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Abstract

Chemical design, synthesis and biological evaluation of
novel proteolysis targeting chimeras (PROTACs) for
the degradation of NUDT5
Gabriel Tidestav

Proteolysis targeting chimeras (PROTACs) represent a new 
modality in drug design. They are bifunctional molecules; with 
one end, they bind to a protein of interest, and with the other 
end, they bind to endogenous E3 ligases. The E3 ligases will 
then attach ubiquitin to the protein of interest, which marks 
it for degradation by endogenous cellular mechanisms. This can 
be used to silence a certain protein, which is useful if the 
protein plays an important role in a certain disease. The 
protein NUDT5 was recently identified as playing a major role 
in breast cancer, for which reason silencing it could provide 
new treatment opportunities for the disease. 

PROTAC candidates were synthesised using two different NUDT5 
ligands previously identified by researchers at Karolinska 
Institute, two commercially available E3 ligase ligands and 
five different linker designs. These designs were chosen to 
ensure a wide coverage of chemical space, resulting most 
importantly in varying lengths and hydrophobicities and using a 
variety of chemical techniques. 16 compounds were obtained, 
characterized and sent to Karolinska Institute for biological 
testing. All of the tested compounds were binders to NUDT5 
according to a differential scan fluorimetry assay, and further 
testing indicated that one of them induces degradation of 
endogenous NUDT5. This is a very promising result, and for this 
reason, said compound should be optimized to elucidate its 
structure-activity relationship and take further steps towards 
using it to treat breast cancer.
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Populärvetenskaplig sammanfattning 
 

A popular scientific summary written in Swedish. 

 

Vanliga läkemedel fungerar oftast så att de binder till ett protein i kroppen och minskar eller 

ökar proteinets vanliga effekt. En “PROTAC” eller “PROteolysis TArgeting Chimera” 

(ungefär ”proteolysinriktad chimär”) är en typ av molekyl som skulle kunna användas som 

läkemedel, men på ett annat sätt. I alla kroppens celler finns det system för att bryta ned 

proteiner som inte längre behövs. Om ett protein orsakar eller är kopplat till en sjukdom, och 

det går att lura kroppen att det proteinet inte längre behövs och ska brytas ned, kan det utnyttjas 

för att bli av med proteinet och användas som en del av behandlingen mot sjukdomen. En 

PROTAC-molekyl åstadkommer detta genom att binda både till det skadliga proteinet och till 

de proteiner, så kallade E3-ligaser, som märker andra proteiner för nedbrytning. När de två 

proteinerna förs nära varandra, kommer nedbrytningsprocessen att inledas och PROTAC-

molekylen kan vandra vidare till två nya proteinmolekyler. Tekniken är ganska ny och det finns 

hittills inga färdiga och godkända läkemedel baserat på den, men om det fungerar kommer det 

förhoppningsvis att låta oss slå ut proteiner, som ibland inte har gått att påverka tidigare, med 

stor precision och få bieffekter. 

 

En PROTAC-molekyl byggs alltså upp av tre delar: en del som binder till målproteinet, en del 

som binder till E3-ligas och en länk eller kedja mellan de två delarna. Målet i det här projektet 

var ett protein som heter NUDT5 och spelar en roll i bröstcancer. Forskargrupper vid 

Karolinska Institutet har nyligen identifierat molekyler som binder till NUDT5 och som det går 

att fästa små länkar eller kedjor på. Två olika sådana molekyler parades ihop med två olika 

molekyler som binder till E3-ligas och som går att köpa av kemiföretag. Framför allt testades 

olika sätt - totalt fem olika - att bygga länkarna eller kedjorna emellan de två. Planen var att de 

skulle vara olika långa, vattenlösliga och liknande för att spänna en bredd av fysikalisk-kemiska 

egenskaper. Totalt skickades 16 molekyler till en forskargrupp vid Karolinska Institutet för att 

testa om de skulle kunna slå ut NUDT5. 

 

Forskargruppen på Karolinska Institutet testade de 16 molekylerna på olika sätt. Först använde 

de en teknik som heter differentiell svepfluorimetri och visade att alla molekylerna över huvud 

taget kunde binda till NUDT5, att hela utbyggnaden inte hade förstört möjligheten för 

molekylen att binda in. Sedan testade de molekylerna mot celler som innehöll en modifierad 

version av NUDT5, där det gick att följa nedbrytningen med optiska sensorer samt reglera och 

kontrollera nedbrytning och proteinmängd. I detta test utmärkte sig en av molekylerna, då den 

verkade leda till ganska bra nedbrytning, så det gjordes två tester till med den. Av dessa två 

tester, visade det sista att den PROTAC-molekylen även kan bryta ned vanlig NUDT5, hur 

nedbrytningen ser ut över tid och hur effekten varierar med mängden PROTAC som används. 

 

De sista resultaten är riktigt intressanta, eftersom de visar det som var frågeställningen med 

projektet: om det går att bryta ned NUDT5 på det här sättet. Som en fortsättning i detta läge, 

gäller det att tillverka en uppsättning väldigt liknande molekyler och kolla om de fungerar på 

samma sätt. Det är också viktigt att fundera på om det är lätt att tillverka molekylen i större 

skala, och om den är tillräckligt vattenlöslig för att kunna tas upp i kroppen. Långt senare gäller 

det förstås också att den har rätt effekt i levande varelser och inte är giftig för eller har allvarliga 

biverkningar hos människor. Om allt detta går bra, vilket kan ta uppåt 20 år, skulle molekylen 

eller en variant av den i framtiden kunna användas som en del av behandling mot bröstcancer. 

  



1 

 

1. Introduction 3 

2. Results and discussion 5 

2.1 NUDT5 ligand synthesis 5 

2.2 Modifications of VHL and CRBN 6 

2.3 NUDT5-heterocycle systems 8 

2.3a Heterocycle-C8 linkers 9 

2.3b Heterocycle-PEG acid linkers 11 

2.3c Piperidine-PEG-triazole linkers 12 

2.4 Alkyl-triazole systems 14 

2.5 Sonogashira systems 16 

2.6 Attempts at long, hydrophilic and flexible linkers 18 

2.7 Biological testing 19 

3. Conclusion 22 

4. Acknowledgements 24 

5. Experimental section 25 

6. References 38 

7. Appendix 40 

7.1 Structures and physico-chemical properties of compounds 40 

7.2 NMR spectra 45 

 

 

 

 

 

  



2 

Abbreviations used 

ACN - acetonitrile 

boc/BOC - tert-butyloxycarbonyl 

CRBN - cereblon E3 ligase ligand, pomalidomide 

CuAAC - copper-catalysed 1,3-dipolar azide-alkyne cycloaddition 

DCM - dichloromethane 

DIEA - see DIPEA 

DIPEA - N,N-diisopropylethylamine 

DMF - N,N-dimethylformamide 

DMSO - dimethyl sulfoxide 

DSF - differential scan fluorimetry 

Et2O - diethyl ether 

EtOAc - ethyl acetate 

EtOH - ethanol 

FRET - fluorescent resonance energy transfer 

HATU - O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluroniumhexafluorophosphate 

HB - hydrogen bond 

HPLC - high performance liquid chromatography 

HRMS - high resolution mass spectrometry 

LCMS - liquid chromatography/mass spectrometry 

MeOH - methanol 

MS - mass spectrometry 

o.n. - overnight 

p-TsOH - para-toluenesulfonic acid 

PCR - polymerase chain reaction 

PEG - polyethylene glycol 

POI - protein of interest 

PROTAC - proteolysis targeting chimera 

t-BuOH - tert-butanol 

TEA - triethylamine 

TFA - trifluoroacetic acid 

THF - tetrahydrofuran 

TMS - tetramethylsilane 

TPSA - topological polar surface area 

VHL - von Hippel-Lindau E3 ligase ligand 
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1. Introduction 

 

PROTACs, a term first coined by Sakamoto et al.1 in 2001, have recently come to represent a 

new modality in drug design. Instead of directly modulating target proteins, these bifunctional 

molecules bind to them with one end, and with the other end, bind to certain enzymes in the 

cell. This allows them to induce degradation of the protein via endogenous mechanisms (Figure 

1).2 So-called ubiquitin-dependent proteolysis, or the ubiquitin-proteasome system3, is centred 

around ubiquitination of the target protein via members of the family of E3 ligase enzymes.2 

Such ubiquitination designates the protein as a target for degradation4, and the use of the system 

as a drug modality would combine the practical and pharmacokinetic advantages of a small-

molecular drug with the specificity and efficacy of biologics, as well as being able to hit 

previously undruggable targets.4 As the mechanism of action is catalytic, the lowest efficacious 

dose is further reduced. Last year, the compound ARV-110 by the company Arvinas was the 

first PROTAC to enter clinical trials, with prostate cancer as the indication.5  

 

Figure 1: PROTAC mode of action. 
 

The target of this project is the NUDT5 protein, part of the family of NUDIX hydrolases 

involved in nucleotide metabolism. It was recently proven to play a major role in the gene 

regulation of, while being overexpressed in, breast cancer cells.6,7 Being able to target NUDT5 

could by extension open up treatment opportunities for breast cancer. The mentioned article 

included design rationales for ligands, also functioning as inhibitors, which led to a patent 

application a short while thereafter.8 The common denominator of these ligands is that they are 

7-(5-aryl-1,3,4-oxadiazol-2-yl)-methyl derivatives of theophylline. A halogen in position 8 

serves as a chemical handle for attaching substituents and converting the ligand to a PROTAC. 

For the aryl substituents, this project will use 3,4-dichlorophenyl and 3-methoxy-4-

methylphenyl moieties (Figure 2), forming two series of analogues. 

https://paperpile.com/c/tCTTkK/kl3Q
https://paperpile.com/c/tCTTkK/pIm2
https://paperpile.com/c/tCTTkK/JPkS
https://paperpile.com/c/tCTTkK/pIm2
https://paperpile.com/c/tCTTkK/PQwW
https://paperpile.com/c/tCTTkK/PQwW
https://paperpile.com/c/tCTTkK/GjWE
https://paperpile.com/c/tCTTkK/FMxm
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R=Br --> 1a
R=Br --> 1b
R=Cl --> 1c  

 

Figure 2: General structures of dichloro (left) and methoxy-methyl (right) NUDT5 ligands, and specific structures of 

halogen-based building blocks 1a-c. 
 

To induce protein degradation, the two most common payloads are cereblon and von Hippel-

Lindau E3 ligase ligands (Figure 3).9 The properties of these E3 ligases were discussed 

recently10: cereblon is the target protein of thalidomide and its derivatives – teratogens 

nowadays refurbished into anti-cancer drugs – while the von Hippel-Lindau E3 ligase is 

targeted by oligopeptide derivatives first described in 2004. Other E3 ligases worth mentioning 

are MDM2 and cIAP110. The fact that the cereblon and VHL ligands have significantly 

different chemical properties is bound to present a challenge in the laboratory. In either case, 

the handle for attachment is an amine – an aniline in the case of cereblon, and a primary 

aliphatic amine in the case of the von Hippel-Lindau E3 ligase. 

 

R=H --> 2b (CRBN)

R=H --> 2a (VHL)  
 

Figure 3: General structures of von Hippel-Lindau (left) and cereblon (right) E3 ligase ligands,  

and specific structures of building blocks VHL 2a and CRBN 2b. 

 

A PROTAC also requires a linker between the POI ligand and the E3 ligase ligand. The linker 

has the unfortunate combination of being significant for the efficacy of the PROTAC3 and 

being hard to rationally design.11 Typical moieties contained in linkers include aliphatic chains, 

PEG oligomers, saturated heterocycles, carbon-carbon triple bonds and triazoles (formed via 

https://paperpile.com/c/tCTTkK/mG43
https://paperpile.com/c/tCTTkK/1opQ
https://paperpile.com/c/tCTTkK/JPkS
https://paperpile.com/c/tCTTkK/xuGu
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the CuAAC “click” reaction).3 In lieu of rational linker design, considerations can be taken to 

ensure a good coverage of chemical space. This could include variations of length, 

hydrophobicity, rigidity and the number of heteroatoms. 

 

In vitro testing of PROTAC efficacy can be carried out using various biological assays. 

Initially, a biochemical assay such as DSF can be used to quantify NUDT5 stabilization due to 

binding. It has recently emerged as a useful technique for ligand screening during drug 

discovery processes in general.12 Such an assay would be suitable for high-throughput analysis 

as well as provide initial information about the affinity of the designed PROTACs to NUDT5. 

A follow-up step would be to use the so-called dTAG system: by expressing a fusion protein 

containing the protein of interest (NUDT5), a probe like a luciferase domain and FKBP12, a 

protein with a known affinity to a special PROTAC, its susceptibility to the tested compound 

can be compared to its susceptibility to the known degrader.13 Furthermore, the system allows 

for facile regulation of protein expression via adjustment of doxycycline levels. Work is being 

undertaken by Valerie et al (unpublished) to optimise this assay. A final alternative is to screen 

for NUDT5 depletion via Western blotting, which is simple and also more in vivo-like due to 

using endogenous NUDT5 – at the cost of being strictly low-throughput. 

 

All things considered, the aim of the project is to design and synthesise up to 20-24 PROTACs 

using a combination of 2 different NUDT5 ligands, 2 different E3 ligase ligands and 5-6 

different linkers, as well as perform an initial assay of their potential as PROTACs by 

evaluating their ability to induce NUDT5 degradation in vitro. 

2. Results and discussion 

 

Five different linkers were designed and combined with NUDT5 and E3 ligase ligands to form 

in total 16 PROTAC candidates. The synthetic processes involved several sub-steps, which are 

discussed in turn. 

