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Abstract

Inhibitors of Bromodomain and Extra Terminal (BET) proteins are investigated for various 

therapeutic indications, but selectivity for BRD2, BRD3, BRD4, BRDT and their respective 

tandem bromodomains BD1 and BD2 remains suboptimal. Here we report selectivity-focused 

structural modifications of previously reported dihydropyridine lactam 6 by changing linker length 

and linker type of the lactam side chain in efforts to engage the unique arginine 54 (R54) residue 

in BRDT-BD1 to achieve BRDT-selective affinity. We found that the analogs were highly selective 

for BET bromodomains, and generally more selective for the first (BD1) and second (BD2) 

bromodomains of BRD4 rather than for those of BRDT. Based on AlphaScreen and BromoScan 

results and on crystallographic data for analog 10j, we concluded that the lack of selectivity for 

BRDT is most likely due to the high flexibility of the protein and the unfavorable trajectory of 

the lactam side chain that do not allow interaction with R54. A 15-fold preference for BD2 over 

BD1 in BRDT was observed for analogs 10h and 10m, which was supported by protein-based 19F 

NMR experiments with a BRDT tandem bromodomain protein construct.

Graphical Abstract

Introduction

Acetylation of ε-N-lysine residues on histone tails has been recognized as an important 

post-translational modification1–4 that neutralizes the positively charged lysine thereby 
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reducing affinity for the negatively charged DNA in the nucleosome, a process that 

makes DNA accessible for the transcriptional machinery.5–8 During this process, BET 

bromodomains bind to the acetylated lysine (KAc) motif and recruit other proteins such 

as positive transcription elongation factor B (P-TEFb) and RNA polymerase II (Pol II) to 

initiate gene transcription.9 Recent studies have shown that the bromodomain-containing 

protein family is involved in both normal and disease-related epigenetic processes.10–12 

Among the eight bromodomain families, the bromodomain and extra terminal (BET) 

subfamily has been studied most extensively.3 The BET proteins BRD2, BRD3, BRD4 are 

ubiquitously expressed, whereas BRDT is restricted to the testis.13 Each protein contains 

two tandem bromodomains referred to as BD1 and BD2. BRDT has been validated 

genetically and pharmacologically as a target for male contraception. BRDT-1 (BD1 of 

BRDT) alone and BRDT-1/BRDT-2 (BD1 and BD2 of BRDT) double knock-out male mice 

are healthy but infertile.13–16 Inhibition of BRDT with the pan-BET inhibitor (+)-JQ1 led 

to reversible infertility in mice.17 However, (+)-JQ1 is not suitable for development as a 

male contraceptive agent because it has higher affinity for BRD4 than BRDT and has a short 

half-life.17–18 In addition to the well-known tool compound (+)-JQ1,19 various scaffolds 

have been reported as potent BET inhibitors by both industrial and academic laboratories 

(Figure 1).20–23

Many of the reported BET inhibitors displaying excellent potencies share a similar binding 

mode with BET proteins. As exemplified by (+)-JQ1, inhibitors competitively occupy 

the KAc binding site of histones via a key hydrogen bond with a conserved asparagine 

(N109 of BRDT-1, Figure 2A), and have hydrophobic contacts with the WPF shelf (W50, 

P51, and F52 of BRDT-1, Figure 2A). According to the sequence comparison, the highly 

conserved nature of the KAc sites in all BET bromodomains results in the low intra/inter-

BET selectivity of most reported molecules. The lack of selective inhibitors has made 

it challenging to investigate the individual functions of the BET bromodomains and can 

lead to unwanted off-target effects.24 For instance, molibresib (GSK525762, 1b, Figure 1) 

displayed significant side effects that led to dose interruption and treatment discontinuation 

in a phase I/II study for the treatment of advanced solid tumors.25 Thus, the motivation 

to develop isoform and bromodomain-selective inhibitors is compelling. Some success has 

been achieved.8, 26–27 ABBV-744 (2, Figure 1)28 is in clinical trials for myeloid leukemia 

and prostate cancer, apabetalone (RVX-208, 4, Figure 1),22 has received FDA Breakthrough 

Therapy Designation for the treatment of cardiovascular disease, and GSK046 (3a) is 

effective in animal models of inflammation and autoimmune disease.29 All of them bind 

with higher affinity to the BD2 bromodomains than to the BD1 bromodomains of the BET 

bromodomain family members. Recently a BD2 selective inhibitor CDD-1349 (5, Figure 1) 

with 6-fold selectivity for BRDT-BD2 (IC50 = 22 nM) over BRD4-BD2 (IC50 =140 nM) and 

excellent stability against human liver microsomes was reported.18 A highly BD1-selective 

anticancer agent, GSK778 (3b), has also been discovered recently.29 Furthermore, Tanaka 

et al. reported a series of (+)-JQ1-derived dimeric analogs, including MT1, which displays 

excellent BRD4 selectivity by intramolecular bivalent binding to BRD4-1 and BRD4-2.30

Another possibility to attain selectivity could come from leveraging the differences in the 

amino acid residues in different BET bromodomains such as the unique positively charged 

Jiang et al. Page 2

ChemMedChem. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



R54in human BRDT-1 at the entrance to the ZA channel (Figure 2B). The other three BET 

BD1 bromodomains have a neutral glutamine in this position. Another difference is the 

presence of an asparagine (N297) in BRDT-2 where the other BD2s have a lysine residue in 

the equivalent position (Figure 2C). It is not currently known whether the single knock-out 

of BRDT-2 will induce male infertility. However, given its essential role in post-meiotic 

sperm differentiation by promoting the histone to protamine reorganization that is needed 

for the packaging of the genome into the nucleus of spermatozoa, an effect on male fertility 

is likely.31–32 Thus, a highly selective BRDT-2 inhibitor could potentially be developed 

into a male contraceptive agent. We hypothesized that selectivity for BRDT-1 might be 

achieved by engaging R54. Arginine can either form ionic interaction with negatively 

charged residues with covalent-like bond strength,34–35 form cation-pi interactions36–38 with 

electron-rich ring systems, or form hydrophobic interactions with non-polar aromatic and 

aliphatic side chains above and below the guanidinium plane.39

We recently reported the synthesis and evaluation of dihydropyridines, including lactam 

analogs 6a and 6b (Figure 1) for BET affinity.23 In comparison with the corresponding 

lactones, the lactam analogs 6 showed increased affinities. We also had established that 

the N1-ethyl group is optimal for this scaffold by occupying a lipophilic pocket of 

the bromodomains that is surrounded by conserved water molecules. Furthermore, the 

dihydropyridine is essential for affinity since the corresponding pyridines are inactive. 

Previously we had found that the 5-tolyl group, which is interacting with the lipophilic 

WPF shelf formed by W50/P51/F52 in the histone binding site, as an optimal group for 

BRDT-1 and BRD4-1 affinity.23 Keeping these structural elements in place, we investigated 

whether modifications of the lactam side chain could improve BET affinity and selectivity 

by inducing interactions with R54 of BRDT-1. For the design of the lactam side chain 

modifications, we pursued two approaches, probing the linker region, which determines side 

chain orientation, and investigating the effects of different functional groups attached to the 

linker to tune interactions with additional residues of the BET proteins.

Results and Discussions

The initial method to prepare the targeted lactam analogs is illustrated in Scheme 

1. Ethyl urea and ethyl cyanoacetoacetate were first converted to 6-amino-1-

ethylpyrimidine-2,4(1H,3H)-dione (7), employing sodium tert-butoxide as the base. 

Knoevenagel condensation between ethyl chloroacetoacetate and p-tolylaldehyde generated 

the other key intermediate 8 as a mixture of E/Z isomers. The Hantzsch dihydropyridine 

synthesis was then used to construct bicyclic intermediate 9 by reacting intermediates 7 
and 8 in methanol in the presence of magnesium sulfate. A microwave-assisted reaction of 

intermediate 9 with primary amines generated the targeted lactam analogs 10.

We realized that the low yielding dihydropyridine synthesis step would make it challenging 

to efficiently prepare analogs. Therefore, we sought to pinpoint the causes for the low yield 

of this reaction. One reason for the low yield was the limited solubility of intermediate 7 
in methanol. We also noted an impurity that consistently co-eluted with desired compound 

9 during the purification. According to the proton NMR of this mixture, we speculated 

that the impurity could be a regioisomer of 9. Based on the proposed reaction mechanism, 
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dehydration of the hydroxyl intermediate (black box, Scheme 2) can take place at two 

different sites (indicated by the blue and red dots, Scheme 2), which generates the desired 

dihydropyridine 9 and regioisomer 9’. The similar polarity of 9’ and 9 stymied the isolation 

and therefore diminished the yield.

Taking these results into consideration, we designed the new route shown in Scheme 3, 

in which the chlorine was introduced in the penultimate step of the reaction sequence so 

that the undesired dehydration is no longer possible. The reaction between ethyl 4-chloro-3-

oxobutanoate and benzyl alcohol furnished benzyl ether 11, which was subjected to a 

Knoevenagel condensation to form intermediate 12. Next, intermediate 12 and N-ethyluracil 

7 were completely dissolved in acetic acid under the reflux conditions, which provided 

Hantzsch reaction product 13 in 42% yield. The increased solubility of uracil 7 in acetic acid 

and prevention of regioisomer formation contributed to achieving a better yield than with 

the previous method. A boron tribromide solution was used to cleave the ether bond and 

generate hydroxyl intermediate 14, which was converted into key chloromethyl intermediate 

9 using sulfuryl chloride and imidazole. Despite an increase in the number of chemical 

steps, the optimized route simplified product purification and increased the overall yield.

We initially prepared ten lactam analogs (10a – 10j) with linear or cyclic linkers of varying 

lengths and tested them for BRDT and BRD4 affinity using BRDT-1, BRDT-2, BRD4-1, 

and BRD4-2 to characterize their selectivity profiles using AlphaScreen assays (Table 1).

