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ABSTRACT: The ERK/MAP kinase cascade is a key mechanism subject to dysregulation in cancer
and is constitutively activated or highly upregulated in many tumor types. Mutations associated with
upstream pathway components RAS and Raf occur frequently and contribute to the oncogenic
phenotype through activation of MEK and then ERK. Inhibitors of MEK have been shown to
effectively block upregulated ERK/MAPK signaling in a range of cancer cell lines and have further
demonstrated early evidence of efficacy in the clinic for the treatment of cancer. Guided by
structural insight, a strategy aimed at the identification of an optimal diphenylamine-based MEK
inhibitor with an improved metabolism and safety profile versus PD-0325901 led to the discovery of
development candidate 1-({3,4-difluoro-2-[(2-fluoro-4-iodophenyl)amino]phenyl}carbonyl)-3-
[(2S)-piperidin-2-yl]azetidin-3-ol (XL518, GDC-0973) (1). XL518 exhibits robust in vitro and in vivo potency and efficacy
in preclinical models with sustained duration of action and is currently in early stage clinical trials.
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The MAPK cascade, or mitogen-activated protein kinase
signal transduction pathway, is a mechanism commonly

subject to dysregulation in cancer, and constitutive or highly
upregulated signaling is a frequent hallmark of oncogenic
transformation and progression. Controlled by activation of
RAS at the cell surface interior, the subsequent stimulation of
Raf and then MEK and ERK serves to regulate a range of key
intracellular effectors associated with cell proliferation,1

invasion,2 angiogenesis,3 and apoptotic resistance.4 Mutated
RAS is associated with almost one-third of human cancers, and
a majority of malignant melanomas and papillary thyroid
cancers harbor B-Raf mutations.5,6 Inhibitors of MEK have
demonstrated efficacy against malignant tumors characterized
by mutations in either RAS or Raf in preclinical models, and
early development candidates including GSK1120212,7

AZD6244,8 and PD0325901 (2)9 have further demonstrated
evidence of activity in the clinical setting as well.
In some tumors, activation of both the RAS driven ERK/

MAPK cascade and the PI3K-Akt pathway is observed,
resulting in degenerate and convergent oncogenic signals, and
upregulation or constitutive PI3K pathway activation is
associated with resistance to MEK inhibitor single agent
treatment.10 Several combination approaches using inhibitors of
mTor, PI3K, Akt, and Raf have more recently been validated in
preclinical models and are being pursued clinically. Herein, the
discovery of XL518 (GDC-0973) (1), a potent and selective
MEK inhibitor, is described. XL518 is currently in early stage
clinical testing as both a single agent and in combination with
the class I PI3K inhibitor GDC-0941.11

Our goal at the outset was the identification of a potent and
selective MEK inhibitor with sustained duration of efficacy
suitable for qd dosing and an optimized safety profile relative to
clinical precursors. The diphenylamine series disclosed by the
Pfizer/Warner Lambert groups served as a starting point for
our effort. A key aspect that served as a guide post for the
optimization process included elimination of the hydroxamate
ester, which demonstrated metabolic instability in the CI-1040
series.12 Potentially neurological side effects associated with
ataxia, confusion, and syncope were also observed in patients
during early trials involving PD-0325901 (2), possibly
associated with BBB penetration and MAPK pathway
suppression in brain tissue by parent or active metabolite (4),
and we sought to minimize this activity as well.13
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Guided by structural insight, our approach focused on
replacement of the hydroxamate ester with a carboxamide.
Binding of the hydroxamate group in 2 is defined by a network
of hydrogen bond contacts involving the C2 and C3 hydroxyl
groups with the γ-phosphate of bound ATP (Figure 1). The

diphenylamine core binds in the manner reported for early
analogues in the CI-1040 series.14 Initial efforts focused on the
synthesis and evaluation of simple cyclic and acyclic
carboxamide derivatives of (4) that feature polar substituents
including alcohols (Scheme 1). The set of amide derivatives
(6−19) featured in Table 1 were evaluated for MEK
biochemical inhibitory activity in a c-Raf-1/MEK1/ERK triple
coupled assay using an AlphaScreen chemiluminescense
readout and for cellular activity in MDA-MB-231T breast

adenocarcinoma cells, selected for the expression of both K-
RAS G13D and B-RAF G464V mutations.
Preliminary results were not encouraging, and weak activity

