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Development of Optical Tools to Control Biological Processes 

Trevor Horst, M.S. 

University of Pittsburgh, 2019 

Optical control of protein function has garnered considerable interest in chemical biology. 

The use of light to modulate protein function allows for higher spatial and temporal control than 

small molecule control. Rapamycin is a natural product that can be used to induce the dimerization 

of FKBP and FRB proteins and has been used as a small molecule to control a wide range of 

dimerization-based protein functions. We synthesized several light sensitive analogs of 

rapamycin to allow for optical control of protein dimerization. A visible light-activated rapamycin 

analog was synthesized and its ability to effectively photocage rapamycin in vivo was 

demonstrated. A light-deactivated rapamycin analog was synthesized through the conjugation of 

a reactive oxygen species generating chromophore to rapamycin in an adaption of chromophore-

assisted light inactivation of proteins. The ability of this conjugate to reverse protein dimerization 

was demonstrated in vivo as well. Several analogs of rapamycin conjugated to arylazopyrazole 

and spiropyran photoswitches were synthesized and the difference in dimerization activity of the 

two states was determined. Optical control of protein function was also explored through the 

incorporation of photoswitching amino acids through unnatural amino acid mutagenesis. Two 

novel photoswitching amino acids containing arylazopyrazole and phenazopyridine 

photoswitches were synthesized, and incorporation in proteins was demonstrated.  

Optically active materials have been a focus of researchers developing robotics, 

information storage methods, and light-activated drug delivery. Commonly, azobenzene is used 

in these materials. We synthesized an arylazopyrazole-containing monomer capable of being 

incorporated into a polymer. Analysis of that polymer showed an unexpectedly lesser 

macroscopic response to irradiation than an azobenzene containing material.  
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1.0 Optical Control of Rapamycin Dimerization 

1.1 Introduction 

1.1.1 Introduction to Chemical Inducers of Dimerization 

Chemical inducers of dimerization (CID) are small molecules that are able to bind two 

proteins simultaneously to form a ternary complex with the two proteins in close proximity. This 

provides a useful way for researchers to conditionally control protein activity, dependent upon 

addition of the CID. The proximities of proteins to one another play a role in many cellular 

processes, thus, artificially being able to control proximity allows researchers to probe the role of 

these interactions. Depending on the CID used, the dimerization can either form a homo or 

heterodimer. CIDs have been used to control cellular processes such as transcription1, protein 

localization2,3, protein degradation4–6, cell death7, and signaling processes8,9.  

1.1.2 Rapamycin as a Dimerizer 

Rapamycin is a macrolide natural product that was first reported in 1975 by Suren Sehgal 

while working for Ayerst Laboratories.10 The bacteria (Streptomyces hygroscopicus) from which 

rapamycin was isolated was found on the island of Rapa Nui (Easter Island). It was discovered to 

have antibacterial, antifungal, and immunosuppressive properties. The function of rapamycin in 

S. hygroscopicus has not been elucidated, though the complexity and high regulation of its

biosynthesis indicate an important role.11 The biosynthesis gene cluster of rapamycin contains 5

known regulatory genes, the biosynthesis itself incorporates several metabolites including

shikimate derivatives and pipecolate, and following the cyclization concluding its polyketide

synthase formation, more than 5 additional modifications are made to generate the final

rapamycin product.12,13

Rapamycin was approved by the FDA in 1999 for use in organ transplantation procedures 

to help prevent organ rejection. Analogs of rapamycin have since been approved and its medicinal 

use has been expanded to aid in the treatment of cancer.14,15 Research with rapamycin is 
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ubiquitous at the University of Pittsburgh. The Thomson group focuses on its role in regulating 

immune response16,17 while the Monga and Oertel groups have collaborated to investigate its use 

in treating hepatic cancers.18 Rapamycin has demonstrated inhibition of cell growth in a variety of 

eukaryotes through its ability to inhibit the kinase activity of a highly conserved class of proteins 

known as the TOR proteins.19 Rapamycin’s mechanism of action in human cells is driven by its 

strong association with both mTOR (mammalian target of rapamycin) and FKBP12 (FK506 

binding protein).  

Rapamycin’s FKBP12 binding partner belongs to the FKBP family of proteins. These 

proteins can function as chaperones in protein folding and peptidyl prolyl cis/trans isomerases, 

though not all proteins function as both.20 The mammalian FKBP73 and wheat FKBP52 proteins 

have been identified as FK506 and rapamycin insensitive chaperones, yet their isomerase activity 

is sensitive to those compounds. However, FKBP12, rapamycin’s binding partner, only acts as an 

isomerase naturally. 

Rapamycin’s other binding partner, mTOR, forms two complexes (mTORC1 and 

mTORc2) that is sensitive to several factors essential to cell survival (Figure 1.1).21 Rapamycin 

has a pronounced effect on mTORC1. The binding of FKBP-rapamycin to mTORC1 is a potent 

inhibitor of its kinase activity, slowing cell division. Rapamycin was not initially thought to have an 

effect on mTORC2 since FKBP-rapamycin does not bind to mTORC2, but studies have shown 

that prolonged exposure to rapamycin is capable of lowering mTORC2 activation of Akt, an 

oncogenic protein downstream of mTORC2, in some cell types.22 Sabatini et al. determined that 

rapamycin achieves this through FKBP-rapamcyin binding free mTOR before it forms mTORC2. 

As existing mTORC2 is degraded, it is not replenished, leading to a slow decline in Akt activation. 
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Figure 1.1 - A simplified representation of inputs and outputs of the mTOR complexes 1 and 2. 
 
 
 
 Schreiber discovered that the 289 kD mTOR binding partner could be reduced to the 11 

kD FRB (FK506-Rapamycin Binding) domain while retaining the ability to form a ternary complex 

with rapamycin and FKBP.23 This gave rapamycin more utility as a heterodimerizer by minimizing 

the size of its binding partners to 11 kD (FRB) and 12 kD (FKBP). Proteins of interest could be 

expressed as fusion proteins with FKBP and FRB and then conditionally dimerized with the 

addition of rapamycin. Since larger proteins are more likely to alter the function of the protein they 

are fused to, it is essential to use the significantly smaller FRB rather than mTOR in this context.  

 The FRB domain, shown in red in Figure 1.2C, binds rapamycin throughout the triene 

region (Figure 1.2A). An alpha helix allows for a strong hydrophobic interaction. The FKBP 

domain shown in blue in Figure 1.2C binds an oxygen rich face of rapamycin via a beta sheet 

and unfolded segments. Wandless et al. determined that rapamycin first binds FKBP with a Kd of 

0.2 nM, then binds FRB with a KD of 12 nM (Figure 1.2B). The rapamycin-FRB interaction is not 

nearly as strong as the interaction of FRB with the FKBP-rapamycin dimer. This suggests that 

interactions between the two proteins are likely stabilizing the ternary complex more than the 

rapamycin-FRB interface.  

 

 



4 
 

 
 
 
Figure 1.2 - A) Structure of rapamycin with the portions interacting with FKBP and FRB 
indicated. B) The mechanism of binding and ternary complex formation.24 Adapted with 
permission from Banaszynski et al. Characterization of the FKBP·Rapamycin·FRB Ternary 
Complex. Journal of the American Chemical Society 2005, 127 (13), 4715–4721. Copyright 
2005 American Chemical Society. C) Crystal structure of rapamycin bound to FKBP and FRB 
obtained by the Schreiber lab (PDB ID: 1FAP).25 
 
 
 
 The ability of rapamycin to act as a CID has expanded its role in controlling biological 

processes beyond inhibiting mTOR. A key application that researchers have used rapamycin for 

is the conditional control of protein localization in cellular compartments. The Gestwicki lab has 

demonstrated that rapamycin can be used to conditionally localize proteins to the nucleus (Figure 
1.3A).26 By expressing both a protein of interest as a fusion with FRB and FKBP with a nuclear 

localization tag, the addition of rapamycin allows for localization of the otherwise cytosolic FRB-

protein of interest fusion to the nucleus. This same principle has been used to induce localization 

to the cellular27 and mitochondrial28 membranes. Conditional control of localization allows 

researchers to activate protein function simply through small molecule addition. This can allow for 

control of gene transcription, cell signaling, and other processes. 
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Figure 1.3 - A) Design of a rapamycin-induced nuclear localization system reported by the 
Gestwicki group.26 Cytosolic FRB is transported to the nucleus by nuclear localized of FKBP 
upon additions of rapamycin. Adapted with permission from Patury, et al. Conditional Nuclear 
Import and Export of Yeast Proteins Using a Chemical Inducer of Dimerization. Cell 
Biochemistry and Biophysics 2009, 53 (3), 127–134. Copyright 2009 Springer Nature.  B) 
Design of a split Abl kinase developed by the Wells group.29 Addition of rapamycin dimerizes 
the FRB and FKBP fused portions of Abl kinase to activate the enzyme. Adapted with 
permission from Diaz et al. A Split-Abl Kinase for Direct Activation in Cells. Cell Chemical 
Biology 2017, 24 (10), 1250-1258.e4. Copyright 2017 Elsevier. 
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Cell signaling and enzyme activity can also be controlled through the use of split proteins. 

The Wells group demonstrated that a protein, Abl kinase in this case, could be split into two parts, 

one as a fusion with FKBP and one as a fusion with FRB. Upon addition of rapamycin, the FKBP-

rapamyin-FRB ternary complex formed and the two Abl kinase parts were brought into close 

proximity, forming an active kinase (Figure 1.3B).29 The split protein system allows for the 

conditional activation of nearly any protein, given a split version is able to be optimized. The 

development of split protein systems for horseradish peroxidase,30 TEV protease,31 and Cas932 

suggest a general applicability. 

These processes have become essential tools for investigating the roles and targets of 

proteins, but the use of rapamycin as a dimerizer has limitations. The dimerization induced by 

rapamycin is not localized. Once rapamycin is added to a culture, its activation will be present 

throughout all cells as it diffuses. Additionally, there is little temporal control over activation. In the 

context of developmental biology, this is a significant limitation, since proteins may be active for 

only a certain period of development.33  

1.2 Optical Activation of Rapamycin 

1.2.1 Optical Activation of CID 

To address the problem of limited control of CID, researchers have developed photocaged 

analogs of CIDs to allow for spatiotemporal control of protein dimerization. These caged CID 

analogs are capable of being added to cells at any time, but should only become active once 

irradiated (Figure 1.4A). One photocaged CID that has been published is an ortho-nitrobenzyl 

(ONB) caged abscisic acid 1 (Figure 1.4B).34 When added, 1 will not induce dimerization until 

irradiated with UV light. Though an ester is used to link the abscisic acid and caging group, it does 

not appear to be sensitive to esterases. Incubation for 24 hours in cells did not show background 

activation. Once irradiated with 365 nm light, abscisic acid is generated and GID1 and GA1 form 

a strong interaction with either side of the abscisic acid. A second CID that has been published is 

a photocaged form is gibberellic acid.35 Wombacher published an ONB-caged analog as well as 

the red-shifted caged analog 2. Though the methyl ester of gibberellic acid is known to be cleaved 

in cells, 2 demonstrated stability in cells for up to 3 hours, suggesting it is not an optimal substrate 

for cellular esterases. Wombacher et al. also decided to use an aminonitrobiphenyl (ANBP) 
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caging group rather than ONB. The introduction of the second phenyl group increases the 

conjugation within the caging group inducing a bathochromic shift of the absorption maximum.36 

The ANBP caging group is discussed in further detail in 1.2.3. When irradiated with 412 nm light, 

gibberellic acid is released. Gibberellic acid then binds the protein GID and induces a 

conformational change that allows for interaction with the protein GAI.  

 

 

 
 
 
Figure 1.4 - A) Principle of a general photocaged CID. The orange dimerizer is inactive until 
irradiation releases the red caging group, allowing for ternary complex formation. B) Photocaged 
analogs of abscisic acid and gibberellic acid reported by the Liang and Wombacher groups, 
respectively.34,35 
 
 
 
1.2.2 UV-Activated Caged Rapamycin  
 
 
 The introduction of caged rapamycin analogs has also been used to allow for 

spatiotemporal control of protein dimerization. However, all the published analogs to date have 

required the use of UV light to release rapamycin since the caging groups used were ONB alcohol 

derivatives. The ONB alcohol group is one of the best understood and most commonly used 

photocages.37  
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Scheme 1.1 - The decaging mechanism for a generic nitrobenzyl alcohol compound. 
 
 
 

Mechanistically, the photolysis of the ONB alcohol 3 begins with the UV mediated 

homolytic cleavage of the NO double bond of the nitro group to yield 4. The oxygen radical of 4 

then abstracts a proton from the benzylic position to give 5, which can be shown as two relevant 

resonance structures. The lower resonance structure of Scheme 1.1 helps show the nitro 

oxyanion is able to attack the benzylic position to create the benzoxazole derivative 6. Finally, the 

lone pair of 6’s exocyclic alcohol can form a protonated nitroso group, forcing the endocyclic 

oxygen to form the aldehyde, which forces the OR group to leave where it will pick up the proton 

from the nitroso to generate the final ROH and nitrosobenzaldehyde 7. Many ONB derivatives 

with extended conjugation that will be discussed later undergo similar decaging mechanisms.  
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Figure 1.5 - The structures of four published rapamycin analogs with nitrobenzyl caging groups. 
Compound 8 cages the C16 methoxy, compound 9 cages the primary alcohol of everolimus, 
compound 10 is a nitrobenzyl caging of the C40 hydroxyl, and compound 11 is a dimerized 
version of 10.  
 
 
 

Woolley’s lab first demonstrated the potential of caging of rapamycin by introducing an 

ONB group to the C16 position of 8 in April 2010 (Figure 1.5).38 Compound 8 was theorized to be 

an effective caged rapamycin compound since the C16 oxygen being caged is within rapamycin’s 

binding interface with FRB. Though decaging does not release native rapamycin (what is usually 

the C16 methoxy is a hydroxyl upon decaging), this analog retains near native dimerizing 

capability. The efficacy of the caging was tested in HELA cells by examining the phosphorylation 

of S6 and S6K, proteins regulated by the mTOR complex. 

The caged rapamycin analog 9 was published by the Inoue group in December of 2010.39 

To aid in the synthesis, everolimus (rapamycin with a C40 ethyl alcohol) was used. The primary 

alcohol of everolimus gives greater selectivity for alcohol couplings than native rapamycin’s C40 

secondary alcohol. Inoue et al. coupled biotin to everolimus through a photocleavable linker. 

Incubating the everolimus-biotin conjugate 9 with avidin yielded a conjugate of 9 with avidin that 

could not enter cells. Upon irradiation, everolimus was released and was able to diffuse into cells, 

dimerizing FKBP and FRB. 
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Compound 10 was a first generation caged rapamycin published by the Deiters lab in 

December of 2010.40  Rapamycin analog 10 was used with a truncated form of FKBP known as 

iFKBP. The Deiters lab had previously demonstrated that iFKBP could be inserted into the FAK 

protein to destabilize it due to iFKBP lack of conformational rigidity.41 Upon binding of rapamycin, 

iFKBP became more structurally rigid, which in turn allowed for the FAK protein to fold properly 

and become active. Compound 10 was used in a similar system. It was shown that 10 would not 

activate the FAK-iFKBP protein until it was irradiated with UV light, indicating that decaging was 

necessary for activity of the rapamycin analog. The second generation caged rapamycin 

published by the Deiters lab in 2015, compound 11, utilized a similar ONB alcohol caging group, 

but linked two rapamycin moieties together as a dimer.42 As shown earlier (Figure 1.2B), 

rapamycin binds FKBP with a 0.2 nM KD, then FRB binds and the ternary complex is formed with 

a KD of 12 nM. The higher affinity for FKBP likely leads to both rapamycin moieties of the dimer 

binding FKBP and FRB being sterically excluded from forming the ternary complex. Upon release 

of native rapamycin with UV light the FKBP-rapamycin-FRB complex is able to form. This was 

demonstrated both by the light activation of mTOR inhibition by 11, as well as a light activation of 

a split TEV protease. 

 
 

1.2.3 ANBP Caged Rapamycin 
 
 
 As described above, rapamycin was effectively caged through various methods. However, 

a drawback of the ONB caging group used in compounds 8-11 is that it uses UV light to release 

native rapamycin. UV light is known to be toxic to cells during long exposures.43 UV light is also 

known to alter the expression levels of several proteins.44 It would be advantageous to use a 

caging group that can be decaged with a longer wavelength of light to avoid these undesired 

effects. To achieve this, several caging groups were explored as potential targets.  

 

 

 
 
 
Figure 1.6 - The structures of three ANBP caging groups developed by the Specht group.36,45,46 
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 The Specht lab has published three versions of the ANBP chromophore. The first  (12) 

was published in 2008 and used a propyl linker that forced a beta-elimination decaging pathway 

upon irradiation.36 Though not technically an ANBP caging group because it has a methoxy 

instead of dimethylamino, it is still in the same class of caging group. This was improved upon in 

2012 with the ANBP 13 which has superior photolytic efficiency due to the greater electron 

donating effect of the dimethylamino group.36 The third ANBP caging group 14 was published in 

2018 and used an ethyl linker.46 Interestingly, the decaging product of 14 favors the enol over the 

carbonyl that is normally generated (Scheme 1.1), allowing for fluorescent tracking of decaging. 

The decaging mechanism of the ethyl linked 14 is analogous to that of nitrobenzyl alcohols shown 

in Scheme 1.1. The only difference between ANBP and ONB decaging is that the extended 

conjugation into the biphenyl forces a bathochromic shift of the initial excitation that induces 

homolytic cleavage of the NO bond.   
 

 

 
 
 

Scheme 1.2 - Synthesis of an ANBP caged rapamycin analog. 
 
 
 

The synthesis of the ANBP caged rapamycin 19 is shown in Scheme 1.2. The initial 

formation of the secondary alcohol 16 is achieved through methylation of the commercially 

available nitrobenzaldehyde 15 by trimethylaluminum.47 The subsequent Suzuki coupling with 4-
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(dimethylamino)phenylboronic acid run in a microwave reactor for 15 minutes at constant 

temperature with air flow cooling to allow for higher microwave power forms the biphenyl core of 

the caging group with 17.36 Activation of the alcohol 17 was achieved with bis-(pentafluorophenyl) 

carbonate, and the resultant pentafluorophenyl carbonate 18 was reacted with rapamycin in the 

presence of 9-azajulolidine (9-AJ) to give the ANBP caged rapamycin 19. 

A small comparative study was performed in the synthesis of 19. Pentafluorophenyl 

carbonates had not previously been reported as potential coupling partners for the rapamycin 

C40 hydroxyl group, but they have been used with success in other carbonate formations.48 

Additionally, 9-AJ has been shown to give higher yields than DMAP when acylating bulky 

alcohols.49 We believed the superior acylation catalysis would translate to an increased yield in 

the similar mechanism of the rapamycin conjugation to activated carbonates. When synthesizing 

19, the 9-AJ/pentafluorophenylcarbonate combination gave 10-15% higher yields than the 

analogous DMAP/NHS carbonate pairing based on conditions described in Yan Zou’s thesis. The 

9-AJ/pentafluorophenyl carbonate system has proven more effective in many, but not all other 

cases tested. 
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Figure 1.7 - Experiments performed by Taylor Courtney. A) HPLC analysis of 19 decaging with 
405 and 415 nm light. B) Split luciferase assay in HEK293T cells demonstrating formation of 
rapamycin from 19 upon irradiation with 415 nm light. 
 
 
 
 The ANBP group has a max absorbance of 410 nm.46 We did not have a 410 nm LED to 

perform irradiations, so Taylor Courtney compared the effectiveness of both a 405 and 415 nm 

LED by irradiating with 250 W/cm2 light and tracking formation of rapamycin by HPLC (Figure 
1.7A). By following the loss of 19 and formation of rapamycin, it was shown that 415 nm light is 

marginally better, so it was used by Taylor in further cellular experiments. One representative 

experiment performed by Taylor was a split luciferase assay (Figure 1.7).50 As mentioned in 1.1.2, 

it has been reported that enzymes can be split into two parts, with each part expressed as a fusion 

protein with either FKBP or FRB. Upon addition of rapamycin, the two luciferase parts are brought 

into close proximity and form an active enzyme. The luminescence generated from processing of 

luciferin upon addition of rapamycin or 19 was assayed. Compound 19 showed good response to 

irradiation with a 415 nm LED at an intensity of 250 mW/cm2. At 90 seconds irradiation, nearly full 
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decaging of 19 was observed, as indicated by luciferase activity comparable to that of rapamycin, 

while a dose-response curve was also visible with varying irradiation times. 

 Though the ANBP caged rapamycin analog 19 demonstrated less than 2-fold activation 

over DMSO control in the absence of light exposure, a dimer would still have the potential to 

exhibit even lower background. The planned synthesis of an ANBP caged rapamycin dimer 25 is 

shown in Scheme 1.3. The synthesis began with the Suzuki coupling of the aryl bromide 15 and 

4-(dimethylamino)phenylboronic acid.46 A Barbier propargylation of 20 was then performed.51 In 

the synthesis of 19, the aldehyde was alkylated first followed by a Suzuki reaction. The reaction 

sequence is inverted here because attempting the Suzuki reaction in the presence of an alkyne 

led to a substantial loss in yield, likely due to a Zn-catalyzed Negishi reaction taking place.52 In 

addition to a Negishi reaction occurring, there is the potential that the aryl bromide may have been 

activated by Zn to help facilitate a Barbier type reaction with the aldehyde in competition with the 

propargyl bromide. This is unlikely due to the superior activity of alkyl halides in Barbier reactions, 

but there is evidence of aryl halides undergoing Barbier reactions with aldehydes in the presence 

of a Rh catalyst.53  

With the propargylated ANBP 21 successfully generated, the alcohol was activated as the 

pentafluorophenylcarbonate 22 and coupled to rapamycin with 9-AJ to give the alkyne-modified 

ANBP-rapamycin analog 23 in 40% yield. Taylor Courtney provided previously synthesized 1,4-

diazidobutane to be used in the click reaction coupling two equivalences of 21. Following 

conditions used by Yan Zou in her synthesis of the ONB caged rapamycin dimer 11, a mixture of 

several compounds resulted from the reaction, none of which were the ANBP dimer 24. NMR 

spectra of the 4 collected compounds revealed starting material as well as three unidentified 

products, none of which exhibited the expected triazole protons suggesting the reactants 

degraded rather than participate in the click reaction. An additional complication could be the 

presence of multiple stereoisomers. The Barbier reaction forming 21 generates a racemic product, 

so coupling to rapamycin generates two diastereomers. The click reaction, forming a dimer, would 

therefore generate three diastereomers. Alternative conditions could be tried. In past experiments, 

a mixture of CuI, DCM, and DIPEA was successful in rapamycin-based click reactions based on 

reported anhydrous conditions.54 
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Scheme 1.3 - Attempted synthesis of the ANBP-caged rapamycin dimer 24. 
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1.2.4 BIST Caged Rapamycin 
 
 

The bisstyrylthiophene (BIST) caging group was published initially by the Ellis-Davies 

group in 2016.55 The Ellis-Davies group developed BIST as a new long wavelength caging group 

and demonstrated its utility in caging Ca2+ ions. The BIST group absorbs blue light very effectively 

with an extinction coefficient of 66,000 M-1 cm-1 at 440 nm, comparable to fluorescein’s extinction 

coefficient of approximately 77,000 M-1 cm-1. The BIST group decages at a wavelength further 

red shifted than ANBP and can be activated via two-photon irradiation, a technique using light 

approximately twice the wavelength of the absorbance otherwise used to decage. Upon 

absorbance of two photons, the caging group is at the excited state required for decaging. This 

gives greater spatial control since the intensity of the irradiation must be very high.  

The initial attempt at a BIST-caged rapamycin analog is shown in Scheme 1.4. Taylor 

Courtney had made a di-NHS carbonate BIST compound previously, but was unable to couple 

two rapamycin molecules to it. We speculated that click chemistry could be used to more 

effectively synthesize the BIST rapamycin dimer. Rapamycin carbonate formations are generally 

low yielding (30-50%),40,42,56 so a reaction coupling two rapamycin molecules was likely to be low 

yielding. Two rapamycin dimers had been synthesized previously through click chemistry in good 

yield, both in Yan Zou’s thesis and the published rapamycin dimer 11. Though the target 

rapamycin dimer 31 in Scheme 1.4 would not produce rapamycin upon photolysis, we thought 

there was the possibility it could still be active. The rapamycin analog everolimus has an ethyl 

alcohol in the same position that is well tolerated.39 However, since the triazole and carbonate are 

not precedented modifications for rapamycin analogs demonstrating similar activity to rapamycin, 

the photolysis product 29 was also synthesized to investigate the expected activity of 31 upon 

irradiation.  
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Scheme 1.4 - The synthesis of a BIST caged rapamycin dimer 31 and its photolysis product 29. 
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The syntheses of 29 and 31 began with an azide substitution onto 25 to form the 

azidopropanol 26 via an SN2 reaction in 98% yield.57 This was followed by the generation of the 

NHS carbonate 27 in 96% yield. The subsequent coupling with DMAP to generate azido-modified 

rapamycin 27 proceeded in 31% yield, but this is common for NHS carbonate couplings with 

rapamycin. The 9-AJ/pentafluorophenyl carbonate conditions would likely work well with this 

reaction, but had not yet been tested at the time. A subsequent click reaction allowed formation 

of the triazole containing photolysis product 29 in 85% yield. Initial attempts at synthesis using a 

copper iodide/DIPEA/DCM mixture resulted in a pale yellow aggregate. Based on literature 

reports, this was likely a copper-alkyne aggregate forming that irreversibly stops the click 

reaction.58 Switching to a more polar solvent system was a suggested method to limit this 

aggregation, so the reaction was attempted with the more polar tert-butanol/water solvent system 

with 10-fold excess of propargyl alcohol to yield 29. Taylor had previously synthesized the BIST 

alkyne 30 used in the synthesis of the rapamycin dimer. Due to poor solubility of 30 in tert-

butanol/water, a solution using copper iodide in DCM with DIPEA was used to synthesize 31 in 

69% yield.54  

 

 

 
 
 

Figure 1.8 - Experiment performed by Taylor Courtney. Split luciferase assay in HEK293T cells 
with rapamycin, the caged rapamycin dimer 31, and its photolysis product 29. Irradiations were 
performed a with 450 nm LED.  
 
 
 

Once the BIST rapamycin dimer 31 and its photolysis product 29 were obtained, they were 

tested in cells by Taylor Courtney. Testing in a split luciferase assay as was done with ANBP 

rapamycin analog 19 did not yield active rapamycin (Figure 1.8).  Attempts to generate the 
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decaged rapamycin analog 29 from a 0.1 mM solution of 31 irradiated with a 447.5 nm LED at an 

intensity of 300 mW/cm2 for 1 minute were unsuccessful. The photolysis product 29 in this 

experiment showed comparable activity to rapamycin, but its activity was variable over multiple 

assays. Most commonly it showed about half the activity of rapamycin with the most pronounced 

decrease in activity at lower concentrations. Compound 31 showed no activation after irradiation. 

In fact, the activity of the dimer 31 showed a slight decrease upon irradiation. This minor loss of 

activity was seen across multiple experiments. Due to the lower activity of the photolysis product 

and the apparent loss of activity rather than gain upon irradiation, we targeted a BIST analog that 

released native rapamycin. 

 

 

 
 
 

Scheme 1.5 - Attempted synthesis of a BIST caged rapamycin dimer releasing native 
rapamycin. 
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progress on TLC, but the product was unstable to column purification. TBS protection of the 

alcohol yielded 34, which was able to be used for the formation of a stable BIST product 35, but 

conditions could not be found for the desilylation. When attempting a fluoride deprotection with 

either 1 equivalence or excess TBAF, compound 35 degraded to form a black baseline spot. A 

similar degradation occurred when attempting acid deprotection, both with a 0.5 M H2SO4 solution 

for 1 hour and with a 0.01 M H2SO4 solution overnight. When Taylor had made the analog of 36 
that was methylated at the benzyl positions, she did not observe similar instability of the BIST 

diol, though her yield was only 29%. It appears the benzylic methyl groups were contributing to 

the chromophore stability through either steric or electronic effects. Since the methyl groups 

should have only minor electronic effects on the system, a steric explanation seems more likely. 

In acidic conditions, protonation of the alcohols may lead to the benzyl positions being somewhat 

electrophilic, leading to undesired substitution reactions, or if the alcohol were to leave generating 

the carbocation, other degradation pathways could ensue. The acid instability may be inherent to 

the BIST group as the Ellis-Davies group only used basic conditions in reactions with the BIST 

chromophore.55 To see if the BIST chromophore in general is unstable to acidic/fluoride containing 

conditions, the methylated analog could be tested for stability in those conditions, but that was 

not tested at this time. 

 
 

 
 
 

Scheme 1.6 - Alternate attempted route to synthesize BIST caged rapamycin dimer. 
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expected for a acetyl hydrolysis. During the reaction, 36 precipitated as an orange solid. It had 

poor solubility in varying solvents such as DCM, methanol, and DMF. A baseline degradation spot 

had also formed during the reaction requiring column purification, and the low solubility in column 

chromatography eluents led to poor yields. The low solubility could be a result of the benzyl 

position being deprotonated under basic acetyl deprotection conditions, leading to a stable salt 

that would not be observed in the acidic or fluoride based deprotection of 35. The benzyl protons 

of 36 could be acidic due to its extended conjugation in an electron poor aromatic system. The 

formation of a salt may also explain the differential stability when forming 36 in basic rather than 

acidic conditions. Attempted activation of 36 as the di-NHS carbonate 39 was unsuccessful, 

potentially as a result of its poor solubility. No reaction was observed by TLC, leading us to attempt 

an alternative route again. 