Analogs carrying either an N-allyl (10a) or an N-benzyl group (10b) displayed similar 

activities against the four BET constructs. Comparison of analog 10b, 10c, and 10d revealed 

that a longer, linear, and more flexible linker reduced affinity, presumably because of an 

entropic penalty. This reduction of affinity was most significant against BRDT-1, with 

a more than 5-fold decrease from 10b to 10d. Notably, the introduction of an oxygen 

atom into the linker (10e) rescued affinity to some degree. Although it improved water 

solubility, a piperidine linker had little effect on affinity (compounds 10f – 10i). Collectively, 

either linear or cyclic linker moieties had marginal impact on BRDT-1 selectivity. From 

an intra-BET perspective, all analogs displayed similar affinities against the BD1 and BD2 

constructs in BRD4. Whereas in BRDT, analogs 10d, 10e, and 10h showed up to 15-fold 

BD2 selectivity over BD1.

We then investigated the substitution effect on the aryl ring, using 10c as the template, 

envisioning that an electron-rich aromatic ring could engage in a cation-pi interaction with 

the unique R54 in BRDT-1. The results (Table 2), however, suggested that collectively, 

aromatic substitution had no significant effect on affinity. Analogs with electron-donating 

groups (10k, 6a, and 6b) were slightly more potent than analog 10l with an electron-

withdrawing group. A methoxy scan on the aryl ring (6b, 10m, and 10n) revealed that 

the 4-methoxy analog 6b produced the best results, followed by 2-methoxy and 3-methoxy 

substitution. Disubstitution with methoxy or chlorine moieties (10o, 10p, and 10q) failed 

to show any improvement of BET activity and 3,4-dimethoxy analog 10o experienced 

the greatest loss of affinity against BRDT-1. With respect to selectivity, none of the aryl 

modifications had significant impact on BRDT-1 specificity. Furthermore, this subset of 

analogs showed similar activities for BRD4-1 and BRD4-2. Meanwhile, there was a BD2 
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preference over BD1 in BRDT among all the analogs, especially analog 10m with 15-fold 

BRDT-2 selectivity.

To further assess the selectivity of our two inhibitors 10h and 10m, we used a new protein-

observed fluorine (PrOF) NMR experiment. In this experiment, the tandem bromodomains 

of BRDT are 5-fluorotryptophan (5FW)-labeled, (5FW BRDT-T) including the WPF shelf 

tryptophans in BD1 and BD2, W50 and W293 respectively.40 Figure 3 shows the PrOF 

NMR titration of 10h and 10m with 5FW BRDT-T. For both 10h and 10m at near 

stoichiometric concentrations of inhibitor (26 μM of 10h and 31 μM of 10m) the W293 
19F resonance for BD2 is in intermediate chemical exchange and broadens into the baseline, 

whereas the W50 BD1 19F resonance is less significantly perturbed until BD2 is fully 

bound. This result is consistent with our AlphaScreen data showing an approximate 15-fold 

selectivity for BD2 over BD1 for the two inhibitors. The response of the W293 BD2 19F 

resonance is in intermediate chemical exchange, an exchange regime consistent with ~1 μM 

IC50 values. Together, these results support 10h and 10m interacting with the WPF shelf 

near the histone binding site, with affinities and selectivity comparable to those measured by 

AlphaScreen on isolated domains.

To test for selectivity against other bromodomains, compound 10 m was tested in a 

selectivity screen against a panel of 33 bromodomains in a bromodomain qPCR-based 

bromodomain displacement assay (Figure 4) at 20 μM concentration (BromoScan, Eurofins). 

Compound 10 m was found to be highly selective for the BET bromodomain family. Only 

Cat eye syndrome critical region protein 2 (CECR2) was slightly inhibited (28% remaining 

at 10 μM).

Analog 10c could be co-crystalized with BRD4-1, however, the complex only had 

acceptable resolution for the dihydropyridine core in the binding site. The phenethyl side 

chain showed poorly defined electron density, indicating that the lactam side chain was 

rather flexible. Such flexibility could decrease the possibility for any interaction between 

R54 and the lactam side chain and is the likely cause for the lack of the desired BRDT-1 

selectivity among the synthesized analogs.

We next embarked on the introduction of a carboxylic acid in the side chain, seeking to form 

an ionic interaction with R54 to increase BRDT-1 selectivity. To this end, we designed and 

prepared five carboxylic acid analogs (10r – 10v) with varied linker length of 6–12 atoms 

attached to the lactam nitrogen.

As shown in Table 3, a comparison of these analog with related ones lacking the carboxylic 

acid moiety (Table 1) revealed that the carboxylate motif had marginal effect on BRDT-1 

affinity and selectivity. We speculate that the orientation of the lactam side chain must not be 

optimal to engage R54 in BRDT-1.

We were able to obtain a co-crystal structure of BRD4-1 with 10j, a compound with a 

conformationally constrained side chain. Nevertheless, we observed that the nitrobenzene 

moiety reaches into the solvent exposed area (Figure 5). The ionic interaction with 

R54 requires a head-to-head orientation with the negatively charged group, which would 

necessitate conformational changes of the protein or the ligand to allow interaction between 

Jiang et al. Page 5

ChemMedChem. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the analog and the target R54. Such movement of the protein could be challenging especially 

in the solvent exposed environment of R54 and because R54 is among the most flexible 

residues in crystal structures of BRDT.

Conclusions

In this study, we explored structural changes in the dihydropyridine lactam side chain of 

analog 6 to investigate its impact on both BET affinity and selectivity. Multiple side chain 

modifications were carried out, but they did not improve BET affinity or selectivity among 

the BET proteins. We also failed in engaging the unique R54 in BRDT-1 although we tuned 

the electronegativity of the aryl ring for cation-pi interaction and introduced a carboxylate 

for ionic interaction. All analogs showed a slight preference for BRD4-1 over BRDT-1, 

including analogs 10h and 10m. However, these two analogs exhibited a 15-fold preference 

for BD2 over BD1 in BRDT. This BD2 selectivity was confirmed with a PrOF NMR 

experiment using 5FW BRDT-T. A BromoScan against a panel of 33 bromodomains showed 

that 10m was highly selective for BET bromodomains. Based on the AlphaScreen assay 

results and the crystallographic data, we reasoned that the lack of BRDT-1 selectivity was a 

result of the lactam side chain flexibility and the suboptimal orientation of the lactam side 

chain observed in the crystal structure of compound 10j. Furthermore, R54 is among the 

most flexible residues in crystal structures of BRDT, which may have prevented interaction 

of the analogs with the R54 residue. Another issue could relate to a penalty encountered for 

desolvating the interacting groups, which could be higher or similar to the enthalpy gained 

from the interactions between the protein and the small molecule. Either a different chemical 

scaffold that can achieve the desired trajectory and interaction with R54 or other strategies 

such as targeting N-297 will be needed to achieve BRDT selectivity. Analogs 10h and 10m 
could be considered as starting points for future medicinal chemistry optimizations to obtain 

BRDT-2 selective inhibitors.

Experimental Section

Chemistry

General: All chemicals and solvents were purchased from commercial suppliers and 

directly used without further purification unless otherwise specified. Reactions performed 

under microwave irradiation used the Biotage Initiator. Reactions were monitored by TLC 

on 0.2 mm silica gel plates (Merck Kieselgel GF254) and visualized under UV light (254 

nm). Preparatory-scale flash column chromatography was conducted using medium-pressure 

liquid chromatography (MPLC) on a CombiFlash® Companion (Teledyne ISCO) with pre-

packed silica columns (20 – 40 microns) and UV detection at 254 nm. 1H and 13C NMR 

spectra were performed on a Brucker 400/100 MHz Avance DPX. Chemical shifts were 

reported in parts per million (ppm) and coupling constants (J). Splitting patterns were 

designed as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br s, broad singlet. 

Melting points are uncorrected. Purities of tested compounds were determined either by 

UPLC or qNMR, using DMSO2 as the internal standard and the qNMR protocol published 

in the Journal of Medicinal Chemistry.41–42
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6-Amino-1-ethylpyrimidine-2,4(1H,3H)-dione (7).

Based on a reported procedure,43 ethyl 2-cyanoacetate (12.8 g, 113.5 mmol) and 1-ethylurea 

(10.0 g, 113.5 mmol) were dissolved in anhydrous ethanol (250 mL) in a 500-mL round-

bottomed flask. Sodium tert-butoxide (21.8 g, 227.0 mmol) was then added and the mixture 

was stirred under reflux conditions for 24 h. After cooling to rt, the solvent was evaporated 

under reduced pressure, and the residue was dissolved in distilled water (100 mL). The 

pH of the solution was adjusted to 1 – 2 with a 1M HCl solution. The solid formed was 

collected by filtration, washed with water, and dried under reduced pressure to afford the 

title compound as a brown solid (16.0 g, 91%). 1H NMR (400 MHz, DMSO-d6) δ 10.26 (s, 

1H), 6.77 (s, 2H), 4.51 (s, 1H), 3.76 (q, J = 7.0 Hz, 2H), 1.07 (t, J = 7.0 Hz, 3H).

Ethyl 4-Chloro-2-(4-methylbenzylidene)-3-oxobutanoate (8).

Ethyl 4-chloro-3-oxobutanoate (1.5 g, 9.1 mmol) and p-tolualdehyde (1.0 g, 8.7 mmol) 

were dissolved in ethanol (100 mL). Piperidine (74 mg, 0.87 mmol) and acetic acid (52 

mg, 0.87 mmol) were added. The resulting solution was stirred at rt for 24 h. The solvent 

was evaporated under reduced pressure, poured into water, and extracted with EtOAc. The 

organic phase was washed with brine, dried over anhydrous MgSO4, and concentrated under 

reduced pressure. The residue was further purified by flash column chromatography (40 g 

RediSep Gold silica gel column, 0 – 5% EtOAc in hexanes) to yield a yellow viscous oil as a 

~3:1 E/Z isomer mixture (1.3 g, 57%). 1H NMR (400 MHz, CDCl3) δ 7.81 (s, 0.77H), 7.73 

(s, 0.26H), 7.37 (d, 7.5 Hz, 0.6H), 7.35 – 7.18 (m, 3.4H), 4.36 – 4.20 (m, 4H), 2.37 (3H), 

1.35 – 1.23 (m, 3H).

