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INSERM U1068; Institut Paoli-Calmettes; Aix-Marseille Universite,́ UM105, 13273 Marseille, France
‡Department of Organic Chemistry, Lobachevsky State University of Nizhni Novgorod, Gagarina av. 23, Nizhni Novgorod 603950,
Russia
§Screening Platform AD2P, CNRS, AFMB UMR 7257, Aix-Marseille Universite,́ 13288 Marseille, France
∥Cisbio Bioassays, R&D, Parc Marcel Boiteux, BP 84175, 30200 Codolet, France
⊥Target Discovery Institute, University of Oxford, NDM Research Building, Roosevelt Drive, Oxford OX3 7FZ, U.K.
¶Structural Genomics Consortium, University of Oxford, Old Road Campus Research Building, Roosevelt Drive, Oxford OX3 7DQ,
U.K.
∇Goethe-University, Institute for Pharmaceutical Chemistry and Buchmann Institute for Life Science, Campus Riedberg, Max-von
Laue Str. 9, 60438 Frankfurt am Main, Germany

*S Supporting Information

ABSTRACT: A midthroughput screening follow-up program
targeting the first bromodomain of the human BRD4 protein,
BRD4(BD1), identified an acetylated-mimic xanthine deriva-
tive inhibitor. This compound binds with an affinity in the low
micromolar range yet exerts suitable unexpected selectivity in
vitro against the other members of the bromodomain and
extra-terminal domain (BET) family. A structure-based
program pinpointed a role of the ZA loop, paving the way
for the development of potent and selective BET-BRDi probes.

■ INTRODUCTION

Bromodomains (BRD) are protein interaction modules that
preferentially bind ε-N-acetylated lysine residues through
structurally well-defined pockets. BRDs are found in eight
protein families, which include a total of 46 nuclear or
cytoplasmic proteins in human with diverse structures and
functions, including chromatin-modifying enzymes, helicases,
chromatin remodelers, transcriptional coactivators and media-
tors, and the bromodomain and extra-terminal domain (BET)
family of proteins.1−3 BET proteins (BRD2, BRD3, BRD4, and
the testis-specific BRDT) have a conserved modular
architecture including two N-terminal tandem BRDs (BD1
and BD2). The BETs play a central role in chromatin biology
by acting as tissue-specific recruitment platforms that tether
complexes to acetylated histones and chromatin, facilitating the
assembly of the transcriptional machinery and controlling gene
expression in inflammation, viral infection, and cancer biology.
For example, BRD2 is specifically recruited to acetylated
histones H3 and H4, and this interaction is linked to active
transcription and mitosis.4,5 BRD2 and BRD3 are required for
permissive RNA polymerase II transcription through acetylated

nucleosomes,6 and it has been suggested that BRD4 binds
acetylated histones using primarily its first bromodomain
(BD1).7,8 The BD2 domain also recognizes and interacts
with the acetylated region of cyclin T1, which forms a complex
with the positive transcription elongation factor b and is crucial
for the sustained presence of Pol II in active genes and for
transcription initiation and elongation,9 thereby regulating the
expression of cell proliferation supporting genes, including c-
Myc and its target genes.10

BET proteins are often deregulated in disease, their
transcription-regulating activity being altered and thus affecting
numerous growth-promoting genes and cytokines. BET
proteins are known to be deregulated in cancer,11 and the
recent disclosure of pan-BET inhibitors that attenuate BRD
function has allowed the validation of these drug targets,
shedding light on their roles in disease. Interestingly, BRD4
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occupies “superenhancers” and its inhibition leads to significant
reduction of the transcript levels of only a few hundred genes,12

in a cell-, disease-, and context-specific manner. Preclinical
targeting of BETs has had initial successes, particularly in
oncology. For example, in a phase I acute leukemia study, (6S)-
4-(4-chlorophenyl)-N-(4-hydroxyphenyl)-2,3,9-trimethyl-6H-
thieno[3,2-f ][1,2,4]triazolo[4,3-a][1,4]diazepine-6-acetamide
(OTX015),13−16 a thienodiazepine, induced remissions, includ-
ing complete remission in two patients with refractory disease,
and 2-[4-(2-hydroxyethoxy)-3,5-dimethylphenyl]-5,7-dime-
thoxy-4(3H)-quinazolinone (RVX-208),8,17 a quinazolone
derivative of resveratrol that binds preferentially to the BD2

