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Inhibitors of the Hsp90 molecular chaperone are showing considerable promise as potential molecular
therapeutic agents for the treatment of cancer. Here we describe novel 2-aminothieno[2,3-d]pyrimidine
ATP competitive Hsp90 inhibitors, which were designed by combining structural elements of distinct
low affinity hits generated from fragment-based and in silico screening exercises in concert with
structural information fromX-ray protein crystallography. Examples from this series have high affinity
(IC50=50-100 nM) for Hsp90 as measured in a fluorescence polarization (FP) competitive binding
assay and are active in human cancer cell lines where they inhibit cell proliferation and exhibit a
characteristic profile of depletion of oncogenic proteins and concomitant elevation of Hsp72. Several
examples (34a, 34d and 34i) caused tumor growth regression at well tolerated doses when administered
orally in a human BT474 human breast cancer xenograft model.

Introduction

Heat shock protein 90 (Hsp90) is an importantmember of a
class of proteins known as molecular chaperones. These
chaperone proteins play a critical role in the conformational
maturation, stability, and function of other “client” protein
substrates within the cell.1 Themechanism of action ofHsp90
is complex, involving homodimerization and binding to sub-
strates, cochaperones, and other accessory proteins operating
in a chaperone cycle.2 This cycle is driven by the binding of
ATP to Hsp90, hydrolysis to ADP, and subsequent ATP/
ADP exchange, which enables the multimeric complexes
within the conformational cycle to facilitate protein loading,
activation, and release.3-5

There are over 100 client proteins of Hsp90 identified to
date,6 many of which are involved in signal transduction, cell
cycle regulation, and apoptosis, including kinases, transcrip-
tion factors, and hormone receptors.7-10 The dysregulation of
pathways involving these proteins is commonly associated
with cancer pathology and Hsp90 thus plays a key role in
assisting survival, proliferation, invasion, metastasis, and
angiogenesis. Inhibition of Hsp90 function is therefore con-
sidered as a major therapeutic target, as it constitutes a
combinatorial attack on these hallmark traits of cancer,11

with the potential for broad spectrum activity and reduced
liability for acquired drug resistance as a consequence of the
ability to interfere with multiple oncogenic pathways.12

Pioneering studieswithnatural product inhibitors ofHsp90
function such as geldanamycin13-15 (GM) and radicicol16,17

(RD; Figure 1, 1a and 2) provided valuable characterization
and showed that both GM and RD are able to inhibit Hsp90
function by binding to the ATP binding pocket in the
N-terminal domain of Hsp90.18 The subsequent arrest of the
Hsp90 chaperone cycle causes client proteins to be degraded
by the ubiquitin-proteasome pathway, leading to cell cycle
arrest and apoptosis in cancer cells.19 Further validation
and proof of principle that Hsp90 is a promising anticancer
drug has come from animal models and clinical studies with
the GM analogue 17-allylamino-17-demethoxygeldanamycin
(17-AAG; Figure 1; 1b).20 This first-in-class Hsp90 inhibitor
has demonstrated evidence of target modulation and indica-
tions of clinical activity inmelanoma, prostate, renal, multiple
myeloma, and trastuzumab-refractory breast cancer.21-24

Additional clinical trials have been initiated with 17-AAG
used as a single agent and in drug combinations in various
cancer types. The prevalence of a high affinity form of Hsp90
in tumor cells,25 the “addiction” of cancer cells to oncogenic
client proteins, and the greater dependency upon Hsp90 of
these clients (especially their activated mutated forms)26 have
been proposed as rationales for the remarkable selectivity of
Hsp90 inhibitors for cancer versus normal cells.27

However, despite the good activity in preclinical models
and the clinical progression of 17-AAG, this compound has
several potential limitations including poor solubility, neces-
sitating complex formulations, limited bioavailability,
hepatotoxicity, and extensive metabolism by polymorphic

*To whom correspondence should be addressed. Phone 44 (0)1223
895372. Fax: 44 (0)1223 895556. E-mail: p.brough@vernalis.com.

D
ow

nl
oa

de
d 

by
 T

A
T

A
 I

N
ST

 O
F 

FU
N

D
A

M
E

N
T

A
L

 R
E

S 
on

 O
ct

ob
er

 1
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

17
, 2

00
9 

| d
oi

: 1
0.

10
21

/jm
90

03
57

y



Article Journal of Medicinal Chemistry, 2009, Vol. 52, No. 15 4795

enzymes.28-30 In particular, low level expression or mutation
of the oxidoreductaseNQO1, which catalyzes reduction of the
benzoquinone moiety, has been shown to give rise to intrinsic
and acquired resistance to 17-AAG.31 Some of these issues
havebeenaddressedwith thedevelopment of thewater-soluble
ansamycin 17-dimethylamino-ethylamino-17-demethoxygel-
danamycin (17-DMAG; Figure 1; 1c),32 which was in phase
I/Ib clinical trials, and the hydroquinone pro-drug of 17-AAG
(IPI-504; Figure 1; 1d),33,34 which is reported to be in phase
I/II. A proprietary formulation of 17-AAG (KOS-953)35 has
advanced to phase III in combination with bortezomib (www.
clinicaltrials.gov). However, the above issues and the inherent
chemical complexity of the ansamycin inhibitors have led to
significant efforts to identify novel small-molecule inhibitors of
Hsp90 and this arena of research has been extensively
reviewed.29,36-47 Themost advanced smallmolecule inhibitors
described to date include purine,48,49 benzamide,50 and resor-
cinol51,52 scaffold inhibitors as exemplified by compounds
3-5, respectively (Figure 2). These compounds are reportedly
in phase I clinical trials for cancer.53 We recently reported on
the structure-based drug design program that led to the
identification of the highly potent resorcinol inhibitor 5

(NVP-AUY922/VER-52296; Figure 2).51 To deliver an orally
bioavailable inhibitor back up compound, we felt it appro-
priate to identify a novel ATP competitive small molecule
inhibitor with a distinct chemotype. Herein we report on the
combination of hit identification strategies and the structure-
based medicinal chemistry program that led to the identifica-
tion of a new class of 2-aminothieno[2,3-d]pyrimidine Hsp90
inhibitors with oral efficacy in animal models of cancer.

Hit Identification

Finding novel compounds as starting points for optimiza-
tion is a major challenge in drug discovery research. Frag-
ment-basedmethods54-59 have emerged in the past 10 years as
an effective way to sample chemical diversity with a limited
number of low molecular weight compounds. The structures
of the fragment binding to the protein can then be used to
design new compounds with increased affinity, specificity and

novelty. The approach we applied has been previously de-
scribed60 and included (i) the design of a fragment library, (ii)
identificationof fragments that bound competitively toHsp90
by ligand-based NMR techniques, and (iii) rationalization of
the fragment binding mode in the ATP binding site of Hsp90
by protein X-ray crystallography. This structural information
was then used to evolve the fragments to hits, either by
growing the fragment or by combining structural features
from a number of compounds. Fragments bind to protein
targets with relatively weak affinity, and for this reason,
screening had to be conducted with the potential ligands at
high concentrations. It was therefore important to devise a
strategy that identified specific binding of fragments to the
targeted site of the protein and that could exclude nonspecific
or distal binding.
The strategy employed was to identify fragments that

bound to the enzyme and that were then displaced by a
competitor molecule, in this case the purine scaffold inhibitor
PU3,61 in a manner analogous to a standard biochemical
competition assay. A wide variety of NMR methods have
been proposed to monitor ligand binding.62 We have found
that a combination of three widely used approaches
(saturation transfer difference (STD),63 water-LOGSY,64

and T2 relaxation filtered 1D65) gave a substantially more
reliable experimental output than the use of any single tech-
nique and added little to the duration of either the data
acquisition or analysis stages of the study. The designed
fragment library66 was screened against N-terminal domain
human Hsp90R by combining 10-12 compounds per tube.
This number of compounds was found to be optimal before
resonance overlap became an experimental issue with respect
to spectral analysis. Spectra were recorded in presence and
absence of the ATP competitive ligand PU3,61 and com-
pounds that bound to Hsp90 were categorized as “Class 1”
hits60 if the expected changes on addition of the competitor
ligandwere seen with all threeNMRexperiments. The overall
hit rate from anNMR screen of 1351 fragments was 6.1% (82
compounds), of which 59 compounds bound in all three

Figure 3. Structures of Hsp90RATP site binding fragments identi-
fied by 1D NMR experiments.

Figure 4. Structures of Hsp90 ligands identified by virtual screen-
ing.

Figure 1. Natural product derived Hsp90 inhibitors.

Figure 2. Purine, benzamide, and resorcinol scaffold Hsp90 inhi-
bitors progressed to phase I trials.
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experiments; 21 compounds bound in two of the experiments,
and 2 compounds bound in only one experiment. Selected

class 1 hits are shown in Figure 3 (compounds 6-11). A
significant number of noncompetitive compounds were iden-
tified from the NMR screening (158 in total). These com-
pounds bound toHsp90 but were not displaced by PU3 in the
competition step and were thus not classed as hits and not

Figure 5. Detail of the X-ray crystal structures of N-terminal-Hsp90R in complex with a series of fragments and ligands, highlighting key
protein amino acids and water molecules (red spheres).80 The structures were overlapped on the main chains of residues T109-D102 and
T115-G215, which omit the flexible helix andNandC termini. The rmsdwas between 0.22 and 0.40 Å across the data set. Protein carbon atoms
in gray (bond types not shown), oxygen in red, nitrogen in blue, chlorine in green, sulfur in yellow. Electron density for 10 is 2Fo - Fc map,
contoured at 3σ. All structures are from ligand soaks except where stated.

Scheme 1. Synthesis of Close Analogues of the Fragment Hits
10 and 11a

aReagents and conditions: (a) diisopropylamine, EtOH, 65 �C, 3.5 h,
30%. (b) MeOH, Et3N, microwave, 120 �C, 10 min, 14%.

Scheme 3. Synthesis of 4-Aryl 2-Aminothieno[2,3-d]pyrimidi-
nes 21a-21ea

aReagents and conditions: (a) 2X,4Y-phenylboronic acid, DMF,

H2O, Pd(PPh3)2Cl2, NaHCO3, Δ. (b) EtNH2, MeOH, 85 �C (sealed

tube), 18 h. (c) NaOH, H2O, EtOH, Δ. (d) HATU, diisopropylamine,

EtNH2 3HCl, DMF, 100 �C.

Scheme 2. Synthesis of the 2,4-Diaminothieno[2,3-d]pyrimid-
ine Scaffolda

aReagents and conditions: (a) ethyl-2-mercaptoacetate, K2CO3,

MeCN, 85 �C, 5 h, 82%. (b) aq NH3, microwave 130 �C, 15 min, 22%.

D
ow

nl
oa

de
d 

by
 T

A
T

A
 I

N
ST

 O
F 

FU
N

D
A

M
E

N
T

A
L

 R
E

S 
on

 O
ct

ob
er

 1
1,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

17
, 2

00
9 

| d
oi

: 1
0.

