust [Ch···N]2 

interaction can be exploited to provide a templating effect in designing a supramolecular 

architecture,25-26 with incorporation of different acceptors (eg. pyridine) orthogonal to it providing 

symmetric binding sites for various bond donors (Figure 3.2). 
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Figure 3.2. Possible templating effect provided by 2,1,3-benzochalcogenadiazole skeleton with 

acceptors orthogonal to it which can bind to various bond donors. 

 

With this multicomponent architecture in mind, a target library was established using 

combinations of benzothia/selenadiazoles with various substituents such as 3/4-pyridyl, 4-

pyridylethynyl and pyrazole (Figure 3.3).  

 

 

Figure 3.3. Target library explored in this study. 

 

Many 2,1,3-benzochalcogenadiazoles are known to be optically active fluorophores,27 and 

have been used in a wide range of applications ranging from the construction of organic light-

emitting diodes (OLEDs)28-29 and organic solar cells30 to self-assembly31-32 and donor-acceptor (D-

A) type polymer semiconductors.33-34 For an organic molecule to be employed as a semiconductor, 

it needs to have an optical (HOMO-LUMO) band gap (Δ Eg) of ~1-4eV.35-36 This means that if 
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the above targets possess a low Δ Eg  of < 4eV, they could be potential candidates for small 

molecule organic semiconductors.37-39 With that in mind, we would also want to assess the optical 

activity of this library of targets, both computationally and experimentally.36 

 

The goals of this study can be summarized as follows: 

Goal 1: To computationally assess the target library using geometry optimization and 

molecular orbital calculations to predict the λmax and HOMO-LUMO energy gaps (Δ Eg).  

Goal 2: To carry out molecular electrostatic potential (MEP) surface calculations and use 

the results to predict what synthons might be observed in the single crystal structures  based on 

competing bond donors and acceptors. Based on the structure of the target molecules, the following 

structural outcomes could be postulated if the [Ch···N]2 ChB dimer prevails (Figure 3.4).  

 

Figure 3.4. Postulated structural outcomes in single crystal structures of target molecules. 
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Goal 3: To synthesize and characterize these target molecules using single crystal X-ray 

diffraction (SCXRD), to examine the predominant synthons in these molecules. 

Goal 4: To experimentally assess the optical properties of the target molecules through 

solution studies using UV-vis spectroscopy to determine the  λmax and Δ Eg. 

Goal 5: To establish how efficient this series of benzochalcogenadiazoles are in the 

formation of co-crystals. This will be achieved by carrying out co-crystal screening experiments 

using liquid assisted grinding with the library of 15 co-formers (5 aromatic XB donors, 5 aromatic 

HB donors, 5 aliphatic HB donors) listed below (Figure 3.5).  

 

Figure 3.5. List of co-formers used in this study. 
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Considering the molecular skeleton of the targets and co-formers, a few structural 

outcomes can be postulated in the co-crystal based on complementarity of functional groups 

(Figure 3.6 ). 

 

Figure 3.6. Proposed binding modes between targets and acid (left) and halogen-bond donor 

(right) co-formers. 

 

3.2. Experimental 

3.2.1. General 

Commercial  reagents were purchased as reagent–grade and used without further 

purification. All solvents utilized in this study were purchased commercially as technical grade 

and used as is without further purification. Targets were synthesized by modified versions of 

previously reported synthetic routes as described when referenced. IR spectra of co-crystal 

screening experiments were recorded with a Nicolet 380 FT-IR spectrometer using an attenuated 

total reflection (ATR) technique on a ZnSe crystal. Melting points were measured using a TA 

Instruments DSC Q20 differential scanning calorimeter. Nuclear magnetic resonance (NMR) data 

were collected using a Bruker Ascend 400 MHz spectrometer. The residual solvent peak was used 

as the internal reference for 1H and 13C NMR  (CDCl3: δH=7.26 ppm, δC=77.16 ppm; DMSO-d6: 

δH=2.50 ppm, δC=39.52 ppm). The residual solvent peak from the 1H spectrum (DMSO-d6: 
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δH=2.50) was used as reference for the 77Se spectrum. Single crystal X-ray diffraction data were 

collected using a Rigaku XtaLAB Synergy-S40 (3PYSe, 3PYSC2, 3PYSC12). Data collection 

parameters are outlined in crystallographic information table. The structures were solved using 

Olex241 with the SHELXT42  structure  solution  program  using Intrinsic   Phasing and  refined  

with  the SHELXL43  refinement  package  using Least  Squares minimization. 

 

3.2.2. Computational calculations 

Computational calculations were carried out using Spartan ’14 Version 1.1.4. The 

molecular skeleton was first loaded onto the software from a ChemDraw file, which was then 

geometry optimized using the B3LYP functional and 6-311++G** triple zeta basis set in vacuum. 

Additional command of ‘SCFCYCLE=1000’ was pasted into the options box which was necessary 

to address the error of the calculations requiring more iterative cycles than the preset to meet the 

convergence criterion. The MEP surfaces were then generated on this optimized structure, with 

the maxima and minima on the MEP surface (0.002 e/au isosurface) being determined using a 

positive point charge in the vacuum as a probe. The numbers indicate the interaction energy 

(kJ/mol) between the positive point probe and the surface of the molecule at that point. The HOMO 

and LUMO orbital energies were also generated on this optimized structure using a 0.032 e/au 

isosurface, along with a predicted UV-Visible spectrum. 

 

3.2.3. Synthesis 

The targets were synthesized using modified versions of previously reported procedures as 

outlined below.  
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3.2.3.1. Synthesis of 4,7-di(pyridin-3-yl)benzo-1,2,5-thiadiazole (3PYS)44  

 

4,7-Dibromobenzothiadiazole (Synthesis procedure outlined in chapter 2 section 2.2.3.1) 

(10 mmol, 2.93 g) was added to a round bottom flask (RB) and flushed with N2, to which 3-

pyridylboronic acid (2 eq, 20 mmol, 2.46 g), K2CO3 (2 eq of B.A., 40 mmol, 5.53 g) and Pd(PPh3)4 

(10 % of B.A., 2 mmol, 2.31g) was added along with dioxane (150 ml) and water (50 ml). This 

mixture, initially non-fluorescent, was refluxed under N2 flow for 13 hours, at which point reaction 

is observed to be complete based on TLC and reaction mixture appears fluorescent blue. The 

mixture was then cooled and poured into a separating funnel and extracted with CHCl3 (dark 

solution) until organic fraction is mostly non-fluorescent, and the combined organic fractions dried 

and evaporated with silica. The resulting orange residue was loaded onto column made from 

CH2Cl2 for purification. Target was eluted with 3 % MeOH in CH2Cl as a fluorescent blue band 

which upon evaporation yielded a yellow crystalline cotton as pure target 4,7-di(pyridin-3-

yl)benzo-1,2,5-thiadiazole in 36 % yield. Mp. 213-218 °C. 1H NMR (400 MHz, chloroform-d) δ 

9.05 (s, 2H), 8.59 (d, J = 4.9 Hz, 2H), 8.25 (d, J = 7.9 Hz, 2H), 7.76 (s, 2H), 7.38 (dd, J = 8.0, 4.9 

Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 153.62, 149.58, 149.33, 136.49, 132.71, 130.57, 128.09, 

123.29. 
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3.2.3.2. Synthesis of 4,7-di(pyridin-4-yl)benzo-1,2,5-thiadiazole (4PYS)44  

 

4,7-Dibromobenzothiadiazole (2.93 g，10 mmol), Pd(PPh3)4 (0.5 g, 0.435 mmol), 4-

pyridylboronic acid (1.85 g, 15 mmol) and K2CO3 (4.10 g, 30 mmol) in 75 mL of 1,4-

dioxacyclohexane and 25 mL of H2O were added to an RB and heated to 100 °C under a nitrogen 

atmosphere for 40 hours. After cooling to room temperature, the mixture was transferred to a 

separating funnel, additional 100 ml water added the mixture was extracted with CHCl3 five times. 

The organic portion was combined and washed once again with water, dried over magnesium 

sulfate, then evaporated with some added silica by rotary evaporation to yield a dark brown 

residue. The residue was purified in a column made from CH2Cl2 using a 3 % MeOH in CH2Cl2 

mixture as eluant to yield 4,7-di(pyridin-4-yl)benzo-1,2,5-thiadiazole as a yellow solid product in 

23 % yield. Mp. 222-236 °C. 1H NMR (400 MHz, chloroform-d) δ 8.82 (d, J = 5.9 Hz, 4H), 7.95 

(d, J = 5.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 153.49, 150.32, 144.18, 131.97, 128.53, 123.60. 

 

3.2.3.3. Synthesis of 4,7-di(pyridin-3-yl)benzo-1,2,5-selenadiazole (3PYSe)44  

 

4,7-Dibromobenzoselenadiazole (Synthesis procedure outlined in chapter 2 section 

2.2.3.7) (BSeD, 0.68 g，2 mmol), Pd(PPh3)4 (10 % of BA, 0.58 g, 0.5 mmol), 3-pyridylboronic 
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acid (0.61 g, 5 mmol) and K2CO3 (2 eq of BA, 1.38 g, 10 mmol) were suspended in 82 mL of 1,4-

dioxacyclohexane (1.2 ml/ 10 mg BSeD) and 20.4 mL of H2O (25 % of dioxane) in an RB, which 

was then heated to 100 °C under N2 flow. Initial turbid solution turns translucent on refluxing, and 

reaction was observed to be complete at 15 hours based on TLC and NMR. The mixture was cooled 

which turned it turbid, then transferred to separating funnel, DW added and washed with EtOAc 

multiple times till organic fraction was translucent and not fluorescent. Combined organic fractions 

were evaporated with silica and loaded onto column made from CH2Cl2, and target was eluted 

with 3 % MeOH in CH2Cl2 as a bright fluorescent green band which upon evaporation yielded an 

orange solid product 4,7-di(pyridin-3-yl)benzo-1,2,5-selenadiazole in 51.74 % yield. Mp. 230-236 

°C. 1H NMR (400 MHz, chloroform-d) δ 9.10 (s, 1H), 8.71 (d, J = 4.7 Hz, 1H), 8.30 (d, J = 7.9 

Hz, 1H), 7.72 (s, 1H), 7.53 – 7.45 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 159.29, 149.98, 149.45, 

136.95, 133.50, 132.55, 128.56, 123.26.  

 

3.2.3.4. Synthesis of 4,7-di(pyridin-4-yl)benzo-1,2,5-selenadiazole (4PYSe)44  

 

4,7-Dibromobenzoselenadiazole (0.34 g，1 mmol), Pd(PPh3)4 (10 % of BA, 0.29 g, 0.25 

mmol), 4-pyridylboronic acid (0.31 g, 2.5 mmol) and K2CO3 (2 eq of BA, 0.69 g, 5 mmol) in 41 

mL of 1,4-dioxacyclohexane (1.2 ml/10 mg BSeD) and 10.2 mL of H2O (25 % of dioxane) were 

added to an RB and heated to 100 °C under N2 flow. Initial turbid solution turns translucent on 

refluxing, and reaction observed to be complete at 15 hours based on TLC and NMR. The mixture 
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was then cooled which turned it turbid, transferred to separating funnel, DW added and washed 

with EtOAc multiple times till organic fraction is translucent and not fluorescent. Combined 

organic fractions were evaporated with silica and loaded onto column made from CH2Cl2, and 

target was eluted with 4 % MeOH in CH2Cl2 and evaporated to yield 4,7-di(pyridin-4-yl)benzo-

1,2,5-selenadiazole as an orange solid in 53 % yield. Mp. 310-313 °C. 1H NMR (400 MHz, 

chloroform-d) δ 8.81 (d, J = 4.1 Hz, 4H), 7.87 (d, J = 4.2 Hz, 4H), 7.79 (s, 2H). 13C NMR (101 

MHz, CDCl3) δ 150.43, 150.28, 145.03, 133.84, 129.02, 124.09. 

 

3.2.3.5. Synthesis of 4,7-bis(pyridin-4-ylethynyl)benzo-1,2,5-thiadiazole (4EPYS)45  

 

4,7-Diethynylbenzo-1,2,5-thiadiazole (Synthesized from ST using procedure outlined in 

chapter 2 section 2.2.3.13) (1 mmol, 0.18 g) was first added to an RB followed by 4-iodopyridine 

(2.5 eq, 5 mmol, 1.03 g), PPh3 (0.1 mmol, 0.03 g), CuI (0.1 mmol, 0.02 g), and Pd(PPh3)2Cl2 (0.1 

mmol, 0.07 g) along with 50 ml THF and 50 ml Et3N. Mixture was stirred at 70 °C for 40 hours 

under N2 flow, at which point the reaction was observed to be complete based on NMR and TLC. 

Mixture was cooled and filtered through a frit, evaporated with some silica and loaded onto a 

column made from CH2Cl2 for purification. Target was eluted with 3 % MeOH in CH2Cl2 and 

evaporated to yield a yellow solid as product 4,7-bis(pyridin-4-ylethynyl)benzo-1,2,5-thiadiazole 

in 38 % yield. Mp. 251-253 °C. 1H NMR (400 MHz, chloroform-d) δ 8.67 (dd, J = 4.7, 1.3 Hz, 
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4H), 7.86 (s, 2H), 7.55 – 7.49 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 154.15, 149.98, 133.03, 

130.42, 125.67, 117.03, 94.60, 89.02. 

 

3.2.3.6. Synthesis of 4,7-di(1H-pyrazol-4-yl)benzo-1,2,5-thiadiazole (PZS)44, 46  

A free pyrazole group was found to interfere with the Suzuki coupling reaction, which 

meant that the pyrazole first had to be protected with a THP protecting group, following which a 

Suzuki coupling was carried out under more conventional reaction conditions, and the resulting 

intermediate was deprotected to yield the pyrazole target. 

 

4-Pyrazoleboronicacidpinacolester (4-pyrazole-BAPE) (5.48 mmol, 1.48 g), along with 

3,4-dihydro-2H-yran (DHP) (2 eq, 11 mmol, 0.93 g) and p-toluenesulfonicacid monohydrate (0.5 

eq, 2.75 mmol, 0.52 g) were dissolved in dichloromethane (15 ml) and stirred at RT under N2 flow 

for 16 hours, at which point the reaction was complete based on TLC. The solvent was evaporated, 

oil dissolved in EtOAc and washed with sat. NaHCO3 twice, dried with MgSO4 and evaporated to 

yield target 1-(tetrahydro-2H-pyran-2-yl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrazole (PZS-I1) which is the protected 4-pyrazole-BAPE as a translucent oil. 1H NMR (400 

MHz, chloroform-d) δ 7.95 (s, 1H), 7.88 (s, 1H), 5.49 (m, 1H), 3.99-3.68 (m, 2H), 2.02-1.94 (m, 

2H), 1.72-1.60 (m, 4H), 1.27 (s, 12H). 
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4-Pyrazole-BAPE (PZS-I1) oil from previous reaction (~5.48 mmol) was combined with 

4,7-dibromo-2,1,3-benzothiadiazole (0.46 eq, 2.5 mmol, 0.74 g), K2CO3 (2 eq, 11 mmol, 1.52 g) 

and Pd(PPh3)2Cl2 (10 % of ester, 0.55 mmol, 0.39 g) in an RB and was dissolved in dioxane (20 

ml) and H2O (7 ml). This mixture was degassed using freeze-pump-thaw method three times and 

finally filled with N2 and stirred at 100 °C for 22 hours after which the resultant mixture is bright 

fluorescent yellow. After cooling the mixture, 100 ml water was poured into the RB and transferred 

to a separating funnel and washed with EtOAc multiple times till aqueous layer was clear. 

Combined organic fractions were dried with MgSO4 and evaporated to yield target 4,7-bis(1-

(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-yl)benzo-1,2,5-thiadiazole (PZS-I2) as a dark orange 

residue. 1H NMR (400 MHz, chloroform-d) δ 8.72 (s, 2H), 8.25 (s, 2H), 7.79 (s, 2H), 5.41 (td, J = 

9.5, 8.5, 2.8 Hz, 2H), 3.81-3.71 (m, 4H), 2.30-2.02 (m, 4H), 1.80-1.55 (m, 8H). 
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PZS-I2 from previous reaction (~2.5 mmol) was dissolved in DCM (40 ml) and cooled 

under ice. 4 M HCl solution (10 ml, 3.3 ml conc HCl diluted to 10 ml with dioxane) was added 

dropwise with stirring. Initial translucent deep orange solution started developing fluorescent 

yellow precipitate within 2 hours, which converted to uniform yellow turbidity after 41 hours, at 

which point reaction was observed to be complete based on TLC and NMR. Solvent was 

evaporated under reduced pressure and cold water (20 ml) added, followed by 1 M NaOH (~pH 

10-11) which turned residue from yellow to orange. Mixture was filtered through a frit, dried, and 

loaded onto a column made from CH2Cl2 and the target was eluted with 25 % MeOH in CH2Cl2   

as a yellow solid product 4,7-di(1H-pyrazol-4-yl)benzo-1,2,5-thiadiazole (PZS) in 22 % yield. 

Mp. 334-338 °C. 1H NMR (400 MHz, DMSO-d6) δ 13.16 (s, 2H), 8.66 (s, 2H), 8.39 (s, 2H), 8.00 

(s, 2H). 13C NMR (101 MHz, DMSO) δ 153.01, 128.42, 125.33, 123.47, 117.76. 

 

3.2.4. Co-crystal screening 

Liquid assisted grinding was used for the co-crystal screening experiments. Targets and 

co-formers were weighed (10 mg target used) and combined in a 1:1 molar ratio and placed on a 

spotting plate and were then ground together using a glass rod with one drop of methanol. After 

the mixture had dried. the FTIR spectra were collected for all solids and analysed for characteristic 

peak shifts compared to the FTIR spectra of both the parent target and co-former molecules. A 
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peak shift of 3 wavenumbers (cm-1) was taken as a positive result for the formation of a co-crystal. 

FTIR data of co-crystal screening experiments have been summarized in Appendix C. 

3.2.5. Crystal growth 

All crystals were grown using slow evaporation technique, the details of which have been 

summarized in Table 3.1. Crystallographic information has been summarized in Appendix C. 

Table 3.1. Solvents used for crystal growth and crystal descriptions 

Compound Code Solvent 
Color and 

morphology 
Melting point 

4,7-Di(pyridin-3-yl)benzo-1,2,5-

selenadiazole 
3PYSe Dioxane 

Yellow, 

needle 
234-239 °C 

4,7-Di(pyridin-3-yl)benzo-1,2,5-

thiadiazole : 1,4-

diiodotetrafluorobenzene (1:0.5) 

3PYSC2 
Chloroform, 

Dioxane 

Light orange, 

needle 
195-209 °C 

4,7-Di(pyridin-3-yl)benzo-1,2,5-

thiadiazole : 3-iodobenzoic acid 

(1:1) 

3PYSC12 
Chloroform, 

Dioxane 

Orange, 

needle 
117-125 °C 

 

3.3. Results 

3.3.1. Molecular orbital energies 

Table 3.2. . λ max, HOMO and LUMO orbital energy levels and Δ Eg computed from target 

molecules optimized at B3LYP/6-311++G** level of theory. 

Target λ Max Calc HOMO LUMO Δ Eg Calc 

 nm eV eV eV 

3PYS 398 -6.47 -3.02 -3.45 

3PYSe 420 -6.42 -3.11 -3.31 

4PYS 377 -6.78 -3.21 -3.57 

4PYSe 396 -6.72 -3.27 -3.45 

4EPYS 441 -6.37 -3.42 -2.95 

PZS 460 -5.81 -2.78 -3.03 
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3.3.2. Molecular electrostatic potentials 

 

 

Figure 3.7. MEP surface of target molecules explored in this study with the potentials on the 

best donors (blue) and acceptors (red) in kJ/mol. 

 

3.3.3. Co-crystal screening 

Co-crystal screening experiments have been currently carried out only on targets 3PYS 

and 4PYS based on ease of synthesis and more appropriate solubilities. Towards this initial 

screening, five co-formers were chosen among each group of halogen bond donors, aliphatic acids 

and aromatic acids respectively.  
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Table 3.3. Co-crystal screening experiment results for 3PYS and 4PYS. 

Co-formers 
3PYS 4PYS 

Code Result Code Result 
H

a
lo

g
en

 b
o

n
d

 d
o

n
o

rs
 1,4-Diiodobenzene 3PYSC1 ✘ 4PYSC1 ✔️ 

1,4-Diiodotetrafluorobenzene 3PYSC2 ✔️★ 4PYSC2 ✔️ 

1,4-Dibromotetrafluorobenzene 3PYSC3 ✔️ 4PYSC3 ✔️ 

4,4'-Dibromooctafluorobiphenyl 3PYSC4 ✔️ 4PYSC4 ✔️ 

4,4'-Diiodobiphenyl 3PYSC5 ✘ 4PYSC5 ✔️ 

A
li

p
h

a
ti

c 
a
ci

d
s 

Oxalic acid 3PYSC6 ✔️ 4PYSC6 ✘ 

Succinic acid 3PYSC7 ✔️ 4PYSC7 ✔️ 

Fumaric acid 3PYSC8 ✔️ 4PYSC8 ✔️ 

Glutaric acid 3PYSC9 ✔️ 4PYSC9 ✔️ 

Pimelic acid 3PYSC10 ✔️ 4PYSC10 ✔️ 

A
ro

m
a
ti

c 
a
ci

d
s 

P-nitrobenzoic acid 3PYSC11 ✔️ 4PYSC11 ✔️ 

3-Iodobenzoic acid 3PYSC12 ✔️★ 4PYSC12 ✔️ 

2,3,4,5-Tetrafluorobenzoic acid 3PYSC13 ✔️ 4PYSC13 ✔️ 

2,4-Dimethylbenzoic acid 3PYSC14 ✔️ 4PYSC14 ✔️ 

3-Cyanobenzoic acid 3PYSC15 ✘ 4PYSC15 ✔️ 

( ✘= negative, ✔️= positive, ★= single crystal structure obtained) 
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3.3.4. Crystal structures 

Despite considerable efforts, we were unable to grow crystals suitable for SCXRD of 

4PYSe, 4EPYS and PZS. The crystal structures for 3PYS,47 3PYSe and 4PYS47 are summarized 

below. 

 

Figure 3.8. Primary intermolecular interactions in the single crystal structures of a) 3PYS, b) 

3PYSe and c) 4PYS. 
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Table 3.4. Primary hydrogen and chalcogen bond parameters in the single crystal structures. 

 D-H/Ch···A D/Ch···A (Å) D-H/Ch···A () 

3PYS 
C5-H1···N3 3.453(7) 165.4(4) 

C13-H7···N3 3.618(9) 164.3(4) 

3PYSe 
N3-Se···N5 3.165(4) 170.45(16) 

C8-H8···N10 3.434(8) 165.0(4) 

4PYS N1-S1···N4 3.003(1) 172.92(7) 

 

 

Figure 3.9. Primary intermolecular interactions in the co-crystal structures of a) 3PYSC2 and b) 

3PYSC12. 
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Table 3.5. Primary hydrogen and chalcogen bond parameters in the co-crystal structures. 

Co-crystal D-H/Ch/X···A D/Ch/X···A (Å) D-H/Ch/X···A () 

3PYSC2 

C9-H9···N18 3.446(4) 167.3(2) 

C11-H11···N18 3.582(4) 169.9(2) 

C25-I31···N12 2.788(3) 176.0(1) 

3PYSC12 

O29-H29···N12 2.658(9) 169.6(5) 

C11-H11···O30 3.15(1) 128.0(5) 

N3-S4···N5 3.239(8) 172.3(3) 

 

3.3.5. UV-Visible spectroscopy 

Results of the UV-Visible absorption spectroscopy are outlined in Table 3.6. Spectra were 

collected in spectrophotometric grade chloroform. 

 

Table 3.6. . λ max and the resultant Δ Eg obtained from experimental UV-Vis absorption data. 

 

Target λ Max Exp Δ Eg Exp 

 nm eV 

3PYS 372 3.33 

3PYSe 395 3.14 

4PYS 361 3.43 

4PYSe 384 3.23 

4EPYS 396 3.13 

PZS 423 2.93 
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3.4. Discussion 

3.4.1. Theoretical calculations 

3.4.1.1. Molecular orbital energies 

The first goal of this study was to computationally assess the target library using geometry 

optimization and molecular orbital calculations to predict the λmax and HOMO-LUMO energy 

gaps (Δ Eg). Towards this goal, the HOMO and LUMO orbital energies were computed for all 

targets and plotted below (Figure 3.10). This graph immediately reveals that pyrazine as a 

substituent in PZS results in the shallowest (least negative) EHOMO and ELUMO among all explored 

targets, which could promote p-type characteristics.48  

 

 

Figure 3.10. Plot of HOMO and LUMO energy levels computed for all targets at the B3LYP/6-

311++G** level of theory. 

 

In line with what is known from the literature,37 replacing this pyrazine substituent with a 

more electron withdrawing pyridine group in 3PYS and 4PYS leads to deeper (more negative) 
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EHOMOS and ELUMOS. As a positional effect, a para-substitution in 4PYS leads to a 0.3 eV deeper 

EHOMO and 0.19 eV deeper ELUMO compared to its meta-substituted counterpart 3PYS. Introduction 

of an additional C≡C electron withdrawing moiety in 4EPYS further lowers and results in the 

lowest ELUMO computed among all target molecules, and the lowest Δ Eg among pyridine 

substituted targets. The replacement of sulfur atom with selenium in 3PYSe and 4PYSe results in 

a slightly deeper ELUMO and slightly shallower EHOMO, leading to a Δ Eg around 0.2 eV narrower 

than their sulfur counterparts. These results provide important insights for the targeted design of 

optoelectronic materials with desired properties.  For example, the addition of more electron 

withdrawing groups, the positional influence of para-substitution or an increase in the chalcogen 

atom size leads to deeper HOMO and LUMO energy levels, thereby facilitating n-type 

semiconductor applications.49-50  

 

3.4.1.2. Molecular electrostatic potentials 

The second goal was to carry out MEP surface calculations and use the results to predict 

what synthons might be observed in the single crystal structures  based on competing bond donors 

and acceptors. The MEP data reveals that while the chalcogen atom is the best bond donor in the 

case of 3PYSe and 4PYSe, for the remaining targets it is in-fact the hydrogen atom which is the 

best bond donor. Also present are two competing acceptors, the chalcogenadiazole and the pyridine 

nitrogens respectively, but the pyridine nitrogen atom is always predicted to be the better acceptor 

with the most negative electrostatic potential. We can now try to predict the structural outcomes 

of these two competing donor and acceptor interactions.  
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Figure 3.11. Postulated structural outcomes based on MEP calculations 

 

As seen from chapter 2, it was very difficult to break the [Ch···N]2 ChB dimer 

supramolecular synthon, even in the presence of a potentially competing bond donor with a higher 

MEP. Depending on whether this competing hydrogen bond is able to break this ChB dimer, two 

different structural outcomes outlined above could be postulated to prevail in the single crystal 

structures (Figure 3.11). 
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3.4.2. Experimental results 

 

3.4.2.1. UV-Visible spectroscopy 

Our fourth goal was to experimentally assess the optical properties of the target molecules 

through solution studies using UV-Vis spectroscopy to determine the  λmax and Δ Eg which could 

then help evaluate the reliability of our calculations. A plot of the computed vs. experimental λmax 

reveal that there is a good correlation between these values, albeit with a slight systematic 

computational overestimation (Figure 3.12). 

 

 

Figure 3.12.  Calculated vs. experimental λmax for all targets. 

 

This experimental λmax was then used to obtain an experimental value of Δ Eg using the 

conversion factor E (eV) = 1239.8 / λ (nm). This experimentally determined Δ Eg was then plotted 

against computed Δ Eg obtained from the HOMO-LUMO energy difference (Figure 3.13). 
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Figure 3.13. Calculate vs. experimental Δ Eg for all targets. 

