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Abstract

The discovery/optimization of bis-aryl ureas as Limk inhibitors to obtain high potency and 

selectivity, and appropriate pharmacokinetic properties through systematic SAR studies is 

reported. Docking studies supported the observed SAR. Optimized Limk inhibitors had high 

biochemical potency (IC50 < 25 nM), excellent selectivity against ROCK and JNK kinases (> 400-

fold), potent inhibition of cofilin phosphorylation in A7r5,PC-3, and CEM-SS T cells (IC50 < 1 

μM), and good in vitro and in vivo pharmacokinetic properties. In the profiling against a panel of 

61 kinases, compound 18b at 1 μM inhibited only Limk1 and STK16 with ≥ 80% inhibition. 

Compounds 18b and 18f were highly efficient in inhibiting cell-invasion/migration in PC-3 cells. 

In addition, compound 18w was demonstrated to be effective on reducing intraocular pressure 
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(IOP) on rat eyes. Taken together, these data demonstrated that we had developed a novel class of 

bis-aryl urea derived potent and selective Limk inhibitors.
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Introduction

LIM-kinase (Limk) is a serine-threonine protein kinase. Two isoforms were identified as 

LIM kinase 1 (Limk1) and LIM kinase 2 (Limk2).1–4 Limk1 and Limk2 are highly 

homologous and share 50% overall identity. Both isoforms consist of two amino-terminal 

LIM domains, adjacent PDZ and proline/serine-rich regions, followed by a carboxyl-

terminal protein kinase domain.5 Limk1 was found to be expressed widely in embryonic and 

adult tissues, with notably high expression in the brain, kidney, lung, stomach and testis.6 

Limk2 was found to be expressed in almost all embryonic and adult tissues examined with 

the exceptions of glial cell, the testis, and kidney glomeruli.7 Upon activation by upstream 

signals, Limk phosphorylates its substrate cofilin at the Ser-3 residue, thereby inactivating it, 

and leading to dynamic regulation of actin cytoskeleton.8–12 Accumulated evidences suggest 

that Limk activity is associated with a variety of diseases including Williams Syndrome,13 

Alzheimer Disease (AD),14, 15 psoriatic epidermal lesions,16 primary pulmonary 

hypertension (PPH),17, 18 intracranial aneurysms (IA),19 ocular hypertension/glaucoma,20 

HIV and other viral infections,21–24 and cancers and cancer cell migration/invasion.25–31

Recent molecular biology studies reported that Limk1 was over-expressed in cancerous 

prostate cells and tissues,26 reduced expression of Limk1 retarded PC3ASL cells’ 

proliferation by arresting cells at G2/M phase,26 altered expression of Limk1 changed cell 

morphology and organization of actin cytoskeleton in PC3 cells,26 increased expression of 

Limk1 was associated with accumulation of chromosomal abnormalities and development of 

cell cycle defects in cells that naturally express lower concentrations of Limk1,27 reduced 

expression of Limk1 abolished the invasive behavior of prostate cancer cells,27 and 

expression of Limk1 is higher in prostate tumors with higher Gleason Scores and incidence 

of metastasis.27 All these observations suggest the possibility of up-regulated Limk1 as a 

cellular oncogene, and inhibition of Limk1 activity in cancerous prostate cells and tissues 

could lead to reduction of phosphorylated cofilin and decrease of the cells’ motility and thus 

the invasiveness of tumor cells and their evolution to metastasis. Therefore, small molecule 

inhibitors of Limk1 could be potential therapeutic agents for prostate cancers. Recent studies 

also suggest that use of Limk inhibitors may provide a novel way to target the invasive 

machinery in GBM (glioblastoma multiforme).32–34

HIV-1 binding and entry into host cells are strongly impaired by the inhibition of actin 

polymerization.24, 35 Wu et al. demonstrated that HIV-mediated Limk activation is through 

gp120-triggered transient activation of the Rac-PAK-Limk pathway, and that knockdown of 

Limk through siRNA decreased filamentous actin, increased CXCR4 trafficking, and 

diminished viral DNA synthesis.23 Wen et al. showed that LIM kinases modulate retrovirus 
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particle release and cell-cell transmission events.24 This research suggest that HIV hijacks 

Limk to control the cortical actin dynamics for the onset of viral infection of CD4 T cells. 

Therefore, Limk inhibitors are supposed to have high potentials as therapeutics in anti-HIV 

infection applications.23

To the best of our knowledge, few small molecule Limk inhibitors have been reported in the 

literature.28 Bristol-Myers Squibb pharmaceuticals (BMS) disclosed potent Limk1 inhibitors 

based on an aminothiazole scaffold.36, 37 Tel-Aviv University recently published an oxazole 

based Limk1/2 inhibitor (T56-Limki) from computer-aided drug design, which was found to 

be effective against cancer metastasis for treatment of neurofibromatosis.34 A group of 

scientists from Australia reported 4-aminobenzothieno[3,2-d] pyrimidine based Limk1 

inhibitors from high-through-put screen (HTS) showing activity in the micromolar 

range.38, 39 Recently, a Japanese group also reported a Limk inhibitor (Damnacanthal or 

Dam, natural product based) from HTS campaigns, and this compound (Dam) has a Limk1 

inhibition IC50 of ~ 800 nM.31 Lexicon pharmaceuticals revealed a class of Limk inhibitors 

based on a piperidine urea or guanidine scaffold for the treatment of ocular hypertension and 

associated glaucoma.20 More recently, the same group of Lexicon scientists reported a novel 

class of Type-III binding Limk2 inhibitors that are based on a sulfonamide scaffold.40

Our group reported a novel pyrazole-phenyl urea scaffold 1 (Figure 1) as potent and 

selective Rho kinase (ROCK) inhibitors and their significant intraocular pressure (IOP) 

lowing effects on rat eyes.41, 42 Compound 1 had low Limk inhibition in counter-screen 

studies (IC50 > 10 μM). However, SAR investigation revealed that replacement of the hinge-

binding moiety pyrazole in 1 with a 4-yl-pyrrolopyrimidine (compound 2) significantly 

decreased its ROCK-II affinity (ROCK-II IC50 = 188 nM of 2 vs. 2 nM of 1). On the other 

hand, compound 2 gained a modest Limk1 inhibition (Limk1 IC50 = 642 nM vs. > 10 μM 

for 1), revealing an interesting hinge-binder dependent kinase selectivity profile for this 

phenyl urea based scaffold. Further modification of compound 2 on its urea terminal side led 

to compound 3 (Figure 1) which had an even weaker ROCK-II affinity (IC50 = 1365 nM) 

but improved Limk1 biochemical potency (IC50 = 201 nM). Interestingly, the 4-yl-

pyrrolopyrimidine moiety in 2 and 3 is also present in Lexicon’s piperidine urea/guanidine 

based Limk inhibitors, and is believed to be involved in hinge-binding interactions.20

Encouraged by the selectivity bias of compound 3 against Limk1 and ROCK-II, we carried 

out further optimization for this bis-aryl urea scaffold (starting from 3), in the hope to 

discover highly potent, selective, and proprietary Limk inhibitors for various applications. 

Herein, we report the synthesis and structure-activity relationship (SAR) studies for this 

series of bis-aryl urea based Limk inhibitors.

Chemistry

Inhibitors 3 and 7 were accessed through a short route as shown in Scheme 1. Coupling 3-

aminobenzoic acid with propan-2-amine gave carbonyl amide 4 in the presence of HATU as 

coupling reagent and DIEA as base. Mixing intermediate 4 with 1-bromo-4-

isocyanatobenzene derivatives in dichloromethane (DCM) produced bromides 5. Finally, 

targeted inhibitors 3 and 7 were synthesized through a Suzuki coupling with an appropriate 
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aryl boronic acid pinacol ester or alternatively via a two-step palladium catalyzed 

borylation/Suzuki coupling sequence with an aryl halide. Final targeted Limk inhibitors 

were all purified by the high pressure reverse-phase liquid chromatograph (HPLC) 

methodology to give a purity of ≥ 95% based on UV absorption (254 nm).

Pyrrolopyrimidines 10 were synthesized through the reaction of substituted anilines 8 with 

isocyanatobenzene derivatives in DCM at room temperature, followed by Pd-catalyzed 

borylation/Suzuki coupling reaction with 4-chloro-5-methyl-7H-pyrrolo[2,3-d]pyrimidine 

(Scheme 2).

The synthesis of N-substituted (on the urea NH attached to the central phenyl ring) 

compounds 14 is described in Scheme 3. To make 12b and 12c (12a is commercially 

available, where a methyl group is attached to the alinine), N-(4-bromophenyl)oxazolidin-2-

one 11 was first prepared by reacting 4-bromo-aniline with 2-chloroethyl carbonochloridate 

in the presence of K2CO3 in CH3CN. Intermediate 11 and a secondary amine pyrrolidine or 

piperidine were then dissolved in DMSO and heated at 110 °C for 1 h in a microwave 

reactor to give N-substituted 4-bromo-aniline 12b (from pyrrolidine) and 12c (from 

piperidine).43 Mixing 12 and 1-isocyanato-4-methoxybenzene in DCM with stirring gave 

urea 13. Finally, bromide 13 underwent a Pd-catalyzed borylation/Suzuki coupling reaction 

sequence to produce 14.

The preparation of N-substituted (on the urea NH attached to the terminal phenyl ring) 

compound 18 is shown in Scheme 4. Addition of 2-chloroethyl carbonochloridate to a 

mixture of anilines and pyridine in DCM gave N-phenyl-oxazolidin-2-one derivative 15.44 

Then, refluxing 15 and KOH in EtOH produced N-hydroxylethyl aniline 16. Heating a 

mixture of iodobenzene, an N′,N′-disubstituted ethanamine, Pd(dba)2, BINAP, and Cs2CO3 

in dioxane gave secondary aniline 17.45 Finally, inhibitors 18 were synthesized from 16 or 

17 by following the synthetic procedures described in Scheme 3.

Results and discussion

Compounds prepared were first screened in biochemical assays against Limk1 (Reaction 

Biology Corporation, http://www.reactionbiology.com) and ROCK-II.46, 47 Selected potent 

Limk inhibitors were also counterscreened against ROCK-I, PKA,42, 46, 48 and JNK3,49 as 

well as four selected P450 isoforms (1A1, 2C9, 2D6, and 3A4).46, 48, 50 Potent and selective 

Limk inhibitors were then evaluated in cell-based assays for their inhibition of cofilin 

phosphorylation in A7r5 cells. Due to the potential applications of Limk inhibitors for 

treatment of cancer and HIV-infection, selected lead inhibitors were also assessed in prostate 

carcinoma (PC-3) cell lines stimulated by hepatocyte growth factor (HGF),51 and in HIV 

related CEM-SS T cells23 using Western blot analysis. To assess the drugability of these bis-

aryl urea based Limk inhibitors, a few potent, selective, and membrane permeable 

compounds were further evaluated in in vitro and in vivo drug metabolism and 

pharmacokinetics (DMPK) studies.41, 46, 50, 52–55

Since the variation of hinge-binding moieties could induce significant differences in kinase 

inhibition potency and selectivity, as indicated in Figure 1, we started SAR studies by 
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varying the heteroaryl ring of 3 in order to discover the best hinge binding moiety for this 

bis-aryl urea scaffold of Limk inhibitors. As shown in Table 1, compounds with a simple 5- 

or 6-membered heteroaromatic ring as the hinge-binding moiety, such as pyrazole, pyridine, 

and aminopyrimidine, are all basically ROCK inhibitors (7a–7c, IC50 < 200 nM) with low 

Limk1 inhibition (IC50 > 10 μM). This observation was in accordance with our previous 

reports that pyrazole, pyridine, and aminopyrimide were suitable hinge-binding moieties for 

developing ROCK inhibitors.41, 46, 50, 53, 54 Application of [5,6]-fused aromatic rings, such 

as pyrrolopyridine (7d) and purinone (7e) still yielded compounds with good ROCK-II 

inhibition (IC50 = 132 and 247 nM for 7d and 7e, respectively) but low Limk1 inhibition 

(IC50 > 10 μM). However, the use of a 4-yl-purine moiety reversed the kinase selectivity 

between ROCK and Limk. Compound 7f exhibited a slightly higher potency for Limk1 

inhibition (IC50 = 1.5 μM) than for ROCK-II inhibition (IC50 = 5.6 μM). Interestingly, 

changing hinge-binding group from the purine in 7f to a pyrrolopyrimidine ring in 3 
significantly enhanced the Limk1 inhibition potency and the selectivity against ROCK. 

