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ABSTRACT 

The synthesis of a series of single entity, bifunctional MEK1/PI3K inhibitors achieved by 

covalent linking of structural analogs of the ATP-competitive PI3K inhibitor ZSTK474 and the 

ATP-noncompetitive MEK inhibitor PD0325901 is described. Inhibitors displayed potent in 

vitro inhibition of MEK1 (0.015 < IC50 (nM) < 56.7) and PI3K (54 < IC50 (nM) < 341) in 

enzymatic inhibition assays. Concurrent MEK1 and PI3K inhibition was demonstrated with 

inhibitors 9 and 14 in two tumor cell lines (A549, D54). Inhibitors produced dose-dependent 

decreased cell viability similar to the combined administration of equivalent doses of ZSTK474 

and PD0325901. In vivo efficacy of 14 following oral administration was demonstrated in a D54 

glioma tumor bearing mouse. Compound 14 showed a 95% and 67% inhibition of tumor ERK1/2 

and Akt phosphorylation, respectively, at 2 h post-administration by western blot analysis 

confirming the bioavailability and efficacy of this bifunctional inhibitor strategy towards 

combined MEK1/PI3K inhibition. 

INTRODUCTION 

The Ras/MEK/ERK and PI3K/Akt/mTor pathways play a central role in the regulation of normal 

cell growth, division and differentiation. Dysregulation of these signaling pathways driven by 

oncogenic mutations/activation leading to elevated kinase activity has been demonstrated in 

many human cancers including leukemia, melanoma, breast, ovarian, brain, lung and prostate 

cancer. Strong evidence suggests the existence of a link (feedback loop) and crosstalk between 

these two signaling cascades leading to redundancy in survival pathways 1-7. Consequently, 

monotherapy targeting a single cascade may be insufficient to induce tumor cell death due to 

drug resistance mechanisms. Additionally, many in vitro and in vivo studies have shown 

synergistic outcomes in tumor cell death by simultaneous - inhibition of these two pathways 8-10. 

As the Ras/MEK/ERK and PI3K/Akt/mTor pathways are regulated by different mechanisms, 

simultaneous co-targeting of these pathways is an attractive anticancer strategy. Current 

approaches towards multi-kinase drug targeting involve drug administration as either (a) two or 

more therapeutics (drug cocktail) or (b) a polyfunctional multi-targeting single agent therapeutic. 

Our effort towards development of a bifunctional anticancer therapeutic for –simultaneous 

inhibition of these two key signaling pathways has focused on the latter approach. Known 

limitations of the drug cocktail approach include dissimilar toxicity profiles and 
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pharmacokinetics as well as issues with patient compliance 7-9, 11, 12. In principle, appropriately 

designed poly-targeted single agent therapeutics could provide improved efficacy due to 

simplification of treatment regimen and reduction in the toxicity associated with the combined 

off-target effects of cocktail drug administration 7, 13, 14. There have been few reports in the 

literature concerning bifunctional targeting of MEK and PI3K with single chemical inhibitors. Li 

and coworkers recently reported on a novel thiazolidine-2,4-dione derivative wherein they 

demonstrated a correlation of its anti-proliferative activity in U937 and DU154 cancer cells with 

Raf/MEK/Erk and PI3K pathway inhibition using western blot analysis 15. Additionally, Park et 

al. reported on a [1,3,4]thiadiazolo[3,2-a]pyrimidin-7-one analog identified by structure-based 

virtual screening which demonstrates inhibition of MEK1 (IC50 = 2.2 µM) as well as PI3K (IC50 

= 0.3 µM) 16.  

In a previous report we presented preliminary biological studies with a prototype single 

agent MEK/PI3K bifunctional inhibitor (1; Figure 1) wherein structural analogs of the potent 

ATP-competitive PI3K inhibitor ZSTK474 and the allosteric Raf/MEK inhibitor RO5126766, 

respectively, were covalently linked to provide a single chemical entity 7. Bifunctional inhibitor 

1 displayed nanomolar inhibition towards PI3K (IC50 = 172 nM) and MEK1 (IC50 = 473 nM) in 

in vitro binding assays. In addition, cellular activity studies conducted with 1 in two 

representative human cancer cell lines (A549, PANC-1) showed almost complete inhibition of 

Akt phosphorylation at the 5 µM concentration level in both cell types at 1 h exposure by 

western blot analysis 7. However, the corresponding inhibition of pErk1/2 activity was 

significantly lower (35 - 40%) in both cell types at this inhibitor concentration. We hypothesized 

that the limited inhibition displayed by 1 towards pErk1/2 expression as compared to pAkt was 

due to its comparatively low MEK affinity. Consequently, the intent of the present study was to 

develop bifunctional MEK/PI3K inhibitors with improved MEK affinity utilizing alternate high 

affinity MEK ligands in the hybrid compound structure. Benzhydroxamate ester derivatives, as 

exemplified by PD0325901 and related analogs (Figure 2), have been shown to be potent and 

selective ATP-noncompetitive inhibitors of MEK 17, 18. Accordingly, a series of MEK/PI3K 

bifunctional inhibitors were designed incorporating analogs of the PI3K inhibitor ZSTK474 

covalently linked with a variety of spacer groups to MEK inhibitors based on the 

benzhydroxamate ester template. The synthetic development and preliminary biological 

evaluation of these bifunctional MEK/PI3K inhibitor analogs are presented in this report. 
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RESULTS AND DISCUSSION 

Bifunctional MEK/PI3K Inhibitor Design Strategy. X-ray crystal structure analysis of the 

murine PI3K Delta-ZSTK474 inhibitor complex reveals a tight binding inhibitor interaction 

within the ATP-binding pocket 19. The key interactions which contribute to inhibitor binding in 

this region have been previously reviewed 7. In brief, one of the morpholine oxygen atoms of 

ZSTK474 hydrogen bonds with a valine backbone amide group (VAL828) of the PI3K hinge 

region while the 1,3,5-triazine moiety functions as an adenosine mimic. Interactions between the 

lone pair of the imidazole nitrogen and the PI3K conserved LYS779 residue also likely 

contributes to strong binding 19. Since the second morpholine group does not appear to interact 

within the ATP binding region we replaced this functionality with a piperazine group for ease of 

synthetic attachment of the spacer group bearing the MEK inhibitor. 

