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Inhibition of transforming growth factor β (TGFβ) type I receptor (Alk5) offers a novel approach for
the treatment of fibrotic diseases and cancer. Indolinones substituted in position 6 were identified as a
new chemotype inhibiting TGFβRI concomitant with a low cross-reactivity among the human kinome.
A subset of compounds showed additional inhibition of platelet-derived growth factor receptor alpha
(PDGFRR), contributing to an interesting pharmacological profile. In contrast, p38 kinase, which is
often inhibited by TGFβRI inhibitors, was not targeted by derivatives based on the indolinone chemo-
type. Guided by an X-ray structure of lead compound 5 (BIBF0775) soaked into the kinase domain of
TGFβRI, optimization furnished potent and selective inhibitors of TGFβRI. Potent inhibition
translated well into good inhibition of TGFβRI-mediated phosphorylation of Smad2/3, demonstrating
efficacy in a cellular setting. Optimized compounds were extensively profiled on a 232-kinase panel and
showed low cross-reactivities within the human kinome.

Introduction

Transforming growth factor β (TGFβa) is a pluripotent
cytokine involved in the regulation of various biological
processes such as cell proliferation, differentiation, migration,
adhesion, apoptosis, and epithelial-to-mesenchymal transi-
tion (EMT).1 TGFβ signaling is linked to the pathology of
numerous diseases.2 Therapeutic approaches to inhibit its
signaling by targeting TGFβ receptor I (TGFβRI) with
antibodies, antisense molecules, or kinase inhibitors3 are
widely discussed for the treatment of idiopathic pulmonary
fibrosis (IPF) and cancer.4,5 Lung diseases like asthma,
chronic obstructive pulmonary disease (COPD), or IPF
are associated with an abnormal inflammatory response
in combination with airway remodeling through fibrosis,
goblet cell hyperplasia, and smooth muscle thickening.4,6

Among other growth factors and cytokines, TGFβ, highly
expressed in fibrotic tissues, upregulates the expression of
adhesion molecules required for the recruitment of mono-
cytes and neutrophils which both initiate inflammatory
responses. Furthermore, TGFβ plays a pivotal role in the
biosynthesis and turnover of extracellular matrix (ECM)
proteins like collagens, fibronectin, and proteoglycans and
is thus contributing to fibrosis and stimulation of smooth
muscle cell proliferation,7 suggesting that inhibition of
TGFβ signaling may provide a therapeutic potential in
diseases like asthma and COPD. During cancerogenesis,
the function of TGFβ is Janus-faced. On the one hand,
TGFβ acts as tumor suppressor by inhibiting the prolifera-
tion of normal epithelial, endothelial hematopoietic cells,
and early epithelial cancer cells. On the other hand, once
tumorigenesis has been initiated, tumor cells escape this
growth control and produce high levels of TGFβ, resulting
in profound changes of the tumor’smicroenvironment inwhich
TGFβ promotes tumor growth. The tumor-promoting effects
include extracellularmatrix degradation andEMTby increased
production of platelet-derived growth factor (PDGF), connec-
tive tissue growth factor (CTGF), and matrix metalloprotein-
ases (MMPs). Furthermore, angiogenesis is induced by an
upregulation of vascular endothelial growth factor (VEGF).5,8

Clearly, inhibitionofTGFβRIholds promise as anewmodal-
ity for the treatment of fibrotic diseases and cancer. Several
small molecules targeting TGFβRI have been reported in litera-
ture (see Chart 1),3 among them SB-431542 1a,9 SB-505124 1b,9

LY-2109761 2,10 SM-16 3,11 SD-208 4,12 andothers.8b,13-15 LY-
2157299, a derivative of compound 2, was advanced into phase I
clinical trials for the treatment of cancer.16 Most of the known

†The atomic coordinates for the X-ray structure of compound 5
soaked into the kinase domain of TGFβRI have been deposited in the
Protein Data Bank, PDB code 2x7o.
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TGFβRI inhibitors are based on five-membered heterocyclic
chemotypes (imidazoles, pyrazoles, or thiazoles, compounds
1-3) typically interacting with the kinase hinge region by one
single hydrogen acceptor.

In this paper,we report the identificationof indolinones as a
novel chemotype for the inhibition of TGFβRI, broadening
the repertoire of TGFβRI (Alk5) kinase inhibitor scaffolds.
Optimization of an initial lead 5 (BIBF0775, Chart 2)18 led to
compounds showing potent TGFβRI inhibition with low
cross-reactivity in the human kinome.

Chemistry

Various approaches for the synthesis of the compounds
described inTables1-3weredeveloped.Theparticular synthetic

routewas dependent on the specific point of diversification to be
addressed during synthesis. To that end, building blocks 10, 11,
15, 22, and 23 were designed and synthesized by the methods
mentioned below (see Scheme 1).

N-Acetylated indolinones 16 and 17 were condensed with
ortho-benzoic acid triethyl ester to furnish intermediates 18
and 19.17,18 The 3-ethoxymethylene unit is suitable to undergo
addition-elimination reactions. Consequently, compounds 18
and 19 were reacted with amines according to previously
published protocols18 to yield intermediates 20 and 21 after
subsequent acetyl cleavage. The resulting methyl esters were
hydrolyzed to get access to carboxylic acids 22 and 23 used as
building blocks suitable for diversification of position R1.

