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Abstract

Cryptosporidiosis is a human gastrointestinal disease caused by protozoans of the genus 

Cryptosporidium, which can be fatal in immunocompromised individuals. The essential enzyme, 

thymidylate synthase (TS), is responsible for de novo synthesis of deoxythymidine 

monophosphate. The TS active site is relatively conserved between Cryptosporidium and human 

enzymes. In previous work, we identified compound 1, (2-amino-4-oxo-4,7-dihydro-pyrrolo[2,3-

d]pyrimidin-methyl-phenyl-L-glutamic acid), as a promising selective Cryptosporidium hominis 
TS (ChTS) inhibitor. In the present study, we explore the structure-activity relationship around 1 
glutamate moiety by synthesizing and biochemically evaluating the inhibitory activity of 

analogues against ChTS and human TS (hTS). X-Ray crystal structures were obtained for 

compounds bound to both ChTS and hTS. We establish the importance of the 2-phenylacetic acid 

methylene linker in optimally positioning compounds 23, 24, and 25 within the active site. 

Moreover, through the comparison of structural data for 5, 14, 15, and 23 bound in both ChTS and 

hTS identified that active site rigidity is a driving force in determining inhibitor selectivity.
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1. Introduction

Cryptosporidiosis is a human gastrointestinal illness caused by protozoans of the genus 

Cryptosporidium and is the second leading cause of diarrheal disease and deaths in children 

<2 years old across Africa and South Asia.[1–3] Additionally, outbreaks have occurred in 

industrialized countries, with major outbreaks occurring in Milwaukee and New York City.

[4, 5] Among the several Cryptosporidium species that can cause human disease, 

Cryptosporidium hominis (C. hominis) and Cryptosporidium parvum (C. parvum) are 

responsible for 90 % of the human disease and share a high sequence identity (95–97%) at 

the genome level.[6–8] Cryptosporidium is capable of surviving without a host for many 

months at a wide range of temperatures.[9] Infection occurs when an individual ingest 

oocyst in contaminated food or water. Healthy individuals experience gastrointestinal 

distress that can last for two or more weeks. However, infection rates are higher and more 

severe in children, the elderly, and immunocompromised individuals, where it leads to 

severe and life-threatening wasting disease.[8–10] Currently, nitazoxanide is the only FDA-

approved drug for the treatment of cryptosporidiosis.[10] However, the efficacy of 

nitazoxanide is variable in immunocompetent patients, limited in children, and ineffective in 

immunocompromised patients, indicating a pressing need for improved therapies.[1, 9, 10]
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The essential enzymes, thymidylate synthase (TS) and dihydrofolate reductase (DHFR), 

have long been chemotherapeutic targets for cancer and infectious diseases.[11, 12] In 

humans and most organisms, these two enzymes exist as separate polypeptide chains, 

whereas in Cryptosporidium both activities are encoded into a single bifunctional enzyme 

TS-DHFR.[13, 14] TS-DHFR has been extensively characterized and shown to be a 

promising target for the development of inhibitors.[12, 15, 16] TS catalyzes the de novo 
synthesis of deoxythymidine monophosphate (dTMP) from deoxyuridine monophosphate 

(dUMP) and the cofactor 5,10-methylenetetrahydrofolate (CH2H4F).[11, 17] The 

dihydrofolate produced as the other product of the TS reaction is then reduced by DHFR 

utilizing the cofactor NADPH, to produce tetrahydrofolate and NADP+.[11, 18] The TS 

active site is highly conserved for both the C. hominis and the human enzymes, however 

there are two distinct, variant amino acids in the region of the binding pocket that interact 

with the glutamate moiety of folate.[19] In C. hominis TS (ChTS) these residues are A287 

and S290, versus F80 and G83 in human TS (hTS), respectively.[11, 19] Our earlier kinetic 

studies with bifunctional ChTS-DHFR together with mutational and structural analyses 

identified this novel folate binding region containing the two variant residues, A287 and 

S290. These residues are critical to properly position the folate substrate for efficient 

interaction with the second substrate dUMP for methyl transfer during catalysis.[11, 20] In 

other species such as human, a bulky phenylalanine residue is located in this region. These 

studies suggested that this region might be exploited to build in increased inhibitor 

specificity and affinity for the ChTS-DHFR.

In previous work we identified compound 1 (2-amino-4-oxo-4,7-dihydro-pyrrolo[2,3-

d]pyrimidin-methylphenyl-L-glutamic acid), originally designed as an anticancer agent, that 

proved to be a promising ChTS inhibitor (see Figure 1).[12, 16, 21] We reported the X-ray 

crystal structure of ChTS complexed with 1, in combination with inhibition activity of 1 
demonstrating a 6-fold greater selectivity for the ChTS over the hTS enzyme.[12] This data 

suggested that these two variant active site residues might play an important role in 

determining selectivity. This concept was further supported by our recent work in which the 

X-ray crystal structure of 1 complexed with hTS was determined.[19] The variant ChTS 

residue S290 forms a hydrogen bond with the carboxylate of the glutamate moiety of 1 as 

well as hydrophobic interactions with A287, stabilizing this portion of compound 1 within 

the TS active site. In the case of hTS, a hydrogen bond with compound 1 glutamate moiety 

does not form, but rather hydrophobic interactions with F80 or interaction with solvent.

In this present study, we describe a computational and structure-guided lead optimization 

strategy to explore the structure-activity-relationship (SAR) of compound 1 with the aim of 

identifying compounds which take advantage of the variant ChTS and hTS active site 

residues in an effort to increase potency and selectivity. A series of 26 compounds were 

designed and synthesized for this effort. The compounds were tested for inhibitory activity 

against both ChTS and hTS enzymes. A total of 12 X-ray crystal structures were determined 

for a number of these compounds bound in the ChTS active site to evaluate interactions that 

may be important for inhibitor potency. Additionally, we compare the X-ray crystal 

structures of four compounds bound in both ChTS and hTS active sites to understand 

inhibitor selectivity.
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2. Results and Discussion

2.1. Lead optimization guided by computational and structural analyses

The three-dimensional structure of compound 1 bound the ChTS active site is shown in 

Figure 1(A) along with several scaffolds showing potential regions of the molecule to be 

targeted in the lead optimization efforts (B). Analysis of the crystal structure of compound 1 
indicates that the accommodation of the pyrrolo[2,3-d]pyrimidine fragment of 1 in the ChTS 

active site is nearly ideal. The pyrrolo[2,3-d]pyrimidine π-stackes with the uracil ring of the 

FdUMP, with hydrogen bonds of normal lengths for all of the heteroatoms except N3 (its 

closest contact is 4.32 Å with the side-chain N of N319), and the central benzyl ring is well 

situated in a hydrophobic region and has an edge-to-face aryl-aryl interaction with F433. 

However, the amide linker moiety and its attachments are not making notable contacts. The 

α–carboxylate of the glutamate moiety has one oxygen 4.30 Å from the ammonium group of 

K284, while the γ–carboxylate forms a hydrogen bond with S290 (Figure 1A). Thus, our 

initial focus for analogues was on the eastern region of compound 1. Several possibilities 

were suggested by initial modeling based on the ChTS crystal structure with 1 (PDB: 

40QE).[12] These include modifications which would retain the γ–carboxylate to preserve 

the hydrogen bond with S290 while substituting the α–carboxylic acid with an aryl ring to 

interact with hydrophobic pocket, changes to the amide linker, and additional 

functionalization of the aryl ring (Scaffold A, Fig. 1B). Modeling suggests that further 

elaboration of the aryl ring to substituted biphenyl compounds would also be viable 

(Scaffold B, Fig. 1B). Moreover, it has been shown that biphenyls are twisted 30° to provide 

some conformational variety.[22] This substitution pattern would feature a smaller group 

that projects towards K284, and a larger one for the opening between A287 and S290. The 

larger group could be used to control properties such as solubility as its terminus can project 

into the aqueous solvent. An example of a computed biphenyl structure is illustrated in 

Supplementary Figure S1.

2.2. Chemistry

A general outline of our synthetic strategy for the preparation of 2-amino-4-oxo-4,7-

dihydro-pyrrolo[2,3-d]pyrimidin-methyl-phenyl-L-glutamic acid derivatives 2–26 is 

summarized in Schemes 1–3 and Experimental Section. A complete description of synthetic 

routes for the synthesis of the non-commercial amines is summarized in the Supplementary 

Information.

2.3. SAR Profiling using biochemical assays

A series of antifolate compounds were prepared to explore SAR based upon compound 1 
and Scaffolds A and B (Figure 1B). The synthesized series of 26 antifolate compounds were 

biochemically evaluated against purified ChTS and hTS enzymes by monitoring the 

conversion of dUMP and CH2H4F to dTMP and H2F. Compound 1 was utilized as a positive 

antifolate control. TS inhibitory activity is summarized in (Tables 1 and 2 and 

Supplementary Table S1), and the SAR of these compounds with ChTS was investigated.

As shown in Table 1 and Figure 2, the first compound synthesized, 2, involved replacement 

of the α-carboxylate of the glutamic acid moiety with an aryl ring containing a carboxyl acid 
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at the ortho position to mimic the γ-carboxylate. Compound 2 had an IC50 = 20 μM. There 

was a ~ 5-fold loss of potency, when the carboxylate was in either the meta or para positions 

of the aryl ring, compounds 3 and 4, demonstrating a preference for the ortho position. The 

three-dimensional crystal structure for 2 in complex with the ChTS-DHFR protein was 

solved (see Supplementary Figure S2A). The structural analysis revealed that the ortho 

carboxylic acid was oriented toward S290, however the distance was too short to allow a 

hydrogen bond (see Figure 7, below). Accordingly, incorporation of a methylene linker to 

extend the ortho-carboxylate by one carbon unit from the aryl ring, in order to replicate the 

hydrogen bond observed in the crystal structure between 1 and S290, resulted in compound 

5, which did result in a small increase in potency. The increased linker length allowed 

formation of the hydrogen bond with S290 as verified by the determination of the crystal 

structure of 5 bound to the ChTS active site (see Figure 7, below, and Supplementary Figure 

S2B). However, the addition of the longer ethylene linker resulted in a ~ 6-fold loss of 

potency for 6. Isosteric replacement of the carboxylate moiety with other functional groups 

that could form a hydrogen bond, such as a tetrazole or a cyano, also resulted in an ~ 8-fold 

and ~ 6-fold loss of potency, respectively, compound 7 and 8.

As illustrated in Table 2 and Figure 3, in general modifications made to the amide linker 

moiety resulted in substantial decrease in potency. The addition of a methyl group to 

produce a tertiary amine resulted in an ~11-fold decrease in potency, compound 9. 

Removing the amide linker and replacing with an ethylene linker resulted in a greater than 

5-fold decrease in potency, compound 10. Increasing the length of the linker region by 

inserting a methylene to elongate the linker region by one carbon unit resulted in a 6-fold 

loss in potency, compound 11. Compound 12 demonstrated a greater than 25-fold decrease 

in potency. Here the loss of aromaticity is combined with the creation of a piperidine ring, 

which shortens the amide linker moiety by insertion of a secondary amine into the ring 

structure. However, the loss of aromaticity alone resulted in a 3-fold loss of potency, 

compound 13.

Based on the ortho substituted compound 2, a series of substituents were added to the C-4 

position of the aryl ring to take advantage of the pocket surrounding K284 to improve 

potency as shown in Table 1 and Figure 4. Hydrophilic substituents in general were well 

tolerated, compounds 15, 17 and 20. While the addition of a carboxamide or carboxylate at 

C-4 maintained potency compared to 2, where the addition of a cyano at this position 

enhanced potency 2-fold in compound 17. This is confirmed by the crystal structure (Figure 

9 and Supplementary Figure S3D), described below. However, the addition of a methoxy 

group or a hydroxymethyl group at the C-4 position resulted in a ~ 2.5-fold and ~ 9-fold 

decrease in potency, respectively, compound 16 and 18. The addition of a chloride 

substituent to the C-4 position resulted in a small loss of potency, compound 14. The 

addition of a methoxymethyl substituent to the C-4 position resulted in ~ 3.5-fold loss in 

potency for compound 19. Additionally, the addition of methoxymethyl or methoxy 

substituents to the aryl moiety at the C-3 and C-5 positions were not well tolerated, with a 

greater than 5-fold loss of potency, compound 21 and 22.

As shown in Table 1 and Figure 5, the combination of an ortho-phenylacetic acid moiety 

with a substituent at the C-4 position of the aryl ring resulted in ~ 2-fold increase in potency, 
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compounds 23–25. These compounds were designed to form a hydrogen bond with S290 as 

well as interact with the pocket surrounding K284. These interactions are supported by the 

crystal structure (Figure 9 and Supplementary Figures S5 and S6), as described below.

Finally, as illustrated in Table1 and Figure 6, elaboration of the aryl ring to a biphenyl, 

suggested by modeling to be favorable, resulted in a substantial drop in potency. The 

biphenyl moiety was poorly tolerated resulting in a loss of potency ~ 5-fold and greater than 

25-fold for compounds 26 and 27 respectively.

2.4. X-ray crystal structures of antifolates complexed with ChTS

All 26 antifolate compounds were evaluated by biochemical assays to assess inhibition of 

ChTS catalytic activity. The compounds were then further evaluated with structural analyses. 

Co-crystal structures were obtained for 12 antifolate compounds: 2, 5, 6, 11, 14, 15, 16, 17, 

20, 23, 24, and 25 with ChTS-DHFR. As further described in the Experimental section, 

structures of ChTS-DHFR complexed with antifolate compounds were obtained utilizing the 

same procedures. The resolution of the structures range from 2.5 to 3.3 Å and all twelve 

structures have been deposited in the Protein Data Bank. The co-crystal structures contained 

five protein molecules within the asymmetric subunit and crystallized as a C2 space group 

with a similar crystal lattice as reported for ChTS-DHFR complexed with 1.[12]

The antifolate compounds bind into the 5,10-methylenetetrahydrofolate (CH2H4F) pocket 

where the pyrrolo[2,3-d]pyrimidine and centralbenzyl moieties form similar interactions 

with ChTS active site as previously described for 1 (Supplementary Figures S2–4).[12] 

However, the pyrrolo[2,3-d]pyrimidine of compounds 2, 6, 15, 17, and 20 form fewer 

hydrogen bonding interactions with the ChTS active site (Supplementary Figure S2A, S2C, 

S3B, S3D, and S4A). Compounds 6, 15 and 17 do not form hydrogen bonding interactions 

with the backbone N of G430. Additionally, 15 and 17 do not form hydrogen bonding 

interactions with D426. All five compounds do not form a hydrogen bond with Y466.

The carboxylate group of the benzoic acid, 2-phenylacetic acid, and 3-phenylpropanoic acid 

moieties are directed towards S290. With an average distance of ~ 3.9 Å, the carboxylate 

group for compounds containing a benzoic acid moiety were not within hydrogen bonding 

distance to S290. The carboxylate group for compounds containing either 2-phenylacetic 

acid, or 3-phenylpropanoic acid moieties, with an average distance of ~3.3 Å, were within 

hydrogen bonding distance to S290. Compounds 2, 5, and 6, which contain a benzoic acid, 

2-phenylacetic acid, and 3-phenylpropanoic acid moiety, respectively, illustrates the 

importance of linker length on inhibitor potency. Comparing the three compounds it is 

observed that the carboxylate of 2 is ~4.0 Å from S290, while the methylene linker of 5 
extends the carboxylate within hydrogen bonding distance, ~ 3.3 Å, to S290 (Figure 7). The 

longer linker used in 6 enables the carboxylate to hydrogen bond with S290, however there 

is greater disorder due to the linker length resulting in the loss of two hydrogen bonds to the 

pyrrolo[2,3-d]pyrimidine moiety (Supplementary Figure S2C).

Compound 11 differs from 2 by the addition of a methylene to the amide linker moiety, 

which resulted in a 6-fold loss of potency. Comparing the two structures of 2 and 11, the 

carboxylate of both compounds is ~ 4.0 Å from S290 (Figure 8A). In Figure 8B, we observe 
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the benzoic acid moiety shifts 1.4 Å into the pocket, while shifting the amide linker towards 

M519 by ~ 0.9 Å. The addition of the methylene to this region destabilizes the binding of 11 
by increasing the compounds flexibility within the binding pocket.

C-4 substituents to either benzoic acid or 2-phenylacetic acid moieties were directed into a 

small pocket adjacent to K284. Cyano, carboxylate, or carboxamide C-4 substituents, 15 and 

25, 17 and 24, or 20, respectively, where within hydrogen bonding distance of the 

ammonium of K284, while the C-4 substituent of 20 was also within hydrogen bonding 

distance of the backbone carbonyl of I515 (Supplementary Figure S3B, S3D, S4A, S4C and 

S4D). Compounds 23, 24, and 25, which combine a C-4 substituent, in this case a methoxy, 

cyano or carboxylate, respectively, with the 2-phenylacetic acid moiety, demonstrate the 

greatest ChTS potency for this series of compounds. A structural comparison of compounds 

23, 24, and 25 with the benzoic acid moiety counterparts 16, 17, and 15, respectively, reveals 

subtle differences in the way these compounds interact with the ChTS active site. First the 

carboxylate group of compounds 23, 24, and 25 is within hydrogen bonding distance of 

S290, while the carboxylate of the benzoic acid counterparts is an average ~ 3.8 Å away 

from this residue (Figure 9A and Supplementary Figure S5A and S6A). This hydrogen bond 

with S290 coupled with the C-4 substituents interactions within the pocket containing K284 

stabilizes the 2-phenylacetic acid moiety within the ChTS active site. Secondly, the addition 

of the methylene linker in the 2-phenylacetic acid moiety of compounds 23, 24, and 25 
produces ~ 22.0° clockwise rotation of this moiety with respect to their benzoic acid moiety 

counter parts (Figure 9B and Supplementary Figure S5B and S6B). This small rotation 

appears to transfer to the pyrrolo[2,3-d]pyrimidine moiety resulting in an average shift of ~ 

0.3 Å into the pocket, stabilizing the hydrogen bonding interactions between the pyrrolo[2,3-

d]pyrimidine and ChTS active site (Figure 9C and Supplementary Figure S5C and S6C).

2.5. X-ray crystal structures of antifolates complexed with hTS

All antifolate compounds where evaluated for structural analysis with hTS, however, co-

crystal structures were obtained for antifolate compounds 5, 14, 15, and 23. A full 

description of the procedures used to obtain structures of hTS complexed with the antifolate 

compounds can be found in the Experimental section. The resolution of the structures range 

from 2.39 to 2.84 Å and all four structures have been deposited in the Protein Data Bank. 