Moreover, substitution of a methyl group on the 5-position of the pyrrolopyrimidine ring 

(7g) further improved the inhibition potency over Limk1 (IC50 = 62 nM vs. 201 nM for 3) 

and the selectivity against ROCK-II (IC50 = 1608 nM). Interestingly, application of 6-

methyl pyrrolopyrimidine and 5,6-dimethyl pyrrolopyrimidine rings (7h and 7i) gave 

slightly lower Limk1 inhibition (IC50 = 80 nM) but better selectivity over ROCK-II. 

Therefore, further optimizations for other parts of 3 will use 5-methyl pyrrolopyrimidine as 

the hinge-binding moiety. However, the 5,6-dimethyl pyrrolopyrimidine moiety will also be 

used in preparing drug candidate Limk inhibitors since it could lead to higher selectivity and 

better DMPK properties (Tables 5&6&7).

For the convenience of compound synthesis, SAR studies for the central phenyl ring were 

mainly based on substitutions at its ortho-position (to the urea moiety). As shown in Table 2, 

three substitutions were evaluated. Compared to the non-substituted inhibitor 7g, the 

trifluoromethyl substitution yielded a compound (7j) that had a similar Limk1 inhibition 

potency (IC50 = 60 nM vs. 62 nM for 7g) but lower selectivity (ROCK-II IC50 = 976 nM vs. 

1608 nM for 7g). However, substitution by a small F group (with a size close to that of a 

proton, compound 7k) led to both enhanced Limk1 inhibition (IC50 = 18 nM) and improved 

selectivity against ROCK-II (based on IC50 values, the selectivity over ROCK-II is 26-fold 

and 43-fold for 7g and 7k, respectively, Table 2). On the other hand, substitution by a large 

dimethylaminoethoxy side chain (7l) significantly decreased both the Limk1 inhibition (IC50 

= 710 nM vs. 62 nM for 7g) and the selectivity over ROCK-II (Table 2). Therefore, an 

ortho-F-substitution on the central phenyl ring is the best choice for preparing a highly 

potent and selective Limk inhibitor.

SAR was next investigated on the terminal phenyl ring of compound 7g, where a 5-

methylpyrrolopyrimidine is used as the hinge-binding moiety and the central phenyl group is 

non-substituted for the convenience of organic synthesis. As shown in Table 3, removal of 

the 3-carbonyl amide from the terminal phenyl ring of 7g yielded a compound (10a) with a 

lower Limk1 inhibitory activity (IC50 = 142 nM for 10a vs. 62 nM for 7g). Interestingly, 

replacing the 3-carboxyl amide with a F group (10b) significantly reduced the Limk1 

inhibition (IC50 = 315 nM), which is probably due to special F-bonding interactions56 
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between this F group and its surrounding protein residues under the p-Loop (see Figure 3 of 

docking studies). This special F-bonding interaction might disturb the optimal binding 

conformation of these urea based Limk inhibitors. The same effects were also observed in 

several other Limk inhibitors (see Table 4). It is important to point out that this special effect 

of F-bonding interactions was not observed for F-substitutions on the central phenyl ring 

(7k, Table 2), indicating that this effect is dependent on the position of F-substitutions. 

Actually, we have observed similar negative effects (reducing kinase inhibition potency) of 

F-bonding interactions in developing our ROCK-II inhibitors53 and JNK3 inhibitors,55 

where the F-substituted aromatic moieties are all bound to an area under the p-Loop inside 

the ATP-binding pocket of proteins kinases.

Unlike F-substitutions, replacing the 3-carboxyl amide with a methoxy group resulted in a 

Limk inhibitor (10d) that had a similar Limk1 inhibitory potency (IC50 = 75 nM vs. 62 nM 

for 7g) and a slightly better selectivity over ROCK-II (Table 3). However, the 2-methoxy 

substitution (10c) significantly reduced the Limk1 inhibition activity (IC50 = 283 nM). On 

the other hand, the 4-methoxy substitution (10e) enhanced both Limk1 inhibition (IC50 = 35 

nM) and selectivity against ROCK-II (IC50 > 10 μM, selectivity > 285-fold). Similar SAR 

patterns were also obtained for F-, Cl-, and methyl-substitutions on this terminal phenyl 

group (see Table 4), indicating that 4-substitution is the best fit for this scaffold in Limk 

inhibitions. Heteroaryl rings other than the benzene ring were also evaluated as the terminal 

aromatic moieties. For example, application of a 2-yl-thiazole (10f) resulted in lower Limk1 

inhibition (compared to 10a); and the use of a 2-yl-pyridine moiety (10g) almost inactivated 

the compound against both Limk1 and ROCK-II.

Investigation of the substitution effects on the two urea NH groups was the next focus in our 

SAR studies. For the urea NH attached to the central phenyl ring, neither small nor large 

substitutions including pyrrolidinoethyl and piperidinoethyl could be tolerated. As shown in 

Figure 2, a simple methyl substitution (14a) would significantly reduce the Limk1 inhibitory 

potency (IC50 = 1090 nM vs. 35 nM for 10e). Larger substitutions to this NH group gave 

even lower Limk1 inhibitions, as evidenced by the Limk1 IC50 values of compounds 14b 
and 14c (Figure 2). These results demonstrated that alkylation to this urea NH disturbed the 

optimal binding conformations, or the NH is involved in H-bonding interactions to the 

protein, thus resulted in a low Limk affinity (also see docking modes in Figure 3).

In contrast to observations in Figure 2, SAR studies demonstrated that substitutions on the 

urea NH group attached at the terminal phenyl ring were well tolerated, and excellent Limk 

inhibitors could be obtained through this modification. As shown in Table 4, a 

pyrrolidinoethyl substitution yielded a compound (18a) with slightly lower Limk1 inhibition 

(IC50 = 368 nM vs. 142 nM for 10a). However, replacing the pyrrolidine ring with a 

hydroxyl group (18b) led to both a high Limk1 inhibitory activity (IC50 = 43 nM vs. 142 nM 

for 10a) and a good selectivity over ROCK-II (IC50 = 6565 nM vs. 2358 nM for 10a). 

Inspired by 18b, a small library of 4×3=12 analogs (of 18b), based on four functional groups 

(F-, Cl-, Methyl, and Methoxy) and three substitution patterns on the terminal phenyl ring 

(2-, 3-, 4-positions), were prepared and evaluated (compounds 18c to 18n, Table 4). 

Generally, the 4-substitution exhibited the highest and the 2-substitution gave the lowest 

Limk1 inhibitory activity. Selectivity against ROCK-II followed the same pattern with the 4-
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substitution being the highest and 2-substitution the lowest, no matter what was the 

substitution group. Among the 4-substituted Limk inhibitors, the 4-Cl analog had the best 

Limk1 inhibitory potency (18h, IC50 = 25 nM) and its 4-F counterpart (18e, IC50 = 86 nM) 

had the lowest Limk anity probably due to the special F-bonding interactions,56 while the 

Limk1 inhibitory activity and the selectivity against ROCK-II for the methyl and methoxy 

analogs (18k and 18n) were in between.

To confirm that alkylation to this urea NH group could be well tolerated, two more 

substitutions were explored. As shown in Table 4, aminoethyl and N′,N′-dimethylaminoethyl 

substitutions were applied to both 4-Cl- and 4-methoxyphenyl ureas, and the resulting 4 

compounds 18o to 18r all exhibited high Limk1 inhibitions. Compounds 18p to 18r were 

assessed in counter-screen studies, and 18q and 18r were found to have high selectivity 

against ROCK-II (IC50 > 10 μM, selectivity is > 210-fold and >500-fold for 18q and 18r, 

respectively) while that for 18p was only ~ 21-fold. The lower Limk1 inhibition potency 

observed for 18a, as compared to 18q and 18r, might be due to its bulky pyrrolidine ring 

which might have disturbed the optimal binding conformation.

Computer modeling studies of lead compounds demonstrated that these bis-aryl urea based 

Limk inhibitors are all Type-I ATP-competitive kinase inhibitors. The docking mode of 

compound 18b in the crystal structure of Limk1 protein (PDB ID 3S95) is shown in Figure 

3. Key interactions in this motif include: two H-bonds between the pyrrolopyrimidine N/NH 

(N1 and N7) and hinge residue I416; one plausible H-bond between N3 of 

pyrrolopyrimidine ring and the side chain OH group of residue T413 (not labeled in Figure 3 

since this H-bonding requires rotation movement of the T413 side chain); one H-bond 

between the urea carbonyl moiety and the side chain amino group of K368; one H-bond 

between the OH group and residue D478; cation-π interactions between the terminal phenyl 

ring and the side chain amino group of K368; hydrophobic interactions between the terminal 

phenyl ring and its surrounding residues under the P-loop. It is important to point out that 

hydrophobic interaction between the aromatic rings of pyrrolopyrimidine/central phenyl 

moieties and their surrounding side chains of protein residues also contributed to the high 

affinity of these Limk inhibitors.

The binding motif of compound 18b supported our observed SAR. For example, both mono- 

and bis-methyl substituted (to the 5- and/or 6-position), or even larger group substituted 

(unpublished results) pyrrolopyrimidine rings were well tolerated due to the open space 

around this area, and these substitutions could enhance the inhibitor’s Limk inhibition due to 

the extra interactions introduced by substitution(s). Substitution to the urea NH attached to 

the central phenyl ring led to inactive compounds because this substitution could disturb the 

orientation of the urea carbonyl group thus weakening its H-bonding to K368. On the other 

hand, substitutions to the urea NH adjacent to the terminal phenyl ring were well tolerated 

and could lead to enhanced Limk inhibition since there is enough space around this area and 

the substitution is directed toward the solvent. 4-Substitutions on the terminal phenyl group 

gave the most active Limk inhibitors (compared to the 2- and 3-substitutions) because there 

is a deep hydrophobic pocket around there. The H-bonding interaction between the 

pyrrolopyrimidine N3 and the side chain OH of T413 explained why compound 3 (Table 1) 

was a good Limk inhibitor while compound 7d had low Limk1 inhibition. The significant 
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decrease of Limk1 inhibition in 7f as compared to 3 (Table 1) is probably due to the extra H-

bonding interactions between N5 (of 7f) and surrounding protein residues, which might 

disturb the optimal binding conformation of the ligand thus reduce its affinity toward 

Limk1.

To summarize, our SAR analysis and docking studies for this bis-aryl urea based scaffold of 

Limk inhibitors showed that both 5- and 6-methyl-4-yl-pyrimidines, and the 5,6-dimethyl-4-

yl-pyrrolopyrimidine could serve well as hinge-binding moieties for Limk inhibition. 

Among them, the 5,6-dimethylpyrrolopyrimidine was the best considering that it could 

render much better selectivity (against ROCK) and higher microsomal stability (see Table 

6). An ortho-F-substitution on the central phenyl ring (to the urea moiety) could improve the 

Limk inhibitory potency while still keeping high microsomal stability (Table 6). On the 

other hand, an F-substitution on the terminal phenyl ring reduced inhibitory potency against 

Limk1 probably due to the special F-bonding interactions (under the P-loop). SAR analysis 

also indicated that a 4-Cl or a 4-methyl substitution on the terminal phenyl group gave 

overall best Limk inhibitors. Remarkably, a substitution to the urea NH attached on the 

terminal phenyl side could improve both biochemical and cell potency, enhance selectivity, 

and more importantly, increase the inhibitor’s DMPK properties and bioavailability (see 

Table 7 below).

