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Abstract

We describe our efforts to improve the pharmacokinetic properties of a mechanism-based suicide 

inhibitor of the polyamine biosynthetic enzyme S-adenosylmethionine decarboxylase 

(AdoMetDC), essential for the survival of the eukaryotic parasite Trypanosoma brucei responsible 

for Human African Trypanosomiasis (HAT). The lead compound, 5'-(((Z)-4-amino-2-

butenyl)methylamino)-5'-deoxyadenosine (1, also known as MDL 73811, or AbeAdo), has 

curative efficacy at a low dosage in a hemolymphatic model of HAT but displayed no 

demonstrable effect in a mouse model of the CNS stage of HAT due to poor blood-brain barrier 

permeation. Therefore, we prepared and evaluated an extensive set of analogs with modifications 

in the aminobutenyl side chain, the 5’-amine, the ribose, and the purine fragments. Although we 

gained valuable structure-activity insights from this comprehensive dataset, we did not gain 

traction on improving the prospects for CNS penetration while retaining the potent antiparasitic 

activity and metabolic stability of the lead compound 1.
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1. Introduction

Human African Trypanosomiasis (HAT) is caused by single-cell eukaryotic parasites 

Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense, with the former 

subspecies responsible for 97% of new registered cases.1 After multiplying in blood and 

lymph of a patient, the parasite eventually transgresses the blood-brain barrier (BBB) to 

establish a central nervous system (CNS) infection, which causes death in most cases.2 Four 

therapies are registered for HAT treatment, only two of which, melarsoprol and eflornithine 

(or nifurtimox-eflornithine combination therapy, NECT), are curative towards the CNS stage 

of the disease.3 Both CNS-stage treatments have major shortcomings. Melarsoprol 

frequently causes adverse or even – in 2–5 % cases – fatal side effects, and in some areas 

there is evidence of resistance.4,5 Adverse effects of NECT are less severe;6 however, 

eflornithine is ineffective against the T. b. rhodesiense infection and is not used for its 

treatment.7 Both CNS-active drugs require intravenous administration during 10 days, which 

is a limitation in rural areas.5 While the number of cases has dropped over the past decade, 

eradication still remains a challenge. It will require safe and easy-to-administer drugs that 

are curative in both hemolymphatic and CNS stages of the disease.5 Furthermore, the 

existence of asymptomatic human T.b. gambiense infections, which has only recently been 

discovered, further complicates control and eradication efforts.8,9

Polyamine biosynthesis gained recognition as a target for antitrypanosomal therapies upon 

the discovery by Bacchi et al. in 1980 that identified α-difluoromethylornithine (DFMO, 

eflornithine) as a curative agent against T. brucei infection in mice.10 Eflornithine is a 

rationally designed mechanism-based suicide inhibitor of ornithine decarboxylase (ODC), 

which catalyzes the first committed step in polyamine biosynthesis.3,11 Eflornithine has 

since been registered (both on its own and as a NECT) for treatment of late stage T. b. 
gambiense HAT confirming the polyamine pathway as a very viable target for anti-HAT 

drug discovery.12,13

S-adenosylmethionine decarboxylase (AdoMetDC) is another critical enzyme in the 

polyamine pathway required to generate the aminopropyl group that is then transferred onto 

the ODC product, putrescine, to make spermidine. Spermidine is essential in all eukaryotic 

cells as a substrate for the hypusine modification of the translation factor eIF5A.14 

Trypanosomatid AdoMetDC is regulated by a novel mechanism not found in mammalian 

cells.11 While human AdoMetDC is a homodimer, T. brucei AdoMetDC requires 

heterodimerization with an inactive paralog termed prozyme for activity.15,16

Significant evidence that AdoMetDC will be a druggable target in T. brucei has accumulated 

through the finding of inhibitors with good antitrypanosomal activity.3 The most potent of 

these, 5'-(((Z)-4-amino-2-butenyl)methylamino)-5'-deoxyadenosine (1, also known as MDL 

73811, or AbeAdo) was designed as a mechanism-based suicide inhibitor of AdoMetDC.17 

It inhibits AdoMetDC from E. coli,17 T. brucei,18 rat,19 and human,20 acting through the 

enzyme-activated transamination of the covalently bound pyruvoyl prosthetic group.20 

Potential for therapeutic use of AdoMetDC inhibitors in general and 1 in particular was 

confirmed in a murine model of the hemolymphatic stage of HAT using T. b. brucei and 
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clinical isolates of T. b. rhodesiense, where it showed acutely cytostatic effect on the 

parasite.18,21 Despite the activity on the mammalian enzymes, selective toxicity against T. 
brucei was obtained, and the low curative dosage in hemolymphatic model of HAT laid a 

solid foundation for further lead development. Unfortunately, 1 was not efficacious in a 

mouse model of the CNS stage of HAT21 due to poor blood-brain barrier permeation.19,22,23

In attempt to improve on pharmacokinetic properties of 1, the C8-methyl derivative 

Genz-644131 (2) was synthesized and showed about 5-fold increased activity on T. brucei 
AdoMetDC compared with 1.22 The improved potency on the enzyme translated to better T. 
brucei parasite growth inhibition.22 Overall, both 1 and 2 demonstrated favorable in vitro 
and in vivo stability profiles.22 However, neither of the compounds was able to achieve good 

CNS exposure in mice, only showing 1.7 % (1) and 7.3 % (2) brain-to-blood ratio.22 Not 

surprisingly, even though both compounds resulted in sterile cure in mice infected with T. 
brucei with a 7-day 50 mg/kg/day intraperitoneal dosage,22 neither compound led to a cure 

of a mouse model of the CNS stage.21,24

Due to the promising activity of both MDL 73811 (1) and Genz-644131 (2) (Figure 1), we 

embarked upon a medicinal chemistry campaign with the specific goal of improving the 

BBB penetration of this class of compounds. We envisioned preparing a series of 

compounds with structural modifications designed to increase the lipophilicity of the lead 

compounds, while maintaining an acceptable level of biological activity and metabolic 

stability.