 

Figure 3.13 whilst showing an overall linear correlation, is less accurate than the 

corresponding λmax plot as seen by the reduction in the R2 value from 0.90 to 0.70, and also less 

accurate than similar predictive studies reported in literature.36 This could be attributed to a number 

of different reasons, right from the choice of the level of theory for calculations, to the solvent 

effects (chloroform) in the experimental UV-Vis spectrum not being emulated in the gas phase 

calculations. The application of a polarizable continuum model (PCM) to mimic solvent effects or 

exploring other basis sets for calculations might lead to a better agreement between the 

computational and experimental results. 

 

3.4.2.2. Single crystal structures 

The third goal was to synthesize and characterize these target molecules by single crystal 

X-ray diffraction (SCXRD), to examine the predominant synthons in these molecules. 
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Single crystals for 3PYS, 3PYSe and 4PYS exhibit structural features similar to those 

postulated based on the MEPs (Figure 3.11). In 3PYS, the thiadiazole hydrogen atom has an 

electrostatic potential higher than the sulfur atom. In line with observation, there are no chalcogen 

bonds present and the primary NCIs are two hydrogen bonds from the pyridine nitrogen atom, to 

the thiadiazole and pyridine hydrogen atoms of two separate molecules respectively. 

 

In the structure of 3PYSe on the other hand, with a much higher σ-hole potential on the 

selenium atom, the [Ch···N]2 ChB dimer supramolecular synthon is present, with the competing 

thiadiazole hydrogen atom forming a hydrogen bond with the pyridine nitrogen atom. 

 

In the crystal structure of 4PYS, with an increase in 6 kJ/mol and 19 kJ/mol in the potential 

on the chalcogen and hydrogen atoms respectively compared to 3PYS, the chalcogen atom more 

competitive, and there is a chalcogen bond from the sulfur atom to the nitrogen atom of the pyridine 

ring which is the best acceptor. 

 

The experimental structural outcomes can be summarized as the chalcogen bond not being 

competitive enough in the 3PYS and 4PYS structures to form the previously seen ChB dimer but 

becomes competitive in the presence of a selenium atom in 3PYSe (Figure 3.14). 
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Figure 3.14. Experimental outcomes in single crystal structures of 3PYS, 3PYSe and 4PYS. 

 

3.4.2.3. Co-crystal screening 

The fifth and final goal was to establish how efficient this series of 

benzochalcogenadiazoles are in the formation of co-crystals. Towards this goal, LAG experiments 

were carried out and they showed exceptional overall success rates of 80% and 93% for 3PYS and 

4PYS, respectively for the formation of co-crystals (Figure 3.15). 
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Figure 3.15. Results of co-crystal screening experiments of 3PYS and 4PYS. 

 

The choice of all five XB donors being linear ditopic in nature might suggest the higher 

success rate for those co-formers with the linear ditopic 4PYS (5/5 as against 3/5) potentially 

leading to the formation of linear halogen bonded chains, with inter-chain ChB dimer bridges 

(Figure 3.2). While the aromatic acids have a 100% and 80% success rates with 4PYS and 3PYS 

respectively, the aliphatic acids are found to have 80% and 100% success rates with 4PYS and 

3PYS respectively. It would be difficult to draw distinctions between them given the small size of 

the dataset. 

The co-crystal structure obtained for 3PYS with 1,4-diiodotetrafluorobenzene (3PYSC2) 

shows the presence of the exact same HB synthons originally seen in its single crystal structure, 

with the addition that the second pyridine nitrogen, which initially did not interact with any atom, 

now interacts with the iodine atom of 1,4-diiodotetrafluorobenzene leading to the formation of the 
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co-crystal (Figure 3.16). The two pyridine rings are also observed to be rotated as compared to its 

single crystal structure. 

 

 

Figure 3.16. Comparison of primary interactions in the a) single crystal and b) co-crystal 

structures of 3PYS and 3PYSC2 respectively. Red circle highlights the vacant nitrogen atom 

from the single crystal now forming a XB with the conformer. 

 

To assess the prevalence of the interaction observed in the crystal structure, a search of the 

Cambridge Structural Database (CSD) for the similar C-I···N XB was carried out, which revealed 

that there were 241 crystal structures possessing a total of  378 interactions similar to this synthon 

(Figure 3.17).51 
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Figure 3.17. A plot of C-I···N XB lengths vs. angles from the CSD and from the co-crystal 

structure of 3PYSC2. 

 

The data reveals that there were just 27 XB interactions shorter and more linear than the 

one found in 3PYSC2, putting it among the top 7.5% of all reported interactions. 

 

The co-crystal structure of 3PYS with co-former 3-iodobenzoic acid (3PYSC12) shows a 

stark change in the primary intermolecular interactions when compared to 3PYSC2. Here, we 

observe the presence of the [Ch···N]2 ChB dimer supramolecular synthon, with the carboxylic acid 

group forming a hydrogen-bonded dimer interaction with the pyridine nitrogen and its adjacent 

hydrogen atom as postulated previously (Figure 3.18).  
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Figure 3.18. Primary intermolecular interactions a) postulated and b) observed (3PYSC12) 

between a target and a carboxylic acid co-former. 

 

This assembly can be attributed to the complementarity of the observed ChB and HB dimer 

moieties, a feature we can expect to see for all carboxylic acid co-formers. This result shows that 

even in the case of 3PYS and 4PYS, which do not originally form the ChB dimer in their single 

crystal structures, if the co-former possesses a hydrogen bonding moiety capable of forming a 

similar hydrogen bonded dimer, the balance can be tipped in favor of the ChB dimer, and we can 

expect to see the [Ch···N]2 ChB dimer synthon prevail along with the respective hydrogen-bonded 

dimer.  

3.5. Conclusions 

The first goal of this study which was to computationally assess the interesting 

optoelectronic properties of the target library was achieved through Spartan calculations, which 

found that all the target molecules explored in this study has a HOMO-LUMO energy gap of ~3 
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eV (Figure 3.19), which is very similar to previously reported organic semiconductors such a 

triphenylamine derivatives and anthracene.36 This points to promising applications of these targets 

in small molecule organic semiconductors. 

 

Figure 3.19. HOMO and LUMO energy levels computed for all targets. 

 

The second goal of this study was to carry out MEP calculations and predict which 

synthons might dominate in the solid state. The calculations revealed that in the sulfur analogues, 

the best bond donor was found to be the benzothiadiazole hydrogen atom, revealing that we might 

not see a ChB dimer in the sulfur series. The chalcogen atom is the best bond donor in the selenium 

series, and the ChB dimer is predicted to exist in that case. 

The third goal of this study was to synthesize these targets and analyze their single crystal 

structures. It was found that while 3PYS exhibits no ChB and only HBs, 4PYS with a 6 kJ/mol 

and 19 kJ/mol higher potential on chalcogen and hydrogen atoms respectively exhibits a ChB 

linear chain, stopping short of the ChB dimer. 3PYSe on the other hand, with a higher electrostatic 
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potential on the selenium than on the hydrogen, tips the balance in favor of forming the previously 

seen [Ch···N]2 ChB dimer. These results reveal that if the chalcogen atom has the highest MEP in 

the molecule, it will form the ChB dimer synthon. Whereas if the MEP on the chalcogen is 

comparable or slightly lower than a competing bond donor, one may or may not see the presence 

of a ChB, and the ChB dimer synthon is almost certain to be absent in the single crystal structure 

(Figure 3.20).  

 

 

Figure 3.20. MEPs and primary interactions observed in the single crystal structures of 3PYS, 

3PYSe and 4PYS. 

 

Our fourth goal was to experimentally assess the optoelectronic properties of  λmax and Δ 

Eg using UV-Vis spectroscopy and compare them to the data predicted using Spartan. Such a 

comparison revealed a linear correlation between predicted and observed values, with a better 

prediction of the λmax values as compared to the Δ Eg (Figure 3.21). 
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Figure 3.21. Plots of calculated vs. experimental λmax and ΔEg. 

 

Our fifth and final goal was to use these targets towards the supramolecular synthesis of 

multicomponent crystals. LAG was carried out for 3PYS and 4PYS with a set of fifteen co-formers 

which involved halogen bond donors and carboxylic acids, and revealed an exceptional success 

rate of  80% and 93% respectively based on FTIR data. The two co-crystal structures which were 

shone further light towards predicting these assemblies. Co-formers capable of forming just a 

single interaction, such as 1,4-diiodotetrafluorobenzene, bind the nitrogen atom which was 

originally vacant in the single crystal structure, while leaving all of the other hydrogen bonding 

synthons intact. On the other hand, if the co-former is capable of forming a dimeric interaction, 

such as a carboxylic acid group, this now prefers to bind to the best acceptor which is the pyridine 

nitrogen, along with its adjacent hydrogen atom, forming a HB dimer. This templating effect 

further facilitates the formation of the ChB dimer (Figure 3.22). 
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Figure 3.22. Co-crystal structures of 3PYSC2 and 3PYSC12. Red circle highlights previously 

vacant nitrogen atom binding to co-former. 

 

In summary, we have demonstrated that a rational synthetic strategy towards the 

supramolecular synthesis of multicomponent crystals by exploiting hierarchical intermolecular 

interactions is possible and plausible with sufficient background knowledge of the strength of the 

competing interactions. A backbone capable of forming the robust [Ch···N]2 ChB dimer synthon 

was used with additional acceptors substituted orthogonal to it which could bind to various bond 

donors such as halogen and hydrogen atoms. We observed that with the correct choice of co-

formers which can form a dimeric hydrogen bonding interactions as in the case of 3PYSC12, the 

ChB dimer synthon co-exists with the HB dimer synthon, allowing us to dial in desired structural 

features towards new functional materials.  
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Chapter 4 - A triple activation strategy for designing exceptionally 

strong halogen-bond donors - 3-iodo-1-phenylprop-2-yn-1-ones 

 

4.1. Introduction 

Halogen bonds (XB), which fall under the umbrella of “σ-hole interactions”, are often 

described as an attractive force between the electrophilic region on a halogen atom located along 

the extension of its covalent bond, and a nucleophilic region on the same or a different molecular 

entity.1 Although known for decades,2 the halogen bond has only relatively recently been 

recognized as a key synthetic driver in a wide range of applications involving e.g. liquid 

crystalline,3 phosphorescent,4 non-linear optical5 and functional materials,6-7 as well as medicinal 

chemistry8 and crystal engineering.9 The structural importance of halogen bonds can be ascribed 

to high directionality, tunability and strength, which can be rationalized by the anisotropic 

molecular electrostatic potential (MEP) distribution around the halogen atom.  The magnitude of 

the positive σ-hole potential is often used as a qualitative yardstick to assess the halogen-bond 

donor ability; the larger the positive value, the stronger the bond.10 A more reliable interaction 

results in synthon robustness, which facilitates molecular recognition,11 structural prediction12 and 

self-assembly,13 which are key features for effective and selective binding in biological systems.14 

In order to develop new materials that require specific structural features that rely on directional 

intermolecular interactions, it is essential that we identify new halogen-bond donors capable of 

forming robust non-covalent interactions. 

‘Activation’ of a halogen-bond donor with an electron withdrawing group (EWG) has been 

widely employed to reduce the electron density at the σ-hole and thus strengthen the resultant 

halogen bond.15-16 The halogen atom can also be activated by attaching it to an sp-hybridized 
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carbon atom which facilitates polarization and enhances the σ-hole potential further.17-19 However, 

there are relatively few examples of a combination of electron-withdrawing groups and 

polarization through an sp-hybridized carbon atom in order to affect ‘doubly activated’ halogen-

bond donors.20-21  

In the work presented herein, we demonstrate how a new class of exceptional halogen-

bond donors can be synthesized by combining an sp-hybridized carbon atom, a ketone group and 

a fluoro, cyano or nitro substituent electron withdrawing moieties in parallel to affect a ‘triply 

activated’ σ-hole, the step-wise progression of which is illustrated in Figure 4.1. 

 

Figure 4.1. Design strategy employed in creating library of triply activated XB donors. 

 

In this study we focus our attention on five triply activated alkyne-ketones:  4-fluoro (K1-

4F), 3-cyano (K1-3CN), 4-cyano (K1-4CN), 3-nitro (K1-3N) and 4-nitro (K1-4N) targets (Figure 

4.2).  We benchmark our results against the unsubstituted parent (K1-US), as well as to previously 

reported molecules TITNB22, CNC8I23 and IEDNB21, which were the top performers in their 

respective studies. 
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Figure 4.2. Library of target molecules explored in this study, along with the benchmark 

molecules enclosed in a red box 

 

With the molecular library in place, we can now lay out the key goals of this study.  

Goal 1: To carry out molecular electrostatic potential calculations and assess the σ-hole 

potential on each iodine atom.  

Goal 2: To carry out interaction energy calculations with a model acceptor to assess the 

effect of the EWG’s on the halogen bond donor ability of the iodine atom.  

Goal 3: To assess which halogen bonding synthons are possible and plausible based on the 

molecular structure.  

Goal 4: To synthesize, crystallize and analyse the single crystal structures for the presence 

and metrics of these ‘triply activated’ halogen bonds.  
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4.2.  Experimental 

4.2.1. General 

Commercial  reagents were purchased as reagent–grade and used without further 

purification. All solvents utilized in this study were purchased commercially as technical grade 

and used as is without further purification. Targets were synthesized by modified versions of 

previously reported synthetic routes as described next. Melting points were measured using a TA 

Instruments DSC Q20 differential scanning calorimeter. Nuclear magnetic resonance (NMR) data 

were collected using either a Bruker Ascend 400 MHz spectrometer. The residual solvent peak 

was used as the internal reference for 1H and 13C NMR  (CDCl3: δH=7.26 ppm, δC=77.16 ppm). 

For the 19F NMR spectra, the fluorine peak was referenced against the residual solvent peak in its 

corresponding 1H spectrum (δH=7.26ppm). IR stretches were obtained using a Nicolet 380 FT-IR 

spectrometer using an attenuated total reflection (ATR) technique and ZnSe as the crystal. Single 

crystal X-ray diffraction data were collected either using a Rigaku XtaLAB Synergy-S24 (K1-4CN, 

K1-3N, K1-4N) or Bruker Kappa APEX-II CCD25 (K1-US, K1-4F, K1-3CN) diffractometer. The 

structure was solved using Olex226 with the SHELXT27  structure  solution  program  using 

Intrinsic   Phasing and  refined  with  the SHELXL28  refinement  package  using Least  Squares 

minimization. Computational calculations were carried out using Spartan ’14 software package. 

 

4.2.2. Molecular electrostatic potential calculations 

Molecular electrostatic potential (MEP) surfaces were generated for all molecules explored 

in this study including target and benchmark molecules using Spartan ’14 Version 1.1.4. The 

molecular skeleton was first loaded onto the software from a ChemDraw file, which was then 

geometry optimized using the B3LYP functional and 6-311++G** triple zeta basis set in vacuum. 
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On this optimized structure, the maxima and minima on the MEP surface (0.002 e/au isosurface) 

were determined using a positive point charge in the vacuum as a probe. The numbers indicate the 

interaction energy (kJ/mol) between the positive point probe and the surface of the molecule at 

that point.  

 

4.2.3. Counterpoise corrected interaction energy calculations 

Interaction energy (IE) calculations were carried out between all molecules explored in this 

study and a model acceptor ammonia using Spartan ’14 Version 1.1.4. To the previously optimized 

B3LYP/6-311++G** structure, an ammonia molecule was drawn and placed in front of the iodine 

atom, having a slight atomic overlap through the σ-hole. This complex was then first geometry 

optimized using the MP2 functional and 6-311++G** triple zeta basis set in vacuum. After 

geometry optimization, the atoms of the larger molecule of interest were ‘frozen’ using the ‘freeze 

center’ option (Figure 4.3), which is how Spartan distinguishes between two different molecules 

involved in an interaction energy calculation. After freezing one component, a single point energy 

calculation is carried out using the MP2 functional and 6-311++G** triple zeta basis set in vacuum, 

with additional input ‘INTERACTIONENERGY=BSSE’ pasted into the options box, which not 

only calculates the interaction energy between the frozen and free molecules, but also applies 

counterpoise (CP) correction which accounts for the basis set superposition error (BSSE) 

associated with these calculations. Additional inputs ‘MEM_STATIC=300’ and  

‘SCFCYCLE=1000’ were also pasted into the options box which were necessary to address the 

errors of the software running out of allocated temporary memory and the calculations requiring 

more iterative cycles than the preset to meet the convergence criterion. 
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Figure 4.3. Screengrab showing the K1-4N+Ammonia complex with the target molecule’s 

atoms 'frozen', as seen by the pink markers in Spartan ‘14. 

 

4.2.4. Synthesis 

The targets were synthesized using modified versions of previously reported synthetic 

procedures (Figure 4.4).29-31 

 

Figure 4.4. Schematic showing the pathway used to synthesize the targets explored in this study. 
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4.2.4.1. Synthesis of 3-iodo-1-phenylprop-2-yn-1-one (K1-US) 

Anhydrous THF (120 ml) was added to an evacuated round bottom flask (RB) and cooled 

to −78° C in a dry ice/acetone bath under N2 flow, to which trimethylsilylacetylene (TMSA, 1.5 

eq, 15 mmol, 2.25 ml) was added followed by slow dropwise addition of n-BuLi (1.5 eq, 15 mmol, 

6 ml of 2.5 M in hexanes). The mixture was stirred for 15 minutes, following which benzaldehyde 

(1 eq, 10 mmol, 1.061 g, 1.02 ml) was slowly added dropwise, after which the mixture was 

continued stirring at −78° C for 3 hours to form the first intermediate, 1-phenyl-3-

(trimethylsilyl)prop-2-yn-1-ols (K1-US-I1). 

Since this intermediate was unstable, the subsequent Jones oxidation was carried out in-

situ without isolating first intermediate. To the previous mixture still in cooling bath, acetone (60 

ml) was first added followed by K2Cr2O7 (1.8 eq, 12 mmol, 3.53 g), conc. H2SO4 (2 ml) and water 

(60 ml). After complete addition, the RB was removed from the cooling bath and stirred at RT 

under N2 flow for 3 hours to form the product. The crude mixture was first evaporated under 

reduced pressure to remove organic solvents, and the resulting aqueous mixture was extracted with 

chloroform (6x25 ml), combined organic fractions dried with MgSO4 and evaporated, and 

resulting residue was purified by column chromatography (using hexanes, eluted with 5% ethyl 

acetate [EtOAc] in hexanes) to the give purified second intermediate, 1-phenyl-3-

(trimethylsilyl)prop-2-yn-1-one (K1-US-I2). Yield: 77.7%. Bp: 128-130 °C. 1H NMR (400 MHz, 

chloroform-d) δ 8.14 (d, J = 7.4 Hz, 2H), 7.68 – 7.54 (m, 1H), 7.48 (t, J = 7.0 Hz, 2H), 0.32 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 177.80, 136.52, 134.29, 129.73, 128.67, 100.90, 100.69, -

0.60. FTIR (cm–1, ZnSe crystal): 2153 (C≡C). 

Intermediate K1-US-I2 from the previous reaction was dissolved in acetonitrile (50 ml) in 

a RB covered in aluminum foil, to which silver(I)fluoride (AgF, 10 mmol, 1.2687 g) and N-
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iodosuccinimide (NIS, 10 mmol, 2.250 g) was added and the mixture stirred under N2 flow for 12 

hours to form the product. The crude mixture was evaporated under reduced pressure and the 

residue purified by column chromatography (using dichloromethane, eluted with 100% 

dichloromethane). The appropriate fraction was collected and washed with water (4x25 ml), 

aqueous sodium thiosulfate (1x25 ml), brine (1X25 ml) and dried with MgSO4 and evaporated to 

yield purified final target,   3-iodo-1-phenylprop-2-yn-1-one (K1-US). Yield: 71.9%. Mp:143-145 

°C. 1H NMR (400 MHz, chloroform-d) δ 8.12 (d, J = 7.7 Hz, 2H), 7.62 (t, J = 7.6 Hz, 1H), 7.48 (t, 

J = 7.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 176.52, 136.15, 134.57, 129.90, 128.78, 94.01, 

20.62. FTIR (cm–1, ZnSe crystal): 2144 (C≡C). 

 

4.2.4.2. Synthesis of 1-(4-fluorophenyl)-3-iodoprop-2-yn-1-one (K1-4F) 

Anhydrous THF (120 ml) was added to an evacuated RB and cooled to −78° C in a dry 

ice/acetone bath under N2 flow, to which trimethylsilylacetylene (TMSA, 1.5 eq, 15 mmol, 2.25 

ml) was added followed by slow dropwise addition of n-BuLi (1.5 eq, 15 mmol, 6 ml of 2.5 M in 

hexanes). The mixture was stirred for 15 minutes, following which 4-fluorobenzaldehyde (1 eq, 

10 mmol, 1.241 g, 1.07 ml) was slowly added dropwise, after which the mixture was continued 

stirring at −78 °C for 3 hours to form the first intermediate, 1-(4-fluorophenyl)-3-

(trimethylsilyl)prop-2-yn-1-ol (K1-4F-I1). 

Since this intermediate was unstable, the subsequent Jones oxidation was carried out in-

situ without isolating first intermediate. To the previous mixture still in cooling bath, acetone (60 

ml) was first added followed by K2Cr2O7 (1.8 eq, 12 mmol, 3.530 g), conc. H2SO4 (2 ml) and water 

(60 ml). After complete addition, the RB is removed from the cooling bath and stirred at RT under 

N2 flow for 3 hours to form the product. The crude mixture was first evaporated under reduced 
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pressure to remove organic solvents, and the resulting aqueous mixture was extracted with 

chloroform (6x25 ml), combined organic fractions dried with MgSO4 and evaporated, and 

resulting residue was purified by column chromatography (using hexanes, eluted with 5% EtOAc 

in hexanes) to the give purified second intermediate, 1-(4-fluorophenyl)-3-(trimethylsilyl)prop-2-

yn-1-one (K1-4F-I2). Yield: 73.1%. Bp: 143-145 °C. 1H NMR (400 MHz, chloroform-d) δ 8.15 – 

8.12 (m, 2H), 7.13 (dd, J = 9.5, 7.7 Hz, 2H), 0.29 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 176.06, 

167.82, 165.27, 133.06, 132.43, 132.33, 115.99, 115.77, 100.95, 100.57, -0.66. 19F NMR (376 

MHz, CDCl3) δ -103.09. FTIR (cm–1, ZnSe crystal): 2153 (C≡C). 

Intermediate K1-4F-I2 from the previous reaction was dissolved in acetonitrile (50 ml) in 

an RB covered in aluminum foil, to which silver(I)fluoride (AgF, 10 mmol, 1.2687 g) and N-

iodosuccinimide (NIS, 10 mmol, 2.250 g) was added and the mixture stirred under N2 flow for 12 

hours to form the product. The crude mixture was evaporated under reduced pressure and the 

residue purified by column chromatography (using dichloromethane, eluted with 100% 

dichloromethane). The appropriate fraction was collected and washed with water (4x25 ml), 

aqueous sodium thiosulfate (1x25 ml), brine (1x25 ml) and dried with MgSO4 and evaporated to 

yield purified final target, 1-(4-fluorophenyl)-3-iodoprop-2-yn-1-one (K1-4F). Yield: 83.7%. Mp: 

96-98 °C. 1H NMR (400 MHz, chloroform-d) δ 8.14 (ddd, J = 7.9, 5.4, 2.1 Hz, 2H), 7.16 (td, J = 

8.7, 2.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 174.88, 168.03, 165.47, 132.67, 132.58, 116.21, 

115.99, 93.75, 20.82. 19F NMR (376 MHz, CDCl3) δ -102.30. FTIR (cm–1, ZnSe crystal): 2145 

(C≡C). 
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4.2.4.3. Synthesis of 3-(3-iodopropioloyl)benzonitrile (K1-3CN) 

Anhydrous THF (120 ml) was added to an evacuated RB and cooled to −78 °C in a dry 

ice/acetone bath under N2 flow, to which trimethylsilylacetylene (TMSA, 1.5 eq, 15 mmol, 2.25 

ml) was added followed by slow dropwise addition of n-BuLi (1.5 eq, 15 mmol, 6 ml of 2.5 M in 

hexanes). The mixture was stirred for 15 minutes, following which 3-cyanobenzaldehyde (1 eq, 

10 mmol, 1.311 g) dissolved in anhydrous THF (30 ml) was slowly added dropwise, after which 

the mixture was continued stirring at −78 °C for 3 hours to form the first intermediate, 3-(1-

hydroxy-3-(trimethylsilyl)prop-2-yn-1-yl)benzonitrile (K1-3CN-I1). 

Since this intermediate was unstable, the subsequent Jones oxidation was carried out in-

situ without isolating first intermediate. To the previous mixture still in cooling bath, acetone (60 

ml) was first added followed by K2Cr2O7 (1.8 eq, 12 mmol, 3.530 g), conc. H2SO4 (2 ml) and water 

(60 ml). After complete addition, RB is removed from the cooling bath and stirred at RT under N2 

flow for 3 hours to form the product. The crude mixture was first evaporated under reduced 

pressure to remove organic solvents, and the resulting aqueous mixture was extracted with 

chloroform (6x25 ml), combined organic fractions dried with MgSO4 and evaporated, and 

resulting residue was purified by column chromatography (using hexanes, eluted with 5% EtOAc 

in hexanes) to the give purified second intermediate, 3-(3-(trimethylsilyl)propioloyl)benzonitrile 

(K1-3CN-I2). Yield: 80.0%. Mp: 47-49.0 °C. 1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 8.31 (d, 

J = 7.9 Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.62 (t, J = 7.8 Hz, 1H), 0.30 (s, 9H). 13C NMR (101 

MHz, CDCl3) δppm 175.26, 137.05, 136.89, 133.26, 133.15, 129.75, 117.73, 113.17, 103.02, 

99.80, -0.79. FTIR (cm–1, ZnSe crystal): 2152 (C≡C), 2230 (C≡N). 

Intermediate K1-3CN-I2 from the previous reaction was dissolved in acetonitrile (50 ml) 

in an RB covered in aluminum foil, to which silver(I)fluoride (AgF, 10 mmol, 1.2687 g) and N-
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iodosuccinimide (NIS, 10 mmol, 2.250 g) was added and the mixture stirred under N2 flow for 12 

hours to form the product. The crude mixture was evaporated under reduced pressure and the 

residue purified by column chromatography (using dichloromethane, eluted with 100% 

dichloromethane). The appropriate fraction was collected and washed with water (4x25 ml), 

aqueous sodium thiosulfate (1x25 ml), brine (1x25 ml) and dried with MgSO4 and evaporated to 

yield purified final target, 3-(3-iodopropioloyl)benzonitrile (K1-3CN). Yield: 72.5%. Mp: 126-

128 °C. 1H NMR (400 MHz, chloroform-d) δ 8.36 (s, 1H), 8.31 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 

8.1 Hz, 1H), 7.64 (t, J = 7.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 174.12, 137.14, 136.80, 

133.42, 133.38, 129.88, 117.66, 113.27, 93.15, 24.16. FTIR (cm–1, ZnSe crystal): 2146 (C≡C), 

2239 (C≡N). 

 

4.2.4.4. Synthesis of 4-(3-iodopropioloyl)benzonitrile (K1-4CN) 

Anhydrous THF (120 ml) was added to an evacuated RB and cooled to −78 °C in a dry 

ice/acetone bath under N2 flow, to which trimethylsilylacetylene (TMSA, 1.5 eq, 15 mmol, 2.25 

ml) was added followed by slow dropwise addition of n-BuLi (1.5 eq, 15 mmol, 6 ml of 2.5 M in 

hexanes). The mixture was stirred for 15 minutes, following which 4-cyanobenzaldehyde (1 eq, 

10 mmol, 1.311 g) dissolved in anhydrous THF (30 ml) was slowly added dropwise, after which 

the mixture was continued stirring at −78 °C for 3 hours to form the first intermediate, 4-(1-

hydroxy-3-(trimethylsilyl)prop-2-yn-1-yl)benzonitrile (K1-4CN-I1). 

