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ABSTRACT: Herein we describe the design and synthesis of a series
of pyridopyrazine-1,6-dione γ-secretase modulators (GSMs) for
Alzheimer’s disease (AD) that achieve good alignment of potency,
metabolic stability, and low MDR efflux ratios, while also maintaining
favorable physicochemical properties. Specifically, incorporation of
fluorine enabled design of metabolically less liable lipophilic alkyl
substituents to increase potency without compromising the sp3-
character. The lead compound 21 (PF-06442609) displayed a favorable rodent pharmacokinetic profile, and robust reductions of
brain Aβ42 and Aβ40 were observed in a guinea pig time-course experiment.
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Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder that is characterized by gradual loss of

memory, impaired speech and motor functions, and is
ultimately fatal. An estimated 5.2 million people currently
suffer from AD in the US alone, and it is a major unmet medical
need given the lack of disease modifying therapies to slow the
progression of the disease.1 Accumulation of brain amyloid
plaques is a characteristic feature of AD pathology. These
plaques consist primarily of the neurotoxic peptide amyloid β42
(Aβ42), which is formed via sequential cleavage of the amyloid
precursor protein (APP) by β-secretase (BACE) and γ-
secretase.2 Development of compounds that inhibit or
modulate these enzymes has therefore become a major focus
in the search for disease modifying drugs.
γ-Secretase inhibitors (GSIs) have progressed to phase II and

phase III clinical trials and demonstrated robust reduction of
Aβ42 in human cerebrospinal fluid (CSF).3 However, several
adverse events were observed, such as gastrointestinal toxicity,
increased occurrence of skin cancer, and negative effects on
cognition.4,5 These findings may in part be attributed to
inhibition of Notch signaling, which is critical for cell
differentiation.6 It has also been hypothesized that accumu-
lation of the C99 BACE cleavage product of APP could be a
contributing factor to the cognitive decline.7 In contrast to
GSIs, γ-secretase modulators (GSMs) do not inhibit the
proteolytic activity of γ-secretase, but rather shift the cleavage
site of APP to reduce formation of Aβ42 and Aβ40, in favor of
the shorter, less toxic species Aβ38 and/or Aβ37.8,9 Develop-
ment of GSMs has therefore emerged as a promising approach

for the treatment of AD. γ-Secretase is an intramembrane-
cleaving aspartyl protease and is composed of at least four
subunits; presenilin, nicastrin, Aph1, and Pen2.10 Through the
use of photoaffinity probes, we and others have demonstrated
that several classes of GSMs bind to allosteric sites on
presenilin that are distinct from the binding sites of GSIs.11,12

Examination of the patent literature points to significant
challenges in identifying potent GSMs within favorable CNS
physicochemical property space.13 We have previously
disclosed an amide series (generically represented by 2) of
GSMs using E2012 (1) as a scaffold (Scheme 1).14−16

However, efforts to align potency (IC50 < 100 nM) with
adequate physicochemical properties and acceptable absorp-
tion, distribution, metabolism, and excretion (ADME)
attributes were unfruitful in this series. Furthermore, stronger
inhibition of cytochrome P450 enzymes (CYP450) was noted
with more potent analogues. Our focus was therefore shifted
toward designing novel, conformationally restricted cores with
increased polarity.17,18 As previously published, merging the
hydroxy-substituted bicyclic core of 3 with pyridyl amide 2
afforded a novel pyridopyrazine-1,6-dione heterocyclic scaffold
(i.e., 4 and 5; Scheme 1) that maintained the key polar
interactions required for potency but was devoid of liabilities
associated with the phenol.17
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Development of robust, parallel enabled chemistry allowed
for rapid optimization to afford pyridone 4,17,19 which has
moderate Aβ42-lowering activity in CHO APP cells (Aβ42 IC50
= 101 nM) and favorable physicochemical properties: cLogP =
3.3,20 central nervous system multiple parameter optimization
score (CNS MPO) = 4.6,21 and LipE = 3.9.22 Compound 4
displayed dose-dependent reduction of brain Aβ42 in a guinea
pig model, but additional gains in potency and in vivo efficacy
were ultimately needed. Ongoing parallel chemistry efforts
delivered naphthyl analogue 5, which displayed excellent in
vitro activity while maintaining good properties (Aβ42 IC50 =
15 nM; cLogP = 2.85). However, despite excellent human liver
microsomal stability, this compound exhibited high turnover in
rat liver microsomes (HLM CLint,app = 8.1 mL/min/kg; RLM
CLint,app = 469 mL/min/kg), which complicates in vivo efficacy
and safety studies in rodents.23,24 Herein, we describe our
efforts to optimize the pyridopyrazine-1,6-dione series to
combine potency under 10 nM with good ADME profile and
favorable physicochemical properties. The strategic use of
fluorine played a key role in achieving these objectives.
Through parallel medicinal chemistry using a previously