Ethyl 7-(Chloromethyl)-1-ethyl-2,4-dioxo-5-(p-tolyl)-1,2,3,4,5,8-hexahydropyrido[2,3-
d]pyrimidine-6-carboxylate (9).

A solution of sulfuryl chloride (0.62 mL, 7.7 mmol) in DMF (5 mL) was added dropwise 

over 5 min to a stirred, ice-cooled solution of ethyl 1-ethyl-7-(hydroxymethyl)-2,4-dioxo-5-

(p-tolyl)-1,2,3,4,5,8-hexahydropyrido[2,3-d]pyrimidine-6-carboxylate (1.5 g, 3.8 mmol) and 

imidazole (0.68 g, 10 mmol) in DMF (20 mL). After the removal of the ice bath, the 

mixture was stirred at rt for 0.5 h, diluted with EtOAc, washed with water, and dried over 

anhydrous MgSO4. The solvent was removed under reduced pressure and the residue was 

purified by flash column chromatography (40 g RediSep Gold silica gel column, DCM + 

2.0% methanol) to yield the title compound as a light-yellow solid (0.87 g, 56%); mp 266 

– 267 °C dec; 96% purity determined by UPLC. 1H NMR (400 MHz, DMSO-d6) δ 11.03 

(s, 1H), 8.99 (s, 1H), 7.07 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 5.17 (ABq, J = 

11.0 Hz, 1H), 4.88 (s, 1H), 4.72 (ABq, J = 11.0 Hz, 1H), 4.07 (m, 3H), 3.96 – 3.86 (m, 1H), 

2.20 (s, 3H), 1.20 – 1.11 (m, 6H). 13C NMR (100 MHz, DMSO-d6) δ 165.2, 161.3, 149.8, 

144.0, 143.2, 142.7, 135.5, 128.7, 127.1, 107.1, 89.7, 60.2, 48.6, 36.4, 35.7, 20.6, 13.9, 13.5. 

HRMS: calcd for C20H22ClN3NaO4 [M + Na]+, 426.1191; found 426.1199.

Ethyl 4-(Benzyloxy)-3-oxobutanoate (11).

To a suspension of sodium hydride (60% dispersion in mineral oil, 6.5 g, 162.8 mmol) in 

THF (100 mL) at 0 °C was added benzyl alcohol (8.4 g, 77.7 mmol) dropwise. The mixture 

was stirred at rt for 2 h. To this mixture was then added ethyl 4-chloroacetoacetate (12.2 
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g, 74.0 mmol) dropwise over 30 min. The resulting dark orange mixture was further stirred 

at rt overnight before it was cooled to 5 °C, acidified to pH ~4 using 1M HCl solution 

and extracted with EtOAc. The organic phase was washed with brine, dried over anhydrous 

MgSO4, and concentrated under reduced pressure. The residue was then purified by flash 

column chromatography (40 g RediSep Gold silica gel column, 0 – 10% EtOAc in hexanes) 

to give the title compound as light-yellow viscous oil (12.7 g, 73%). 1H NMR (400 MHz, 

CDCl3) δ 7.37 – 7.33 (m, 5H), 4.59 (s, 2H), 4.18 (q, J = 7.1 Hz, 2H), 4.14 (s, 2H), 3.54 (s, 

2H), 1.25 (t, J = 7.1 Hz, 3H).

Ethyl 4-(Benzyloxy)-2-(4-methylbenzylidene)-3-oxobutanoate (12).

Ethyl 4-(benzyloxy)-3-oxobutanoate (12.7 g, 53.9 mmol) and p-tolualdehyde (6.5 g, 53.9 

mmol) were dissolved in ethanol (100 mL). Piperidine (0.46 g, 5.4 mmol), and acetic acid 

(0.32 g, 5.4 mmol) were added. The resulting solution was stirred at rt for 24 h. The solvent 

was evaporated under reduced pressure, poured into water, and extracted with EtOAc. The 

organic phase was washed with brine, dried over anhydrous MgSO4, and concentrated under 

reduced pressure. The residue was further purified by flash column chromatography (40 g 

RediSep Gold silica gel column, 0 – 10% EtOAc in hexanes) to yield a yellow viscous oil in 

a ~4:1 ratio of E/Z isomers (8.1 g, 56%). 1H NMR (400 MHz, CDCl3) δ 7.76 (s, 0.8H), 7.70 

(s, 0.2H), 7.36 – 7.34 (m, 3H), 7.30 (d, J = 6.8 Hz, 6H), 7.17 (t, J = 7.9 Hz, 2H), 4.60 (s, 

0.8H), 4.59 (s, 0.2H), 4.25 – 4.07 (m, 2H), 4.27 (s, 2H), 2.37 (s, 0.6H), 2.36 (s, 2.4H), 1.27 

(t, J = 7.3 Hz, 2.4H), 1.2 (t, J = 7.3 Hz, 0.6H).

Ethyl 7-((Benzyloxy)methyl)-1-ethyl-2,4-dioxo-5-(p-tolyl)-1,2,3,4,5,8-hexahydropyrido[2,3-
d]pyrimidine-6-carboxylate (13).

4-(Benzyloxy)-2-(4-methylbenzylidene)-3-oxobutanoate (12.7 g, 37.5 mmol) and 6-

amino-1-ethylpyrimidine-2,4(1H,3H)-dione (5.8 g, 37.5 mmol) were added into a 250-mL 

round-bottomed flask followed by the addition of acetic acid (100 mL). The mixture was 

heated to reflux overnight, during which the reaction turned into a clear light brown solution. 

After cooling to rt, acetic acid was removed under reduced pressure. Saturated NaHCO3 

solution (150 mL) was charged into the flask portion-wise and the mixture was allowed 

to stir for additional 0.5 h to neutralize the residual acid. A yellow solid precipitated from 

the aqueous solution and was collected by filtration. The solid was further washed with 

hexanes and water twice. After drying under reduced pressure, the crude title compound 

(12.7 g, 71%) was used for the next step without further purification. 1H NMR (400 MHz, 

DMSO-d6) δ 10.98 (s, 1H), 8.46 (s, 1H), 7.40 – 7.26 (m, 5H), 7.08 (d, J = 7.6 Hz, 2H), 7.01 

(d, J = 7.7 Hz, 2H), 4.97 (ABq, J = 14.0 Hz, 1H), 4.88 (s, 1H), 4.59 (ABq, J = 14.0 Hz, 

1H), 4.58 (s, 2H), 4.07 – 3.96 (m, 3H), 3.94 – 3.79 (m, 1H), 2.20 (s, 3H), 1.12 (t, J = 7.1 

Hz, 3H), 1.07 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.8, 161.3, 149.8, 

143.8, 143.7, 143.1, 137.7, 135.3, 128.6, 128.2, 127.69, 127.65, 127.1, 105.3, 89.7, 71.9, 

65.5, 59.8, 36.1, 35.9, 20.5, 14.0, 13.2.

Ethyl 1-Ethyl-7-(hydroxymethyl)-2,4-dioxo-5-(p-tolyl)-1,2,3,4,5,8-hexahydropyrido[2,3-
d]pyrimidine-6-carboxylate (14).

Ethyl 7-((benzyloxy)methyl)-1-ethyl-2,4-dioxo-5-(p-tolyl)-1,2,3,4,5,8-hexahydropyrido[2,3-

d]pyrimidine-6-carboxylate (2.8 g, 6.0 mmol) was dissolved in anhydrous DCM (50 mL) 
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in a two-necked round-bottomed flask (250 mL) equipped with a nitrogen balloon and a 

septum. The resulting yellow solution was cooled to −78 °C before the addition of boron 

tribromide (1 M solution, 18 mL, 18 mmol) dropwise. The solution was stirred for an 

additional 0.5 h after the removal of the dry ice bath. After total consumption of the starting 

material as monitored by TLC, the reaction was quenched by the addition of methanol 

and a saturated NaHCO3 solution. The mixture was extracted with EtOAc and the organic 

phase was washed with brine, dried over anhydrous MgSO4, and concentrated under reduced 

pressure. The residue was then purified by flash column chromatography (40 g RediSep 

Gold silica gel column, DCM + 5.0% methanol) to yield the title compound as a white solid 

(1.5 g, 64%). 1H NMR (400 MHz, DMSO-d6) δ 10.99 (s, 1H), 8.36 (s, 1H), 7.08 (d, J = 7.9 

Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 5.99 (t, J = 4 Hz, 1H), 4.86 (s, 1H), 4.79 (ABq, dd, J = 

16.3, 4.6 Hz, 1H), 4.55 (ABq, dd, J = 16.3, 4.9 Hz, 1H), 4.07 – 4.01 (m, 3H), 3.96 – 3.81 

(m, 1H), 2.20 (s, 3H), 1.16 (dt, J = 16.0, 7.0 Hz, 6H). 13C NMR (100 MHz, DMSO-d6) δ 
165.8, 161.3, 149.8, 147.2, 143.6, 143.4, 135.2, 128.5, 127.1, 101.9, 89.2, 59.5, 58.3, 36.1, 

35.9, 20.5, 14.1, 13.2.

General Procedure for the synthesis of Lactam Analogs

Chloromethyl intermediate 9 (1 equiv) and the corresponding primary amine (1.1 equiv) 

were charged into a dry microwave tube (2 mL). After addition of ethanol (1 mL), the tube 

was flushed with nitrogen gas and capped. The reaction was heated to 120 °C for 30 s in the 

microwave reactor, which gave rise to a dark orange solution. The mixture was subsequently 

loaded on a cartridge and purified by flash column chromatography (4 g RediSep Gold silica 

gel column, DCM + 10% methanol) to yield the desired compound.