10
21

/jm
90

03
57

y



Article Journal of Medicinal Chemistry, 2009, Vol. 52, No. 15 4797

further characterized. X-ray crystallography using the N-
terminal domain of human Hsp90R established the binding
mode of compounds 6-11 and structurally related fragments.
It was interesting to note that the purine (6), 2-amino benza-
mide (7), and resorcinol fragments (8 and 9, Figure 3) all
contain structural motifs found in the inhibitors described in

Scheme 4. Synthesis of 50-Alkyloxy-2-aminothieno[2,3-d]pyrimidine Hsp90 Inhibitors 34a-i
a

aReagents and conditions: (a) BnBr,K2CO3,MeCN,Δ, 18 h, 96%. (b) Ironpowder,AcOH,H2O, 85 �C, 1.5 h, 96%. (c) (i)NaNO2,HCl,H2O,AcOH,

0 to 5 �C, 30 min; (ii) I2, KI, H2O, rt,1.5 h, 90%. (d) (i) KOAc, bis(pinacolato)diboron, Pd(OAc)2, DMF, 90 �C, 18 h; (ii) 18, K3PO4, 1,4-dioxane,

Pd(PPh3)2Cl2, 100 �C, 3 h, 45%. (e) EtNH2, MeOH, Δ, 18 h, 84%. (f) NaOH, H2O, EtOH, D, 50 min, quant. (g) HATU, RNH2, DMF,

diisopropylamine; 50 �C, 1 h. (h) BCl3, CH2Cl2, -78 �C to rt, 3 h, 87%. (i) R1Br/Cl, Cs2CO3, DMF, 100-140 �C, 1-2 h. (j) R1OH, DIAD, PPh3,

THF, rt, 4 h.

Scheme 5. Synthesis of Aminothieno[2,3-d]pyrimidine Hsp90
inhibitors 34j-m via Reductive Aminationa

aReagents and conditions: (a) 2-Bromoethylacetaldehyde diethyl

acetal, Cs2CO3, DMF, 125 �C, 4 h, 71%. (b) (i) HCl (aq), THF, 48 h;

(ii) amine, DCM, NaB(OAc)3H, 1.5 h.

Table 1. Binding Affinitiesa for Hsp90 ATP Binding Site Measured by
Fluorescence Polarization Assay for Selected Fragment and Virtual
Screening Hits

compd no. FP IC50 (μM) compd no. FP IC50 (μM)

6 >4000 12 1.56

7 >4000 13 0.90

8 490 14 20

9 570 15 535

10 350 16 1250

11 >4000
aValues are reported as a mean of at least two independent determi-

nations.
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Figure 2. Another fragment-based approach to identifying
Hsp90 ligands has been subsequently disclosed.67 Elaboration
of the initial fragment hits (which included a fragment linking
strategy) led to the identification of high affinity Hsp90
ligands, although further biological characterization was not
discussed. Recently, another group has reported on a frag-
ment-based approach, which led to the identification of
tetrahydrobenzopyrimidine Hsp90 inhibitors.68

We applied a parallel approach to hit identification, namely
in silico (or virtual) screening. There has recently been in-
creasing success in using molecular docking methods in the
discovery of new chemical entities that bind to therapeutic
target proteins, including Hsp90.69,70 We utilized the proprie-
tary docking software rDock and a previously described
docking protocol69,71 in an effort to identify novel Hsp90
ligands. The shape and size of the ATP binding site is altered
upon binding of PU3 as a consequence of a flexible loop
between residues 104 to 111.72 Therefore the structure of both
open and helical forms (PDB codes 1YET and 1UY6) were
used in the docking, and in addition, three highly conserved
water molecules in the region of the D93 residue were treated
as part of the receptor. A virtual library of 700000 compounds
was selected from the 3.5 million commercially available
compounds in our proprietary catalogue rCat.73 The output

from the screen was further filtered to identify 719 commer-
cially available compounds, which were obtained and
screened in a fluorescence polarization (FP) assay,74 which
measured directly competitive binding to theN-terminal ATP
binding site. This exercise identified a number of hits including
12 and 13 (Figure 4). The binding affinity of these hits and the
fragment derived hits disclosed in Figure 3 are shown in
Table 1. These data demonstrated a number of hits with weak
to moderate affinity for the Hsp90 ATP site. In addition to
these binding data, X-ray crystallography provided structural
information (Figure 5) to guide further optimization. The
challenge was to combine the structure-activity relationships
(SAR) and X-ray crystallographic data relating to these hits
(and other Hsp90 inhibitors) to enable the rapid progression
to tractable leads and subsequent lead optimization.

Chemistry

The 1,3,5 triazine 14 was prepared as outlined in Scheme 1
by condensation of benzamidine hydrochloride with dimethyl
cyanodithioiminocarbonate by a modification of a method
previously described.75 Pyrimidine 15 was prepared by the
microwavemediated reaction of the commercially available 2-
amino-4-chloro-6-methylpyrimidine with 2-mercapto-N-
methyl acetamide. The thienopyrimidine scaffold was con-
structed as shown in Scheme 2 by reacting ethyl-2-mercaptoa-
cetate with 4,6-dichloro-5-formyl pyrimidine (17) to give
compound 18, which was reacted with aqueous ammonia at
high temperature to afford key 2,4-diamino thienopyrimidine
16.76 Compound 18 underwent Suzuki cross coupling reac-
tions77with commercially available boronic acids to furnish 4-
aryl-2-aminopyrimidines 19a-e (Scheme 3). Saponification
of the ethyl esters 19a and 19e gave the corresponding acids
20a and 20e, which underwent a HATU mediated coupling
with ethylamine hydrochloride to afford ethyl amides 21a and
21e. Alternatively, ethyl amides 21b-d were made by direct
conversion of the ethyl esters by heating with ethylamine in
methanol solution. The 50-aryloxy derivatives 34a-m

(Scheme 4) were made by a similar method, although the
key intermediate 26 required the prior synthesis of an appro-
priate cross coupling partner. Thus, the commercially avail-
able nitro phenol 22 was protected with a benzyl group (23)
and the nitro group then reduced to aniline 24. Subsequent
diazotization of the aniline followed by quenching the inter-
mediate diazonium salt with iodine afforded iodophenol
derivative 25, which was then converted to an intermediate
boronate ester via a palladium mediated process.78 The

Figure 6. Combining fragment and virtual screening hits; evolution to the 2-aminothieno[2,3-d]pyrimidine scaffold.

Table 2. Binding Affinitiesa for Hsp90 ATP Binding Site Measured by
Fluorescence Polarization Assay and Antiproliferation Potency (GI50)

b

in aHumanHCT116Colon CarcinomaCell Line for Selected 2-Amino-
4-aryl-thieno[2,3-d]pyrimidine Hsp90 Inhibitors

compd no. X Y FP IC50 (μM) GI50 (HCT116) (μM)

21a H H 5.7 14.3

21b H Cl 0.72 8.47

21c Me Me 0.34 4.24

21d Me CN 0.30 1.34

21e Cl Cl 0.23 0.82
aValues are reported as a mean of at least two independent determi-

nations. bAntiproliferative potency as indicated by concentrations
which lead to 50% growth inhibition (GI50) in a SRB assay.
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boronate ester derivative of 25 underwent cross coupling with
compound 18 (Scheme 2) to give compound 26. It was found
that only the ethyl amide 28 could be made by direct conver-
sion from the ethyl ester 26; other amides (29 and 30) were
made via the carboxylic acid 27. Boron trichloride mediated
deprotection of benzyloxy compounds 28-30 gave corre-
sponding phenols 31-33, which were then derivatized to
give 34a-i by either reaction with alkyl halides or by Mitsu-
nobu reactions79with the appropriate alcohols.Analternative
approach to the construction of the thienopyrimidines 34 is
shown in Scheme 5. In this case, compound 31 was reacted
with 2-bromoethylacetaladehyde diethyl acetal to generate
the acetal derivative 35. In situ generation of the correspond-
ing aldehyde and subsequent reductive amination reaction
with appropriate amine and sodium triacetoxy borohydride
afforded compounds 34j-m (Scheme 5).

Results and Discussion

Compound 13 was considered a suitable start point for
further medicinal chemistry optimization, and a series of close
analogues was synthesized and evaluated as Hsp90 inhibitors
(unpublished results). In addition, however, the structural
information provided by 13 and that from 12 and the fragment
screening hits (Figure 3) suggested the design of a novel
chemotype. Overlays of the X-ray structures of fragment hits
10 and 11 with the in silico screening hits 12 and 13 led to the

synthesis of compounds 14 and15. Compound14 incorporated
a phenyl substituent, similar to 12 and 13, and compound 15

comprised anamide akin to 13. From theX-ray structures of 12
and 13, these groupswere observed tomake important contacts
with theHsp90binding site (Figure5).Thus, replacementof the
methyl group in triazine 10 to a phenyl group in triazine 14

improved affinity in theFP assay from350 to 20 μM.Similarly,
modification of amino-pyrimidine hit 11 afforded 15 with a
significant improvement in binding affinity from>4000 to 535
μM (Table 1). Further examination of the X-ray structural
informationof fragmenthits, close analogues, and thehits from
the virtual screening campaign and associated structural in-
formation afforded by X-ray crystallography (Figure 5) led to
the design of the 2-amino-thienopyrimidine scaffold exempli-
fied initially by the 2,4-diaminothienopyrimidine 16 (Figure 6).
Several salient features were apparent from the structural
information.80 In particular, the binding pose adopted by the
fragment 10 was dependent on the experimental technique
(soakversus cocrystallization) utilized for ligand-protein com-
plex preparation (Figure 5). This highlights the subtleties of
fragment-protein interactions and the value of obtaining
multiple structures from diverse chemotypes. The binding
mode of the aminothienopyrimidine core of compound 16

was consistent with that observed in crystals obtained via
cocrystallization and was maintained in all subsequent analo-
gues synthesized during the optimization phase. Interestingly,
the binding mode for 10 obtained via ligand soak was reminis-
cent of that observed with the resorcinol inhibitor 5 (Figure 5),
with the 2-amino moiety of the triazole mimicking the key
interactions made by the 2-hydroxyl group in 5. A further
feature taken into account was the flexibility of the L107
residue, which adopts several ligand dependent orientations
in the displayed data.
Although the affinity of compound 16 measured by FP

assay was low (FP IC50 = 1250 μM; Table 1), we were
confident from both structural information and the SAR
available that incorporation of an aryl group at the 4-position
of the 2-aminothieno[2,3-d]pyrimidine scaffold would lead to
enhanced potency. A number of 4-aryl-2-aminothienopyrimi-
dines were synthesized (Scheme 3) and indeed displayed
greatly enhanced affinity for the protein target (Table 2). In
addition, these compounds also inhibited the proliferation of
cancer cell lines in vitro, as demonstrated by their GI50 values
against a human colon carcinoma (HCT116) cell line
(Table 2). The SAR (though limited) suggested that small
lipophilic groups at the aryl 20- and 40-positions were advan-
tageous in terms of affinity and antiproliferative effects. It
seemed probable that further improvements in cell potency

Table 3. Binding Affinity (FP Assay) and Antiproliferative Potency,a,b (GI50) in Various Human Cancer Cell Lines for Compound 34a

compd

no.

human Hsp90β FP

IC50 (μM)

HCT116 (colon)

GI50 (μM)

BT474 (breast)

GI50 (μM)

PC3 M (prostate)

GI50 (μM)

A2058 (melanoma)

GI50 (μM)

WM226.4 (melanoma)

GI50 (μM)

A549 (lung)

GI50 (μM)

34a 0.056 0.187 0.073 0.498 0.108 0.145 0.167
aValues are reported as themean of at least two independent determinations. bAntiproliferative potency as indicated by concentrations which lead to

50% growth inhibition (GI50) in a SRB assay.

