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Discovery of cyclic sulfoxide hydroxyethylamines as potent
and selective b-site APP-cleaving enzyme 1 (BACE1) inhibitors:
Structure based design and in vivo reduction of amyloid b-peptides
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Figure 1. In vitro profile of sulfone cHEA inhibitor 1.
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Previous structure based optimization in our laboratories led to the identification of a novel, high-affinity
cyclic sulfone hydroxyethylamine-derived inhibitor such as 1 that lowers CNS-derived Ab following oral
administration to transgenic APP51/16 mice. Herein we report SAR development in the S3 and S20 sub-
sites of BACE1 for cyclic sulfoxide hydroxyethyl amine inhibitors, the synthetic approaches employed
in this effort, and in vivo data for optimized compound such as 11d.

� 2013 Elsevier Ltd. All rights reserved.
P2'
Alzheimer’s disease (AD) is one of the most prevalent neurode-
generative disorders among the elderly worldwide. Considerable
evidence has accumulated indicating a central role of the
amyloid-b (Ab) peptide and specifically its aggregation in the path-
ogenesis of AD.1 The pathway generating Ab is initiated by BACE1,
a membrane-bound aspartic protease (EC 3.4.23.46), cleaving the
transmembrane protein b-amyloid precursor protein (APP).2–6

The main products generated are the secreted amino-terminal part
of APP (sAPPb) and the carboxy-terminal fragment C99, which is
further cleaved by c-secretase leading to Ab.7,8 Knocking out the
BACE1 gene not only blocks the generation of Ab but also of C99
for which toxicity has been shown as well.9–14 Knock out of BACE1
leads to hypomyelinization during development but not to general
toxicity.15–17 The inhibition of BACE1, therefore, is an attractive
approach for the development of causal AD therapies.

We have previously described the design and synthesis of cyclic
sulfone HEA (cHEA) BACE1 inhibitors exemplified by 1, a high
affinity inhibitor which demonstrated Ab reduction in APP51/16
transgenic mice (Fig. 1).18 In this Letter, we report our efforts to
further optimize the cellular activity and thereby reduce CNS-de-
rived Ab at a lower oral dose (<100 lmol/kg). We hypothesized
that the loss in potency observed between the enzymatic and
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Figure 2. Cocrystal structure of 11a (green) bound to BACE1.

Table 1
Comparison of enzymatic and cellular activity of sulfone and sulfoxide cHEA inhibitors
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Compd IC50
a (lM)

hBACE1 CHO-APPwt cells hCatD

1 0.002 0.055 0.45
11a 0.002 0.014 0.87
12a 0.088 0.330 >10

a Values are means of at least three experiments.
b The potency ratio measures the drop in potency observed in the cell-based assay re
c Papp is the permeability through a MDR1-MDCK cell monolayer transfected with hu
d ER is the efflux ratio (PBL-AP/PAP-BL) in MDCK cells transfected with human MDR1.
e pKa measured with a Profiler SGA instrument using multi-wavelength UV spectrosc

Table 2
P3 SAR of sulfoxide cHEA inhibitors
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Compd R3 IC50
a (lM)

hBACE1 CHO-APPwt cells hCatD

11b OCH3 0.033 0.026 1.24
11c OCH2CF3 0.008 0.062 1.20

11d
O

CF3
O 0.004 0.010 0.82

11f
O

CF3
OH 0.007 0.021 2.45

20 OH 0.530 1.34 1.78

a Values are means of at least three experiments.
b The potency ratio measures the drop in potency observed in the cell-based assay re
c Papp is the permeability through a MDR1-MDCK cell monolayer transfected with hu
d ER is the efflux ratio (PBL-AP/PAP-BL) in MDCK cells transfected with human MDR1.
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cellular activity (up to 25-fold) in the sulfone containing cHEA
inhibitor series was due to the low pKa.18 Therefore, our strategy
for increasing the cellular activity was to raise the pKa from 5.4
to >6.5 by replacing the sulfone with a sulfoxide moiety in the
cHEA transition state mimetic (Fig. 1).19 Retaining the key H-bond
to Thr72 and Gln73 of the flap with an axially substituted sulfoxide
(Fig. 2) was expected to provide an equipotent cHEA mimetic with
potentially better pharmacokinetic properties due to the reduced
number of heteroatoms.