7-Allyl-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10a).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and allylamine (7.8 mg, 

0.14 mmol), which yielded a yellow solid (14 mg, 31%); mp 246 – 247 °C dec; 93% purity 

determined by UPLC. 1H NMR (400 MHz, DMSO-d6) δ 10.39 (s, 1H), 8.89 (s, 1H), 7.15 

(d, J = 7.9 Hz, 2H), 7.00 (d, J = 7.8 Hz, 2H), 5.83 – 5.74 (m, 1H), 5.28 (ABq, J = 16.6 Hz, 

1H), 5.09 (ABq, J = 16.6 Hz, 1H), 5.04 (d, J = 19.1 Hz, 1H), 4.93 (d, J = 19.1 Hz, 1H), 4.89 

(s, 1H), 4.01 (q, J = 6.8 Hz, 2H), 3.86 (s, 2H), 2.20 (s, 3H), 1.09 (t, J = 6.8 Hz, 3H). 13C 

NMR (100 MHz, DMSO-d6) δ 175.4, 172.8, 162.0, 155.3, 150.9, 143.7, 134.8, 133.6, 128.3, 

127.1, 115.9, 93.4, 90.0, 75.1, 43.3, 35.7, 32.3, 20.6, 14.0. HRMS: calcd for C21H23N4O3 

[M + H]+, 379.1765; found 379.1771.

7-Benzyl-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10b).

The title compound was synthesized via the general procedure for the lactam analogs using 

chloromethyl intermediate 9 (50 mg, 0.12 mmol) and benzylamine (15 mg, 0.14 mmol), 

which yielded a yellow solid (18 mg, 35%); mp 223 – 224 °C dec; 97% purity determined 

by UPLC. 1H NMR (400 MHz, DMSO-d6) δ 10.40 (s, 1H), 9.18 (s, 1H), 7.31 – 7.21 (m, 

3H), 7.17 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 6.1 Hz, 2H), 7.02 (d, J = 7.9 Hz, 2H), 5.28 (ABq, J 
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= 16.6 Hz, 1H), 5.12 (ABq, J = 16.6 Hz, 1H), 4.91 (s, 1H), 4.45 (d, J = 5.7 Hz, 2H), 4.02 (q, 

J = 6.8, 2H), 2.23 (s, 3H), 1.09 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 175.6, 

172.8, 162.1, 155.3, 150.9, 143.7, 137.4, 134.9, 128.4, 128.3, 127.3, 127.2, 126.8, 93.5, 

90.0, 75.2, 44.5, 35.7, 32.4, 20.6, 14.0. HRMS: calcd for C25H25N4O3 [M + H]+, 429.1921; 

found 429.1929.

1-Ethyl-7-phenethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10c).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and phenethylamine (17 mg, 

0.14 mmol), which yielded a yellow solid (14 mg, 25%); mp 252 – 253 °C dec; 93% purity 

determined by UPLC. 1H NMR (400 MHz, DMSO-d6) δ 10.37 (s, 1H), 8.76 (s, 1H), 7.22 – 

7.15 (m, 3H), 7.12 (d, J = 7.8 Hz, 2H), 7.06 – 6.97 (m, 4H), 5.13 (ABq, J = 16.5 Hz, 1H), 

5.00 (ABq, J = 16.5 Hz, 1H), 4.85 (s, 1H), 4.00 (q, J = 7.2 Hz, 2H), 3.51 – 3.40 (m, 2H), 

2.77 – 2.68 (m, 2H), 2.23 (s, 3H), 1.08 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) 

δ 175.1, 172.8, 162.1, 155.3, 150.9, 143.7, 138.3, 134.8, 128.7, 128.3, 128.2, 127.1, 126.2, 

93.4, 89.8, 75.0, 43.0, 35.6, 35.2, 32.3, 20.6, 14.0. HRMS: calcd for C26H27N4O3 [M + H]+, 

443.2078; found 443.2068.

1-Ethyl-7-(3-phenylpropyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10d).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 3-phenylpropylamine 

(19 mg, 0.14 mmol), which yielded a yellow solid (15 mg, 28%); mp 244 – 245 °C dec; 98% 

purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.38 (s, 1H), 8.68 (t, J = 

6.0 Hz, 1H), 7.25 (t, J = 7.4 Hz, 2H), 7.21 – 7.11 (m, 3H), 7.06 (d, J = 7.5 Hz, 2H), 7.01 (d, 

J = 7.8 Hz, 2H), 5.26 (ABq, J = 16.4 Hz, 1H), 5.09 (ABq, J = 16.5 Hz, 1H), 4.90 (s, 1H), 

4.02 (q, J = 6.9 Hz, 2H), 3.23 (d, J = 8.0 Hz, 2H), 2.40 (t, J = 7.8 Hz, 2H), 2.19 (s, 3H), 1.72 

(p, J1 = 4Hz, J2 = 12Hz, 2H), 1.09 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 
175.1, 172.8, 162.1, 155.4, 150.9, 143.7, 141.0, 134.8, 128.3, 128.23, 128.17, 127.1, 125.8, 

93.5, 89.8, 75.1, 40.8, 35.7, 32.4, 31.8, 30.6, 20.6, 14.0.

1-Ethyl-7-(2-phenoxyethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10e).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2-phenoxyethylamine 

(19 mg, 0.14 mmol), which yielded a yellow solid (15 mg, 27%); mp 248 – 249 °C dec; 

90% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.40 (s, 1H), 8.91 (t, 

J = 4 Hz, 1H), 7.27 (t, J = 8.1 Hz, 2H), 7.13 (d, J = 7.7 Hz, 2H), 6.94 (d, J = 7.3 Hz, 3H), 

6.86 (d, J = 8.1 Hz, 2H), 5.29 (ABq, J = 16.5 Hz, 1H), 5.10 (ABq, J = 16.5 Hz, 1H), 4.92 (s, 

1H), 4.09 – 3.96 (m, 4H), 3.70 – 3.53 (m, 2H), 2.17 (s, 3H), 1.09 (t, J = 6.9 Hz, 3H). 13C 

NMR (100 MHz, DMSO-d6) δ 175.5, 173.1, 162.1, 158.0, 155.3, 150.9, 143.6, 134.7, 129.4, 

128.4, 127.0, 120.8, 114.5, 93.4, 89.9, 75.1, 65.7, 41.1, 35.7, 32.1, 20.5, 14.0.
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1-Ethyl-7-(1-methylpiperidin-4-yl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10f).

The title compound was prepared using the general procedure for the synthesis of the 

lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 4-amino-1-

methylpiperidine (16 mg, 0.14 mmol), which yielded a yellow solid (5.2 mg, 10%); mp 248 

– 249 °C dec; 89% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.42 

(s, 1H), 8.77 (s, 1H), 7.16 (d, J = 7.7 Hz, 2H), 7.01 (d, J = 7.8 Hz, 2H), 5.27 (ABq, J = 16.6 

Hz, 1H), 5.09 (ABq, J = 16.5 Hz, 1H), 4.99 (s, 1H), 4.02 (q, J = 7.3 Hz, 2H), 3.66 – 3.48 (m, 

1H), 2.94 – 2.71 (m, 2H), 2.27 (s, 3H), 2.21 (s, 3H), 1.93 – 1.78 (m, 1H), 1.74 – 1.52 (m, 

3H), 1.34–1.19 (m, 2H), 1.10 (t, J = 6.9 Hz, 3H).

7-(1-Benzylpiperidin-4-yl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10g).

The title compound was prepared using the general procedure for the synthesis of the 

lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 4-amino-1-

benzylpiperidine (27 mg, 0.14 mmol), which yielded a yellow solid (6.8 mg, 11%); mp 231 

– 232 °C dec; 93% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.41 

(s, 1H), 8.60 (s, 1H), 7.35 – 7.30 (m, 2H), 7.30 – 7.22 (m, 3H), 7.15 (d, J = 8.1 Hz, 2H), 7.01 

(d, J = 7.7 Hz, 2H), 5.26 (ABq, J = 16.5 Hz, 1H), 5.08 (ABq, J = 16.4 Hz, 1H), 4.99 (s, 1H), 

4.02 (q, J = 6.6 Hz, 2H), 3.55 (s, 1H), 3.43 (s, 2H), 2.84 – 2.59 (m, 2H), 2.21 (s, 3H), 2.09 – 

1.89 (m, 2H), 1.80 (s, 1H), 1.69 – 1.41 (m, 3H), 1.10 (t, J = 6.9 Hz, 3H).

7-(1-Benzoylpiperidin-4-yl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10h).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and (4-aminopiperidin-1-yl)

(phenyl)methanone (29 mg, 0.14 mmol), which yielded a yellow solid (20 mg, 31%); mp 

226 – 227 °C dec; 95% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 
10.43 (s, 1H), 8.64 (s, 1H), 7.47 – 7.41 (m, 3H), 7.33 – 7.28 (m, 2H), 7.14 (d, J = 7.8 Hz, 

2H), 6.98 (d, J = 7.8 Hz, 2H), 5.29 (ABq, J = 16.5 Hz, 1H), 5.10 (ABq, J = 16.5 Hz, 1H), 

4.97 (s, 1H), 4.30 (brs, 1H), 4.06 – 3.94 (m, 2H), 3.88 (s, 1H), 3.62 – 3.40 (m, 1H), 3.04 – 

2.83 (m, 2H), 2.20 (s, 3H), 2.07 – 1.81 (m, 1H), 1.79 – 1.56 (m, 1H), 1.41 (s, 2H), 1.09 (t, J 
= 6.9 Hz, 3H).