2.1 NUDT5 ligand synthesis 

 

The NUDT5 ligand synthesis was largely based on the process developed by Karolinska 

Institute (Scheme 1). The starting materials were 3,4-dichlorobenzohydrazide 3a, which was 

commercially available, and its analogue 3-methoxy-4-methylbenzohydrazide 3b, which had 

to be synthesised from hydrazine hydrate and the corresponding methyl ester 3c. This was done 

by a Recipharm OT Chemistry employee in near-quantitative yield and high purity. Arguably, 

8-bromotheophylline 1d can also be considered a starting material. Oxadiazoles 4a-b were 

synthesised in one step via coupling to 2-chloroacetic acid and cyclization using POCl3 as 

dehydrating agent and solvent. This step gave high purity and decent yields. Finally, 1d was 

alkylated in the presence of K2CO3, using DMF as a solvent, which unfortunately tended to 

give poor yield and low purity of 1a-b. This was largely due to poor solubility and difficult 

purification of in particular 1a. 

 

https://paperpile.com/c/tCTTkK/JPkS
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1d3b3c

a

 

3a-b

1a-b
1a, 3a-4a: R=R'=Cl
1b, 3b-4b: R=OMe, R'=Me

4a-b

cb

 
 

Scheme 1: Synthesis of NUDT5 ligand building blocks and structure of starting material 1d. Reagents and conditions: a) 

Hydrazine hydrate, EtOH, reflux, 60 h; b) 2-chloroacetic acid, POCl3, 110 ℃, 1-16 h; c) 1d, K2CO3, DMF, 70 ℃, 16 h. 

Yield: 6.6%-73% over 2 steps. 

2.2 Modifications of VHL and CRBN 

 

In some cases, when amide coupling was not a suitable final step in the synthesis, a 

modification to the payloads was required to be able to join the two components in the middle. 

Such was the case for the CuAAC-based PROTACs (requiring an azide and an alkyne) as well 

as for certain CRBN systems where the final amide coupling could not easily be scaled down 

and conducted on a low milligram scale. On the other hand, VHL is an expensive compound, 

which served as an extra incentive to limit its use to ultimate and perhaps penultimate steps. 

The most important modification to the payloads was the attachment of hex-5-ynoic acid, 

illustrated below (Scheme 2). 
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a b

5a

5b

 
 
Scheme 2: Coupling of hex-5-ynoic acid to VHL and CRBN. Reagents and conditions: a) 2a. HATU, DIPEA, DMF, rt, 16h, 

yield : 68%; b) i. (COCl)2, cat. DMF, Et2O, rt, 30 min, ii. 2b, THF, reflux, 16h, yield : 77%.  

 

The different conditions used are due to the different reactivities of VHL 2a and CRBN 2b. 

The primary amine of VHL is very suitable for amide coupling using HATU, while the aniline 

of CRBN requires formation of the corresponding acyl chloride and otherwise hard conditions. 

The latter can be explained via the delocalization of the electrons into the aromatic ring, 

however steric effects also play a role as the analogue lenalidomide, having one lesser oxo 

group, can be coupled using HATU14. The hexynamides 5a-b were obtained with decent purity 

and yields, and considered important intermediates. 

 

The same conditions were used to couple an ester-protected PEG diacid 6b to CRBN,  yielding 

the ester moiety 6a, after which bis(tri-n-butyltin)oxide or 

tributyl(tributylstannyloxy)stannane15 (presented below for clarity) was used to hydrolyse it, 

yielding the unprotected acid 7. These reactions (Scheme 3) also resulted in high yields and 

purities. The coupling of the acid 7 to a modified NUDT5 ligand is described later. 
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a

b

6b 6a

7
 

Scheme 3: Attachment of a PEG acid to CRBN. Reagents and conditions: a) i. (COCl)2, cat. DMF, Et2O, rt, 5 min, ii. 2b, 

THF, reflux, 16 h; b) tributyl(tributylstannoyloxy)stannane , toluene, 115 ℃, 16 h. Yield: >99% over 2 steps. 

2.3 NUDT5-heterocycle systems 

 

Piperazine derivatives of the NUDT5 ligands were utilised by Page and Valerie et al.7 and 

provide a means to expand the linker via amide bonds. The ligand reacts readily with boc-

piperazine, after which removal of the protecting group enables further reactions. 

Unfortunately, boc-piperazine and the similar compound (4-boc-amino)piperidine were mixed 

up during the lab work, leading to the creation of plenty of compounds with similar properties 

except for the extra methylene group. Due to the lack of clear structure-activity relationships, 

the 4-aminopiperidine PROTACs were not discarded, but instead had the new property 

accounted for and were sent for testing. Furthermore, while testing the same reaction with 

different primary, unnatural amino acids and amino acid esters, it was discovered that the ligand 

is very unreactive toward primary amines. The reactions employed are outlined below (Scheme 

4). 

 

https://paperpile.com/c/tCTTkK/hHpb
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1a, 8a-9a: R=3,4-dichlorophenyl
1b-c, 8b-c, 9b-c: R=3-methoxy-4-methylphenyl

1c
1a-b

8c

a
c

b

9c
9a-b

8a-b

b

 
 

Scheme 4: Coupling of piperazine and 4-aminopiperidine to the NUDT5 ligands. Reagents and conditions: a) tert-butyl N-

(4-piperidyl)carbamate, K2CO3, DMF, 70-80 ℃, 16 h; b) TFA, DCM, rt, 2.5 h; c) tert-butyl piperazine-1-carboxylate, 

K2CO3, DMF, 80 ℃, 16 h. Yield: 66%-84% over 2 steps. 

 

The first steps (a and c) above tended to vary in yield and purity, while the second step (b) 

tended to give near-quantitative yields and pure product. These steps were in general conducted 

from ligand 1a-b synthesised according to earlier descriptions - however, a small amount of 

compound 1c was generously donated by Karolinska Institute and used initially - the only case 

in which the intended boc-piperazine reagent was used. The difference was not actively studied; 

the rationale behind choosing Br-theophylline derivatives being that it was easier to choose one 

halide and stick to it, and bromine should be a better leaving group, especially when it comes 

to the Sonogashira reactions described later. The NUDT5-piperazine and NUDT5-4-

aminopiperidine ligands 9a-c were considered important intermediates, due to the many linker 

designs based upon them. 

2.3a Heterocycle-C8 linkers 
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With amine handles attached to the ligands and already present on the payloads, the simplest 

way to link them is to use a diacid - or an acid ester, which is hydrolysed in between, to prevent 

regioselectivity problems. A suitable compound is methyl suberate - the monomethyl ester of 

octanoic diacid, resulting in an 8-carbon or “C8” aliphatic chain - with lithium hydroxide used 

to hydrolyse the ester. For both of the amide couplings, HATU was chosen as the reagent. The 

above is outlined below (Scheme 5). 

 

9a, 9c

10a-b 11a-b

12a-b

a b

c

 
9a-12a: R=H, R'= 9c, 10b-12b: R=R'=

 
Scheme 5: Final stages of heterocycle-C8 PROTAC synthesis. Reagents and conditions: a) Methyl suberate, HATU, DIPEA, 

DMF, rt, 16h; b) LiOH·H2O, H2O:THF, rt, 2.5h-16h; c) 2a, HATU, DIPEA, DMF, rt, 16h. Yield: 2.8%-3.6% over 3 steps. 

 

The two first steps resulted in decent yields and high purity, while in the final step, preparative 

HPLC was used to purify the product (sacrificing yields for purity). These reactions resulted in 

the formation of pure VHL-based candidates 12a (>3 mg) and 12b (>2 mg), enough for testing 

as well as for HRMS and, in the latter case, 1H NMR analysis. In terms of coverage of chemical 

space, the linker used is simple and represents some kind of middle point in terms of the 

previously listed properties: length, rigidity, hydrophilicity and number of heteroatoms. 

Unfortunately, no CRBN analogues were able to be made. This was largely due to difficulties 

in coupling CRBN to a suberic acid moiety as well as unexpected masses – before the 

piperazine/piperidine error had  been accounted for – in the syntheses performed. 
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2.3b Heterocycle-PEG acid linkers 

 

The use of PEG systems as a means to provide distancing and hydrophilicity is well known. 

Inserting two oxygens into the earlier mentioned suberic acid results in a longer and more 

hydrophilic linker. The rational name of the diacid derivative is 3-[2-(2-ethoxycarbonyl-

ethoxy)-ethoxy]-propionic acid, previously presented as substance 6b. Linkers based on it are 

shown below (Schemes 6-7); the substance itself was introduced previously (Scheme 3). 

9a, 9c
13a-b

a b

c

14a-b

15a-b

 
9a, 13a-15a: R=H, R'= 9c, 13b-15b: R=R'=

 
Scheme 6: Final stages of heterocycle-PEG-VHL PROTAC synthesis. Reagents and conditions: a) 6b, HATU, DIPEA, DMF, 

rt, 16 h; b) LiOH·H2O, H2O:THF, rt, 2.5 h OR tributyl(tributylstannyloxy)stannane, toluene, 115 ℃, 12 h; c) 2a, HATU, 

DIPEA, DMF, rt, 16 h. Yield: 1.2%-11% over 3 steps. 

 

The CRBN analogues were prepared from NUDT5-aminopiperidines 9a and 9b as well as 

CRBN-PEG acid 7: 
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a

9a, 15c: R=3,4-dichlorophenyl
9b, 15d: R=3-methoxy-4-methylphenyl

9a-b

15c-d

 
Scheme 7: Final stages of 4-aminopiperidine-PEG-CRBN PROTAC synthesis. Reagents and conditions: a) 7, HATU, 

DIPEA, DMF, rt, 16 h, yield: 20%-28%. 

 

Compared to the C8 PROTAC design, the first amide couplings and the hydrolysis gave lower 

yields, while the final steps tended to give higher yields - sometimes resulting in larger amounts 

of product overall, as in the case of 15b (>10 mg). The process was made more difficult by the 

different conditions required to hydrolyse the ethyl ester. Nevertheless, as these PROTAC 

candidates were obtained in good yields, they were apart from biological testing subjected to 

HRMS and (apart from 15d) 1H NMR, as well as thorough NMR assessment including 13C in 

the case of 15b. As previously mentioned, these PROTACs are more hydrophilic and longer 

compared to their C8 counterparts. 

2.3c Piperidine-PEG-triazole linkers 

 

PROTACs were also constructed based on the CuAAC “click” reaction. To avoid the risks 

involved when handling inorganic azides, azide-containing linker fragments were obtained 

commercially and coupled to existing building blocks, such as the NUDT5-4-aminopiperidine 

systems. One of the azide fragments chosen (16c) was PEG-based, again leading to a 

hydrophilic and long linker. The presence of the triazole means the linker is richer in 

heteroatoms and more rigid, compared to previous systems. This is where the hex-5-ynamides 

of the payloads 5a-b come in, serving as the other reactants, as outlined below (Scheme 8). 
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16c

17a: R=3,4-dichlorophenyl, R'=
17b: R=3-methoxy-4-methyl, R'=

17c: R=3,4-dichlorophenyl, R'=
17d: R=3-methoxy-4-methyl, R'=

9a-b

16a-b

9a, 16a: R=3,4-dichlorophenyl
9b, 16b: R=4-methoxy-3-methylphenyl

17a-d

a

b

 
Scheme 8: Synthesis of PEG-triazole PROTACs from NUDT5-4-aminopiperidines, as well as structure of azide fragment 

16c. Reagents and conditions: a) 16c, HATU, DIPEA, DMF, rt, 16 h; b) i. 5a OR 5b, sodium L-ascorbate, DCM:t-BuOH, rt; 

ii. CuSO4·5 H2O, H2O, rt, 30 min-16 h. Yield: 3.5%-13% over 2 steps. 
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These PROTACs were significantly less pure than the ones previously mentioned - 12a-b and 

15a-d - with purities ranging from 91% to 99%. Furthermore, in the cases of 17a and 17d, very 

little product was obtained in the end, making it difficult to obtain 1H NMR spectra. On the 

other hand, 17c - albeit impure - was obtained in excess of 10 mg and could therefore even be 

subjected to thorough NMR assessment including 13C. While the amide coupling showed good 

yields and purities, the same was not the case for the final step. The peak of the product in 

LCMS would often display “shouldering”, or overlap with the peak of an impurity, where the 

two were inseparable using preparative HPLC. Improvements used to address these issues 

include the use of a longer preparative HPLC program, as well as monitoring of reactants prior 

to the start of the reaction to be able to easily identify and add missing starting material in case 

of a shortage, leading to a cleaner reaction mixture prior to the workup. Interestingly, the 

required reaction times varied significantly for the final step, from the 30 minute range 

normally expected for CuAAC reactions (17c) to a full overnight run (17a-b), a variation not 

explicable from the variation in reagent concentrations. 

2.4 Alkyl-triazole systems 

 

As a means of generating a simpler, shorter and less hydrophilic but still triazole-containing 

linker, the PEG azide can be substituted for an aliphatic one. A similar strategy was used by 

Wurz et al.17 who coupled 2-azidoethanamine to a ligand to the BRD4 protein, followed by 

CuAAC reactions with linker-payload systems of different lengths. To have access to an acid 

handle on the ligand, as opposed to an amine, an acid analogue of piperidine had to be used. 

The chosen compound, ethyl isonipecotate, was attached in a similar manner to previous 

systems, after which hydrolysis, amide coupling with 3-azidopropanamine and CuAAC 

reaction with 5a-b followed, as outlined below (Scheme 9). 

https://paperpile.com/c/tCTTkK/IIu7


15 

21a: R=3,4-dichlorophenyl, R'=
21b: R=3-methoxy-4-methyl, R'=

21c: R=3,4-dichlorophenyl, R'=
21d: R=3-methoxy-4-methyl, R'=

c

b

a

d

1a-b

18a-b

19a-b
20a-b

21a-d

1a, 18a-20a: R=3,4-dichlorophenyl
1b, 18b-20b: R=3-methoxy-4-methylphenyl

 
Scheme 9: Synthesis of shorter, less hydrophilic triazole PROTACs. Reagents and conditions: a) ethyl piperidine-4-

carboxylate, K2CO3, DMF, 70 ℃, 16 h; b) tributyl(tributylstannyloxy)stannane, toluene, 120 ℃, 12 h; c) 3-

azidopropanamine, HATU, DIPEA, DMF, rt, 10 min-1 h; d) i. 5a OR 5b, sodium L-ascorbate, DCM:t-BuOH, rt; ii. CuSO4·5 

H2O, H2O, rt, 90 min. Yield: 1.5%-3.0% over 4 steps. 
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This series of reactions shows both similarities and differences to the PEG-triazole systems. 