Since this intermediate was unstable, the subsequent Jones oxidation was carried out in-

situ without isolating first intermediate. To the previous mixture still in cooling bath, acetone (60 

ml) was first added followed by K2Cr2O7 (1.8 eq, 12 mmol, 3.530 g), conc. H2SO4 (2 ml) and water 

(60 ml). After complete addition, RB is removed from the cooling bath and stirred at RT under N2 
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flow for 3 hours to form the product. The crude mixture was first evaporated under reduced 

pressure to remove organic solvents, and the resulting aqueous mixture was extracted with 

chloroform (6x25 ml), combined organic fractions dried with MgSO4 and evaporated, and 

resulting residue was purified by column chromatography (using hexanes, eluted with 5% EtOAc 

in hexanes) to the give purified second intermediate, 4-(3-(trimethylsilyl)propioloyl)benzonitrile 

(K1-4CN-I2). Yield: 80.1%. Mp: 75-77 °C. 1H NMR (400 MHz, chloroform-d) δ 8.18 (d, J = 7.4 

Hz, 2H), 7.76 (d, J = 7.7 Hz, 2H), 0.29 (s, 8H). 13C NMR (101 MHz, CDCl3) δ 175.82, 139.09, 

132.45, 129.84, 117.80, 117.18, 103.04, 100.02, -0.82. FTIR (cm–1, ZnSe crystal): 2154 (C≡C), 

2229 (C≡N). 

Intermediate K1-4CN-I2 from the previous reaction was dissolved in acetonitrile (50 ml) 

in an RB covered in aluminum foil, to which silver(I)fluoride (AgF, 10 mmol, 1.2687 g) and N-

iodosuccinimide (NIS, 10 mmol, 2.250 g) was added and the mixture stirred under N2 flow for 12 

hours to form the product. The crude mixture was evaporated under reduced pressure and the 

residue purified by column chromatography (using dichloromethane, eluted with 100% 

dichloromethane). The appropriate fraction was collected and washed with water (4x25 ml), 

aqueous sodium thiosulfate (1x25 ml), brine (1x25 ml) and dried with MgSO4 and evaporated to 

yield purified final target, 4-(3-iodopropioloyl)benzonitrile (K1-4CN). Yield: 66.9%. Decomp: 

176-178 °C. 1H NMR (400 MHz, chloroform-d) δ 8.21 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 8.1 Hz, 

1H). 13C NMR (101 MHz, CDCl3) δ 174.73, 138.93, 132.62, 130.11, 117.82, 117.53, 93.49, 23.71. 

FTIR (cm–1, ZnSe crystal): 2147 (C≡C), 2231 (C≡N). 
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4.2.4.5. Synthesis of 3-iodo-1-(3-nitrophenyl)prop-2-yn-1-one (K1-3N) 

Anhydrous THF (120 ml) was added to an evacuated RB and cooled to −78 °C in a dry 

ice/acetone bath under N2 flow, to which trimethylsilylacetylene (TMSA, 1.5 eq, 15 mmol, 2.25 

ml) was added followed by slow dropwise addition of n-BuLi (1.5 eq, 15 mmol, 6 ml of 2.5 M in 

hexanes). The mixture was stirred for 15 minutes, following which 3-nitrobenzaldehyde (1 eq, 10 

mmol, 1.511 g) dissolved in anhydrous THF (30 ml) was slowly added dropwise, after which the 

mixture was continued stirring at −78 °C for 3 hours to form the first intermediate, 1-(3-

nitrophenyl)-3-(trimethylsilyl)prop-2-yn-1-ol (K1-3N-I1). 

Since this intermediate was unstable, the subsequent Jones oxidation was carried out in-

situ without isolating first intermediate. To the previous mixture still in cooling bath, acetone (60 

ml) was first added followed by K2Cr2O7 (1.8 eq, 12 mmol, 3.530 g), conc. H2SO4 (2 ml) and water 

(60 ml). After complete addition, RB is removed from the cooling bath and stirred at RT under N2 

flow for 3 hours to form the product. The crude mixture was first evaporated under reduced 

pressure to remove organic solvents, and the resulting aqueous mixture was extracted with 

chloroform (6x25 ml), combined organic fractions dried with MgSO4 and evaporated, and 

resulting residue was purified by column chromatography (using hexanes, eluted with 5% EtOAc 

in hexanes) to the give purified second intermediate, 1-(3-nitrophenyl)-3-(trimethylsilyl)prop-2-

yn-1-one (K1-3N-I2). Yield: 81.5%. Mp: 55-57 °C. 1H NMR (400 MHz, chloroform-d) δ 8.94 (s, 

1H), 8.44 (t, J = 7.3 Hz, 1H), 7.71 (t, J = 8.0 Hz, 1H), 0.34 (s, 9H). 13C NMR (101 MHz, CDCl3) 

δ 175.22, 148.49, 137.74, 134.79, 130.03, 128.33, 124.65, 103.59, 99.93, -0.71. FTIR (cm–1, ZnSe 

crystal): 2148 (C≡C), 1531 (-NO2). 

Intermediate K1-3N-I2 from the previous reaction was dissolved in acetonitrile (50 ml) in 

an RB covered in aluminum foil, to which silver(I)fluoride (AgF, 10 mmol, 1.2687 g) and N-
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iodosuccinimide (NIS, 10 mmol, 2.250 g) was added and the mixture stirred under N2 flow for 12 

hours to form the product. The crude mixture was evaporated under reduced pressure and the 

residue purified by column chromatography (using dichloromethane, eluted with 100% 

dichloromethane). The appropriate fraction was collected and washed with water (4x25 ml), 

aqueous sodium thiosulfate (1x25 ml), brine (1x25 ml) and dried with MgSO4 and evaporated to 

yield purified final target, 3-iodo-1-(3-nitrophenyl)prop-2-yn-1-one (K1-3N). Yield: 60.0%. Mp: 

106-108 °C. 1H NMR (400 MHz, chloroform-d) δ 8.88 (s, 1H), 8.44 (dd, J = 12.3, 8.0 Hz, 2H), 

7.72 (t, J = 8.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 173.99, 148.50, 137.39, 135.08, 130.17, 

128.58, 124.53, 93.31, 23.99. FTIR (cm–1, ZnSe crystal): 2142 (C≡C), 1527 (-NO2). 

 

4.2.4.6. Synthesis of 3-iodo-1-(4-nitrophenyl)prop-2-yn-1-one (K1-4N) 

Anhydrous THF (120 ml) was added to an evacuated RB and cooled to −78 °C in a dry 

ice/acetone bath under N2 flow, to which trimethylsilylacetylene (TMSA, 1.5 eq, 15 mmol, 2.25 

ml) was added followed by slow dropwise addition of n-BuLi (1.5 eq, 15 mmol, 6 ml of 2.5 M in 

hexanes). The mixture was stirred for 15 minutes, following which 4-nitrobenzaldehyde (1 eq, 10 

mmol, 1.511 g) dissolved in anhydrous THF (30 ml) was slowly added dropwise, after which the 

mixture was continued stirring at −78 °C for 3 hours to form the first intermediate, 1-(4-

nitrophenyl)-3-(trimethylsilyl)prop-2-yn-1-ol (K1-4N-I1). 

Since this intermediate was unstable, the subsequent Jones oxidation was carried out in-

situ without isolating first intermediate. To the previous mixture still in cooling bath, acetone (60 

ml) was first added followed by K2Cr2O7 (1.8 eq, 12 mmol, 3.530 g), conc. H2SO4 (2 ml) and water 

(60 ml). After complete addition, RB is removed from the cooling bath and stirred at RT under N2 

flow for 3 hours to form the product. The crude mixture was first evaporated under reduced 
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pressure to remove organic solvents, and the resulting aqueous mixture was extracted with 

chloroform (6x25 ml), combined organic fractions dried with MgSO4 and evaporated, and 

resulting residue was purified by column chromatography (using hexanes, eluted with 5% EtOAc 

in hexanes) to the give purified second intermediate, 1-(4-nitrophenyl)-3-(trimethylsilyl)prop-2-

yn-1-one (K1-4N-I2). Yield: 73.6%. Mp: 96-98 °C. 1H NMR (400 MHz, chloroform-d) δ 8.30 (q, 

J = 8.9 Hz, 4H), 0.33 (s, 7H). 13C NMR (101 MHz, CDCl3) δ 175.68, 150.99, 140.60, 130.62, 

123.91, 103.60, 100.19, 83.02, -0.70. FTIR (cm–1, ZnSe crystal): 2154 (C≡C), 1523 (-NO2). 

Intermediate K1-4N-I2 from the previous reaction was dissolved in acetonitrile (50 ml) in 

an RB covered in aluminum foil, to which silver(I)fluoride (AgF, 10 mmol, 1.2687 g) and N-

iodosuccinimide (NIS, 10 mmol, 2.250 g) was added and the mixture stirred under N2 flow for 12 

hours to form the product. The crude mixture was evaporated under reduced pressure and the 

residue purified by column chromatography (using dichloromethane, eluted with 100% 

dichloromethane). The appropriate fraction was collected and washed with water (4x25 ml), 

aqueous sodium thiosulfate (1x25 ml), brine (1x25 ml) and dried with MgSO4 and evaporated to 

yield purified final target, 3-iodo-1-(4-nitrophenyl)prop-2-yn-1-one (K1-4N). Yield: 63.6%. 

Decomp: 189-191 °C. 1H NMR (400 MHz, chloroform-d) δ 8.37 – 8.25 (m, 4H). 13C NMR (101 

MHz, CDCl3) δ 174.46, 151.16, 140.34, 130.82, 124.04, 93.65, 23.78. FTIR (cm–1, ZnSe crystal): 

2146 (C≡C), 1506 (-NO2). 
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4.2.5. Crystal growth 

The above synthesized targets were crystallized using slow evaporation technique to grow 

good quality single crystals suitable for single-crystal X-ray diffraction, which is summarized in 

Table 4.1.  Crystallographic information has summarized in Appendix D.  

 

Table 4.1. Solvents used for crystal growth and crystal descriptions 

 

Compound Code Solvent 
Color and 

morphology 

Thermal 

stability 

3-Iodo-1-phenylprop-2-yn-1-one K1-US Dioxane Colorless, chunk 
Melting 

143-145°C 

1-(4-Fluorophenyl)-3-iodoprop-2-yn-

1-one 
K1-4F Dioxane Colorless, block 

Melting 

96-98°C 

3-(3-Iodopropioloyl)benzonitrile 
K1-

3CN 
Dioxane Colorless, thin plate 

Melting 

126-128°C 

4-(3-Iodopropioloyl)benzonitrile 
K1-

4CN 
Dioxane Colorless, plate 

Decomposition 

176-178°C 

3-Iodo-1-(3-nitrophenyl)prop-2-yn-1-

one 
K1-3N THF 

Clear pale colorless, 

block 

Melting 

106-108°C 

3-Iodo-1-(4-nitrophenyl)prop-2-yn-1-

one 
K1-4N Dioxane 

Clear light colorless, 

plate 

Decomposition 

189-191°C 
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4.3.  Results 

4.3.1. Molecular electrostatic potentials 

The σ-hole potentials on the iodine atoms computed at B3LYP/6-311++G** level of theory 

at iso=0.002 for each molecule explored in this study are summarized in Figure 4.5. 

 

Figure 4.5. σ-Hole potentials, kJ/mol, on iodine atoms for all molecules in this study (in blue). 
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4.3.2. Interaction energies 

The interaction energies between molecules explored in this study and ammonia have been 

summarized in Table 4.2, along with the associated halogen bonding distances and % reduction in 

van der Waals radii. 

 

Table 4.2. σ-Hole potential, interaction energies and the associated XB distances and % vdW 

reduction for complexes epxlored in this study 

 

 

 

 

  

Molecule 
σ-Hole potential Interaction energy Calculated XB distance 

kJ/mol kJ/mol Å % vdW reduction 

K1-US 199.3 -22.29 3.04 14.0 

K1-4F 206.9 -22.97 3.03 14.2 

K1-3CN 221.3 -24.41 3.01 14.6 

K1-4CN 222.0 -24.48 3.01 14.7 

K1-3N 224.1 -24.58 3.01 14.7 

K1-4N 225.2 -24.70 3.01 14.8 

TITNB22 207.0 -27.21 2.93 16.9 

CNC8I
23 210.5 -23.30 3.02 14.5 

IEDNB21 217.7 -23.99 3.01 14.6 
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4.3.3. Single crystal structures 

The key features of the crystal structures of all six target molecules are summarized in 

Figure 4.6. 

 

Figure 4.6. The main halogen bonds in the crystal structures of the target molecules. 
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The halogen bond lengths and angles observed in the crystal structures are summarized in 

Table 4.3, along with the % reduction in vdW radii and the associated σ-hole potentials for each 

molecule. 

 

Table 4.3. σ-hole potential, XB distances, % vdW reduction and XB angles obtained from 

crystal structure. 

 

 

 

 

 

  

Molecule 
σ-hole Potential Experimental XB distance XB angle 

kJ/mol Å % vdW reduction ° 

K1-US 199.3 2.89 17.5 167.3 

K1-4F 206.9 2.84 19.0 173.3 

K1-3CN 221.3 2.98 15.6 174.1 

K1-4CN 222.0 3.00 15.0 169.5 

K1-3N 224.1 2.90 17.0 149.5 

K1-4N 225.2 
3.15 9.9 172.3 

3.34 4.6 148.2 

TITNB22 207.0 3.14 10.3 165.5 

CNC8I
23 210.5 2.89 18.2 178.5 

IEDNB21 217.7 3.06 12.6 168.2 
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4.4.  Discussion 

4.4.1. Theoretical calculations 

 

4.4.1.1. Molecular electrostatic potentials 

The first goal of this study was to carry out molecular electrostatic potential calculations 

and assess the σ-hole potential on each iodine atom. The results showed that the unsubstituted 

target K1-US had the lowest σ-hole potential at 199.3 kJ/mol, while the para nitro substituted K1-

4N had the highest σ-hole potential at 225.2 kJ/mol, with the remaining targets and benchmark 

molecules occupying values in between. The overall trend in σ-hole potentials on the iodine atom 

was observed to be K1-US<K1-4F<TITNB<CNC8I<IEDNB<K1-3CN<K1-4CN<K1-3N<K1-

4N. Confirming our first goal, the σ-hole potential value of 225.2 kJ/mol for triply activated K1-

4N is among the very highest σ-hole potentials that have been reported to date, exceeding those 

displayed by ‘doubly activated’ molecules such as 1-(iodoethynyl)-3,5-dinitrobenzene (IEDNB, 

217.7 kJ/mol)21, 4-(iodoocta-1,3,5,7-tetrayn-1-yl)benzonitrile (CNC8I, 208.4 kJ/mol)23, 32 and 

1,3,5-triiodo-2,4,6-trinitrobenzene (TITNB, 207.0 kJ/mol)22 (Table 4.2). The triply activated 

molecules offers additional synthetic scope as compared to TITNB, since the aromatic backbone 

can be further functionalized thereby allowing us to ‘dial-in’ the resulting σ-hole potential and, 

thus, halogen-bond donor capabilities.  

 

4.4.1.2. Counterpoise corrected interaction energies 

 The second goal of this study was to carry out interaction energy calculations with a model 

acceptor to assess the effect of the EWG’s on the halogen bond donor ability of the iodine atom. 

A plot of increasing σ-hole potential on molecules against its respective interaction energy with 
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ammonia is outlined in Figure 4.7, resulting in a linear fit upon the exclusion of the outlier 

benchmark molecule TITNB.  

 

Figure 4.7. Plot of CP corrected IE vs. σ-hole potential for molecules explored in this study. 

 

This shows that there is a generally excellent correlation between computed σ-hole 

potential and increasing interaction energy, with the exact same trend being followed as with the 

increase in σ-hole potentials.  This trend is also reflected in the % reduction in the computed 

combined vdW radii for these halogen bonds (Table 4.2). These results help address our second 

goal, showing that while fluorine atom has the least amount of halogen bond activating ability, 

cyano groups are slightly better, and nitro groups are the best activating group among the targets 

explored in this study, resulting in the highest σ-hole potentials as well as interaction energies for 

the halogen atoms and halogen bonding interactions respectively. 
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4.4.2. Which XB synthons can be predicted to exist? 

The third goal of this study was to assess which halogen bonding synthons are possible and 

plausible based on the molecular structure. Towards this goal, we can see that all the targets possess 

just one strong bond donor, the triply activated halogen atom. Depending on the functional groups 

present on the molecule, there are a few different acceptor sites which the iodine atom could bind 

to (Figure 4.8). The ketone oxygen atom is present as a common acceptor on all target molecules, 

but the -cyano and -nitro substituted targets have the nitrogen atom of the cyano group and the 

oxygen atom of the nitro group respectively as additional competing acceptor sites. There could 

also potentially be short contacts with π-electron rich region on benzene ring and the carbon-

carbon triple bond, along with potential halogen-halogen short contacts through the electron rich 

ring around the iodine atom. 

 

Figure 4.8. Schematic showing donors and potential acceptors present on target molecules. 

 

4.4.3. Single crystal structures 

The fourth and final goal of this study was to synthesize, crystallize and analyze the single 

crystal structures for the presence and metrics of these ‘triply activated’ halogen bonds. Towards 

this goal, all targets were successfully synthesized, and their single crystal structures obtained. The 
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crystal structure of K1-US, with only one major bond donor and acceptor, shows the expected 

I···O halogen bond, with a 2.887(2) Å distance and an C-I···O angle of 167.25(10)° (Figure 4.7, 

Table 4.3). By adding a fluorine atom to the aromatic backbone, a ‘triply activated’ XB donor is 

produced, still with just one major bond donor and acceptor.  The crystal structure of K1-4F 

contains a near-linear halogen bond with a 2.836(8) Å distance and a 173.3(3)° XB angle. In order 

to place these halogen bonds in a larger context, a search of the CSD for short I···O=C halogen 

bonds, with a XB angle >120° was carried out, yielding a total of 707 crystal structures possessing 

867 instances of this particular synthon (Figure 4.9).33 

 

 

Figure 4.9. Plot of C-I···O=C halogen bonding distance and angles from the CSD. 

 

The results of this search reveal that there are just 16 interactions which are shorter and 

more linear than the K1-4F halogen bond, putting it among the top 2% of reported interactions, 
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while that number is 49 interactions for the K1-US halogen bond, being among the top 6% of 

reported interactions. 

The addition of cyano and nitro groups not only activates the iodine XB donor, but also 

introduces potential XB-acceptor competitors to the C=O moiety.  In fact, in the crystal structures 

of K1-3CN and K1-4CN, the CN moiety is the dominant acceptor site, and the resulting halogen 

bond is an I···NC interaction.  In the crystal structure of K1-3CN, the I···N halogen bond distance 

is 2.980(6)Å with a 174.06(17)° XB angle and in K1-4CN the I···N halogen bond measures 

3.001(5)Å with a 169.47(19)° XB angle. A CSD search of a similar I···NC halogen bonding 

synthon revealed that there are a total of  just 132 crystal hits and a total of 162 instances of this 

particular synthon (Figure 4.10).33 

 

 

Figure 4.10. Plot of C-I···NC halogen bonding distance and angles from the CSD. 
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The results of this search reveal that there are only 30 interactions which are shorter and 

more linear than the K1-3CN halogen bond, putting it among the top 19% of reported interactions, 

while that number is 38 interactions for the K1-4CN halogen bond, being among the top 24% of 

reported interactions. The perceived relatively poorer strength of these halogen bonds measured 

by their halogen bond lengths and angles could be attributed to the much smaller dataset of 

structures currently published in the CSD. In addition, we also conducted a search of the CSD for 

crystal structures possessing all three moieties together of an iodine donor atom, a carbonyl 

acceptor group and a cyano acceptor group, which would be a more accurate representation of the 

current system having competing carbonyl and cyano acceptor sites. But this search returned only 

22 crystal structures from the database, which was too small to draw any reasonable conclusions 

from. 

The K1-3N crystal structure contains two disordered molecules in the asymmetric unit, and 

each of those molecules have two disordered positions for the iodine atom. Yet, it is clear that the 

iodine atom prefers to bind to the oxygen atom of the nitro group instead of to the carbonyl group, 

with only one pair of iodine and oxygen atom positions among all the disordered combinations 

forming a I···O halogen bond measuring 2.90(3) Å and a 149.5(7)° XB angle. It is notable that 

this is the only dominant short contact observed, apart from π–π stacking. The K1-4N structure 

contains a bifurcated halogen bond to both oxygen atoms of the nitro group. The shorter I···O 

halogen bond is 3.152(3)Å with a 172.26(10)° XB angle, and the longer I···O XB measures 

3.343(3)Å with a 148.21(10)° XB angle. The presence of relatively longer XB distances compared 

to K1-4N (with the highest σ-hole potential in our library), can be attributed to the formation of a 

bifurcated interaction instead of a shorter and more linear single bond, a feature rarely seen in 

literature. There are only 35 structures reported to date in the CSD possessing this type of 
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bifurcated halogen bond. Expanding the CSD search to include similar I···O=N single halogen 

bonds revealed that there are a total of  just 220 crystal structures possessing a cumulative 338 

instances of this particular synthon (Figure 4.11).33 

 

 

Figure 4.11. Plot of C-I···O=N halogen bonding distance and angles from the CSD. 

 

The results of this search reveal that there are 74 interactions which are shorter and more 

linear than the K1-3N halogen bond, putting it among the top 22% of reported interactions, while 

that number is 80 interactions for the K1-4N halogen bond, being among the top 24% of reported 

interactions. The relatively poorer strength of these halogen bonds as measured by their halogen 

bond lengths and angles could be attributed to a much higher degree of freedom in forming the 

halogen bond between the iodine atom and the two oxygen atoms of the nitro group, along with 

the much smaller dataset of structures currently published in the CSD.  
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We also conducted a search of the CSD for crystal structures possessing all three moieties 

together of an iodine donor atom, a carbonyl acceptor group and a nitro acceptor group, which 

would be a more accurate representation of the current system. But this search returned only 10 

crystal structures from the database, which was an exceptionally small dataset to draw any 

reasonable conclusions from.33 

4.5.  Conclusions 

In summary, through this work we have demonstrated that a combination of three different 

activation ‘mechanisms’, has a superior effect on the resulting σ-hole potential  of the halogen-

bond donor as compared to adding multiple EWG’s of the same type, as seen by the higher σ-hole 

potential of K1-3CN, K1-4CN, K1-3N and K1-4N when compared to TITNB22 (possessing three 

nitro groups) and CNC8I
32 (possessing four C≡C moieties). An investigation of the interaction 

energies with a model acceptor revealed that nitro groups are the best EWGs to activate iodine 

atoms to the fullest extent, followed by cyano groups and then finally fluorine atoms which were 

the least activating. An excellent linear correlation was observed between σ-hole potential and IE 

which shows that the latter can be used as a convenient and reliable yardstick when designing 

molecules with strong XB donors. Given the presence of competing acceptor sites in some of the 

target molecules, it was observed that nitro and cyano groups were the better and preferred 

acceptors over a carbonyl oxygen atom which was present in all targets. A comparison of the 

halogen bonds to similar interactions reported in literature revealed that the K1-4F and K1-US 

halogen bonds were among the top 2% and 6% reported respectively. The halogen bonds formed 

in K1-3CN and K1-4CN were found to be among the top 19% and 24% respectively, while those 

in K1-3N and K1-4N were found to be among the top 22% and 24% respectively.  Overall, this 

new family of compounds represent an easily accessible set of tools for the bottom-up assembly 
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of functional co-crystals with desired and tunable metrics, and we expect that triple activation can 

be a broadly applied approach for the design and implementation of highly effective halogen- as 

well as chalcogen bond donors. Following these results, we predict that this library of ‘triply 

activated’ molecules should be a great tool in the supramolecular synthesis of multicomponent 

crystals, which will be the topic of the next study in Chapter 5. 
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Chapter 5 - Co-crystallizations of triply activated substituted 3-iodo-

1-phenylprop-2-yn-1-ones 

 

5.1.  Introduction 

A crystal engineering project can be broken down into three different phases: design, 

construction and utilization.1 Synthon robustness is crucial to the design phase in order to afford a 

high level of predictability in the rational design of supramolecular systems. Within a 

supramolecular framework driven by competing σ-hole interactions, synthon robustness can be 

directly correlated with the strength of the competing bond donors, which in turn is related to the 

size of the σ-hole on each competing donor atom.2-5 This means that in order to synthesize and 

assemble complex supramolecular architectures, it is imperative to develop strategies that 

comprise molecular building blocks with increasingly strong bond donors. Towards this goal, a 

triple activation strategy was explored in Chapter 4, where a new library of 3-iodo-1-phenylprop-

2-yn-1-ones targets were designed ,synthesized and characterized, and were found to possess 

among the highest σ-hole potentials reported to date in literature (Figure 5.1).6  

 

Figure 5.1. σ-Hole potentials of the triply activated ketone target library (Chapter 4). 
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This work successfully addressed the ‘design’ and ‘construction’ phases of a crystal 

engineering project. The next step is the ‘application’ phase, where we exploit these new building 

blocks and supramolecular drivers towards the synthesis of new multicomponent crystals. The 

goals of this study can be summarized as follows: 

 

Goal 1: To predict what kind of interactions and synthons will be observed between the 

target molecules and different types of co-formers (Figure 5.2). 

 

Figure 5.2. What type of interactions can be proposed to take place between the target molecules 

and different types of co-formers? 

 

Goal 2: To establish how efficient this series of triply activated halogen targets is in the 

formation of co-crystals. This will be achieved by carrying out co-crystal screening experiments 

using liquid assisted grinding with the library of co-formers listed below (Figure 5.3). 
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Figure 5.3. List of co-formers used in this study. 

 

Goal 3: To examine the XB and HB synthons present in the co-crystal structures and 

benchmark them with literature data.  
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5.2.  Experimental 

5.2.1. General 

All solvents utilized in this study were purchased commercially as technical grade and used 

as is without further purification. IR spectra of co-crystal screening experiments were recorded 

with a Nicolet 380 FT-IR spectrometer using an attenuated total reflection (ATR) technique on a 

ZnSe crystal. Melting points were measured using a TA Instruments DSC Q20 differential 

scanning calorimeter. Single crystal X-ray diffraction data were collected either using a Rigaku 

XtaLAB Synergy-S7 (K1-USC6, K1-4FC6, K1-4FC12, K1-3CNC6, K1-3CNC10, K1-4CNC6, 

K1-3NC6, K1-4NC6) or a Bruker Kappa APEX II8 (K1-4FC5) diffractometers. The structures 

were solved using Olex29 with the SHELXT10  structure  solution  program  using Intrinsic Phasing 

and  refined with the SHELXL11 refinement package using Least  Squares minimization. 

 

5.2.2. Co-crystal screening 

Liquid assisted grinding was used for the co-crystal screening experiments. Targets and 

co-formers were weighed (10 mg target used) and combined in a 1:2 molar ratio and placed on a 

spotting plate, and were then ground together using a glass rod with one drop of methanol. After 

the mixture had dried, the FTIR spectra were collected for all solids and analysed for characteristic 

peak shifts compared to the FTIR spectra of both the parent target and co-former molecules. A 

peak shift of 3 wavenumbers (cm-1) was taken as a positive result for the formation of a co-crystal. 

FTIR data of co-crystal screening experiments have been summarized in Appendix E. 
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5.2.3. Crystal growth 

All crystals were grown using slow evaporation technique, the details of which have been 

summarized in Table 5.1. below. Crystallographic information has been outlined in Appendix E. 