 

 

 
 
 

Scheme 1.7 - The synthesis of a BIST caged rapamycin dimer that produces native rapamycin 
upon decaging. 
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solution of rapamycin in DMF was prepared and heated to 110 °C with TLC of the solution taken 

periodically. No degradation was observed by TLC over 120 minutes, but degradation began to 

be observed at 150 minutes. With the possibility of rapamycin being stable throughout the double 

Heck reaction, the benzyl alcohol 31 was activated as the pentafluorophenylcarbonate 40 and 

coupled to rapamycin with 9-AJ in 40% yield to give the styrene-rapamycin conjugate 41. To 

ensure rapamycin didn’t degrade, the subsequent double Heck reaction was only heated for 90 

minutes instead of the 3 hours I had been previously using in similar reactions. This gave the 

BIST rapamycin dimer 42 in 39% yield.  
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Figure 1.9 - Experiments performed by Taylor Courtney. A) HPLC testing of the decaging of 42 
monitored at 280 nm. Loss of 42 is observed with little formation of rapamycin. B) Absorbance 
scan comparing 50 µm rapamycin and 50 µm 42. C) HPLC testing of the decaging of 42 
monitored at 450 nm. 
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Attempts to decage the BIST rapamycin dimer 42 proved unsuccessful with both 405 and 

447.5 nm light, as seen before with the BIST rapamycin dimer 31 (Figure 1.9A). Taylor Courtney 

used a sample of 42 containing a small impurity of 41 that was later repurified. This sample was 

irradiated with either 405 or 447.5 nm LEDs as a 0.1 mM solution with an intensity of 250 mW/cm2. 

HPLC analysis of the 405 nm irradiation showed minor formation of rapamycin (retention time 22 

min) following irradiation, but not enough was generated to account for the loss of 42 absorbance 

(retention time 46 min). Since the wavelength monitored is in the UV region, only the rapamycin 

triene should be seen, meaning the full BIST signal integration should be converted to the peak 

for rapamycin. This was confirmed by comparing the 50 µM absorbance spectra of rapamycin 

and 42 (Figure 1.9B). The absorbance at 300 nm of 42 being approximately twice the absorbance 

of rapamycin indicates the major absorbing group at that wavelength is rapamycin. The loss of 

the BIST rapamycin dimer 42 signal in Figure 1.9A indicates that rapamycin is somehow being 

degraded upon irradiation which is consistent with the loss of activity seen upon irradiation of 31 

as well (Figure 1.8). Rapamycin alone did not show degradation when irradiated by Taylor (HPLC 

chromatogram not shown) Taylor also showed that the BIST chromophore was degrading by 

monitoring 450 nm absorbance by HPLC throughout irradiation with 405 nm light (Figure 1.9C).  

The triene of rapamycin has been shown to react with nitroso compounds in heteroatomic 

Diels-Alder reactions.62,63 Upon decaging, a BIST nitroso would be formed that could potentially 

react with rapamycin, with the reaction possibly being facilitated by the BIST chromophore being 

in an electronic excited state due to the prolonged irradiation. Taylor tested this by irradiating in 

the presence of a 1000-fold excess of 1,4-butadiene. Any nitroso should react with the butadiene 

instead of rapamycin’s triene. However, HPLC still showed loss of the rapamycin triene 

absorbance of 42 indicating the decaged rapamycin was not being consumed in a Diels-Alder 

type reaction (data not shown). 

 

 

 
 
 

Scheme 1.8 - The synthesis of BIST caged benzyl alcohol 44.  
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To determine if the caging group or rapamycin was the reason for the lack of decaging,  

the benzyl alcohol BIST dimer 44 was synthesized. The BIST analog would release an alkyl 

carbonate making it a good electronic model system, though the alcohol formed upon carbonate 

decomposition is primary rather than secondary. The UV activity of the benzyl alcohol aided in 

analysis by HPLC while simultaneously mimicking the rapamycin triene. A noteworthy difference 

between the rapamycin triene and benzyl moiety is that the aromatic character of the phenyl 

portion would be lower energy than that of the triene, and therefore less reactive. The synthesis 

was completed in analogous fashion to previous BIST syntheses. One notable difference is that 

the double Heck reaction coupling 43 to dibromothiophene was run overnight at 60 °C instead of 

110 °C for 3 hours since the BIST carbonate 44 was unstable at high reaction temperatures. 

These same conditions could be used in the double Heck to synthesize the BIST rapamycin dimer 

42 to potentially improve yield through a longer reaction time. 

 

 

 
 
 

Figure 1.10 - Decaging of benzyl alcohol dimer 44. Compound 44 was irradiated as a 0.25 mM 
solution in ACN with 415 nm light for 30 minutes at an intensity of 300 mW/cm2.  
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TLC experiments; 43 disappeared as irradiation progressed, while no corresponding benzyl 

alcohol formed.   
Taking into account the three attempted decaging experiments, we thought it may be 

worth attempting an asymmetric BIST caged rapamycin. The lack of decaging across two 

rapamycin dimers and a benzyl alcohol dimer led us to believe that the chromophore could have 

been the problem rather than the substituent being released. Anirban Bardhan, a fellow Deiters 

lab member, had used an asymmetric BIST chromophore in the caging of thymidine. We believed 

the asymmetric BIST may alter the decaging efficiency to allow for release of rapamycin. When 

Anir synthesized a BIST caged thymidine, he tested decaging by HPLC. However, he only 

monitored for the loss of BIST absorbance, and he has not tested decaging in cells to see a gain 

of function.  

Anirban provided BIST alcohol 45 for the synthesis of an asymmetric BIST caged 

rapamycin (Scheme 1.9). This was activated as the pentafluorophenylcarbonate 46, then coupled 

to rapamycin to yield the asymmetric BIST rapamycin analog 47 in 21% yield.  

 

 

 
 
 

Scheme 1.9 - Synthesis of asymmetric BIST rapamycin analog 47. 
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 Testing the decaging of 47 as a 0.25 mM solution in ACN via HPLC after irradiation with 

415 nm LED at an intensity of 300 mW/cm2 still did not show any decaging (Figure 1.11) indicating 

that the issue was not the dimeric nature of the caging group. I believe there are two potential 

reasons the photolysis isn’t working. The first is the use of one-photon irradiation. In Ellis-Davies’ 

publication, he primarily uses two-photon irradiation for decaging.55 In one cell-based experiment, 

he demonstrated the use of one-photon irradiation, but we have demonstrated only minimal 

decaging with one-photon irradiation (Figure 1.9). It could be that his one-photon irradiation was 

inefficient, but that inefficient decaging still produced a signal in the assay used.  

 

 

 
 
 

Figure 1.11 - HPLC decaging of 47 upon irradiation with 415 nm light. Compound 47 was 
irradiated as a 0.25 mM solution in ACN with 415 nm light for 30 minutes at an intensity of 300 
mW/cm2. 
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1.2.5 BODIPY Caged Rapamycin  
 
 
 We also attempted to synthesize a boron dipyrromethene (BODIPY) caged rapamycin 

conjugate. Two variations of boron dipyrromethene chromophores as caging groups were 

published by the Urano group in 2014 (48)64 and the Winter group in 2015 (49a).65 The Urano 

group synthesized the BODIPY caged histamine 48. The caged histamine was attached to the 

BODIPY through a phenoxy linker attached directly to the boron that, when decaged, will undergo 

an immolative elimination to release the histamine. With 49a, the Winter group conjugated a 

dinitrobenzoic acid to the mesomethyl hydroxy group of the BODIPY chromophore. The 

dinitrobenzoic acid acted as a quencher of BODIPY fluorescence. They demonstrated an increase 

in fluorescence upon irradiation, indicating that the fluorescence quencher had been released 

from the BODIPY fluorophore.  

 

 

 
 
 

Figure 1.12 - Select published BODIPY caging groups.64–67 Compounds 49a, 49b, and 50 
showed release of acetate (R’ = Ac) in addition to other groups. 
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of the methylated analog of 51. In conditions containing a water or alcohol, the R’OH will react 

with the cation giving 52. Other nucleophiles would theoretically be able to attack the cationic 

methylene, but have not been tested. The Winter group has since described a BODIPY 

photocaging group that decages in the near-IR region.67 The extended conjugation of the BODIPY 

chromophore of 50 via styrene moieties where there are commonly methyl groups induces a 

bathochromic shift into the near-IR. By releasing a fluorescence quencher from the BODIPY 

compound, decaging was confirmed with single-photon irradiation.  

 

 

  
 
 

Scheme 1.10 - Decaging mechanism of BODIPY 49a, 49b, or 50. It has been reported that 
carboxylates and carbonates can be released as R groups. R’ can be either H or alkyl 
depending on if aqueous or an alcohol solvent is used. 
 
 
 

Since the triazole containing rapamycin analog 29 showed some loss of dimerizing ability, 

and the ANBP rapamycin analog 19 showed less than that, we reasoned that adding an even 

bulkier BODIPY group to rapamycin should further reduce background. To this end, synthesis of 

a BODIPY caged rapamycin analog was planned (Scheme 1.11). Following the procedure by the 

Winter group, dimethylpyrrole 53 was coupled to acid chloride 54 in 15% yield.66 However 10-

40% yields are common for syntheses of similar BODIPY compounds.66,70,71 The BODIPY is prone 

to degradation, as evidenced by a black baseline TLC spot forming in many BODIPY reactions 

conducted. Hydrolysis of the acetyl ester 55 proved problematic, however. In Winter’s and others’ 

protocols, LiOH in a THF/water mixture is used, but this produced substantial degradation in my 

hands.66,72,73 Stirring 55 in the basic, aqueous mixture produced a degradation product, while 

literature protocols report clean conversion and a lack of column purification in some cases. I also 

tried potassium carbonate in methanol/DCM, and this worked better but still produced substantial 

degradation. The highest yield obtained was 59% on a small scale, but when scaling up above 

10 mg, the yield dropped precipitously to 18%. The alcohol 56 I managed to isolate was converted 

to the pentafluorophenylcarbonate 57 in 15% yield with substantial degradation observed again. 
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Rapamycin conjugate 58 could not be isolated as no product was observed by TLC in a small 

scale reaction.  

 

 

 
 
 

Scheme 1.11 - The attempted synthesis of BODIPY caged rapamycin 58. 
 
 
 
In work shown later (Section 1.3.3), I discovered that iodination of the pyrrole C-H 

positions, such as those seen on BODIPY 49b in Figure 1.12, conferred much greater stability to 

a different BODIPY chromophore. To this end, I explored what groups could be added to that C-

H position. Iodination would not be ideal because the ROS generation ability resulting from 

iodination in addition to decaging is not desired. However, there have been many reports of 

BODIPY analogs ethylated at this position.66,72,74 A synthesis of the ethylated BODIPY rapamycin 

conjugate 63 can be seen in Scheme 1.12. It follows the same conditions as those described in 

Scheme 1.11, but the ethylated version showed better stability. The initial chromophore formation 

between pyrrole 59 and acyl chloride 54 proceeded in 30% yield, a two-fold improvement over 

that of 55. The hydrolysis of 60 to yield alcohol 61 was completed in 40% yield which is lower than 

listed above. However, this yield was achieved on a larger scale, whereas the 59% yield described 

above was less than 10 mg. The major factor decreasing yield is still degradation of the 

chromophore in these reactions. The alcohol was activated in 63% yield as pentafluorophenyl 

carbonate 62. I was unable to couple this to rapamycin however. The degradation of the 

chromophore led to a very small amount of product formation. Additional optimization of the 

reaction conditions should enable the synthesis of rapamycin conjugate 63.  
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Scheme 1.12 - Attempted synthesis of a photocaged BODIPY-rapamycin conjugate. 

I believe the electrophilicity of the boron is leading to the degradation observed in the 

above syntheses. All steps that exhibit degradation contain nucleophiles (DMAP, 9-AJ, basic 

methanol) that may be able to substitute onto the boron, with fluoride or the pyrrole nitrogen acting 

as a leaving group. The ability of BF3 to act as an electrophile was demonstrated with the 

substitution of pyrroles to form the BODIPY chromophores 55 and 60, so analogous reactions 

with other nucleophiles are plausible. The loss of boron coordination by the pyrrole nitrogen would 

lead to overall loss of fluorescence which is consistent with the degradation observed. If this is 

the case, the BODIPY caging group with a methylated boron described by the Winter group may 

limit this degradation somewhat, as the boron would be less electrophilic when methylated.66 

1.3 CALI of Rapamycin Dimerization 

1.3.1 Introduction to CALI of Proteins 

Chromophore assisted light inactivation of proteins (CALI) is a method that allows for the 

spatially and temporally controlled degradation of proteins.75 The precise inactivation of proteins 
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allows for a more thorough investigation of protein function. Most proteins have altered function 

either at different points in an organism’s development or in response to external stimuli. The 

ability to temporarily deactivate proteins has allowed researchers to more thoroughly interrogate 

protein functions. CALI has been used to control synaptic function,76 cellular adhesion,77 enzyme 

function,78 mitochondrial function,79 and cell structure.80  

 

 

 
 
 

Figure 1.13 - The general principle of chromophore assisted light inactivation of proteins where 
the blue structure is a protein, the orange is its substrate, and the yellow circle is an ROS 
generator. 
 
 
 

In principle, a reactive oxygen species (ROS) generating chromophore is conjugated to a 

protein so that subsequent irradiation generates ROS in close proximity to the target protein 

(Figure 1.13). The high level of ROS around the target then either modifies it such that is inactive 

or is degraded by the proteasome.81 ROS generation generally follows one of two pathways. The 

Type 1 pathway is the oxidation of a nearby molecule (not oxygen) generating a negatively 

charged ROS generating chromophore that eventually reduces oxygen, generating the 

superoxide anion.82 Type II involves the direct formation of 1O2 from the ground state 3O2.82 The 

ROS generated are capable of modifying proteins in many ways, such as backbone 

cleavage/crosslinking or amino acid oxidation.81,83 Sulfur containing residues are easily oxidized 

by peroxides and superoxide to sulfoxides and sulfones, while aryl residues are particularly prone 

to singlet oxygen oxidation via heteroatomic Diels-Alder reactions.84 However, due to the short 

irradiations, localization to the protein target, and short half-lives of ROS (1O2 - 100 ns in cells,85 

superoxide - 9 ns in water,86 hydroxyl radical - 1 ns in cells87), the ROS generated should generally 

not be exist long enough to have a significant impact on other cellular components. Singlet 

oxygen, the longest lived ROS described above, only diffuses 45 nm in cells.85  
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Figure 1.14 - Jablonski diagram showing transitions relevant to singlet oxygen production.85 In 
the diagram, A is the ROS generating compound and asterisks indicate excited states. Adapted 
with permission from Ethirajan et al. The Role of Porphyrin Chemistry in Tumor Imaging and 
Photodynamic Therapy. Chemical Society Reviews 2011, 40 (1), 340–362. Copyright 2011 
Royal Society of Chemistry. 
 
 
 
 The ROS generating chromophores used in CALI vary widely, but their method of ROS 

generation can be described with a Jablonski diagram (Figure 1.14). The process for generating 

ROS for all chromophores begins with the absorbance of a photon which causes the chromophore 

to go from its singlet ground state, 1A, to its singlet excited state, 1A*. The 1A* compound will 

release its energy in one of four ways. First, it can release its energy thermally through bond 

rotations or vibrations. This is unlikely for highly conjugated molecules since they are quite rigid. 

The second possibility, fluorescence, is the emission of light to return to the 1A ground state. 

However, given the right conditions, an electron of the 1A* compound can undergo a forbidden 

spin transition known as intersystem crossing (ISC) to yield the triplet excited state 3A of the 

compound. In the third possibility, the 3A compound phosphoresces by releasing its energy as 

light and returning to the 1A ground state. In the fourth possibility, the presence of a second 

compound, sometimes called a quencher, that has an excited state at a similar energy level as 

the 3A state allows the electronic energy to be transferred to the quencher. With ROS generators 

that undergo Type II ROS generation, that quencher is oxygen, which is excited from its triplet 

ground state to its singlet excited state. 
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CALI was first reported by D. G. Jay in 1988 using the chromophore malachite green, 

more commonly used as a fluorophore.78 Jay used a streptavidin-malachite green conjugate to 

inactivate biotinylated alkaline phosphatase in vitro. He then used a malachite green labelled 

antibody to inactivate acetylcholinesterase on cell surfaces. In research following Jay’s initial 

publication, antibodies were injected into cells to degrade intracellular targets, thus highlighting 

the limitations of this approach.88  

Genetic approaches were developed to avoid the perturbance caused by injections. In 

2002, the Jacobson lab demonstrated that EGFP was a viable ROS generator for use in CALI as 

a fusion protein.89 Though it has poor quantum yield for ROS generation, it was sufficient to 

degrade proteins it was fused to with 5 minute irradiations. In 2005, Sergey Lukyanov’s lab 

published a mutant of a GFP homolog that they named KillerRed. KillerRed exhibited far superior 

quantum yield for ROS generation, primarily due to increased accessibility to the fluorescent 

chromophore via a water channel. However, KillerRed required dimerization for activity which led 

to abnormal cellular localization of some proteins. This led the Nagai lab to evolve a monomeric 

mutant of KillerRed known as SuperNova.90 One genetic approach distinct from the GFP variants 

was developed by Roger Tsien’s lab. He utilized a small protein that binds flavin mononucleotides 

which are capable of generating ROS.91 He named this tag a mini Singlet Oxygen Generator, or 

miniSOG. A potential problem of the miniSOG method is the prevalence of the chromophore in 

cells. The flavin mononucleotide is plentiful in cells, leading to the potential for degradation of off 

target proteins. 

In 2003, the first exogenous, cell-permeable CALI agent was published, also by the Tsien 

lab. ReAsH and FlAsH were used to selectively degrade proteins labelled with a tetracysteine 

motif, however, the cytotoxicity and tendency of these arsenic based reagents to bind to other 

cysteine rich proteins proved troublesome.77 In 2009, a SNAP tag was used to conjugate 

fluorescein to tubulin in cells, giving a much more selective exogenous labelling method.92 Two 

years later, a Halotag was used to couple eosin to Aurora B and stop cell division, introducing a 

reagent with greater cell permeability than the SNAPtag reagent CALI reagent and a more potent 

ROS tag.93 More recently, the Kodadek lab has published a peptoid based CALI method.94 

Peptoids are similar to peptides, but the side chains are attached to the nitrogen of the backbone. 

The Kodadek lab found a peptoid agonist of the proteasome and attached a ROS generator to it 

to selectively inactivate the proteasome.  

In 2.1, activation of dimerization through the release of caging groups from rapamycin was 

discussed. While it is useful to be able to control the start point of chemical dimerization, it could 

also prove useful to control the end point of dimerization as well. The genetic approaches 
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discussed above may not prove feasible for controlling rapamycin dimerization. The addition of 

another protein into a complex already containing two fusion proteins may inhibit ternary complex 

formation. SNAP or Halotags may not work for the same reason. Conjugating a ROS-generating 

chromophore directly to rapamycin would minimize the perturbance to the system, while avoiding 

further protein modification. Additionally, the close proximity to FRB and FKBP may allow superior 

degradation of the ternary complex.  

 
 

1.3.2 Eosin and Ru(II) Bipyridine Rapamycin 
 
 
 Several chromophores were examined as potential ROS generators to conjugate to 

rapamycin. An attempt to conjugate eosin to rapamycin was made, but a pure starting material 

could not be obtained commercially. Eosin is a fluorescein analog in which the xanthene dye has 

undergone four brominations (64 in Figure 1.15 is an amidated version).  It is an effective ROS 

generator, with a singlet oxygen quantum yield ranging from 0.32-0.57 depending on purity and 

solvent.95 The synthesis of the eosin-rapamycin conjugate was abandoned primarily because the 

eosin purchased always contained a mixture of compounds with 0-4 bromine atoms present. After 

attempting to convert eosin to an amide, a mixture of the brominated products were obtained 

(Figure 1.15). In addition to the impure starting material, the eosin chomophore proved difficult to 

purify, and low yields were attained for even the impure product. The difficulty in obtaining a pure 

stock is likely a result of its prevalence in cytoplasmic staining.96 A high purity sample would not 

be needed for staining, so a difficult separation of the varying bromination products is impractical. 

Due to these difficulties, conjugation of rapamycin to a different chromophore was attempted. 
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 Figure 1.15 - LC/MS chromatogram with masses labelled for peaks representing non-
brominated to tribrominated eosin analogs of 64. 
 
 
 
 Ruthenium(II) coordinated by molecules of bipyridine and its derivatives have been 

developed for use primarily in photodynamic therapies,97 but have also seen use in CALI 

functions.94,98,99 Ru(II) bipyridine complexes are efficient ROS generators with a singlet oxygen 

quantum yield of 0.57, and thus have the potential to be potent CALI chromophores.100 

Additionally, as a halide salt, the Ru(II)-rapamycin conjugate would have far greater aqueous 

solubility than many other potential ROS generators, and despite their ionic nature many Ru(II) 

pyridinyl complexes are still taken into cells.101,102  
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Scheme 1.13 - The attempted synthesis of a Ru(II)-based ROS generating rapamycin analog 
69. 
 
 
 

A route was developed to conjugate rapamycin to a Ru(II) bipyridine complex as shown in 

Scheme 1.13. A bipyridine aldehyde was generated via selenium oxide oxidation of one methyl 

group of 65. Silver nitrate oxidation was subsequently used to convert the aldehyde to an acid 

forming 66.103 Attempts at purification of the aldehyde or acid by column chromatography gave 

yields of 10% or lower. This led to the procedure shown, where the selenium oxidation product is 

further oxidized crude, generating a mixture of 65, 66, and the diacid. Compound 65 can be 

extracted from the crude solid through trituration with acetone. Then, the monoacid 66 is able to 

be extracted via Soxhlet extraction with acetone giving a 69% yield of the monoacid 66.  

Carboxylic acid 66 was then coupled to propargyl amine to form 67 in 38% yield, giving an alkyne 

handle to click onto an azidomodified rapamycin.104 The Ru(II) complex 68 was then formed 

through a simple coordination and converted to a hexafluorophosphate salt through the addition 

of excess KPF6 in 88% yield.104 As a hexafluorophosphate salt, the complex was quite nonpolar 

allowing column purification. However, in attempts to perform a click reaction in order to generate 

the ruthenium rapamycin conjugate 69, it is theorized that the complex underwent a salt exchange 

with the CuI forming PF6Cu and the ruthenium complex was coordinated by iodide because of its 

lack of mobility during TLC. In the synthesis of 68, the ruthenium complex is soluble in water as 

a halide salt, but addition of excess KPF6 formed the PF6
-
 salt which was no longer soluble in 
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water, but was soluble in organic solvents. This indicates that the PF6
-
 counterion is essential for 

the reduced polarity of the ruthenium complex. Thus, the substantial increase in polarity suggests 

that the PF6
- counterion is no longer present. An attempt to reform the PF6

- salt by dissolving it in 

water and adding excess KPF6 was unsuccessful. If a salt exchange was happening under these 

conditions, it could be avoided if a strain promoted click reaction were used, as a copper salt 

would be unnecessary, or if CuPF6 were used instead of copper iodide. Testing of the propargyl 

clicked rapamycin 29 in Scheme 1.4 while working on this synthesis indicated that the Ru(II) 

clicked rapamycin 69 would be a poor dimerizer if it were synthesized. 

 

 

 

 
 
 

Scheme 1.14 - The proposed alternate synthesis towards a Ru(II)-based ROS generating 
rapamycin analog. 
 
 
 

Based on the poor potential of the clicked Ru(II) rapamycin conjugate to act as a dimerizer, 

the synthetic scheme was altered to avoid the triazole resulting from a click reaction (Scheme 
1.14). In the altered route, rather than coupling propargyl amine to 66, 3-aminopropanol is used 

to create the amide 69.104 This avoids an ester that would potentially be cleaved by esterases, 

and instead allows for a carbonate coupling. The bipyridine alcohol was coordinated to Ru(II) to 

give the hexafluorophosphate salt 71.104 As with the synthesis of the Ru(II) rapamycin conjugate 

69, salt exchange issues prevented isolation of the activated carbonate that would be coupled to 

rapamycin. Attempts to couple rapamycin to the alcohol prior to Ru(II) complexation were also 
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ineffective. The activated carbonate of 70 could not be isolated, likely due to the instability of an 

activated carbonate in the presence of a pyridine moiety. 

 
 

1.3.3 BODIPY Rapamycin  
 
 
 The third ROS generator attempted was a BODIPY chromophore. As shown in Section 
1.2.5 some versions of the BODIPY chromophore are a fluorophore or, if properly designed, a 

caging group. The fluorophore version would likely be possible to use as an ROS generator in 

CALI experiments, but in the same way that halogenation of fluorescein with bromine to generate 

eosin increases ROS generation, the halogenation of the BODIPY fluorophore makes it much 

more prone to generate ROS.69 The iodinated BODIPY chromophore has a singlet oxygen 

quantum yield of 0.05-0.17 depending on the exact chromophore and solvent conditions. This is 

not as efficient as eosin or the Ru(II) bipyridine complexes, but is still an efficient ROS generator. 

This can be attributed to the heavy atom effect. The addition of heavy atoms to highly conjugated 

chromophores increases the likelihood of intersystem crossing taking place.105,106 In the case of 

a BODIPY chromophore, once this electronically forbidden transition takes place, the molecule is 

likely to transfer its excited state energy to oxygen to generate singlet oxygen.  

 

 

 
 
 

Scheme 1.15 - An attempted synthesis of a BODIPY based ROS generating rapamycin analog. 
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 The first attempt to conjugate rapamycin to an iodinated BODIPY followed the route shown 

in Scheme 1.15. The BODIPY chromophore was generated as the phenol 74 from 72.107 The 

pyrrole C-H groups were subsequently iodinated via electrophilic aromatic substitution with the 

electrophilic iodine of N-iodosuccinimide (NIS) to yield 75.107 Poor conversion to 75 was observed 

with only a 5% yield, and the phenolic proton seemed to be quite acidic, complicating column 

purification. Activation of the phenol as the NHS carbonate 76 was achieved in 52% yield on a 10 

mg scale, however attempts to scale up showed lower product conversion. Additionally, couplings 

to rapamycin showed no product formation by TLC or LCMS. This was likely because the phenol-

BODIPY chromophore is a good leaving group, with the phenoxide charge generated upon 

release from the carbonate stabilized across the BODIPY chromophore. The instability of the 

carbonate led to high water sensitivity and the inability to purify via column chromatography.  

 

 

 
 
 

Scheme 1.16 - The synthesis of an ROS generating BODIPY rapamycin conjugate (82) with a 
propyl linker. 
 
 
 
 Realizing this problem, a modified BODIPY was synthesized (Scheme 1.16). Attempts to 

convert the phenolic BODIPY 75 directly to 80 were unsuccessful as the BODIPY chromophore 

was not stable to the basic reaction conditions. Thus, a propyl linker was attached to the 

benzaldehyde 73 prior to the BODIPY formation via SN2 substitution yielding 78.108 Compound 78 

was then converted to the BODIPY chromophore 79 in 69% yield, and the chromophore was 

iodinated with NIS to give 80 in 56% yield, a 51% improvement over the iodination to form 75.107 
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This is explained by the easier chromatographic separation of 80 than 75 due to replacement of 

the phenol with an ether. The iodinated BODIPY 80 was then converted to the NHS carbonate 81 

in 48% yield and was subsequently conjugated to rapamycin to give 82 in 31% yield.  

 

 

 
 
 

Figure 1.16 - A) Mechanism of diphenylisobenzofuran reaction with singlet oxygen. B) Loss of 
absorbance in a solution of 83 (250 µM) and 82 (25 µM) after irradiation with 530 nm light in 
ACN. The decrease in absorbance at 415 indicates production of singlet oxygen while 
absorbance at 530 nm indicates stability of the BODIPY chromophore.  
 
 
 
 To confirm the ROS generation of the compound, diphenylisobenzofuran (83) was used. 

Compound 83 contains a 2-benzofuran that is commonly used to detect singlet oxygen 

production, though it is capable of reaction with other ROS such as hydrogen peroxide and 

superoxide.109,110 The furan is able to undergo a heteroatomic Diels-Alder reaction with singlet 

oxygen, generating endoperoxide 84 that collapses to diketone 85, as shown in Figure 1.16A.111 

The diketone 85 loses the benzofuran conjugation of 83, leading to a loss of absorption at 410 

nm.  A solution of 82 and 83 was generated and was irradiated with a 530 nm LED at an intensity 

of 300 mW/cm2 for varying lengths of time. The loss of absorption at 410 nm in Figure 1.16B 

 

4 0 0 5 0 0 6 0 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8
L e g e n d

L e g e n d

L e g e n d

L e g e n d

O PhPh
1O2

O PhPh
O O O

Ph
O

Ph

83 84 85



42 
 

indicates the formation of singlet oxygen, while minimal loss of the absorbance at 530 nm 

indicates the stability of the BODIPY chromophore to the singlet oxygen. 

 

 

 
 
 

Scheme 1.17 - The synthesis a ROS generating BODIPY rapamycin conjugate (94) with a 
triethylene glycol linker. 
 