The X-ray co-crystal structure of MEK with the non-ATP competitive MEK inhibitor PD318088 

(a closely related structural analog of PD0325901) has been reported 20. These studies indicate 

that PD318088 binds to a unique allosteric hydrophobic pocket which is adjacent to but separate 

from the Mg-ATP binding site. The key binding features for these benzhydroxamate ester class 

of inhibitors include H-bonding interactions of both hydroxamate oxygens with Lys97 and a 

dipolar interaction of the 4-fluorine atom on the A ring with the backbone amide NH’s of both 

Val211 and Ser212. In addition, the iodine moiety on the B ring lodges in a hydrophobic pocket 

where it makes an electrostatic interaction with the backbone carbonyl of Val127. Furthermore, 

the B ring itself is also predicted to form hydrophobic interactions within the pocket formed by 

Ile141, Met143, Val127 and Phe209 20. Based on these crystal structure analysis data, a short 

series of covalently linked structural analogs incorporating the ZSTK474 and benzhydroxamate 

ester templates were developed for further investigation as bifunctional MEK/PI3K inhibitors. 

Covalent linker attachment of the MEK inhibitor moiety to the PI3K inhibitor was achieved at 

the hydroxamate group on the basis of the reported MEK pocket inhibitor interaction data, 

docking studies and ease of synthetic accessibility considerations. Additionally, key structural 

features present in the hydroxamate side chain of high affinity MEK inhibitors such as 5a and 

PD0316684 were incorporated within the linker portion of the hybrid structures to retain high 

MEK binding site recognition.  
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Synthetic Chemistry. Key intermediates 2a, 2b and 3 (Figure 3) used in the preparation of the 

target bifunctional inhibitor compounds were synthesized as previously reported 7,21. MEK1 

inhibitor 5 was synthesized by treatment of 3 with (2-aminoxy-ethyl)-carbamic acid tert-butyl 

ester 22 in DMF in the presence of DIEA to give intermediate 4 followed by trifluoroacetic acid 

catalyzed cleavage of the Boc protecting group (Figure 3). The synthesis of inhibitor derivative 

7 was conducted as shown in Scheme 1. Initially, 2b was treated with bromoacetyl bromide in 

the presence of triethylamine to give the corresponding 2-bromoacetamide derivative 6 which 

was reacted with 5 to give inhibitor analog 7 in 18.5% overall yield. Inhibitor analogs 9 and 11 

were obtained from the common piperazine substituted 1,3,5-triazine intermediate 2a as shown 

in Scheme 2. Triazine 2a was initially treated with 6-bromohexanoyl chloride in the presence of 

potassium carbonate to afford the corresponding 6-bromohexanamide analog 8 which provided 

inhibitor analog 9 in 37% yield following reaction with the MEK inhibitor 5 in refluxing 

acetonitrile. Inhibitor analog 11 was prepared from 2a in 27.5% overall yield by a similar 

approach via the 4-chloro-butanesulfonamide intermediate 10. Preparation of the pegylated 

linked bifunctional inhibitor 14 was carried out as shown in Scheme 3. Initially, piperazine 

substituted 1,3,5-triazine intermediate 2a was heated at reflux with the aminoxy-protected PEG4 

tosylate derivative and potassium carbonate in toluene to give intermediate 12 followed by TFA 

catalyzed removal of the Boc group to give the aminoxy derivative 13. Subsequent reaction of 13 

with the activated ester derivative 3 as described previously afforded 14 in 55% yield. 

Virtual Docking of Compound 14 at MEK1 and PI3K Binding Pockets. Compound 14 is 

predicted to retain many of the binding interactions displayed by the potent MEK1 inhibitor 

PD318088 within the MEK1 allosteric binding region including key interactions of both 

hydroxamate oxygens with Lys97, the 4 fluorine atom on the A ring with the backbone NH’s of 

Val211 and Ser212 and the iodine containing B-ring within the hydrophobic pocket (Figure 4A). 

Similarly, compound 14 is also predicted to serve as a PI3K inhibitor as it retains the hydrogen 

bonding interaction of the morpholine group oxygen with the valine backbone amide NH group 

(Val828) and the imidazole nitrogen interaction with the Lys779 side chain amine group (Figure 

4B). 

SAR of MEK1 and PI3K Inhibition for Bifunctional Inhibitor Analogs. The in vitro MEK1 

and PI3K inhibition data for inhibitor analogs are presented in Table 1. All analogs in the series 
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demonstrated significantly high MEK1 inhibition in the low nanomolar to subnanomolar range 

(0.015 nM < IC50 < 56.7 nM). The high degree of observed MEK inhibition as exemplified by 

analogs 9 and 14 could be due to retention of the key hydroxamate side chain structural elements 

of the potent MEK1 inhibitors PD0316684 and 5 in the linker portion of the inhibitor structures. 

The corresponding PI3K inhibitory activity for these series of inhibitors was less pronounced (54 

nM < IC50 < 341 nM) with compound 7 displaying the highest PI3K inhibition (IC50 = 54 nM) in 

the series. The improved PI3K inhibition of 7 compared to 9 could be due to its extended linker 

chain length although additional electronic interactions attributed to the amide bond in the linker 

could also play a role. The similar PI3K potency (191 nM < IC50 < 341 nM) displayed by 

analogs 9, 11 and 14 also suggests that the nature of the linker attachment at the piperazine 

nitrogen plays a minor role in influencing PI3K inhibition. The calculated lipophilicities (cLog 

P) for bifunctional inhibitors were in the range of 4.84 – 5.71 (Table 1) approaching the 

acceptable threshold (cLog P < 5) for oral bioavailability.   

Cellular Efficacy and Viability Studies. The in vitro MEK1 and PI3K inhibitory activity of 

these series of compounds were also assessed in cultured tumor cells (D54, A549). Cellular 

efficacy of MEK1 and PI3K inhibition by inhibitor compounds were measured by changes in 

phosphorylation of pErk1/2 and pAkt, respectively. A549 (Figure 5A) and D54 (Figure 5B) 

cells were treated with inhibitors at the indicated concentrations for 1 h and subjected to western 

blot analysis. As shown in Figure 5A, in cultured A549 cells, all compounds in this series 

displayed a decrease of phosphorylation of pERK1/2, demonstrating the potent efficacy of these 

compounds in inhibiting enzymatic activity of MEK1 kinase. Similarly, compounds 7, 9, and 14 

also showed high potency in inhibiting PI3K activity, as indicated by the low level of pAKT in 

treated cell samples. Noticeably, all inhibitor analogs also demonstrate significant inhibition of 

MEK activity in both cell lines which correlates well with the in vitro inhibition data (Table 1). 

Both MEK and PI3K inhibition was most pronounced in cell lines treated with compounds 9 and 

14 compared to compounds 7 and 11. 

