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Abstract

Radiochemical diagnostics and therapeui@sefitirom pairing with acompliment second
imaging modally. However,methods to radiolabel arishk thesemoleculego targding vectors
are problematicln this dissertation] explored new radiosynthetic strategies for producing
fluorophorebasedimodal agentand newbioconjugation reagenter antibody drug conjugation

with improvedin vivo stability.

18F-radiolabetd 4,4-difluoro-4-bora-3a,4adiazas-indaceng(BODIPY) fluorophores are
hypothetically ideal bimodal imaging candidateseliminary experiments focused on facilitating
F/8F-transfluorinatim of Pseudomonas aeruginosalective BODIPY dye, CDyl1, using
Lewis acidic [*®F]F-BODIPY labeling strategiesdescribed in literature However, the
conventionally appliedin(IV)-chloride (SnCi) Lewis acidd s i n satfoadbrealctiort yyeld
variability, and further promotedegradation of the CDy1Thus, research transitioned towards
investigating an alternative Lewis acifio our knowledge, we are the first to use hydrated
magnesium nitrate [Mg(N§:] as an aistable substitutefor promoting ‘F-fluorination of
commercialy-available BODIPY dyes Order of reagent additiorsignificantly affeced the
19F/'8F-isotopic exchangeeaction with addition of azeotropically dried®F]F-TBAF to a mixture
of the commercial dye and Lewis acidic agent proving most effedfi#é®F-transfluorination
was achieved using both Sn@nhd Mg(NQ).to varying degrees. Increasing tguivalences of
applied Mg(NQ)2 saltgenerally improvedadioclemical yields

Bioconjugation chemistrgnableghecovalent attachment of moleeglbof interest to larger
proteins such as antibodie#/hile conjugation with thiol groups (cysteine) in antibodies is
common, conventional maleimidmsed coupling agents are pronéteivo hydrolysis. Pricdab
research efforts sought to develomdioimmunoconjugatesthat operate through two
phenybxadiazolyl mehyl sulfone (DiPODS) functionality to form irreversible bonds with
antibody cysteine pairs. My contribution was to assist in synthesizing several of the multistep
synthesis products arapply spectroscopic methodsvardsanalsis ofthei ni t i groducst e p 0 s

mixture, which washypothesizedo exist as a rotameric mixturgeveral intermediate agents were



successfully synthesized to produce the desired DIPODS end prétiachreecomponents of
the 5-[[(1,1-dimethylethoxy)carbonyllaminel],3-dimethyl ester(compoundl)product mixture
were attributed to rainseparablamixture of rotamers, doubhgi-tert-butyl decarbonateBoc)-
protectedderivative of the compoundand imidic acid tautomers using spectroscopic methods
includingvariable temperaturdd NMR. Lastly, anadditionalchemical speciewas observed via

H NMR astemperature was increased to°Zsandattributed to a secorskt ofproductrotamers.
Ultimatdy, this thesis serdeto improve future radiotherapeutic agents and rakBgnostics
through the investigain of alternative and reproducibl&€F]F-BODIPY labeling strategieand

radioimmunoconjugates of improved stability.
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UV-Vis detector set to measure at 505 nm. Peak 2 (7.175 nas}agiated with the commercial

////////////////////////////

Figure A4. Representative TLC chromatogram B8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjected to 10 eq &r821 °C, TBAB fixing agent.
Experimental conditions applied are outlined in entry Table 3.2 Chromatogram obtained
using Bioscan AR000 radieTLC plate reader. The radioactivity peak associated with ¥E{H

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

islabeledassuéhé e e e ééeeceeceeceeceeceeeeeeeeeeeee. ool

Figure A5. HPLC chromatogram of{F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 10 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3T for 5

minutes. Experimental conditions applied are outlined in entrylablie 3.2 Chromatogram was

XVi



obtained using a Thermo Fisher Vanquish UHPLC system equipped with\Ad Bétector set to
measure at 505 nm. Peak 3 (7.125 min) is associated witoit@ercial BODIPY dyé é . 071

Figure A6. HPLC chromatogram of{F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 1® eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 37C for 5
minutes. Experimental conditions applied andlioed in entry 1 offable 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped with a radioactivity detector

set to 2000K sensitivity. Peak associated with the radiolabeled commercial BODIPY dye is

rrrrrrrrrrrrrrrrrrrrrrrrrr

Figure A7. TLC chromatogram of‘°F/*8]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject & eq Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 5
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 2 @fable 3.2 The radioactivity peak associated with fré&¥[F is labeled

as such whiléhe product peak is indicated by the symboé(§ é é é é e e e e é é é . @®

Figure A8. TLC chromatogram of‘°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 8 eq Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 15
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 2 @fable 3.2 The radioactivity peak associated with fré&¥[F is labeled

as such whiléhe product peak is indicated by the symbpl ¢ é e e e € € é é é & é . 101

Figure A9. TLC chromatogram of‘°F/*8]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 8 eq Mg(NOz)2, 37 C, 55.8 eqTEAB fixing agentfor 30
minutes Chromatogram obtained using Bioscan-2B800 radieTLC platereader. This data is
associated with entry 2 dfable 3.2 The radioactivity peak associated with fr&#[F is labeled

,,,,,,,,,,,,

Figure A10. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 8 eq Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 45

minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
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associated with entry X @able 3.2 The radioactivity peak associated with fré&¥[F is labeled

as such whiléhe product peak is indicated by the symboé(§ é é é é e e e e é é é . 12

Figure A11.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture tmmmercial
BODIPY standard when subject 2 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3TC for 5
minutes. Experimental conditions applied are outlined in entrylablie 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equlipple a U\-Vis detector set to
measure at 505 nm. Peak 2 (7.108 min) is associated with the commercial BOD&¥ dyé&31

Figure A12.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 2 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3C for 5
minutes. Experimental conditions applied are outlined in entrylalotie 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped with a radioactivity detector

set to 200K sensitivity. Peak associated with the radiolabeled commercial BODIPY dye is

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A13. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard whesubject to B eq Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 5
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is

associated with entry 3 @iable 3.2 The radioactivity peak associated with fré¥[F is labeled

""""""""

Figure A14. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject t® 8g Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 15
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 3 dfable 3.2 The radioactivity peak associated with fr&#[F is labeled

,,,,,,,,,,,,,

Figure A15. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject t® 89 Mg(NOz)2, 37 C, 55.8 eqTEAB fixing agentfor 30

minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
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associated with entry 3 @fable 3.2 The radioactivity peak associated with fré&¥[F is labeled

as such whiléhe product peak is indicated by the symby)l ¢ ¢ ¢ € € é é é é é & é . I/

Figure A16. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject t® 8g Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 45
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 3 @fable 3.2 The radioactivity peak associated with fré&&[F is labeled

as such whiléhe product peak is indicated by the symbpl ¢ ¢ e e e € € € é é & é . 181

Figure A17.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 50 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3TC for 30
minutes. Experimental conditions applied are outlined in entfyTable 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped withR\ad tlétector set to
measure at 505 nm. Peak 1 (7.125 min) is associated with the commercial BOD&¥ dy&91

Figure A18.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 50 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3TC for 30
minutes. Experimental conditions applied are outlined in entrylalote 3.2 Chromatogram was
obtained using &hermo Fisher Vanquish UHPLC system equipped with a radioactivity detector

set to 2000K sensitivity. Peak associated with the radiolabeled commercial BODIPY dye is

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A19. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 180 eq Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 5
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entr4 of Table 3.2 The radioactivity peak associated with fr&#[F is labeled

,,,,,,,,,,,,

Figure A20. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NOz)., 37 C, 55.8 eqTEAB fixing agentfor 15

minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
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associated with entry & Table 3.2 The radioactivity peak associated with fré&¥[F is labeled

,,,,,,,,,,,,

Figure A21. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 1®0 eq Mg(NOs)., 37 C, 55.8 eqTEAB fixing agentfor 30
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry & Table 3.2 The radioactivity peak associated with fré&&[F is labeled

,,,,,,,,,,,,,

Figure A22. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY gandard when subject 100 eq Mg(NOz)2, 37 C, 55.8 eqTEAB fixing agentfor 45
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 4 dfable 3.2 The radioactivity peak associated with fr&#[F is labeled

as such whiléhe product peak is indicated bythesymbdl¢ é € e e e e ¢ é é & é . 24 1

Figure A23.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 1600 eq Mg(NQ)., 55.8 eq TEAB fixing agent at 3T for 5
minutes. Experimental conditions applied are outlined in endfyTéble 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped withR\ad tlétector set to
measure at 505 nm. Peak 2 (8.258 min) is associated with the commercial BOD&¥ dy&51

Figure A24.HPLC chromatogram of{F/8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3T for 5
minutes. Experimental conditions applied are outlined in entryléblie 3.2 Chromatogram was
obtained using @hermo Fisher Vanquish UHPLC system equipped with a radioactivity detector

set to 2000K sensitivity. Peak associated with the radiolabeled commercial BODIPY dye is

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A25. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 160 eq Mg(NOs)2, 37 C, 55.8 eqTEAB fixing agentfor 5

minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
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associated with entry 5 @fable 3.2 The radioactivity peak associated with fré&¥[F is labeled

as such whiléhe product peak is indicated by the symby)l ¢ ¢ ¢ € € é é é é é & é . 7

Figure A26. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 160 eq Mg(NOs),, 37 C, 55.8 eqTEAB fixing agentforl5
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 5 @fable 3.2 The radioactivity peak associated with fré&&[F is labeled

as such whiléhe product peak is indicated by the symbpl ¢ é e e e € € € é é & é . 281

Figure A27. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 160 eq Mg(NOz)., 37 C, 55.8 eqTEAB fixing agentfor 30
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 5 dfable 3.2 The radioactivity peak associated with fré#[F is labeled

""""""""

Figure A28. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 160 eq Mg(NOz)., 37 C, 55.8 eqTEAB fixing agentfor 45
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry & Table 3.2 The radioactivity peak associated with fré&&[F is labeled

,,,,,,,,,,

Figure A29.HPLC chromatogram ofJF/A8F]-isotopic exchange reaction mixture tmmmercial
BODIPY standard when subject 160 eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 3T for 5
minutes. Experimental conditions applied are outlined in entrylablie 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system eegliywfh a U\AVis detector set to
measure at 505 nm. Peak 1 (7.142 min) is associated with the commercial BOD&¥ dy811

Figure A30.HPLC chromatogram of{F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 160 eq My(NGs)2, 55.8 eq TEAB fixing agent at 3T for 5
minutes. Experimental conditions applied are outlined in entrylablie 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped with a radioactivity detector
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set to 2000K sensvity. Peak associated with the radiolabeled commercial BODIPY dye is

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A31. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 180 eq Mg(NOs)2, 37 C, 27.9 eqTEAB fixing agentfor 5
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry & @able 3.2 The radioactivity peak associated with fré&&[F is labeled

,,,,,,,,,,,,,

Figure A32. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NOz)., 37 C, 27.9 eqTEAB fixing agentfor 15
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry & Table 3.2 The radioactivity peak associated with fré#[F is labeled

""""""""

Figure A33. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 1®0 eqMg(NOz)., 37 C, 27.9 eqTEAB fixing agentfor 30
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 6 diable 3.2 The radioactivity peak associated with fré&&[F is labeled

as such whiléhe product peak is indicated by the symbpl ¢ ¢ € € € € € € é é & é . 351

Figure A34. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NOz)., 37 C, 27.9 eqTEAB fixing agentfor 45
minutes Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is
associated with entry 6 dfable 3.2 The radioactivity peak associated with fré¥F is labeled

rrrrrrrrrrrr

Figure A35.HPLC chromatogram of{F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NQ)2, 27.8 eq TEAB fixing agent at 3T for 5
minutes. Experimental conditions applied are outlined in entryl@blie 3.2 Chromatogram was
obtained using &hermo Fisher Vanquish UHPLC system equipped with aviB/detector set to
measure at 505 nm. Peak 1 (7.108 min) is associated with the commercial BOD&¥ édya37
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Figure A36.HPLC chromatogram of JF/A8F]-isotopic exchange reaction mixture tmmmercial
BODIPY standard when subject 1600 eq Mg(NQ)., 27.8 eq TEAB fixing agent at 3T for 5
minutes. Experimental conditions applied are outlined in entryl@lote 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system eegdipjth a radioactivity detector

set to 2000K sensitivity. Peak associated with the radiolabeled commercial BODIPY dye is

,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A37. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixtui@ commercial
BODIPY standard when subject 100 eq Mg(NQ)2, 75.0 eqTEAB fixing agentfor 5 minutes
Chromatogram obtained using Bioscan-2600 radieTLC plate reader. This data is associated
with entry 7 ofTable 3.2 The radioactivity peak assocgat with free 18F]F is labeled as such

""""""""

Figure A38. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject100 eq Mg(NQ)2, 75.0 edTEAB fixing agentfor 15 minutes
Chromatogram obtained using Bioscan-2600 radieTLC plate reader. This data is associated

with entry 7 ofTable 3.2 The radioactivity peak associated with fré¥[F is labeled as such

///////////////

Figure A39. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY stamard when subject th00 eq Mg(NQ)2, 75.0 edl EAB fixing agentfor 30 minutes
Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is associated
with entry 7 ofTable 3.2 The radioactivity peak associated with fré&JF is labeled as such

whilethe product peak is indicated bythesymbdI ¢ é ¢ € € é é é é é & é é é é . 411

Figure A40. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject160 eq Mg(NQ)2, 75.0 edl EAB fixing agentfor 45 minutes
Chromatogram obtained using Bioscan-2800 radieTLC plate reader. This data is associated
with entry 7 ofTable 3.2 The radioactivity peak associated with fré&[F is labeled as such
whilethe product peak is indicated by the symbdl ¢ é € € é € € é é € & € é é é . 421

Figure A41. HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial

BODIPY standard when subject 1600 eq Mg(NQ)2, 75.0 eq TEAB fixing agent at 3TC for 5
XXili



minutes. Experimental conditions applied are outlined in entrylablie 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped with\Ad Bétector set to
measure at 505 nm. Peak 3 (7.158 min) is associated with the caaiBEDIPY dyed é . 431

Figure A42.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 1600 eq Mg(NQ)2, 75.0 eq TEAB fixing agent at 3TC for 5
minutes. Experimental conditions applied are oatliim entry 7 offable 3.2 Chromatogram was
obtained using a Thermo Fisher Vanquish UHPLC system equipped with a radioactivity detector

set to 2000K sensitivity. Peak associated with the radiolabeled commercial BODIPY dye is

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A43. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eqMg(NOz3)2 prepared in DMSQ37 C, 55.8 eqTEAB
fixing agentfor 5 minutes Chromatogram obtaed using Bioscan ARO000 radieTLC plate
reader. This data is associated with entry Saifle 3.2 The radioactivity peak associated with

free [8F]F is labeled as such whilke product peak is indicated by the symbo&(® é é . 451

Figure A44. TLC chromatogram of **F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eqMg(NOz3)2 prepared in DMSQ37 C, 55.8 eqTEAB
fixing agentfor 15 minutes Chromatogram obtained using Bioscan-2800 radieTLC plate
reader. This data is associated with entry Salfle 3.2 The radioactivity peak associated with

free [8F]F is labeled as such whilke product peak is indicated by the symbyl & é é é .46 1

Figure A45. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NOs)2 prepared in DMSQ37 C, 55.8 eqTEAB
fixing agentfor 30 minutes Chromatogram obtained using Bioscan-2600 radieTLC plate
reader. This data is associated with entry Saifle 3.2 The radioactivity peak associated with
free [F]F is labeled as such whillee product peak is indicated by the symbo&(® é é ¢é 147

Figure A46.TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject 100 eq Mg(NOs)2 prepared in DMSQ37 C, 55.8 eqTEAB

fixing agentfor 45 minutes Chromatogram obtained using Bioscan-2600 radieTLC plate
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reader. This data is associated with entry alfle 3.2 The radioactivity peak associated with

free [8F]F is labeled as such whillke product peak is indicated by the symbyl & é é é .48 1

Figure A47.HPLC chromatogram of {F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject160 eq Mg(NQ@)2(DMSO solution), 55.8 eq TEAB fixing agent

at 37 C for 5 minutes. Experimental conditions applied are outlinedninye8 of Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equipped with a

UV-Vis detector set to measure at 505 nm. Peak 1 (7.108 min) is associated with the commercial

////////////////////////////////

Figure A48.HPLC chromatogram of{F/A8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject160 eq Mg(N@)2(DMSO solution), 55.8 eq TEAB fixing agent

at 37 C for 5 minutes. Experimental conditions applied are outlined in entry Babfe 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equipped with a

radioactivity detector set to 2000K sensitivity. Peak associated with the radsalatmehmercial

////////////////////

Figure A49. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject16 eqMg(NOs). with excess KO, 37 C,55.8 eqTEAB fixing
agentfor 5 minutesChromatogram obtained using Bioscan-2B00 radieTLC plate reader. This

data is associated with entry 9Tdble 3.2 The radioactivity peak associated with fré¥[F is

,,,,,,,,,,

Figure A50. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject10eqMg(NOs)2with excess HO, 37 C, 55.8 edTEAB fixing
agentfor 15 minutes Chromatgram obtained using Bioscan ARO00 radieTLC plate reader.
This data is associated with entry able 3.2 The radioactivity peak associated with fr&&[F

is labeled as such whilke product peak is indicated by the symboé(® e € € é é é ¢ . 2

Figure A51. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject10eqMg(NOs).with excess HO, 37 C, 55.8 edTEAB fixing

agentfor 30 minutes Chromatogram obtained using BioscaR-2000 radieTLC plate reader.
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This data is associated with entry able 3.2 The radioactivity peak associated with fr&&[F

,,,,,,,,

Figure A52. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for commercial
BODIPY standard when subject10eqMg(NOs).with excess KO, 37 C, 55.8 edTEAB fixing
agentfor 45 minutes Chromatogram obtained using Bioscan-2600 radieTLC plate reader
This data is associated with entry 9rable 3.2 The radioactivity peak associated with fré&&[F

,,,,,,,,

Figure A53.HPLC chromatogram of {F/AF]-isotopicexchange reaction mixture for commercial
BODIPY standard when subject 1® eq Mg(NQ)2 (excess O present), 55.8 eq TEAB fixing
agent at 37C for 5 minutes. Experimental conditions applied are outlined in entryralde 3.2
Chromatogram was obtaineding a Thermo Fisher Vanquish UHPLC system equipped with a

UV-Vis detector set to measure at 505 nm. Peak 1 (7.108 min) is associated with the commercial

,,,,,,,,,,,,,,,,,,,,,,

Figure A54. HPLC chromatogram of{F/A8F]-isotopic extiange reaction mixture for commercial
BODIPY standard when subject10 eq Mg(NQ)z ((excess HO present),), 55.8 eq TEAB fixing
agent at 37C for 5 minutes. Experimental conditions applied are outlined in entryfalde 3.2
Chromatogram was obtaineging a Thermo Fisher Vanquish UHPLC system equipped with a

radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabeled commercial

,,,,,,,,,,,,,,,,,,,,

Figure A55.H NMR spectrum of compounticrude mixture before precipitation in DMSd.
Peaks associated with taati-rotamers of compounti(anti-1, setA, §), a doubly Boeprotected
derivative of compound [(Boc)-1, setB, §), and an imidic acid tautomers of cooynd 1
(tautomerl, setC, V) are designated by the symb@&ls § andy respectively. Peaks associated
with water are labeled with the symbolPeaks associated with residual EtOAc are denoted by

the symbold. (For simplicity, only one stereoisomer of eastmponent is shown in the inset).

//////////////
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Figure A56. *C{*H}-UDEFT NMR spectrum of compouridcrude mixture before precipitation
or column chromatography in DMS@. The crude mixtureontainscompoundLd anti-rotamers
(anti-1, setA), a doubly Boeprotected derivative of compoufd(Boc)>-1, setB], and imidic acid
tautomers of compounti(taubmerl, setC). Peaks associated with EtOAc are denoted with the

symbol@)¢ eeeéééeeceéééeeceéééeeceééeeceeeééee. 168

Figure A57. 'H NMR spectrum ofhe anti-rotamers of compountl (anti-1, setA, §) in DMSO-

ds. For simplicity, only one rotamer is shown in the inset). Figure reported in (Khozeimeh

///////////////////////////

Figure A58. 13C{H}-UDEFT NMR spectrum oénti-rotamers (sed) of compoundL in DMSO-

ds. Peak associated with DCM residue is denoted with the symbolF(dure reported in

//////////////////////

Figure A59. 'H NMR spectrum of compour@lin DMSO-ds. Peak associated with water residue
is denoted witlthe symbol (*) Figure reported in (Khozeimeh Sarbisletlal.,2020)1%% ¢é .171

Figure A60.C{*H}-UDEFT NMR spectrum of compourtin DMSO-ds. Peaks associated with
EtOH residues are denoted with the symbol Figure reported in (Khozeimeh Sarbistethal.,

2020)%¢ ¢ ¢ 66 e ééééééééeéééeééeééeééeééeééeéée. 172

Figure A61.'H NMR spectrum of compour@in DMSO-ds. Peak associated with water residue
is denoted with the symbol (*). Peaks associated with EtOAc residues are denoted with the symbol
(8). The presence of residual Birt-butyl decarbonate impurity denoted with the symBal (

Figure reported in (Khozeimeh Sarbistetlal.,2020)!1%¢ ¢ ¢ ¢ é é 6 ¢ ¢ é é é € ¢ . 173

Figure A62.°C{*H}-UDEFT NMR spectrum of compourgin DMSO-ds. Peaks associated with
EtOAc residues are denoted with the symBQl Figure reported in (Khozeimeh Sarbislethl.,

2020)% 6 ¢ 6 éééeééééééééeéééeéeééceééeééeéée. 174

Figure A63.H NMR spectrum of compourdlin DMSO-ds. Peak associated with water residue

is denoted with the symbol (*). Peaks associated with EtOAc residues are denoted with the symbol

,,,,,,,,,,,,,
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Figure A64. 3C{*H}-UDEFT NMR spectrum of compourin DMSO-ds. Peaks associated with
EtOAc residues are denoted with the symBdl Figure reported in (Khozeimeh Sarbislethal.,

2020)% 6 ¢ 66 ééééééééééééééeééeééceéééeééeééé. 176

Figure A65.H NMR spectrum of compoundin DMSO-ds. Peak associated with water residue
is denoted with the symbol (*fFigure reported in (Khozeimeh Sarbistetlal, 2020)1°¢ é .177

Figure A66. 13C{H}-UDEFT NMR spectrum of compouridin DMSO-ds. Figure reported in

rrrrrrrrrrrrrrrrrrrrrr

Figure A67.H NMR spectrum of thenti-rotamersof compoundl in DMSO-ds solvent at 25
°C. Peaks associated wiget A (anti-1) are designated by the symi®I| Figure reported in

,,,,,,,,,,,,,,,,,,,,,,

Figure A68.H NMR spectrum of thanti-rotamersof compoundL in DMSO-ds solvent at 75
°C. Peaks associated wiget A (anti-1) are designated by the symk®I| Figure reported in

//////////////////////

Figure A69.*H NMR spectrum of thanti-rotamersf compoundl in DMSO-ds solvent at 80 °C.
Peaks associated wiletA (anti-1) and the deprotected derivative of compouradte designated
by the symbols§ and respectively. Figure reported in (Khozeimeh Sarbisheh al.,

/////////////////////////////////

2020)0¢ ¢ ¢ 6 ceeééééeecéééeeeeéééeeeééeeeeé. 181

Figure A70. 'H NMR spectrum of thanti-rotamers of compounti in DMSO-ds solvent at 85
°C. Peaks associated widet A (anti- 1) and the deprotected derivative of compoundre
designated by the symbdisand respectivelyFigure reported in (Khozeimeh Sasbehet al,

2020)!P¢ ¢ ¢ e ééééééééeéééeééecéeééeééeéééeééé. 182

Figure A71.H NMR spectrum of thanti-rotamers of compountlin DMSO-ds solvent at 90
°C. Peaks associated widet A (anti-1) and the deprotected derivative of compoundre
designated by the symbdisand respectivelyFigure reported in (Khozeimeh Sarbistedtal.,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

2020)10%¢ ¢ ¢ ¢ ééééééééééééééééééééééééééééé. 183
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Figure A72.H NMR spectrum otompoundl product mixture irDMSO-ds solvent at 25 °C.
Peaks associated wiletA (anti-rotamers of compount, anti-1), setB [doubly Bocprotected
derivative of compound, (Boc)-1], and seC (imidic acid tautomers of compourid tautomer

1) are designated byé symbolsg, § andy respectively. Peak associated with water residue is

labeled with the symbdl. Peak associated with residual DCM Solvent is denoted by the symbol

,,,,,,,,,,,,,

Figure A73.'H NMR spectrum otompoundl product mixture irDMSO-ds solvent at 75 °C.
Peaks associated with s&t(anti-rotamers of compount, anti-1), setB [doubly Bocprotected
derivative of compound, (Boc)-1], setC (imidic acidtautomers of compount, tautomerl),

setD (synrotamers of compoundl, syn1), and the deprotected derivative of compoulnakre
designated by the symbdis §, v, z , and respectively. Peak associated with water residue is
labeled with the symbdl. Peak associated with residual DCM solvent is denoted by the symbol
+. Peaks associated with isobutylene are denoted by the spnfiglre reported in (Khozeimeh

///////////////////////////

Figure A74.'H NMR spectrum otompoundl product mixture irDMSO-ds solvent at 80 °C.
Peaks associated with s&t(anti-rotamers of compount, anti-1), setB [doubly Bocprotected
derivative of compound, (Boc)-1], setC (imidic acid tautomers of compourd tautomerl),

setD (synrotamers of compountl, syn1), and the deprotected derivative of compounare
designated by the symbdis §, , z , and respectively. Peak associated with water residue is
labeled with the symbdl. Peak associated with residual DCM solvent is denoted by the symbol

+. Peaks associated with isobutylene are denoted by the spnfiglre reported in (Khozeimeh

///////////////////////////

Figure A75.H NMR spectrum otompoundl product mixture inDMSO-ds solvent at 85 °C.
Peaks associated with s&t(anti-rotamers of compount, anti-1), setB [doubly Bocprotected
derivative of compound, (Boc)-1], setC (imidic acid tautomers of compourid tautomerl),
setD (synrotamers of compountl, syn1), and the deprotected derivative of compounare
designated by the symbdis §, v, z , and regectively. Peak associated with water residue is

labeled with the symbdl. Peak associated with residual DCM solvent is denoted by the symbol
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+. Peaks associated with isobutylene are denoted by the spnfiglre reported in (Khozeimeh

"""""""""""""""

Figure A76.H NMR spectrum otompoundl product mixture inDMSO-ds solvent at 90 °C.
Peaks associated with s&t(anti-rotamers of compount, anti-1), setB [doubly Bocprotected
derivative of compound, (Boc)-1], setC (imidic acid tautomers of compourid tautomerl),

setD (synrotamers of compoundl, syn1), and the deprotected derivative of compoundre
designated by the symbdis §, V, z , and respectively. Peak associated with water residue is
labeled with the symbdl. Peak associated with residual DCM solvent is denoted by the symbol

+. Peaks associated with isobutylene are denoted by the spnfglre reported in (Khozeimeh

rrrrrrrrrrrrrrrrrrrrrrrrrrr

Figure A77.*H NMR spectrum of thanti-rotamers oEompoundl in DMSO-ds solvent at 25 °C

to 90 °C.Peaks associated with get(anti-1) and the deprotected derivative of compodrate

//////////////////

///////
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Figure A84.*H NMR spectrum o€ompoundL product mixture irDMF-d; solvent at 25 °CPeaks
associated withset A (anti-rotamers of compound, anti-1), set B [doubly Bocprotected
derivative of compound, (Boc)-1], and seC (imidic acid tautomers of compourid tautomer

1) are designated by ehsymbols§, § andy respectively. Peak associated with water residue is

,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure A85.H NMR spectrum o€ompoundL product mixture irDMF-dz solvent at 75 °CPeaks
associatedetA (anti-rotamers of compount] anti-1), setB [doubly Bocprotected derivative of
compoundl, (Bocy-1], and setC (imidic acid tautomers of compourid tautomerl), and the
deprotected derivative of compouhdre designated by the symb@&lsg, y, and respectively.