7-((1-Benzylpiperidin-4-yl)methyl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10i).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and (1-benzylpiperidin-4-

yl)methanamine (29 mg, 0.14 mmol), which yielded a yellow solid (13 mg, 20%); mp 216 – 

217 °C dec; 89% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.39 (s, 

1H), 8.63 (s, 1H), 7.36 – 7.27 (m, 2H), 7.29 – 7.23 (m, 3H), 7.14 (d, J = 8.1 Hz, 2H), 6.99 

(d, J = 7.8 Hz, 2H), 5.26 (ABq, J = 16.4 Hz, 1H), 5.10 (ABq, J = 16.5 Hz, 1H), 4.90 (s, 1H), 

4.07 – 3.96 (m, 2H), 3.40 (s, 2H), 3.18 – 3.03 (m, 2H), 2.77 – 2.64 (m, 2H), 2.19 (s, 3H), 

1.79 (t, J = 12 Hz, 2H), 1.37 (brs, 3H), 1.16 – 0.97 (m, 5H).
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1-Ethyl-7-((1-(4-nitrobenzyl)piperidin-4-yl)methyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10j).

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and (1-(4-

nitrobenzyl)piperidin-4-yl)methanamine (35 mg, 0.14 mmol), which yielded a yellow solid 

(7.5 mg, 11%); mp 167 – 168 °C dec; 95% purity determined by qNMR. 1H NMR (400 

MHz, DMSO-d6) δ 10.38 (s, 1H), 8.63 (t, J = 6.2 Hz, 1H), 8.18 (d, J = 8.4 Hz, 2H), 7.55 (d, 

J = 8.4 Hz, 2H), 7.13 (d, J = 7.9 Hz, 2H), 6.98 (d, J = 7.8 Hz, 2H), 5.25 (ABq, J = 16.5 Hz, 

1H), 5.09 (ABq, J = 16.5 Hz, 1H), 4.89 (s, 1H), 4.01 (q, J = 6.9 Hz, 2H), 3.54 (s, 2H), 3.11 

(q, J = 6.9 Hz, 2H), 2.69 (t, J = 7.8 Hz, 2H), 2.17 (s, 3H), 1.85 (t, J = 11.2 Hz, 2H), 1.45 – 

1.33 (m, 3H), 1.14 – 0.99 (m, 5H).

1-Ethyl-7-(4-methylphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10k).

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2-(p-tolyl)ethylamine 

(19 mg, 0.14 mmol), which yielded a yellow solid (17 mg, 31%); mp 189 – 190 °C dec; 99% 

purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.37 (s, 1H), 8.74 (t, J = 

5.6 Hz, 1H), 7.12 (d, J = 7.8 Hz, 2H), 7.03 – 6.96 (m, 4H), 6.90 (d, J = 7.7 Hz, 2H), 5.17 

(ABq, J = 16.5 Hz, 1H), 5.01 (ABq, J = 16.5 Hz, 1H), 4.86 (s, 1H), 4.01 (q, J = 6.9 Hz, 2H), 

3.41 – 3.36 (m, 2H), 2.75 – 2.61 (m, 2H), 2.23 (s, 6H), 1.09 (t, J = 6.9 Hz, 3H).

7-(4-Chlorophenethyl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10l).

The title compound was synthesized using the general procedure for the synthesis 

of lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2-(4-

chlorophenyl)ethylamine (22 mg, 0.14 mmol), which yielded a yellow solid (8.6 mg, 15%); 

mp 159 – 161 °C dec; 98% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 
10.38 (s, 1H), 8.70 (brs, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 7.04 – 6.98 

(m, 4H), 5.16 (ABq, J = 16.5 Hz, 1H), 5.01 (ABq, J = 16.4 Hz, 1H), 4.84 (s, 1H), 4.00 (q, J = 

6.9 Hz, 2H), 3.54 – 3.40 (m, 2H), 2.81 – 2.65 (m, 2H), 2.24 (s, 3H), 1.08 (t, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, DMSO-d6) δ 175.1, 172.8, 162.0, 155.3, 150.9, 143.6, 137.3, 134.8, 

130.8, 130.6, 128.3, 128.1, 127.1, 93.4, 89.9, 75.1, 42.7, 35.7, 34.2, 32.3, 20.6, 14.0.

1-Ethyl-7-(4-hydroxyphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (6a).23

The title compound was prepared using the general procedure for the synthesis of the lactam 

analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and tyramine (19 mg, 0.14 

mmol), which yielded a yellow solid (12 mg, 22%); mp 261 – 262 °C dec; 92% purity 

determined by UPLC. 1H NMR (400 MHz, DMSO-d6) δ 10.37 (s, 1H), 9.16 (s, 1H), 8.73 (s, 

1H), 7.12 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 8.2 Hz, 2H), 6.57 (d, J 
= 8.2 Hz, 2H), 5.15 (ABq, J = 16.4 Hz, 1H), 5.01 (ABq, J = 16.4 Hz, 1H), 4.86 (s, 1H), 4.00 

(q, J = 6.8 Hz, 2H), 3.41 – 3.33 (m, 2H), 2.62 – 2.49 (m, 2H), 2.23 (s, 3H), 1.08 (t, J = 6.8 

Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 175.0, 172.8, 162.0, 155.7, 155.4, 150.9, 143.7, 
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134.8, 129.6, 128.3, 127.1, 115.0, 93.4, 89.8, 75.0, 43.4, 38.9, 35.6, 34.4, 32.3, 20.6, 14.0. 

HRMS: calcd for C26H27N4O4 [M + H]+, 459.2027; found 459.2038.

1-Ethyl-7-(4-methoxyphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (6b).23

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2-(4-

methoxyphenyl)ethylamine (21 mg, 0.14 mmol), which yielded a yellow solid (12 mg, 

22%); mp 222 – 223 °C dec; 96% purity determined by UPLC. 1H NMR (400 MHz, 

DMSO-d6) δ 10.37 (s, 1H), 8.74 (s, 1H), 7.12 (d, J = 7.9 Hz, 2H), 7.02 (d, J = 7.9 Hz, 2H), 

6.92 (d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.4 Hz, 2H), 5.17 (ABq, J = 16.5 Hz, 1H), 5.01 (ABq, 

J = 16.5 Hz, 1H), 4.85 (s, 1H), 4.00 (q, J = 6.7 Hz, 2H), 3.70 (s, 3H), 3.44 – 3.37 (m, 2H), 

2.70 – 2.62 (m, 2H), 2.23 (s, 3H), 1.08 (t, J = 6.7 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) 

δ 175.0, 172.8, 162.0, 157.7, 155.3, 150.9, 143.7, 134.8, 130.1, 129.7, 128.3, 127.1, 113.6, 

93.4, 89.8, 75.0, 54.9, 43.2, 35.6, 34.2, 32.3, 20.6, 14.0. HRMS: calcd for C27H29N4O4 [M + 

H]+, 473.2183; found 473.2180.

1-Ethyl-7-(3-methoxyphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10m).

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2-(3-

methoxyphenyl)ethylamine (21 mg, 0.14 mmol), which yielded a yellow solid (15 mg, 

26%); mp 214 – 215 °C dec; 92% purity determined by qNMR. 1H NMR (400 MHz, 

DMSO-d6) δ 10.38 (s, 1H), 8.77 (s, 1H), 7.11 (d, J = 7.6 Hz, 3H), 6.99 (d, J = 7.8 Hz, 2H), 

6.78 – 6.70 (m, 2H), 6.58 (d, J = 7.5 Hz, 1H), 5.19 (ABq, J = 16.5 Hz, 1H), 5.01 (ABq, J = 

16.4 Hz, 1H), 4.87 (s, 1H), 4.01 (q, J = 6.9 Hz, 2H), 3.69 (s, 3H), 3.52 – 3.38 (m, 2H), 2.73 

(t, J = 7.3 Hz, 2H), 2.21 (s, 3H), 1.08 (t, J = 6.9 Hz, 3H).13C NMR (100 MHz, DMSO-d6) 

δ 175.1, 172.8, 162.0, 159.2, 155.4, 150.9, 143.6, 139.8, 134.8, 129.3, 128.4, 127.0, 120.9, 

114.3, 111.7, 93.4, 89.8, 75.1, 54.8, 42.9, 35.7, 35.1, 32.2, 20.6, 14.0.

1-Ethyl-7-(2-methoxyphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (10n).

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2-(2-

methoxyphenyl)ethylamine (21 mg, 0.14 mmol), which yielded a yellow solid (20 mg, 

36%); mp 254 – 255 °C dec; 93% purity determined by qNMR. 1H NMR (400 MHz, 

DMSO-d6) δ 10.37 (s, 1H), 8.77 (s,1H), 7.18 (t, J = 7.9 Hz, 1H), 7.12 (d, J = 7.8 Hz, 2H), 

7.00 (d, J = 7.8 Hz, 2H), 6.92 (d, J = 8.2 Hz, 1H), 6.85 (d, J = 7.3 Hz, 1H), 6.74 (t, J = 7.4 

Hz, 1H), 5.14 (ABq, J = 16.5 Hz, 1H), 4.98 (ABq, J = 16.5 Hz, 1H), 4.84 (s, 1H), 4.00 (q, J 
= 6.9 Hz, 2H), 3.74 (s, 3H), 3.41 (q, J = 6.7 Hz, 2H), 2.79 – 2.66 (m, 2H), 2.22 (s, 3H), 1.08 

(t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 175.0, 172.9, 162.0, 157.1, 155.4, 

150.9, 143.7, 134.8, 130.2, 128.3, 127.8, 127.1, 125.9, 120.2, 110.5, 93.4, 89.8, 75.0, 55.2, 

41.4, 35.6, 32.3, 30.2, 20.6, 14.0.
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7-(3,4-Dimethoxyphenethyl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10o).