developed protocol (Scheme 2), we sought to identify

heterocyclic replacements for the naphthyl group of 5.17,25

Several interesting compounds emerged such as thiazole 9 and
isothiazole 10, which maintained moderate Aβ42-lowering
activity (Table 1). However, consistent with previous
observations, increased polarity in the right-hand section of
the molecule came at the expense of high MDR efflux ratio
(MDR ER).26 To address this issue, we explored replacing the
methyl group of 9 with an electron-withdrawing trifluoromethyl
group to reduce the electron density of the heterocycle. This
modification also had the potential to improve potency since
we had previously observed a dramatic improvement in Aβ42-

lowering activity by replacing a methyl group with a
trifluoromethyl substituent in this region of the molecule.17

The resulting analogue 11 achieved both design objectives;
not only was the Aβ42 IC50 improved from 302 to 18 nM, but
the MDR ER was reduced from 4.9 to 2.5 while maintaining a
cLogP value below 3.0. Similarly, library hit 12 incorporating a
difluoromethyl-substituted isoxazole exhibited a promising in
vitro profile. Using the same tactic of introducing a
trifluoromethyl group, potency was improved from 72 to 17
nM (compound 13), and the MDR ER was reduced from 3.7 to
2.1 while maintaining good stability in human liver microsomes
(CLint,app = 20.0 mL/min/kg). Finally, we explored a small set
of targets designed specifically as naphthyl replacements. These
efforts resulted in benzothiazole 14, which had potency
approaching that of 5 while maintaining good ADME and
properties (Aβ42 IC50 = 25 nM, MDR ER = 2.1, and cLogP =
3.0).
The lead compounds were then evaluated in vivo to examine

their pharmacokinetic (PK) profile. However, compounds 13
and 14 were found to have inadequate oral exposure when
dosed in rat at 5 mg/kg even though RLM stability had been

Scheme 1. Evolution of the Pyridopyrazine-1,6-dione Series

Scheme 2. Synthesis of 9−13 and 15−21

Table 1. Activity of 9−14

aAβ42 IC50 values were obtained in a whole cell assay using CHO
APPwt cells. Aβ42 IC50 values are the geometric mean of at least two
experiments. bMDR efflux ratio using a MDR1/MDCK assay utilizing
MDCK cells transfected with the gene that encodes human P-
glycoprotein.26 cHuman liver microsome-derived scaled intrinsic
clearance.23
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improved relative to 5 (5, 13, and 14 had RLM CLint,app = 469,
89.5, and 87.0 mL/min/kg, respectively). One concern with
these compounds was the presence of four aromatic rings
resulting in reduced sp3-character.27 The design strategy was
therefore shifted to improve this parameter while maintaining
good alignment of potency, physicochemical properties, and
ADME profile. Re-examination of the library data revealed
compounds with simple alkyl substituents in the ortho-position
that maintained reasonable activity and that could serve as
starting points for further optimization. Two of these included
t-butyl analogue 15 and cyclobutyl compound 16, which had
Aβ42 IC50 values of 128 and 73 nM, respectively (Table 2).
Metabolic stability was poor, which may be expected given that
the aliphatic substituents are susceptible to oxidative metabo-
lism.
We hypothesized that clearance could be improved by

introducing fluorine atoms to block potential sites of oxidative
metabolism. Furthermore, incorporation of fluorine into this
region would likely improve potency based on previous

structure−activity relationship (SAR) observations.17 Toward
this end, difluoro-substitution was installed on the cyclobutyl
group of 16, as well as an additional fluorine in the para-
position of the phenol since we have previously shown that
blocking this metabolic soft spot can lead to an improvement in
both HLM and RLM stability.17 The resultant compound 17
did indeed have significantly better metabolic stability (HLM
CLint,app = 17.3 vs 93.8 mL/min/kg for 16), but in vitro Aβ42-
lowering activity was only marginally improved from 73 to 59
nM.
To increase potency and metabolic stability of 15, one of the