Peak associated with water residue is labeled with the syrébélé ¢ € € € € é é é é .197

Figure A86.H NMR spectrum o€ompoundL product mixture irDMF-d; solvent at 80 °CPeaks
associated withset A (anti-rotamers of compound, anti-1), set B [doubly Bocprotected
derivative of compound, (Boc)-1], and selC (imidic acid tautomers of compourd tautomer
1), and the deprotected derivative of compodrate designated by the symb@ls§, v, and
respetively. Peak associated with water residue is labeled with the symifit#daks associated

,,,,,,,,,,,,,,,,,,

with isobutylene are denoted by thesymiiblé é é é ¢ é 6 ¢ é 6 ¢ é 6 ¢ é é é é .198

Figure A87.*H NMR spectrum o€ompoundL product mixture irDMF-d; solvent at 85 °CPeaks
associated withset A (anti-rotamers of compound, anti-1), set B [doubly Bocprotected
derivative of compound, (Boc)-1], and setC (imidic acid tautomers of compourid tautomer
1), and the deprotected derivative of compodrate designated by the symb@ls§, v, and
respectively. Peak associated with water residue is labeled with the syntbedks associated

,,,,,,,,,,,,,,,,,,

with isobutylene are denoted by thesymiiblé é é é ¢ é 6 ¢ é 6 ¢ é 6 ¢ é é é é .199

Figure A88.*H NMR spectrum otompoundL product mixture irDMF-d7 solvent at 90 °CPeaks
associated withset A (anti-rotamers of compound, anti-1), set B [doubly Bocprotected
derivative of compound, (Boc)-1], and setC (imidic acid tautomers of compourid tautomer
1), and the deprotected derivative of compodrate designated by the symb@ls§, v, and

respectively. Peak associated with water residue is labeled with the syntbedks associated

,,,,,,,,,,,,,,,,,,
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Figure A89.H NMR spectrum oftompoundl product mixture inDMF-d7 solvent at-40 °C.
Peaks associateset A (anti-rotamers of compound, anti-1), setB [doubly Bocprotected
derivative of compound, (Boc)-1], and seC (imidic acid tautomers of compourid tautomer
1), and the deprotected derivative of compodrate designated by the symb@ls§, v, and
respectively. Peak associated with water residue is labeled with the syntbedks associated

,,,,,,,,,,,,,,,,,,

with isobutylene are denoted by the symBblé é é é ¢ é 6 ¢ é 6 ¢ é é ¢ é é é é 201

Figure A90.H NMR spectrum of thanti-rotamers otompoundL in DMF-d7 solvent at 25 °C
to 90 °C.Peaks associated with thati-rotamers of compountl are designated by the symbols

géeeéeceéeceéeecéeecéecéecéececeéceeéeeéee. .02
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Scheme 1.1Radioactive decay of fluorirg8 ( "Q to oxygenl18 daughter atom (U) through
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Scheme 1.2A) Radioactive decay of fluoring8 atom ( &) to oxygenl8 ( /) through positron
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Scheme 1.4.Two-step radiesynthetic preparation of'§F]JF-BODIPY dye as performed by
(Hendrickset al, 2012), showing a twsetep reaction with a) synthesis of the BODIR¥ate
intermediate from trimethylsilyl trifluoromethanesulfonate (TMSOTY), and b) radiofluorination of
BODIPY-triflate intermediate asatilitated by Brgnstedcidic conditions. Tetrabutylammonium

bicarbonate (TBAB) is applied in the above reaction process as a phase transée€éageit11

Scheme 1.5Reaction of boron trifluoride (Lewis acid) with ammonia (Lewis Base) to form a
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Scheme 1.61%F/*8F-Radioisotopic exchange reaction as described bydt.al, 2013) wherein
tetrabutylammonium bicarbonate (TBAB) acts as a phase transfer catalyst and various Lewis

rrrrr

Acidswere applied as catalysts to facilitate transfluorination of reagef¢ 1 ¢ é é ¢ é .14

Scheme 1.7Michael addition reaction applying maleimide as a Michael acceptor for nucleophilic
attack of cystei ne -3)gieldindthedhsr pdute @é ead &€é B0 i et y

Scheme 1.8A) Bioconjugation of thiolbearing biomolecule (green) and radionuclimaring

maleimide via Michael addition and subsequent hydrolysis to form a stable thioether. B) retro
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Michael reaction of the bioconjugated product in thesspnce of thiebearing molecules from the
biological environment such as glutathione (pink). Figure adapted from (Adueteail,

2018)*¢ ééééééééééééééééeéééeééeééeééeéééééé. 21,
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Scheme 2.1Tin(IV) chloride (SnC)) catalyzed, onstep radiesynthetic preparation of§F]F-

CDy11. The hove reaction scheme uses TBAB to facilitate phase transfer of the reagents within
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Scheme 3.1Hydrolysis of: A) Sn(ll) chloride and B) Sn(IV) chloride to produce Sn(ll) and Sn(lV)
precipitates respecely and HCI gas. C) Oxidation of Sn(lV) into insoluble Sn(IV) oxide and HCI

gag eeéeeéeecéecececcececeéeecéeeceéeecéeecéee. 44

Scheme 3.2'%/*¥F-transfluorination of orthgphosphonium aryltrifluoroborate zwitterions under
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Scheme 3.3General reaction scheme fdF/*8F-isotopic exchange of the commercial BODIPY
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Scheme 4.7Synthesis of compountillustrating the hypothesized symmetric products A and B,
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Glossary of Abbreviations and Symbols

[177L U] Lu3+
[18F] F
[19F] F
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°C

®

A
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Ar
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BODIPY
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calc
CDhy11
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Lutetium-177

Fluorine-18

Fluorine 19

Oxygenl8

Zirconium-89
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Degree<Celsius
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Angstrom

Antibody drug conjugate
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All'in One
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Attenuated total reflection

Broad singlet

Tertbutoxycarbonyl protecting group
4 ,4-difluoro-4-bora3a,4adiazas-indacene
Carbonl3

Carbon18, silicabound 18carbon aliphatic chairss a chromatophraph
stationary phase

Calculated

Compound of designation yellow 11
Reciprocalcentimeer, wavenumbeunit
Correlation spectroscopy

Doublet
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D®298
DCM
DEPT135
DFT
DIEA
DIPODS
DMAP
DMF-d7
DMSO-ds
DNA

o

EDC
eDNA
eq

ESI
EtOAc
EtOH

-

F2

Fap
FDG
FDI
FTIR

H+
H
{*H}
H1

Standard bond dissociation value at 298 Kelvin

Dichloromethane

Distortionless enhancement pglarization tansfer(135°)

Densityfunctionaltheory

N, N-diisopropylethylamine
Doublephenyloxadiazolyl methyl sulfone
4-Dimethylaminopyridine

Deuterated dimethylformamide

Deuterated dimethydulfoxide
Deoxyribonucleic acid

Electron
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Environmental deoxyribonucleic acid
Equivalents

Electrospray ionization, positive ionization mode
Ethyl Acetate

Ethanol

Fluoride anion

Difluoride, fluorine gas
Pseudomonaassociated functional amyloids
Fluorodeoxyglucose

Field desorption ionization

Fourier Transform InfrdRed
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Gibbs free energy
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Enthalpy

Proton

Hydrogenl

Proton ecoupled
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H-0
HCI
HF
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HOMO
HPLC-MS
HRMS
HSAB
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19G
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K+
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K2COs
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Kryptofix® 222
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LC
LF
LUMO

[M]*
MBq
MeCN
Mel

Water

Hydrochloric acid

High flow

Human immunodeficiency virus
Heteronuclear multiple bonawrelation
Highestoccupied molecular orbital
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High resolution mass spectrometry
Hard Soft Lewis Acid Base

Hertz

Internal diameter

Immunoglobulin G
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concentration

Potassium cation

Kilocalorie

Potassium carbonate
Kiloelectronvolts
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Low flow
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Molar/molarity

Molecular ion
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mg
M92+
Mg(NOs)2
MHz
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mL
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mmol
mol
MSBT

m/z

NaCOs
NaOH
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OAc
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OH
OTf
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General Introduction

Radiochemistry

Elements vary from one another taytue of their characteristic atomic numbers or the
number of protons associated with a specific atom. However, while the atomic nuraper m
classify two atoms as being of the same element, they may differ from one another based on the
number of neutronsehd at their coresThe nucleus is comprised of protons and neutrons, and
when thenumber ofprotonsremains the sambeut the number oheutronsvaries the result is
different isotopes of the samelement Some isotopes are radioactiv@adionuclides,
radioisotop® which are isotopic variants with an unfavorable nuclear ratio of protons and
neutrons, making the atom unstable. As such, unstable nuclei stabilize themselves through
spontaneous transformation to alter the number of neutmdsrotons at their caremitting
radiation in the process.

The type of energy emitted by a radioactive substance depertdsaahe radionuclide
stabilizes itself. For example, heavy unstable nugpgito reduce their number of protons and
neutrons hirough alphadecay, wherein an alphzarticle ( {h ( A is emitted. Alphgparticles
undergo high energy expulsion from the nucleus but quickly lose energy as the particle travels in
space. The alpha particl ebds tmostlpyeroftskimoybyaan t h
piece of paper. Nuclei that undergo bdexay release smaller, more energetic particles. The
charge of the particle depends on the nature of the nuclei from which it came. Naltrgpecies
will convert a neutron into a pratpexpelling an electron (1), while protonrrich species, as will
be discussed in further detddter, convert a proton into a neutron via remissive electron
capture or positron emission () processes. The lighter bgparticles travel with greater energy
than alphgparticles but can still be halted by aluminum foilaor1 cm thick layer of glassr
plastic. Finally, gammuaadiation, the emission of pure electromagnetic enesggleaseds an
excited unstable radioisotope rearranges itself into a lower excitatiort &atemaphotons )
travel with such high energy, they readily pass through the barriers that would halbalpbata
particles and evepassthrough the human bodyith minimal attenuationConsequently, denser

materials like lead and concrete are needed to shield from their emisgjore(1.1).
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Figure 1.1. A) lllustration ofan unstable nucleustabilizing and releasing energy in the
processB) Three potential energy emission products and their penetrance through increasingly

dense material§igure adapted frorfissard,2015)?

Radiochemistry is the study of naturally occurring andnmade radiauclides and
focuses on the followind) investigatinghe synthetic routes by which radionuclides are produced
and/or incorporated into molecular framewqgrled 2) utilizing the emissive properties of
radioactive substances for the purposewvestigating chemical and biochemical processes in the
form of probes/diagnostics or altering the surrounding environment as biomedical tredtments.
Radiochemical techniques are used in humerous scientific domains such as materials science,
pharma&eutical research, and environmental sciences to name’alfesse research efforts vary
significantly in their motivations and assess drastically differing systems. Winabre, as the
focus of research continuously changes, the radiochemistry assowidh evaluating those
interests must be modified to accommodate these differing nédedsasingly specific
radiochemical probes areeededo assess wider arrays of chemical and biological phenomena.

New and increasing demands for radionuclmEaring diagnostic and therapeutic agéatditate
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the demand forighly replicable radiolabeling methodisr larger scale productiofhe success

of imaging agents as well as tpetency of theranostic agerdanbe ameliorated by improving

the stability of their delivery scaffolds. The following will discuss matters pertaining to these issues
in further depth.

1.1.Fluorine-18 ([*8F] F").

PET imagimg techniques apply an arrayraflioisotope$o investigate biological processes.
Of these, fluorinel8 ([*¥FF)isc onsi der ed *emiteafor molecdar imaging Hy

virtue ofthe numerableadvantagethat itsnuclear angbhysicalproperties provide
1.1.1. Fluorine in Medicine

Fluorine plays a vital role in medicinal chemistry, with fluorinated compounds comprising
nearly a third of the bestlling pharmaceuticals. The enthalpic strength of the cdthorine
bond is comparatsly stronger than that of carbérydrogen bonds (&, 112 kcal/mol vs €, 98
kcal / mol ), contributing to fluorinated compoul
Furthermore, fluorination of aromatic biomolecules increases their lipopyidind consequently

improves their tissue absorption and distribufién.
1.1.2. Fluorine-18 Radioisotope

Radioactive decay dluorinee1 8 occur s as the wunstable fApro
fluorine-18 atom stabilizes by converting one of its protons into a neutron. This change is termed
b*-decay(positron decayand is achieved through either electron capture or by positroniemiss

processes.

El ectron capture occurs as an electron fro
drawn intoits nucleus to combine with a proton and form a neutron; ejecting a chargeless neutrino
(ve) in the process of producing the stable oxy@8ndaughtenuclide (Schemel.l). While a
small number of fluorind. 8 atoms do undergo electron captanest ofthem stabilize their nuclei

through positron emission.
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Scheme 1.1Radioactive decay of fluorirgé8 ( "Q to oxygerl8 daughter atond 0)

through electrorf Q) capture.

Positron emission occurs as a proton from the unstable nucleus is converted into a neutron
through release of radiation in the form of a positron partElg the antiparticle of an electron,
and a neutrino to yield the stable daugmeclide (Schemel.2 A). While this is not always the
case, the daughter atoms produced through fiiedecayprocesses, while stable, might be in an
excited electronic state.sAhey descend to a more stable ground state, the daughter atoms release

a gammahoton ¢ {Schemel.2 B).

A
) ego T

B) -
PO Al of  ®a f

Scheme 1.2A) Radioactive decay dfuorine-18 atom( &) to oxygenl8( /) through
positron emissiorB) Positron emission procesenverting protosr i ch nuc | (ebBuirkadd s pr o1
a neutron( 1) causing release of a positrdbi), a chargeless neutrinard), and occasionally a

gamma photon if an excited state daughter atom is prodoked (

Fluorine-18 is frequently used for moleeul imaging due to itshort halflife of 109.7
minutes and short positron rangewith maximum and average positron traveling rangea 4f
mmand0.6 mm in watey respectivelylt is widely considered & g esltdandar do wi t hi n
of nuclear diagnostics? Fluorine is used as a bioisosteric substitute for atoms sharing similar
physical and chemical properties such as size and electronegativity. As such,-fl@semwes as
a suitable substitutor the hydroxyl groups of biomolecules by virtue of their simPauling
electronegativity values; with values of ~3.55 and ~4.0 for hydroxide and fluoride functional
groups respectively® ! Likewise, fluorine-18 serves as a isosteric replacemenhfairogen as
they share compar abl e Awaadnl.35Rdaor hydieyenl addsfluorina d i i o]

respectively*? In correspondence with these relationshipsrine-18 is frequently incorporated
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into small molecules, peptides, aptamers, and protgneplacing a hydrogerydroxide or
specializedlabile leaving groupvia nucleophilic or electrophilic substitution with reactive
precursor A common example of this is the production of fluorir&labeledfluorodeoxyglucose
([*®F]F-FDG); a C2 analogue for glucose.

[18F]F-FDG is a widely appliedPET imaging agent used tadentify a variety of
hypermetabolic tumours and &ssess the efficacy of oncological treatments. The premise for
FDG6s frequent appl i cuasetofghucosesas accamsmorf souocenof énbrgy. b o d
Cancer cellgequiresubstantially high quantities of glucose to sustain their hyperactive growth
and replication. In addition to their ability to obtain large amounts of glucose through induction
processes suclas angiogenesis, malignant cells circumvent slower mitochondrial glucose
metabolic procegsand preferentially apply the quicker glycolysis route of ATP production in
what is known as the Warburg effégtWhile FDG and glucose are both incorporated ithie
cancers through glucose transporters, thel@#ination that differentiate&DG from glucose
also prevents the modified sugar from fully metabolizinegulting in its accumulation within the
cancerous cell$® FDG is frequently produced using botiucleophilic and electrophilic

substitution methods as shownScheme 13.14
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Scheme 1.3. Synthesis of D-[*®F]-fluorodeoxyglucose ([*F]F-FDG) through a)

['8FIF-FDG

nucleophilic and) electrophilic substitutiostrategies
1.2. (4,4-difluoro-4-bora-3a,4adiazas-indacene) BODIPY Dyes.

Initially reportedn 1969 by Triebs and Kreus&r4,4-difluoro-4-bora-3a,4adiazas-indacene,
hereafter referred to dBODIPY) and its associated derivativae considered highly versatile
fluorescent agent®® They are currently applied in numerous areas of research including
photodynamic therapy’ energy transfer technologi¢§,and fluorescent diagnosti¢§The
structural framework dBODIPY (Figure 1.2) consists of @entral sixmemberd ringflanked by
two pyrrole sidegC 2! The planar quasiromatic framework of the BODIPY core has strong
chromophoric™ -electron delocalizatio”? 2 As such, the highly conjugated system displays
unique spectroscopic properties includiadnigh fluorescence quantum yielcelatively short
Stokes Shift, and intense/narrow emission péaks2® Furthermore, BODIPY dyes are soluble in
most organic sokmt and possess superior thermal and phtability with respects to other

commonly used fluorescent molecules, such as fluoresceitemachethylrhodaming
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4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)

Figure 1.2. Chemical structure of thBODIPY core.
1.2.1. Optical Imaging.

Optical imaging has proven to be a dynamic platformiriovivo molecular imaging®
Compared to other visualization techniques, optical imaging offers superior spatial and temporal
resolution while allowing for economical and Rmwvasive assessments ofnttional
abnormalities at the subcellular lev&F° Although these features are trueifowitro microscopy,
optical imaging agents are notably limitedvivoby deep tissue light attenuation, and interference

caused by autofluorescence from someuissomponent¥.

Optical methods apply fluorescent and bioluminescent sensors to probe various
biochemical processes. Diagnostic information is then inferred using an optical camera to detect
t he f | uor op Mmensiy,and assooiated wctiviié$As optical imaging technologies
continue to progress, the synthesis of novel

increasingly active field of researéh.
1.2.2 Positron Emission Tomography (PET).

Positron emission tomography (PET) is usedhfmrinvasive early disease diagnosis. PET
diagnosticzan assedsiological processes at the subcellular level, allowing physiological changes
to be mapped within the body before they anatomically marifféists important to note that
although PET is a functional imaging technique capable of probing biologicalspessine
resolution of PET cannot obtain images at subcellular resoluf&is images argypically in the

range of 0.83 mm spatial resolutiondepending on the radionuclide and PET camera.



PET imaging beginby adminiseringa *-&mitting radioactiveracerinto the biological
system of interesfs the radionuclide decaythe emittedgositrorstravelthrough the surrounding
medium(for fluorine-18 theaverage distance travelles0.6 mmwhenH-O is used as a surrogate
for cellular tissu¥® beforelosing kineticenergy andsubsequently annihiliaig upon impact with
anelectron(@ from the environment . Upon anni hil atic
in nearly 180° opposing trajectosewhere the two timeoincident events of the higgnergy
photons are detected by a cylindrical array of detectors@kweind the subjesystem Figure
1.3). For all positron annihilations, regardless of the parent radionuatidehe distance travele
by the positronthe resulting photorgossess eharacteristienergy o611 ke\. The sites at which
the annihilation events take place and, by association, the radiotracer to which the positron emitter
is bound, is calculated using tlspatialinformation obtained from millions of these positron

emission/annihilation events detected by the surrourdiectors® 37

Positron (* )

Y photon (511 ke

Y photon (511 keV)

Electron (e)

Y-Ray Detectors

PET Scanner

Figure 1.3. Schematic representation of the RiTaging processrigure adapted from
(Berger 2003 andvaquercet al, 2013)383°



1.23. Optical/PET DuaiModality.

Optical imaging techniqugzrovide attributescomplementaryo PET (Table 1.1). While
optical methods offer subcellular level resolution of molecular environments, fluorescent signals
are diminished in deeper layers of tissue. In contrast, the photons generated from positron
annihilation are gamma rays and possess enough energgsdhpaugh biological tissue with
minimal attenuation, enabling analysis of deep tissues. However, while nuclear imaging methods
allow for the molecular processes to be assessed, PET diagnostics are limited iyehspatial
resolution (>1mm).*° As such, optical and PET imaging methodsan becoupled with one
another to optimally assess biological activity via synergistic exploitation ofdtiplementing
attributes** BODIPY fluorophores present ideal candidates for bimodality. By subjectag th
existing BE structural component of their core framework to radiofluorination techniques, a
positron emitting TF]F-BODIPY product is producedVhat ismore, the optical activity and
chemical properties of the precursor are unchanged as the structural composition of the starting
material and the radiolabeled product remains the same.

Table 1.1. Summary of the advantages & disadiesyes of Optical and PET imaging

techniques.
Optical Imaging Positron Emission Tomography (PET)
High Spatial & Temporal Resoluti Deep Tissue Imaging
Optical Contrast Non-Invasive
Inexpensive Highly Sensitive
Poor Tissue Penetration Limited Anatomical Resolution (>thm)
Photobleaching of Dyes Limitations of ContinuaDecay(t1/2)

1.3. [*8F]-Labeling Strategies for BODIPY Dyes.
1.3.1 BranstedLowry AcidBase Theory

Established in 1923 by chemisishannes Nicolaus Bragnsted and Thomas Martin L&tvry,

“3the Brgnsted.owry theory of acids and bases outlines the relationship between acids and bases
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as the proton transfer between chemical species in liquid and gas reaction mfédByms.
definition, BrenstedLowry acids and bases are defined as protof) ¢tbnors and acceptors
respectively®> As shownin Figure 14, the proton transfer between a Brgnsted acichftnd
base (B) produces a conjugate basg §Ad acid (HB") species.

Conjugate Acid-Base Pair

Or - ® — @~ - 0®

Acid Base Conjugate Conjugate
Base Acid

Conjugate Acid-Base Pair

Figure 1.4. lllustrated Brgnsted.owry acid-base reaction scheme.
1.3.2. Brgnsted.owry AcidAssistedF/'8F-Isotopic Exchange.