2. Results and discussion

2.1. Synthesis and evaluation of carbamate and amide analogs

We considered that decreasing the polarity of the basic butenylamine side chain by 

conversion to an amide or carbamate would improve overall permeability. Thus, treatment of 

2 with the appropriate 4-nitrophenyl carbonate afforded carbamates 3a–c in good yields 

(Scheme 1A), whereas several terminal amide analogs 5a–c of MDL 73811 (1) were 

prepared via alkylation of amine 423 with a series of 4-amidobuten-2-yl chlorides 7a–c, 

followed by acid-mediated acetal deprotection (Scheme 1B). Given that Marasco et al.25 had 

shown that both enzyme inhibition and antiparasitic activity of 1 is retained after acetylation 

of the ribose hydroxyl groups, we also prepared the bis-acetate derivatives 6a–c (Scheme 

1B) hoping to further improve BBB penetration.

The T. brucei AdoMetDC enzyme inhibition, T. b. brucei cell growth inhibition, monolayer 

permeability, and both murine and human microsomal metabolic stability data are compiled 

in Table 1.26 Unfortunately, none of the tested amide or carbamate derivatives retained any 

meaningful activity in the AdoMetDC enzyme assay, suggesting that the basic amine is 

essential for activity within this series. This is in agreement with the established mechanism 

of MDL 73811 (1) inhibition, which relies on the primary amine for suicide transamination 

of the catalytic pyruvoyl group.20 Similarity between relative IC50 values assessed with and 

without pre-incubation in the case of the two compounds with measurable activities, 5a–b, 

suggests that in the absence of the primary amine the mechanism of the enzyme inhibition is 

no longer time-dependent. However, we were speculating that the amides or carbamates 

Brockway et al. Page 3

Bioorg Med Chem. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



might act as prodrugs, but unfortunately, the lack of cellular antitrypanosomal activity 

indicated that no or insignificant amounts of the active parent compounds 1 or 2 were 

liberated within T. b. brucei parasites. This lack of cellular proteolytic amide or carbamate 

hydrolysis therefore terminates meaningful prospects for pro-drug strategies with these side-

chain modifications. With the exception of benzyl carbamate 3b, the microsomal stability of 

carbamates 3a,c and amides 5a–c was excellent, indicating that the short half-lives of the 

bis-acetate derivatives 6a–c could be due to facile acetate hydrolysis. Most disappointingly 

however, and contrary to our original hypothesis, these changes had no positive effect on 

CNS delivery as measured by the MDCKII-hMDR1 monolayer permeability assay and 

precluded any further interest in pursuing these series.

2.2. Synthesis and evaluation of C5’-amine and ribose ketal analogs

We next explored the effects of sterics, basicity, and lipophilicity of the C5’-amine 

substituent in both the MDL (8a, R1 = H) and Genz (8b, R1 = Me) series (Scheme 2). The 

C5’-amine modifications (R2) were available through Fukuyama-Mitsunobu amination of 

8a,b to afford 9a–d in modest yields. N-Alkylation (→ 10a–d) was followed by Boc 

deprotection to deliver 11a–d, or simultaneous Boc and acetonide removal to afford 1 and 

12b,c. Analog 12d was inaccessible under the later conditions due to extensive 

decomposition of the starting material 10d.

The Boc- (10a–d) and acetonide-protected intermediates (11a–d) were evaluated in addition 

to the final deprotected analogs 12b,c in order to compile as many SAR data points as 

possible (Table 2). As before, all of the analogs demonstrated severely impaired activity in 

the enzyme inhibition and cell growth assays, with the exception perhaps of acetonide-

protected MDL 73811 (11a), which retained a measurable, albeit ~50-fold reduced activity 

(IC50 = 3 µM, EC50 = 0.42 µM) as compared to the parent MDL 73811 (1). Thus, we 

conclude that even minor increases in the size of the C5’-amine substituent (fluoroethyl 12b 
or cyclopropyl 12c versus methyl 1) rendered this series inactive. Furthermore, this poor 

activity profile was matched by virtually no increase in permeability, with the exception of 

doubly-protected (Boc and acetonide) intermediates 10a and 10c. However, this significant 

increase in permeability was offset by extremely short microsomal half-lives. Furthermore, 

the several-fold difference in Papp values in the presence versus absence of a Pgp inhibitor 

suggests that these compounds are subject to undesirable Pgp-mediated efflux.