 

Table 5.1. Solvents used for crystal growth and crystal descriptions 

 

Compound Code Solvent 
Color and 

morphology 

Thermal 

stability 

3-Iodo-1-phenylprop-2-yn-1-one : 

Phenazine (1:1) 

K1-

USC6 
Chloroform 

Colorless, 

needle 

Melting 

168-171 °C 

1-(4-Fluorophenyl)-3-iodoprop-2-yn-

1-one : Phenazine (1:1) 
K1-4FC6 Methanol Colorless, prism 

Melting 

102-104 °C 

3-(3-Iodopropioloyl)benzonitrile : 

Phenazine (1:2) 

K1-

3CNC6 

Chloroform, 

methanol 

Colorless, 

needle 

Decomposition 

127-130 °C 

4-(3-Iodopropioloyl)benzonitrile : 

Phenazine (1:1.5) 

K1-

4CNC6 
Methanol 

Orange, 

needle 

Decomposition 

130-135 °C 

3-Iodo-1-(3-nitrophenyl)prop-2-yn-1-

one : Phenazine (1:1) 

K1-

3NC6 
Chloroform 

Colorless, 

needle 

Decomposition 

104-114 °C 

3-Iodo-1-(4-nitrophenyl)prop-2-yn-1-

one : Phenazine (1:0.5) 

K1-

4NC6 
Chloroform Green, needle 

Melting 

168-173 °C 

1-(4-Fluorophenyl)-3-iodoprop-2-yn-

1-one : 2,3,5,6-Tetramethylpyrazine-

1,4-dioxide (1:0.5) 

K1-4FC5 Chloroform 
Colorless, 

chunk 

Melting 

83-85 °C 

1-(4-Fluorophenyl)-3-iodoprop-2-yn-

1-one : 2,5-dibromopyridine  (2:1) 

K1-

4FC12 
Methanol 

Orange, 

needle 

Melting 

68-70 °C 

3-(3-Iodopropioloyl)benzonitrile : 2-

bromo-5-methylpyridine (1:1) 

K1-

3CNC10 
Chloroform 

Colorless, 

plate 

Melting  

92-94 °C 
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5.3.  Results 

5.3.1. Co-crystal screening 

Table 5.2. Results of co-crystal screening experiments. (Green box = Co-crystal formed, Red 

box = No co-crystal formed) 

Acceptors Co-former \Target 

Ketone 

US 4F 3CN 4CN 3N 4N Total 

Cyano  4-Cyanobenzoic acid       67% 

Acid 

Acid 

 

 

 

Tolmetin       50% 

  4-Nitrobenzoicacid       86% 

 2,4-Dinitrobenzoic acid       86% 

Nitro 4-Nitrotoluene       67% 

Nitronaphthalene       33% 

  4-Nitrobenzonitrile       33% 

Cyano 

4-Tolunitrile       50% 

1,4-Dicyanobenzene       17% 

4-Bromobenzonitrile       17% 

4,4’-Biphenylcarbonitrile       86% 

  4-Cyanopyridine       100% 

2-CyanoPyridine       50% 

Nitrogen 

Heterocycle 

Pyrazine       67% 

2,3,5,6-Tetramethylpyrazine       67% 

Phenazine       67% 

2-Bromo-5-methylpyridine       100% 

3,5-Dibromopyridine       33% 

2,5-Dibromopyridine       50% 

2,6-Dibromopyridine       50% 

2,6-Dichloropyridine       100% 

6-Thioguanine       86% 

6-Mercaptopurine       50% 

  Theophylline       100% 

Carbonyl 
5-Iodouracil       86% 

Carbamazepine       86% 

6-Hydroxyflavone       67% 

N-Oxide 

Pyrazine-1,4-dioxide       67% 
2,3,5,6-Tetramethylpyrazine-N-oxide       86% 
2,3,5,6-Tetramethylpyrazine-1,4-dioxide       67% 

2,2′-Dipyridyl N,N′-dioxide       50% 

TEMPO       67% 

 Nitro 4-Nitro-3-methylpyidine-N-oxide       50% 

4-Nitropyridine-N-oxide       67% 

Iodine 1,4-Diidotetrafluorobenzene       67% 

Total 18/35 

35 

27/35 

35 

23/35 

35 

19/35 

35 

33/35 

35 

15/35 

35 

135/210 

210 
% Success 51% 77% 66% 54% 94% 43% 64% 
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5.3.2. Crystal structures 

 

Figure 5.4. Major XB interactions in the crystal structures of a) K1-USC6, b) K1-4FC6, c) K1-

3CNC6, d) K1-4CNC6, e) K1-3NC6 and f) K1-4NC6. 
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Figure 5.5. Major HB interactions in the crystal structures of a) K1-USC6, b) K1-4FC6, c) K1-

3CNC6, d) K1-4CNC6, e) K1-3NC6 and f) K1-4NC6. 
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Figure 5.6. Major XB and HB interactions respectively in the crystal structures of K1-4FC5 (a), 

K1-4FC12 (b,c) and K1-3CNC10 (d,e). 
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Table 5.3. Major XB and HB parameters observed in all 9 co-crystals. 

Target D-H/Ch···A D/Ch···A (Å) D-H/Ch···A () 

K1-USC6 
C9-I10···N12 2.917(4) 176.23(17) 

C4-H4···O11 3.346(6) 132.1(4) 

K1-4FC6 

C9-I10···N13 2.956(2) 179.33(12) 

C23-H23···O11 3.386(6) 155.7(3) 

C2-H2···O11 3.489(6) 156.0(3) 

K1-3CNC6 

C9-I10···N14 2.898(2) 171.80(8) 

C3-H3···N13 3.425(3) 147.61(15) 

C4-H4···N29 3.582(3) 148.86(15) 

K1-4CNC6 

C9-I10···N14 2.945(4) 174.9(2) 

C19-H19···N21 3.664(8) 169.6(5) 

C3-H3···N13 3.408(10) 134.3(5) 

C5-H5···N28 3.548(8) 161.1(4) 

K1-3NC6 

C9-I10···N15 2.902(2) 174.54(9) 

C18-H18···O14 3.369(4) 148.56(18) 

C4-H4···N22 3.386(3) 133.48(19) 

C2-H2···O11 3.277(4) 138.45(16) 

K1-4NC6 

C9-I10···N15 2.980(2) 170.44(9) 

C6-H6···O11 3.136(3) 124.61(15) 

C5-H5···O11 3.212(3) 116.75(15) 

C20-H20···O13 3.407(3) 148.66(18) 

C18-H18···O14 3.450(4) 146.88(17) 

K1-4FC5 
C10-I11···O17 2.694(3) 176.02(14) 

C10-I11···N14 3.483(3) 164.26(12) 

K1-4FC12 

C9A-I10A···N13 2.858(4) 176.61(18) 

C9B-I10B···O11A 2.913(5) 162.19(19) 

C14-Br19···O11B 3.146(4) 174.49(16) 

C15-H15···O11B 3.310(7) 124.5(4) 

C16-H16···C8B 3.745(7) 169.3(4) 

K1-3CNC10 

C9-I10···N14 2.761(1) 176.82(6) 

C15-Br20···O11 3.129(1) 177.10(6) 

C17-H17···N13 3.413(2) 161.25(10) 

C3-H3···C9 3.631(2) 151.99(12) 
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5.4.  Discussion 

5.4.1. Possible modes of interaction 

The first goal of this study was to predict what kind of interactions and synthons might be 

observed between the target molecules and different types of co-formers based on the structural 

features and functional group complementarity. We established in chapter 4, that the iodine atom 

prefers to bind to the carbonyl oxygen atom in the absence of a competing acceptor. However, if 

a potentially competing acceptor, such as cyano or nitro groups, the iodine atom would rather bind 

to the latter (Figure 5.7). 

 

Figure 5.7. Single crystal structures of triply activated ketone targets (Chapter 4). 

 

If we combine these target molecules with various co-formers possessing different acceptor 

functional groups such as carboxylic acid, cyano, nitro, pyridine, N-oxide, etc., we could expect 

the following heteromeric halogen and hydrogen bonding synthons to exist in the solid state based 

on the strength and complementarity (Figure 5.8). 
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Figure 5.8. Postulated heteromeric halogen and hydrogen bonding between a triply activated 

ketone and different functional groups on potential co-formers. 

 

If the above heteromeric interactions indeed do take place, then that makes available the 

previously occupied acceptor sites on the target skeleton such as the carbonyl, nitro and cyano 

groups, which may then take part in the formation of homomeric hydrogen bonding dimer synthons 

as shown in Figure 5.9. 

 

Figure 5.9. Homomeric hydrogen bonding synthons postulated to exist in the solid state. 



   148 

5.4.2. Co-crystal screening 

The second goal of this study was to establish the efficiency of these ketones as co-

crystallizing agents. A co-crystal screen (Table 5.2) of all six ketones (Figure 5.7) with thirty-five 

co-formers (Figure 5.3) resulted in 135 positive hits giving an overall success rate of 64%.  

 

Figure 5.10. Plot showing % success of co-crystal screening of targets with different groups of 

co-formers. 

On further grouping the co-formers based on the type of acceptor functional groups present, 

we note some trends emerging (Figure 5.10). The first clear message is a potential incompatibility 

between targets and co-formers decorated with similar functional groups. The three lowest success 



   149 

rates in Figure 5.10 are between K1-4N target and co-formers possessing nitro/n-oxide groups, 

and between K1-4CN target and co-formers possessing cyano groups. Also evident are the overall 

excellent success rates for K1-4F and K1-3N target molecules. The best (94%) and worst (43%) 

success rates being observed for positional isomers K1-3N and K1-4N respectively, despite them 

having similar σ-hole potentials (Figure 5.1), highlight the very important influence the position 

of substitution has on its resultant ability to interact with a potential co-former. These results 

provide important insights towards the supramolecular synthesis of a multicomponent crystal, 

suggesting different functional groups on targets and co-formers might be preferable to prevent 

any incompatibility, and different positions of substitution of the functional group must be 

explored to obtain optimal results. 

 

5.4.3. Crystal structures 

The third and final goal of this study was to examine the XB and HB synthons present in 

the co-crystal structures, study any trends observed therein and benchmarking them with literature 

data. Towards this goal, a total of nine co-crystal structures were obtained from all the grinding 

experiments. One co-crystal was obtained for each target with phenazine (C6), in addition to K1-

4FC5 (K1-4F with 2,3,5,6-tetramethylpyrazine-1,4-dioxide), K1-4FC12 (K1-4F with 2,5-

dibromopyridine) and K1-3CNC10 (K1-3CN with 2-bromo-5-methylpyridine).   

 

5.4.3.1. Co-crystals with ditopic acceptors 

Analysis of the halogen bonding synthons among the phenazine co-crystals reveals 

interesting packing features and stoichiometric outcomes. Though an excess of phenazine was 

used in all experiments (1:2), some targets formed halogen bonds to both nitrogen atoms of 
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phenazine, whereas others interacted with just one nitrogen atom.  The targets with a lower σ-hole 

potential, K1-US and K1-4F respectively, both formed a single XB interaction to just one nitrogen 

atom of the phenazine (Figure 5.11).  

 

Figure 5.11. Schematic showing co-crystallization outcomes of phenazine with low σ-hole 

potential targets. 

 

On the other hand, among the two nitro and two cyano substituted targets respectively, 

three out of four formed XBs to both nitrogen atoms of phenazine. This suggests that a higher σ-

hole potential facilitates a 1:2 XB assembly (Figure 5.12). 
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Figure 5.12. Schematic showing co-crystallization outcomes of phenazine with high σ-hole 

potential targets. 

 

Given that all targets form the expected primary XBs, we can now systematically analyze 

the secondary HBs stabilizing these crystal structures. In section, 5.4.1 we hypothesized the 

possibility of forming homomeric HB dimer synthons if the iodine atom bonds to the co-former. 

In fact, three out of six co-crystals (K1-4FC6, K1-4CNC6 and K1-3NC6) indeed do form these 

homomeric HB dimer interactions. Out of these three, while K1-4CNC6 forms a HB dimer 

through the cyano group, K1-4FC6 and K1-3NC6 form HB dimer through the ketone group 

(Figure 5.13).  



   152 

 

Figure 5.13. Experimental outcome of previously postulated homomeric HB dimer synthons 

observed among phenazine co-crystals. 

 

The three remaining phenazine co-crystals form single HBs to one (K1-USC6) or two (K1-

3CNC6 and K1-4NC6) neighbouring target molecules (Figure 5.14). These results show that 

while the nitro group is not the most ideal acceptor to form secondary HBs in the presence of 

competitive acceptors like pyridine nitrogens, the ketone and cyano groups can be used effectively 

to provide templating through the formation of homomeric HB dimer synthons towards a desired 

supramolecular architecture.  
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Figure 5.14. Target homomeric HB monomer outcomes observed among phenazine co-crystals. 

 

5.4.3.2. Co-crystal with N-oxide 

The crystal structure of K1-4FC5 reveals a bifurcated XB between the iodine atom and 

both the nitrogen and oxygen atoms of the 2,3,5,6-tetramethylpyrazine-1,4-dioxide co-former. 

This constitutes the only major structure directing interaction in this crystal apart from short 

contacts from methyl hydrogen atoms to the fluorine and oxygen atoms, which can be classified 

as packing features. 

 

5.4.3.3. Co-crystals with co-formers possessing halogen atoms 

Two co-crystal structures with co-formers possessing halogen atoms were obtained, K1-

4FC12 with 2,5-dibromopyridine and K1-3CNC10 with 2-bromo-5-methylpyridine, respectively. 

While both show the expected halogen bond, also present is a Br···O halogen bond in both 

instances. This suggests that once the iodine atom in the target interacts with the co-former (Figure 

5.15.B), any polarizable halogen atom present on the co-former can now interact with the vacant 
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ketone oxygen atom to further stabilize this structure (Figure 5.15.C), an important predictable 

outcome which can be employed towards the rational design of supramolecular architectures. 

 

 

Figure 5.15. Schematic showing how a halogen atom on a co-former can bind to a previously 

occupied acceptor on the target molecule. 

 

5.4.3.4. Benchmarking XBs against literature data 

In order to evaluate how all of the XBs in the above co-crystal compare to previously 

reported structures, a search of the Cambridge Structural Database (CSD) was carried out for the 

same I···N XB synthon with bond angles >120. This search found1273 crystal structures with a 

total of 1979 interactions similar to this XB synthon (Figure 5.16).12 
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Figure 5.16. Plot of C-I···N halogen bonding distance and angles from the co-crystal structures 

and CSD. 

 

In order to benchmark the observed interactions against literature data, we wanted to rank 

these interactions based on their XB lengths and angles. Towards this, from the list of 1979 

interactions, we assessed how many of these reported interactions have ‘both’ a shorter XB length 

and a more linear XB angle, which resulted in a particular rank for each assessed interaction (Table 

5.4). 
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Table 5.4. Ranking of the observed XBs based on bond lengths and angles to those previously 

reported in literature. 

 

Target 
Numerical ranking out 

of 1979 interactions 
% Ranking 

K1-USC6 327 16.57% 

K1-4FC6 31 1.62% 

K1-3CNC6 683 34.56% 

K1-4CNC6 526 26.63% 

K1-3NC6 506 25.62% 

K1-4NC6 982 49.67% 

K1-4FC5 1716 86.76% 

K1-4FC12 229 11.62% 

K1-3CNC10 83 4.24% 

 

The above table helps highlight some exceptionally strong XB interactions, specially K1-

4FC6 and K1-3CNC10 being among the top 1.62% and 4.24% of reported interactions 

respectively. The former attributes its high ranking to the exceptionally linear XB angle of 179.33 

, while the latter attributes it to the very short XB length 2.761 Å. The weakest XB is observed to 

be that for K1-4FC5, which expectedly is also the only bifurcated XB observed among all co-

crystal structures. The fact that there isn’t any linear trend among the XB metrics within the six 

phenazine co-crystals can be attributed to the wide range of different supramolecular assemblies 

observed between them, ranging from a difference in 1:1 vs. 1:2 sotichiometric halogen bonding 

to the difference in stoichiometries of the two components in the asymmetric unit (Ranging from 

1:0.5 to 1:2 for target:co-former) (Table 5.1).  
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5.5.  Conclusions 

At the start of this study, different homomeric and heteromeric synthons between the target 

and potential co-formers were successfully postulated based on competing strength and 

complementarity (Figure 5.17). 

 

Figure 5.17. Some of the postulated heteromeric and homomeric assemblies. 

 

We found a very good overall success rate of 64% from the LAG co-crystal screening 

experiments. After grouping the co-formers based on the functional groups present on them, a 

deeper analysis suggested there might be an incompatibility between targets and co-formers 

possessing the same functional groups. Also seen was the important influence of the position of 

substitution of a functional group, where a very large difference in success rates was observed 

between K1-3N having the highest success rate of 94% and K1-4N having the lowest success rate 

of 43%. 

Analysis of the phenazine co-crystals suggested that there might be an influence of the σ-

hole potential on the larger supramolecular assembly observed, where the two low σ-hole potential 

targets formed a 1:1 XB assembly and three out of the four high σ-hole potential targets formed a 
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1:2 XB assembly (Figure 5.18). This suggests that the size of the σ-hole could be used to produce 

targeted structural outcomes when designing co-crystals. 

 

 

Figure 5.18. Crystallographic outcomes among phenazine co-crystals. 

 

Co-crystals with co-formers possessing halogen atoms also revealed a templating effect, 

wherein the halogen atom on the co-former binds to a previously occupied acceptor on the target 

molecule, forming a second stabilizing XB (Figure 5.19). This suggests that the nature and position 

of these halogen atoms on co-formers could be tuned to produce targeted structural outcomes once 

again in the design of multicomponent crystals. 
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Figure 5.19. Schematic summarizing the templating effect provided by halogen atoms on the co-

former. 

 

While comparing the metrics of the observed halogen bonds to literature data did not yield 

any specific trends owing to the wide range of different supramolecular assemblies observed 

among them, it did reveal that these triply activated can form strong halogen bonds with the K1-

4FC6 XB metrics being among the top 1.65% of reported structures. 
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Chapter 6 - A triple activation strategy for designing exceptionally 

strong halogen-bond donors - phenyl 3-iodopropiolates 

 

6.1.  Introduction 

In chapter 4, we successfully demonstrated the ability of the triple activation strategy in 

producing molecules with exceptional σ-hole potentials capable of forming strong halogen bonds 

(XB) in the solid state. These molecules were designed by combining three electron withdrawing 

moieties of a ketone group, an sp-hybridized carbon and either a fluoro, cyano or nitro group. In 

order to examine the robustness of this strategy, in this study, we describe another class of triply 

activated molecules combining the electron withdrawing ability of an sp-hybridized carbon atom, 

an ester group and a fluoro, cyano or nitro substituent electron withdrawing moieties in parallel to 

result in a ‘triply activated’ σ-hole. The design strategy in creating these ester series of targets is 

outlined in Figure 6.1. 

 

Figure 6.1. Design strategy employed in creating library of triply activated XB donors. 
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Through this strategy, we developed our target library (Figure 6.2) consisting of the doubly 

activated unsubstituted parent molecule (E1-US) as a benchmark, along with five triply activated 

esters: 2,4-difluoro (E1-24DF), 3-cyano (E1-3CN), 4-cyano (E1-4CN), 3-nitro (E1-3N) and 4-

nitro (E1-4N). Just as before, we will also benchmark out targets against previously reported 

molecules TITNB1, CNC8I
2-3 and IEDNB4 which were top performers in their respective studies. 

 

 

Figure 6.2. Library of target molecules explored in this study, along with the benchmark 

molecules enclosed in red box 

  



   163 

With the target library established, we can now lay out the goals for this study: 

Goal 1: To assess whether this second series of triply activated esters can match or surpass 

the very high σ-hole potentials that were previously observed, Chapter 4.  

Goal 2: To assess how well this σ-hole potential translates into a halogen bond through 

counterpoise (CP) corrected interaction energy (IE) calculations with a model acceptor, ammonia. 

Goal 3: To assess which intermolecular interactions are possible and plausible based on 

the molecular structure.  

Goal 4: To synthesize, crystallize and analyse the single crystal structures for the presence 

and metrics of these ‘triply activated’ halogen bonds.  

 

6.2.  Experimental 

6.2.1. General 

Commercial reagents were purchased as reagent–grade and used without further 

purification. All solvents utilized in this study were purchased commercially as technical grade 

and used as is without further purification. Targets were synthesized by modified versions of 

previously reported synthetic routes as described next. Melting points were measured using a TA 

Instruments DSC Q20 differential scanning calorimeter. Nuclear magnetic resonance (NMR) data 

were collected using a Bruker Ascend 400 MHz spectrometer. The residual solvent peak was used 

as the internal reference for 1H and 13C NMR  (CDCl3: δH=7.26ppm, δC=77.16ppm). For the 19F 

NMR spectra, the fluorine peak was referenced against the residual solvent peak in its 

corresponding 1H spectrum (δH=7.26ppm). IR stretches were obtained using a Nicolet 380 FT-IR 

spectrometer using an attenuated total reflection (ATR) technique and ZnSe as the crystal. Single 

crystal X-ray diffraction data were collected either using a Rigaku XtaLAB Synergy-S5 (E1-US, 
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E1-24DF, E1-3CN, E1-4CN, E1-3N) or Bruker Kappa APEX-II CCD6 (E1-4N) diffractometer. 

The structure was solved using Olex27 with the SHELXT8  structure  solution  program  using 

Intrinsic   Phasing and  refined  with  the SHELXL9  refinement  package  using Least  Squares 

minimization. 

 

6.2.2. Molecular electrostatic potential calculations 

Molecular electrostatic potential (MEP) surfaces were generated for all molecules explored 

in this study including target and benchmark molecules using Spartan ’14 Version 1.1.4. The 

molecular skeleton was first loaded onto the software from a ChemDraw file, which was then 

geometry optimized using the B3LYP functional and 6-311++G** triple zeta basis set in vacuum. 

On this optimized structure, the maxima and minima on the MEP surface (0.002 e/au isosurface) 

were determined using a positive point charge in the vacuum as a probe. The numbers indicate the 

interaction energy (kJ/mol) between the positive point probe and the surface of the molecule at 

that point.  

 

6.2.3. Counterpoise corrected interaction energy calculations 

Interaction energy (IE) calculations were carried out between all molecules explored in this 

study and a model acceptor ammonia using Spartan ’14 Version 1.1.4. To the previously optimized 

B3LYP/6-311++G** structure, an ammonia molecule was drawn and placed in front of the iodine 

atom, having a slight atomic overlap through the σ-hole. This complex was then first geometry 

optimized using the MP2 functional and 6-311++G** triple zeta basis set in vacuum. Additional 

inputs ‘GEOMETRYCYCLES=1000’, ‘OPTCYCLE=1000’ and ‘MEM_STATIC=300’ were 

pasted into the options box at the start of the calculations when necessary to resolve the errors of 
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the calculations requiring more iterative cycles for optimization than the preset and of the software 

running out of allocated temporary memory. After geometry optimization, the atoms of the larger 

molecule of interest were ‘frozen’ using the ‘freeze center’ option (Figure 6.3), which is how 

Spartan distinguishes between two different molecules in an interaction energy calculation. After 

freezing one component, a single point energy calculation is carried out using the MP2 functional 

and 6-311++G** triple zeta basis set in vacuum, with additional input 

‘INTERACTIONENERGY=BSSE’ pasted into the options box, which not only calculates the 

interaction energy between the frozen and free molecules, but also applies counterpoise (CP) 

correction which accounts for the basis set superposition error (BSSE) associated with these 

calculations. Additional inputs ‘MEM_STATIC=300’ and  ‘SCFCYCLE=1000’ were also pasted 

into the options box which were necessary to address the errors of the software running out of 

allocated temporary memory and the calculations requiring more iterative cycles than the preset to 

meet the convergence criterion. 

 

Figure 6.3. Screengrab showing the E1-4N+ammonia complex with the target molecule’s atoms 

'frozen', as seen by the pink markers in Spartan ‘14. 
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6.2.4. Synthesis 

The targets were synthesized using modified versions of previously reported procedures 

(Figure 6.4).10-11 

 

Figure 6.4. Schematic showing the pathway used to synthesize the targets explored in this study. 

 

6.2.4.1. Synthesis of phenyl 3-iodopropiolate (E1-US) 

Phenol (1 eq, 10 mmol, 0.941 g) was added to a round bottom flask (RB) and dissolved in 

anhydrous CH2Cl2 (30 ml) which was then cooled to 0 °C in an ice bath under N2 flow. To this, 

propiolic acid (1.2 eq, 12 mmol, 0.841 g, 0.74 ml) was first added, followed by the slow dropwise 

addition of a mixture of N,N'-dicyclohexylcarbodiimide (DCC, 1.2 eq, 12 mmol, 2.476 g) and 4-

dimethylaminopyridine (DMAP, 7.5 mol%, 0.75 mmol, 0.092 g) dissolved in anhydrous CH2Cl2 

(25 ml). After complete addition, the mixture was stirred at room temperature (RT) for 2 hours 

with the progress monitored by TLC, after which the mixture is first filtered through a frit and the 

residue rinsed with diethyl ether (10 ml), and the filtrate is evaporated with added silica and the 

dry residue loaded onto a column made from hexanes for purification, where the product was 

eluted with 5 % ethyl acetate (EtOAc) in hexanes and the solvent evaporated to yield the purified 

intermediate phenyl propiolate (E1-US-I1). Colorless oil. Yield: 46.5 %. 1H NMR (400 MHz, 
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DMSO-d6) δ 7.45 (t, J = 7.8 Hz, 2H), 7.31 (t, J = 7.4 Hz, 1H), 7.24 (d, J = 8.2 Hz, 2H), 4.84 (s, 

1H). 13C NMR (101 MHz, DMSO-d6) δ 150.87, 149.53, 129.76, 126.70, 121.53, 81.39, 74.28. 

FTIR (cm–1, ZnSe crystal): 2123 (C≡C). 

This intermediate E1-US-I1 was added to an RB flask covered in aluminum foil, to which 

acetone (35 ml), N-iodosuccinimide (NIS, 1.2 eq) and AgNO3 (10 mol%) are added and the 

mixture stirred under N2 flow at RT for 1 hour with the progress monitored by TLC. After 

completion, the solvent was evaporated after addition of some silica in vacuo, and the dry residue 

loaded onto a column made from hexanes for purification where the product was eluted with 5% 

EtOAc in hexanes, and the combined organic fractions washed with saturated sodium thiosulfate 

and dried with MgSO4 and evaporated in vacuo to yield the final purified target phenyl 3-

iodopropiolate (E1-US). Yellow solid. Yield: 70.8 %. Mp: 81-83 °C. 1H NMR (400 MHz, DMSO-

d6) δ 7.44 (t, J = 6.9 Hz, 2H), 7.30 (t, J = 7.3 Hz, 1H), 7.21 (d, J = 7.9 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ 150.66, 149.94, 129.73, 126.68, 121.34, 86.69, 16.93. FTIR (cm–1, ZnSe crystal): 

2150 (C≡C). 