The co-crystal structures contained four protein molecules within the asymmetric subunit, 

with 14 and 23, 5, and 15 crystalizing in a C2, P212121, and P41212 space groups, 

respectively. In all structures, density for the antifolate compounds was observed in all four 

chains of the asymmetric unit except for the structure for 15, where density was only 

observed in chains B and C.

The antifolate compounds bind into the CH2H4F pocket where the pyrrolo[2,3-d]pyrimidine 

and central benzyl moieties form similar interactions with the hTS active site as previously 

described for 1.[19] However, the pyrrolo[2,3-d]pyrimidine of compounds 5, 14, and 23 
form fewer hydrogen bonding interactions with the hTS active site (Supplementary Figure 

S7A, S7B, and S7D). Compound 5 does not form hydrogen bonding interactions with the 

backbone carbonyl of A312, but this could be an artifact due to a lack of density to visualize 

the neighboring residue V313. Compound 14 and 23 do not form hydrogen bonding 
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interactions with Q112. The carboxylate group of the benzoic acid, and 2-phenylacetic acid 

moieties are directed towards solvent, while C-4 substituents are directed towards the pocket 

containing residue K77. Additionally, the aryl ring of both the benzoic acid, and 2-

phenylacetic acid moieties formed hydrophobic interactions with F80 (Supplementary 

Figure S7). Interestingly, unlike the positioning of the amide linker moiety for these 

compounds bound in ChTS, the amide linker moiety for all four compounds bound in the 

opposite orientation where the carbonyl points into the pocket near F225 (Supplementary 

Figure S7).

Comparing the structures of 5, 14, 15, and 23 in both the ChTS and hTS active sites provides 

a possible explanation for the observed trend in inhibitory selectivity the antifolate 

compounds display for both enzymes (Supplementary Table S1). As previously reported in 

our work with R-and S- enantiomers of 1, we observed that the ChTS active site is more 

rigid than the hTS active site.[19] Similarly here the hTS residue F225 rotates ~ 75° 

clockwise, as compared to its corresponding ChTS residue F433 for all four compound 

structures (Figure 10A and Supplementary Figure S8A, S9A, and S10A). The space afforded 

by the rotation of F225 allows the central benzyl moiety to shift back into the pocket 

towards F225 by ~ 0.8 Å, while providing space for the compound’s amide linker moiety 

carbonyl (Figure 10B and Supplementary Figure S8B, S9B, and S10B). The reverse 

orientation of the amide linker moiety appears to position the benzoic acid, and 2-

phenylacetic acid moieties aryl rings towards F80, allowing for a more optimal position to 

hydrophobically interact with F80. The positioning of the compounds towards F80 provides 

space for the sidechain of L221 to rotate ~180° into the pocket as compared to its ChTS 

counterpart L429 (Figure 10C and Supplementary Figure S8C, S9C, and S10C). Taken 

together, hTS structural data and IC50 values indicate that with few exceptions the hTS 

active site is capable of accommodating most alterations in the compounds used in this SAR.

3. Conclusions

We have designed, synthesized and evaluated a series of anti-cryptosporidium agents based 

on the chemical structure of lead compound 1, where the glutamate moiety is replaced by a 

benzoic acid. Structure-activity relationship analysis indicates (1) ChTS prefers an ortho-

phenylacetic acid moiety over an ortho-benzoic acid or ortho-phenylpropanoic acid moieties 

(2) hydrophilic C-4 substituents on the 2-phenylacetic acid moieties increase potency (3) 

changes to the amide linker moiety are not tolerated. X-ray crystal structures of compounds 

23, 24, and 25 bound to the ChTS active site reveal the key interactions that are necessary 

for compound potency, as well as the role that the 2-phenylacetic acid methylene linker 

plays in optimally positioning these compounds into the active site. Comparison of structural 

data for compounds 5, 14, 15, and 23 bound in both ChTS and hTS identified that active site 

structural rigidity is a driving factor in determining inhibitor selectivity. In summary, the 

results presented here provide a platform for further efforts to develop new anti-

cryptosporidium agents.
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4. Experimental section

4.1. General Information

NMR spectra were recorded on Agilent DD2 600 (600 MHz), DD2 500 (500 MHz) and 

DD2 400 (400 MHz) instruments. Column chromatography was carried out using 

CombiFlash over redisep column cartridges employing Merck silica gel (Kieselgel 60, 63–

200 μm). Pre-coated silica gel plates F-254 were used for thinlayer analytical 

chromatography. Mass determinations were performed using electrospray ionization on a 

Waters Micromass ZQ (LC-MS) and on an Agilent Technologies 6890N (GC-MS). HRMS 

(ESI-TOF) analyses were performed on Waters Xevo QTOF equipped with Z-spray 

electrospray ionization source. HRMS values agree within ± 0.4 % of the theoretical values. 

The purity of all final synthesized compounds was determined by reverse phase HPLC, 

using Waters 2487 dual λ absorbance detector with a Waters 1525 binary pump and a 

Phenomenex Luna 5μ C18(2) 250 × 4.6 mm column. Samples were run at 1mL/min using 

gradient mixtures of 5–100% of water with 0.1% trifluoroacetic acid (TFA) (A) and 10:1 

acetonitrile:water with 0.1% TFA (B) for 22 min followed by 3 min at 100% B. Additional 

details are provided in Supplementary Information.

4.2. General procedure for the synthesis of intermediates 29a-u. Method a.

Intermediates 29a-u have been obtained through general method a. To a solution of 

corresponding amine (28a-u) (1eq) in anhydrous dichloromethane (3.16 mL/eq) and dry 

triethylamine (1.10 eq), was added 4-iodobenzoylchloride (1.10 eq). The reaction was stirred 

overnight at room temperature. Solvent was evaporated under reduced pressure and the 

desired intermediates purified by flash column chromatography.[23]

4.2.1. methyl 1-(4-iodobenzoyl)piperidine-2-carboxylate (29a)—(hexanes to ethyl 

acetate). White powder, 0.54 g, 1.44 mmol, 37% yield. 1H NMR (400 MHz, CDCl3) δ 7.79 

– 7.73 (m, 2H), 7.21 – 7.16 (m, 2H), 5.51 – 5.44 (m, 1H), 3.78 (s, 3H), 3.62 – 3.56 (m, 1H), 

3.31 – 3.18 (m, 1H), 2.37 – 2.31 (m, 1H), 1.78 – 1.74 (m, 3H), 1.43 – 1.35 (m, 2H). LC-MS 

(ESI) m/z 374.1 [M+H]+.

4.2.2. methyl 2-(4-iodobenzamido)cyclohexane-1-carboxylate (29b)—(hexanes 

to hexanes/ dichloromethane 1:1). White powder, 0.54 g, 1.39 mmol, 32% yield. 1H NMR 

(400 MHz, CDCl3) δ 7.80 – 7.74 (m, 2H), 7.52 – 7.46 (m, 2H), 7.29 (s, 1H), 4.30 (qd, J = 

9.0, 7.9, 4.4 Hz, 1H), 3.72 (s, 3H), 2.91 (q, J = 4.6 Hz, 1H), 2.24 – 2.13 (m, 1H), 1.83 – 1.51 

(m, 5H), 1.51 – 1.40 (m, 1H), 1.33 – 1.20 (m, 1H). LC-MS (ESI) m/z 388.1 [M+H]+.

4.2.3. methyl 2-(4-iodobenzamido)benzoate (29c)—(hexanes/dichloromethane 8:2 

to dichloromethane). White powder, 0.66 g, 1.73 mmol, 87% yield. 1H NMR (400 MHz, 

CDCl3) δ 12.07 (s, 1H), 8.90 (d, J = 8.5 Hz, 1H), 8.12 – 8.06 (m, 1H), 7.91 – 7.86 (m, 2H), 

7.80 – 7.74 (m, 2H), 7.65 – 7.58 (m, 1H), 7.17 – 7.11 (m, 1H), 3.97 (s, 3H). LC-MS (ESI) 

m/z 382.0 [M+H]+.

4.2.4. methyl 3-(4-iodobenzamido)benzoate (29d)—(hexanes to ethyl acetate). 

White powder, 0.97 g, 2.55 mmol, 68% yield. 1H NMR (400 MHz, CDCl3) δ 8.16 – 8.09 
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(m, 1H), 8.05 – 8.01 (m, 1H), 7.92 (s, 1H), 7.88 – 7.80 (m, 3H), 7.63 – 7.58 (m, 2H), 7.46 (t, 

J = 7.9 Hz, 1H), 3.92 (s, 3H). LC-MS (ESI) m/z 382.1 [M+H]+.

4.2.5. methyl 4-(4-iodobenzamido)benzoate (29e)—(hexanes to ethyl acetate). 

White powder, 0.29 g, 0.76 mmol, 20% yield. 1H NMR (400 MHz, CDCl3) δ 8.09 – 8.05 

(m, 2H), 7.88 – 7.85 (m, 2H), 7.75 – 7.70 (m, 2H), 7.63 – 7.59 (m, 2H), 3.92 (s, 3H). LC-

MS (ESI) m/z 382.1 [M+H]+.

4.2.6. methyl 2-(2-(4-iodobenzamido)phenyl)acetate (29f)—(hexanes/

dichloromethane 8:2 to dichloromethane). White powder, 1.15 g, 2.91 mmol, 78% yield. 1H 

NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 8.02 (d, J = 8.1 Hz, 1H), 7.90 – 7.84 (m, 2H), 7.80 

– 7.74 (m, 2H), 7.39 – 7.35 (m, 1H), 7.27 – 7.22 (m, 1H), 7.18 – 7.13 (m, 1H), 3.76 (s, 3H), 

3.68 (s, 2H). LC-MS (ESI) m/z 396.0 [M+H]+.

4.2.7. methyl 3-(2-(4-iodobenzamido)phenyl)propanoate (29g)—(hexanes to 

ethyl acetate). White powder, 6.54 g, 15.99 mmol, 84% yield. 1H NMR (400 MHz, CDCl3) 

δ 9.75 (s, 1H), 7.93 – 7.80 (m, 5H), 7.31 – 7.24 (m, 1H), 7.23 – 7.13 (m, 2H), 3.67 (s, 3H), 

2.91 (dd, J = 7.1, 4.7 Hz, 2H), 2.79 (dd, J = 7.1, 4.6 Hz, 2H) LC-MS (ESI) m/z 410.1 [M+H]
+.

4.2.8. N-(2-cyanophenyl)-4-iodobenzamide (29h)—(hexanes to ethyl acetate). 

White powder, 5.82 g, 16.7 mmol, 84% yield. 1H NMR (400 MHz, CDCl3) δ 8.56 (d, J = 

8.4 Hz, 1H), 8.35 (s, 1H), 7.93 – 7.87 (m, 2H), 7.70 – 7.61 (m, 4H), 7.26 – 7.20 (m, 1H). 

LC-MS (ESI) m/z 349.1 [M+H]+.

4.2.9. methyl 2-((4-iodobenzamido)methyl)benzoate (29i)—(hexanes to hexanes/

ethyl acetate 6:4). White powder, 0.53 g, 1.35 mmol, 75% yield. 1H NMR (400 MHz, 

CDCl3) δ 7.99 (dd, J = 7.8, 1.4 Hz, 1H), 7.77 – 7.71 (m, 2H), 7.64 (dd, J = 7.7, 1.4 Hz, 1H), 

7.60 (t, J = 6.8 Hz, 1H), 7.56 – 7.46 (m, 3H), 7.37 (td, J = 7.6, 1.4 Hz, 1H), 4.78 (d, J = 6.5 

Hz, 2H), 3.95 (s, 3H). LC-MS (ESI) m/z 396.1 [M+H]+.

4.2.10. methyl 4-chloro-2-(4-iodobenzamido)benzoate (29j)—(hexanes/

dichloromethane 8:2 to dichloromethane). White powder, 0.96 g, 2.31 mmol, 62% yield. 1H 

NMR (400 MHz, CDCl3) δ 12.10 (s, 1H), 9.01 (d, J = 2.0 Hz, 1H), 8.02 (d, J = 8.6 Hz, 1H), 

7.93 – 7.84 (m, 2H), 7.80 – 7.71 (m, 2H), 7.11 (dd, J = 8.6, 2.1 Hz, 1H), 3.97 (s, 3H). LC-

MS (ESI) m/z 416.1 [M+H]+.

4.2.11. dimethyl 2-(4-iodobenzamido)terephthalate (29k)—(hexanes to hexanes/

ethyl acetate 8:2). White powder, 0.43 g, 0.98 mmol, 98% yield. 1H NMR (400 MHz, 

CDCl3) δ 12.03 (s, 1H), 9.52 (d, J = 1.6 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H), 7.92 – 7.87 (m, 

2H), 7.81 – 7.75 (m, 3H), 4.00 (s, 3H), 3.96 (s, 3H). LC-MS (ESI) m/z 440.1 [M+H]+.

4.2.12. methyl 2-(4-iodobenzamido)-4-methoxybenzoate (29l)—(hexanes to 

hexanes/ethyl acetate 8:2). White powder, 0.59 g, 1.43 mmol, 95% yield. 1H NMR (400 

MHz, DMSO-d6) δ 11.93 (s, 1H), 8.32 (s, 1H), 8.02 – 7.99 (m, 2H), 7.87 (d, J = 7.9 Hz, 
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1H), 7.76 – 7.68 (m, 2H), 6.82 (d, J = 7.9 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H). LC-MS (ESI) 

m/z 412.1 [M+H]+.

4.2.13. methyl 4-cyano-2-(4-iodobenzamido)benzoate (29m)—(hexanes to 

hexanes/ethyl acetate 8:2). White powder, 0.56 g, 1.34 mmol, 92% yield. 1H NMR (400 

MHz, DMSO-d6) δ 11.41 (s, 1H), 8.72 (d, J = 1.6 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 8.02 – 

8.00 (m, 2H), 7 7.74 – 7.71 (m, 3H), 3.89 (s, 3H). LC-MS (ESI) m/z 407.1 [M+H]+.

4.2.14. methyl 4-(hydroxymethyl)-2-(4-iodobenzamido)benzoate (29n)—
(hexanes to hexanes/ethyl acetate 8:2). White powder, 0.95 g, 2.31 mmol, 45% yield. 1H 

NMR (400 MHz, CDCl3) δ 12.11 (s, 1H), 9.03 (d, J = 1.7 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 

7.91 – 7.86 (m, 2H), 7.78 – 7.74 (m, 2H), 7.18 (dd, J = 8.2, 1.7 Hz, 1H), 5.41 (s, 2H), 3.97 

(s, 3H). LC-MS (ESI) m/z 412.1 [M+H]+.

4.2.15. methyl 2-(4-iodobenzamido)-4-(methoxymethyl)benzoate (29o)—
(hexanes to hexanes/ethyl acetate 8:2). White powder, 0.26 g, 0.62 mmol, 61% yield. 1H 

NMR (400 MHz, DMSO-d6) δ 11.60 (s, 1H), 8.52 (d, J = 1.6 Hz, 1H), 8.02 – 7.98 (m, 3H), 

7.75 – 7.71 (m, 2H), 7.19 (dd, J = 8.1, 1.6 Hz, 1H), 4.51 (s, 2H), 3.89 (s, 3H), 3.35 (s, 3H). 

LC-MS (ESI) m/z 426.1 [M+H]+.

4.2.16. methyl 4-carbamoyl-2-(4-iodobenzamido)benzoate (29p)—(hexanes to 

dichloromethane). White powder, 0.25 g, 0.58 mmol, 13% yield. 1H NMR (400 MHz, 

DMSO-d6) δ 11.39 (bs, 1H), 8.80 (d, J = 1.7 Hz, 1H), 8.16 (bs, 1H), 8.05 – 7.98 (m, 3H), 

7.77 – 7.72 (m, 2H), 7.69 (dd, J = 8.2, 1.7 Hz, 1H), 7.60 (bs, 1H), 3.88 (s, 3H). LC-MS (ESI) 

m/z 425.1 [M+H]+.

4.2.17. methyl 2-((4-iodophenyl)amino)-3-(methoxymethyl)benzoate (29q)—
(hexanes to hexanes/ethyl acetate 1:1). White powder, 0.48 g, 1.18 mmol, 62% yield. 1H 

NMR (400 MHz, DMSO-d6) δ 11.39 (bs, 1H), 8.80 (d, J = 1.7 Hz, 1H), 8.16 (bs, 1H), 8.05 

– 7.98 (m, 3H), 7.77 – 7.72 (m, 2H), 7.69 (dd, J = 8.2, 1.7 Hz, 1H), 7.60 (bs, 1H), 3.88 (s, 

3H). LC-MS (ESI) m/z 425.1 [M+H]+.

4.2.18. methyl 2-(4-iodobenzamido)-5-methoxybenzoate (29r)—(hexanes to 

ethyl acetate). White powder, 1.17 g, 2.85 mmol, 86% yield. 1H NMR (400 MHz, CDCl3) δ 
11.80 (s, 1H), 8.82 (d, J = 9.3 Hz, 1H), 7.88 – 7.84 (m, 2H), 7.77 – 7.72 (m, 2H), 7.57 (d, J = 

3.1 Hz, 1H), 7.18 (dd, J = 9.3, 3.1 Hz, 1H), 3.97 (s, 3H), 3.84 (s, 3H). LC-MS (ESI) m/z 

412.1 [M+H]+.

4.2.19. methyl 2-(2-(4-iodobenzamido)-4-methoxyphenyl)acetate (29s)—
(hexanes to hexanes/ethyl acetate 8:2). White powder, 0.26 g, 0.6 mmol, 30% yield. 1H 

NMR (400 MHz, CDCl3) δ 9.83 (s, 1H), 7.91 – 7.84 (m, 2H), 7.80 – 7.73 (m, 2H), 7.71 (d, J 
= 2.6 Hz, 1H), 7.12 (d, J = 8.5 Hz, 1H), 6.70 (dd, J = 8.5, 2.7 Hz, 1H), 3.83 (s, 3H), 3.75 (s, 

3H), 3.61 (s, 2H). LC-MS (ESI) m/z 426.1 [M+H]+.

4.2.20. methyl 2-(4-cyano-2-(4-iodobenzamido)phenyl)acetate (29t)—(hexanes 

to ethyl acetate). White powder, 2.38 g, 5.66 mmol, 82% yield. 1H NMR (400 MHz, CDCl3) 
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δ 9.96 (s, 1H), 8.45 (d, J = 1.2 Hz, 1H), 7.90 – 7.87 (m, 2H), 7.77 – 7.74 (m, 2H), 7.42 (dd, J 
= 7.9, 1.5 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 3.79 (s, 3H), 3.74 (s, 2H). LC-MS (ESI) m/z 

421.1 [M+H]+.