Table 4. Measurement of Microsomal Turnover,a Plasma Protein Binding (PPB),b and Cytochrome P450 Inhibitionc for Compound 34a

microsomal turnover (%) PPB (% bound) CYP450 IC50 (μM)

compd no. mouse rat human mouse rat human CYP 1A2 CYP 2C9 CYP 3A4 CYP 2D6 CYP 2C19

34a 19.3 16.9 17.3 90.7 90.1 96.2 >10 >10 >10 >10 0.34
aData shown is the percent turnover of compound (n=3) after a 10 min incubation of compound and NADPH. The results are expressed as

percentage of controls without NADPH. bMeasured by equilibrium dialysis after a 6 h incubation. cValues are reported as the mean of at least two
independent determinations.

Figure 7. Effects of 34a on expression of HER2, Hsp72, CRAF,
and CDK4 in BT474 and HCT116 cells as determined by
Western blot after 24 h. Compounds concentrations were 25,
50, 100, 200, and 400 nM concentrations. GAPDH was used
as a loading control. Expression levels of HER2 in HCT116
cells are too low to be detected (consistent with etiology of this cell
line).
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could be effected by incorporation of a solubilizing group into
the amino thieno[2,3-d]pyrimidine scaffold. The structural
information gained from the X-ray crystal structure of com-
pound 21e (Figure 5; PDB code: 2WI6) suggested that the 50-
position of the thienopyrimidine 4-aryl substituent was a
suitable position for such a solubilizing moiety. A powerful
tenet of structure-based design is that it allows structural
information from one chemotype to be applied to other
distinct chemical series. Comparing the X-ray crystal struc-
tures of 21e and the resorcinol inhibitor 5 (Figure 5; PDB
code: 2VCI) provided support for the planned solubilizing
groupposition, as the vector from the 50-positionwould orient
solubilizing groups to a similar spatial region (toward solvent)
as that occupied by the morpholine solubilizing moiety in 5.
By using the 50-phenolic hydroxyl group as a handle for
chemical derivatization, the diethylaminoethyl compound
34a was prepared (Scheme 4). Compound 34a demonstrated
enhanced affinity (FP IC50=0.056 μM) for the protein target
(that could be rationalized by structural data, vide infra) and,
in addition, displayed greatly enhanced antiproliferative ac-
tivity (as compared to21e),with aGI50 (HCT116) of 0.187μM.

Furthermore, 34a demonstrated potency against a wider range
of cell lines as shown in Table 3. Evaluation of in vitro drug
metabolism and pharmacokinetic (DMPK) parameters, in-
cluding plasma protein binding (PPB), microsomal turnover
(TO), and cytochrome P450 inhibition established an accep-
table druglike profile for 34a (Table 4). It was important to
establish that the new compounds still retained the well-
established molecular signature of known Hsp90 inhibitors
on cellular biomarkers that would be indicative of target
modulation (i.e., degradation of Hsp90 client proteins and
up-regulationof the cochaperoneHsp72).7 Figure 7 shows that
the compound 34a gave the expected depletion of the client
proteins CRAF and CDK4 and induction of Hsp72 in BT474
and HCT116 cells in vitro in a concentration-dependent
manner, as determined by Western immunoblotting. Deple-
tion of the client protein HER2 (ErbB2) was observed for
BT474 cells treated with 34a though the expression levels of
HER2 in HCT116 cells are too low to be predictive in this
cell line, and thus no expression was seen even with control.
These biomarker study results supported the premise that
the effects on cell growth were a consequence of chaperone
inhibition.
These data and the subsequent evaluation of compound

plasma concentrations (Table 5) and compound tolerability
following oral administration led to the selection of 34a for a
study of in vivo efficacy in a human cancer xenograft model.
Thus 34awas dosed at 50 and 100mg/kg po daily to femaleNcr
athymic mice bearing established bilateral subcutaneous
WM266.4humanmelanoma tumors, amodelwehadpreviously
showntobe responsive toNVP-AUY922.52Bothdosingregimes
demonstrated significant efficacy after 21 days of dosing. The
values for percent treated/control ratio (T/C) were 24.6 and
15.9%, at doses of 50 and 100 mg/kg, respectively (Figure 8),
indicating 75.4 and 84.1% inhibition of tumor growth. Evidence
of tumor biomarker modulation was also observed in this study

Figure 8. Response of established WM266.4 human melanoma xenografts to 34a therapy (50 and 100 mg/kg, qd, po). (A) Relative tumor
volumes (compared with volumes at start of therapy). Key: black squares, vehicle controls; red triangles, 34a at 50 mg/kg po; green inverted
triangles, 34a at 100 mg/kg po. (B) Mean weights of excised tumors after 21 days therapy. (C) Mean mouse body weights during therapy.
(D) Pharmacodynamic biomarker changes assessed by Western blotting (24 h after final dose).

Figure 9. Effects of thienopyrimidines 34a-d and 34i-j on expres-
sion of HER2, pAKT, and Hsp72 in BT474 cells as determined by
Western blot at 24 h. Cells were exposed to compounds 34a-d and
34j at 4 and 2 times GI50, and compound 34i was used at 8 and 4
times GI50. GAPDH was used as a loading control.
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(Figure 8). The 50 mg/kg dose was well tolerated, with no
significant body weight loss over the treatment period; the 100
mg/kg dose was less well tolerated, however, resulting in body
weight loss and several dosing interruptions. Compound 34a

also showed good activity in the PC3 human prostate cancer
xenograftmodel inwhich the tumorswere grown orthotopically
in the mouse prostate gland. Daily (po) doses of 50 and 100mg/
kg of 34a gave T/C values of 23.0 and 19.9%, respectively (77.0
and 80.1% inhibition), with similar inhibition of local and distal
lymph node metastases and evidence of biomarker modulation
(data in Supporting Information).

These promising early findings led to synthesis and evalua-
tion of analogues of 34a. On the basis of binding affinity,
antiproliferative potency, and in vitro DMPK properties, a
further 12 compounds (Scheme 4 and Scheme 5, 34b-m) were
selected for oral pharmacokinetic (PK) studies in mice with a
view to selecting compounds with an appropriate profile for
additional pharmacodynamic biomarker studies and tumor
xenograft efficacy experiments. Table 5 shows binding affi-
nity, antiproliferative data in a BT474 human breast cancer
cell line (previously shown to be responsive to NVP-
AUY922),52 and pharmacokinetic data following oral dosing
at 10 mg/kg for compounds 34a-m. The ability of this set of
analogues to modulate pharmacodynamic biomarkers in
BT474 breast cancer cells was also determined. All 13 com-
pounds listed in Table 5 induced Hsp72 and significantly
reduced HER2 expression as well as decreasing the levels of
the Hsp90 client protein pAKT (Ser473 phosphorylated
AKT) at concentrations of between 2 and 8 times their GI50.
A subset of these results (for 34a-d and 34i-j) is shown in
Figure 9. In these examples, pharmacodynamic biomarkers
are affected at compound concentrations of 2 and/or 4 times
GI50 for compounds 34a-d and 34j and at 4 and 8 times GI50
for compound 34i. Analysis of these and other profiling data
such as microsomal stability (human, rat andmouse), hepatic
clearance, and potency against cytochrome P450 isoforms led
to the selection of compounds 34a-d and 34i-j for evaluation
in a human BT474 breast cancer xenograft model in vivo. The
effects of these compounds on the growth of established

Figure 10. Response of establishedBT474humanbreast cancer xenografts to therapywith thienopyrimidines34a-dand 34i-j (30mg/kg,qd,po).
(A)Mean relative tumor volumes. (B)Meanbodyweight changes in%during therapy.Bars represent SEM* p<0.05, one-wayANOVApost hoc
Dunnet’s.

Table 5. Binding Affinitiesa for Hsp90, Antiproliferation Potencyb, and Pharmacokinetic Parametersc for Selected 2-Aminothieno[2,3-d]pyrimidines

compd no. FP IC50 (μM) GI50 (BT474) (μM) AUClast (ng 3h/mL) Cmax (ng/mL) Tmax (h) half life (h)

34a 0.056 0.073 858 238 0.5 2.2

34b 0.064 0.075 622 160 2.0 2.6

34c 0.047 0.095 4831 702 1.0 5.3

34d 0.058 0.053 1155 380 2.0 2.5

34e 0.127 0.072 125 437 0.25 0.1

34f 0.08 0.072 1354 396 2 1.6

34g 0.029 0.135 d d d d

34h 0.080 0.047 e e e e

34i 0.176 0.089 1222 370 1 2.5

34j 0.087 0.097 1698 153 4.0 3.1

34k 0.102 0.088 854 304 2.0 1.7

34l 0.084 0.103 956 328 2.0 1.4

34m 0.058 0.134 208 170 0.25 0.8
aMeasured by FP assay, mean of at least two determinations. bGI50 values in a human breast cancer cell line (BT474), mean of at least two

determinations. cPlasma pharmacokinetics generated following a 10mg/kg oral dose tomale Balb-cmice. dNot reported. Compoundwas only detected
in a few samples (0.5 to 2 h) all below the limit of quantification (LLoQ50 ng/mL). eNot reported; compoundonly detected above the LLoQ, (50 ng/mL)
at 15 min with a concentration of 296 ng/mL.