domain of BRD2 and BRD3, has already been tested in
hundreds of patients in phase II clinical trials for the treatment
of atherosclerosis, providing proof-of-concept that selective
inhibition within the BET family is feasible. However, pan-BET
inhibition might remain an issue regarding the impact on
numerous transcriptional pathways and the individual tissue
specific functions of BET members. The selective targeting of
individual BET and the discrimination between BD1 and BD2
present one opportunity to achieve more selective transcrip-
tional effects. Here, we follow-up on a previous midthroughput
screen (MTS) using the 2P2I3D chemical library, a structurally
diverse “protein−protein interaction inhibition (2P2I)-ori-

Figure 1. Identification of a selective BRD4(BD1) acetylated-mimic xanthine inhibitor 1. (A) Structure of 3-butyl-8-(6-butyl-5,7-dimethyl-
[1,2,4]triazolo[1,5-a]pyrimidin-2-ylsulfanylmethyl)-7-ethylxanthine, 1. (B) Isothermal titration calorimetry (ITC) thermogram (left) and nonlinear
least-squares fit model of the integrated data (right) at 35 °C (300 μM BRD4(BD1) vs 35 μM 1) as a function of the molar ratio of ligand (cell) to
the protein (syringe). (C) Homogeneous time resolved fluorescence (HTRF) selectivity assay of 1 on all BET members and ATAD2 as a non-BET
control after excitation at 337 nm, energy transfer at 620 nm, and fluorescence emission at 665 nm. Fluorescence data are normalized and plotted as
a function of the ligand concentration. Curves are colored by bromodomains (BRD4(BD1), pink ●; BRD3(BD1), purple ■; BRD2(BD1), blue ▲;
BRDT(BD1), cyan ◆; BRD4(BD2), red ○; BRD3(BD2), gray □; BRD2(BD2), orange △; ATAD2, gray ◇). (D) Effect of 1 on Jurkat cell viability
as a function of the compound concentration after 72 h incubation at 37 °C. (E) C-myc pro-oncogene downregulation profile in the presence of
different concentrations of 1 at 0.5% DMSO after 24 h incubation (50 μg of loaded protein).

Figure 2. Molecular mode of action of 1 in the N-acetylated binding pocket of BRD4(BD1). (A) Three dimensional crystallographic structure of 1
(orange stick and ball representation) complexed with BRD4(BD1) obtained at 2.2 Å resolution (as a colored cartoon labeled by secondary
structures) showing the conserved N140 residue (pink), WPF shelf (green), I146 gatekeeper residue (blue), and four highly conserved water
molecules (red spheres) located at the bottom of the cavity. (B) Detailed view of 1/BRD4(BD1) interaction. BRD4(BD1) is shown as ball and stick
representation. The four conserved water molecules at the bottom of the cavity (red spheres marked with a ¤) are involved in an extensive hydrogen
bond network with BRD4(BD1) (red dashed lines). Direct hydrogen bond interactions between 1 and BRD4(BD1) are shown as black dashed lines,
while indirect water mediated interactions are shown as blue dashed lines. The L92 is displayed in transparency for clarity. (C) Detailed view of the
van der Waals interactions (gray dashed lines) of 1 stacked between Q85 and L92 of BRD4(BD1).
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ented” collection of compounds,18−23 by focusing on a selective
BRD4(BD1) acetylated-mimic xanthine inhibitor. Among the
17 hits that were identified following this screen, one xanthine
derivative was found to present a low micromolar IC50
measured by homogeneous time-resolved fluorescence
(HTRF) and an unforeseen selectivity profile among the
BET family members. A structure-based investigation program
around xanthine scaffold containing compounds was the
starting point of this observed selectivity with a key role
identified for the bromodomain ZA loop.