 
 
 Preliminary testing of the propyl linked BODIPY-rapamycin conjugate 82 revealed that it 

was a poor dimerizer relative to rapamycin (data not shown), so a second analog was made with 

a triethylene glycol linker (Scheme 1.17). The convergent synthesis began with the formation of 

the propargylated BODIPY chromophore 88. The propargyl phenolic ether 86 was formed through 

an SN2 reaction between propargyl bromide and 73.112 This was converted to the BODIPY 

chromophore 87 and iodinated using the same conditions shown in Scheme 1.15 and Scheme 
1.16 to give the BODIPY 88.107 The other half of the convergent synthesis began with a 
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monotosylation of 89 with limiting tosyl chloride to give 90 in 83% yield.113 Though silver oxide is 

a poor base, catalytic iodide is able to abstract a silver ion to create the much more basic AgOK 

salt which is able to effectively deprotonate triethylene glycol. The tosylate is exchanged for an 

azide through a standard SN2 reaction yielding 91 in 92% yield.113 The azidotriethylene glycol 91 

was activated as the pentafluorophenylcarbonate 92, which was coupled to rapamycin to give the 

azide-modified rapamycin 93 in 35% yield. The rapamycin-azide conjugate 93 and the BODIPY-

alkyne 88 were clicked together to give the BODIPY-rapamycin conjugate 94 in 92% yield. The 

click reaction was run in the DCM/CuI/DIPEA system shown in Scheme 1.4,  but tert-butanol was 

added as a cosolvent because literature reports state that nonpolar solvents can lead to formation 

of nonreactive copper-alkyne aggregates.58 Attempts to synthesize the molecule through 

exclusively a carbonate linkage (no click reaction) were unsuccessful. The low conversion of the 

activated carbonate to product and propensity of the triethylene glycol-BODIPY motif to streak on 

silica gel prevented the isolation of the corresponding pure rapamycin analog. 
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Figure 1.17 - Experiments performed by Taylor Courtney. A) Split luciferase assay in HEK293T 
cells. Part of luciferase is expressed as a fusion protein with FKBP and part is expressed as a 
fusion protein with FRB, addition of dimerizer produces active luciferase B) Nuclear 
translocation assay in Hela cells expressing GFP-FKBP and nuclear localized mCherry-NLS3-
FRB. Irradiation with a 530 nm LED was performed at t = 0 and all times are in minutes.  
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Taylor Courtney compared the abilities of the two BODIPY rapamycin conjugates 82 and 

94 to form a ternary complex with FKBP and FRB in a split luciferase assay (Figure 1.17A). In 

this assay, one portion of luciferase is expressed as a fusion protein with FKBP, and the other 

portion is expressed as a fusion protein with FRB. In the absence of rapamycin (DMSO control), 

there is very little active luciferase, but with the addition of rapamycin, the two luciferase units are 

brought into close proximity and form an active luciferase enzyme. The split luciferase assay 

revealed that the triethylene glycol-linked conjugate 94 was a superior dimerizer to the propyl-

linked conjugate 82, and was comparable to rapamycin at 1 µM. However, based on previous 

testing by Taylor, it should be noted that rapamycin exhibits higher activity at 100 nM. At 

concentrations of 1 µM and higher, it is likely that the system is saturated with rapamycin so that 

the ternary complex doesn’t form as frequently, but rather separate dimers of FKBP-rapamycin 

and FRB-rapamycin. 

Attempts to irradiate with 530 nm light to inactivate the split luciferase proteins did not show 

reduced luminescence output in the assay, so other assays were performed to determine if this 

was an assay specific result or if there were problems with the compounds’ ROS generation. 

Testing of 82 was stopped due to its lower binding affinity. To further interrogate the ability of 94 

to be an effective CALI agent, Taylor performed a nuclear translocation assay (Figure 1.17B). 

Hela cells expressing GFP-FKBP and an excess of nuclear localized mCherry-NLS3-FRB were 

incubated with 20 µM of rapamycin or BODIPY conjugate 94 for three hours, the media was 

changed and cells were incubated for one hour to remove excess 94. This was repeated and after 

addition of fresh media to the cells for a third time, they were irradiated for 1 minute with the 

microscope’s mCherry filter (43HE, ex. 550/25, em. 605/70). A substantial loss of GFP 

fluorescence was observed, as well as diffusion into the cytosol. The diffusion into the cytosol 

indicates a loss of functionality of the remaining FKBP and FRB fusions. A similar assay was 

performed, but with the use of a membrane localized reporter (data not shown), and 94 was able 

to similarly disrupt the dimerization. Additionally, quantification of fluorescence in the membrane 

localization assay showed a 60% loss of GFP fluorescence. 

These assays demonstrate that the rapamycin analog 94 is capable of being used as a 

CALI reagent, but could be further optimized. It is still unclear why the reagent was unable to be 

used to degrade the proteins involved in the split luciferase assay. It’s possible the proteins were 

oxidized but still functional. Additionally, the rapamycin conjugate 94 is a significantly worse 

dimerizer than native rapamycin. The washing out of excess 94 could be omitted with lower 

concentrations of a higher affinity BODIPY rapamycin analog. A high affinity analog may also 

reduce potential off-target protein degradation in cells. 
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1.4 Photoswitching Rapamycin 

1.4.1 Photoswitching Chromophores 

A class of compounds undiscussed to this point is photoswitching chromophores.114–116 

These compounds are able to undergo changes between two distinct structures upon irradiation 

with different wavelengths of light. Many chromophores have been reported in literature, but only 

three will be focused on in this document. These three photoswitching motifs are azobenzenes, 

arylazopyrazoles, and spiropyrans.  

Figure 1.18 - The photoswitching properties of azobenzene, an arylazopyrazole, and a 
spiropyran are shown. 

Azobenzenes are perhaps the best studied and most commonly used of the three 

chromophores.117 Azobenzenes undergo a cis-to-trans isomerizations of the azo bond upon 

irradiation with either UV or visible light (Figure 1.18). The large change in end-to-end distance 

upon isomerization and reliable switching through multiple cycles with decades of evidence to 

supporting those properties utility in widespread applications has led many researchers to use it 

when developing photoswitches in various contexts.118–120 Irradiation with UV light will cause a π 

→ π* electronic excitation causing trans-azobenzenes to convert to cis-isomers. Irradiation with
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visible light causes a n → π* electronic transition causing cis-isomers to switch to trans-isomers 

(Figure 1.19). The cis-isomer is also generally higher energy than the trans-isomer, which drives 

a thermal isomerization to trans in the dark. In addition to light and thermal driven isomerization, 

azobenzenes are also sensitive to acid catalyzed isomerization.121 In this instance, protonation of 

an azo nitrogen reduces double bond character such that isomerization to the thermally favored 

trans-isomer is more readily achieved. 

 

 

 
 
 

Figure 1.19 - A) A standard UV-vis spectrum of an azobenzene upon irradiation. Wavelengths 
of the transitions vary based on the electronics the system.122 Adapted with permission from 
Park et al. Reversible Change of Wettability in Poly(ɛ-Caprolactone/Azobenzene) Honeycomb-
Patterned Films by UV and Visible Light Illumination. Polym. Bull. 2017, 74 (10), 4235–4249. 
Copyright 2017 Springer Nature. 
 
 
 
 The second photoswitch shown in Figure 1.18 is an arylazopyrazole motif, first published 

as a photoswitch in 2014 by the Fuchter group.123 While structurally very similar to azobenzene, 

it contains a pyrazole on one side of the azo and an aryl group on the other side. Like an 

unsubstituted azobenzene, the best photostationary states are achieved with UV and visible light. 

Arylazopyrazoles usually have better photostationary states than azobenzene when being 

converted to the trans-isomer. The Ravoo group has rationalized that this is due to a forced 

twisting of the cis-isomer leading to a greater intensity of its n → π* absorbance allowing high 
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yielding conversions to the  trans-isomer with red light.124 Additionally, the π → π* of the trans-

isomer is more than 10 times more intense than the cis-isomer at 365 leading to high yields of the 

cis-isomer. Arylazopyrazoles have a longer half-life for the cis-isomer than azobenzenes in the 

dark, often days or longer compared to hours for a common azobenzene.125 The pyrrole methyl 

groups perpendicular to the phenyl in the cis-isomer lead to an increased energy barrier for 

transition to the trans-isomer. 
The third and final motif shown in Figure 1.18 is a spiropyran. The spiropyran undergoes 

isomerization to the charged merocyanine form upon irradiation with UV light, and the 

merocyanine converts back to the spiropyran upon irradiation with long wavelength visible light 

or thermally in the dark. Although this motif does not undergo as significant a structural change 

as azobenzenes, a significant property distinct from azobenzene photoswitches is the greater 

than 10 D change in dipole moment generated by switching between the charged merocyanine 

and uncharged spiropyran.126 A second, less commonly utilized feature is the conversion between 

a planar and non-planar molecule, though it has been used for reversible intercalation of DNA.127 

When a spiropyran is irradiated with UV light, the C-O bond undergoes heterolytic cleavage to 

generate the merocyanine. The irradiation of the merocyanine with long wavelength light induces 

conversion back to the spiropyran via electronic excitation of the phenoxide in the pi system. 

It should be noted that spiropyran isomerization is highly variable based on the 

environment it is in. The thermal equilibrium does not generally favor 100% spiropyran, but rather 

a majority spiropyran mixture in most cases.128 That equilibrium will change based on the solvent, 

with more polar solvents favoring a greater merocyanine content. Additionally, the half-life of 

merocyanines are solvent dependent as well, with more polar solvents increasing the stability of 

the merocyanine.128 Spiropyran isomerizations are also pH dependent. In most cases, a low pH 

will hinder conversion of the merocyanine to the spiropyran since this leads to protonation of the 

phenoxide which prevents its nucleophilic attack required to form the spiropyran.129 

1.4.2 Photoswitches in Optical Control of Protein Function 

Photoswitches have been used to control protein function through various strategies. One 

method was published by Schultz et al. utilizing an azobenzene containing unnatural amino 

acid.130 The amino acid was used to modulate the affinity of a transcriptional regulator for its 

corresponding promoter enabling reversible transcriptional control with light. This was simply 

modifying the overall structure of the protein reversibly with an attached photoswitch. A second 

method pioneered by Trauner et al. had a potassium channel inhibitor tethered to the channel 
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with an azobenzene containing linker.131 It was designed such that the linker allowed the inhibitor 

access to the channel as the trans-isomer, but as the cis-isomer the linker was too short for the 

inhibitor to reach the channel, thus allowing normal function. Another approach advocated by 

Trauner is the use of azologs to reversibly control inhibitor activity. Azologization is based on the 

premise that one isomer of azobenzene resembles various other structural motifs in biologically 

active molecules, but upon irradiation loses that structural similarity.132 In the cited paper, the 

benzyl phenyl ether of fomocaine is azologized to allow for reversible control of the synaptic 

activity. A final approach used in reversible control of protein function is the introduction of an 

azobenzene crosslinker between two engineered cysteine residues. By introducing a 

photoswitchable linker between two cysteine residues of a protein, isomerization of the 

azobenzene photoswitch will allow for reversible control of protein conformation. Woolley first 

demonstrated this in peptides133 and later in proteins.134 

 Photoswitches have been widely studied in biological contexts because of their potential 

for controlling both the activation and inactivation of biologically active molecules. The ability to 

define with precision the location and duration of activity of a molecule is the ideal way to study a 

biomolecule’s function, leading to the abundance of research into incorporating photoswitches 

into biological systems. 

 
 
1.4.3 Arylazopyrazole Rapamycin  
 
 
 Previously we have discussed both light-activated (1.2) and deactivated (1.3) rapamycin 

analogs, but an ideal rapamycin analog would be able to switch reversibly between an activated 

and deactivated state. This would allow a highly controlled window of activation of protein 

dimerization thus far unavailable. To achieve this, we considered both arylazopyrazole and 

spiropyran based photoswitches.  
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Scheme 1.18 - The syntheses of three arylazopyrazole substituted rapamycin analogs 107-109.  
 
 
 
 First, we examined the use of arylazopyrazole photoswitches. To keep the photoswitching 

group as close to rapamycin as possible an attempt to couple rapamycin to the arylazopyrazole 

through a phenol was attempted (Scheme 1.18). The aniline 95 was converted to a diazonium 

salt and subsequently attacked by the enolate of 2,4-pentanedione to yield 96 in 98% yield.125 

The dione 96 is insoluble in the final reaction solvent allowing for a simple filtration to yield the 

pure product. The two ketones of 96 then form an imine and enamine with methylhydrazine to 

yield 97 in 96% yield, being driven forward by the thermodynamic favorability of aromatization 

and conjugation with the phenyl ring opposite the azo bond.125 As seen earlier in Scheme 1.15 
with an attempted BODIPY rapamycin conjugation, the conversion of the phenol to an activated 

carbonate could not be achieved due to the ability of the phenol to function as a leaving group. 
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This was also the case with 98, as the phenol of the arylazopyrazole makes the carbonate quite 

hydrolytically labile.  

To circumvent this, a methylene was added via the benzyl alcohol starting material 99. 

This was used to generate the dione 100 through the same conditions used to generate 96. The 

hydrazine aromatization step is an easy way to incorporate structural diversity into the 

arylazopyrazole. The use of different hydrazines allows for differently substituted pyrazoles to 

attach to rapamycin. To test the effect of the steric bulk on the arylazopyrazole, methyl, phenyl, 

and naphthyl hydrazines were used to form arylazopyrazoles 101-103 respectively. The naphthyl 

and aryl aromatization reactions never fully progressed leading to the observed lower yields for 

102 and 103. Butyl and ethyl substituted pyrazoles were attempted with the corresponding 

hydrazines, but curiously no reaction was observed with these reagents. The arylazopyrazole 

alcohols 101-103 were converted to the corresponding NHS carbonates 104-106 in yields ranging 

from 45-82%, and the NHS carbonates were subsequently converted to rapamycin analogs 107-

109 in 10-13% yields. These yields were lower than most other rapamycin couplings, but this was 

due to the pyrazole functionality preventing clean separations by column chromatography. The 

use of pentafluorophenyl carbonates resulted in poorer yields when attempted. 

Scheme 1.19 - Syntheses of two rapamycin AAP conjugates 115 and 116. 
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To investigate the effects of varying alkyl substituent length on the pyrazole, butyl, and 

hexyl analogs were synthesized (Scheme 1.19). Hydrazine was used to aromatize dione 100 in 
this case, generating the N-H pyrazole 110.124 Compound 110  was reacted with butyl iodide 

and hexyl bromide in the presence of KOH to yield the corresponding arylazopyrazoles 111 and 

112.135 Some yield was lost to disubstitution products in these reactions since KOH was able to 

deprotonate the benzyl alcohol, but attempts to avoid this through the use of milder K2CO3 did 

not yield any product formation.  Both butyl and hexyl AAPs were activated in greater than 80% 

yield as NHS carbonates 113 and 114, then coupled to rapamycin to yield the butyl and hexyl 

AAP rapamycin analogs, 115 and 116 respectively.  



53 

Figure 1.20 - A) Thermal stability of methyl (107) and phenyl (108) rapamycin analogs were 
examined by the relative integrations of cis and trans aryl proton signals in NMR in a 
deuterated DMSO/water system. B) Experiment run by Taylor Courtney. Relative activities of 
preformed cis and trans isomers of various AAP rapamycin analogs in a split luciferase assay 
in HEK293T cells. 
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The thermal stability of the methyl and phenyl analogs’ cis-isomers (107 and 108 
respectively) were monitored by NMR in a deuterated DMSO/water system at 250 µM after a 30 

minute irradiation on the Deiters lab UV transilluminator (Figure 1.20A). The half-lives were 

calculated from the plotting of the concentration of the cis-isomer, which is linear since the 

isomerization is zero-order. I did not obtain enough material of the naphthyl analog 109 to analyze 

the thermal stability and photoswitching; and a re-synthesis is necessary. The cis-isomers of the 

methyl and phenyl analogs were quite long lived with the methyl analog 107 showing a t1/2 of 7.2 

days and the phenyl analog 108 showing a t1/2 of 13.9 days. The longer half-life of 108 could 

potentially be explained by a π interaction between the two phenyls in the cis-isomer. Additionally, 

the photostationary state of 107 was 91% cis with 365 nm irradiation and 95% trans with 530 nm 

irradiation. Phenyl analog 108 demonstrated a photostationary state of 87% cis with 365 nm light, 

and 94% trans with 530 nm light. As the N-phenyl electrons are not in conjugation with the 

arylazopyrazole core, they do not affect its switching wavelengths significantly as evidenced by 

the similarity in photostationary states of 107 and 108. 

Taylor Courtney tested the analogs in a split luciferase assay that revealed that the analog 

that showed the greatest selectivity for one isomer over the other was the methyl analog 107 
(Figure 1.20B). It would make sense if bulkier R groups showed a greater difference in binding 

due to the larger change in overall structure upon isomerization, but this was not seen. A potential 

reason for this would be a hydrophobic effect allowing the larger R groups to increase binding 

favorability relative to the smaller groups. This could be easily tested by introducing a more polar 

group into the R group such as a carboxylic acid or amine.  

With relatively poor selectivity demonstrated among these analogs, two options could be 

pursued to increase selectivity of one isomer over the other. Since variability is easily introduced 

to the pyrazole through different hydrazines or alkyl halides, more compounds could be screened 

to find a better analog using the current FKBP/FRB system. Alternatively, the days-long half-lives 

of the cis-isomers may allow for evolution of a cis-isomer specific FKBP/FRB system. 

Beyond the selectivity concerns, it will also be essential to demonstrate reversibility of the 

binding in cells. Up to this point, only pre-irradiated arylazopyrazole-rapamycin conjugates have 

been used. If the ternary complex cannot be broken with light irradiation, there is substantially 

less incentive to use the system. 
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1.4.4 Spiropyran Rapamycin  
  
 

In addition to the arylazopyrazole based photoswitches, it was thought that spiropyrans 

could prove an effective photoswitch to conjugate to rapamycin. The introduction of a charged 

merocyanine onto rapamycin may cause a substantial electrostatic repulsion more significant than 

that of sterics. Spiropyrans have been shown to modulate conformation and activity of proteins, 

so the incorporation of a spiropyran near the ternary complex could potentially disrupt it.136,137  

 

 
 
 

Scheme 1.20 - The synthesis of the spiropyran conjugated rapamycin analog 123. 
 
 
 
 To synthesize a spiropyran conjugated rapamycin analog, the spiropyran was first 

synthesized from indolenine 117 (Scheme 1.20). The first step was a SN2 substitution onto 

bromoethanol to give 118, followed by cyclization to give 119. The tricyclic indole then underwent 

a tandem substitution, condensation reaction with 120 to yield the spiropyran alcohol 121. The 

alcohol was converted to the activated carbonate 122 and coupled to rapamycin to give 123 in 

19% yield. Some product in the final rapamycin coupling was likely lost due to merocyanine 

formation in purification. Photoswitching was confirmed for rapamycin conjugate 123 in DMSO by 

NMR (data not shown). 

Taylor Courtney tested the spiropyran conjugate 123 in a split luciferase assay and found 

that it showed very poor selectivity for one form over the other (Figure 1.21). Generally, the 

merocyanine was favored, but only by about 2-fold at 100 nM. Additionally, the binding seemed 

to be poor relative to rapamycin which is unsurprising due to the size of the spiropyran attached.  
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Figure 1.21 - Experiment performed by Taylor Courtney. Split luciferase assay in HEK293T 
cells at various concentration. MC is merocyanine which was generated with 447.5 nm light. SP 
is spiropyran which was generated with 365 nm light. The two forms of the photoswitch are 
shown in Figure 1.18. 

There are two potential methods to optimize the system to improve preference for one 

form over the other. One method would be to mutate residues on the FKBP-FRB interface where 

the spiropyran is attached to rapamycin to try to make it more or less polar to better favor either 

the merocyanine or spiropyran form. This could be done in complement to the second method of 

improving the system; adding groups to one of the phenyl groups to try and increase activity of 

one form over the other. 

1.5 Conclusions and Outlook 

Several photocaged rapamycin analogs were examined in this chapter. An ANBP caged 

rapamycin was shown to effectively limit rapamycin activity until irradiated with visible light. The 

dimeric form of the ANBP photocage appears to be attainable with optimization. Several BIST 

caged compounds were examined, but release of the compounds after photolysis could not be 

achieved. A BODIPY caged rapamycin was also unable to be synthesized, but with optimization 



57 

of reaction conditions should be possible. BODIPY groups would likely be ideal photocages due 

to the low dimerization ability of the BODIPY conjugated rapamycin analogs examined in 1.3.3. 

The synthesis of an eosin or Ru(II) conjugated rapamycin for CALI of ternary complex 

formation could not be achieved. The Ru(II) conjugated rapamycin analog could not be 

synthesized due to salt exchange occurring in the final rapamycin click reaction. Use of a strained 

alkyne could avoid this issue in the future. Two ROS generating BODIPY-rapamycin conjugates 

were synthesized with different linkers. The degradation of the ternary complex was shown, but 

there was variability in effectiveness between assays. Also, an ROS generator-rapamycin 

conjugate with higher binding affinity for FKBP and FRB would be an advantage as the better of 

the two analogs synthesized still had a substantially worse binding affinity than native rapamycin. 

This could be accomplished by experimenting with longer linkers. 

Several photoswitching rapamycin analogs were synthesized and tested for differential 

dimerization abilities between the two states of the photoswitch. Several arylazopyrazole analogs 

were tested, but many showed poor selectivity for one isomer over the other with the methylated 

arylazopyrazole showing the best with 2-4 fold higher binding affinity in the cis-isomer than in the 

trans-isomer. Differently substituted pyrazoles to identify a better analog would be easy to 

synthesize with the groundwork laid out here, but an alternative would be evolving a FKBP/FRB 

system that prefers one isomer over the other. A spiropyran conjugated rapamycin was also 

synthesized, but use in dimerization assays demonstrated only a 2-fold increase in binding for the 

merocyanine form over the spiropyran. Attempting to optimize this system would likely be time-

consuming, and the diversity is synthetically easier to introduce with the arylazopyrazole. 

1.6 Experimental 

LED Light Sources 
405 nm: LEDENGIN LZ1-10UA00-00U8 (purchased from Mouser Electronics) 

415 nm: LUMILEDS LHUV-0415-0650 (purchased from Mouser Electronics) 

447.5 nm: LUMILEDS LXML-PR02-A900 (purchased from Mouser Electronics) 

530 nm: LUMILEDS LXML-PM01-0100 (purchased from Mouser Electronics) 

General Procedures 

All chemicals obtained from commercial sources were used without further purification 

unless stated otherwise. All reactions were performed in flame dried glassware under nitrogen 
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atmosphere and stirred magnetically unless otherwise indicated. For compound drying, the 

solution was passed over a pad of sodium sulfate on cotton in a funnel and the filtrate was 

collected. The solid was then washed with 2-3 times the solvent dried. For reactions run in a 

microwave reactor, a CEM Discover System (Model No. 908005) was used with a closed vessel. 
1H NMR spectra were obtained from a Bruker Avance III 400 MHz or Bruker Avance III 500 MHz 

with chemical shifts reported relative to either residual CHCl3 (7.26 ppm), DMSO (2.50 ppm), or 

CH3OD (3.30 ppm). Mass spectrometry was performed by University of Pittsburgh facilities. 

Compounds 16,47 26,57 32,59 52,65 55,65 66,103 67,104 68,104 74,107 75,107 78,108 86,112 90,113 

91,113 96,125 97,125 117,126 118,126 119,126 and 121126 were synthesized according to literature 

syntheses without any modifications and obtained yields matched reported ones. 

1-(4'-(Dimethylamino)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-ol (17). A solution of benzyl 

alcohol 16 (53 mg, 0.22 mmol, 1 eq), potassium carbonate (75 mg, 0.54 mmol, 2.5 eq), TBAB (65 

mg, 0.22mmol, 1 eq), the phenylboronic acid (42 mg, 0.25 mmol, 1.1 eq), and palladium acetate 

(6 mg, 0.026 mmol, 0.1 eq) were suspended in ethanol (1.3 mL) and water (0.7 mL). The reaction 

mixture was heated in a microwave reactor in temperature mode to 90 °C for 15 minutes with 

stirring and cooling via the air flow feature of the instrument. The reaction mixture was diluted with 

brine (3 mL) and DCM (10 mL), and the DCM was collected. The organic layer was dried over 

sodium sulfate (approximately 500 mg), concentrated in vacuo, and the residue was purified via 

flash chromatography on silica gel (20% ethyl acetate in hexanes) to yield 17 as an orange solid 

(48 mg, 76% yield). 1H NMR (500 MHz, CDCl3) δ 8.00 (d, 2 H, J = 5.5 Hz), 7.57 (m, 3 H), 6.81 (d, 

2 H, J = 7.5 Hz), 5.44 (q, 1 H, J = 4 HZ), 3.03 (s, 6 H), 1.62 (d, 3 H, J = 4 Hz); 13C NMR (500 MHz, 

CDCl3) δ 150.9, 146.8 145.2, 141.9, 140.9, 133.6, 128.1, 126.0, 124.9, 112.6, 66.0, 40.3, 24.2; 

HRMS (ESI+) calcd for C16H19O3N2 (M+H)+ 287.1390, found 287.1406. 

1-(4'-(Dimethylamino)-4-nitro-[1,1'-biphenyl]-3-yl)ethyl (perfluorophenyl) carbonate 
(18). A solution of biphenyl 17 (25 mg, 0.09 mmol, 1 eq) and bis(pentafluorophenyl) carbonate 

(31 mg, 0.12 mmol, 1.3 eq) in dry acetonitrile (1 mL) under Ar was prepared. Triethylamine (0.05 

mL, 0.36 mmol, 4 eq) was added and the reaction mixture was stirred at room temperature for 2 

hours. The reaction mixture was concentrated in vacuo and the residue was purified via flash 

chromatography (gradient 25% ethyl acetate in hexanes → 50% ethyl acetate in hexanes) to yield 

18 as a red solid (35 mg, 91% yield). 1H NMR (500 MHz, CDCl3) δ 8.12 (d, 1 H, J = 9 Hz), 7.90 

(s, 1 H), 7.66 (d, 1 H, J = 8.5 Hz), 7.59 (d, 2 H, J = 9 Hz), 6.84 (d, 2 H, J = 8.5 Hz), 6.56 (q, 1 H, 

J = 6.5 Hz), 3.07 (s, 6 H), 1.85 (d, 3 H, J = 6.5 Hz). 

ANBP rapamycin (19). A solution of the NHS carbonate 18 (35 mg, 0.2 mmol, 2 eq), 

rapamycin (96 mg, 0.1 mmol, 1 eq) and DMAP (65 mg, 0.5 mmol, 5 eq) in dry acetonitrile (1 mL) 
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under an inert atmosphere (Ar) was prepared. The reaction mixture was stirred at room 

temperature under Ar for 24 hours, then concentrated in vacuo, and the residue was purified via 

flash chromatography (gradient 10% ethyl acetate in DCM → 25% ethyl acetate in DCM) to yield 

19 as an orange solid (13 mg, 10% yield). 1H NMR (500 MHz, CD3OD) δ 8.06 (d, 1 H, J = 8.5 Hz), 

7.84 (s, 1 H), 7.69 (d, 1 H, J = 8.5 Hz), 7.59 (d, 2 H, J = 9 Hz), 6.84 (d, 2 H, J = 9 Hz), 6.24 (d, 1 

H, J = 7 Hz), 6.24 (m, 2 H), 6.19 (q, 1 H, J = 6.5 Hz), 6.07 (d, 1 H, J = 11 Hz), 5.48 (m, 1 H), 5.22 

(m, 1 H), 5.04 (m, 2 H), 4.4 (m, 1 H), 4.12 (m, 1 H), 3.95 (d, 1 H, J = 5 Hz), 3.66 (d, 1 H, J = 11.5 

Hz), 3.52 (m, 1 H), 3.39 (d, 1 H, 8 Hz), 3.34 (s, 2 H), 3.24 (s, 3 H),  3.07 (s, 6 H), 2.83 (m, 1 H), 

2.62 (m, 1 H), 2.46 (dd, 1 H, J = 8, 2.5 Hz), 2.21 (m, 3 H), 1.98 (m, 2 H), 1.85 (d, 2 H, J = 8 Hz), 

1.80 (d, 2 H, J = 2.5 Hz), 1.71 (s, 3 H), 1.6 (m, 4 H), 1.42 (m, 4 H), 1.29 (b, 1 H), 1.13 (m, 1 H), 

0.98 (d, 3 H, J = 7 Hz), 0.94 (d, 2 H, J = 6.5 Hz), 0.85 (m, 2 H), 0.83 (m, 4 H), 0.74 (q, 1 H, J = 7 

Hz); 13C NMR (500 MHz, CDCl3) δ 208.6, 167.8, 151.3, 137.7, 132.7, 130.9, 127.7, 127.6, 127.0, 

125.1, 112.4, 99.3, 83.4, 80.9, 78.1, 77.9, 77.6, 76.2, 74.1, 71.8, 67.2, 57.0, 56.5, 56.3, 54.9, 40.1, 

39.9, 35.8, 31.3, 29.3, 26.4, 24.8, 24.6, 22.3, 20.8, 20.7, 20.4, 14.7, 14.5, 13.2, 12.9, 10.5, 9.9; 

HRMS (ESI+) calcd for C68H96O17N3 (M+H)+ 1226.6734, found 1226.6721. 

4'-(Dimethylamino)-4-nitro-[1,1'-biphenyl]-3-carbaldehyde (20). A solution of 

benzaldehyde 12 (50 mg, 0.22 mmol, 1 eq), boronic acid 16 (43 mg, 0.26 mmol, 1.2 eq), 

Pd(PPh3)3 (5 mg, cat.), and Cs2CO3 (114 mg, 0.59 mmol, 2.7 eq) in water (1 mL) and ethanol (1.5 

mL) was stirred at room temperature for 45 minutes. The reaction was diluted with water (2 mL) 

and extracted with DCM (2 x 5 mL), the organic layers were dried over approximately sodium 

sulfate (approximately 250 mg), concentrated in vacuo, and purified via flash chromatography on 

silica gel (gradient 0% ethyl acetate in hexanes → 10% ethyl acetate in hexanes) to yield 20 as a 

red solid (52 mg, 88% yield). 1H NMR (500 MHz, CDCl3) δ 10.47 (s, 1 H), 8.11 (d, 1 H, J = 10 Hz), 

8.01 (s, 1 H), 7.81 (d, 1 H, J = 8 Hz), 7.55 (d, 2 H, J = 10 Hz), 6.74 (m, 2 H), 3.00 (s, 6 H); 13C 

NMR (500 MHz, CDCl3) δ 189.1, 151.3, 147.8, 146.9, 132.5, 129.4, 128.8, 128.2, 126.0, 125.5, 

112.5, 40.2.  