Figure 11. Tumor pharmacodynamic biomarker changes in nude
mice bearing established BT474 human breast cancer xenografts
following daily dosing of at 30 mg/kg of 34a, 34b, 34d, 34j or 34i.
BT474 tumors were collected from treated nude mice at the end of
the efficacy experiment and assayed for either dissociation of p23
fromHsp90R or for client protein degradation (6 h after final dose).
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BT474humanbreast cancer xenografts are shown inFigure 10
and Table 6. Four of the compounds were efficacious in this
model following once daily oral dosing at 30 mg/kg, and
indeed, 34a, 34b, 34d and 34i caused tumor regressions of up
to 28% (Table 6). Two compounds (34c and 34j) were not

efficacious in this model, and two compounds (34c and 34b)
were not well tolerated using the selected dosing regime
(Table 6). For all four of the compounds that caused tumor
regression, the expectedmechanism-based pharmacodynamic
biomarker responses were seen in the tumor tissues, indicative
of Hsp90 inhibition (Figure 11). These included the abroga-
tion of the interaction between Hsp90 and p23, the degrada-
tion of HER2, and a decrease in levels of pAKT. In con-
trast, 34j, which did not inhibit tumor cell growth in BT474
xenograft model, appeared to effect less robust pharmacody-
namic biomarker changes (Figure 11) despite high plasma
exposure (Table 5). As 34j affected pharmacodynamic mar-
kers in vitro anddisplayed equivalent in vitro potency, it could
be surmised that the compound did not attain appropriate
tumor exposure, although in the absence of measured tumor
concentrations for this particular study, this hypothesis was
not confirmed. Overall, the tumor pharmacodynamic data
shown in Figure 11 (and that from corresponding in vitro
studies) support the notion that the tumor regressionobserved
with four thienopyrimidines, 34a, 34b, 34d and 34i is due to
inhibition of Hsp90 ATPase enzymatic activity.
Compound 34d displayed potent antiproliferative effects in

a wide range of cell lines covering different human cancer
subtypes and genetic abnormalities; the GI50 values for a
representative selection are shown in Table 7. The binding
mode of compound 34d was established by X-ray crystal-
lography and, as expected, this was consistent with that seen
previously for the 2-amino thieno[2,3-d] pyrimidine com-
pound 21c (Figure 5). The potency of 34d and related analo-
gues can be rationalized by the key interactions the
compounds make with the protein within the N-terminal
ATP binding site (Figure 12). Compound 34d makes several
water-mediated hydrogen bonding interactions with D93.
This critical interaction is seen in the structure of Hsp90
complexed with ADP18 and indeed all reported Hsp90 in-
hibitors where structural information is available.5 The amide
functionality also makes a direct hydrogen bond interaction
with G97, mirroring that seen with the amide moiety of
compound 5 and Hsp90. Key hydrophobic interactions in-
clude those with L107, F138 and stacking with N51. The 20-
chloro substituent on the aryl ring induces the two rings to
adopt an appropriate angular relationship, which allowed the
20-chloro to bind in a small lipophilic pocket, displacing a
water molecule normally resident. This feature may provide a

Table 6. Tumor and Host Responses of BT474 Human Breast Cancer Xenograft Bearing Nude Mice to 34a-d and 34i-j Therapya

tumor response host response

compd no. T/C (%) regression (%) Δ tumor volb (mm3) Δ body wt (g) Δ body wt (%) survival (alive/total)

vehicle 100 372( 52 -3.0( 1.0 -11( 3.6 8/8

34a 28.4 -29( 12 -3.1( 1.5 -11( 5.2 7/8

34b 15.6 -15( 47 -2.3( 1.1 -7.8( 3.6 4/8

34c 85 316( 121 -4.1( 1.3 -14( 4.7 6/8

34d 3.0 -3 ( 15 -0.7( 1.3 -2.3 ( 4.2 8/8

34i 27.4 -28( 13 -3.2( 1.3 -11( 4.4 8/8

34j 90 336( 66 -1.1( 1.1 -3.8( 4.1 8/8
aThe animals were dosed orally once per day at 30 mg/kg in a dose volume of 10 mL/kg. Vehicle was 0.5% sodium carboxymethyl-cellulose.

bTreatment was initiated when the average tumor volume reached approximately 100 mm3.

Table 7. Binding Affinity (FP Assay) and Antiproliferative Potency (GI50) in Various Human Cancer Cell Lines for Compound 34da

compd

no.

human Hsp90β FP

IC50 (μM)

HCT116 (colon)

GI50 (μM)

MCF7 (breast)

GI50 (μM)

PC3 M (prostate)

GI50 (μM)

A375 (melanoma)

GI50 (μM)

T24 (bladder)

GI50 (μM)

U87MG (glioma)

GI50 (μM)

34d 0.058 0.120 0.118 1.05 0.038 0.145 0.857
aValues are reported as the mean of at least two independent determinations.

Figure 12. Detail of theX-ray structure of compound 34d bound to
the ATP binding site of the N-terminal domain of human Hsp90R
(PDB code: 2WI7), showing selected amino acids and listing key
ligand-protein interactions (note main chain atoms of N51 re-
moved for clarity). Red spheres represent structurally conserved
water molecules with key hydrogen bonding network shown as
dotted lines. (A) Key H-bonds (to water and D93); (B) thieno-ring
stacking with M98; (C) chlorine filling small amphiphilic pocket;
(D) H-bond interaction with G97; (E) lipophilic interaction with
L107/F138 and stacking with N51; (F) solvent exposed; (G) water-
mediated H-bond to F138.
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rationale for the increased binding affinity seen for 21c, 21d,
and 21e over 21a. Another important water-mediated-inter-
action is that between the 50 phenolic oxygen and carbonyl of
F138 (interaction G in Figure 12). This interaction can be
inferred to explain the improved potency of 50-aryl-alkoxy
compounds such 34a (FP IC50=0.056 μM) over compounds
such as 21e (FP IC50=0.230 μM), which cannot make this
interaction. These affinity data and the structural information
pertaining to 21c, 34d and related compounds clearly demon-
strate the importance of conserved structural water molecules
to ligand-protein interaction for Hsp90 inhibitors.

Conclusion

Several weakly binding Hsp90 inhibitors from distinct
chemical classes were identified by a combination of fragment
and in silico screening technologies. Analysis of the X-ray
structures of these compounds and other inhibitors bound
to Hsp90 allowed the design of a novel and orally active
2-aminothieno[2,3-d]pyrimidine class of Hsp90 inhibitor.
Compounds from this series displayed binding affinity in the
50-100 nM range, as measured by a FP binding assay and
significantly inhibited cell proliferation in a wide range of
human cancer cell lines. The characteristic molecular biomar-
ker signature ofHsp90 inhibitionwas seen in vitro and in vivo
for active members of this series, and good exposure levels
were obtained following oral administration. Statistically
significant efficacy was observed in a subcutaneous BT474
human breast tumor xenograft model for compounds 34a,
34b, 34d and 34iwhen dosed orally qd at 30mg/kg. This work
demonstrates the rapid identification of novel orally active
Hsp90 inhibitors from a structure-based research program,
which combined elements from various hit identification
approaches. Compound 34d (NVP-BEP800/VER-8257681)
has been selected for further development and additional
characterization of 34d, and compounds from this series will
be reported elsewhere.

Experimental Section

Fluorescence Polarization Assay.The ability of compounds to
compete with a fluorescently labeled probe for binding to full
length humanHsp90βwas determined as described previously74

with a modified probe (VER-00051001). This probe binds with
greater affinity to Hsp90 than that described previously, allow-
ing the accurate determination of IC50 for higher affinity
compounds. Synthetic procedures for VER-00051001 and de-
tails relating to the FP assay can be found in the Supporting
Information.

Cell Growth and Client Protein Degradation. Growth inhibi-
tion assays using the SRB method were undertaken as pre-
viously described.29 Client protein degradation was determined
by Western blotting. In brief, HCT116 cells were exposed to
compounds 34a-d and 34i-j at 2, 4, or 8 times their cellular
GI50 for 24 h. Cell lysates were prepared in 50mMTris-HCl, 2%
SDS pH6.8, and protein levels determined by the BCA method
(Pierce, Rockford, IL). Equal amounts of lysate were separated
by SDS-PAGE and proteins transferred to PVDF membrane.
Her2 (ab8054, Abcam), Raf-1 (sc-133, Santa Cruz Biotechnol-
ogy), and Hsp72 (SPA-810, StressGen) were determined using
ECL (GE Bioscience). GAPDH (MAB374, Chemicon
International) levels were determined to show equal protein
loading.

Pharmacokinetics.Male Balb-c mice received a single 10 mg/
kg dose of compound via oral gavage in 1%methyl cellulose (w/
v). Plasma was prepared from terminal blood samples for
analysis. LC-MS/MS was used for quantitative bioanalysis,

and pharmacokinetic analysis was performed usingWinNonLin
(Pharsight).

Plasma Protein Binding Measurements. Plasma protein bind-
ing was determined by equilibrium dialysis using a HTDialysis
96-well Teflon block. Compoundswere incubated in plasma at 5
μMfor 6 h. Plasma and buffer samples were protein precipitated
with acetonitrile and the supernatants analyzed by LC/MSMS.
Percent bound was calculated as (1 - (buffer/plasma))�100.

Microsomal Stability Studies. Compounds were incubated in
liver microsomes (0.5 mg/mL) at 1 μM for 10 min ( 2 mM
NADPH. Samples were protein precipitated with acetonitrile
and centrifuged, and supernatants were analyzed by LC/
MSMS. Turnover was calculated as percent of control samples
without NADPH. The experiment was carried out with liver
microsomes from three different species (a human mixed pool,
C57 mouse and SD rat).

Efficacy Study in WM266.4 Melanoma Xenografts. All work
was performed in accordance with the Home Office regulations
under the Animals (Scientific Procedures) Act 1986 and
UKCCCR guidelines.82 Female Ncr athymic mice 6-8 weeks
of age bred in-house were inoculated bilaterally sc with 2million
BRAFmutant humanWM266.4 melanoma cells. Therapy with
34a commenced on day 6 following tumor cell implantation
when tumors were approximately 5 mm mean diameter. Mice
were randomized into three groups of 9-10 animals. The
compound was dissolved in DMSO and diluted in sterile
saline/Tween 20 such that animals received the dose required
in 0.1 mL of final solution per 10 g body weight. Final con-
centrations were DMSO, 10%; Tween 20, 5%; saline: 85%.
Controls received an equal volume of vehicle. Animals were
dosed daily at 50 or 100 mg/kg compound by oral gavage.
Dosing continued until day 21 except for some variations in
schedule to allow for body weight loss recovery. Mice receiving
100 mg/kg group were not dosed on days 6, 8, 11, and 16-19.
Two mice were culled from the latter group on day 8 and 16 due
to loss of condition. Tumor measurements and body weights
were recorded three times weekly. The study was terminated on
day 21. Cohorts of animals were culled 6, 16, and 24 h after the
final dose of compound. Tumors were excised and weighed, and
plasma and tumor samples frozen for pharmacokinetic and
pharmacodynamic analyses (byWestern blotting) as previously
described.52

Efficacy Study in BT474 Human Breast Cancer Xenografts.

The ER positive, HER2 overexpressing human breast ductal
carcinoma cell line BT-474 was purchased from American Type
Culture Collection (HTB-20, Manassas, VA). The cells were
grown inDMEMhigh glucose (4.5 g/L) supplementedwith 10%
FCS, 200 mM L-glutamine, and 1% sodium pyruvate
(BioConcept, Allschwil, Switzerland). Two or three days prior
to cell inoculation, each mouse was subcutaneously implanted
on the upper dorsal side with a 17β-estradiol pellet (25 μg/day,
90 day release, Innovative Research of America, FL) using a
trocar needle. BT-474 cells (5� 106) were injected in 200 μL
Matrigel:HBSS (1:1 vol) (BD Matrigel Basement Membrane
Matrix, BD Biosciences, CA) subcutaneously in the right flank.
Treatment was initiated when the average tumor volume
reached approximately 100 mm3. Tumor growth and body
weights were monitored at regular intervals. The xenograft
tumor sizes were measured manually with calipers, and the
tumor volume was estimated using the formula: (W�L�H�
π/6), where width (W), height (H), and length (L) are the three
largest diameters. Invasive procedures were performed under
Forene anesthesia. All experiments were performed using fe-
male Harlan HsdNpa: athymic Nude-nu mice which were
obtained from Novartis internal breeding stocks (Laboratory
Animal Services, Novartis Pharma AG, Basel, Switzerland).
The animals were kept under optimized hygienic conditions
(OHC) with a 12 h dark, 12 h light conditions. The animals were
fed food and water ad libitum. All animal experiments were
performed in strict adherence to the Swiss law for animal
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protection. The experimental protocols were approved by the
Swiss Kantonal Veterinary Office of Basel Stadt.