■ RESULTS AND DISCUSSION

A MTS of the 2P2I3D chemical library against BRD4(BD1)
identified 17 hits with affinities within the low micromolar
range. We setup isothermal titration calorimetry (ITC) as an
orthogonal assay and were able to validate direct binding for 7
out of the 17 compounds tested, with ligand efficiency (LE)
values ranging from 0.20 up to 0.23. Among them, 1 (Figure
1A), a xanthine derivative, presented a Kd of 1.4 μM, driven by
a large favorable entropy term (−TΔS of −7.1 kcal/mol) as
demonstrated by ITC (Figure 1B). This biophysical result
suggested conformational changes and water rearrangement
upon binding of the compound. Moreover, an HTRF
experiment against seven out of the eight BD1 and BD2 BET
domains (BRDT(BD2) was not available as single bromodo-
main from the company Cisbio) pinpointed a 10-fold lower
IC50 for 1 toward BRD4(BD1) (IC50 of 5 μM) compared with
its relative’s BD1 (IC50 > 50 μM), and no detectable inhibition
of the BD2 counterparts (Figure 1C and Table 3). In cell-based
assays, 1 reduced Jurkat T cell viability in a dose-dependent
manner with an EC50 of 27 μM. Also, 1 down-regulated c-Myc,
a pro-oncogene contributing to the pathogenesis of numerous
human cancers, in the same range of concentration (Figure
1D,E). We next solved the crystal structure of 1 in complex
with BRD4(BD1). The cocrystal revealed the globular domain
organization for BRD4(BD1)24 and a well-defined electron
density for 1 with the expected binding mode of an acetyl-lysine
mimetic (Figure 2A,B and see also Supporting Information
Figure S1),25 forming the canonical hydrogen bond with the
conserved asparagine N140 and a water mediated hydrogen
bond with Y97 also linking the inhibitor to the conserved water
network at the bottom of the binding pocket. Surprisingly, the
triazolopyrimidinyl moiety stacked against the ZA channel,
occupying the space at the rim of the acetyl-lysine binding site,
a binding mode that has also recently been reported for
benzimidazolone derivative inhibitors targeting BAZ2B bromo-
domain (Supporting Information Figure S2).26−28 This triazolo
moiety establishes a hydrogen bond interaction with the main
chain (NH amido group) of D88, a residue conserved
throughout the BET family. This interaction orientates the
triazolopyrimidinyl fragment in the ZA channel, while its ring

system is locked from one side by van der Waals contacts with
L92 and from the other side with Q85; the pyrimidine ring sits
tightly on this glutamine, which is bent by 90° to adopt this
complementary orientation (Figure 2C). This BD1-conserved
amino acid (except in BRDT(BD1)) is replaced by larger
residues such as arginine or lysine in the BD2 subfamily
(Supporting Information Figure S3). This difference could be
responsible for the observed selectivity profile of 1 toward
BRD4-, BRD3-, and BRD2(BD1) vs all the other BET proteins
tested. Crystallographic data collection statistics are summar-
ized in Supporting Information Table S1.
In order to gain better understanding of this selectivity

profile, we undertook a structure-based program aiming to
define the structure/affinity and structure/selectivity relation-
ships by decomposing this model compound. First, the
xanthine 2 and the corresponding mono- and unsymmetrically
dialkylated derivatives 3−5 were prepared from guanosine,
taking advantage of an oriented N7-alkylation as previously
described in literature (Scheme 1).29

These compounds were further analyzed by HTRF, ITC, and
X-ray crystallography, when available (Table 1, Figure 3).

Chemical variations of the xanthine mimicking the reference
probe (6S)-4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-
f ][1,2,4]triazolo[4,3-a][1,4]diazepine-6-acetic acid 1,1-dime-
thylethyl ester (JQ1, PDB accession code 3MXF),24 such as a
substitution of the butyl group (compound 4) by a
chlorobenzyl one (compound 5), allowed an optimization of
the core with an IC50 of 2.6 μM as measured by HTRF (2-fold
increased potency) and a Kd of 1.8 μM as measured by ITC.
This optimized core presented a favorable enthalpy change of
−6.3 kcal/mol (Figure 3A). More importantly, the selectivity
profile of this optimized core 5 displayed a pan-BET inhibition
profile, similarly to 4 (Figure 3B). Analysis of the cocrystal
structures confirmed a characteristic recognition of the pocket

Scheme 1. Synthesis of Substituted Xanthinesa

aReagents and conditions: (i) EtI, DMA, 60 °C, 12 h; (ii) HClaq 3 N, reflux, 1 h, then rt NH3aq 30%; (iii) NaNO2, H2O−AcOH, 50 °C, 1 h; (iv)
R2X, K2CO3, DMF, rt, 2 days.