Purities of final products are even lower - between 83% and 95%, particularly in the cases of 

CRBN systems - and amounts were still in the 2-4 mg range. The reaction conditions are more 

consistent here - for example, all the CuAAC reactions could be performed in 90 minutes - 

although yields and purities varied across the series. Interestingly, the coupling of the amino 

azide to the acid ligand results in the formation of a precipitate within minutes, effectively 

removing any point in leaving the reaction overnight. This is part of why this series of 

PROTACs feels convenient to work with, compared to the ones previously mentioned. 

2.5 Sonogashira systems 

 

With the NUDT5 ligand building blocks 1a-b being aromatic halides, Pd-catalysed reactions 

can be used to attach the foundation of a linker. To avoid having to work up an acid 

intermediate, the already-mentioned hex-5-ynoic acid was subjected to Fischer esterification, 

yielding its methyl ester. The ester was then used in a Sonogashira coupling reaction, and after 

hydrolysis, the short linker was amide coupled to the payload, as outlined below (Scheme 10). 
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1a, 23-25a: R=3,4-dichlorophenyl
1b, 23-25b: R=3-methoxy-4-methylphenyl

23c

a

b

c

d

1a-b

23a-b

24a-b

25a-b

 
 

Scheme 10: Synthesis of methyl hex-5-ynoate and Sonogashira-based PROTACs. Reagents and conditions: a) MeOH, p-

TsOH (cat.), DCM, reflux, 48 h, yield: 90%; b) i. 23c, TEA, DMF, rt, 5 min; ii. Pd(PPh3)4, CuI, 50 ℃, 16 h; c) LiOH·H2O, 

H2O:THF, rt, 2.5 h; d) 2a, HATU, DIPEA, DMF, rt, 16 h. Yield: 3.5%-6.1% over 3 steps. 

 

The Sonogashira reactions used in this step were, interestingly, the only reactions forming new 

carbon-carbon bonds in the entire project. These linkers are most importantly short - only six 

atoms exist between the ligand and the payload - and the synthetic route requires fewer steps 

than those of the earlier mentioned PROTACs. The latter is perhaps a relief, as the Sonogashira 

reaction typically did not result in high yields, removing the metal during workup is a hassle, 

and the LiOH-based hydrolysis is unreliable at best – but the VHL analogues were still obtained 

in excess of 11 (25a) and 8 (25b) mg. This allowed for HRMS and 1H NMR in both cases. No 
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CRBN analogues were synthesised – as amide coupling is an unsuitable final step for these 

PROTACs, due to the small scale, attempts were made from the NUDT5 ligands and the CRBN 

hexynamide 5b. Said Sonogashira reaction appeared unsuccessful, and 1H NMR analysis 

displayed what appeared to be unreacted 5b. 

2.6 Attempts at long, hydrophilic and flexible linkers 

 

Two sets of attempts at making long, hydrophilic and flexible linkers were made; neither with 

any success. The first was based around the longest commercially available boc-protected PEG 

amino acid – containing 6 ethoxy groups – which after successful coupling to 2b and de-bocing 

refused to react with 1a in an aromatic nucleophilic substitution reaction. The second was based 

on a more conventional retrosynthesis, with an ether synthesis as the crucial, final step. This 

did not even make it as far as the above reaction, as the NUDT5 ligand again was unreactive 

toward the primary amine. Furthermore, the route would require extensive protection and de-

protection. Furthermore, on a general level, working with long and flexible compounds means 

working against entropy, via the risk of components adopting unreactive conformations. To 

some extent, this applies to biologically testing these compounds as well, as either ligand might 

be unable to bind to its protein due to the extending part adopting the wrong conformation. The 

fact that macromolecules and ternary complexes also play a role further increases the 

unpredictability of these systems. Retrosynthetic schemes for both mentioned routes are 

illustrated below (Figure 4). 
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Figure 4: Potential routes toward long, hydrophilic and flexible linkers. 

2.7 Biological testing 

 

The compounds 12a-b, 15a-d, 17a-d, 21a-d and 24a-b were sent to Karolinska Institute for 

testing. Initially, a purely biochemical DSF analysis was conducted to determine binding of the 

PROTAC candidates to NUDT5 (Figure 5). 
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Figure 5: Elevated melting points of NUDT5 indicating stabilization after treatment with PROTACs. 

 

As all compounds have elevated melting points compared to the DMSO control, all 16 

compounds are binders to NUDT5. The stabilization is weaker than that of the positive controls 

TH5427 (9c) and TH10124 (its dichloro analogue). Obviously, the above results do not say 

whether the PROTACs induce degradation of NUDT5 - particularly in a cellular system. 

 

Following the initial DSF assay, a dTAG assay was conducted, at two different PROTAC 

concentrations (Figure 6). 

 

 
Figure 6: Concentration of fusion protein measured after 24 h, expressed as a percentage of the concentration obtained 

using a positive doxycycline control, as well as control groups consisting of non-degrading NUDT5 binders and dTAG13 

PROTAC. 

 

As both above diagrams indicate, compound 2 (12b) seems to induce NUDT5 degradation at 

both concentrations. The controls behave as expected, with dTAG13 inducing degradation and 

9c and TH10124 not, indicating a functional degradation machinery. For this reason, 12b was 

chosen for further testing. The results of titrating different concentrations of 12b are given 

below (Figure 7): 
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Figure 7a (top): Fusion protein degradation at different concentrations of 12b, dTAG13 and VHL-based FKBP degrader. 

Figure 7b (bottom): Degradation of fusion protein without the FKBPV domain at different concentrations of 12b and non-

existent at different concentrations of VHL-FKBP degrader. 

 

This figure shows the so-called “hook” effect, where the response to the PROTAC treatment 

initially rises with concentration, after which it falls again. The hook effect is due to saturation 

of both target and E3 ligase with PROTAC molecules, effectively limiting the amount of 

ternary complex formation and subsequent proteolysis18. The bottom figure is arguably the 

most interesting of the two, effectively proving that the degradation of the fusion protein when 

treated with compound 12b is due to NUDT5 rather than FKBP target engagement. 

 

Finally, western blotting was used both to search for depletion of endogenous NUDT5 – as 

opposed to, previously, fusion protein – as well as to study the time and concentration 

dependence of the effect. The figure below illustrates this: 
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Figure 8a (left): Endogenous (indicated by dark arrow) and exogenous (indicated by light arrow) NUDT5 depletion as a 

function of treatment duration. 

Figure 8b (right): Endogenous (indicated by dark arrow) and exogenous (indicated by light arrow) NUDT5 depletion as a 

function of PROTAC concentration. 

 

While this figure directly illustrates the depletion of NUDT5, it more importantly proves that 

the PROTAC effectively degrades endogenous NUDT5. This is relevant, since the fusion 

protein employed is very complex, and while this is a necessity, not proving endogenous 

NUDT5 depletion limits the usefulness of the model. As NUDT5 itself is a stable dimer very 

unlike the fusion protein, protein size is also likely an important factor. This was further 

supported by tests substituting the 3xHiBit domain for a full luciferase moiety, which 

completely stopped degradation from treatment with dTAG13. The figure also clearly 

illustrates the hook effect and the negligible difference between endogenous and exogenous 

fusion protein.  

 

There are a few limitations. It is not known whether the limitation to degradation is due to 

permeability (pharmacokinetics) or proteolysis (pharmacodynamics). Relating to the earlier, 

there were also some solubility issues, with precipitation seen at concentrations exceeding 5 

µM upon the transfer from DMSO to aqueous solution. 

3. Conclusion 

 

Despite the limitations, molecule 12b shows promise as a degrader of NUDT5.  
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Figure 9: The “hit” 12b. 

 

The molecule should at this stage be optimised, and its structure-activity relationship studied 

via synthesis and testing of analogues. The importance of the linker length can be studied via 

the use of heptanoic and nonanoic diacid, instead of octanoic. More hydrophilic analogues 

could improve solubility, which is likely desirable, and could be obtained via the use of an 8-

atom PEG oligomer. Another possibility, which addresses multiple concerns, is to use an 

isonipecotic acid-based linker – couple an amino acid such as 8-aminooctanoic acid to the 

intermediate 19b and then add the VHL. The extra hydrogen bond donor might increase 

solubility, the influence of the direction of the amide will be studied and this route might result 

in one less step, simplifying the synthetic process. A related option is to use 2-(piperazine-1-

yl) acetic acid instead of isonipecotic acid, which greatly increases solubility via the addition 

of a basic nitrogen. Before any rushed conclusions are drawn based on solubility, however, a 

proper (kinetic) solubility test from the DMSO stock solution of 12b should be conducted. 

Some of the limitations of the biological data should also be addressed – for example, more 

concentrations should have been tested, as the hook effect appears at very low concentrations 

in the case of a very strong binder. Whether the timeframe of the NUDT5 degradation is based 

on permeability or proteolysis can be tested via the use of protease inhibitors. It is also worth 

finding out the importance of pure compounds – likely the testing could as well have been done 

without thorough purification, which could have saved some time. The most important thing, 

however, is to synthesise and test the CRBN analogue of 12b, something which unfortunately 

was not achieved within the frame of the project. Later, if a good candidate is found, the 

plausibility of scaling up the synthesis should be considered as well. 

 

Regarding the project itself, progress was limited by the unclear planning from the start. Having 

a clearer idea of which molecules to make could have made the completion of all of them – in 

this case, this applies to CRBN analogues of 12a-b and 24a-b – attainable. Perhaps, then, it 

would also have been possible to make a long, hydrophilic and flexible linker – such as a 

completely PEG-based one. Ironically, the first PROTAC which was made turned out to be the 

most potent one, which limits the relevance of the above remarks. Some time could, however, 

have been saved if a more iterative-based approach had been used, where the finished 
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compounds had been sent for testing continuously. This would likely have changed the project 

from library-related to optimization-related, but on the other hand, the lack of degradation 

indicated for the remaining 15 compounds is also a result in its own right and would likely have 

been missed if another strategy had been used. Also, it goes without saying that using the 

correct chemicals improves the quality of the work.  

 

Returning to the aim of the project, compound 12b clearly has potential as a PROTAC, judging 

by its ability to induce NUDT5 degradation in vitro. By extension, this could open up a new 

opportunity to treat breast cancer. 
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5. Experimental section 

 

General: Commercially purchased chemicals were used as obtained without further purification. 

Solvents as well as bulk acids and bases were obtained from Carlo Erba, anhydrous solvents from Alfa 

Aesar and deuterated solvents from Cambridge Isotope Laboratories, unless otherwise stated. TFA used 

as de-bocing agent and in HPLC mobile phases was obtained from Chemtronica. The compounds were 

named using software from Biovia. In addition, the commercial names or trivial names were used for 

the commercial starting materials and reagents. Physico-chemical properties of compounds were 

calculated using OSIRIS Datawarrior 4.7.3. In cases where experiments were conducted multiple times, 

the most successful attempt is described. The yield is calculated based on the amount of pure product 

in an impure mixture with the reported mass and percentage purity, the latter determined as the lowest 

value obtained via HPLC chromatogram peak integration at 220, 254 or 310 nm. Experiments are listed 

in the order they are mentioned in the Results and discussion section. Analytical HPLC-MS was 

performed using an Agilent 1100 series Liquid Chromatograph/Mass Selective Detector (MSD) (Single 

Quadrupole) equipped with an electrospray interface and a UV diode array detector. Analyses were 

performed by two methods using either an ACE 3 C8 (3.0 x 50 mm) column with a gradient of 

acetonitrile in 0.1% aqueous TFA over 3 min and a flow of 1 mL/min, or an Xbridge C18 (3.0 x 50 

mm) column with a gradient of acetonitrile in 50 mM ammonium bicarbonate over 3 min and a flow of 

1 mL/min. Preparative HPLC was performed on a Gilson system equipped with a UV detector using an 

XBridge Prep C-18 5 µm OBD, 19 x 50 mm column. Flash column chromatography was performed 

using a Combi Flash RF+ Lumen system. 1H NMR spectra of major intermediates and most final 

products were recorded on a Bruker 400 MHz instrument or a Bruker Avance Neo 600 MHz instrument 

at 25 °C, in some cases along with 13C on the latter. The chemical shifts for the NMR signals were 

referenced relative to TMS via the residual DMSO signal (δH 2.500 ppm, δC 39.52 ppm). Peaks were 

labelled as follows: s – singlet, d – doublet, t – triplet, p – pentet, m – multiplet. The following 

abbreviations were used for 2D techniques: COSY – correlation spectroscopy, TOCSY – total 

correlation spectroscopy, HSQC – heteronuclear single-quantum coherence, HMBC – heteronuclear 

multiple-bond correlation, ROESY – rotating frame nuclear Overhauser enhancement spectroscopy. 

Processing of spectra as well as numbering of atoms was carried out in MestReNova 14.0.1. HRMS 

spectra of final products were acquired on a Waters Q-ToF Premier system and the experimental mass 

calculated from an average of duplicates, assuming M(H)=1.0078 and M(Na)=22.9898.  

 

3-Methoxy-4-methyl-benzohydrazide (3b): A solution of hydrazine hydrate (Sigma Aldrich, 

65.0%)(4.14 mL, 55.5 mmol) was added to (3c) (Combi-Blocks, 97%)(2.00 g, 11.1 mmol) in ethanol 

(40.0 mL) and the reaction heated at reflux over the weekend. Brine was added and the ethanol was 

evaporated. EtOAc was added and the layers separated. The organic layer was washed with brine (2x), 

dried over MgSO4 and evaporated, yielding the title compound (1.95 g, 10.8 mmol, yield: 97.5%) as a 

white solid. LCMS (ESI+): m/z 181 [M+H]+. 