The synthesis of the sulfoxide cHEA inhibitors as shown in
Tables 1 and 2 is summarized in Scheme 1. The enantiopure inter-
mediate 2, previously synthesized in larger amounts for the prep-
aration of sulfone containing cHEA inhibitors,18 was initially
extended with the P20 fragment to allow the introduction of differ-
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7� 180 11 5.2 6.7
4� 110 13 4.9 n.d.
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man MDR1.
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Scheme 1. Reagents and conditions: (a) potassium peroxymonosulfate, THF/H2O (2:1), 25 �C; (b) TFA, CH2Cl2,1 h, 25 �C, 99%; (c) (1) 3-tert-butyl-benzaldehyde, NaOAc,
CH2Cl2/MeOH (2:1), 2 h, 25 �C, (2) NaBH3CN, MeOH, 1 h, 25 �C, 95%; (d) R-OH, KHMDS, THF, 24 h, 25 �C, 90–95%; (e) H2O2, AcOH/THF (1:3), 6 h, 25 �C, 96% or H2O2, 0.02 equiv
HAuCl4, MeOH, 5 h, 25 �C, 97%; (f) H2, 10% Pd–C, MeOH, 4–6 h, 45 �C, 85–90%; (g) 3 N HCl in MeOH, 24 h, 25 �C, 95%; (h) (R)-3-benzyloxy-1,1,1-trifluoro-propan-2-ol, KOtBu,
THF, 0 �C, 82%; (i) 4 N HCl in dioxane, 25 �C, 99%; (j) BCl3, CH2Cl2,�78 �C, 83%; (k) carbonyldiimidazole, NEt3, cat. DMAP, acetonitrile, 2 h, 25 �C, 95%; (l) NaH, CH3SO2(CH2)2OH,
DMF, 1.5 h, 25 �C, 95%; (m) MOM-Cl, i-Pr2NEt, CH2Cl2, 0.5 h, 96%; (n) NaIO4, THF/H2O (2:1), 6 days, 25 �C, 74%; (o) H2, 10% Pd–C, MeOH, 2.5 h, 45 �C, 92%; (p) KOTMS, THF, 1 h,
70 �C, 84%; (q) (R)-1,1,1-trifluoro-3-methoxypropan-2-ol, KOH, THF, 24 h, 40 �C, 92%; (r) (1) R-CHO, NaOAc, CH2Cl2/MeOH (2:1), 2 h, 25 �C, (2) NaBH3CN, MeOH, 1 h, 25 �C,
80–95%; (s) (1) 1-(3-(tert-butyl)phenyl)ethanone, 3-methyl-1-butanol, 1 day reflux, (2) NaBH3CN, MeOH, 1 h, 25 �C, 34%.
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ent P3 fragments late in the synthesis. A nearly chemo selective
oxidation of 2 to a mixture of sulfoxides 3 and 4 was achieved by
the slow addition of 1 equiv of potassium peroxomonosulfate in
THF–H2O at 0 �C to avoid over-oxidation to the sulfone 5 (<5%).
N-Boc cleavage with trifluoroacetic acid (TFA) and subsequent
reductive amination with 3-tert-butyl-benzaldehyde provided
sulfoxides 6 and 7. The 1:1 mixture of axial and equatorial sulfox-
ide isomers could not be separated by column chromatography at
any stage. On the other hand, preceding P3 extension of 2 followed
by the chemoselective oxidation of thioether 8 with H2O2 in AcOH–
THF provided a 1:1 mixture of sulfoxide isomers 9 and 10 which
could be separated by column chromatography. Various attempts
to increase the amount of the axial sulfoxide isomer by changing
the oxidant or using metal catalysis20 were not very successful.
Only the HAuCl4 catalyzed oxidation with H2O2
21 in MeOH slightly

favored the formation of the axial isomer (2:1 ratio). Removal of
the N-Boc protecting group with TFA and prime side extension
via reductive amination followed by catalytic reduction of the nitro
group provided the axial and equatorial sulfoxide inhibitors 11a–d
and 12a–d, respectively. The configurational assignment was
confirmed by co-crystallization of 11a (Fig. 2) and 12a with BACE1.
Later, we discovered during N-Boc deprotection of 14 with 3 N HCl
in MeOH, that the equatorial isomer could be equilibrated into the
thermodynamically more stable axial isomer22 providing a 9:1
equilibrium mixture of 15 and 16 after 24 h stirring at ambient
temperature. An even higher ratio of 20:1 to 11a–d was obtained
by equilibration of the final sulfoxide isomer 12a–d. Reductive
amination of 16 with different P3-aldehyde and ketone fragments
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followed by catalytic reduction of the nitro group gave access to
17a–n. The deuterated analogs 17b and 17d were prepared from
the corresponding deuterated aldehyde and reduction of the inter-
mediate imine with NaBD3CN. The phenolic metabolite 20 was
synthesized from 2 by intermediate protection of the amino-alco-
hol moiety as the oxazolone 19a after prime side extension to
allow the introduction of the phenolic moiety under strongly basic
conditions with 2-(methyl sulfonyl) ethanol. For the oxidation of
the thioether to the sulfoxide the phenol group in 19b was first
protected by a MOM-ether (19c). Reduction of the nitro group,
cleavage of the oxazolone moiety with KOTMS and subsequent
sulfoxide equilibration with 3 N HCl in MeOH with concomitant
MOM-ether cleavage afforded the metabolite 20.