methyl groups of the t-butyl substituent was replaced with a
trifluoromethyl group to afford 18. The resultant 2,2-
dimethyltrifluoroethyl moiety has previously been reported in
the literature as a t-butyl replacement with improved metabolic
stability.29 As in the case of 17, a fluorine atom was also
introduced in the para-position of the right-hand aromatic ring
to block this metabolically labile site. The resulting analogue 18
represented a significant advancement in that Aβ42-lowering
activity was enhanced from 128 to 30 nM, and HLM stability
was improved from 95.7 to 23.7 mL/min/kg while also
maintaining low MDR ER and acceptable lipophilicity. The
synthetic route to this custom phenol allowed ready access to
the corresponding monomethyl analogues (i.e., 19 and 20; see
Supporting Information). Interestingly, removing one of the
methyl groups of 18 followed by separation of enantiomers
resulted in a further gain in potency and LipE. Compound 19
had an Aβ42 IC50 value of 20 nM, whereas the enantiomer 20
was >4-fold less active. Metabolic stability was improved
further, which is consistent with a reduction in cLogP. As
shown in Table 2, fluorine appears to play a key role in
improving the potency of 15 to ultimately deliver 19; however,
in the absence of an X-ray structure of γ-secretase, the nature of
the specific molecular interactions remains unknown.
While compounds 11, 13, and 14 (Table 1) relied on a

fourth aromatic ring to achieve good potency, incorporation of
fluorine allowed successful design of potent GSMs such as 19
(Table 2) that have reduced aromatic ring-count and increased
sp3-character.27 Specifically, incorporation of fluorine enabled
the creation of lipophilic aryl-substituents with improved
metabolic stability. Lipophilic metabolism efficiency (LipMetE)
is a useful parameter to gauge metabolic stability at a given
LogD (eq 1).28 Higher LipMetE is preferable because it
indicates that metabolic stability can be achieved within a wider
LogD range. This is particularly relevant when pursuing an
intramembrane target like γ-secretase, which may require higher
lipophilicity to achieve sufficient potency and in vivo efficacy.
As shown in Table 2, optimization of the ortho-alkyl substituent
and incorporation of fluorine at specific sites led to significant
improvements in metabolic stability while keeping lipophilicity
relatively unchanged. This is reflected in an increase in
LipMetE as exemplified by compounds 15 and 18, which
have LipMetE values of 0.9 and 1.8, respectively.28

= − CLLipMetE LogD Log ( )7.4 10 int,u (1)

While optimizing the terminal aryl ring we also explored
introduction of conformational control elements on the
methylene linker to orient the aryl ether into the putative
hydrophobic pocket of the binding site. A methyl scan revealed
that potency could be improved about 3-fold by introducing an
S-methyl substituent as shown in 21 (Table 3; the
corresponding R-enantiomer was 6-fold less active than 21,
not shown). Lead GSM 21 (PF-06442609)30 represented a

Table 2. Activity of 15−20

aAβ42 IC50 values were obtained in a whole cell assay using CHO
APPwt cells. Aβ42 IC50 values are the geometric mean of at least two
experiments. bMDR efflux ratio using a MDR1/MDCK assay utilizing
MDCK cells transfected with the gene that encodes human P-
glycoprotein.26 cHuman liver microsome-derived scaled intrinsic
clearance.23 dLipophilic efficiency.22 eLipophilic metabolism effi-
ciency.28
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major milestone in that single-digit potency (Aβ42 IC50 = 6
nM) was successfully aligned with excellent microsomal
stability, good passive permeability,31 and low MDR efflux
ratio (HLM CLint,app = 12.7 mL/min/kg; RRCK Papp,A→B = 16.0
× 10−6 cm/s;31 MDR ER = 1.4) while maintaining favorable
physicochemical properties (cLogP = 3.1; SFLogD = 3.4;32

CNS MPO = 4.0). This is further highlighted by the fact that
21 has one of the highest LipE and LipMetE values of the
compounds explored in this series (LipE = 4.8; LipMetE = 2.0).
In addition to good HLM stability, 21 also had significantly
improved stability in rat liver microsomes as compared to initial
lead 5 (RLM CLint,app = 69.6 vs 469 mL/min/kg for 21 and 5,
respectively), which contributed to acceptable rat pharmacoki-
netic parameters (CL = 34.1 mL/min/kg; F = 51%; Table 3).
In addition, 21 achieved good brain penetration in rat as
indicated by a brain to plasma ratio (B/P) of 0.8 and an
unbound brain to unbound plasma ratio (Cb,u/Cp,u) of 0.4.
Finally, GSM 21 exhibited only moderate hERG activity (IC50
= 9.2 μM),33 and it was devoid of Notch inhibition (NICD IC50
> 50 μM),17 which is consistent with the desired profile of a
GSM.
In vivo efficacy of 21 was evaluated in a guinea pig time-

course experiment. Compound 21 was administered orally at a
dose of 60 mg/kg, and Aβ42, Aβ40, Aβ38, and Aβ-total were
measured along with compound exposure at time-points
ranging from 1 to 24 h. Sustained reductions of both Aβ42
and Aβ40 were achieved, while Aβ-total remained relatively
unchanged (Figure 1). A 41% reduction of brain Aβ42 was
observed at the 3 h time-point for the 60 mg/kg dose, whereas