 

6.2.4.2. Synthesis of 2,4-difluorophenyl 3-iodopropiolate (E1-24DF) 

2,4-Difluorophenol (1 eq, 10 mmol, 1.301 g, 0.96 ml) was added to an RB and dissolved 

in anhydrous CH2Cl2 (30 ml) which was then cooled to 0 °C in an ice bath under N2 flow. To this, 

propiolic acid (1.2 eq, 12 mmol, 0.841 g, 0.74 ml) was first added, followed by the slow dropwise 

addition of a mixture of DCC (1.2 eq, 12 mmol, 2.476 g) and DMAP (7.5 mol%, 0.75 mmol, 0.092 

g) dissolved in anhydrous CH2Cl2 (25 ml). After complete addition, the mixture was stirred at RT 

for 2 hours with the progress monitored by TLC, after which the mixture is first filtered through a 

frit and the residue rinsed with diethyl ether (10 ml), and the filtrate is evaporated with added silica 
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and the dry residue loaded onto a column made from hexanes for purification, where the product 

was eluted with 5% EtOAc in hexanes and the solvent evaporated to yield the purified intermediate 

2,4-difluorophenyl propiolate (E1-24DF-I1). White solid. Yield: 48.1 %. Mp: 56-58 °C. 1H NMR 

(400 MHz, chloroform-d) δ 7.16 (td, J = 8.7, 5.4 Hz, 1H), 7.00 – 6.85 (m, 2H), 3.15 (s, 1H). 19F 

NMR (376 MHz, CDCl3) δ -111.20, -122.75. 13C NMR (101 MHz, chloroform-d) δ 161.98 (d, J = 

10.5 Hz), 159.51 (d, J = 10.4 Hz), 155.17 (d, J = 12.7 Hz), 152.65 (d, J = 12.6 Hz), 149.87, 133.43 

(dd, J = 13.2, 4.3 Hz), 124.10 (d, J = 10.2 Hz), 111.64 (dd, J = 23.2, 3.9 Hz), 105.46 (dd, J = 27.0, 

22.1 Hz), 78.11, 73.41. FTIR (cm–1, ZnSe crystal): 2127 (C≡C). 

This intermediate E1-24DF-I1 was added to an RB covered in aluminum foil, to which 

acetone (35 ml), NIS (1.2 eq) and AgNO3 (10 mol%) are added and the mixture stirred under N2 

flow at RT for 1 hour with the progress monitored by TLC. After completion, the solvent was 

evaporated after addition of some silica in vacuo, and the dry residue loaded onto a column made 

from hexanes for purification where the product was eluted with 5% EtOAc in hexanes, and the 

combined organic fractions washed with saturated sodium thiosulfate and dried with MgSO4 and 

evaporated in vacuo to yield the final purified target 2,4-difluorophenyl 3-iodopropiolate (E1-

24DF). Yellow solid. Yield: 74.3 %. Mp: 59-61 °C. 1H NMR (400 MHz, chloroform-d) δ 7.13 (td, 

J = 8.7, 5.3 Hz, 1H), 6.94 (td, J = 9.4, 8.9, 2.8 Hz, 1H), 6.91 – 6.85 (m, 1H). 19F NMR (376 MHz, 

CDCl3) δ -110.83, -122.45. 13C NMR (101 MHz, chloroform-d) δ 161.83 (d, J = 10.5 Hz), 159.36 

(d, J = 10.3 Hz), 155.04 (d, J = 12.7 Hz), 152.52 (d, J = 12.5 Hz), 149.37, 133.38 (dd, J = 13.0, 4.2 

Hz), 124.05 (d, J = 9.9 Hz), 111.57 (dd, J = 23.2, 3.9 Hz), 105.36 (dd, J = 27.1, 22.1 Hz), 85.68, 

19.07. FTIR (cm–1, ZnSe crystal): 2169 (C≡C). 
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6.2.4.3. Synthesis of 3-cyanophenyl 3-iodopropiolate (E1-3CN) 

3-Cyanophenol (1 eq, 10 mmol, 1.1912 g) was added to an RB and dissolved in anhydrous 

CH2Cl2 (30 ml) which was then cooled to 0 °C in an ice bath under N2 flow. To this, propiolic acid 

(1.2 eq, 12 mmol, 0.841 g, 0.74 ml) was first added, followed by the slow dropwise addition of a 

mixture of DCC (1.2 eq, 12 mmol, 2.476 g) and DMAP (7.5 mol%, 0.75 mmol, 0.092 g) dissolved 

in anhydrous CH2Cl2 (25 ml). After complete addition, the mixture was stirred at RT for 2 hours 

with the progress monitored by TLC, after which the mixture is first filtered through a frit and the 

residue rinsed with diethyl ether (10 ml), and the filtrate is evaporated with added silica and the 

dry residue loaded onto a column made from hexanes for purification, where the product was 

eluted with 5 % EtOAc in hexanes and the solvent evaporated to yield the purified intermediate 3-

cyanophenyl propiolate (E1-3CN-I1). White solid. Yield: 49.0 %. Mp: 111-113 °C. 1H NMR (400 

MHz, chloroform-d) δ 7.60 – 7.45 (m, 3H), 7.41 (d, J = 8.2 Hz, 1H), 3.19 (s, 1H). 13C NMR (101 

MHz, CDCl3) δ 150.15, 149.78, 130.72, 130.37, 126.30, 125.09, 117.56, 113.72, 78.20, 73.59. 

FTIR (cm–1, ZnSe crystal): 2119 (C≡C), 2233 (C≡N). 

This intermediate E1-3CN-I1 was added to an RB covered in aluminum foil, to which 

acetone (35 ml), NIS (1.2 eq) and AgNO3 (10 mol%) are added and the mixture stirred under N2 

flow at RT for 1 hour with the progress monitored by TLC. After completion, the solvent was 

evaporated after addition of some silica in vacuo, and the dry residue loaded onto a column made 

from hexanes for purification where the product was eluted with 5% EtOAc in hexanes, and the 

combined organic fractions washed with saturated sodium thiosulfate and dried with MgSO4 and 

evaporated in vacuo to yield the final purified target 3-cyanophenyl 3-iodopropiolate (E1-3CN). 

Yellow solid. Yield: 84.9 %. Mp: 145-147 °C. 1H NMR (400 MHz, DMSO-d6) δ 7.82 (s, 1H), 

7.78 (d, J = 7.0 Hz, 1H), 7.67-7.60 (m, 2H).  13C NMR (101 MHz, DMSO-d6) δ 149.80, 149.56, 
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131.16, 130.70, 127.22, 125.60, 117.77, 112.48, 84.77, 30.86. FTIR (cm–1, ZnSe crystal): 2168 

(C≡C), 2233 (C≡N). 

 

6.2.4.4. Synthesis of 4-cyanophenyl 3-iodopropiolate (E1-4CN) 

4-Cyanophenol (1 eq, 10 mmol, 1.1912 g) was added to an RB and dissolved in anhydrous 

CH2Cl2 (30 ml) which was then cooled to 0 °C in an ice bath under N2 flow. To this, propiolic acid 

(1.2 eq, 12 mmol, 0.841 g, 0.74 ml) was first added, followed by the slow dropwise addition of a 

mixture of DCC (1.2 eq, 12 mmol, 2.476 g) and DMAP (7.5 mol%, 0.75 mmol, 0.092 g) dissolved 

in anhydrous CH2Cl2 (25 ml). After complete addition, the mixture was stirred at RT for 2 hours 

with the progress monitored by TLC, after which the mixture is first filtered through a frit and the 

residue rinsed with diethyl ether (10 ml), and the filtrate is evaporated with added silica and the 

dry residue loaded onto a column made from hexanes for purification, where the product was 

eluted with 5% EtOAc in hexanes and the solvent evaporated to yield the purified intermediate 4-

cyanophenyl propiolate (E1-4CN-I1). White solid. Yield: 65.9 %. Mp: 149-150 °C. 1H NMR (400 

MHz, chloroform-d) δ 7.72 (d, J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 2H), 3.15 (s, 1H). 13C NMR 

(101 MHz, CDCl3) δ 152.95, 149.93, 134.00, 122.60, 118.05, 110.83, 78.05, 73.75. FTIR (cm–1, 

ZnSe crystal): 2114 (C≡C), 2235 (C≡N). 

This intermediate E1-4CN-I1 was added to an RB covered in aluminum foil, to which 

acetone (35 ml), NIS (1.2 eq) and AgNO3 (10 mol%) are added and the mixture stirred under N2 

flow at RT for 1 hour with the progress monitored by TLC. After completion, the solvent was 

evaporated after addition of some silica in vacuo, and the dry residue loaded onto a column made 

from hexanes for purification where the product was eluted with 5% EtOAc in hexanes, and the 

combined organic fractions washed with saturated sodium thiosulfate and dried with MgSO4 and 
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evaporated in vacuo to yield the final purified target 4-cyanophenyl 3-iodopropiolate (E1-4CN). 

Yellow solid. Yield: 68.3 %. Mp: 138-140 °C. 1H NMR (400 MHz, DMSO-d6) δ 7.94 (d, J = 8.3 

Hz, 2H), 7.47 (d, J = 8.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 153.03, 149.39, 133.93, 122.55, 

118.02, 110.57, 86.03, 19.12. FTIR (cm–1, ZnSe crystal): 2166 (C≡C), 2240 (C≡N). 

 

6.2.4.5. Synthesis of 3-nitrophenyl 3-iodopropiolate (E1-3N) 

3-Nitrophenol (1 eq, 10 mmol, 1.3911 g) was added to an RB and dissolved in anhydrous 

CH2Cl2 (30 ml) which was then cooled to 0 °C in an ice bath under N2 flow. To this, propiolic acid 

(1.2 eq, 12 mmol, 0.841 g, 0.74 ml) was first added, followed by the slow dropwise addition of a 

mixture of DCC (1.2 eq, 12 mmol, 2.476 g) and DMAP (7.5 mol%, 0.75 mmol, 0.092 g) dissolved 

in anhydrous CH2Cl2 (25 ml). After complete addition, the mixture was stirred at RT for 2 hours 

with the progress monitored by TLC, after which the mixture is first filtered through a frit and the 

residue rinsed with diethyl ether (10 ml), and the filtrate is evaporated with added silica and the 

dry residue loaded onto a column made from hexanes for purification, where the product was 

eluted with 5% EtOAc in hexanes and the solvent evaporated to yield the purified intermediate 3-

nitrophenyl propiolate (E1-3N-I1). White solid. Yield: 73.8 %. Mp: 55-57 °C. 1H NMR (400 MHz, 

chloroform-d) δ 8.09 (d, J = 8.2 Hz, 1H), 7.99 (s, 1H), 7.57 (t, J = 8.2 Hz, 1H), 7.49 (d, J = 8.2 Hz, 

1H), 3.25 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 150.07, 149.73, 148.61, 130.40, 127.75, 121.44, 

116.97, 78.48, 73.34. FTIR (cm–1, ZnSe crystal): 2124 (C≡C). 

This intermediate E1-3N-I1 was added to an RB covered in aluminum foil, to which 

acetone (35 ml), NIS (1.2 eq) and AgNO3 (10 mol%) are added and the mixture stirred under N2 

flow at RT for 1 hour with the progress monitored by TLC. After completion, the solvent was 

evaporated after addition of some silica in vacuo, and the dry residue loaded onto a column made 
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from hexanes for purification where the product was eluted with 5% EtOAc in hexanes, and the 

combined organic fractions washed with saturated sodium thiosulfate and dried with MgSO4 and 

evaporated in vacuo to yield the final purified target 3-nitrophenyl 3-iodopropiolate (E1-3N). 

Yellow solid. Yield: 93.4 %. Mp: 89-91 °C. 1H NMR (400 MHz, chloroform-d) δ 8.14 (d, J = 7.9 

Hz, 1H), 8.04 (s, 1H), 7.59 (t, J = 7.9 Hz, 1H), 7.50 (d, J = 7.9 Hz, 1H). 13C NMR (101 MHz, 

CDCl3) δ 150.09, 149.67, 148.86, 130.43, 127.81, 121.57, 117.20, 85.99, 19.04. FTIR (cm–1, ZnSe 

crystal): 2173 (C≡C). 

 

6.2.4.6. Synthesis of 4-nitrophenyl 3-iodopropiolate (E1-4N) 

4-Nitrophenol (1 eq, 10 mmol, 1.3911 g) was added to an RB and dissolved in anhydrous 

CH2Cl2 (30 ml) which was then cooled to 0 °C in an ice bath under N2 flow. To this, propiolic acid 

(1.2 eq, 12 mmol, 0.841 g, 0.74 ml) was first added, followed by the slow dropwise addition of a 

mixture of DCC (1.2 eq, 12 mmol, 2.476 g) and DMAP (7.5 mol%, 0.75 mmol, 0.092 g) dissolved 

in anhydrous CH2Cl2 (25 ml). After complete addition, the mixture was stirred at RT for 2 hours 

with the progress monitored by TLC, after which the mixture is first filtered through a frit and the 

residue rinsed with diethyl ether (10 ml), and the filtrate is evaporated with added silica and the 

dry residue loaded onto a column made from hexanes for purification, where the product was 

eluted with 5% EtOAc in hexanes and the solvent evaporated to yield the purified intermediate 4-

nitrophenyl propiolate (E1-4N-I1). White solid. Yield: 49.9 %. Mp: 130-132 °C. 1H NMR (400 

MHz, chloroform-d) δ 8.29 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 3.19 (s, 1H). 13C NMR 

(101 MHz, CDCl3) δ 154.30, 149.79, 145.95, 125.50, 122.37, 78.26, 73.64. FTIR (cm–1, ZnSe 

crystal): 2121 (C≡C). 
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This intermediate E1-4N-I1 was added to an RB covered in aluminum foil, to which 

acetone (35 ml), NIS (1.2 eq) and AgNO3 (10 mol%) are added and the mixture stirred under N2 

flow at RT for 1 hour with the progress monitored by TLC. After completion, the solvent was 

evaporated after addition of some silica in vacuo, and the dry residue loaded onto a column made 

from hexanes for purification where the product was eluted with 5% EtOAc in hexanes, and the 

combined organic fractions washed with saturated sodium thiosulfate and dried with MgSO4 and 

evaporated in vacuo to yield the final purified target 4-nitrophenyl 3-iodopropiolate (E1-4N). 

Yellow solid. Yield: 51.5 %. Mp: 140-141 °C. 1H NMR (400 MHz, chloroform-d) δ 8.28 (d, J = 

8.6 Hz, 2H), 7.34 (d, J = 8.6 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 154.42, 149.26, 145.85, 

125.48, 122.33, 86.02, 19.11. FTIR (cm–1, ZnSe crystal): 2170 (C≡C). 
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6.2.5. Crystal growth 

The above synthesized targets were crystallized using slow evaporation technique to grow 

good quality single crystals suitable for single-crystal X-ray diffraction, which have been 

summarized in Table 6.1. below. Crystallographic information has been summarized in Appendix 

F.  

Table 6.1. Solvents used for crystal growth and crystal descriptions 

 

Compound Code Solvent 
Color and 

morphology 
Melting point 

Phenyl 3-iodopropiolate E1-US Chloroform 
Colorless, 

irregular 
81-83 °C 

2,4-Difluorophenyl 3-iodopropiolate E1-24DF Methanol 
Colorless, 

irregular 
59-61 °C 

3-Cyanophenyl 3-iodopropiolate E1-3CN Methanol 
Colorless, 

irregular 
145-147 °C 

4-Cyanophenyl 3-iodopropiolate E1-4CN 
EtOAc, 

nitromethane 

Colorless, 

irregular 
138-140 °C 

3-Nitrophenyl 3-iodopropiolate E1-3N Tetrahydrofuran 
Colorless, 

irregular 
89-91 °C 

4-Nitrophenyl 3-iodopropiolate E1-4N 
EtOAc, 

nitromethane 

Colorless, 

irregular 
140-141 °C 
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6.3.  Results 

6.3.1. Molecular electrostatic potentials 

The σ-hole potentials on the iodine atoms computed at B3LYP/6-311++G** level of theory 

at iso=0.002 are summarized in Figure 6.5. 

 

Figure 6.5. σ-Hole potentials in kJ/mol on iodine atoms (in blue). 

 

6.3.2. Interaction energies 

The interaction energies between molecules explored in this study and ammonia are 

summarized in Table 6.2, along with the associated halogen bonding distances and % reduction in 

their van der Waals radii. 
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Table 6.2. σ-Hole potential, interaction energies and the associated XB distances and % vdW 

reduction for complexes epxlored in this study 

 

  

Molecule 
σ-Hole potential Interaction energy Calculated XB distance 

kJ/mol kJ/mol Å % vdW reduction 

E1-US 203.9 -22.9 3.0 14.3 

E1-24DF 212.7 -23.8 3.0 14.6 

E1-3CN 221.1 -24.5 3.0 14.8 

E1-4CN 222.2 -24.6 3.0 14.8 

E1-3N 222.0 -24.6 3.0 14.8 

E1-4N 227.0 -24.8 3.0 14.9 

TITNB1 207.0 -27.2 2.9 16.9 

CNC8I
3 210.5 -23.3 3.0 14.5 

IEDNB4 217.7 -24.0 3.0 14.6 
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6.3.3. Single crystal structures 

The key features in the single crystal structures of all six target molecules are 

summarized in Figure 6.6. 

 

Figure 6.6. Single crystal structures of target molecules showing the geometric parameters of the 

primary halogen bond. 
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The halogen bond lengths and angles observed in the crystal structures are summarized in 

Table 6.3, along with the % reduction in vdW radii and the associated σ-hole potentials for each 

molecule. 

 

Table 6.3. σ-Hole potential, XB distances, % vdW reduction and XB angles obtained from 

crystal structure. 

 

 

 

 

 

  

Molecule 
σ-hole Potential Experimental XB distance XB angle 

kJ/mol Å % vdW reduction ° 

E1-US 203.9 2.86 18.4 173.1 

E1-4F 212.7 2.89 17.4 173.5 

E1-3CN 221.1 3.00 15.1 171.8 

E1-4CN 222.2 2.89 18.1 171.6 

E1-3N 222.0 
3.06 12.6 174.2 

3.36 4.1 142.9 

E1-4N 227.0 2.92 16.6 178.1 

TITNB1 207.0 3.14 10.3 165.5 

CNC8I
3 210.5 2.89 18.2 178.5 

IEDNB4 217.7 3.06 12.6 168.2 
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6.4.  Discussion 

6.4.1. Theoretical calculations 

 

6.4.1.1. Molecular electrostatic potentials 

The first goal of this study was to assess whether this series of triply activated esters can 

match or surpass the very high σ-hole potentials that were previously observed in the 

corresponding ketones in Chapter 4.  MEP calculations reveal that as expected, the doubly 

activated E1-US has the lowest σ-hole potential among all targets at 203.9 kJ/mol, while E1-4N 

has the highest at 227.0 kJ/mol. The cyano (E1-3CN, E1-4CN) and nitro (E1-3N, E1-4N) 

substituted targets have a higher σ-hole potential than all the benchmark molecules (Table 6.2). 

Cyano substituted positional isomers 3CN and 4CN seem to have negligible positional influence 

on the σ-hole potential, whereas this effect is much more enhanced with nitro substituents, where 

para-substituted 4N has a σ-hole potential 5kJ/mol higher than its meta-substituted positional 

isomer 3N. Overall, the σ-hole potential observed on the iodine atoms increase in the order E1-

US>TITNB>CNC8I>E1-24DF>IEDNB>E1-3CN>E1-3N>E1-4CN>E1-4N. As part of our first 

goal, the σ-hole potential of 227.0 kJ/mol for E1-4N is among the highest observed to date, even 

higher than K1-4N (225.2 kJ/mol) from Chapter 4, and once again confirms the robustness of the 

triple activation strategy in designing molecules with exceptionally large positive σ-hole 

potentials. 

6.4.1.2. Counterpoise corrected interaction energies 

The second goal of this study was to carry out interaction energy calculations with a model 

acceptor to assess the effect of the EWG’s on the halogen bond donor ability of the iodine atom. 

A plot of σ-hole potential on iodine atom against its respective interaction energy with ammonia 
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shows an excellent correlation upon exclusion of the outlier TITNB (Figure 6.7).  This trend is 

also reflected in the % reduction in the computed combined vdW radii for these halogen bonds 

(Table 6.2). These results confirm our second goal, where an increasing σ-hole potential directly 

translates into a stronger halogen-bond interaction, with fluorine atoms being the least activating, 

cyano groups being slightly better and nitro groups being the most activating, with para 

substitution having a better electron withdrawing effect than a meta substitution.  

 

Figure 6.7. Plot of CP corrected IE v/s σ-hole potential for molecules explored in this study. 

 

6.4.2. Which XB synthons can be predicted to exist? 

The third goal of this study was to assess which intermolecular interactions are possible 

and plausible based on the molecular structure.  By looking at the molecular skeleton of the target 

molecules, we can see that each compound only brings a single halogen-bond donor, the triply 

activated iodine atom, but there are multiple options for acceptor sites (Figure 6.8). The carbonyl 

oxygen atom of the ester group is common to all targets, but there will be possible competition 
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from the EWG presents on the aromatic ring, -CN, or –NO2, respectively, in four of the targets 

(E1-3CN, E1-4CN, E1-3N, E1-4N).   In, addition to these directional halogen bonds, it would be 

expected that π–π stacking also be present in all six crystal structures, with potential presence of 

halogen short contacts with the π-electron rich region on benzene ring, the carbon-carbon triple 

bond, halogen-halogen short contacts. 

 

Figure 6.8. Schematic showing donors and potential acceptors present on target molecules. 

 

6.4.3. Single crystal structures 

The fourth and final goal of this study was to synthesize, crystallize and analyze the single 

crystal structures for the presence and metrics of these ‘triply activated’ halogen bonds. Towards 

this goal, all targets were successfully synthesized, and their single crystal structures obtained. In 

the crystal structure of doubly activated E1-US, which has only one major halogen-bond donor 

and one acceptor site, the expected  I···O=C XB is observed, 2.856(2) Å with a 173.13(8) ° C-

I···O XB bond angle (Figure 6.6, Table 6.3). The addition of two fluorine atoms to the aromatic 

backbone in E1-24DF, the first triply activated ester target, increases the σ-hole potential but does 
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not provide any competing XB acceptors.  Consequently, the main XB is an I···O=C; 2.891(2)Å 

and 173.51(11)°. To view these halogen bonds in a larger context towards our fourth goal, a 

Cambridge Structural Database (CSD) search for similar I···O=C halogen bonds with a XB angle 

>120° was carried out, yielding a total of 707 crystal structures possessing 867 instances of this 

particular synthon (Figure 6.9).12 

 

 

Figure 6.9. Plot of C-I···O=C halogen bonding distance and angles from the CSD.  

 

The results of this search reveal that there are just 21 interactions which are shorter and 

more linear than the K1-US halogen bond, putting it among the top 2.5 % of reported 

interactions, while that number is 30 interactions for the K1-24DF halogen bond, being among 

the top 3.5 % of reported interactions. 

The addition of cyano (E1-3CN, E1-4CN) and nitro (E1-3N, E1-4N) groups to the 

molecular backbone brings potential competitors to the C=O acceptor, and in the crystal structure 
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of E1-3CN, the main interaction involves a halogen bond to the C≡N moiety, r(I···N)  2.998(3)Å 

and θ(C-I···N) 171.76(10)°. The same XB is found in the structure of E1-4CN; r(I···N) 2.890(7)Å 

and θ(C-I···N) 171.6(3)°. A search of the CSD for the same I···N≡C halogen bonding synthon 

with a XB angle >120° yielded a total of  just 132 crystal hits and a total of 162 instances of this 

particular synthon (Figure 6.10).12 

 

 

Figure 6.10. Plot of C-I···N≡C halogen bonding distance and angles from the CSD.  

 

The results of this search reveal that there are only 5 interactions which are shorter and 

more linear than the E1-4CN halogen bond, putting it among the top 3 % of reported interactions, 

while that number is 37 interactions for the E1-3CN halogen bond, being among the top 23 % of 

reported interactions. 

We conducted a search of the CSD for crystal structures possessing all three moieties 

together of an iodine donor atom, a ester group and a cyano group, which would be a more accurate 
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representation of the current system having competing ester and cyano acceptor sites. This search 

returned 30 crystal structures from the database possessing all three moieties.12 Out of these 30 

structures, 10 of them (33%) formed a I···N≡C XB to the cyano group, while just 1 structure (3%) 

formed a I···O=C XB to the ester group, showing a clear preference for the cyano group as a better 

acceptor. 

 

Figure 6.11. Plot of C-I···N≡C halogen bonding distance and angles from the CSD for crystal 

structures possessing all three moieties of iodine atom, ester group and cyano group.  

 

A plot of the I···N≡C halogen bonds formed by these 10 structures compared to those 

formed by targets E1-3CN and E1-4CN reveal that the triply activated molecules form the best 

and third best halogen bonds in this group respectively (Figure 6.11), proving that these triply 

activated molecules are capable of forming strong and robust halogen bonds. 

In the crystal structure of E1-3N there is a bifurcated I···O/O XB to both oxygen atoms of 

the nitro group, r(I···O(14)) 3.355(3)Å and (C-I···O(14)) 142.87(9)° and r(I···O(15)) 3.059(3)Å 
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and (C-I···O(15)), 174.21(9)° respectively.  This suggests that a “supramolecular chelating effect” 

associated with two weaker interactions to the nitro group is preferred to a single interaction with 

the C=O moiety of the ester group. In contrast, in the crystal structure of E1-4N target, which 

displayed the largest positive σ-hole potential, there is a single I···O XB to the oxygen atom of the 

nitro group, r(I···O) 2.918(4)Å and θ(C-I···O) 178.05(18)°. There are only 35 structures reported 

to date in the CSD possessing this type of bifurcated halogen bond.  Expanding the CSD search to 

include similar I···O=N single halogen bonds revealed that there are a total of just 220 crystal 

structures possessing a cumulative 338 instances of this particular synthon (Figure 6.12).12 

 

 

Figure 6.12. Plot of C-I···O=N halogen bonding distance and angles from the CSD.  

 

The results of this search reveal that there are just six interactions that are shorter and 

more linear than the E1-4N halogen bond, putting it among the top 2 % of reported interactions, 
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while that number is 47 interactions for the K1-3N halogen bond, being among the top 14 % of 

reported interactions. 

We also conducted a similar search of the CSD for crystal structures possessing all three 

moieties together of an iodine donor atom, an ester acceptor group, and a nitro acceptor group, 

which would be a more accurate representation of the current system. This search returned a total 

of 74 crystal structures from the database possessing all three moieties.12 Out of these, 26 crystal 

structures (35 %) possessed a I···O=N XB to the nitro group, whereas only 9 crystal structures (12 

%) possessed a I···O=C XB to the ester group, showing a clear preference for the nitro group as a 

better acceptor. 

 

Figure 6.13. Plot of C-I···O=N halogen bonding distance and angles from the CSD for crystal 

structures possessing all three moieties of iodine atom, ester group and nitro group.  

 

A plot of the I···O=N halogen bonds formed by the 26 crystal structures compared to those 

formed by targets E1-3N and E1-4N shows that the triply activated molecules form the best and 
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second-best halogen bonds among this group respectively (Figure 6.13). A deeper analysis reveals 

that only four out of these 26 structures (15 %) form bifurcated halogen bonds to both the oxygen 

atoms of the nitro group, a feature distinctly observed in E1-3N, portraying the latter’s ability to 

mimic rare synthons possessing robust stronger interactions. 

 

6.5.  Conclusions 

In conclusion, we have expanded the use of a ‘triple activation’ strategy, where combining 

one each of three different EWGs in parallel to activate a halogen atom resulted in targets with 

exceptional σ-hole potentials that are among the highest observed to date in literature, even higher 

than other molecules like CNC8I
2 which combine multiple of the same EWGs (four C≡C in 

succession) but result in a lower activation of the σ-hole as observed from its σ-hole potential. All 

the triply activated targets showed a comparable or higher % reduction in the XB vdW radii with 

equal or more linear XB angles when compared to the three literature benchmark molecules. This 

strategy also resulted in the molecules possessing excellent thermal stability compared to TITNB13 

and CNC8I2 owing to the versatility of picking the nature and position of the three different EWGs. 