was generally observed for early amides, exemplified by 4-
aminobutane-1,2-diol carboxamide (3), which was 103-fold less
potent than PD-0325901. The azetidin-3-ol analogue (7) stood
out as the most promising starting point for further
optimization efforts with a biochemical IC50 of 44 nM and
similar potency in the cellular assay. Increasing the ring size of
the carboxamide to pyrrolidine or piperidine analogues resulted
in a dramatic loss of activity. Oral exposure in the rat was rather
poor for (7), the result of low oral availability (19%) and high
clearance, and suggested that both absorption and metabolism
liabilities need to be addressed going forward (Table 2).
Metabolic instability was also reflected in relatively high rat liver
microsomal instability observed in vitro. The lipophilic
character (cLog P = 4.3, PSA = 52.6 Å2) of 7 suggested
further that an improvement in aqueous solubility may also
serve to optimize oral exposure.
The hydroxyl group at the 3-position of the azetidine was

important for biochemical potency, and deletion in the case of
6 was poorly tolerated. The cocrystal structure of azetidinol (7)
in adenosine 5′-(β,γ-methylenetriphosphonate) (AMP-PCP)
bound MEK1 was solved and provided structural insight
(Figure 1). The azetidine hydroxyl projects efficiently into the
catalytic loop region, forming two hydrogen bonds with
residues Asp190 and Asn195 with the diphenylamine core
binding in a manner entirely consistent with that of PD-
0325901. Azetidin-3-ol interaction with catalytic loop was
initially unanticipated and left open the prospect for
introduction of additional contacts with bound phosphate
and served as the strategic basis for follow up SAR.
On the basis of structural guidance and for pragmatic

reasons, our attention was directed primarily to substitution of
the azetidine ring 3-position for follow up SAR. We set out to
prepare key analogues bearing additional hydrophilic sub-
stitutions that could serve to interact with bound ATP
phosphate and further enhance aqueous solubility. The
introduction of a basic aminomethylene at the 3-position (8)
highlighted this effort and led to a significant 6-fold
improvement in biochemical activity. Deletion of the basic
amine as in the case of 9 resulted in a greater than 10-fold
reduction in potency, and nonbasic analogues (10 and 11)
failed to improve activity beyond that of 7. The crystal structure
of AMP-PCP bound MEK1 with 8 was solved and revealed that
the amine does engage the γ-phosphate (Figure 2). The amine
appears to induce reorganization of the phosphate chain and
brings the groups into close proximity. This shift also allows the
alcohol to bridge and engage both Asp190 and the γ-phosphate,
resulting in the formation of a more complex network of
contacts. Gratifyingly, compound 8 also demonstrated
improved oral exposure in the rat relative to 7. Compound 8
was found to have an oral bioavailability of 77% in the rat and a
significantly lower clearance, resulting in a dramatic improve-
ment in oral AUC and half-life.
Compound 8 was examined in a duration of action MDA-

MB-231T xenograft PD study that included measurement of
BBB penetration and p-ERK inhibition in brain tissue (Table
3). Samples were taken at 2 and 24 h, and at both time points,
the concentration of metabolite 4 was measured. At an oral
dose of 30 mg/kg, mean plasma and tumor levels of 2.4 and
7.36 μM were observed at 2 h, and some brain tissue exposure
was apparent. At 24 h, plasma exposure diminished markedly,

Figure 1. Overlay of MEK1:AMP-PCP complex X-ray cocrystal
structures for PD0325901 (2) in blue and azetidinol (7) in green.
Dashed lines indicate key contacts and distances for the hydroxamate
and carboxamide.

Table 1. In Vitro Activity for MEK Inhibitors

compd MEK1 IC50 (nM)a MD-MBA-231T IC50 (nM)b

1 0.9 0.2
2 0.6 0.9
3 801 128
4 19.5 102
6 535 111
7 44 29
8 6.6 57
9 82 51
10 27 29
11 220 81
12 7.2 6.9
13 1.8 3.7
14 4.8 11
15 5.1 14
16 7.6 50
17 1708 331
18 5.2 46
19 16 164

aBiochemical activity c-Raf/MEK1/ERK (T202/Y204). bCellular
inhibition assay p-ERK (T202/Y204).
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and tumor accumulation was observed while brain levels
remained relatively unchanged. Minimal 4 was detected in
plasma only at 24 h time point and could not be detected in
tumor or brain tissue. Overall, the inhibition of p-ERK was
modest and apparent in both tumor and brain tissue. While the

duration of PD response was encouraging and consistent with
sustained tumor exposure, the level of brain tissue activity and
an ED50 >30 mg/kg was considered less than ideal for moving
forward.
Going forward, we reasoned that the aminoethanol fragment