Although acetonide-protected MDL 73811 (11a) was less potent than the unprotected parent 

1, it still had sub-micromolar antitrypanosomal activity (0.42 µM). Therefore, we decided to 

briefly explore a few additional acetal analogs including the smaller methylenedioxy 

derivative 18, and the more lipophilic cyclohexylidene analog 22 (Scheme 3). Synthesis of 

both analogs required installation of the ketal early in the synthetic route, followed by 

elaboration to introduce the butenyl side chain as shown in Scheme 3. Biological testing 

revealed that these structural changes were not well tolerated in the enzymatic (18: IC50 = 17 

µM; 22: IC50 >50 µM) or antiparasitic assays (18: EC50 = 21 µM; 22: EC50 >25 µM). In 

light of these results, metabolism, permeability, and additional SAR studies were not 

pursued in this series.
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2.3. Synthesis and evaluation of purine analogs and a trimethyl-lock prodrug

Because all attempts to identify beneficial modifications in the aminobutenyl side chain 

(terminal primary amine and C5’-amine) as well as ribose-diol modifications met with 

failure, we were compelled to redirect our efforts towards adenine SAR exploration. Our 

initial attention was directed at the adenine C6-amine position. Using a flexible route 

starting with commercially available 6-chloroadenosine (23), the corresponding acetonide 

was treated with N-(2-nosyl)-N-methylamine under Mitsunobu conditions to provide the 

nosyl-protected methylamine 24 in 85% yield (2 steps, Scheme 4). Subsequent SNAr 

displacement of the chloride with methyl-, dimethyl-, and isopropylamine, or sodium 

ethoxide, followed by thiol-mediated nosyl removal furnished a series of C6-modified 

methylamines 25a–d in moderate to excellent yield for this two-step process. Introduction of 

the N-Boc protected butenamine side chain (→ 26a–d), followed by Boc-hydrolysis (→ 
27) or simultaneous Boc and acetonide deprotection (→ 28a–d) was achieved with good 

overall yields using conditions previously exploited in Scheme 2. A C6-deaminated analog 

(i.e. 30) was readily available via palladium-catalyzed hydrogenolysis of the C6-chloride 23, 

followed by an identical series of reactions as described for the synthesis of 27. Finally, the 

acetonide-protected C6-nonanamide analog 31 was available in two steps from 10a (Scheme 

2) via reaction with nonanoyl chloride and subsequent TFA-mediated Boc deprotection. All 

attempts at removing the ribose-acetonide for both 30 and 31 were unsuccessful, so their 

biological properties were benchmarked against the corresponding acetonide-protected MDL 

73811 (11a).

As illustrated in Table 3, the C6-adenine position proved to be more tolerable for 

modifications, with the N-Me and N-iPr derivatives 27, 28a and 28c only 3- to 4-fold less 

active against AdoMetDC compared to the unsubstituted parent MDL 73811 (1) or its 

acetonide derivative 11a (27 versus 11a). The dimethylamino-substituted analog 28b and the 

C6-ethoxy analog 28d were ~20- and 16-fold less active compared to 1. Unlike in 

comparators 1 and 11a, the antitrypanosomal EC50 values of 27 and 28a–c were worse than 

their respective enzymatic inhibition IC50 values, indicating a potential impairment in 

cellular uptake for these C6-aminoalkyl derivatives. This was not the case for nonanamide 

analog 31, which inter alia, represents the first compound that inhibited AdoMetDC 

enzymatic activity and T.b. brucei proliferation more potently (3.5- and 2.6-fold, 

respectively) than the comparator compound 11a. As noted above, we were unable to 

identify conditions to remove the ribose-acetonide in 31, but if this improved potency 

translates to the acetonide-deprotected compound, it might be worthwhile reinvestigating 

acetonide deprotection conditions in conjunction with an expanded C6-amide analog set. 

Unfortunately, the primary objective of increasing permeability to useful levels was not 

achieved in any of the tested analogs, even with the addition of significant lipophilic 

character. Also, microsomal stability was seriously compromised for the amide analog 31.

The final region for SAR exploration revolved around the purine ring system in an endeavor 

to increase the molecular lipophilicity by removal of one or more of the purine ring 

nitrogens. An attempted synthesis of aminobenzimidazole 40 began with reduction of 2,6-

dinitroaniline (32) and subsequent condensation with formic acid to afford 

nitrobenzimidazole 34. Displacement of the anomeric acetate of ribofuranose tetracetate 
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(TAR) with nitrobenzimidazole 34 yielded coupled product 35 in 95% yield. Following 

protecting group interconversions, the nitro-group in 36 was reduced and the primary 

alcohol protected as silyl ether 37. Boc-protection and fluoride-mediated desilylation (→38, 

57% yield) set the stage for introduction of the aminobutenyl side chain as before to provide 

protected analog 39 in 33% yield for this 3-step sequence. Unfortunately, and despite an 

exhaustive exploration of deprotection conditions, we were unable to obtain any trace of 

fully deprotected analog 40 and decomposition of starting material was observed in all 

cases.27

Efforts to prepare the 7-deazapurine analog 47 began with iodination of 41a and subsequent 

coupling of 41b with 1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-ribofuranose (TBR) to afford 42 
in 54% yield (Scheme 6). Treatment with NH4OH concomitantly cleaved the benzoyl groups 

while installing the desired C4-amine (→43, 57% yield). Hydrogenative deiodination was 

followed with acetonide formation and TBS protection to afford 44 in 41% yield for this 3-

step sequence. Subsequent bis-Boc protection of the free amine and TBS cleavage (→45) 

then enabled a 2-step installation of the aminobutenyl side chain after activation of the 