 

2-(Chloromethyl)-5-(3,4-dichlorophenyl)-1,3,4-oxadiazole (4a): The following was conducted two 

times in parallel: (3a) (TCI Chemicals, >98.0%)(0.250 g, 1.20 mmol) and chloroacetic acid (>99.0%, 

Sigma-Aldrich)(0.115 g, 1.21 mmol) were suspended in POCl3 (Aldrich, 99%)(2.5 mL) and heated to 

110 °C in a sealed vial for 16 h. Upon completion, the three reactions were pooled and concentrated in 

vacuo. Remaining POCl3 was neutralised with NaHCO3 (aq) and organics extracted with EtOAc. The 

organic phase was then washed with brine, dried over MgSO4, filtered and concentrated in vacuo, 

yielding the title compound (69.0%, 0.567 g, 1.49 mmol, yield: 62.3%) which was used in the next step 

without further purification . LCMS (ESI+): m/z 263 [M+H]+. 

 

2-(Chloromethyl)-5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazole (4b): The following was 

conducted two times in parallel: (3b) (0.250 g, 1.39 mmol) and chloroacetic acid  (>99.0%, Sigma-

Aldrich)(0.131 g, 1.38 mmol) were suspended in POCl3 (Aldrich, 99%)(2.5 mL) and heated to 110 °C 

in a sealed vial for 1 h. Upon completion, the two reactions were pooled and concentrated in vacuo. 

Remaining POCl3 was neutralised with NaHCO3 (aq) and organics extracted with EtOAc. The organic 

phase was then washed with brine, dried over MgSO4, filtered and concentrated in vacuo, yielding the 
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title compound (88.0%, 0.549 g, 2.02 mmol, yield: 73.0%) which was used in the next step without 

further purification. LCMS (ESI+): m/z 239 [M+H]+. 

 

8-Bromo-7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-purine-2,6-dione 

(1a): (4a) (69.0%, 0.960 g, 2.51 mmol), (1d) (TCI Chemicals, >98.0%)(0.716 g, 2.71 mmol) and K2CO3 

(Carlo Erba, >99.0%)(0.417 g, 2.99 mmol) were mixed in DMF (12 mL), heated to 80 °C under nitrogen 

atmosphere and left overnight. The mixture was diluted in water, upon which a precipitate formed. The 

precipitate was purified with flash column chromatography on silica gel using EtOAc in petroleum ether 

(0% to 100%) as eluent. The relevant fractions were pooled and dried in vacuo, yielding the title 

compound (0.129 g, 0.265 mmol, yield: 10.6%). LCMS (ESI+): m/z 487 [M+H]+. 1H NMR (400 MHz): 

δ 8.16 (d, J=1.8 Hz, 1H), 7.94 (dd, J=8.5 Hz, 1.8 Hz, 1H), 7.91 (d, J=8.5 Hz, 1H) 5.94 (s, 2H), 3.43 (s, 

3H,), 3.21 (s, 3H). 

 

8-Bromo-7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-purine-

2,6-dione  (1b): (4b) (88.0%, 0.549 g, 2.02 mmol), (1d) (TCI Chemicals, >98.0%)(0.577 g, 2.19 mmol) 

and K2CO3 (Carlo Erba, >99.0%)(0.336 g, 2.41 mmol) were mixed in DMF (8 mL), heated to 70 °C 

and left overnight. The mixture was diluted in water, upon which a precipitate was formed. The 

precipitate was collected, adsorbed on silica and purified using flash column chromatography on silica 

gel with EtOAc in petroleum ether (0% to 100%) as eluent. Pooling and drying of the relevant fractions 

yielded the title compound (>99%, 0.795 g, 1.72 mmol, yield: 85.1%). LCMS (ESI+): m/z 461 [M+H]+. 
1H NMR: δ 7.37-7.48 (m, 2H), 7.39 (dd, J=7.9 Hz, 0.85 Hz, 1H), 5.93 (s, 2H), 3.90 (s, 3H), 3.43 (s, 

3H), 3.21 (s, 3H), 2.24 (s, 3H). 

 

(2S,4R)-1-[(2S)-2-(Hex-5-ynoylamino)-3,3-dimethyl-butanoyl]-4-hydroxy-N-[[4-(4-

methylthiazol-5-yl)phenyl]methyl]pyrrolidine-2-carboxamide (5a): hex-5-ynoic acid (Aldrich, 

97%)(0.0130 g, 0.113 mmol), DIEA (Alfa Aesar, 99%)(0.0596 mL, 0.344 mmol) and (2a) 

(MedChemExpress)(0.0500 g, 0.116 mol) were dissolved in DMF (1.25 mL) and left to stir for 10 

minutes at rt. HATU (Chemtronica)(0.0530 g, 0.139 mmol) was added and the reaction was left o.n. 

The following morning, the mixture was diluted in EtOAc. The organic phase was washed with 

saturated NaHCO3 and brine and concentrated in vacuo. This yielded a small amount of product - LC-

MS analysis showed product still present in the aqueous extracts. The combined aqueous phases were 

thus washed with DCM, and the combined organic extracts were then washed with brine and 

concentrated in vacuo, yielding the title compound (73.0%, 0.0550 g, 0.0765 mmol, yield: 68.0%) 

which was used in the next step without further purification. LCMS (ESI+): m/z 525 [M+H]+. 1H NMR: 

δ 8.99 (s, 1H), 8.57 (t, J=6.1 Hz, 1H), 7.92 (d, J=9.3 Hz, 1H), 7.37-7.45 (m, 4H), 5.13 (d, J=J.5 Hz, 1H), 

4.54 (d, J=9.3 Hz, 1H), 4.41-4.47 (m, 2H), 4.33-4.48 (m, 1H), 4.22 (dd, J=16 Hz, 5.4 Hz, 1H), 3.62-

3.70 (m, 2H), 2.78 (t, J=2.7 Hz, 1H), 2.45 (s, 3H), 2.20-2.38 (m, 2H), 2.14 (td, J=7.0 Hz, 2.5 Hz, 2H), 

2.01-2.07 (m, 1H), 1.86-1.94 (m, 1H), 1.60-1.73 (m, 2H), 0.94 (s, 9H). 

 

N-[2-(2,6-Dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]hex-5-ynamide (5b): hex-5-ynoic acid 

(Aldrich, 97%)(0.0923 g, 0.798 mmol), DMF (catalytic amount) and oxalyl chloride (Alfa Aesar, 

98%)(0.0929 g, 0.717 mmol) were dissolved in diethyl ether (0.5 mL) and conditioned under nitrogen 

atmosphere for 30 min. (2b) (0.100 g, 0.366 mmol) and THF (4 mL) were added to the mixture and the 

mixture heated to reflux overnight. The crude product was suspended in water, filtered and dried in 

vacuo, yielding the title compound (98.0%, 0.104 g, 0.280 mmol, yield: 76.5%) which was used in the 

next step without further purification. LCMS (ESI+): m/z 368 [M+H]+. 1H NMR: δ 11.14 (s, 1H), 9.76 

(s, 1H), 8.42 (d, J=8.4 Hz, 1H), 7.80-7.86 (m, 1H), 7.62 (d, J=7.7 Hz, 1H), 5.11-5.18 (m, 1H), 2.84-2.95 

(m, 1H), 2.83 (t, J=2.6 Hz, 1H), 2.52-2.66 (m, 2H), 2.56 (t, J=7.4 Hz, 2H), 2.26 (td, 2H, J=7.4 Hz, 2.6 

Hz), 2.02-2.11 (m, 1H), 1.80 (p, 2H). 

 

Ethyl 3-[2-[3-[[2-(2,6-dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]amino]-3-oxo-propoxy]ethoxy] 

propanoate (6): 3-[2-(3-ethoxy-3-oxo-propoxy)ethoxy]propanoic acid (FluoroChem)(0.193 g, 0.823 

mmol), DMF (catalytic amount) and oxalyl chloride (Alfa Aesar, 98%)(0.0929 g, 0.717 mmol) were 

dissolved in diethyl ether (0.5 mL) and conditioned under nitrogen atmosphere for a few minutes. (2b) 

(MedChemExpress)(0.100 g, 0.366 mmol) and THF (4 mL) were added to the mixture and the mixture 
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heated to reflux overnight. The following morning, the mixture was added to a larger volume of 

methanol, EtOAc and brine. The organic phase was washed twice with brine, dried over MgSO4 and in 

vacuo, yielding the title compound (94.0%, 0.236 g, 0.455 mmol, yield: >99%) which was used in the 

next step without further purification. LCMS (ESI+): m/z 490 [M+H]+. 

 
3-[2-[3-[[2-(2,6-Dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]amino]-3-oxo-propoxy]ethoxy] 

propanoic acid (7): tributyl(tributylstannyloxy)stannane (AK Scientific, 95%)(0.343 g, 0.547 mmol) 

was dissolved in toluene (Fisher Scientific)(0.75 mL) and added to (6) (94.0%, 0.0750 g, 0.144 mmol). 

The mixture was heated to 115 °C overnight. The following morning, the toluene was evaporated in 

vacuo, after which the crude product was purified using flash column chromatography (MeOH in DCM, 

5% to 15%), yielding the title compound (90.0%, 0.0890 g, 0.174 mmol, yield: >99%). LCMS (ESI-): 

m/z 460 [M-H]-. 

 

Tert-butyl N-[1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo- 

purin-8-yl]-4-piperidyl]carbamate (8a): (1a) (90.0%, 0.600 g, 1.11 mmol), tert-butyl N-(4-

piperidyl)carbamate (Aldrich, 96%)(0.278 g, 1.33 mmol) and K2CO3 (Carlo Erba, >99.0%)(0.307 g, 

2.20 mmol) were dissolved in DMF (6 mL) under nitrogen atmosphere. The mixture was heated to 80 

°C and left overnight. The following morning, the mixture was added to a larger volume of EtOAc and 

washed, first with brine and then with water. A precipitate formed between the phases, which was 

collected via washing with DCM. Isolating the precipitate yielded the title compound (0.563 g, 0.932 

mmol, yield: 83.9%). LCMS (ESI+): m/z 605 [M+H]+. 

 

Tert-butyl N-[1-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl- 

2,6-dioxo-purin-8-yl]-4-piperidyl]carbamate (8b): (1b) (95.0%, 0.185 g, 0.383 mmol), tert-butyl N-

(4-piperidyl)carbamate (Aldrich, 96%)(0.0959 g, 0.460 mmol) and K2CO3 (Carlo Erba, >99.0%)(0.106 

g, 0.758 mmol) were dissolved in DMF (5 mL). The mixture was heated to 70 °C and left overnight. 

The following morning, the mixture was diluted in a larger volume of EtOAc/water, forming a 

precipitate. The precipitate was collected, while the organic phase was washed with brine, dried over 

magnesium sulphate and concentrated in vacuo. The filtrate and crude product were pooled and purified 

with flash column chromatography on silica gel (MeOH in DCM, 0% to 10%), yielding the title 

compound (86.0%, 0.176 g, 0.261 mmol, yield: 68.0%). LCMS (ESI+): m/z 581 [M+H]+. 

 

Tert-butyl 4-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6- 

dioxo-purin-8-yl]piperazine-1-carboxylate (8c): (1c) (Karolinska Institute)(0.400 g, 0.960 mmol), 

tert-butyl piperazine-1-carboxylate (Combi-Blocks, 98%)(0.223 g, 1.18 mmol) and K2CO3 (Carlo Erba, 

>99.0%)(0.265 g, 1.90 mmol) were dissolved in DMF (5 mL). The mixture was heated to 80 °C under 

nitrogen atmosphere and left overnight. The following morning, the solvent was partially removed via 

rotary evaporator. The product was then extracted with EtOAc and purified twice with a mixture of 

brine and water (4:1) and dried over magnesium sulphate, after which the solvent was removed. The 

crude product was purified with flash column chromatography on silica gel (MeOH in DCM, 0% to 

5%), yielding the title compound (0.451 g, 0.796 mmol, 82.9%). LCMS (ESI+): m/z 568 [M+H]+. 

 

8-(4-Amino-1-piperidyl)-7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl- 

purine-2,6-dione (9a): TFA (Chemtronica, 99.5%)(1.20 mL, 16.1 mmol) was dissolved in DCM (4.8 

mL) to create a 20% solution. This solution was added – first slowly, then rapidly – to (8a) (0.564 g, 

0.932 mmol) and the mixture stirred in a sealed vial for 2.5h. The mixture was neutralised with 2M 

potassium carbonate solution and the product extracted to a larger volume of DCM, washed with brine 

and dried over magnesium sulphate. Removal of the solvent on rotary evaporator yielded the title 

compound (0.533 g, 1.02 mmol, yield: >99%) which was used in the next step without further 

purification. LCMS (ESI+): m/z 505 [M+H]+. 1H NMR: δ 8.16 (d, J=1.9 Hz, 1H), 7.89-7.94 (m, 2H), 

5.67 (s, 2H), 3.56 (d, J=12 Hz, 2H), 3.41 (s, 3H), 3.02 (t, J=12 Hz, 2H), 3.16 (s, 3H), 2.83-2.89 (m, 1H), 

1.78-1.86 (m, 2H), 1.37-1.48 (m, 2H). 

 

8-(4-Amino-1-piperidyl)-7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3- 
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dimethyl-purine-2,6-dione (9b): (8b) (76.0%, 0.176 g, 0.230 mmol) was treated with 20% TFA in 

DCM solution (1.5 mL) and left to stir for 3h. The mixture was then neutralised with 2M potassium 

carbonate solution and organics extracted several times with DCM. The combined organic extracts were 

dried over magnesium sulphate and concentrated in vacuo, yielding the title compound (88.0%, 0.0970 

g, 0.178 mmol, yield: 77.1%) which was used in the next step without further purification. LCMS 

(ESI+): m/z 481 [M+H]+. 1H NMR: δ 7.36-7.48 (m, 3H), 5.66 (s, 2H), 3.89 (s, 3H), 3.56 (d, J = 13 Hz), 

3.41 (s, 3H), 3.16 (s, 3H), 2.97-3.05 (m, 2H), 2.77-2.84 (m, 1H), 2.24 (s, 3H), 1.73-1.81 (m, 2H), 1.33-

1.41 (m, 2H). 