The effect of the series of novel compounds on cell viability was determined using the 

AlamarBlue assay. A549 and D54 tumor cells were treated with bifunctional inhibitor analogs 

(compounds 7, 9, 11 & 14), MEK1 inhibitor (PD0325901), PI3K inhibitor (ZSTK474) and a 

combination of ZSTK474 and PD0325901 at 48 h prior to assay analysis. As shown in Figure 6, 
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all inhibitors produced a dose-dependent decrease in cell viability in both A549 (Figure 6A) and 

D54 (Figure 6B) tumor cell lines. In particular, compounds 9 and 14 were similar to or in some 

cases exceeded the therapeutic effects of individual monotherapies (e.g., PD0325901) by 

compromised cell viability in both cell lines. Interestingly, compounds 9 and 14 were found to be 

as effective as the combination of ZSTK474 and PD0325901 in terms of the loss of cellular 

viability in both cell lines (Figure 6A, B). Significantly, compounds 9 and 14 were found to 

have significant anti-tumor activity which was similar to that of the combination therapy 

consisting of co-incubation with ZSTK474 and PD0325901 (Figure 6A, B). 

In vivo MEK1 and PI3K Inhibition Activity in Tumor Bearing Mice. Based on the 

combination of the in vitro inhibition data and cellular efficacy/viability studies, we selected 

compound 14 for further in vivo evaluation. Four athymic nude Foxn1nu mice were used to 

evaluate oncogenic target modulation activity in vivo. Mice bearing flank D54 (n=2) and A549 

(n=2) tumors were treated with either vehicle or 375 mg/kg of compound 14 by oral gavage at 2 

h prior to sacrifice. Western blot analysis of excised tumor tissue revealed that compound 14 

inhibited phosphorylation of ERK1/2 and Akt in both tumor types (Figure 7). Furthermore, in 

another preliminary experiment using compound 9 modulation of ERK1/2 and pAkt levels was 

also achieved in mouse tumors for both A549 and D54 tumors (data not shown). Overall, taken 

together, this data clearly demonstrates simultaneous suppression of MEK1/PI3K activity can be 

achieved both in vitro and in vivo by the bifunctional inhibitor compounds 9 and 14. 

SUMMARY AND CONCLUSIONS 

Upregulation of the Ras/MEK/ERK and PI3K/Akt/mTor signaling cascades in response to 

growth factor stimulation has been demonstrated in many human cancers. Studies have also 

shown that MEK inhibition promotes a compensatory activation of PI3K/Akt kinase activity. 

Accordingly, co-targeting of these two signaling pathways has been recognized as a promising 

chemotherapeutic strategy in effective cancer treatment. To address this goal, a series of 

prototype bifunctional MEK/PI3K inhibitors were developed by the covalent linking of structural 

analogs of the ATP-competitive inhibitor ZSTK474 with the ATP-noncompetitive class of MEK 

inhibitors as represented by PD0325901 using a variety of spacer groups. All inhibitors 

demonstrated nanomolar to sub-nanomolar inhibition of MEK1 as well as PI3K kinase activity in 

in vitro enzymatic inhibition assays and a dose-dependent decrease in cell viability in the A549 
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lung adenocarcinoma and D54 glioma cell lines. Additionally, all inhibitors demonstrated 

significant inhibition of MEK1 activity in these two cell lines in correlation with demonstrating 

in vitro anticancer activity. Preliminary in vivo studies conducted in D54 and A549 tumor-

bearing mice with compound 14 after oral administration revealed significant inhibition of 

MEK1 and PI3K activity at 2h post-administration confirming in vivo efficacy towards target 

modulation. To the best of our knowledge, this work represents the first demonstration of 

simultaneous in vivo inhibition of the Ras/MEK/ERK and PI3K/Akt/mTor pathways using a 

single chemical entity bifunctional inhibitor. 

MATERIALS & METHODS 

Chemical syntheses involving air or moisture sensitive reagents and solvents were conducted 

under a positive pressure of nitrogen in oven-dried glassware. Key compound intermediates 

1,3,5-triazine analogs (2a, 2b) 7, and 3,4-difluoro-2-(2-fluoro-4-iodo-phenylamino)-benzoic acid 

pentafluorophenyl ester 21 (compound 3)   were synthesized as previously reported. 16,16-

Dimethyl-15-oxo-3,6,9,12,14-pentaoxa-13-azaheptadecyl 4-methylbenzenesulfonate (t-Boc-

aminoxy PEG4 tosylate) and 4-chlorobutane-1-sulfonyl chloride were purchased from 

Broadpharm, San Diego, CA and Enamine Ltd., Monmouth Jct. NJ, respectively. All other 

chemical reagents and anhydrous solvents were obtained from Aldrich Chemical Co., 

Milwaukee, WI and used without additional purification. Column chromatography was 

performed on silica gel 60 (230 – 400 mesh ASTM) purchased from EMD Millipore, Billerica, 

MA. Thin-layer chromatography (TLC) was performed using Analtech silica gel GF Uniplates 

(250 micron). TLC plates were visualized after development with either ultraviolet (UV) light or 

by spraying with phosphomolybdic acid reagent with subsequent heating. 1H NMR spectra were 

recorded on Varian instruments at 400 and 700 MHz, respectively, in CDCl3 or CD3OD as 

solvent with tetramethylsilane (TMS) as internal standard. Chemical shifts (δ) and coupling 

constants (J) are reported in parts per million (ppm) and Hertz (Hz), respectively. High 

resolution mass spectral analyses were performed at the Department of Chemistry, University of 

Michigan, using either a VG-70-250-S mass spectrometer for electron impact (EI) and chemical 

ionization (DCI) modes, a Waters Autospec Ultima instrument with an electrospray interface for 

electrospray ionization (ESI) mode or a Waters Tofspec-2E run in reflectron mode. HPLC was 

performed using a Waters Breeze HPLC System (Waters Corporation, Milford, MA) equipped 
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with a Waters 2487 Dual Wavelength Absorbance Detector. HPLC analysis was conducted at 

ambient temperature on a Waters XSELECT CSH C-18 column (4.6 x 250 mm), 5 µ particle, 

with 0.1% TFA in H2O (A) and 0.1% TFA in CH3CN (B) solvent mixtures at a flow rate of 1 

mL/min with UV absorbance monitored at 254 and 280 nm. HPLC runs were conducted using a 

25 min solvent gradient of either 30% B to 90% B (Method I), 60% B to 90% B (Method II) or 

10% B to 90% B (Method III). All biologically tested compounds were demonstrated to have > 

95% chemical purity by reversed-phase gradient HPLC analysis. 