primary alcohol as a mesylate as before. Unfortunately, this protected 7-deaza-analog 46 
proved to be as recalcitrant to deprotection as 39, and we were unable to isolate any 

deprotected 7-deaza-analog 47.27

Given our failed efforts thus far to improve BBB permeability while maintaining acceptable 

levels of T. brucei AdoMetDC enzyme inhibition or antitrypanosomal activity, we made an 

effort to explore a pro-drug approach. We settled on the trimethyl lock system first 

developed by Cohen and coworkers due to its successful documented use with polar primary 

amines.28–30 Thus, pro-drug 49 was prepared from analog 11a via peptide coupling with 

commercially available acid 48 (Scheme 7). If sufficient amounts of 49 would be able to 

pass through the blood-brain barrier, then local esterase activity could hydrolyze the 

phenolic acetate as a prelude to a Thorpe-Ingold driven lactonization to release the active, 

polar free amine in the brain.28–30 While a significant drop in potency was expected 

(AdoMetDC IC50 >50 µM; 44% T. b. brucei inhibition at 25 µM) due to the masking of the 

essential terminal amine, any prospects for using 49 as a prodrug dissipated given its very 

short microsomal half-life (human and mouse t1/2 = <2.5 min).

3. Conclusion

Starting from the potent AdoMetDC inhibitor MDL 73811 (1), we set out to design a 

collection of analogs to improve the ability of this antitrypanosomal compound to cross the 

blood-brain barrier. We explored SAR around the aminobutenyl side chain, the 5’-amine, the 

ribose, and adenine structural motifs. A series of amide and carbamate prodrug derivatives 

of the primary amine were synthesized with the prospect of increasing lipophilicity and 

hence the brain permeability of compounds 3a–c and 5a–c. Unfortunately these changes, 

including additional acylation of the ribose diol as in analogs 6a–c, had no beneficial impact 

on predicted CNS delivery as measured by the MDCKII-hMDR1 monolayer permeability 

assay. Similar results were obtained with 5’-amine modified analogs (11b–d, 12b,c), ribose 

ketal analogs (11a, 18, 22), and adenine C6-modified analogs (27, 28a–d, 30). More deep-

seated modifications were explored via removal of one or more nitrogen atoms from the 
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adenine ring, but despite extensive efforts, we were unable to identify suitable conditions to 

remove the Boc-protecting groups in the analog precursors 39 and 46. Although our efforts 

to date have not yet led to a brain-penetrable analog, the studies described herein 

significantly expanded our SAR knowledge of the potent antitrypanosomal compound 1. 

Most notably, we identified that acylation of the C6-adenine amine as a nonanamide 

provided an analog (cf. compound 31) that actually inhibited AdoMetDC enzymatic activity 

and T.b. brucei proliferation more potently than the comparator compound 11a. We are now 

focusing our efforts on preparing a larger collection of adenine C6-amide analogs and 

retooling our synthetic strategy in order to solve our current inability to remove the ribose 

acetonide in compound 31.

4. Experimental

4.1. Biological assays

4.1.1. Materials—Unless specified, the reagents were procured from Sigma-Aldrich (St. 

Louis, MO, USA). S-adenosyl-L-methionine (AdoMet) sulfate p-toluenesulfonate salt was 

procured from Affymetrix (Santa Clara, CA, USA); HPLC-grade water, acetonitrile, and 

Gibco Iscove's Modified Dulbecco's Medium from Thermo Fisher Scientific (Waltham, MA, 

USA); ammonium formate (99% purity) from VWR International (Radnor, PA, USA); fetal 

bovine serum (FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA, USA).

4.1.2. T. brucei AdoMetDC enzyme activity assay—The protein activity in the 

presence of inhibitors was assessed using mass spectrometry (MS)-based analysis of the 

substrate and product as previously described.26 Briefly, the assay was initiated in a 384-

well plate by combining 20 µL of the enzyme solution (50 nM purified T. brucei 
AdoMetDC/prozyme complex15 in 100 mM Hepes, pH 7.7, 50 mM NaCl, 5 mM putrescine, 

2 mM DTT, 0.1% bovine serum albumin) and 20 µL of the substrate solution (80 µM 

AdoMet in 100 mM Hepes, pH 7.7, 50 mM NaCl, 5 mM putrescine, 0.02% Nonidet P40 

substitute) in the presence of 0.8 µ L of a compound in dimethyl sulfoxide (DMSO). A 

compound was added to a dry plate using Echo 555 acoustic liquid dispenser (Labcyte, 

Sunnyvale, CA, USA). The enzyme solution was then added when pre-incubation was 

indicated, and the substrate solution was added to initiate the reaction 30 min later. The 

order of addition of the enzyme and substrate solutions was reversed to assess inhibition 

without pre-incubation. The reaction was allowed to run for 20 min after combining the 

substrate and enzyme solutions and quenched with 40 µL of 1 M HCl.

The plates were analyzed on the RapidFire-MS system (Agilent Technologies, Santa Clara, 

CA, USA), specifically RapidFire 300 connected to 6430 triple quadrupole mass 

spectrometer as previously described.26

Compounds were tested at ten concentrations, typically ranging from 0.0026 to 50 µM with 

3-fold dilution steps, triplicate on separate plates. Each concentration-response curve was 

accompanied by compound 2-treated (fully inhibited at 10 µM) and DMSO-treated (neutral) 

controls. Percent conversion values for compound-treated wells were normalized to the 

controls (0 % and 100 % activity, respectively) to yield a percent activity. The percent 

activities for each concentration point in a concentration-response curve were fitted to 
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log(inhibitor) versus normalized response equation using nonlinear regression analysis in 

Prism (GraphPad Software, La Jolla, CA, USA) to arrive at a relative IC50 value.