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 3,4-

dimethoxyphenethylamine (25 mg, 0.14 mmol), which yielded a yellow solid (10 mg, 16%); 

mp 161 – 162 °C dec; 96% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 
10.38 (s, 1H), 8.75 (s, 1H), 7.11 (d, J = 7.8 Hz, 2H), 6.99 (d, J = 7.8 Hz, 2H), 6.77 – 6.70 

(m, 2H), 6.53 (d, J = 8.1 Hz, 1H), 5.22 (ABq, J = 16.5 Hz, 1H), 5.02 (ABq, J = 16.5 Hz, 

1H), 4.88 (s, 1H), 4.01 (q, J = 6.7 Hz, 2H), 3.70 (s, 3H), 3.68 (s, 3H), 3.44 (q, J = 6.7 Hz, 

2H), 2.69 (t, J = 7.1 Hz, 2H), 2.21 (s, 3H), 1.09 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, 

DMSO-d6) δ 175.1, 172.8, 162.0, 155.4, 150.9, 148.5, 147.3, 143.7, 134.8, 130.7, 128.3, 

127.0, 120.6, 112.5, 111.7, 93.4, 89.8, 75.1, 55.4, 55.3, 43.1, 35.6, 34.6, 32.2, 20.6, 14.0.

7-(2,3-Dimethoxyphenethyl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10p).

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 2,3-

dimethoxyphenethylamine (25 mg, 0.14 mmol), which yielded a yellow solid (11 mg, 18%); 

mp 255 – 256 °C dec; 97% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 
10.37 (s, 1H), 8.79 (s, 1H), 7.11 (d, J = 7.8 Hz, 2H), 7.00 (d, J = 7.8 Hz, 2H), 6.87 (q, J = 8.4 

Hz, 2H), 6.50 (d, J = 7.0 Hz, 1H), 5.18 (ABq, J = 16.5 Hz, 1H), 5.02 (ABq, J = 16.4 Hz, 1H), 

4.84 (s, 1H), 4.01 (q, J = 6.9 Hz, 2H), 3.77 (s, 3H), 3.67 (s, 3H), 3.46 – 3.36 (m, 2H), 2.79 – 

2.64 (m, 2H), 2.22 (s, 3H), 1.09 (t, J = 6.9 Hz, 3H).

7-(3,4-Dichlorophenethyl)-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (10q).

The title compound was prepared using the general procedure for the synthesis of 

the lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and 3,4-

dichlorophenethylamine (27 mg, 0.14 mmol), which yielded a yellow solid (7.9 mg, 13%); 

97% purity determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 10.39 (s, 1H), 8.69 (s, 

1H), 7.44 (s, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.08 (d, J = 7.8 Hz, 2H), 7.01 – 6.92 (m, 3H), 

5.19 (ABq, J = 16.5 Hz, 1H), 5.02 (ABq, J = 16.5 Hz, 1H), 4.85 (s, 1H), 4.00 (q, J = 6.9 Hz, 

2H), 3.56 – 3.39 (m, 2H), 2.87 – 2.69 (m, 2H), 2.22 (s, 3H), 1.08 (t, J = 6.9 Hz, 3H). 13C 

NMR (100 MHz, DMSO-d6) δ 175.2, 172.8, 162.0, 155.3, 150.9, 143.5, 139.6, 134.8, 130.8, 

130.7, 130.2, 129.2, 128.9, 128.3, 127.0, 93.3, 89.8, 75.1, 42.3, 35.7, 33.8, 32.2, 20.6, 14.0.

Ethyl 2-(4-(2-(1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)ethyl)phenoxy)acetate (ethyl ester of 10r).

The title compound was prepared using the general procedure for the synthesis of the 

lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and ethyl 2-(4-(2-

aminoethyl)phenoxy)acetate (31 mg, 0.14 mmol), which yielded a yellow solid (25 mg, 

37%) that was directly subjected to hydrolysis. 1H NMR (400 MHz, DMSO-d6) δ 10.38 (s, 

1H), 8.75 (s, 1H), 7.14 (d, J = 7.8 Hz, 2H), 7.04 (d, J = 7.8 Hz, 2H), 6.90 (d, J = 8.1 Hz, 2H), 

6.72 (d, J = 8.2 Hz, 2H), 5.12 (ABq, J = 16.5 Hz, 1H), 5.00 (ABq, J = 16.5 Hz, 1H), 4.86 (s, 
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1H), 4.73 (s, 2H), 4.17 (q, J = 7.1 Hz, 2H), 4.02 (q, J = 7.1 Hz, 2H), 3.49 – 3.37 (m, 2H), 

2.74 – 2.63 (m, 2H), 2.25 (s, 3H), 1.22 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 6.9 Hz, 3H).

Methyl 4-((4-((1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)piperidin-1-yl)methyl)benzoate (methyl 
ester of 10s).

The title compound was prepared using the general procedure for the synthesis of 

lactam analogs using chloromethyl intermediate 9 (100 mg, 0.24 mmol) and methyl 4-((4-

(aminomethyl)piperidin-1-yl)methyl)benzoate (73 mg, 0.28 mmol), which yielded a yellow 

solid (57 mg, 41%). 1H NMR (400 MHz, DMSO-d6) δ 10.39 (s, 1H), 8.64 (s, 1H), 7.92 (d, 

J = 7.9 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 7.7 Hz, 2H), 6.99 (d, J = 7.7 Hz, 2H), 

5.32 – 5.18 (m, 1H), 5.19 – 5.01 (m, 1H), 4.90 (s, 1H), 4.02 (d, J = 7.7 Hz, 2H), 3.85 (s, 3H), 

3.49 (s, 2H), 3.11 (brs, 2H), 2.72 (sbr, 2H), 2.18 (s, 3H), 1.83 (t, J = 11.5 Hz, 2H), 1.39 (brs, 

3H), 1.10 (brt, J = 6.9 Hz, 5H).

Methyl 4-(2-(1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)ethyl)benzoate (methyl ester of 10t).

The title compound was prepared using the general procedure for the synthesis of the 

lactam analogs using chloromethyl intermediate 9 (50 mg, 0.12 mmol) and methyl 4-(2-

aminoethyl)benzoate (25 mg, 0.14 mmol), which yielded a yellow solid (42 mg, 69%). 1H 

NMR (400 MHz, DMSO-d6) δ 10.39 (s, 1H), 8.74 (s, 1H), 7.76 (d, J = 7.9 Hz, 2H), 7.12 

(dd, J = 11.0, 7.9 Hz, 4H), 7.01 (d, J = 7.8 Hz, 2H), 5.17 (ABq, J = 16.5 Hz, 1H), 5.02 (ABq, 

J = 16.5 Hz, 1H), 4.85 (s, 1H), 4.01 (q, J = 6.8 Hz, 2H), 3.85 (s, 3H), 3.58 – 3.51 (m, 1H), 

3.51 – 3.44 (m, 1H), 3.62 – 3.39 (m, 2H), 2.92 – 2.75 (m, 2H), 2.26 (s, 3H), 1.10 (t, J = 6.9 

Hz, 3H).

Methyl 4-((1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)benzoate (methyl ester of 10u).

The title compound was prepared using the general procedure for the synthesis of the 

lactam analogs using chloromethyl intermediate 9 (100 mg, 0.24 mmol) and methyl 4-

(aminomethyl)benzoate (46 mg, 0.28 mmol), which yielded a yellow solid (41 mg, 42%). 1H 

NMR (400 MHz, DMSO-d6) δ 10.44 (s, 1H), 9.21 (s, 1H), 7.87 (d, J = 8.0 Hz, 2H), 7.20 (t, 

J = 8.0 Hz, 4H), 7.05 (d, J = 7.7 Hz, 2H), 5.29 (ABq, J = 16.6 Hz, 1H), 5.13 (ABq, J = 16.6 

Hz, 1H), 4.93 (s, 1H), 4.55 (d, J = 5.9 Hz, 2H), 4.03 (q, J = 6.8 Hz, 2H), 3.85 (s, 3H), 2.25 

(s, 3H), 1.11 (t, J = 6.9 Hz, 3H).

Methyl 3-((1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)benzoate (methyl ester of 10v).

The title compound was prepared using the general procedure for the synthesis of the 

lactam analogs using chloromethyl intermediate 9 (100 mg, 0.24 mmol) and methyl 3-

(aminomethyl)benzoate (46 mg, 0.28 mmol), which yielded a yellow solid (44 mg, 45%). 1H 

NMR (400 MHz, DMSO-d6) δ 10.44 (s, 1H), 9.25 (s, 1H), 7.86 (d, J = 8.1 Hz, 2H), 7.45 (t, 

J = 7.7 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 7.17 (d, J = 7.7 Hz, 2H), 7.02 (d, J = 7.6 Hz, 2H), 
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5.30 (ABq, J = 16.6 Hz, 1H), 5.12 (ABq, J = 16.7 Hz, 1H), 4.93 (s, 1H), 4.54 (brs, 2H), 4.03 

(d, J = 7.3 Hz, 2H), 3.87 (s, 3H), 2.23 (s, 3H), 1.10 (t, J = 6.9 Hz, 3H).

General Procedure for the Synthesis of the Dihydropyridine Lactam Derivatives with Free 
Carboxylate Groups:

The methyl or ethyl ester precursor (1 equiv) was dissolved in methanol/water (1:1). After 

the addition of lithium hydroxide monohydrate (7 equiv), the mixture was stirred at room 

temperature overnight. Upon the consumption of the starting material monitored by TLC, 

the mixture was extracted with EtOAc and the aqueous layer was kept and acidified with a 1 

M HCl solution. The precipitated solid was collected via filtration and dried under reduced 

pressure to yield the target molecule.

2-(4-(2-(1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)ethyl)phenoxy)acetic Acid (10r).