Nitro group and para substitution of the EWG was found to be most efficient in activating the σ-

hole of the iodine atom, followed by cyano groups and meta positions, and fluorine atoms were 

found to be the least activating. An excellent correlation between increasing σ-hole potentials and 

increasing IE with ammonia was obtained, confirming that calculated σ-hole potentials can be used 

as a suitable guideline for estimating resulting halogen-bond strengths of yet to be synthesized 

halogen-bond donors.  In the presence of competing acceptor sites to bind to the iodine atom, 

cyano and nitro groups were found to be the better and preferred acceptors over the ester group. A 

comparison of the halogen bonds observed in target molecules to similar interactions observed in 
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literature revealed that the XBs formed in E1-US and E1-24DF were among the top 2.5 % and 3.5 

% respectively. The XBs formed by E1-4CN and E1-3CN were found to be among the top 3% 

and 23 % respectively, while those formed by E1-4N and E1-3N were among the top 2 % and 14 

% respectively. With this second library of triply activated molecules established, it is clear that 

this ‘triple activation’ can be broadly applied to any σ-hole interactions and provides a versatile 

tool to a chemist designing functional materials to dial-in desired properties towards a wide-range 

of applications.  In the next phase of this project, in Chapter 7 we will co-crystallize these targets 

with different co-formers, in order to establish their effectiveness and reliability in crystal 

engineering and supramolecular synthesis. 
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Chapter 7 - Co-crystallizations of triply activated substituted 3-iodo-

1-phenylprop-2-yn-1-ones 

 

7.1.  Introduction 

In Chapter 6, we introduced a new family of triply activated halogen-bond donors (esters) 

with the highest σ-hole potentials found in the work described in this dissertation (Figure 7.1), as 

well as with a capability of forming robust halogen bonds in the solid state.1 Given the 

directionality of these halogen bonds, the next phase was to explore their utility once again towards 

the supramolecular synthesis of multicomponent crystals. 

 

Figure 7.1. σ-Hole potentials of new triply activated esters, (Chapter 6). 

 

This study will be modeled after the co-crystal screening study of triply activated  ketones 

in chapter 5, with further expansions based on previously observed results. One of the main 

takeaways from the previous study was the ability of phenazine to co-crystallize and give crystals 

suitable for single-crystal X-ray diffraction. In addition, an interesting supramolecular feature was 

observed where low σ-hole potential targets formed a XB to only one nitrogen atom of the 
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phenazine molecule, whereas the high σ-hole ketones formed halogen bonds to both nitrogen 

atoms of the phenazine molecules three out of four times (Figure 7.2). 

 

Figure 7.2. Crystallographic outcomes among phenazine co-crystals of triply activated ketones 

(Chapter 5). 

 

In order to further understand this discrepancy in supramolecular assembly, molecular 

electrostatic potential calculations will be carried out to study the impact of the formation of the 

first target:phenazine XB on the negative potential of the second nitrogen atom on the phenazine, 

and how that might influence the binding of the second target molecule to it (Figure 7.3).  

 

Figure 7.3.  What is the effect of a halogen bond to one nitrogen atom on the negative potential 

on the second nitrogen atom? 
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The goals for this study can be summarized as follows: 

Goal 1: To predict what kind of interactions and synthons will take place between the esters 

and the different co-formers (Figure 7.4). 

 

Figure 7.4. What type of interactions will take place between target molecules and co-formers? 

 

Goal 2: To determine what happens to the potential on the second nitrogen atom of the 

phenazine, when the first binds to an iodine atom (Figure 7.5). Then to use these results to 

rationalize the formation of 1:1 vs. 1:2 XB assemblies in the co-crystals of phenazine. 

 

Figure 7.5. Schematic showing possible outcomes of complex formation on the MEP and 

supramolecular assembly. 
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Goal 3: To establish how efficient these triply activated esters are in forming co-crystals. 

This would be achieved by carrying out co-crystal screening experiments using liquid assisted 

grinding with the library of co-formers listed below (Figure 7.6). 

 

 

Figure 7.6. List of co-formers used. 

 

Goal 4: To examine the XB and HB synthons present in the co-crystal structures and 

examine how their metrics of bond lengths and angles compare with literature data.  
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7.2.  Experimental 

7.2.1. General 

All solvents utilized in this study were purchased commercially as technical grade and used 

as is without further purification. IR spectra of co-crystal screening experiments were recorded 

with a Nicolet 380 FT-IR spectrometer using an attenuated total reflection (ATR) technique on a 

ZnSe crystal. Melting points were measured using a TA Instruments DSC Q20 differential 

scanning calorimeter. Single crystal X-ray diffraction data were collected using a Rigaku XtaLAB 

Synergy-S2 (E1-USC6, E1-24DFC6, E1-3CNC6, E1-4CNC6, E1-3NC6, E1-4NC6, E1-

4CNC12, E1-4NC12.) diffractometer. The structures were solved using Olex23 with the 

SHELXT4  structure  solution  program  using Intrinsic   Phasing and  refined  with  the SHELXL5  

refinement  package  using Least  Squares minimization. 

 

7.2.2. Computation calculations 

Molecular electrostatic potential (MEP) surfaces were generated for all targets, phenazine, 

and target:phenazine complexes using Spartan ’14 Version 1.1.4. The molecular skeleton was 

loaded onto the software from a ChemDraw file. In the case of a complex, the target and phenazine 

molecules were placed having a slight atomic overlap through the σ-hole between the iodine atom 

on the target and the nitrogen atom on the phenazine. These structures were then geometry 

optimized using the B3LYP functional and 6-311++G** triple zeta basis set in vacuum. On this 

optimized structure, the maxima and minima on the MEP surface (0.002 e/au isosurface) were 

determined using a positive point charge in the vacuum as a probe. The numbers indicate the 

interaction energy (kJ/mol) between the positive point probe and the surface of the molecule at 
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that point. These calculations were also carried out for the triply activated ketone molecules, as 

well as other previously reported co-crystals with phenazine. 

 

7.2.3. Co-crystal screening 

Liquid assisted grinding was used for the co-crystal screening experiments. Targets and 

co-formers were weighed (10 mg target used) and combined in a 1:2 molar ratio and placed on a 

spotting plate, and were then ground together using a glass rod with one drop of methanol. After 

the mixture had dried, the FTIR spectra were collected for all solids and analysed for characteristic 

peak shifts compared to the FTIR spectra of both the parent target and co-former molecules. A 

peak shift of 3 wavenumbers (cm-1) or more was taken as a positive result for the formation of a 

co-crystal. FTIR data of co-crystal screening experiments have been summarized in Appendix G. 
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7.2.4. Crystal growth 

All crystals were grown using slow evaporation, the details of which have been 

summarized in Table 7.1. below. Crystallographic information has been summarized in Appendix 

G. 

Table 7.1. Solvents used for crystal growth and crystal descriptions 

 

Compound Code Solvent 
Color and 

morphology 

Thermal 

stability 

Phenyl 3-iodopropiolate : Phenazine 

(1:1) 
E1-USC6 Chloroform 

Colorless, 

needle 

Melting 

96-101 °C 

2,4-Difluorophenyl 3-iodopropiolate 

: Phenazine (1:1) 

E1-

24DFC6 
Chloroform 

Colorless, 

needle 

Melting 

131-134 °C 

3-Cyanophenyl 3-iodopropiolate : 

Phenazine (1:1) 

E1-

3CNC6 
Chloroform 

Colorless, 

prism 

Decomposition 

139-146 °C 

4-Cyanophenyl 3-iodopropiolate : 

Phenazine (1:0.5) 

E1-

4CNC6 
Chloroform 

Green, 

irregular 

Decomposition 

146-158 °C 

3-Nitrophenyl 3-iodopropiolate : 

Phenazine (1:1) 
E1-3NC6 

Tetrahydrofuran Colorless, 

needle 

Decomposition 

137-142 °C 

4-Nitrophenyl 3-iodopropiolate : 

Phenazine (1:0.5) 
E1-4NC6 

Chloroform Colorless, 

needle 

Decomposition 

145-156 °C 

4-Cyanophenyl 3-iodopropiolate : 

2,5-dibromopyridine  (1:1) 

E1-

4CNC12 

Chloroform Colorless, 

needle 

Melting 

108-111 °C 

4-Nitrophenyl 3-iodopropiolate : 

2,5-dibromopyridine  (1:1) 
E1-4NC12 

Chloroform Colorless, 

needle 

Melting 

96-98 °C 
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7.3.  Results 

7.3.1. Molecular electrostatic potentials 

Table 7.2. Table showing σ-hole potential on target, decrease in potential on second nitrogen 

atom of phenazine upon complexation, XB synthons observed in solid state. 

 

Target 

σ-Hole potential on 

target iodine 

(kJ/mol) 

Decrease in potential 

on nitrogen upon 

complexation 

(kJ/mol) 

Phenazine:Target 

XB stoichiometry 

in the solid state 

K1-US 199.3 20.9 1:1 Halogen bond 

K1-4F 206.9 23.6 1:1 Halogen bond 

K1-3CN 221.3 29.2 1:2 Halogen bond 

K1-4CN 222.0 30.5 1:1 Halogen bond 

K1-3N 224.1 29.9 1:2 Halogen bond 

K1-4N 225.2 30.2 1:2 Halogen bond 

E1-US 203.9 21.5 1:1 Halogen bond 

E1-24DF 212.7 24.9 1:1 Halogen bond 

E1-3CN 221.1 29.1 1:1 Halogen bond 

E1-4CN 222.2 30.3 1:2 Halogen bond 

E1-3N 224.1 28.3 1:1 Halogen bond 

E1-4N 227.0 31.4 1:2 Halogen bond 

Iodopentafluorobenzene 

(IPFB) 
174.0 18.8 1:1 Halogen bond 

1,2-Diiodo-3,4,5,6-

tetrafluorobenzene 

(12DITFB) 

163.4 17.1 1:2 Halogen bond 

1,3-Diiodo-2,4,5,6-

tetrafluorobenzene 

(13DITFB) 

167.1 14.9 1:1 Halogen bond 

1,4-Diiodo-2,3,5,6-

tetrafluorobenzene 

(14DITFB) 

169.428 17.485 1:1 Halogen bond 
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7.3.2. Co-crystal screening 

Table 7.3. Results of co-crystal screening experiments. (Green box = Co-crystal formed, Red 

box = No co-crystal formed) 

 

Acceptors Co-former \ Target Ester US 24DF 3CN 4CN 3N 4N Total 

Cyano  4-Cyanobenzoic acid             86% 

Acid 

Acid 

 

 

 

Tolmetin            67% 

  4-Nitrobenzoic acid             100% 

2,4-Dinitrobenzoic acid             50% 

Nitro 4-Nitrotoluene             50% 

Nitronaphthalene             33% 

  4-Nitrobenzonitrile             67% 

Cyano 

4-Tolunitrile             17% 

1,4-Dicyanobenzene             67% 

4-Bromobenzonitrile             33% 

4,4’-Biphenylcarbonitrile             86% 

  4-Cyanopyridine             100% 

2-Cyanopyridine             100% 

Nitrogen 

Heterocycle 

Pyrazine             86% 

2,3,5,6-Tetramethylpyrazine             100% 

Phenazine             100% 

2-Bromo-5-methylpyridine             100% 

3,5-Dibromopyridine             67% 

2,5-Dibromopyridine             67% 

2,6-Dibromopyridine             50% 

2,6-Dichloropyridine             86% 

  Theophylline             100% 

Carbonyl 
5-Iodouracil             67% 

Carbamazepine             100% 

6-Hydroxyflavone             67% 

N-Oxide 

Pyrazine-1,4-dioxide             100% 
2,3,5,6-Tetramethylpyrazine-N-oxide             100% 
2,3,5,6-Tetramethylpyrazine-1,4-dioxide             100% 

2,2′-Dipyridyl N,N′-dioxide             67% 

TEMPO             100% 

 Nitro 4-Nitro-3-methylpyidine-N-oxide             67% 

4-Nitropyridine-N-oxide             50% 

Iodine 1,4-Diidotetrafluorobenzene             86% 

Total 

% Success 

28/33 28/33 24/33 18/33 21/33 31/33 150/198 

% Success 85% 85% 73% 55% 64% 94% 76% 
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7.3.3. Single crystal structures 

  

Figure 7.7. Major XB interactions in the crystal structures of a) E1-USC6, b) E1-3CNC6, c) 

E1-3NC6, d) E1-24DFC6, e) E1-4CNC6 and f) E1-4NC6. 
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Figure 7.8. Major HB interactions in the crystal structures of a) E1-24DFC6, b) E1-USC6, c) 

E1-3CNC6, d) E1-4CNC6, e) E1-3NC6 and f) E1-4NC6. 
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Figure 7.9. Major XB and HB interactions respectively in the crystal structures of E1-4CNC12 

(a,c), and E1-4NC12 (b,d). 
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Table 7.4. XB and HB parameters observed in all 8 co-crystals. 

Target D-H/Ch···A D/Ch···A (Å) D-H/Ch···A () 

E1-USC6 
C10-I11···N13 2.866(7) 171.8(3) 

C23-H23···O12 3.293(15) 144.6(7) 

E1-24DFC6 

C10-I11···N15 2.855(3) 173.22(10) 

C24-H24···N22 3.571(5) 167.7(2) 

C19-H19···O12 3.521(5) 148.5(3) 

E1-3CNC6 

C10-I11···N16 2.910(3) 173.45(11) 

C6-H6···N23 3.467(5) 164.3(3) 

C27-H27···N14 3.399(7) 162.0(3) 

E1-4CNC6 

C10-I11···N15 2.907(2) 176.16(8) 

C3-H3···N14 3.539(3) 154.76(16) 

C18-H18···O12 3.485(3) 159.22(16) 

E1-3NC6 

C10-I11···N24 2.918(4) 175.11(15) 

C6-H6···N17 3.470(6) 167.1(3) 

C26-H26···O15 3.362(7) 150.9(3) 

C21-H21···O14 3.158(7) 135.8(3) 

E1-4NC6 

C10-I11···N16 2.927(2) 175.39(7) 

C21-H21···O15 3.231(3) 133.18(14) 

C19-H19···O14 3.306(3) 132.90(15) 

C2-H2···O12 3.302(3) 165.27(15) 

E1-4CNC12 

C10-I11···N15 2.809(6) 176.6(2) 

C19-Br22···C2 3.503(8) 165.1(2) 

C3-H3···N14 3.466(11) 163.8(6) 

C20-H20···N14 3.453(12) 175.5(5) 

E1-4NC12 

C10-I11···N16 2.797(3) 176.39(12) 

C20-Br23···O12 3.314(3) 147.05(11) 

C21-H21···O15 3.855(5) 136.4(3) 

C3-H3···O14 3.365(5) 157.7(3) 

C5-H5···C10 3.731(5) 149.1(3) 
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7.4.  Discussion 

7.4.1. Possible modes of interaction 

We had established in chapter 6 that in the solid state, the iodine atom prefers to bind to 

the carbonyl oxygen atom of the ester group, but if competing acceptors like cyano and nitro group 

were present, the iodine atom preferentially binds to the competing acceptor instead (Figure 7.10).  

 

Figure 7.10. Single crystal structures of triply activated ester targets (Chapter 6). 

 

If we combine these target molecules with co-formers possessing acceptor functional 

groups such as carboxylic acid, cyano, nitro, pyridine, N-oxide, etc., we could expect the following 

heteromeric halogen and hydrogen bonding synthons to exist in the solid state based on the strength 

and complementarity (Figure 7.11). 
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Figure 7.11. Postulated heteromeric halogen and hydrogen bonding between a triply activated 

ester and different functional groups on potential co-formers. 

 

If the above heteromeric interactions are formed experimentally, then that makes available 

the previously occupied acceptor sites on the target skeleton such as the carbonyl, nitro and cyano 

groups, which can then take part in the formation of homomeric hydrogen bonding dimers (Figure 

7.12). 

 

Figure 7.12. Homomeric hydrogen bonding synthons postulated to exist in the solid state. 
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7.4.2. Molecular electrostatic potentials 

The second goal of this study was to determine what the increase or decrease in negative 

potential on the adjacent nitrogen atom of the phenazine is, when the first binds to an iodine atom, 

and to use these results to rationalize the formation of 1:1 vs. 1:2 XB assemblies in the co-crystals 

of phenazine. Towards this goal, when MEP surface calculations were carried out for a 1:1 

complex of ketones, esters, and previously reported targets (which have formed co-crystals with 

phenazine) forming a XB to one nitrogen atom of phenazine molecule, the electrostatic potential 

on the adjacent nitrogen atom was observed to reduce in all cases, albeit to different extents 

depending on the identity of the target molecule (Figure 7.13, Table 7.2).  

 

Figure 7.13. MEP surface comparison of phenazine and K1-4N:phenazine complex showing a 

reduction in negative potential on adjacent nitrogen by 30.2 kJ/mol. 

 

This phenomenon that has been previously observed in similar computational studies,6-7 

where the formation of a halogen bond is seen to result in a net electron density flow from the 

acceptor to the donor molecules, leading to an overall reduction and increase in their electrostatic 

potentials respectively. This means that upon the formation of the first halogen bond, the phenazine 

molecule possess a lower electron density, which makes its second nitrogen atom a much weaker 

and less preferred acceptor. When this reduction in negative potential was plotted against the σ-
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hole potential on iodine atoms interacting with it, a linear fit was observed with an R2=0.92. This 

suggests that as the σ-hole potential of the target molecule increases, upon forming a halogen bond 

with phenazine, it depletes more electron density from the adjacent nitrogen atom, resulting in a 

stronger interaction (Figure 7.14). 

 

 

Figure 7.14. Plot of σ-hole potential on iodine atoms of targets that formed co-crystals with 

phenazine vs. reduction in negative potential on the second nitrogen atom upon complexation. 

 

With the exception of 12DITFB, a lower σ-hole potential on the ester almost exclusively 

results in a single XB with phenazine in the solid state, all the way up to ~220kJ/mol. It is only 

after the σ-hole potentials exceed this threshold value that we begin to see the appearance of 1:2 

XB assembly with phenazine (five of six cases). This observation can be rationalized by noting 

that the most effective or preferential donor for an already weakened acceptor is a bond donor with 
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a very high σ-hole potential, as evidenced by the appearance of five out of the six 1:2 

stoichiometric XB interactions in the extremely high σ-hole potential range. Similar previous 

studies reporting co-crystallization attempts between ditopic acceptors and competing HB (MEP 

~ 315 kJ/mol) and XB (MEP ~ 167 kJ/mol) donors have resulted either in 1:2 stoichiometric HB 

assemblies or mixed HB and XB, but no 1:2 XB assemblies were formed.8 This highlights the 

significance of the triple activation strategy from a crystal engineering perspective, because if we 

seek to design supramolecular architectures possessing 1:2 stoichiometric σ-hole interactions to 

both sides of a multi-acceptor molecule, the above results indicate that the donor atom needs to 

possess a significantly large σ-hole potential, greater than 220kJ/mol (in the case of phenazine), to 

be able to form this 1:2 XB supramolecular synthon. 

 

7.4.3. Co-crystal screening 

The third goal of this study was to establish the efficiency of these triply activated esters 

as co-crystallizing agents. A co-crystal screen (Table 7.3) of all six esters (Figure 7.10) with thirty-

five co-formers (Figure 7.6) resulted in 150 positive hits giving an excellent overall success rate 

of 76%, which is higher than the 64% previously observed for the ketones in chapter 5. 
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Figure 7.15. Plot showing % success of co-crystal screening of targets with groups of co-formers 

possessing different functional groups. 

 

On grouping the co-formers based on the type of acceptor functional groups present, we 

once again note some trends emerging (Figure 7.15). The potential incompatibility between certain 

targets and co-formers decorated with similar functional groups previously observed in chapter 5 

exist in this study as well, albeit to a lesser extent. The lowest success rate for E1-3N target exists 

with co-formers possessing nitro groups, whereas the second lowest success rate for E1-4CN 

target exists with co-formers possessing cyano groups. Also evident are the overall excellent 

success rates for E1-US, E1-24DF and E1-4N target molecules with 85%, 85% and 94% 
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respectively. Once again, a huge discrepancy in success rates is observed between positional 

isomers, for example between E1-3N and E1-4N, with success rates of 64% and 94% respectively, 

highlight the important influence the position of substitution has on its resultant ability to interact 

with a potential co-former. These results reaffirm findings from chapter 5, that the targets and co-

formers should preferably be decorated with different functional groups to avoid potential 

incompatibility, and that different positions of substitution of the functional group should be 

explored to ensure optimal success rates. 

 

7.4.4. Crystal structures 

The final goal of this study was to examine the XB and HB synthons present in the co-

crystal structures and any trends observed therein, and to benchmark them with literature data. 

Towards this goal, all the ground mixtures were dissolved in various solvents and subjected to 

slow evaporation, which resulted in a total of eight co-crystal structures. One co-crystal was 

obtained for each target with phenazine (C6), in addition to K1-4CNC12 (K1-4CN with 2,5-

dibromopyridine) and K1-4NC12 (K1-4N with 2,5-dibromopyridine). 

 

7.4.4.1. Co-crystals with phenazine 

The XB packing features among the co-crystals of phenazine displays the expected 

discrepancy between 1:1 and 1:2 XB assembly with the phenazine molecule, as previously 

observed in chapter 5. In line with previous results, both the lowest σ-hole potential targets of E1-

US and E1-24DF form a 1:1 XB assembly to only one nitrogen of phenazine (Figure 7.16). 
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Figure 7.16. Co-crystallization outcomes of phenazine with low σ-hole potential targets. 

When it comes the high σ-hole potential targets, we get a slightly different distribution than 

in the previous study (Chapter 5). Three out of four ketone targets formed a 1:2 XB assembly, but 

in the case of the esters, meta substituted E1-3CN and E1-3N form a 1:1 XB assembly, while para 

substituted E1-4CN and E1-4N form a 1:2 XB assembly to phenazine (Figure 7.17). This suggests 

that in addition to the size of the σ-hole, position of functionalization might also be an important 

factor in determining the supramolecular outcome of 1:1 vs. 1:2 XB interactions.  

 

Figure 7.17. Schematic showing co-crystallization outcomes of phenazine with high σ-hole 

potential targets. 
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Since all the targets form the expected primary XBs, we can now systematically analyze 

the secondary HBs stabilizing these crystal structures. In section 7.4.1 we hypothesized the 

possibility of forming homomeric HB dimer synthons if the iodine atom bonds to the co-former. 

In Chapter 5, we saw that three out of six phenazine co-crystals of ketones formed the proposed 

homomeric HB dimer synthons. However, with the ester targets, only E1-4CN forms this 

homomeric HB dimer interactions via the cyano group.   

 

Figure 7.18. Experimental outcome of previously postulated homomeric HB dimer synthons 

observed among phenazine co-crystals. 

 

The fact that the 4-cyano substituent forms the homomeric dimer across two different series 

of molecules is a testament to the robustness of this hydrogen bonding synthon, and it may be used 

as a tool in the targeted design of supramolecular architectures. E1-4N is the only other target in 

this series that forms a HB to itself, which is similar in assembly to the C-H···O=C interaction 

predicted in Figure 7.18 (left), but with the two HBs being formed with neighbouring molecules 

above and below, resulting in a ladder-like HB chain. The remaining targets form single HBs to 

either one (E1-US, E1-24DF, E1-4CN), two (E1-3CN, E1-4N) or three (E1-3N) neighbouring 

phenazine molecules.  
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7.4.4.2. Co-crystals with 2,5-dibromopyridine 

The two co-crystals of E1-4CN and E1-4N with 2,5-dibromopyridine have similar 

arrangements of molecules with only slight variations in the bonding. Both targets form two 

halogen bonds with neighbouring co-formers, one as the bond donor through the iodine atom on 

the target, and the other as an acceptor, through the π-benzene ring in case of E1-4CN and through 

the carbonyl oxygen atom in case of E1-4N. There is also a previously postulated homomeric HB 

dimer in both cases (Figure 7.19). 

 

 

Figure 7.19. Experimental outcome of previously postulated homomeric HB dimer synthons 

observed among 2,5-dibromopyridine co-crystals. 

 

The E1-4NC12 co-crystal represents the first nitro-substituted molecule across all studies 

capable of forming the homomeric HB dimer through the nitro group, showing that although rare, 

it is indeed possible to form this HB synthon. On the other hand, E1-4CNC12 co-crystal represents 

the fourth such para-cyano substituted molecule across all studies which has consistently formed 

the homomeric HB dimer through the cyano group all four times. This underscores that this 

synthon is quite robust, with considerable potential in supramolecular assembly. 
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7.4.4.3. Benchmarking XBs against literature data 

In order to evaluate how all of the XBs in the above co-crystal compare to previously 

reported structures, a search of the Cambridge Structural Database (CSD) was carried out for the 

same I···N XB synthon with bond angles >120. This search found 1273 crystal structures with a 

total of 1979 interactions similar to this XB synthon (Figure 7.20).9 

 

 

Figure 7.20. Plot of C-I···N halogen bonding distance and angles from the co-crystal structures 

and CSD. 

 

In order to benchmark the observed interactions against literature data, we wanted to rank 

these interactions based on their XB lengths and angles. Towards this, from the list of 1979 

interactions, we assessed how many of these reported interactions have ‘both’ a shorter XB length 

and a more linear XB angle, which resulted in a particular rank for each assessed interaction (Table 

7.5). 
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Table 7.5. Ranking of the observed XBs based on bond lengths and angles to those previously 

reported in literature. 

 

Target 
Numerical ranking out 

of 1979 interactions 
% Ranking 

E1-USC6 532 26.88% 

E1-24DFC6 480 24.26% 

E1-3CNC6 621 31.38% 

E1-4CNC6 342 17.28% 

E1-3NC6 457 23.09% 

E1-4NC6 455 22.99% 

E1-4CNC12 147 7.43% 

E1-4NC12 141 7.13% 

 

Table 7.5 shows that the XBs formed by all phenazine co-crystals are fairly similar in terms 

of their XB metrics and lie within a pretty narrow range of the top 17-31% of reported interactions. 

This is different from the comparison in chapter 5 where we observed a wide range of distribution. 

The co-crystals with 2,5-dibromopyridine on the other hand are much stronger based on their bond 

lengths and angles, lying among the top 7% of reported similar interactions. This suggests that 

while high σ-hole potentials are important to give rise to certain hard-to-form XB synthons, the 

choice of the acceptor is equally important in determining the final XB metrics that might be 

observed in the solid state. 
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7.5.  Conclusions 

In the first part of this study, different potential homomeric and heteromeric synthons 

between the targets and different functional groups on co-formers were successfully postulated 

based on competing strength and complementarity (Figure 7.21). 

 

 

Figure 7.21. Some of the postulated heteromeric and homomeric assemblies. 

 

The MEP calculation results suggested that σ-hole potentials are directly linked to which 

synthons we might be able to access in the solid state. If we seek to design supramolecular 

architectures possessing 1:2 stoichiometric σ-hole interactions to both sides of a phenazine 

molecule, then the donor atom needs to possess a significantly large σ-hole potential, greater than 

220 kJ/mol, to be able to form the 1:2 XB synthon (Figure 7.22). 
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Figure 7.22. Trend observed from MEP calculations on the complexation of targets and 

phenazine in the solid state. 

 

Upon carrying out the co-crystal screening through LAG, we found an excellent success 

rate of 76% towards the formation of co-crystals, even higher than the 64% found previously for 

the triply activated ketone molecules. As also noted in chapter 5, these results suggest there might 

be an incompatibility between targets and co-formers possessing the same functional groups. Also 

re-confirmed in this study was the important influence of the position of substitution of a functional 

group, where a very large difference in success rates was observed between E1-3N and E1-4N of 

64% and 94% respectively.  

All low σ-hole potential targets form a 1:1 XB assembly, whereas the high σ-hole potential 

targets are split half and half between forming 1:1 and 1:2 XB assemblies in the solid state (Figure 

7.23). Both meta-substituted targets gave a 1:1 XB assembly, while the para-substituted targets 

resulted in 1:2 XB assembly. This suggests that not only can the size of the σ-hole be used to 

produce targeted structural outcomes when designing co-crystals, but the position of substitution 

may be used as an additional lever as well. 
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Figure 7.23. Crystallographic outcomes among phenazine co-crystals. 