For diversification in position 3 of the indolinones, 3-
hydroxymethylene substituted derivatives had to be used as
building blocks, which in contrast to the 3-ethoxymethylene
substituted compounds are not susceptible to hydrolysis dur-
ing the subsequent saponification step. To introduce the
hydroxymethylene functionality, N-acetylated indolinone 7

was directly condensed with benzoic acid after TBTU activa-
tion. Compound 8 was hydrolyzed to yield carboxylic acid 9.
Amide coupling using ethylamine or N-methyl ethylamine
furnished building blocks 10 and 11. Building block 15 was
synthesized in a similar fashion. Formic acid ethyl ester was
used to introduce the 3-hydroxymethylenemoiety in this case.

The final compounds were synthesized by two different pro-
cedures.Whenever diversification of positionR1was requested
(see Chart 2), amide coupling with the respective amine using
building blocks 22, 23, 25,18 and 2818 was the obvious method
of choice. For diversification of position R2 in the final step, a
newsynthetic protocol had tobedevelopeddirectlyutilizing the
hydroxymethylene functionality of building blocks 10, 11 and
15.Weenvisagedanovel in situ activationof the alcoholmoiety

Chart 1. TGFβRI Inhibitors

Chart 2. TGFβRI Hit Compound 5 and General Structure 6

Table 1. TGFβRI/pSmad Inhibition of Substituted Indolinones

compound R1

TGFβRI

IC50 (nM) a
pSmad

EC50 (nM) a

5 6-CONEtMe 34( 30 105 ( 70

35 6-CONH(CH2CH3) 24( 17 75 ( 53

36 6-CONHCH3 32( 26 NT b

37 6-CONMe2 35( 22 246 ( 130

38 6-CONHnBu 91( 49 1065 ( 588

39 6-(pyrrolidine-1-carbonyl) 245( 170 696 ( 542

40 6-CONHiPr 318( 188 708 ( 453

41 6-CONH2 369( 213 >50000

42 6-CONH(CH2CH2OH) 430( 227 >50000

43 6-CONEt2 625 ( 396 NT b

44 6-CONHBn 1532( 908 NT b

45 H 3462( 2621 NT b

46 5-CONMe2 186( 104 198 ( 111

1a (SB-431542)c 125( 65 172 ( 108

aValues are averages ( SD of at least three independent determina-
tions. Values “greater than (>)” indicate that half-maximum inhibition
was not achieved at the highest concentration tested. All compounds
showed good solubility (>10 μM) in the assay buffers. bNot tested.
c See ref 9.
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Table 2. Inhibitory Profile of 6-Amido-Substituted Indolinones

IC50 (nM) EC50 (nM)

compd R1 R6 TGFβRIa PDGFRRb pSmad c

47a CONHEt 4-(NSO2CH3)(CH2)2NMe2 1 ( 1 74 108 ( 65

47b CONEtMe 4-(NSO2CH3)(CH2)2NMe2 7 ( 5 155 209 ( 108

47c CONHEt 4-(NCOCH3)(CH2)2NMe2 3 ( 3 130 1066 ( 659

47d CONEtMe 4-(NCOCH3)(CH2)2NMe2 8 ( 5 160 102 ( 61

47e CONHEt 4-(NCOCH3)(CH2)3NMe2 3 ( 3 59 1249 ( 664

47f CONEtMe 4-(NCOCH3)(CH2)3NMe2 9 ( 6 176 411 ( 309

47g CONHEt 4-(NCH3)COCH2-(4-methyl-piperazin-1-yl) 9 ( 11 107 1370 ( 735

47h CONEtMe 4-(NCH3)COCH2-(4-methyl-piperazin-1-yl) 7 ( 6 1972 833 ( 549

47i CONHEt 4-CH2NMe2 19 ( 13 99 185 ( 99

35 CONHEt 4-CH2(piperidin-1-yl) 24 ( 17 789 75 ( 53

5 CONEtMe 4-CH2(piperidin-1-yl) 34 ( 30 890 105 ( 70

47j CONHEt 4-(NCH3)COCH2NMe2 35 ( 22 137 3383 ( 3291

47k CONEtMe 4-(NCH3)COCH2NMe2 29 ( 16 367 382 ( 207

47l CONEtMe 4-CH2NHEt 32 ( 18 1100 160 ( 83

47m CONHEt 4-CONH(CH2)2NEt2 33 ( 23 335 505 ( 264

47n CONEtMe 4-CONH(CH2)2NEt2 64 ( 53 317 542 ( 317

47o CONHEt 4-(CH2CH2)NMe2 47 ( 27 368 135 ( 70

47p CONEtMe 4-(CH2CH2)NMe2 64 ( 40 420 259 ( 190

47q CONEtMe 4-(NSO2CH3)CH2CONMe2 86 ( 53 410 >3000

47r CONEtMe 4-(NCH3)SO2Me 231 ( 129 640 >10000

47s CONEtMe 3-CH2NEt2 616 ( 353 1650 NT d

47t CONEtMe 4-COOH 782 ( 435 564 NT d

47u CONEtMe 4-COOCH3 1970 ( 1085 1126 NT d

47v CONEtMe H 2586 ( 1844 >5000 NTd

48 >50000 >5000 >10000

49 >50000 >5000 >10000
aValues are averages ( SD of at least three independent determinations. Values “greater than (>)” indicate that half-maximum inhibition was not

achieved at the highest concentration tested. All compounds showed good solubility (>10 μM) in the assay buffers. b IC50 values for PDGFRR are single
determinations. cValues are averages( SD of two-five independent determinations. Values “greater than” indicate that half-maximum inhibition was
not achieved at the highest concentration tested. dNot tested.