4.2.21. methyl 3-(4-iodobenzamido)-4-(2-methoxy-2-oxoethyl)benzoate (29u)
—(hexanes to ethyl acetate). White powder, 2.38 g, 5.66 mmol, 82% yield. 1H NMR (500 

MHz, DMSO-d6) δ 1H NMR (500 MHz, DMSO-d6) δ 10.17 (s, 1H), 7.99 (d, J = 1.9 Hz, 

1H), 7.96 – 7.92 (m, 2H), 7.82 (dd, J = 8.0, 1.8 Hz, 1H), 7.73 – 7.69 (m, 2H), 7.50 (d, J = 8.0 

Hz, 1H), 3.86 (s, 3H), 3.85 (s, 2H), 3.51 (s, 3H). LC-MS (ESI) m/z 454.1 [M+H]+.

4.3. General procedure for the synthesis of intermediate 29c. Method b.

A mixture of methyl 2-(4-iodobenzamido)benzoate (29c). (0.823 mg, 2.16 mmol) and NaH 

(121 mg, 3 mmol, 60% in oil) in anhydrous DMF (20 mL) was stirred at 0 °C for 15 

minutes. Then, MeI (366 mg, 2.6 mmol) was added and the reaction was stirred at room 

temperature until completion. Then reaction was quenched by addition of MeOH and 

concentrated under reduced pressure. Desired intermediate was purified by flash column 

chromatography (0–50 % EtOAc in hexanes) to provide 551 mg (1.39 mmol, 65% yield) of 

methyl 2-(4-iodo-N-methylbenzamido)benzoate (29ć) as yellow oil.

4.3.1. methyl 2-(4-iodo-N-methylbenzamido)benzoate (29ć)—1H NMR (400 

MHz, Methanol-d4) δ 7.79 (d, J = 7.9 Hz, 1H), 7.58 (t, J = 7.6 Hz, 1H), 7.55 – 7.49 (m, 2H), 

7.45 (d, J = 8.0 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.01 – 6.93 (m, 2H), 3.85 (s, 3H), 3.40 (s, 

3H). LC-MS (ESI) m/z 396.0 [M+H]+.

4.4. General procedure for the synthesis of intermediates 30a-u. Method c.

The syntheses of compounds 30a-u have been carried out according to general method c. To 

a solution of 29a-u (1 eq) in anhydrous DMF (11 mL/mmol) allyl alcohol (1.10 eq), 

NaHCO3 (2.5 eq), Pd(OAc)2 (0.06 eq) and tetrabutylammonium chloride (0.5 eq) were 

added and the mixture was stirred at 70 °C overnight. The reaction was cooled to room 

temperature and then ethyl acetate (50 mL/mmol) was added and the solution washed with 

saturated aqueous NH4Cl (3 × 100 mL/mmol). The organic phase was dried over anhydrous 

Na2SO4, filtered and concentrated under reduced pressure. The desired product was 

obtained as a brown solid and was used in subsequent reaction without purification.[12]

4.4.1. methyl 1-(4-(3-oxopropyl)benzoyl)piperidine-2-carboxylate (30a)—(390 

mg, 1.29 mmol, 91% yield). 1H NMR (400 MHz, CDCl3) δ 9.83 (t, J = 1.3 Hz, 1H), 7.40 – 

7.35 (m, 2H), 7.26 – 7.21 (m, 2H), 5.54 – 5.45 (m, 1H), 3.78 (s, 3H), 3.70 – 3.62 (m, 1H), 

3.27 – 3.18 (m, 1H), 2.98 (t, J = 7.2 Hz, 2H), 2.80 (t, J = 7.5 Hz, 3H), 2.38 – 2.30 (m, 1H), 

1.82 – 1.73 (m, 3H), 1.48 – 1.37 (m, 2H). LC-MS (ESI) m/z 304.1 [M+H]+.

4.4.2. methyl 2-(4-(3-oxopropyl)benzamido)cyclohexane-1-carboxylate (30b)
—(406 mg, 1.28 mmol, 91% yield). 1H NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, 

CDCl3) δ 1H NMR (400 MHz, Chloroform-d) δ 9.82 (t, J = 1.3 Hz, 1H), 7.73 – 7.68 (m, 

2H), 7.27 – 7.23 (m, 3H), 4.32 (qd, J = 9.4, 4.5, 3.8 Hz, 2H), 3.71 (s, 3H), 2.99 (t, J = 7.4 
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Hz, 2H), 2.95 – 2.88 (m, 2H), 2.84 – 2.75 (m, 2H), 2.23 – 2.18 (m, 2H), 1.80 – 1.41 (m, 4H). 

LC-MS (ESI) m/z 318.1 [M+H]+.

4.4.3. methyl 2-(4-(3-oxopropyl)benzamido)benzoate (30c)—(338 mg, 1.09 

mmol, 58% yield). 1H NMR (400 MHz, CDCl3) δ 12.02 (s, 1H),) , 9.85 (t, J = 1.2 Hz, 1H), 

8.93 (d, J = 8.5 Hz, 1H), 8.12 – 8.07 (m, 1H), 8.01 – 7.96 (m, 2H), 7.61 (t, J = 8.3 Hz, 1H), 

7.38 – 7.32 (m, 2H), 7.12 (t, J = 7.5 Hz, 1H), 3.97 (d, J = 1.4 Hz, 3H), 3.04 (t, J = 7.5 Hz, 

2H), 2.84 (t, J = 7.5 Hz, 2H). LC-MS (ESI) m/z 312.1 [M+H]+.

4.4.4. methyl 2-(N-methyl-4-(3-oxopropyl)benzamido)benzoate (30ć)—(414 mg, 

1.16 mmol, 53% yield). 1H NMR (400 MHz, CDCl3) δ 9.73 (s, 1H), 7.76 (d, J = 8.0 Hz, 

1H), 7.45 (t, J = 7.8 Hz, 1H), 7.32 – 7.20 (m, 2H), 7.17 – 7.12 (m, 2H), 6.96 – 6.90 (m, 2H), 

3.86 (s, 3H), 3.42 (s, 3H), 2.82 (t, J = 7.5 Hz, 2H), 2.66 (t, J = 7.5 Hz, 2H). LC-MS (ESI) 

m/z 326.1 [M+H]+.

4.4.5. methyl 3-(4-(3-oxopropyl)benzamido)benzoate (30d)—(404 mg, 1.29 

mmol, 51% yield). 1H NMR (400 MHz, CDCl3) δ 9.84 (s, 1H), 8.13 (t, J = 2.0 Hz, 1H), 8.05 

(dd, J = 8.0, 2.3 Hz, 1H), 7.92 (s, 1H), 7.83 – 7.80 (m, 3H), 7.46 (t, J = 7.9 Hz, 1H), 7.33 (d, 

J = 7.9 Hz, 2H), 3.92 (s, 3H), 3.03 (t, J = 7.4 Hz, 2H), 2.84 (t, J = 7.4 Hz, 2H). LC-MS (ESI) 

m/z 312.1 [M+H]+.

4.4.6. methyl 4-(4-(3-oxopropyl)benzamido)benzoate (30e)—(45 mg, 0.15 mmol, 

39% yield). 1H NMR (500 MHz, CDCl3) δ 9.84 (t, J = 1.3 Hz, 1H), 8.15 (s, 1H), 7.97 – 7.94 

(m, 2H), 7.72 – 7.68 (m, 2H), 7.47 – 7.44 (m, 2H), 7.35 – 7.31 (m, 2H), 3.93 (s, 3H), 3.04 (t, 

J = 7.5 Hz, 2H), 2.84 (t, J = 7.5 Hz, 2H). LC-MS (ESI) m/z 312.1 [M+H]+.

4.4.7. methyl 2-(2-(4-(3-oxopropyl)benzamido)phenyl)acetate (30f)—(0.78 g, 2.4 

mmol, 83% yield). 1H NMR (400 MHz, CDCl3) δ 9.84 (t, J = 1.2 Hz, 1H), 9.68 (bs, 1H), 

8.02 (d, J = 7.9 Hz, 1H), 7.99 – 7.95 (m, 2H), 7.39 – 7.32 (m, 3H), 7.25 – 7.22 (m, 1H), 7.14 

(t, J = 7.7 Hz, 1H), 3.76 (s, 3H), 3.69 (s, 2H), 3.04 (t, J = 7.4 Hz, 2H), 2.87 – 2.81 (m, 2H). 

LC-MS (ESI) m/z 326.1[M+H]+.

4.4.8. methyl 3-(2-(4-(3-oxopropyl)benzamido)phenyl)propanoate (30g)—(3.93 

g, 11.59 mmol, 72% yield). 1H NMR (400 MHz, CDCl3) δ 9.84 (t, J = 1.3 Hz, 1H), 9.57 (s, 

1H), 8.05 – 8.01 (m, 2H), 7.83 (d, J = 8.1 Hz, 1H), 7.37 – 7.32 (m, 2H), 7.30 – 7.26 (m, 1H), 

7.21 – 7.13 (m, 2H), 3.67 (s, 3H), 3.04 (t, J = 7.5 Hz, 2H), 2.94 – 2.89 (m, 2H), 2.87 – 2.81 

(m, 2H), 2.80 – 2.75 (m, 2H). LC-MS (ESI) m/z 326.1[M+H]+.

4.4.9. N-(2-cyanophenyl)-4-(3-oxopropyl)benzamide (30h)—(1.09 g, 3.93 mmol, 

83% yield). 1H NMR (400 MHz, CDCl3) δ 9.84 (t, J = 1.1 Hz, 1H), 8.59 (d, J = 8.5 Hz, 1H), 

8.38 (s, 1H), 7.89 – 7.84 (m, 2H), 7.68 – 7.61 (m, 2H), 7.39 – 7.33 (m, 2H), 7.25 – 7.18 (m, 

1H), 3.04 (t, J = 7.5 Hz, 2H), 2.84 (t, J = 7.5 Hz, 2H). LC-MS (ESI) m/z 279.1 [M+H]+.

4.4.10. methyl 2-((4-(3-oxopropyl)benzamido)methyl)benzoate (30i)—(0.44 g, 

1.34 mmol, 99 % yield). 1H NMR (400 MHz, CDCl3) δ 9.80 (t, J = 1.3 Hz, 1H), 8.02 – 7.95 

(m, 1H), 7.85 – 7.80 (m, 1H), 7.72 – 7.68 (m, 2H), 7.62 – 7.58 (m, 1H), 7.54 – 7.49 (m, 1H), 

Czyzyk et al. Page 13

Eur J Med Chem. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7.39 – 7.33 (m, 1H), 7.25 – 7.49 (m, 2H), 4.79 (d, J = 6.4 Hz, 2H), 3.95 (s, 3H), 3.01 – 2.95 

(m, 2H), 2.78 (t, J = 7.5 Hz, 2H). LC-MS (ESI) m/z 326.1[M+H]+.

4.4.11. methyl 4-chloro-2-(4-(3-oxopropyl)benzamido)benzoate (30j)—(0.4 g, 

1.16 mmol, 53% yield). 1H NMR (400 MHz, CDCl3) δ 12.06 (bs, 1H), 9.85 (t, J = 1.2 Hz, 

1H), 9.05 (d, J = 2.0 Hz, 1H), 8.01 (d, J = 8.6 Hz, 1H), 7.99 – 7.94 (m, 2H), 7.39 – 7.34 (m, 

2H), 7.10 (dd, J = 8.6, 2.1 Hz, 1H), 3.97 (s, 3H), 3.04 (t, J = 7.5 Hz, 2H), 2.87 – 2.81 (m, 

2H). LC-MS (ESI) m/z 346.1 [M+H]+.

4.4.12. dimethyl 2-(4-(3-oxopropyl)benzamido)terephthalate (30k)—(326 mg, 

0.88 mmol, 92% yield). 1H NMR (400 MHz, CDCl3) δ 11.98 (s, 1H), 9.85 (t, J = 1.2 Hz, 

1H), 9.55 (d, J = 1.7 Hz, 1H), 8.15 (d, J = 8.3 Hz, 2H), 8.02 – 7.97 (m, 2H), 7.77 (dd, J = 

8.3, 1.8 Hz, 2H), 7.40 – 7.34 (m, 2H), 4.00 (s, 3H), 3.96 (s, 3H), 3.04 (t, J = 7.5 Hz, 2H), 

2.88 – 2.81 (m, 2H). LC-MS (ESI) m/z 370.1 [M+H]+.

4.4.13. methyl 4-methoxy-2-(4-(3-oxopropyl)benzamido)benzoate (30l)—(330 

mg, 0.97 mmol, 79% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.96 (s, 1H), 9.73 (t, J = 1.2 

Hz, 1H), 8.38 (d, J = 2.7 Hz, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.89 – 7.86 (m, 2H), 7.50 – 7.44 

(m, 2H), 6.80 (dd, J = 9.0, 2.6 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 2.95 (t, J = 7.0 Hz, 2H), 

2.88 – 2.82 (m, 2H). LC-MS (ESI) m/z 342.1 [M+H]+.

4.4.14. methyl 4-cyano-2-(4-(3-oxopropyl)benzamido)benzoate (30m)—(381 

mg, 1.13 mmol, 92% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.44 (s, 1H), 9.71 (t, J = 1.2 

Hz, 1H), 8.79 (d, J = 1.6 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 7.88 – 7.84 (m, 2H), 7.68 (dd, J = 

8.2, 1.7 Hz, 1H), 7.47 – 7.43 (m, 2H), 3.88 (s, 3H), 2.94 (t, J = 7.0 Hz, 2H), 2.83 (t, J = 7.2 

Hz, 2H). LC-MS (ESI) m/z 337.1 [M+H]+.

4.4.15. methyl 4-(hydroxymethyl)-2-(4-(3-oxopropyl)benzamido)benzoate 
(30n)—(400 mg, 1.17 mmol, 96% yield). 1H NMR (400 MHz, CDCl3) δ 12.05 (s, 1H), 9.83 

(t, J = 1.2 Hz, 1H), 9.06 (d, J = 1.6 Hz, 1H), 8.12 – 8.07 (m, 1H), 8.06 – 8.02 (m, 1H), 8.01 – 

7.95 (m, 2H), 7.38 – 7.33 (m, 2H), 7.18 (dd, J = 8.4, 2.0 Hz, 1H), 5.41 (s, 2H), 3.97(s, 3H), 

3.07 – 2.98 (m, 2H), 2.86 – 2.79 (m, 2H). LC-MS (ESI) m/z 342.1 [M+H]+.

4.4.16. methyl 4-(methoxymethyl)-2-(4-(3-oxopropyl)benzamido)benzoate 
(30o)—(150 mg, 0.422 mmol, 69% yield). 1H NMR (400 MHz, CDCl3) δ 12.05 (s, 1H), 

9.85 (t, J = 1.0 Hz, 1H), 8.89 (s, 1H), 8.14 – 8.06 (m, 1H), 8.01 – 7.96 (m, 2H), 7.38 – 7.33 

(m, 2H), 7.18 – 7.13 (m, 1H), 4.54 (s, 2H), 3.96 (s, 3H), 3.44 (s, 3H), 3.04 (t, J = 7.4 Hz, 

2H), 2.84 (t, J = 7.5 Hz, 2H). LC-MS (ESI) m/z 356.1 [M+H]+.

4.4.17. methyl 4-carbamoyl-2-(4-(3-oxopropyl)benzamido)benzoate (30p)—
(206 mg, 0.56 mmol, 96% yield). 1H NMR (400 MHz, CDCl3) δ 12.05 (s, 1H), 9.83 (t, J = 

1.2 Hz, 1H), 9.06 (d, J = 1.6 Hz, 1H), 8.12 – 8.07 (m, 1H), 8.06 – 8.02 (m, 1H), 8.01 – 7.95 

(m, 2H), 7.38 – 7.33 (m, 2H), 7.18 (dd, J = 8.4, 2.0 Hz, 1H), 5.41 (s, 2H), 3.97(s, 3H), 3.07 – 

2.98 (m, 2H), 2.86 – 2.79 (m, 2H). LC-MS (ESI) m/z 342.1 [M+H]+.
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4.4.18. methyl 3-(methoxymethyl)-2-(4-(3-oxopropyl)benzamido)benzoate 
(30q)—(313 mg, 0.88 mmol, 75% yield). 1H NMR (400 MHz, CDCl3) δ 10.32 (s, 1H), 9.85 

(t, J = 1.2 Hz, 1H), 7.97 – 7.90 (m, 3H), 7.78 – 7.74 (m, 1H), 7.37 – 7.33 (m, 2H), 7.30 (t, J 
= 7.8 Hz, 1H), 4.48 (s, 2H), 3.87 (s, 3H), 3.37 (s, 3H), 3.04 (t, J = 7.5 Hz, 2H), 2.87 – 2.81 

(m, 2H). LC-MS (ESI) m/z 356.1 [M+H]+.

4.4.19. methyl 5-methoxy-2-(4-(3-oxopropyl)benzamido)benzoate (30r)—(835 

mg, 2.45 mmol, 86% yield). 1H NMR (400 MHz, CDCl3) δ 11.75 (s, 1H), 9.84 (d, J = 1.3 

Hz, 1H), 8.85 (d, J = 9.2 Hz, 1H), 7.99 – 7.94 (m, 2H), 7.57 (d, J = 3.1 Hz, 1H), 7.36 – 7.32 

(m, 2H), 7.18 (dd, J = 9.3, 3.1 Hz, 1H), 3.97 (s, 3H), 3.84 (s, 3H), 3.03 (t, J = 7.5 Hz, 2H), 

2.86 – 2.80 (m, 2H).. LC-MS (ESI) m/z 342.1 [M+H]+.

4.4.20. methyl 2-(4-methoxy-2-(4-(3-oxopropyl)benzamido)phenyl)acetate 
(30s)—(189 mg, 0.53 mmol, 88% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.05 (s, 1H), 

9.73 (t, J = 1.2 Hz, 1H), 8.18 (d, J = 2.7 Hz, 1H), 7.98 – 7.90 (m, 2H), 7.85 – 7.78 (m, 3H), 

7.50 – 7.44 (m, 2H), 6.98 (dd, J = 8.7, 2.0 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 2.98 (t, J = 7.0 

Hz, 2H), 2.88 – 2.82 (m, 2H). LC-MS (ESI) m/z 356.1 [M+H]+.