(Hendricks et al, 2012)* had previously reported a twmt synthetic route for the
production of {®F]JF-BODIPY where a fluoride from the -BF>-moiety was abstracted by
trimethylsilyl trifluoromethanesulfonate (TMSOTf) to afford an activated BODLtRfiate
intermediate'®F/A8F-transfluorination was subsequently facilitatetienthe triflateintermediate,
stabilized by 2, 8utidine, was subjectetb tert-butanol and triflic anhydriel. In the presencef
free fluorine18, theseBragnsted acidic conditionseportedlyafforded the desired }fF]-labeled
BODIPY dye in 67% radiochemicgield (Scheme 14). While BrgnsteeLowry acid-catalyzed
19F/"8F-exchangeeactions are capable of successfully facilitating the desired reaction, the low pH
conditions, typically pH 23, make them incompatible with BODIPY dyes functionalized with
acid-sensitive substituents.
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a) TMSOTT, 2,6-lutidine NN\ b) ['8F]F", TBAB, Tf,0

tert-butanol

20 °C, 1 min )
20 °C, 1 min

‘ﬁ{+
F F'8

Schemel.4. Two-step radiesynthetic preparatiorf §*F]F-BODIPY dye aperformedby
(Hendrickset al, 2012) showing a twestep reaction witla) synthesis of the BODIPXriflate
intermediate from trimethylsilyl trifluoromethanesulfonate (TMSQaf)db) radiofluorination of
BODIPY -triflate intermediate as facilitated by Brgnstaddic conditions. Tetrabutylammonium

bicarbonate (TBAB) is applied in the above reaction process as a phase transfer agent.
1.3.3 Lewis Acids/Base Theory

BronstedL owr y6s definiti on odins aexclusidely hoargaetions nt er &
involving proton exchange. However, Gilbert N. Lewis theorized a more general definition of the
acid/base dynamic wherein Lewis acids are distinguished by their ability to accept a pair of
electrons and Lewis bases by theiiligbto donate themt’ While Bransted acids (Bl can be
considered Lewis acidgiven their ability to donate protons and effectively gain the elegtrons
Lewisb6s interpretation of aci dscoaceptlalizattostes e x p
explain the formation of coordination complexes from ligating species (Lewis bases) and metal
cations (Lewis acids¥ The reaction between a Lewis acid and base forms a coordinate covalent
bond between the two reagents as electranyy@ | | y from the basebds higl
orbital (HOMO), are shared between itself andthe wi s aci dés | owest uno ¢

orbital (LUMO),*® producing a Lewis acibase adductScheme 15).

T

D

mM-W-Z2-T
\

Schemel.5. Reaction of boron trifluoride (Les acid) with ammonia (Lewis Base) to

form a Lewis aciebase adduct: ammonia boron fluorie.
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1.3.4. Hard Soft Lewis Acid Base (HSAB) Theory & Lewis Acid Selection.

Pearsonés hard soft acid base (HSAB) wisheory
acid/base interactions. HSAB relates the affinities of acids and bases for one another to the degree
by which each of the chemical species experiences distortion of their electron cloud in the presence
of an electric field; otherwise known as the atanr i onods pol arizabil it
polarizability depends othed egr ee of di spersion between el e
electron cloud. A diffuse field of electron is easily distorted in the presence of nearby electric
forces and thus distingus hes t he associated atombés nature
their surrounding electromearthe nucleus will experience less polarization and are referred to as
havi ng a 0harRkbomerllcaians, a generabtiera lislthat highedation states

correspond with a Ahardero i on.

Several characteristics of hard and soft acids and basesudired in Table 1.2 The
complementary natures observed of hard electron-bkaling acids and bases rationalizes their
high affinity for one another to form strong ionic interaction. Likewise, the compatible attributes
of soft acids and soft bases lead to favorable intieras with one another anadative bond
formation.>! Based on these characteristic propertie®ride anions are considered hard bases
and preferentially interact withard Lewis acids of low polarizability. In accordance with this,
light metal iondhosting large positive charges with respect to their relatively small ionic radii serve
as ideal Lewis acidic agents to abstract fluoride from therB&iety of BODIPY dyes. Examples
of hard metal ions include magnesium @&)gtin(l1) (Sr?*) and, to a grater extent, tin(IV) (SH)

by virtue of its higher oxidation numbe.
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Table 12. Characteristiattributes of hard and soft acids and bases.

Property Hard Soft
- Acids Bases Acids Bases
Polarizability Low Low High High
lonic Radii Small acceptor Small donor Large acceptor Large donor
High positive High Zero/low positive Low
Charge _ iy o i,
oxidation state electronegativity oxidation state | electronegativity
High ener High ener Low ener Low ener
HOMO/LUMO g ay g ay ay ay
LUMO HOMO LUMO HOMO

1.3.5.Lewis AcidAssisted°F/18F-Isotopic Exchange

The Lewis acieassisted®F/*%F-isotopic exchange has become the dominant means for
promoting transfluorination of BODIPolecules $cheme 16).%° During their initial study(Liu
etal,203)had selected Lewis acids of intermediate
accepting scale Of the Lewis acids assessed, Sn&id TiCk had shown the greatest success,
achieving respective radiochemical conversion values of >95% and 90% for the unlabeled dye
quickly (10 min) under mild conditions (25 °C). As such, they rertrarprimarymeanof choice

for researchers seeking to employ BODiBased bimodal imaging agents
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['8F]F", TBAB, LA
10 min, 25°C

18-
F ['8F]F-1+

Scheme 16. %F/*®F-Radioisotopic exchange reaction as describedLly et al, 2013),
wherein tetrabutylammonium bicarbonate (TBAB) acts as a pinassfer catalyst and various

Lewis Acids were applied as catalysts to facilitate transfluorination of reageht 1
1.4. Antibody Drug Conjugates.

Although not directly related to BODIPY dyes and their radiochemistry, antibodies are very
common targetingzectors used in molecular imaging and nuclear medicine. Bioconjugation
chemistry is used to attach fApayl oadseéevent o ant
chemotherapyrugs.In this way, a wide variety of antibodies can be transformedinméging
agentsandbr therapeutics® With these antibody platforms, the antibody provides receptor
specific targeting of cellular antigens and the payload is carried by the antibody of these cells

via the covalent bioconjugation linkages. As such, angbadrdig conjugates are promising drug

and diagnostic delivery platforms that offer selective administration of cytotoxic molecules

targeted antigerrs °7 °8
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The bul k of the ant cohssgofeithercamapoatpehgmdéeed st r uc
human monoclonar humanise@ntibodyscaffoldwith high affinity and selectivity for a target
antigen®® Molecular chains (linkers/spacers) covalently binds the active composulvient
exposed amino acids present in #mibody, forming anmmunoconjugateRKigure 1.5). The
antibody delivery platforms bi ol ogi c al recepiorsglexcttvitydcis hsiatprpdrug n d
and ultimately reduce systemic toxicity and improves the pharmacokinetic and
pharmacodynamics properties of theig®° Ideal ADCs only release their drug payload inside

of or in the local environment @ancer cells.

........
.,
0
.,
o,
W,
.,

Diagnostic/Therapeutic | ™,
fiPayloado

Linker

Antibody AN A
Framework ., /

="
"""""""
R LTSRS

Figure 1.5. lllustration ofimmunoconjugateomposition
1.4.1. Cleavable and NeGleavable Linkers

The design and structure of chemical linkers are crucial to the success of antibody drug
conjugates. The linker requires sufficient stability so as not to prematurely release ke acti
compound and adversely affect healthy tissues whileatiibody drug conjugateirculates
through the bloodstream. Once inside tégetcell, the linker must liberate tHeound payload
efficiently®®*Li nkers are widely categorizedeavableédoc
Cleavable linkagearehydrolyzed in response teitherthe differingchemical environments of the

15



circulating blood andthe cytoplasm of theargetcells such as changes in p&hd reducing
environment or by celislysosomal enzymes. The bonds of red@avable linkers are nen
susceptible to proteolytic degradation and thus more stable in comparison to their cleavable
counterparts. Instead, the active diagnostic/therapeutic aomdps afforded through the complete
degradation of the antibody scaffafdo its fundamental amino acigi& cytosolic and lysosomal

protease§?

The best choice ofADC linker ultimately depends on the selected antibothe
biochemical propertiesf theattached paylog@nd the desired course of action. Cleavable linkers
are advantageous for treating heterogeneous malignancies through delivery of cytotoxic payloads
that yield membranpermeable metabolites. As such, cleavdinliged antibody drug conjuges
can promotdhe death of malignant cells expressing the target antigen receptor as well as those
nearby that lack the surface antigen through the bystander killing éffdntsontrast, non
cleavable linkers are less likely to elicit bystander effen unintended cellas the lysosomal
degradation of the antibody carrier often yields polar metabolites unable to exit the cellular
membrané* Radioimmunoconjugates are constructed and functitargely thesame fashion as
outlined for ADCs with a couple of key differenced-irstly, the drug is substituted for a
radionuclide which is often in the form of a chelator which can bind with radioactive metal ions
In the caseof radiolabeled antibodiesoncleavable linkers arémperative and stability is

paramount so that the radioactive payload is not relessg¢demains antibodyound
1.4.2.Immunoglobulin G (I1g§

Immunoglobulin(lgG) proteins are the most abundant antibody species in human serum,

with IgG1 as the dominant subcld8#\s such, most of thenmunoconjugateesearch reported

to date focuses on synthetic routes for modifying the Ig@ibody framework to accommodate
linker-bound therapeutic agentslThese efforts concentrate heavilgn the site-specific
modification ofnucleophiliclysine and cysteine side chaf¥$’ While the IgG1 antibody hosts

roughly 80 lysine residues, only a fraction of them lie within sohzestc e s si bl e domai n:
mor e, t he most accessi bl e d Gzdomamnswherer Igsinel oc at
modification effortscanc o mpr omi se t he ant i bo%d%@steinaspvthiegen b

less abundant, exist as sixteen accessible disulfide pairs on the IgG1l J¢affotd 1.6). This
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lower number of potential bindg sites decreases the number of potential isomers formed of the
antibody conjugate; thereby reducing the antibody drug conjugate heterogeneity of cysteine
relative to lysine overall® ”* By reducing the heterogeneity of the product, the immunoconjugate
compound elicits increasingly uniform pharmacological effects thereby improving its efficacy
as a therapeutic agerit.caveat to this approach is that these disutbdeged cysteine residues

are important structural components which hold large domaite@ntibody together, and they
must be reduced before bioconjugation of a payload can be performed. In contrast, lysine
residues are notstructurally integral and require no chemical modification before

bioconjugation.

Antigen Binding Sites

\

g
|

Figure 16. lllustration of IgGL antibody structurelepicting 4 inter and 12 intrachain
disulfide bonds. Constant and variable chain components are defined by letters (C) and (H)
respectivey. Light and heavy chains are denoted by subscriptan(d () respectively.Figure
adapted from those provided in (Garciarz, 2017; Absolute Antibody, accessed 2020; and Liu
May, 2012)72 7374
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1.4.3.Disulfide Bridging Linkers.

While free cysteine residues can be engineered into the antibody seqnatice,
antibodies rarely host unpaired cysteines residues accessible for modification, but rather paired
cysteines that bind to one another through oxidasiod form disulfide bridge<® 7® /" These
covalent bonds aressentialto both the formation andani nt enance of the pr
structure, and subsequently their biological acti¥(ty® Consequently, conjugatiowith most
thiol-selective bioconjugation reagentssult in thereaction of only a single cysteine residue,
leading todisruption of the disulfide linkageand compromisedstructural integrity of the
antibody® 8 Disulfide rebridging linkersare designed tinsert between paired cysteines and
covalently bind to bothhiol species to preserve the tertiary conformation of the prétéia.two
thiol-reactive moietiesare requiredn disulfide rebriging bioconjugation redions the site
specificity, and in turn, the product homogeneity of disulfelgidging linkesis superior to that

of cysteineselective linkers occupying a single bindisite Figure 1.7).83
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Figure 1.7. lllustratedreaction outcomes of antibody fragment subjeantmosulfidebinding cysteine selective linkers and

disulfide-bridging linkers demonstrating the differences in product heterogeRajtyre adapted from (Nunes al, 2015)%
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1.5.Cysteine Bioconjugation.

Maleimide and maleimide derivatives among the most frequently used ndeavable
linkers for cysteine residugBowever, they could beonsidered o be -dilpsazwalml ed du
the inherent instability of the linkage and ithpropensity to undergdegradation \a a retro-
Michael reactiorf® & The maleimide moiety undergodise Michael additionreaction with
thiolates a common organic chemistry reactiorgluding cysteinghiolatesfound in antibodies
Maleimide acts as an electrophilic Michael acceptor for the thiolate nucleophile to attack and form
a thioether addu¢Bcheme 17) .87 8

© e © L P
EléNR’ - )jéNR’ j;<Z<NR’
_ R-S R-S
0 0 0

Scheme 17. Michael addition reaction applying maleimide as a Michael acceptor for nucleophilic

R-S

attack of cystei ne -3)gieldinthedhsrproduitol at e moi ety

Maleimide and maleimide derivatives are extensively studied as both singular and
rebridging cysteine linker variantslowever, while maleimide is commonly applied by virtue of
its specificity and fast reaction kinetics, the thiosuccininmigetyis susceptible tm vivoretro-
Michael ( felimination) degradation of the immunoconjugasad releaseof the maleimide
rebridging agent and itdos Waatédshendrpaylht dad nfew
maleimidepayloadcomplexcantheninteract with othebiologically available thiols, cysteines,
and glutathiones(Scheme 18).8° %0 °1 Consequentlythe maleimiddinked immunoconjugates
(drug or radionuclide) becomedhaterogeneous mixture of taatibody drug conjugate product
and severalby-products which circulate through theblood streamleading to variable
pharmacokineticstherapeutic efficacy, and toxicit}f °> These homogeneity issues observed of
maleimide immunoconjugates have driven the research development of new linkers such as the

promisingphenyloxadiazolyl methyl sulfon@ODS)and itsderivatives™
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Schemel.8. A) Bioconjugation of thicbearing biomolecule (green) and radionuclide
bearing maleimideia Michael additionand subsequent hydrolysis to form a stable thioeB)er
retro-Michael reaction of the bioconjugated product in the presence oftibasing moleules
from the biological environmestuch as glutathiongink). Figure adapted from (Adumeatial,
2018)%

1.5.1.PhenyloxadiazolyMethyl Sulfone (PODS.

(Barbas et al, 2013) investigated the use ofeverailmet hyl sul f ony|
heteroaromatic derivativesowards thiol conjugatiorbased on the observed reactivity o
methylsulfonyl benzothiazole (MSBTplocking reagents® They demonstratedselective
nucleophilic aromatic substitutiobetweenphenyloxaiazole compounds and cysteine side
chains. Reactions applying Barbasagenttook placeat rates comparable to those applying

maleimide and the resultirgpnjugate had comparativelguperiorstability (Scheme 19).%7
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While this agent proved promising and caught the interest of several reseaatkerse
point during commercialization ofthe Barbas reagenérrors must have been made as the
commercial reagent had very lopurity and, consequently, diminished usdtef noting the
commer ci arhpuriygssueastmdls nwi I I i ng to denouncehet he cC
research labs of Dr. Thom&Bndt andDr. BrianZeglis, in separate worksecentlyresynthesized
the Barbas reagefft The Zeglis lab gave it theworking acronymii P O D&hdfollowed up on
these efforts by incorporatinghe PODS functionality within the structure of two novel
bifunctional chelators andsuccessfully applying thentowards the bioconjugation and
radiolabeling of thiol bearing biomolegles with f°Zr]zr** and £"LuJLu®".® This work again

demonstrated the vastly improved stability of the PODS linkage compared with malaimide

revived the underutilized PODS compoundds pot
_N _N
N N /R
| Y—s0,Me HS" R | H—s
O > 0]

Schemel.9. Reaction of the Barbas reagent watthiol, forming stable conjugate product
Scheme adapted from (Todaal, 2013)%’

1.6. Purpose Statement.

With the growing number of radiochemistry applications comes opportunity to expand the
toolbox of applicableadiotherapeutics and diagnostidese efforts, including theynthesis of
new andselective bimodal diagnostiagents alternative radiolabeling methodologies, and
improved radioimmunoconjugate stabilityere explored by the three projects preseinetthis

thesis and outlined herein.

The first project pertains to the imperative needs for diagnostic agents capable of localizing
deep tissue bacterial infection€ompound of designation yellow (CDyjlis a BODIPY
fluorophore that was previously found selectively bind to the functional amyloids of the
nosocomial pathoge®seudomonas aeruginog®AO1). This project sought to improve the
CDy1l1l dyeo6s di agapphngiLewis potssisted'F/SRtrandflyorination
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methods to the CDy11 preaar to synthesize a bimodal imaging agent applicable towards non

invasive localization oP. aeruginosanfection and subsequent fluoresceigeeded surgery.

The second project outlined in this thesis tackles the challenge of the commoeh &€l
acid agnt commonly used to facilitaté/*®F-isotopic exchangen the BODIPY core framework.
The moisturesensitive nature of Sngesults in the precipitation of tin hydroxide Sn(QEndbr
SnQ, which introducesariability to theoverall reactiorand can releaseCl, potentially harming
sensitive biomolecules or dye&s such, theefficacy of hydratednagnesium nitrat®&g(NOs)2
was exploreds a mild and aistable alternative ttheconventiondly appliedSnCl for promoting
F/A8F-transfluorination ofa commercially available BODIPY dy&urthermore, as the current
literature lacks automated methods for the Lewis acid assiSddbeling of BODIPY dyes,
efforts to automate the optimized procedures applying the stable hyhitgtids). salt solutions

are outlinedn an effort to provide reproducible and reliable BODIPY labeling strategies.

Lastly, the third project discussed in this thesis outlinessyrehess of several of
compoundsnvolved inthe multistep synthesigf the phenyloxadiazolyl methyl sulforleased
disulfide rebridging linker, DIPODS. These synthetic efforts were perfornwedssist in the
production of the final DIPODS product as well as to investigatee intriguingobservations
made of the first synthetic productdés proton |
afford a mixture of rotamers, a series of aate temperature NMR experiments were performed

to better discern the natureass.of the crude pro
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Chapter 2 Preamble

Chapter 2 describes the experimental effantsde towardsadiolabellingcompoundof
designation yellow@Dy11), a BODIPY dye found to selectively bind to the functional amyloids
of the nosocomial pathogétseudomonas aerugino@AO1), with [*8F]-fluoride. The objective
of this projectwas to produ@ ®F-radiolabetd CDy11 through Lewis acidssisted*F/*8F-
transfluorination methodologie®ncelabelled the newly'®F-labeled dye was to be subjected to
a series okx vivoandin vivo analyses to determine its efficacy as a bimodal imaging agent for
bacterial biofilms such as those found to develop in the moist environments of soils and bodily

tissues.

The CDy11 precursor wasynthesized by collaborato(Br. Michael Givskov and Dr.
Liang Yang and shipped to USask, but wapuafied usingHPLCinstrumentation andonfirmed
using mass spectromeftySuccess of the transfluorination experiments was evaluated through
HPLC analysis using a system equipped with both\#&* andradioactivty detectorsAlthough
synthesisattempts of the desirdéefF]F-CDy1llpr oduct fai l ed pri marily
instability, they illuminatednconsistencies ithe jargon used to describe thewis-acid assisted
radiofluorination methodswhich require clarificationWhat ismore, the moisture sensitivity of
the Lewis acidic agent used in these reports, $eGmplicateshe procesas the amourtf viable
SnCl successfully introduced into tlieactionmedium issubject to a wide range of variability
The requirement of dispensing very small volumes of this reages2qQ~8.) usinga Hamilton
microsyringe results in the production of visible HCI gas and white tin precipitate on the end of
the needlereducing the replicability of the reacti@monditions and therefongelds. Ultimately,
the decision was made to discontinue labelitignapts on the CDy11 BODIPY dydue to the
mo | e cintlinsicdirsstability, and instead turn focus towards improving the existitrg'éF-
transfluorination methods by assessing the use of Lewis acideaIic! liberation andmproved

moisture stabilityas alternative SnCh. Theseendeavourare reported later in Chapter 3.
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Chapter 2

2.1.Introduction .
2.1.1. Pseudomonas aeruginosa

The Pseudomonas aeruginos@®AO1) bacillus is a biofilrproducing, Grammegative
pathogen found to live ubiquitously in nature, thrivinghe moist environmentsf water, soils,
and biological host$% 101192 The pathogenicity of PAO1 bacteriumasnultifacetedcomposite
of extracellular and structural aspeaessulting in a range of associated dised$€8*P AO1 6 s
infectious nature is further exacerbatedy®ars of selective pressurtsat affordthe bacteria

recalcitrant, multidrug resistance; rendering prevalently used antibiotics ineffel®atés.
2.11.1. Pseudomonas aeruginosa and Human Health

While rarely infecting healthy hosts, PAO1 is a common nosocomial pathogen found to
frequently cobnize clinical surfacesMedicaldevicessuch as cathetet? respiratory equipment,
and pacemakersare all capable of enabling thénfectious bacterid s trwnsfer
immunocompromised host®1%including patients suffering from various forms oéincer°
HIV and AIDs,!!! 12 pyrn victims and respiratory diseasé3.'# In particular, PAOLis
considered the leading cause of morbidity and fatality of cystic fibrosis paftents.

2.1.2 Bacterial Biofilms.

The superior resilience colonized PAO1 microbgkibittowards environmental stress
attributed to their production of extracellular polymeric matricgiserwise referred to as
fibiofilmso. The biofilm is a complex and adaptive system of-sgjfanized bacterial species
primarily comprising of extraglular polysaccharides, extracellular DNA (eDNA), and proteins
(Figure 2.1).116117
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Figure 2.1. A simplified structure of the biofilm compositiorkigure adapted from
(FlemmingandWingender 201Q and Maniet al, 2018.116 117

2.1.2.1. Advantages of the Biofilm System

The sessile lifestyle of biofilrassociated bacteria proves viably advantagétiughe
colonized bacterium exhibit van der Waals fotieatattract the prokaryotes towards one another,
allowing them to adhere tboth abiotic and biotic surfaces® These effects arenhancedy the
bacteri abds e nv e-beor@getaapdlysaacharideesiole, @nabng thd associated
bacilli greater pportunity toadhere with one another and the affected environdtéthe
formation of the biofilm encapsulant affords the amassed reienamunity superior tolerance to
theharsh conditions biocides and antibiotioay afford*?!

As thebiofilm systemmatures, several physical and social properties entieagieffer the
micro-community the means tosustainitself. The biofilm housed PAO1 bacteriadisplay
synergistic behaviowith one anothethroughsocial, metabolic and electrical interactions as well
as their ability to capturandstore nutritive materiafs?

2.1.3 Biofilm Associated Functional Amyloids

Pseudomonaassociated functional amyloids (Fap) are the principal proteinaceous
constituent of PAO1 biofiim$?® These msoluble fibrilse x t e n d from the bac:

membrane where tlgeserve as adhesives allowing the cells to stick to one another and ultimately
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coloniz.?4125The adherent fiberalsoact as proteirscaffolds in the developing matrikelping

to maintain thebiofimsys e més strué® ural integrity
2.1.4. Compound of Designation Yellow 11 (CDy11).

A newBODIPY-based fluorescent probe waported byKim et al, 2016)* The novel
biosensorcompound of designation yellow (CDy1(Bigure 2.2), was found to bind specifically
to the Fap amyloids oPseudomonas aerugino$2A01 biofilms. Initial in vivo assessments
demonstrated CDy1l1l1l1d6s potenti al as an optical
fluorescence response at 576 nm when bdotkdePseudomonaassociated functional amyloids
(Fapbi omar ker . However, CDy116s i magintgssuabi |l it
fluorescence attenuation and require further modification to fully realize its potential in the realm

of clinical diagnostics.

Figure 2.2. Chemical structure of CDy11.
2.1.5. Purpose Statement.

Resilient biofilmassociatedacterialinfections, such as those caused by PA@tuire
reliableselective diagnostic agenthis project aims to apply Lewaidic [éF]-labelingmethods
to produce a radiotracdérom theexising, biofilm-selective, CDylJrecursor It is hypothesised
that the optical and PET dual modality of the radiolabeled dyeewillp a n d  Gidygostit 6 s
applicability beyond its limitatins of fluorescence attenuatiandallow for biofilm-associated

bacterial infectiolocalization at greater media depth.

CDy11will be subjected thewis acid facilitated®F/*®F-transfluorination angubsequent
characterization usingadioactive and UV/Vis HPLCFollowing the confirmed synthesis of

[*8F]F-CDy11, the goal is to apply the isolated radiotragerseveralex vivoand in vivo
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experimental models with the opportunistic PA@dfimst o assess the modi fi e

performance as selectivebimodalindicatorfor the colonizedPseudomonas aeruginobacteria
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2.2. Experimental
2.2.1. Purification of CDy11.

The aude CDyllprecursor @.050¢g, 0.1M mmol) was received from our collaborators.
Purificatiors and characterizati@of the crude CDyl11 compoundeve performedby applying
HPLC-MS instrumentatiorusinga ThermoFisher Vanquish UHPLC system equipped with a
Chromeleon 7 communication software, DIONEX UltiMate 3000 fraction collectorCa8dsemi
prep column (Spursil® m C 1 8 ,21.2nmm0reverse phase colunilow rate8.00 mL/min). A
similar system equipped with @eversed phase C18 UHPLC column with TM8dcapping
(Luna® 5 pm C18(2) 100 A, LC Column 2504.60 mm, Ea flow rate 0. mL/min) was used to
assess radiofluorination of the CDy11 compofaiidwing experiments wherein differingrF/*8F-
isotopic exchange reaction conditions were applBddientsolvent systesiof water: acetonitrile
(95:5 to 5:95) and (70:30 to 5:95) with 0.1% formic ae®re used for analysend the methods
were refinedAbsorbance was measured at both 868 the maximunabsorbancef the CDy11

precursoyand 2541m,a common wavelength for aromatic compounds.
2.2.2 CDy11 Radiofluorination.
2.2.2.1. CDy11 Solution Preparation.

CDy11(1.10mg,2.25% 10°mmol) was dissolved in a dry, sure seal vial using dry MeCN
(2.10mL) to afforda 1.00mg/mL solution.