 

7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-8-piperazin-1-yl- 

purine-2,6-dione (9c): (8c) (0.451 g, 0.796 mmol) was dissolved in DCM (3 mL). TFA (Chemtronica, 

99.5%)(1 mL) was added dropwise and the mixture left to stir at rt for 3h. The mixture was neutralised 

with 2M potassium carbonate solution and the product extracted to a larger volume of DCM, washed 

with brine and dried over magnesium sulphate. Removal of the solvent on rotary evaporator yielded the 

title compound (0.307 g, 0.660 mmol, yield: 82.9%). LCMS (ESI+) which was used in the next step 

without further purification: m/z 467 [M+H]+. 1H NMR: δ 7.36-7.48 (m, 3H), 5.69 (s, 2H), 3.89 (s, 3H), 

3.42 (s, 3H), 3.19-3.25 (m, 4H), 3.16 (s, 3H), 2.81-2.87 (m, 4H), 2.24 (s, 3H). 

 

Methyl 8-[[1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo- 

purin-8-yl]-4-piperidyl]amino]-8-oxo-octanoate (10ª): Suberic acid monomethyl ester (Combi-

Blocks, 98%)(0.0383 g, 0.200 mmol), DIEA (Alfa Aesar, 99%)(0.0697 mL, 0.403 mmol) and HATU 

(Chemtronica)(0.0929 g, 0.244 mmol) were dissolved in DMF (2 mL) and conditioned for 10 minutes 

at rt. (9a) (0.100 g, 0.198 mmol) was added and the reaction mixture left overnight. The mixture was 

diluted with water and organics extracted with DCM (3x). The combined organic extracts were washed 

with brine, after which the product was dried over magnesium sulphate and the solvent was removed. 

This yielded the title compound (95.0%, 0.108 g, 0.152 mmol, yield: 76.8%) which was used in the next 

step without further purification. LCMS (ESI+): m/z 675 [M+H]+. 

 

Methyl 8-[4-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl- 

2,6-dioxo-purin-8-yl]piperazin-1-yl]-8-oxo-octanoate (10b): Suberic acid monomethyl ester 

(Combi-Blocks, 98%)(0.0403 g, 0.0385 mL, 0.210 mmol), DIEA (Alfa Aesar, 99%)(0.0734 mL, 0.425 

mmol) and HATU (Chemtronica)(0.0978 g, 0.257 mmol) were dissolved in DMF (2 mL) and 

conditioned for 10 minutes at rt. (9c) (0.100 g, 0.214 mmol) was added and the reaction mixture left 

overnight. The following morning, the mixture was diluted with EtOAc (25 mL) and purified with 

NaHCO3 solution and brine. The product was dried over magnesium sulphate and the solvent was 

removed. The product was purified using flash column chromatography on silica gel, using MeOH in 

DCM (0% to 5%) as eluent, yielding the title compound (0.0940 g, 0.148 mmol, yield: 68.9%). LCMS 

(ESI+): m/z 638 [M+H]+. 

 

8-[[1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-

yl]-4-piperidyl]amino]-8-oxo-octanoic acid (11a): (10a) (95.0%, 0.100 g, 0.141 mmol) and 

LiOH·H2O (Strem Chemicals, >98%)(0.0181 g, 0.422 mmol) were mixed in water:THF (4 mL, 1:1) 

and stirred in a closed vessel overnight. Monitoring of the reaction indicated incomplete formation of 

the product, despite a long reaction time. Workup was eventually made via removal of the THF in 

vacuo, acidification until pH=2 using 1M HCl, extraction with DCM (4 × 25 mL), drying over MgSO4 

and solvent removal, yielding the title compound (36.0%, 0.0460 g, 0.0250 mmol, yield: 17.8%) which 

was used in the next step without further purification. LCMS (ESI+): m/z 660 [M+H]+. 

 

8-[4-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo- 

purin-8-yl]piperazin-1-yl]-8-oxo-octanoic acid (11b): (10b) (0.094 g, 0.135 mmol) and LiOH·H2O 

(Strem Chemicals, >98%)(0.0170 g, 0.397 mmol) were mixed in water:THF (1:1, 4 mL) and stirred in 

a closed vessel for 2.5h. Workup was made via removal of the THF in vacuo, acidification until pH=2 

using 1M HCl, 4x extraction to EtOAc, drying over MgSO4 and solvent removal, yielding the title 

compound (0.0460 g, 0.079 mmol, yield: 49.5%) which was used in the next step without further 

purification. LCMS (ESI+): m/z 624 [M+H]+. 
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N-[1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-

yl]-4-piperidyl]-N’-[(1S)-1-[(2S,4R)-4-hydroxy-2-[[4-(4-methylthiazol-5-yl)phenyl] 

methylcarbamoyl]pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl]octanediamide (12a): (11a) 

(36.0%, 0.0208 g, 0.0113 mmol), DIEA (Alfa Aesar, 99%)(0.0165 mL, 0.0965 mmol) and HATU 

(Chemtronica)(0.0147 g, 0.0385 mmol) were dissolved in DMF (1.5 mL) and left to stir for 10 minutes 

at rt. (2a) (MedChemExpress)(0.0138 g, 0.0321 mmol) was added and the reaction was left overnight. 

The mixture was diluted in EtOAc and washed with brine, concentrated in vacuo and finally purified 

via preparatory HPLC (gradient of 5% to 40% acetonitrile in 50 mM ammonium bicarbonate). 

Lyophilizing the relevant fractions yielded the title compound (2.50 mg, 2.33 µmol, yield: 20.6%). 

HRMS: m/z calculated 1077.3999, found 1073.3989 for [M+H]+.  

 

(2S,4R)-4-Hydroxy-1-[(2S)-2-[[8-[4-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl] 

methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]piperazin-1-yl]-8-oxo-octanoyl]amino]-3,3-dimethyl-

butanoyl]-N-[[4-(4-methylthiazol-5-yl)phenyl]methyl]pyrrolidine-2-carboxamide (12b):  

(11b) (0.0200 g, 0.0321 mmol), DIEA (Alfa Aesar, 99%)(0.0165 mL, 0.0954 mmol) and HATU 

(Chemtronica)(0.0147 g, 0.0385 mmol) were dissolved in DMF (0.5 mL) and left to stir for 10 minutes 

at rt. (2a) (MedChemExpress)(0.0138 g, 0.0321 mmol) was added and the reaction was left overnight. 

An attempt was made to purify the product via extraction to DCM, washing with near-saturated 

NaHCO3, near-saturated brine and water, concentration in vacuo and finally preparatory HPLC 

(gradient of 5% to 40% acetonitrile in 50 mM ammonium bicarbonate). This failed; however after 

pooling several of the fractions and doing another preparatory HPLC with the same conditions, the 

relevant fractions could finally be lyophilised overnight, yielding the title compound (3.50 mg, 3.38 

µmol, yield: 10.5%). HRMS: m/z calculated 1035.4874, found 1035.4803 for [M+H]+. 1H NMR (400 

MHz): δ 8.91 (s, 1H), 8.47 (t, J=6.2 Hz, 1H), 7.77 (d, J=9.1 Hz, 1H), 7.29-7.41 (m, 7H), 5.65 (s, 2H), 

5.04 (d, J=3.6 Hz), 4.47 (d, J=9.4 Hz, 1H), 4.32-4.40 (m, 2H), 4.25-4.30 (m, 1H), 4.11-4.18 (m, 1H), 

3.81 (s, 3H), 3.56-3.60 (m, 2H), 3.46-3.52 (m, 4H), 3.33 (s, 3H), 3.13-3.22 (m, 4H), 3.08 (s, 3H), 2.37 

(s, 3H), 2.18-2.27 (m, 4H), 2.16 (s, 3H), 1.92-1.99 (m, 1H)), 1.79-1.87 (m, 1H), 1.34-1.45 (m, 4H), 1.14-

1.24 (m, 4H), 0.87 (s, 9H). 

 

Ethyl 3-[2-[3-[[1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-

dioxo-purin-8-yl]-4-piperidyl]amino]-3-oxo-propoxy]ethoxy]propanoate (13ª): 3-[2-(3-ethoxy-3-

oxo-propoxy)ethoxy]propanoic acid (Fluorochem)(0.0381 g, 0.163 mmol), DIEA (Alfa Aesar, 

99%)(0.0557 mL, 0.323 mmol) and  (9a) (0.0800 g, 0.158 mmol) were dissolved in DMF (2 mL) and 

conditioned for 10 minutes at rt. HATU (Chemtronica)(0.0743 g, 0.195 mmol) was added and the 

reaction mixture left overnight. The following morning, the mixture was diluted in EtOAc:water and 

the organic phase washed with NaHCO3 solution and brine and dried over MgSO4. Removal of the 

solvent in vacuo yielded the title compound (83.0%, 0.0390 g, 0.0449 mmol, yield: 28.3%) which was 

used in the next step without further purification. LCMS (ESI+): m/z 721 [M+H]+. 

 

Ethyl 3-[2-[3-[4-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl- 

2,6-dioxo-purin-8-yl]piperazin-1-yl]-3-oxo-propoxy]ethoxy]propanoate (13b): 3-[2-(3-ethoxy-3- 

oxo-propoxy)ethoxy]propanoic acid (Fluorochem)(0.0251 g, 0.107 mmol), DIEA (Alfa Aesar, 

99%)(0.0367 mL, 0.212 mol) and HATU (Chemtronica)(0.0489 g, 0.129 mmol) were dissolved in DMF 

(1 mL) and conditioned for 10 minutes at rt. (9c) (0.0500 g, 0.107 mmol) was then added and the 

reaction mixture left overnight. The mixture was then diluted with EtOAc (25 mL) and the organic 

phase purified with NaHCO3 solution and brine. The product was dried over magnesium sulphate and 

the solvent was removed. The product was purified using flash column chromatography with MeOH in 

DCM (0% to 10%) as eluent, yielding the title compound (0.0440 g, 0.0644 mmol, yield: 60.1%) which 

was used in the next step without further purification. LCMS (ESI+): m/z 683 [M+H]+. 

 

3-[2-[3-[[1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-

purin-8-yl]-4-piperidyl]amino]-3-oxo-propoxy]ethoxy]propanoic acid (14a): (13a) (83.0%, 0.0390 

g, 0.0449 mmol) and tributyl(tributylstannyloxy)stannane (AK Scientific, 95%)(0.0932 mL, 0.174 

mmol) were dissolved in toluene (1 mL) and the mixture stirred at 115 °C for 12h. The following 
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morning, excess toluene was removed in vacuo and the remaining slurry was purified using flash 

column chromatography (0% to 10% MeOH in DCM), yielding the crude product back. Said crude 

product was then dissolved in a small volume of DMF and instead purified using preparative HPLC 

(Xbridge, gradient of 10% to 60% acetonitrile in 0.1% TFA). Lyophilization of the relevant fractions 

yielded the title compound (73.0%, 0.0154 g, 0.0157 mmol, yield: 34.3%). LCMS (ESI-): m/z 691 [M-

H]-. 

 

3-[2-[3-[4-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-

dioxo-purin-8-yl]piperazin-1-yl]-3-oxo-propoxy]ethoxy]propanoic acid (14b): (13b) (0.0440 g, 

0.0644 mol) and LiOH·H2O (Strem Chemicals, >98%)(0.00900 g, 0.211 mmol) were stirred in 

water:THF (1:1, 2 mL) in a closed vessel for 2.5h. Workup was made via removal of the THF, 

acidification until pH=2, 4x extraction to EtOAc, drying over MgSO4 and solvent removal, yielding the 

title compound (75%, 0.0180 g, 0.0275 mmol, yield: 42.7%) which was used in the next step without 

further purification. LCMS (ESI+): m/z 655 [M+H]+. 

 

(2S,4R)-1-[(2S)-2-[3-[2-[3-[[1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3- 

dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl]amino]-3-oxo-propoxy]ethoxy]propanoylamino]-3,3-

dimethyl-butanoyl]-4-hydroxy-N-[[4-(4-methylthiazol-5-yl)phenyl]methyl]pyrrolidine-2- 

carboxamide (15a): (14a) (73.0%, 0.0146 g, 0.0154 mmol), DIEA (Alfa Aesar, 99%)(0.00805 mL, 

0.0461 mmol) and (2a) (MedChemExpress)(0.00675 g, 0.0157 mmol) were dissolved in DMF (1.5 mL) 

and left to stir for 10 minutes at rt. HATU (Chemtronica)(0.00716 g, 0.0188 mmol) was added and the 

reaction was left overnight. The mixture was diluted in EtOAc and washed with brine, concentrated, 

redissolved in a small volume of DMF and finally purified via preparatory HPLC (gradient of 10% to 

60% acetonitrile in 50 mM ammonium bicarbonate). Lyophilizing the relevant fractions yielded the title 

compound (2.10 mg, 1.90 µmol, yield: 12.4%). HRMS: m/z calculated 1127.3708, found 1127.3717 for 

[M+Na]+. 1H NMR (400 MHz): δ 8.98 (s, 1H), 8.57 (t, J=6.0 Hz, 1H), 8.15 (d, J=1.8 Hz, 1H), 7.85-7.95 

(m, 4H), 7.37-7.44 (m, 4H), 5.67 (s, 2H), 5.12 (d, J=3.2 Hz, 1H), 4.55 (d, J=9.4 Hz, 1H), 4.40-4.47 (m, 

2H), 4.33-4.38 (m, 1H), 4.22 (dd, J=16 Hz, 5.2 Hz, 1H), 3.72-3.80 (m, 1H), 3.51-3.70 (m, 8H), 3.43-

3.49 (m, 4H), 3.41 (s, 3H), 3.16 (s, 3H), 3.08 (t, J=11.6 Hz, 2H), 2.54 (t, J=5.7 Hz, 2H), 2.44 (s, 3H), 

2.30 (t, J=6.5 Hz, 1H), 1.98-2.05 (m, 1H), 1.87-1.99 (m, 1H), 1.75-1.82 (m, 2H), 1.44-1.55 (m, 2H), 

0.93 (s, 9H).  