4.4.21. methyl 2-(4-cyano-2-(4-(3-oxopropyl)benzamido)phenyl)acetate (30t)—
(625 mg, 1.78 mmol, 45% yield). 1H NMR (400 MHz, CDCl3) δ 9.84 (t, J = 1.2 Hz, 1H), 

8.45 (d, J = 1.7 Hz, 1H), 7.98 – 7.94 (m, 2H), 7.41 (dd, J = 7.9, 1.7 Hz, 1H), 7.38 – 7.33 (m, 

3H), 3.79 (s, 3H), 3.74 (s, 2H), 3.05 (t, J = 7.4 Hz, 2H), 2.88 – 2.82 (m, 2H). LC-MS (ESI) 

m/z 351.1 [M+H]+.

4.4.22. methyl 4-(2-methoxy-2-oxoethyl)-3-(4-(3-
oxopropyl)benzamido)benzoate (30u)—(2.05 g, 5.35 mmol, 94% yield). 1H NMR 

(400 MHz, CDCl3) δ 9.74 (t, J = 1.3 Hz, 1H), 9.09 (s, 1H), 8.21 (d, J = 1.9 Hz, 1H), 7.91 – 

7.85 (m, 2H), 7.77 (dd, J = 8.0, 1.9 Hz, 1H), 7.48 – 7.41(m, 3H), 3.81 (s, 3H), 3.75 (s, 2H), 

3.55 (s, 3H), 3.02 – 2.94 (m, 2H), 2.70 – 2.61 (m, 2H). LC-MS (ESI) m/z 384.1 [M+H]+.

4.5. General procedure for the synthesis of intermediates 31a-u. Method d.

Intermediates 31a-u have been obtained through general method d. To a solution of 3-

oxopropyl derivates 30a-u (1 eq) in anhydrous THF (5mL/mmol) 5,5-dibromo-2,2-

dimethyl-1,3-dioxane-4,6-dione (0.5 eq) and HCl (35%) (8.15 μL/mmol) were added. The 

mixture reaction was stirred at room temperature for 18 h. 5% NaHCO3 solution (20 mL/

mmol) was added and the organic layer washed with H2O (3 × 20 mL/mmol) and dried over 

anhydrous Na2SO4. After filtration solvent was evaporated under reduced pressure and the 

desired intermediates, obtained as a orange solid, were used in subsequent reaction without 

purification.[12]

4.5.1. methyl 1-(4-(2-bromo-3-oxopropyl)benzoyl)piperidine-2-carboxylate 
(31a)—(275 mg, 0.72 mmol, 49% yield). 1H NMR (400 MHz, CDCl3) δ 9.53 (d, J = 2.1 

Hz, 1H), 7.40 – 7.35 (m, 2H), 7.26 – 7.21 (m, 2H), 5.54 – 5.45 (m, 1H), 4.49 (ddd, J = 14.5, 

6.4, 2.2 Hz, 1H), 3.78 (s, 3H), 3.70 – 3.62 (m, 1H), 3.58 (dd, J = 14.7, 6.3 Hz, 1H), 3.27 – 
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3.18 (m, 2H), 2.38 – 2.30 (m, 1H), 1.82 – 1.73 (m, 3H), 1.48 – 1.37 (m, 2H). LC-MS (ESI) 

m/z 383.1 [M+H]+.

4.5.2. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)cyclohexane-1-
carboxylate (31b)—(362 mg, 0.91 mmol, 60% yield). 1H NMR (400 MHz, CDCl3) δ 9.50 

(d, J = 2.2 Hz, 1H), 7.76 – 7.72 (m, 2H), 7.31 – 7.27 (m, 3H), 4.48 – 4.42 (m, 1H), 4.38 – 

4.27 (m, 2H), 3.73 (s, 3H), 3.53 (dd, J = 14.5, 6.3 Hz, 1H), 3.23 – 3.15 (m, 1H), 2.95 – 2.89 

(m, 2H), 2.23 – 2.14 (m, 2H), 1.85 – 1.63 (m, 3H), 1.52 – 1.42 (m, 1H). LC-MS (ESI) m/z 

397.1 [M+H]+.

4.5.3. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)benzoate (31c)—(93 mg, 

0.24 mmol, 31% yield).1H NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, CDCl3) δ 12.05 

(s, 1H), 9.53 (d, J = 2.1 Hz, 1H), 8.93 (d, J = 7.5 Hz, 1H), 8.12 – 8.07 (m, 2H), 8.03 (d, J = 

8.4 Hz, 1H), 7.62 (t, J = 8.2 Hz, 1H), 7.43 – 7.36 (m, 2H), 7.14 (t, J = 7.8 Hz, 1H), 4.53 – 

4.46 (m, 1H), 3.98 (s, 3H), 3.58 (dd, J = 14.8, 6.3 Hz, 1H), 3.24 (dd, J = 14.7, 8.0 Hz, 1H). 

LC-MS (ESI) m/z 391.1 [M+H]+.

4.5.4. methyl 2-(4-(2-bromo-3-oxopropyl)-N-methylbenzamido)benzoate (31ć)
—(313 mg, 0.78 mmol, 61% yield).1H NMR (400 MHz, CDCl3) δ 9.40 (s, 1H), 9.23 (s, 

1H), 7.76 (d, J = 8.1 Hz, 1H), 7.45 (t, J = 7.7 Hz, 1H), 7.25 – 7.16 (m, 2H), 7.15 – 7.10 (m, 

2H), 6.96 (d, J = 7.6 Hz, 1H), 4.35 – 4.28 (m, 1H), 3.86 (s, 3H), 3.43 (t, J = 4.9 Hz, 3H), 

3.33 (dd, J = 14.8, 6.3 Hz, 1H), 3.03 (dd, J = 14.7, 8.0 Hz, 1H). LC-MS (ESI) m/z 406.0 [M

+H]+.

4.5.5. methyl 3-(4-(2-bromo-3-oxopropyl)benzamido)benzoate (31d)—(450 mg, 

1.15 mmol, 88% yield). 1H NMR (400 MHz, CDCl3) δ 9.53 (d, J = 2.1 Hz, 1H), 8.15 – 8.13 

(m, 1H), 8.06 – 8.03 (m, 1H), 7.90 (s, 1H), 7.87 – 7.82 (m, 3H), 7.49 – 7.45 (m, 1H), 7.40 – 

7.35 (m, 2H), 4.48 (ddd, J = 8.3, 6.3, 2.1 Hz, 1H), 3.93 (s, 3H), 3.57 (dd, J = 14.7, 6.3 Hz, 

1H), 3.24 (dd, J = 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 391.1 [M+H]+.

4.5.6. methyl 4-(4-(2-bromo-3-oxopropyl)benzamido)benzoate (31e)—(53 mg, 

0.14 mmol, 91% yield). 1H NMR (400 MHz, CDCl3) δ 9.53 (d, J = 2.1 Hz, 1H), 8.15 (s, 

1H), 7.97 – 7.94 (m, 2H), 7.72 – 7.68 (m, 2H), 7.47 – 7.44 (m, 2H), 7.35 – 7.31 (m, 2H), 

4.48 (ddd, J = 8.3, 6.3, 2.1 Hz, 1H), 3.93 (s, 3H), 3.57 (dd, J = 14.7, 6.3 Hz, 1H), 3.24 (dd, J 
= 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 391.1 [M+H]+.

4.5.7. methyl 2-(2-(4-(2-bromo-3-oxopropyl)benzamido)phenyl)acetate (31f)—
(386.7 mg, 0.96 mmol, 40% yield). 1H NMR (400 MHz, CDCl3) δ 9.73 (bs, 1H), 9.53 (d, J 
= 2.2 Hz, 1H), 8.04 – 7.98 (m, 3H), 7.41 – 7.33 (m, 3H), 7.26 – 7.22 (m, 1H), 7.16 (t, J = 7.7 

Hz, 1H), 4.49 (ddd, J = 8.3, 6.4, 2.2 Hz, 1H), 3.76 (s, 3H), 3.69 (s, 2H), 3.57 (dd, J = 14.6, 

6.4 Hz, 1H), 3.24 (dd, J = 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 406.0 [M+H]+.

4.5.8. methyl 3-(2-(4-(2-bromo-3-oxopropyl)benzamido)phenyl)propanoate 
(31g)—(2.23 g, 5.33 mmol, 46% yield). 1H NMR (400 MHz, CDCl3) δ 9.63 (s, 1H), 9.53 

(d, J = 2.2 Hz, 1H), 8.11 – 8.07 (m, 2H), 7.84 (d, J = 8.0 Hz, 1H), 7.40 – 7.37 (m, 2H), 7.30 

– 7.27 (m, 1H), 7.21 – 7.17 (m, 2H), 4.50 (ddd, J = 8.5, 6.6, 2.3 Hz, 1H), 3.97 (s, 3H), 3.58 
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(dd, J = 14.6, 6.5 Hz, 1H), 3.25 (dd, J = 14.7, 8.0 Hz, 1H), 2.95 – 2.92 (m, 2H), 2.81 – 2.79 

(m, 2H). LC-MS (ESI) m/z 418.1 [M+H]+.

4.5.9. 4-(2-bromo-3-oxopropyl)-N-(2-cyanophenyl)benzamide (31h)—(830 mg, 

2.32 mmol, 59% yield). 1H NMR (400 MHz, CDCl3) δ 9.53 (d, J = 2.1 Hz, 1H), 8.57 (d, J = 

8.5 Hz, 1H), 8.41 (s, 1H), 7.90 – 7.85 (m, 2H), 7.69 – 7.62 (m, 2H), 7.40 – 7.34 (m, 2H), 

7.24 – 7.17 (m, 1H), 4.53 – 4.46 (m, 1H), 3.58 (dd, J = 14.8, 6.3 Hz, 1H), 3.24 (dd, J = 14.7, 

8.0 Hz, 1H). LC-MS (ESI) m/z 358.1 [M+H]+.

4.5.10. methyl 2-((4-(2-bromo-3-oxopropyl)benzamido)methyl)benzoate (31i)
—(183 mg, 0.56 mmol, 42% yield). 1H NMR (500 MHz, CDCl3) δ 9.71 (s, 1H), 9.48 (d, J = 

2.2 Hz, 1H), 8.04 – 7.97 (m, 3H), 7.76 – 7.71 (m, 2H), 7.68 – 7.64 (m, 1H), 7.55 – 7.51 (m, 

1H), 7.39 – 7.36 (m, 1H), 4.82 (s, 2H), 4.43 (ddd, J = 8.4, 6.4, 2.3 Hz, 1H), 3.97 (s, 3H), 

3.55 – 3.48 (m, 1H), 3.17 (dd, J = 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 406.1 [M+H]+.

4.5.11. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-4-chlorobenzoate (31j)
—(234.2 mg, 0.554 mmol, 48% yield).1H NMR (500 MHz, CDCl3) δ 12.08 (s, 1H), 9.53 (d, 

J = 2.1 Hz, 1H), 9.04 (d, J = 2.2 Hz, 1H), 8.02 – 7.99 (m, 3H), 7.42 – 7.38 (m, 2H), 7.10 (dd, 

J = 8.5, 2.1 Hz, 1H), 4.49 (ddd, J = 8.3, 6.4, 2.1 Hz, 1H), 3.97 (s, 3H), 3.58 (dd, J = 14.6, 6.5 

Hz, 1H), 3.24 (dd, J = 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 424.1 [M+H]+.

4.5.12. dimethyl 2-(4-(2-bromo-3-oxopropyl)benzamido)terephthalate (31k)—
(285 mg, 0.64 mmol, 73% yield). 1H NMR (400 MHz, CDCl3) δ 12.04 (s, 1H), 9.52 (d, J = 

2.1 Hz, 1H), 8.18 – 8.14 (m, 1H), 8.07 – 8.03 (m, 1H), 7.81 – 7.76 (m, 2H), 7.59 – 7.55 (m, 

2H), 7.40 (d, J = 7.9 Hz, 1H), 4.50 (ddd, J = 8.3, 6.3, 2.1 Hz, 1H), 4.01 (s, 3H), 3.97 (s, 3H), 

3.58 (dd, J = 14.7, 6.2 Hz, 1H), 3.24 (dd, J = 14.7, 8.2 Hz, 1H). LC-MS (ESI) m/z 448.1 [M

+H]+.

4.5.13. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-4-methoxybenzoate 
(31l)—(324 mg, 0.88 mmol, 91% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.96 (s, 1H), 

9.54 (d, J = 1.8 Hz, 1H), 8.36 (d, J = 2.8 Hz, 1H), 8.00 (d, J = 9.1 Hz, 1H), 7.95 – 7.88 (m, 

2H), 7.62 – 7.58 (m, 2H), 6.80 (dd, J = 8.9, 2.7 Hz, 1H), 5.06 (ddd, J = 9.0, 5.7, 1.9 Hz, 1H), 

3.89 (s, 3H), 3.86 (s, 3H), 3.60 (dd, J = 14.7, 5.7 Hz, 1H), 3.21 (dd, J = 14.8, 9.0 Hz, 1H). 

LC-MS (ESI) m/z 422.1 [M+H]+.

4.5.14. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-4-cyanobenzoate (31m)
—(357 mg, 0.98 mmol, 87% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.50 (s, 1H), 9.54 

(d, J = 1.9 Hz, 1H), 8.81 (d, J = 1.6 Hz, 1H), 8.13 – 8.09 (m, 1H), 8.03 – 7.99 (m, 2H), 7.74 

– 7.71 (m, 2H), 7.54 (d, J = 8.1 Hz, 1H), 5.07 (ddd, J = 9.0, 5.6, 1.8 Hz, 1H), 3.89 (s, 3H), 

3.61 (dd, J = 14.7, 5.6 Hz, 1H), 3.23 (dd, J = 14.6, 5.6 Hz, 1H). LC-MS (ESI) m/z 416.1 [M

+H]+.

4.5.15. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-4-
(hydroxymethyl)benzoate (31n)—(77 mg, 0.17 mmol, 15% yield). 1H NMR (500 MHz, 

DMSO-d6) δ 11.62 (s, 1H), 9.57 (m, 1H), 8.70 (s, 1H), 8.04 – 7.87 (m, 6H), 7.51 (d, J = 8.0 
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Hz, 1H), 5.45 (s, 2H), 5.05 (ddd, J = 14.5, 6.4, 2.2 Hz, 1H), 3.90 (s, 3H), 3.63 – 3.56 (m, 

1H), 3.25 – 3.19 (m, 1H). LC-MS (ESI) m/z 434.1 [M+H]+.

4.5.16. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-4-
(methoxymethyl)benzoate (31o)—(137 mg, 0.315 mmol, 77% yield). 1H NMR (400 

MHz, CDCl3) δ 12.08 (s, 1H), 9.53 (d, J = 2.1 Hz, 1H), 8.89 (s, 1H), 8.10 – 8.00 (m, 3H), 

7.57 – 7.54 (m, 1H), 7.39 (dd, J = 8.5, 2.1 Hz, 1H), 7.18 – 7.14 (m, 1H), 4.54 (s, 2H), 4.49 

(ddd, J = 14.5, 6.4, 2.2 Hz, 1H), 3.97 (s, 3H), 3.58 (dd, J = 14.7, 6.3 Hz, 1H), 3.44 (s, 3H), 

3.24 (dd, J = 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 434.1 [M+H]+.

4.5.17. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-4-carbamoylbenzoate 
(31p)—(167 mg, 0.39 mmol, 67% yield). 1H NMR (500 MHz, DMSO-d6) δ 11.45 (s, 1H), 

9.53 (d, J = 2.1 Hz, 1H), 8.13 – 8.07 (m, 1H), 8.05 – 8.02 (m, 1H), 7.94 – 7.88 (m, 2H), 7.51 

– 7.44 (m, 2H), 7.33 – 7.27 (m, Hz, 1H), 5.45 (s, 2H), 4.59 (ddd, J = 14.5, 6.4, 2.2 Hz, 1H), 

3.89 (s, 3H), 3.62 – 3.55 (m, 1H), 3.25 – 3.19 (m, 1H). LC- MS (ESI) m/z 434.1 [M+H]+.

4.5.18. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-3-
(methoxymethyl)benzoate (31q)—(289 mg, 0.66 mmol, 75% yield). 1H NMR (500 

MHz, DMSO-d6) δ 10.03 (s, 1H), 9.42 (d, J = 1.5 Hz, 1H), 7.93 – 7.91 (m, 2H), 7.75 (d, J = 

8.1 Hz, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.46 – 7.39 (m, 3H), 4.62 – 4.56 (m, 1H), 4.42 (s, 2H), 

3.96 (s, 3H), 3.70 (s, 3H), 3.57 (dd, J = 14.7, 5.9 Hz, 1H), 3.19 (dd, J = 14.7, 8.9 Hz, 1H). 

LC-MS (ESI) m/z 435.1 [M+H]+.

4.5.19. methyl 2-(4-(2-bromo-3-oxopropyl)benzamido)-5-methoxybenzoate 
(31r)—(888 mg, 2.11 mmol, 86% yield). 1H NMR (400 MHz, CDCl3) δ 11.78 (s, 1H), 9.52 

(d, J = 2.2 Hz, 1H), 8.85 (d, J = 9.4 Hz, 1H), 8.01 – 7.98 (m, 2H), 7.57 (d, J = 3.1 Hz, 1H), 

7.40 – 7.36 (m, 2H), 7.18 (dd, J = 9.2, 3.2 Hz, 1H), 4.53 – 4.44 (m, 1H), 3.97 (s, 3H), 3.84 

(s, 3H), 3.57 (dd, J = 14.7, 6.4 Hz, 1H), 3.23 (dd, J = 14.7, 8.1 Hz, 1H). LC-MS (ESI) m/z 

421.1 [M+H]+.

4.5.20. methyl 2-(2-(4-(2-bromo-3-oxopropyl)benzamido)-4-
methoxyphenyl)acetate (31s)—(141 mg, 0.32 mmol, 63% yield). 1H NMR (400 MHz, 

CDCl3) δ 10.98 (s, 1H), 9.56 (d, J = 2.1 Hz, 1H), 8.16 (d, J = 2.7 Hz, 1H), 7.91 – 7.86 (m, 

2H), 7.41 (dd, J = 7.9, 2.7 Hz, 1H), 7.40 – 7.35 (m, 2H), 7.09 – 7.05 (m, 1H), 4.49 (ddd, J = 

14.5, 6.4, 2.2 Hz, 1H), 3.95 (s, 3H), 3.80 (s, 3H), 3.74 (s, 2H), 3.58 (dd, J = 14.5, 6.3 Hz, 

1H), 3.27 – 3.19 (m, 1H). LC-MS (ESI) m/z 435.1 [M+H]+.