Chemistry. Tested compounds are >95% chemical purity as
measured by HPLC (except where stated in the experimental
characterization for a particular compound). All compounds
tested in vivo are>95%purity. Themethods forHPLCanalysis
and a table of data for all tested compounds is provided in the
Supporting Information.

4-Methylsulfanyl-6-phenyl-[1,3,5]-triazin-2-ylamine (14). Di-
methyl cyanodithioiminocarbonate (Acros, 100mg, 0.68 mmol)
and benzamidine hydrochloride (107 mg, 0.68 mmol)
were suspended in EtOH (3 mL), and diisopropylethylamine
(0.24 mL, 1.38 mmol) was added. The reaction mixture was
heated to 65 �C for 3.5 h. The mixture was allowed to cool to
ambient temperature, and the solvents were then removed in
vacuo. The residual product was purified by flash chromatog-
raphy on silica gel, eluting with DCM to afford the title
compound 14 (45 mg, 30%) as a colorless solid: TLC Rf=0.59
(MeOH/DCM 1:19); LCMS tR=2.10 min;m/z=219 [MþH]þ.
1H ΝΜR (400 MHz, DMSO-d6) δ 2.52 (s, 3H), 7.48-7.54
(m, 2H), 7.55-7.63 (m, 3H), 8.29-8.32 (m, 2H). 13C ΝΜR
(100.6 MHz, DMSO-d6) δ 12.6 (CH3), 128.0 (CH), 128.5 (CH),
132.1 (CH), 135.6 (C), 165.6 (C), 168.7 (C), 180.7 (C). HRMS,
calcd for C10H10N4S [M þ H]þ 219.0704, found 219.0707.
HPLC (method C) 99.4% (tR=1.18 min).

2-(2-Amino-6-methyl-pyrimidin-4-ylsulfanyl)-N-methylaceta-
mide (15). A mixture of 2-amino-4-chloro-6-methylpyrimidine
(144 mg, 1.0 mmol), 2-mercapto-N-methyl acetamide (105 μL,
1.2 mmol), and triethylamine (167 μL, 1.2 mmol) in MeOH
(3 mL) was heated in a microwave synthesizer at 120 �C for
10 min. The reaction mixture was cooled to ambient tempera-
ture, and the solvents were then removed in vacuo. The solid
residue was purified by preparative HPLC (at pH 4) to afford
the title compound 15 (20 mg, 9%) as a colorless solid: LCMS
tR= 0.45 min; m/z=213, [M þ H]þ. 1H ΝΜR (400 MHz;
DMSO-d6) δ 2.13 (s, 3H), 2.59 (d, 3H, J=4.5 Hz), 3.73 (s,
2H), 6.40 (s, 1H), 6.60 (brs, 2H), 7.96 (brq, 1H). 13C ΝΜR
(100.6 MHz, DMSO-d6) δ 23.3 (CH3), 26.0 (CH3), 31.9 (CH2),
105.6 (CH), 162.4 (C), 166.0 (C), 167.9 (C), 168.0 (C). HRMS,
calcd for C8H12N4OS [M þ H]þ 213.0810, found 213.0804.
HPLC (method C) 99.3% (tR=0.55 min).

2-Amino-4-chloro-thieno[2,3-d]pyrimidine-6-carboxylic Acid

Ethyl Ester (18). Ethyl-2-mercaptoacetate (2.86 mL, 26 mmol)
was added dropwise to a suspension of 2-amino-4,6-dichloro-5-
pyrimidine carbaldehyde (17) (Bionet Research Intermediates,
UK; 5.0 g, 26 mmol) and K2CO3 (9.0 g, 65.2 mmol) in MeCN
(160 mL). The mixture was heated to 85 �C for 5 h and then
allowed to cool to ambient temperature. The mixture was
filtered, and the filtered solids were washed with MeCN (2�
50mL) and then water (2�50mL) and dried in vacuo at 60 �C to
afford the title compound 18 (5.52 g, 82%) as a yellow solid:
LCMS tR= 2.37 min; m/z=260, 258 [M þ H]þ. 1H ΝΜR
(400MHz; DMSO-d6) δ 2.09 (t, 3H, J=7.0 Hz), 4.31 (q, 2H, J=
7.0 Hz), 7.70 (brs, 2H), 7.78 (s, 1H).

2,4-Diaminothieno[2,3-d]pyrimidine-6-carboxylic Acid Amide

(16). 2-Amino-4-chloro-thieno[2,3-d]pyrimidine-6-carboxylic
acid ethyl ester (18) (257 mg, 1.0 mmol) was suspended in aq
ammonia solution (5 mL) then heated at 130 �C in a microwave
synthesizer for 15min. The reactionmixture was allowed to cool
and concentrated in vacuo. The residue was purified by pre-
parativeHPLC (at pH4) to afford the title compound 16 (45mg,
22%) as a colorless solid: LCMS tR=0.74 min;m/z=210, [Mþ
H]þ. 1HΝΜR (400MHz; DMSO-d6) δ 6.29 (brs, 2H), 7.08 (brs,
2H), 7.2-7.4 (brs, 1H), 7.5-7.8 (brs, 1H), 7.82 (s, 1H). HRMS,
calcd for C7H7N5O5 [M þ H]þ 210.0450, found 210.0457. 13C
ΝΜR (100.6 MHz; DMSO-d6) δ 109.0 (C), 123.0 (CH), 125.9
(C), 159.8 (C), 161.8 (C), 163.7 (C), 170.6 (C).HPLC (methodC)
100% (tR=0.29 min).

2-Amino-4-phenylthieno[2,3-d]pyrimidine-6-carboxylic Acid

Ethyl Ester (19a). Phenylboronic acid (2.25 g, 18.5 mmol) was

added to a mixture of 2-amino-4-chloro-thieno[2,3-d]pyrimid-
ine-6-carboxylic acid ethyl ester 18 (3.65 g, 14.2 mmol)
and NaHCO3 (3.56 g, 42.6 mmol) in DMF (66 mL) and water
(11 mL). The mixture was degassed by evacuation-nitrogen
purge (three cycles), followed by bubbling nitrogen gas through
the reaction mixture for 10 min. Dichlorobis(triphenylphosph-
ine)palladium(II) catalyst (650mg, 5mol%)was added, and the
reaction mixture was heated under a nitrogen atmosphere at
80 �C for 5.5 h. The mixture was cooled, solvents were removed
in vacuo, and the residue partitioned between water (100 mL)
andEtOAc (100mL). Thismixture was filtered through a pad of
celite 521, and the filtrate phases were separated. The organic
phase was washed with water (100 mL) and then sat. aq NaCl
solution (100 mL) and dried over anhydrous Na2SO4 and
filtered. The filtrate solvents were removed in vacuo, and the
crude product was purified by flash chromatography on silica
gel (50 g) eluting with a gradient of 10-50% EtOAc/hexane
to afford the title compound 19a (2.67 g, 63%) as a yellow solid:
LCMS tR=2.57 min;m/z=300 [MþH]þ. 1HΝΜR (400MHz;
DMSO-d6) δ 1.29 (t, 3H, J=7.1 Hz), 4.30 (q, 2H, J=7.1 Hz),
7.39 (brs, 2H), 7.58-7.62 (m, 3H), 7.83-7.89 (m, 2H) 7.87
(s, 1H).

2-Amino-4-phenylthieno[2,3-d]pyrimidine-6-carboxylic Acid
(20a). Sodium hydroxide (134 mg, 3.35 mmol) was added to a
suspension of 2-amino-4-phenyl-thieno[2,3-d]pyrimidine-6-car-
boxylic acid ethyl ester (19a; 200 mg, 0.67 mmol) in EtOH
(10 mL) and water (2 mL). The mixture was heated to reflux for
45 min (affording a homogeneous solution) and then allowed to
cool. EtOH was removed in vacuo and further water (20 mL)
added. The residue pH was adjusted to 1 by dropwise addition
of conc HCl. The resulting precipitate was filtered and then
washed sequentially with water, EtOH, and diethyl ether and
dried in vacuo to afford the title compound 20a (130 mg, 72%)
as a gray solid: LCMS tR=1.79 min; m/z=272 [M þ H]þ. 1H
ΝΜR (400 MHz, DMSO-d6) δ 7.32 (brs, 2H), 7.56-7.62 (m,
3H), 7.83 (s, 1H), 7.84-7.88 (m, 2H), 13.41 (brs, 1H).

2-Amino-4-phenylthieno[2,3-d]pyrimidine-6-carboxylic Acid
Ethylamide (21a). 2-Amino-4-phenyl-thieno[2,3-d]pyrimidine-
6-carboxylic acid (50 mg, 0.18 mmol) was dissolved in DMF
(3mL) andO-(7-azabenzotriazolo-1-yl)-N,N,N0,N0-tetramethy-
luroniumhexafluorophosphate (HATU; 77 mg, 0.2 mmol)
was added followed by ethylamine hydrochloride (23 mg,
0.27 mmol) and diisopropylethylamine (96 μL, 0.54 mmol).
The reaction mixture was heated to 100 �C for 10 min in a
microwave synthesizer. The mixture was cooled, poured into
water, and extracted with EtOAc (25 mL). The phases were
separated, and the organic phase was washed with water (2�
20 mL) then sat. aq NaCl (2�20 mL) and dried over Na2SO4.
The mix was filtered, the filtrate solvent removed in vacuo, and
the resulting residue purified by flash chromatography on silica
gel (5 g) eluting with a gradient of 20-100% EtOAc/hexane to
afford the title compound 21a (31 mg, 59%) as a yellow solid:
LCMS tR=2.07 min;m/z=299 [MþH]þ. 1HΝΜR (400MHz;
DMSO-d6) δ 1.11 (t, 3H, J=7.2 Hz), 3.26 (m, 2H), 7.14 (brs,
2H), 7.57-7.63 (m, 3H), 7.84-7.89 (m, 2H), 8.03 (s, 1H), 8.71 (t,
1H, J=5.5Hz). 13CΝΜR(100.6MHz,DMSO-d6) δ 14.8 (CH3),
34.0 (CH2), 119.8 (C), 121.8 (CH), 128.7 (CH), 128.8 (CH),
130.3 (CH), 132.1 (C), 137.2 (C), 161.1 (C), 161.2 (C), 163.2 (C),
172.0 (C). HRMS calcd for C15H14N4OS [M þ H]þ 299.0967,
found 299.0969. HPLC (method C) 100% (tR=1.05 min).