4.1.3. T. brucei cell growth inhibition assay—T. brucei Lister 427 bloodstream-form 

(BSF) cells were cultured in HMI-19 medium31 and the in vitro parasite growth was tested 

using the previously described ATP-bioluminescence cell viability assay.26 Briefly, the assay 

was initiated by adding 20 µL of a 100-fold intermediate dilution of a compound in HMI-19 

medium to 180 µL of cells at 3000 cells/mL in HMI-19 medium in a 96-well culture plate 

(CellStar, Greiner Bio-One, Monroe, NC, USA). The final DMSO concentration was 0.1%. 

After 48 h of culturing in the presence of a compound, 25 µL of culture were transferred to a 

96-well white plate (Lumitrac 200, Greiner Bio-One) and mixed with 50 µL of CellTiter-Glo 

reagent (Promega, Madison, WI, USA) to assess cell viability through ATP-bioluminescence 

detection.32 Compounds were tested in a concentration-response format (0.0005–3 µM or 

0.0038–25 µM with 3-fold dilution steps), in triplicate. No-cell and DMSO-only controls 

(0% and 100% viability, respectively) were included in each plate (N=6). The data in relative 

luminescence units were normalized to controls in Prism and then fitted using nonlinear 

regression analysis to the log(inhibitor) versus normalized response equation to arrive at 

EC50 values.

4.1.4. In vitro metabolic stability assay—Compounds at 1 µM were incubated with 

male mouse or mixed-gender human liver microsomes (0.5 mg protein/mL) in the presence 

of NADPH at 37 °C. The LC/MS/MS samples were prepared at 0-, 5-, 10-, 20-, and 30-min 

time-points of incubation by taking out 50 µL, quenching with 150 µL of ice-cold 

acetonitrile containing labetalol (internal standard), and centrifuging. The LC separation of 

the supernatants was done on the Aquasil C18 DASH-HTS column (2.1 × 20 mm, 5 µm 

particles) (Thermo Fisher Scientific) using Agilent HPLC. Mobile phase consisted of 

solutions A (0.1% (v/v) formic acid in water) and B (5 mM ammonium formate and 0.1% 

(v/v) formic acid in methanol). A sample was eluted at 0.8 mL min with: 5 % B for 0.1 min, 

then linear gradient to 98 % B over 0.9 min. The eluted sample was injected into API-4000 

triple quadrupole mass spectrometer (Sciex, Framingham, MA, USA) in the positive mode.

4.1.5. In vitro blood-brain barrier permeability assay—The ability of compounds to 

cross biological barriers, in particular BBB, was assessed in MDCKII-hMDR1 (Netherlands 

Cancer Institute, Amsterdam, the Netherlands) assay.33 The cells were allowed to form 

confluent monolayer in a 12-well Costar Transwell plate with permeable polycarbonate 

membrane inserts (Corning, Lowell, MA, USA). A compound was added at 3 µM to the 

apical compartment, and a P-glycoprotein inhibitor GF120918 was added to both apical and 

basolateral compartments. Compounds were incubated with monolayers for 1 h at 160 rpm, 

37 °C. The samples from both compartments were analyzed by LC/MS/MS as described 

above. Apparent permeability in the presence of inhibitor, PappA-B (+GF918), and mass 

balance were calculated as described in references.34,35 Mass balance was used as an 

acceptance criterion (70–120%).
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4.2. Chemistry

Full experimental details, characterization of novel compounds, and copies of NMR spectra 

can be found in Appendix A: Supplementary data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AdoMet S-adenosyl-L-methionine

AdoMetDC S-adenosylmethionine decarboxylase

BBB blood-brain barrier

Boc tert-butoxycarbonyl

BSA N,O-bis(trimethylsilyl)acetamide

CNS central nervous system

DEAD diethyl azodicarboxylate

DIAD diisopropyl azodicarboxylate

DMAP N,N-dimethylaminopyridine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

Ms methanesulfonyl

NIS N-iodosuccinimide

ODC ornithine decarboxylase

Pgp P-glycoprotein 1

TAR 1,2,3,5-tetra-O-acetyl-β-D-ribofuranose
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TBAB tetrabutylammonium bromide

TBAF tetrabutylammonium fluoride

TBR 1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-ribofuranose

TBS tert-butyldimethylsilyl

Tf trifluoromethanesulfonyl

TFA trifluoroacetic acid

TGA thioglycolic acid

THF tetrahydrofuran

TMS trimethylsilyl

Ts para-toluenesulfonyl
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Figure 1. 
Structure and activity of MDL 73811 (1) and Genz-644131 (2).
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Scheme 1. 
Reagents and conditions: (a) 4-NO2-PhOCO2R, Et3N, THF, rt, 3 h; (b) 7a–c, NaI, Et3N, 

MeCN; (c) 1M H2SO4, MeOH; (d) Ac2O, DMAP, MeCN.
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Scheme 2. 
Reagents and conditions: (a) 2-NsNHR2, DIAD, Ph3P, THF, 0 °C to rt, 18 h; (b) TGA, 