Table 3. Inhibitory Profile of Various R3-Substituted Indolinones

IC50 (nM) EC50 (nM)

compd R3 R6 TGFβRI a PDGFRR b pSmad c

47e Ph 4-(NCOCH3)(CH2)3NMe2 3( 3 59 1249( 664

47w H 4-(NCOCH3)(CH2)3NMe2 17( 10 484 597( 332

47g Ph 4-(NCH3)COCH2-(4-methyl-piperazin-1-yl) 9( 11 107 1370( 735

47x H 4-(NCH3)COCH2-(4-methyl-piperazin-1-yl) 15( 9 >5000 2175( 845

35 Ph 4-CH2(piperidin-1-yl) 24( 17 789 75( 53

47y H 4-CH2(piperidin-1-yl) 69( 44 1292 376( 246

47j Ph 4-(NCH3)COCH2NMe2 35( 22 137 3383( 3291

47z H 4-(NCH3)COCH2NMe2 52( 30 2928 4355( 2298
aValues are averages( SD of at least three independent determinations. b IC50 values for PDGFRR are single determinations. Values “greater than

(>)” indicate that half-maximum inhibitionwas not achieved at the highest concentration tested.All compounds showed good solubility (>10 μM) in the
assay buffers. cValues are averages ( SD of two to three independent determinations.
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as a convenient way for further derivatization. To that end,
various methods for the condensation with amines were tested.
Gratifyingly, heating compounds 10, 11, or 15 and amines
R2NH2 under microwave irradiation after activation with
trimethylsilyl imidazole turned out to be a successful process
(probably via silylenolether formation), directly furnishing
compounds 47a-z in good yield (Scheme 2).

The double bond geometry in the final compounds 35-47

and in intermediates 8-11, 13-15, 18, and 19 is locked in a
Z-conformation by an intramolecular hydrogen bond.18 This
is proven by anROEeffect between the proton in position 4 of
the indolinone core and the proton at the exocyclic double
bond (6, R3 = H) for several 3-methylene-substituted com-
pounds (13-15 and 47w-z) and by an ROE effect between
the proton in position 4 of the indolinone core and the proton
in position 2 of the central aryl moiety (6, R3 = Ph) for
3-phenylmethylene-substituted compounds (such as 5 or 8-11).
In addition, an upfield shift of the proton in position 4 of the
indolinone core can be observed in all final compounds with a
phenyl moiety in position R3 of formula 6 due to magnetic
shielding by the R3-phenyl moiety.

Results and Discussion

To identify inhibitors of theTGFβ receptor I, a high-through-
put screening of our internal compound collection was per-
formed using a TGFβRI substrate phosphorylation assay.19

Among the hits, compound 5 (Chart 2)18 and a few additional
indolinone derivatives (36, 37, 40, 41, and 45) were identified as a
cluster displaying down to double-digit nanomolar potency in
the TGFβRI assay (see Table 1). Since we knew from earlier

kinase projects that inhibitors based on the indolinone chemo-
type can show low cross-reactivity among the human kinome,18

we evaluated prototype 5 for potential cross-reactivities in a
kinase selectivity panel. Among 30 kinases tested,20 only two
additional enzymes (MKK1andMAPKAPkinase1a) showeda
slight inhibition in the screen (see Table 4). Notably, p38 kinase
(often targeted by other TGFβRI inhibitors5,8b) was not inhib-
ited.TGFβRII,BMPR2,andAlk1 (kinaseswithhighhomology
to TGFβRI) were additionally tested. Compound 5 inhibited
these kinases only in the micromolar range (IC50 TGFβRII
19 μM, IC50 BMPR2 >50 μM, IC50 Alk1 4 μM). Due to this
promising selectivity profile, compound 5was chosen as a start-
ing point for further optimization.

X-ray crystallography was used to guide our optimization
efforts. To that end, compound 5 was soaked into crystals of
the kinase domain of TGFβRI. The X-ray structure (see
Figure 1) confirms the typical binding mode of indolinones
into known kinase ATP pockets displaying the canonical
hydrogen bonds between the lactam moiety and the kinase
hinge region. The 6-amido substituent on the indolinone core
points toward the TGFβRI specificity pocket flanked by the
gatekeeper Phe262 and Lys232.We reasoned that the favorable
selectivity profile of 5maybe attributable to the amidomoiety
binding into this part of the enzyme. On the other hand, the
basic side chain of 5points toward thewater phase, suggesting
a high degree of freedom for structural modifications in this
region. The central phenylmoiety of 5 is situated in the part of
the pocket that is occupied by the ribose moiety of ATP when
bound.