Table 1. Effect of Various Substituted Xanthine on
BRD4(BD1) Activity

substituent BRD4(BD1)

compd R1 R2 IC50
a (μM) KD

b (μM) LEc

2 H H d d
3 Et H d d
4 Et Bu 13.0 ± 0.3 0.40
5 Et 4-ClBn 2.6 ± 0.1 1.8 0.37

aDrug concentration that inhibits protein−protein interaction by 50%.
Data are the mean ± standard deviation (SD) of three experiments.
bKd determined by isothermal titration calorimetry. cLigand Efficiency
(LE) defined as the ratio of the log of the IC50 to the number (N) of
non-hydrogen atoms of the compound LE = 1.4(-log(IC50)/N).

dNot
applicable.
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by this core, as exemplified by the superimposition of 1 with 5
(Figure 3C,D). The core was thus not responsible (as
expected) for the observed selectivity profiles of 1.
We next questioned whether the observed selectivity profile

of 1 was due to the triazolo or to the pyrimidinyl moiety of the
core extension. To address this purpose, a series of N-3, N-7
disubstituted triazoloxanthine derivatives 1 and 6−8 were
synthesized in ten steps following the synthetic route illustrated
in Scheme 2.
The 3-alkyl-8-chloromethyl-7-ethylxanthine substrates 26

and 27 for reaction were prepared from corresponding 5,6-
diaminouracils,30 18 and 19, by condensation with glycolic acid
followed by base induced ring closure acylation. Starting from
alkylamine, the condensation with potassium cyanate afforded
alkylurea 10 and 11 converted into corresponding 6-amino-
uracil 14 and 15 by treating with cyanoacetic acid and sodium
hydroxide successively (Supporting Information Scheme S1).
Subsequent nitrosylation with sodium nitrite in aqueous acetic
acid, then reduction with sodium dithionite led to expected

diaminouracils 18 and 19 in good overall yields (42% and 20%,
respectively).
After evaluation, compound 7 revealed an IC50 of 26.4 μM in

HTRF, which represents a 10-fold decrease in potency
compared with 5 (Tables 2 and 3). Compound 7, however,
exhibited a shift of selectivity toward BET-BD1 domains
(Figure 4A and Table 3). The introduction of the triazolo
fragment thus brought a decrease of potency yet drove a
commencement of selectivity among BET bromodomains
(BD1 vs BD2).
A potential hydrogen bond between the triazolo fragment

and D88, conserved in all the BET bromodomains, could be
stabilized with certain bromodomains and not with others, due
to differences in the dynamics of the ZA loop, which has been
demonstrated to be crucial in the binding kinetics of several
BET-BRDi.24,31,32 Superimposition of BRD4 with or without 1
illustrates structural rearrangements with displacement of the
ZA loop up to 2.7 Å (Supporting Information Figure S4).
These rearrangements are not observed with the “pan inhibitor”

Figure 3. Studies of disubstituted xanthine derivatives as potential selective bromodomain inhibitors. (A) ITC thermogram (top) and integrated data
(bottom) at 35 °C of BRD4(BD1) (100 μM in the syringe) vs 5 (10 μM in the cell) as a function of the molar ratio of ligand to protein. (B) HTRF
selectivity assay of 4 (top) and 5 (bottom). The curve symbols and color scheme use the same pattern as in Figure 1. (C) Three dimensional
detailed view of 5 (purple)/BRD4(BD1) molecular mode of action obtained from the crystal structure of the complex (obtained at 1.60 Å
resolution) as a ball and stick representation as used for Figure 2. (D) Superimposed detailed view of the binding of 1 (orange) and 5 (purple) in the
N-acetylated lysine pocket. The gray trace illustrates the cavity surface profile. Hydrogen bond interactions with the N140 are shown in orange and
purple for 1 and 5, respectively.