Aβ38 was increased 46% in accordance with the typical profile
of a GSM. The corresponding unbound brain and plasma
exposures at the 3 h time-point were 225 ± 45 and 680 ± 152
nM, respectively (see Supporting Information for further details
on efficacy and exposure data).
While the initial synthesis of 21 (Scheme 2, using 7) was

adequate for producing milligram quantities for in vitro
screening, it was not suitable for large scale synthesis to
support in vivo studies. Steric bulk imparted by the 1,1,1-
trifluoropropan-2-yl substituent resulted in a sluggish chloride
displacement reaction that was accompanied by formation of a
side product resulting from elimination of 7 rather than
alkylation. This prompted our investigation into an alternative
disconnection giving rise to amine 27 and lactone 29 (Scheme
3). This strategy offered a more convergent approach, allowing
for C−O bond formation between phenol 25 and the readily
available (S)-N-Boc-alaninol. The final step in generating 21
was envisioned as a lactone-to-lactam conversion utilizing this
chiral amine.
Our synthesis of the requisite phenol 25 began with Suzuki

coupling of commercially available boronic acid 22 with 2-
bromo-3,3,3-trifluoropropene to afford the styrene derivative
23. Demethylation of the methoxy group using BBr3 afforded
phenol 24, and asymmetric catalytic hydrogenation with
([RuCl(p-cymene)(S)-Segphos)]Cl) delivered the chiral phe-
nol 25 in excellent ee (96% ee; 72% yield).34 Alkylation of 25
with (S)-N-Boc-alaninol methanesulfonate, followed by Boc
deprotection and isolation of the amine as a solid fumarate salt
completed the synthesis of amine 27.
The highly crystalline lactone 29 was prepared from the

known pyridone carboxylic acid 2817 via bis-alkylation with 1,2-
dibromoethane. The amide 30 could then be obtained through
simple amidation with 27 in hot methanol. However, to achieve
acceptable conversion it was necessary to use superstoichio-
metric quantities (>3 equiv) of the precious amine 27, which
was undesirable for large scale synthesis. Instead, the amidation
was more efficiently carried out using the Lewis acidic DABAL-
Me3 reagent to afford 30 in 72% yield. Lactam formation to
generate the final target 21 was subsequently achieved in a one
pot procedure through in situ generation of a mixed anhydride
with trifluoroacetic anhydride followed by intramolecular
alkylation of the amide by treatment with DBU.
We have described the design strategies and synthetic efforts

leading to advanced GSM 21 using pyridopyrazine-1,6-dione
leads 4 and 5 as starting points. Strategic use of fluorine played

Table 3. Pharmacokinetic Parameters

In Vitro Potency/Selectivity
Aβ42 IC50 6 nM
NICD IC50 >10 μM

Physicochemical Properties
cLogP/SFLogD 3.1/3.4
LipE/LipMetE 4.8/2.0
CNS MPO 4.0
solubility (pH 6.5)a 101 μM

In Vitro ADME
HLM CLint,app 12.7 mL/min/kg
RLM CLint,app 69.6 mL/min/kg
RRCK Papp,A→B 16.0 × 10−6 cm/s
MDR ER 1.4

Rat PK
B/Pb 0.8
Cb,u/Cp,u

b,c 0.4
CLd 34.1 mL/min/kg
T1/2

d 1.15 h
Fe 51%

aKinetic solubility was measured at Analiza, Inc.35 bDetermined from
10 mg/kg oral dose, 1 h time point. cPlasma and brain free fractions of
21 in rat were 2.7% and 1.3%, respectively. dDetermined from 1 mg/
kg intravenous dose. eCalculated using the exposure from 1 mg/kg
intravenous dose and 5 mg/kg oral dose.

Figure 1. Guinea pig time course study.
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a key role in aligning potency and ADME properties such as
reducing the MDR efflux ratio for GSMs incorporating a
heterocyclic D-ring. Specific introduction of fluorine also
enabled creation of metabolically less liable lipophilic aryl
substituents leading to superior in vitro potency and HLM
stability while maintaining good physicochemical properties
and increased sp3-character. This is reflected in improved LipE
relative to 4: compounds 4 and 21 have whole-cell LipE values
of 3.9 and 4.8, respectively. LipMetE was utilized to gauge
progress with respect to metabolic stability by normalizing for
changes in lipophilicity. Compound 21 had a LipMetE value of
2.0, which was the highest in the series and compares favorably
to the initial t-butyl substituted library hit 15 (LipMetE = 0.9).
Finally, 21 demonstrated good rodent brain penetration and
oral bioavailability as well as robust in vivo Aβ42- and Aβ40-
lowering in guinea pig. Additional efforts focused on further
improving in vivo efficacy and reducing the efficacious plasma
concentration will be disclosed in a future publication.
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