 

3,4-Difluoro-2-(2-fluoro-4-iodo-phenylamino)-N-{2-(tert-butoxycarbonylamino)ethoxy} 

benzamide (4) 

A solution of (2-aminoxy-ethyl)-carbamic acid tert-butyl ester 22 (0.945 g, 5.36 mmol) in DMF 

(6 mL) was added in portions to a solution of 3,4-difluoro-2-(2-fluoro-4-iodo-phenylamino)-

benzoic acid pentafluorophenyl ester 21 (3) (3.0 g, 5.36 mmol) in DMF (6 mL) followed by DIEA 

(1.38 g, 1.87 mL, 10.7 mmol) and stirred at rt for 18 h. The reaction mixture was concentrated to 

dryness under reduced pressure, diluted with EtOAc (100 mL) and extracted with brine (2 x 50 

mL), H2O (50 mL), dried (MgSO4) and concentrated under reduced pressure. The crude material 

was purified by silica gel flash chromatography with a gradient of 30% - 55% EtOAc in hexanes 

to provide 2.77 g (94%) of the title compound 4 as a white foam. 1H NMR (CDCl3): δ 10.31 (br 

s, 1H), 8.59 (br s, 1H), 7.41 – 7.38 (m, 2H), 7.31 (d, 1H, J = 8.5 Hz), 6.91 – 6.84 (m, 1H), 6.61 – 

6.55 (m, 1H), 5.05 (br s, 1H), 3.93 (m, 2H), 3.43 – 3.39 (m, 2H), 1.45 (s, 9H). HRMS (ESI+): 

m/z calculated for C20H22N3F3IO4 [M + H+]: 552.0602. Found: 552.0594. 

3,4-Difluoro-2-(2-fluoro-4-iodo-phenylamino)-N-(2-aminoethoxy)benzamide (5) 

Trifluoroacetic acid (17.1 g, 11.5 mL, 150 mmol) was added to a cold solution (0 – 5 0C) of 4 

(2.77 g, 5.0 mmol) in CH2Cl2 (50 mL) under a nitrogen atmosphere and stirred at this 

temperature for 3 h. Upon completion of reaction, the mixture was diluted with Et2O (250 mL) 

and crushed ice (100 g). The pH of the aqueous solution was adjusted to pH 8 by slow addition 

of aqueous saturated NaHCO3 and the organic layer separated, dried (Na2SO4) and concentrated 

under reduced pressure. The crude product was flash chromatographed on silica gel with a 

gradient of 5% - 30% CH3OH in CH2Cl2 containing 1% NH4OH to give 1.72 g (76%) of the title 

compound 5 as a white solid. 1H NMR (CD3OD):δ 7.55 – 7.51 (m, 1H), 7.41 (dd, 1H, J = 10.9, 
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1.9 Hz), 7.32 (dd, 1H, J = 8.6, 1.0 Hz), 6.99 – 6.92 (m, 1H), 6.57 – 6.51 (m, 1H), 4.05 (t, 2H, J = 

5.0 Hz), 3.10 (t, 2H, J = 5.0 Hz). HRMS (ESI+): m/z calculated for C15H14N3F3IO2 [M + H+]: 

452.0077. Found: 452.0079. HPLC (Method I): tR = 9.72 min. 

2-(Difluoromethyl)-1-[4-(4-morpholinyl)-6-{4-(6-(N-

bromoacetylamino)hexanoyl)}piperazino)-1,3,5-triazin-2-yl]-1H-benzimidazole (6) 

A solution of the 1,3,5-triazine analog 2b (0.265 g, 0.50 mmol) and Et3N (0.102 g, 142 µL, 1.0 

mmol) in CH2Cl2 (3 mL) was cooled to 0 0C using an ice bath and treated dropwise under a 

nitrogen atmosphere with a solution of bromoacetyl bromide (0.122 g, 53 µL, 0.60 mmol) in 

CH2Cl2 (2 mL). The ice bath was removed and the reaction mixture was allowed to warm to rt 

and stirred for an additional 3 h. The mixture was diluted with EtOAC (100 mL), the organic 

layer washed with aqueous 1N HCl (50 mL), aqueous saturated NaHCO3, (50 mL), brine (2 x 50 

mL) and dried (Na2SO4). The crude product was purified by flash chromatography on silica gel 

with a gradient of 2% - 8% CH3OH in CH2Cl2 to give 0.26 g (80%) of the title compound 6 as a 

beige amorphous solid. 1H NMR (CDCl3):δ 8.33 (d, 1H, J = 8.0 Hz), 7.90 (d, 1H, J = 8.0 Hz), 

7.55 (t, 1H, J = 53.5 Hz), 7.47 – 7.39 (m, 2H), 6.62 (br s, 1H), 3.88 – 3.74 (m, 16H), 3.60 (m, 

2H), 3.35 – 3.30 (m, 2H), 2.42 – 2.39 (m, 2H), 1.75 – 1.68 (m, 2H), 1.62 – 1.57 (m, 2H), 1.46 – 

1.38 (m, 2H). HRMS (ESI+): m/z calculated for C27H35N9BrF2O3 [M + H+]: 650.2009. Found: 

650.1985.  

N-(2-((2-((6-(4-(4-(2-(difluoromethyl)-1H-benzo[d]imidazol-1-yl)-6-morpholino-1,3,5-

triazin-2-yl)piperazin-1-yl)-6-oxohexyl)amino)-2-oxoethyl)amino)ethoxy)-3,4-difluoro-2-

((2-fluoro-4-iodophenyl)amino)benzamide (Compound 7) 

A solution of the benzhydroxamate analog 5 (0.18 g, 0.40 mmol), anhydrous K2CO3 (0.061 g, 

0.44 mmol) and sodium iodide (0.066 g, 0.44 mmol) in DMF (3 mL) was treated dropwise with a 

solution of 6 (0.26 g, 0.40 mmol) in DMF (2 mL) and stirred at rt for 18 h. The mixture was 

diluted with EtOAC (50 mL), the organic layer washed with brine (2 x 25 mL) and dried 

(Na2SO4). The crude product was purified by flash chromatography on silica gel with a gradient 

of 5% - 20% CH3OH in CH2Cl2 containing 1% NH4OH to give 0.098 g (24%) of the title 

compound 7 as a cream amorphous solid. 1H NMR (CDCl3 + 1 drop CD3OD):δ 8.33 (d, 1H, J = 