Scheme 2. Design and Synthesis of Triazolosulfanylmethyl-Substituted Xanthine-Based BRD4(BD1) Inhibitors 1 and 6−8a

aReagents and conditions: (i) glycolic acid, 120 °C, 30 min; (ii) NaOHaq., H2O−EtOH, 85 °C, 2 h; (iii) EtI, K2CO3, DMF, 0 °C to rt, 12 h; (iv)
SOCl2, CH2Cl2, reflux, 15 min; (v) DIPEA, DMF, rt, 30 min.
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5, thus validating this assumption. The role of this loop and its
associated variable dynamics would also explain the IC50
observed for 1 toward BRD4(BD1) vs BRD3(BD1) and
BRD2(BD1), this hydrogen bond being more stable with
BRD4(BD1). Analysis of the protein−ligand(s) interactions
including hydrophobic and hydrogen-bonding contacts was
carried out using LigPlot+,33 as shown in Supporting
Information Figure S5. This weak interaction prevented us
from solving a nonambiguous 3D structure of 7 in complex
with BRD4(BD1). However, crystals with 50% occupancy of 7
highlighted that this compound was still interacting with
BRD4(BD1) and that hydrogen bond between the triazolo
moiety and the main chain (NH amido group) of D88 was
present, with BRD4(BD1) (Figure 4B,C). The triazolo was
thus explaining only partly the observed selectivity profiles of 1.
An explanation for the selectivity profile of 1 was finally
confirmed with the synthesis of 6, the N-chlorobenzyl analogue
of 1. Of note, this compound was found to be less active than
the original compound 1 (IC50 values of 20 μM vs 5 μM,
respectively). However, the selectivity profile of this compound
was similar to that of 1 (Figure 4A), that is, selective toward
BRD4(BD1). Altogether, these data suggest that the N3,N7-
dialkylated xanthine core (see 4 and 5) is responsible for the
pan-BET inhibition, while condensed with triazolo moiety (see
7) it allows the preferential inhibition of BET-BD1 domains
forming a hydrogen bond with the conserved D88 residue.
Further condensation with pyrimidinyl moiety drives the
corresponding triazolopyrimidinyl xanthine derivatives (1 and
6) to be selective toward BRD4(BD1) due to van der Waals

interaction with the side chain of Q85. A steric clash prevents
this interaction with the R54, its equivalent residue in
BRDT(BD1) numbering, or the K present in the other
BRDX(BD2) bromodomains. These findings suggest a
potential mechanism for the selectivity of BET bromodomains.
However, a more comprehensive evaluation of the role of the
first bromodomain in cancer cell proliferation and chromatin
biology will require the development of more selective probes
with improved selectivity.

■ CONCLUSION
A permanent wavering in drug discovery is related to the
development of pan- (multitargeted) or selective (single
targeted) inhibitors. In this study, we have investigated the
key structural feature responsible for the selectivity of a
xanthine-based BRD4(BD1) inhibitor identified through MTS.
This compound represents the first low micromolar selective
inhibitor targeting BRD4(BD1) with a >10-fold ratio in binding
affinity toward any other BET bromodomain tested, yet
presenting low but dose−response down regulation of c-Myc
levels in cell-based assay. The cocrystal structure revealed an
original orientation of the triazolopyrimidinyl moiety, expand-
ing into the ZA channel, setting the basis of a structure−
selectivity relationship inside the BET family. Even though it is
conserved throughout the BET family, the different dynamic
behavior of the ZA loop could be exploited to tune the
selectivity of BET inhibitors. Optimization of the selective
BRD4(BD1) inhibitor to a probe has not been achieved yet.
However, the structural features identified in this study will
allow further optimization of more selective BRD4(BD1)
inhibitors. The generation of such probes will allow a genuine
evaluation of the biological role for each bromodomain and a
validation (or not) of the interest toward the development of
selective vs pan-BET inhibitors in the clinic.

■ EXPERIMENTAL SECTION
General Methods. All solvents were purified according to

reported procedures, and the commercially available reagents were
used as received. Separation by column chromatography was
performed using SDS Kieselgel (70−230 mesh). Petroleum refers to
the fraction with distillation range 40−65 °C. 1H and 13C NMR
spectra were recorded using a Bruker AC400 or AC250 spectrometer.
Chemical shifts, δ, are reported in ppm and coupling values, J, in hertz.
Abbreviations for peaks are br = broad, s = singlet, d = doublet, t =
triplet, q = quadruplet, quint = quintuplet, sex = sextuplet, and m =
multiplet. Reaction monitoring and purity of compounds were
recorded by using analytical Agilent Infinity high performance liquid

Table 2. Effect of Various Triazolo-Substituted Xanthine
Derivatives on BRD4(BD1) Activity

aDrug concentration that inhibits protein−protein interaction by 50%.
Data are the mean ± standard deviation (SD) of three experiments.
bKd determined by isothermal titration calorimetry. cLigand efficiency
(LE) defined as the ratio of the IC50 to the number (N) of non-
hydrogen atoms of the compound LE = 1.4(−log IC50)/N.