1-(4'-(Dimethylamino)-4-nitro-[1,1'-biphenyl]-3-yl)but-3-yn-1-ol (21). Activated Zn 

powder (100 mg, 1.53 mmol, 2.1 eq) suspended in DMF (1.5 mL) was cooled to 0 °C. Propargyl 

bromide (80 wt% in toluene, 0.11 mL, 0.88 mmol, 1.5 eq) was added and stirred for one hour. A 

solution of benzaldehyde 20 (163 mg, 0.62 mmol, 1 eq) in DMF (1 mL) was added dropwise and 

stirred for 30 minutes. The reaction was diluted with DCM (10 mL) and washed with 1 N HCl (2 x 

10 mL), the organic layer was dried over sodium sulfate (approximately 500 mg), concentrated in 

vacuo, and purified via flash chromatography on silica gel (gradient hexanes → 0% ethyl acetate 

in DCM → 15% ethyl acetate in DCM) to yield 21 as a red solid (126 mg, 68% yield). 1H NMR 
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(500 MHz, CDCl3) δ 8.09 (d, 2 H, 10 Hz), 7.63 (m, 3 H), 6.82 (d, 2 H, J = 10 Hz), 5.62 (m, 1 H, J 

= 4 Hz), 3.06 (s, 6 H), 2.99 (m, 1 H), 2.78 (m, 1 H), 2.75 (m, 1 H), 2.15 (t, 1 H, J = 4 Hz); 13C NMR 

(500 MHz, CDCl3) δ 146.8, 145.0, 138.6, 128.2, 125.7, 125.4, 125.0, 112.5, 80.1, 71.7, 67.8, 40.3, 

28.5.  

1-(4'-(Dimethylamino)-4-nitro-[1,1'-biphenyl]-3-yl)but-3-yn-1-yl (perfluorophenyl) 
carbonate (22). Alcohol 21 (60 mg, 0.22 mmol, 1 eq), bis(pentafluorophenyl) carbonate (102 mg, 

0.26 mmol, 1.2 eq), and DMAP (5 mg, cat.) were dissolved in acetonitrile (3 mL). DIPEA (0.075 

mL, 0.44 mmol, 2 eq) was added and the reaction was stirred at room temperature for 1 hour. 

The solution was concentrated in vacuo and purified via flash chromatography on silica gel 

(gradient 0% ethyl acetate in hexanes → 20% ethyl acetate in hexanes) to yield 22 as a red solid 

(103 mg, 97% yield). The product was used without further characterization.  

Alkynyl ANBP rapamycin (23). bis(pentafluorophenyl) carbonate 22 (103 mg, 0.213 

mmol, 3 eq), rapamycin (65 mg, 0.071 mmol, 1 eq), and 9-azajulolidine (62 mg, 0.355 mmol, 5 

eq) were dissolved in DCM (3 mL) and was stirred overnight at room temperature. The solution 

was concentrated in vacuo and purified via flash chromatography on silica gel (gradient 0% ethyl 

acetate in DCM → 20% ethyl acetate in DCM) to yield 23 as a red solid (36 mg, 40% yield). 1H 

NMR (500 MHz, CDCl3) δ 8.03 (t, 1 H, J = 5 Hz), 7.86 (s, 1 H), 7.55 (d, 1 H, J = 5 Hz), 7.48 (m, 2 

H), 6.73 (m, 2 H), 6.40 (q, 1 H, J = 2.5 Hz), 6.30 (m, 2 H), 6.07 (dd, 1 H, J = 5, 2.5 Hz), 5.85 (m, 

1 H), 5.45 (m, 1 H), 5.32 (m, 2 H), 5.09 (t, 1 H), 4.75 (d, 1 H, J = 5 Hz), 4.41 (m, 1 H), 4.05 (m, 1 

H), 3.79 (m, 1 H), 3.61 (m, 3 H), 3.31 (m, 6 H), 3.09 (m, 4 H), 2.96 (d, 6 H, 5 Hz), 2.89 (m, 1 H), 

2.69 (m, 1 H), 2.50 (dd, 1 H, J = 4, 2.5 Hz), 2.37 (m, 2 H), 2.03 (m, 4 H), 1.91 (m, 1 H), 1.72 (m, 

3 H), 1.45 (m, 4 H), 1.28 (m, 4 H), 1.09 (d, 2 H, J = 7 Hz), 1.01 (d, 2 H, J = 7.5 Hz), 0.98 (m, 4 H), 

0.87 (m, 4 H), 0.76 (q, 1 H, J = 7.5 Hz); 13C NMR (500 MHz, CDCl3) δ 169.2, 153.7, 151.0, 144.9, 

144.8, 135.6, 135.3, 133.7, 103.2, 128.2, 126.4, 125.8, 125.7, 124.9, 124.7, 112.5, 112.4, 98.5, 

80.9, 80.7, 78.8, 72.6, 72.5, 71.5, 67.2, 59.4, 59.3, 57.6, 57.3, 55.9, 51.3, 46.6, 44.2, 41.4, 40.7, 

40.3, 40.2, 38.2, 35.9, 35.1, 34.7, 33.7, 32.8, 31.6, 31.3, 29.7, 29.5, 29.1, 27.3, 27.0, 25.9, 25.3, 

22.7, 21.5, 17.9, 17.4, 15.5, 13.4, 13.1, 12.6, 12.1, 9.8, 9.1; HRMS (ESI+) calcd for C70H96O17N3 

(M+H)+ 1250.6734, found 1250.6701. 

3-Azidopropyl (2,5-dioxopyrrolidin-1-yl) carbonate (27). A solution of 3-azidopropan-

1-ol 26 (65 mg, 0.64 mmol, 1 eq) in dry acetonitrile (5 mL) under nitrogen was prepared. DSC 

(296 mg, mmol, eq) and triethylamine (0.1 ml, 0.72 mmol, 1.1 eq) were added and the reaction 

mixture was stirred overnight at 60 °C. The reaction mixture was diluted with ethyl acetate (10 

mL) and washed with water (4 x 5 mL) and brine (2 x 5 mL). The organic layer was dried over 

sodium sulfate (approximately 500 mg), concentrated in vacuo, and the residue was purified via 
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flash chromatography on silica gel (5% methanol in DCM) to yield 27 as a colorless oil (150 mg, 

96% yield). 1H NMR (500 MHz, CDCl3) δ 4.42 (t, 2 H, J = 6.5 Hz), 3.47 (t, 2 H, J = 6.5 Hz), 2.84 

(s, 4 H), 1.99 (pent, 2 H, J = 6.5 Hz).  

Propylazido rapamycin (28). A solution of NHS carbonate 27 (191 mg, 0.79 mmol, 5 eq), 

DMAP (59 mg, 0.48 mmol, 2 eq), and rapamycin (135 mg, 0.15 mmol, 1 eq) in dry DCM (2 mL) 

was stirred at room temperature for 4 hours. The reaction mixture was then diluted with ethyl 

acetate (10 mL) and washed with pH 3 HCl (2 x 7 mL), water (2 x 7 mL), and brine (7 mL). The 

organic layer was dried over sodium sulfate (approximately 500 mg), concentrated in vacuo, and 

the residue was purified via flash chromatography on silica gel (gradient 15% ethyl acetate in 

DCM → 25% ethyl acetate in DCM) to yield 28 as a white solid (47 mg, 31% yield). 1H NMR (500 

MHz, CD3OD) δ 6.45 (dd, 1 H, J = 11, 9.5 Hz), 6.27 (dd, 1 H, J = 11, 10 Hz), 6.10 (m, 2 H), 5.45 

(m, 1 H), 5.24 (d, 1 H, J  = 13 Hz), 5.06 (m, 1 H), 4.43 (m, 1 H), 4.19 (m, 3 H), 3.98 (d, 1 H, J = 

6.5 Hz), 3.68 (m, 1 H), 3.47 (t, 2 H, J = 6.5 Hz), 3.19 (m, 2 H), 3.13 (s, 3 H), 2.80 (dd, 1 H, J = 11, 

3 Hz), 2.62 (m, 1 H), 2.49 (dd, 1 H, J = 11, 7 Hz), 2.33 (m, 1 H), 2.12 (m, 1 H), 2.05 (m, 2 H), 1.92 

(m, 2 H), 1.75 (s, 3 H), 1.70 (m, 2 H), 1.65 (s, 3 H), 1.44 (m, 4 H), 1.31 (m, 2 H), 1.15 (m, 1 H), 

1.11 (m, 2 H), 1.04 (m, 4 H), 0.98 (m, 4 H), 0.88 (m, 4 H), 0.79 (q, 1 H, J = 7 Hz). HRMS (ESI+) 

calcd for C55H83O15N4 (M+H)+ 1039.5849, found 1039.5825. 

Propargyl alcohol clicked rapamycin (29). A suspension of azido rapamycin 28 (10 mg, 

0.01 mmol, 1 eq), copper sulfate (2.1 mg, 0.01 mmol, 1 eq), sodium ascorbate (2.4 mg, 0.01 

mmol, 1 eq), in tert-butanol (0.75 mL) was created. Water (0.75 mL) was added, followed by 

propargyl alcohol (16 mg, 0.30 mmol, 30 eq), and the reaction mixture was stirred overnight. The 

reaction mixture was diluted with ethyl acetate (5 mL) and washed with water (4 x 4 mL). The 

organic layer was concentrated in vacuo and the residue was purified via flash chromatography 

on silica gel (5% methanol in DCM) to yield a white solid (9 mg, 85% yield). 1H NMR (500 MHz, 

CD3OD) δ 7.88 (s, 1 H), 6.38 (dd, 1 H, J = 11, 9 Hz), 6.23 (dd, 1 H, J = 11, 8.5 Hz), 6.15 (dd, 1 H, 

J = 9, 8.5 Hz), 6.06 (d, 1 H, J = 10 Hz), 5.45 (m, 1 H), 5.19 (d, 1 H, J = 7 Hz), 5.06 (m, 1 H), 4.63 

(s, 2 H), 4.43 (m, 3 H), 4.19 (m, 4 H), 3.98 (d, 1 H, J = 6.5 Hz), 3.68 (m, 1 H), 3.47 (t, 2 H, J = 7 

Hz), 3.19 (q, 2 H, J = 7 Hz), 3.13 (s, 3 H), 2.80 (m, 1 H), 2.62 (m, 1 H), 2.47 (dd, 1 H, J = 7, 3.5 

Hz), 2.34 (m, 3 H), 2.12 (m, 2 H), 2.07 (m, 2 H), 1.88 (d, 1 H), 1.75 (s, 3 H), 1.70 (m, 4 H), 1.65 

(s, 3 H), 1.62 (m, 2 H) 1.44 (m, 4 H), 1.31 (t, 2 H, J = 7 Hz), 1.15 (m, 1 H), 1.11 (m, 2 H), 1.04 (m, 

4 H), 0.98 (m, 4 H), 0.88 (m, 4 H); 13C NMR (500 MHz, CD3OD) δ 169.0, 154.2, 143.7, 139.8, 

134.6, 127.7, 99.2, 84.3, 83.9, 83.4, 82.1, 80.9, 80.7, 76.2, 74.2, 65.7, 63.2, 59.3, 57.0, 56.4, 54.9, 

54.0, 51.3, 45.6, 44.9, 44.0, 41.2 40.7, 40.0, 35.5, 35.1, 34.6, 34.5, 31.3, 30.7, 29.2, 27.5, 27.0, 
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26.3, 24.9, 23.5, 22.3, 20.3, 17.6 14.8, 14.5, 14.2, 13.0, 12.9, 12.4, 9.6; HRMS (ESI+) calcd for 

C58H89O16N4 (M+H)+ 1097.6268, found 1097.6268. 

Clicked BIST rapamycin dimer (31). A solution of the dialkyne 30 (3 mg, 0.005 mmol, 1 

eq), copper iodide (12 mg, 0.063 mmol, 12 eq), and azido rapamycin 28 (11 mg, 0.011 mmol, 2.1 

eq) in dry DCM (0.4 mL) under nitrogen was prepared. DIPEA (0.05 mL, 0.5 mmol, 100 eq) was 

added and the reaction mixture was stirred for 15 hours. The reaction mixture was concentrated 

in vacuo and the residue was purified via flash chromatography on silica gel (55% ethyl acetate 

in DCM) to yield 31 as a red solid (9 mg, 69% yield). 1H NMR (500 MHz, CD3OD) δ 8.03 (d, 2 H, 

J = 8.5 Hz), 7.70 (s, 2 H), 7.53 (d, 2 H, J = 8.5 Hz), 7.31 (d, 2 H, J = 11 Hz), 7.13 (s, 2 H), 6.95 

(d, 2 H, J = 11 Hz) 6.38 (m, 4 H), 6.18 (dd, 2 H, J = 9, 4 Hz), 5.97 (d, 2 H, J = 9 Hz), 5.53 (dd, 2 

H, J = 9, 4 Hz), 5.41 (d, 2 H, J = 6 Hz), 5.29 (m, 2 H), 5.15 (m, 1 H), 4.51 (m, 6 H), 4.13 (m, 6 H), 

3.88 (t, 2 H, J = 7 Hz), 3.68 (m, 1 H), 3.52 (m, 4 H), 3.42 (s, 6 H), 3.32 (s, 4 H), 2.95 (d, 2 H, J = 

4.5 Hz), 2.73 (m, 2 H), 2.33 (m, 8 H), 2.07 (m, 4 H), 1.88 (m, 8 H), 1.75 (s, 6 H), 1.70 (m, 8 H), 

1.65 (s, 3 H), 1.62 (m, 4 H) 1.46 (m, 8 H), 1.31 (t, 4 H, J = 7 Hz), 1.21 (m, 2 H), 1.13 (m, 4 H), 

1.07 (m, 8 H), 0.96 (m, 4 H), 0.88 (m, 4 H); HRMS (ESI+) calcd for C142H196O40N10S (M+H)+ 

2711.3033, found 2711.3040. 

(2-Nitro-5-vinylphenyl)methanol (33). A solution of benzyl alcohol 32 (450 mg, 2 mmol, 

1 eq) and tetrakis palladium triphenylphosphine (47 mg, 0.3 mmol, 0.15 eq) in 19 mL 

dimethoxyethane was prepared. A solution of potassium carbonate (267 mg, 2 mmol, 1 eq) in 

water (5.5 mL) was added to the reaction mixture. Vinylboronic anhydride pyridine complex (243 

mg, 1 mmol, 0.5 eq) was added and the reaction mixture was stirred at 110 °C for 22 hours. The 

reaction mixture was concentrated in vacuo and the residue was purified via flash 

chromatography on silica gel (gradient 0% ethyl acetate in hexanes → 30% ethyl acetate in 

hexanes) to yield 33 as an orange solid (346 mg, 97% yield). 1H NMR (500 MHz, CDCl3) δ 8.10 

(d, 1 H, J = 8 Hz), 7.74 (s, 1 H), 7.47 (d, 1 H, J = 6.5 Hz), 6.77 (dd, 1 H, J = 17.5, 11 Hz), 5.95 (d, 

1 H, J = 17.5 Hz), 5.51 (d, 1 H, J = 11 Hz), 4.99 (d, 2 H, J = 6.5 Hz), 2.55 (t, 1 H, J = 6.5 Hz). 13C 

NMR (500 MHz, CDCl3) δ 146.5, 143.4, 143.0, 137.4, 134.9, 127.6, 125.8, 118.8, 62.7; HRMS 

(ESI+) calcd for C9H8O3N (M+H)+ 178.0504, found 178.0495. 

tert-Butyldimethyl((2-nitro-5-vinylbenzyl)oxy)silane (34). A solution of styrene 33 (365 

mg, 2 mmol, 1 eq), TBSCl (338 mg, 2.2 mmol, 1.1 eq), and imidazole (152 mg, 2.2 mmol, 1.1 eq) 

in dry acetonitrile (10 mL) under nitrogen was stirred at room temperature for 1.5 hours. The 

reaction mixture was diluted with ethyl acetate (5 mL), filtered, the filtrate was concentrated in 

vacuo, and the residue was purified via flash chromatography on silica gel (5% ethyl acetate in 

hexanes) to yield 34 as an orange solid (545 mg, 93% yield). 1H NMR (500 MHz, CDCl3) δ 8.10 
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(d, 1 H, J = 8 Hz), 7.96 (s, 1 H), 7.40 (d, 1 H, J = 8.5 Hz), 6.79 (dd, 1 H, J = 17.5, 11 Hz), 5.93 (d, 

1 H, J = 17.5 Hz), 5.48 (d, 1 H, J = 11 Hz), 5.12 (s, 2 H), 0.99 (s, 9 H), 0.16 (s, 6 H); 13C NMR 

(500 MHz, CDCl3) δ 145.3, 143.7, 143.0, 138.9, 135.5, 127.9, 125.2, 118.1, 62.2, 34.7, 31.6, 22.6, 

14.1; HRMS (ESI+) calcd for C15H24O3NSi (M+H)+ 294.1520, found 294.1537. 

2,5-Bis((E)-3-(((tert-butyldimethylsilyl)oxy)methyl)-4-nitrostyryl)thiophene (35). A 

solution of styrene 34 (78 mg, 0.27 mmol, 3 eq), 2,5-dibromothiophene (10 µL, 0.09 mmol, 1 eq), 

LiCl (12 mg, 0.3 mmol, 3.3 eq), NaHCO3 (25 mg, 0.3 mmol, 3.3 eq), TBACl (40 mg, 0.15 mmol, 

1.67 eq) in dry DMF (2 mL) under argon was prepared. TPGS-750-M (0.2 mL) and Pd(OAc)2 (5 

mg, 0.02 mmol, 0.25 eq) were added. The reaction mixture was heated for 110 °C for 1 hour. The 

reaction mixture was diluted with ethyl acetate (10 mL), washed with water (4 x 4 mL) and brine 

(4 mL), dried over sodium sulfate (approximately 500 mg), and concentrated in vacuo. The 

residue was purified via flash chromatography on silica gel (5% ethyl acetate in hexanes) to yield 

35 as a red solid (40 mg, 66% yield). 1H NMR (500 MHz, CDCl3) δ 8.12 (d, 2 H, J = 8 Hz), 7.98 

(s, 2 H), 7.46 (d, 2 H, J = 8 Hz), 7.01 (d, 2 H, J = 17.5 Hz), 5.38 (d, 4 H), 5.13 (s, 2 H), 5.10 (d, 2 

H, J = 17.5 Hz),  0.99 (s, 18 H), 0.16 (s, 12 H); 13C NMR (500 MHz, CDCl3) δ 144.9, 142.4, 142.3, 

139.3, 135.5, 129.1, 127.1, 125,7, 125.6, 125.5, 125.3, 124.9, 124.8, 118.2, 62.3, 62.2, 26.0, 25.9, 

18.5, -5.3, -5.4; HRMS (ESI+) calcd for C34H47N2O6Si2S (M+H)+ 667.2693, found 667.2680. 

2-Nitro-5-vinylbenzyl acetate (37). A solution of benzyl alcohol 32 (100 mg, 0.56 mmol, 

1 eq) and DMAP (14 mg, 0.11 mmol, 0.2 eq) in dry DCM (2 mL) under nitrogen was prepared. 

DIPEA (0.15 mL, 0.86 mmol, 1.5 eq) was added and the solution was cooled to 0 °C. Acetic 

anhydride (0.06 mL, 0.67 mmol, 1.2 eq) was added and the reaction mixture was stirred in the 

dark overnight. The reaction mixture was diluted with ethyl acetate (10 mL), washed with 0.1 N 

HCl (2 x 10 mL), saturated sodium bicarbonate (2 x 10 mL), water (10 mL) and brine (10 mL). 

The organic layer were concentrated in vacuo to yield 37 as a pale yellow solid (112 mg, 91% 

yield). 1H NMR (500 MHz, CDCl3) δ 8.10 (d, 1 H, J = 8.5 Hz), 7.55 (s, 1 H), 7.50 (d, 1 H, J = 8.5 

Hz), 6.77 (dd, 1 H, J = 17.5, 11 Hz), 5.92 (d, 1 H, 17.5 Hz), 5.51 (d, 1 H, J = 11 Hz), 5.32 (s, 2 H), 

2.18 (s, 3 H); 13C NMR (500 MHz, CDCl3) δ 170.3, 145.2, 143.0, 134.9, 132.6, 126.9, 125.7, 118.8, 

63.1, 20.8; HRMS (ESI+) calcd for C11H12O4N (M+H)+ 222.0761, found 222.0763. 

(((1E,1'E)-Thiophene-2,5-diylbis(ethene-2,1-diyl))bis(6-nitro-3,1-
phenylene))bis(methylene) diacetate (38). A solution of benzyl ester 37 (50 mg, 0.23 mmol, 3 

eq), 2,5-dibromothiophene (8.5 µL, 0.075 mmol, 1 eq), LiCl (10 mg, 0.25 mmol, 3.3 eq), NaHCO3 

(30 mg, 0.25 mmol, 3.3 eq), TBACl (34 mg, 0.13 mmol, 1.67 eq) in dry DMF (1.7 mL) under argon 

was prepared. TPGS-750-M (0.2 mL) and Pd(OAc)2 (5 mg, 0.002 mmol, 0.25 eq) were added. 

The reaction mixture was heated for 110 °C for 1 hour. The reaction mixture was diluted with ethyl 
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acetate (10 mL), washed with water (4 x 4 mL) and brine (4 mL), dried over sodium sulfate 

(approximately 500 mg), and concentrated in vacuo. The residue was purified via flash 

chromatography on silica gel (10% ethyl acetate in hexanes) to yield 38 as a red solid (23 mg, 

39% yield). 1H NMR (500 MHz, CDCl3) δ 8.14 (d, 2 H, J = 8.5 Hz), 7.60 (s, 2 H), 7.56 (d, 2 H, J = 

8.5 Hz), 7.34 (d, 2 H, J = 16 Hz), 7.12 (s, 2 H), 6.95 (d, 2 H, J = 16 Hz), 5.55 (s, 4 H), 2.21 (s, 6 

H). 

(((1E,1'E)-Thiophene-2,5-diylbis(ethene-2,1-diyl))bis(6-nitro-3,1-
phenylene))dimethanol (36). A solution of diacetyl ester 38 (23 mg, 0.05 mmol, 1 eq) in methanol 

(1 mL) was prepared. Potassium carbonate (15 mg, 0.1 mmol, 2 eq) was added and the reaction 

mixture was stirred for 4.5 hours. The reaction mixture was filtered, the filtrate was concentrated 

in vacuo, and the residue was purified via flash chromatography on silica gel (20% ethyl acetate 

in DCM) to yield 36 as a red solid (20 mg, 51% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.12 (d, 2 

H, J = 8.5 Hz), 8.04 (s, 2 H), 7.78 (d, 2 H, J = 10.5 Hz), 7.75 (d, 2 H, J = 16 Hz), 7.41 (s, 2 H), 

7.16 (d, 2 H, J = 16.5 Hz), 5.63 (t, 2 H, J = 5.5 Hz), 4.90 (d, 4 H, J = 5.5 Hz); 13C NMR (500 MHz, 

DMSO-d6) 179.8, 160.2, 159.4, 158.2, 143.3, 141.4, 127.5, 126.8, 125.1, 64.9; HRMS (ESI+) calcd 

for C23H19O8N2S (M+H)+ 483.0857, found 483.0845. 

2-Nitro-5-vinylbenzyl (perfluorophenyl) carbonate (40). A solution of benzyl alcohol 33 

(100 mg, 0.56 mmol, 1 eq) and bis(pentafluorophenyl) carbonate (215 mg, 0.56 mmol, 1 eq) in 

dry acetonitrile (4 mL) was prepared. DIPEA (0.41 mL, 2.35 mmol, 4 eq) was added and the 

solution was stirred in the dark overnight. The reaction mixture was concentrated in vacuo and 

the residue was purified via flash chromatography on silica gel (10% ethyl acetate in hexanes) to 

yield 40 as a pale yellow oil (192 mg, 89% yield). 1H NMR (500 MHz, CD3OD) δ 8.20 (d, 1 H, J = 

11 Hz), 7.67 (s, 1 H), 7.56 (d, 1 H, J = 10.5 Hz), 6.80 (dd, 1 H, J = 22, 14 Hz), 5.99 (d, 1 H, J = 22 

Hz), 5.96 (s, 2 H), 5.56 (d, 1 H, J = 14 Hz). 

Styrene rapamycin (41). A solution of 9-azajulolidine (76 mg, 0.44mmol, 4 eq), rapamycin 

(100 mg, 0.11 mmol, 1 eq) in dry DCM (4 mL) was prepared. Pentafluorophenyl carbonate 40 (85 

mg, 0.22 mmol, 2 eq) was added to the solution, the reaction mixture was stirred overnight, the 

mixture was concentrated in vacuo, and the residue was purified via flash chromatography on 

silica gel (gradient 10% ethyl acetate in DCM → 30% ethyl acetate in DCM) to yield 41 as a pale 

yellow solid (48 mg, 40% yield). 1H NMR (500 MHz, CD3OD) δ 8.15 (d, 1 H, J = 8.5 Hz), 7.72 (s, 

1 H), 7.67 (d, 1 H, J = 8.5 Hz), 6.85 (dd, 1 H, J = 11, 5 Hz), 6.48 (m, 1 H), 6.30 (d, 1 H, J = 11 

Hz), 6.19 (d, 1 H, J = 10 Hz), 6.10 (d, 1 H, J = 8 Hz), 6.05 (d, 1 H, J = 11 Hz), 5.55 (m, 3 H), 5.36 

(d, 1 H, J = 5 Hz), 5.11 (m, 2 H), 4.54 (m, 1 H), 4.13 (m, 3 H), 4.01 (d, 1 H, J = 8 Hz), 3.72 (m, 1 

H), 3.61 (d, 1 H, J = 4 Hz), 3.41 (s, 3 H), 3.29 (m, 4 H), 3.16 (s, 3 H), 2.88 (d, 1 H, J = 10 Hz), 
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2.69 (m, 1 H), 2.50 (m, 1 H), 2.33 (m, 2 H), 2.11 (m, 2 H), 1.90 (m, 1 H), 1.8 (m, 3 H), 1.68 (m, 2 

H), 1.50 (m, 4 H), 1.11 (d, 1 H, J = 7 Hz), 1.05 (m, 4 H), 0.98 (m, 8 H); 13C NMR (500 MHz, CDCl3) 

δ 139.4, 134.8, 127.7, 127.0, 126.4, 126.1, 125.3, 117.8, 99.3, 83.4, 80.9, 80.8, 76.2, 74.2, 65.7, 

57.0, 56.4, 54.9, 51.3, 45.9, 44.1, 40.2, 40.1, 35.8, 35.1, 34.3, 31.3, 30.8, 29.3, 26.4, 24.8, 22.3, 

20.7, 14.8, 14.5, 14.2, 13.0, 12.9, 12.4, 9.6; HRMS (ESI+) calcd for C61H86O17N2Na (M+H)+ 

1141.5807, found 1141.5809. 

BIST rapamycin dimer (42). A solution of styrene rapamycin 41 (40 mg, 0.035 mmol, 3 

eq), sodium bicarbonate (3.4 mg, 0.04 mmol, 3.3 eq), TBACl (6 mg, 0.02 mmol, 1.67 eq), LiCl 

(2.2 mg, 0.04 mmol, 3.3 eq), 2-5 dibromothiophene (1.36 µL, 0.012 mmol, 1 eq) in dry DMF (0.5 

mL) under nitrogen was prepared. Palladium acetate (1 mg, 0.004 mmol, 0.35 eq) was added and 

the solution was heated to 110 °C in the dark for 1.5 hours. The reaction mixture was diluted with 

ethyl acetate (5 mL), washed with water (4 x 2 mL), and brine (5 mL). The organic layer was dried 

over sodium sulfate (approximately 500 mg), concentrated in vacuo, and the residue was purified 

via flash chromatography on silica gel (25% ethyl acetate in DCM → 50% ethyl acetate in DCM) 

to yield 42 as a red solid (11 mg, 39% yield). 1H NMR (500 MHz, CD3OD) δ 8.11 (d, 2 H, J = 8.5 

Hz), 7.82 (m, 4 H), 7.68 (d, 2 H, J = 16 Hz), 7.32 (s, 2 H), 7.09 (d, 1 H, J = 16 Hz), 6.41 (m, 2 H), 

6.19 (m, 1 H), 6.08 (d, 1 H, J = 10 Hz), 5.72 (s, 1 H), 5.47 (m, 3 H), 5.26 (d, 1 H, J = 3 Hz), 5.05 

(d, 1 H, J = 6 Hz), 4.98 (m, 2 H), 4.46 (m, 1 H), 4.03 (m, 3 H), 3.92 (s, 1 H), 3.61 (d, 1 H, J = 7 

Hz), 3.48 (m, 2 H), 3.16 (m, 4 H), 3.01 (s, 3 H), 2.69 (m, 1 H), 2.37 (m, 2 H), 2.24 (m, 1 H), 2.11 

(m, 3 H), 1.92 (m, 1 H), 1.76 (m, 3 H), 1.59 (m, 2 H), 1.43 (m, 4 H), 1.04 (t, 2 H, J = 7 Hz), 0.99 

(m, 4 H), 0.92 (m, 4 H), 0.83 (m, 4 H); HRMS (ESI+) calcd for C13H16O3N5 (M+H)+ 2336.0854, 

found 2336.0811. 