7.9 Hz), 7.88 (d, 1H, J = 7.8 Hz), 7.55 (t, 1H, J = 53.5 Hz), 7.47 – 7.40 (m, 3H), 7.35 – 7.25 (m, 
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2H), 6.79 – 6.76 (m, 1H), 6.52 – 6.50 (m, 1H), 4.09 (m, 2H), 3.90 – 3.71 (m, 16H), 3.58 (m, 2H), 

3.34 (s, 2H), 3.20 (m, 2H), 2.93 (m, 2H), 2.37 – 2.16 (m, 4H), 1.61 (m, 2H), 1.49 (m, 2H), 1.33 – 

1.26 (m, 2H). HRMS (ESI+): m/z calculated for C42H47N12F5IO5 [M + H+]: 1021.2752 Found: 

1021.2754. HPLC (Method I): tR = 15.34 min (95.3% chemical purity). 

2-(Difluoromethyl)-1-[4-(4-morpholinyl)-6-{4-(6-bromohexanoyl)}piperazino)-1,3,5-triazin-
2-yl]-1H-benzimidazole (8) 

A stirred suspension of the 1,3,5-triazine analog 2a (0.208 g, 0.5 mmol) and anhydrous K2CO3 

(0.208 g, 1.5 mmol) in methyl ethyl ketone (3.5 mL) was cooled to 0 - 5 0C using an ice-bath and 

treated dropwise under a nitrogen atmosphere with a solution of 6-bromohexanoyl chloride 

(0.112 g, 81 µL, 0.525 mmol) in MEK (1.5 mL). The ice bath was removed and the reaction 

mixture was stirred at rt for an additional 3 h. The residue obtained after concentration under 

reduced pressure was partitioned between aqueous saturated NaHCO3 (100 mL) and EtOAC 

(100 ml). The organic layer was removed, washed successively with brine (50 mL), H2O (50 

mL) and dried (Na2SO4). The crude product was purified by flash chromatography on silica gel 

with a gradient of 3% - 10% acetone in CH2Cl2 to give 0.28 g (96%) of the title compound 8 as a 

colorless oil. 1H NMR (CDCl3):δ 8.33 (d, 1H, J = 7.8 Hz), 7.90 (d, 1H, J = 7.8 Hz), 7.55 (t, 1H, J 

= 53.5 Hz), 7.47 – 7.39 (m, 2H), 3.89 - 3.60 (m, 16H), 3.44 (t, 2H, J = 6.6 Hz), 2.41 (m, 2H), 

1.95 – 1.88 (m, 2H), 1.76 – 1.68 (m, 2H), 1.57 – 1.49 (m, 2H). HRMS (ESI+): m/z calculated for 

C25H32N8BrF2O2 [M + H+]: 593.1794. Found: 593.1795. HPLC (Method I): tR = 20.38 min. 

N-(2-((6-(4-(4-(2-(difluoromethyl)-1H-benzo[d]imidazol-1-yl)-6-morpholino-1,3,5-triazin-2-

yl)piperazin-1-yl)-6-oxohexyl)amino)ethoxy)-3,4-difluoro-2-((2-fluoro-4-

iodophenyl)amino)benzamide (Compound 9) 

A mixture of 8 (0.158 g, 0.27 mmol), benzhydroxamate analog 5 (0.24 g, 0.53 mmol), anhydrous 

K2CO3 (0.042 g, 0.30 mmol) and NaI (0.045 g, 0.30 mmol) in CH3CN (5 mL) was stirred at 

reflux for 4 h. The reaction mixture was diluted with EtOAc (100 mL) extracted with brine (100 

mL) and dried (Na2SO4). The crude product was purified by flash chromatography on silica gel 

with a gradient of 3% - 20% CH3OH in CH2Cl2 containing 1% NH4OH to give 0.096 g (37%) of 

the title compound 9 as a white amorphous powder. 1H NMR (CDCl3):δ 8.32 (d, 1H, J = 7.6 Hz), 

7.90 (d, 1H, J = 8.4 Hz), 7.63 (m, 1H), 7.54 (t, 1H, J = 53.5 Hz), 7.46 – 7.38 (m, 2H), 7.33 – 7.25 

(m, 2H), 6.78 (m, 1H), 6.51 (m, 1H), 4.27 (m, 2H), 3.88 – 3.41 (m, 16H), 3.14 (m, 2H), 2.88 (m, 
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2H), 2.24 (m, 2H), 1.66 (m, 2H), 1.54 (m, 2H), 1.31 (m, 2H). HRMS (ESI+): m/z calculated for 

C40H44N11F5IO4 [M + H+]: 964.2537. Found: 964.2550. HPLC (Method I): tR = 15.71 min 

(96.7% chemical purity). 

2-(Difluoromethyl)-1-[4-(4-morpholinyl)-6-{4-(4-chlorobutane-1-sulfonyl)}piperazino)-
1,3,5-triazin-2-yl]-1H-benzimidazole (10)  

A solution of the 1,3,5-triazine analog 2a (0.208 g, 0.5 mmol) and Et3N (0.061 g, 84 µL, 0.6 

mmol) in CH2Cl2 (5 mL) was cooled to 0 - 5 0C under a nitrogen atmosphere using an ice-bath. 

A solution of 4-chlorobutane-1-sulfonyl chloride (0.096 g, 70 µL, 0.5 mmol) in CH2Cl2 (2 mL) 

was added dropwise, the ice bath removed and the reaction mixture was stirred at rt for 18 h. The 

reaction mixture was treated with CH2Cl2 (50 mL) and washed successively with brine (2 x 50 

mL), H2O (50 mL) and dried (Na2SO4). The crude product was purified by flash chromatography 

on silica gel with a gradient of 1% - 5% CH3OH in CH2Cl2 containing 1% NH4OH to give 0.264 

g (92%) of the title compound 10 as a white foam. 1H NMR (CDCl3):δ 8.31 (d, 1H, J = 7.6 Hz), 

7.90 (d, 1H, J = 8.2 Hz), 7.53 (t, 1H, J = 53.3 Hz), 7.47 – 7.39 (m, 2H), 4.00 (m, 4H), 3.89 (m, 

4H), 3.80 (m, 4H), 3.58 (t, 2H, J = 6.0 Hz), 3.40 (m, 4H), 3.00 – 2.96 (m, 2H), 2.05 -1.93 

(overlapping m, 4H). HRMS (ESI+): m/z calculated for C23H30N8ClF2O3S [M + H+]: 571.1812. 

Found: 571.1812. 