The title compound was synthesized via the general procedure of lactam analog with 

free carboxylate groups using ethyl 2-(4-(2-(1-ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-

octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)ethyl)phenoxy)acetate (25 mg, 

0.044 mmol), which yielded a yellow solid (10 mg, 43%); mp 281 – 282 °C dec, 98% purity 

determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 13.02 (br, 1H), 10.38 (s, 1H), 8.77 

(s, 1H), 7.14 (d, J = 7.8 Hz, 2H), 7.04 (d, J = 7.8 Hz, 2H), 6.90 (d, J = 8.1 Hz, 2H), 6.71 (d, J 
= 8.1 Hz, 2H), 5.17 (ABq, J = 16.5 Hz, 1H), 5.02 (ABq, J = 16.5 Hz, 1H), 4.87 (s, 1H), 4.60 

(s, 2H), 4.02 (q, J = 7.0, 6.6 Hz, 2H), 3.50 – 3.33 (m, 2H), 2.74 – 2.58 (m, 2H), 2.25 (s, 3H), 

1.10 (t, J = 6.9 Hz, 3H).

4-((4-((1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-
pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)piperidin-1-ium-1-yl)methyl)benzoate 
(10s).

The title compound was synthesized via the general 

procedure of lactam analogs with free carboxylate groups 

using methyl 4-((4-((1-ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-

pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)piperidin-1-yl)methyl)benzoate (57 

mg, 0.098 mmol), which yielded a yellow solid (25 mg, 45%); mp 305 – 306 °C dec. 

90% purity determined by UPLC. 1H NMR (400 MHz, DMSO-d6) δ 13.21 (br, 1H), 10.39 

(s, 1H), 8.69 (s, 1H), 7.87 (d, J = 7.8 Hz, 2H), 7.33 (d, J = 7.8 Hz, 2H), 7.15 (d, J = 7.7 Hz, 

2H), 6.99 (d, J = 7.7 Hz, 2H), 5.25 (ABq, J = 16.5 Hz, 1H), 5.10 (ABq, J = 16.4 Hz, 1H), 

4.91 (s, 1H), 4.02 (q, J = 6.9 Hz, 2H), 3.46 (s, 2H), 3.20 – 3.04 (m, 2H), 2.71 (d, J = 11.3 Hz, 

2H), 2.19 (s, 3H), 1.81 (t, J = 11.3 Hz, 2H), 1.45 – 1.30 (m, 3H), 1.10 (m, 5H).

4-(2-(1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidin-7-yl)ethyl)benzoic Acid (10t).

The title compound was synthesized via the general procedure of lactam analog with 

free carboxylate groups using methyl 4-(2-(1-ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-

octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)ethyl)benzoate (42 mg, 0.084 

mmol), which yielded a yellow solid (12 mg, 29%); mp 316 – 317 °C dec; 98% purity 

Jiang et al. Page 16

ChemMedChem. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 12.83 (s, 1H), 10.39 (s, 1H), 8.75 

(s, 1H), 7.75 (d, J = 7.8 Hz, 2H), 7.11 (d, J = 7.8 Hz, 4H), 7.01 (d, J = 7.8 Hz, 2H), 5.17 

(ABq, J = 16.5 Hz, 1H), 5.02 (ABq, J = 16.5 Hz, 1H), 4.85 (s, 1H), 4.01 (q, J = 6.9 Hz, 2H), 

3.64 – 3.40 (m, 2H), 2.91 – 2.74 (m, 2H), 2.25 (s, 3H), 1.09 (t, J = 6.9 Hz, 3H).

4-((1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidin-7-yl)methyl)benzoic Acid (10u).

Title compound was synthesized via the general procedure of lactam analog with 

free carboxylate groups using methyl 4-((1-ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-

octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)benzoate (41 mg, 0.084 

mmol), which yielded a yellow solid (15 mg, 39%); mp 345 – 346 °C dec, 95% purity 

determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 12.92 (s, 1H), 10.44 (s, 1H), 9.21 

(s, 1H), 7.84 (d, J = 8.0 Hz, 2H), 7.18 (dd, J = 7.9, 5.4 Hz, 4H), 7.04 (d, J = 7.7 Hz, 2H), 

5.29 (ABq, J = 16.7 Hz, 1H), 5.13 (ABq, J = 16.6 Hz, 1H), 4.93 (s, 1H), 4.58 – 4.48 (m, 2H), 

4.03 (q, J = 7.2 Hz, 2H), 2.25 (s, 3H), 1.10 (t, J = 6.9 Hz, 3H).

3-((1-Ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-
d]pyrimidin-7-yl)methyl)benzoic Acid (10v).

Title compound was synthesized via the general procedure of lactam analog with 

free carboxylate groups using methyl 4-((1-ethyl-2,4,6-trioxo-5-(p-tolyl)-1,2,3,4,5,6,8,9-

octahydro-7H-pyrrolo[3’,4’:5,6]pyrido[2,3-d]pyrimidin-7-yl)methyl)benzoate (44 mg, 0.090 

mmol), which yielded a yellow solid (7.7 mg, 18%); mp 269 – 270 °C dec, 98% purity 

determined by qNMR. 1H NMR (400 MHz, DMSO-d6) δ 13.02 (s, 1H), 10.43 (s, 1H), 9.24 

(s, 1H), 7.84 (d, J = 6.8 Hz, 2H), 7.42 (t, J = 7.8 Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H), 7.17 (d, 

J = 7.7 Hz, 2H), 7.02 (d, J = 7.6 Hz, 2H), 5.30 (ABq, J = 16.6 Hz, 1H), 5.12 (ABq, J = 16.6 

Hz, 1H), 4.93 (s, 1H), 4.54 (d, J = 5.7 Hz, 2H), 4.03 (q, J = 6.8 Hz, 2H), 2.23 (s, 3H), 1.10 (t, 

J = 6.9 Hz, 3H).

BRD4-1, BRD4-2, BRDT-1 and BRDT-2 AlphaScreen Assays.

The assays were performed with minor modifications from the manufacturer’s protocol 

(Perkin Elmer, USA). All reagents were diluted in AlphaScreen™ buffer (50 mM HEPES, 

150 mM NaCl, 0.01% v/v Tween-20, 0.1% w/v BSA, pH 7.4). After addition of the 

Alpha beads to the master solutions, all subsequent steps were performed under low 

light conditions. A 2x solution of components with final concentrations of His-BRD4-1, 

His-BRD4-2, His-BRDT-1, His-BRDT-2 at 20 nM, Ni-coated acceptor bead at 10 μg/ml, 

and biotinylated-JQ1 at 10 nM was added in 10 μL to 384-well plates (AlphaPlate-384, 

PerkinElmer). Plates were spun down at 1000 rpm. A 10-point 1: sqrt 10  serial dilution of 

compounds in DMSO was prepared at 200 × the final concentration. Compound (100 nL) 

from these stock plates was added by pin transfer using a Janus Workstation (PerkinElmer). 

A 2x solution of streptavidin-coated donor beads with a final concentration of 10 μg/mL 

was added in a 10 μL volume. The plates were spun down again at 1000 rpm and sealed 

with foil to prevent light exposure and evaporation. The plates were then incubated at 

room temperature for 1 hour and read on an Envision 2104 (PerkinElmer) using the 

manufacturer’s protocol. IC50 values were calculated using a 4-parameter logistic curve 
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in Prism 6 (GraphPad Software, USA) after normalization to DMSO-treated negative control 

wells.

Protein Crystallography.

BRD4-1 was purified as described.44 Crystals were grown by vapor-diffusion in hanging 

drops using 0.2 M NaCl, 0.1 M HEPES pH 7.5, 25% (w/v) polyethylene glycol 3,350 as 

precipitant supplemented with 1 mM compound 10j and 10% (v/v) DMSO. Crystals were 

harvested in cryoprotectant (precipitant + 25% (v/v) ethylene glycol) and flash frozen in a 

stream of nitrogen gas. X-ray diffraction data were recorded at beamline 22-BM (SER-CAT) 

of the Advanced Photon Source. Data were reduced and scaled with XDS.45 PHENIX46 was 

employed for phasing and refinement, and model building was performed using Coot.47 The 

structure was solved by molecular replacement using PDB entry 5VBP as search model. 

An initial model of the inhibitor was generated with ligand restraints from eLBOW of the 

PHENIX suite. All structures were validated by MolProbity48 and phenix.model_vs_data.49 

2D interaction diagrams were computed with Poseview.50 Data collection and refinement 

statistics are shown in Supplementary Table S1. Atomic coordinates and structure factors 

have been deposited in the Protein Data Bank (PDB) under accession code 7LH8.

Fluorinated Protein Expression and Purification.

The 5-fluorotryptophan-labeled BRDT-T protein residues (2–416) was expressed as 

previously described.40 To the cell pellet containing overexpressed BRDT-T was added 

40 mL of lysis buffer (50 mM phosphate, 300 mM NaCl, pH 7.4) and 40 mg 

phenylmethanesulfonyl fluoride (PMSF), and the mixture was allowed to thaw at room 

temperature for 30 min. Cells were put on ice and sonicated in 30-second intervals followed 

by 60 seconds of cooling for a total of 12 min of sonication time. The lysed cells were 

centrifuged at 10000 xg for 30 min. The supernatant was decanted from the pelleted 

cell debris and filtered using Whatman filter paper. Ni affinity purification was done 

using a Ni HisTrap FF 5 mL column (GE Healthcare) on an AKTA Fast Protein Liquid 

Chromatography (FPLC) system by monitoring the absorbance at 280 nm. BRDT-T was 

eluted with a 0–100% gradient of wash buffer (50 mM phosphate, 100 mM NaCl, 40 

mM imidazole, pH 7.4) and elution buffer (50 mM phosphate, 100 mM NaCl, 400 mM 

imidazole, pH 7.4) across 20 column volumes. Purified protein was then buffer exchanged 

into storage buffer (50 mM HEPES, 100 mM NaCl, pH 7.4) using a HiPrep desalting 

column (GE Healthcare) equilibrated with 1 column volume of buffer. Protein purity 

was assessed using SDS-polyacrylamide gel electrophoresis (12% Bis-Tris, 1.0 mM gels. 