 

(2S,4R)-4-Hydroxy-1-[(2S)-2-[3-[2-[3-[4-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2- 

yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]piperazin-1-yl]-3-oxo-propoxy]ethoxy] 

propanoylamino]-3,3-dimethyl-butanoyl]-N-[[4-(4-methylthiazol-5-yl)phenyl]methyl] 

pyrrolidine-2-carboxamide (15b): (14b) (75.0%, 0.0180 g, 0.0206 mmol), DIEA (Alfa Aesar, 

99%)(0.0106 mL, 0.0613 mmol) and HATU (Chemtronica)(0.00941 g, 0.0247 mmol) were dissolved 

in DMF (0.5 mL) and left to stir for 10 minutes at rt. (2a) (MedChemExpress)(0.0197 g, 0.0458 mmol) 

was added and the reaction was left overnight. The next morning, the reaction was not finished, and 

another 5 μL of DIEA and 5 mg of HATU were added and the mixture left for several hours. The 

mixture was then diluted in DCM, washed with brine and dried in vacuo. The crude product was 

redissolved in acetonitrile and purified using preparative HPLC (gradient of 5% to 40% acetonitrile in 

50 mM ammonium bicarbonate), after lyophilization yielding the title compound (10.0 mg, 8.94 µmol, 

yield: 43.4%). HRMS: m/z calculated 1089.4593, found 1089.4522 for [M+Na]+. 1H NMR (600 MHz): 

δ 8.96 (s, 1H, H5), 8.55 (t, J=6.0 Hz, 1H, H14), 7.90 (d, J=9.4 Hz, 1H, H26), 7.37-7.48 (m, 7H, HAr), 5.72 

(s, 2H, H59), 5.12 (d, J=3.6 Hz, 1H, H24), 4.55 (d, J=9.4 Hz, 1H, H25), 4.41-4.46 (m, 2H, H13), 4.33-4.37 

(m, 1H, H19), 4.22 (dd, J=16 Hz, 5.4 Hz, 1H, H16), 3.89 (s, 3H, H75), 3.55-3.69 (m, 10H, H18+32+37+41+45), 

3.44-3.51 (m, 4H, H34+35), 3.41 (s, 3H, H65), 3.21-3.30 (m, 4H, H42+44), 3.16 (s, 3H, H67), 2.60 (t, J=6.7 

Hz, 2H, H38), 2.51-2.55 (m, 1H, H31), 2.44 (s, 3H, H12), 2.36 (dt, J=15 Hz, 6.2 Hz, 1H, H31), 2.23 (s, 3H, 

H76), 2.01-2.06 (m, 1H, H20), 1.88-1.93 (m, 1H, H20), 0.93 (s, 9H, H30+46+47). 13C NMR (151 MHz): δ 

172.4 (C15), 170.4 (C22), 170.0 (C27), 169.6 (C39), 164.9 (C62), 162.8 (C49), 158.2 (C70), 156.4 (C60), 

154.3 (C56), 151.9 (C5), 151.4 (C54), 148.2 (C3), 147.6 (C52), 140.0 (C9), 131.9 (C71), 131.6 (C2), 131.2 

(C72), 130.1 (C68), 129.1 (C7+11, overlapping), 127.9 (C8+10, overlapping), 122.3 (C6), 119.1 (C73), 108.1 (C69), 

104.6 (C51), 70.1 (C34/35’), 69.9 (C34/35’’), 69.3 (C19), 67.4 (C32), 67.2 (C37), 59.2 (C16), 56.8 (C18), 56.7 

(C25), 56.0 (C75), 50.4 (C42/44’), 50.1 (C42/44’’), 44.9 (C41/45’), 42.1 (C13), 40.9 (C41/45’’), 40.6 (C59), 38.4 
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(C20), 36.1 (C31), 35.8 (C29), 33.2 (C38), 30.0 (C65), 27.9 (C67), 26.8 (C30+46+47, overlapping), 16.6 (C76), 16.4 

(C12). 
 

 
Figure 10: Structure and numbering of compound 15b. 

 

3-[2-[3-[[1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-

purin-8-yl]-4-piperidyl]amino]-3-oxo-propoxy]ethoxy]-N-[2-(2,6-dioxo-3-piperidyl)-1,3-dioxo- 

isoindolin-4-yl]31ropenamide (15c): (9a) (0.0150 g, 0.0297 mmol), DIEA (Alfa Aesar, 99%)(0.0105 

mL, 0.0605 mmol) and (7)(90%, 0.0157 g, 0.0306 mmol) were dissolved in DMF (0.5 mL) and 

conditioned for 10 minutes at rt. HATU (Chemtronica)(0.0139 g, 0.0367 mmol) was then added and 

the reaction mixture left overnight. The following morning, the mixture was diluted with EtOAc and 

purified with NaHCO3 solution, brine and finally water. The solvent was removed and the crude product 

redissolved in about a mL of DMF and purified using preparative HPLC (gradient of 10% to 60% 

acetonitrile in 0.1% TFA). Lyophilization of the relevant fractions yielded the title compound (7.80 mg, 

8.22 µmol, yield: 27.7%). HRMS: m/z calculated 948.2599, found 948.2598 for [M+H]+. 1H NMR (400 

MHz): δ 11.15 (s, 1H), 9.85 (s, 1H), 8.53 (d, J=8.3 Hz, 1H), 8.14 (d, J=2.0 Hz, 1H), 7.79-7.94 (m, 4H), 

7.60 (d, J=7.5 Hz, 1H), 5.68 (s, 2H), 5.15 (dd, J=13 Hz, 5.5 Hz, 1H), 3.70-3.76 (m, 3H), 3.48-3.62 (m, 

8H), 3.41 (s, 3H), 3.15 (s, 3H), 3.02-3.11 (m, 2H),  2.90 (td, J=15 Hz, 5.7 Hz, 1H), 2.69 (t, J=6.0 Hz, 

2H), 2.54-2.65 (m, 2H), 2.27 (t, J=6.4 Hz, 2H), 2.03-2.12 (m, 2H), 1.74-1.82 (m, 2H), 1.43-1.54 (m, 

2H).  

 

N-[2-(2,6-dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]-3-[2-[3-[[1-[7-[[5-(3-methoxy-4-methyl-

phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl]amino]-3-

oxo-propoxy]ethoxy]propanamide (15d): (9b) (0.0143 g, 0.0306 mmol), DIEA (Alfa Aesar, 

99%)(0.0105 mL, 0.0605 mmol) and (7) (90.0%, 0.0157 g, 0.0306 mmol) were dissolved in DMF (0.5 

mL) and conditioned for 10 minutes at rt. HATU (Chemtronica)(0.0139 g, 0.0367 mmol) was then 

added and the reaction mixture left overnight. The following morning, the mixture was diluted with 

EtOAc and the mixture purified with NaHCO3 solution, brine and finally water. The solvent was 

removed and the crude product redissolved in about a mL of DMF and purified using preparative HPLC 

(Xbridge, gradient of 10% to 60% acetonitrile in 0.1% TFA). Lyophilization of the relevant fractions 

yielded the title compound (5.60 mg, 6.15 µmol, yield: 20.1%). HRMS: m/z calculated 924.3640, found 

934.3637 for [M+H]+. 
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2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-N-[1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-

yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl]acetamide (16a): (9a) (0.100 g, 0.198 

mmol), DIEA (Alfa Aesar, 99%)(0.0697 mL, 0.403 mmol) and 2-[2-[2-[2-

azidoethoxy]ethoxy]ethoxy]acetic acid (MedChemExpress)(0.0477 g, 0.204 mmol) were dissolved in 

DMF (2 mL) and conditioned for 10 minutes at rt. HATU (Chemtronica)(0.0929 g, 0.244 mmol) was 

added and the reaction mixture left overnight. The mixture was then diluted with water and EtOAc and 

the organic phase was washed with saturated NaHCO3 and brine, after which the product was dried over 

MgSO4. Removal of the solvent in vacuo yielded the title compound (96.0%, 0.0810 g, 0.108 mmol, 

yield: 54.5%) which was used in the next step without further purification. LCMS (ESI+): m/z 720 

[M+H]+. 

 

2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]-N-[1-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-

oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl]acetamide (16b): (9b) 

(88.0%, 0.0660 g, 0.121 mmol), DIEA (Alfa Aesar, 99%)(0.0426 mL, 0.247 mmol) and 2-[2-[2-[2-

azidoethoxy]ethoxy]ethoxy]acetic acid (MedChemExpress)(0.0292 g, 0.125 mmol) were dissolved in 

DMF (5 mL) and conditioned for 10 minutes at rt. HATU (Chemtronica)(0.0568 g, 0.149 mmol) was 

added and the reaction mixture left over the weekend. Monday morning, the mixture was diluted with 

water/NaHCO3 and EtOAc. The organic phase was washed further with NaHCO3 and brine, after which 

the product was dried over MgSO4. Removal of the solvent in vacuo yielded the title compound (84.0%, 

0.0780 g, 0.0942 mmol, yield: 77.9%) which was used in the next step without further purification. 

LCMS (ESI+): m/z 696 [M+H]+. 

 

(2S,4R)-1-[(2S)-2-[4-[1-[2-[2-[2-[2-[[1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]- 

1,3-dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl]amino]-2-oxo-ethoxy]ethoxy]ethoxy]ethyl] 

triazol-4-yl]butanoylamino]-3,3-dimethyl-butanoyl]-4-hydroxy-N-[[4-(4-methylthiazol-5-

yl)phenyl]methyl]pyrrolidine-2-carboxamide (17a): (16a) (96.0%, 0.0276 g, 0.0368 mmol), (5a) 

(63.0%, 0.0260 g, 0.0312 mmol) and sodium L-ascorbate (Sigma, >99.0%)(0.0186 g, 0.0928 mmol) 

were dissolved in t-BuOH:DCM (2:1, 2.25 mL). CuSO4·5 H2O (Alfa Aesar, 99%)(0.0156 g, 0.0618 

mmol) in water (0.75 mL) was added and the mixture stirred at room temperature overnight. The 

reaction mixture was worked up the following morning via dilution in EtOAc and the resulting organic 

phase washed with ammonia solution (28%), and water:ammonia mixture. The solvent was removed 

and the resulting product redissolved in acetonitrile and purified using preparative HPLC (gradient of 

10% to 60% acetonitrile in 50 mM ammonium bicarbonate buffer). Lyophilization of the relevant 

fractions yielded the title compound (92.0%, 2.70 mg, 1.99 µmol, yield: 6.39%). HRMS: m/z calculated 

1244.4633, found 1244.4670 for [M+H]+. 

 

(2S,4R)-4-Hydroxy-1-[(2S)-2-[4-[1-[2-[2-[2-[2-[[1-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-

oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl]amino]-2-oxo-

ethoxy]ethoxy]ethoxy]ethyl]triazol-4-yl]butanoylamino]-3,3-dimethyl-butanoyl]-N-[[4-(4-

methylthiazol-5-yl)phenyl]methyl]pyrrolidine-2-carboxamide (17b): (16b) (84.0%, 0.0244 g, 

0.0301 mmol), (5a) (73.0%, 0.0180 g, 0.0250 mmol) and sodium L-ascorbate (Sigma, >99%)(0.0149 

g, 0.0743 mmol) were dissolved in t-BuOH:DCM (2:1, 1.5 mL). CuSO4·5 H2O (Alfa Aesar, 

99%)(0.0125 g, 0.0496 mmol) in water (0.5 mL) was added and the mixture stirred at room temperature 

overnight. The following morning, the reaction mixture was worked up via dilution in EtOAc and the 

resulting organic phase washed with ammonia solution (28%) with some water. The solvent was 

removed and the resulting product redissolved in acetonitrile and purified using preparative HPLC 

(gradient of 10% to 60% acetonitrile in 0.1% TFA). Lyophilization of the relevant fractions yielded the 

title compound (99.0%, 3.80  mg, 3.12 µmol, yield: 12.5%). HRMS: m/z calculated 1220.5675, found 

1220.5693 for [M+H]+. 1H NMR (400 MHz): δ 8.99 (s, 1H), 8.56 (t, J=6.1 Hz, 1H), 7.91 (d, J=9.3 Hz, 

1H), 7.81 (s, 1H), 7.62 (d, J=8.0 Hz, 1H), 7.36-7.47 (m, 7H), 5.66 (s, 2H), 5.13 (d, J=3.6 Hz, 1H), 4.55 

(d, J=9.4 Hz, 1H), 4.40-4.47 (m, 4H), 4.33-4.37 (m, 1H), 4.22 (dd, J=16 Hz, 5.4 Hz, 1H), 3.89 (s, 3H), 

3.87 (s, 2H), 3.77 (t, J=5.4 Hz, 2H), 3.48-3.68 (m, 13H), 3.41 (s, 3H), 3.16 (s, 3H), 3.05-3.13 (m, 2H), 

2.54-2.60 (m, 2H), 2.44 (s, 3H), 2.15-2.32 (m, 5H), 2.00-2.07 (m, 1H), 1.86-1.94 (m, 1H), 1.74-1.84 

(m, 4H), 1.56-1.67 (m, 2H), 0.95 (s, 9H).  
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4-[1-[2-[2-[2-[2-[[1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6- 

dioxo-purin-8-yl]-4-piperidyl]amino]-2-oxo-ethoxy]ethoxy]ethoxy]ethyl]triazol-4-yl]-N-[2-(2,6- 

dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]butanamide (17c): (16a) (96.0%, 0.0347 g, 0.0462 

mmol), (5b) (96.0%, 0.0150 g, 0.0392 mmol) and sodium L-ascorbate (Sigma, >99.0%)(0.0233 g, 0.117 

mmol) were dissolved in t-BuOH:DCM (2:1, 2.25 mL). CuSO4·5 H2O (Alfa Aesar, 99%)(0.0196 g, 

0.0776 mmol) in water (0.75 mL) was added and the mixture stirred at room temperature for 30 minutes. 