To take advantage of the important SAR information above, Limk inhibitors that combine 

the best structural elements from SAR analysis were thus prepared and evaluated. Table 5 

lists the structures and biochemical potency data for four representative compounds. In 

compounds 18s to 18w, a 4-yl-5,6-dimethylpyrrolopyrimidine was used as the hinge binding 

moiety for optimal microsomal stability and better selectivity; An ortho-F-substitution on 

the central phenyl ring and a 4-Cl substitution on the terminal phenyl group were employed 

in order to achieve higher Limk1 potency; Representative substitutions on the terminal urea 

NH were applied to further investigate the DMPK properties (see discussion for Tables 

6&7). Indeed, these compounds all had excellent Limk1 potency (IC50 ≤ 21 nM) and good 

selectivity against ROCK-II (IC50 > 20 μM for 18w and 18x).

In order to examine the selectivity profile of these bis-aryl urea based Limk1 inhibitors, 

selected lead compounds were subjected to counter screening against ROCK-I, JNK3 and 

four representative cytochrome P450 isoforms. As summarized in Table 6, these Limk 

inhibitors all exhibited low inhibitory activity over tested kinases and P450 enzymes, except 

that 7i showed modest inhibition against enzyme 1A2 (77%) at 10 μM. In addition to 

counterscreens against ROCK and JNK3, lead inhibitor 18b was also profiled against a 

panel of 61 kinases (Reaction Biology Corporation, http://www.reactionbiology.com/

webapps/site/). Results showed that 18b at 1.0 μM inhibited only Limk1 and STK16 with ≥ 
80% inhibition (~ 3% hit ratio), and hit also Aurora-a, Flt3, LRRK2, and RET with >50% 

inhibition (~ 10% hit ratio). Detailed profiling data for 18b is provided in Supporting 

Information. The profiling data demonstrated that selective Limk inhibitors can be obtained 

from this bis-aryl urea based scaffold.

These Limk inhibitors also had good to excellent stability in human and rat liver 

microsomes (Table 6) with good to excellent half-lives. It is important to point out that, 
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compared to the mono-methyl substituted pyrrolopyrimidine based analog 7g, the 5,6-

dimethyl pyrrolopyrimidine based Limk inhibitors 7i, 18s, and 18t exhibited a higher 

stability in both human and rat microsomes, and a higher selectivity against ROCK (see also 

Tables 2&5). However, when the hydroxyl or the amino group on 18s and 18t was 

methylated, as shown in 18w and 18x, there was a significant drop in the microsomal 

stability (Table 6). Apparently, the lower stability of 18w and 18x was mainly due to de-

methylation on their side chain dimethylamino or methoxy groups. Other important SAR 

information from the selectivity profiling and stability data in Table 6 include, 1) all 

hydroxyethyl substituted (to the urea NH) compounds (18 series) had excellent stability in 

human liver microsomes with the exception of 18g (t1/2 = 22 min only), 2) F-substitution on 

the central phenyl ring did not reduce the microsomal stability while still keeping the 

excellent selectivity (7k vs. 7g), 3) F-substitution on the terminal phenyl ring not only 

reduced the Limk1 inhibitory potency (compared to its Cl-, methyl, and methoxy substituted 

counterparts) but also deteriorated the microsomal stability (18e vs. 18b, 18h, 18k, and 

18n), 4) 3-substitution on the terminal phenyl ring led to significant reduction of microsomal 

stability, as compared to its 4-substituted counterpart (18g vs. 18h and 18m vs. 18n), to the 

non-substituted analog (18b), and even to its 2-substituted analog (18f).

In an effort to investigate the cell-based activity of these Limk1 inhibitors, we monitored the 

phosphorylation state of cofilin in several cell lines. Data in A7r5 cells (Table 6) showed 

that inhibitors without any substitutions on their urea NH group (7g, 7i, 7k) had a cell 

activity of IC50 values only in the micromolar range. On the other hand, Limk inhibitors 

with their urea NH group (the one attached to the terminal aryl ring) substituted by a 

hydroxyethyl, or an aminoethyl, or a methoxyethyl, or a dimethylaminomethyl group (18b 
to 18x) had IC50 values all in the sub-micromolar range, with the best one close to 100 nM 

(18h). In addition, SAR patterns shown in the cell-based potency were similar to those 

observed in biochemical potency and selectivity assays. For example, 4-Cl (18h) and 4-

methyl (18k) substitutions produced compounds with better cell activity than 4-methoxy 

(18n) substitutions, and the 4-substitution exhibited the highest cell activity among 2-, 3-, 

and 4-substitutions (18f, 18g, and 18h) on the terminal phenyl ring.

Since Limk inhibitors could find wide applications, such as in glaucoma,20 

cancer,27, 28, 57, 58 infection,21–24, 59 and Alzheimer’s disease (AD)14, 15 etc., cofilin 

phosphorylation assays were also carried out for a few selected lead compounds in prostate 

carcinoma (PC3) cell lines stimulated by hepatocyte growth factor (HGF) and in HIV-

related CEM-SS T cell lines.60 As shown in Figure 4, inhibitor 18b exhibited significant 

inhibition even at a concentration of only 50 nM in Western blot analysis of cofilin 

phosphorylation in PC-3 cells (Figure 4A). Similar cell-based potency was also observed for 

18f and 18h in PC-3 cells (see Supporting Information). The phosphorylation status of p-

cofilin in CEM-SS T cells for inhibitors 18p, 18r, and 18x is shown in Figure 4B. Again > 

50% inhibition was seen for all these compounds at 1 μM, an inhibitory potency similar to 

that obtained in A7r5 cells. The results from these three tested cell lines demonstrated that 

the optimized Limk inhibitors had good cell permeation. Compounds 18p and 18r had 

almost the same biochemical Limk1 potency (IC50 values were both ~ 20 nM, Table 4). 

Apparently, the better cell potency observed for 18r than for 18p (Figure 4B) is due to the 
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free NH2 group present in 18p, a structural element normally associated with deteriorated 

cell penetration.

In vivo pharmacokinetics (PK) studies were conducted for selected compounds during the 

whole optimization at various stages in order to identify structural elements that are 

favorable for in vivo applications, and/or to evaluate the feasibility of optimized Limk 

inhibitors for animal studies. PK properties of iv dosing (1 mg/kg) and the oral 

bioavailability (%F) for selected lead Limk inhibitors are listed in Table 7. Generally, a 2-

hydroxyethyl side chain reduced the clearance (Cl) compared to the non-substituted (NH) 

urea derivatives (10a, 18b, 18h, 18k, 18n vs. 7g and 7k). In contrast, a side chain containing 

a terminal amino group increased the clearance significantly (18o, 18p, 18r vs. 18h, 18k, 

and 18n). Remarkably, the high clearance of compounds with an amino side chain could be 

reduced dramatically by introducing an F-substitution on the central phenyl ring, or by using 

a 5,6-dimethylpyrrolopyrimidine (instead of the 5-methylpyrrolopyrimidine) as the hinge-

binding moiety, or a combination of both (18w vs. 18r). All Limk1 inhibitors listed in Table 

7 had reasonable volume of distribution (Vd) values except a few which possessed an amino 

side chain and in which a 5-methylpyrrolopyrimidine was used as the hinge binding moiety 

(18o, 18p, and 18r). The much lower Cl and Vd values and higher AUC value for 18w as 

compared to those for 18r (and also for 18o and 18p) further demonstrated that an F-

substitution on the central phenyl ring and the application of a 5,6-

dimethylpyrrolopyrimidine as the hinge-binding moiety can improve the inhibitor’s PK 

properties.

The PK data in Table 7 showed that substitution to the urea NH group could generally 

increase the half-lives of these urea based Limk inhibitors (the 10 and 18 series vs. the 7 
series). The AUC and Cmax properties for these compounds were also excellent except for 

the three inhibitors (18o, 18p, and 18r) which contained an amino side chain and no F-

substitutions on their central phenyl ring and in which a 5-methyl pyrrolopyrimidine was 

used as the hinge-binding moiety. It is important to point out that, even with an amino side 

chain, inhibitor 18w still exhibited good AUC and Cmax values, probably due to the 

presence of both an F-substitution on the central phenyl ring and a 5,6-

dimethylpyrrolopyrimidine moiety in its structure. Data in Table 7 also indicated that, while 

the non-substituted urea compounds (7g and 7k) had no oral bioavailability (%F) at all, all 

inhibitors containing a hydroxyethyl side chain could exhibit reasonable oral bioavailability. 

However, those inhibitors containing an amino side chain (18o, 18p, and 18r) had no oral 

bioavailability either, probably because of the high clearance (Cl) exhibited by these 

compounds.

Since Limk1 expression is highly expressed in cancerous prostate cells and predominantly 

found in metastatic prostate tumor tissues, and is required for cancer cell migration and 

invasion,61, 62 Limk1 is considered as a biomarker for prostate cancer progression.63 Limk1 

is involved in Rac-induced actin cytoskeleton reorganization through inactivating 

phosphorylation of cofilin, and also mediated with focal adhesion complexes.8, 64 

Reorganization of cytoskeleton is an essential feature of motility, detachment, and invasion 

of cancer cells. Moreover, Limk1 expression is correlated with the aggressiveness of cancer 

cells, and Limk1 expression in metastatic PC-3 cells is higher than less-aggressive LNCaP 
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and M21 cells.26 To confirm the role of Limk inhibitors on the invasion and migration of 

prostate cancers, we examined the effect of optimized Limk inhibitors in PC-3 cells using an 

in vitro invasion assay or in vitro migration assay. Thus, Transwell chambers were coated 

with GFR Matrigel, and PC-3 cells were seeded in the insert of the chamber as described in 

the Experimental Section. After incubating for 48 hours, the invasive PC-3 cells were 

counted and analyzed by hematoxylin staining under microscope. As shown in Figure 5 for 

two representative inhibitors 18b or 18f, the invasion of PC-3 cells was significantly 

inhibited by the treatment of 1 μM Limk inhibitors (76% for 18b, and 83% for 18f, 
compared to the control).

To verify the role of Limk inhibitors on migration of PC-3 cells, a wound was created by 

scratching in a cell monolayer as described in the Experimental Section. After incubating for 

24 hours with treatment of inhibitors 18b or 18f, the closed wound area, indicating migrated 

cells, was analyzed by ImageJ software (Ver 1.48). As shown in Figure 6, the migrated PC-3 

cells were decreased significantly even at a concentration as low as 0.1 μM, and the 

migration was inhibited 74% by 1 μM of inhibitor 18b (16.5% (NS) by 0.1 μM, 74.0% (p < 

0.01) by 1 μM, and 77.5% (p < 0.01) by 10 μM compared to the control). Similar inhibition 

potency was also obtained for inhibitor 18f (13.0% (NS) by 0.1 μM, 76.1% (p < 0.01) by 1 

μM, and 81.0% (p < 0.01) by 10 μM, compared to the control). These results indicated that 

18b or 18f had inhibitory effects on invasion and migration of metastatic PC-3 cells. 

Considering that both inhibitors had low inhibition against ROCK-I and ROCK-II (Tables 

4&6), the inhibition of which could also lead to suppression of cell migration/invasion,65, 66 

results in Figures 5&6 also demonstrated that 18b and 18f must have played a role in Limk 

inhibitions in vitro.

To demonstrate the potential application of these Limk inhibitors for the treatment of 

glaucoma, the intraocular pressure (IOP)-lowering effect of compound 18w was monitored 

after applying it topically on rat eyes (Brown Norway rats, n = 6/group, housed under 

constant low-light conditions)67 followed a protocol described previously by our 

groups.41, 53 Thus, compound 18w was applied to the right eyes of an elevated IOP rat 

model (initial IOP was ~ 28 mmHg) using a dose of 50 μg (20 μL drop of a 0.25% solution). 