A comparison of the enzymatic potency and the cellular activity
of the initial hexafluoroisopropoxy substituted 4-amino-fluoro-
benzyl sulfone cHEA inhibitor 1 with the sulfoxide analogs
(11a and 12a, Table 1) demonstrated that the axial sulfoxide 11a
was as potent and selective over cathepsin D as the sulfone cHEA
inhibitor. The equatorial analog 12a, on the other hand, which is
not able to form a H-bond interaction with the flap residue
Thr-72 (Fig. 2), showed a 40-fold lower activity. As expected the
sulfoxide cHEA containing inhibitor 11a displayed a higher cellular
activity compared to the sulfone cHEA analog 1 (7-fold vs 22-fold
potency ratio), which can be explained by the higher pKa (6.7 vs
5.7). Equally important was the increase in permeability to a Papp

of 180 nm/s, being in the range commonly observed for central
nervous system drugs (>150 nm/s),23 albeit at the expense of an
increased P-gp-efflux ratio (ER 4 ? 11) in the MDR1-MDCK cell
monolayer assay. The pharmacokinetic evaluation of 11a in mice
indicated significant brain penetration. However, only a modest
bioavailability (14%) was observed due to high clearance
(129 mL/min/kg) and high first-pass metabolism most likely facil-
itated by the high lipophilicity (LogP 5.2).

Previous SAR exploration of the S3 pocket in thesulfone cHEA
series18 revealed the important binding contributions of the CF3

group by H-bonding as well as by nonbonding protein–fluorine
interactions.24 The same interactions could be observed in the
co-crystal structure of the sulfoxide cHEA inhibitor 11d in BACE1,
the H-bonding to Thr232 (3.2 Å) and a deeply buried water
(3.1 Å) and the beneficial short orthogonal C–F contact to the
amide of Gln12 (2.8 Å) (Fig. 3). The two CF3 groups in the P3
fragment of 11a were initially introduced to completely abolish
the formation of the phenolic metabolite 20. Removal of one of
Figure 3. Cocrystal structure of 11d (green) bound to BACE1.
the CF3 groups provided the less lipophilic compound 11c (LogP
4.3) with much higher plasma and brain levels in APP51/16 trans-
genic mice (Table 4), however, with a fourfold lower potency in the
enzymatic assay (IC50 = 8 nM). A possible explanation for the lower
cellular activity of 11c (IC50 = 62 nM, eightfold potency ratio) com-
pared to the methoxy compound 11b (IC50 = 26 nM) could be the
higher lipophilicity (LogP 4.3 vs 3.5). The substitution of one of
the CF3 group of 11a by a methoxymethyl ether provided the more
polar compound 11d (LogP 3.9) with more potent cellular activity
(IC50 = 10 nM), a lower potency ratio (<threefold), good permeabil-
ity (Papp 180 nm/s) and a slightly lower ER of 9. The more polar
alcohol 11f (LogP 3.7) exhibited a twofold lower potency in both
assays, however, the presence of an additional H-bond donor re-
sulted in a drastic increase in the ER (9 ? 86). Overall, the insertion
of more polar P3 fragments had only a minor effect on the unde-
sired CYP3A4 interaction.