The reaction mixture was worked up via dilution in EtOAc and the resulting organic phase washed with 

ammonia solution (28%), brine, and water. The solvent was removed and the resulting product 

redissolved in DMF and purified using preparative HPLC (gradient of 10% to 60% acetonitrile in 0.1% 

TFA). Lyophilization of the relevant fractions yielded the title compound (91.0%, 11.4 mg, 9.62 µmol, 

yield: 24.5%). HRMS: m/z calculated 1087.3344, found 1087.3358 for [M+H]+. 1H NMR (600 MHz): 

δ 11.14 (s, 1H, H71), 9.70 (s, 1H, H57), 8.45 (d, J=8.4 Hz, 1H, H65), 8.14 (d, J=2.0 Hz, 1H, H16), 7.92 

(dd, J=8.4, 2.0 Hz, 1H, H20), 7.88 (d, J=8.4 Hz, 1H, H19), 7.85 (s, 1H, H51), 7.82 (dd, J=8.3, 7.5 Hz, 1H, 

H66), 7.61 (dd, J=7.3, 0.46 Hz, 1H, H67), 7.59 (d, J=6.0 Hz, 1H, H34), 5.67 (s, 2H, H6), 5.14 (dd, J=13, 

5.4 Hz, 1H, H69), 4.46 (t, J=5.3 Hz, 1H, H46), 3.86 (s, 2H, H37), 3.81-3.85 (m, 1H, H31), 3.79 (t, J=5.3 

Hz, 2H, H45), 3.46-3.68 (m, 10H, H29/33’+39+40+42+43), 3.41 (s, 3H, H23), 3.15 (s, 3H, H25), 3.07-3.11 (m, 

2H, H29/33’’), 2.86-2.94 (m, 1H, H73’), 2.68 (t, J=7.6 Hz, 2H, H52), 2.51-2.58 (m, 4H, H54+73’’+74’), 2.04-

2.10 (m, 1H, H74’’), 1.94 (p, J=7.5 Hz, 2H, H53), 1.74-1.81 (m, 2H, H30/32’), 1.55-1.64 (m, 2H, H30/32’’). 
13C NMR (151 MHz): δ 173.2 (C72), 172.2 (C55), 170.2 (C63), 169.0 (C35), 168.1 (C70), 167.1 (C61), 163.6 

(C21), 163.1 (C2), 157.0 (C5), 154.2 (C13), 151.4 (C11), 147.8 (C9), 146.5 (C50), 137.0 (C60), 136.5 (C66), 

135.4 (C27), 132.9 (C15/17’), 132.5 (C19), 131.9 (C58), 128.6 (C16), 127.1 (C20), 126.8 (C65), 124.0 (C15/17’’), 

122.8 (C51), 118.8 (C67), 117.5 (C59), 104.3 (C8), 70.6 (C39), 70.3 (C37), 70.0 (C40+42+43, overlapping), 69.2 

(C45), 49.7 (C46), 49.4 (C29/33’+69, overlapping), 45.5 (C31), 41.0 (C6), 40.6 (C29/33’’), 36.3 (C54), 31.4 (C73), 

31.3 (C30/32, overlapping), 30.0 (C23), 27.8 (C25), 25.1 (C53), 24.9 (C52), 22.5 (C74). 

 
 

 

 
Figure 11: Structure and numbering of compound 17c. 
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N-[2-(2,6-dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]-4-[1-[2-[2-[2-[2-[[1-[7-[[5-(3-methoxy-4- 

methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-4-piperidyl] 

amino]-2-oxo-ethoxy]ethoxy]ethoxy]ethyl]triazol-4-yl]butanamide (17d): (16b) (84.0%, 0.0382 g, 

0.0461 mmol) and sodium L-ascorbate (Sigma, >99.0%)(0.0233 g, 0.117 mmol) were dissolved in in t-

BuOH:DCM (2:1, 2.25 mL). CuSO4·5 H2O (Alfa Aesar, 99%)(0.0196 g, 0.0776 mmol) in water (0.75 

mL) was added and the mixture stirred at room temperature for 30 minutes. Then, (5b) (96.0%, 0.0150 

g, 0.0392 mmol) was added along with some more DCM, t-BuOH and a few mgs of sodium L-ascorbate. 

This mixture was stirred for another 2h. The reaction mixture was worked up via dilution in EtOAc and 

the resulting organic phase washed with ammonia solution (28%), brine, and water. The solvent was 

removed and the resulting product redissolved in DMF and purified using preparative HPLC (gradient 

of 10% to 60% acetonitrile in 0.1% TFA). Lyophilization of the relevant fractions yielded the title 

compound (91.0%, 2.50 mg, 2.14 µmol, yield: 5.46%). HRMS: m/z calculated 1063.4386, found 

1063.4380 for [M+H]+. 

 

Ethyl 1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin- 

8-yl]piperidine-4-carboxylate (18a): (1a) (0.270 g, 0.555 mmol), ethyl piperidine-4-carboxylate 

(Aldrich, 98%)(0.109 g, 0.680 mmol) and K2CO3 (Carlo Erba, >99.0%)(0.154 g, 1.10 mmol) were 

dissolved in DMF (5 mL). The mixture was stirred at 70 °C overnight. The following morning, the 

mixture was added to a larger volume of EtOAc and water. The organic phase was washed with brine, 

leading to the formation of a precipitate. The precipitate was collected, and the organic phase dried over 

MgSO4 and concentrated in vacuo. The organic remains and the filtrate were pooled and purified using 

flash column chromatography (MeOH in DCM, 0% to 10%), yielding the title compound (92.0%, 0.174 

g, 0.286 mmol, yield: 51.5%). LCMS (ESI+): m/z 562 [M+H]+. 

 

Ethyl 1-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-

dioxo-purin-8-yl]piperidine-4-carboxylate (18b): (1b) (0.275 g, 0.596 mmol), ethyl piperidine-4-

carboxylate (Aldrich, 98%)(0.117 g, 0.731 mmol) and K2CO3 (Carlo Erba, >99.0%)(0.165 g, 1.18 

mmol) were dissolved in DMF (3 mL). The mixture was stirred at 70 °C overnight. The following 

morning, the mixture was added to a larger volume of EtOAc and water, leading to the formation of a 

precipitate. The precipitate was collected, and the organic phase washed with brine, dried over MgSO4 

and concentrated in vacuo. The organic remains and the filtrate were pooled and purified using flash 

column chromatography (MeOH in DCM, 0% to 10%), yielding the title compound (94.0%, 0.240 g, 

0.421 mmol, yield: 70.7%). LCMS (ESI+): m/z 538 [M+H]+. 

 

1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-

yl]piperidine-4-carboxylic acid (19a): (18a) (92.0%, 0.170 g, 0.278 mmol) and 

tributyl(tributylstannyloxy)stannane (AK Scientific, 95%)(0.567 mL, 1.05 mmol) were dissolved in 

toluene (Fischer Scientific)(2 mL) and heated to 115 °C in a closed vessel for 12h. Workup was done 

via removal of excess toluene in vacuo and purification using flash column chromatography on silica 

gel (MeOH in DCM, 0% to 15%), yielding the title compound (91.0%, 0.0560 g, 0.0954 mmol, yield: 

34.3%). LCMS (ESI-): m/z 532 [M-H]-. 

 

1-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-

purin-8-yl]piperidine-4-carboxylic acid (19b): (18b) (94.0%, 0.200 g, 0.350 mmol) and 

tributyl(tributylstannyloxy)stannane (AK Scientific, 95%)(0.713 mL, 1.33 mmol) were dissolved in 

toluene (2 mL) and heated to 115 °C in a closed vessel for 12h. Workup was done via removal of excess 

toluene in vacuo and purification using flash column chromatograpy on silica gel (MeOH in DCM, 0% 

to 10%), yielding the title compound (90.0%, 0.196 g, 0.346 mmol, yield: 99.0%). LCMS (ESI-): m/z 

508 [M-H]-. 

 

N-(3-azidopropyl)-1-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6- 

dioxo-purin-8-yl]piperidine-4-carboxamide (20a): (19a) (91.0%, 0.0560 g, 0.0954 mmol), DIEA 

(Alfa Aesar, 99%)(0.0490 mL, 0.283 mmol) and 3-azidopropan-1-amine (Aldrich, 95%)(0.0116 g, 

0.108 mmol) were dissolved in DMF (1 mL) and left to stir for 10 minutes at rt. HATU 

(Chemtronica)(0.0435 g, 0.114 mmol) was added and the reaction was left for 1h. The mixture was then 
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diluted in a larger volume of EtOAc and washed with saturated NaHCO3 and brine, dried over MgSO4 

and concentrated in vacuo, yielding the title compound (73.0%, 0.0700 g, 0.0829 mmol, yield: 86.9%) 

which was used in the next step without further purification. LCMS (ESI+): m/z 616 [M+H]+. 

 

N-(3-azidopropyl)-1-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3- 

dimethyl-2,6-dioxo-purin-8-yl]piperidine-4-carboxamide  (20b): (19b) (90.0%, 0.100 g, 0.177 

mmol), DIEA (Alfa Aesar, 99%)(0.0907 mL, 0.525 mmol) and 3-azidopropan-1-amine (Aldrich, 

95%)(0.0214 g, 0.201 mmol) were dissolved in DMF (2 mL) and left to stir for 10 minutes at rt. HATU 

(Chemtronica)(0.0806 g, 0.212 mmol) was added and the reaction was left for 1h. The mixture was 

diluted in a larger volume of EtOAc and saturated NaHCO3, resulting in the formation of a precipitate. 

Collection and drying of the precipitate yielded the title compound (73.0%, 0.0500 g, 0.0617 mmol, 

yield: 34.9%) which was used in the next step without further purification. LCMS (ESI+): m/z 592 

[M+H]+. 

 

1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-N-

[3-[4-[4-[[(1S)-1-[(2S,4R)-4-hydroxy-2-[[4-(4-methylthiazol-5-yl)phenyl]methylcarbamoyl] 

pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl]amino]-4-oxo-butyl]triazol-1-yl]propyl]piperidine-

4-carboxamide (21a): (20a) (73.0%, 0.0233 g, 0.0275 mmol), (5a) (73.0%, 0.0165 g, 0.0229 mmol) 

and sodium L-ascorbate (Sigma, >99.0%)(0.0136 g, 0.0681 mmol) were dissolved in in t-BuOH:DCM 

(2:1, 1.5 mL). CuSO4·5 H2O (Alfa Aesar, 99%)(0.0114 g, 0.0454 mmol) in water (0.5 mL) was added 

and the mixture stirred at room temperature for 90 minutes. The mixture was then worked up via dilution 

in ammonia solution (28%) and organics were extracted with DCM. Removal of the solvent in vacuo 

yielded a crude product, which was redissolved in a small volume of DMF and purified via preparatory 

HPLC (gradient of 10% to 60% acetonitrile in 0.1% TFA). Lyophilization of the relevant fractions 

yielded the product (95.0%, 4.20 mg, 3.50 µmol, yield: 15.3%). HRMS: m/z calculated 1140.4160, 

found 1140.4180 for [M+H]+. 

 

1-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-

purin-8-yl]-N-[3-[4-[4-[[(1S)-1-[(2S,4R)-4-hydroxy-2-[[4-(4-methylthiazol-5-

yl)phenyl]methylcarbamoyl]pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl]amino]-4-oxo-

butyl]triazol-1-yl]propyl]piperidine-4-carboxamide (21b): (20b) (73.0%, 0.0223 g, 0.0275 mmol), 

(5a) (73.0%, 0.0165 g, 0.0229 mmol) and sodium L-ascorbate (Sigma, >99.0%)(0.0136 g, 0.0681 

mmol) were dissolved in t-BuOH:DCM (2:1, 1.5 mL). CuSO4·5 H2O (Alfa Aesar, 99%)(0.0114 g, 

0.0454 mmol) in water (0.5 mL) was added and the mixture stirred at room temperature for 90 minutes. 

The mixture was then worked up via dilution in ammonia solution (28%) and organics were extracted 

to DCM. The organic phase was dried in vacuo and redissolved in a small volume of DMF, filtered, 

and purified using preparative HPLC (gradient of 10% to 60% acetonitrile in 0.1% TFA). 

Lyophilization of the relevant fractions yielded the product (94.0%, 2.20 mg, 1.85 µmol, yield: 8.08%). 

HRMS: m/z calculated 1116.5201, found 1116.5222 for [M+H]+.  

 

1-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]-N-

[3-[4-[4-[[2-(2,6-dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]amino]-4-oxo-butyl]triazol-1-yl] 

propyl]piperidine-4-carboxamide (21c): (20a) (73.0%, 0.0233 g, 0.0275 mmol), (5b) (97.0%, 

0.00868 g, 0.0229 mmol) and sodium L-ascorbate (Sigma, >99.0%)(0.0136 g, 0.0681 mmol) were 

dissolved in in t-BuOH:DCM (2:1, 1.5 mL). CuSO4·5 H2O (Alfa Aesar, 99%)(0.0114 g, 0.0454 mmol) 

in water (0.5 mL) was added and the mixture stirred at room temperature for 30 minutes. After that, 

LC-MS indicated unreacted hexynamide still present, for which reason another few mgs of azide in 

DCM/tBuOH solution was added, and the mixture left for another hour or so. Workup was made via 

dissolution in ammonia solution (28%):EtOAc and concentration of the organic phase in vacuo. The 

crude product was diluted in a small volume of DMF and purified using preparative HPLC (gradient of 

10% to 60% can in 0.1% TFA). Lyophilization of the relevant fractions yielded the title compound 

(83.0%, 2.70 mg, 2.28 mmol, yield: 9.94%). HRMS: m/z calculated 983.2871, found 983.2869 for 

[M+H]+. 1H NMR (400 MHz): δ 11.15 (s, 1H), 9.73 (s, 1H), 8.45 (d, J=8.4 Hz, 1H), 8.15 (d, J=1.9 Hz, 

1H), 7.87-7.97 (m, 4H), 7.83 (dd, J=8.0 Hz, 7.5 Hz, 1H), 7.60 (d, J=7.3 Hz, 0.52 Hz, 1H), 5.67 (s, 2H), 
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5.15 (dd, J=13 Hz, 5.3 Hz, 1H), 4.30 (t, J=7.0 Hz, 2H), 3.56-3.64 (m, 2H), 3.41 (s, 3H), 3.16 (s, 3H), 

2.93-3.08 (m, 5H), 2.54-2.72 (m, 7H), 2.02-2.10 (m, 1H), 1.90-2.00 (m, 4H), 1.63-1.78 (m, 4H). 