As shown in Figure 7, significant decreases in IOP were detected at 4 h, slightly weakened 

at 7 h, and IOP returning to baseline at 24 h as compared to the vehicle. It must be pointed 

out that the IOP drop could not be due to ROCK inhibition since 18w had a high selectivity 

against ROCK (Table 5).

Conclusion

Through the application of a 4-yl-pyrrolopyrimidine as the hinge-binding moiety to replace 

the pyrazole group in ROCK inhibitor 1, we identified compounds with high Limk1 

inhibition potency. Systematic SAR studies around this bis-aryl urea scaffold (3) have led to 

a series of potent and selective Limk inhibitors. Docking studies demonstrated that these bis-

aryl urea Limk inhibitors exhibited a typical Type-I kinase binding motif. The optimized 

Limk inhibitors had high biochemical potency and high selectivity over ROCK-I, ROCK-II, 

and JNK3. Inhibitor 18b (also coded as SR-7826) was found to hit only Limk1 and STK16 

with ≥ 80% inhibition at 1 μM against a panel of 61 kinases. The lead Limk inhibitors also 
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had good cell-based potency in cofilin phosphorylation assays and in cell-based migration/

invasion assays. In addition, they had fair to excellent in vitro and in vivo DMPK properties, 

such as a clean inhibition profile against select CYP-450 isoforms, a high stability in human 

and rat liver microsomes, and favorable PK properties in iv dosing (high AUC/Cmax, low 

Cl, and long half-lives) and fair to good oral bioavailability (18b, 18k, 18n, and 18s) in rats. 

For example, compounds 18s to 18x (also coded as SR-11157) all had excellent potency 

against Limk1 (IC50s ≤ 21 nM), good cell-based activity against cofilin phosphorylation in 

A7r5 cells (IC50s ≤ 320 nM), and high selectivity over ROCK and JNK. The optimized 

inhibitors, such as 18b and 18f, showed excellent activities in migration/invasion cell-based 

assays. In addition, significant IOP drop on rat eyes (> 20%) was achieved for inhibitor 18w 
(also coded as SR-11124) after topical administration (at a dose of 50 μg). Applications of 

optimized Limk inhibitors on other indications are under investigation and will be reported 

in due course.

Experimental Section

Commercially available reagents and anhydrous solvents were used without further 

purification unless otherwise specified. Thin layer chromatography (TLC) analyses were 

performed with precolated silica gel 60 F254. The mass spectra were recorded by LC/MS 

with Finnigan LCQ Advantage MAX spectrometer of Thermo Electron®. Flash 

chromatography was performed on prepacked columns of silica gel (230–400 Mesh, 40–63 

μm) by CombiFlash® with EtOAc/hexane or MeOH/DCM as eluent. The preparative HPLC 

was performed on SunFire C18 OBD 10μm (30 × 250 mm) with CH3CN + 50% MeOH / 

H2O + 0.1% TFA as eluent to purify the targeted compounds. Analytic HPLC was 

performed on Agilent technologies 1200 series with CH3CN (Solvent B) / H2O + 0.9% 

CH3CN + 0.1% TFA (Solvent A) as eluent and the targeted products were detected by UV 

in the detection range of 215–310 nm. All compounds were determined to be > 95% pure by 

this method. NMR spectra were recorded with a Bruker® 400 MHz spectrometer at ambient 

temperature with the residual solvent peaks as internal standards. The line positions of 

multiplets were given in ppm (δ) and the coupling constants (J) were given in Hertz. The 

high-resolution mass spectra (HRMS, electrospray ionization) experiments were performed 

with Thermo Finnigan orbitrap mass analyzer. Data were acquired in the positive ion mode 

at resolving power of 100000 at m/z 400. Calibration was performed with an external 

calibration mixture immediately prior to analysis.

General synthetic procedures

The mixture of 3-aminobenzoic acid (10 mmol), propan-2-amine (10 mmol), HATU (10 

mmol), and DIEA (30 mmol) in DMF (10 mL) was stirred at room temperature until the 

complete conversion of the started material. Then, saturated NaHCO3 was added to quench 

the reaction and extracted with ethyl acetate (3 × 15 mL). The organic layers were 

combined, dried over anhydrous Na2SO4 and concentrated in vacuo to give crude aniline 

carboxamide 4. Aniline 4 (0.2 mmol) was then added to the solution of isocyanatobenzene 

derivatives (0.2 mmol) in DCM (1 mL). The mixture was stirred at room temperature for 2 

h. Then, the solvent was removed in vacuo to give the crude bromide 5 for next step without 

further purification.
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The mixture of substituted anilines 8 (0.2 mmol) and isocyanatobenzene derivatives (0.2 

mmol) in DCM (1 mL) was stirred at room temperature for 2 h, then the solvent was 

removed in vacuo to give the crude bromides 9 for next step without further purification.

2-Chloroethyl carbonochloridate (10 mmol) was added to a mixture of 4-bromo-aniline (10 

mmol) and K2CO3 (30 mmol) in CH3CN (100 mL) and the reaction was stirred for 24 h. 

Then, solvent was removed in vacuo and the remaining residue redissolved in water and 

ethyl acetate. The organic layers were combined, dried over anhydrous Na2SO4, 

concentrated in vacuo, and purified through silica gel to give crude N-(4-

bromophenyl)oxazolidin-2-one 11. Then 11 (0.2 mmol) and secondary amine (0.6 mmol) 

including pyrrolidine and piperidine were dissolved in DMSO (1 mL) and heated at 110 °C 

in microwave. After the complete conversion of 11, the mixture was diluted with water and 

extracted with ethyl acetate. The organic layers were combined, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure to give the intermediates 12a–12c. The 

mixture of 12a–12c (0.2 mmol) and 1-isocyanato-4-methoxybenzene (0.2 mmol) in DCM (1 

mL) was stirred at room temperature for 2 h, the solvent was then removed in vacuo to give 

the crude bromide 13a–13c for next step without further purification.

Finally, the boronic acid pinacol ester (0.3 mmol) and the crude bromide 5 (0.2 mmol) were 

dissolved in degassed 5:1 dioxane/H2O. Pd(PPh3)4 (0.02 mmol) and 2M solution of K2CO3 

(0.6 mmol) were added sequentially under Argon and the mixture was heated at 95 °C for 2 

h. After cooling to room temperature, the mixture was diluted with water and extracted with 

ethyl acetate (3 × 5 mL). The organic layers were combined, dried over anhydrous Na2SO4 

and concentrated in vacuo. The residue was then purified by preparative HPLC to give the 

targeted product 7a and 7b as white solid.

In an alternative route, bis-(pinacolato)diboron (0.24 mmol), crude 5, 9, and 13 (0.2 mmol), 

and PdCl2(dppf) (0.02 mmol) were dissolved in degassed dioxane (5 mL). After refluxing 

for 2 h, the mixture was diluted with water and extracted with ethyl acetate (3 × 5 mL). The 

organic layers were combined, dried over anhydrous Na2SO4 and concentrated in vacuo to 

give crude boronic acid pinacol ester. Followed the synthesis procedure of 7a, 7c–7k, 10a–
10f, 14a–14c were synthesized form crude boronic acid pinacol ester (0.2 mmol) and Ar-Cl 

(0.2 mmol).

2-Chloroethyl carbonochloridate (1 mmol) was added to a mixture of substituted anilines (1 

mmol) and pyridine (3 mmol) in DCM (10 mL) and the reaction was stirred for 24 h. Then, 

solvent was removed in vacuo and the remaining residue redissolved in water and ethyl 

acetate. The organic layers were combined, dried over anhydrous Na2SO4 and concentrated 

in vacuo to give crude 15. KOH (10 mmol) was added to the mixture of crude 15 (1 mmol) 

in EtOH (10 mL). Then the mixture was refluxed until the complete conversion of 15. The 

solvent was removed in vacuo and the remaining residue was redissolved in water and ethyl 

acetate. The organic layers were combined, dried over anhydrous Na2SO4, concentrated in 

vacuo, and purified by silica gel to give intermediates 16. The mixture of iodobenzene (0.2 

mmol), 2-(pyrrolidin-1-yl)ethanamine (0.6 mmol), Pd(dba)2 (0.01 mmol), BINAP (0.01 

mmol), and Cs2CO3 (0.6 mmol) in dioxane (1 mL) was refluxing for 24 h. After cooling to 

room temperature, water and ethyl acetate were added. Then the organic layers were 
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combined, dried over anhydrous Na2SO4, concentrated in vacuo, and purified by silica gel to 

give intermediates 17. Then 18a and 18b–18n were synthesized from 17 and 16 respectively 

followed the synthetic procedure of 10a–10f from 8.

3-(3-(4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)ureido)-N-isopropylbenzamide 
(3)—45% yield in 4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.28 (s, br, 1H), 9.06 (s, 1H), 

8.96 (s, 1H), 8.81 (s, 1H), 8.18−8.16 (m, 3H), 7.87 (s, 1H), 7.71−7.64 (m, 4H), 7.46−7.44 

(m, 1H), 7.38−7.36 (m, 1H), 6.95 (s, 1H), 4.14−4.07 (m, 1H), 1.18 (d, J = 5.2 Hz, 6H); 13C-

NMR (DMSO-d6, 100 MHz) δ 165.50, 152.70, 152.38, 152.19, 147.81, 143.00, 139.47, 

135.77, 130.01, 129.56, 128.51, 127.01, 120.81, 120.71, 118.10, 117.70, 113.78, 101.66, 

40.95, 22.27; LC/MS (M+H+): 415.11; HRMS (ESI-Orbitrap) Calcd for C23H23N6O2: 

415.1882 [M+H+], Found 415.1872.

3-(3-(4-(1H-pyrazol-4-yl)phenyl)ureido)-N-isopropylbenzamide (7a)—68% yield 

in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.86 (s, br, 1H), 8.82 (s, 1H), 8.69 (s, 1H), 

8.18−8.16 (m, 1H), 7.96−7.93 (m, 1H), 7.84−7.79 (m, 1H), 7.78−7.74 (m, 1H), 7.72−7.68 

(m, 1H), 7.65−7.60 (m, 1H), 7.53−7.51 (m, 2H), 7.45−7.41 (m, 3H), 7.36−7.32 (m, 1H), 

4.08 (q, J = 6.4 Hz, 1H), 1.17 (d, J = 6.4 Hz, 6H); HRMS (ESI-Orbitrap) Calcd for 

C20H22N5O2: 364.1773 [M+H+], Found 364.1792.

N-Isopropyl-3-(3-(4-(pyridin-4-yl)phenyl)ureido)benzamide (7b)—65% yield in 3 

steps. 1H-NMR (DMSO-d6, 400 MHz) δ 9.12 (s, 1H), 9.04 (s, 1H), 8.78 (d, J=5.6 Hz, 2H), 

8.19−8.17 (m, 1H), 8.12 (d, J = 5.6 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.89−7.88 (m, 1H), 

7.70 (d, J = 8.8 Hz, 2H), 7.64−7.61 (m, 1H), 7.46−7.44 (m, 1H), 7.38−7.34 (m, 1H), 4.08 (q, 

J = 6.4 Hz, 1H), 1.17 (d, J = 6.4 Hz, 6H); 13C-NMR (DMSO-d6, 100 MHz) δ 165.46, 

152.57, 152.35, 144.23, 142.99, 139.46, 135.77, 128.52, 128.49, 127.52, 121.84, 120.82, 

120.68, 118.42, 117.74, 40.94, 22.28; LC/MS (M+H+): 375.14.