4.5.21. methyl 2-(2-(4-(2-bromo-3-oxopropyl)benzamido)-4-
cyanophenyl)acetate (31t)—(688 mg, 1.60 mmol, 90% yield). 1H NMR (400 MHz, 

CDCl3) δ 9.90 (s, 1H), 9.53 (d, J = 2.1 Hz, 1H), 8.45 – 8.42 (m, 1H), 8.03 – 7.98 (m, 2H), 

7.42 – 7.33 (m, 4H), 4.50 (ddd, J = 8.3, 6.4, 2.1 Hz, 1H), 3.79 (s, 3H), 3.74 (s, 2H), 3.55 (dd, 

J = 14.7, 6.4 Hz, 1H), 3.25 (dd, J = 14.7, 8.0 Hz, 1H). LC-MS (ESI) m/z 429.0 [M+H]+.

4.5.22. methyl 3-(4-(2-bromo-3-oxopropyl)benzamido)-4-(2-methoxy-2-
oxoethyl)benzoate (31u)—(1.05 g, 2.27 mmol, 42% yield). 1H NMR (400 MHz, CDCl3) 

δ 9.89 (s, 1H), 9.72 (d, J = 1.9 Hz, 1H), 8.25 – 8.19 (m, 1H), 7.91 – 7.86 (m, 2H), 7.64 – 
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7.58 (m, 2H), 7.00 – 6.96 (m, 2H), 4.45 (ddd, J = 14.5, 6.4, 2.2 Hz, 1H), 3.80 (s, 3H), 3.74 

(s, 2H), 3.65 (s, 3H), 3.55 (ddd, J = 14.5, 6.3 Hz, 1H), 3.23 (ddd, J = 14.5, 7.9, 1H). LC-MS 

(ESI) m/z 462.1 [M+H]+.

4.6. General procedure for the synthesis of final compound 7 and intermediates 32a-g, 
32i-32u. Method e.

Intermediates 31a-u (1 eq) were added to solution of 2,6-diaminopyrimidin-4-ol (1.1 eq) and 

sodium acetate (2 eq) in water (3.13 mL/eq) and methanol (3.13 mL/eq). The reaction 

mixture was stirred at 45 °C for 2 hours. After solvent evaporation, intermediates were 

purified by flash column chromatography eluted initially with dichloromethane followed by 

20% methanol in dichloromethane.[12]

4.6.1 4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)-
N-(2-cyanophenyl)benzamide (7)—(101 mg, 0.26 mmol, 11% yield). 1H NMR (400 

MHz, DMSO-d6) δ 12.27 (s, 1H), 10.72 (s, 1H), 10.27 (s, 1H), 8.80 – 8.75 (m, 1H), 8.20 

(dd, J = 7.8, 1.7 Hz, 1H), 8.05 – 8.01 (m, 2H), 7.52 – 7.46 (m, 2H), 7.30 – 7.25 (m, 1H), 

7.14 (td, J = 7.5, 1.3 Hz, 1H), 6.35 (d, J = 1.8 Hz, 1H), 6.04 (s, 2H), 4.02 (s, 2H). 13C NMR 

(101 MHz, DMSO-d6) δ 166.4, 162.2, 157.8, 152.2, 147.3, 139.5, 134.5, 132.1, 128.1, 

127.5, 127.1, 127.0, 126.6, 126.3, 123.5, 122.6, 122.1, 118.5, 48.2. HRMS (ESI): calc. for 

[M+H]+ C21H17N6O2
+ 385.1408, found 385.1414.

4.6.2 methyl 1-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzoyl)piperidine-2-carboxylate (32a)—(60 mg, 0.147 mmol, yield 20% 

yield). 1H NMR (400 MHz, DMSO-d6) δ 10.72 (d, J = 2.1 Hz, 1H), 10.11 (s, 1H), 7.39 – 

7.32 (m, 2H), 7.28 – 7.21 (m, 2H), 6.35 (d, J = 2.2 Hz, 1H), 5.99 (s, 2H), 4.47 – 4.36 (m, 

1H), 3.96 (s, 2H), 3.71 (s, 3H), 3.59 – 3.50 (m, 1H), 3.13 – 3.02 (m, 1H), 2.20 – 2.12 (m, 

1H), 1.71 – 1.63 (m, 1H), 1.58 – 1.48 (m, 1H), 1.44 – 1.36 (m, 1H), 1.30 – 1.23 (m, 1H), 

1.20 – 1.13 (m, 1H). LC-MS (ESI) m/z 410.1 [M+H]+.

4.6.3. Methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido) cyclohexane-1-carboxylate (32b)—(82.6 mg, 0.195 mmol, 

20% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H), 10.12 (s, 1H), 7.89 (d, J = 8.3 

Hz, 1H), 7.65 – 7.59 (m, 2H), 7.37 – 7.31 (m, 2H), 6.32 (d, J = 2.1 Hz, 1H), 6.00 (s, 2H), 

4.34 – 4.27 (m, 1H), 4.14 – 4.05 (m, 1H), 3.96 (s, 2H), 3.53 (s, 3H), 3.19 – 3.15 (m, 1H), 

2.85 – 2.80 (m, 1H), 1.99 – 1.91 (m, 1H), 1.83 – 1.74 (m, 1H), 1.73 – 1.50 (m, 2H), 1.43 – 

1.29 (m, 2H). LC-MS (ESI) m/z 424.1 [M+H]+.

4.6.4. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)benzoate (32c)—(27 mg, 0.06 mmol, 25% yield). 1H NMR (400 

MHz, DMSO-d6) δ 11.68 (s, 1H), 10.76 (d, J = 1.9 Hz, 1H), 10.14 (s, 1H), 8.72 (d, J = 2.1 

Hz, 1H), 8.02 (d, J = 8.6 Hz, 1H), 7.85 – 7.80 (m, 2H), 7.53 – 7.49 (m, 2H), 7.30 (dd, J = 

8.6, 2.1 Hz, 1H), 6.39 (d, J = 1.7 Hz, 1H), 6.02 (s, 2H), 4.03 (s, 2H), 3.90 (s, 3H). LC-MS 

(ESI) m/z 418.1 [M+H]+.
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4.6.5. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)-N-methyl benzamido)benzoate (32ć)—(50 mg, 0.116 mmol, 15% yield). 
1H NMR (400 MHz, DMSO-d6) δ 11.68 (s, 1H), 10.76 (d, J = 1.9 Hz, 1H), 10.14 (s, 1H), 

8.72 (d, J = 2.1 Hz, 1H), 8.02 (d, J = 8.6 Hz, 1H), 7.85 – 7.80 (m, 2H), 7.53 – 7.49 (m, 2H), 

7.30 (dd, J = 8.6, 2.1 Hz, 1H), 6.39 (d, J = 1.7 Hz, 1H), 6.02 (s, 2H), 4.03 (s, 2H), 3.90 (s, 

3H). LC-MS (ESI) m/z 433.0 [M+H]+.

4.6.6. methyl 3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)benzoate (32d)—(57 mg, 0.13 mmol, 13 % yield). 1H NMR 

(400 MHz, DMSO-d6) δ 10.74 (d, J = 1.8 Hz, 1H), 10.33 (s, 1H), 10.14 (s, 1H), 8.45 (t, J = 

2.0 Hz, 1H), 8.07 – 8.03 (m, 1H), 7.87 – 7.84 (m, 2H), 7.70 – 7.66 (m, 1H), 7.49 (t, J = 7.9 

Hz, 1H), 7.46 – 7.43 (m, 2H), 6.36 (d, J = 2.2 Hz, 1H), 6.01 (s, 2H), 4.01 (s, 2H), 3.87 (s, 

3H). LC-MS (ESI) m/z 418.1 [M+H]+.

4.6.7. methyl 4-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)benzoate (32e)—(12 mg, 0.027 mmol, 20 % yield). 1H NMR 

(600 MHz, DMSO-d6) δ 10.74 (d, J = 1.8 Hz, 1H), 10.44 (s, 1H), 10.14 (s, 1H), 7.95 – 7.92 

(m, 4H), 7.85 – 7.82 (m, 2H), 7.46 – 7.43 (m, 2H), 6.37 (d, J = 2.3 Hz, 1H), 6.01 (s, 2H), 

4.01 (s, 2H), 3.83 (s, 3H). LC-MS (ESI) m/z 418.1 [M+H]+.

4.6.8. methyl 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-5-yl)methyl)benzamido)phenyl)acetate (32f)—(194 mg, 0.45 mmol, 

47% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.71 (d, J = 1.9 Hz, 1H), 9.87 (s, 1H), 7.81 

– 7.77 (m, 2H), 7.44 – 7.40 (m, 2H), 7.39 – 7.36 (m, 1H), 7.34 – 7.29 (m, 2H), 7.21 (t, J = 

7.4 Hz, 1H), 6.54 (s, 1H), 6.40 (s, 2H), 6.33 (d, J = 2.0 Hz, 1H), 4.00 (s, 2H), 3.72 (s, 3H), 

3.50 (s, 2H). LC-MS (ESI) m/z 432.2 [M+H]+.

4.6.9. methyl 3-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-5-yl)methyl)benzamido) phenyl)propanoate (32g)—(300 mg, 0.67 

mmol, 13% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.76 (d, J = 1.6 Hz, 1H), 10.14 (s, 

1H), 9.84 (s, 1H), 7.90 – 7.80 (m, 2H), 7.48 – 7.38 (m, 2H), 7.32 – 7.17 (m, 4H), 6.37 (d, J = 

1.8 Hz, 1H), 6.02 (s, 2H), 4.01 (s, 2H), 3.54 (s, 3H), 2.85 (t, J = 7.7 Hz, 2H), 2.59 (t, J = 7.7 

Hz, 2H). LC-MS (ESI) m/z 446.1 [M+H]+.

4.6.10. methyl 2-((4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido) methyl)benzoate (32i)—(91 mg, 0.21 mmol, 47% yield). 1H 

NMR (400 MHz, DMSO-d6) δ 10.74 (d, J = 2.1 Hz, 1H), 10.16 (s, 1H), 8.86 (t, J = 6.0 Hz, 

1H), 7.86 (d, J = 7.7 Hz, 1H), 7.80 – 7.74 (m, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.42 – 7.33 (m, 

4H), 6.35 (d, J = 2.1 Hz, 1H), 6.02 (s, 2H), 4.77 (d, J = 5.9 Hz, 2H), 3.98 (s, 2H), 3.85 (s, 

3H). LC-MS (ESI) m/z 432.2 [M+H]+.

4.6.11. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-chlorobenzoate (32j)—(140 mg, 0.31 mmol, 44% yield). 1H 

NMR (400 MHz, DMSO-d6) δ 11.68 (s, 1H), 10.76 (d, J = 1.9 Hz, 1H), 10.14 (s, 1H), 8.72 

(d, J = 2.1 Hz, 1H), 8.02 (d, J = 8.6 Hz, 1H), 7.85 – 7.80 (m, 2H), 7.53 – 7.49 (m, 2H), 7.30 
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(dd, J = 8.6, 2.1 Hz, 1H), 6.39 (d, J = 1.7 Hz, 1H), 6.02 (s, 2H), 4.03 (s, 2H), 3.90 (s, 3H). 

LC-MS (ESI) m/z 452.1 [M+H]+.

4.6.12. dimethyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-5-yl)methyl)benzamido) terephthalate (32k)—(19 mg, 0.039 mmol, 6% 

yield). 1H NMR (400 MHz, DMSO-d6) δ 11.49 (s, 1H), 10.77 (d, J = 1.9 Hz, 1H), 10.15 (s, 

1H), 9.11 (d, J = 1.7 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 7.88 – 7.83 (m, 2H), 7.77 (dd, J = 

8.3, 1.7 Hz, 1H), 7.54 – 7.47 (m, 2H), 6.39 (d, J = 2.2 Hz, 1H), 6.03 (s, 2H), 4.02 (s, 2H), 

3.91 (s, 6H). LC-MS (ESI) m/z 476.1 [M+H]+.

4.6.13. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-methoxybenzoate (32l)—(60 mg, 0.13 mmol, 15% yield). 
1H NMR (400 MHz, DMSO-d6) δ 11.95 (s, 1H), 10.77 (d, J = 2.3 Hz, 1H), 10.14 (s, 1H), 

8.38 (d, J = 2.6 Hz, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.86 – 7.81 (m, 2H), 7.54 – 7.48 (m, 2H), 

6.79 (dd, J = 9.0, 2.6 Hz, 1H), 6.39 (d, J = 2.2 Hz, 1H), 6.02 (s, 2H), 4.02 (s, 2H), 3.88 (s, 

3H), 3.86 (s, 3H). LC-MS (ESI) m/z 449.1 [M+H]+.

4.6.14. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-cyanobenzoate (32m)—(60 mg, 0.14 mmol, 14% yield). 1H 

NMR (400 MHz, DMSO-d6) δ 11.45 (s, 1H), 10.77 (d, J = 2.3 Hz, 1H), 10.15 (s, 1H), 8.82 

(d, J = 1.7 Hz, 1H), 8.11 (d, J = 8.2 Hz, 1H), 7.86 – 7.82 (m, 2H), 7.70 (dd, J = 8.1, 1.7 Hz, 

1H), 7.53 – 7.49 (m, 2H), 6.39 (d, J = 2.2 Hz, 1H), 6.03 (s, 2H), 4.03 (s, 2H), 3.90 (s, 3H). 

LC-MS (ESI) m/z 443.1 [M+H]+.

4.6.15. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido) -4- (hydroxymethyl)benzoate (32n)—(77 mg, 0.172 mmol, 

19% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.63 (s, 1H), 10.77 (d, J = 2.1 Hz, 1H), 

10.15 (s, 1H), 8.70 (s, 1H), 8.08 – 7.80 (m, 5H), 7.51 – 7.44 (m, 2H), 6.37 (d, J = 2.1 Hz, 

1H), 6.02 (s, 2H), 5.44 (s, 2H), 4.01 (s, 2H), 3.89 (s, 3H). LC-MS (ESI) m/z 448.1 [M+H]+.

4.6.16. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-(methoxymethyl)benzoate (32o)—(13 mg, 0.028 mmol, 

8% yield). 1H NMR (400 MHz, DMSO-d6) δ 11.63 (s, 1H), 10.76 (d, J = 2.1 Hz, 1H), 10.13 

(s, 1H), 8.61 (d, J = 1.5 Hz, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.86 – 7.82 (m, 2H), 7.52 – 7.48 

(m, 2H), 7.16 (dd, J = 8.2, 1.6 Hz, 1H), 6.38 (d, J = 2.1 Hz, 1H), 6.02 (s, 2H), 4.51 (s, 2H), 

4.02 (s, 2H), 3.90 (s, 3H), 3.35 (s, 3H). LC-MS (ESI) m/z 462.1 [M+H]+.

4.6.17. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-carbamoylbenzoate (32p)—(22.7 mg, 0.049 mmol, 13% 

yield). 1H NMR (400 MHz, DMSO-d6) δ 11.44 (s, 1H), 10.78 (d, J = 2.1 Hz, 1H), 10.15 (s, 

1H), 8.90 (d, J = 2.3 Hz, 1H), 8.17 (s, 1H), 8.03 – 8.01 (m, 1H), 7.87 – 7.83 (m, 2H), 7.61 – 

7.58 (m, 2H), 7.53 – 7.48 (m, 2H), 6.39 (d, J = 2.1 Hz, 1H), 6.04 (s, 2H), 4.02 (s, 2H), 3.89 

(s, 3H). LC-MS (ESI) m/z 461.1 [M+H]+.

4.6.18. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-3-(methoxymethyl)benzoate (32q)—(81.9 mg, 0.177 mmol, 
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27% yield). (400 MHz, DMSO-d6) δ 10.77 (d, J = 2.2 Hz, 1H), 10.15 (s, 1H), 9.93 (s, 1H), 

7.86 – 7.81 (m, 2H), 7.75 (dd, J = 7.6, 1.6 Hz, 1H), 7.68 (dd, J = 7.7, 1.6 Hz, 1H), 7.46 – 

7.39 (m, 3H), 6.39 (d, J = 2.2 Hz, 1H), 6.03 (s, 2H), 4.45 (s, 2H), 4.01 (s, 2H), 3.69 (s, 3H), 

3.29 (s, 3H). LC-MS (ESI) m/z 462.1 [M+H]+.

4.6.19. methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-5-methoxybenzoate (32r)—(192.8 mg, 0.43 mmol, 20% 

yield). 1H NMR (400 MHz, DMSO-d6) δ 11.19 (s, 1H), 10.75 (d, J = 2.1 Hz, 1H), 10.13 (s, 

1H), 8.39 (d, J = 9.1 Hz, 1H), 7.83 – 7.79 (m, 2H), 7.49 – 7.45 (m, 3H), 7.29 (dd, J = 9.2, 3.1 

Hz, 1H), 6.37 (d, J = 2.1 Hz, 1H), 6.01 (s, 2H), 4.02 (s, 2H), 3.87 (s, 2H), 3.80 (s, 3H). LC-

MS (ESI) m/z 448.1 [M+H]+.

4.6.20. methyl 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-5-yl)methyl) benzamido)-4-methoxyphenyl)acetate (32s)—(49 mg, 

0.011 mmol, 34 % yield). 1H NMR (600 MHz, DMSO-d6) δ 10.74 (d, J = 1.9 Hz, 2H), 

10.15 (s, 1H), 9.80 (s, 1H), 7.81 – 7.76 (m, 2H), 7.45 – 7.39 (m, 2H), 7.22 (d, J = 8.5 Hz, 

1H), 7.02 (d, J = 2.6 Hz, 1H), 6.80 (dd, J = 8.4, 2.7 Hz, 1H), 6.36 (d, J = 2.1 Hz, 1H), 6.02 

(s, 2H), 4.00 (s, 2H), 3.74 (s, 3H), 3.65 (s, 2H), 3.50 (s, 3H). LC-MS (ESI) m/z 462.1 [M+H]
+.

4.6.21. methyl 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-5-yl)methyl)benzamido)-4-cyanophenyl)acetate (32t)—(316 mg, 

0.691 mmol, 45% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.74 (d, J = 2.2 Hz, 1H), 10.13 

(s, 1H), 10.04 (s, 1H), 7.88 (d, J = 1.7 Hz, 1H), 7.82 – 7.77 (m, 2H), 7.69 (dd, J = 7.9, 1.8 

Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.46 – 7.42 (m, 2H), 6.37 (d, J = 2.1 Hz, 1H), 6.01 (s, 2H), 

4.01 (s, 2H), 3.87 (s, 2H), 3.51 (s, 3H). LC-MS (ESI) m/z 457.1 [M+H]+.