LiOH, DMF, rt, 18 h; (c) tert-butyl (Z)-(4-chlorobut-2-en-1-yl)carbamate (13), KI, iPr2EtN, 

MeCN; (d) TMSOTf, 2,6-lutidine or TFA, CH2Cl2, rt; (e) 4M HCl/1,4-dioxane or 1M 

H2SO4, MeOH, rt, 18 h.
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Scheme 3. 
Synthesis of ribose-ketal analogs: Reagents and conditions: (a) TBSCl, imid., DMF, rt, 2–24 

h; (b) CH2Br2, NaOH, TBAB, CH2Cl2/H2O, 40 °C, 72 h; (c) Boc2O, DMAP, DMF, 18 h; (d) 

TBAF, THF, 1–18 h; (e) MsCl, Et3N, CH2Cl2, 1 h; (f) MeNH2/EtOH, THF, 50 °C, 18 h; (g) 

13, Et3N, NaI, MeCN, rt, 3–18 h; (h) 1M H2SO4, MeOH, rt, 18 h; (i) cyclohexanone, TFA, 

rt; (j) TFA, CH2Cl2, rt, 1 h.
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Scheme 4. 
Syntheses of C6-modified analogs : Reagents and conditions: (a) Me2C(OMe)2, p-TsOH, 

acetone, rt, 2 h; (b) N-(2-nosyl)-N-methylamine, DIAD or DEAD (for 30), Ph3P, CH2Cl2, 

0 °C to rt, 24 h; (c) NHRR’, THF, rt or 50 °C; or EtOH, NaH, THF, 0 °C to rt, 3 h; (d) 

PhSH, Cs2CO3, MeCN, rt, 6 h; or TGA, LiOH, DMF, rt, 18 h; (e) 13, Et3N, NaI, MeCN, rt, 

4 h; (f) TMSOTf, 2,6-lutidine, CH2Cl2, rt, 1 h; (g) 1M H2SO4, MeOH, rt, 18 h; (h) HCl, 1,4-

dioxane, rt, 5 h; (i) H2, Pd/C, K2CO3, THF, rt, 18 h; (j) nonanoyl chloride, Et3N, CH2Cl2; 

(k) TFA, CH2Cl2.
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Scheme 5. 
Attempted synthesis of a dideazapurine analog: Reagents and conditions: (a) Hydrazine, 

Ru/C, EtOH, reflux, 3 h; (b) formic acid, reflux, 18 h; (c) TAR, BSA, TMSOTf, MeCN, 

reflux, 3 h; (d) NH3/MeOH; (e) Me2C(OMe)2, p-TsOH, 55 °C, 2 h; (f) TBSCl, imid., 

CH2Cl2; (g) Fe, FeSO4, MeOH/H2O, 50 °C, 2 h; (h) Boc2O, DMAP, Et3N, DMF; (i) TBAF, 

THF; (j) MsCl, Et3N, CH2Cl2; (k) MeNH2/EtOH, 50 °C, 18 h; (l) 13, NaI, Et3N, MeCN, rt, 

6 h.
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Scheme 6. 
Attempted synthesis of a 7-deazapurine analog: Reagents and conditions: (a) NIS, DMF, rt, 

18 h; (b) 1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-ribofuranose (TBR), BSA, TMSOTf, MeCN, 

reflux, 2 h; (c) NH4OH, 1,4-dioxane, 60 °C, 3 d; (d) H2, Pd/C, Et3N, DMF; (e) 

Me2C(OMe)2, p-TsOH; (f) TBSCl, imidazole, rt, 18 h; (g) Boc2O, DMAP, Et3N, DMF; (h) 

TBAF; (i) MsCl, Et3N, CH2Cl2, 0.5 h; (j) MeNH2/EtOH, 50 °C, 18 h; (k) 12, NaI, Et3N, 

MeCN, rt, 18 h.
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Scheme 7. 
Synthesis of a trimethyl-lock prodrug.

Brockway et al. Page 20

Bioorg Med Chem. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Brockway et al. Page 21

Ta
b

le
 1

E
nz

ym
e 

an
d 

pa
ra

si
te

 g
ro

w
th

 in
hi

bi
tio

n,
 m

on
ol

ay
er

 p
er

m
ea

bi
lit

y,
 a

nd
 m

ic
ro

so
m

al
 s

ta
bi

lit
y 

of
 N

-b
ut

en
yl

 c
ar

ba
m

at
e 

an
d 

am
id

e 
an

al
og

s.

C
m

pd
A

do
M

et
D

C
IC

50
 w

it
h 

P
Ia

95
%

 C
Ib

A
do

M
et

D
C

IC
50

 w
it

ho
ut

 P
Ia

95
%

 C
Ib

E
C

50

(T
. b

. b
ru

ce
i)

d
95

%
 C

Ib
P

ap
pe

(n
m

/s
)

S9
 h

/m
f

(t
1/

2,
 m

in
)

1
0.

04
1 

µM
(0

.0
36

–0
.0

47
)

2.
4 

µM
(1

.9
–3

.1
)

0.
01

0 
µM

(0
.0

08
–0

.0
12

)
7.

1
>

90

2
0.

02
1 

µM
(0

.0
19

–0
.0

24
)

0.
23

 µ
M

(0
.1

8–
0.