We decided to explore the structure-activity relationships
of indolinones substituted in positions R1, R2, and R3 of

Scheme 1. Synthesis of Building Blocksa

a (a) Benzoic acid, TBTU,NEt3, NMP, rt; (b) 1NNaOH,MeOH, reflux; (c) R4R5NH2, TBTU,HOBt,Huenig base orNEt3, DMF, rt; (d) formic acid

ethylester, NaOEt, EtOH, 80 �C; (e) 1NNaOH, EtOH, 80 �C; (f) (EtO)3CPh, Ac2O, 100 �C; (g) 4-piperidin-1-ylmethyl-phenylamine, DMF, 80 �C, then
NH3, 40 �C; (h) 1N NaOH, MeOH/dioxane, reflux.
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scaffold 6 (seeChart 2). In the first place, we aimed to evaluate
the effects of substitutions at R1 on TGFβRI potency as well
as to confirm our hypothesis that selectivity versus other
kinases was attributable to the 6-amido substitution. When
comparing a number of differently substituted indolinone
cores (see Table 1), it could clearly be seen that smaller
secondary and tertiary amides (5, 35-38) in position 6 were
favorable for a good TGFβRI potency, whereas a drop of
potency could be observed for primary amide 41 as well as
larger amides 39, 40, and 42-44. The unsubstitued indolinone
45 was significantly less active, confirming that the 6-amido
substituents contribute to the overall binding energy. On the
other hand, compound 45 tested at 1 μM concentration
inhibited more than 50% of the kinases in the selectivity
panel20 mentioned before (Table 4). When shifting the amido
substituent into position 5 (compare compounds 46 and 37),
TGFβRI inhibition is retained. However, compound 46 shows
a less favorable selectivity profile versus other kinases (9 kinases
inhibited at 1 μM compound concentration, see Table 4). This
data confirmed that the 6-amido substitution is the decisive
motif for a favorable selectivity profile as well as potent
TGFβRI inhibition.

The compounds in Table 1 were also evaluated for their
ability to inhibit the TGFβRI-mediated signal transduction in a
cellular setting.19 TGFβ receptors activated by TGFβ phos-
phorylate the receptor-regulated Smads for TGFβ, Smad2 and
3.21 Therefore, a phospho Smad2/3 ELISA was established.19

Because the phosphorylated Smad 2/3 proteins will undergo
multimerization with the comediator Smad4 and will trans-
locate into thenucleus to regulate the transcriptionof targetgenes

incooperationwithnuclear cofactors, thisassaydetects the inhib-
itionof the first stepof theTGFβ-mediated signalingcascade. In
general, the trend for inhibition correlated with the data from
the biochemical assay. The compounds were however less
potent in this setting when compared to the biochemical
TGFβRI inhibition (factor 3-12 for potent compounds). This
cellular efficacy was not impaired by potential cytotoxic effects.
The compounds 5 and 46 (as well as 47i, 47l, and 47p from
Table 2) were analyzed using Cellomics’ Cytotox Assay kit I:
cellularmembrane integrity, nuclear fragmentationanddensity,
and lysosomal mass were measured. None of the compounds
showed significant signs of toxicity (IC50 > 1 μM) in this
setting.22 Taken together, due to their good potency on a
biochemical as well as cellular level, the compounds looked
promising as starting points for further optimization.

To further explore structure-activity relationships, the R2

side chain (Chart 2) pointing toward the water phase was
chosen for the next round of modifications (Table 2). In
general, aryl groups substituted in position 4 were decisive
for good potency in this position. Anilines with smaller
substituents R6 (refer to 47r and 47u as representative com-
pounds) or without any substitution (compound 47v) were
less active compared to lead compound 5, resembling the SAR
of other indolinone-based kinase inhibitors.18 In addition,
neutral compounds were also clearly inferior (compare the
representative compound 47qwith 47b).We therefore decided
to retain a basic functionality in positionR6.When evaluating

Scheme 2. Synthesis of Final Compoundsa

a (a) R2NH2, TMS-imidazole, THF, 170 �C, microwave; (b) R4R5-

NH2, TBTU, HOBt, Huenig base or NEt3, DMF, rt.

Table 4. Kinase Selectivity Profiles of Selected Compounds (%
Remaining Kinase Activity in the Presence of 1 μM Test Compound)

compound 5 45 46 47a 47i 47l

AMPK 80a 4 2 74 85 81

CDK2/A 110 38 39 100 103 87

CHK1 74 6 8 51 84 85

CK1 108 17 95 100 102 90

CK2 98 90 73 94 95 86

CSK 72 32 74 83 96 78

DYRK1A 88 18 45 96 105 86

ERK2 96 77 95 104 98 87

GSK3b 82 1 5 124 114 56

MKK1A 47 0 4 80 93 50

MKK1 48 4 12 53 59 61

MKK2 102 75 94 NTb NTb 97

MSK1 92 8 36 105 104 83

NEK2A 96 39 81 70 98 72

NEK6 88 86 87 118 123 92

p38R 92 96 91 110 121 85

p38β2 98 NTb 100 NTb NTb NTb

p38γ 93 NTb 91 NTb NTb NTb

p38δ 108 NTb 99 NTb NTb 86

PBK 150 5 19 101 102 88

PDK1 109 8 71 102 89 89

PKA 96 12 69 75 90 96

PKB 97 88 93 90 106 92

PKCalpha 88 29 28 100 89 85

PRAK 87 38 59 67 96 70

ROCKII 88 54 79 88 95 80

S6K1 96 12 76 100 101 89

SAPK1c 89 8 90 105 99 91

Srcc 86 NTb NTb NTb 86 61

SGK 123 20 68 107 124 106
aCompounds were tested at 1 μM concentration and 100 μM ATP