3-(3-(4-(2-Aminopyrimidin-4-yl)phenyl)ureido)-N-isopropylbenzamide (7c)—
52% yield in 4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 9.43 (s, br, 2H), 8.92−8.80 (m, 1H), 

8.32−8.17 (m, 1H), 8.24−8.17 (m, 1H), 8.12−8.10 (m, 2H), 7.90 (s, 1H), 7.66−7.61 (m, 3H), 

7.45−7.34 (m, 3H), 7.28 (s, 1H), 4.09 (q, J = 6.8 Hz, 1H), 1.16 (d, J = 6.8 Hz, 6H); 13C-

NMR (DMSO-d6, 100 MHz) δ 166.79, 165.51, 159.06, 152.36, 152.00, 143.87, 139.51, 

135.78, 128.67, 128.46, 128.19, 120.74, 120.66, 117.72, 117.64, 105.05, 40.93, 22.27; 

HRMS (ESI-Orbitrap) Calcd for C21H23N5O2: 391.1882 [M+H+], Found 391.1889.

N-Isopropyl-4-[3-[4-(1H-pyrrolo[2,3-b]pyridin-4-yl)-phenyl]-ureido]-benzamide 
(7d)—40% yield in 4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.26 (s, br, 1H), 9.08 (s, 

1H), 8.97 (s, 1H), 8.80 (s, 1H), 8.25−8.14 (m, 3H), 8.12 (d, J = 8.8 Hz, 2H), 7.87 (s, 1H), 

7.76 (d, J = 8.8 Hz, 2H), 7.46−6.36 (m, 2H), 6.96−6.95 (m, 2H), 4.08 (m, 1H), 1.17 (d, J = 

6.4 Hz, 6H); LC/MS (M+H+): 414.15.

4-[3-[4-(7-Ethyl-8-oxo-8,9-dihydro-7H-purin-6-yl)-phenyl]-ureido]-N-isopropyl-
benzamide (7e)—45% yield in 4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.08 (s, br, 

1H), 9.42 (s, 1H), 8.84−8.82 (m, 1H), 8.76 (s, 1H), 8.35−8.14 (m, 3H), 8.12 (d, J = 8.8 Hz, 
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2H), 7.96 (d, J = 8.8 Hz, 2H), 7.69−7.59 (m, 1H), 4.08 (m, 1H), 3.35 (q, J = 3.2 Hz, 2H), 

1.17 (d, J = 6.4 Hz, 6H), 1.07 (t, J = 3.2 Hz, 3H); LC/MS (M+H+): 460.17.

N-Isopropyl-4-[3-[4-(9H-purin-6-yl)-phenyl]-ureido]-benzamide (7f)—29% yield in 

4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 11.98. (s, br, 1H), 9.48 (s, 1H), 8.81−8.79 (m, 

1H), 8.76 (s, 1H), 8.35−8.14 (m, 3H), 8.12 (d, J = 8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 

7.69−7.59 (m, 2H), 6.95 (s, 1H), 4.08 (m, 1H), 1.17 (d, J = 6.4 Hz, 6H); HRMS (ESI-

Orbitrap) Calcd for C22H22N7O2: 416.1835 [M+H+], Found 416.1849.

N-Isopropyl-3-(3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)phenyl)ureido)benzamide (7g)—40% yield in 4 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.63 (s, 1H), 9.21 (s, 1H), 9.10 (s, 1H), 8.92 (s, 1H), 8.19−8.18 (m, 1H), 7.89 (s, 

1H), 7.74−7.68 (m, 4H), 7.65−7.61 (m, 2H), 7.46−7.44 (m, 1H), 7.39−7.35 (m, 1H), 4.10 (q, 

J = 6.4 Hz, 1H), 2.10 (s, 3H), 1.17 (d, J = 6.4 Hz, 6H); 13C-NMR (DMSO-d6, 100 MHz) 

δ165.52, 159.07, 158.74, 153.86, 152.50, 152.09, 145.81, 142.76, 139.59, 135.78, 130.90, 

128.46, 125.16, 120.78, 117.71, 117.44, 114.54, 111.64, 40.94, 22.27, 12.51; HRMS (ESI-

Orbitrap) Calcd for C24H25N6O2: 429.2039 [M+H+], Found 429.2029.

N-Isopropyl-3-(3-(4-(6-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)phenyl)ureido)benzamide (7h)—35% yield in 4 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.22 (s, br, 1H), 9.07 (s, 1H), 8.96 (s, 1H), 8.74 (s, 1H), 8.20−8.18 (m, 1H), 

8.14−8.12 (m, 2H), 7.88 (s, 1H), 7.70−7.68 (m, 2H), 7.66−7.61 (m, 1H), 7.46−7.44 (m, 1H), 

7.38−7.34 (m, 1H), 6.69 (s, 1H), 4.10 (q, J = 6.8 Hz, 1H), 1.17 (d, J = 6.8 Hz, 6H); LC/MS 

(M+H+): 429.17.

3-(3-(4-(5,6-Dimethyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)ureido)-N-
isopropylbenzamide (7i)—32% yield in 4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 9.04 

(s, 1H), 8.99 (s, 1H), 8.74−8.73 (m, 1H), 8.19−8.17 (m, 1H), 7.87 (s, 1H), 7.68−7.61 (m, 

5H), 7.46-7.44 (m, 1H), 7.38−7.34 (m, 1H), 4.11 (q, J = 6.8 Hz, 1H), 1.97 (s, 3H), 1.17 (d, J 

= 6.8 Hz, 6H); LC/MS (M+H+): 443.16.

3-(3-(2-(2-(Dimethylamino)ethoxy)-4-(5-methyl-7H-pyrrolo[2,3-d ]pyrimidin-4-
yl)phenyl)ureido)-N-isopropylbenzamide (7l)—46% yield in 4 steps. 1H-NMR 

(DMSO-d6, 400 MHz) δ 12.3 (s, br, 1H), 9.73 (s, 1H), 9.60 (s, 1H), 8.84 (s, 1H), 8.45 (s, 

1H), 8.34−8.32 (m, 1H), 8.20−8.18 (m, 1H), 7.90 (s, 1H), 7.71−7.70 (m, 1H), 7.51 (s, 1H), 

7.48−7.47 (m, 1H), 7.40−7.33 (m, 2H), 4.51 (t, J = 4.6 Hz, 2H), 4.10 (q, J = 6.4 Hz, 1H), 

3.63 (t, J = 4.6 Hz, 2H), 2.94 (s, 6H), 2.12 (s, 3H), 1.17 (d, J = 6.4 Hz, 6H); 13C-NMR 

(DMSO-d6, 100 MHz) δ 165.44, 158.91, 158.58, 154.45, 152.33, 152.23, 146.68, 145.76, 

139.52, 135.78, 131.26, 128.52, 127.95, 123.80, 120.68, 118.34, 117.72, 114.64, 113.18, 

111.10, 62.96, 55.44, 42.65, 40.94, 22.26, 12.78; LC/MS (M+H+): 516.13.

N-Isopropyl-3-(3-(4-(5-methyl-7H-pyrrolo[2,3-d ]pyrimidin-4-yl)-2-
(trifluoromethyl)phenyl)ureido)-benzamide (7j)—47% yield in 4 steps. 1H-NMR 

(DMSO-d6, 400 MHz) δ 12.19 (s, br, 1H), 9.71 (s, 1H), 8.83 (s, 1H), 8.33−8.26 (m, 2H), 

8.21−8.19 (m, 1H), 8.01−8.00 (m, 2H), 7.85 (s, 1H), 7.70−7.68 (m, 1H), 7.48−7.46 (m,2H), 

7.41−7.37 (m, 1H), 4.10 (q, J = 6.8 Hz, 1H), 2.09 (s, 3H), 1.16 (d, J = 6.8 Hz, 6H); 13C-
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NMR (DMSO-d6, 100 MHz) δ 165.37, 155.31, 152.57, 152.17, 149.46, 139.24, 137.50, 

135.83, 134.08, 131.87, 128.70, 127.18, 126.48, 125.15, 124.24, 122.44, 120.96, 120.58, 

117.53, 114.95, 108.93, 40.93, 22.27, 12.81; HRMS (ESI-Orbitrap), Calcd for 

C25H24F3N6O2: 497.1913 [M+H+ ], Found 497.1902.

3-(3-(2-Fluoro-4-(5-methyl-7H-pyrrolo[2,3-d ]pyrimidin-4-yl)phenyl)ureido)-N-
isopropylbenzamide (7k)—42% yield in 4 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 

12.20 (s, br, 1H), 9.46 (s, 1H), 8.89 (s, 1H), 8.81 (s, 1H), 8.52−8.49 (m, 1H), 8.25−8.19 (m, 

1H), 7.88−7.84 (m, 1H), 7.68−7.64 (m, 2H), 7.52−7.48 (m, 3H), 7.42−7.39 (m, 1H), 4.10 (q, 

J = 6.8 Hz, 1H), 2.10 (s, 3H), 1.17 (d, J = 6.8 Hz, 6H); 13C-NMR (DMSO-d6, 100 MHz) δ 

165.44, 154.88, 152.40, 152.10, 149.96, 148.37, 139.27, 135.83, 129.21, 128.61, 126.88, 

126.43, 120.84, 120.56, 119.50, 117.45, 116.19, 115.99, 114.82, 109.82, 40.95, 22.26, 

12.75; HRMS (ESI-Orbitrap), Calcd for C24H24FN6O2: 447.1945 [M+H+ ], Found 

447.1934.

1-(4-(5-Methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-3-phenylurea (10a)—
62% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.56 (s, br, 1H), 9.18 (s, 1H), 

8.94−8.90 (m, 2H), 7.78−7.67 (m, 4H), 7.62−7.58 (m, 1H), 7.50−7.48 (m, 2H), 7.32−7.28 

(m, 2H), 7.01−6.98 (m, 1H), 2.10 (s, 3H); HRMS, Calcd for C20H18N5O:344.1511 [M+H+ ], 

Found 344.1526.

1-(3-Fluorophenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)urea 
(10b)—51% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.55 (s, br, 1H), 

9.17−9.12 (m, 2H), 8.88 (s, 1H), 7.69−7.68 (m, 4H), 7.60−7.50 (m, 2H), 7.36−7.31 (m, 1H), 

7.18−7.16 (m, 1H), 6.84−6.79 (m, 1H), 2.10 (s, 3H); LC/MS (M+H+): 362.11.

1-(2-Methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)phenyl)urea (10c)—60% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.49 (s, 

1H), 9.66 (s, 1H), 8.88 (s, 1H), 8.35 (s, 1H), 8.16−8.14 (m, 1H), 7.69−7.68 (m, 4H), 7.56 (s, 

1H), 7.06−7.03 (m, 1H), 7.00−6.98 (m, 1H), 6.96−6.89 (m, 1H), 3.90 (s, 3H), 2.10 (s, 

3H); 13C-NMR (DMSO-d6, 100 MHz) δ 154.87, 152.24, 152.18, 147.80, 146.90, 142.24, 

130.81, 128.35, 127.60, 126.70, 122.12, 120.52, 118.45, 117.12, 114.61, 110.93, 110.77, 

55.75, 12.66; LC/MS (M+H+): 374.09.

1-(3-Methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)phenyl)urea (10d)—57% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.61 (s, 

br, 1H), 9.14 (s, 1H), 8.93−8.91 (m, 2H), 7.72−7.67 (m, 4H), 7.60 (s, 1H), 7.23−7.18 (m, 

2H), 6.98−6.96 (m, 1H), 6.59−6.57 (m, 1H), 3.74 (s, 3H), 2.10 (s, 3H); 13C-NMR (DMSO-

d6, 100 MHz) δ 159.64, 153.71, 152.42, 152.07, 145.64, 142.89, 140.85, 130.91, 129.49, 

128.52, 124.83, 117.37, 114.51, 111.75, 110.63, 107.32, 104.13, 54.88, 12.50; LC/MS (M

+H+): 374.09.