 

1-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-

purin-8-yl]-N-[3-[4-[4-[[2-(2,6-dioxo-3-piperidyl)-1,3-dioxo-isoindolin-4-yl]amino]-4-oxo-

butyl]triazol-1-yl]propyl]piperidine-4-carboxamide (21d): (20b) (73.0%, 0.0223 g, 0.0275 mmol), 

(5b) (97.0%, 0.00868 g, 0.0229 mmol) and sodium L-ascorbate (Sigma, >99.0%)(0.0136 g, 0.0681 

mmol) were dissolved in in t-BuOH:DCM (2:1, 1.5 mL). CuSO4·5 H2O (Alfa Aesar, 99.0%)(0.0114 g, 

0.0454 mmol) in water (0.5 mL) was added and the mixture stirred at room temperature for 90 minutes. 

Workup was made via dilution in ammonia solution, extraction of organics using DCM and 

concentration of the organic phase in vacuo. The crude product was diluted in a small volume of DMF 

and purified using preparative HPLC (gradient of 10% to 60% ACN in 0.1% TFA). Lyophilization of 

the relevant fractions yielded the title compound (81.0%, 3.30 mg, 2.79 µmol, yield: 12.2%). HRMS: 

m/z calculated 959.3912, found 959.3910 for [M+H]+. 1H NMR (400 MHz): δ 11.15 (s, 1H), 9.72 (s, 

1H), 8.45 (d, J=8.4 Hz, 1H), 7.89-97 (m, 2H), 7.83 (dd, J=8.1 Hz, 7.5 Hz, 1H), 7.62 (d, J=7.3 Hz, 0.45 

Hz, 1H), 7.35-7.48 (m, 3H), 5.66 (s, 2H), 5.15 (dd, J=13 Hz, 5.4 Hz, 1H), 4.30 (t, J=7.0 Hz, 2H), 3.87 

(s, 3H), 3.57-3.64 (m, 2H), 3.41 (s, 3H), 3.16 (s, 3H), 2.93-3.12 (m, 5H), 2.53-2.72 (m, 7H), 2.23 (s, 

3H), 2.03-2.10 (m, 1H), 1.89-1.99 (m, 4H), 1.61-1.78 (m, 4H). 

 

Methyl hex-5-ynoate (22c): hex-5-ynoic acid (Aldrich, 97%)(1.00 g, 8.65 mmol) and p-TsOH (Sigma 

Aldrich, >98.5%)(0.0184 g, 0.105 mmol) were dissolved in mixture of MeOH:DCM (2:5, 7 mL) and 

refluxed with the system sealed with a drying tube. The mixture was worked up after 48 h by dilution 

in DCM, washing with brine, drying over MgSO4 and removal of the solvent, yielding the title 

compound (0.964 g, 7.80 mmol, yield: 90.1%) which was used in the next step without further 

purification. 

 

Methyl 6-[7-[[5-(3,4-dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin- 

8-yl]hex-5-ynoate (22a): (1a) (0.200 g, 0.411 mmol), (22c) (0.457 g, 3.62 mmol) and TEA (Sigma 

Aldrich, >99%)(2.29 mL, 16.3 mmol) were dissolved in DMF (8 mL) in a nitrogen conditioned tube 

and the mixture then further stirred and conditioned under nitrogen atmosphere for a few minutes. 

Tetrakis(triphenylphosphine)palladium(0) (Aldrich, 99%)(0.0333 g, 0.0285 mmol) along with CuI 

(Sigma Aldrich, 98%)(0.0533 g, 0.274 mmol) was mixed in, after which the mixture was heated to 50 

℃ and left overnight. The mixture was then cooled, filtered and washed with EtOAc, removing a 

metallic powder. The filtrate was washed with brine and concentrated, and finally purified using flash 

column chromatography on silica gel, using MeOH in DCM (0% to 100%), yielding the title compound 

(0.0150 g, 0.282 mmol, yield: 68.6%). LCMS (ESI+): m/z 531 [M+H]+. 

 

Methyl 6-[7-[[5-(3-methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6- 

dioxo-purin-8-yl]hex-5-ynoate (22b): (1b) (97.0%, 0.150 g, 0.315 mmol), (22c) (0.233 g, 1.85 mmol) 

and TEA (Sigma Aldrich, >99%)(1.76 mL, 12.5 mmol) were dissolved in DMF (8 mL) and the mixture 

conditioned under nitrogen atmosphere for a few minutes. Tetrakis(triphenylphosphine)palladium(0) 

(Aldrich, 99%)(0.0255 g, 0.0219 mmol) and CuI (Sigma Aldrich, 98%)(0.0409 g, 0.210 mmol) were 

mixed in, after which the mixture was heated to 50 °C and left overnight. The mixture was then diluted 

in EtOAc:water, and the organic phase washed with brine and concentrated in vacuo. The crude product 

was purified twice using flash column chromatography on silica gel, using MeOH in DCM (0% to 

100%). Finally, triturating with EtOAc to remove impurities yielded the title compound (0.0600 g, 0.118 

mmol, yield: 37.6%). LCMS (ESI+): m/z 507 [M+H]+. 

 

6-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl] 

hex-5-ynoic acid (23a): (22a) (0.150 g, 0.282 mmol) was dissolved in THF:water (3:7, 10 mL). 

LiOH·H2O (Strem Chemicals, >98%)(0.0355 g, 0.830 mmol) was added and the mixture stirred at rt 

for 2.5 hours, at which point THF was removed in vacuo and the remaining water acidified to pH=2 

using 1M HCl. The product was extracted with DCM (4 × 25 mL), the organic phase was washed with 

brine and dried over MgSO4, after which removal of the solvent in vacuo yielded the title compound 



37 

(70.0%, 0.0580 g, 0.0785 mmol, yield: 27.8%) which was used in the next step without further 

purification. LCMS (ESI+): m/z 517 [M+H]+. 

 

6-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6-dioxo-

purin-8-yl]hex-5-ynoic acid (23b): (22b) (0.0590 g, 0.116 mmol) was dissolved in THF:water (1:1, 2 

mL). LiOH·H2O (Strem Chemicals, >98%)(0.0147 g, 0.342 mmol) was added and the mixture stirred 

at rt for 2.5 hours, at which point THF was removed in vacuo and the remaining water acidified to pH=2 

using 1M HCl. The product was extracted with 4x DCM, after which the combined organic phases were 

washed with brine and dried over MgSO4. Removal of the solvent in vacuo yielded the title compound 

(71.0%, 0.0240 g, 0.0346 mmol, yield: 29.7%) which was used in the next step without further 

purification. LCMS (ESI-): m/z 491 [M-H]-. 

 

(2S,4R)-1-[(2S)-2-[6-[7-[[5-(3,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl]methyl]-1,3-dimethyl-2,6- 

dioxo-purin-8-yl]hex-5-ynoylamino]-3,3-dimethyl-butanoyl]-4-hydroxy-N-[[4-(4-methylthiazol- 

5-yl)phenyl]methyl]pyrrolidine-2-carboxamide (24a): (23a) (70.0%, 0.0290 g, 0.0392 mmol), DIEA 

(Alfa Aesar, 99%)(0.0202 mL, 0.117 mmol) and HATU (Chemtronica)(0.0179 g, 0.0471 mmol) were 

dissolved in DMF (0.5 mL) and left to stir for 10 minutes at rt. (2a) (MedChemExpress)(0.0169 g, 

0.0392 mmol) was added and the reaction was left over the weekend. On Monday morning, HPLC-MS 

analysis indicated starting material present. Another 9 mg of HATU, 10 μL of DIEA and 8 mg of (2a) 

were added and the reaction left for several hours. The reaction was later determined to be finished and 

the mixture diluted in DCM and washed twice with brine and once with water. The solvent was then 

removed and the crude product redissolved in acetonitrile and purified with preparative HPLC (Xbridge, 

gradient of 20% to 50% acetonitrile in 50 mM ammonium bicarbonate). Lyophilizing the relevant 

fractions yielded the title compound (11.5 mg, 12.5 µmol, yield: 31.8%). HRMS: m/z calculated 

929.2727, found 929.2671 for [M+H]+. 1H NMR (400 MHz): δ 8.99 (s, 1H), 8.56 (t, J=6.1 Hz, 1H), 

8.15 (d, J=1.9 Hz, 1H), 7.97 (d, J=9.3 Hz, 1H), 7.93 (dd, J=8.4, 1.9 Hz, 1H), 7.89 (d, J=8.4 Hz, 1H), 

7.36-7.44 (m, 4H), 5.96 (s, 2H), 5.12 (d, J=3.5 Hz, 1H), 4.53 (d, J=9.4 Hz, 1H), 4.40-4.48 (m, 2H), 

4.32-4.38 (m, 1H), 4.21 (dd, J=16 Hz, 5.4 Hz, 1H), 3.60-3.69 (m, 2H), 3.44 (s, 3H), 3.21 (s, 3H), 2.55 

(t, J=7.0 Hz, 2H), 2.45 (s, 3H), 2.25-2.42 (m, 2H), 1.99-2.07 (m, 1H), 1.88-1.94 (m, 1H), 1.79 (p, J=6.6 

Hz, 2H), 0.91 (s, 9H). 

 

(2S,4R)-4-hydroxy-1-[(2S)-2-[6-[7-[[5-(3-Methoxy-4-methyl-phenyl)-1,3,4-oxadiazol-2-

yl]methyl]-1,3-dimethyl-2,6-dioxo-purin-8-yl]hex-5-ynoylamino]-3,3-dimethyl-butanoyl]-N-[[4- 

(4-methylthiazol-5-yl)phenyl]methyl]pyrrolidine-2-carboxamide (24b): (23b) (71%, 0.0200 g, 

0.0288 mmol), DIEA (Alfa Aesar, 99%)(0.0209 mL, 0.121 mmol) and (2a) (MedChemExpress)(0.0175 

g, 0.0406 mmol) were dissolved in DMF (0.5 mL) and left to stir for 10 minutes at rt. HATU 

(Chemtronica)(0.0185 g, 0.0487 mmol) was added and the reaction was left over the weekend. Monday 

morning, the mixture was diluted in a larger volume of water and EtOAc. The organic phase was washed 

with saturated NaHCO3, brine and finally water. The solvent was then removed and the crude product 

redissolved in acetonitrile and purified with preparative HPLC (gradient of 10% to 60% acetonitrile in 

50 mM ammonium bicarbonate). Lyophilizing the relevant fractions yielded the title compound (8.20 

mg, 9.06 µmol, yield: 31.4%). HRMS: m/z calculated 905.3768, found 905.3770 for [M+H]+. 1H NMR 

(400 MHz): δ 8.98 (s, 1H), 8.56 (t, J=6.0 Hz, 1H), 7.98 (d, J=9.4 Hz, 1H), 7.35-7.47 (m, 7H), 5.94 (s, 

2H), 5.12 (d, J=3.6 Hz, 1H), 4.53 (d, J=9.4 Hz, 1H), 4.40-4.47 (m, 2H), 4.32-4.37 (m, 1H), 4.22 (dd, 

J=16 Hz, 5.4 Hz, 1H), 3.89 (s, 3H), 3.60-3.68 (m, 2H), 3.43 (s, 3H), 3.20 (s, 3H), 2.55 (t, J=9.4 Hz, 2H), 

2.44 (s, 3H), 2.25-2.43 (m, 2H), 2.23 (s, 3H), 1.99-2.07 (m, 1H), 1.86-1.94 (m, 1H), 1.79 (p, J=6.9 Hz, 

2H), 0.92 (s, 9H). 

 

The following biological testing was carried out by Dr. Nicholas Valerie at Karolinska Institute: 

 

Biochemical testing: Differential scanning fluorimetry (DSF) was performed with 5 μM purified 

NUDT5, 10 or 50 μM NUDT5 molecules (final DMSO v/v was 2.5%) and 5x Sypro Orange (Thermo 

Fisher) in assay buffer (100 mM Tris-Acetate, pH 8.0, 40 mM NaCl, 10 mM MgAc, 0.005% Tween-

20), and the 20 μL reactions were added to a clear 96-well PCR plate (Bio-Rad). Each experiment was 

performed in duplicate. Temperature gradients from 21 to 95 °C (increasing at a rate of 1 °C per minute) 
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were completed with readings every minute on a CFX96 Real-Time PCR machine (Bio-Rad) on the 

FRET setting. Melting temperatures were determined as the minimum of the negative first derivative 

of fluorescence plots with CFX Maestro software (Bio-Rad). 

 

Detection of exogenous NUDT5: A genetic construct involving a DOX inducible NUDT5 protein 

fused to a mutant of the FKBP and several fluorogenic reporters, i.e. ackaLuc and a split nano-Luc was 

constructed and transfected into U2OS cells through a lentiviral vector. (Valerie et al, unpublished). 

The NUDT5-FKBP fusion was designed for susceptibility to both the dTAG13 PROTAC and a 

functional NUDT5-targeting PROTAC as described by Bradner et al17. Degradation was monitored and 

quantified based on the fluorescent readouts. 

 

Detection of endogenous NUDT5: U2OS cells were treated with compound 12b for the times and at 

the concentrations outlined in Figure 8a-b and the amount of endogenous NUDT5 was quantified by 

Western Blot as previously described by Page and Valerie et al.7 
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7. Appendix 

7.1 Structures and physico-chemical properties of compounds 

 
Table 1: Structures and physico-chemical properties of compounds. 
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Figure 9: Graphical representation of the physico-chemical data for compounds OTC020-001 through 016. 
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7.2 NMR spectra 
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15b (1H) 
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15b (13C) 

 

 
 

15b (COSY) 
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15b (TOCSY) 

 

 
 

15b (HSQC) 
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15b (HMBC) 

 

 
 

15b (ROESY) 
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17c (1H) 
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17c (T2 filtered, 3-4 ppm) 

 
 

17c (13C) 

 

 



62 

17c (COSY) 

 

 
 

17c (HSQC) 
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17c (HMBC) 

 

 
 

17c (ROESY) 
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24b 

 

 

 