concentration as described in ref 18. Data are expressed as percent
remaining kinase activity in the presence of the inhibitors relative to control,
which was 100% in the absence of inhibitors. The bold and italic numbers
indicate values less than 50. bNot tested. cTested at 2 μM compound
concentration.
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variousmodifications, a high degree of freedom for structural
variation of the charged side chain was observed. Various
linkers between the aniline and the basicmoietywere tolerated
(47a-u). Also the distance between the amines and the core
seemed to play a minor role demonstrating that structure-
activity relationships in this respect were shallow. Attaching
R6 substituents on the aniline in position 3 rather than posi-
tion 4 was also detrimental to activity (representative com-
pound 47s, Table 2). Replacing the aniline by saturated cyclic
systems such as 48 and 49 led to complete loss of potency.
Comparable to hit compounds 5 and 35, indolinones sub-
stituted in position 6 with either an ethylamido or an ethyl-
methylamido substituent usually showed comparable activi-
ties with a tendency for higher potency for the ethylamido-
substituted compounds (compare e.g. couples 47a/b, 47c/d,
47e/f, etc). Although structure-activity relationships with re-
spect tobasicmoietieswere shallow, improved compoundswith
single-digit nanomolar TGFβRI inhibition could be identified
by variation of position R2, with compound 47a showing an
optimized IC50 of 1 nM.

Most compounds were also identified as inhibitors of the
platelet-derived growth factor receptor kinase PDGFRR (see
Table 2) as measured in a substrate phosphorylation assay.19

Structure-activity relationships followed the same trend as
observed for TGFβRI inhibition, the respective IC50 values
were however higherwhen comparedwithTGFβRI inhibition.
Because inhibition of PDGFR kinases has been reported as a
therapeutic principle in the treatment of fibrotic diseases19,23

and cancer24 as well, we reasoned that additional inhibition of
PDGFRR activity could contribute to an improved target
profile of the compounds, potentially amplifying the overall
efficacy in the treatment of diseases such as COPD and cancer.

Cellular efficacy of the compounds in Table 2 was again
evaluated in the pSmad ELISA assay. For many compounds,
EC50 values followed the same trend as mentioned before (see
Table 1), i.e. cellular efficacy differed by a certain factor from

biochemical IC50. Disappointingly, however, many com-
pounds of this series displayed increased shifts between cel-
lular and biochemical inhibition. Among them, biochemically
potent compounds such as 47c, 47e, 47g, and 47h showed
cellular potency only with a >100-fold shift. As a possible
explanation, the different basicity of the compounds could
influence their permeability and cellular activitiy. Different
pKa values, however, cannot exclusively explain the variations
seen, because even for compounds with higher basicity (such
as 5 or 35, pKa= 9.2), the shift between biochemical and
cellular activity is low. On the other hand, many of the
compounds in Table 2 exerting lower cellular potency display
clogP values25 of less than 3.5. As an alternative explanation
the increased polarity of the compounds could prevent them
frompermeating into the cells. This hypothesis was supported
by permeability measurements of representative compounds:
less polar compounds such as 5, 35, or 47i (clogP>3.6) show
permeabilities in the range of 2.0� 10-6 to 2.0� 10-7 cm/s in
a Pampa assay at pH 7.4, whereas for more polar compounds
such as47c, 47e, 47g, and47h (clogP<3.5) permeability values
above1.0� 10-8 cm/swereobtained.Guidedby this hypothe-
sis, several optimized compounds with attractive cellular
activities in the range of 100-200 nM such as 47a, 47d, 47i,
or 47l were identified by balancing polarity and biochemical
activity.

Finally, the influence of substitution at R3 (Chart 2) was
explored (see Table 3).When comparing compounds in which
R3 = phenyl with the corresponding compounds with R3 =
H (47w-z), a slight drop of potency could be observed for
TGFβRI inhibition. This drop of potency was even more
significant when comparing the PDGFRR inhibition of the
respective couples. Therefore, derivatives without a central
phenyl group offered the potential for increased selectivity
versus PDGFRR (the potent TGFβRI inhibitor 47x, for
instance, was more than 300-fold selective versus PDGFRR).
Because compounds 47w-z (R3=H) are more polar than

Figure 1. X-ray structure of compound 5 soaked into the kinase domain of TGFβRI. The canonical hydrogen bonds between the indolinone
lactam moiety and Asp281 and His283 of the hinge region are highlighted, as is the gatekeeper Phe262 together with Lys232.
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their phenyl counterparts25 (clogP<3.0), poor cell perme-
ability is probably again the reason for the low activity of the
compounds in the pSmad ELISA assay. Only the more
lipophilic compound 47y (clogP = 3.4) showed improved
cellular activity in this series.

Having optimized theTGFβRI inhibitionof the initial lead,
the most potent compound 47a as well as indolinones 47i and
47l were again evaluated in our standard kinase selectivity
panel (Table 4).20 No single kinase was inhibited (<50%
control) at 1 μMcompound concentration.With this promis-
ing data as an indicator for a favorable cross reactivity profile,
we were eager to learn how the picture would look like when
testing the compounds on a larger panel of kinases. Com-
pounds 5 and 47i were therefore characterized in a panel of
232 kinases (Invitrogen) at 2 μM compound concentration.26

The compounds retained a favorable cross reactivity profile
(see Supporting Information), confirming our initial selectivity
assessment. For each compound, a few additional enzymes
were identified as targets (>90% inhibition at 2.0 μM and
>50% inhibition when tested at 0.2 μM). In particular, com-
pound 47i (targeting 15/232 additional kinases at 0.2 μM)
appeared to be slightly more selective in this panel when com-
pared to compound 5 (targeting 20/232 additional kinases at
0.2 μM). The pharmacological consequences of the inhibition
of these additional kinases are difficult to predict.As a next step
and before advancing into pharmacological models (repre-
sentative compounds of this series showed oral availability in
rats27), we characterized a couple of advanced compounds
(5, 46, 47i, 47l, and 47p) in a chemical genomics approach.
This approach allowed a further insight into possible cellular
on-target aswell asoff-target effects (evenbeyond thosederived
from the inhibition of additional kinases). Results of these
studies will be reported in due course.28