N-(2-((4-((4-(4-(2-(difluoromethyl)-1H-benzo[d]imidazol-1-yl)-6-morpholino-1,3,5-triazin-2-
yl)piperazin-1-yl)sulfonyl)butyl)amino)ethoxy)-3,4-difluoro-2-((2-fluoro-4-
iodophenyl)amino)benzamide (Compound 11) 

A mixture of the 4-chlorobutylsulfonamide analog 10 (0.156 g, 0.273 mmol), benzhydroxamate 

analog 5 (0.248 g, 0.55 mmol), anhydrous K2CO3 (0.042 g, 0.30 mmol) and NaI (0.045 g, 0.30 

mmol) in CH3CN (5 mL) was stirred at reflux for 18 h. The mixture was diluted with CHCl3 

(100 mL) extracted with brine (2 x 50 mL) and dried (Na2SO4). The crude product was purified 

by flash chromatography on silica gel with a gradient of 5% - 15% CH3OH in CH2Cl2 containing 

1% NH4OH to give 0.080 g (30%) of the title compound 11 as a white amorphous powder. 1H 

NMR (CDCl3 + 1 drop CD3OD):δ 8.30 (d, 1H, J = 7.6 Hz), 7.89 (d, 1H, J = 7.4 Hz), 7.53 (t, 1H, 

J = 53.3 Hz), 7.47 – 7.26 (m, 5H), 6.81 - 6.79 (m, 1H), 6.52 – 6.51 (m, 1H), 4.15 (m, 2H), 3.96 – 

3.79 (m, 12H), 3.32 (m, 4H), 3.00 (m, 2H), 2.88 (m, 2H), 2.77 (m, 2H), 1.86 (m, 2H), 1.72 (m, 
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2H). HRMS (ESI+): m/z calculated for C38H42N11F5IO5S [M + H+]: 986.2050. Found: 986.2043. 

HPLC (Method III): tR = 20.09 min (97.9% chemical purity). 

2-(Difluoromethyl)-1-[4-(4-morpholinyl)-6-{4-(2-(2-(2-(2-(tert-
butylcarbonylaminoxy)ethoxy)ethoxy)ethoxy)ethyl}piperazino)-1,3,5-triazin-2-yl]-1H-
benzimidazole (12) 

A mixture of the 1,3,5-triazine analog 2a (0.52 g, 1.25 mmol), t-Boc-aminoxy PEG4 tosylate 

(0.58 g, 1.25 mmol) and anhydrous K2CO3 (0.345 g, 2.5 mmol) in toluene (8 mL) was stirred at 

reflux for 24 h. The mixture was diluted with CH2Cl2 (100 mL) extracted with brine (100 mL), 

H2O (100 mL) and dried (Na2SO4). The crude product was purified by flash chromatography on 

silica gel with a gradient of 2% - 5% CH3OH in CHCl3 containing 1% NH4OH to give 0.63 g 

(71%) of the title compound 12 as a pale yellow viscous gum.  1H NMR (CDCl3):δ 8.34 (d, 1H, J 

= 7.8 Hz), 7.99 (s, 1H), 7.88 (d, 1H, J = 7.8 Hz), 7.58 (t, 1H, J = 53.5 Hz), 7.43 – 7.37 (m, 2H), 

4.03 – 4.01 (m,2H), 3.91 – 3.86 (m, 8H), 3.80 – 3.78 (m, 4H), 3.73 – 3.63 (m, 12H), 2.66 (t, 2H, 

J = 5.6 Hz), 2.61 (m, 4H), 1.47 – 1.48 (m, 9H). HRMS (ESI+): m/z calculated for C32H48N9F2O7: 

708.3639. Found: 708.3636. HPLC (Method I): tR = 9.76 min. 

2-(Difluoromethyl)-1-[4-(4-morpholinyl)-6-{4-(2-(2-(2-(2-
aminoxy)ethoxy)ethoxy)ethoxy)ethyl}piperazino)-1,3,5-triazin-2-yl]-1H-benzimidazole (13) 

A stirred solution of 12 (0.255 g, 0.36 mmol) in CH2Cl2 (5 mL) was cooled to 0 0C with an ice 

bath and treated dropwise with a solution of TFA (2.5 mL) in CH2Cl2 (5 mL). The reaction was 

stirred at 0 - 5 0C for an additional 2 h then treated with ice-cold water (100 mL) and the pH of 

the aqueous layer was adjusted to pH 8 with saturated aqueous NaHCO3. The mixture was 

extracted twice with EtOAc (100 mL), the organic extract washed successively with brine (100 

mL), H2O (100 mL) and dried (Na2SO4). The crude product was purified by flash 

chromatography on silica gel with a gradient of 2% - 4% CH3OH in CH2Cl2 containing 1% 

NH4OH to give 0.18 g (82%) of the title compound 13 as a colorless viscous oil. 1H NMR 

(CDCl3):δ 8.34 (d, 1H, J = 7.8 Hz), 7.89 (d, 1H, J = 8.0 Hz), 7.58 (t, 1H, J = 53.5 Hz), 7.45 – 

7.37 (m, 2H), 5.52 (br s, 2H), 3.89 – 3.69 (m, 14H), 3,67 (m, 12 H), 2.66 (t, 2H, J = 5.5 Hz), 2.60 

(m, 4H). HRMS (ESI+): m/z calculated for C27H40N9F2O5 [M + H+]: 608.3115. Found: 608.3114. 

HPLC (Method III): tR = 10.75 min. 
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N-(2-(2-(2-(2-(4-(4-(2-(difluoromethyl)-1H-benzo[d]imidazol-1-yl)-6-morpholino-1,3,5-
triazin-2-yl)piperazin-1-yl)ethoxy)ethoxy)ethoxy)ethoxy)-3,4-difluoro-2-((2-fluoro-4-
iodophenyl)amino)benzamide (Compound 14) 

A mixture of 13 (0.10 g, 1.64 mmol), pentafluorophenyl ester analog 3 (0.092 g, 1.64 mmol) and 

DIEA (0.042 g 0.58 µL, 0.33 mmol) in DMF (1 mL) was stirred at rt for 24 h. The mixture was 

diluted with CH2Cl2 (100 mL) extracted with brine (2 x 100 mL) and dried (Na2SO4). The crude 

product was purified by flash chromatography on silica gel with a gradient of 2% - 5% CH3OH 

in CHCl3 containing 1% NH4OH to give 0.088 g (55%) of the title compound 14 as a pale pink 

crystalline solid. 1H NMR (CDCl3 + 1 drop CD3OD):δ 8.33 (dd, 1H, J = 7.8, 1.4 Hz), 7.86 (dd, 

1H, J = 7.0, 1.5 Hz), 7.58 (t, 1H, J = 53.6 Hz), 7.46 – 7.26 (m, 5H), 6.86 – 6.79 (m, 1H), 6.58 – 

6.52 (m, 1H), 4.13 – 4.11 (m, 2H), 3.87 – 3.74 (m, 14H), 3.67 – 3.60 (m, 10H), 2.86 (br s, 1H), 

2.64 (t, 2H, J = 5.5 Hz), 2.59 – 2.52 (m, 4H). HRMS (ESI+): m/z calculated for C40H45N10F5IO6 

[M + H+]: 983.2483. Found: 983.2477. HPLC (Method I): tR = 14.56 min. 