2-Amino-4-(2,4-dimethylphenyl)thieno[2,3-d]pyrimidine-6-

carboxylic Acid Ethyl Ester (19c). This compound was made
using the synthetic procedure described for compound 19a.
Thus 2,4-dimethylphenylboronic acid (1.06 g, 7.06 mmol) was
reacted with 2-amino-4-chloro-thieno[2,3-d]pyrimidine-6-car-
boxylic acid ethyl ester 18 (1.401 g, 5.43 mmol). The crude
product was purified by flash chromatography on silica gel
(50 g) eluting with a gradient of 10-50% EtOAc/hexane to
afford the title compound 19c (1.11 g, 63%) as an off-white
solid: TLC Rf=0.48 (1:1 EtOAc/hexane). LCMS tR=2.73 min;
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m/z=328 [M þH]þ. 1H ΝΜR (400 MHz, DMSO-d6) δ 1.26 (t,
3H, J=7.1Hz), 2.21 (s, 3H), 2.36 (s, 3H), 4.15 (q, 2H, J=7.1Hz),
7.16 (d, 1H, J=7.8Hz), 7.20 (s, 1H), 7.27 (d, 1H, J=7.8Hz), 7.36
(brs, 2H), 7.37 (s, 1H).

2-Amino-4-(2,4-dimethylphenyl)thieno[2,3-d]pyrimidine-6-
carboxylic Acid Ethylamide (21c). 2-Amino-4-(2,4-dimethyl-
phenyl)-thieno[2,3-d]pyrimidine-6-carboxylic acid ethyl ester
19c (353 mg, 1.07 mmol) was suspended in ethylamine in
methanol solution (2.0 M, 4 mL, 8.0 mmol) and the mixture
was heated in a sealed vial (Caution) at 85 �C for 18 h. The
reactionmixturewas cooled to 0 �C, the vial was opened, and the
solvents were removed in vacuo. The solid residue was purified
by flash chromatography on silica gel (10 g) eluting with a
gradient of 25-70% EtOAc/hexane to afford the title com-
pound 21c (252mg, 72%) as a colorless solid: TLCRf=0.19 (1:1
EtOAc/hexane); LCMS tR=2.28 min; m/z=327 [M þH]þ. 1H
ΝΜR (400 MHz; DMSO-d6) δ 1.06 (t, 3H, J=7.1 Hz), 2.20
(s, 3H), 2.36 (s, 3H), 3.21 (m, 2H), 7.10 (brs, 2H), 7.16 (d, 1H, J=
7.9 Hz), 7.20 (s, 1H), 7.26 (d, 1H, J=7.9 Hz), 7.56 (s, 1H)7.36
(brs, 2H), 7.37 (s, 1H), 8.60 (brt, 1H, J=5.6 Hz). 13C ΝΜR
(100.6 MHz; DMSO-d6) δ 14.7 (CH3), 19.5 (CH3), 20.8 (CH3),
34.0 (CH2), 121.4 (C), 121.7 (CH), 126.4 (CH), 129.0 (CH),
131.2 (CH), 132.0 (C), 134.0 (C), 135.2 (C), 138.5 (C), 161.0 (C),
161.1 (C), 165.1 (C), 171.2 (C). HRMS calcd for C17H18N4OS
[M þH]þ 327.1280, found 327.1284. HPLC (method A) 98.6%
(tR=4.10 min).

1-Benzyloxy-2,4-dichloro-5-nitrobenzene (23). Potassium car-
bonate (12 g, 87 mmol) was added to a solution of 2,4-dichloro-
5-nitrophenol (22, Lancaster Synthesis, Morecambe, Lancashire,
UK; 15.6 g, 75 mmol) in acetone (200 mL). Benzyl bromide (9.0
mL, 76 mmol) was added and the suspension heated at reflux for
18 h. The resulting suspension was allowed to cool, water (500
mL)was added, and themixturewas extractedwithDCM(2�200
mL). The combined extracts were washed sequentially with aq
sodiumhydroxide (2.0M; 150mL), water (2�200mL) and sat. aq
NaCl solution (150 mL). The solution was dried over anhydrous
Na2SO4 and concentrated in vacuo to afford the title compound
23 (21.5 g, 96%) as a pale-yellow solid: TLC Rf=0.73 (DCM);
LCMS tR=2.92 min; m/z=no ionization. 1H ΝΜR (400 MHz;
CDCl3) δ 5.20 (s, 2H), 7.34-7.51 (m, 5H), 7.56 (s, 1H), 7.58 (s,
1H).

5-Benzyloxy-2,4-dichlorophenylamine (24). Iron powder (21 g,
376 mmol) was added to a suspension of 1-benzyloxy-2,4-
dichloro-5-nitrobenzene (23; 21.5 g, 72 mmol) in acetic acid
(300 mL) and water (150 mL) and the mixture was heated at
85 �C (oil bath temperature) for 90 min. The resulting suspen-
sion was filtered while still hot and then allowed to cool. Water
(750 mL) was added and the mixture extracted with DCM (3�
150 mL). The combined extracts were washed with aq sodium
hydroxide (2.0M, 300mL), water (2�500mL), and sat. aqNaCl
solution (200 mL). The solution was dried over anhydrous
Na2SO4, filtered, and the filtrate solvents removed in vacuo to
afford the title compound 24 (18.6 g, 96%) as a pale-brown
solid: TLC Rf=0.57 (DCM); LCMS tR=2.79 min; m/z=270,
268 [MþH]þ. 1HΝΜR (400MHz,CDCl3) δ 5.20 (s, 2H), 7.34-
7.48 (m, 5H), 7.56 (s, 1H), 7.58 (s, 1H).

1-Benzyloxy-2,4-dichloro-5-iodobenzene (25). Hydrochloric
acid (6.0 M, 60 mL) was added to a solution of 5-benzyloxy-2,4-
dichlorophenylamine (24; 16.2 g, 60 mmol) in acetic acid (240 mL)
and the resulting suspension cooled (ice/water/salt bath). A solution
of sodium nitrite (4.8 g, 69.5 mmol) in water (40 mL) was added
slowly (keeping the internal temperature <5 �C). On complete
addition, the resulting solution was stirred for 30 min and then
the resulting solutionwaspoured intoa solutionofpotassium iodide
(20 g, 120 mmol) and iodine (4 g, 16 mmol) in water (200mL), and
the mixture was stirred for 90 min.Water (800 mL) was added and
the mixture extracted with dichloromethane (3� 250 mL). The
combined extracts were washed with 10% (w/v) aq sodium thio-
sulfate solution (2�150mL), aq sodiumhydroxide (2.0M; 250mL),
water (2�250 mL), and sat. aq sodium chloride solution (200 mL).

The solutionwasdriedover anhydrousNa2SO4and concentrated in
vacuo to afford the title compound 25 (20.6 g, 90%) as apale-brown
solid: TLC: Rf=0.82 (DCM); LCMS tR=3.08 min; m/z=no
ionization. 1H ΝΜR (400 MHz; CDCl3) δ 5.10 (s, 2H), 7.33-7.48
(m, 7H).

2-Amino-4-(5-benzyloxy-2,4-dichlorophenyl)thieno[2,3-d]pyr-
imidine-6-carboxylic Acid Ethyl Ester (26). Potassium acetate
(16 g, 163 mmol) was added to a solution of 1-benzyloxy-2,4-
dichloro-5-iodo-benzene (25, 20.6 g, 54 mmol) and bis-
(pinacolato)diboron (Boron Molecular; 14.5 g, 57 mmol) in
DMF (50 mL) under a nitrogen atmosphere. Palladium acetate
(450 mg, cat.) was added and the mixture heated at 90 �C
(oil bath temperature) for 18 h. The resulting solution was
concentrated in vacuo, and the residue taken up in ethyl acetate
(200 mL) and washed with water (3�200 mL) and then sat. aq
sodium chloride solution (150 mL) and dried over anhydrous
Na2SO4 and concentrated to a pale-brown gum in vacuo. The
residue was taken up in 1,4-dioxan (160 mL) and 2-amino-4-
chlorothieno[2,3-d]pyrimidine-6-carboxylic acid ethyl ester
(12.85 g, 50 mmol) and aq potassium phosphate (tribasic;
2.0 M; 40 mL) were added under a nitrogen atmosphere.
Dichlorobis(triphenylphosphine)palladium(II) (cat.) was then
added and the mixture heated at 100 �C (oil bath temperature)
for 3 h. The mixture was allowed to cool and ethyl acetate
(400 mL) added. This mixture was washed with sat. aq sodium
chloride solution (100 mL), dried over anhydrous sodium
sulfate, and concentrated to a pale-yellow solid, which was
washed with diethyl ether/hexane (1:1) and then dried in vacuo
at 40 �C to afford the title compound 26 (10.7 g, 45%) as an
off-white solid: TLC Rf=0.13 (EtOAc/hexane 1:3); LCMS tR=
2.79min;m/z=476, 474 [MþH]þ. 1HΝΜR (400MHz;DMSO-
d6) δ 1.28 (t, 3H, J=7.1Hz), 4.29 (q, 2H, J=7.1Hz), 5.22 (s, 2H),
7.32-7.37 (m, 1H), 7.38-7.43 (m, 3H), 7.44-7.47 (m, 2H), 7.48
(s, 1H), 7.52 (brs, 2H), 7.84 (s, 1H).

2-Amino-4-(5-benzyloxy-2,4-dichlorophenyl)thieno[2,3-d]pyr-
imidine-6-carboxylic Acid Ethylamide (28). A suspension of 2-
amino-4-(5-benzyloxy-2,4-dichlorophenyl)thieno[2,3-d]pyrimi-
dine-6-carboxylic acid ethyl ester (26; 14.0 g, 29.5 mmol) in
methanolic ethylamine (2.0M; 400 mL) was heated at reflux for
18 h. The resulting solution was concentrated and the residue
triturated with diethyl ether/hexane and then filtered and dried
in vacuo at 60 �C to furnish the title compound 28 (11.8 g. 84%)
as a pale-brown powder: LCMS tR=2.65 min;m/z=475.1, 473.
[M þ H]þ. 1H ΝΜR (400 MHz; DMSO-d6) δ 1.08 (t, 3H, J=
7.1Hz), 3.23 (m, 2H), 5.23 (s, 2H), 7.24 (brs, 2H), 7.32-7.38 (m,
1H), 7.38-7.44 (m, 2H), 7.44-7.48 (m, 2H), 7.49 (s, 1H), 7.54 (s,
1H), 7.86 (s, 1H), 8.53 (brt, 1H, J=5.5 Hz).