Conclusions

Potent TGFβRI-selective compounds hold promise for the
treatment of pulmonary fibrosis or cancer and additional
PDGFRR inhibition could conribute to an attractive target
profile. 6-Amido-substituted indolinones are potent inhibi-
tors of the TGFβRI kinase. Selectivity of the compounds
against other kinases is generally high (judged on a selectivity
panel including 30 representative kinases). The high degree of
selectivity may be attributed to the 6-amido moiety pointing
toward the kinase selectivity pocket of TGFβRI. Depending
on the particular compound substitution pattern, additional
PDGFRR-inhibition is achievable. In contrast to many other
known TGFβR inhibitors, particularly, p38 kinase is not
inhibited by the indolinones. Optimization of an initial lead
furnished several compounds with inhibitory potencies against
TGFβR1 in the single-digit nanomolar range. For compounds
with favorable lipophilicity, biochemical potency translated
well into good cellular efficacy, as exemplified by inhibition
of Smad2/3 phosphorylation in HaCaT cells. Advanced com-
pounds have been further profiled in a 232-kinase selectivity
panel and showed low cross-reactivities within the human
kinome.

Experimental Section

All starting materials18,29,30,31 and reagents were either com-
mercially available or their synthesis had been described in the
literature before. All purchased chemicals and solvents were used
without further purification. Reaction progresses were usually
monitored by TLC using Merck silica gel 60 F254 plates and UV

light at 254 nm. All chromatographic purifications were con-
ducted as MPLC using DAVISIL LC60A silica gel (35-70 μm)
unless otherwise noted.Yields refer to purified products andwere
not optimized. 1H NMR (400 MHz) spectra were recorded on a
Bruker DPX 400 spectrometer using DMSO-d6 as solvent and
Si(CH3)4 as an internal standard. Low resolution mass spectra
(MS) were run on a Micromass platform mass spectrometer.
High resolution masses (HRMS) were determined on a Micro-
mass Q-Tof-2 mass spectrometer. The purity of the tested com-
pounds was determined by HPLC and was usually >95%.
HPLC retention timeswere recorded on aWaters 1515 apparatus
using a X-TerraMS18 column (2.5 μM, 4.6mm� 30mm) eluted
with a 3.1 min gradient from 5% to 98% B, wherein A=water/
0.1% formic acid and B = acetonitrile/0.1% formic acid.

(Z)-3-[Phenyl-(4-piperidin-1-ylmethyl-phenylamino)-methylene]-
2-oxo-2,3-dihydro-1H-indole-6-carboxylic Acid Ethylamide (35).
(Z)-2-oxo-3-[Phenyl-(4-piperidin-1-ylmethyl-phenylamino)-
methylene]-2,3-dihydro-1H-indole-6-carboxylic acid18 23 (400mg,
0.88 mmol) was suspended in DMF (15 mL) and N,N0-carbonyl-
diimidazole (172 mg, 1.06 mmol) was added. The mixture was
stirred for 14 h at 80 �C. After that time, the mixture was slowly
added to a saturated solution of ethylamine in DMF (15 mL) at
-10 �C. Stirring was continued for 2 h at ambient temperature.
After that time, the solvent was removed by evaporation, and the
residuewas purified by column chromatography (silica gel) eluting
with methylene chloride/methanol (5/1) to give 47% of 35. 1H
NMR: δ 1.06 (t, 3H), 1.20-1.50 (m, 6H), 2.20 (m, 4H), 3.24 (m,
2H, superimposedonH2O), 3.28 (s, 2H), 5.72 (d, 1H), 6.76 (d, 2H),
7.04 (m, 3H), 7.33 (s, 1H), 7.40-7.65 (m, 5H), 8.18 (t, 1H), 10.88 (s,
1H), 12.12 (d, 1H). MS: m/z 481 [M þ H]þ. HRMS (ESþ) calcd
for C30H32N4O2 [M þ H]þ m/e 481.2598, found m/e 481.2592.

(Z)-3-[Phenyl-(4-piperidin-1-ylmethyl-phenylamino)-methylene]-
2-oxo-2,3-dihydro-1H-indole-5-carboxylic Acid Dimethylamide

(46). (Z)-2-oxo-3-[Phenyl-(4-piperidin-1-ylmethyl-phenylamino)-
methylene]-2,3-dihydro-1H-indole-5-carboxylic acid 22 (640 mg,
1.41 mmol), TBTU (900 mg, 2.80 mmol), HOBt (430 mg, 3.19
mmol), and diethyl-isopropylamine (2.6 g, 2.02 mmol) were sus-
pended in DMF (20 mL) and stirred for 0.5 h at ambient
temperature. After that time, dimethylamine hydrochloride
(340mg, 4.20mmol) was added and stirringwas continued for 20 h
at ambient temperature. The solvent was partially removed by
evaporationandwaterwasadded.Theprecipitatewas filteredoff to
give 600 mg (89%) of 46. 1H NMR: δ 1.30-1.50 (m, 6H), 2.78 (s,
6H) superimposed on 2.82 (m, 2H), 3.20 (m, 2H), 4.06 (s, 2H), 5.86
(s, 1H), 6.82 (m, 3H), 7.02 (d, 1H), 7.23 (d, 2H), 7.45-7.65 (m, 5H),
10.95 (s, 1H), 12.08 (s, 1H).MS:m/z 481 [M]þ.HRMS(ESþ) calcd
for C30H32N4O2 [M þ H]þ m/e 481.2598, found m/e 481.2591.