In vitro metabolite identification studies of 11d using liver
microsomes suggested that oxidation at the N-benzylic tethered
prime side fragment was the main site of metabolism as observed
in other HEA inhibitors.25 The different modifications of the prime-
side fragment to improve the metabolic stability are summarized
in Table 3. Since di-alkylation of the benzylic position was prohib-
ited due to steric interference with the cHEA scaffold, the deuter-
ated analogs 17b and 17d were prepared to gain some metabolic
stability from the deuterium isotope effect.26 Subsequent meta-
bolic stability assessment in mouse and human liver microsomes
showed only a minor improvement, indicating a ‘masked’ meta-
bolic reaction in which the formation of the active oxygenating
species had occurred prior to the isotopically sensitive C–H bond
cleavage.27 A few small steric modifications in the vicinity of the
benzylic position were tolerated without considerable loss of po-
tency, like the (R)-phenethylamine analog 17e and the ortho–flu-
oro substituted analog 17g, however, having no positive effect on
the microsomal stability. Subsequently, we focused our attempts
to improve the metabolic stability by reducing the lipophilicity of
the P20 fragment. As shown with several representative examples,
the incorporation of polar functionalities (17h–k) or more polar
heterocyclic ring systems (17l–n) led to a reduction of the CYP3A4
interaction and to an improvement of the metabolic stability in hu-
man (HLM) as well as mouse (MLM) liver microsomes. Unfortu-
nately, this beneficial effect was associated with an at least
threefold lower enzymatic and cellular activity and a higher ER
(17–41). In comparison to the initial 3-tert-butyl-benzyl P20 frag-
ment of 11d, no equipotent prime side fragment with improved
in vitro metabolic stability could be identified.

In general, all compounds from this series displayed high sys-
temic blood clearance. To assess the effect of BACE1 inhibition on
brain Ab40 levels, compounds with the highest cellular activity
(IC50 <50 nM), good permeation properties and a moderate ER
(<15–20)28 were tested in male or female human wild-type APP
transgenic mice (APP51/16).14,18,29 After oral administration expo-
sure in blood and brain, as well as Ab40 forebrain concentrations
were measured at 4 h post-dose.

The results of these experiments are shown in Table 4. The only
moderate Ab40 reduction of 11a despite high brain exposure can be
explained with the very low unbound brain concentration
(fu <0.01) probably induced by the lipophilic OCH(CF3)2 P3 residue,
which was introduced as a means to completely block the forma-
tion of the phenolic metabolite 20.30 The expected over-propor-
tional increase of blood levels at higher oral doses, caused by
saturation of the first-pass clearance, could be demonstrated with
11c and 11d in male mice. The most efficacious inhibitor 11d low-
ered brain Ab40 levels by 62% at the highest dose of 180 lmol/kg
and 39% at 100 lmol/kg (p <0.0001 vs vehicle treated group,
2-tailed Student’s t-test). A slightly lower Ab40 reduction (38%)
was achieved with 11c, despite higher blood and brain exposure,



Table 3
P20 SAR of sulfoxide cHEA inhibitors
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Compd R20 IC50
a (lM) Papp

b (nm/s) ERc LogP IC50 (lM) HLM/MLMd (lL/min/mg)

hBACE1 CHO-APPwt cells hCatD MDCK CYP3A4

18 H 150 >10 190/180

17a
O

>10

11d 0.004 0.010 0.82 180 9 3.9 0.2 500/480

17b

DD
0.004 0.012 1.20 190 10 n.d. 0.1 600/530

17c 0.018 0.044 4.03 200 17 3.7 0.7 690/550

17d

DD
0.016 0.031 3.29 n.d. n.d. 3.7 n.d. 600/660

17e
(R)

0.010 0.032 0.75 170 9 0.1 600/730

17g

F

0.010 0.038 0.29 240 9 4.1 0.1 400/580

17h
OH

0.012 0.134 3.39 100 17 3.4 1.0 80/210

17i

OH
0.013 0.126 7.90 80 25 2.4 40/150

17j
O

0.080 0.075 0.78 210 26 3.6 0.9 280/190

17k
O F

F
F 0.212 0.382 6.83 310 17 3.7 4.7 300/180

17l

N
N 0.021 0.124 9.68 100 24 2.9 3.6 140/380

17m
N O

0.019 0.764e 3.57 190 41 3.1 1.1 580/510

17n

N
0.226 0.422 >10 190 26 3.5 1.6 140/400

a Values are means of at least three experiments.
b Papp is the permeability through a MDR1-MDCK cell monolayer transfected with human MDR1.
c ER is the efflux ratio (PBL-AP/PAP-BL) in MDCK cells transfected with human MDR1.
d Compounds were incubated with human (HML) or mouse (MLM) microsomes at 37 �C. The in vitro metabolic clearance rate was derived from data collected at four time

points (0, 5, 15 and 30 min) in a reaction including cofactor(s) (NADPH and/or UDPGA).
e The low cellular activity of 17m can be explained by the low pKa of 4.9.