2-Amino-4-(2,4-dichloro-5-hydroxyphenyl)thieno[2,3-d]pyri-
midine-6-carboxylic Acid Ethylamide (31). Boron trichloride
solution (1.0 M in DCM, 100 mL, 0.10 mol) was added to a
suspension of 2-amino-4-(5-benzyloxy-2,4-dichlorophenyl)thi-
eno[2,3-d]pyrimidine-6-carboxylic acid ethylamide (28; 11.8 g,
24.9 mmol) in DCM at -78 �C under a nitrogen atmosphere.
The suspensionwas stirred for 3 h at room temperature and then
cooled in an ice/water bath. Methanol (20 mL) was added
cautiously, and the resulting mixture was stirred for 1 h and
then concentrated to a yellow/green solid. The solids were
suspended in aq sodium acetate (10% w/v; 500 mL) and
extracted with ethyl acetate (1000 mL). The extracts were
washed with water (2�400mL) and then sat. aq sodium chloride
solution (200 mL). The organic solution was dried over anhy-
drous Na2SO4 and concentrated to a pale-brown solid in vacuo,
which was washed with hexane, filtered, and dried in vacuo
to afford the title compound 31 (8.3 g, 87%) as a pale-brown
solid: LCMS tR=2.18 min; m/z=386, 384 [M þH]þ. 1H ΝΜR
(400 MHz; DMSO-d6) δ 1.07 (t, 3H, J=7.4 Hz), 3.21 (m, 2H),
7.05 (s, 1H), 7.26 (brs, 2H), 7.59 (s, 1H), 7.70 (s, 1H), 8.58 (brt,
1H, J=5.3 Hz), 10.89 (s, 1H).

2-Amino-4-[2,4-dichloro-5-(2-diethylaminoethoxy)phenyl]thi-
eno[2,3-d]pyrimidine-6-carboxylic Acid Ethylamide (34a).
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Cesium carbonate (3.2 g, 10 mmol) was added to a stirred
solution of 2-amino-4-(2,4-dichloro-5-hydroxyphenyl)thieno-
[2,3-d]pyrimidine-6-carboxylic acid ethylamide (2.25 g, 5.9
mmol) in DMF (20 mL). 2-Bromo-N,N-diethylethylamine hy-
drobromide (Aldrich; 2.0 g, 7.7 mmol) was added and the
mixture heated at 100 �C for 1 h. The resulting suspension was
allowed to cool and concentrated to a brown solid. Dichlor-
omethane (200 mL) was added to dissolve the crude solids and
the organic solution then washed with water (4 � 200 mL),
followed by sat. aq sodium chloride solution (1�200 mL). The
phases were separated, and the organic phase was dried over
anhydrous Na2SO4 and concentrated to a dark-brown gum,
which solidified on standing. The crude product was purified by
column chromatography on silica gel, eluting with dichloro-
methane/methanol (9:1) to give the product as a pale-brown
gum. Trituration with diethyl ether/hexane (1:1), filtration, and
drying in vacuo gave the title compound 34a (1.7 g, 60%) as an
off-white powder: TLC Rf=0.10 (DCM/MeOH 9:1); LCMS tR
=1.86 min; m/z=484, 482 [M þ H]þ. 1H ΝΜR (400 MHz;
DMSO-d6) δ 0.95 (t, 6H, J=7.1Hz), 1.07 (t, 3H, J=7.2Hz), 2.54
(q, 4H, J=7.1 Hz), 2.80 (brt, 2H, J=5.5 Hz), 3.21 (m, 2H), 4.12
(brt, 2H, J=5.5 Hz), 7.27 (brs, 2H), 7.38 (s, 1H), 7.58 (s, 1H),
7.82 (s, 1H), 8.56 (brt, 1H, J=5.5 Hz). 13C ΝΜR (100.6 MHz;
DMSO-d6) δ 12.0 (CH3), 14.7 (CH3), 34.0 (CH2), 47.1 (CH2),
50.9 (CH2), 68.4 (CH2), 115.3 (CH), 121.3 (C), 121.3 (CH), 122.3
(C), 123.0 (C), 130.3 (CH), 132.6 (C), 135.6 (C), 153.0 (C), 160.8
(C), 161.1 (C), 161.5 (C), 171.1 (C). HRMS calcd for
C21H25Cl2N5O2S [M þ H]þ 482.1184, found 482.1196. HPLC
(method A) 99.3% (tR=4.68 min).

2-Amino-4-[2,4-dichloro-5-(2,2-diethoxy-ethoxy)phenyl]thie-
no[2,3-d]pyrimidine-6-carboxylic Acid Ethylamide (35). Cesium
carbonate (5.0 g, 15.3 mmol) was added to a solution of 2-
amino-4-(2,4-dichloro-5-hydroxyphenyl)thieno[2,3-d]pyrimidi-
ne-6-carboxylic acid ethylamide (31, 3.85 g, 10.0 mmol) inDMF
(20 mL). Bromoacetaldehyde diethyl acetal (1.8 mL, 12 mmol)
was added, and the reaction mixture was heated to 125 �C for
4 h. The resulting suspension was allowed to cool to ambient
temperature and water (300 mL) was added and the mixture
extracted with DCM (2 � 100 mL). The combined organic
extracts were washed with water (4�200 mL) and then sat. aq
sodium chloride solution (200 mL), dried over anhydrous
Na2SO4, and filtered. The filtrate solvents were removed in
vacuo to afford a pale-brown solid. The crude product was
purified by column chromatography on silica gel, eluting with
EtOAc/hexane (2:3) to give the title compound 35 (3.58 g, 71%)
as a pale-yellow solid: TLC Rf = 0.20 (EtOAc/hexane 1:1);
LCMS tR= 2.61 min; m/z=501, 499 [M þ H]þ. 1H ΝΜR
(400MHz, DMSO-d6) δ 1.07 (t, 3H, J=7.1 Hz), 1.13 (t, 6H, J=
7.1 Hz), 3.22 (m, 2H), 3.54-3.62 (m, 2H), 3.65-3.73 (m, 2H),
4.08 (d, 2H, J=5.3 Hz), 4.84 (t, 1H, J=5.3 Hz), 7.22 (brs, 2H),
7.43 (s, 1H), 7.57 (s, 1H), 7.81 (s, 1H), 8.53 (brt, 1H, J=5.6 Hz).

General Procedure A: Preparation of 34j to 34m by Reductive
Amination.Aqueous HCl (6 N, 0.5 mL) was added to a solution
of 35 (200mg, 0.40mmol) in THF (2.5mL), and themixture was
stirred at ambient temperature for ca. 48 h. DCM (10 mL) was
added, followed by the appropriate amine (5 equiv), and the
mixture was stirred for 15 min. Sodium triacetoxyborohydride
(750 mg, 3.54 mmol) was added and the resulting suspension
stirred for 1.5 h. Further DCM (10 mL) was added, followed by
aq sodium hydroxide solution (2.0 M, 5 mL) and the mixture
was stirred for 5 min. The phases were separated, and the
organic phase solvents were removed in vacuo. The crude
product was purified by preparative HPLC at pH 4.

2-Amino-4-[2,4-dichloro-5-(2-cyclohexyaminoethoxy)phenyl]-
thieno[2,3-d]pyrimidine-6-carboxylic Acid Ethylamide (34j).This
compound was prepared using general procedure A from 35

(200 mg, 0.40 mmol) and cyclohexylamine to afford the title
compound 34j (formate salt) (28 mg, 12%) as an off-white solid:
LCMS tR= 1.98 min; m/z=510, 508 [M þ H]þ. 1H ΝΜR
(400 MHz; DMSO-d6) δ 1.00-1.10 (m, 3H), 1.08 (t, 3H, J=

7.0 Hz), 1.13-1.25 (m, 2H), 1.50-1.58 (m, 1H), 1.62-1.71 (m,
2H), 1.82-1.90 (m, 2H), 2.59 (m, 1H), 3.03 (brt, 2H, J=5.6Hz),
3.22 (m, 2H), 4.19 (brt, 2H, J=5.6 Hz), 7.27 (brs, 2H), 7.38 (s,
1H), 7.57 (s, 1H), 7.84 (s, 1H), 8.23 (s, 1H), 8.60 (brt, 1H, J=
5.6 Hz). 13C ΝΜR (100.6 MHz; DMSO-d6) δ 14.7 (CH3), 24.3
(CH2), 25.6 (CH2), 32.0 (CH2), 34.0 (CH2), 44.1 (CH2), 55.7
(CH), 68.9 (CH2), 115.5 (CH), 121.2 (CH), 121.3 (C), 122.6 (C),
123.2 (C), 130.4 (CH), 132.6 (C), 135.6 (C), 152.8 (C), 160.8 (C),
161.1 (C), 161.5 (C), 164.1 (CH), 171.2 (C). HRMS calcd for
C23H27Cl2N5O2S [M þ H]þ 508.1341, found 508.1355. HPLC
(method A) 98.3% (tR=4.98 min).

2-Amino-4-{2,4-dichloro-5-[2-(4,4-difluoropiperidin-1-yl)eth-
oxy]phenyl}thieno[2,3-d]pyrimidine-6-carboxylic Acid Ethylami-

de (34m).This compoundwas prepared using general procedure
A from 35 (200 mg, 0.40 mmol) and 4,4-difluoropiperidine
hydrochloride (300 mg, 1.9 mmol) to afford the title compound
34m (30 mg, 14%) as an off-white solid: LCMS tR=2.01 min;
m/z=532, 530 [MþH]þ. 1HΝΜR (400MHz;DMSO-d6) δ 1.07
(t, 3H, J=7.2 Hz), 1.86-1.97 (m, 4H), 2.64 (m, 4H), 2.82 (t, 2H,
J=5.6 Hz), 3.22 (m, 2H), 4.21 (t, 2H, J=5.6 Hz), 7.22 (brs, 2H),
7.40 (s, 1H), 7.53 (s, 1H), 7.81 (s, 1H), 8.53 (brt, 1H, J=5.6 Hz).
13C ΝΜR (100.6 MHz; DMSO-d6) δ 14.7 (CH3), 33.4 (CH2, t,
JC-F=22 Hz), 34.0 (CH2), 49.7 (CH2, t, JC-F=5 Hz), 55.1
(CH2), 67.8 (CH2), 115.4 (CH), 121.2 (CH), 121.3 (C), 122.5 (C),
122.6 (C, t, JC-F=241 Hz), 123.1 (C), 130.4 (CH), 132.6 (C),
135.6 (C), 152.9 (C), 160.8 (C), 161.1 (C), 161.5 (C), 171.1 (C).
HRMS calcd for C22H23Cl2F2N5O2S [MþH]þ 530.0996, found
530.1003. HPLC (method A) 90.2% (tR=5.09 min).