Table 3. Selectivity Profiles of Xanthine Derivatives toward BET Family Members

IC50
a (μM)

bromodomain 1 4 5 6c 7

BRD4(BD1) 5.0 ± 0.1 13.0 ± 0.3 2.6 ± 0.1 20.4 ± 3.6 26.4 ± 0.7
BRD3(BD1) 62.0 ± 7.8 4.8 ± 0.3 1.8 ± 1.1 d 31.7 ± 1.1
BRD2(BD1) 59.0 ± 2.9 18.8 ± 0.7 4.7 ± 0.1 d 30.0 ± 0.9
BRDT(BD1) >100 7.9 ± 0.4 2.3 ± 0.2 d >100
BRD4(BD2) d 8.1 ± 0.3 1.9 ± 0.1 d d,e
BRD3(BD2) d 5.8 ± 0.2 1.8 ± 0.2 d d,e
BRD2(BD2) d 6.6 ± 0.3 1.6 ± 0.2 d d,e
ATAD2b >100 d d d d

aDrug concentration that inhibits protein−protein interaction by 50%. Data are the mean ± standard deviation (SD) of three experiments. bATAD2
is used as a non-BET family member bromodomain control. cData above 25 μM have been excluded due to precipitation and fluorescence
interference at 620 nm. dNot converged. eFluorescence interference at 620 nm with BD2.
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chromatography (Column Zorbax SB-C18 1.8 μM (2.1 mm × 50
mm); mobile phase A 0.1% FA H2O, B 0.1% FA MeCN, time/%B 0/
10, 4/90, 7/90, 9/10, 10/10; flow rate 0.3 mL/min; diluent MeOH)
with DAD at 230 nM. All tested compounds yielded data consistent
with a purity of ≥95%. Low-resolution mass spectra were obtained
with Agilent SQ G6120B mass spectrometer in positive electrospray
mode. High-resolution mass spectra were performed at the Spectro-
pole Analytical Laboratory of the University Paul Cezanne, Marseille.
General Procedure for the Synthesis of 8-Triazolosulfanyl-

methylxanthine Derivatives 1 and 6−8. To a solution of
mercapto triazole derivative (0.15 mmol) in dimethylformamide (2
mL) was injected diisopropylethylamine (26 μL, 1 equiv). After 5 min
under stirring, a solution of appropriate 3-alkyl-8-chloromethyl-7-
ethyl-3,7-dihydro-purine-2,6-dione (1 equiv) in dimethylformamide (2
mL) was added dropwise. The resulting mixture was stirred at room
temperature (30 °C) for 30 min. The solvent was distilled off under
reduced pressure, and the residue was purified by column
chromatography (CH2Cl2−MeOH) to afford the corresponding 3-
alkyl-8-([1,2,4]triazolo-3-yl-sulfanylmethyl)-7-ethyl-3,7-dihydro-pu-
rine-2,6-dione.
3-Butyl-8-(6-butyl-5,7-dimethyl-[1,2,4]triazolo[1,5-a]pyrimidin-2-

ylsulfanylmethyl)-7-ethyl-3,7-dihydro-purine-2,6-dione, 1. Yield
88% as white solid. Rf = 0.29 (CH2Cl2−MeOH 10:0.5). 1H NMR
(250 MHz, CDCl3) δ 7.88 (1H, sbroad), 4.73 (2H, s), 4.49 (2H, q, J =
7.1 Hz), 4.04 (2H,t, J = 7.4 Hz), 2.76 (3H, s), 2.73−2.69 (2H, m),
2.69 (3H, s), 1.73 (2H, quint, J = 7.4 Hz), 1.56−1.34 (6H, m), 1.40−
1.28 (2H, m), 1.45 (3H, t, J = 7.4 Hz), 1.01 (3H, t, J = 7.1 Hz) and
0.95 (3H, t, J = 7.4 Hz). 13C NMR (100 MHz, CDCl3) δ 165.0, 164.1,
154.1, 153.8, 150.6, 150.1, 149.2, 143.5, 121.8, 42.7, 41.4, 31.9, 30.2,
28.0, 26.8, 23.8, 22.9, 20.0, 16.6, 14.0, 13.9, and 13.8. LCMS
C23H32N8O2S Rt = 6.755 min, m/z = 484.6, purity >99%. HRMS (ESI
+) for C23H33N8O2S (M + H) calcd, 485.2442; found, 485.2442.
8-(6-Butyl-5,7-dimethyl-[1,2,4]triazolo[1,5-a]pyrimidin-2-ylsulfa-