 

Both the co-crystals with 2,5-dibromopyridine formed not only the expected XB, but also 

the proposed homomeric HB dimer interactions. Para-cyano substitution among targets across all 

studies was found to consistently result in the homomeric HB dimer interaction through the cyano 

group, and important observation which is of great potential towards crystal engineering 

applications.  
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Chapter 8 - Future work 

 

8.1.  Benzochalcogenadiazole based fluorescent sensors for metal ions 

Fluorescent benzothiadiazole (BTD) derivatives such as 4,7-di(1H-imidazol-1-yl)benzo--

2,1,3-thiadiazole have been explored as highly selective and sensitive fluorescent sensors for ions 

in solution (Figure 8.1).1 

 

 

Figure 8.1. Two benzothiadiazole-based compounds exhibit high selectivity and sensitivity to 

detect Cu2+ and OH– ions. 

 

Similar studies have also been carried out for 3PYS and 4PYS from chapter 3 with these 

targets incorporated as bridging ligands into MOFs.2 Studies have not been carried out for the 

above targets in their pure form, and nothing has been reported on the selenium analogues of 

3PYSe and 4PYSe. A new line of inquiry will be to explore the use of these compounds as 

fluorescence probes for sensing and detecting a range of metal ions in solution.  
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8.2. Ditopic and tritopic triply activated halogen bond donors 

Since triply activated ketones and esters were found to form strong XBs in their solid state, 

they could also be utilized in new ditopic or tritopic building blocks for crystal engineering of 

extended and porous structures (Figure 8.2). These new molecules could also be employed towards 

designing two dimensional multicomponent assemblies in the solid state if combined with the 

appropriate co-formers. 

 

Figure 8.2. Schematic of potential ditopic and tritopic triply activated ester targets. 

 

8.3. Triply activated sulfonyl targets 

In chapters 4 and 6, we presented two separate libraries of triply activated XB donor 

molecules. Theoretically it should be possible to synthesize a similar third series of triply activated 

sulfonyl  targets, by replacing the previous ketone and ester groups with a new sulfonyl group 

(Figure 8.3). 

 

Figure 8.3. Schematic of a potential triply activated sulfonyl target. 
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Preliminary MEP calculations revealed that this sulfonyl series will be superior to the 

corresponding ketone and ester series, with the 4-nitro-sulfonyl analogue possessing a σ-hole 

potential of 239 kJ/mol, which is higher than the 225 kJ/mol and 227 kJ/mol computed for K1-4N 

and E1-4N, respectively.  
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Appendix A - Additional information for Chapter 1 

 

Figure A.1. Copyright permission for Chapter 1. 
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Appendix B - Additional information for Chapter 2 

Table B-1. Crystallographic information of sulfur targets. 

 

Target code S6I S6II S7 S8 

CCDC Number 2089933 2089930 2089916 2089936 

Systematic 

name 

4,7-

bis(chloroethynyl)benzo

-1,2,5-thiadiazole 

4,7-

bis(chloroethynyl)benzo

-1,2,5-thiadiazole 

4,7-

bis(bromoethynyl)benz

o-1,2,5-thiadiazole 

4,7-

bis(iodoethynyl)benzo-

1,2,5-thiadiazole 

Formula moiety C10H2Cl2N2S C10H2Cl2N2S C10H2Br2N2S C10H2I2N2S 

Empirical 

formula 
C10H2Cl2N2S C10H2Cl2N2S C10H2Br2N2S C10H2I2N2S 

Molecular 

weight 
253.10 253.10 339.38 436.00 

Solvent used for 

crystallization 
THF THF THF THF 

Color, Habit Light yellow, Needle Orange, Needle Brown, Needle Orange, Block 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group, Z P21/c, 4 P21/c, 4 P21, 6 P21/c, 4 

a, Å 13.0257(4) 7.1029(3) 3.87780(10) 7.81350(10) 

b, Å 3.81240(10) 19.5481(9) 20.4039(4) 7.86850(10) 

c, Å 20.9189(7) 7.4374(3) 19.8682(4) 18.4211(2) 

α, º 90 90 90 90 

β, º 104.090(3) 101.812(4) 91.071(2) 98.9460(10) 

γ, º 90 90 90 90 

Volume, Å3 1007.56(5) 1010.80(8) 1571.74(6) 1118.76(2) 

Density, g/cm3 1.668 1.663 2.151 2.589 

T, ºK 150.00(10) 296.(2) 150.00(10) 200.(2) 

Crystal size, min 

x mid x max 
0.154 X 0.295 X 0.518 0.010 X 0.015 X 0.150 0.015 X 0.02 X 0.09 0.035 X 0.035 X 0.040 

X-ray 

wavelength, Å 
1.54184 1.54178 1.54184 1.54178 

µ, mm-1 7.422 7.399 11.302 45.628 

Trans min / max 0.75634/1.00000 0.40 / 0.93 0.61659/1.00000 0.26 / 0.30 

θmin, º 3.498 4.52 3.105 5.73 

θmax, º 77.048 70.36 67.073 70.43 

Reflections     

collected 6925 9430 43332 9309 

independent 2095 1868 5393 2099 

observed 1906 1463 5110 1982 

Rint 0.0242 0.0614 0.0485 0.0372 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 136 136 691 136 

No. restraints 0 0 817 0 

R1 (observed) 0.0455 0.0587 0.0591 0.0249 

wR2 (all) 0.1355 0.1568 0.1685 0.0625 

Goodness of fit 

(all) 
1.099 1.039 1.032 1.064 

ρmax, ρmin, e Å−3 0.508, -0.547 0.769, -0.326 1.320, -1.145 1.000, -1.397 

Completeness to 

2θ limit 
0.985 0.967 0.987 0.976 
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Table B-2. Crystallographic information of selenium targets. 

 

Target code Se3 Se4 Se6 Se7 

CCDC Number 2089920 2089921 2089922 2089924 

Systematic 

name 

4,7-dibromobenzo-

1,2,5-selenadiazole 

4,7-diiodobenzo-1,2,5-

selenadiazole 

4,7-

bis(chloroethynyl)benzo

-1,2,5-selenadiazole 

4,7-

bis(bromoethynyl)benzo

-1,2,5-selenadiazole 

Formula moiety C6H2Br2N2Se C6H2I2N2Se C10H2Cl2N2Se C10H2Br2N2Se 

Empirical 

formula 
C6H2Br2N2Se C6H2I2N2Se C10H2Cl2N2Se C10H2Br2N2Se 

Molecular 

weight 
340.88 434.86 300.00 388.92 

Solvent used 

for 

crystallization 

Dioxane Dioxane Dioxane Chloroform 

Color, Habit Yellow, Parallelopiped Yellow, Needle Orange, Plate Yellow, Needle 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group, Z P21/n, 4 P21/c, 4 P21/c, 4 P21/c, 4 

a, Å 3.9406(2) 4.2684(3) 7.0654(18) 7.2044(5) 

b, Å 18.3200(8) 18.1702(11) 19.592(5) 19.8658(13) 

c, Å 11.1353(5) 11.1483(7) 7.4952(19) 7.6339(5) 

α, º 90 90 90 90 

β, º 94.838(2) 91.013(3) 104.045(8) 105.281(4) 

γ, º 90 90 90 90 

Volume, Å3 801.01(6) 864.50(10) 1006.5(4) 1053.94(12) 

Density, g/cm3 2.827 3.341 1.980 2.451 

T, ºK 296.(2) 296.(2) 200.(2) 199.99 

Crystal size, 

min x mid x 

max 

0.020 X 0.065 X 0.125 0.082 X 0.202 X 0.406 0.030 X 0.216 X 0.225 0.015 X 0.1 X 0.145 

X-ray 

wavelength, Å 
1.54178 0.71073 1.54178 1.54178 

µ, mm-1 17.471 11.419 9.628 13.415 

Trans min / 

max 
0.22 / 0.72 0.09 / 0.45 0.22 / 0.76 0.4969 / 0.7531 

θmin, º 4.66 2.14 4.51 4.451 

θmax, º 70.11 25.89 68.12 68.385 

Reflections     

collected 7424 20544 4967 8662 

independent 1500 1683 1737 1884 

observed 1479 1504 1650 1498 

Rint 0.0453 0.0562 0.0514 0.0853 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 100 100 136 136 

No. restraints 0 0 0 0 

R1 (observed) 0.0443 0.0253 0.0540 0.0574 

wR2 (all) 0.1228 0.0659 0.1483 0.1592 

Goodness of fit 

(all) 
1.187 1.088 1.084 1.091 

ρmax, ρmin, e Å−3 1.165, -1.066 0.564, -1.213 0.973, -1.386 1.381, -0.994 

Completeness 

to 2θ limit 
0.985 0.999 0.949 0.970 
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Figure B.1. Copyright permission for Chapter 2. 

  



   226 

Appendix C - Additional information for Chapter 3 

Table C-1. FTIR data of co-crystal screen for targets 3PYS and 4PYS. 

 

 
3PYS 4PYS 

Target Co-crystal Co-former Y/N Target Co-crystal Co-former Y/N 

C1 1472.35 1471.7, 1460.31 1459.45 No - 799.89 794.01 Yes 

C2 - 942 938.77 Yes - 1453.66 1457.02 Yes 

C3 - 955.61 952.31 Yes - 790.07 784.94 Yes 

C4 - 1468.87 1463.97 Yes 1408.42 1413 - Yes 

C5 - 1469.52 1467.95 No - 801.29 797.54 Yes 

C6 1472.35 1467.25 - Yes 814 816.66 - No 

C7 - 1707.38 1678.47 Yes 1592.95 1689.4, 1606.4 1678.47 Yes 

C8 702.44 1705.3, 699.4 1654.66 Yes 1592.95 1699.5, 1605.3 1654.66 Yes 

C9 - 1697.89 1683.64 Yes 1592.95 1705.2, 1602.8 1683.64 Yes 

C10 1193.48 1690.4, 1183.1 1685.8 Yes 1592.95 1712.4, 1600.0 1685.8 Yes 

C11 - 1686.93 1683.73 Yes - 1706.23 1683.73 Yes 

C12 - 1679.16 1674.38 Yes - 1678.66 1674.38 Yes 

C13 - 1715.09 1681.29 Yes 1592.95 1711.4, 1606.8 1681.29 Yes 

C14 - 1655.43 1662.38 Yes 1408.42 1411.3, 1274.1 1277.14 Yes 

C15 - 1679.36 1680.19 No 1592.95 1599.3, 1417.3 1414.02 Yes 

(Hyphen represents no peak shift had taken place) 
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Table C-2. Crystallographic information of 3PYSC2 and 3PYSC12. 

 

Target code 3PYSC2 3PYSC12 

Systematic name 
4,7-Di(pyridin-3-yl)benzo-1,2,5-thiadiazole : 1,4-

diiodotetrafluorobenzene 

4,7-Di(pyridin-3-yl)benzo-1,2,5-

thiadiazole : 3-iodobenzoic acid 

Formula moiety C16H10N4S, C3F2I C16H10N4S, C7H5IO2 

Empirical formula C19H10F2IN4S C23H15IN4O2S 

Molecular weight 491.27 538.35 

Solvent used for 

crystallization 
Chloroform, Dioxane Chloroform, Dioxane 

Color, Habit Light orange, needle Orange, needle 

Crystal system Monoclinic Monoclinic 

Space group, Z P21/n, 4 C 2/c 

a, Å 3.83340(4) 26.740(2) 

b, Å 34.9724(3) 3.9083(3) 

c, Å 12.88250(11) 39.504(3) 

α, º 90 90 

β, º 91.4428(8) 102.891(8) 

γ, º 90 90 

Volume, Å3 1726.52(3) 4024.4(5) 

Density, g/cm3 1.890 1.777 

T, ºK 170.00(10) 139.7(6) 

Crystal size, min x mid 

x max 
0.03 X 0.04 X 0.3 0.008 X 0.013 X 0.136 

X-ray wavelength, Å 1.54184 1.54184 

µ, mm-1 16.003 13.726 

Trans min / max 0.033/ 0.624 0.63882/ 1.00000 

θmin, º 2.527 2.295 

θmax, º 77.239 67.682 

Reflections   

collected 18698 11428 

independent 3622 3574 

observed 3546 2350 

Rint 0.0281 0.0955 

Threshold expression > 2σ(I) > 2σ(I) 

No. parameters 244 281 

No. restraints 0 18 

R1 (observed) 0.0307 0.0670 

wR2 (all) 0.0881 0.1787 

Goodness of fit (all) 1.108 1.089 

ρmax, ρmin, e Å−3 0.980, -0.546 2.011, -1.667 

Completeness to 2θ 

limit 
0.993 0.977 
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Appendix D - Additional information for Chapter 4 

Table D-1. Crystallographic information of triply activated ketone targets. 

 

Target code K1-US K1-4F K1-3CN K1-4CN K1-3N K1-4N 

CCDC Number 2110111 2110113 2110114 2110094 2110098 2110093 

Systematic 

name 

3-iodo-1-

phenylprop-2-

yn-1-one 

1-(4-

fluorophenyl)-

3-iodoprop-2-

yn-1-one 

1-(3-

cyanophenyl)-

3-iodoprop-2-

yn-1-one 

1-(4-

cyanophenyl)-

3-iodoprop-2-

yn-1-one 

1-(3-

nitrophenyl)-3-

iodoprop-2-yn-

1-one 

1-(4-

nitrophenyl)-3-

iodoprop-2-yn-

1-one 

Formula moiety C9H5IO C9H4FIO C10H4INO C10H4INO C9H4INO3 C9H4INO3 

Empirical 

formula 
C9H5IO C9H4FIO C10H4INO C10H4INO C9H4INO3 C9H4INO3 

Molecular 

weight 
256.04 274.03 281.04 281.04 301.04 301.04 

Solvent used for 

crystallization 
Dioxane Dioxane Dioxane Dioxane THF Dioxane 

Color, Habit 
Colorless, 

Chunk 

Colorless, 

Block 

Colorless, 

Thin plate 

Colorless, 

Plate 

Clear pale 

colorless, 

Block 

Clear light 

colorless, Plate 

Crystal system Monoclinic Tetragonal Tetragonal Monoclinic Triclinic Monoclinic 

Space group, Z P21/c, 4 I-4, 8 P -1, 2 P21/c, 4 P -1, 4 P21/c, 4 

a, Å 10.0763(2) 19.4398(5) 5.6138(3) 4.06532(16) 6.8676(9) 4.0639(1) 

b, Å 11.2448(2) 19.4398(5) 7.8625(4) 24.0246(11) 11.0423(10) 23.333(1) 

c, Å 7.2619(2) 5.05770(10) 11.1133(5) 9.7176(4) 13.0715(11) 10.0221(4) 

α, º 90 90 104.330(2) 90 82.581(7) 90 

β, º 91.0130(10) 90 96.117(2) 96.002(4) 74.932(9) 93.341(3) 

γ, º 90 90 94.399(3) 90 77.837(9) 90 

Volume, Å3 822.69(3) 1911.33(11) 469.84(4) 943.89(7) 932.79(18) 948.71(6) 

Density, g/cm3 2.067 1.905 1.987 1.978 2.144 2.108 

T, ºK 200.(2) 200.(2) 200.(2) 100.02(19) 100.15 170.01(10) 

Crystal size, 

min x mid x 

max 

0.065 × 0.055 

× 0.04 

0.11 × 0.1 × 

0.1 

0.030 x 0.080 

x 0.135 

0.036 X 0.127 

X 0.153 

0.09 X 0.11 X 

0.12 

0.069 X 0.129 

X 0.151 

X-ray 

wavelength, Å 
1.54178 1.54184 1.54184 1.54184 0.71073 0.71073 

µ, mm-1 30.056 26.082 26.425 26.308 3.410 3.353 

Trans min / max 0.25 / 0.38 0.16 / 0.18 0.13 / 0.50 0.43858 / 1.00 0.647 / 1.00 0.41985 / 1.00 

θmin, º 4.39 4.55 4.14 3.680 2.586 2.21 

θmax, º 69.83 70.32 70.02 72.120 26.369 33.58 

Reflections       

collected 5730 4548 6165 2731 10762 11750 

independent 1501 1611 1643 2731 3815 3206 

observed 1416 1557 1566 2644 3414 2656 

Rint 0.0270 0.0538 0.0491 0.095 0.0415 0.0262 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 100 111 118 119 489 128 

No. restraints 0 0 0 0 478 0 

R1 (observed) 0.0265 0.0390 0.0392 0.0429 0.0539 0.0345 

wR2 (all) 0.0687 0.1006 0.1053 0.1271 0.1193 0.0835 

Goodness of fit 

(all) 
1.061 1.028 1.041 1.105 1.106 1.0409 

ρmax, ρmin, e Å−3 1.04/-1.19 1.19/-1.26 1.144, -0.992 1.532, -0.717 1.485, -1.378 
1.8023, -

1.3657 

Completeness to 

2θ limit 
0.963 0.967 0.922 0.997 0.995 0.8529 
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Appendix E - Additional information for Chapter 5 

Table E-1. FTIR data of co-crystal screen for targets K1-US, K1-4F and K1-3CN. 

 

 K1-US K1-4F K1-3CN 

 C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N 

 2144.28 1610.89 - - 2144.21 1625.18 - - 2146.85 1639.83 - - 

C1 2146.92 1612.33 - No 2142.35 1640.97 1412.71 Yes 2145.23 1640.63 1425.11 Yes 

C2 2145.91 1611.6 867.72 No 2146.95 1625.93 871.65 Yes 2147.14 1641.89 1443.63 Yes 

C3 2145.97 1612.19 - No 2140.67 1621.46 1408.02 Yes 2140.25 1643.92 1404.88 Yes 

C4 2142.6 1637.57 1131.96 Yes 2141.1 1641.38 1312.4 Yes 2141.06 1631.05 1321.59 Yes 

C5 2142.96 1636.52 1106.94 Yes 2135.32 1634.85 1296.48 Yes 2147.56 1641.28 1301.87 No 

C6 2145.87 1612.43 1511.77 No 2143.96 1648.54 1505.9 Yes 2141.29 1644.2 1513.79 Yes 

C7 2148.12 1612.6 1426.85 Yes 2148.51 1626.44 1427.04 Yes 2146.31 1642.23 1425.22 No 

C8 2144.01 1615.89 1502.37 Yes 2146.25 1626.35 1299.04 Yes 2146.38 1641.34 1501.11 No 

C9 2146.02 1612.51 1504.98 Yes 2145.2 1626.99 1506.24 Yes 2142.8 1641.37 1505.51 Yes 

C10 2140.76 1631.27 1083.45 Yes 2139.77 1638.42 1086.85 Yes 2137.01 1637.83 1456.18 Yes 

C11 2146.65 1612.39 875.66 Yes 2145.44 1626.11 874.59 No 2145.91 1637.07 1542.51 No 

C12 2146.12 1612.31 1434.8 No 2142.62 1626.88 1435.1 No 2143.11 1641.63 1545.51 Yes 

C13 2147.46 1611.83 1542.01 Yes 2143.03 1626.87 1542.29 No 2146.68 1639.95 1542.9 No 

C14 2144.83 1610.69 1555.94 Yes 2147.73 1624.93 1556.1 Yes 2144.28 1640.48 1554.78 Yes 

C15 2146.08 1610.9 1497.9 Yes 2138.44 1638.16 818.08 Yes 2137.26 1637.8 1543.09 Yes 

C16 2145.95 1611.08 1340.13 No 2149.18 1622.86 1339.51 Yes 2144.07 1642.28 1340.78 Yes 

C17 2144.44 1610.92 - No 2149.31 1626.05 1607.86 Yes 2141.12 1641.33 1508.49 Yes 

C18 2147.57 1611.24 1522.04 Yes 2148.05 1626.3 1523.24 Yes 2149.52 1641.48 1522.1 No 

C19 2145.71 1609.78 1461.38 No 2143.71 1642.09 1463.62 Yes 2142.49 1636.92 1580.09 Yes 

C20 2145.54 1609.44 1688.9 No 2148.49 1626.35 1695.89 Yes 2141.89 1639.96 1689 Yes 

C21 2146.38 1606.08 1684.23 Yes 2148.08 1625.85 1686.16 Yes 2141.09 1641.56 1687.63 Yes 

C22 2146.51 1613.36 1714.17 No 2148.67 1625.17 1713.81 Yes 2143.29 1642.7 1715.55 Yes 

C23 2145.26 1616.87 1460.92 Yes 2146.91 1626.56 1461.14 Yes 2147.49 1641.62 1457.6 No 

C24 2146.25 1613.41 1503.23 No 2145.24 1626.61 1502.4 No 2147.01 1642.34 1502.88 No 

C25 2145.51 1612.96 1513.36 No 2145.92 1626.41 1514.04 No 2145.49 1641.86 1513.73 No 

C26 2145.58 1612.08 1398.4 No 2146.44 1626.43 1478.03 No 2147.25 1641.83 1582.01 No 

C27 2148.39 1616.21 1603.27 Yes 2149.77 1626.17 1603.22 Yes 2141.69 1641.07 1603.01 Yes 

C28 2142.08 1610.19 1466.59 No 2148.23 1624.37 1466.59 Yes 2145.45 1640.69 1471.98 Yes 

C29 2143.2 - 1639.65 No 2148.35 - 1637.87 Yes 2146.4 1638.21 1700.04 Yes 

C30 2146.17 1611.94 1370.13 No 2148.01 1613.3 1368.27 Yes 2138.87 - 1613.62 Yes 

C31 2146.61 1610.9 1709.07 Yes 2147.78 1628.81 1709.05 Yes 2147.96 1642.23 1706.98 Yes 

C32 2146.84 1603.75 1673.65 Yes 2150 1626.44 1673.7 Yes 2146.5 1641.15 1673.9 Yes 

C33 2148.52 1611.4 1565.97 Yes 2147.51 1622.54 1565.19 Yes 2149.41 1638.3 1564.88 No 

C34 2145.35 1610.12 1405.61 No 2144.19 - 1405.22 No 2148.73 1642.84 1614.98 Yes 

C35 2141.42 1611.89 1368.11 Yes 2146.65 - 1366.03 No 2146.03 1639.78 1367.07 No 

(Hyphens represent peaks which were not observable) 
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Table E-2. FTIR data of co-crystal screen for targets K1-4CN, K1-3N and K1-4N. 

 

 K1-4CN K1-3N K1-4N 

 C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N 

 2147.75 1640.16 - - 2141.13 1632.52 - - 2147.23 1639.14 - - 

C1 2140.68 1642.49 1401.8 Yes 2141.58 1639.51 - Yes 2144.81 1640.61 - No 

C2 2149.26 1642.4 1445.08 Yes 2141.89 1633.84 1438.4 No 2141.33 1641.86 1444.23 Yes 

C3 2137.83 1650.6 1404.88 Yes 2140.32 1629.12 1403.09 Yes 2146.74 1640.36 - No 

C4 2141.99 1646.77 1312.51 Yes 2134.68 1632.56 1324.2 Yes 2146.54 1641.21 1318.38 No 

C5 2149.47 1642.78 1304.21 Yes 2144.23 1647.19 1298.27 Yes 2146.16 1640.34 1303.62 No 

C6 2142.38 1646.97 1513.48 Yes 2147.68 1649.21 1512.21 Yes 2145.97 1641.36 1508.12 No 

C7 2148.2 1643.08 1425.17 No 2142.11 1641.55 1425.82 Yes 2147.23 1640.94 1424.72 No 

C8 2149.02 1642.32 1506.22 No 2134.74 1648.66 1510.2 Yes 2147.85 1641.49 1504.93 No 

C9 2149.45 1642.91 1509.9 No 2143.67 1642.97 1512.25 Yes 2148.34 1641.01 1509.23 No 

C10 2149.12 1642.65 1079.72 Yes 2135.95 1650.95 1453.7 Yes 2146.35 1641.19 1555.65 Yes 

C11 2148.67 1642.53 1541.21 No 2142.81 1638.66 1409.27 Yes 2147.78 1640.51 1539.43 No 

C12 2148.71 1642.76 1436.49 No 2141.19 1637.92 1546.88 Yes 2147.19 1642.7 1546.49 Yes 

C13 2148.97 1643.02 1542.61 No 2140.71 1639.7 1542.58 Yes 2143.35 1638.51 1541.33 Yes 

C14 2149.51 1642.97 1554.88 Yes 2142.12 1637.95 1556.31 Yes 2148.3 1640.52 1420.83 Yes 

C15 2136.92 1645.61 1548.58 Yes 2133.27 1641.76 1409.15 Yes 2146.7 1641.04 828.55 Yes 

C16 2148.75 1642.75 1340.8 Yes 2153.63 1647.67 1339.03 Yes 2146.61 1640.18 1340.56 No 

C17 2146.8 1641.6 1507.8 No 2139.26 1619.88 1609.34 Yes 2146.44 1640.4 - No 

C18 2148.59 1642.2 1523.05 No 2141.31 1632.85 1520.81 No 2147 1641.21 1521.35 No 

C19 2146.55 1642.08 1579.18 No 2136.32 1633.54 1579.86 Yes 2146.96 1639.48 - No 

C20 2147.62 1642.64 1686.28 No 2146.83 1641.72 1697.73 Yes 2148.32 1640.2 1695.47 Yes 

C21 2149.8 1642.89 1688.51 Yes 2142.29 1641.5 1685.12 Yes 2148 1640.65 1686.58 No 

C22 2149.88 1642.54 1713.32 Yes 2143.21 1643.01 1713.75 Yes 2146.01 1641.62 1714.15 Yes 

C23 2148.1 1642.39 1463.94 Yes 2142.89 1642.73 1461.92 Yes 2149.35 1641.12 1453.93 No 

C24 2148.4 1642.24 1503.33 No 2142.03 1639.26 1503.02 Yes 2147.68 1641.04 1505.48 No 

C25 2148.93 1642.44 1513.71 No 2143.1 1640.97 1514.54 Yes 2148.11 1641.08 1336.85 Yes 

C26 2148.98 1642.69 1582.18 No 2140.29 1641.27 1582.55 Yes 2147.37 1640.98 1582.45 No 

C27 2148.26 1642.37 1602.63 No 2141.74 1637.69 1603.06 Yes 2148.9 1643 1396.75 Yes 

C28 2146.41 1643.38 1463.65 Yes 2130.76 1648.26 1462.07 Yes 2148 1641.06 975.55 No 

C29 2149.47 1644.22 1604.27 Yes 2143.82 1639.43 1698.35 Yes 2149.57 1640.62 1130.39 Yes 

C30 2147.09 1634.35 1614.26 Yes 2136.86 1633.72 1615.88 Yes 2134.78 - 1372.58 Yes 

C31 2148.32 1641.93 1709.8 Yes 2138.92 - 1710.45 Yes 2148.24 1642.54 1442.56 Yes 

C32 2149.71 1642.97 1674.19 Yes 2140.23 1635.95 1672.84 Yes 2148.42 1641.09 1669.93 No 

C33 2149.95 1641.99 1565.23 No 2140.98 1639.97 1562.98 Yes 2149.6 1637.9 1558.77 Yes 

C34 - - - No 2135.57 1640.95 1607.59 Yes 2147.70 1641.47 1222.48 Yes 

C35 2149.24 1642.29 1370.43 Yes 2140.50 1639.32 1367.09 Yes 2146.52 1640.65 1367.16 No 

(Hyphen represents peaks that were not observable, K1-4CNC34 led to decomposition) 
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Table E-3. Crystallographic information for ketone:phenazine co-crystals 

 

Target code K1-USC6 K1-4FC6 K1-3CNC6 K1-4CNC6 K1-3NC6 K1-4NC6 

Systematic 

name 

3-Iodo-1-

phenylprop-2-

yn-1-one : 

Phenazine 

1-(4-

Fluorophenyl)-

3-iodoprop-2-

yn-1-one : 

Phenazine 

3-(3-

Iodopropioloyl

)benzonitrile : 

Phenazine 

4-(3-

Iodopropioloyl

)benzonitrile : 

Phenazine 

3-Iodo-1-(3-

nitrophenyl)pr

op-2-yn-1-one 

: Phenazine 

3-Iodo-1-(4-

nitrophenyl)pr

op-2-yn-1-one 

: Phenazine 

Formula 

moiety 

C9H5IO, 

C12H8N2 

C9H4FIO, 

C12H8N2 

C10H4INO, 

4(C6H4N) 

C10H4INO, 

1.5(C12H8N2) 

C9H4INO3, 

2(C6H4N), 

0.4[CHCl3] 

C9H4INO3, 

C6H4N 

Empirical 

formula 
C21H13IN2O C21H12FIN2O C34H20IN5O C28H16IN4O C21H12IN3O3 C15H8IN2O3 

Molecular 

weight 
436.23 454.23 641.45 551.35 481.24 391.13 

Solvent used 

for 

crystallization 

Chloroform Methanol 
Chloroform, 

methanol 
Methanol Chloroform Chloroform 

Color, Habit 
Colorless, 

needle 

Colorless, 

prism 

Colorless, 

needle 
Orange, needle 

Colorless, 

needle 
Green, needle 

Crystal system Orthorhombic Monoclinic Monoclinic Triclinic Triclinic Monoclinic 

Space group, Z Pna21, 4 P21/c, 4 P21/n, 4 P-1, 2 P-1, 2 P21/c, 4 

a, Å 29.6024(5) 4.11770(10) 3.91828(4) 4.02912(8) 4.05617(7) 4.10996(6) 

b, Å 14.6539(2) 13.3586(4) 44.7880(4) 14.4744(3) 14.61406(18) 33.8446(6) 

c, Å 3.98120(10) 32.7157(8) 15.35999(12) 19.9755(6) 17.41416(17) 9.99023(18) 

α, º 90 90 90 83.381(2) 92.4308(9) 90 

β, º 90 92.753(2) 94.4474(8) 87.400(2) 92.9605(10) 93.2854(14) 

γ, º 90 90 90 86.8191(18) 90.9526(11) 90 

Volume, Å3 1727.01(6) 1797.51(8) 2687.44(4) 1154.51(5) 1029.77(2) 1387.36(4) 

Density, g/cm3 1.678 1.678 1.585 1.586 1.552 1.873 

T, ºK 220.00(10) 297.62(13) 200.00(10) 296 200.00(10) 210 

Crystal size, 

min x mid x 

max 

0.012 X 0.015 

X 0.239 

0.021 X 0.049 

X 0.106 

0.03 X 0.03 X 

0.25 

0.02 X 0.03 X 

0.14 

0.019 X 0.024 

X 0.186 

0.02 X 0.03 X 

0.12 

X-ray 

wavelength, Å 
1.54184 1.54184 1.54184 1.54184 1.54184 1.54184 

µ, mm-1 14.649 14.185 9.666 11.126 12.435 18.254 

Trans min / 

max 
0.202 / 1.000 0.389 / 0.870 0.48101 / 1.00 0.86263 / 1.00 0.197 / 1.000 0.46252 / 1.00 

θmin, º 2.986 2.704 3.050 2.228 2.543 2.611 

θmax, º 77.527 77.861 77.528 77.999 77.756 77.751 

Reflections       

collected 22746 27086 30437 12198 31112 14913 

independent 3577 3766 5670 12198 4313 2928 

observed 3475 3536 5559 11101 4110 2686 

Rint 0.0348 0.0404 0.0340 0.057 0.0352 0.0328 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 227 235 371 308 253 190 

No. restraints 1 0 0 0 0 0 

R1 (observed) 0.0267 0.0282 0.0255 0.0529 0.0255 0.0218 

wR2 (all) 0.0721 0.0774 0.0656 0.1490 0.0672 0.0490 

Goodness of fit 

(all) 
1.137 1.130 1.097 1.061 1.041 1.057 

ρmax, ρmin, e 

Å−3 
0.645, -0.486 0.435, -0.765 0.460, -0.501 0.657, -0.961 0.969, -0.564 0.349, -0.478 

Completeness 

to 2θ limit 
0.998 0.984 0.998 0.977 0.983 0.990 
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Table E-4. Crystallographic information for co-crystals K1-4FC5, K1-4FC12 and K1-3CNC10. 