2-Amino-4-[2,4-dichloro-5-(2-pyrrolidin-1-yl-ethoxy)phenyl]-
thieno[2,3-d]pyrimidine-6-carboxylic Acid Ethylamide (34d).
This compound was made using the synthetic procedure de-
scribed for 34a. Thus 2-amino-4-(2,4-dichloro-5-hydroxy-phe-
nyl)thieno[2,3-d]pyrimidine-6-carboxylic acid ethylamide (31,
150 mg, 0.39 mmol) was reacted with 1-(2-chloroethyl)-pyrro-
lidine hydrochloride (Aldrich; 79 mg, 0.47 mmol). The crude
product was purified by column chromatography on silica gel,
eluting with dichloromethane/methanol (9:1) to give the pro-
duct as a yellow glass. Trituration with EtOAc/hexane (1:1),
filtration, and drying in vacuo gave the title compound 34d (89
mg, 48%) as a cream-colored solid: TLC Rf = 0.14 (DCM/
MeOH 9:1); LCMS tR=1.83 min;m/z=482, 480 [MþH]þ. 1H
ΝΜR (400 MHz; DMSO-d6) δ 1.07 (t, 3H, J=7.3 Hz), 1.64-
1.69 (m, 4H), 2.51-2.57 (m, 4H,), 2.82 (brt, 2H, J=5.5 Hz) 3.22
(m, 2H), 4.19 (brt, 2H, J=5.5 Hz), 7.24 (brs, 2H), 7.38 (s, 1H),
7.57 (s, 1H), 7.81 (s, 1H), 8.54 (brt, 1H, J=5.6 Hz). 13C ΝΜR
(100.6 MHz; DMSO-d6) δ 14.7 (CH3), 23.2 (CH2), 34.0 (CH2),
53.9 (CH2), 54.1 (CH2), 68.9 (CH2), 115.3 (CH), 121.2 (CH),
121.3 (C), 122.3 (C), 123.0 (C), 130.4 (CH), 132.6 (C), 135.6 (C),
152.9 (C), 160.8 (C), 161.1 (C), 161.5 (C), 171.1 (C). HRMS,
calcd for C21H23Cl2N5O2S [MþH]þ 480.1028, found 480.1004.
HPLC (method B) 99.9% (tR=2.10 min).

2-Amino-4-(5-benzyloxy-2,4-dichlorophenyl)thieno[2,3-d]pyr-
imidine-6-carboxylic Acid (27). Sodium hydroxide (pearlescent;
190 mg, 4.76 mmol) was added to 2-amino-4-(5-benzyloxy-2,4-
dichlorophenyl)thieno[2,3-d]pyrimidine-6-carboxylic acid ethyl
ester (26; 1.13 g, 2.38 mmol). Ethanol (25 mL) was added,
followed by water (2.5 mL), and the resulting suspension was
heated to reflux for 50 min, causing a brown solution to form
after 10 min. The reaction mixture was allowed to cool and
ethanol was removed in vacuo. Water (25 mL) was added to the
residue, and the mixture was cooled with an ice water bath and
neutralized by careful addition of conc HCl. The water was
removed by freeze-drying to afford the title compound 27 (1.34
g, quant) as a finely divided yellow powder (including 2.0 equiv
of NaCl): LCMS tR=2.60 min; m/z=448, 446 [M þ H]þ. 1H
ΝΜR (400 MHz; DMSO-d6) δ 5.21 (s, 2H), 7.13 (s, 1H), 7.22
(brs, 2H), 7.32-7.37 (m, 1H), 7.38-7.43 (m, 2H), 7.43-7.48 (m,
3H), 7.80 (s, 1H), CO2H not observed.

2-Amino-4-(5-benzyloxy-2,4-dichlorophenyl)thieno[2,3-
d]pyrimidine-6-carboxylic Acid Cyclopropylamide (29).
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2-Amino-4-(5-benzyloxy-2,4-dichlorophenyl)thieno[2,3-d]py-
rimidine-6-carboxylic acid 3 2NaCl (27) (1.34 g, 2.38 mmol)
was dissolved in DMF (25 mL) and O-(7-azabenzotriazolo-1-
yl)-N,N,N0,N0-tetramethyluroniumhexafluorophosphate (HATU;
1.176 g, 3.1 mmol) was added, followed by diisopropylethylamine
(1.2 mL, 6.9 mmol) and then cyclopropylamine (0.24 mL,
3.46 mmol). The reaction mixture was heated to 50 �C (oil bath
temperature) for 1 h. The mixture was cooled and DMF removed
in vacuo. The residuewas partitioned betweenwater (250mL) and
EtOAc (250mL), the phaseswere separated, and the organic phase
was washed with water (200 mL) and then sat. aq NaCl (250 mL)
and dried over Na2SO4. The mix was filtered and filtrate solvents
removed in vacuo, and the resulting residue purified by flash
chromatography on silica gel (50 g) eluting with a gradient of
25-75%EtOAc in hexane to afford the title compound 29 (1.14 g,
98%) as a light-brown solid: LCMS tR=2.69 min;m/z=487, 485
[MþH]þ. 1HΝΜR (400MHz; DMSO-d6) δ 0.49-0.54 (m, 2H),
0.65-0.70 (m, 2H), 2.76 (m, 1H), 5.22 (s, 2H), 7.29 (brs, 2H), 7.32-
7.50 (m, 6H), 7.52 (s, 1H), 7.86 (s, 1H), 8.54 (d, 1H, J=3.8 Hz).

2-Amino-4-(2,4-dichloro-5-hydroxyphenyl)thieno[2,3-d]pyri-
midine-6-carboxylic Acid Cyclopropylamide (32). 2-Amino-4-(5-
benzyloxy-2,4-dichlorophenyl)thieno[2,3-d]pyrimidine-6-car-
boxylic acid cyclopropylamide (27; 2.33 g, 4.80 mmol) was
suspended in anhydrous DCM (50 mL) under a nitrogen atmo-
sphere and cooled with dry ice/acetone bath (ca.-78 �C). Boron
trichloride (1.0M in dichloromethane, 26.3mL, 26.3mmol) was
added and the reaction mixture stirred for 15 min. The cooling
bath was removed and mixture was stirred for 18 h at ambient
temperature. The reaction mixture was cooled with ice-water
bath, and methanol (10 mL) was added dropwise. The mixture
was stirred for 1 h, the solvents removed in vacuo, and
the residual solid partitioned between EtOAc (100 mL) and
sat. NaHCO3 (aq) solution (100mL). The phaseswere separated
and the organic phase was washed with sat. NaCl solution
(100 mL), dried over Na2SO4, filtered, and the filtrate removed
in vacuo to afford the title compound 32 (1.37 g, 72%) as a
pale-brown powder: LCMS tR=2.21 min; m/z=397, 395 [M þ
H]þ. 1H ΝΜR (400 MHz; DMSO-d6) δ 0.48-0.53 (m,
2H), 0.64-0.69 (m, 2H), 2.76 (m, 1H), 7.07 (s, 1H), 7.27 (brs,
2H), 7.57 (s, 1H), 7.71 (s, 1H), 8.57 (d, 1H, J=4.1Hz), 10.94 (brs,
1H).

2-Amino-4-[2,4-dichloro-5-(2-diethylaminoethoxy)phenyl]thi-
eno[2,3-d]pyrimidine-6-carboxylic Acid Cyclopropylamide (34b).
2-Amino-4-(2,4-dichloro-5-hydroxyphenyl)thieno[2,3-d]pyrim-
idine-6-carboxylic acid cyclopropylamide (32; 0.854 g, 2.16 mmol
was dissolved in anhydrous THF (50 mL). N,N-diethylethanola-
mine (0.34mL, 2.59mmol) was added, followed by triphenylpho-
sphine (0.850 g, 3.24 mmol) and diisopropylazodicarboxylate
(0.64 mL, 3.24 mmol). The reaction mixture was stirred at rt for
3 h and then EtOAc (200 mL) was added and the mixture washed
sequentially with water (200mL), sat. NaHCO3 solution, and sat.
NaCl solution.The organic phasewas dried overNa2SO4, filtered,
and the filtrate solvents removed in vacuo to afford a brown oil,
which was purified by flash chromatography on silica gel (50 g)
elutingwith a gradient of 2-5%MeOHinDCMtoafford the title
compound 34b (0.434 g, 41%) as a cream-colored solid: LCMS
tR=1.86 min; m/z=496, 494 [M þ H]þ. 1H ΝΜR (400 MHz;
DMSO-d6) δ 0.48-0.52 (m, 2H), 0.64-0.69 (m, 2H), 0.96 (t, 6H,
J=7.1 Hz), 2.49-2.57 (brm, 4H), 2.75 (m, 1H), 2.80 (brm, 2H),
4.11 (brt, 2H, J=5.5Hz), 7.26 (brs, 2H), 7.37 (s, 1H), 7.56 (s, 1H),
7.81 (s, 1H), 8.54 (d, 1H, J=3.9 Hz). 13C ΝΜR (100.6 MHz;
DMSO-d6) δ 5.7 (CH2), 12.0 (CH3), 22.9 (CH), 47.1 (CH2), 50.9
(CH2), 68.4 (CH2), 115.3 (CH), 121.3 (C), 121.5 (CH), 122.3 (C),
123.0 (C), 130.3 (CH), 132.3 (C), 135.6 (C), 153.0 (C), 161.1 (C),
161.6 (C), 162.3 (C), 171.2 (C).HRMScalcd forC22H25Cl2N5O2S
[M þ H]þ 494.1184, found 494.1169. HPLC (method B) 98.8%
(tR=2.47 min).

2-Amino-4-[2,4-dichloro-5-(1-ethyl-pyrrolidin-3-yloxy)pheny-
l]thieno[2,3-d]pyrimidine-6-carboxylic Acid Ethylamide (34i). 2-
Amino-4-(2,4-dichloro-5-hydroxyphenyl)thieno[2,3-d]pyrimid-

ine-6-carboxylic acid ethylamide (31; 0.700 g, 1.83 mmol) was
dissolved in anhydrous THF (50 mL). 1-Ethyl-3-pyrrolidinol
(0.26 mL, 2.18 mmol) was added, followed by triphenylpho-
sphine (0.863 g, 3.29 mmol) and diisopropylazodicarboxylate
(0.65 mL, 3.29 mmol). The reaction mixture was stirred at rt for
16 h and then EtOAc (200 mL) was added and the mixture
washed sequentiallywithwater (200mL), sat.NaHCO3 solution
(100 mL), and sat. NaCl solution (100 mL). The organic phase
was dried over Na2SO4, filtered, and the filtrate solvents re-
moved in vacuo to afford a brown oil, which was purified by
flash chromatography on silica gel (50 g) eluting with 10%
MeOH in DCM to afford the title compound 34i (0.359 g, 41%)
as a cream-colored powder: LCMS tR=1.83min;m/z=482, 480
[M þ H]þ. 1H ΝΜR (400 MHz; DMSO-d6) δ 1.01 (t, 3H, J=
7.4Hz), 1.07 (t, 3H, J=7.4Hz), 1.81 (m, 1H), 2.20-2.47 (m, 4H),
2.65-2.80 (m, 3H), 3.20 (m, 2H), 4.96 (m, 1H), 7.27 (s, 1H), 7.27
(brs, 2H), 7.56 (s, 1H), 7.82 (s, 1H), 8.55 (brt, 1H, J=5.6Hz). 13C
ΝΜR (100.6 MHz; DMSO-d6) δ 13.6 (CH3), 14.7 (CH3), 31.6
(CH2), 34.0 (CH2), 49.2 (CH2), 52.0 (CH2), 59.3 (CH2), 78.2
(CH), 115.9 (CH), 121.2 (CH), 121.3 (C), 122.3 (C), 123.5 (C),
130.6 (CH), 132.6 (C), 135.5 (C), 152.0 (C), 160.8 (C), 161.1 (C),
161.5 (C), 171.1 (C). HRMS calcd for C21H23Cl2N5O2S [M þ
H]þ 480.1028, found 480.1017. HPLC (method B) 99.1% (tR=
2.43 min).
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