4.6.22. methyl 3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-(2-methoxy-2-oxoethyl)benzoate (32u)—(295 mg, 0.603 

mmol, 47% yield). 1H NMR (400 MHz, CDCl3) δ 10.72 (d, J = 2.1 Hz, 1H), 10.13 (s, 1H), 

10.05 (s, 1H), 8.07 (s, 1H), 7.82 – 7.77 (m, 2H), 7.78 (dd, J = 8.0, 1.7 Hz, 1H), 7.48 – 7.41 

(m, 3H), 6.35 (d, J = 2.2 Hz, 1H), 6.01 (s, 2H), 4.02 (s, 2H), 3.86 (s, 3H), 3.74 (s, 2H), 3.60 

(s, 3H). LC-MS (ESI) m/z 490.1 [M+H]+.

4.7. General procedure for the synthesis of final compounds 2–6, 9 and 11–25. Method f.

The synthesis of compounds 2–6, 9 and 11–25 has been carried out following general 

method f. The corresponding derivate 32a-g or 32h-u (1 eq) was dissolved in a mixture 

MeOH (33 mL/mmol) and 2N NaOH (33 mL/mmol) was added. The resulting mixture was 

stirred at 60 °C for 1h. The resulting solution was cooled in an ice bath, and the pH was 

adjusted to 3–4 using 1 N HCl. The resulting suspension was chilled in a dry ice/acetone 

bath and thawed to 4 °C overnight in a refrigerator. The precipitate was filtered, washed with 

cold water, and dried under reduced pressure.[12]

4.7.1. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)benzoic acid (2)—(4.4 mg, 0.011 mmol, 17% yield). 1H NMR 
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(400 MHz, DMSO-d6) δ 12.18 (s, 1H), 10.75 (s, 1H), 10.13 (s, 1H), 8.71 (d, J = 8.3 Hz, 

1H), 8.05 (d, J = 7.7 Hz, 1H), 7.86 – 7.77 (m, 2H), 7.64 (t, J = 7.8 Hz, 1H), 7.56 – 7.43 (m, 

2H), 7.19 (t, J = 7.5 Hz, 1H), 6.37 (s, 1H), 6.01 (s, 2H), 4.02 (s, 2H). 13C NMR (101 MHz, 

DMSO-d6) δ 169.9, 164.7, 159.2, 152.2, 151.2, 147.0, 141.2, 134.2, 131.8, 131.3, 129.0, 

126.9, 122.7, 119.7, 116.6, 116.5, 114.2, 98.6, 31.6. HRMS (ESI): calc. for [M+H]+ 

C21H18N5O4
+ 404.1353, found 404.1359.

4.7.2. 3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)benzoic acid (3)—(13 mg, 0.032 mmol, 24% yield) as a green 

pale solid. 1H NMR (600 MHz, DMSO-d6) δ 12.94 (s, 1H), 11.05 (s, 1H), 10.71 (s, 1H), 

10.32 (s, 1H), 8.40 (t, J = 1.9 Hz, 1H), 8.02 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 7.88 – 7.84 (m, 

2H), 7.66 (dt, J = 7.7, 1.2 Hz, 1H), 7.46 (t, J = 7.9 Hz, 1H), 7.44 – 7.42 (m, 2H), 6.69 (s, 

2H), 6.47 – 6.44 (m, 1H), 4.02 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 168.6, 166.0, 

162.9, 152.6, 149.0, 134.9, 133.1, 131.4, 127.0, 126.9, 126.5, 126.1, 124.0, 119.1, 117.4, 

116.8, 116.7, 111.3, 30.8. HRMS (ESI): calc. for [M+H]+ C21H18N5O4
+ 404.1353, found 

404.1341.

4.7.3. 4-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)benzoic acid (4)—(1.6 mg, 0.004 mmol, 15% yield) as a yellow-

green solid. 1H NMR (600 MHz, DMSO-d6) δ 12.73 (s, 1H), 10.78 (s, 1H), 10.41 (s, 1H), 

10.23 (s, 1H), 7.97 – 7.86 (m, 4H), 7.83 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 6.38 

(d, J = 2.2 Hz, 1H), 6.10 (s, 2H), 4.01 (s, 1H).13C NMR (151 MHz, DMSO-d6) δ 170.3, 

166.3, 162.9, 152.6, 149.0, 138.9, 133.1, 131.4, 129.5, 126.7, 126.0, 122.6, 121.5, 119.7, 

116.5, 111.3, 31.8. HRMS (ESI): calc. for [M+H]+ C21H18N5O4
+ 404.1353, found 

404.1348.

4.7.4. 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)phenyl) acetic acid (5)—(71.1 mg, 0.17 mmol, 73% yield) as a 

pink solid. 1H NMR (500 MHz, DMSO-d6) δ 12.34 (s, 1H), 10.75 (d, J = 1.9 Hz, 1H), 10.16 

(s, 1H), 9.86 (s, 1H), 7.85 – 7.78 (m, 2H), 7.48 – 7.44 (m, 1H), 7.43 – 7.40 (m, 2H), 7.33 – 

7.27 (m, 2H), 7.22 – 7.16 (m, 1H), 6.37 (d, J = 1.9 Hz, 1H), 6.04 (s, 2H), 4.00 (s, 2H), 3.65 

(s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 172.8, 165.2, 159.2, 152.2, 151.1, 146.3, 136.8, 

131.8, 131.0, 130.5, 128.5, 127.5, 127.2, 126.2, 125.6, 116.9, 114.2, 98.6, 37.6, 31.6. HRMS 

(ESI): calc. for [M+H]+ C22H20N5O4
+ 418.1510, found 418.1515.

4.7.5. 3-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)phenyl) propanoic acid (6)—(257 mg, 0.595 mmol, 89% 

yield) as a green pale solid. 1H NMR (400 MHz, DMSO-d6) δ 12.22 (s, 1H), 10.76 (d, J = 

1.6 Hz, 1H), 10.15 (s, 1H), 9.89 (s, 1H), 7.91 – 7.78 (m, 2H), 7.48 – 7.39 (m, 2H), 7.34 (d, J 
= 7.2 Hz, 1H),7.30 (dd, J = 7.6, 1.7 Hz, 1H), 7.27 – 7.16 (m, 2H), 6.37 (d, J = 1.6 Hz, 1H), 

6.03 (s, 2H), 4.01 (s, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.53 (d, J = 7.4 Hz, 2H). 13C NMR (151 

MHz, DMSO-d6) δ 168.5, 166.4, 158.9, 152.0, 145.8, 140.7, 132.0, 131.6, 130.3, 129.3, 

128.4, 127.1, 127.1, 127.0, 126.6, 117.2, 114.5, 98.7, 41.1, 31.5. HRMS (ESI): calc. for [M

+H]+ C23H22N5O4
+ 432.1666, found 432.1657.

Czyzyk et al. Page 23

Eur J Med Chem. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.7.6. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)-N-methylbenzamido) benzoic acid (9)—(27 mg, 0.065 mmol, 56% yield). 
1H NMR (400 MHz, DMSO-d6) δ 13.10 (s, 1H), 10.67 (s, 1H), 10.09 (s, 1H), 7.70 (d, J = 

7.7 Hz, 1H), 7.50 (t, J = 7.5 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H), 7.11 

– 6.95 (m, 4H), 6.11 (s, 1H), 5.98 (s, 2H), 3.80 (s, 2H), 3.26 (s, 3H). 13C NMR (151 MHz, 

DMSO-d6) δ 169.2, 166.6, 159.2, 152.2, 151.1, 144.3, 143.3, 133.5, 133.0, 131.1, 130.2, 

12.9, 127.8, 127.6, 127.4, 117.0, 114.0, 98.6, 37.8, 31.4. HRMS (ESI): calc. for [M+H]+ 

C22H20N5O4
+ 418.1510, found 418.1522.

4.7.7. 2-((4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)methyl) benzoic acid (11)—(39 mg, 0.093 mmol, 44% yield) 

as a yellow pale solid. 1H NMR (600 MHz, DMSO-d6) δ 13.00 (bs, 1H), 10.88 (d, J = 1.9 

Hz, 1H), 10.40 (s, 1H), 8.85 (t, J = 6.0 Hz, 1H), 7.87 (dd, J = 7.7, 1.5 Hz, 1H), 7.81 – 7.77 

(m, 2H), 7.51 (td, J = 7.6, 1.5 Hz, 1H), 7.40 – 7.32 (m, 4H), 6.39 (d, J = 2.2 Hz, 1H), 6.35 (s, 

2H), 4.80 (d, J = 6.0 Hz, 2H), 3.99 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 168.5, 166.4, 

158.9, 152.0, 145.8, 140.7, 132.0, 131.6, 130.3, 129.3, 128.4, 127.1, 127.1, 127.0, 126.6, 

117.2, 114.5, 98.7, 41.1, 31.5. HRMS (ESI): calc. for [M+H]+ C22H20N5O4
+ 418.1510, 

found 418.1517.

4.7.8. 1-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzoyl) piperidine-2-carboxylic acid (12)—(60 mg, 0.147 mmol, 20% 

yield) as a white-yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 11.89 (s, 1H), 10.72 (d, J = 

2.1 Hz, 1H), 10.11 (s, 1H), 7.39 – 7.32 (m, 2H), 7.28 – 7.21 (m, 2H), 6.35 (d, J = 2.2 Hz, 

1H), 5.99 (s, 2H), 4.47 – 4.36 (m, 1H), 3.96 (s, 2H), 3.59 – 3.50 (m, 1H), 3.13 – 3.02 (m, 

1H), 2.20 – 2.12 (m, 1H), 1.71 – 1.63 (m, 1H), 1.58 – 1.48 (m, 1H), 1.44 – 1.36 (m, 1H), 

1.30 – 1.23 (m, 1H), 1.20 – 1.13 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 172.3, 170.4, 

159.3, 152.2, 151.2, 144.0, 133.1, 128.5, 126.6, 117.0, 114.1, 98.7, 57.8, 51.7, 45.3, 31.5, 

26.3, 24.8, 20.9. HRMS (ESI): calc. for [M+H]+ C20H22N5O4
+ 396.1666, found 396.1675.

4.7.9. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)cyclohexan-1-carboxylic acid (13)—(4.1 mg, 0.010 mmol, 

5% yield) as a white-green solid. 1H NMR (400 MHz, DMSO-d6) δ 12.17 (s, 1H), 10.73 (s, 

1H), 10.16 (s, 1H), 7.85 (d, J = 8.3 Hz, 1H), 7.66 – 7.60 (m, 2H), 7.37 – 7.31 (m, 2H), 6.31 

(s, 1H), 6.04 (s, 2H), 4.28 (s, 1H), 3.96 (s, 2H), 2.78 – 2.68 (m, 2H), 1.99 (s, 1H), 1.82 – 

1.71 (m, 2H), 1.66 – 1.45 (m, 2H), 1.36 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 173.6, 

166.0, 162.9, 153.6, 150.5, 132.9, 132.7, 126.2, 125.9, 119.1, 116.7, 111.3, 53.5, 47.9, 31.8, 

25.8, 25.0, 23.6, 23.5. HRMS (ESI): calc. for [M+H]+ C21H24N5O4
+ 410.1823, found 

410.1828.

4.7.10. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-chloro benzoic acid (14)—(92.4 mg, 0.21 mmol, 68% 

yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.36 (s, 1H), 10.76 (s, 1H), 10.14 

(s, 1H), 8.82 (d, J = 2.0 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 7.85 – 7.79 (m, 2H), 7.52 – 7.46 

(m, 2H), 7.25 (dd, J = 8.7, 2.0 Hz, 1H), 6.38 (d, J = 1.4 Hz, 1H), 6.02 (s, 2H), 4.02 (s, 2H). 
13C NMR (151 MHz, DMSO-d6) δ 169.3, 165.0, 159.3, 152.3, 151.3, 147.3, 142.3, 138.4, 
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133.0, 131.4, 130.1, 129.1, 127.0, 122.6, 119.0, 116.6, 114.3, 98.6, 31.7. HRMS (ESI): calc. 

for [M+H]+ C21H17ClN5O4
+ 438.0964, found 438.0955.

4.7.11. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido) terephthalic acid (15)—(10 mg, 0.022 mmol, 57% yield) as a 

white-green solid. 1H NMR (600 MHz, DMSO-d6) δ 13.25 (s, 2H), 10.76 (d, J = 2.3 Hz, 

1H), 10.21 (s, 1H), 9.27 (d, J = 1.7 Hz, 1H), 8.12 (d, J = 8.2 Hz, 1H), 7.87 – 7.84 (m, 2H), 

7.67 (d, J = 8.2 Hz, 1H), 7.50 – 7.47 (m, 2H), 6.37 (d, J = 2.1 Hz, 1H), 6.09 (s, 2H), 4.02 (s, 

2H).13C NMR (151 MHz, DMSO-d6) δ 169.3, 166.7, 164.8, 159.3, 152.3, 151.3, 147.1, 

141.0, 135.0, 131.7, 131.5, 131.4, 129.1, 127.0, 123.1, 120.6, 116.7, 114.2, 98.6, 31.7. 

HRMS (ESI): calc. for [M+H]+ C22H18N5O6
+ 448.1252, found 448.1257.

4.7.12. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-methoxy benzoic acid (16)—(40 mg, 0.092 mmol, 69% 

yield) as a white-yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 13.48 (s, 1H), 12.38 (s, 

1H), 10.77 (d, J = 1.9 Hz, 1H), 10.16 (s, 1H), 8.42 (d, J = 2.7 Hz, 1H), 8.00 (d, J = 8.9 Hz, 

1H), 7.86 – 7.81 (m, 2H), 7.52 – 7.46 (m, 2H), 6.76 (dd, J = 8.9, 2.7 Hz, 1H), 6.38 (d, J = 2.2 

Hz, 1H), 6.04 (s, 2H), 4.02 (s, 2H), 3.85 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 167.2, 

166.0, 163.9, 158.3, 152.6, 159.0, 138.7, 133.1, 131.8, 128.7, 126.5, 127.1, 119.1, 116.9, 

112.4, 111.3, 109.7, 101.2, 56.5, 31.8. HRMS (ESI): calc. for [M+H]+ 

C22H20N5O5
+ 434.1459, found 434.1446.

4.7.13. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-cyanobenzoic acid (17)—(50 mg, 0.117 mmol, yield 86% 

yield) as a white-brown solid. 1H NMR (400 MHz, DMSO-d6) δ 12.09 (s, 1H), 10.77 (s, 

1H), 10.16 (s, 1H), 9.09 (s, 1H), 8.16 – 8.05 (m, 3H), 7.87 – 7.82 (m, 2H), 7.65 – 7.54 (m, 

1H), 7.49 (d, J = 8.0 Hz, 1H), 6.38 (s, 1H), 6.04 (s, 2H), 4.02 (s, 2H). 13C NMR (151 MHz, 

DMSO-d6) δ 168.2, 166.0, 163.9, 153.8, 150.5, 138.3, 134.1, 132.4, 130.5, 127.8, 127.3, 

127.1, 121.3, 120.1, 119.7, 117.4, 112.6, 112.3, 111.8, 31.8. HRMS (ESI): calc. for [M+H]+ 

C22H17N6O4
+ 429.1306, found 429.1302.

4.7.14. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-(hydroxymethyl)benzoic acid (18)—(40 mg, 0.092 mmol, 

54% yield) as a white-green solid. 1H NMR (400 MHz, DMSO-d6) δ 12.27 (s, 1H), 10.77 (s, 

1H), 10.15 (s, 1H), 8.72 (s, 1H), 8.12 – 7.96 (m, 3H), 7.92 – 7.79 (m, 3H), 7.51 – 7.46 (m, 

1H), 7.16 – 7.09 (m, 1H) 6.37 (d, J = 2.2 Hz, 1H), 6.03 (s, 2H), 4.57 (s, 2H), 4.02 (s, 2H). 
13C NMR (151 MHz, DMSO-d6) δ 168.2, 166.0, 163.9, 153.6, 150.2, 141.8, 137.5, 134.3, 

131.3, 128.8, 127.5, 127.1, 125.5, 123.7, 120.3, 118.6, 117.5, 111.3, 61.5, 30.9. HRMS 

(ESI): calc. for [M+H]+ C22H20N5O5
+ 434.1459, found 434.1446.

4.7.15. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-(methoxymethyl)benzoic acid (19)—(62 mg, 0.143 mmol, 

83% yield) as a white-pink solid. 1H NMR (600 MHz, DMSO-d6) δ 13.74 (s, 1H), 12.19 (s, 

1H), 10.76 (d, J = 2.3 Hz, 1H), 10.14 (s, 1H), 8.72 (d, J = 1.5 Hz, 1H), 8.02 (d, J = 8.1 Hz, 

1H), 7.84 – 7.81 (m, 2H), 7.50 – 7.47 (m, 2H), 7.12 (dd, J = 8.1, 1.6 Hz, 1H), 6.38 (d, J = 2.1 

Hz, 1H), 6.02 (s, 2H), 4.50 (s, 2H), 4.02 (s, 2H), 3.34 (s, 3H). 13C NMR (151 MHz, DMSO-
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d6) δ 169.9, 164.7, 159.3, 152.3, 151.3, 147.0, 145.2, 141.4, 131.8, 131.3, 129.1, 126.9, 

121.2, 118.0, 116.6, 115.3, 114.2, 98.6, 73.1, 57.9, 31.6. HRMS (ESI): calc. for [M+H]+ 

C23H22N5O5
+ 448.1615, found 448.1622.

4.7.16. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-carbamoylbenzoic acid (20)—(10 mg, 0.022 mmol, 46% 

yield) as a white-brown solid. 1H NMR (400 MHz, DMSO-d6) δ 12.20 (bs, 1H), 10.73 (s, 

1H), 10.12 (s, 1H), 9.06 (d, J = 1.7 Hz, 1H), 8.09 – 8.01 (m, 2H), 7.83 – 7.79 (m, 2H), 7.56 

(d, J = 8.1 Hz, 2H), 7.50 (bs, 1H), 7.47 – 7.44 (m, 2H), 6.35 (d, J = 2.1 Hz, 1H), 5.99 (s, 

2H), 3.99 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 168.5, 167.8, 166.0, 165.9, 155.6, 

152.0, 138.2, 134.9, 133.8, 132.6, 128.1, 127.5, 127.3, 127.1, 120.2, 117.5, 117.6, 115.8, 

111.3, 31.8. HRMS (ESI): calc. for [M+H]+ C22H19N6O5
+ 447.1411, found 447.1416.