1-(4-Methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)phenyl)urea (10e)—45% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 11.89 (s, 

br, 1H), 8.86 (s, 1H), 8.71 (s, 1H), 8.60 (s, 1H), 7.61−7.60 (m, 4H), 7.38 (d, J = 8.8 Hz, 2H), 
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7.35 (s, 1H), 6.88 (d, J = 8.8 Hz, 2H), 3.73 (s, 3H), 2.10 (s, 3H); LC/MS (M+H+): 374.14; 

HRMS (ESI-Orbitrap) Calcd for C21H20N5O2: 374.1617 [M+H+], Found 374.1608.

1-[4-(5-Methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)-phenyl]-3-thiazol-2-yl-urea (10f)
—40% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 11.95 (s, br, 1H), 8.76 (s, 1H), 

8.71 (s, 1H), 8.60 (s, 1H), 7.71−7.68 (m, 4H), 7.53−7.48 (m, 1H), 6.99−6.97 (m, 1H), 

6.58−6.56 (m, 1H), 2.10 (s, 3H); LC/MS (M+H+): 351.14.

1-[4-(5-Methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)-phenyl]-3-pyridin-2-yl-urea 
(10g)—48% yield in 3 steps. LC/MS (M+H+): 345.12.

3-(4-Methoxyphenyl)-1-methyl-1-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-
yl)phenyl)urea (14a)—55% yield in 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.40 (s, 

br, 1H), 8.87 (s, 1H), 8.40 (s, 1H), 7.73 (d, J = 8.8 Hz, 2H), 7.55−7.54 (m, 1H), 7.52 (d, J = 

8.8 Hz, 2H), 7.36 (d, J = 6.8 Hz, 2H), 6.85 (d, J = 6.8 Hz, 2H), 3.38 (s, 3H), 3.17 (s, 3H), 

2.11 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 159.21, 154.89, 152.28, 147.29, 146.42, 

134.02, 132.78, 130.47, 127.57, 127.29, 124.54, 122.05, 114.80, 113.53, 110.66, 55.12, 

37.10, 12.67; LC/MS (M+H+): 388.18; HRMS (ESI-Orbitrap) Calcd for C22H22N5O2: 

388.1773 [M+H+], Found 388.1764.

3-(4-Methoxyphenyl)-1-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-
(2-(pyrrolidin-1-yl)ethyl)urea (14b)—18% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 9.59 (s, br, 1H), 8.79 (s, 1H), 8.12 (s, 1H), 7.80 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 

Hz, 2H), 7.43 (s, 1H), 7.32 (d, J = 6.8 Hz, 2H), 6.82 (d, J = 6.8 Hz, 2H), 4.08−4.04 (m, 2H), 

3.70 (s, 3H), 3.65−3.64 (m, 2H), 3.37−3.32 (m, 2H), 3.12−3.06 (m, 2H), 2.14 (s, 3H), 

2.04−2.02 (m, 2H), 1.90−1.86 (m, 2H); HRMS (ESI-Orbitrap), Calcd for C27H31N6O2: 

471.2508 [M+H+], Found 471.2516.

3-(4-Methoxyphenyl)-1-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-
(2-(piperidin-1-yl)ethyl)urea (14c)—19% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.02 (s, br, 1H), 8.77 (s, 1H), 8.15 (s, 1H), 7.80 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.4 

Hz, 2H), 7.41 (s, 1H), 7.31 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 4.09−4.06 (m, 2H), 

3.70 (s, 3H), 3.56−3.54 (m, 2H), 3.28−3.24 (m, 2H), 2.97−2.91 (m, 2H), 2.14 (s, 3H), 

1.85−1.81 (m, 2H), 1.68−1.62 (m, 4H); LC/MS (M+H+): 485.15.

3-(4-(5-Methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-phenyl-1-(2-
(pyrrolidin-1-yl)ethyl)urea (18a)—46% yield in 4 steps. 1H NMR (DMSO-d6, 400 

MHz) δ 12.04 (s, br, 1H), 9.57 (s, 1H), 8.74 (s, 1H), 8.20 (s, 1H), 7.63−7.55 (m, 4H), 

7.53−7.51 (m, 2H), 7.48−7.46 (m, 1H), 7.42−7.39 (m, 2H), 4.04−4.00 (m, 2H), 3.68−3.65 

(m, 2H), 3.31−3.29 (m, 2H), 3.08−3.07 (m, 2H), 2.04−2.02 (m, 5H), 1.90−1.87 (m, 2H); 

LC/MS (M+H+): 441.00.

1-(2-Hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-
phenylurea (18b)—From commecially available 2-phenylamino-ethanol, 18b was 

synthesized in 62% yield through 3 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 8.83−8.81 (m, 

1H), 8.40 (s, 1H), 7.64−7.58 (m, 4H), 7.47−7.43 (m, 3H), 7.39−7.37 (m, 2H), 7.32−7.29 (m, 
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1H), 3.76 (t, J = 6.4 Hz, 2H), 3.56 (t, J = 6.4 Hz, 2H), 2.06 (s, 3H); 13C-NMR (DMSO-d6, 

100 MHz) δ 154.43, 152.14, 146.62, 142.62, 130.30, 129.37, 129.09, 127.78, 127.66, 

127.59, 126.52, 119.18, 118.67, 114.56, 111.08, 58.79, 52.24, 12.61; HRMS (ESI-Orbitrap), 

Calcd for C22H22N5O2: 388.1773 [M+H+], Found 388.1764.

1-(2-Fluorophenyl)-1-(2-hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18c)—49% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.59 (s, br, 1H), 8.89 (s, 1H), 8.75 (s, 1H), 7.66−7.54 (m, 4H), 7.52−7.50 (m, 1H), 

7.42−7.40 (m, 1H), 7.39−7.37 (m, 1H), 7.34−7.26 (m, 2H), 3.72 (t, J = 6.4 Hz, 2H), 3.57 (t, 

J = 6.4 Hz, 2H), 2.07 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 159.17, 158.37, 156.71, 

154.39, 153.62, 152.07, 145.55, 143.00, 130.74, 130.49, 129.81, 128.64, 125.11, 119.20, 

116.55, 114.51, 111.76, 58.92, 51.98, 12.47; LC/MS (M+H+): 406.07.

1-(3-Fluorophenyl)-1-(2-hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18d)—45% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.54 (s, br, 1H), 8.88 (s, 1H), 8.66 (s, 1H), 7.68−7.62 (m, 4H), 7.57 (s, 1H), 

7.48−7.43 (m, 1H), 7.32−7.29 (m, 1H), 7.23−7.21 (m, 1H), 7.15−7.10 (m, 1H), 3.79 (t, J = 

6.0 Hz, 2H), 3.58 (t, J = 6.0 Hz, 2H), 2.07 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 

163.53, 161.11, 154.21, 152.14, 146.34, 144.40, 142.65, 130.67, 130.58, 130.36, 128.04, 

123.44, 118.83, 114.75, 114.52, 112.97, 111.26, 58.81, 52.25, 12.58; HRMS (ESI-Orbitrap), 

Calcd for C22H21FN5O2: 406.1679 [M+H+], Found 406.1686.

1-(4-Fluorophenyl)-1-(2-hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18e)—41% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.51 (s, br, 1H), 8.86 (s, 1H), 8.37 (s, 1H), 7.66−7.62 (m, 4H), 7.60 (s, 1H), 

7.44−7.41 (m, 2H), 7.29−7.25 (m, 2H), 3.73 (t, J = 6.0 Hz, 2H), 3.55 (t, J = 6.0 Hz, 2H), 

2.06 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 161.76, 159.34, 154.39, 152.13, 146.35, 

142.72, 138.65, 130.30, 130.14, 128.01, 118.83, 116.20, 115.98, 114.55, 111.24, 58.70, 

52.33, 12.57; LC/MS (M+H+): 406.06; HRMS (ESI-Orbitrap), Calcd for C22H21FN5O2: 

406.1679 [M+H+], Found 406.1670.

1-(2-Chlorophenyl)-1-(2-hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18f)—40% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.70 (s, br, 1H), 8.92 (s, 1H), 8.72 (s, 1H), 7.69−7.63 (m, 5H), 7.53−7.52 (m, 1H), 

7.47−7.43 (m, 1H), 7.36−7.33 (m, 1H), 3.78 (t, J = 6.0 Hz, 2H), 3.57 (t, J = 6.0 Hz, 2H), 

2.07 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 158.42, 158.07, 154.22, 152.08, 145.63, 

144.25, 142.95, 133.22, 130.69, 130.46, 128.58, 127.53, 126.23, 126.19, 118.86, 114.51, 

111.70, 58.82, 52.31, 12.49; HRMS (ESI-Orbitrap), Calcd for C22H21ClN5O2: 422.1384 [M

+H+], Found 422.1369.

1-(3-Chlorophenyl)-1-(2-hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18g)—45% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 8.85 (s, 1H), 7.64−7.58 (m, 5H), 7.57−7.56 (m, 1H), 7.52 (s, 1H), 7.47−7.45 (m, 

1H), 7.44−7.39 (m, 2H), 3.58 (t, J = 6.0 Hz, 2H), 3.42 (t, J = 6.0 Hz, 2H), 2.06 (s, 3H); 13C-

NMR (DMSO-d6, 100 MHz) δ 158.28, 157.95, 154.22, 152.12, 146.21, 142.75, 139.25, 
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132.59, 131.76, 130.35, 130.24, 129.21, 128.36, 128.15, 118.99, 114.53, 111.33, 58.79, 

51.67, 12.58; LC/MS (M+H+): 422.06.

1-(4-Chlorophenyl)-1-(2-hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18h)—48% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.49 (s, br, 1H), 8.87 (s, 1H), 8.56 (s, 1H), 7.66−7.60 (m, 4H), 7.55 (s, 1H), 

7.50−7.47 (m, 2H), 7.43−7.40 (m, 2H), 3.75 (t, J = 6.0 Hz, 2H), 3.56 (t, J = 6.0 Hz, 2H), 

2.06 (s, 3H); HRMS (ESI-Orbitrap), Calcd for C22H21ClN5O2: 422.1384 [M+H+], Found 

422.1375.

1-(2-Hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-o-
tolylurea (18i)—45% yield in 5 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.56 (s, br, 1H), 

8.88 (s, 1H), 8.18 (s, 1H), 7.65−7.58 (m, 5H), 7.36−7.29 (m, 4H), 3.74 (t, J = 6.0 Hz, 2H), 

3.58 (t, J = 6.0 Hz, 2H), 2.22 (s, 3H), 2.06 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 

158.40, 158.06, 154.37, 153.84, 152.08, 145.75, 143.02, 136.21, 131.13, 130.43, 129.30, 

128.47, 127.64, 127.09, 118.82, 114.50, 111.62, 58.82, 51.71, 17.31, 12.51; LC/MS (M

+H+): 402.09.

1-(2-Hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-m-
tolylurea (18j)—43% yield in 5 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.70 (s, br, 1H), 

8.92 (s, 1H), 8.40 (s, 1H), 7.68−7.61 (m, 5H), 7.35−7.31 (m, 1H), 7.21 (s, 1H), 7.16−7.12 

(m, 2H), 3.74 (t, J = 6.4 Hz, 2H), 3.53 (t, J = 6.4 Hz, 2H), 2.35 (s, 3H), 2.07 (s, 3H); 13C-

NMR (DMSO-d6, 100 MHz) δ 158.11, 154.38, 153.97, 152.09, 145.87, 142.96, 142.34, 

138.77, 130.42, 129.16, 128.37, 128.20, 127.32, 124.73, 118.69, 114.50, 111.55, 58.75, 

52.20, 20.95, 12.53; LC/MS (M+H+): 402.06.