2.2.22. Fluorine-18 (8F]F)-Production.

Fluorine18 (®F]F) was produced by staff at the Saskatchewan Centre for Cyclotron
Scienes (SCCS).1P0]0-H.0 water was irradiated with higgnergy protons using an ACSI TR24
cyclotron. The primary batch ¢tF]F was used by the SCCSBargettransfer lines were rinsed

to obtainresidual[*®F]F for facility userexperimentsprovided asanaqueou$*®F]F solution
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2.2.23. Azeotropic Drying of 8F] F- Solution.

The aqueous§F]F solution(~300MBq) obtained from the SCCS was further diluted with
deionized water (2.081L) andeluted through aotassiurcarbonate ion exchange cartridge (Sep
Pak QMA) The QMA trapped®F]F ions weresubsequentlyelutedinto a dry, suresealed
overhead viain the form of tetrabutylammoniunt®F]F-fluoride ([*®F]F-TBAF) by passing an
ethanolbasedsolution oftetrabutylammonium bicarbonaf€BAB) (700 L , OM) Ghiodgh
the cartridgeThe [*F]F-TBAF solutionwas azeotropically drieth the suresealed viaunder a
gentle stream of nitrogen gas by heating the ves$#8 t€ and addingVleCN (1.00 mL) to the
existing solutionSolvent vapours were expelled frone vial through a vent needis theprocess
was repeated four times until a dry pgtdlow precipitate was visible along the inner walls of the

vial (Figure 2.3).

300 MBg TBAB 600 uL (0.075M)
18FIF-/H,0 0
["®*FIFI/H, 1

HO™ O §N+f\/\
| 715
[eFIF [eFIF-

- _ 20 @ MeGN.
Ng(g), 90°C, 15 min

o P

& (TBAF)

U/
Waste

TBAF Precipitate

['FIF- N

Figure 2.3.Illustration of themanual azeotropic dry down process
2.2.24. *F/*®F-Exchange of CDy11.

Attemptedradicsynthe®s of [l8F]F-CDy11applied methods adopted frogCarlucciet al,
2015 and Paulust al, 2017)127128 Azeotropically dried F]JF-TBAF was reconstituted with
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anhydrous acetonitrile (20€.). CDy11 was added to the solution and mixed for several minutes
before addition ofi ¢ a t a $nglito assist in the exchange GDy11-bound fluorinewith the

available[*®F]F ionsin the reactionmedia (Scheme2.1).

\fo ['8F]F/TBAB, SnCl,
35 °C, 30 min

Scheme2.1. Tin(lV) chloride (SnCj) catalyzed, onstep radiesynthetic preparation of
[18F]F-CDy11. The above reaction scheme uses TBAB to facilitate phase transfer of the reagents

within the reaction media.

Parameters such asactiontime, temperatureand eagentconcentratiog, underwent
individual assessmett optimize the reaction conditiomsd achieve successtaldiofluorination
of the CDy11 dye

2.2.25. HPLC Analysis of CDy11 Post Reaction.

The CDy11 reaction was quenched with deionized wa@d € L. Jhe resulting solution
was eluted through @-18 SepPak and washed wilkionizedwater (100 mL) to remove free
[*8F]F ionsfrom the sampleOrganic components of the reaction mixture were eluted from-the C
18 cartridgeusing MeOH collecting 10 Lfractionsat a time The activity of each fraction was
measured using a dose calibratbhe MeOHcompoundelutions foundto contain the greatest
amount ofradicactivity were combined. Aample of the radioactive solution (220 ) was | oad
onto a Thermo Fisher Vanquish UHPLC system equipped with an Eckert Ziegler radioactivity
detectorthrougha20L s amp | e | olasmotddthat HRCclardmategraphy data was
not obtained from crude samples, but rather the small amount of isolated samples as a proof of

concept for®F-labeling the Cdy11 molecule.
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2.3. Results & Discussion
2.3.1 Purification of CDy11.

The audeCDyl1 mixturewasdissolved completely iacetonitrile before slowly adding
H-O to make s&olutionwith 3:8solventratiorespectively2.043 10°M). The dark purple solution
was sonicated and mixed with a vortex mixer several times before filteringw#ba @ Pr o ma x

PTFEfilter. The resultindight red/pink solutiorwas subjected to HPLC purification

Mass spectrometry was useddonfirm theCDyl1 analyt® s i s a B2a6tminotes
within the HPLC chromatograngFigure 2.4 andFigure 2.5 respectively. The purified CDy11
was collectedand presentd asa clear vibrant fuchsia solution. Once collected, volatiles were
removedyvia rotary evaporation and water was removed by freeze drying fon b2fore
reconstituting withanhydrousacetonitrile(2.043 103M). From this it was observed that of the
original 0.05@ g of CDy11 dye provided, D03 103g (15.9%) of the crude material was pure
CDy11.

A second HPLGnjection of the pufied compoundvas performedimmediately following
the initial purificationto confirmisolation ofCDy11 from the crude mixture. However, within 24
h postpurification, a third injectionvas performegbrior tosubjecting the CDy11 td9F]-labeling
conditionsto serve agold referenceshowed degraation of the purified agenin the form of a
large secondary peaki@ure 2.6). Degradation was confirmed using mass spectromEtguge
2.7).
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2.3.2 CDy11 Radiofluorination.

Prior to experimentation, several papers detailing BODIPY!#5#&°F-isotopic exchange
werestudiedto ascertain a grasp of the reaction procedtine.degree to which these articles and
their supporting information described the radiofluorination procedures varied significantly. While
some articles gave very few details, others had outlmectleophilic reactionwith SnCh added
to the BODIPY dye prior to introducirthe['®F]F solutioninto the reaction environmen recent
article had used the terinc a t awhentdescribing the use of SnGBiven the definition of a
catalyst, thismpliesthat therate of'°F/*8F-isotopic exchangs increasedby the introducinghe
Lewis acidinto the reactionmixture as it provides a more energetically favorable route for
transfluorination to proceeth addition to thisthe catalytic agent shoule regenerated, that is it
shouldundergo no net changmceit completes itassistance of theeaction It is imperative to
clarify that the SnGlreagent acts to abstract fluzgifrom the BODIPY core prior to the addition
of the [*¥F]F solution In doing such, a reaction site is generdateat allows for nucleophilic
incorporatiorof a [\®F]F anion from the surrounding reaction medihat is to say, the Lewis acid
must interact with the BODIPY precursor before incorporating*tféF solution into the reaction
medium This abstractioprocessdoes not occuhoweverwithout the formation of tin(ll) and
tin(IV) fluorides (Snk and Snk) and the original SnGlreagent is not regenerated during the
reaction This misuseoft h e wo r d deSesvast chrifigatoiagit introduces a source of
discrepancy within the literature outlining the mechanism by which the Lewis acid assisted

radiofluorination of BODIPY dyes is achieved

TheSnChLr e a g maistu@ sensitivitys a potential source of variance for the reaction
The Lewis acid is drawim very small quantities (~20nL) from a commercial sursealed essel
using a beveled Hamilton syringe. During the short period of timenwiesyringe is removed
from the bottle to puncture the stseal capping of the reactional, tin(ll) and (IV) oxides
precipitate at the tip of the needidile HCI gas is liberated\ot onlyare these solids insoluble
within the reaction environment, they also obsttber e mai ni ng sol uti onds enf
vessel by either partially or fully clogging theedle Both outcomes reduce the amount of Lewis
acid available to facilitatene 1%F/*8F-transfluorination reactioto an unknown and unpredictable
amount While this variance may affect the reaction to a lesser degree for a larger scale reaction,
radiofluorination processes are carried out on a ssaalle level. In this case, withmilligram or
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less of precursor usethe smallest deviance from tlmtended volumecan havea significant
impact on theanolar equivalent of Snedispensed and therefore tteactio® sutcome and the

replicability of thee x p e r iresats.t 0 s

While degradatiorwasfoundto occur within 24 of purification,the CDy11 mixture was
subjected to several variations of theliolabellingprocedureso radiolabelthe remaining CDy11
moleculeswithin the sample. These attempt® outlined ifTable 2.1 Thesuccess of thE-®F]F-
CDy11 labeling attempts was assessed ukiRQC analysis with both UV/Vis andadioactivity
detectors. Given CDyHls e x i st i n gthesycdessfal aatlioflaoanationvor tieglecule
affords new radioactivity-detector signalthe retention time &) of which corresponds with that
observed of the fluorophore during Uis HPLC analysis with a delay of ~0.7 min (radiation

detector is placed after the s detector in the flowpath).

Despite tle experimentalattemptsmade the Lewis-acidic conditions of the"%F/*8F-
isotopic exchangeeactionsexasperatedegradatiorof the CDy11 precursoiWhen comparing
the UV-Vis chromatograms run of the unreacted CDy11 with reaction mixture, no CDyll was
foundpresent post reaction. As such, wiisgradation products welabeled with [*¥F]F anions
during the attempted reactioms[18F]F-CDy11was observed in thadioactivitychromatograms

used to assess théfficacy of the applied experimentdnditions
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Table 2.1. Summary of experimental parameters assessed during the attéfRgtdukbling of CDy11Quantities Q ¢, solution
volumesQL) , solution concentrations (Omol), and the number of e
t he BODIPY starting materi al (eq) are provided for miarelt of t
(min)r.adlihceact i vity asslddiadted & dwiBODOPWedass Drulelaxh of thdgL&ut | i
and HPLCaanal psesént hget O %al amount of BODIPY steamsparcd fapgplaice
values obtained through TLC andriRL ©aandlvy ¢ es (vaddre eypain edBpeoaqtuestaedts
soluti Omo(IMBagti vity val uersodieicsatye dc oirnr etchtiesd t(aNoDGCe) .ar e

=) : =
CDy11 (o, g A 6, SnCls F-Labeling Reaction RCY NDC
Entry Temperature (C) Time (min) Efficacy NDC(%)
nmol) nmol) (mg, mmol) (MBg/umol))
TBAB
1  50.0,0.102 268, 1.02 25 30 - - &
261,0.786
K22dK2COs3
3000, 7.97/
2 100, 0.204 554, 4.01 5210, 20.0 80 30 - -
TBAB

1821, 6.00



o SnCls 1%--Labeling Reaction RCY NDC
CDy11 (o, Fixing Agent (g,

o) mmol) Temperature (C)  Time (min) Efficacy NDC(%)

(mg, mmol) (MBg/umol))
TBAB

3 50.0, 0.102 261, 1.00 50
13658, 45.0
K22dK2CO3

Entry

30

3000, 7.97/
4 100, 0.204 554, 4.01 5315, 20.4 80 60
TBAB

1821, 6.00
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2.4. Conclusions & Future Directions

CDyl11 was obtained from our collaborator in low puriyith degradation of thee-
purified compound observedithin 24 h.Subjectingthe purified CDy11 product tbewis-acidic
19F/8F.isotopic extiange conditions seemingly acceleratedthe compound degradation
presumably due to the liberation of HCI from the Sn€hgent Consequently[!®F]F-CDyl1lwas
not produced under the applied reaction conditions

While the desired producbuld not be isolatedhe use of moistursensitive agestsuch
as Sn( presened as a notableource of variabilityfor r e a c t i o n.drvestmatingdhe me
efficacy of waterstable Lewis acids towards facilitatif§F/*éF-transfluorination at the BF
moiety of BODIPY fluorophores could offer alternative Lewis acidic agémt carrying out the
reaction proceswith moreconsistehlabeling yieldsFollow up efforts exploring this notion are
describedn Chapter 3 of this thesis.
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Chapter 3 Preamble

Chapter 3 explores the uskan alternative Lewis acidic agentfacilitate °F/*8F-isotopic
exchange at the Bfnoiety due to the variabilitghe SnCJ Lewis Acid introducs to the overall
reactionprocessTo explore this idea, we selected a simple @mdmercially available BODIPY
dye. As opposed to the moisture sensitive Sh@lvis acid frequently applied in literagireported
BODIPY ¥F-labeling efforts, the following efforts describe the uséydrated Mg(NQ): as a
mild and stable alternatiuender the hypothesis that the agent will s@oveffectively radiolabel
the commercial precursofhe nitrate salt omagnesium was selected for maximum solubgiby
that a highconcentration stock solution could be prepared in water, and so that a minimum volume
of water would be introduced into the radiochemistry reaction when transferring the solution.
Efficacy of the °F/*8F-transfluorination conditions were evaluated using an HPLC system
equipped with both UWis-, radiatiorrdetectorsand radieTLC imaging scanneiVhile further
experimentation is necessary to obtain an optimif&dabeling strategy applying hycde

Mg(NOz)2, initial efforts are reported and discussed herein.

This chapterlsooutlines the efforts made towards automatimgoptimized Mg(NQ)2
methods for radiofluorination of the commercial dyeitomation efforts were carried out an a
Trasis miniAllinOne (miniAiO) synthesizer.While optimized methods remain under
investigation, an automated method was established for the azeotropic drying and reconstitution

of [*®F]F anions
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Chapter 3

3.1. Introduction.
3.1.1 Tin Chlorides

Of the reagentsassessed bgLiu et al, 2013)°3 during theiroriginal investigation into
Lewis acid assisteff®F]F-BODIPY dye labelingstrategies, Sn(lV) chloride afforded the most
successful result€onsequently, the majority of effortisat have reportetihe use of Lewis acids
to facilitate the!®F/*8F-transfluorination of BODIPYbased imaging agentsilizes SnCh by
convention.The Lewis acidic properties ofiri(ll) chloride and its milder counterpart tin(1V)
chloridearecommonlyappliedas catalystd~or example, on an industrial scale, tin chloriolésn

serve to promotthe synthesis of polyester arftiedelCraftsalkylationof aromatic rings?°
3.1.1.1. Instability & Safety Associatedth Tin Chlorides.

Chloride salts of both the"2nd 4 oxidation states of tihave a wide degree of variability
associated with their efficacy apdse health risks to personnelavtome into contact with &m.
Both SnCbk and SnCj aresusceptible to hydrolysis in the presenceaiofand waterresultingin
theloss of viable agent through tf@mation oftin hydroxide and/or oxideprecipitates and HCI
gas(Scheme3.1). Thus, while tin chlorides can yield highly successf@/ éF-transfluorination
reactiondor BODIPY dyes the difficulty associated with handling there a significant problem

that requires resolution for improved replicability of results
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Scheme 3.1Hydrolysis of A) Sn(ll) chloride and) Sn(lV) chlorideto produce Sn(ll)
and Sn(IV) precipitates respectively and HCIl.gasOxidationof Sn(lV) into insoluble Sn(IV)

oxide and HCgas.
3.1.2. MagnesiumSalts.

Based on previous experiences where tin(IV) chloride was applied in the attempted
radiofluorination of the BODIPY dye CDyl{efer to Chapter 2)research objectives shifted
towards investigatingir-stablesubstitutes for the reactive Lewis acidthough(Liu et al, 2013)
hadoriginally assessed the success of several Lewgsaigrnatives, the scope of their analysis
focused aly ontransitionand post transitiometak such asitanium andin. By broadening our
searches for an alternate Lewis acid beytina$e previously studiedve notedthat magnesium
shares similarities with t{h) and tin(IV). As shown inTable 3.1, the effective ionic radii of
magnesium ions lies within a similar range to that of Snt®A3*2wh at 6 s mor e, mag1
interacts with fluoridgo form bonds of comparable strengbdonddissociation valuggo those
observed with tin; with (MgF)reacting with a second fluoride to form a bond with strength
comparable to that forged between the anion and titanium; Wlhiicket al, 2013)reported as the

second most effective agent during their assessment.
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Table 3.1. Energyof bonddissociatiorvaluesreported for 298 KelvitiD 298 kJ/mol)and effective ionic radijpm) of relevant

bondstowards the selection of a néwvewis acidfor assisted®F/*8F-transfluorination of BODIPY dyes.

Bond D°208  |Referencg Bond D°208 | Reference|Effective lonic Radiii Reference
(kd/mol) | Number (kJ/mol) | Number (pm) Number
B-H 345+ 3 131 | Mg(I)-H:0 123+13| 131 Ti(IV) 60.5 132
B-F 766+ 13 130 Mg(ll)-OH 314+ 33 131 Sn(V) 69.0 132
BF-F 569 130 Mg-H 191+ 6 131 Mg(l) 72.0 132
SnIV)-F  476+8 131 Mg(ll)-F 477+ 50 131 Ti(ll) 86.0 132
Ti(IV)-F 569+ 33 131 Mg(Il) F-F 544 130 - - -
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3.1.2.1. Magnesium NitratdexahydratgdMg(NOs)2] -6H20.

Magnesium nitrate [Mg(N§€),] is a hygroscopic inorganic sakhat forms its hydrated
variant when exposdd water, oito airwith sufficient moisture contenAlthoughabsorbing water
modifies theLewis acidic agentmagnesium is stable in its 2+ oxidation state @nedhydrate
speciesis stable and thus easilyaihdled without pasg risk of precipitation Unlike tin and
titanium chlorides, magnesium salts do not rapidly precipitate or liberat&d H€€additional water
of the hydrated species would conventionally be of concern for radiochemists as the nucleophili
interactions between the water protons affelF anionsreduce theucleophilicity of the fluoride
and therefore themount of radioactive isotope available for incorporation into the target
compound. However, whilé®F-fluorination reactionsare nornally performed inpolar aprotic
solventsrecent reports suggest thiae presence @& small amount olvater, even as ao-solvent
may not always be detrimental t@diofluorination reaction$>3 An example of a sccessful
radiofluorination reaction thawas performedunderwet conditionsis the production obrtho-
phosphonium aryltrifluoroborate zwitterions wiaicleophilic *F/*8F-isotopic exchangg which
was carried out by (Let al., 2012) with water as the prary solvent and polar aprotic acetonitrile
only present in tracamounts(Schemes 32 13% As such,the requirement to dissolve the
magnesium salt into water and therefore the addition of a small quantity of water to the BODIPY

radiofluorination reaction was not a deterrent.

+ +
PH,R; PH,R;
@: ['®F]F/['80]H,0, CH4CN (trace) @i
B-F 20 min > g-F

FF PRy= (a)PPh,Me, e F
(b)P(iPr),Me
(c) PPhy((CH,),CO,H

Scheme 3.2. ®F/8F-transfluorination of ortho-phosphonium aryltrifluorobota

zwitteriors under aqueous conditioas reported bylLi et al, 2012)'34
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3.1.3. Automated Radiosynthesis

The atomation of synthetic procedureasllows for the production (synthesis) of
radiochemical agents meet the standards tife good manufacturing processes (GM&Quired
for administering these agents within biological systefmgomation improves the replicability
and reliability ofradiolabelingmethodsby reducing the amount dfuman errothat can in turn
lead to variability between production batches and even production f&fiileis standardization
has the added benefit of reducing theiationexposure oproduction personngas the automation
boxes can carry out a comgaited radiosynthesiemotelyor from behind lead shieldingising a
seres of valves, tubes, pumps, cartridges, and evdinenHPLC systemsWhile manual efforts
require handling radioactive substances for extended periods of time and increased risk of
contamination, the closed system of theomatedsynthesizer can be safely monitored from a
distance vidhe instantaneous production feedback of the automation software. Finally, this lower
exposure risk allowkr the use ohigher radioactivity levelduring synthesis andh accordance
with the larger amount of radioactive isotope availdbleincorporation higher radiochemical

production yieldsind specific activity values for the reaction proddtt
3.1.3.1. Automated Synthesis Platforms.

Currently, two of the leading automated systemsised to produce GMP-grade
radiodiagnostic agents areetGETRACERIab FXxn andTrasis AIO(All in One) systemsBoth
synthesis modules have their benefits. ASERACERIab FXnwas the first to arrive to miaet,
it has since become the most widely applied system for automation of radiosynthetic procedures
with the most common example bein§AF-FDG. Consequently, many of the automatimd
optimization strategies that have been published toadati reference to the design and software
of the TRACERIab system. However, becausesthe s t eomgreents thatncountereagents
and radioactivity ar e f i postgrodwdtianbleamngstdpereqlikr ACE R
a further attention to assur&MP accreditation is maintainedHowever, the TRASIS AIO
automated synthesizer is a cassbtised system that runs the reaction procedure through sterilized
and commercially availabldisposable components. This design allows the user to modify the

cassette to better suit the synthetic proceteirg run on the systeand dispose of the cassette
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once synthesis is achievaeducing the risk of cross contamination between production gins a

well increasing the throughput of productiéfy.
3.14. Purpose Statement.

While the Lewis aciebased'®F-labeling strategies reported to date for BODIPY dyes
afford high radiochemical yields, they are limited by the moisture sensitivity dfeives acidc
agentsapplied to facilitate radiofluorinatiorDespite theirdescribedefficacy, the yields ofthe
reactionsapplyingtin and titaniumasLewis acidsare subject to significant irregularigs their
reactivity withwater leads$o varying amaints ofreagenprecipitationand the production of acidic
fumes. Not only does thisewis acid degradatioprove problematic for manual labeling efforts
as the precipitation results in reduced labeling yields and clogging of needles, reagent inlets, and
outlets butthe deteriorativeeffects of theacidic fumesdegradatioron the synthesiser platform

itself inhibit automatiorand GMP certification of BODIP¥based radiotracers altogether.

As the original surveyerformed by(Liu et al, 2013)pertained tanly a small range of
applicable Lewis acids, theig®room to improve the existing labeling strategies through assessing
alternative Lewis acidic reagenihis project soughb explore thause of aif/sheltstable Lewis
acids with comparablchemical propertieso those of SH/Ti*" as promoters forthe 8F/*F-
isotopic exchange of BODIPY dye®¥/e hypothesized thahagnesium(ll)nitrate Mg(NOz)2]
could function effectively aSF/*8F-exchange promotg agenby virtue ofits comparable acidic
strengtls and bond dissociation energiggh those otin and titanium iongFurthermore,lrough
our relationship with the Sylvia Fedoruk Cenfivpe Nuclear Innovatiopresearchers are given the
opportunity to gain familiarity with the TRASIS AIO synthesis platform. As such, the final goal
of this project was to automate the optimized magnesiasedradiofluorination ofa proofof-
conceptcommercialBODIPY dye using tle TRASIS AIO systento demonstratehe overall

benefit of using magnesium Lewis Acid salts lwelingBODIPY-based imaging agents.
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3.2 Experimental.
3.2.1. Mg(NOs)2:6H20 Solution Preparation

Concentrated solutions of NI§Os).-:6H>0O were prepared bglissolving the hydrated salt
(0.500g, 1.95mmol)in a minimal amount of solvenBoth polar protic and polar aprotic solutions
of Mg(NOs)2:6H>0 were made in this fashion and used for experimentation to assess the effect
of solvent on the reaction yieldaqueous (polar protic) Lewis acid solutions were made using
0.418mL of deionized water for a final concentrationd66M andpolar protic solutions were
made usind..40mL of DMSO fora Mg(NOzs)2:6H.0O solutionMolarity of 1.39M).

3.22. Tetraethylammonium Bicarbonate Solution Preparation.

Tetraethylammonium bicarbonatél(7 mg, 0.375mmol) was completely dissolved in
deionized water (0.506L) and MeCN (4.50nL), producing a freshiynade solution ophase

transferring agent with 1:90:MeCN solvent composition for eatiir-radiolabeing experiment.
3.2.3. °F/*8F-Isotopic Exchange of BODIPY Dye Standard.
3.2.3.1. [*¥F] F SolutionProduction.

Aqueoud[*®F]F anionic solutionsvereproduced by staff at the Saskatchewan Centre for
Cyclotron Sciences (SCCS) vaa®O(p, n}®F nuclear reaction using an ACSI TR24 cyclotron.
The primary batch of fluoridé8 was used by the SCCS, and the tangetsfer lines were rinsed
to obtainresidu ['®F]F ionsfor these experiments provide @agueoug éF]F.

3.23.2. Manual Azeotropic Drying of§F]F- Solution.

Agueous FF]F (~300MBq) obtained from the SCCS was dilutienitherwith deionized
water (2.00mL) andeluted through gre-conditionedSepPak QMA cartridge QMA trapped
[18F]F ions weresubsequentheluted in the form of fF]F-TEAF by passing a freshly made
solution of TEAB(700¢ L , OM) @hiGgh the cartridge. Thé®F]F-TEAF salt solutiorwas
azeotropically driedn a suresealed overheadial immersed in an oil bath heated36 °C by

addingMeCN (1.00mL) and passing a constant stream of nitrogen gas through the Bdgeht
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vapours were expelled from the vial through a vent neddie azeotropic dryingprocess was

repeated four timeand produced dry paleyellow precipitate along the inner walls of the vial

3.2.3.3. Automaion Test forAzeotropic DryDown and SubsequeReconstitution of 18F]F-

Solutin.

Using a small amount of teity for initial testing aqueous[**F]F (50-75 MBq) was
transferred directly to the TRASIS MAO automatedsynthesizer(Figure 3.1) throughthe
activity inlet into theactivity plunger The synthesis module was operated in the following manner

to successfully dry and reconstituteuwlk solution of[*8F]F with dry acetonitrile
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Figure 3.1 Diagram of the TRASIS MiilO automated synthesizer and cassette design used
for the automated pcedure.

The following steps were programmed into the TRASIS MiniAIO system to automate the
purification and ndr y-18dwhishnwias gbtaired ie dater fellovanfy f | u
cyclotron production.
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1. Aqueoud*F]F (5.00mL) was delivered to thERASIS MiniAlO radiosynthesimodule
via the activity inlet The aqueou$'®F]F ionic solutionwas eluted through the systems
activity plunger and quantitatively trapped ®@QMA carbonate ion exchange solid phase
extraction (SPE) light cartridgg@osition 2).