Benzyl (2-nitro-5-vinylbenzyl) carbonate (43). A solution of pentafluorophenyl 

carbonate 40 (173 mg, 0.49mmol, 1 eq) in DCM (3 mL) was prepared. Benzyl alcohol (264 mg, 

2.44 mmol, 5 eq) and DMAP (169 mg, 1.46 mmol, 3 eq) were added and the solution was stirred 

at room temperature for 4 hours. The reaction mixture was concentrated in vacuo and the residue 

was purified via flash chromatography on silica gel (gradient 0% ethyl acetate in hexanes → 10% 

ethyl acetate in hexanes) to yield 43 as a yellow oil (140 mg, 97% yield). 1H NMR (300 MHz, 

CDCl3) δ 8.12 (d, 1 H, J = 8.7 Hz), 7.54 (s, 1 H), 7.49 (d, 1 H, J = 8.7 Hz), 7.38 (m, 5 H), 6.70 (dd, 

1 H, J = 17.7, 11.1 Hz), 5.92 (d, 1 H, J = 17.7), 5.63 (s, 2 H), 5.47 (d, 1 H, J = 11.1 Hz) , 5.21 (s, 

2 H), 4.75 (s, 1 H); 13C NMR (400 MHz, CDCl3) δ 154.7, 145.8, 143.3, 135.0, 134.8, 132.5, 128.8, 

126.1, 125.9, 119.0, 70.2, 66.3; HRMS (ESI+) calcd for C17H15O5NNa (M+Na)+ 336.0842, found 

336.0833.  
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Dibenzyl((((1E,1'E)-thiophene-2,5-diylbis(ethene-2,1-diyl))bis(6-nitro-3,1-
phenylene))bis(methylene)) bis(carbonate) (44). A solution of carbonate 43 (100 mg, 0.32 

mmol, 3 eq), sodium bicarbonate (36 mg, 0.35 mmol, 3.3 eq), TBACl (93 mg, 0.18 mmol, 1.67 

eq), LiCl (18 mg, 0.35 mmol, 3.3 eq), 2-5 dibromothiophene (15 µL, 0.1 mmol, 1 eq) in dry DMF 

(1.5 mL) under nitrogen was prepared. Palladium acetate (7.5 mg, 0.025 mmol, 0.25 eq) was 

added and the solution was heated to 110 °C in the dark overnight. The reaction mixture was 

diluted with ethyl acetate (10 mL), washed with water (3 x 5 mL), the organic layer was collected, 

and dried over sodium sulfate (approximately 500 mg). The solution was concentrated in vacuo 

and the residue was purified via flash chromatography on silica gel (gradient 0% ethyl acetate in 

hexanes → 40% ethyl acetate in hexanes) to yield 44 as an orange oil (43 mg, 43% yield). 1H 

NMR (300 MHz, CDCl3) δ 8.17 (d, 2 H, J = 8.7 Hz), 7.66 (s, 2 H), 7.54 (d, 2 H, J = 8.7), 7.37 (m, 

12 H), 7.09 (s, 2 H), 6.92 (d, 2 H, J = 16.2), 5.66 (s, 4 H), 5.25 (s, 4 H); 13C NMR (500 MHz, CDCl3) 

δ 154.7, 142.7, 142.3, 134.9, 132.9, 129.4, 128.8, 128.7, 128.5, 126.5, 126.2, 126.1, 125.9, 125.7, 

70.2, 66.3; HRMS (ESI+) calcd for C38H31O10N2S (M+H)+ 707.1694, found 707.1632. 
1-(2-Nitro-5-((E)-2-(5-((E)-4-nitrostyryl)thiophen-2-yl)vinyl)phenyl)ethyl 

(perfluorophenyl) carbonate (46). A solution of BIST alcohol 45 (30 mg, 0.7 mmol, 1 eq), 

bis(pentafluorophenyl) carbonate (42 mg, 1.1 mmol, 1.5 eq), and DMAP (2 mg, cat.) in dry 

acetonitrile (2 mL) was created. DIPEA (0.04 mL, 2.1 mmol, 3 eq) was added, the reaction mixture 

was stirred overnight in the dark, then concentrated in vacuo. The residue was purified via flash 

chromatography on silica gel (gradient 0% ethyl acetate in hexanes → 20% ethyl acetate in 

hexanes) to yield 46 as an orange solid (30 mg, 67% yield).  1H NMR (500 MHz, CDCl3) δ 8.24 

(d, 2 H, J = 8.5 Hz), 8.12 (d, 1 H, J = 8.5), 7.79 (s, 1 H), 7.62 (m, 3 H), 7.40 (dd, 2 H, J = 16, 11 

Hz), 7.16 (q, 2 H, J = 6 Hz), 7.00 (d, 2 H, J = 16 Hz), 6.52 (q, 1 H, J = 6 Hz), 1.86 (d, 3 H, J= 6.5 

Hz). 

Asymmetric BIST rapamycin (47). A solution of carbonate 46 (30 mg, 0.05 mmol, 2 eq), 

rapamycin (22 mg, 0.02 mmol, 1 eq), and 9-AJ (21 mg, 0.12 mmol, 5 eq) in DCM (2 mL) was 

stirred overnight at room temperature. The reaction mixture was concentrated in vacuo and the 

residue was purified via flash chromatography on silica gel (gradient 0% ethyl acetate in DCM → 

40% ethyl acetate in DCM) to yield 47 as an orange solid (3.8 mg, 21% yield). 1H NMR (500 MHz, 

CD3OD) δ 8.14 (d, 2 H, J = 8.5 Hz), 7.93 (d, 1 H, J = 8.5 Hz), 7.65 (m, 4 H), 7.50 (m, 2 H), 7.12 

(s, 2 H), 6.99 (m, 2 H), 6.43 (t, 1 H, J = 10 Hz), 6.15 (m, 3 H), 6.00 (d, 1 H, J = 10 Hz), 5.15 (m, 1 

H), 4.97 (m, 2 H), 4.37 (m, 1 H), 4.09 (t, 1 H, J = 6.5 Hz), 4.01 (m, 1 H), 3.88 (d, 1 H, J = 7 Hz), 

3.59 (d, 1 H, J = 10 Hz), 3.44 (d, 1 H, J = 6.5 Hz), 3.37 (s, 1 H), 3.17 (d, 3 H, J = 7 Hz), 3.04 (s, 3 

H), 2.72 (m, 1 H), 2. 52 (m, 1 H), 2.38 (m, 1 H), 2.20 (m, 2 H), 20.5 (m, 1 H), 1.95 (m, 2 H), 1.82 
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(m, 1 H), 1.72 (s, 2 H), 1.633 (m, 2 H), 1.55 (m, 4 H), 1.33 (m, 2 H), 1.12 (m, 2 H), 0.98 (m, 4 H), 

0.90 (m, 8 H); HRMS (ESI+) calcd for C74H99O19N4S (M+H)+ 1379.6624, found 1379.6606. 

4,4’-difluoro-8-acetoxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene  
(57). BODIPY alcohol 56 (30 mg, 0.11 mmol, 1 eq), bis(pentafluorophenyl) carbonate (63 mg, 

0.16 mmol, 1.5 eq), and DMAP (26 mg, 0.21 mmol, 2 eq) were dissolved in dry acetonitrile (1 mL) 

and stirred for 30 minutes in the dark. The reaction mixture was diluted with ethyl acetate (10 mL) 

and washed with water (2 x 5mL). The organic layer was dried over sodium sulfate (approximately 

500 mg) and concentrated in vacuo. The residue was purified via flash chromatography on silica 

gel (gradient 20% ethyl acetate in hexanes → 35% ethyl acetate in hexanes) to yield 57 as a 

purple solid (7 mg, 15% yield). 1H NMR (500 MHz, CDCl3) δ 6.02 (s, 2 H), 5.46 (s, 2 H), 2.44 (s, 

6 H), 2.32 (s, 6 H).  

4,4’-Difluoro-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene 
(60). Pyrrole 59 (129 mg, 1.05 mmol, 2 eq) was dissolved in DCM (1.5 mL) and cooled to 0 °C. 

Acetoxyacetyl chloride (0.07 mL, 0.65 mmol, 1.2 eq) was added dropwise and the solution was 

stirred for 30 minutes, then the solution was warmed to room temperature and stirred for 2 hours 

in the dark. DIPEA (0.37 mL, 2.1 mmol, 4 eq) was added dropwise, followed by boron trifluoride 

diethyletherate (0.27 mL, 2.1 mmol, 4 eq) 15 minutes later. The reaction mixture was stirred for 

30 minutes, then concentrated in vacuo. The residue was purified via flash chromatography on 

silica gel (gradient 0% ethyl acetate in hexanes → 30% ethyl acetate in hexanes) to yield 60 as a 

purple crystalline solid (81 mg, 30% yield). Characterization was confirmed with reference.138 

2,6-Diethyl-4,4’-difluoro-8-acetoxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene (61). BODIPY ester 61 (29 mg, 0.078 mmol, 1 eq) and potassium carbonate (34 mg, 

0.23 mmol, 3 eq) were suspended in a solution of DCM (0.5 mL) and methanol (0.5 mL) and 

stirred at room temperature for 3 hours in the dark. The suspension was filtered, the filtrate was 

concentrated in vacuo, and the residue was purified via flash chromatography on silica gel 

(gradient 0% ethyl acetate in hexanes → 20% ethyl acetate in hexanes) to yield 60 as a purple 

crystalline solid (9.6 mg, 40% yield). Characterization was confirmed with reference.73 

2,6-Diethyl-4,4’-difluoro-8-hydroxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene (62). BODIPY alcohol 61 (9.6 mg, 0.029 mmol, 1 eq), DMAP (1 mg, cat.), and 

bis(pentafluorophenyl) carbonate (17 mg, 0.043 mmol, 1.5 eq) were dissolved in DCM (1 mL). 

DIPEA (0.01 mL, 0.043 mmol, 1.5 eq) was added and the reaction mixture was stirred for 45 

minutes in the dark. The reaction mixture was concentrated in vacuo and purified via flash 

chromatography on silica gel (gradient 0% ethyl acetate in hexanes → 20% ethyl acetate in 
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hexanes) to yield 62 as a purple oil (10 mg, 63% yield) and was used without further 

characterization. 

N-(3-Hydroxypropyl)-4'-methyl-[2,2'-bipyridine]-4-carboxamide (70). A solution of 

bipyridine 66 (50 mg, 0.23 mmol, 1 eq), EDC (45 mg, 0.23 mmol, 1 eq), and HOBT (35 mg, 0.25 

mmol, 1.1 eq) were dissolved in DMF (1 mL) at 0 °C. Aminopropanol (28 mg, 0.37 mmol, 1.6 eq) 

was added dropwise and the reaction mixture was stirred overnight at room temperature. The 

reaction mixture was concentrated in vacuo and purified via flash chromatography on silica gel 

(gradient 0 methanol in DCM → 10% methanol in DCM) to yield 70 as a white solid (26 mg, 42% 

yield). 1H NMR (500 MHz, CD3OD) δ 8.70 (d, 1 H, J = 4.8 Hz), 8.52 (s, 1 H), 8.28 (d, 1 H, J = 5.1), 

7.78 (d, 1 H, J = 5.1 Hz), 7.50 (b, 1 H), 7.20 (d, 1 H, J = 5.1 Hz), 3.74 (t, 2 H, J = 6 Hz), 3.66 (q, 2 

H, J = 6 Hz), 2.47 (s, 3 H), 1.84 (p, 2 H, J = 6 Hz), 1.24 (t, 1 H, J = 6 Hz); 13C NMR (500 MHz, 

DMSO-d6) δ 165.2, 156.5, 155.1, 150.3, 149.6, 148.6, 143.4, 125.8, 121.9, 121.8, 118.5, 59.0, 

37.2, 32.7, 21.5; HRMS (ESI+) calcd for C15H18O2N3 (M+H)+ 272.1394, found 272.1394. 

Propyl alcohol Ru(II) tris-bypridinyl 2PF6- (71). A solution of bipyridine 70 (4 mg, 0.014 

mmol, 1 eq) and Ru(bpy)2Cl2 (7 mg, 0.014 mmol, 1 eq) in ethanol (1 mL) stirred under reflux for 5 

hours. The reaction mixture was concentrated in vacuo and redissolved in water (2 mL). 

Potassium hexafluorophosphate (20 mg, excess) was added and the mixture was swirled for 30 

minutes. The red solid was filtered and purified via flash chromatography on silica gel (gradient 

0% methanol in DCM → 10% methanol in DCM) to yield 71 as a red solid (10 mg, 90% yield). 1H 

NMR (500 MHz, CD3OD) δ 8.98 (s, 1 H), 8.66 (d, 4 H, J = 5 Hz), 8.61 (s, 1 H), 8.13 (t, 4 H, J = 5 

Hz), 7.94 (d, 1 H, J = 4 Hz), 7.84 (d, 1 H, J = 4 Hz), 7.79 (d, 4 H, J = 5 Hz), 7.74 (d, 1 H, J = 4 

Hz), 7.63 (d, 1 H, J = 4 Hz), 7.48 (t, 4 H, J = 5 Hz), 7.36 (d, 1 H, J = 4 Hz), 3.66 (t, 2 H, J = 6 Hz), 

3.51 (t, 2 H, J = 5 Hz), 2.59 (s, 3 H), 1.85 (p, 2 H, J = 5 Hz); 13C NMR (500 MHz, DMSO-d6) δ 

157.7, 157.0, 156.9, 156.8, 156.1, 152.3, 151.8, 151.6, 150.4, 142.6, 138.5, 129.4, 128.3, 125.9, 

125.6, 124.9, 121.9, 58.9, 46.3, 37.4, 32.6, 21.2; HRMS (ESI+) calcd for C35H33O2N7Ru (M+)2+ 

342.5864, found 342.5872. 

4,4-Difluoro-2,6-diiodo-1,3,5,7-tetramethyl-8-(4-(oxy-2,5-dioxopyrrolidin-1-yl 
carbonate)phenyl)- 4-bora-3a,4a-diaza-s-indacene  (76). A solution of BODIPY phenol 75 (4 

mg, 0.006 mmol 1 eq) and DSC (5 mg, 0.024 mmol, 4 eq) in acetonitrile (1 mL) was stirred 

overnight at room temperature in the dark. The reaction mixture was concentrated in vacuo and 

purified via flash chromatography on silica gel (DCM) to yield 76 as purple solid (3.6 mg, 52% 

yield). The product was used without further characterization.  

4,4-Difluoro-1,3,5,7-tetramethyl-8-(4-(propanoloxyphenyl)- 4-bora-3a,4a-diaza-s-
indacene (79). A solution of benzaldehyde 78 (57 mg, 0.32 mmol, 1 eq) in dry THF (10 mL) under 
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nitrogen was prepared. TFA (2 drops) and 2,4-dimethylpyrrole (112 mg, 1.2 mmol, 3.6 eq) were 

added and the reaction mixture was stirred overnight in the dark. DDQ (75 mg, 0.33 mmol, 1 eq) 

in dry THF (12 mL) under nitrogen was added and the reaction mixture was stirred for 4 hours. 

Triethylamine (2 mL, 27 mmol, 8.5 eq) was added and the reaction was cooled to 0 °C. Boron 

trifluoride diethyletherate (2 mL, 12.3 mmol, 3.9 eq) was added and the reaction mixture was 

stirred overnight. The mixture was filtered through celite, the celite was rinsed with DCM 

(approximately 20 mL), and the combined organic components was concentrated in vacuo. The 

residue was purified via flash chromatography on silica gel twice (gradient 0% ethyl acetate in 

DCM → 20% ethyl acetate in DCM) to yield 79 as a brown solid (87 mg, 69% yield). 1H NMR (500 

MHz, CDCl3) δ 7.16 (d, 2 H, J = 8.5 Hz), 7.00 (d, 2 H, J = 8.5 Hz), 5.97 (s, 2 H), 4.17 (t, 2 H, J = 

6 Hz), 3.90 (t, 2 H, J = 6 Hz), 2.55 (s, 6 H), 2.09 (pent, 2 H, J = 6 Hz), 1.43 (s, 6 H). 

4,4-Difluoro-2,6-diiodo-1,3,5,7-tetramethyl-8-(4-propanoloxyphenyl)- 4-bora-3a,4a-
diaza-s-indacene (80). A solution of the BODIPY 79 (566 mg, 1.42 mmol, 1 eq) and N-

iodosuccinimide (637 mg, 2.84 mmol, 2 eq) in dry DCM (4 mL) was prepared. The reaction mixture 

was stirred for 10 hours in the dark, concentrated in vacuo, and the residue was purified via flash 

chromatography on silica gel (gradient 0% ethyl acetate in DCM → 20% ethyl acetate in DCM) to 

yield 80 as a purple solid (516 mg, 56% yield). 1H NMR (300 MHz, CDCl3) δ 7.12 (d, 2 H, J = 8.7 

Hz), 7.02 (d, 2 H, J = 8.7 Hz), 4.19 (t, 2 H, J = 6 Hz), 3.92 (t, 2 H, J = 6 Hz), 2.63 (s, 6 H) 2.11 

(pent, 2 H, J = 6 Hz) 1.44 (s, 6 H), 13C NMR (400 MHz, CDCl3) δ 177.0, 159.8, 156., 145.3, 141.5, 

131.7, 129.1, 126.9, 115.4, 85.5, 65.7, 60.2, 32.0, 29.6, 17.2, 16.0, 14.2; HRMS (ESI+) calcd for 

C22H24O2N2BF2I2 (M+H)+ 650.9983, found 650.9914. 

4,4-Difluoro-2,6-diiodo-1,3,5,7-tetramethyl-8-(4-(propanoxy-2,5-dioxopyrrolidin-1-yl 
carbonate)oxyphenyl)- 4-bora-3a,4a-diaza-s-indacene (81). A solution of the BODIPY 80 (60 

mg, 0.09 mmol, 1 eq), and DSC (29 mg, 0.11 mmol, 1.2 eq) in dry acetonitrile (2 mL) was 

prepared. TEA (0.1 mL, 0.72 mmol, 8 eq) was added and the reaction mixture was stirred for 2.5 

hours in the dark. The mixture was concentrated in vacuo, and the residue was purified via flash 

chromatography on silica gel (5% ethyl acetate in DCM) to yield 81 as a purple solid (35 mg, 48% 

yield). 1H NMR (500 MHz, CDCl3) δ 7.12 (d, 2 H, J = 8.5 Hz), 7.02 (d, 2 H, J = 8.5 Hz), 4.57 (t, 2 

H, J = 6.5 Hz), 4.14 (t, 2 H, J = 6.5 Hz), 2.84 (s, 4 H), 2.63 (s, 6 H), 2.11 (pent, 2 H, J = 6.5 Hz), 

1.43 (s, 6 H). 

BODIPY propyl rapamycin (82). A solution of NHS carbonate 81 (36 mg, 0.045 mmol, 

1.33 eq), rapamycin (30 mg, 0.033 mmol, 1 eq), and DMAP (10 mg, 0.82 mmol, 1.8 eq) in DCM 

(1 mL) was stirred at room temperature for 20 hours in the dark. The reaction mixture was 

concentrated in vacuo and purified via flash chromatography on silica gel (gradient 0% ethyl 
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acetate in DCM → 35% ethyl acetate in DCM) to yield 82 as a purple solid (16 mg, 31% yield). 1H 

NMR (500 MHz, CD3OD) δ 7.24 (d, 2 H, J = 8.5 Hz), 7.15 (d, 2 H, J = 8.5 Hz), 6.48 (dd, 1 H, J = 

14.5, 10 Hz), 6.35 (m, 1 H), 6.19 (dd, 1 H, J = 14.5, 11 Hz), 6.10 (d, 1 H, J = 10 Hz), 5.49 (m, 2 

H), 5.23 (d, 1 H, J = 6.5 Hz), 5.09 (m, 2 H), 4.46 (m, 1 H), 4.37 (t, 2 H, 6.5 Hz), 4.28 (p, 2 H, J = 

6.5 Hz), 4.00 (d, 1 H, J = 4 Hz), 3.69 (d, 1 H, J = 7 Hz), 3.52 (m, 1 H), 3.40 (s, 3 H), 3.27 (s, 3 H), 

3.16 (m, 3 H), 2.72 (d, 1 H, J = 6.5 Hz), 2.60 (s, 6 H), 2.49 (dd, 1 H, J = 12, 7.5 Hz), 2.28 (m, 1 

H), 2.22 (m, 4 H), 2.05 (m, 2 H), 1.91 (m, 1 H), 1.82 (s, 3 H), 1.72 (m, 3 H), 1.57 (m, 2 H), 1.52 (s, 

6 H), 1.49 (m, 4 H), 1.25 (t, 1 H, J = 6.5 Hz), 1.20 (d, 2 H, J = 6.5 Hz), 1.01 (d, 2 H, J = 7 Hz), 0.99 

(d, 2 H, J = 6.5 Hz), 0.86 (m, 5 H).  

4,4-Difluoro-1,3,5,7-tetramethyl-8-(4-(propargyloxyphenyl)- 4-bora-3a,4a-diaza-s-
indacene (87). A solution of benzaldehyde 86 (333 mg, 2.1 mmol, 1 eq) in dry THF (45 mL) under 

nitrogen was prepared. TFA (2 drops) and 2,4-dimethylpyrrole (0.8 mL, 7.8 mmol, 3.7 eq) were 

added and the reaction mixture was stirred overnight. DDQ (500 mg, 2.1 mmol, 1 eq) in dry THF 

(20 mL) under nitrogen was added and the reaction mixture was stirred for 4 hours in the dark. 

Triethylamine (12 mL, 86 mmol, 40 eq) was added and the reaction was cooled to 0 °C. Boron 

trifluoride diethyletherate (12 mL, 97 mmol, 45 eq) was added and the reaction mixture was stirred 

overnight. The mixture was filtered through celite, the celite was washed with DCM, and the 

solvents were concentrated in vacuo. The residue was purified via flash chromatography on silica 

gel two times (DCM) to yield 87 as a dark solid (242 mg, 30% yield). 1H NMR (500 MHz, CDCl3) 

δ 7.19 (d, 2 H, J = 8.5 Hz), 7.08 (d, 2 H, J = 8.5 Hz), 5.97 (s, 2 H), 4.75 (s, 2 H), 2.56 (s, 6 H), 

2.54 (s, 1 H), 1.42 (s, 6 H); 13C NMR (500 MHz, CDCl3) δ 158.2, 155.4, 143.1, 141.5, 131.8, 129.3, 

128.1, 121.2, 115.7, 56.1, 14.5; HRMS (ESI+) calcd for C22H2ON2BF2 (M+H)+ 379.1788, found 

379.1797. 
4,4-Difluoro-2,6-diiodo-1,3,5,7-tetramethyl-8-(4-propargyloxyphenyl)- 4-bora-3a,4a-

diaza-s-indacene  (88). A solution of BODIPY 87 (200 mg, 0.53 mmol, 1 eq) and N-

iodosuccinimide (637 mg, 1.07 mmol, 2 eq) in dry DCM (5 mL) was prepared. The reaction mixture 

was stirred for 10 hours in the dark, concentrated in vacuo, and the residue was purified via flash 

chromatography on silica gel (50% DCM in hexanes) to yield 88 as a purple solid (296 mg, 89% 

yield). 1H NMR (500 MHz, CDCl3) δ 7.16 (d, 2 H, J = 8.5 Hz), 7.11 (d, 2 H, J = 8.5 Hz), 4.77 (s, 2 

H), 2.64 (s, 6 H), 2.57 (s, 1 H), 1.44 (s, 6 H); 13C NMR (500 MHz, CDCl3) δ 158.5, 156.7, 145.3, 

141.2, 131.7, 129.2, 127.7, 116.0, 56.1, 17.1, 16.0; HRMS (ESI+) calcd for C22H20ON2BF2I2 (M+H)+ 

630.9721, found 630.9724. 
2-(2-(2-Azidoethoxy)ethoxy)ethyl (perfluorophenyl) carbonate (92). A solution of 

triethylene glycol azide 91 (50 mg, 0.29 mmol, 1 eq) and bis(pentafluorophenyl) carbonate (134 
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mg, 0.37 mmol, 1.3 eq) in DCM (3 mL) was prepared. DIPEA (0.16 mL, 0.86 mmol, 3 eq) was 

added and the reaction mixture was stirred for 1 hour. The reaction mixture was concentrated in 

vacuo and the residue was purified via flash chromatography on silica gel (gradient 10% ethyl 

acetate in hexanes → 20% ethyl acetate in hexanes) to yield 92 as a colorless oil (106 mg, 91% 

yield). 1H NMR (500 MHz, CDCl3) δ 4.47 (p, 2 H, J = 4.5 Hz), 3.80 (p, 2 H, J = 4.8 Hz), 3.67 (m, 

6 H), 3.37 (t, 2 H, J = 5.1 Hz).  

Triethylene glycol azido rapamycin (93). A solution of pentafluorophenyl carbonate 92 
(96 mg, 0.3 mmol, 2 eq), rapamycin (128 mg, 0.14 mmol, 1 eq) and DMAP (75 mg, 0.6 mmol, 4 

eq) in dry DCM (2 mL) was stirred overnight at room temperature. The reaction mixture was 

concentrated in vacuo and purified via flash chromatography on silica gel (gradient 30% ethyl 

acetate in DCM → 50% ethyl acetate in DCM) to yield 93 as a white solid (47 mg, 30% yield). 1H 

NMR (500 MHz, CD3OD) δ 6.36 (dd, 1 H, J = 14.5, 10 Hz), 6.19 (dd, 1 H, J = 14.5, 9 Hz), 6.10 (d, 

1 H, J = 10 Hz), 6.02 (d, 1 H, J = 9 Hz), 5.39 (dd, 1 H, J = 16.5, 11 Hz), 5.17 (d, 1 H, J = 8 Hz), 

5.00 (m, 2 H), 4.39 (m, 1 H), 4.16 (t, 4 H, J = 6.5 Hz), 4.05 (m, 1 H), 3.90 (d, 1 H, J = 7 Hz), 3.69 

(m, 1 H), 3.65 (p, 4 H, J = 6.5 Hz), 3.49 (p, 4 H, J = 6.5 Hz), 3.40 (m, 1 H), 3.39 (s, 2 H), 3.25 (s, 

3 H), 3.19 (m, 2 H), 3.05 (m, 3 H), 2.9 (m, 1 H), 2.72 (m, 2 H), 2.55 (m, 1 H), 2.39 (dd, 1 H, J = 

16.5, 11 Hz), 2.22 (t, 1 H, J = 6 Hz), 2.16 (m, 1 H), 2.06 (m, 2 H), 2.01 (m, 2 H), 1.81 (d, 2 H, J = 

6.5 Hz), 1.75 (s, 3 H), 1.63 (m, 5 H), 1.52 (d, 2 H, J = 7 Hz), 1.32 (q, 2 H, J = 6.5 Hz), 1.21 (m, 2 

H), 1.10 (m, 2 H), 0.98 (d, 2 H, J = 6.5 Hz), 0.95 (d, 2 H, J = 7 Hz), 0.90 (d, 2 H, J = 6.5 Hz), 0.81 

(d, 2 H, J = 6.5 Hz), 0.77 (d, 2 H, J = 7 Hz); 13C NMR (500 MHz, CDCl3) δ 219.4, 208.2, 169.2, 

166.8, 154.8, 140.2 136.1, 135.6, 133.7, 130.2, 129.6, 126.6, 126.4, 98.8, 98.5, 84.8, 84.4, 80.8, 

80.3, 77.4, 77.2, 77.0, 76.7, 75.5, 72.5, 69.1, 67.2, 66.8, 61.8, 59.4, 57.5, 55.9, 51.3, 50.7, 46.6, 

44.2, 41.5, 40.7, 40.2, 38.8, 38.2, 35.7, 35.1, 33.8, 33.2, 32.88, 31.3, 29.7, 27.3, 27.0, 25.3, 21.5, 

20.7, 16.2, 16.0, 15.9, 13.8, 13.1, 10.3, 10.2; HRMS (ESI+) calcd for C58H91O17N4 (M+H)+ 

1115.6374, found 1115.6362. 

Triethylene glycol BODIPY rapamycin (94). A solution of BODIPY alkyne 88 (10 mg, 

0.015 mmol, 2 eq), CuI (6 mg, 0.30 mmol, 4 eq), and azido rapamycin 93 (7 mg, 0.07 mmol, 1 eq) 

in dry DCM (1.75 mL) in the dark was prepared. DIPEA (0.05 mL, 0.29 mmol, 4 eq) was added 

and the solution was stirred at room temperature for 2 hours. The reaction mixture was 

concentrated in vacuo and the residue was purified via flash chromatography on silica gel 

(gradient 30% ethyl acetate in DCM → 50% ethyl acetate in DCM) to yield 94 as a purple solid 

(10 mg, 91% yield). 1H NMR (500 MHz, CD3OD) δ 8.23 (s, 1 H), 7.31 (s, 4 H), 6.36 (dd, 1 H, J = 

14.5, 10 Hz), 6.19 (dd, 1 H, J = 14.5 9 Hz), 6.10 (d, 1 H, J = 10 Hz), 6.02 (d, 1 H, J = 9 Hz), 5.51 

(s, 2 H), 5.39 (m, 1 H), 5.17 (d, 1 H, J = 6.5 Hz), 4.98 (m, 2 H), 4.38 (m, 1 H), 4.16 (t, 4 H, J = 6.5 
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Hz), 4.05 (m, 1 H), 3.88 (d, 1 H, J = 3 Hz), 3.70 (m, 1 H), 3.65 (p, 4 H, J = 6.5 Hz), 3.48 (p, 4 H, J 

= 6.5 Hz), 3.40 (m, 1 H), 3.39 (s, 2 H), 3.22 (s, 3 H), 3.16 (m, 2 H), 3.05 (m, 3 H), 2.90 (m, 1 H), 

2.72 (m, 2 H), 2.62 (s, 6 H), 2.55 (m, 1 H), 2.38 (dd, 1 H, J = 10, 8 Hz), 2.22 (t, 1 H, J = 6.5 Hz), 

2.15 (d, 1 H, J = 7 Hz), 2.06 (m, 2 H), 2.00 (m, 2 H), 1.81 (d, 2 H, J = 5 Hz), 1.74 (s, 3 H), 1.63 

(m, 5 H), 1.55 (d, 2 H, J = 6.5 Hz), 1.44 (s, 6 H), 1.30 (q, 2 H J = 5 Hz), 1.21 (m, 2 H), 1.11 (m, 2 

H), 0.97 (d, 2 H, J = 6.5 Hz), 0.95 (d, 2 H, J = 7 Hz), 0.89 (d, 2 H, J = 5 Hz), 0.81 (d, 2 H, J = 6.5 

Hz), 0.77 (d, 2 H, J = 7 Hz); 13C NMR (500 MHz, CDCl3) δ 219.4, 208.2, 169.2, 166.8, 159.4, 

156.6, 154.8, 145.3, 141.4 136.1, 135.6, 133.7, 130.2, 129.8, 127.2, 126.4, 124.3, 115.8, 98.5, 

85.6, 84.4, 80.8, 80.3, 77.4, 75.5, 70.5, 69.5, 69.0, 66.7, 62.1, 59.4, 57.5, 55.9, 51.3, 50.4, 46.6, 

44.2, 41.5, 40.5, 38.8, 38.2, 35.7, 35.1, 33.8, 33.2, 32.88, 31.3, 29.7, 27.3, 25.3, 21.5, 20.7, 17.2, 

16.0, 15.9, 13.8, 13.2, 10.2;  HRMS (ESI+) calcd for C80H110O18N6BF2I2 (M+H)+ 1745.6022, found 

1745.6071. 