General Procedure for the Synthesis of Final Products: (Z)-3-
({4-[(2-Dimethylaminoethyl)-methanesulfonyl-amino]-phenylamino}-
phenyl-methylene)-2-oxo-2,3-dihydro-1H-indole-6-carboxylic Acid

Ethylamide (47a). (E)-3-(Hydroxy-phenyl-methylene)-2-oxo-2,3-
dihydro-1H-indole-6-carboxylic acid ethylamide 11 (200 mg, 0.65
mmol) was dissolved in THF (3.0 mL) and N-(4-aminophenyl)-
N-(2-dimethylaminoethyl)-methanesulfonamide18 (502 mg, 1.95
mmol, 3 equiv) and trimethylsilylimidazole (0.48 mL, 3.25 mmol,
5 equiv) were added. The mixture was stirred for 15 min at
170 �C under microwave irradiation. After that time, the solvent
was removed and ethyl acetate was added. The organic layer was
washedwithwater twiceanddriedover sodiumsulfate.The solvent
was removed by evaporation, and the residue was triturated with
diethylether, filtered off and dried in vacuum at 90 �C to give 210
mg (59%) of 47a. 1H NMR: δ 1.06 (t, 3H), 2.04 (s, 6H), 2.13 (t,
2H), 2.92 (s, 3H), 3.22 (m, 2H), 3.58 (t, 2H), 5.77 (d, 1H), 6.84 (d,
2H), 7.08 (d, 1H), 7.16 (d, 2H), 7.34 (s, 1H), 7.50-7.60 (m, 5H),
8.15 (t, 1H), 10.82 (s, 1H), 12.14 (s, 1H). MS: m/z 548 [M þ H]þ.
HRMS (ESþ) calcd for C29H33N5O4S [MþH]þ m/e 548.2326,
found m/e 548.2316.

(Z)-3-[(4-Dimethylaminomethyl-aminophenyl)-phenyl-meth-

ylene]-2-oxo-2,3-dihydro-1H-indole-6-carboxylic Acid Ethyl-

amide (47i). Synthesized according to the general procedure
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using 4-dimethylaminomethyl-phenylamine18 and (E)-3-(hydroxy-
phenyl-methylene)-2-oxo-2,3-dihydro-1H-indole-6-carboxylic acid
ethylamide 11. Yield: 77% of 47i. 1HNMR: δ 1.06 (t, 3H), 2.04 (s,
6H), 3.18 (m, 2H) superimposed on 3.20 (s, 2H), 5.71 (d, 1H), 6.77
(d, 2H), 7.04 (m, 3H), 7.32 (s, 1H), 7.46 (m, 2H), 7.54 (m, 3H), 8.13
(t, 1H), 10.84 (s, 1H), 12.09 (s, 1H).MS:m/z 441 [MþH]þ.HRMS
(ESþ) calcd for C27H28N4O2 [M þ H]þ m/e 441.2285, found m/e
441.2277.

(Z)-3-[(4-Ethylaminomethyl-aminophenyl)-phenyl-methylene]-
2-oxo-2,3-dihydro-1H-indole-6-carboxylic Acid N-Methyl-Ethy-

lamide Trifluoroacetate (47l). (Z)-Ethyl-[4-({[6-(ethyl-methyl-
carbamoyl)-2-oxo-1,2-dihydro-indol-3-ylidene]-phenyl-methyl}-
amino)-benzyl]-carbamic acid tert-butyl ester 50 (170 mg, 0.306
mmol) was dissolved in methylene chloride (20 mL) and trifluoro-
acetic acid (0.5 mL, 6.5 mmol) was added at 0 �C. The mixture
was stirred for 1 h at 0 �C and for 12 h at ambient temperature.
After that time, the organic phase was washed with water (2�)
and dried over sodium sulfate. The solvent was removed by
evaporation togive 170mg (98%)of 47l. 1HNMR:δ 1.04 (t, 3H),
1.16 (t, 3H), 2.85 (s, 3H), 2.91 (q, 2H), 3.25 (q, 2H, superimposed
on H2O), 4.00 (s, 2H), 5.79 (d, 1H), 6.57 (d, 1H), 6.85 (d, 2H)
superimposed on 6.88 (s, 1H), 7.25 (d, 2H), 7.51 (m, 2H), 7.59
(m, 3H), 8.60 (br, 2H), 10.83 (s, 1H), 12.10 (s, 1H). MS: m/z 455
[M þ H]þ. HRMS (ESþ) calcd for C28H30N4O2 [M þ H]þ m/e
455.2441, found m/e 455.2436.