Running conditions: 120 V, 90 min in MES buffer). Protein was concentrated to ~25–35 

μM using Amicon Ultra-15 (Millipore) centrifugal filters with either a 3 kDa or a 10 kDa 

molecular weight cut off (MWCO = 3000 Da or 10000 Da), flash frozen and stored at −20 

°C. Quadrupole Time-of-Flight (Q-TOF) LC/MS was used to confirm the identity of the 

protein and determine percent fluorine incorporation using the following equation.

% Incorporation = 0 F protein*0 + 1F protein*1 + … nF protein*n
0F protein*n + 1F protein*n + … nF protein*n *100
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Protein masses and fluorine incorporation are shown in Table S2.

Protein-Observed Fluorine NMR (PrOF NMR).

Experiments were run on a Bruker 600-MHz Avance NEO (6002), equipped with a 5-mm 

triple resonance cryoprobe. 5FW-labeled BRDT-T was diluted in 50 mM HEPES, 100 mM 

NaCl, pH = 7.4 buffer by the addition of D2O and 0.1% TFA to final concentrations of 4% 

and 0.4% respectively. Two one-dimensional 19F NMR spectra were taken of the control 

protein sample at an O1P of −75 ppm, NS = 16, D1 = 1 s, AQ = 0.5 s (TFA reference set 

to −75.25 ppm) and an O1P of −125 ppm, NS = 3072, D1 = 0.6 s, AQ = 0.05 s (protein 

resonances). Ligand stock solutions of 10–50 mM prepared in DMSO were titrated into 

the bromodomain protein solution (27 μM). The change in chemical shift of the protein 

resonance Δδobs) was plotted as a function of ligand concentration to generate binding 

isotherms using Equation 1: Δδmax is the maximum change in fluorine chemical shift, [L] 

is the concentration of ligand, and [P] is the concentration of protein, and [PL] is the 

concentration of bound complex.

Δδobs = Δδmax ×
Kd + L + P − Kd + L + P 2 − 4 PL

2 PL
Eq. 1
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Figure 1. 
Structures of representative BET inhibitors. The acetylated lysine mimic is highlighted in 

pink and the moiety that occupies the WPF shelf is marked in blue.
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Figure 2. 
Binding mode of (+)-JQ1 and the sequence analysis of the BD1 bromodomains of the 

BET family. (A) The surface view of (+)-JQ1/BRDT-1 complex (PDB ID: 4FLP). The key 

residues are highlighted in cyan sticks, the key hydrogen bond is highlighted in yellow 

dashes. The R54 side chain is shown in magenta. (B) The superimposition of four BD1 

bromodomains in the BET family. One major difference around the recognition site lies 

in the ZA channel, in which BRDT-1 (PDB ID: 4FLP) has a positively charged arginine 

(magenta), whereas BRD2-1, BRD3-1, and BRD4-1 (PDB IDs: 6DDI, 6QJU, and 5KDH) 

have neutral glutamines (highlighted in cyan, yellow, and purple, respectively). (C) The 

sequence difference among four BD2 bromodomains. BRDT-2 (PDB ID: 2WP1) has an 

asparagine (magenta), whereas BRD2-2, BRD3-2, and BRD4-2 (PDB IDs: 5XHK, 5A7C, 

and 6DUV) have lysines (highlighted in yellow, cyan, and green, respectively).
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Figure 3. 
PrOF NMR experiments of 10h and 10m with 5FW BRDT-T. (A) BD1 and BD2 crystal 

structures in BRDT Tandem (BRDT-T) and schematic of the domain architecture. Stacked 
19F NMR spectra with an increasing concentration of (B) 10h and (C) 10m with 27 μM 

5FW BRDT-T. W50 and W293 are the WPF shelf tryptophans in BD1 and BD2 of BRDT-T, 

colored red and blue, respectively.
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Figure 4. 
Selectivity of 10 m at 20 μM concentration against a panel of 33 bromodomains. BET 

bromodomains are in bromodomain family II.
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Figure 5. 
Binding conformation of nitro compound 10j (yellow) in the KAc binding site of BRD4-1 

(PDB ID: 7LH8). In this co-crystal structure, the lactam side chain is solvent exposed. 

A superimposition with BRDT-1 (PDB ID: 4FLP) revealed that the lactam side chain is 

spatially distant from the target R54 (R54 highlighted in magenta).
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Scheme 1. 
Initial route for the lactam analogs. Reagents and conditions: a) sodium tert-butoxide (2 

equiv), ethanol, reflux, 91%; b) piperidine (0.1 equiv), ethanol, 25 °C, 57%; c) magnesium 

sulfate, methanol, 45 °C, 14%; d) primary amine (1.2 equiv), ethanol, microwave to 120 °C.
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Scheme 2. 
Proposed mechanism for the Hantzsch dihydropyridine formation. The electron transfers 

are rendered in red curved arrows. The dehydration step in the box could generate target 

molecule 9 (at the carbon highlighted by a blue dot) and regioisomer 9’ (at the carbon 

highlighted by a red dot).
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Scheme 3. 
Optimized route for the synthesis of lactam analogs. Reagents and conditions: a) sodium 

hydride (2.2 equiv), ethanol, 0 °C to 25 °C, 96%; b) piperidine (0.1 equiv), ethanol, 25 °C, 

56%; c) uracil 7 (1.0 equiv), acetic acid, reflux, 42%; d) 1 M boron tribromide solution in 

THF (2.2 equiv), dichloromethane, −78 °C, 58%; e) sulfuric acid (1.2 equiv), imidazole (2.2 

equiv), DMF, 0 °C to 25 °C, 56%; f) primary amine (1.2 equiv), ethanol, microwave to 120 

°C, 10–45%.
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Table 1.

Structure and Inhibitory Profile of 1st Round Modifications

Compound 
Number R1 Linker

IC50 
(μM)

BRDT-1

IC50 
(μM)

BRDT-2

IC50 
(μM)

BRD4-1

IC50 
(μM)

BRD4-2

10a -CH2- 1.3±0.39 0.70±0.07 1.3±0.21 1.1±0.06

10b -CH2- 2.6±0.69 0.56±0.09 0.90±0.11 0.60±0.05

10c -C2H4- 7.6±1.7 1.2±0.12 2.3±0.48 1.4±0.12

10d -C3H6- 15±6.8 1.8±0.32 4.9±1.5 2.9±0.48

10e -OC2H4- 8.1±1.8 0.84±0.16 2.0±0.83 1.2±0.148

10f Me 4.9±0.41 1.1±0.11 2.5±0.30 2.1±0.11

10g 8.0±0.73 1.5±0.22 2.9±0.28 2.3±0.15

10h 13±2.7 0.89±0.09 2.1±0.49 1.8±0.16

10i 5.0±1.09 0.57±0.05 1.4±0.20 1.1±0.06

10j 2.8±0.47 0.64±0.05 1.1±0.12 1.0±0.05
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Compound 
Number R1 Linker

IC50 
(μM)

BRDT-1

IC50 
(μM)

BRDT-2

IC50 
(μM)

BRD4-1

IC50 
(μM)

BRD4-2

(+)-JQ1 * - - 1.0±0.1 1.1±0.8 0.37±0.1 0.30±0.01

*
(+)-JQ1 was used as the positive control in the AlphaScreen assay. All compounds were tested in quadruplicate. The ± indicates standard 

deviation.
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Table 2.

Structure and Inhibitory Profile of 2nd Round Modifications

Compound Number R1 IC50 (μM)
BRDT-1

IC50 (μM)
BRDT-2

IC50 (μM)
BRD4-1

IC50 (μM)
BRD4-2

10c H 7.6±1.7 1.2±0.08 2.3±0.48 1.4±0.12

10k 4-Me 12±1.9 2.2±0.07 3.5±0.93 2.1±0.16

10l 4-Cl 25±4.1 3.1±0.24 6.3±2.1 3.0±0.49

6a 4-OH 2.2±0.76 0.61±0.06 1.3±0.20 0.82±0.03

6b 4-OMe 4.3±0.26 104±13 0.60±0.15 0.98±0.04

10m 3-OMe 18±3.6 1.2±0.08 1.9±0.42 1.3±0.09

10n 2-OMe 9.4±1.1 1.5±0.07 2.3±0.40 1.6±0.08

10o 3,4-diOMe 103±12 14±2 23±0.79 17±2.84

10p 2,3-diOMe 69±8.7 13±2.8 20±1.2 11±3.5

10q 3,4-diCl 35±3.64 8.4±1.7 13±3.8 6.0±1.5

(+)-JQ1 * - - 1.0±0.1 1.1±0.8 0.37±0.1 0.30±0.01

*
(+)-JQ1 was used as the positive control in the AlphaScreen assay. All compounds were tested in quadruplicate. The ± indicates standard 

deviation.
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Table 3.

Structure and Inhibitory Profile of 3rd Round Modifications

Compound 
Number R1 IC50 (μM) 

BRDT-1
IC50 (μM) 
BRDT-2

IC50 (μM) 
BRD4-1

IC50 (μM) 
BRD4-2

10r 18±2.1 2.9±0.13 4.0±0.96 3.1±0.25

10s 6.7±0.65 1.2±0.06 0.85±0.09 1.3±0.08

10t 7.3±0.73 1.2±0.05 0.98±0.12 1.1±0.07

10u 5.8±0.66 1.1±0.05 0.94±0.08 1.2±0.08

10v 3.1±0.15 41±3.2 0.42±0.11 0.97±0.04

(+)-JQ1 * - - 1.0±0.1 1.1±0.8 0.37±0.1 0.30±0.01

*
(+)-JQ1 was used as the positive control in the AlphaScreen assay. All compounds were tested once in quadruplicate. The ± indicates standard 

deviation.
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