30
)

0.
00

18
 µ

M
(0

01
5–

0.
00

22
)

11
>

90

3a
40

%
 a

t 5
0 

µM
N

D
c

40
%

 a
t 5

0 
µM

N
D

40
%

 a
t 2

5 
µM

N
D

12
>

90

3b
39

%
 a

t 5
0 

µM
N

D
17

%
 a

t 5
0 

µM
N

D
2.

6 
µM

(1
.7

–3
.9

)
12

24
/1

3

3c
>

50
 µ

M
N

D
>

50
 µ

M
N

D
35

%
 a

t 2
5 

µM
N

D
10

>
90

5a
18

 µ
M

(1
5–

21
)

13
 µ

M
(1

1–
15

)
>

25
 µ

M
N

D
11

>
90

5b
25

 µ
M

(2
2–

29
)

19
 µ

M
(1

6–
24

)
>

25
 µ

M
N

D
7.

2
>

90

5c
>

50
 µ

M
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
7.

0
>

90

6a
>

50
 µ

M
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
7.

5
>

90
/6

.6

6b
>

50
 µ

M
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
6.

8
75

/4
.6

6c
>

50
 µ

M
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
9.

7
51

/3
.0

a T.
 b

ru
ce

i A
do

M
et

D
C

/p
ro

zy
m

e 
in

hi
bi

tio
n 

w
ith

 o
r 

w
ith

ou
t 3

0 
m

in
 p

re
-i

nc
ub

at
io

n 
(P

I)
 b

as
ed

 o
n 

tr
ip

lic
at

e 
da

ta
 f

ro
m

 th
e 

R
ap

id
Fi

re
-m

as
s 

sp
ec

tr
om

et
ry

-b
as

ed
 a

ss
ay

 a
s 

de
sc

ri
be

d 
in

 s
ec

tio
n 

4.
1.

2.

b C
on

fi
de

nc
e 

In
te

rv
al

.

c N
ot

 d
et

er
m

in
ed

.

d B
as

ed
 o

n 
tr

ip
lic

at
e 

da
ta

 f
ro

m
 th

e 
48

 h
 T

. b
. b

ru
ce

i c
el

l v
ia

bi
lit

y 
as

sa
y 

de
sc

ri
be

d 
in

 s
ec

tio
n 

4.
1.

3.

e A
pp

ar
en

t b
lo

od
-b

ra
in

 p
er

m
ea

bi
lit

y 
as

 te
st

ed
 in

 M
D

C
K

II
-h

M
D

R
1 

m
on

ol
ay

er
 a

ss
ay

 in
 th

e 
pr

es
en

ce
 o

r 
ab

se
nc

e 
of

 a
 P

-g
ly

co
pr

ot
ei

n 
1 

(P
gp

) 
in

hi
bi

to
r 

G
F1

20
91

8 
ex

ac
tly

 a
s 

pr
ev

io
us

ly
 d

es
cr

ib
ed

.2
6  

W
he

n 
th

e 
tw

o 
va

lu
es

 a
re

 w
ith

in
 <

10
 n

m
/s

 o
f 

ea
ch

 o
th

er
, o

nl
y 

pe
rm

ea
bi

lit
y 

in
 th

e 
pr

es
en

ce
 o

f 
th

e 
in

hi
bi

to
r 

is
 r

ep
or

te
d.

f In
 v

itr
o 

m
et

ab
ol

ic
 s

ta
bi

lit
y 

pr
es

en
te

d 
as

 a
 h

al
f-

lif
e 

of
 a

 c
om

po
un

d 
in

 h
um

an
 (

h)
 o

r 
m

ou
se

 (
m

) 
po

ol
ed

 li
ve

r 
m

ic
ro

so
m

es
 (

S9
) 

m
ea

su
re

d 
ex

ac
tly

 a
s 

pr
ev

io
us

ly
 d

es
cr

ib
ed

.2
6  

A
 s

in
gl

e 
va

lu
e 

is
 s

ho
w

n 
w

he
n 

th
e 

ha
lf

-l
iv

es
 a

re
 >

90
 m

in
 o

r 
<

2.
5 

m
in

 f
or

 b
ot

h 
sp

ec
ie

s.

Bioorg Med Chem. Author manuscript; available in PMC 2018 October 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Brockway et al. Page 22

Ta
b

le
 2

E
nz

ym
e 

an
d 

pa
ra

si
te

 g
ro

w
th

 in
hi

bi
tio

n,
 m

on
ol

ay
er

 p
er

m
ea

bi
lit

y,
 a

nd
 m

ic
ro

so
m

al
 s

ta
bi

lit
y 

of
 C

5’
-N

-a
lk

yl
 a

na
lo

gs
.

C
m

pd
R

1
R

2
A

do
M

et
D

C
IC

50
 w

it
h 

P
Ia

95
%

 C
Ib

A
do

M
et

D
C

IC
50

 w
it

ho
ut

 P
Ia

95
%

 C
Ib

E
C

50

(T
. b

. b
ru

ce
i)

d
95

%
 C

Ib
P

ap
pe

(n
m

/s
)

S9
 h

/m
f

( t
1/

2,
 m

in
)

10
a

H
M

e
>

50
 µ

M
N

D
c

>
50

 µ
M

N
D

>
25

 µ
M

N
D

32
1/

51
<

2.
5

10
c

M
e

c-
Pr

42
 µ

M
(3

5–
52

)
>

50
 µ

M
N

D
3.

0 
µM

(2
.5

–3
.6

)
76

7/
31

2
<

2.
5

11
a

H
M

e
3.