1-(2-Hydroxyethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)-1-p-
tolylurea (18k)—39% yield in 5 steps. 1H-NMR (DMSO-d6, 400 MHz) δ 12.60 (s, br, 

1H), 8.89 (s, 1H), 8.28 (s, 1H), 7.66−7.62 (m, 4H), 7.60−7.58 (m, 1H), 7.26−7.25 (m, 4H), 

3.72 (t, J = 6.0 Hz, 2H), 3.54 (t, J = 6.0 Hz, 2H), 2.34 (s, 3H), 2.07 (s, 3H); LC/MS (M+H+): 

402.09; HRMS (ESI-Orbitrap) Calcd for C23H24N5O2: 402.1930 [M+H+], Found 402.1920.

1-(2-Hydroxyethyl)-1-(2-methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18l)—47% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 8.83 (s, 1H), 7.59−7.58 (m, 5H), 7.49−7.48 (m, 1H), 7.38−7.32 (m, 2H), 7.16−7.14 

(m, 1H), 7.04−7.00 (m, 1H), 3.80 (s, 3H), 3.62−3.51 (m, 4H), 2.06 (s, 3H); 13C-NMR 

(DMSO-d6, 100 MHz) δ 158.30, 155.25, 154.72, 154.23, 152.10, 146.10, 143.02, 130.49, 

130.32, 130.01, 128.97, 128.16, 120.86, 118.67, 114.51, 112.74, 111.39, 58.74, 55.67, 

51.22, 12.54; LC/MS (M+H+): 418.07.

1-(2-Hydroxyethyl)-1-(3-methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18m)—46% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.50 (s, br, 1H), 8.86 (s, 1H), 8.39 (s, 1H), 7.66−7.60 (m, 4H), 7.55 (s, 1H), 

7.36−7.32 (m, 1H), 6.98−6.97 (m, 1H), 6.93-6.88 (m, 2H), 3.78 (s, 3H), 3.75 (t, J = 6.0 Hz, 

2H), 3.56 (t, J = 6.0 Hz, 2H), 2.07 (s, 3H); 13C-NMR (DMSO-d6, 100 MHz) δ 159.95, 

158.32, 158.10, 154.26, 152.11, 146.22, 143.55, 142.78, 130.36, 130.05, 128.11, 119.77, 
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118.71, 114.53, 113.57, 112.22, 111.33, 58.75, 55.18, 52.19, 12.57; LC/MS (M+H+): 

418.05.

1-(2-hydroxyethyl)-1-(4-methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18n)—48% yield in 5 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.56 (s, br, 1H), 8.88 (s, 1H), 8.13 (s, 1H), 7.66−7.59 (m, 5H), 7.30 (d, J = 6.8 Hz, 

2H), 7.01 (d, J = 6.8 Hz, 2H), 3.80 (s, 3H), 3.69 (t, J = 6.4 Hz, 2H), 3.53 (t, J = 6.4 Hz, 2H), 

2.06 (s, 3H); HRMS (ESI-Orbitrap), Calcd for C23H24N5O3: 418.1879 [M+H+], Found 

418.1686.

1-(2-Aminoethyl)-1-(4-methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18o)—52% yield in 4 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.64 (s, 1H), 8.86 (s, 1H), 8.35 (s, 1H), 7.82 (s, 2H), 7.59 (dt, J = 13.0, 6.5 Hz, 

5H), 7.53 − 7.43 (m, 4H), 3.85 (t, J = 6.2 Hz, 2H), 2.93 − 2.82 (m, 2H), 2.00 (dd, J = 8.4, 2.5 

Hz, 3H). LC/MS (M+H+): 415.11.

1-(2-Aminoethyl)-1-(4-chlorophenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18p)—45% yield in 4 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.60 (s, 1H), 8.89 (s, 1H), 8.06 (s, 1H), 7.87 (s, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.62 

(d, J = 8.8 Hz, 2H), 7.58 (s, 1H), 7.45 − 7.39 (m, 2H), 7.10 − 7.04 (m, 2H), 3.87 (t, J = 6.2 

Hz, 2H), 3.81 (d, J = 9.0 Hz, 3H), 2.99 − 2.88 (m, 2H), 2.06 (d, J = 0.9 Hz, 3H). HRMS 

(ESI-Orbitrap), Calcd for C22H22ClN5O: 421.1544 [M+H+], Found 421.1563.

1-(2-(Dimethylamino)ethyl)-1-(4-methoxyphenyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18q)—50% yield in 4 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.55 (s, 1H), 9.42 (s, 1H), 8.88 (s, 1H), 8.10 (s, 1H), 7.69 (d, J = 8.8 Hz, 2H), 7.62 

(d, J = 8.8 Hz, 2H), 7.57 (s, 1H), 7.45 − 7.38 (m, 2H), 7.11 − 7.03 (m, 2H), 3.98 (t, J = 6.2 

Hz, 2H), 3.82 (s, 3H), 3.20 (d, J = 5.2 Hz, 2H), 2.88 (t, J = 8.5 Hz, 6H), 2.05 (d, J = 0.9 Hz, 

3H). LC/MS (ESI-Orbitrap), Found 445.21.

1-(4-Chlorophenyl)-1-(2-(dimethylamino)ethyl)-3-(4-(5-methyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)phenyl)urea (18r)—65% yield in 4 steps. 1H-NMR (DMSO-d6, 400 

MHz) δ 12.70 (s, 1H), 9.52 (s, 1H), 8.93 (s, 1H), 8.48 (s, 0H), 7.67 (dd, J = 23.4, 8.8 Hz, 

4H), 7.62 − 7.49 (m, 5H), 4.04 (t, J = 6.2 Hz, 2H), 3.21 (d, J = 4.7 Hz, 2H), 2.89 (d, J = 3.5 

Hz, 6H), 2.06 (d, J = 0.7 Hz, 3H). LC/MS (ESI-Orbitrap), Found 449.21.

1-(4-Chlorophenyl)-3-(4-(5,6-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)-2-
fluorophenyl)-1-(2-hydroxyethyl)urea (18s)—52% yield in 4 steps. 1H-NMR 

(DMSO-d6, 400 MHz) δ 12.67 (s, 1H), 8.84 (s, 1H), 8.54 (s, 1H), 7.93 (t, J = 8.3 Hz, 1H), 

7.58 (dd, J = 11.4, 1.9 Hz, 2H), 7.54 − 7.40 (m, 4H), 3.80 − 3.76 (m, 4H), 2.40 (d, J = 10.5 

Hz, 3H), 1.93 (s, 3H). HRMS (ESI-Orbitrap) Calcd for C23H21ClFN5O2: 454.1446 [M+H+], 

Found 454.1434.

1-(2-Amino-ethyl)-1-(4-chloro-phenyl)-3-[4-(5,6-dimethyl-7H-pyrrolo[2,3-
d]pyrimidin-4-yl)-2-fluorophenyl]-urea (18t)—52% yield in 4 steps. 1H-NMR 

(DMSO-d6, 400 MHz) δ 12.30 (s, 1H), 8.76 (s, 1H), 7.85 (d, J = 9.0 Hz, 3H), 7.80 (d, J = 
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8.6 Hz, 2H), 7.63 − 7.56 (m, 4H), 7.51 (dd, J = 11.4, 1.8 Hz, 1H), 7.45 (dd, J = 8.3, 1.7 Hz, 

1H), 3.91 (t, J = 6.3 Hz, 2H), 3.10 (qd, J = 7.3, 4.8 Hz, 3H), 2.95 (dd, J = 11.9, 6.0 Hz, 2H), 

2.37 (s, 3H), 1.92 (d, J = 4.5 Hz, 3H), 1.18 (t, J = 7.3 Hz, 4H). LC/MS (M+H+): 453.14.

1-(4-Chlorophenyl)-3-(4-(5,6-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)-2-
fluorophenyl)-1-(2-(dimethylamino)ethyl)urea (18w)—54% yield in 4 steps. 1H-

NMR (DMSO-d6, 400 MHz) δ 12.38 (s, 1H), 9.33 (s, 1H), 8.76 (s, 1H), 7.86 (s, 1H), 7.78 (t, 

J = 8.2 Hz, 1H), 7.66 − 7.57 (m, 2H), 7.57 − 7.42 (m, 3H), 4.02 (t, J = 6.3 Hz, 2H), 3.21 (s, 

2H), 2.86 (s, 6H), 2.36 (s, 3H), 1.91 (s, 3H). HRMS (ESI-Orbitrap), Calcd for 

C25H26ClFN6O: 481.1919 [M+H+], Found 481.1909.

1-(4-Chlorophenyl)-3-(4-(5,6-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)-2-
fluorophenyl)-1-(2-methoxyethyl)urea (18x)—50% yield in 4 steps. 1H-NMR (400 

MHz, DMSO) δ 12.63 (s, 1H), 8.83 (s, 1H), 8.54 (s, 1H), 7.86 (t, J = 8.2 Hz, 1H), 7.68 − 

7.29 (m, 6H), 3.94 − 3.84 (m, 4H), 3.66 (s, 3H), 2.39 (s, 3H), 1.93 (s, 3H). LC/MS (ESI-

Orbitrap), Found 468.14.

Docking of Limk inhibitors into a crystal structure of Limk1

Inhibitor 18b was prepared for glide docking using LigPrep (Schrodinger, LLC, NY). The 

chain A of PDB ID 3S95 was prepared using protein preparation wizard in Maestro V 9.8 

(Schrodinger, LLC, NY) by removing water molecules and bound ligand, and adding 

hydrogen atoms. The docking grid was generated around the original ligand with a box size 

of 18 × 18 × 18 Å3. Docking was conducted without any constraint. The top scored docking 

pose was merged to the protein for energy minimization using Prime (Schrodinger, LLC, 

NY).

Limk1 biochemical assays and kinase profiling

Biochemical assays for all Limk inhibitors and kinase profiling were carried out in Reaction 

Biology Corporation and followed the protocols described on its website. Compounds were 

tested in 10-dose IC50 mode with 3-fold series dilution starting at 10 μM for IC50 

measurements. Compounds were tested at 1 μM with duplicate experiments in profiling 

assays. Control compound Staurosporine was tested in 10-dose IC50 mode with 3-fold serial 

dilution starting at 10 μM. Reactions were carried out at 10 μM ATP, 1 μM substrate cofilin, 

and 50 nM Limk1 (final concentrations).

In-Cell Western assay in A7r5 cells

A7r5 (15,000 cells/well) were plated in a clear-bottomed Packard View black 96-well plate 

in 100 μl of 10% FBS DMEM:F12 medium and were allowed to attach overnight. The next 

day, the cells were serum starved in 1% FBS DMEM medium for 2 hr and then treated with 

the compounds for 1 hr. Cells were then fixed in 4% paraformaldehyde in PBS for 20 min at 

room temperature (RT) with no shaking. They were then washed once with 0.1 M glycine to 

neutralize paraformaldehyde for 5 min. Cells were permeabilized with 0.2% Triton X-100 in 

PBS for 20 min at RT on orbital shaker after which they were washed once with PBS for 5 

min. They were then incubated with Licor Blocking Buffer in PBS (1:1 dilution in PBS) for 

1–1.5 h rocking at RT. Cells were incubated with primary antibody p-cofilin Ab (Cell 
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Signaling # 3311) 1:100 dilution in Licor blocking buffer overnight at 4°C. Next day, they 

were washed twice with PBS-0.1 % Tween 20 (PBST) washing solution for 5 min each at 

room temperature on the orbital shaker, followed by one wash with Licor Blocking Buffer 

containing 0.05% Tween-20 for 5 min on the shaker at RT. The cells were then incubated 

with secondary antibody goat anti-rabbit IR800 (1:500 dilution) for 1 hr at RT in the dark 

(covered the plate with foil) in Licor blocking buffer-containing Tween-20. Following this, 

cells were washed twice with PBST for 5 min each at room temperature and then once with 

Licor blocking buffer-containing 0.05% Tween-20. The wells were then incubated with 

ToPro 3 stain (nucleic acid staining), diluted 1:4000 in Licor blocking buffer or Licor 

blocking buffer with 0.05% Tween-20 for 30 min at room temperature in the dark. Finally 

the plates were washed twice with PBS and analyzed using the Odyssey LICOR Infrared 

Scanner.