2. The resinbound [®F]F anions were eluted from the QMAcartridgewith a solution of
tetraethylammonium bicarbonate (TEAB)@750M, 4.00mL) (position4) in the form of
[18F]F-tetraethylammonium fluoride §F]F-TEAF).

3. The [®F]F-TEAF solution was transferred into the reactor yii@e positions 8 8° 9) and
dried azeotropically byddition ofanhydrousacetonitrile(1.00 mL) (position 6) under
reduced pressuia % °C. This process was repeatiir times to afford®F]F-TEAF as
a dry, offwhite/yellow solid lining the sides of the reactor vial.

4. The reactor vial was cooldd 40 °Cusing a stream of nitrogeyasbefore addition of
anhydrous acetonitrile (30 mL) (position5) for reconstitutiorof the dried féF]F-TEAF.

The sdution was transferring taventedproduct vial
3.2.3.4%F/*®F-Isotopic Exchange Reaction.

During several attempts to discern optimal reaction conditiormigh which magnesium
nitrate could facilitatéF/*8F-transfluorination of a commercial BODIPY dyeriousequivalents
of magnesium nitrateexahydrateandBODIPY dye standardiere mixedat 37°C for 5 minutes.
Azeotropically dried F]JF-TEAF was reconstituted with anhydrous acetonitrile (200 and
addal to the Lewis acidic mixtureCrude samples of the mixture were obtained as the reaction
proceeded to assess the impact of time on the radiochemical yields obtained under the applied
conditionsReaction efficacy was assessed by subjecting the crudeesaaiphe reaction mixture

to radioHPLC andradioTLC analysis.
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1) Mg(NQ3), - 6H,0 (4.66M)
2) ['8F]F/TEAB (0.075M)
MeCN, 5-45 min, 37 °C

Scheme 3.3General reaction scheme f&F/*8F-isotopic exchange of the commercial
BODIPY standard using magnesium nitrate hexahydrate [Mg)N&s a Lewis acid to enable the

reaction to proceed forward
3.2.3.5. HPLC Analysis of BODIPY DyéF-radiolabeing Condition Efficacy

A20ekl00eL sample of t he BODIPY standard
ThermoFisher Vanquish UHPLC systemuipped with &hromeleon Zommunication software
prior to each F]-labeling attempt. Samples were run via revgaisase chromatography by
applying a gradient solvent mixture l6$0: MeCN (70:30 to 5:95) with 0.1% formic acid. A C18
HPLC column with TMS endcapping (Luna® 5 um C28{00 A, LC Column 250 4.6 mm, Ea)
was used for experimental analysis of the BODIPY standebsorbance was measured at both
the absorbance maximum thie commercial dye d05nm, and 254m; a common wavelength

for aromatic compounds.

Crude smples d the reaction mixturevere quenched with deionized watey afford a
mixture of MeCN:HO solvent ratioof 2:8. The sample mixture wdittered through a ProMax
nylon syringe filter (pore size 0j2m, diameter 13nm). The activity of a 2&L sample subset
was measured using a dose calibrdteioreloadng the known volumento a Thermo Fisher
Vanquish UHPLC system equipped with an Eckert Ziegler radioactivity detector through a 20
eL sampl e | oo p.siskaspesformechesmd aardversechphdse/ C18 HPLC column
with TMS endcapping (Luna® 5 pm C18(2) 100 A, LC Column 2806 mm, Ea). Eckert Ziegler
radioactivity detector was set at ZDB sensitivity. Gradient solvent systems l[6$0: MeCN

(70:30 to 5:95) wth 0.1% formic acidvere applied during analysis
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3.23.6. Thin Layer Chromatography (TLC) Analysis of BODIPY Bleadiolabeing Condition
Efficacy.

The efficacy of-®F-labeing attempts werevaluatedia thin layer chromatography (TLC).
The effects of reaction parameters such as time and reagent equivalents were assessed by spotting
the crude reaction sample on three separate Fisher Scientific precoated alubaoked silica
TLC plates. TLC strips @re run using acetonitrile as an eluent. Crude yields were determined by
analysing the TLC plates withBioscan AR2000 radieTLC plate reader using Winscan Radio
TLC software (Bioscan Inc., Washington, DC).
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3.3 Results & Discussion
3.3.1. Preparation bMg(NO3)2:6H20 & TEAB Solutions.

Mg(NOz)2-6H.0O and TEAB solutions were prepared as outlined in the 3.2 Experimental
section. TEAB was selected as phase transfer agehite[®F]F ionsfrom the stationary phase
of SepPak QMA cartridges.The choice to use TEAB as an alternative for the TBAB previously
employed during th&F-fluorination attempts of CDy11 outlined in Chapter 2 was based primarily
on their interchangeable use in literature. @&8tiencyalso played a role in this decisias the
TBAB sold by a single vendor was of GMP quality, which was not required at this stage of
experimentation (998.08/5.00g vs 222.00/25.0¢).139 140

3.3.2.2%F/*8F-Isotopic Exchange of BODIPY Dye Standard.

Toassess magnesium nitrate hex&@WSFikotapiteds e
exchange oacommercial BODIPY dye, experimental procedures were first carried out applying
SnCl, as a Lewis acid. In doing suafepptimized methods for theonventional Lewis acid were
established as well as a genesahse of he c ommer c i a.lBasddyoe these effcgtaa c t i v i
the BODIPY dye used for experimentation displayed minimal reactivity when subjectéd to
radiolabeing efforts; with optimal #orts producinga ~30% nondecay corrected yield when
subjected td0 equivalents of the Sn{Olewis acid for 30 minuteg§~igures Al. and A2). The
commerci al BODI PY precursor 6s rbsencenohélectrore act i
withdrawing functonality within itsmolecular structurevhich would afford inductive stability of
the B-F bonds While this increased inductive stability is not enough to hinder the breaking of B
F bonds under the Lewis acidic conditions provided by mixing thevitipedhe Mg(NQ). solution,
it is enough tdetter support their reformatiovhen a surplus of fluoride anions, such agfgF
solution, is introduced into the reaction medilfthAs was previouslyevaluated during?®--
labeing attempts applying Snglthe order of reagents addition was assessed for experimental
procedures utilizing the alternative Mg(M@H-0O Lewis acid.The optimal order of addition did
not change for reactions performed using the magnesiunthealteaction did ngbhroceedwhen
the BODIPY and Lewis Acid were not combined prior to additibthe [*8F]F solution.
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Similar to experimental efforts with CDy11, several reaction parameters were assessed
including the number of equivalents of applied reagents, reaction proceswoand the amount

of fixing agent used. These results are summaiizd@ble 3.2
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Table 3.2. Experimental parameters and TLC/HPLC results fféateF-isotopic exchange attempts on commercial BODIPY

dye Quantities Q 9, solution volumes@ L ) ,

per expvartihmamrtspect to

s ol
t he

ut i

of the r enatddtoinvi tTyheval ues

Becquewall )Jumgetrh e

reactionetumedsfopl HPLC

obt ai

c o0 ntcheen t ir taehdj eoirnvsa If (e@toel r )&, a ¢aeneds s
BODI PY

ned

starti

HefdfCaratimsal g srtsaget 0 %op |
t hrough

mat epri cad.e s(Reegs)c t a roen
duration is pr o). dEduckiiona criinvutteys a(snsibfeliaabteelde dvi B @D lsPudcecce sfsdru | d ayc
outl i ned expbéerTiLnCe natnadl amount of
TLCaandadPLEi aya

reabBfgdm)lsbtut vbhy (val uesodeéecsdydcomr @hé esd t (al

BODIPY TEAB Fixing Mg(NO3)2 . TLC Molar HPLC Molar
Entry Standard Agent Lewis Acid Tliqn(]asc(;oiz) LSS (5()asults Activity HPLC(:O/R)esuIts Activity
(ug, umol)  (eq, pL, pmol)  (eq, pL, pmol) ° (MBg/umol) ° (MBg /umol)
D54 0.4+0.2 0.5
10, 1.73 (4.66 i 0320 o
S o Rk
1 200, 0.806 (05057'2;\/";025 M), 8.06 0.8 1.0
' : . 30 22+ 1.4 2.7
*In H20
45 16+23 2.0
D54 33+03 4.0
25, 4.32 (4.66 15 16+03 2.0
55.8, 600 M), 20.15 0=V :
2 200,0.806 (" heip e 1.9 24
(0.075M), _ 30 29+23 35
*In H20
45 44+1.0 5.4

BODI

anal ys iDgf oirs eiancdhi coaft etdh ewiltihs ttehde esxypnebro |
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BODIPY  TEAB Fixing Mg(NO3)2 . TLC Specific HPLC Specific
Entry  Standard Agent(eq, pL, Lewis Acid T?me:(zgnoig) TLC(?/(;SU“S Activity HPLC(O;\;ESUHS Activity
(ug, pmol) pmol) (eq, pL, pmol) 0 (MBg/umol) 0 (MBq /pmol)
5 11.4+0.2 14.1
50, 8.65 (4.66 15 6.6+ 1.7 8.1
55.8, 600 M), 40.3 5
3 200, 0.806 (0.075M), 45 Do 14.1+ 5.5 17.4 1.2 15
*in H 20 45
24.8 308
Dy 21.8+ 1.4 27.1
100, 17.3 (4.66
55.8, 600 M), 80.6 15 193+3.1 23.9
4 200, 0.806 45 56
(0.075M), 45 30 22.0+1.4 27.3
*in H20
45 30.2+ 203 37.5
D54 1.6+ 04 2.01
150, 26.0 (4.6 15 22.6+ 6.6 28.0
.0t 0. .
5 200, 0.806 (05057';\80915 M), 121 75 9.3
‘ ’ . 30 25.4+3.1 31.5
*in H 20
45 23.7+11.2 29.5
Dy 11.2+6.7 6.96
100, 34.6 (4.66
15 16.0+0.1 9.92
6 400, 1.612 (020772;\/'(;025 M), 161.2 0.45 03
. , .
win Ha0 30 17.9+3.3 11.1
45 18.0+ 1.1 11.2
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BODIPY  TEAB Fixing Mg(NO3), . TLC Specific HPLC Specific
Entry Standard Agent Lewis Acid Tli?rr?:%:;oig) ke (;ssults Activity HPL%/SESUHS Activity
(g, pmol)  (eq, pL, pmol)  (eq, pL, pmol) (MBg/pmol) (MBg /umol)
D4 12+06 1.45
100, 17.3 (4.66 15 9240k —
75.0, 806 M), 80.6 Lx L -
7 200, 0.806 9.5 11.8
(0.075M), 60 30 0.4+0.2 0.529
*in H,O
45 15+07 1.81
D54 12+03 1.48
100, 58.0 (1.39 .\
55.8, 600 M), 80.6 15 1.7+1.2 2.15
8 200, 0.806 8.3 10.3
(0.075M), 45 30 22+13 2.76
*in DMSO
45 1.3+ 10. 1.61
10, 1.73 (4.66
M), D4 06+05 0.707
in H20 15 0.9+02 1.12
55.8, 600
H20 (total 30 07+0.4 0.819
amount is the
same as that
added during 45 0.8+0.2 1.04

100 eq runs)
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To discern thebest means forassessing the success tife BODIPY °F/ 8-
transfluorination procedurebothradio TLC andradioHPLC analysis were performed to varying
degreesAll relevant spectra and chromatograms are reported in the Appendix sBeithaTLC
was primarily utilizel as it wagnitially believed to provide a simple meansaoinfirming the
applied reaction conditions afforded labeling of the BODIPY precuramdiocHPLC analysis was
performed as aecondaryneans of confirmingeaction progresdHowever, based on thalues
provided inTable 3.2 clear discrepancies are noted between the radiochemical yields obtained
via the twomethods RadicHPLC analysisrevealed an impurity peakikely attributed to a
hydrolyzed variant of the BODIPY moleculi& close proximity ¢ that of the T¥F]F-labeled
commercial dye. AlthougMPLC affords resolution between thediolabeled BODIPY product
and the reaction impurity, thadio TLC plate readeis unlikely to afford this refined distinction
between the two. As such, the data obtained from the TLC reader is likely a composite of the two
[18F]F-labeled compoundsThis also offers explanation as to why the TLC data obtained over
longer periods ofitne are significantly higher than those obtained for the ssamgples when
analyzed with thé&lPLC system éntry 3 of Table 3.2. Technically this reaction byroduct was
a radiofluorinated BODIPY dye and did indicate successful labeling, and the extent of
decomposition into what was likely a hydrolyzed product would change depending on which
BODIPY dye was being radiolabeled. As such, the presence of this impurity waestmotental
to the purpose of these experiments, which was to determine 1) if magnesium saltsciictake
this transfluorinationreaction, and 2) what theptimumreaction conditions were. Future work

would include applying these optimized methods to a varietyfierent BODIPY dyes.

Based on the results obtained through HRI@lysis(Figure 3.2), use of 75 equivalents
of the TEAB fixing agentrelative to the molar amount of BODIPY dye precuraod 100
equivalents of the magnesium nitrate hexahydrate ssdbldiedin water afforded thénighest
radiochemical yields for the commercial BODIPY dgetry 7 in Table 3.2. The large amount
of excess Lewis acid required to facilitate-radiolabeing of the BODIPYagentas well as the
order of compound addition agasuppors the notonot he Lewi s areactdnfas r ol e
opposed to serving as a regenerative catalstthe HPLC data lacks replicate analyses for

statistical error and was not performed for eacthoét assessed par tumhert er 6 s

60



investigative efforts must be performed in the future to imprinéeanalysis of experimental

results and isolate the desiréB-labeked BODIPY product from the crude reaction mixture.

2DRDEDEDEDEDEDEDED

Figure 3.2. Entry numberranking of radiochemicalields listed in Table 3.2 andbtained
from the HPLC analysisf 1%F/*®F-isotopic exchangefforts on the commercial BODIPY df@m
lowest yield to highest.

Lewis acidic solutions of Mg(Ng). were prepareth bothpolar proticHO and polar aprotic
DMSO assolvents to assess the effects of water ont¥Ré8F-transfluorination processJpon
comparison of the values reported for entries 4 and Babfe 3.2 whereinthe only variable
between thse two reactions was the solvent used to dissolve the Mi{N&wis acidic agent
radioHPLC analysis denoted nearly twice tlagliolabeling yieldsrom use o DMSO assolvent
for the Lewis Acid solutionThis suggests h a t wateros presence withi
followed conventiorof reducing the fFJF-s ol ut i on 6 s imthecréaetionpniedidmi c i t y
This consequently resulted in lower radiochemical yields for the reactions carried cafjwetbus
Lewis acidicsolutionsthan what could have been achieved using Mgjd@issolved in polar
aprotic DMSOQ In accordance with this, while the reaction conditions outlined in entryf @laé
3.2 afforded the highest radiochemical yields based on #d&bC chromatogramdata and were
carried out using an aqueous Lewis acid solution, this reaction was carried out using a greater
equivalencef Mg(NOz)2. It is likely that, based on the results of entries 4 andTéble 3.2 had
a polar aprotic Lewis acid solution beenedsinstead of the agueous one, an even higher
radiochemical yield of'fF]F-BODIPY would have been generatéd previously discussed, TLC
chromatograms did not afford good resolution between the de$iFgB-BODIPY product and
radiolabeled hydrolyzed deadation product which offers an explanation as to why the TLC
results reported for entry 4 are significantly greater than those of erfigt§. 9 of Table 3.2

outlines efforts to further assess the effects of water on the reaction process by incorporating
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larger amount of water within the reactioumt with the same molar equivalentdd(NOs). Lewis
acid. While initially it may seem surprising that the rachemical yield reported for the HPLC
analysis of entry 9 is greater than that of entry 1 wherein the same amount of Lewisscid
applied,both yields remain low and the lack of replicate analyses perfomtadadioHPLC
instrumentation leave a wide vdaw of variance wherein these values may fall. Consequently,
firm conclusion cannot be dravat this time and further experimental evaluation is required to
adequately evaluate the difference between these two reaction @osidit general trendsyhen

all other variables were kept constaiit,appears as though increasing the equivalents of
magnesiunfrom 10-150increased yielsl as indicated by entries5lin Table 3.2 As discussed
above with all other variables kept constansing DMSO as a solvefdr the magnesium solution
increased the yield relative tsingwater. Further, the quantity of base utilized (TEAB) had an
impact on yieldswhere enies 5 and 8 iTable 3.2show an increase in yields by increasing the
guantity of baseln summary, mee experiments are requiréal draw firm conclusions, but this

work lays a good foundation to guide future experiments.
3.3.3.Automationof Azeotropic Dry Down and Reconstitution of®F] F-Solution.

Automation of the!®f | uori nati on processodspresentedot r opi
several benefits. A major advantageaafomating this procedureas that ipprovideda meangor
producing a bulk solution of the reconstituté@F[F-solutionin a short perioavith reprodwible
Adrynesso. Whatldwerrigkofradigtionéxpesurdassociatetl with automating
the process, #arger amount of radioactivitgould beused during productigrwhich would
increase the amount ofF]F in the anionic solution available for incorporation in the BODIY
18F_labeing experimentsThis bulk solution could be split and used to assess several reaction
conditions in a moréimely fashion As the automated system elimingkeiman errors associate
with timing and handling, thE®F]F-solutions prepared using the automated method would have
less variance between them than those produced manuaklyly, ance thedesign of the
disposablecassette androgrammednethod vere establishedminor adjusmentsof the existing
protocolto incorporate the optimizd8ODIPY labeling strategies, as determined through manual
efforts, would enable the quick establishment of amtomaed method for synthesizing!gF]F-
BODIPY fluorophores.
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To gain hand®n experiace using the TRASISIiNIAIO automated synthesis system and

its operating softwarea disposable cassette was designed for the automated dry down and
reconstitution of fF]F in anhydrous acetonitrildhe reagents and consumables required as well
as their position on the TRASIS cassettepicted inFigure 3.1are outlined below ifTable 33.

An automated method was established wheagiraqueous solution of¥F]F wasinjectedinto

the TRASIS systemntrapped and released from a Sgk QMA cartridgeazeotroptally dried

four times and cooled before reconstituting ttheéed [L°F]JF-TEAF precipitatein 3.00mL of dry
acetonitrile and transferring the solution intol@an glasproductvial. The commands for th&3-

minutelong methodare provided in Appendix section.

Once established, the method underwent trouble shootiogntirm that 1) the [*F]F
trap and release process was able to elute all soilomethrough the QMA into the reactor
vial, 2) The [®F]F-TEAF salt was sufficiently dried under tagplied conditionsand 3) that the
product solution was properly transferred into the prodiatt itial tests were carried out using
a small amount of activity (505 MBq) to monitor activity losses at various points during the
automated procedure; namely the QMA cartridge and the reactor vial. After several test runs
altering command times armitrogen flow rates through the TRASIS system, the fieat
proceduredor the azeotropic drying method afforded the desiféH]fF solution with nearly
negligibleradiaactivity losses in the cassette.

Future effortsare requiredo finalize the automatetfF-radiolabeing processThedirect
inlet of aqueous'fF]Fionsf r om t he F e ACSITR24 cyCl@rarthroughite TRASIS
systembs act i vi t(positipnl 2uinFigure 3.Dartudt atit benassassed for the
purpose of reducing user radioactivity exposure and handling *fF{E{TEAF solution produced
using the automated method must still be applied under previously assessed conditions to validate
the product solutions efficacy toward¥-isotopic exchange. Ilsily, the cassette will require
further modification to ncorporatethe necessary reagents amuricacies of the optimized
BODIPY °F/*¥F-transfluorination reaction once they have been established for use of hydrated

magnesium nitrate.
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Table 33. Cassette composition and reagent loading for TRASIS MiniAllrgynéhesis module

Posit Content/ Connection
Left [ f Nitrogen Filter (0.20 Om)
T Silicone TubimmoWi(i D1k, e-QDAS Baack2)d Fitti
*Connecting System to Cassette Pressure Port
1 T Silicone Tubing -WidiB" MBhebedeFitbtCchkg
*Connecting Activity Pump to System
2 T QMA Car bonate | on HExtcrhamtgieo 5o | (i RIP BP)h alsieg h't
T 20 mL BD Luer Lock Syringe (Exterior Only)
T Activity Plunger Wi th Direct Inlet from Cy
3 f PE with 2 Connectors Luemm, Lindg ®@BBDe, overn I
*Connecting to Position 8
4 f Nyl on Luer Lock Ring: Square Hol e
T Spi ke: Polyacet al Mal e Luer Slip
T Barrel for 13mm Vi al
9 'EFFixing Ageml, (MEAB5 5
5 T Nyl on Luer Lock Ring: Squar e Hol e
T Spi ke: Polyacet al Mal e Luer Slip
T Barr elmnf o/ri al 3
T Reconstitution SolventmL)MeCN 99. 8% Anhydro




Posit

Content/ Connecti on

Ri ght

Left
7

10
11
12
Ri ght

React

Nyl on

Spi ke:

Luer Lock Ring: Square Hol e

Pol yacet al Mal e Luer Slip

1
1
f Barr elmnf ovri al 3
|

Azeotropic Dry DOWn8 BoAwhylLd)r d Mse ,C N4

T Silicone
*Connecting to
tEmpt y

T Silicone

T 16 Gauge

20 mL BD Luer Lock Syringe

Tubi ng -Wi 1. 68" MBihtetbieidge r( Loc k
Needlf)@-HZC(Do mmoeé d¢ teichg oln Vi al

Luéday 1bbcBarbed Fitting

1 Mal e
*Connecting to
Empty
Empty
Empty

T Silicone

1 16 Gauge

T Type
*Thin Tube

1

*Thick Tube

Ty peEuwBdeBalrasv/al Readc eadr Cri mped

Gl-2as $Tu8ReBracrt ovral i dated Cri mped

Conn

Run

Tubing Wilit i6FemBalrdedudi tt ool

Cap

Tubing Wilt H6FemBalrdeldudi tt ool

Needle (Connecting to Product Vi a

Cap

ecting tol/Plo6s"i tBaornb e9d vHiat tManlge L u

Through Heater Plimlceaht Val ve

Conn
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Specific Terms

Activity Plunger:serves as the inlet for the radioactive solution produced by the Cyclotron into the T
cassette setup.

Activity Inlet Pinch Valveopens and closes to control the entry of radioactive solution from the cyc
production into the automated synthesissette setup.

Barrheoll:ds consumabl e sure seal v i a |l minial® dcutomatan
radiosynthesizer cassette setup.

Spifkieerces sure seal septum of reagent tosal?"

during the automated synthesis run.
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3.4. Conclusions & Future Directions

It is clear the®F/*®F-isotopic exchange procedures outlined in this chapter require
supplementaryexperiments to offer optimal reaction conditions tbe commercial 8F]F-
BODIPY dyeselected for thiproof-of-concept study. Usingewis acidic solutions made from
the hydratd Mg(NQs). salt showed promising early result®espite the need for further
experimentalnvestigation severalkey aspects for future optimization and improved analysis of
the radiolabelling conditions wereemphasized.Despite recent reported successds -
fluorination efforts under wet conditions, the performance®f8-transfluorination for the
commercial BODIPY precursor was improved under the conventional polar aprotic solvent
conditions. As such, future experiments should employ concentrated Lewis acidic solutions made
from DMSO solventFurther, a general trend wabserved that increasing the molar equivalents
of magnesium (range of 1160 eqiv. tested) increased the radiochemical yield. It was also
observed the quantity of base used (TEABjluenced radiochemical yields.Although
experimental analysis performaging a radioTLC plate reademproves sufficient for many
radiolabeling procedures, the degradation associated with hydrolysis of the BODIPY precursor
and the availabilityof water under the applied reaction conditions make€ analysis an
unfavorable meaas for evaluating the success of the applied experimental parameters. Instead,
radioHPLC analysis of the crude reaction mixtwyields affords the necessary resolution for
assessing the efficacy of the applied conditions and should be used going Brtirgrdole means

for instrumental analysis of tHéF-labeing efforts performed on BODIPY fluorophores

Attempts to devise raautomated method for tHéF/*®F-isotopic exchange of BODIPY
dyesafforded hands on experience with building a functional cassette for the TRASIEO
radiosynthesis platform c omposi ng a meadsdomated aperatinglsaftwasayls t e mo s
performing erformance analyses anewautomated method and troublestieg sources of error
for the process overall. The initial azeotropic drying stage of'#Rdabeing process was
successfullyprogrammed and run through several rounds of error analysis. As such, it is ready for
quality analysis of the!fF]F-solution product and further programming of optimized labeling

conditions oncenethods arestablished.
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Chapter 4 Preamble

Chapter 4 outlines contributions made during collaborat efforts with Price lab
postdoctoral fellowDr. ElahehKhozeimehSarbisheho synthesize the novel disulfidebridging
linker, doublephenyloxadiazolyl methyl sulfon®iPODS).Reported hereiarethe experimental
procedures usetb synthesize several of the compoummshe multistep synthesigf the final
DiPODS linker. Syntheses of compounds4 and 7 were confirmed withproton and carbon
nuclear magnetic resonanck(and *3C NMR) and high-resolutionmass spectrometry. Peak
assignments wergupported by additional NMR experiments (DEPT135, HMQC, COSY).