4.7.17. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-3-(methoxymethyl)benzoic acid (21)—(43 mg, 0.096 mmol, 

56% yield) as a white-brown solid. 1H NMR (400 MHz, DMSO-d6) δ 12.88 (s, 1H), 10.76 

(d, J = 2.0 Hz, 1H), 10.14 (s, 1H), 9.99 (s, 1H), 7.88 – 7.82 (m, 2H), 7.78 (dd, J = 7.8, 1.6 

Hz, 1H), 7.66 (d, J = 7.6 Hz, 1H), 7.45 – 7.36 (m, 3H), 6.38 (d, J = 2.2 Hz, 1H), 6.03 (s, 2H), 

4.41 (s, 2H), 4.00 (s, 2H), 3.28 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 168.4, 166.7, 

162.9, 152.6, 151.4, 145.5, 137.1, 136.7, 135.4, 134.7, 132.5, 130.5, 130.1, 126.9, 123.1, 

120.7, 111.6, 111.3, 68.6, 56.0, 31.8. HRMS (ESI): calc. for [M+H]+ 

C23H22N5O5
+ 448.1615, found 448.1611.

4.7.18. 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-5-methoxybenzoic acid (22)—(121 mg, 0.279 mmol, 65% 

yield) as a white-green solid. 1H NMR (400 MHz, DMSO-d6) δ 13.77 (s, 1H), 11.80 (s, 1H), 

10.76 (d, J = 2.3 Hz, 1H), 10.15 (s, 1H), 8.59 (d, J = 9.2 Hz, 1H), 7.83 – 7.79 (m, 2H), 7.51 

(d, J = 3.2 Hz, 1H), 7.49 – 7.45 (m, 2H), 7.26 (dd, J = 9.2, 3.2 Hz, 1H), 6.37 (d, J = 2.2 Hz, 

1H), 6.03 (s, 2H), 4.01 (s, 2H), 3.79 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 169.5, 

164.3, 159.3, 154.3, 152.3, 151.2, 146.8, 134.6, 132.0, 129.0, 126.8, 121.8, 120.3, 118.1, 

116.7, 114.9, 114.2, 98.6, 55.4, 31.6. HRMS (ESI): calc. for [M+H]+ 

C22H20N5O5
+ 434.1459, found 434.1465.

4.7.19. 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-methoxyphenyl)acetic acid (23)—(27 mg, 0.061 mmol, 

68% yield) as a white-pink solid. 1H NMR (400 MHz, DMSO-d6) δ 12.32 (s, 1H), 10.75 (s, 

1H), 10.15 (s, 1H), 9.82 (s, 1H), 7.86 – 7.76 (m, 2H), 7.46 – 7.37 (m, 2H), 7.20 (d, J = 8.5 

Hz, 1H), 7.14 (d, J = 2.2 Hz, 1H), 6.77 (dd, J = 8.5, 2.4 Hz, 1H), 6.36 (s, 1H), 6.03 (s, 2H), 

4.00 (s, 2H), 3.74 (s, 3H), 3.57 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 171.6, 168.0, 

162.9, 158.7, 152.6, 151.3, 142.8, 137.1, 135.4, 132.3, 129.5, 128.7, 123.1, 119.7, 118.1, 

115.3, 110.5, 104.9, 56.5, 39.9, 31.8. HRMS (ESI): calc. for [M+H]+ 

C23H22N5O5
+ 448.1615, found 448.1624.

4.7.20. 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-cyanophenyl)acetic acid (24)—(106 mg, 0.239 mmol, 38% 

yield) as a green pale solid. 1H NMR (600 MHz, DMSO-d6) δ 12.51 (bs, 1H), 10.82 (d, J = 
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2.3 Hz, 1H), 10.27 (s, 1H), 10.06 (s, 1H), 7.93 (d, J = 1.7 Hz, 1H), 7.84 – 7.79 (m, 2H), 7.67 

(dd, J = 7.9, 1.8 Hz, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.46 – 7.40 (m, 2H), 6.39 (d, J = 2.1 Hz, 

1H), 6.18 (s, 2H), 4.01 (s, 2H), 3.80 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 171.8, 

165.6, 159.1, 158.1, 152.1, 146.6, 137.8, 136.3, 132.5, 131.3, 129.4, 129.0, 128.5, 127.6, 

118.5, 117.0, 114.3, 109.9, 98.6, 37.5, 31.6. HRMS (ESI): calc. for [M+H]+ 

C23H19N6O4
+ 443.1462, found 443.1464.

4.7.21. 3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamido)-4-(carboxymethyl)benzoic acid (25)—(89 mg, 0.193 mmol, 

38% yield) as a orange solid. 1H NMR (600 MHz, DMSO-d6) δ 12.85 (bs, 2H), 10.75 (d, J = 

2.3 Hz, 1H), 10.15 (s, 1H), 10.03 (s, 1H), 8.05 (s, 1H), 7.84 – 7.81 (m, 2H), 7.76 (dd, J = 

8.0, 1.7 Hz, 1H), 7.46 – 7.41 (m, 3H), 6.37 (d, J = 2.2 Hz, 1H), 6.03 (s, 2H), 4.01 (s, 2H), 

3.74 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 172.2, 166.9, 165.4, 159.3, 152.3, 151.2, 

146.5, 137.0, 135.5, 131.6, 131.3, 129.8, 128.5, 127.5, 126.9, 126.3, 116.9, 114.1, 98.6, 

37.7, 31.7. HRMS (ESI): calc. for [M+H]+ C23H20N5O6
+ 462.1408, found 462.1414.

4.8. General procedure for the synthesis of final compound 8. Method g.

The synthesis of compound 8 has been carried out following for general method g. NaN3 (76 

mg, 1.16 mmol) was added to a solution of 4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-

d]pyrimidin-5-yl)methyl)-N-(2-cyanophenyl)benza-mide(7) (50 mg, 0.13 mmol) in DMSO 

(0.57 mL) and water (0.57 mL) and the reaction mixture stirred at 100 °C overnight. After 

solvent evaporation under reduced pressure the desired final compound was purified by flash 

column cromatography eluted initially with dichloromethane followed by 20% methanol in 

dichloromethane and finally 50% methanol in dichloromethane to give N-(2-(1H-tetrazol-5-
yl)phenyl)-4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)benzamide (8) as a pale brown powder.

4.8.1. N-(2-(1H-tetrazol-5-yl)phenyl)-4-((2-amino-4-oxo-4,7-dihydro-3H-
pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamide (8)—(27 mg, 0.061 mmol, 49% 

yield). 1H NMR (400 MHz, DMSO-d6) δ 13.30 (s, 1H), 10.72 (s, 1H), 10.29 (s, 1H), 8.77 – 

8.73 (m, 1H), 8.22 (dd, J = 7.8, 1.7 Hz, 1H), 8.07 – 8.02 (m, 2H), 7.50 – 7.44 (m, 2H), 7.29 

– 7.25 (m, 1H), 7.10 (td, J = 7.5, 1.3 Hz, 1H), 6.35 (d, J = 2.1 Hz, 1H), 6.06 (s, 2H), 4.00 (s, 

2H). 13C NMR (101 MHz, DMSO-d6) δ 164.4, 159.9, 159.1, 152.2, 150.3, 137.7, 136.5, 

130.1, 129.1, 127.7, 127.3, 127.0, 126.8, 126.5, 123.9, 122.8, 122.7, 119.2, 48.6. HRMS 

(ESI): calc. for [M+H]+ C21H18N9O2
+ 428.1578, found 428.1570.

4.9. Procedure for the synthesis of final compound 10.

4.9.1. Synthesis of intermediate 33—4,4,5,5-tetramethyl-2-vinyl-1,2,3-

dioxoborolane (1.23 g, 8 mmol), K2CO3 (1.1 g, 8 mmol) and Pd(dppf)Cl2 (293 mg, 0.4 

mmol) were added to a solution of methyl 2-bromobenzoate (0.86 g, 4 mmol) in dioxane/

water (11 mL/0.5 mL) and the resulting mixture was stirred at 100 °C overnight. The 

mixture was diluted with water (15 mL) and extracted with ethyl acetate (3 × 25 mL). The 

combined organic layers were washed with brine (100 mL), dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure.[24] The residue was purified by flash 
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column chromatography (hexanes to ethyl acetate) to provide methyl 2-vinylbenzoate (33) 
as transparent oil.

4.9.2. Synthesis of intermediate 37—4-iodophenyl trifluoromethanesulfonate (34) 

Trifluoromethanesulfonic anhydride (34 mL, 5.64 g, 20 mmol) was slowly added at 0 °C to 

a solution of 4-iodophenol (4 g, 18.17 mmol) in dry pyridine (9.3 mL). The resulting 

mixture was stirred at the same temperature for 5 minutes and then allowed to warm to 

25 °C and stirred for overnight. The recation was poured into water and extracted with ethyl 

ether (50 mL). The organic layer was washed sequentially with water, 10% HCl (2x), water 

and brine, dried over anhydrous MgSO4 and concentrated under reduced pressure. The crude 

was purified by flash column chromatography (hexanes to ethyl acetate) to provide 4-
iodophenyl trifluoromethanesulfonate (34) as transparent oil.

4.9.2.1. 4-(3-oxopropyl)phenyl trifluoromethanesulfonate (35).: Synthesized following 

Method c.

4.9.2.2. 4-(2-bromo-3-oxopropyl)phenyl trifluoromethanesulfonate (36).: Synthesized 

following Method d.

4.9.2.3. 4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)phenyl 
trifluoromethane sulfonate (37).: Synthesized following Method e.

4.9.3. Synthesis of intermediate 38—Dry DMF (16 mL/eq), intermediates 37 (1eq) 

and 33 (1.25 eq), Pd(OAc)2 (0.01 eq), PPh3 (0.02 eq) and dry trimethylamine (4 eq) were 

added to a pressure vial. The reaction mixture was stirred at 100 °C for 16h. The crude 

reaction mixure was filtered through silica pad and washed with EtOAc.[25] The solvent 

was evaporated and the product was was purified by flash column cromatography eluted 

initially with dichloromethane followed by 20% methanol in dichloromethane to give (E)-2-
(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)styryl) benzoate 
(38).

4.9.4. Synthesis of final compound 10—Synthesized following Method f.

4.9.5. methyl 2-vinylbenzoate (33)—(286 mg, 1.76 mmol, 44% yield) 1H NMR (400 

MHz, Methanol-d4) δ 7.87 (d, J = 7.6 Hz, 1H), 7.28–7.57 (m, 4H), 5.61 (d, J = 7.6 Hz, 1H), 

5.35 (d, J = 1.2 Hz, 1H), 3.88 (s, 3H). LC-MS (ESI) m/z 163.1 [M+H]+.

4.9.6. 4-iodophenyl trifluoromethanesulfonate (34)—(2.47 g, 7.02 mmol, 39% 

yield) 1H NMR (400 MHz, CDCl3) δ 7.81 – 7.75 (m, 2H), 7.07 – 7.00 (m, 2H). LC- MS 

(ESI) m/z 353.1 [M+H]+.

4.9.7. 4-(3-oxopropyl)phenyl trifluoromethanesulfonate (35).—(1.86 g, 6.69 

mmol, 55% yield). 1H NMR (400 MHz, CDCl3) δ 9.82 (t, J = 1.6 Hz, 1H), 7.30 – 7.24 (m, 

2H), 7.21 – 7.17 (m, 2H), 3.02 – 2.94 (m, 2H), 2.84 – 2.77 (m, 2H). LC-MS (ESI) m/z 283.1 

[M+H]+.
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4.9.8. 4-(2-bromo-3-oxopropyl)phenyl trifluoromethanesulfonate (36).—(1.05 

g, 4.02 mmol, 61% yield). 1H NMR (400 MHz, CDCl3) δ 9.51 (d, J = 1.7 Hz, 1H), 7.37 – 

7.31 (m, 2H), 7.29 – 7.21 (m, 2H), 4.44 (ddt, J = 8.0, 6.4, 1.7 Hz, 1H), 3.56 – 3.50 (m, 1H), 

3.18 (ddd, J = 14.8, 8.0, 1.5 Hz, 1H). LC-MS (ESI) m/z 262.1 [M+H]+.

4.9.9. 4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)phenyl trifluoromethane sulfonate (37).—(704 mg, 1.81 mmol, 45% 

yield). 1H NMR (400 MHz, DMSO-d6) δ 10.76 (d, J = 2.1 Hz, 1H), 10.13 (s, 1H), 7.48 – 

7.42 (m, 2H), 7.37 – 7.31 (m, 2H), 6.39 (d, J = 2.1 Hz, 1H), 6.01 (s, 2H), 3.97 (s, 2H). LC-

MS (ESI) m/z 389.1 [M+H]+.

4.9.10. (E)-2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)styryl) benzoate (38)—(34.7 mg, 0.082 mmol, 62% yield). 1H NMR (500 

MHz, DMSO-d6) δ 10.73(s, 1H), 10.13 (s, 1H), 7.98 – 7.64 (m, 3H), 7.62 – 7.00 (m, 6H), 

6.36 – 6.23 (m, 2H), 6.03 (s, 2H), 3.97 (s, 2H), 3.88 (s, 3H). LC-MS (ESI) m/z 401.1 [M+H]
+.

4.9.11. (E)-2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)styryl)benzoic acid (10).—(13.6 mg, 0.035 mmol, 41% yield). 1H NMR (500 

MHz, DMSO-d6) δ 12.96 (bs, 1H), 11.03 (s, 1H), 10.69 (s, 1H), 7.84 – 7.74 (m, 3H), 7.59 – 

7.25 (m, 4H), 7.16 – 7.03 (m, 2H), 6.81 – 6.68 (m, 2H), 6.38 (s, 2H), 3.94 (s, 2H).13C NMR 

(151 MHz, DMSO-d6) δ 168.7, 158.5, 151.8, 149.0, 141.9, 137.9, 134.6, 131.9, 130.7, 

130.3, 129.6, 129.0, 127.2, 126.5, 126.4, 126.3, 126.0, 114.6, 98.8, 31.3. HRMS (ESI): calc. 

for [M+H]+ C21H19N4O4
+ 387.1452, found 387,1448.

4.10. General procedure for the synthesis of final compounds 26–27

4.10.1. Synthesis of intermediate 39—1-bromo-2-methoxyethane (205 μL, 2.21 

mmol) was added to a solution of 3-bromo-5-methoxyphenol (373 mg, 1.84 mmol), K2CO3 

(381 mg, 2.76 mmol) and anhydrous DMF (10 mL) and the reaction mixture was stirred 

overnight at 85 °C. The resulting mixyure was then diluted in EtOAc and washed with water 

(3 × 50 mL). The organic phase was dried over anhydrous Na2SO4, filtered and concentrated 

to give 1-bromo-3-methoxy-5-(2-methoxyethoxy)benzene (41) as a white powder. n-BuLi 

(0.63 mL, 1.58 mmol) was added under nitrogen atmosphere to a solution of 41 (411 mg, 

1.58 mmol) in dry THF (5 ml) at −78° C. and the reaction stirred for 30 minutes. 

Trimethoxyborane (0.21 mL, 1.9 mmol) in a THF solution was slowly added dropwise at 

70° C, and the mixture warmed to room temperature and stirred for 16 hours. After the 

completion of the reaction, 20% HCl (2.7 mL) was added and stirred for 3 hours. The 

mixture was extracted with ethyl acetate, washed with water and brine, and dried over 

anhydrous Na2SO4 to provide (3-methoxy-5-(2-methoxyethoxy)phenyl)boronic acid (39) as 

pale brown solid.

4.10.2. Synthesis of intermediate 40—PdCl2(dppf) (0.03eq), KOAc (2.9 eq) and 

bis(pinacolato)diboron (1.1 eq) were added to a solution of methyl 3-bromo-5-

methoxybenzoate (1 eq) in dry dioxane (5.6 mL/mmol) under nitrogen. The solution was 

stirred at 80 °C for 2 hours and then was diluted with dichloromethane (25 mL) and washed 
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with water (25 mL). The organic layer was dried over anhydrous Na2SO4, filtered and the 

solvent was eliminated under reduced pressure to give methyl 3-methoxy-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (42). Crude arylboronic acid pinacol ester (1 

eq) and sodium periodate (3 eq) were stirred in 8 mL/mmol of a 4:1 mixture of acetone and 

water for 30 min, at which time aqueous NH4OAc (1eq) was added to the suspension. The 

reaction mixture was stirred at room temperature for 17 h and then diluted with water (30 

ml) and extracted with ethyl acetate (2 × 60 ml). The combined extracts were washed with 

water (2 × 30 ml) and brine (30 ml), dried over anhydrous Na2SO4, filtered, and 

concentrated to dryness by rotary evaporation to give a colourless solid, (3-methoxy-5-
(methoxycarbonyl)phenyl)boronic acid (40).

4.10.3. Synthesis of final compounds 26 and 27—Compounds 26 and 27 have 

been synthesized through the reaction between trifluoromethane sulfonate derivate 37 (1 eq) 

and the corresponding boronic acid 39 or 40 following general method h or i, respectively. 

Method h: A mixture of 39 (1.5 eq), 37 (1.0 eq), Pd(PPh3)4 (0.01 eq) and TEA (2.6 eq) in 

dioxane (10 mL/mmol) was stirred overnight at 90 °C The solvent was evaporated under 

reduced pressure and the residue purified by flash column cromatography eluted initially 

with dichloromethane followed by 20% methanol in dichloromethane to give 2-amino-5-
((3’-methoxy-5’-(2-methoxyethoxy)-[1,1’-biphenyl]-4-yl)methyl)-3,7-dihydro-4H-pyrrolo 
[2,3-d]pyrimidin-4-one (26). Pale pink powder. General method i: A solution of 40 (2 eq), 

37 (1.0 eq), Pd(PPh3)2Cl2 (0.05 eq) and (2M) Na2CO3 (4 eq) in DMF (1 mL/mmol) was 

stirred for 2h at 100 °C. The solvent was evaporated under reduced pressure and the residue 

purified by flash column cromatography eluted initially with dichloromethane followed by 

20% methanol in dichloromethane to give 4’-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-
d]pyrimidin-5-yl)methyl)-5-methoxy-[1,1’-biphenyl]-3-carboxylic acid (27). Pale green 

powder.