In Vitro MEK1 Inhibition Assays. In vitro MEK1 inhibition activity of inhibitor analogs were 

determined using Kinase-Glo® Luminescent Kinase Assay kits from Promega (Wisconsin, 

USA) per manufacturer’s instructions. Purified MEK1 and inactive Erk2 were purchased from 

Sigma-Aldrich (St. Louis MO, USA) and Carna Biosciences (Kobe, Japan) respectively. Briefly, 

series of compound dilutions were added in 96-well plates, followed by MEK1, Erk2 and ATP 

solutions. Kinase reactions were run at 30 oC for 30 min. Equal volumes of KinaseGlo solution 

were then added and reactions were incubated at room temperature for a further 30 min. 

Bioluminescence signals were acquired with an Envision Multilabel Reader from PerkinElmer. 

Assays were conducted in triplicate with various inhibitor concentrations each run in duplicate. 

IC50 data were calculated using Graphpad Prism software (version 5.0, La Jolla, CA). 

In Vitro PI3K Inhibition Assays. Quantitation of PI3K lipid kinase activity was carried out by 

Life Technologies (Madison, WI) with purified enzyme using the fluorescence-based Adapta 

TR-FRET assay protocol. Assays were conducted in triplicate with various inhibitor 

concentrations (0.1 nM – 10 µM). 

 

Virtual Docking Models of Bifunctional Inhibitor Analogs. Docking models of bifunctional 

inhibitor analogs were obtained using software from Schrödinger Inc. X-ray crystal structures of 
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MEK1 (PDB code: 3WIG) and PI3K (PDB code: 2WXK) were prepared using the Protein 

Preparation Wizard in Maestro (Protein Preparation Wizard, Schrödinger, LLC, New York, NY). 

The protein structure was then used to generate the receptor grids for docking using OPLS2005 

with the binding site defined by the native ligand. The bifunctional inhibitor ligands were built 

and prepared for docking in Maestro using LigPrep 3.4 (LigPrep, Schrödinger, LLC, New York, 

NY). The docking procedures were performed using Glide 6.7 in Standard Precision mode with 

default parameters and no constraints 23.   

 

Cell Culture and Cell Death Assays. A human lung adenocarcinoma epithelial cell line A549, 

and a glioma cell line D54 were grown in RPMI supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) and 1% penicillin/streptomycin/glutamine (Gibco, Carlsbad, CA). Cells 

were grown in a humidified incubator at 37 ℃ with a supply of 5% CO2. Initial testing of the 

therapeutic effects of inhibitor compounds were accomplished using cell viability assays. Stock 

solutions of inhibitor compounds (10 mM), ZSTK474 (representative PI3K inhibitor), 

PD0325901 (representative MEK inhibitor) were prepared in DMSO and used to make final 

solutions by serial dilution in RPMI media. Control wells were dosed with media containing 1% 

DMSO carrier solvent. Cell viability was determined 48 h later using an AlarmarBlue assay (Life 

Technologies, Carlsbad, CA) according to the manufacturers’ instructions. Fluorescence signals 

were determined with a PerkinElmer EnVision Xcite Multilabel Reader (PerkinElmer, Waltham, 

MA). 

Western Blot Analysis. Cells were seeded in 6-well dishes 24 h prior to treatment and incubated 

with the respective inhibitor compound solutions for 1 h.  Cells were washed with phosphate-

buffered saline (PBS) and lysed with NP-40 lysis buffer (1% NP40, 150 mM NaCl, and 

25 mM Tris, pH 8.0) supplemented with protease inhibitors (Complete Protease Inhibitor 

Cocktail, Roche, Basel, Switzerland) and phosphatase inhibitors (PhosSTOP, Roche, Basel, 

Switzerland). Concentration of protein was determined using Lowry assays (Bio-Rad, Hercules, 

CA) and equal amounts of whole cell protein lysate were loaded in each lane and resolved using 

4 - 12% gradient Bis-Tris gel (Invitrogen, CA). Proteins were transferred to 0.2 µm 

nitrocellulose membranes (Invitrogen, CA). Membranes were incubated overnight at 4 oC with 

primary antibodies after blocking, followed by incubation with appropriate horse radish 

peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. ECL-Plus was 
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used to detect the activity of peroxidase according to the manufacturer’s protocol (Amersham 

Pharmacia, Uppsala, Sweden). Antibodies raised against phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204), pAKT(S473), phospho-p70 S6K and total ERK, AKT antibodies were 

purchased from Cell Signaling Technology (Beverly MA, USA), and anti-beta actin (conjugated 

with HRP) was purchased from Abcam (Cambridge, MA, USA). Secondary HRP antibodies 

were purchased from Jackson ImmunoResearch (St. Louis MO, USA). 

In Vivo Evaluation of Inhibitor Efficacy. All animal experiments were approved by the 

University Committee on the Use and Care of Animals (UCUCA) at the University of Michigan. 

Five-week-old athymic nude Foxn1nu mice were inoculated subcutaneously with 1 × 106 fully 

suspended D54 cells into the flanks of two mice and similarly, 2 additional mice were inoculated 

with A549 cells in the flank. Each injectate contained a total volume of 200 µL cell suspension in 

50% RPMI medium mixed with 50% BD Matrigel Basement Membrane Matrix (Becton, 

Dickinson and Company, East Rutherford, NJ). When tumor volumes reached approximately 

150 mm3 by caliper measurement, mice were deprived of food for 4 h followed by administration 

with either vehicle [200 µL of DMSO:HPBCD (3:2)] or inhibitor analog (14) (375 mg/kg in 200 

µL of DMSO:HPBCD (3:2) orally at 2 h prior to sacrifice. Tumor tissues were collected from 

both vehicle and drug-treated groups and subjected to Western blot analysis as previously 

described. 
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Supporting Information 

H-1 NMR spectral data for compounds 5 – 14 (PDF); HPLC analysis data for compounds 7, 9, 

11, 14 (PDF); Molecular formula strings for compounds 2b, 5 – 14 (CSV). 
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FIGURE CAPTIONS 

Figure 1. Structure and In Vitro Enzyme Inhibition Data for First Generation MEK/PI3K 
Bifunctional Inhibitor 1 

 

Figure 2. MEK1 Inhibition Activity Data for Benzhydroxamate Analogs. 