3-(2-(4-(Hydroxymethyl)phenyl)hydrazineylidene)pentane-2,4-dione (100). Benzyl 

alcohol 99 (1.25 g, 10.1 mmol, 1 eq) was dissolved in acetic acid (15 mL) and cooled to 0 °C. 

Concentrated HCl (2.3 mL) was added dropwise. Sodium nitrite (839 mg, 12.1 mmol, 1.2 eq) was 

dissolved in minimal H2O and added dropwise to the reaction mixture. After 45 minutes, a solution 

of 2,4-pentanedione (1.35 mL, 13.4 mmol, 1.3 eq), sodium acetate (2.46 mg, 30.9 mmol, 3 eq), 

ethanol (10 mL) and H2O (6 mL) was added in portions. After stirring overnight at room 

temperature, the yellow precipitate was collected. The solid was washed with hexanes, and dried 

under vacuum to yield 100 as a bright yellow solid (1.055 g, 44% yield). 1H NMR (500 MHz, CDCl3) 

δ 14.78 (b, 1 H), 7.43 (s, 4 H), 4.74 (s, 2 H), 2.63 (s, 3 H), 2.52 (s, 3 H). 13C NMR (500 MHz, 

CDCl3) δ 197.2, 140.9, 139.3, 128.0, 115.9, 63.3, 30.1, 25.1, 21.4; HRMS (M+H)+ calcd for 

C13H17ON4 (M+H)+ 245.1397, found 245.1404. 

(E)-(4-((1,3,5-Trimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)methanol (101). A solution of 

diketone 100 (1.055 g, mmol, 1 eq) in ethanol (50 mL) was heated to reflux with stirring. 

Methylhydrazine (4.5 mL, excess) was added to the solution, and the reaction mixture was stirred 

for 2.5 hours. The reaction mixture was then concentrated in vacuo to yield 101 as an orange 

solid (952 mg, 87% yield). 1H NMR (400 MHz, CDCl3) δ 7.78 (d, 2 H, J = 8 Hz), 7.45 (d, 2 H, J = 

8 Hz), 4.76 (s, 2H), 3.78 (s, 3H), 2.58 (s, 3 H), 2.50 (s, 3 H); 13C NMR (500 MHz, CDCl3) δ 153.2, 

142.5, 142.0, 138.7, 127.4, 122.0, 65.0, 35.9, 18.4, 13.8, 10.0; HRMS (ESI+) calcd for C13H17ON4 

(M+H)+ 245.1397, found 245.1404. 
(E)-(4-((3,5-Dimethyl-1-phenyl-1H-pyrazol-4-yl)diazenyl)phenyl)methanol (102). A 

solution of diketone 100 (201 mg, 0.85 mmol, 1 eq) in ethanol (5 mL) was prepared. 

Phenylhydrazine (0.1 mL, 0.85 mmol, 1 eq) was added and the reaction mixture was stirred under 
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reflux for 2 hours. The reaction mixture was then concentrated in vacuo and the residue was 

purified via flash chromatography on silica gel (1% acetone in chloroform) to yield 102 as an 

orange solid (157 mg, 60 % yield). 1H NMR (500 MHz, CDCl3) δ 7.71 (d, 2 H, J = 8 Hz), 7.51 (m, 

7 H), 4.74 (s, 3H), 2.65 (s, 3 H), 2.59 (s, 3 H); 13C NMR (500 MHz, CDCl3) δ 153.1, 143.9, 142.4, 

139.2, 138.9, 136.2, 129.3, 128.2, 127.5, 124.9, 122.1, 64.9, 14.0, 11.4; HRMS (ESI+) calcd for 

C18H19ON4 (M+H)+ 307.1553, found 307.1554. 
(E)-(4-((3,5-Dimethyl-1-(naphthalen-1-yl)-1H-pyrazol-4-yl)diazenyl)phenyl)methanol 

(103). A solution of diketone 100 (200 mg, 0.85 mmol, 1 eq) and napthylhydrazine (170 mg, 1.07 

mmol, 1.25 eq) in ethanol (10 mL) was stirred at room temperature overnight. The reaction mixture 

was concentrated in vacuo and purified via flash chromatography on silica gel (1% acetone in 

chloroform) to yield 103 as an orange solid (50 mg, 17% yield). 1H NMR (500 MHz, CDCl3) δ 8.03 

(d, 1 H, J = 9 Hz), 7.98 (d, 1 H, J = 9 Hz), 7.87 (d, 2 H, J = 8 Hz), 7.55 (m, 7 H), 4.77 (s, 2 H), 2.68 

(s, 3 H), 2.45 (s, 3 H); 13C NMR (500 MHz, CD3OD) δ 152.8, 143.5, 141.1, 134.6, 130.0, 128.1, 

127.5, 126.7, 125.5, 122.1, 114.3, 109.4, 78.1, 63.5, 25.1, 14.1, 12.5, 9.2; HRMS (ESI+) calcd for 

C22H21ON4 (M+H)+ 357.1710, found 357.1728. 

(E)-2,5-Dioxopyrrolidin-1-yl (4-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzyl) 
carbonate (104). A solution of benzyl alcohol 101 (75 mg, 0.31 mmol, 1 eq) and DSC (104 mg, 

0.41 mmol, 1.3 eq) in dry acetonitrile (1.5 mL) under nitrogen was prepared. Triethylamine (0.07 

mL, 0.95 mmol, 3 eq) was added and the reaction mixture was stirred for 4 hours. The mixture 

was concentrated in vacuo, and the residue was purified via flash chromatography on silica gel 

(gradient 15% ethyl acetate in DCM → 40% ethyl acetate in DCM) to yield 104 as an orange solid 

(53 mg, 45% yield). 1H NMR (300 MHz, CDCl3) δ 7.77 (d, 2 H, J = 6.9 Hz), 7.45 (d, 2 H, J = 8.7 

Hz), 5.27 (s, 2H), 3.75 (2, 3H), 2.80 (s, 4H), 2.54 (s, 3 H), 2.46 (s, 3 H). 

(E)-4-((3,5-Dimethyl-1-phenyl-1H-pyrazol-4-yl)diazenyl)benzyl (2,5-dioxopyrrolidin-
1-yl) carbonate (105). A solution of benzyl alcohol 102 (61 mg, 0.20 mmol, 1 eq) and DSC (120

mg, 0.47 mmol, 2.4 eq) in dry acetonitrile (2 mL) was prepared. Triethylamine (0.2 mL, 2.72 mmol,

13 eq) was added and the reaction mixture was stirred at room temperature for 20 hours, then

concentrated in vacuo. The residue was purified via flash chromatography on silica gel (1%

acetone in chloroform) to yield 105 as an orange solid (56 mg, 63% yield). 1H NMR (500 MHz,

CDCl3) δ 7.59 (d, 2 H, J = 8.5 Hz), 7.49 (d, 2 H, J = 8.5 Hz), 7.38 (m, 5 H), 5.18 (s, 2 H), 2.83 (s,

3 H), 2.65 (s, 3 H), 2.58 (s, 4 H).

(E)-4-((3,5-Dimethyl-1-(naphthalen-1-yl)-1H-pyrazol-4-yl)diazenyl)benzyl (2,5-
dioxopyrrolidin-1-yl) carbonate (106). A solution of benzyl alcohol 103 (69 mg, 0.19 mmol, 1 

eq) and DSC (74 mg, 0.29 mmol, 1.5 eq) in dry acetonitrile (3 mL). Triethylamine (0.08 mL, 0.6 
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mmol, 3 eq) was added and the reaction mixture was stirred overnight. The reaction mixture was 

concentrated in vacuo and the residue was purified via flash chromatography on silica gel (0% 

ethyl acetate in DCM → 5% ethyl acetate in DCM) to yield 106 as an orange solid (90 mg, 96% 

yield). 1H NMR (500 MHz, CDCl3) δ 8.00 (d, 1 H, J = 8.5 Hz), 7.95 (d, 1 H, J = 8.5 Hz), 7.85 (d, 2 

H, J = 8 Hz), 7.50 (m, 7 H), 5.38 (s, 2 H), 2.66 (s, 4 H), 2.59 (s, 3 H), 2.42 (s, 3 H).  
Methyl arylazopyrazole rapamycin (107). A solution of NHS carbonate 104 (53 mg, 0.14 

mmol, 1.4 eq), rapamycin (94 mg, 0.10 mmol, 1 eq), and DMAP (48 mg, 0.39 mmol, 3.9 eq) in 

dry DCM (1 mL) under nitrogen was prepared. The reaction mixture was stirred at room 

temperature overnight, concentrated in vacuo, and the residue was purified via flash 

chromatography on silica gel (20% ethyl acetate in DCM → 40% ethyl acetate in DCM) to yield 

107 as a yellow solid (16 mg, 12% yield). 1H NMR (500 MHz, CD3OD) δ 7.77 (d, 2 H, J = 8.5 Hz), 

7.49 (d, 2 H, J = 8.5 Hz), 6.48 (dd, 1 H, J = 12, 10 Hz), 6.30 (dd, 1 H, J = 12, 9 Hz), 6.21 (d, 1 H, 

J = 9 Hz), 6.12 (d, 1 H J = 10 Hz), 5.47 (dd, 1 H, J = 11, 9.5 Hz), 5.22 (m, 3 H), 5.11 (m, 2 H), 

4.51 (m, 1 H), 4.16 (m, 2 H), 4.01 (d, 1 H, J = 3 Hz), 3.78 (s, 3 H), 3.39 (s, 2 H), 3.26 (s, 3 H), 3.11 

(s, 3 H), 2.81 (d, 1 H, J = 7 Hz), 2.67 (m, 4 H), 2.47 (s, 3 H), 2.31 (m, 2 H), 2.16 (m, 2 H), 1.91 (d, 

1 H, J = 6.5 Hz), 1.82 (s, 2 H), 1.71 (s, 3 H), 1.64 (m, 2 H), 1.53 (m, 1 H), 1.48 (q, 2 H, J = 6.5 

Hz), 1.33 (m, 1 H), 1.21 (m, 2 H), 1.09 (d, 2 H, J = 6.5 Hz), 1.01 (d, 2 H, J = 7 Hz), 0.98 (d, 2 H, J 

= 7 Hz), 0.90 (d, 2 H, J = 7 Hz), 0.83 (d, 2 H, J = 6.5 Hz); 13C NMR (500 MHz, CD3OD) δ 207.3, 

198.4, 169.7, 167.8, 139.4, 136.9, 134.6, 132.7, 130.9, 129.1, 128.8, 127.7, 126.4, 121.4, 1202, 

99.3, 85.9, 83.4, 80.9, 76.2, 74.1, 68.6, 67.2, 56.9, 54.9, 51.3, 45.9, 44.1, 40.4, 40.1, 40.0, 38.5, 

35.8, 35.1, 34.7, 34.3, 33.7, 32.6, 31.3, 30.0, 29.3, 26.6, 26.5, 24.8, 24.7, 22.3, 20.7, 20.4, 19.6, 

14.7, 14.5, 14.2, 13.0, 12.4, 9.6, 8.4; HRMS (ESI+) calcd for C65H94O15N5 (M+H)+ 1184.6741, 

found 1184.6750. 

Phenyl arylazopyrazole rapamycin (108). A solution of NHS carbonate 105 (56 mg, 0.12 

mmol, 3 eq), rapamycin (38 mg, 0.04 mmol, 1 eq), and DMAP (25 mg, 0.22 mmol, 5.5 eq) in dry 

DCM (1 mL) under nitrogen was prepared and stirred overnight. The reaction mixture was 

concentrated in vacuo, then the residue was purified via flash chromatography on silica gel (30% 

ethyl acetate in DCM) to yield 108 as an orange solid (5 mg, 10% yield). 1H NMR (500 MHz, 

CD3OD) δ 7.73 (d, 2 H, J = 8.5 Hz), 7.48 (m, 7 H), 6.40 (dd, 1 H, J = 12, 10 Hz), 6.22 (dd, 1 H, J 

= 12 Hz, 9 Hz), 6.14 (d, 1 H, J = 10 Hz), 6.06 (d, 1 H, J = 9 Hz), 5.39 (dd, 1 H, J = 14, 10 Hz), 

5.17 (m, 3 H), 5.03 (m, 2 H), 4.41 (m, 1 H), 4.14 (m, 2 H), 4.11 (d, 1 H, J = 7 Hz), 4.02 (m, 1 H), 

3.92 (d, 1 H, J = 3 Hz), 3.61 (d, 1 H, J = 6.5 Hz), 3.50 (d, 1 H, J = 6.5 Hz), 3.37 (s, 3 H), 3.29 (s, 

3 H), 3.21 (s, 3 H), 3.05 (s, 3 H), 2.72 (d, 1 H, J = 6.5 Hz), 2.59 (s, 3 H), 2.48 (s, 3 H), 2.41 (dd, 1 

H, J = 12, 6 Hz), 2.20 (m, 1 H), 2.09 (m, 2 H), 1.81 (d, 1 H, J = 7 Hz), 1.78 (s, 3 H), 1.64 (m, 4 H), 
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1.45 (m, 2 H), 1.29 (m, 3 H), 1.11 (m, 1 H), 0.98 (d, 2 H, J = 6.5 Hz), 0.91 (d, 2 H, J = 6 Hz), 0.85 

(d, 2 H, J = 7 Hz), 0.81 (d, 2 H, J = 7 Hz), 0.77 (d, 2 H, J = 6.5 Hz); 13C NMR (500 MHz, CD3OD) 

δ 207.3, 198.4, 169.7, 167.8, 153.4, 144.4, 139.4, 138.7, 137.8, 137.6, 132.7, 130.9, 129.1, 128.9, 

127.7, 125.1, 124.9, 121.6, 120.3, 99.3, 85.9, 83.4, 80.9, 80.5, 76.2, 74.1, 68.5, 57.0, 56.5, 54.9, 

51.3, 45.9, 44.1, 40.4, 40.0, 38.5, 35.8, 35.1, 34.3, 33.7, 32.6, 31.3, 30.8, 30.0, 29.3, 26.4, 24.7, 

22.3, 20.7, 20.4, 14.7, 14.6, 14.2, 13.0, 12.6, 12.4, 10.1, 9.8, 9.5; HRMS (ESI+) calcd for 

C70H96O15N5 (M+H)+ 1246.6897, found 1246.6929. 
Naphthyl arylazopyrazole rapamycin (109). A solution of the NHS carbonate 106 (90 

mg, 0.18 mmol, 3 eq), DMAP (40 mg, 0.33 mmol, 5.5 eq) and rapamycin (50 mg, 0.06 mmol, 1 

eq) in dry DCM (3 mL) under nitrogen was prepared. The reaction was stirred at room temperature 

for 2 days, then concentrated in vacuo. The residue was purified via flash chromatography on 

silica gel (gradient 35% ethyl acetate in DCM → 50% ethyl acetate in DCM) to yield 109 as an 

orange solid (9 mg, 13% yield). 1H NMR (500 MHz, CD3OD) δ 8.17 (d, 1 H, J = 9 Hz), 8.11 (d, 1 

H, J = 9 Hz), 7.86 (m, 2 H), 7.60 (m, 8 H), 7.38 (d, 1 H, J = 8.5 Hz), 6.48 (dd, 1 H, J = 14, 10 Hz), 

6.32 (dd, 1 H, J = 14, 9 Hz), 6.10 (m, 2 H), 5.51 (m, 2 H), 5.38 (t, 1 H, J = 6 Hz), 5.26 (m, 3 H), 

5.12 (m, 2 H), 4.62 (m, 1 H), 4.29 (m, 2 H), 4.05 (d, 1 H, J = 6.5 Hz), 3.73 (d, 1 H, J = 8 Hz), 3.58 

(d, 1 H, J = 6.5 Hz), 3.49 (m, 5 H), 3.17 (s, 3 H), 3.05 (m, 1 H), 2.89 (s, 3 H), 2.89 (m, 1 H), 2.62 

(s, 2 H), 2.45 (m, 1 H), 2.30 (m, 1 H), 2.17 (m, 1 H), 2.02 (m, 2 H), 1.91 (m, 1 H), 1.81 (m, 2 H), 

1.77 (m, 1 H), 1.59 (m, 4 H), 1.48 (m, 1 H), 1.31 (m, 1 H), 1.17 (m, 2 H), 1.09 (m, 1 H), 0.98 (d, 2 

H, 7 Hz), 0.92 (d, 2 H, 6.5 Hz), 0.81 (m, 6 H); 13C NMR (500 MHz, CDCl3) δ 208.2, 169.2, 166.8, 

1154.8, 153.6, 144.2, 141.1, 140.2, 136.7, 136.1, 135.5, 1335.2, 134.3, 133.7, 130.3, 130.2, 

129.9, 129.6, 129.1, 128.9, 128.2, 127.6, 128.9, 128.2, 127.6, 126.8, 126.7, 126.4, 125.3, 125.1, 

122.9, 122.1, 120.6, 98.5, 84.8, 84.4, 80.9, 80.5, 69.1, 67.2, 59.4, 57.6, 55.9, 55.8, 53.4, 51.3, 

46.6, 44.2, 41.5, 40.7, 40.2, 38.9, 38.3, 36.1, 35.8, 35.2, 34.7, 33.2, 32.8, 31.6, 31.3, 29.7, 29.1, 

27.3,27.1, 26.9, 25.3, 22.7, 21.5, 20.7, 20.6, 18.8, 16.4, 16.3, 16.1, 15.9, 15.8, 14.1, 14.0, 13.8, 

13.1, 12.9, 11.4, 10.7, 10.3, 10.1; HRMS (ESI+) calcd for C74H98O15N5 (M+H)+ 1296.7054, found 

1296.7084. 
(E)-(4-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)methanol (110). Dione 100 

(500 mg, 2.1 mmol, 1 eq) and hydrazine (0.134 mL, 4.2 mmol, 2 eq) were dissolved in ethanol 

(10 mL) and stirred at room temperature for 1 hour. The reaction mixture was concentrated in 

vacuo to give 110 as an orange solid (502 mg, 95% yield). 1H NMR (500 MHz, CD3OD) δ 7.41 (d, 

2 H, J = 8.5 Hz), 7.13 (d, 2 H, J = 8.5 Hz), 4.35 (s, 2 H), 3.29 (q, 1 H, J = 6.5 Hz), 2.26 (t, 1 H, J 

= 2.5 Hz), 2.20 (s, 6 H), 0.85 (t, 1 H, J = 6.5 Hz); 13C NMR (500 MHz, CD3OD) δ 152.8, 146.7, 
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143.1, 134.2, 130.8, 128.3, 127.1, 121.4, 115.1, 63.9; HRMS (ESI+) calcd for C12H15ON4 (M+H)+ 

231.1240, found 231.1237. 

(E)-(4-((1-Butyl-3,5-dimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)methanol (111). A 

suspension of arylazopyrazole 110 (100 mg, 0.44 mmol, 1 eq) and KOH (24 mg, 0.44 mmol, 1 

eq) in acetonitrile (6 mL) was created. Butyl iodide (0.054 mL, 0.48 mmol, 1.1 eq) was added and 

heated under reflux overnight. The reaction mixture was concentrated in vacuo and the residue 

was purified via flash chromatography on silica gel (gradient 0% ethyl acetate in DCM → 30% 

ethyl acetate in DCM) to yield 111 as a yellow solid. 1H NMR (500 MHz, CDCl3) δ 7.79 (d, 2 H, J 

= 8.5 Hz), 7.47 (d, 2 H, J = 8.5 Hz), 4.78 (s, 2 H), 4.05 (t, 2 H, J = 7 Hz), 2.60 (s, 3 H), 2.52 (s, 3 

H), 1.83 (p, 2 H, J = 7 Hz), 1.59 (s, 1 H), 1.41 (hex, 2 H, J = 7 Hz), 0.98 (t, 3 H, J = 7 Hz); 13C 

NMR (500 MHz, CDCl3) δ 153.3, 142.4, 141.9, 138.4, 135.0, 127.5 ,121.9, 65.1, 48.9, 32.1, 19.9, 

14.0, 13.7, 9.9; HRMS (ESI+) calcd for C16H23ON4 (M+H)+ 287.1879, found 287.1866. 

(E)-1-(4-((4-(Hydroxymethyl)phenyl)diazenyl)-3,5-dimethyl-1H-pyrazol-1-yl)hexan-1-
one (112).  A suspension of arylazopyrazole 110 (100 mg, 0.44 mmol, 1 eq) and KOH (24 mg, 

0.44 mmol, 1 eq) in acetonitrile (8 mL) was created. Bromohexane (71 mg, 0.44 mmol, 1 eq) was 

added and the reaction mixture was heated to reflux overnight. The reaction mixture was 

concentrated in vacuo and the residue was purified via flash chromatography on silica gel 

(gradient 0% ethyl acetate in DCM → 20% ethyl acetate in DCM) to yield 111 as an orange oil 

(57 mg, 40%). 1H NMR (500 MHz, CDCl3) δ 7.80 (d, 2 H, J= 8.5 Hz), 7.48 (d, 2 H, J = 8.5 Hz), 

4.78 (s, 2 H), 4.04 (t, 2 H, J = 6.5 Hz), 2.61 (s, 3 H), 2.53 (s, 3 H), 1.73 (p, 2 H, J = 6.5 Hz), 1.35 

(m, 6 H), 0.92 (t, 3 H, J = 6.5 Hz); 13C NMR (500 MHz, CD3OD) δ 153.3, 142.4, 141.9, 138.4, 

135.0, 127.5, 121.9, 65.1, 49.1, 31.4, 30.0, 26.4, 22.5, 14.0, 9.9; HRMS (ESI+) calcd for 

C68H100O15N5 (M+H)+ 1226.7225, found 1226.7210. 

(E)-4-((1-Butyl-3,5-dimethyl-1H-pyrazol-4-yl)diazenyl)benzyl (2,5-dioxopyrrolidin-1-
yl) carbonate (113). A solution of arylazopyrazole 111 (50 mg, 0.18 mmol, 1 eq), DSC (67 mg, 

0.27 mmol, 1.5 eq), and DMAP (5 mg, cat.) in acetonitrile (3 mL) was prepared. DIPEA (0.09 mL, 

0.54 mmol, 3 eq) was added and the reaction mixture was stirred at room temperature for 3 hours. 

The reaction mixture was concentrated in vacuo and purified via flash chromatography on silica 

gel (gradient 0% ethyl acetate in DCM → 25% ethyl acetate in DCM) to yield 113 as an orange 

oil (73 mg, 97% yield). 1H NMR (500 MHz, CDCl3) δ 7.79 (d, 2 H, J = 8.5 Hz), 7.59 (d, 2 H, J = 

8.5 Hz), 5.20 (s, 2 H), 4.05 (t, 2 H, J = 6.5 Hz), 2.61 (s, 3 H), 2.52 (s, 3 H), 1.86 (p, 2 H, J = 6.5 

Hz), 1.39 (p, 2 H, J = 6.5 Hz), 1.29 (m, 4 H), 1.02 (t, 3 H, J = 6.5 Hz). 

(E)-2,5-Dioxopyrrolidin-1-yl (4-((1-hexanoyl-3,5-dimethyl-1H-pyrazol-4-
yl)diazenyl)benzyl) carbonate (114).  A solution of arylazopyrazole 112 (55 mg, 0.16 mmol, 1 



77 
 

eq), DSC (53 mg, 0.21 mmol, 1.3 eq), and DMAP (5 mg, cat.) in acetonitrile (3 mL) was created. 

DIPEA (0.1 mL, 0.32 mmol, 2 eq) was added and the reaction mixture was stirred for 1.5 hours. 

The reaction mixture was concentrated in vacuo and the residue was purified via flash 

chromatography on silica gel (gradient 0% ethyl acetate in DCM → 15% ethyl acetate in DCM) to 

yield 114 as an orange oil (64 mg, 85% yield). 1H NMR (500 MHz, CDCl3) δ 7.72 (d, 2 H, J = 8.5 

Hz), 7.41 (d, 2 H, J = 8.5 Hz), 5.29 (s, 2 H), 3.95 (t, 2 H, J = 7 Hz), 2.78 (s, 4 H), 2.52 (s, 3 H), 

2.43 (s, 3 H), 1.77 (m, 2 H), 1.26 (m, 6 H), 0.81 (m, 3 H). 

Butyl arylazopyrazole rapamycin (115). A solution of arylazopyrazole 113 (73 mg, 0.17 

mmol, 4 eq), rapamycin (39 mg, 0.04 mmol, 1 eq), and 9-azajulolidine (37 mg, 0.21 mmol, 5 eq) 

in DCM (3 mL) was stirred overnight at room temperature. The reaction mixture was concentrated 

in vacuo and the residue was purified via flash chromatography on silica gel (gradient 0% ethyl 

acetate in DCM → 30% ethyl acetate in DCM) to yield 115 as a yellow solid (21 mg, 40% yield). 
1H NMR (500 MHz, CD3OD) δ 7.79 (d, 2 H, J = 8.5 Hz), 7.45 (d, 2 H, J = 8.5 Hz), 6.45 (dd, 1 H, J 

= 12, 10 Hz), 6.33 (dd, 1 H, J = 12, 9 Hz), 6.19 (d, 1 H, J = 9 Hz), 6.10 (d, 1 H, J = 10 Hz), 5.51 

(m, 1 H), 5.26 (m, 2 H), 5.17 (m, 1 H), 4.63 (t, 1 H, J = 3 Hz), 4.51 (m, 3 H), 4.04 (m, 2 H), 4.00 

(d, 1 H, J = 6.5 Hz), 3.71 (d, 1 H, J = 6.5 Hz), 3.59 (d, 1 H, J = 7.5 Hz), 3.48 (m, 2 H), 3.41 (s, 2 

H), 3.29 (s, 3 H), 3.15 (s, 3 H), 2.98 (b, 1 H), 2.87 (d, 1 H, J = 7 Hz), 2.71 (d, 1 H, J = 3 Hz), 2.60 

(s, 3 H), 2.49 (s, 3 H), 2.32 (m, 1 H), 2.08 (m, 2 H), 1.91 (t, 1 H, J = 6.5 Hz), 1.84 (m, 2 H), 1.73 

(m, 2 H), 1.54 (m, 1 H), 1.47 (q, 2 H, J = 7 Hz), 1.40 (m, 2 H), 1.38 (s, 2 H), 1.11 (m, 2 H), 1.09 

(d, 2 H, J = 7 Hz), 1.02 (m, 6 H), 0.97 (d, 2 H, J = 6.5 Hz), 0.89 (m, 5 H); 13C NMR (500 MHz, 

CDCl3) δ 208.2, 169.2, 166.8, 154.8, 153.7, 142.4, 140.2, 138.6, 136.2, 136.1, 135.1, 133.7, 

130.2, 129.6, 129.0, 128.9, 128.8, 126.7, 126.4, 121.9, 121.8, 120.5, 98.5, 84.8, 84.4, 80.9, 80.4, 

75.5, 69.1, 67.2, 59.4, 57.6, 55.9, 55.8, 53.4, 51.3, 48.9, 46.6, 44.2, 41.4, 40.7, 40.2, 38.9, 38.3, 

35.8, 35.7, 35.2, 34.7, 34.5, 33.7, 33.2, 32.1, 32.0, 29.7, 29.0, 27.3, 27.1, 26.9, 25.2, 24.3, 22.7, 

21.7, 21.6, 20.7, 20.6, 19.9 19.8, 16.4, 16.3, 16.1, 16.0, 15.9, 15.8, 14.1, 13.9, 13.8, 13.7, 13.6, 

13.1, 11.4, 10.2, 10.0, 9.9; HRMS (ESI+) calcd for C68H100O15N5 (M+H)+ 1226.7210, found 

1226.7225. 