Cofilin phosphorylation cell assay in PC-3 cell lines

PC3 cells were cultured at a density of 0.5 × 106 cells/mL in 60mm culture dishes in 10% 

FBS RPMI1640 media. Then, the cells were treated with DMSO and the indicated 

concentration of Limk inhibitors. After incubating for 24 h, the cells were rinsed with ice-

cold PBS twice and collected by spinning down at 4°C in 10,000 rpm for 5 min. Cellular 

lysates were prepared by suspending cells in SDS sample buffer, 120 mmol/L Tris, 4% SDS, 

20% glycerol, 0.1 mg/mL bromophenol blue, and 100 mmol/L DTT (pH 6.8). After brief 

sonication, the lysates were heated at 95°C for 5 minutes. The cell lysates were separated by 

12% SDS-PAGE and transferred to Immobilon-P membranes (Millipore Corp.). 

Immunostaining was done using antibodies specific for phospho-Cofilin (Cell Signaling, 

#3313) and and β-Actin (GeneScript, #A00702) antibodies and the corresponding second 

antibodies for whole immunoglobulins from mouse or rabbit (Amersham Biosciences). 

Immunoreactive proteins were detected by chemoluminescence using the Pierce ECL 

Western Blotting Substrate (Thermo Scientific). We quantified the actual levels of proteins 

by using the Multigauge ver 3.0 software (Fujifilm). The gels were stained with Coomassie 

Brilliant Blue R-250 (0.25%) for 1 hour and then destained (all solutions from Bio-Rad) to 

check the loading amount of protein samples on the gels.

Cofilin phosphorylation cell assay in CEM-SS T cell lines

CEM-SS T cells (1.0 × 106) were treated with a Limk inhibitor at 10 μM and 1 μM 

separately at 37°C for 4 h. Cells were lysed in NuPAGE LDS Sample Buffer (Invitrogen) 

followed by sonication. Samples were heated at 90°C for 10 minutes, separated by SDS-

PAGE, and then transferred onto nitrocellulose membranes (Invitrogen). The membranes 

were washed in TBST for 3 minutes and then blocked for 30 minutes at room temperature 

with Starting Block blocking buffer (Pierce). The blots were incubated with a rabbit anti-

phospho cofilin (ser3) antibody (1:500 dilution) (Cell Signaling) diluted in 2.5% milk-TBST 

and rocked overnight at 4°C. The blots were washed three times for 15 minutes, then 

incubated with goat anti-rabbit 800cw labeled antibodies (Li-cor Biosciences) (1:5000 

diluted in blocking buffer) for 1 h at 4°C. The blots were washed three times for 15 minutes 

and scanned with Odyssey Infrared Imager (Li-cor Biosciences). The same blots were also 

stripped and reprobed with antibodies against GAPDH (Abcam) as a loading control.
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In vitro invasion assay in PC-3 cells

Transwell chambers coated with GFR Matrigel (BD Biosciences) were used for 

measurement of cell invasion. The matrigel was solidified at 37°C in a humidified incubator 

the day before the assay. PC3 cells (1×103 cells per well) were grown in serum-free 

RPMI1640 media in the upper side of the insert. The lower well was filled with RPMI 1640 

supplemented with 10% FBS with a Limk inhibitor (1 μM). PC3 cells were incubated at 

37°C in a humidified atmosphere containing 5% CO2 for 48 h. Then transwell membrane 

was rinsed three times with PBS, and the cells were fixed in 2.5% EM grade glutaraldehyde 

for 15 min at room temperature (RT) with no shaking. After removing glutaraldehyde by 

aspirating, the cells were permeabilized with 0.5% Triton X-100 in PBS for 3 min at RT, 

and they were rinsed three times with PBS. Then, the cells were stained by Gill’s 

hematoxylin No.1 for 15 min at RT, and they were washed by distilled water for three times. 

To remove any residual stain, the cells were washed by acid alcohol for 3 minutes and then 

rinsed by distilled water twice. The cells were exposed with 0.04% NH4OH until a blue 

color is observed on the membrane and then rinsed by distilled water twice. The membranes 

were dried overnight, and the stained cells were visualized under Leica DMI3000B 

microscope.

In vitro migration assay in PC-3 cells

PC3 cells were cultured to confluence at >90% in 6 well culture dishes in 10% FBS 

RPMI1640 media the day before the assay. Lines were drawn with a marker on the bottom 

of the dishes. Using a sterile 1 mL pipet tip, the dishes were scratched three separate wounds 

through the cells moving perpendicular to the line drawn in the step above. The cells were 

rinsed with PBS twice very gently and added the RPMI1640 media, and the dishes were 

taken pictures using phase contrast under Leica DMI3000B microscope. Then, the cells 

were treated with the indicated concentration of a Limk Inhibitor and incubated for 24 h. 

The dishes were taken pictures to detect closed wound area as describe above, and the 

closed wound area was analyzed by ImageJ software (Ver 1.48).

In vitro and in vivo DMPK assays

All in vitro (microsomal stability, CYP-450 inhibition, etc.) and in vivo pharmacokinetics 

studies were carried in the DMPK Core Facility of Scripps Florida. Detailed procedures for 

these assays have been described in previous publications (ref. 41–42, 46, 48–50, and 52–55), and 

were also provided in Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Transition from ROCK inhibition to Limk inhibition for the phenyl urea based scaffold of 

kinase inhibitors.
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Figure 2. 
Substitutions on the urea NH attached to the central phenyl group were not tolerated.

Yin et al. Page 29

J Med Chem. Author manuscript; available in PMC 2016 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Docking of 18b to the crystal structure of Limk1 (PDB ID 3S95). A) Schematic view 

showing key interactions. B) Surface view showing the binding pockets.
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Figure 4. 
A: Western blot analysis of p-cofilin in PC-3 prostate cancer cell lines stimulated by HGF 

treated with 18b. Similar cell potency was also observed for compound 18f in PC-3 cells. B: 

Western blot analysis of p-cofilin in CEM-SS T cell lines for 18p, 18r, and 18x.
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Figure 5. Effect of Limk inhibitors on invasion of PC-3 cell
Comparison of cell invasion (left panel) and phase contrast images (right panel) by treatment 

of 18b (1 μM) or 18f (1 μM) for 48 hours in PC-3 cells. The results are shown as mean ± SD 

of one representative experiment (from three independent experiments) performed in 

triplicate. Statically significant differences are indicated (*) p < 0.05.
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Figure 6. Effect of Limk1 inhibitors on migration of PC-3 cells
Comparison of the average (%) of wound closure (left panel) and phase contrast images 

(right panel) by treatment with indicated concentration of 18b (A) or 18f (B) for 24 hours in 

PC-3 cells. The results are shown as mean ± SD of one representative experiment (from 

three independent experiments) performed in triplicate. Statically significant differences are 

indicated (NS) no significance, and (*) p < 0.01. Scale bar: 20 μm.
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Figure 7. 
IOP lowering effect of 18w on rat eyes. Topical dosing at 50 μg. Data were averaged from 6 

determinations (based on 6 rats).
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Scheme 1. 
Synthesis of inhibitors 3 and 7.

Reagents and conditions: (a) Propan-2-amine, HATU, DIEA, DMF, rt; (b) 

Isocyanatobenzene derivatives, DCM; (c) Boronic acid pinacol ester, Pd(PPh3)4, 

Dioxane/H2O, 95 °C; (d) Bis(pinacolato)diboron, PdCl2dppf, Dioxane, reflux; (e) Ar-Cl, 

Pd(PPh3)4, Dioxane/H2O, 95 °C.
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Scheme 2. 
Synthesis of inhibitor 10.

Reagents and conditions: (a) Isocyanatobenzene derivatives, DCM, rt; (b) (i) 

Bis(pinacolato)diboron, PdCl2dppf, Dioxane, reflux; (ii) 4-Chloro-5-methyl-7H-pyrrolo[2,3-

d ]pyrimidine, Pd(PPh3)4, Dioxane/H2O, 95 °C.
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Scheme 3. 
Synthesis of inhibitor 14.

Reagents and conditions: (a) 2-Chloroethyl carbonochloridate, K2CO3, CH3CN, reflux; (b) 

Pyrrolidine or piperidine, DMSO, microwave, 110 °C, 1h; (c) 1-Isocyanato-4-

methoxybenzene, DCM; (d) (i) Bis(pinacolato)diboron, PdCl2dppf, Dioxane, reflux; (ii) 4-

Chloro-5-methyl-7H-pyrrolo[2,3-d]pyrimidine, Pd(PPh3)4, Dioxane/H2O, 95 °C.
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Scheme 4. 
Synthesis of inhibitor 18.

Reagents and conditions: (a) 2-Chloroethyl carbonochloridate, Py., DCM, rt; (b) KOH, 

EtOH, reflux; (c) Pd(dba)2, BINAP, Cs2CO3, Dioxane; (d) (i) 1-Bromo-4-

isocyanatobenzene, DCM, rt; (ii) Bis(pinacolato)diboron, PdCl2dppf, Dioxane, reflux; (iii) 

4-Chloro-5-methyl-7H-pyrrolo[2,3-d]pyrimidine, Pd(PPh3)4, Dioxane/H2O, 95 °C.
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Table 1

SAR studies of the hinge-binding moiety.

Cmpd Ar
IC50

a (nM)

Limk1 ROCK-II

7a >10000 45

7b >10000 90

7c >10000 166

7d >10000 132

7e >10000 247

7f 1527 5570

3 201 1365

7g 62 1608

7h 80 >10000

7i 80 >10000

a
IC50 were means of ≥ 2 experiments with errors within 40% of the mean.
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Table 2

Effects of substitutions on the central phenyl ring.

Cmpd R1
IC50 (nM)a

Limk1 ROCK-II

7g H 62 1608

7j CF3 60 976

7k F 18 781

7l 710 7083

a
IC50 were means of ≥ 2 experiments with errors within 40% of the mean.
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Table 3

SAR studies on the terminal aromatic ring

Cmpd R
IC50 (nM)a

Limk1 ROCK-II

10a H 142 2358

10b 3-F 315 5421

10c 2-OCH3 283 6652

10d 3-OCH3 75 2572

10e 4-OCH3 35 >10,000

10f – 203 2290

10g – 4507 >10,000

a
IC50 were means of ≥ 2 experiments with errors within 40% of the mean.
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Table 4

SAR of the urea NH group attached to the terminal phenyl moiety.

Cmpd R2 R4
IC50 (nM)a

Limk1 ROCK-II

18a H 368 ndb

18b H 43 6565

18c 2-F 132 1605

18d 3-F 101 1898

18e 4-F 86 3239

18f 2-Cl 58 3339

18g 3-Cl 67 11270

18h 4-Cl 25 4357

18i 2-CH3 350 >10,000

18j 3-CH3 151 8940

18k 4-CH3 37 5932

18l 2-OCH3 913 >10,000

18m 3-OCH3 100 3219

18n 4-OCH3 53 >10,000

18o 4-OCH3 27 ndb

18p 4-Cl 21 460

18q 4-OCH3 47 >10,000

18r 4-Cl 20 >10,000
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a
IC50 were means of ≥ 2 experiments with errors within 40% of the mean.

b
Not determined.
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Table 5

Biochemical and cell potency for optimized Limk inhibitors.

cmpd R
Biochemical IC50 (nM)a

Limk1 ROCK-II

18s 21 ndb

18t 21 ndb

18w 19 >20,000

18x 8 >20,000

a
IC50 were means of ≥ 2 experiments with errors within 50% of the mean.

b
Not determined.
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