While synthesizing compound of the multistep procedure, curiosities peaked as the
spectroscopic data associated with the crude product showed three signals with'idindNaR
splitting patterns to that of the desired product. These exatansignalswere not discussed in
the original |l iterature outlining the compoun
and its differing molecular species afforded quantitative yigldhe subsequent synthesiep
As suchall three components affaed the same reaction prodactd therefore must have been
isomers or derivatives afompoundl. It was thus hypothesized that the three sef¢idfiMR
signals in the crude compouddni x t u r eadvere atnbeated taonformers or perhaps even
rotamers of the compountd molecule.Detailed variabldemperature NMR and computational

studies revealed this to be the case.

In correspondence with this, Chapter 4 also outlthesise of spectroscopic techniques
such variableteemperature'H NMR and FTIR spectroscopy to elucidate the structofethe
compoundl crude mixture componentB doing such, the major crude mixture compdserere
characterized as a mixture ati rotamersof the compound. product whilespectroscopic data
confirmed the minor constituents dsubly Boeprotected and imidic acid tautomer product
variants.The efforts outlined within this chapter, in combination with those ofkbozeimeh
Sarbishehand our collaborators in DZeglis s | ab, are summarized in
manuscript Khozeimeh Sarbisheh et al., 2020)
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Chapter 4

4.1. Introduction.
4.11.DiPODS

Recent efforts in bioconjugation chemistry have acknowledged the imperative need to
devise novelchemical linkers with improvedin vivo stability. The recent success of our
collaborators(Zegliset al,, 2018)% upon revisiting the applicability ahe iPODSO functiondity
towards radioimmunoconjugate syntheseaffirmed the potential ophenyloxadiazoldased
bioconjugation reagentsr covalently attaching a variety chemical or radiochemicgayloads
to biological targeting vectorsHowever,as is the case with oth#riol-reactive bioconjugation
reagents that only react with a singlsteine residudhe disulfide bridgeswvhich maintain the
anibodyd tertiary structureare broken This lack of thiol rebridgingeduces thestability of the
antibodyandincreases the risk dfagmentation

In a joint effort to build off the promising results of the PODS linkiyes Priceand Zeglis
labs soughtto synthesizea novel disulfide-rebridging reagent hereafter referred to as DIPODS
DiPODS (Scheme 4.} contains two thiolateeactive oxadiazolyl methyl sulfone moieties
attached to the same aromatic ring systiénwvas hypothesizd that this newDiPODS moiety
would react with bothcysteine residues from a reducddsulfide bond affording doubly
conjugateddisulfide-rebridgedpairsand, subsequentlanimproved stability of he conjugated

antibody product.
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4.12. IsomersHypothesis

Synthesis of the DiPODBioconjugation reagentasprimarily carried out by Dr. Elaheh
Khozeimeh Sarbishela postdoctoral fellow of the Price lab groés. Dr. Khozeimeh Sarbisheh
wasestablising the mulistep synthesis of theiPODSproduct, she had noted that several of the
intermediatgroducts most prominently compourid affordeda crude produahixturewith some
puzzling featuresThe spectraisplayedmultiple *H nuclearmagneticresonancé'H NMR) peaks
of similar splitting patterns and relative integration values to those of the desired product despite
having subtly different kifts. In the case of compountl the major desired producbuld be
separatedrom the crude mixture coponentdy flashchromatographyTo discernthe presumed
i mpuritiesdo effects on sub 2ely KbhozgimehSatashehi o n
proceeded with the second reaction while changing one key parameter. During one experiment,
the reaction wasgsformed usinghecrude producinixture and the second, she uaadcequivalent
amount ofthe major product material that was isolatgd flash chromatographf~40% of crude
product) In doing such, shdeterminechearly quantitative conversion inbt@mpound?, despite
the presumption that the compound mixtemntained possiblenpuritiesand thus, less of the
actual compoundl. The consolidation of the previously described observatiedsus to
hypothesizehe crude product constituents, previousissumed to be reaction impurities, were
conformational isomers of the desired products. More specifically, we hypothesized these

chemical speciesould berotational isomergrotamers)f compoundL.
4.1.2.1. Rotamers.

Conformational isomers are thesult of hinderedrotation about a singlél-bond,
producinga 3-dimensionalvariant of the molecular structut& Typically, a bulky functional
group provides steric hindrance and thus hindered rotaRapid interconversion between
conformers is possiblwhen the required activation enefgy conversiorbetween conformelis
small allowing a mixture of conformers of varying ratios to exist at any given point in time when
dissolvedin solution Conformational isomers typically interconvert at such ad@ace they are
indistinguishable from one another spectroscopiadliga low energy barrier for rotation, thus
free rotation abouhesigma bondA classic example afonformational isomerisns the rotation

about the & bond ofethane Figure 4.1). Becausethe eclipsed form oéthane experiences
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greater Van der Waals repulsion between the adjacd#tb®nds compared to its staggered
counterpartit requiresa higher energy input from the surrounding environn{eat thermal
energy)to allow rotation about the & bond. However, thg rapidly interconvertat room
temperaturas the required energy to facilitate rotation between the staggered and eclipsed ethane
conformers is relatively smalllThese energy barriers are governed by several aspects of the
molecular structure such steric repulsion and intramolecular hydrogen boffditdhe more
restricted the rotatioabout single bondghe high the energy requiremetitus rotational variants

of the molecule referred to as rotamersre afforded Rotamerspreferentially adoptthe
conformatian that is best accommodatsthbilizedby thesurrounding environmenthat is to say,

the most thermodynamicalfavourablerotamer/conformer is typically most abundanhte ratio

of possible rotameric speci@gthin a given solutiorand,in correlation with thisthe dominant
rotamercan alsde affected by conditionsuch as temperature and solvprapertiee.g. protic

Vs aprotic)4e 147
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Figure 4.1.A) Eclipsedand staggered conformational variants of ethane moléglRelative
energy difference between staggered and eclipsed rotamers of glomeach 60° rotation about

t he mol € band Fgoreadapted frorfMastering Organic Chemistraccessed 2026

4.1.3.Gibbs Free Energy & onformational Stability.

Gibbs free energygd G is a thermodynamipotentialthat is used to denote th@nimum
energy requiredor spontaneousonversionof reversible chemical processat a constant
pressuré?® 0 Comparison ofhe Gibbs free energyaluesassociated witleach ofthe rotameric
species hypothesized to exist in the compotnctude productallows for prediction of the
compoundl pr oduct 6 s t h davaurabiegomfarmatiandl hel Gbbs free energy
associated withthe conversion betweemotamersof small moleculescan be calculatedby
subtracting the product ofh e ¢ | o0 s ehdngeierstropy ) and the temperature (&}
which the process takgdace from the change in enthalpygoH XFigure 4.2). This can be
calculated from experimental data obtainesing variable temperaturéH NMR, or it can be

predicted vian silico computational experiments (e.g. density functional theory)
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Figure 4.2.Gibbsfree energy equation applicable for closed systems at constant pressure

and temperature.
4.1.3.1Variable TemperaturéH NMR

'H NMR spectroscopgnakes use of theaturally highabundance of thi isotope (99%)
for elucidation of chemical structurésach proton within a molecular framework can be thought
of ashostingan individualcharge Whenthe compound of interess dissolvedand plaedinto a
magnetic fiéd, protonnucleiwill either alignparallelwith the surrounding fields a lower spin
state(+1/2, spin uppr antiparallelto the external field as a higher spin staféZ, spin down}>*
Lower energynuclei are promotedto the higher energetispin-stateby applyingradiofrequency
pulsesIn doing such, the lower energyotonnucleiabsorb different frequencies of thpplied
electromagnetic radiatiomasedon thar proximity to electron donating and withdrawing
functional groupsof the molecular structurthat shield or deshield the nuclei from the applied
radiation respectively. Ultimatelythese phenomenare detected by the NMR instrument
produdng characteristic chemical shsfand signal patterns that enable chamzadion of the

mol ecul eds s*t™?ructure features.

Variable temperaturtH NMR allows structuralanalysisof small moleculs to take place
as adependent variable @he change itemperature over tim&ubjecting rotameric species to
changes imemperature promotes conformatioadjustmentss the molecule attempts to ascertain
its most stable stat&he rotation ofunctional groupsbout single bondsithin the structuralters
the proximity of theirassociated protongith those of the core structuBy changingthe sample
temperaturen a controlled fashioand acquiringspectroscopidata &fixed intervals in timethe
conformational changesssociated with a mixture of rotamers can be monitored oveasitieey
reconfigure their structure to achieve their most stable statevdlbes associated with each
rotamer speciesd changes i n anthisxtlapolaedfrennt r opy
the experimental data obtained at each of the assessed temperatures.
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4.14. Purpose Statement.

In a joint effort with Dr ElahehKhozeimeh Sarbishelhis project soughb apply \ariable
temperaturéH NMR spectroscopinstrumentatiorio monitorobserved changes in chemical shift

and concentration of thaiffering chemical constituents of the compourttude product mixture.

This data, in combination with the theoreticadlues calculated by DrKhozeimeh
Sarbishelusingdensity functional theory (DFT), were used to assess our hypothesis that the three
components of the compouridcrude mixture were three differing rotameric species of the
compoundl materialthat, upon heating, wouldlter in conformation tgield the mos stable

rotamer

Furthermore, to assist DKhozeimeh Sarbisheim her production of the findDiPODS
product & well as hone several organic synthesis technjqp@spoundsl-4 and 7 from the
DiPODS synthetic procedures developed by Bhozeimeh SarbishehS¢heme4.1) were
synthesized
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4.2 Experimental.
4.2.1 Spectroscopi€haracterization of Compounds-4 and7.

Characterization of the synthesized compoutids and 7 was achieved using NMR
spectroscopy*H, and*C NMR spectra were recorded on a 9@6iz Bruker Avance NMR
spectrometer at 25C in DMSO-ds. Variable TemperaturéH NMR were recorded on a Bruker
Avance IIl HD 600 MHz spectrometéid chemical shifts were ferenced to the residual protons
of the deuterated DMS@s and DMFd; solvents ati = 2.50ppm and 2.7%pm respectively®?
13C chemical shifts were referenced to the DM&®ignal atli= 39.52ppm**Coupling constants
are reported to the nearest 615 (*H NMR spectroscopy) or rounded to integer values in'f& (

NMR spectroscopy). Assignments were supported by additional NMR experiments (DEPT135,
HMQC, COSY). High resolution mass spectra were measured on a JEOL AccuTOF GCv 4G using
field desorptiononization (FDI). For the isotopic pattern only, the mass peak of the isotopologue
or isotope with the highest natural abundance is given. FTIR spectroscopy was performed using a
Bruker Tensor 27 FTIR spectrometer equipped with ATR attachment and OPU&liied¢tion
program.

4.2.2 DIPODS Synthesis.
4.2.2.1.Synthesis d&-[[(1,1-dimethylethoxy)carbonyl]laminel,3-dimethyl este(CompoundL).

Compoundl was synthesized following procedures outline(vinOhtaet al., 2011)>° Using
Schlenk techniques,dimethyl 5aminoisophthalate (3.00g, 14.34 mmol) and 4
(dimethylamino)pyridine (2.24, 18.36mmol) were purged with #) and dissolved in anhydrous
THF (50.0mL). The clear yellow mixture was cooled t6@ prior to the additio of ditert-butyl
dicarbonate (4.00nL, 17.50mmol); upon which a thick, white precipitate formed inside the
reaction vessel. The reaction mixture was kept undgyfldw as it initially stirred at CC and
gradually warmed to roontemperature as the reaction proceeded oveh.2¥olatiles were
removed by rotary evaporation before reconstituting the mixture with EtOAc rilQ0 The
organic solution was washed twice with N5HCI (2x100mL), three times with brine solution
(3x100mL), and deionized water (100L) to achieve a neutral pH. The organic layer was dried
over NaSQw before removing the solvent under reduced pressure to tfielctrude product

76



mixture as an offvhite solid with negligible amounts of the Bdeprotected startg material
observed byH NMR (4.72g, 106.4%)(Scheme4.2). 'H NMR of thecrude mixture (500Hz,
DMSO-ds, 25°C, TMYS): setA (anti-rotamersanti-1) U= 1.49 [s, 9H, MCO.C(CH3)3], 3.88 [s,
6H, CQCHjg], 8.08 (t, 1H,J= 1.43Hz, ArCH), 8.36 (m, 2HAr-CH), 9.89 (bs, 1H, N) ppm; set
B [doubly Bocprotected derivative of compound, (Boc)z-1]: U = 1.39 {s, 18H,
N[COC(CHa)3]2}, 3.90 [s, 6H, C@CHj3], 8.01 (d, 2H,J= 1.50Hz, ArCH), 8.41 (t, 1HJ= 1.50Hz,
Ar-CH) ppm; setC (imidic acid tautomers of compounti tautomerl): O = 1.42 [s, 9H,
NC(OH)OC(3)s], 3.91 [s, 6H, C@CHg, 8.17 (d, 1H,J= 1.55Hz, ArCH), 8.45 (t, 2H,J=
1.50Hz, AeCH) ppm;*3C{'H} NMR of the crude mixtur¢126 MHz, DMSO-ds, 25 °C, TMS):
setA (anti-1): G = 28.1 [NHCQC(CHa)3], 52.5 [CQCHj3], 79.9 [NHCQC(CHa)3], 122.5, 123.0
(Ar-CH), 130.6 (ArC attached to C&CH3), 140.7 [ArC attached to NHCE&C(CHg)s], 152.7
[NHCO2C(CHg)s], 165.4 [CO.CHz] ppm; Signals associated with d&t[(Boc)2-1], and setC
(tautomerl) of the crude mixture could not be distinguished from one anothéfWMR
techniques and are reported together herein. Crude mixtureBsatsl C: U = 27.5, 27.5
{N[COC(CH3)3]2} and[NC(OH)OC(CH?3)3], 52.8, 52,8 [CQCH3], 83.1, 84.4 N[COC(CHz)3]2}
and[NC(OH)OC(CHa)3], 128.3, 128.8 [AICH], 131.0, 131.2 [AIC attached to C&rCHs], 133.0,
133.1 [ArCH], 139.5, 140.0 [AiC attached t§ N[CO.C(CH)s]2} and NC(OH)OC(CH)3], 150.6,
150.8 {N[CO2C(CH)s]2} and [NC(OH)OC(CH)s], 164.7, 164.8 [CO2CHs)2] ppm; HRMS
(FDI): m/z cald for CisHigNOe: 309.1197pM]*; found: 309.11989;m/z calcd for
CooH27NOg+Boc. 409.17818M+Boc]™; found: 409.17820;IR (FTIR): 6 = 3364.40 (w)
[NHCO.C(CH)s, N-H], 2980.61 (w), 2954.57 (w) [{N[C&L(CH)3]2} & NC(OH)OC(CHs)s, C-
H], 2360.57 (w), 2339.30 (w) [NC(OH)OC(G), N=C], 1741.50 (m), 1726.07 (s), 1704.85 (s)
[CO.CHs, C=0] 1604.5qw), 1549.61 (m) cm [{N[CO 2C(CHs)3]2}, C=0].

The first group of rotamerfsr compoundL (setA, anti-1) was isolated from the crude mixture
for further analysisvia precipitation. The crude product (2.9 8.12mmol) was dissolved

completely in a minimal amount of warm DCM and storeeR@t°C overnight.The setA crude

mixture component wagrecipitated under the aforementioned storage conditions and were

isolated from the mother liquor as a shiny white precipitate after vacuum filtration. The mother

liquor was collected after vacuum filtration and subjectedtiryaevaporation to remove solvent

residues. The residualother liquorsolids werere-dissolved in minimal amounts of warm DCM
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to repeat the precipitation process. Precipitationtlud setA mixture componenivas repeated
several times until a pure prazticould no longer be isolated from the mother liquor solytlos6
g, 66.1%).'"H NMR of set A (500 MHz, DMSO-ds, 25 °C, TMS): U = 1.49 [s, 9H,
NHCO.C(CH3)3], 3.88 [s, 6H, C@CHs], 8.08 (t, 1H,J= 1.45Hz, ArCH), .8.35 (d, 2H,J=
0.851Hz, ArCH), 9.87(bs, 1H, NH) ppm;C{*H} NMR of setA (126 MHz, DMSO-ds, 25 °C,
TMS): 1 =28.0 [NHCQC(CHg)3], 52.5 [CQCHj3], 79.9 [NHCQC(CHs)3], 122.4, 123.0 (ACH),
130.6 (ArC attached to CeCHs), 140.6 [ArC attached to NHC&C(CHg)s], 152.7
[NHCO,C(CH)3], 165.4 COCHz] ppm;HRMS (FDI):m/zcalcd for GsH1gNOs: 309.1197 7] ;
found: 309.12124; IR (FTIR):0 = 3363.43 (m) [NHCGC(CHs)s, N-H], 2952.65 (b)
[NHCO.C(CH)z, C-H], 1718.36 (m), 1703.89 (s) [GOHs, C=0], 1608.43 (m), 1545.75 (s) tm
YAr-CH].

0 J<
NH, HN)kO
THF, N
0 o . >Lo o J< ﬁj —=2> 0 o)
oC—»r‘t
0 SN O . 0y

Schane 4.2. Synthesis of compount
4.2.22. Synthesis of Compourzd

Hydrazine hydrate (28.@1L, 451mmol) was added to a clear colorless solutioh (¥.49
g, 11.28mmol) in EtOH (150mL) at room temperature. The color of the solution turnpdle
yellow. The mixture was refluxed at 9CQ for 3 days. All volatiles were removed under reduced
pressure to yield quantitative amounts of the product in the form of a fine -wiateepowder
The product material was used withdutther purification to proceed forward with the synthesis
of compoundB (3.49¢, quantitative yield{Scheme4.3). *H NMR (500 MHz, DMSO-ds, 25 °C,
TMS): U= 1.48 [s, 9H, NHC@C(CHa)3], 4.49 [bs, 4H, CONHMN], 7.74 [t, 1H,J= 1.45Hz, Ar
CH], 7.96 [d, 2HJ= 1.01Hz, ArCH], 9.64 [bs, 3H, W] ppm;3C{*H} NMR (126 MHz, DMSO-
ds, 25°C, TMS): 1= 28.1 [NHCQC(CHs3)3], 79.5 [NHCQC(CHz)3], 118.8, 119.6 [ACH], 134.3
[Ar-C attached to CONHNE, 139.8 [ArC attached to NHC&C(CHg)s], 152.8
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[NHCO.C(CHs)s], 165.8 [CONHNH:] ppm; HRMS (FDI): m/z calcd for GsHioNsOu:
309.14491M]*; found: 309.14370.

O (@)
oo Ak

o O + NHNHpXH,0 98- ¢ 0
0 0 _NH HN.
- h H,N 2 NH,

Scheme4.3. Synthesis of compour@l
4.2.23. Synthesis o€Eompound.

Potassium hydroxide (0.399 g, 7.11 mmol) was added to a suspen&@h.00 g, 3.23
mmol)in EtOH (34.5 mL) and stirred for 10 minutes. Carbon disulfide (4.30 mL, 71.1 mmol) was
addedin dropwise fashioro the stirring emulsiarturning the solution ailbrant yellowprior to
the formation ofa large amount ofvhite precipitate The reaction mixture was heated at 90 °C
reflux overnight (16 h), during which time, thaxture became a clear pajgellow solution with
small amounts of white precipitat&fter cooling the reaction solution to room temperature, EtOAc
(320 mL) was added until complete dissolution of the precipitate material was achieved. The
resulting clear yellow mixture was washeudo timeswith 1 M HCI (2x320 mL) followed by
washing 3 times wi deionized wate(3x320 mL) until neutral pH was achieved. The yellow
organic layer wasvashedwith brine (320 mL),then dried over NaSQu and filtered before
removing volatile components under reduced presstioepound3 was obtainedasa shiny,
lightweight white solid0.704 g, 55.4%yield) (Scheme4.4). *H NMR (500 MHz, DMSO-dg, 25
°C, TMS): = 1.51 [s, 9H, NHC@C(CHa)3], 7.82 [t, 1H,J= 1.50Hz, ArCH], 8.22 [d, 2H,J=
1.05Hz, ArCH], 10.05 [bs, 1H, M, 14.75 [bs, 2H, B] ppm; **C{*H} NMR (126MHz, DMSO-
ds, 25°C, TMS): 1= 28.0 [NHCQC(CHs3)3], 80.3 [NHCQC(CHzg)3], 116.2, 117.5 [ACH], 124.2
[Ar-C attached to eN2O], 141.5 [ArC attached to NHC&L(CHs)s], 152.7 [NHCO.C(CH)3],

159.4 C:N20 attached to Ar], 177.5N20 attached to SH] ppniRMS (FDI): m/zcalcd for
C1sH1sN504S: 393.05703M]F; found: 393.05654.
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Schemed.4. Synthesis of compouril
4.2.24. Synthesis oc€ompoundit.

Triethylamine (3.39nL, 24.2mmol) was added to a clear yellow solution of Compadsind
(2.63g, 6.68mmol) in dry THF (63.5mL). After 10 minutes of stirring at room temperature, the
color of the reaction mixture changed to a peach hue. To prevent light sensitive reagents from
degradimg, the reaction vessel was covered with aluminum foil. lodomethane 1fiL1117.8
mmol) was slowly added to the reaction mixture and reactedliat3oom temperature. During
the first 22 minutes of stirring, the clear peach solution quickly becameuspagth white
precipitate. Once the reaction was completed, the THF solvent was remoxgemioto afford a
mixture of white and tan colored solids. A crude form of the product material was extracted from
the mixture with EtOAc (500mL). The solution volme was reduced to 1/3 by evaporating
volatiles under reduced pressure. This mixture was washed with a 0.1 M aqueous solution of
NaCOs (2x100mL); (pH=11). The deepellow organic phase was washed with brine (&80
and deionized water until a neutral p¥hs achieved. As the organic layer was neutralized, its
coloring changed frondeep yellowto a clear pale yellow. The organic phase was dried over
NaSQs and filtered before removing solvent under reduced pressure. Pebdast obtained as
an oftwhite pavder (2.61g, 92.5%yield) (Scheme4.5). *H NMR (500 MHz, DMSO-ds, 25 °C,

TMS): = 1.51 [s, 9H, NHC@C(CHz3)3], 2.79 [s, 6H, SEj3], 8.00 [t, 1H,J= 1.43Hz, ArCH],
8.30 [m, 2H, ArCH], 9.99 [bs, 1H, Mi] ppm;3C{*H} NMR (126 MHz, DMSO-ds, 25°C, TMS):
U= 14.4 [£H3], 28.0 [NHCQC(CHs3)3], 80.2 [NHCQC(CHz)3], 116.9, 117.7 [ACH], 124.7
[Ar-C attached to €N2O], 141.5 [ArC attached to NHCEL(CH)s], 152.7 [NHCO2C(CHb)4],
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164.2 [C2N20 attached to Ar], 165.3bN-0 attached to SCiiippm; HRMS (FDI): m/zcalcd for
C17H1oN504S,: 421.08627M]F; found: 421.08784.

0 0
HN/U\Ok HN)LOJ<
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Schemed.5. Synthesis of compoundl

4.2.2.5.Synthesis oc€ompound’.

Compound} (0.310g, 0.712mmol) was dissolved in a 1:1 mixture of TFA:DCM (810).
The mixture wasstirred for 3h at room temperature. The reaction solvent was removed under
reduced pressure while the majority of TFA was removed azeotropically by washing the reaction
mixture several times with toluene. The crude product was washed with a 5:2 migtare)(af
MeCN: HO and centrifuged at 4700 rpm for 9 minutes; yielding arwbiite pellet and clear
yellow solution. The pellet was washed twice with deionized wat(Q@L) and freezelried for
24 h to afford compound as a fine, off white powder (0.1%% 67.2%)(Scheme4.6). 'H NMR
(500MHz, DMSO-dg, 25°C, TMS): U= 2.77 [s, 6H, SE3], 5.96 [bs, 2H, W], 7.36 [d, 1HJ=
1.45Hz, ArCH], 7.56 [d, 2H,J= 1.38Hz, AFCH] ppm; **C{'H} NMR (126 MHz, DMSO-ds, 25
°C, TMS): U= 14.3 [SCH3], 110.5, 113.5 [AICH], 124.7 [ArC attached to eN>0O], 150.3 [ArC
attached to Nk, 164.8 [C2N2O attached to Ar], 164.8bN20 attached to SCiippm; HRMS
(FDI): m/zcalcd for G2H11NsO2S: 321.03545]*; found: 321.03542.

0
NH
HNJ\OJ< 2
TFA:DCM N .
N'N\ /N\N (1:1) N = - N
>0 4 0« \yo 7 o\/<
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Schemed.6. Synthesis of compound
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4.2.3 Variable TemperaturéH NMR Spectroscopic Analysis of Compound 1 Isomeric Forms

Two NMR samples were prepared in 5 mm Wilmad High throughput borosilicate NMR
tubes. As previously described, compouhdontained a mixture of components, which were
partially separated by successive precipitation from a cold mother liquor solutionthtsptvo
samples were made: 1) a solid precipitate oAgginti-rotamers of compount] anti-1) (5.21 mg,

1.683 102 mmol) 2) the vacuurdried remains of the mother liquor solution; a 1.0:1.4:1.6 ratio
of setA: setB: setC [anti-1, (Bock-1, tautomerl] (5.32 mg, 1.72 10 > mmol). Both samples
were dissolved in DMfel; (0.401 mL and 0.409 mL respectively) immediately before subjecting
them to'H NMR analysis at 25 °C (298.15 K) on a Bruker Avance Il HD 600 MHz spectrometer;
with 16 scans rusvery 10 minutes for 1 I©nce the last data point was obtained for the samples
at 25°C (298.15 K), sample temperatures were increased & (348.15K) and stabilized for

10 minutes before rining, reshimming and rdéocking the system onto the dergted solvent
signal for acquisition ofH NMR data every 10 minutes for 1 h. These processes were repeated to
collect’H NMR data sets for tise two NMRsamples at temperatures of 8D (353.15K), 85°C
(358.15K), and 90°C (363.15K) beforerapidly cooling the samples with liquid nitrogen for data
collection at-40 °C (233.15K). The experimental process was repeated as described with new
samples of the product mixture and the isolastirotamers of compoundlin DMSO-ds with

the exceptiorof data collection at40 °C (233.1K).