0 
µM

(2
.7

–3
.3

)
22

%
 a

t 5
0 

µM
N

D
0.

42
 µ

M
(0

.3
3–

0.
54

)
N

D
>

90

11
b

H
(C

H
2)

2F
>

50
 µ

M
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
9.

3
>

90

11
c

M
e

c-
Pr

>
50

 µ
M

N
D

>
50

 µ
M

N
D

>
3 

µM
N

D
14

>
90

11
d

M
e

(C
H

2)
2O

H
>

50
 µ

M
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
6.

8
>

90

1
H

M
e

0.
04

1 
µM

(0
.0

36
–0

.0
47

)
2.

4 
µM

(1
.9

–3
.1

)
0.

01
0 

µM
(0

.0
08

–0
.0

12
)

7.
1

>
90

12
b

H
(C

H
2)

2F
36

%
 a

t 5
0 

µM
N

D
>

50
 µ

M
N

D
>

25
 µ

M
N

D
<

1
>

90

12
c

M
e

c-
Pr

>
50

 µ
M

N
D

>
50

 µ
M

N
D

>
3 

µM
N

D
10

>
90

a,
 b

, c
, d

, e
, f

Se
e 

fo
ot

no
te

s 
to

 T
ab

le
 1

.

Bioorg Med Chem. Author manuscript; available in PMC 2018 October 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Brockway et al. Page 23

Ta
b

le
 3

E
nz

ym
e 

an
d 

pa
ra

si
te

 g
ro

w
th

 in
hi

bi
tio

n,
 m

on
ol

ay
er

 p
er

m
ea

bi
lit

y,
 a

nd
 m

ic
ro

so
m

al
 s

ta
bi

lit
y 

of
 C

6-
pu

ri
ne

 a
na

lo
gs

.

C
m

pd
P

ur
in

e 
C

-6
su

bs
ti

tu
en

t
A

do
M

et
D

C
IC

50
 w

it
h 

P
Ia

95
%

 C
Ib

A
do

M
et

D
C

IC
50

 w
it

ho
ut

 P
Ia

95
%

 C
Ib

E
C

50

(T
. b

. b
ru

ce
i)

d
95

%
 C

Ib
P

ap
pe

(n
m

/s
)

S9
 h

/m
f

(t
1/

2,
 m

in
)

1
N

H
2

0.
04

1 
µM

(0
.0

36
–0

.0
47

)
2.

4 
µM

(1
.9

–3
.1

)
0.

01
0 

µM
(0

.0
08

–0
.0

12
)

7.
1

>
90

11
a

N
H

2
3.

0 
µM

(2
.7

–3
.3

)
22

%
 a

t 5
0 

µM
N

D
0.

42
 µ

M
(0

.3
3–

0.
54

)
N

D
>

90

27
N

H
M

e
12

 µ
M

(1
1–

13
)

>
50

 µ
M

N
D

37
%

 a
t 2

5 
µM

N
D

7.
0

>
90

28
a

N
H

M
e

0.
17

 µ
M

(0
.1

5–
0.

20
)

14
 µ

M
(1

1–
16

)
0.

37
 µ

M
(0

.2
3–

0.
58

)
11

.0
>

90

28
b

N
M

e 2
0.

81
 µ

M
(0

.7
1–

0.
93

)
37

%
 a

t 5
0 

µM
N

D
10

 µ
M

(8
.4

–1
2)

3.
0

>
90

28
c

N
H

iP
r

0.
11

 µ
M

(0
.0

9–
0.

13
)

7.
1 

µM
(6

.3
–8

.0
)

2.
5 

µM
(1

.9
–3

.1
)

3.
0

>
90

28
d

O
E

t
0.

60
 µ

M
(0

.5
3–

0.
68

)
33

%
 a

t 5
0 

µM
N

D
0.

36
 µ

M
(0

.2
9–

0.
44

)
<

1.
0

>
90

30
H

>
50

 µ
M

N
D

c
>

50
 µ

M
N

D
>

25
 µ

M
N

D
5.

0
>

90
/5

9

31
N

H
C

(O
)(

C
H

2)
7M

e
0.

85
 µ

M
(0

.7
4–

1.
0)

48
 µ

M
(3

3–
69

)
0.

16
 µ

M
(0

.1
4–

0.
19

)
24

/1
0

9.
7/

6.
0

a,
 b

, c
, d

, e
, f

Se
e 

fo
ot

no
te

s 
to

 T
ab

le
 1

.

Bioorg Med Chem. Author manuscript; available in PMC 2018 October 15.


	Abstract
	1. Introduction
	2. Results and discussion
	2.1. Synthesis and evaluation of carbamate and amide analogs
	2.2. Synthesis and evaluation of C5’-amine and ribose ketal analogs
	2.3. Synthesis and evaluation of purine analogs and a trimethyl-lock prodrug

	3. Conclusion
	4. Experimental
	4.1. Biological assays
	4.1.1. Materials
	4.1.2. T. brucei AdoMetDC enzyme activity assay
	4.1.3. T. brucei cell growth inhibition assay
	4.1.4. In vitro metabolic stability assay
	4.1.5. In vitro blood-brain barrier permeability assay

	4.2. Chemistry

	References
	Figure 1
	Scheme 1
	Scheme 2
	Scheme 3
	Scheme 4
	Scheme 5
	Scheme 6
	Scheme 7
	Table 1
	Table 2
	Table 3