Hexyl arylazopyrazole rapamycin (116). A solution of arylazopyrazole 114 (110 mg, 

0.21 mmol, 3 eq), rapamycin (64 mg, 0.07 mmol, 1 eq), and 9-azajulolidine (61 mg, 0.35 mmol, 5 

eq) in DCM (3 mL) was stirred overnight at room temperature. The reaction mixture was 

concentrated in vacuo and the residue was purified via flash chromatography on silica gel 

(gradient 0% ethyl acetate in DCM → 25% ethyl acetate in DCM) to yield 116 as a yellow solid 

(8.3 mg, 9% yield). 1H NMR (500 MHz, CD3OD) δ 7.78 (d, 2 H, J = 8.5 Hz), 7.52 (d, 2 H, J = 8.5 

Hz), 6.44 (dd, 1 H, J = 12, 10 Hz), 6.27 (dd, 1 H, J = 12, 9 Hz), 6.17 (d, 1 H, J = 10 Hz), 6.11 (d, 
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1 H, J = 9 Hz), 5.49 (m, 2 H), 5.22 (m, 2 H), 5.10 (m, 2 H), 4.52 (m, 1 H), 4.19 (d, 1 H, J = 3 Hz), 

4.11 (t, 2 H, J = 6.5 Hz), 4.01 (d, 1 H, J = 7 Hz), 3.71 (d, 1 H, J = 6.5 Hz), 3.59 (t, 1 H, J = 7 Hz), 

3.47 (m, 1 H), 3.42 (s, 3 H), 3.27 (s, 3 H), 3.15 (s, 3 H), 2.89 (d, 1 H, J = 7 Hz), 2.61 (s, 3 H), 2.51 

(s, 3 H), 2.32 (m, 1 H), 2.29 (d, 1 H, J = 6.5 Hz), 2.19 (m, 1 H), 2.10 (m, 3 H), 1.97 (m, 1 H), 1.88 

(s, 3 H), 1.78 (m, 2 H), 1.61 (m, 2 H), 1.50 (p, 2 H, J = 7 Hz), 1.44 (m, 6 H), 1.22 (m, 2 H), 1.10 

(d, 2 H, J = 6.5 Hz), 1.01 (d, 2 H, J = 7 Hz), 0.99 (d, 2 H, J = 7 Hz), 0.91 (m, 4 H), 0.82 (d, 2 H, J 

= 6.5 Hz) 13C NMR (500 MHz, CDCl3) δ 208.2, 169.2, 166.8, 154.8, 153.7, 142.4, 140.2, 138.6, 

136.2, 136.1, 135.5, 135.1, 133.7, 130.2, 129.6, 129.0, 128.9, 126.7, 126.4, 121.9, 120.5, 98.5, 

84.8, 84.4, 80.9, 80.4, 75.5, 69.1, 67.1, 59.4, 57.6, 55.9, 55.8, 53.4, 51.3, 49.1, 46.6, 44.2, 41.4, 

40.7, 40.2, 38.9, 38.2, 35.8, 35.2, 34.7, 34.5, 33.7, 33.2, 32.8, 31.6, 31.4, 31.3, 30.0, 29.9, 29.7, 

29.6, 29.0, 27.3, 27.1, 26.9, 26.4, 26.2, 25.3, 22.7, 22.5, 21.5, 21.0, 20.7, 20.6, 18.8, 16.4, 16.2, 

16.1, 15.9, 15.8, 14.1, 13.9, 13.8, 10.1, 11.4, 10.2, 10.1, 9.9; HRMS (ESI+) calcd for C74H98O15N5 

(M+H)+ 1254.7523, found 1254.7505. 

2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl (perfluorophenyl) 
carbonate (122). A solution of spiropyran 121 (50 mg, 0.14 mmol, 1 eq), bis(pentafluorophenyl) 

carbonate (96 mg, 0.21 mmol, 1.5 eq), and DMAP (5 mg, cat.) in acetonitrile (2 mL) was prepared. 

DIPEA (0.09 mL, 0.42 mmol, 3 eq) was added and the mixture was stirred for 1 hour. The reaction 

mixture was concentrated in vacuo and purified via flash chromatography on silica gel (20% ethyl 

acetate in hexanes) to yield 122 as a red oil (71 mg, 90% yield). 1H NMR (500 MHz, CDCl3) δ 

8.02 (s, 1 H), 8.01 (s, 1 H), 7.22 (t, 1 H, J = 6.8 Hz), 7.11 (d, 1 H, J = 7.2 Hz), 6.93 (m, 2 H), 6.76 

(d, 1 H, J = 8.4 Hz), 6.63 (d, 1 H, J = 8.4 H), 5.92 (d, 1 H, J = 8 Hz), 4.47 (m, 2 H), 3.63 (m, 1 H), 

3.48 (m, 1 H), 1.29 (s, 3 H), 1.18 (s, 3 H). 

Spiropyran rapamycin (123). A solution of carbonate 122 (71 mg, 0.13 mmol, 2.1 eq), 

rapamycin (60 mg, 0.06 mmol, 1 eq), and 9-azajulolidine (56 mg, 0.30 mmol, 5 eq) in DCM (2 mL) 

was stirred at room temperature overnight. The reaction mixture was concentrated in vacuo and 

the residue was purified via flash chromatography on silica gel (gradient 0% ethyl acetate in DCM 

→ 35% ethyl acetate in DCM) to give 123 as a beige solid (15 mg, 19% yield). 1H NMR (500 MHz,

CD3OD) δ 8.12 (m, 1 H), 8.04 (m, 1 H), 7.16 (t, 1 H, J = 8 Hz), 7.09 (m, 2 H), 6.85 (t, 1 H, J = 8

Hz), 6.81 (d, 1 H, J = 6.5 Hz), 6.71 (d, 1 H, J = 7 Hz), 6.49 (m, 1 H), 6.29 (m, 1 H), 6.21 (t, 1 H, J

= 10 Hz), 6.13 (d, 1 H, J = 9 Hz), 6.03 (d, 1 H, J = 8 Hz), 5.49 (m, 1 H), 5.28 (d, 1 H, J = 3 Hz),

5.13 (m, 1 H), 4.44 (m, 3 H), 4.20 (m, 2 H), 4.02 (t, 2 H, J = 6.5 Hz), 3.72 (d, 1 H, J = 7 Hz), 3.60

(m, 2 H), 3.49 (m, 3 H), 3.39 (s, 2 H), 3.27 (s, 3 H), 3.19 (s, 3 H), 2.89 (d, 1 H, J = 7 Hz), 2.68 (m,

1 H), 2.51 (m, 1 H), 2.33 (m, 1 H), 2.30 (d, 1 H, J = 6.5 Hz), 2.21 (m, 2 H), 2.08 (t, 2 H, J = 3 Hz),

1.92 (d, 2 H, J = 6.5 Hz), 1.82 (s, 3 H), 1.71 (s, 3 H), 1.68 (m, 2 H), 1.57 (m, 1 H), 1.50 (m, 2 H),
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1.37 (m, 2 H), 1.20 (s, 3 H), 1.18 (m, 1 H), 1.11 (d, 2 H, J = 6.5 Hz), 1.07 (d, 2 H, J = 7 Hz), 1.01 

(d, 2 H, J = 6.5 Hz), 0.90 (m, 4 H); 13C NMR (500 MHz, CD3OD) δ 213.0, 208.8, 198.5, 169.4, 

167.8, 159.4, 154.9, 146.7, 141.2, 139.4, 137.8, 137.0, 132.7, 130.1, 128.1, 127.7, 127.4, 127.0, 

125.4, 122.5, 121.7, 121.4, 121.3, 119.5, 118.9, 115.2, 106.7, 106.4, 106.3, 99.3, 83.4, 80.7, 76.2, 

74.2, 67.2, 57.0, 56.5, 56.4, 54.9, 52.5, 52.4, 51.3, 47.6, 45.9, 44.1, 40.4, 40.1, 35.8, 33.8, 32.6, 

31.3, 30.8, 30.0, 29.3, 26.5, 24.9, 24.6, 22.3, 20.7, 20.4, 18.8, 14.7, 14.6, 14.2, 13.1, 12.4, 9.6; 

HRMS (ESI+) calcd for C72H98O18N3 (M+H)+ 1293.6824, found 1293.6827. 
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2.0 Unnatural Amino Acid Syntheses 

2.1 Introduction 

2.1.1 Unnatural Amino Acid Mutagenesis 

Proteins are essential for all cellular processes, playing key roles in signal transduction, 

cell division, metabolism, and enzymatic catalysis. Most proteins are comprised of combinations 

of the 20 canonical amino acids that are encoded by three base codons. DNA is transcribed to 

messenger RNA (mRNA) that is used as a template by the ribosome for protein synthesis in a 

process known as translation. For translation to produce a functioning, full length protein several 

components are required. Once the mRNA template has bound to the ribosome, aminoacylated 

transfer RNAs (tRNAs) carry amino acids to the ribosome. The codons of the mRNA are then 

matched to complementary tRNA anticodons. The matching of the tRNA anticodons puts the 

charged amino acid in position for amine substitution onto the preceding tRNA’s ester-linked 

amino acid, generating the amide of the peptide backbone. Once one of three stop codon 

sequences (UAG, UGA, or UAA) enters the ribosome, the mRNA is idle until a release factor 

facilitates release of the mRNA strand since there are no tRNAs containing anticodons 

complimentary to the stop codons. 

Once released into the cytoplasm, the protein is folded and can be modified to provide 

greater structural diversity than the canonical amino acids will allow. The functionality provided 

by the 20 natural amino acids is limited to carboxylic acids, amides, amines, thiols, thioethers, 

alcohols, alkyl, and aryl substituents. Post-translational modification of these functional groups 

can entail phosphorylation, acetylation, glycosylation, methylation, ubiquitinylation, among many 

others.139 These post-translational modifications allow for the modulation of a protein’s activity 

beyond what is possible with canonical amino acids. For example, phosphorylation is often used 

to regulate enzymatic activity and polyubiquitinylation can lead to degradation, though ubiquitin 

can serve more roles than simply marking a protein for degradation.139,140 In addition to the 

canonical amino acids and their post translational modifications, two much less common amino 

acids have been discovered incorporated in prokaryotes and archae. The amino acid 

selenocysteine was found to be incorporated by the UGA codon,141 and the amino acid pyrrolysine 

was found to be incorporated by the UAG codon.142  



81 

Protein biosynthesis has since been modified to allow researchers to incorporate 

unnatural amino acids (UAAs) into proteins. To ensure only the correct amino acids are charged 

onto the appropriate tRNAs, the aminoacyl tRNA synthetases that charge tRNAs are highly 

specific for the tRNA and the amino acid that they are conjugating. Misacylation of a tRNA would 

lead to the wrong amino acid being incorporated into the final protein which could render it 

inactive. Researchers have been able to incorporate UAAs by introducing tRNA synthetases from 

other organisms. These tRNA synthetases are often modified to confer specificity for the desired 

unnatural amino acid. Though the UAA will likely not be incorporated by natural synthetases due 

to their high specificity, the newly introduced, modified synthetase may incorporate natural amino 

acids in addition to the UAA. The tRNA that interacts with the introduced synthetase often contains 

an AUC anticodon complementary to the UAG amber stop codon. The amber stop codon is used 

since it the least prevalent stop codon, thus minimizing the extension of nontarget proteins with 

the incorporation of the UAA. Specificity for the amber tRNA is essential to prevent the charging 

of other tRNAs with the UAA. Once a tRNA is charged with its amino acid, it is incorporated by 

the ribosome based on matching of codons and anticodons, thus no further modification to the 

system is necessary.  

The Schultz group first introduced unnatural amino acids into E. coli in 2001 with the 

incorporation of O-methyl tyrosine using a modified M. jannaschii tyrosyl-tRNA/synthetase pair.143 

Schultz et al. achieved this by evolving the tyrosyl-tRNA synthetase to charge exclusively O-

methyl tyrosine onto a tRNA containing the UAG anticodon. Additionally, the tRNA had to be 

modified so that it was not recognized by any E. coli synthetases, ensuring that it would only be 

charged with the O-methyl tyrosine. The orthogonal tRNA/synthetase pair developed has been 

used to incorporate many amino acids into E. coli since the initial publication, but is not orthogonal 

in mammalian cells.144 The amino acids incorporated with the M. jannaschii system include 

functionalities such as azides and alkynes for click chemistry, boronic acids, and benzophenone 

for photocrosslinking.144  

The lack of orthogonality was addressed by the introduction of the pyrrolysyl tRNA 

synthetase (PylRS)/tRNA pair derived from the archaea M. barkeri which is orthogonal in 

bacterial, mammalian, and yeast cells.145 The PylRS/tRNA natural function is to incorporate 

pyrrolysine, but is fairly promiscuous, potentially due to pyrrolysine’s structural dissimiliarity from 

other amino acids not necessitating evolution of a highly specific synthetase.146 The PylRS/tRNA 

system and mutants of it have been used to incorporate functionalities on UAAs such as azides, 

alkynes, photocaged lysine, small molecule caged lysine, and photocrosslinkers.144  
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An additional E. coli derived TyrRS/tRNA pair has been developed that is orthogonal in 

mammalian cells, but not in bacterial cells.145 This synthetase system has been used to 

incorporate azides, photocrosslinkers, and halogenated tyrosine analogs, but has not been used 

frequently in the past decade due to the popularity of the PylRS/tRNA system.147,148 

2.2 Photoswitching Amino Acids 

2.2.1 Background 

Photoswitchable groups have been used to modulate a variety of biological processes 

through the spatial and temporal activation and inactivation of various ion channels,131,132 

receptors,149–151 and enzymes.134,152,153 This generally requires the conjugation of a 

photoswitchable group to a protein or small molecule. However, the genetic encoding and thereby 

incorporation of a photoswitching group site-specifically into proteins would allow for more robust 

results to be obtained. As described in 1.4.2, many methods of using photoswitches to modulate 

protein activity involve modification of the protein by introducing new nucleophilic residues or other 

genetic engineering. The incorporation of a photoswitch as an amino acid minimally modifies the 

protein, while still allowing the researcher to insert the photoswitch anywhere in the protein with 

high specificity. Additionally, unlike an azologization approach, the photoswitchable UAA could 

be used with any protein, an inhibitor compatible with azologization does not need to be found, 

and avoids any potential promiscuity that an azalog might exhibit. 

The Schultz group has previously reported the synthesis and incorporation of the 

azobenzene-modified UAA 126 in E. coli in 2006, the first report of UAA mutagenesis to 

incorporate a photoswitching amino acid.130 The amino acid had previously been incorporated 

into proteins via chemical acylation of tRNAs, but had not had a synthetase developed to 

incorporate it.154–156 A tRNA synthetase/tRNA pair originating from  M. jannaschii was evolved to 

be capable of incorporating the azobenzene amino acid in E. coli. The incorporated UAA 126 was 

used to reversibly control the binding affinity of the transcription factor CAP to its cofactor cAMP. 

UAA 126 was inserted into the binding interface of CAP and cAMP and it was demonstrated that 

when irradiating with 365 nm light, the cis-isomer was formed resulting in a 4-fold lower affinity 

for cAMP.  Hoppmann et al. further developed azobenzene containing UAAs with the 

development of several photoswitching, crosslinking UAAs.157 The attachment of an alkene, 
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ketone, or benzyl chloride onto the azobenzene incorporated allowed crosslinking of the UAA 

within the protein, so that when irradiated, the photoswitching has a larger overall impact on 

protein structure. John et al. also reported a series of azobenzene-containing UAAs with various 

aryl substitutions capable of being isomerized with visible light to generate both isomers.158 

However, none these photoswitches had photostationary states greater than 80% when 

generating either isomer. A tetrafluorinated azobenzene-containing UAA was later incorporated 

by our lab.159 This UAA exhibited greater than 80% photostationary states when generating both 

isomers, a vast improvement over the previously published systems. 

To provide an established photoswitching phenylalanine derivative for biological 

experiments the synthesis of the azobenzene based amino acid 126 was performed (Scheme 
2.1). The two-step synthesis began with a Mills reaction wherein the nitroso functionality of 

nitrosobenzene is protonated to facilitate attack by the aniline of 124, with a subsequent azo 

formation releasing water yielding 125 in 96% yield. A simple acidic deprotection of the Boc group 

yielded 126 in 83% yield. UAA 126 was then used in future biological experiments by Taylor 

Courtney as a control to compare UAA incorporation of synthesized UAAs to that of 126. 

 

 

  
 
 

Scheme 2.1 - The synthesis of azobenzene containing UAA 126.130 
 
 
 
2.2.2 Arylazopyrazole Amino Acid  
 
 

Since the publication of the azobenzene-containing UAA 126, superior photoswitches 

have been developed, such as ortho-fluorinated azobenzenes160 and arylazopyrazoles.123 These 

photoswitches exhibit superior photostationary states and maintain longer half-lives than 

azobenzene photoswitches.123,160 Previously in our lab, a tetrafluorinated azobenzene UAA was 

synthesized and incorporated.159 However, the synthesis of the fluorinated azobenzene UAA was 

lengthy, expensive, and produced a racemic product. However, it was used to effectively control 
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the activity of firefly luciferase, further demonstrating the utility of a photoswitching UAA. The 

fluorinated UAA exhibited photostationary states of 91% cis upon irradiation with 530 nm light and 

84% trans upon irradiation with 405 nm light. Alkyl substituted arylazopyrazoles have been shown 

to have photostationary states of 88% cis with 365 nm irradiation and 92% trans with 520 nm light 

making them comparable to fluorinated azobenzenes in that respect.125 Their synthesis is also 

generally higher yielding than those of ortho-fluorinated azobenzenes, making them a more 

accessible photoswitching motif.124,135,160   

The synthesis of an arylazopyrazole containing UAA (Scheme 2.2) began with the 

diazotization of flurorenylmethoxycarbonyl (Fmoc) protected 4-aminophenylalanine (127). The 

diazonium salt is then substituted onto by the enolate of 2,4-pentanedione to yield 128 in 52% 

yield. This is substantially lower than the yields achieved with similar reactions performed in 1.4.3. 

Though the Fmoc group is relatively acid stable, it does hydrolyze under these strongly acidic 

diazotization conditions. The reaction must be limited to 10 minutes to minimize loss of the Fmoc 

group despite the diazotization being incomplete. Loss of the Fmoc group at this stage makes 

purification substantially more challenging. The subsequent reaction utilizes methylhydrazine in 

two distinct conversions; deprotection of the Fmoc group and formation of the pyrazole from the 

dione functionality through imine and enamine formations. After concentration of the reaction 

mixture, suspension of the solid in 4 N HCl in dioxane yields the HCl salt of 129.  

 

 

 
 
 

Scheme 2.2 - The synthesis of an arylazopyrazole containing UAA. 
  
 
 
 Once 129 was synthesized, Taylor Courtney tested it for incorporation of the UAA in 

mammalian cells. Several mutants of the PylRS/tRNA system were screened for expression of 

an mCherry-UAG-EGFP reporter construct. Using this reporter, all cells should express mCherry, 

but if the PylRS synthetase is unable to charge its tRNA, the tRNA will not be able to facilitate 
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mCherry. However, if the tRNA is charged with 129, the mRNA transcript continues to be 

translated after mCherry, and EGFP is expressed. A compatible synthetase/tRNA system was 

derived from the M. barkeri archaea PylRS (mutations L270F, L274M, N311G, C313G, Y349F),161 

but the synthetase was also able to charge the tRNA with other amino acids (likely phenylalanine 

due to its structural similarity), resulting in background expression of EGFP (Figure 2.1A). The 

synthetase used in mammalian expression was identified by testing for incorporation using a 

sfgfp-Y-151TAG-His6x construct in E. coli. Purification on nickel resin of the cell lysate should 

retain only the full-length proteins that incorporated the at the UAA TAG codon. UAA 126 was 

also tested to allow for a comparison of incorporation efficiency with this synthetase. It can be 

seen in Figure 2.1B that there is incorporation of an amino acid other than 129 since Coomassie 

staining revealed cells not treated with 129 produced some full-length protein, though at a much 

lower efficiency.  

 
 

 
 
 

Figure 2.1 - Experiments performed by Taylor Courtney A)Expression of an mCherry-UAG-
EGFP construct in HEK293T cells using a mutated PylRS/tRNA system to incorporate 129, and 
B) Coomassie staining of nickel purified lysed E. coli expressing sfgfp-TAG-His6x.  
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This system could be improved with optimization of the tRNA synthetase used for 

incorporation. Methods have been developed for the directed evolution of synthetases to 

incorporate UAAS of interest.162,163 This would be an effective method to cut down background 

activity. Furthermore, use of the amino acid to probe a biological function would be advantageous. 

A demonstration of its ability to reversibly control either protein binding affinity or enzyme activity 

could provide a platform for further use by other researchers. 

 
 

2.2.3 Phenazopyridine Amino Acid  
 
 

A third, phenazopyridine-containing photoswitchable UAA was synthesized in addition to 

the azobenzene and arylazopyrazole containing amino acids. Phenazopyridines have been 

shown to have the ability to coordinate biologically-relevant metals such as iron,164 zinc,165 

manganese,166 and cobalt.167 In fact, phenazopyridine is a drug used to treat urinary tract 

infections, but when taken chronically or in large quantities has caused cyanosis due to its ability 

to coordinate iron, further demonstrating its coordinating efficacy.168 The incorporation of the 

phenazopyridine motif into a UAA would potentially allow for reversible metal binding of an amino 

acid. In one potential function, if the amino acid were incorporated in a hydrophobic binding 

interface, it may be able to reversibly draw a metal cation into the region, disrupting a protein-

protein interaction. The amino acid could also be incorporated into a portion of a protein that binds 

a structurally or enzymatically necessary metal. Isomerization of the UAA could disrupt the 

stabilizing/catalytic effect of the metal, causing a significant loss of protein structure or activity.  

 To synthesize a phenazopyridine containing UAA, I planned to follow a route similar to 

Schultz’s synthesis of 126, coupling an arylnitroso to 124 in a Mills reaction followed by HCl 

deprotection (Scheme 2.3). I initially attempted direct oxidation of 130 to the corresponding 

nitroso with oxone, however, these reactions suffered from consistently low yields (< 10%). One 

patent had reported this method,169 but most literature reports utilized a sulfilimine intermediate 

prior to oxidation to the nitroso.170,171 Taking this into account, 130 was first converted to a 

sulfilimine with N-chlorosuccinimide (NCS) and dimethyl sulfide, and then oxidized with m-

chloroperoxybenzoic acid (mCPBA). Attempts to purify via column chromatography resulted in 

low yields, but NMR of the oxidation reaction’s crude material suggested the presence of the 

nitroso. Thus, a Mills reaction was conducted on the crude nitroso (14-fold excess based on 

theoretical yield from starting aminopyridine) with limiting 124 yielding 131 in 3% yield over 3 steps 

from 130. However, from the more expensive 124, the yield was 42%. After isolation of 131, a 

simple HCl deprotection yielded the HCl salt 132.  
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Scheme 2.3 - Synthesis of a phenazopyridine containing amino acid. 
 
 
 
 Taylor then attempted to incorporate phenazopyridine containing UAA 132 in E. coli. To 

do this, she used an identical system to that described in Figure 2.1B, but using a different PylRS 

mutant derived from M. barkeri (mutations Y271, L274A, N311A, C313A, Y349F).159 The 

expression of sfgfp Y-151TAG-His6x allowed for selective purification of proteins incorporating an 

amino acid at the TAG codon on nickel resin. The expression was successful, but like the 

expression of 129, there was background incorporation of phenylalanine (Figure 2.2A). This was 

confirmed by mass spectrometry shown in Figure 2.2B. In addition to the incorporation of 132 

and phenylalanine, there was a third mass higher than that of incorporation of 132 that 

corresponded to an unknown incorporation product.  
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Figure 2.2 - Experiments performed by Taylor Courtney. A) Coomassie staining of nickel 
purified lysed E. coli expressing sfgfp-TAG-His6x. B) Mass spectrometry showing the 
incorporation of phenylalanine. 
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In addition to 132, syntheses of phenazopyridine UAAs containing a meta and para pyridinyl 

nitrogen were attempted, but could not be completed. To synthesize these UAAs through an 

analogous route would require the synthesis of 3- and 4-nitrosopyridine, but currently there is no 

literature precedence for either compound. Attempts to purify or use crude reaction products from 

the oxidations of 3- and 4-aminopyridine did not result in successful Mills reactions, likely due to 

the documented instability of nitroso compounds.172 An alternative method that may circumvent 

the instability would be to avoid workups altogether and attempt a one pot reaction of sulfilimine 

oxidation to the nitroso followed by acidification and addition of 124 to transition to a Mills 

reaction. 

2.3 Conclusions and Outlook 

The syntheses of two novel photoswitching amino acids were accomplished. 

An arylazopyrazole-containing amino acid was incorporated into protein in mammalian cells 

and E. coli, though there was observable incorporation of another amino acid with 

both. A phenazopyridine-containing UAA was also incorporated in E. coli, but it has not been 

incorporated in mammalian cells. The synthesis of the nitrosopyridine used in the 

synthesis of the phenazopyridine UAA would benefit from optimization as the product of two 

consecutive reactions were used crude. The use of the amino acids beyond demonstration of 

incorporation, but rather to allow for reversible control of protein function has yet to be 

demonstrated as well. The arylazopyrazole-containing amino acid could be used in similar 

experiments to that of the original azobenzene UAA published by Schultz and compared for 

relative effects on protein activity.  

Furthermore, both amino acids could be used in potentially reversible metal binding. It 

is common for two histidine residues to bind Zn in metzincin metalloproteases through a 

HEXXH sequence in the active site.173,174 To potentially control protease activity, one of the 

histidine residues would need to be removed. If one of the photoswitching UAAs were 

introduced into the active site such that one isomer placed the heteroatomic nitrogen in 

proximity to the Zn ion, and the other isomer did not, this may allow for reversible control of the 

protease activity via reversible Zn binding.  
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2.4 Experimental 

LED Light Sources 
405 nm: LEDENGIN LZ1-10UA00-00U8 (purchased from Mouser Electronics) 

415 nm: LUMILEDS LHUV-0415-0650 (purchased from Mouser Electronics) 

447.5 nm: LUMILEDS LXML-PR02-A900 (purchased from Mouser Electronics) 

530 nm: LUMILEDS LXML-PM01-0100 (purchased from Mouser Electronics) 

General Procedures 

All chemicals were obtained from commercial sources and used without further purification 

unless otherwise stated. All reactions were performed in flame dried glassware under nitrogen 

and stirred magnetically unless otherwise indicated. 1H NMR spectra were obtained from a Bruker 

Avance III 400 MHz or Bruker Avance III 500 MHz with chemical shifts reported relative to either 

residual CHCl3 (7.26 ppm), DMSO (2.50), or CH3OD (3.30 ppm). Mass spectrometry was 

performed by University of Pittsburgh facilities. 

Syntheses of 2 and 3 were conducted according to Schultz’s protocol.130 

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-(2-(2,4-dioxopentan-3-
ylidene)hydrazineyl)phenyl)propanoic acid (128).  Compound 127 (661 mg, 1.64 mmol, 1 eq) 

was suspended in acetic acid (6 mL) under air, cooled to 0 °C, and concentrated HCl (1 mL) was 

added dropwise. Sodium nitrite (124 mg, 1.80 mmol, 1.1 eq) was added dropwise as a solution in 

minimal water. After 10 minutes, a solution of 2,4-pentanedione (0.22 mL, 2.24 mmol, 1.4 eq), 

sodium acetate (532 mg, 6.50 mmol, 4 eq), ethanol (0.5 mL) and water (1.5 mL) was added 

portion wise. After 10 minutes, the solution was diluted with ethyl acetate (30 mL). The organic 

layer was collected and washed with a mixture of 1:1 saturated sodium bicarbonate:brine (2 x 30 

mL), then with water (4 x 10 mL). The organic layer was collected, concentrated in vacuo, and 

the residue was purified via flash chromatography on silica gel (gradient 0% methanol in DCM → 

2% methanol) to give 128 as a bright yellow solid (440 mg, 52% yield). 1H NMR (500 MHz, 

CD3OD) δ  7.75 (d, 2 H, J = 7.5 Hz), 7.56 (t, 2 H, J = 7.5 Hz), 7.32 (m, 8 H), 4.47 (m, 1 H), 4.34 

(m, 1 H), 4.14 (t, 1 H, J = 7.5 Hz) 4.07 (t, 1 H, J = 7.5 Hz), 3.25 (m, 1 H), 2.93 (dd, 1 H, J = 14, 10 

Hz), 2.50 (s, 3 H), 2.36 (s, 3 H); 13C NMR (500 MHz, CDCl3) δ 197.1, 196.5, 167.7, 166.3, 164.2, 

157.9, 154.3, 144.2, 141.1, 130.8, 128.1, 127.5, 120.6, 116.7, 66.1, 31.6, 29.2;  HRMS (ESI+) 

calcd for C29H26N3O6 (M+H)+ 512.1816, found 512.1826. 

(S,E)-2-(Chloro-λ5-azaneyl)-3-(4-((1,3,5-trimethyl-1H-pyrazol-4-
yl)diazenyl)phenyl)propanoic acid (129). A suspension of 128 (193 mg, 0.38 mmol, 1 eq) in 

ethanol (12 mL) was created. Methylhydrazine (0.5 mL, 12.32 mmol, 32 eq) was added and the 
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solution was stirred under reflux for 3 hours. The solution was concentrated and the residue was 
purified via flash chromatography on silica gel (gradient 10% methanol in DCM → 40% 
methanol in DCM) to yield a yellow solid. The solid was suspended in 4 N HCl (4 mL) in 
dioxane, stirred for 1 hour at room temperature, and concentrated in vacuo to give 129 as a 
yellow solid (76 mg, 60% yield). 1H NMR (500 MHz, CD3OD) δ  7.84 (d, 2 H, J = 8.5 Hz), 7.48 
(d, 2 H, J = 8.5 Hz), 4.31 (t, 1 H, J = 8.5 Hz), 4.00 (s, 3 H), 3.38 (m, 1 H) 3.08 (dd, 1 H, J = 14.5, 
8.5 Hz), 2.72 (s, 3 H), 2.65 (s, 3 H); 13C NMR (500 MHz, CD3OD) δ 171.2, 152.3, 141.7, 139.6, 
137.7, 134.5, 129.7, 121.8, 56.1, 36.8, 34.7, 12.4, 8.3; HRMS (ESI+) calcd for C15H20O2N5 (M+H)
+ 302.1625, found 302.1612.