Calculations implementing the experimental data were based on the integrated values of
the peaks located in the designated regions oHH¢MR spectra. For experiments carried out in
DMF-d; solvent at room tempature, integration values of peaks located at 7.77 (mALICH),

8.51 (t,1H, J=1.53 Hz, ArCH), 8.53 (d,2H, J=1.26 Hz, ArCH), and 8.55 (t1H, J=1.53 Hz, Ar

CH) ppm were used fassessing the proportionstbé Boecdeprotectedlerivative of compound

1, setB [doubly-protectedderivative of compound, (Bock-1], setA (anti-rotamers of compound

1, anti-1), and setC (imidic acid tautomers of compound, tautomerl), respectively. As
subjecting the crudéH NMR sample to elevated temperatures resulted in peak shifts within the
spectra, the integration values of peaks located at 7.181,({)=1.54 Hz, ArCH), 8.47 (d,2H,
J=1.52 Hz, ArCH), 8.50 (t,1H, J=1.53 Hz, ArCH), and 8.54 (t1H, J=1.54 Hz, AFrCH) ppm

were used foassessing the proportionstbe Bocdeprotectedierivative of compound, setA

(anti-rotamers of compound, anti-1), setB [doubly Boeprotected derivative of compourid
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(Boo)2-1], and setC (imidic acid tautomers of compountl, tautomerl), respectively for the
remaining data sets. The formationafourth set of*H NMR peaks (setD, synrotamers of
compoundl, synl) was observed upon heating to ¥ in DMFd7, however the data for sBt

in DMF-d7 wasnot assessed as the signals overlappedthate ofthe setA anti-1 signals

Similarly, for experiments carried out in DMS@ solvent at room temperaturé)e
integration values of peaks located at 8.09 (t,J#1.43 Hz, ArCH), 8.41 (t, 1HJ=1.43 Hz, Ar
CH), and 8.45 (t, 1HJ=2.95 Hz, ArCH) ppm were used for assessing pheportionsof the set
A (anti-rotamers of compound] anti-1), setB [doubly Boeprotected derivative of compourigl
(Boc)2-1], and seC (imidic acid tautomers of compourgtautomerl), respectively. Integration
values of peaks located at 7.88 (t,,JH1.47 Hz, ArCH), 8.10 (t, 1H J=1.50 Hz, ArCH), 8.14
(t, 1H, J=1.47 Hz, AfrCH), 8.42 (t, 1HJ=1.50 Hz, ArCH), and 8.46 (t, 1HJ=2.82 Hz, ArCH)
ppm were used for assessing the NMR percentage of thedgwotectedierivative of compound
1, setA (anti-rotamers of compount] anti-1), setD (synrotamers of compounti syn1), setB
[doubly Boeprotected derivative of compoudgd(Boc)-1], and seC (tautomers of compourt

tautomerl), respectively for the data obtained at elevated temperatures.
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Figure 4.3 A) Structures of each component discovered in the compbumictture and
the correspondingH NMR spectra in DMS@ls of the aromatic region d8) the crude mixture
before precipitation or column chromatograp@y The isolated precipitate from cold DCNB)
The final mother liquor containing a mixture of all 3 components at 25UE)The final mother
liquor mixture at 90 °CPeaks associated with thati-rotamers of compounti(anti-1, setA, §),

a doubly Boeprotected derivative of compoudd(Boc)z-1, setB, §], an imidic acid tautomer of
compoundl (tautomerl, setC, V), andsynrotamers of compound (synl, setD, z ) are
designated by the symbadis §, V, andz , respectively. For simplicity, only one conformer of

each species is showntime insetFigure reported ifiKhozeimeh Sarbishedt al.,2020)4?
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4.3. Results & Discussion
4.3.1.Multistep Synthesis of DIPODS.

Compoundd4-4 and compound were synthesized via procedures establishet b@hta
et al, 2011 and(Khozeimeh Sarbistreet al; 2020)!® 142 The successef these synthetic efforts
was confirmedfor each compoundsing a myriad of spectroscopiechniquesthe spectra of
which are provided in the appendix section of this dissertation. These newly synthesized
compounds were intermediates of the multistep synthetic procedure utilized to produce the desired
DiPODS end productltimately, Dr.Khozeimeh Sarbishelas able toccessfully produce the
DiPODS product, which has since been sent to our collaborators and assessed in terms of its
stability and applicability aa disulfide-rebridgingreagentThis work was recently published as a

peerreviewedmanuscripin the America Chemical Society journ&ioconjugate Chemistry
4.3.2. Precipitationof Compound 1 in Attempt to Isolate Rotanse

The numberand splitting pattes for the peaks that presentedthre aromatic region of
compoundld s ¢ r u d NMR spettiuowerehypothesized toesult fromtwo symmetric
and two asymmetric conformerSdheme4.7). As three distinct sets gfroton signals wer
observed, it was believed that two of these signals were attributed to symmetric rotsoiomras
(A and B of Scheme 47) while the third set wapresumedo be a mixture of thasymmetric
product variants (C and D 8tcheme 47). Assesmg this hypothesibegan with attempts to isolate
the product conformers from one anotherpiecipitationwith the objective of recrystalizing the

mixture constituents for Xay crystallography andscertain precise conformation information.
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Schemed.7. Synthesis of compourtillustrating the hypothesizesiymmetric products A

and B, and asymmetrroducts C and D.

A mother liquor of compound crude product was subjected $x sequential precipitation
attemptsand afforded isolation of the majomixture components shownby the decreasing
intensity of the peaks associated with componen sethe*H NMR spectra of thdriedmother
liquor after eaclFigures 4.3 Yields associated with each round of precipitation are provided in
Table 4.1 While the first two rounds of precipitaticafforded a shiny needlé&e precipitate of
themi x t primarg componenturther rounds of precipitation from the mother ligafforded

mixture ofall three mixtureconstituentgFigure 4.4).

As both minormixture components precipitated out of the mother liquor at the same time,
they were not isolated from the solutidi.C analysis was used to assess the efficacy of different
solvents and solvent ratios towards separating the minor mixture constitoemtsie another but
proved unsuccessfukurthermorealthough attempts to recrystalize the isolateajor mixture
component were madsesing different solvents, solvent mixture ratios and temperatangstals
of X-Ray crystallography quality were not oioiad. Thus,furtherefforts to assess the compound
1 product mixture componentfecusedon the use of spectroscopic instrumentaion DFT

calculationsthe latter of which were performed by Bthozeimeh Sarbisheh
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Table 4.1. Precipitate yields for eadsolation process

Sample Yield (g, %) Mother Liquor (mL) Mother Liquor (Q)
Crude product 2.51, 100 5.00 -
Crystallization 1  0.796,33.7 4.00 -
Crystallization 2  0.540, 22.9 2.50 -
Crystallization 3  0.224, 9.49 2.25 1.15
o 4200 102,
Crystallization 4 1.50 1.03
1.77
- 3.2¢2 103,
Crystallization 5 1.05 0.960
1.27
o 4.00 102,
Crystallization 6 - 0.906
1.59
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Figure 4.4. Stacked'H NMR spectra otompoundl crude mixture and the resulting mother liquor obtained from repeated

precipitation processes. Peaks associated with compgbomxture components are distinguished from one another with labedstfor

A (anti-rotamer,anti-1, §), setB [doubly Bocprotect& derivative of compound, (Boc)-1, §], andsetC (imidic acid tautomer of

compoundl, tautomerl, V).
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Figure 45. StackedH NMR spectra oEompoundl crude mixture and isolated mixture components obtained through repeated
precipitation. Peaks associated with compoflimdixture components are distinguished from one another with labedefAr(anti-
rotameranti-1, 8) , setB [doubly Bocprotected derivative of compoudd(Bock-1, §] , andsetC (imidic acid tautomer of compound

1, tautomerl, V) . Spectra were obtained when from samples dissolved in DMS0lvent.



4.3.3. Variable TemperaturéAnalysis of Compound..

Variable temperaturéH NMR experiments were performed on samples of both the
compoundl crude product mixture and the isolated major mixture compomanteling
experimental procedures outlined Jumbertet al, 2014)1°¢ The exgriments were performed
in polar aprotic solventPeuterated DMSQvas originally usedor experimetal data collection.
This was mirrored wheBr. Khozeimeh Sarbisheéstablisked the DFT theoretical modeling of
the conformational changes and their asgediaenergies as she populated the surrounding
environment of the model witBMSO assolvent.Deuterated DMF was used during follow up
experiments given its comparatively lower freezing pdiré °C vs -61 °C), which enabled
assessment of tewmpoundl product mixturewvhen subjected to low temperatufes.

As temperature was adjusted over tisignal intensitychanges in tharomatic region of
the compoundl product mixturé $H NMR were monitoredFigures 46 and 4.7 depictthe
aromatic regions ofH NMR spectra obtaineduring analysis of theompoundl mixture for
various temperatures at which data was collectddNtsO-ds and DMFd; respectively While
thesignas associ ated with areahibéetd mioor shiftspponehe mitiak 0 s
increase in temperature from 26 to 75°C, thecarbamatgN-H) peakof the major mixture
constituent(setA) was found to move further upfield with every increase in temperafhis.
upfield shiftsuggestshe cabamatefunctionalityundergoes rotational change that increases the
amount of electron shieldingxperienced by thil-H protonat higher temperatureSubsequent
cooling of the heated samples performed during experiments carried out in BEdiifcausedhe
N-H peak to reposition itselownfield; further signifying the temperature dependent change in
conformati on a b eCubnd.lndreass mtempem@turé resbled iMNthe formation
of compoundl degradation products such #ge Bocdeprotected agent arnidobutylene In
addition to thisincreasing temperatures afforded a new set of peak3)(d&it were visible within
theH NMR spectra of the product mixture obtained in DM&OThe absence of thiet of peaks,
believed b resultfrom a new set of conformetaking form under these conditions, from the DMF
d-spectra is likely due to overlap with larger peaks that mask their pres@&ef peak splitting

during variable temperaturtH NMR analysis discredited the notiaf peak overlap as an

explanation for the higher | tert-batg fuectionabgmoupg,al ue s

thus supporting the notion that the second set of peaks withtkl tR¥IR spectra (seB) resulted
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from the presence of a doubBoc-protected variant of the produdthis information offered
sufficient explanation as to why the second set of peaks lacked a signal indicatsecohdary
amine proton (carbamate, Bpcotected amineds incorporation of a secoteft-butyl carbamate
functionality within the moleculastructure wawia substitution of the NH proton; forming a

doublyBoc-protectedertiary amne.

While these observations proved helpful towards the understanding of the goings on within
the compoundl mixture at elevated reaction temperature, tligy na afford any further
explanation towards the absence aIN-H proton signal forthe remainingminor mixture
constituent YH NMR peak setC). As such, further analysis of the compouhdhixture was
performed by implementing FTIR spectroscopy. By compatiegRTIR spectra of the product
mixture (Figure 4.8) with that of the isolated major constitugfrigure 4.9) it became clear that
the three original sets of proton signals previously hypothesizeddifféeent conformers of the
product molecule were instead the product materialAsed doubly Boeprotected derivative of
the compound molecule (seB) and midic acid tautomers of compouddsetC). The presence
of imidic acid tautomers is primarily supporteglthe solidcompoundL mixturesampleproducing
an additionalFTIR signalat 2339.30cm™ indicative of a carbomitrogen double bond (N=C)
While a literature reference supporting this aromatic-bognd carbomitrongendouble bond
could not be found, the approximate value othe imidic acid tautomer isupportedby
computational calculations ftinetheoretical FTIR spectrainalysigperfamed by DrKhozeimeh
Sarbish&.14?

Further comparisons between the experimental results and the computational models
performed byDr. Khozeimeh Sarbisltesuggesthat the'H NMR signals collectively identified
as peak sehare attributed to severahti-rotamersf the compound. productwith respect to the
priority assignment of t he f unc-Cibond aThesegr oup:
conformational isomers are believedréside withina relativelysimilar energy domain and as
such, present as a single set of pewfthin the 'H NMR spectradue to rapidrotational
interchangeability occurring within the timescadef the instrumentA®8s acgq:
previously mentionedeating theroduct mixture sample dissolved in DM&solvent afforded
a fourth set of peaks (sB). This fourth set of peaks is believed to indicate the formatigyof
rotamericvariants of compound with respect to the priority assignment of functional groups
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about t he -Gmhdenvbich]basgédon the DFT models performed by Dr. Khozeimeh
Sarbidieh, require greater energy input from the surroundm@scertain this conformatiand

are therefore a less favourable conformatidre formation of less favourabdgyn1 rotamers has

been previously reported byoth (Moraczewskiet al. 1998) andMarcovici-Mizrahi et al.,
1996)1%81%° The formation of thesyncompoundl rotamers (peak s&) was not observeih the
experimental data obtained using the isolaeticonformes of compoundl, their formation in

this case cannot be attributed to temperatacditated rotation about the-8 bond of theanti-
compound but rather must result from the structural changes of the minor mixture consteguents

the doubly Boeprotected and imidic acid produttautomers. However, from the experimental

data ascertained, it cannot be determined which if not both of these mixture components afford the

synrotamers of compountliat higher temperatures.

92



25°C

_A )
75°C
) IU U - 1 *
80°C

.
[
—.
 =—
-
B
—
wn
box
p—
-+
=
=

93

T T T T T T T T T T T T T T T T '| T T
9 8 7 6 5 [ppm]

Figure 4.6. '*H NMR spectrum of theompoundL product mixture irDMSO-ds solvent at 25C to 90°C. Peaks associated with
the anti-rotamers of compoundl (anti-1, setA), a doubly Boeprotected derivative of compourd[(Boc).-1, setB), an imidic acid
tautomers of compount(tautomerl, setC), synrotamers of compountl(syn1, setD), and the deprotected derivative of compound
1 are designated by the symb@8IsS§, V, z , and , respectively. Peaks associated with dichloromethane are denoted by the symbol
Peaks associated with isobutylene are denoted by the synffiglure reported inKhozeimeh Sarbisheét al, 2020)*6°
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Figure 4.7. 'H NMR spectrum of theompoundl product mixture irDMF-d; solvent at 25C to 90°C. Peaks associated with
the anti-rotamers of compound (anti-1, setA), a doubly Boeprotected derivative of compourid[(Boc).-1, setB), an imidic acid
tautomers of compourtd(tautomerl, setC), and the deprotected derivative of compolirmde desigated by the symboB, §, y, and

, respectively.
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Figure 4.8. FTIR spectrum of compoundl product mixture from the final mother liquor of successive precipitations (mixture
of setA, B, and O), includingthe anti-rotamers of compountd (anti-1, setA), a doubly Boeprotected derivative of compourid
[(Boc).-1, setB), and an imidic acid tautaans of compound (tautomerl, setC). Additional signals were observed in the ~1-AJ412
cm! range when compared with thsti-rotamers of compourtti(anti-1, setA) (Figure 4.9), which are likely arising from the additional

Boc group in seB and the presemcof the imidic acid in se€. Figure reported ifrigure reported inKhozeimeh Sarbisheét al,
2020)°
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Figure 49. FTIR spectrunmof theanti-rotamers of compountl (anti-1, setA) isolated as a precipitate from cold DCFgure
reported inKhozeimeh Sarbishedt al, 2020)°
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As the sample mixture was no longer believed to contain isolated rotameric species of the
product mol ecule, the Gibbés free energy calc
performance of théH variable temperature NMR experiments could Ine made for differing
conformers as we had previously anticipated.

While the variable temperature experimental data could not be used to afford experimental
values for the calculation of Gibbs free enerigylid offer some explanation as to why both the
isolated compound. product and the mixture of various constituents both provicearly
guantiative yields of the subsequent product during the multistep synthesis of the final DIPODS
product when utilizedAs shown by the trends dfables 4.2and 4.3, the integration values of
peaks associated with tbempoundL product (sef) increased with increasing temperature over
time while the peaks associated with both the imidic acid tautoméhe alompound. product
and the doublyBoc-protected variant deease. While small amounts of the minor mixture
constituents likely contribute to the increasing amounts of degraded material that were also
observed within théH NMR spectra, they also contributette increasingproportionsof anti-1
observed in thepectra over timéhrough either tautomerizing from imidic acid to the amide or by

losing one of the Baprotecting groups to yield the singly Bpeotected produdetA (anti-1).
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Table 4.2 Percentages (%) and differences in percentages (%) between compsomeric mixture components at the initial

and final stages of heating for the listed temperatures in DBtS0Ivent. Table reported itKhozeimeh Sarbishett al, 2020)'%°

Boc- oCc-
Time Temperature SetA SetB SetC SetD gbetA gbetB gHetC qgbetD o8
_ deprotected deprotected
(min) (°C) %) () (%) (%) (%) (%) (%) (%)
(%) (%)

0 24.3 36.7 39.0 0.0 0.0

25 0.04 0.54 -0.58 0.00 0.00
50 24.3 37.3 384 0.0 0.0
0 25.8 36.3 349 1.2 1.7

75 4.14 -0.41 -9.15 1.92 3.50
50 29.9 359 258 3.1 5.2
0 31.7 35.7 226 3.5 6.5

80 5.23 -0.68 -9.78 1.94 3.28
50 36.9 351 12.8 54 9.8
0 38.6 34.7 9.9 5.9 11.0

85 5.17 -2.33 -6.43 1.50 2.09
50 43.7 32.3 3.4 7.4 13.1
0 44.9 31.7 2.1 7.7 13.6

90 7.88 -7.25 -2.06 0.53 0.90
130 52.8 24.5 0.0 8.2 14.5
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Table 4.3 Percentage@bo) and differences in percentages (%) between compbisuneric mixture components at the initial

and final stages of heating for the listed temperatures in-OiM6lvent.

. Boc- gBoc-
Time  Temperture SetA SetB SetC gbetA gbetB  gbetC
(min) ¢0) %) %) %) deprotected %) %) %) deprotected
min ° 0 0 0 0 0 0
(%) (%)
0 242 353 40.3 0.16
25 -0.50 0.41 0.07 0.02
50 23.7 35.7 40.4 0.18
0 264 35.1 37.9 0.6
75 0.67 -0.28 -1.3 0.93
40 27.0 34.8 36.6 1.6
0 285 34.7 34.7 2.1
80 3.79 -0.63 -5.3 2.1
50 323 34.1 294 4.2
(o2}
0 335 343 27.1 5.1 o
85 4.76 -0.55 -6.9 2.7
50 38.3 33.7 20.2 7.8
0 40.2 33.6 17.3 8.9
95 7.80 -1.57 -10.7 4.4
90 48.0 32.0 6.61 13.3
0 45.7 324 8.19 13.7
-40 0.38 -0.69 0.01 0.29
50 46.1  31.7 8.20 14.0




4.4. Conclusions & Future Directions

In summary, this chapter reports the synthesicarhpoundsl-4 and 7 which were
ultimately applied towards production of tmevel disulfide-rebridging DiPODShioconjugation
reagent'H variable temperatusfdMR experimentation did not afford data from which Gibbs free
energy values could be calculated for the hypothesized rotameric species of the cabrgpadad
product mixture. Howevethese experiments, in combination with FTIR spectroscopic analysis,
enaledstructural idenfication of themixture constituents. The effects of increasadperature
such as that applied during the subsequent reaction of the multistep synthetic procedure, were
observed to afford increasing amounts of the major compawamti-rotameric constituents and
thermal deprotection productgobutyleneand dimethyl Saminoisophthalatelncreasing the
temperatureof the dissolved compountl crude product mixture also resulted in the reduced
concentratiorof doubly Boeprotected andmidic acid tautomer product variani@oc).-1 and
tautomerl]. Finally, a fourth set of peaks was obserupdn heating thproduct mixture sample
Based on the computational models performed bKBozeimeh Sarbishelwe believehis fourth
set of peaks is attributed to the formationsgfirotamersof compoundl. The efforts outlined
within this chapter, in combination with those of Blhozeimeh Sarbishedénd our collaborators

inDr.Zegliss s | ab, ar e resentlinmibishedmaaudcript.n a
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General Discussior& Conclusion

As a whole, the primary objective of this theses to explore and improve the application
and methodologies associated with radiochemistry. The research disouskesddissertation
mirror the multiticeted nature of this fieldvhat started out as a simple application ofgxesting
methodologies irChapter 2 with the attempté@/‘8F-transfluorination of the CDy11 BODIPY
dyedeveloped into a new reseambjectivethat sought t@address the complications experienced
with CDy11 andimprowve the existing labeling strategie®vhile this project requires further
investigative effortdo flesh out its bones, th&ork presented in Chapteri8 a step forward
towards reliable and reprodbte synthesisof BODIPY-based radiotracer3.o our knowledge,
this project afforded the first application of air staMg(NOz3).-6H.O solutionstowards the
synthesis ofi *¥F-labeled BODIPY fluorophore. Future reseaectiieavorshould investigate the
efficacy of a wide range of stable Lewis acids towards facilitdfir€fF-isotopic exchange at the
BF>-moiety. In doing such, GMP certification could be achieved for BODHB2¥ed imaging
agents; opening the door to a greater number of potential PET diagrgestts.

The research outlined i€hapter 3pertained tothe performance of°F/*8F-fluoride
exchangeon a BODIPY core hosting relatively inert functional groupswhich contributed
negligible electron donating or withdrawing effects to theastaromatic framework Future
initiatives should focus on surveying the effects of various functional groups and their pasition
the planar ring system on the radiochemical yiedgined from theé F/*®F-transfluorination
process. A library of this nature wouybdovide further insight into optimal design characteristics
for synthesis of novel BODIPNrecursoraindtheradiolabeling conditionsest suited to transform

them into binodal imaging agents.

The research focus shifted in Chapter 4 from the application and investigation of improved
radiolabeling methodologies previously discussed in Chapters 2 and 3 to improving the stability
and subsequently the delivery of radioimmunqguagate. By taking note of the observations made
between the multistep reactiohand2 and the'H NMR compound. crude mixture spectra it was
discerned that further purification processes were not required before progressing to the next stage
of the syntlesis. Spectroscopic analysis of the isomers and crude mixture constituents of
compoundl from the multistep DiIiPODS synthesis provides further insight towards the synthetic
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process as a whole. This effectively increased the amount of available reagerdl! fuaténe

subsequent reaction from 66% to nearly quantitative values as those used during the first reaction

as the reaction of all the compouhdrude mixture components were able to form the subsequent
compound2 product under the applieckaction conditons What 6s mor e, perf
spectroscopic analyses and reporting the observations and lessons learned from our findings proves
beneficial for future synthetic strategy development and the investigation of means by which to
optimize te overall reaction yields of multistage processes. These efforts were incorporated into

a manuscript accompanying the contributions madeDby Khozeimeh Sarbisheland our

coll aborators in Dr. Zegl i s b exvivaibulfideuwebridgingi ng t |
assessment of the DIPODS linker molecule.. Future research efforts may aim to modify the

DiPODS structure to optimize the linker structure further as wel @0 experimentation.