5304 H. Rueeger et al. / Bioorg. Med. Chem. Lett. 23 (2013) 5300–5306
which can be explained with the threefold lower cellular activity. A
significantly higher exposure and stronger pharmacodynamic re-
sponse could not be observed with the deuterated N-benzyl ana-
logs 17b and 17d in comparison to the non-deuterated analogs
11d and 17c, respectively. However, reduced levels of the amine
metabolite 18 could be observed. For 17b 37% versus 120% of



Table 4
PK-PD of 3-alkoxy substituted benzyl sulfoxide cHEA inhibitors

Compd Dose (lmol/kg) Gender29 Concd blooda (nmol/mL) % of parent in blood Concd braind (nmol/g) Rat brain fu Brain Ab40 reductione

18b 20c (%), 4 h pdf

11a 180 Male 0.9 n.d. <1 0.8 <0.01 32g

11c 180 Male 6.1 25 4 1.3 0.02 38g 27g 18g

100 Male 2.6 40 4 0.7
60 Male 0.8 94 10 0.4

11d 180 Male 3.8 38 25 0.7 0.02 62g 39g 23h 60g 39g

100 Male 1.0 77 18 0.2
60 Male 0.3 120 23 0.1
60j Female 5.2 4 <1 0.8
20j Female 2.1 5 <1 0.5

17b 60 Male 0.4 37 10 0.1 0.02 22i

17c 100 Female 1.6 22 n.d. 0.2 0.04 31g

17d 100 Female 1.5 12 n.d. 0.3 28i

17e 100 Female 5.4 10 n.d. 0.7 0.02 34g

a Concentrations in blood (nmol/mL = lM) obtained at 4 h after po application to APP51 transgenic mice. The oral formulation was a suspension in water containing 2%
cremophor.

b Percent of amine metabolite 18 versus parent inhibitor formed in blood after 4 h.
c Percent of phenol metabolite 20 versus parent inhibitor formed in blood after 4 h.
d Concentrations in brain (nmol/g) obtained at 4 h after po application to APP51 transgenic mice.
e % mean reduction compared to the mean of the vehicle control.
f pd: post dose.
g p 60.0003.
h p = 0.02.
i p 60.003.
j Coadministration of Ritonavir (12.5 mg/kg) orally applied 0.5 h before administration of inhibitor.
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parent 11d at the dose of 60 lmol/kg and for 17d 12% versus 22%
of parent 17c at a dose of 100 lmol/kg (Table 4), indicated a partial
deuterium effect. The higher brain concentration of 17e (0.7 nmol/
g) achieved with the 100 lmol/kg dose compared to 11d
(0.2 nmol/g), both having the same brain fu, did not translate into
a higher Ab40 reduction (34% and 31%, respectively) at the 4 h time
point.31

Having successfully demonstrated that potent sulfoxide cHEA
inhibitors can significantly lower brain Ab40 levels, but fell short
on achieving sufficient systemic drug exposure at lower doses,
we investigated the pharmacokinetic boosting with sub-thera-
peutic doses of Ritonavir, to reduce the high clearance caused
by CYP3A4 metabolism. The co-administration of the strong
CYP3A4 inhibitor Ritonavir, also known as ‘pharmaco enhance-
ment’, has been successfully employed in most marketed HIV
inhibitors to reduce drug load.32 Co-administration of Ritonavir
(12.5 mg/kg po, 0.5 h prior to drug application) with the most
efficacious inhibitor 11d produced the same Ab40 reduction after
4 h (39%, p <0.0001) at the fivefold lower oral dose of 20 lmol/
kg in APP51/16 transgenic mice. This considerable boosting ef-
fect was further substantiated by the >twofold higher plasma
(2.1 nmol/mL) and brain levels (0.5 nmol/g) in comparison to
the standard dose of 100 lmol/kg. In addition, the formation of
the main amine metabolite 18 as well as the phenolic metabo-
lite 20 were dramatically reduced (65%, respectively, <1% of
parent).

In conclusions, the replacement of the sulfone cHEA scaffold by
the slightly more basic sulfoxide cHEA scaffold led to highly potent,
selective inhibitors with improved cellular activity (11d, IC50

10 nM). Sufficient CNS exposure could be achieved with a single
oral dose of 60 lmol/kg to effect significant reduction in brain Ab
in APP51/16 transgenic mice. The high CYP3A4 mediated metabolic
clearance inherent to this class of cHEA inhibitors could not be
reduced to an acceptable level by chemical modifications. With
the co-administration of the strong CYP3A4 inhibitor Ritonavir this
liability could be minimized leading to a substantial exposure
enhancement and subsequent brain Ab40 reduction at an accept-
able oral dose of 20 lmol/kg. Detailed pharmacokinetic and
pharmacodynamic studies in different species will be the subject
of future communication.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2013.
07.071.
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