 

Figure 3. Key Intermediates used in Synthesis of MEK/PI3K Bifunctional Inhibitors. 

 

Figure 4. Docked structures of compound 14 at MEK1 allosteric pocket and PI3Kα. (A) 
Binding mode of compound 14 within the MEK1 (PDB code: 3WIG) allosteric catalytic site. 
The PI3K portion of compound 14 is out to solvent (left). (B) Binding mode of compound 14 to 
PI3K (PDB code: 2WXK) catalytic site. MEK1 binding portion is out to solvent (left). Atom 
denotation: grey (carbon); red (oxygen); blue (nitrogen); green (fluorine); white (hydrogen) and 
purple (iodine). Pi orbital stacking interactions are shown as hashed blue lines while hydrogen 
bonds are shown as hashed yellow lines. 

 

Figure 5. In vitro activity of compounds 7, 9, 11 and 14. Activity of compounds for in vitro 
targeting MAPK/ERK and PI3K/AKT pathways by Western blot analysis of protein lysates 
obtained from cultured (A) A549 lung tumor and (B) D54 glioma cells. Cells were incubated in 
the presence of indicated compounds for 1 h and lysates probed with specific antibodies against 
pAKT and pERK1/2 and compared with vehicle control (DMSO). 

 

Figure 6. Quantification of in vitro activity of compounds 7, 9, 11 and 14. Dose dependence 
of cell viability following exposure to compounds 7, 9, 11, 14 and the PI3K inhibitor ZSTK474 
and MEK inhibitor PD0325901 at the indicated concentrations in (A) A549 lung tumor cells and 
(B) D54 glioma cells. The percentage of viable tumor cells was determined at 24 h following 
exposure. 

 

Figure 7. Evaluation of compound 14 in vivo activity. In vivo MEK1 and PI3K inhibition 

activity in tumor bearing mice. Compound 14 was evaluated in preliminary studies for in vivo 

target modulation. Mice bearing D54 and A549 subcutaneous tumors were treated with either 
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vehicle or 375 mg/kg of compound 14 by oral gavage at 2 h prior to sacrifice. (A) Western blot 

analysis of excised tumor tissue showed that compound 14 successfully modulated both MEK1 

and PI3K activities in a D54 tumor relative to vehicle control. (B) Western blot analysis of 

excised A549 tumor tissue showed that compound 14 successfully modulated both MEK1 and 

PI3K activities in A549 tumor relative to vehicle control. This data demonstrates in vivo 

bioavailability and efficacy of compound 14 for suppression of MEK1/PI3K kinase activities in 

vivo in solid tumors confirming that simultaneous in vivo inhibition of the Ras/MEK/ERK and 

PI3K/Akt/mTor pathways using a single chemical entity bifunctional inhibitor (compound 14) 

could be achieved. 
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Table 1.  In vitro MEK1 and PI3K Enzyme Inhibition Data 

 

                             

  
IC50 (nM)# 

 
 

Compound 
 

 
Linker (X) 

 
cLogP 

 
MEK1 

 
PI3K 

 
7  

 

 
4.84 

 
0.50 ± 1.2 

 
54 ± 25 

 
9  

 

 
5.58 

 
0.019 ± 3.09 

 
341 ± 56 

 
11  

 

 
5.48 

 
56.7 ± 1.3 

 
285 ± 36 

 
14 

 
 

 

 
5.71 

 
0.015 ± 1.57 

 
191 ± 64 

 
5 
 

 
n.a. 

 
3.75 

 
0.00715 ± 1.40 

 
n.d. 

 
PD0316684 

 

 
n.a. 

 
3.68 

 
13.0 ± 1.6 

 
n.d. 

 
PD0325901 

 

 
n.a. 

 
2.85 

 
15.0 ± 1.3 

 
n.d. 

 

# Binding data are the average of 3 experiments each conducted in duplicate 

† cLogP data were obtained using ChemDraw Professional (version 15.0.0.106)  
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Figure 1 

 

                     

IC50 (nM) 
PI3K MEK1 

172 ± 24 473 ± 17.8 
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Figure 2 

 

COMPOUND R IC50 (nM) 
PD0325901 R-(-)-CH2CHOH(CH2OH) 0.33a 
PD0316684 -CH2CH2OH 0.07a 

5a -CH2CH2NHCH3 20b 
 

 a data from reference 17 

 b data from reference 21 
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Figure 3 
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Figure 7
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Figure 1 

 

                     

IC50 (nM) 
PI3K MEK1 

172 ± 24 473 ± 17.8 
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MEK1 IC50: 0.015 nM 

PI3K IC50: 191 nM 
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Table 1.  In vitro MEK1 and PI3K Enzyme Inhibition Data 

 

                             

  

IC50 (nM)
#
 

 

 

Compound 

 

 

Linker (X) 

 

cLogP 

 

MEK1 

 

PI3K 

 

7  
 

 

4.84 

 

0.50 ± 1.2 

 

54 ± 25 

 

9  
 

 

5.58 

 

0.019 ± 3.09 

 

341 ± 56 

 

11  
 

 

5.48 

 

56.7 ± 1.3 

 

285 ± 36 

 

14 

 

 
 

 

5.71 

 

0.015 ± 1.57 

 

191 ± 64 

 

5 

 

 

n.a. 

 

3.75 

 

0.00715 ± 1.40 

 

n.d. 

 

PD0316684 

 

 

n.a. 

 

3.68 

 

13.0 ± 1.6 

 

n.d. 

 

PD0325901 

 

 

n.a. 

 

2.85 

 

15.0 ± 1.3 

 

n.d. 

 

#
 Binding data are the average of 3 experiments each conducted in duplicate 

† cLogP data were obtained using ChemDraw Professional (version 15.0.0.106)  
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Figure 1 

 

                     

IC50 (nM) 

PI3K MEK1 

172 ± 24 473 ± 17.8 
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Figure 2 

 

COMPOUND R IC50 (nM) 

PD0325901 R-(-)-CH2CHOH(CH2OH) 0.33
a
 

PD0316684 -CH2CH2OH 0.07
a
 

5a -CH2CH2NHCH3 20
b
 

 

 
a 
data from reference 17 

 
b 
data from reference 21 
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Figure 3 
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Figure 7
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