(Z)-3-{[4-(2-Dimethylaminoethyl)-aminophenyl]-phenyl-meth-
ylene}-2-oxo-2,3-dihydro-1H-indole-6-carboxylic Acid N-Meth-

yl-Ethylamide (47p). Synthesized according to the general pro-
cedure using 4-(2-dimethylamino-ethyl)-phenylamine30 and
(E )-3-(hydroxy-phenyl-methylene)-2-oxo-2,3-dihydro-1H-indole-
6-carboxylic acid N-methyl-ethylamide 10. Yield: 180 mg
(50%) of 47p. 1H NMR: δ 1.04 (t, 3H), 2.11 (s, 6H), 2.38 (t,
2H), 2.56 (t, 2H), 2.85 (s, 3H), 3.25 (q, 2H, superimposed on
H2O), 5.76 (d, 1H), 6.56 (d, 1H), 6.73 (d, 2H), 6.85 (s, 1H), 7.00
(d, 2H), 7.47 (m, 2H), 7.56 (m, 3H), 10.79 (s, 1H), 12.09 (s, 1H).
MS: m/z 469 [M þ H]þ. HRMS (ESþ) calcd for C29H32N4O2

[M þ H]þ m/e 469.2598, found m/e 469.2590.
(Z)-3-[(4-Piperidin-1-ylmethyl-phenylamino)-methylene]-2-

oxo-2,3-dihydro-1H-indole-6-carboxylic Acid Ethylamide (47y).
Synthesized according to the general procedure using 4-piperi-
din-1-ylmethyl-phenylamine18 and (E)-3-hydroxymethylene-2-
oxo-2,3-dihydro-1H-indole-6-carboxylic acid ethylamide 15.
Yield: 26% of 47y. 1H NMR: δ 1.11 (t, 3H), 2.30-2.50 (m, 6H),
2.31 (m,4H), 3.24 (m,2H, superimposedonH2O), 3.39 (s, 2H), 7.30
(d, 2H), 7.36 (m, 3H), 7.47 (d, 1H), 7.62 (d, 1H), 8.28 (t, 1H), 8.67
(d, 1H), 10.63 (s, 1H), 10.82 (d, 1H). MS: m/z 405 [MþH]þ.
HRMS (ESþ) calcd for C24H28N4O2 [MþH]þ m/e 405.2285,
found m/e 405.2282.

TGFβRI- and PDGFRr IC50 Determinations. The inhibition
of the kinase activity of TGFβRI was determined using the
Promega Kinase-Glo kit (Promega, Mannheim, Germany)
according to the manufacturer’s protocol in the presence of
600 nM ATP. N-terminally his-tagged human TGFβRI (aa
162-end) expressed in baculovirus and purified using nickel
affinity chromatography was used at a final concentration of
0.03 μg/mL. The inhibition of the kinase activity of PDGFRR
was determined using the Z0-LYTE assay technology from
Invitrogen (Invitrogen Corporation, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Full-length human
PDGFRR (5.6 nM per assay) and the Tyr4 peptide (2 μM per
assay) were obtained from Invitrogen, too. IC50 values were
determined by the use of the Graph PadPrism software.

Phospho-Smad ELISA Assay. HaCaT cells were cultured in
DMEM (Gibco, Invitrogen Corporation, Carlsbad, CA, USA)
containing 5% FCS. Cells starved for 3 h in DMEM containing
no FCS were preincubated with increasing compound concen-
trations (3.2 nM to 50 μM) or vehicle (DMSO) for 15 min and
subsequently stimulated with 5 ng/mL of TGF-βI (R&D Sys-
tem, Minneapolis, MN, USA). After 60 min, cells were washed
with ice cold PBS and lysed with 100 μL of cell lysis buffer

(Cell Signaling, Danvers, MA, USA) supplemented with 1 mM
PMSF (Sigma-Aldrich, St. Louis, MO, USA).

96-Well plates (Nunc MaxiSor, Rochester, NY, USA) were
coated with anti-Smad2/3 monoclonal antibody (1 μg/mL; BD
Bioscience, San Jose, CA, USA) for 24 h at 4 �C. To reduce
unspecific binding, the wells were rinsed with PBS þ 0.1%
Tween 20 and blocked with PBSþ 2% BSA for 2 h at room
temperature. After washing three times with PBSþ 0.1%Tween
20, the protein lysate was added and incubated for 2 h at room
temperature. Wells were washed three times and incubated with
an antiphoshpo-Smad2/3 rabbit antisera (Eurogentec, Liege,
Belgium) diluted in PBS þ 0.2% BSA þ 0.02% Tween 20, and
incubated for 2 h at room temperature. AnAP-conjugatedmAb
mouse anti rabbit IgG (Sigma-Aldrich, St. Louis, MO, USA)
was added and incubated for 2 h at room temperature. Finally,
after washing, pNPP liquid substrate system (Sigma-Aldrich, St.
Louis, USA) was added and developed in the dark at 37 �C for
2 h before the absorbance was measured at 405 nm in a Synergy
HT plate reader (BioTek, Winooski, VT, USA).

Cytotoxicity Assay. The high-content cytotoxicity assay (kit
I) was performed according to the manufacturer’s instructions
(Cellomics, ThermoFisher, Waltham, MA, USA). HaCaT cells
were cultured overnight in black 96-well plates, incubated for
24 h with each compound at different concentrations, and
stained with cytotoxicity cocktail. Cells were fixed, washed,
and scanned on the Cellomics ArrayScan II platform. Images
were analyzed with the Cell Health image analysis algorithm.
Cytotoxicity indices were calculated for each of the four param-
eters (cellular membrane integrity, nuclear fragmentation and
density, and lysosomal mass) to indicate the percentage of cells
outside of the normal range which was defined using a vehicle-
treated reference cell population.
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