4.10.4. 1-bromo-3-methoxy-5-(2-methoxyethoxy)benzene (41)—(411 mg, 1.58 

mmol, 86% yield) 1H NMR (400 MHz, CDCl3) δ 6.73 – 6.64 (m, 2H), 6.45 – 6.39 (m, 1H), 

4.07 (t, J = 4.7 Hz, 2H), 3.76 (s, 3H), 3.73 (t, J = 4.6 Hz, 2H), 3.44 (s, 3H). LC-MS (ESI) 

m/z 262,1 [M+H]+.

4.10.5. (3-methoxy-5-(2-methoxyethoxy)phenyl)boronic acid (39)—(223 mg, 

0.99 mmol, 63% yield). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.32 (m, 1H), 6.76 – 6.67 (m, 

1H), 6.52 – 6.48 (m, 1H), 4.12 (t, J = 4.7 Hz, 2H), 3.78 (s, 3H), 3.75 (t, J = 4.6 Hz, 2H), 3.45 

(s, 3H). LC-MS (ESI) m/z 227,0 [M+H]+.

4.10.6. methyl 3-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzoate (42)—(651 mg, 2.23 mmol, 89% yield). 1H NMR (400 MHz, DMSO-d6) δ 
7.86 – 7.84 (m, 1H), 7.54 (dd, J = 2.7, 1.5 Hz, 1H), 7.38 (dd, J = 2.7, 0.9 Hz, 1H), 3.86 (s, 

3H), 3.83 (s, 3H), 1.31 (s, 12H). LC-MS (ESI) m/z 293,0 [M+H]+.

4.10.7. (3-methoxy-5-(methoxycarbonyl)phenyl)boronic acid (40)—(453 mg, 

2.16 mmol, 97% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.56 (t, J = 2.4, 1H), 7.51 (t, J = 
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2.4, 1H), 7.46 (t, J = 2.3 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 3H). LC-MS (ESI) m/z 211,1 [M+H]
+.

4.10.8. 2-amino-5-((3’-methoxy-5’-(2-methoxyethoxy)-[1,1’-biphenyl]-4-
yl)methyl)-3,7-dihydro-4H-pyrrolo [2,3-d]pyrimidin-4-one (26).—(49 mg, 0.117 

mmol, 39% yield). 1H NMR (600 MHz, Methanol-d4) δ 7.48 (d, J = 7.7 Hz, 2H), 7.34 (d, J 
= 7.7 Hz, 2H), 6.73 (d, J = 6.2 Hz, 2H), 6.47 (s, 1H), 6.31 (s, 1H), 4.14 (t, J = 4.5 Hz, 2H), 

4.08 (s, 2H), 3.81 (s, 3H), 3.75 (t, J = 4.6 Hz, 2H), 3.43 (s, 3H). 13C NMR (151 MHz, 

DMSO-d6) δ 164.9, 161.7, 160.5, 153.7, 150.6, 142.1, 136.3, 134.3, 126.9, 126.3, 122.1, 

117.9, 113.3, 109.1, 107.9, 102.5, 70.6, 67.5, 59.0, 55.8, 31.5. HRMS (ESI): calc. for [M+H]
+ C23H25N4O4

+ 421.1870, found 421.1886.

4.10.9. 4’-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-
yl)methyl)-5-methoxy-[1,1’-biphenyl]-3-carboxylic acid (27).—(32 mg, 0.082 

mmol, 96% yield) 1H NMR (600 MHz, DMSO-d6) δ 12.85 (bs, 1H), 10.64 (d, J = 2.3 Hz, 

1H), 10.09 (s, 1H), 7.07 – 7.04 (m, 2H), 6.96 – 6.95 (m, 1H), 6.91 – 6.90 (m, 1H), 6.62 – 

6.60 (m, 2H), 6.54 (t, J = 2.3 Hz, 1H), 6.20 (s, J = 2.1 Hz, 1H), 5.98 (s, 2H), 3.80 (s, 2H), 

3.74 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 167.6, 160.8, 158.9, 155.5, 152.6, 151.5, 

132.8, 129.8, 122.2, 120.0, 119.0, 115.2, 114.0, 109.3, 106.1, 105.6, 99.1, 55.6, 31.3. HRMS 

(ESI): calc. for [M+H]+ C21H19N4O4
+ 391.1401, found 391,1393.

4.11. Protein Preparation

ChTS-DHFR was expressed, purified and estimation of protein concentration was 

determined as reported in previous study.[13] His6-human TS was expressed, purified and 

estimation of protein concentration was determined as previously described.[26] Δ7–29 

human TS deletion mutant (mhTS) was expressed, and an estimation of protein 

concentration was determined as previously reported.[19]

4.12. Enzyme assay, and data analysis

TS activity was determined by following the conversion of substrates dUMP and 5,10-

methylenetetrahydrofolate to products dTMP and dihydrofolate at 340 nm (Δ ε = 6400 M−1 

cm−1) at 25°C.[13] Reaction conditions used to determining IC50 values for TS are as 

described in a previous study.[12] Compound 1 was utilized as a positive antifolate control. 

Changes in absorption were determined on a SpectroMax M5 plate reader (Molecular 

Devices). Data were fitted to an [Inhibitor] vs normalized response with variable slope 

equation using GraphPad Prism software (version 7.01).

4.13. Protein crystallography

The purified ChTS-DHFR enzyme was co-crystalized with inhibitor compounds by hanging 

drop vaporization with a protein:well solution ratio of 2:1 to screen crystallization 

conditions. Reservoir conditions for crystallization included 16–22 % (v/v) PEG 6000, 200 

mM ammonium sulfate, 60 mM lithium sulfate, and 100 mM Tris, pH 8.0. ChTS-DHFR 

enzyme (approximately 24 mg/ml) was incubated with 100 mM Tris, pH 8.0, 1.5 mM 

NADPH, 1.5 mM FdUMP, 0.5 mM methotrexate, and 5 mM inhibitor compounds on ice for 

1 h before setting up drops. Crystals grew in approximately 2 days at 18°C. All crystals were 
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frozen with a cryosolution containing 25 % (v/v) ethylene glycol and 5 mM of the 

appropriate inhibitor compounds and flash cooled with liquid nitrogen.

The purified mhTS enzyme was co-crystalized with 14 or 23 by hanging drop vaporization 

with a protein:well solution ratio of 1:1 to screen crystallization conditions. Reservoir 

conditions included 16–18 % (v/v) PEG monomethyl ether 5000, and 100 mM Bis-Tris, pH 

7.0. mhTS enzyme was co-crystalized with 5 by hanging drop vaporization with a 

protein:well solution ratio of 1:1 to screen crystallization conditions. Reservoir conditions 

included 28 % (v/v) PEG 4000, 200 mM lithium sulfate, and 100 mM Tris, pH 7.5. mhTS 

enzyme was co-crystalized with 15 by hanging drop vaporization with a protein:well 

solution ratio of 1:1 to screen crystallization conditions. Reservoir conditions included 40 % 

(v/v) PEG 400, and 100 mM imidazole, pH 8.0. mhTS enzyme (approximately 13 mg/ml) 

was incubated with 20 mM Bis-Tris, pH 7.0, 2 mM DTT, 2 mM dUMP, and 5 mM of 

inhibitor compounds on ice for 1 h before setting up drops. Crystals grew in approximately 1 

week at 22 °C. All crystals were frozen with a cryosolution containing 25 % (v/v) ethylene 

glycol and 5 mM of the appropriate inhibitor compound and flash cooled with liquid 

nitrogen.

Diffraction data for ChTS-DHFR with 2, 5, 11, 14, 15, 17, 20, and 23 and mhTS with 5, 14, 

15, and 23 were collected on beam line 24-ID-E, while diffraction data for ChTS-DHFR 

with 6, 16, and 25 was collected on beam line 24-ID-C through NE-CAT, using wavelength 

0.979 Å. Diffraction data for ChTS-DHFR with 24 was collected on beam line 17-ID-FMX 

at NSLSII, using wavelength 0.979 Å. Data sets for best diffracting crystals were processed 

by XDS.[27] Phases were solved via molecular replacement using the program phaser.[28, 

29] For ChTS-DHFR:compound a ChTS-DHFR structure in complex with four ligands 

(PDB ID 4Q0E) was used as the search model for molecular replacement. For 

mhTS:compound an apo mhTS structure (PDB ID 1HZW) was used as the search model for 

molecular replacement. The program COOT[30] was used for model building of the ligands 

into the electron density as well as residues 307–313 of mhTS. Structures were refined using 

Phenix[31] until acceptable R factors, geometry statistics (RMSDs for ideal bond lengths 

and angles), and Ramachandran statistics were achieved for the respective structures. 

Iterative build omit σA− weighted 2mFo-Fc electron density maps were generated using 

Phenix Autobuild.[32] Refinement statistics and PDB codes for structures are listed in 

Supplementary Table S2.

4.14. Molecular modeling

The computational procedures that were utilized are exactly the same as in earlier studies.

[33–35] Starting from a crystal structure of the protein, the BOMB program[36] was used to 

build initial structures for the desired protein-ligand complex. Conjugate-gradient energy 

minimizations were performed to relax the structure, and Monte Carlo free-energy 

perturbation (MC/FEP) was carried out to compute relative free energies of binding. The 

calculations were performed with the MCPRO program[37] using the OPLS-AA force field 

for the protein,[38] OPLS/CM1A for the ligands,[39] and the TIP4P water model.[40]
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Twenty-six novel antifolate analogues were synthesized

Biochemical and X-ray studies were performed to determine ChTS inhibition

2-phenylacetate methylene linker important for optimal position in ChTS active site

Active site rigidity driving force of inhibitor selectivity
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Figure 1. 
Lead optimization guided by crystal structure of compound 1 bound to ChTS. A. Compound 

1 bound in ChTS active site, hydrogen bond between γ-carboxylate with S290 denoted by 

black dotted line. B. Structure of compound 1 and scaffolds used for lead optimization.
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Figure 2. 
Structure and ChTS IC50 values for compounds 2–8, modifications made to carboxylate 

(red). Coloration of compound 2 denotes modifications made during SAR, amide linker 

moiety (blue), aromaticity (pink), carboxylate (red), and substitutions to C-3, C-4, and C-5 

positions (purple, green, and gold, respectively).
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Figure 3. 
Structures and ChTS IC50 values for compounds 9–13, modifications made to the amide 

linker moiety (blue), and aromaticity (pink).
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Figure 4. 
Structures and ChTS IC50 values for compounds 14–22, modifications made to the C-3 

(purple), C-4 (green), and C-5 (gold) positions.
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Figure 5. 
Structures and ChTS IC50 values for compounds 23–25, modifications made carboxylate 

(red), and C-4 (green) positions.
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Figure 6. 
Structures and ChTS IC50 values for compounds 26–27.
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Figure 7. 
Comparison of ChTS bound to 2 (light green/warm pink), ChTS bound to 5 (green/tan) and 

ChTS bound to 6 (dark green/cyan) with dUMP (yellow) (PDB: 6PF7, 6PF9, and 6PFB). A. 

Comparison of 2, 5, and 6 bound in ChTS active site, hydrogen bonds to 5 in black and to 6 
in gray. B. Top view of benzoic acid, 2-phenylacetic acid, and 3-phenylpropanoic acid 

moiety for 2, 5, and 6, respectively.
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Figure 8. 
Comparison of ChTS bound to 2 (green/warm pink) and ChTS bound to 11 (dark green/

lavender) with dUMP (yellow) (PDB: 6PF7, and 6PFA). A. Comparison of 2 and 11 bound 

in ChTS active site, carboxylate group for both compounds are similar distance from S290 

B. Zoom in view of 11 benzoic acid moiety compared to 2.
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Figure 9. 
Comparison of ChTS bound to 17 (green/navy) and ChTS bound to 24 (dark green/teal) with 

dUMP (yellow) (PDB: 6PFF, and 6PFH). A. Comparison of 17 and 24 bound in ChTS active 

site, hydrogen bonds to 17 in gray and to 24 in black. B. Zoom in view rotation of 24 2-

phenylacetic acid moiety with respect to 17 benzoic acid moiety. C. Zoom in view of shift of 

pyrrolo[2,3-d]pyrimidine moiety of 17 and 24.
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Figure 10. 
Comparison of hTS bound to 14 (blue/dark red) and ChTS bound to 14 (green/purple) with 

dUMP (yellow) (PDB: 6PF8, and 6PF3). A. Comparison of 14 bound in hTS and ChTS 

active site. B. Zoom in view hTS residue F225 and ChTS residue F433 position upon 

binding 14. C. Zoom in view hTS residue L221 and ChTS residue L429 position upon 

binding 14.
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Scheme 1. 
General scheme for the synthesis of compounds 2–9 and 11–25.
aReagents, conditions: (a) Et3N, DCM, r.t., o.n.; (b) MeI, NaH, DMF, r.t., o.n.; (c) Allyl 

alcohol, NaHCO3, Pd(OAc)2, Bu4NCl, 70 °C, o.n.; (d) 5,5-dibromo meldrum’s acid, HCl, 

THF, r.t., 18h; (e) 2,6-diaminopyrimidin-4-ol, NaOAc, MeOH/H2O, 45 °C, 2h; (f) 2N 

NaOH, MeOH/H2O, 60 °C, 1h; (g) NaN3, DMSO, 100 °C, o.n.
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Scheme 2. 
General scheme for the synthesis of compound 10.
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Scheme 3. 
General scheme for the synthesis of compounds 26 and 27.
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Table 1.

Compound 2–8 and 14–27 IC50 (μM) for ChTS

Compounds R1 R2 R3 R4 R5

ChTS 
IC50 
(μM)

ClogP

2 COO− H H H H 20 
± 12 2.63

3 H COO− H H H 96 
± 10 2.47

4 H H COO− H H >100 2.49

5 CH2COO− H H H H 16 
± 1 1.96

6 (CH2)2COO− H H H H 114 
± 21 2.48

7 Tetrazole H H H H 159 
± 19 1.96

8 CN H H H H 123 
± 7 2.29

14 COO− H H Cl H 28 
± 6 3.28

15 COO− H H COO− H 18 
± 2 2.51

16 COO− H H OCH3 H 50 
± 8 2.66

17 COO− H H CN H 11 
± 1 2.36

18 COO− H H CH2OH H 181 
± 32 1.94

19 COO− H H CH2OCH3 H 68 
± 12 2.56

20 COO− H H CONH2 H 20 
± 4 1.42

21 COO− H H H CH2OCH3 >100 1.60

22 COO− H OCH3 H H 222 
± 77 2.66

23 CH2COO− H H OCH3 H 11 
± 1 1.99

24 CH2COO− H H CN H 9.1 
± 0.7 1.69
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Compounds R1 R2 R3 R4 R5

ChTS 
IC50 
(μM)

ClogP

25 CH2COO− H H COO− H 10 
± 1 1.85

26 O(CH2)2OCH3 OCH3 ~ ~ ~ ~ ~ ~ 97 
± 44 3.42

27 COO− OCH3 ~ ~ ~ ~ ~ ~ >500 3.38
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Table 2.

Compound 9–13 IC50 (μM) for ChTS

Compound ChTS IC50 (μM) ClogP

9 210 ± 81 2.87

10 >100 3.60

11 119 ± 13 1.81

12 >500 −0. 66

13 63 ± 8 1.90
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	methyl 2-((4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido) methyl)benzoate (32i)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-chlorobenzoate (32j)
	dimethyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido) terephthalate (32k)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-methoxybenzoate (32l)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-cyanobenzoate (32m)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido) -4- (hydroxymethyl)benzoate (32n)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-(methoxymethyl)benzoate (32o)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-carbamoylbenzoate (32p)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-3-(methoxymethyl)benzoate (32q)
	methyl 2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-5-methoxybenzoate (32r)
	methyl 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl) benzamido)-4-methoxyphenyl)acetate (32s)
	methyl 2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-cyanophenyl)acetate (32t)
	methyl 3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-(2-methoxy-2-oxoethyl)benzoate (32u)

	General procedure for the synthesis of final compounds 2–6, 9 and 11–25. Method f.
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)benzoic acid (2)
	3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)benzoic acid (3)
	4-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)benzoic acid (4)
	2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)phenyl) acetic acid (5)
	3-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)phenyl) propanoic acid (6)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)-N-methylbenzamido) benzoic acid (9)
	2-((4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)methyl) benzoic acid (11)
	1-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzoyl) piperidine-2-carboxylic acid (12)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)cyclohexan-1-carboxylic acid (13)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-chloro benzoic acid (14)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido) terephthalic acid (15)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-methoxy benzoic acid (16)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-cyanobenzoic acid (17)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-(hydroxymethyl)benzoic acid (18)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-(methoxymethyl)benzoic acid (19)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-carbamoylbenzoic acid (20)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-3-(methoxymethyl)benzoic acid (21)
	2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-5-methoxybenzoic acid (22)
	2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-methoxyphenyl)acetic acid (23)
	2-(2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-cyanophenyl)acetic acid (24)
	3-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamido)-4-(carboxymethyl)benzoic acid (25)

	General procedure for the synthesis of final compound 8. Method g.
	N-(2-(1H-tetrazol-5-yl)phenyl)-4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)benzamide (8)

	Procedure for the synthesis of final compound 10.
	Synthesis of intermediate 33
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	4-(3-oxopropyl)phenyl trifluoromethanesulfonate (35).
	4-(2-bromo-3-oxopropyl)phenyl trifluoromethanesulfonate (36).
	4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)phenyl trifluoromethane sulfonate (37).
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	methyl 2-vinylbenzoate (33)
	4-iodophenyl trifluoromethanesulfonate (34)
	4-(3-oxopropyl)phenyl trifluoromethanesulfonate (35).
	4-(2-bromo-3-oxopropyl)phenyl trifluoromethanesulfonate (36).
	4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)phenyl trifluoromethane sulfonate (37).
	(E)-2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)styryl) benzoate (38)
	(E)-2-(4-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)styryl)benzoic acid (10).
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	1-bromo-3-methoxy-5-(2-methoxyethoxy)benzene (41)
	(3-methoxy-5-(2-methoxyethoxy)phenyl)boronic acid (39)
	methyl 3-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (42)
	(3-methoxy-5-(methoxycarbonyl)phenyl)boronic acid (40)
	2-amino-5-((3’-methoxy-5’-(2-methoxyethoxy)-[1,1’-biphenyl]-4-yl)methyl)-3,7-dihydro-4H-pyrrolo [2,3-d]pyrimidin-4-one (26).
	4’-((2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)methyl)-5-methoxy-[1,1’-biphenyl]-3-carboxylic acid (27).
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