(S,E)-2-((tert-Butoxycarbonyl)amino)-3-(4-(pyridin-2-yldiazenyl)phenyl)propanoic 
acid (131). A solution of 130 (940 mg, 10 mmol, 1 eq) and dimethyl sulfide (0.8 mL, 11 mmol, 1.1 

eq) in 10 mL DCM was cooled to -15 °C in an ethylene glycol/dry ice bath. A solution of N-

chlorosuccinimide (1.33 g, 10 mmol, 1 eq) in DCM (25 mL) was added dropwise to the reaction 

mixture and stirred for 1 hour, then warmed to room temperature and stirred for another hour. A 

suspension of sodium methoxide (405 mg, 17 mmol, 1.7 eq) in methanol (7.5 mL) was added and 

the suspension was stirred for 10 minutes. The reaction mixture was diluted with water (15 mL) 

and was stirred for another hour. The organic layer was collected and the aqueous layer 

was extracted with DCM (2 x 5 mL). The combined organic layers were washed with water (5 

mL), dried over sodium sulfate (approximately 500 mg), and concentrated in vacuo to yield 621 

mg of an orange oil. 

A solution of mCPBA (1.42 g, 17 mmol, 1.7 eq) in DCM (30 mL) was cooled to 0 °C and 

the orange oil was added slowly as a solution in DCM (6 mL). The reaction mixture was stirred 

for 1.5 hours. Dimethyl sulfide (0.2 mL, 2.75 mmol, 0.28 eq) was added and the reaction was 

stirred for 30 minutes. Saturated sodium bicarbonate (30 mL) was added and the organic layer 

was collected. The organic layer was washed with water (2 x 5 mL), dried over sodium sulfate 

(approximately 1 g), and concentrated in vacuo to yield 202 mg of an orange oil.

The orange oil and 124 (200 mg, 0.7 mmol, 0.07 eq) were dissolved in acetic acid (10 

mL) and stirred at room temperature for 24 hours. The reaction mixture was diluted with ethyl 

acetate (20 mL) and washed with saturated sodium bicarbonate (2 x 15 mL). The organic layer 

was concentrated in vacuo and purified via flash chromatography on silica gel (gradient 1.5% 

methanol in DCM → 5% methanol in DCM) to yield 131 as a red solid (102 mg, 3% yield). 1H 
NMR (400 MHz, CDCl3) δ  8.74 (d, 1 H, J = 1.2 Hz), 7.98 (m, 3 H), 7.87 (d, 1 H, J = 8 Hz), 7.48 

(m, 3 H), 5.26 (d, 1 H, J = 7.2 Hz), 4.70 (d, 1 H, J = 6.8 Hz), 3.32 (d, 2 H, J = 5.2 Hz), 1.48 (s, 9 
H); 13C NMR (500 MHz, CD3OD) δ 169.5, 151.6, 146.1, 143.9, 142.0, 130.7, 127.6, 124.5, 

117.7, 53.3, 35.9; HRMS (ESI+) calcd for C20H25O4N4 (M+H)+ 385.18792, found 385.18779. 
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(S,E)-2-(Chloro-λ5-azaneyl)-3-(4-(pyridin-2-yldiazenyl)phenyl)propanoic acid (132). 
Compound 131 (50 mg, 0.13 mmol, 1 eq) was dissolved in DCM (2 mL). The solution was diluted 

with 4 N HCl in dioxane (2 mL) and stirred for 90 minutes at room temperature. The suspension 

was concentrated in vacuo to yield 132 as a red solid (45 mg, 98% yield). 1H NMR (400 MHz, 

CD3OD) δ  8.81 (d, 1 H, J = 8.4 Hz), 8.56 (s, 1 H), 8.26 (t, 1 H, J = 8.4 Hz), 8.05 (d, 2 H, J = 7.2 

Hz), 7.94 (d, 1 H, J = 8.4 Hz), 7.53 (d, 2 H, J = 7.2 Hz),  4.30 (t, 1 H, J = 6.4 Hz), 3.37 (m, 1 H), 

3.40 (m, 1 H); 13C NMR (500 MHz, CD3OD) δ 169.5, 151.6, 146.1, 143.9, 142.0, 130.7, 127.6, 

124.5, 117.7, 53.3, 35.9; HRMS (ESI+) calcd for C14H15O2N4 (M+H)+ 271.1190, found 271.1194. 
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3.0 Photoswitchable Materials 

 
 
 
 

3.1 Photoswitchable Monomer 
 
 

3.1.1 Background 
 
 
 Differences in the structure of the monomer used can have a drastic effect on the 

properties of the bulk polymer.175 This correlation between monomer structure and polymer 

properties is exemplified by the differences between cis- and trans-polybutadiene. The two 

polymers are structural isomers so they are quite similar, but the glass transition temperature, the 

temperature of transition from a hard or glassy state to a viscous, rubbery state, of cis-

polybutadiene is nearly 20 °C lower than that of the trans-polybutadiene.175 Some researchers 

have included light reactive chromophores into monomers allowing them to alter properties of the 

polymer with light.176,177 The incorporation of photoactive chromophores has been used in many 

applications. The use of photoswitching groups in particular are of interest because of the 

reversibility of the change. Azobenzene has become a popular photoresponsive group for 

incorporation into polymers due to its reliable photoswitching, remarkable durability through 

multiple cycles of switching, and the long history of its use as a photoswitch.178,179  

 Azobenzenes have been extensively incorporated into materials to develop light-

responsive actuators. Actuators are devices that convert energy into mechanical work.180 The 

energy can come from a variety of inputs depending on the system. Common examples are 

pneumatic, hydraulic, electrical, and magnetic, but with azobenzene-containing materials, it is 

possible to use light as the source of energy for an actuator.181–183 This allows for an actuator that 

is not physically connected to its source of energy.184 

 Researchers have also applied the use of these azobenzene-based actuators in robotics 

and engineering applications. Some researchers have used azobenzene-based polymers to 

create gels that are able to “walk” across a surface.185 This has been further developed with the 

creation of entirely plastic “arms” capable of picking up and moving objects in response to light 

irradiation.186 Others have used an azobenzene-based polymer to power a light driven motor 

based on the expansion and contraction when exposed to different wavelengths of light.187 

Shining long wavelength light on one portion of a band of the polymer induced trans-isomer 

formation leading to polymer expansion, while shining light on a different portion induced cis-
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isomer formation that caused polymer contraction. These two processes happening 

simultaneously lead to a motor being powered by light.  

 
 
3.1.2 Arylazopyrazole Monomer 
 
 
 Since arylazopyrazoles are superior photoswitches to azobenzenes in both thermal 

stability and photostationary states (see discussion in 1.4.1), we collaborated with the 

Meenakshisundaram lab (Department of Industrial Engineering, University of Pittsburgh) to create 

an arylazopyrazole-based material that theoretically should have improved photoresponse over 

azobenzene-based photoswitching systems. Azobenzene-based materials have taken minutes to 

hours to fully switch in the past.188 Similar materials containing an arylazopyrazole monomer have 

not been synthesized, though there have been polymers capped with arylazopyrazoles to allow 

for reversible cyclodextrin binding to the surface of the polymer.125 The use of arylazopyrazoles 

as the photoswitching group has the potential to speed up the macroscopic response due to its 

improved photostationary state and quantum yield. The polymer proposed by the 

Meenakshisundaram lab would be a liquid crystalline polymer comprised of a mixture of both the 

synthesized monomer 133a or 133b and the commercially available, non-photoswitching 

monomer elvamide.  

The monomer is comprised of three parts: the arylazopyrazole chromophore, the 6-atom 

linkers, and the acrylamides. The arylazopyrazole simply acts as the photoswitching group. The 

6-atom linkers give 133a and 133b an overall rod-like structure, allowing it to align parallel to the 

elvamide in the liquid-crystal network. The placement of the oxygen in the linker should have little 

overall effect on the ability of 133a or 133b to participate in the liquid crystal network, and has 

only minor effects on the photoswitching of the arylazopyrazole. The variable oxygen placement 

in the linker was driven by synthetic ease rather than monomer properties. The acrylamides allow 

for the liquid crystal network to be covalently linked through a free radical mechanism to 

essentially lock the liquid crystal network into place.  

 

 

 
 
 

Figure 3.1 - Structure of the desired arylazopyrazole monomers. 
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We first attempted a synthesis with the monomer having only alkyl substituents attached 

to the chromophore (133a) as these arylazopyrazoles generally have longer half-lives.124 To 

synthesize 133a through a convergent pathway, we first worked on the ether containing linker 

(Scheme 3.1). Aminopropanol 134 was boc protected to yield 135. We also converted 137 to 

dione 138 through a one-pot diazonium salt formation followed by attack with the enolate of 2,4-

pentanedione. To form the 6-atom linker seen in 139, alcohol 135 was converted to the triflate 

136, and after aqueous workup, was added to a solution of 138. The mixture of the triflate 136 

and the ethyl alcohol 138 did not result in formation of 139.  

Scheme 3.1 - Attempted synthesis of arylazopyrazole monomer 133a. 

With the initial attempts to form one of the six atom linkers ineffective, other routes were 

explored. As shown in Scheme 3.2, a Mitsunobu reaction was attempted, but was unsuccessful. 

No product formation was observed by LCMS during the reaction. Mitsunobu reactions generally 

don’t utilize alkyl alcohols due to their poor nucleophilicity. An additional complication may have 

been the superior acidity of the hydrazone NH on 138. There is a chance it could be deprotonated 

and act as the nucleophile instead of the hydroxyl. A final route was tried by tosylating the alcohol 

of 138 to give140. After tosylation, boc-aminopropanol was deprotonated with 2 equivalents of 

sodium hydride and 140 was added. This also did not yield any product observable by TLC or 

LCMS. Since acid base reactions occur much faster than substitutions, it is possible that the 
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propoxide initially generated deprotonated the hydrazone of 139 rather than substitute onto the 

tosylated carbon.   

Scheme 3.2 - Alternative attempt at synthesis towards arylazopyrazole monomer 133a. 

Since formation of the alkyl ether proved difficult, we decided to go through a phenolic 

ether. The half-life of the cis-isomer of an arylazopyrazole with a phenolic ether approximately 1.3 

days and 89% or better photostationary states were achieved for both isomerizations based in a 

literature report.125 The synthetic route toward monomer 133b is shown in Scheme 3.3.  
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Scheme 3.3 - Synthesis of the arylazopyrazole monomer 133b. 

To begin the synthesis, aminohexanol 141 and aminopentanol 145 were both Boc-

protected to generate 142 and 146, respectively.189 Alcohols 142 and 146 were tosylated under 

identical conditions to provide 143 and 147 in good yield.189 These comprised the linkers between 

the acrylamides and arylazopyrazole in monomer 133b. Hexyl tosylate 143 was converted into a 

hexyl hydrazine by heating under reflux with excess hydrazine in ethanol. Purification of the hexyl 

hydrazine proved difficult, so the reaction was monitored until tosylate 143 was consumed and 

the reaction was concentrated to remove excess hydrazine. The crude hexyl hydrazine was then 

refluxed with 96 to yield 144, a phenolic arylazopyrazole with one of the six atom linkers attached. 

The phenol of 144 was used in an SN2 reaction with tosylate 147 to generate the doubly Boc-

protected monomer 148. A deprotection was performed with 4 N HCl in dioxane diluted in DCM 

to yield the diammonium salt 149. This was converted to the diacrylamide via a Schotten-

HO

H2N

NH2

HO

HO

BocHN

NHBoc

HO

Boc2O, NaHCO3

MeOH
97%

Boc2O, NaHCO3

MeOH
97%

TsCl, DABCO

DCM
91%

TsCl, DABCO

DCM
75%

TsO

BocHN

NHBoc

TsO

1) hydrazine, 
EtOH

OH

N
N

N N

BocHN

O

N
N

N N

BocHN

NHBoc

HCl

dioxane/DCM
97%

O

N
N

N N

ClH3N

NH3Cl

DMF

then DIPEA
72%

Br Cl

O O

N
N

N N

HN

NH

O

O

K2CO3, 

ACN
60%

141 142 143

144

145 146 147

144

962)

148 149 133b



98 

Baumann reaction followed by E2 elimination giving the target diacrylamide 133b. Substantial 

optimization was required to achieve acceptable yields of 133b in the final reaction. 

Conditions attempted for the conversion of 149 to 133b are shown in Table 3.1 below. 

Initial attempts used a fourfold excess of acryloyl chloride in DCM and pyridine at 0 °C with 149 
suspended in the mixture. Theoretically, once the ammonium salts were converted to 

acrylamides, they would be solubilized, however, after several hours, a spongy yellow mass had 

formed that was insoluble in a variety of solvents and was stable to acidic and basic conditions. 

Since the arylazopyrazole never solubilized, I decided to try using a more polar solvent to help 

facilitate the reaction. When switching to a DMF solvent I formed a soluble product. However, 

LCMS showed oligomers of 2, 3, and 4 forming. Higher oligomers were likely formed, but were 

out of the detectable range. The alkene of the acrylamide that was forming was being attacked 

by the as yet unsubstituted amines. 

To avoid this, I increased the equivalents of the acryl NHS source and attempted reactions 

at -20 °C, -40 °C, and -80 °C. The reaction at -80 °C was run in DCM due to the higher freezing 

point of DMF. None of the reactions showed substantial product formation, but rather 

polymerization products. Surprisingly, I was only able to isolate product from the 0 °C reaction. 

Based on these results, it was not practical to use low temperatures to suppress the acryl alkene 

substitution, however, a less reactive alkene precursor had the potential to limit amine attack. The 

use of 3-bromopropanoate NHS ester with a delayed addition of the DIPEA base yielded a small 

amount of product, but the yield was still quite low and I saw substantial oligomer formation. A 

final effort was made to fully solubilize the diammonium salt despite its poor solubility (about 4 

mg/mL DMF), and this reaction formed the diacrylamide 133b in good yield. The polymerization 

was likely driven by the use of a suspension of 149 in previous experiments. Once an acrylamide 

formed on the surface of a solid mass of 149, there was an artificially high concentration of 

unreacted amine in the proximity of the acrylamide because the acrylamide was being held close 

to the surface of the mass. 
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Table 3.1 - Conditions tested for the conversion of the ammonium salt 149 to the desired 
monomer 133b. Sat. indicates a saturated solution. 
 

 

Acryl Group 
Acryl 

Eq. 

Conc. of 149 

/ mM  
Solvent Base 

Base / 

eq. 

Temp / 

°C 
Yield / % 

 4 sat. DCM pyridine 5 0 0 

 

3 sat. DCM DIPEA 4 -80 0 

10 sat. DMF DIPEA 

5 0 5 

10 -20 0 

10 -40 0 

3 sat. ACN DIPEA 10 0 0 

 

10 sat. DMF DIPEA 20 0 17 

 
10 8.5 DMF DIPEA 20 0 72 

 
 Once the photoswitchable monomer 133b was successfully synthesized, it was given to 

Arul Clemente from the Meenakshisundaram lab to incorporate into a photoswitching polymer.  

Arul was able to incorporate the monomer into a liquid crystal network with the commercially 

available diacrylate elvamide. Liquid crystal networks are somewhat fluid mixtures of monomers 

that are able to flow past each other, but have general crystalline orientations of the molecules. 

Liquid crystal networks can be maintained as simply liquid crystals, but they can also be cross 

linked in the presence of an initiator to form a set polymer.188,190,191 
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Figure 3.2 - A) Structures of monomer 133b and elvamide 150. B) Representation of monomers 
in a monodomain or splayed liquid crystal network adapted from Broer’s review.192 Adapted with 
permission from Liu et al. Liquid Crystal Polymer Networks: Preparation, Properties, and 
Applications of Films with Patterned Molecular Alignment. Langmuir 2014, 30 (45), 13499–
13509. Copyright 2014 American Chemical Society. 

Arul made a mixture of 7% 133b and 93% 150 to create the liquid crystal network. When 

making the liquid crystal network, he was able to align the bulk material’s components in such a 

way that they were parallel to one another, known as a monodomain orientation (Figure 3.2B). 

Once oriented correctly, the network was crosslinked with a photoinitiator giving a more rigid 

polymer and locking in the parallel orientation. When inducing trans-to-cis isomerization of many 

parallel components of a liquid crystal material, the material will bend since the cis-isomers have 

a shorter end-to-end distance.193 The non-irradiated trans-isomers on the opposite side of the 

network do not isomerize, so they do not shorten, thus resulting in bending of the polymer. Given 

the superior photostationary states of trans-to-cis isomerization, it was believed that incorporation 

of 133b into the material would cause a larger bending than an azobenzene containing material. 

However, the material showed a lesser bending in response to light than the azobenzene 

containing material. The bending achieved can be seen in Figure 3.3. It was believed that this 

could have been a result of a better quantum yield of isomerization relative to the azobenzene 

containing polymer. If this were the case, before the uppermost irradiated layer was able to fully 

isomerize and therefore shorten, the bottom layer would also begin isomerizing and shortening. 

Thus, the whole polymer would be shortening at a similar rate, reducing the overall bending.  

N
N

N
N

H
N

NH

O

O

O

O

O

O
O

O
O

O

O

O

6 6

150

133b



101 

Figure 3.3 - Bending of a liquid crystal material containing monomer 150 upon irradiation with 
365 nm light. The material bends vertically, then relaxes over the course of 30 seconds of 
irradiation.  

To determine if this was the case, Arul formed a splayed liquid crystal network that would 

illuminate if this was the case. The splayed conformation has a layer of liquid crystal material that 

is parallel, but one edge of the material bends towards a perpendicular orientation (Figure 3.2B). 

In this alignment, even if all of the photoswitching units were to switch, a helical macroscopic 

formation should be observed since one edge of the material strip is contracting more than the 

other, yet this still did not show greater bending than an azobenzene liquid crystal material.  

One potential reason for this lesser macroscopic response is a lesser change in distance 

between cis and trans isomers. Based on literature reports, this is unlikely, though in the context 

of a bulk material it could be the case. A second potential cause is the presence of the methyl 

groups on the pyrazole of 133b. The sterics of these may be preventing isomerization in the matrix 

of a polymer. A final potential reason would be that there is a lower energetic force behind the cis 

isomerization in 133b than in an analogous azobenzene, and that in a more rigid polymeric 

environment, less of the arylazopyrazole is actually switching. To test these hypotheses, 

computational studies could be performed to determine the energetic favorability of switching. 

Alternatively, a demethylated arylazopyrazole could be synthesized to determine the role they are 

playing. A nonmethylated analog was reported to have approximately a 3 year half-life and similar 

photostationary states making it an appropriate analog to examine the role of the methyl 

groups.123  
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3.2 Conclusions and Outlook 

An arylazopyrazole-containing monomer was synthesized through a convergent synthesis 

with significant optimization of the final Schotten-Baumann reaction required. The monomer was 

incorporated in a liquid crystal network that was subsequently crosslinked to give a 

photoresponsive polymer. The arylazopyrazole polymer demonstrated a macroscopic response 

when irradiated, but this response was not as significant as that of azobenzene. Further synthesis 

of a demethylated analog could indicate the role sterics are playing in the lesser response. It is 

possible that in the more constrained environment of a bulk solid, the methyl groups could be 

reducing the favorability of switching. Computational modeling may also provide insight into the 

energetic favorability of the isomerization that could help rationalize the lesser response. 

3.3 Experimental 

General Procedures 

All chemicals were obtained from commercial sources and used without further purification 

unless otherwise stated. All reactions were performed in flame dried glassware under nitrogen 

and stirred magnetically unless otherwise indicated. 1H NMR spectra were obtained from a Bruker 

Avance III 400 MHz or Bruker Avance III 500 MHz with chemical shifts reported relative to either 

residual CHCl3 (7.26 ppm), DMSO (2.50), or CH3OD (3.30 ppm). Mass spectrometry was 

performed by University of Pittsburgh facilities. 

Compounds 135,194 142,189 143,189 146,189 and 147189 were synthesized according to 

literature syntheses without any modifications and obtained yields matched reported ones.  

3-(2-(4-(2-Hydroxyethyl)phenyl)hydrazineylidene)pentane-2,4-dione (138). 
Compound 137 (1.114 g, 8.1 mmol, 1 eq) was dissolved in acetic acid (11 mL) and concentrated 

HCl (1.8 mL), then cooled to 0 °C. Sodium nitrite (682 mg, 9.9 mmol, 1.2 eq) was added dropwise 

as a solution in minimal water. After 30 minutes, a solution of acetylacetone (1.12 ml, 11 mmol, 

1.4 eq) and NaOAc (2.078 g, 25 mmol, 3.1 eq) in ethanol (9.6 mL) and water (4.8 mL) was added 

portionwise. The reaction mixture was stirred overnight at room temperature. The reaction mixture 
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was diluted with ethyl acetate (20 mL), washed with excess saturated sodium bicarbonate, brine 

(10 mL), and then concentrated in vacuo to yield 138 as a yellow solid. (2.061 g, 98% yield). 1H 

NMR (500 MHz, CD3Cl) δ  14.78 (s, 1 H), 7.37 (d, 2 H, J = 8.5 Hz), 7.26 (d, 2 H, J = 8.5 Hz), 3.88 

(q, 2 H, J = 6 Hz), 2.89 (t, 2 H, J = 6 Hz), 2.60 (s, 3 H), 2.49 (s, 3 H), 2.42 (d, 1 H, J = 6 Hz); 13C 

NMR (500 MHz, CDCl3) δ 197.9, 197.1, 140.2, 136.57, 133.2, 130.3, 116.5, 63.5, 38.6, 31.6, 

26.6; HRMS (ESI+) calcd for C13H17O3N2 (M+H)+ 249.1234, found 249.1237. 

4-(2-(2,4-Dioxopentan-3-ylidene)hydrazineyl)phenethyl 4-methylbenzenesulfonate 
(140). Compound 138 (100 mg, 0.4 mmol, 1 eq), tosyl chloride (92 mg, 0.48 mmol, 1.2 eq), and 

DABCO (67 mg, 0.6 mmol, 1.5 eq) was dissolved in DCM (3.5 mL) and stirred overnight at room 

temperature. The reaction mixture was diluted with ethyl acetate (10 mL) and washed with water 

(3 x 5 mL) and brine (5 mL). The organic layer was dried over sodium sulfate (approximately 

500 mg) and concentrated in vacuo to yield the tosylate 140 as a yellow oil (151 mg, 93% yield). 
1H NMR (500 MHz, CD3Cl) δ  14.74 (s, 1 H), 7.69 (d, 2 H, J = 8 Hz), 7.28 (m, 4 H), 7.15 (d, 2 H, 

J = 8 Hz), 4.21 (t, 2 H, J = 6 Hz), 2.96 (t, 2 H, J = 6 Hz), 2.60 (s, 3 H), 2.49 (s, 3 H), 2.43 (s, 3 H); 
13C NMR (500 MHz, CDCl3) δ 198.0, 197.0, 141.7, 140.5, 134.1, 133.3, 133.1, 130.2, 130.1, 

129.8, 127.8, 116.4, 70.3, 34.9, 31.6, 26.6, 21.6. 

tert-Butyl (E)-(6-(4-((4-hydroxyphenyl)diazenyl)-3,5-dimethyl-1H-pyrazol-1-
yl)hexyl)carbamate (144). A solution of hydrazine (2.54 g, 79 mmol, 14 eq) in ethanol (25 mL) 

was cooled to 0 °C. Compound 143 (2 g, 5.4 mmol, 1 eq) was added to the solution and the 

reaction mixture was stirred overnight at 60 °C. The reaction mixture was concentrated to yield 

a colorless oil.  

The oil was redissolved in ethanol (50 mL). Compound 96 (2.038 g, 9.3 mmol, 1.7 eq) 

was added and the solution was stirred overnight at 60 °C. The reaction mixture was 

concentrated in vacuo and the residue was purified via flash chromatography on silica gel 

(gradient 0% methanol in DCM → 6% methanol in DCM) to yield 144 as a yellow solid (1.004 g, 
45% yield). 1H NMR (400 MHz, CDCl3) δ 7.71 (d, 2 H, J = 8.8 Hz), 6.91 (d, 2 H, J = 8.8 Hz), 

4.58 (b, 1 H), 3.99 (t, 2 H, J = 7.2 Hz), 3.09 (q, 2 H, J = 7.2 Hz), 2.53 (s, 3 H), 2.49 (s, 3 H), 1.80 
(p, 2 H, J = 7.2 Hz), 1.43 (m, 11 H), 1.32 (m, 4 H); 13C NMR (500 MHz, CDCl3) δ 157.7, 147.7, 

142.2, 137.5, 134.7, 123.5, 115.6, 48.8, 40.4, 34.7, 31.6, 29.9, 26.3, 25.3, 22.7, 20.5, 14.1, 
13.8, 15.4, 12.1; HRMS (ESI+) calcd for C21H32N5O3 (M+H)+ 402.25029, found 402.25022.

tert-Butyl (E)-(6-(4-((4-((5-((tert-butoxycarbonyl)amino)pentyl)oxy)phenyl)diazenyl)-
3,5-dimethyl-1H-pyrazol-1-yl)hexyl)carbamate (148). A solution of phenol 144 (1.004 g, 2.4 

mmol, 1 eq) and tosylate 147 (1.004 g, 2.8 mmol, 1.2 eq) in dry acetonitrile (30 mL) was prepared. 

Potassium carbonate (714 mg, 5 mmol, 2 eq) was added and the reaction mixture was stirred 
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under reflux overnight. The reaction mixture was filtered, the filtrate was concentrated in vacuo, 

and the residue was purified via flash chromatography on silica gel (gradient 0% ethyl acetate in 

DCM → 40% ethyl acetate in DCM) to yield 148 as a yellow solid (870 mg, 60% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.76 (d, 2 H, J = 8.8 Hz), 6.94 (d, 2 H, J = 9.2), 4.53 (b, 2 H), 4.00 (m, 4 H), 

3.10 (m, 4 H), 2.55 (s, 3 H), 2.48 (s, 3 H), 1.82 (m, 4 H), 1.57 (m, 4 H), 1.44 (m, 20 H), 1.30 (m, 4 

H); 13C NMR (500 MHz, CDCl3) δ 160.2, 156.0, 147.9, 142.2, 137.5, 134.8, 123.2, 114.5, 79.1, 

68.0, 48.8, 40.5, 34.7, 31.6, 30.0, 29.0, 28.9, 26.3, 25.3, 23.4, 22.7, 20.7, 14.1, 13.9, 9.9; HRMS 

(ESI+) calcd for C32H53O5N6 (M+H)+ 601.4072, found 601.4052. 

(E)-1-(6-(Chloro-λ5-azaneyl)hexyl)-4-((4-((5-(chloro-λ5-
azaneyl)pentyl)oxy)phenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (149). A solution of 

arylazopyrazole 148 (860 mg, 1.4 mmol) in dry DCM (30 mL) was prepared and then was diluted 

with 4 N HCl in dioxane (10 mL) and the reaction mixture was stirred for 3 hours. The reaction 

mixture was concentrated in vacuo to yield a yellow solid (644 mg, 97% yield) to yield 149. 1H 

NMR (500 MHz, CD3OD) δ 7.75 (d, 2 H, J = 9 Hz), 7.00 (d, 2 H, J = 9 Hz), 4.15 (m, 2 H), 4.06 (t, 

2 H, J = 6.5 Hz), 2.93 (p, 5 H, J = 6.5 Hz), 2.89 (p, 2 H, J = 6.5 Hz), 2.61 (s, 3 H), 2.49 (s, 3 H), 

1.84 (m, 4 H), 1.73 (p, 2 H, J = 6.5 Hz), 1.60 (m, 4 H), 1.40 (m, 4 H); 13C NMR (500 MHz, CD3OD) 

δ 160.3, 147.6, 140.7, 134.5, 123.4, 115.3, 68.1, 49.0, 48.6, 40.5, 40.2, 39.7, 39.1, 29.5, 28.6, 

27.1, 25.9, 25.8, 23.0, 14.2; HRMS (ESI+) calcd for C22H37ON6 (M+H)+ 401.3023, found 401.3027. 

(E)-1-(6-(Chloro-λ5-azaneyl)hexyl)-4-((4-((5-(chloro-λ5-
azaneyl)pentyl)oxy)phenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (133b). A solution of 3-

bromopropionyl chloride (720 mg, 4.2 mmol, 10 eq) in dry DMF (10 mL) was cooled to 0 °C. A 

solution of diamine 149 (200 mg, 0.42 mmol, 1 eq) in dry DMF (50 mL) was added dropwise to 

the acid chloride and stirred at 0 °C for 1.5 hours. DIPEA (6 mL, excess) was added and the 

reaction was stirred at room temperature for 2 hours. The reaction mixture was diluted with ethyl 

acetate (100 mL), then washed with brine (50 mL) and water (5 x 50 mL). The organic layer was 

concentrated in vacuo and the residue was purified via flash chromatography on silica gel 

(gradient 0% methanol in DCM → 5% methanol in DCM) to yield 133b as a yellow solid. 1H NMR 

(500 MHz, CDCl3) δ 7.76 (d, 2 H, J= 8.5 Hz), 6.93 (d, 2 H, J = 8.5 Hz), 6.27 (dd, 2 H, J = 21, 5 

Hz), 6.08 (dd, 2 H, J = 22 Hz, 13 Hz), 5.74 (b, 1 H), 5.62 (m, 3 H), 4.02 (t, 2 H, J = 6.5 Hz), 3.33 

(m, 4 H), 2.61 (p, 2 H, J = 6.5 Hz), 2.55 (s, 3 H), 2.48 (s, 3 H), 1.83 (m, 4 H), 1.59 (m, 2 H), 1.08 

(m, 4 H); 13C NMR (500 MHz, CDCl3) δ 165.6, 160.2, 147.9, 142.1, 137.6, 134.8, 130.9, 126.3, 

123.3, 114.5, 67.9, 53.4, 50.9, 39.5, 29.8, 26.2, 25.9, 23.5, 13.9; HRMS (ESI+) calcd for 

C28H41O3N6 (M+H)+ 509.3235, found 509.3225. 
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