 

Target code K1-4FC5 K1-4FC12 K1-3CNC10 

Systematic name 

1-(4-Fluorophenyl)-3-iodoprop-2-

yn-1-one : 2,3,5,6-

Tetramethylpyrazine-1,4-dioxide 

1-(4-Fluorophenyl)-3-

iodoprop-2-yn-1-one : 2,5-

dibromopyridine 

3-(3-Iodopropioloyl)benzonitrile : 

2-bromo-5-methylpyridine 

Formula moiety C9H4FIO, 0.5(C8H12N2O2) 2(C9H4FIO), C5H3Br2N C10H4INO, C6H6BrN 

Empirical 

formula 
C13H10FINO2 C23H11Br2F2I2NO2 C16H10BrIN2O 

Molecular weight 358.12 784.95 453.07 

Solvent used for 

crystallization 
Chloroform Methanol Chloroform 

Color, Habit Colorless, chunk Orange, needle Colorless, plate 

Crystal system Monoclinic Triclinic Monoclinic 

Space group, Z P21/c, 4 P-1, 2 P21/c, 4 

a, Å 14.8405(4) 4.19760(10) 7.9819(2) 

b, Å 11.0207(3) 14.2132(3) 14.8396(4) 

c, Å 8.2061(2) 20.8148(3) 13.7755(4) 

α, º 90 84.8690(10) 90 

β, º 105.9240(10) 86.771(2) 104.954(3) 

γ, º 90 87.996(2) 90 

Volume, Å3 1290.63(6) 1234.34(4) 1576.42(8) 

Density, g/cm3 1.843 2.112 1.909 

T, ºK 200.(2) 210.00(10) 100.00(11) 

Crystal size, min 

x mid x max 
0.121 X 0.148 X 0.155 0.03 X 0.04 X 0.22 0.071 X 0.141 X 0.189 

X-ray 

wavelength, Å 
1.54178 1.54184 0.71073 

µ, mm-1 19.573 24.118 4.565 

Trans min / max 0.15 / 0.20 0.139 / 0.770 0.60719 / 1.00 

θmin, º 3.10 3.123 2.055 

θmax, º 69.81 78.085 33.418 

Reflections    

collected 8275 25217 17569 

independent 2341 5205 5343 

observed 2263 4707 4724 

Rint 0.0502 0.0449 0.0226 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 165 289 191 

No. restraints - 0 0 

R1 (observed) 0.0473 0.0389 0.0213 

wR2 (all) 0.1219 0.1127 0.0494 

Goodness of fit 

(all) 
1.075 1.145 1.070 

ρmax, ρmin, e Å−3 1.926, -2.596 0.848, -1.402 0.660, -0.537 

Completeness to 

2θ limit 
0.962 0.982 0.868 
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Appendix F - Additional information for Chapter 6 

Table F-1. Crystallographic information of triply activated ester targets. 

 

Target code E1-US E1-24DF E1-3CN E1-4CN E1-3N E1-4N 

CCDC Number 2121642 2121643 2121644 2121646 2121645 2121648 

Systematic 

name 

phenyl 3-

iodopropiolate 

2,4-

difluorophenyl 

3-

iodopropiolate 

3-cyanophenyl 

3-

iodopropiolate 

4-cyanophenyl 

3-

iodopropiolate 

3-nitrophenyl 

3-

iodopropiolate 

4-nitrophenyl 

3-

iodopropiolate 

Formula moiety C9H5IO2 C9H3F2IO2 C10H4INO2 C10H4INO2 C9H4INO4 C9H4INO4 

Empirical 

formula 
C9H5IO2 C9H3F2IO2 C10H4INO2 C10H4INO2 C9H4INO4 C9H4INO4 

Molecular 

weight 
272.03 308.01 297.04 297.04 317.03 317.03 

Solvent used for 

crystallization 
Chloroform Methanol Methanol 

Ethyl acetate, 

Nitromethane 

Tetrahydrofura

n 

Ethyl acetate, 

Nitromethane 

Color, Habit 
Colorless, 

irregular 

Colorless, 

irregular 

Colorless, 

irregular 

Colorless, 

irregular 

Colorless, 

irregular 

Colorless, 

rectangular 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space group, Z P21/n, 4 P21/c, 4 P21/n, 4 P21/n, 4 P21/c, 4 P21/n, 4 

a, Å 4.07160(4) 4.13512(5) 4.07423(13) 4.0198(3) 4.19490(10) 4.11800(10) 

b, Å 20.6449(2) 20.2105(2) 18.4334(7) 17.1792(13) 10.2490(2) 17.1206(5) 

c, Å 10.69511(11) 11.25161(13) 13.4795(5) 14.2198(9) 22.8234(4) 13.9739(4) 

α, º 90 90 90 90 90 90 

β, º 99.850(1) 98.4725(11) 91.782(3) 90.086(6) 92.721(2) 93.0690(10) 

γ, º 90 90 90 90 90 90 

Volume, Å3 885.758(16) 930.065(19) 1011.85(6) 981.97(12) 980.15(3) 983.78(5) 

Density, g/cm3 2.040 2.200 1.950 2.009 2.148 2.140 

T, ºK 129.99(10) 139.99(10) 220.00(10) 170.00(10) 170.00(10) 200.(2) 

Crystal size, 

min x mid x 

max 

0.161 × 0.08 × 

0.035 

0.096 × 0.085 

× 0.052 

0.099 × 0.078 

× 0.061 

0.046 × 0.014 

× 0.009 

0.096 × 0.04 × 

0.018 

0.020 × 0.045 

× 0.055 

X-ray 

wavelength, Å 
1.54184 1.54184 0.71073 1.54184 1.54184 1.54178 

µ, mm-1 28.053 27.144 3.136 25.411 25.670 25.575 

Trans min / max 
0.26489/ 

1.00000 

0.57937/ 

1.00000 

0.60655/1.000

00 
0.979/1.000 

0.72037/ 

1.00000 
0.33/0.63 

θmin, º 4.283 4.375 5.356 2.572 3.878 4.09 

θmax, º 77.720 77.495 63.186 77.265 76.931 70.16 

Reflections       

collected 15831 16810 12836 7587 6348 6863 

independent 1892 1985 2774 1995 2022 1790 

observed 1867 1962 2247 1741 1916 1674 

Rint 0.0413 0.0284 0.0332 0.0525 0.0229 0.0488 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 110 128 127 128 137 166 

No. restraints 0 1 0 0 0 0 

R1 (observed) 0.0216 0.0212 0.0267 0.0416 0.0237 0.0368 

wR2 (all) 0.0586 0.0585 0.0560 0.1036 0.0654 0.0934 

Goodness of fit 

(all) 
1.132 1.150 1.052 1.090 1.085 1.146 

ρmax, ρmin, e Å−3 0.731, -0.525 1.279, -0.610 0.561, -0.428 0.801, -1.596 0.851, -0.689 0.924, -0.928 

Completeness to 

2θ limit 
0.998 0.999 0.822 0.965 0.974 0.967 
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Figure F.1. Copyright permission for Chapter 6. 
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Appendix G - Additional information for Chapter 7 

Table G-1. FTIR data of co-crystal screen for targets E1-US, E1-24DF and E1-3CN. 

 

 E1-US E1-24DF E1-3CN 

 C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N 

 2176.19 1682.45 - - 2169.92 1707.43 - - 2172.31 1710.82 - - 

C1 2178.36 1686.78 1152.25 Yes 2169.22 1712.79 1415.75 Yes 2170.43 1711.6 - No 

C2 2178.08 1685.64 1443.75 Yes 2170.72 1709.45 1444.6 Yes 2170.21 1713.2 1444.27 Yes 

C3 2174.79 1720.58 1406.01 Yes 2165.23 1725.82 1406.69 Yes 2170.55 1721.87 1406.08 Yes 

C4 2170.64 1718.76 1309.81 Yes 2169.89 1723.47 1323.55 Yes 2169.24 1721.01 1310.3 Yes 

C5 2171.44 1722.32 1302.25 Yes 2167.89 1733.83 1298.94 Yes 2158.8 1724.21 1301.82 Yes 

C6 2175.22 1716.52 1513.5 Yes 2168.94 1725.51 1361.61 Yes 2164.98 1719.88 1516.48 Yes 

C7 2179.3 1686.87 1426.11 Yes 2160.59 1726.59 1427.04 Yes 2181.87 1714.19 1426.75 Yes 

C8 2177.4 1684.32 1505.69 No 2172.11 1728.96 1085.17 Yes 2149.86 1713.03 1506.51 Yes 

C9 2178.52 1687.33 1508.8 Yes 2171.43 1709.69 1267.87 No 2171.49 1713.03 1508.97 No 

C10 2167.85 1720.46 1454.92 Yes 2165.56 1724.95 1453.47 Yes 2162.89 1725.51 1458.44 Yes 

C11 2177.46 1686.73 1541.88 Yes 2169.96 1709.42 1410.9 No 2171.39 1713.54 1541.81 No 

C12 2176.37 1687.79 1549.4 Yes 2175.18 1727.33 1554.78 Yes 2171.67 1713.02 1552.04 No 

C13 2180.2 1685.91 1542.84 Yes 2171.52 1712.44 1543.41 Yes 2178.46 1713 1543.04 Yes 

C14 2175.04 1683.79 1555.85 Yes 2171.51 1709.16 1555.57 Yes 2172.13 1712.87 1554.94 Yes 

C15 2164.37 1715.25 1410.36 Yes 2169.17 1714.85 1595.4 Yes 2166.84 1735.16 1544.57 Yes 

C16 2178.73 1684.78 1340.25 No 2175.65 1734.93 1340.58 Yes 2171.75 1712.64 1340.21 No 

C17 2175.87 1684.86 816.66 No 2175.09 1732.5 815.01 Yes 2171.02 1711.62 814.87 No 

C18 2180.7 1687.92 1521.2 Yes 2170.31 1711.69 1601.69 Yes 2178.52 1713.55 1519.83 Yes 

C19 2171.92 1721.88 1579.72 Yes 2168.52 1716.5 1581.23 Yes 2165.24 1708.87 1584.06 Yes 

C20 2173.78 1684.05 1428.87 No 2171.38 1703.88 1693.71 Yes 2148.38 - 1695.22 Yes 

C21 2177.72 1683.49 1428.86 Yes 2171.66 1709.86 1689.69 Yes 2167.72 1713.09 1689.37 Yes 

C22 2172.77 1688.19 1715.7 Yes 2170.03 1712.56 1535.9 Yes 2170.41 1713.22 1528.42 No 

C23 2181.84 1688.18 1456.58 Yes 2170.71 1708.78 1462.37 Yes 2173.58 1713.22 1460.02 Yes 

C24 2180.29 1687.03 1503.92 Yes 2171.25 1712.21 1277.42 Yes 2172.74 1713.8 1400.03 Yes 

C25 2180.16 1685.65 1513.59 Yes 2171.16 1709.93 1335.17 No 2170.49 1713.61 1514.37 No 

C26 2177.05 1683.41 1582.1 No 2170.88 1708.71 1582.96 No 2170.45 1713.85 1397.93 Yes 

C27 2175.28 1686.87 1602.61 Yes 2169.84 1710.49 1603.78 Yes 2164.64 1713.25 1396.39 Yes 

C28 2169.56 1725.62 1178.65 Yes 2172.02 1734.12 1463.75 Yes 2168.95 1711.9 1463.07 Yes 

C29 2180.52 1685.94 1637.51 Yes 2171.4 1713.7 1694.89 Yes 2172.66 1712.21 1639.68 No 

C30 2176.92 1695.88 1709.11 Yes 2171.83 1707.12 1662.31 Yes 2177.21 1712.21 1564 Yes 

C31 2169.14 1723.98 1388.33 Yes 2171.16 1730.21 1651.13 Yes 2169.1 1713.77 1674.15 Yes 

C32 2180.39 1685.97 1564.65 Yes 2167.61 1712.11 1565.28 Yes 2175.39 1713.77 1566.02 Yes 

C33 2177.70 1686.33 1368.22 Yes 2171.12 1709.63 1366.64 No 2172.81 1713.69 1367.84 Yes 

(Hyphens represent peaks which were not observable) 
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Table G-2. FTIR data of co-crystal screen for targets E1-4CN, E1-3N and E1-4N. 

 

 E1-4CN E1-3N E1-4N 

 C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N C≡C C=O Co-former Y/N 

 2165.52 1723.74 - - 2172.79 1729.42 - - 2169.83 1715.32 - - 

C1 2165.95 1723.62 1425.11 Yes 2171.94 1714.74 1416.23 Yes 2147.66 1720.45 1417.51 Yes 

C2 2165.96 1725.41 1443.63 Yes 2172.9 1731.2 1444.72 Yes 2170.81 1727.27 1458.98 Yes 

C3 2166.13 1720.63 1408.62 Yes 2169.32 1724.17 1405.61 Yes 2170.96 1725.31 1408.15 Yes 

C4 2170.74 1725.63 1321.31 Yes 2170.48 1722.8 1317.3 Yes 2166.42 1723.35 1322.33 Yes 

C5 2170.66 1721.86 1302.07 Yes 2154.28 1723.38 1301.4 Yes 2168.91 1720.19 1302.74 Yes 

C6 2164.01 1721.88 1514.44 Yes 2165.91 1721.71 1514.73 Yes 2164.32 1719.49 1431.68 Yes 

C7 2167.36 1726.07 1426.47 No 2174.55 1731.91 1426.24 No 2165.93 1723.65 1425.97 Yes 

C8 2166.19 1725.1 1502.89 No 2174.48 1709.84 1503.67 Yes 2172.55 1718.34 1298.43 Yes 

C9 2166.33 1725.65 1510.9 No 2171.93 1731.63 1270.86 Yes 2173.01 1724.4 1270.45 Yes 

C10 2164.18 1726.65 1458.07 Yes 2156.96 1725.47 1452.34 Yes 2162.75 1729.03 1450.58 Yes 

C11 2167.7 1724.17 1544.61 Yes 2169.44 1728.47 1411.67 Yes 2170.7 1720.26 1544.41 Yes 

C12 2167.22 1725.44 1556.25 Yes 2172.78 1730.85 1436.99 No 2165.2 1727.07 1555.17 Yes 

C13 2166.88 1724.85 1543.64 No 2172.53 1730.85 1544.26 No 2172.72 1718.15 1542.97 No 

C14 2166.05 1725.24 1552.74 No 2172.6 1730.54 1555.74 Yes 2172.41 1724.4 1555.53 Yes 

C15 2161.14 1718.63 1542.69 Yes 2160.92 1720.68 1596.87 Yes 2163.43 1725.06 1410.43 Yes 

C16 2166.91 1725.35 1340.87 Yes 2173.61 1730.18 1340.47 No 2172.15 1723.19 1339.69 Yes 

C17 2165.75 1724.82 815.55 No 2172.87 1730.19 - No 2169.92 1714.75 - No 

C18 2166.14 1725.38 1523.46 No 2172.88 1730.98 1600.8 No 2172.78 1723.75 1520.1 Yes 

C19 2165.92 1708.35 1584.06 Yes 2178.38 1714.37 1579.79 Yes 2165.93 1711.78 1582.31 Yes 

C20 2166.98 1724.72 1690.61 Yes 2174.29 1731.61 1697.86 Yes 2171.18 1722 1693.13 Yes 

C21 2165.74 1725.54 1689.96 Yes 2173.75 1731.52 1691.9 Yes 2173.1 1718.67 1689.19 Yes 

C22 2166.55 1722.5 1527.17 No 2171.9 - 1717.9 No 2173.43 1716.8 1286.23 Yes 

C23 2166.44 1724.91 1459.08 No 2173.12 1730.32 1460.07 Yes 2171.83 1725.39 1460.3 Yes 

C24 2167.84 1725.97 1400.34 No 2173.01 1729.93 1504.06 No 2172.79 1721.99 1403.2 Yes 

C25 2165.87 1724.62 1514.2 No 2172.85 1730.67 1513.17 No 2170.61 1723.55 1437.45 Yes 

C26 2166.07 1725.48 1583.15 No 2172.71 1731.16 1582.68 No 2171.58 1723.42 1583.29 Yes 

C27 2167.04 1725.3 1396.39 No 2168.35 1716.69 1603.7 Yes 2172.86 1723.97 1397.36 Yes 

C28 2165.82 1723.81 1458.09 Yes 2174.05 1731.2 1473.41 Yes 2169.4 1725.29 1090.47 Yes 

C29 2165.59 1723.11 1692.25 Yes 2172.04 1729.67 1692.77 No 2171.98 1722.67 1639.22 Yes 

C30 2166.65 1724.32 1709.51 Yes 2174.73 1730.77 1664.48 Yes 2170.74 1714 1566.55 Yes 

C31 2166.5 1725.06 1672.99 Yes 2169.69 1727.13 1651.09 Yes 2173.13 1725.36 1674.86 Yes 

C32 2164.72 1725.46 1565.4 No 2173.14 1731.42 1565.53 No 2171.99 1723.52 1567 Yes 

C33 2166.28 1725.83 1366.42 No 2174.24 1731.53 1368.65 Yes 2169.54 1720.82 1367.14 Yes 

(Hyphens represent peaks which were not observable) 
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Table G-3. Crystallographic information for ester:phenazine co-crystals 

 
Target code E1-USC6 E1-24DFC6 E1-3CNC6 E1-4CNC6 E1-3NC6 E1-4NC6 

Systematic 

name 

Phenyl 3-

iodopropiolate 

: Phenazine 

2,4-

Difluorophenyl 

3-

iodopropiolate 

: Phenazine 

3-Cyanophenyl 

3-

iodopropiolate 

: Phenazine 

4-Cyanophenyl 

3-

iodopropiolate 

: Phenazine 

3-Nitrophenyl 

3-

iodopropiolate 

: Phenazine 

4-Nitrophenyl 

3-

iodopropiolate 

: Phenazine 

Formula 

moiety 

C9H5IO2, 

C12H8N2 

C9H3F2IO2, 

C12H8N2 

C10H4INO2, 

C12H8N2 

C10H4INO2, 

C6H4N, 

0.333[CHCl3] 

C9H4INO4, 

C12H8N2 

C9H4INO4, 

C6H4N 

Empirical 

formula 
C21H13IN2O2 C21H11F2IN2O2 C22H12IN3O2 

C16.33H8.33ClIN

2O2 
C21H12IN3O4 C15H8IN2O4 

Molecular 

weight 
452.23 488.22 477.25 426.89 497.24 407.13 

Solvent used 

for 

crystallization 

Chloroform Chloroform Chloroform Chloroform 
Tetrahydrofura

n 
Chloroform 

Color, Habit 
Colorless, 

needle 

Colorless, 

needle 

Colorless, 

prism 

Green, 

irregular 

Colorless, 

needle 

Colorless, 

needle 

Crystal system Orthorhombic Triclinic Monoclinic Triclinic Monoclinic Monoclinic 

Space group, Z Pca21, 4 P-1, 2 Cc, 4 P-1, 2 Cc, 4 P21/c, 4 

a, Å 32.2629(10) 3.99740(10) 3.93412(2) 3.96690(10) 3.92938(4) 19.2839(3) 

b, Å 4.17354(11) 13.2338(3) 29.07642(16) 13.7047(2) 29.5126(3) 3.99855(5) 

c, Å 13.5431(3) 17.7756(4) 16.18054(9) 14.4523(2) 16.24646(16) 19.0653(2) 

α, º 90 103.440(2) 90 90.2160(10) 90 90 

β, º 90 96.272(2) 95.3905(5) 96.9440(10) 94.7741(9) 101.9915(14) 

γ, º 90 94.134(2) 90 93.3190(10) 90 90 

Volume, Å3 1823.59(8) 904.48(4) 1842.709(18) 778.58(3) 1877.50(3) 1438.00(3) 

Density, g/cm3 1.647 1.793 1.720 1.821 1.759 1.881 

T, ºK 220.00(10) 220.00(10) 200.00(10) 200.00(10) 200.00(10) 200.00(10) 

Crystal size, 

min x mid x 

max 

0.02 X 0.02 X 

0.17 

0.017 X 0.028 

X 0.094 

0.05 X 0.062 X 

0.208 

0.025 X 0.054 

X 0.077 

0.017 X 0.018 

X 0.089 

0.012 X 0.018 

X 0.224 

X-ray 

wavelength, Å 
1.54184 1.54184 1.54184 1.54184 1.54184 1.54184 

µ, mm-1 13.940 14.272 13.852 17.819 13.706 17.696 

Trans min / 

max 
0.70943 / 1.00 0.348 / 0.876 0.25399, 1.00 0.61938, 1.00 0.71975. 1.00 0.60002, 1.00 

θmin, º 2.739 2.578 3.040 3.081 2.995 2.342 

θmax, º 77.793 77.467 77.600 77.420 77.478 77.679 

Reflections       

collected 14655 12604 41614 24398 19696 16765 

independent 3433 3705 3873 3244 3086 3008 

observed 3179 3490 3872 3133 3019 2850 

Rint 0.0536 0.0336 0.0365 0.0290 0.0494 0.0303 

Threshold 

expression 
> 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I) 

No. parameters 235 263 253 191 262 200 

No. restraints 1 0 2 0 2 0 

R1 (observed) 0.0411 0.0281 0.0193 0.0191 0.0230 0.0182 

wR2 (all) 0.1133 0.0656 0.0512 0.0495 0.0566 0.0443 

Goodness of fit 

(all) 
1.099 1.087 1.107 1.125 1.098 1.097 

ρmax, ρmin, e 

Å−3 
0.937, -1.031 1.329, -0.355 0.336, -0.646 0.408, -0.501 0.659. -0.510 0.365, -0.383 

Completeness 

to 2θ limit 
0.997 0.970 0.999 0.987 0.998 0.989 
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Table G-4. Crystallographic information for co-crystals E1-4CNC12 and E1-4CNC12. 

 

Target code E1-4CNC12 E1-4CNC12 

Systematic name 
4-Cyanophenyl 3-iodopropiolate : 2,5-

dibromopyridine 

4-Nitrophenyl 3-iodopropiolate : 2,5-

dibromopyridine 

Formula moiety C10H4INO2, C5H3Br2N C9H4INO4, C5H3Br2N 

Empirical formula C15H7Br2IN2O2 C14H7Br2IN2O4 

Molecular weight 533.95 553.94 

Solvent used for crystallization Chloroform Chloroform 

Color, Habit Colorless, needle Colorless, needle 

Crystal system Monoclinic Monoclinic 

Space group, Z P21/c, 4 P21/c, 4 

a, Å 4.0230(2) 3.98790(10) 

b, Å 29.0748(18) 29.4164(6) 

c, Å 14.0126(7) 13.8670(2) 

α, º 90 90 

β, º 91.938(5) 90.966(2) 

γ, º 90 90 

Volume, Å3 1638.09(15) 1626.50(6) 

Density, g/cm3 2.165 2.262 

T, ºK 200.00(10) 200.00(10) 

Crystal size, min x mid x max 0.009 X 0.013 X 0.121 0.016 X 0.022 X 0.162 

X-ray wavelength, Å 1.54184 1.54184 

µ, mm-1 21.148 21.426 

Trans min / max 0.225 / 0.942 0.37393 / 1.00 

θmin, º 3.040 3.004 

θmax, º 77.815 77.693 

Reflections   

collected 10523 18554 

independent 3317 3409 

observed 2636 3181 

Rint 0.0465 0.0391 

Threshold expression > 2σ(I) > 2σ(I) 

No. parameters 199 208 

No. restraints 0 0 

R1 (observed) 0.0459 0.0274 

wR2 (all) 0.1101 0.0708 

Goodness of fit (all) 1.043 1.038 

ρmax, ρmin, e Å−3 1.080, -1.553 1.160, -0.601 

Completeness to 2θ limit 0.955 0.989 
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Appendix H - Additional information for Chapter 8 

 

Figure H.1. Copyright permission for Chapter 8. 