In summary, tk various approaches and research istsreutlined inthis dissertation
provide further insight towardsproving futureradiotherapeutics arféET diagnostics. In doing
such, these efforts serve towatts future expansion of the toolbox of applicabdeliochemical

agents foradiochemical dgignosticandtreatment of malignancies.
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Appendix
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Figure A.1. HPLC chromatogram of*F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standardwhen subject to60 eq SnGl 37 C, TBAB fixing agent at
wavelength 505nm. Chromatogram obtained u3ingrmo Fisher Vanquish UHPLC system
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Figure A2. HPLC chromatogram of‘%F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subject to50 eq SnGl 37 C, TBAB fixing agent.
Chromatogram obtained usinghermo Fisher Vanquish UHPLC system equipped with
radioactivitydetectorset at 2000K sensitivityPeak associated with tmadiolabeleccommercial
BODIPY dyeis denoted with the symbdDg
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Figure A3. RepresentativeHPLC chromatogram otommercial BODIPY standé.
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. Pe@k175 min) is associated with the commercial

BODIPY dye.
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Figure A4. Representative TLC chromatogram ofF*®F]-isotopic exchange reaction
mixture for commercial BODIPY standard when subjected to 10 equSBICPC, TBAB fixing
agent.Experimental conditions applied are outlined in entry 1Table 3.2 Chromatogram
obtained using Bioscan AROO0O radieTLC plate reader. The radioactivity peak associated with

free [F]F is labeled as such.
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Figure A5. HPLC chromatogram of'{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPYstandard when subject 1® eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 37
“C for 5 minutes. Experimental conditions applied are outlined in entry Table 3.2
Chromatogram was obtained using leeimo Fisher Vanquish UHPLC system equipped with a
UV-Vis deector set to measure at 505 nm. Peak 3 (7.125 min) is associated with the commercial
BODIPY dye.
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Figure A6. HPLC chromatogram of!{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjeci@eq Mg(NQ)., 55.8 eq TEAB fixing agent at 37
“C for 5 minutes. Experimental conditions applied are outlined in entry Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equippad with
radioactivity detector set to 2000K sensitiviBeak associated with tihadiolabeledcommercial

BODIPY dyeis denoted with the symbdDg
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Figure A7. TLC chromatogram of[1°F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjecmeq Mg(NOs),, 37 C, 55.8eq TEAB fixing
agentfor 5 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reader. Th
data is associated with entry 2Tdble 3.2 The radioactivity peak associated with fré®[F is

labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A8. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixt
for commercial BODIPY standard when subject2®eq Mg(NQOs),, 37 C, 55.8 ec
TEAB fixing agentfor 15 minutes Chromatogram obtained usimjoscan AR200(
radioTLC plate reader. This data is associated with entryf Zlable 3.2 The
radioactivity peak associated with fré@HJF is labeledas such whil¢he product pee

is indicated by the symbol (*).
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Figure A9. TLC chromatogram of[*°F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjecmeq Mg(NOs),, 37 C, 55.8eq TEAB fixing
agentfor 30 minutes Chromatogram obtained usifjoscan AR2000 radieTLC plate reade
This data is associated with entryfZrable 3.2 The radioactivity peak associated with fr&[F

is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A10. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture
commercial BODIPY standard when subject2f®eq Mg(NOs),, 37 C, 55.8eq TEAB
fixing agentfor 45 minutes Chromatogram obtained usiiBjoscan AR2000 radieTLC
plate reader. This data is associated with entryf Zable 3.2 The radioactivity pee
associated with free!JF]F is labeledas such whilghe product peak is indicated by

symbol (*).
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Figure A11. HPLC chromatogram of'{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjecfeq Mg(NQ)2, 55.8 eq TEAB fixing agent at 37
“C for 5 minutes. Experimental conditions applied are outlined in eatgf Table 3.2
Chromatogram was obtained using laefimo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. P2@k108 min) is associated with the commercial

BODIPY dye.
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Figure A12. HPLC chromatogram of*{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjec2feq Mg(NQ)., 55.8 eq TEAB fixing agent at 37
“C for 5 minutes. Experimental conditions applied are outlined in e2tigf Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system daquithpa
radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabeled commercial
BODIPY dye is denoted with the symb@){
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Figure A13. TLC chromatogram of**F/‘®F]-isotopic exchangeeaction mixture fc
commercial BODIPY standard when subject tbeg Mg(NOs),, 37 C, 55.8eq TEAB fixing
agentfor 5 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reader. Th
data is associated with entry 3Tdble 3.2 Theradioactivity peak associated with fré€A]F is

labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure Al14. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subject @e§Mg(NOs)2, 37 C, 55.8eqTEAB fixing
agentfor 15 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reade
This data is associated with entry 3Tafble 3.2 Theradioactivity peak associated with f

[8F]F is labeledas such whiléhe product peak is indicated by the symbol (*).

11¢€



Counts
|_\
al
(@)
(@)
o
L1
BERRRREREERRRRRRRERRERRERRRR

0 50 100 150 200
Position (mm)

Figure A15. TLC chromatogram of!°F/*®F]-isotopic exchange reactiamixture fol
commercial BODIPY standard when subject e Mg(NOs)2, 37 C, 55.8eq TEAB fixing
agentfor 30 minutes Chromatogram obtained usiBgoscan AR2000 radieTLC plate reade
This data is associated with entry 3Table 3.2 The radioactivity peak associated with f

[8F]F is labeledas such whiléhe product peak is indicated by the symbol (*).
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Figure A16. TLC chromatogram of'°F/*®F]-isotopic exchange reactionixture fol
commercial BODIPY standard when subject @efMg(NOs)2, 37 C, 55.8eqTEAB fixing
agentfor 45 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reade
This data is associated with entry 3Table 3.2 Theradioactivity peak associated with f

[8F]F is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A17. HPLC chromatogram of*{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPYstandard when subject 5@ eq Mg(NQ)., 55.8 eq TEAB fixing agent at 37
~C for 30 minutes. Experimental conditions applied are outlined in eBtgf Table 3.2
Chromatogram was obtained using laefimo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. Pe@k125 min) is associated with the commercial
BODIPY dye.
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Figure A18. HPLC chromatogram of!{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjec@eq Mg(NQ)2, 55.8 eq TEAB fixing agent at 37
~C for 30 minutes. Experimental conditions applied are outlined in eB8trgf Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC systemeelqwitip a
radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabeled commercial
BODIPY dye is denoted with the symb@){
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Figure A19. TLC chromatogram of**F/‘®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectlfi eq Mg(NOs),, 37 C, 55.8eq TEAB fixing
agentfor 5 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reader. Th
data is associated with entry #itable 3.2 The radioactivity peak associated with fré®[F is
labeledas such whiléhe product peak is indicated by the symbol (*).
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Figure A20. TLC chromatogram dit®F/*8F]-isotopic exchange reaction mixture for comme
BODIPY standard when subject100eqMg(NOs)2, 37 C, 55.8eqTEAB fixing agentfor 15 minutes
Chromatogram obtained usifBjoscan AR2000 radieTLC plate reader. This data is associated
entry 4of Table 3.2 The radioactivity peak associated with fré8]F is labeledas such whilghe
product peak is indicated by the symbol (*).
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Figure A21. TLC chromatogram of*%F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl@0 eq Mg(NOs)2, 37 C, 55.8eq TEAB fixing
agentfor 30 minutes Chromatogram obtained usiBjoscan AR2000 radieTLC plate reader.
This data is associated with erdrgf Table 3.2 The radioactivity peak associated with fré&&]F
is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A22. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for comme
BODIPY standard when subject100eqMg(NOs)2, 37 C,55.8eqTEAB fixing agentfor 45 minutes
Chromatogram obtained usigjoscan AR2000 radieTLC plate reader. This data is associated
entry 4 of Table 3.2 The radioactivity peak associated with fré8F[F is labeledas such whilghe
product peak is indicated by the symbol (*).
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Figure A23. HPLC chromatogram of*{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPYstandard when subject 1®0eq Mg(NQ)2, 55.8 eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in ehtoj Table 3.2
Chromatogram was obtained using laefimo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. Pegk258 min) is associated with the commercial
BODIPY dye.
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Figure A24. HPLC chromatogram of'{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl® eq Mg(NQ)2, 55.8 eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in entry Fable 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC systemeequwitip a
radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabeled commercial
BODIPY dye is denoted with the symb@){
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Figure A25. TLC chromatogram of*%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectlfid eq Mg(NOzs)2, 37 C, 55.8 eqTEAB fixing
agentfor 5 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reader. Th
data is associated with entyof Table 3.2 The radioactivity peak associated with fré¥[F is

labeled as such whitbe product peak is indicated by the symbol (*).
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Figure A26. TLC chromatogram of*%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectlfid eq Mg(NOs)2, 37 C, 55.8 egTEAB fixing
agentforl5 minutes Chromatogram obtained usifjoscan AR2000 radieTLC plate reade
This data is associated with entry 6T@able 3.2 The radioactivity peak associated with -
[8F]F is labeled as such whilke product peak is indicated by the symbol (*)
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Figure A27. TLC chromatogram of*%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectlfid eq Mg(NOs)2, 37 C, 55.8 egTEAB fixing
agentfor 30 minutes Chromatogram obtained usiBjoscan AR2000 radieTLC plate reade
This data is associated with entryobTable 3.2 The radioactivity peak associated with -
[8F]F is labeled as such whilke product peak is indicated by the symbol (*)
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Figure A28. TLC chromatogram of*%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectlfid eq Mg(NOs)2, 37 C, 55.8 egTEAB fixing
agentfor 45 minutes Chromatogram obtained usiBjoscan AR2000 radieTLC plate reade
This data is associated with entry 5Tadble 3.2 The radioactivity peak associated with -
[8F]F is labeled as such whilke product peak is indicated by the symbol (*).
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Figure A29. HPLC chromatogram of }PF/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl® eq Mg(NQ)2, 55.8 eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in entoj Table 3.2
Chromatogram was obtained using laefimo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. Pe@kl142min) is associated with the commercial
BODIPY dye.
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Figure A30. HPLC chromatogram of!{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl% eq Mg(NQ)2, 55.8 eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in entry Bable 3.2
Chromatogram was obtained usindl@ermo Fisher Vanquish UHPLC system equipped with a
radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabeled commercial

BODIPY dye is denoted with the symb@){
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Figure A31. TLC chromatogram of**F/*%F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectl@0 eq Mg(NOs)2, 37 C, 27.9eq TEAB fixing
agentfor 5 minutesChromatogram obtained usiBgpscan AR2000 radieTLC plate reader. Th
data is associated with entry 6 Tdble 3.2 The radioactivity peak associated with fré¥[F is
labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A32. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl@0 eq Mg(NOs)2, 37 C, 27.9eq TEAB fixing
agentfor 15 minutes Chromatogram obtained usifjoscan AR2000 radieTLC plate reader.
This data is associated with entry 6fable 3.2 The radioactivity peak associated with fré&[F

is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A33. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl@0 eq Mg(NOs)2, 37 C, 27.9eq TEAB fixing
agentfor 30 minutes Chromatogram obtained usifjoscan AR2000 radieTLC plate reader.
This data is associated with entry 6fable 3.2 The radioactivity peak associated with fré&[F
is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A34. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectld eq Mg(NQs),, 37 C, 27.9eq TEAB fixing
agentfor 45 minutes Chromatogram obtained usiijoscan AR2000 radieTLC plate reader.
This data is associated with entry 6fable 3.2 The radioactivity peak associated with fré&[F

is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A35. HPLC chromatogram of'{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subject@® eq Mg(NQ)2, 27.8 eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in entry Babfe 3.2
Chromatogram was obtained using leeimo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. Peak D&#iin) is associated with tr@ommercial
BODIPY dye.
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Figure A36. HPLC chromatogram of!{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjecl@® eq Mg(NQ)2, 27.8 edTEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in e@tof Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equipped with a
radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabelex:iaah
BODIPY dye is denoted with the symb&)q
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Figure A37. TLC chromatogram of'%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjecl@® eq Mg(NQ)2, 75.0 edrEAB fixing agentfor
5 minutes Chromatogram obtained usiBgposcan AR2000 radieTLC plate reader. This date
associated with entry 7 @fable 3.2 The radioactivity peak associated with fré&]F is labele
as such whil¢he product peak is indicated by the symbol (*).
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Figure A38. TLC chromatogram of'%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjecl@® eq Mg(NQ)2, 75.0eqTEAB fixing agentfor

15 minutes Chromatogram obtained usiBgpscan AR2000 radieTLC plate reader. This date
associated with entry of Table 3.2 The radioactivity peak associated with fré&]F is labele

as such whil¢he product peak is indicated by the symbol (*).
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Figure A39. TLC chromatogram of'%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjecl@® eq Mg(NQ)2, 75.0 edrEAB fixing agentfor
30 minutes Chromatogram obtained usiBgpscan AR2000 radieTLC plate reader. This date
associated with entry 7 @fable 3.2 The radioactivity peak associated with fré&]F is labele
as such whil¢he product peak is indicated by the symbol (*).
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Figure A40. TLC chromatogram of'%F/*®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjecl@® eq Mg(NQ)2, 75.0 edrEAB fixing agentfor
45 minutes Chromatogram obtained usiBgpscan AR2000 radieTLC plate reader. This date
associated with entry 7 @fable 3.2 The radioactivity peak associated with fré&]F is labele
as such whil¢he product peak is indicated by the symbol (*).
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Figure A41. HPLC chromatogram of!{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl@® eq Mg(NQ)2, 75.0eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in entoj Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equipped with a
UV-Vis detector set to measure at 505 nm. F@k158 min) is associated with tltwmmercial
BODIPY dye.
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Figure A42. HPLC chromatogram of!{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectl@® eq Mg(NQ)2, 75.0eq TEAB fixing agent at
37 C for 5 minutes. Experimental conditions applied are outlined in entof Table 3.2
Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system equipped with a
radioactivity detector set to 2000K sensitivity. Peak associated with the radiolabelexdi@sah
BODIPY dye is denoted with the symb@){
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Figure A43.TLC chromatogram of-*F/*8F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectLi) eq Mg(NOs), prepared in DMSQ37
"C, 55.8eqTEAB fixing agentfor 5 minutes Chromatogram obtained usiBgposcan AR
2000 radieTLC plate reader. This data is assoethtwith entry 8 ofTable 3.2 The
radioactivity peak associated with fré€A]F is labeledas such whil¢he product peak

indicated by the symbol (*).
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Figure A44. TLC chromatogram of*°F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjeci@®eqMg(NOs). prepared in DMSQ37 C,55.8
e TEAB fixing agentfor 15 minutesChromatogram obtained usiBgpscan AR2000 radieTLC
plate reader. This data is asstethwith entry 8 offable 3.2 The radioactivity peak associated
with free [8F]F is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A45. TLC chromatogram of**F/*%F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjeci@®eqMg(NOz3)2 prepared in DMSQ37 C, 55.¢
e TEAB fixing agentfor 30 minutesChromatogram obtained usiBgpscan AR2000 radieTLC
plate reader. This data is asstethwith entry 8 offTable 3.2 The radioactivity peak associa
with free [8F]F is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A46. TLC chromatogram of*°F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjeci@®eqMg(NOz3)2 prepared in DMSQ37 C,55.8
e TEAB fixing agentfor 45 minutesChromatogram obtained usiBgpscan AR2000 radieTLC
plate reader. This data is asstethwith entry8 of Table 3.2 The radioactivity peak associated
with free [8F]F is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A47. HPLC chromatogram of!{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subject® eq Mg(NQ).(DMSO solution) 55.8eq TEAB
fixing agent at 37 C for 5 minutes. Experimental conditions applied are outlined in ehtfy
Table 3.2 Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system
equipped with a UWis detector set to measure at 505 nm. Pe@k108 min) is associated with

the commercial BODIPY dye.
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Figure A48. HPLC chromatogram of'{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjeci®® eq Mg(NQ).(DMSO solution)55.8eq TEAB
fixing agent at 37 C for 5 minutes. Experimental conditions applied are outlined in ey
Table 3.2 Chromatogram washbtained using a Thermo Fisher Vanquish UHPLC system
equipped with a radioactivity detector set to 2000K sensitivity. Peak associated with the
radiolabeled commercial BODIPY dye is denoted with the syniBbl (
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Figure A49. TLC chromatogram of*°F/*®F]-isotopic exchange reacti
mixture for commercial BODIPY standard when subjeci@oeq Mg(NOs)2 with
excess KO, 37 C, 55.8 eq TEAB fixing agentfor 5 minutes Chromatogral
obtained usin@ioscan AR2000 radieTLC plate reader. This data is associated
entry 9 ofTable 3.2 The radioactivity peak associated with fré#[F is labeledas
such whilethe product peak is indicated by the symbol (*).
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Figure A50. TLC chromatogram of**F/‘®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectL@beqMg(NOs)2 with excess kO, 37 C, 55.8ec
TEAB fixing agentfor 15 minutes Chromatogram obtained usiBgoscan AR2000 radieTLC
plate reader. This data is associated with entry Babfe 3.2 The radioactivity peak associa
with free [8F]F is labeledas such whil¢he product peak is indicated by the symbol (*).
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Figure A51. TLC chromatogram of-°F/*éF]-isotopic exchange reaction mixt
for commercial BODIPY standard when subjectltbeq Mg(NOz3)2 with excess kD,
37 C, 55.8 eq TEAB fixing agentfor 30 minutes Chromatogram obtained us
Bioscan AR2000 radieTLC plate reader. This data is associated with entryTabfe
3.2 The radioactivity peak associated with fré€F[F is labeledas such whiléhe
product peak is indicated by the symbol (*).
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Figure A52. TLC chromatogram of**F/‘®F]-isotopic exchange reaction mixture
commercial BODIPY standard when subjectL@beqMg(NOs)2 with excess kO, 37 C, 55.8ec
TEAB fixing agentfor 45 minutes Chromatogram obtained usiBgoscan AR2000 radieTLC
plate reader. This data is associated with entry Babfe 3.2 The radioactivity peak associa
with free [8F]F is labeledas such whil¢he product peak is indicated by thembol (*).
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Figure A53. HPLC chromatogram of'{F/*8F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjectltd eq Mg(NQ)2 (excess HO present)55.8 eq
TEAB fixing agent at 37C for 5 minutes. Experimental conditions applied are outlined in entry
9 of Table 3.2 Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system
equipped with a UWis detector set to measure at 505 nm. Pe@k108 min) is associated with

thecommercial BODIPY dye.
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Figure A54. HPLC chromatogram of!{F/*®F]-isotopic exchange reaction mixture for
commercial BODIPY standard when subjecfitbeq Mg(NQ)2 ((excess KO present), 55.8eq
TEAB fixing agent at 37C for 5 minutes. Experimental conditions applied are outlined in entry
9 of Table 3.2 Chromatogram was obtained using a Thermo Fisher Vanquish UHPLC system
equipped with a radioactivity detector set to 2000K sensitivity. Peak associated with the

radiolabeled commercial BODIPY dye is denoted with the synibibl (
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Table Al. Line commands for Trasis miniAIG’F-solution preparation.

Line advance comments correspond to setting

commands on the Trasis mini AlO software sashommand duratiofmeasured in seconds (s) and minutes (m), heater ¢&idyum

(V), activity pump (P), and syringectuatorgwhere either SA1 and SA2 were used as the activity pump inlet and solution draw up/elute

systems respectively). Pressure anduvan are reported in pound per square inch (psi). Pressure flow setting is reported upon use of

pressurized nitrogen gas within the Trasis mini AlO radiosynthesis module as either being high flow (HF) or low flowgsé&tjeCa

rotory positioning is repodd as the visual flow path through the cassette during the associated line command. SA1 and SA2 volumes

are reported in mililitre (mL) values for each line number along with the rates at which these syringe positions wdravsetpar

elute their setontents (mL/min). Finally, reactor heat is presented in degrees Celsiu¥&®Dum activation at the bottom left of the

cassette (Va) is written as a binary response of 0 = false and 1 = true.

P V. Cassette Rotoy B
Line - Line Advance ressure Pressure acuum - —
Description Label ) Positioning Va
Number Comment . Flow Setting . -
(psi) (psi) (Positions 16)
Zeroing the Activity Sensors Starting sAa, e e -
Ready to receive activity Ready to Receive 500 -100 - - - - - -
o ) Activity
3 Activity Received _ 500 -:100 - - - - - - 0
Received
4 Start Synthesis Start Synthesis 500 -100 - - - - - - 0
o . Insert Activity into
5 Activity In Position ) 500 HF -800 - - - 0
Syringe
6 Recovering*®0]-H,0 SA1 500 HF -800 - - -
Recovering*®0]-H,0 20s 500 HF -800 - - -
8 Recovering®0]-H,0 20s 500 HF -800 - - - 0




Pressure

Vacuum

Cassette

Line o Line Advance Pressure Rotory
Number Description Label Comment . Flow Setting . Positioning va
(psi) (psi) B
(Positions 16)
9 Recovering*®0]-H,0 60s 500 HF -800 - - - 0
10 Pressure to Fixing Agent Via 4s 500 LF 0 - - - - 0
11 Fixing Agent Elute 12s 0 0 - - - - 1
12 Fixing Agent Elute H1, P, SA1SA2,V 500 HF 0 - - - - - 1
13 Fixing Agent Elute H1, P, SA2, V 0 0 - - - - - 1
14 Fixing Agent Elute H1, P, SAl1, V 500 LF -300 - - - 1
15 Fixing Agent Elute 2m 500 LF -300 - - - 1
16 Heat With Vacuum 4m 100 LF -40 - - - - 1
17 Heat With Vacuum 4m 200 LF -200 - - - - 1
18 Heat With Vacuum 2m 400 LF -500 - - - - 1
19 Heat With Vacuum 20s 500 HF -1000 - - - - 1
20 Pressurize Acetonitrile Vial 5s 500 LF 0 - - - - 0
21 Draw up 1ImL Acetonitrile 3s 500 -300 - - - - 0
22 Extra Air H1, P, SA2, V 500 LF 0 - - - - - 0
23 Add Acetonitrile H1, P, SA2, V 0 0 - - - - - 0
24 Add Acetonitrile 45s 500 LF -300 - - - 1
25 Extra Air Flush 5s 500 LF -300 - - - 1
26 Heat With Vacuum 2m 100 LF -40 - - - - 1
27 Heat With Vacuum 2m 300 LF -200 - - - - 1

158



Pressure

Vacuum

Cassette

Line o Line Advance Pressure Rotory
Number Description Label Comment . Flow Setting . Positioning va
(psi) (psi) B
(Positions 16)
28 Heat With Vacuum 2m 500 LF -500 - - - - 1
29 Heat With Vacuum 20s 500 -1000 - - - - 1
30 Pressurize Acetonitrile Vial 5s 500 LF 0 - - - - 0
31 Draw up ImL Acetonitrile H1, P, SA2, V 0 0 - - - - 0
32 Draw up 1ImL Acetonitrile 3s 0 0 - - - - 0
33 Extra Air H1, P, SA2, V 500 LF 0 - - - - - 0
34 Add Acetonitrile H1, P, SA2, V 0 -300 - - - - 1
35 Extra Air Flush 5s 500 LF -300 - - - - - 1
36 Heat WithVacuum 60s 100 LF -40 - - - - 1
37 Heat With Vacuum 60s 300 LF -200 - - - - 1
38 Heat With Vacuum 2m 500 LF -500 - - - - 1
39 Heat With Vacuum 20s 500 HF -1000 - - - - 1
40 Pressurize Acetonitrile Vial 5s 500 LF 0 - - - - 0
41 Draw up 1ImL Acetonitrile H1, P, SA2, V 0 0 - - - - 0
42 Draw up 1ImL Acetonitrile 3s 0 0 - - - - 0
43 Extra Air H1, P, SA2, V 500 LF 0 - - - - - 0
44 Add Acetonitrile H1, P, SA2, V 0 -300 - - - - 1
45 Extra Air Flush 5s 300 LF -300 - - - - 1
46 Heat With Vacuum 60s 100 LF -40 - - - - 1
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Pressure

Vacuum

Cassette

Line o Line Advance Pressure Rotory
Description Label ) 7 Va
Number Comment . Flow Setting . Positioning
(psi) (psi) N
(Positions 16)
47 Heat With Vacuum 60s 300 LF -200 - - - - - 1
48 Heat With Vacuum 2m 500 LF -500 - - - - - 1
49 Heat With Vacuum 20s 500 HF -1000 - - - - - 1
50 Cool Down 12m 500 HF -1000 - - - - - 1
Pressurize Reconstitution
51 10s 500 LF 0 - - - - 0
Acetonitrile Vial
Rinse line with Acetonitrile to
52 3s 0 0 - - - - 1
Clean
Rinse line with Acetonitrile to
53 H1, P, SA2, V 300 LF 0 - - - - - 1
Clean
Rinse line withAcetonitrile to
54 H1, P, SA2, V 0 -300 - - - - - 1
Clean
Pressurize Reconstitution
55 . i 5s 500 LF 0 - - - - - 0
Acetonitrile Vial
Draw up 3 mL Reconstitution
56 o 10s 0 0 - - - - - 0
Acetonitrile
57 Extra Air H1, P, SA2, V 500 LF 0 - - - - - 0
Eject Reconstitution
58 o H1, P, SA2, V 0 -300 - - - - - 1
Acetonitrile
Pressurize Reactor Vessel ti
59 5s 500 LF 0 - - - - - 0
Move Contents
60 Draw up Product H1, P, SA2, V 300 0 - - - - - 0
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Cassette

. . Pressure Vacuum
Line . Line Advance Pressure Rotory
Description Label i o Va
Number Comment . Flow Setting . Positioning
(psi) (psi) N
(Positions 16)
61 Draw Up Extra Air H1, P, SA2, V 0 LF 0 - - - - - - 0
Deliver Product to Product
62 . H1, P,SA2, V 0 0 e
Vial
63 Full Stop P,V 0 HF 0 - - - - - - 1
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0 - - - - o 6mL

5 - - - / 6 mL OomL

162

9 - - - / 95
4mL,
11 - - - - - / 6 mL 95
40 mL/min

0omL,
13 - - - - - / 95

20 mL/min

15 - - - / 95




20 - - - - - / 6 mL 95

13mL,

20 mL/min

30 - - - - - / 6 mL 95
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Cassette Rtory Positioning

Line Number N SAl SA2 Reactor Heat (°C)
(Positions 712)
1mL,
32 - - - - - / 95
20 mL/min
6mL,
33 - - - - - / 95
40 mL/min
OomL,
34 - - - / 95
20 mL/min
35 - - - / 95
36 - - - / 95
37 - - - / 95
38 - - - / 95
39 - - - / 95
40 - - - - - / 6 mL 95
omL,
41 S / 110
20 mL/min
1mL,
42 - - - - - / 110
40 mL/min
6 mL,
43 - - - - - / 110

40 mL/min
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) Cassette Rodry Positioning
Line Number . SAl SA2 Reactor Heat (°C)
(Positions 712)

O mL,
44 - - - / 110
20 mL/min
45 - - - / 110
46 - - - / 110
47 - - - / 110
48 - - - / 110
49 - - - / 110
50 - - - / 50
51 - - - - - / 50
1mL,
52 S / 50
40 mL/min
5mL,
53 - - - - - / 50
40 mL/min
0mL,
54 - - - / 50
20 mL/min
55 - - - - - / 6 mL 50
3mL,
56 - - - - - / 50
40 mL/min
12mL,
57 - - - - - / 50

40 mL/min
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