nylmethyl)-3-(4-chlorobenzyl)-7-ethyl-3,7-dihydro-purine-2,6-
dione, 6. Yield 37% as light yellow solid. Rf = 0.35 (EtOAc). 1H NMR
(400 MHz, CDCl3) δ 7.48 (2H, d, J = 8.5 Hz), 7.23 (2H, d, J = 8.5
Hz), 5.15 (2H, s), 4.71 (2H, s), 4.47 (2H, q, J = 7.2 Hz), 2.75 (3H, s),
2.73−2.70 (2H, m), 2.69 (3H, s), 1.54−1.49 (4H, m), 1.45 (3H, t, J =
7.2 Hz) and 1.00 (3H, t, J = 7.2 Hz). 13C NMR (100 MHz, CDCl3) δ
164.8, 164.0, 153.8, 153.7, 150.4, 149.5, 149.2, 143.4, 134.7, 133.8,
130.7, 128.6, 121.8, 107.6, 45.1, 41.3, 31.8, 27.9, 26.7, 23.7, 22.8, 16.4,
13.9, and 13.8. LCMS C26H29ClN8O2S Rt = 6.728 min, m/z = 552.5,
purity >99%. HRMS (ESI+) for C26H30ClN8O2S (M + H) calcd,
553.1895; found, 553.1898.

8-(5-Amino-1H-[1,2,4]triazol-3-ylsulfanylmethyl)-3-(4-chloroben-
zyl)-7-ethyl-3,7-dihydro-purine-2,6-dione, 7. Yield 62% as yellow
solid. Rf = 0.18 (EtOAc). 1H NMR (250 MHz, MeOD) δ 7.38 (2H, d,
J = 8.5 Hz), 7.29 (2H, d, J = 8.5 Hz), 5.12 (2H, s), 4.42 (2H, s), 4.38
(2H, q, J = 7.2 Hz), and 1.42 (3H, t, J = 7.1 Hz). 13C NMR (63 MHz,
MeOD) δ 156.3, 152.7, 151.5, 150.7, 136.8, 134.5, 131.1, 129.6, 108.8,
45.9, 42.2, 31.7, 16.6. LCMS C17H17ClN8O2S Rt = 4.838 min, m/z =
432.5, purity >96%. HRMS (ESI+) for C17H18ClN8O2S (M + H)
calcd, 433.0956; found, 433.0956.

8-(5-Amino-1H-[1,2,4]triazol-3-ylsulfanylmethyl)-3-butyl-7-ethyl-
3,7-dihydro-purine-2,6-dione, 8. Yield 82% as light yellow powder. Rf
= 0.40 (EtOAc-MeOH 6:1). 1H NMR (250 MHz, DMSO-d6) δ 12.08
(1H, sbroad), 11.07 (1H, sbroad), 6.15 (2H, sbroad), 4.41 (2H, s),
4.28 (2H, q, J = 7.1 Hz), 3.85 (2H,t, J = 7.3 Hz), 1.58 (2H, quint, J =
7.3 Hz), 1.34−1.19 (5H, m) and 0.89 (3H, t, J = 7.3 Hz). 13C NMR
(100 MHz, DMSO-d6) δ 154.6, 150.8, 149.6, 149.1, 106.9, 41.6, 40.6,
29.9, 26.8, 19.6, 16.3, and 13.9. LCMS C14H20N8O2S Rt = 4.841 min,
m/z = 364.6, purity >96%. HRMS (ESI+) for C14H21N8O2S (M + H)
calcd, 365.1503; found, 365.1512.
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