embedded in 8 should be conserved since it affords optimal
contact with ATP γ-phosphate and Asp190. The influence of
substitution at the aminomethylene terminus was then
explored. A broad set of N-substituted derivatives highlighted
by 12−17 were readily synthesized using the same general
coupling approach employed for the synthesis of earlier
analogues. The required azetidines were prepared straightfor-
wardly from 3-azetidinol (20) (Scheme 2). Mono- and
disubstitution of the amine was well tolerated for small groups,
and significantly improved cellular activity as well was observed
in the case of 12 and 13, although morpholine 17 demonstrated
a clear limit to the SAR. Structural studies revealed that
nitrogen substitution alters binding by rotation of the amine
away from the γ-phosphate to significantly favor interaction
with the catalytic loop, presumably driven by steric effects. Rat
pharmacokinetic studies revealed relatively poor oral exposure
for the series characterized by high clearance and reduced half-
life associated in part with metabolic degradation back to parent
8 and correlated well with increased rat microsomal instability

Figure 2. MEK1:AMP-PCP ternary complex cocrystal structures for 8 (A) and 1 (XL518) (B). Dashed lines indicate key contacts for the
carboxamide and aminoethanol fragments.

Table 2. In Vitro ADME and PK Parameters for Lead MEK
Inhibitors

rat PK parametersa

compd MDCKb RLMc HLMc
Cl

(mL/h/kg)

oral
t1/2
(h) F %

AUC/
dosed

7 399 80.1 30.8 8324 1.5 19 0.05
8 43 16.2 755 9.1 78 1.57
12 207 31.5 46.3 2101 5.4 101 0.85
13 210 40.5 35.8 5958 4.9 86 0.25
18 99 −4.5 2.6 800 11.4 58 1.03
1 105 22.4 13.8 3565 6.1 77 0.35

aCompounds were prepared as amorphous solids and dosed at 5 mg/
kg in female CD rats. bCell permeability Papp nm/s.

c% Conversion in
the presence of rat and human liver microsomes at 0.5 mg/mL
microsomal concentration supplemented with NADPH and at 15 μM
substrate concentration at 37 °C for 30 min. dOral AUC (0−t)
normalized to dose (μM h/mg/kg).

Table 3. PD Activity for Lead MEK Inhibitor (8) and XL518 (1)

tumorb brainb

plasmab 2 h 24 h 2 h 24 h

compd dosea concn 2 h concn 24 h concn p-ERK (%) concn p-ERK (%) concn p-ERK (%) concn p-ERK (%)

8 30 2.4 0.03 7.36 27 26.85 44 0.73 23 1.24 17
4c 0.01 0.21 <LQ <LQ <LQ <LQ
1 5 <LQ 0.53 16 <LQ 8
1 10 0.1 1.99 45 <LQ 7
1 20 0.1 3.59 75 <LQ 2
1 100 0.12 22.85 87 0.22 0

aSingle oral dosage in MDA-MB-231T tumor bearing mice in mg/kg. bParent drug and metabolite (4) concentrations given in units of μM. p-ERK
(T202/Y204) reported as % inhibition. cMetabolite (4) measured on administration of parent (8).
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in vitro. Methylene substitution was explored by preparation of
the individual α-methyl enantiomers (18 and 19). The requisite
azetidine precursors were prepared from ethylidine (22) using
Sharpless dihydroxylation methodology followed by diol
sulfation and regioselective azide ring opening.15 Subsequent
azide reduction and protecting group manipulation afforded the
desired chiral azetidines (26 and 27). Methylation was well
tolerated and the (S)-enantiomer (18) exhibited 3-fold
improved potency over the (R)-isomer. Substitution with
progressively larger alkyl groups or gem-dialkylation proved
unproductive. Compound 18 demonstrated cellular activity and
oral exposure analogous to that of the parent methylene 8 and
offered no advantage.
The strategy for final optimization recognized the oppor-

tunity to combine the tolerance for N-alkylation and α-
methylene substitution. Ultimately, the ideal balance of optimal
cellular potency and oral exposure was achieved by linking the
methylene and terminal nitrogen through an alicyclic ring. A
piperidine ring was found to be optimal and on the laboratory
scale was isolated in chiral form by resolution of 28, prepared
according to the published method of Peter Beak (Scheme 3).16

The piperidin-2-yl (S)-isomer (1) (XL518, GDC- 0973) was
found to be over 10-fold more potent than the (R)-isomer and
exhibits subnanomolar biochemical and cellular activity. The
cocrystal structure of XL518 in AMP-PCP bound MEK1 was
solved and revealed the formation of a highly complex network

of interactions involving the embedded aminoethanol terminus
with both the catalytic loop Asp190 and the γ-phosphate
(Figure 2). Introduction of the cyclic constraint repositions the
amine closer to the catalytic loop and allows for engagement of
both γ-phosphate and Asp190. Acceptable oral exposure in the
rat was observed with half-life and clearance values intermediate
that of the N-substituted derivative (13) and parent (8), which
translated into potent PD activity as well (Table 3). In a dose
ranging duration of action PD study, limited brain exposure was
observed at the 100 mg/kg dose, and no metabolite (4) could
be detected. An ED90 of 39.7 mg/kg for p-ERK inhibition in

Scheme 1. General Synthesis of Carboxamide MEK Inhibitorsa

aReagents and conditions: (a) Compound 1, cyanuric fluoride, DCM, pyr. 0 °C. (b) Compound 5, DMF, DIPEA, RT. (c) Compound 4, PyBOP,
DMF, DIPEA, RT.

Scheme 2. General Synthesis of Azetidine Precursors for Compounds 12−19a

aReagents and conditions: (a) BOC2O, aqueous dioxane, NaHCO3. (b) (COCl)2, DMSO, DCM, −78 °C. (c) RCH2P(Ph)3
+Br−, t-BuOK, Et2O, 35

°C. (d) m-CPBA, CHCl3. (e) R1R2NH, THF. (f) TFA. (g) AD-mix-β, MeSO2NH2, aqueous t-BuOH. (h) (i) HCl, MeOH; (ii) CbzCl, aqueous
dioxane, NaHCO3. (i) SOCl2, pyr., DCM, 0 °C. (j) RuCl3, NaIO4, aqueous ACN. (k) NaN3, DMF, 60 °C. (l) PPh3, aqueous THF, 70 °C. (m)
BOC2O, THF. (n) Pd/C (10%), H2, MeOH, 1 atm.

Scheme 3. Resolution of Piperdines for the Synthesis of
XL518a

aReagents and conditions: (a) (i) (R)-(−)-α-Methoxy-α-trifluorome-
thylphenylacetyl chloride, DMAP, DCM, 0 °C; (ii) Silica gel
chromatography. (b) Aqueous NaOH, MeOH. (c) Pd/C (10%), H2,
MeOH, 1 atm.
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tumor tissue at 24 h was measured and provided support for an
improved safety profile of 1 in terms of minimizing MAPK
pathway inhibition in brain tissue within an effective therapeutic
dose range. In an MDA-MB-231T efficacy study, XL518
demonstrated tumor growth inhibition values of 60 and 93% at
1 and 3 mg/kg, respectively, and statistically significant tumor
regression was observed at higher doses.17 Overall, predicted
ED50 and ED90 values based on this study are 0.6 and
approximately 3 mg/kg/day, respectively, in the latter case
corresponding to peak circulating plasma levels in the range of
130 nM. Intermediate serum protein binding in the range of
94−96% across species as well as a disproportionate
accumulation of XL518 into the tumor tissue in xenograft
studies affords a disconnect between effective drug concen-
trations under serum-free conditions in vitro with those in vivo.
XL518 demonstrated no mutagenicity in Ames testing and was
well tolerated in subchronic oral dosing studies in rats with
minimal effects on plasma clinical chemistry and hematology
parameters.
In summary, a series of highly potent and selective MEK

inhibitors based on the diphenylamine core have been
identified. This novel series makes use of a metabolically stable
azetidinyl carboxamide linkage that exploits unique and efficient
contacts with bound ATP γ-phosphate and Asp190 in the
catalytic loop region. Efforts to optimize the potency and
pharmacokinetic profile of this series culminated in the
discovery of the XL518 (GDC-0973). XL518 demonstrates
excellent pharmacokinetics in preclinical species and minimal
BBB penetration by parent or active metabolite (4) that
translates into sustained tumor tissue selective inhibition of the
ERK/MAPK pathway in PD studies. Potent in vivo efficacy in
tumor xenograft models using a qd dosing regimen compares
favorably with PD-0325901. Early preclinical safety assessments
indicate that XL518 is well tolerated when dosed subchronically
to achieve efficacious circulating concentrations and is currently
in early clinical development as both a single agent and in
combination with the class I PI3K inhibitor GDC-0941.
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