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A number of novel amidine containing heterocycles were designed to reproduce the unique interaction
pattern, revealed by X-ray crystallography, between the BACE-1 catalytic diad and a weak NMR
screening hit (3), with special attention paid to maintaining the appropriate basicity and limiting the
number of H-bonding donors of these scaffolds. The iminohydantoin cores (10 and 23) were examined
first and found to interact with the catalytic diad in one of two binding modes (A and B), each with the
iminohydantoin core flipped 180� in relation to the other. The amidine structural motif within each core
forms a bidentate interaction with a different aspartic acid of the catalytic diad. Bothmodes reproduced
a highly conserved interaction pattern between the inhibitors and the catalytic aspartates, as revealed by
3. Potent iminohydantoin BACE-1 inhibitors have been obtained, validating the molecular design as
aspartyl protease catalytic site inhibitors. Brain penetrant small molecule BACE inhibitors with high
ligand efficiencies have been discovered, enabling multiple strategies for further development of these
inhibitors into highly potent, selective and in vivo efficacious BACE inhibitors.

Introduction

Alzheimer’s disease (ADa) is a progressive, ultimately fatal
neurodegenerative disease with an average life expectancy of
7-10 years after diagnosis.2 It is the leading cause of dementia
in the elderly population, causing gradual loss of mental and
physical function. In addition to the devastating physical and
emotional impact of AD on patients and their families, all
patients at an advanced stage of the diseasewill inevitably need
long-term care, which places a huge social and economic
burden on their families and society.3 The combinedMedicaid
and Medicare cost of AD alone was projected to exceed
80 billiondollars in 2010.4 In theU.S. alone, there are currently
4 million AD patients with an additional 8 million subjects
diagnosed with mild cognitive impairment (MCI), of whom
many will progress to AD.5 This number is expected to
quadruple in the next three decades unless therapies that im-
pact the underlying pathophysiology of AD can be identified.

Current therapies for AD, comprising acetylcholine ester-
ase inhibitors and an NMDA receptor antagonist, offer only
symptomatic relief by compensating for the neuronal and
synaptic losses in AD patients through prolonging activation

of the remaining neuronal network.6 These therapies offer
patients transient improvements in cognition and daily living
functions, but do not halt disease progression. Thus, there are
enormous unmet medical needs for the AD population.

The pathological hallmarks observed in the brains of AD
patients are the extracellular amyloid plaques, mainly com-
posed of an amyloid β peptide with 42 amino acids in length
(Aβ42), and the intracellular neurofibrillary tangles of hyper-
phosphorylated τ protein. According to the amyloid hypoth-
esis,7 the prevailing theory in the field, the underlying cause
of AD is the aggregation and deposition of Aβ42 in the brain
due to its overproduction and/or diminished clearance. This
hypothesis is supported by strong genetic, histopathological,
and clinical evidence. All early onset familial AD is identified
by genetic mutations in amyloid precursor protein (APP) or
presenilins (PS1/PS2) that result in increased Aβ peptide
production. Down’s syndrome patients, who have an extra
copy of chromosome 21 containing the APP gene, or individ-
uals who have a duplication of only a portion of chromosome
21 that contains theAPP gene, producemoreAβ peptides and
develop early onset AD.8 One Down’s individual,9 whose
extra copy of the portion of chromosome 21 lacked the APP
gene, didnotdevelopAD.Amongallβ-amyloid species,Aβ42
is most prone to aggregation and most cytotoxic in vitro.10

Lastly, active immunization against Aβ peptides reduced
amyloid load in animal models11 and was associated with
cognitive improvement forADpatientswhodeveloped robust
anti-Aβ titers in human clinical trials.12

Aβ peptides, ranging from 37 to 42 amino acids in length,
differ from each other at the C-terminus. They are produced
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as minor products (5-10%) of the metabolism of the mem-
brane boundAPPvia two consecutive cleavages, first byβ-site
APP cleaving enzyme (BACE-1, also known as β-secretase or
memapsin-2),13 followed by γ-secretase. BACE-1 KO mice
are normal, do not produce Aβ peptides, and have few overt
phenotypes.14,15 Crossing BACE-1 KO mice with transgenic
mice that overproduce humanAPP eliminates Aβ production
and amyloid plaque formation and rescues memory dysfunc-
tion.16 These data suggest that Aβ peptide inhibition through
small molecule BACE-1 inhibitors is highly promising as a
disease modifying therapy that may halt or even reverse the
progression of AD.

BACE belongs to the aspartyl protease family with two
aspartic acids constituting the catalytic diad. As the first
identified BACE homologue, BACE-1 is mainly expressed
in the central nervous systemand is responsible forAβ peptide
production. The other homologue, BACE-2, cleaves APP at a
different site to the BACE-1 cleavage and is mainly expressed
in the periphery.17 BACE-1 is an integral membrane protein
localized within acidic (pH ∼ 5) intracellular compartments
with its active site intralumenally juxtaposed to its cleavage
recognition site of APP.18 This acidic intralumenal space is an
aqueous environment, thus an effective BACE-1 inhibitor
must have sufficient hydrophobicity to pass through the
blood-brain barrier and yet be sufficiently water-soluble
to reach the aqueous acidic compartment where BACE-1
is active. Historically, brain penetrating and CNS active
aspartyl protease inhibitors have been difficult to obtain.19

Early potent BACE-1 inhibitors represented by OM99-2
are substrate-based statine and homostatine peptide transi-
tion state (TS) mimetics with high molecular weights and
unattractive overall molecular profiles.20 Another known
class of BACE-1 inhibitors is the hydroxyethyl amine
(HEA) related TS mimetics represented by 1 and 2, which

dominated the early BACE-1 inhibitor research literature
(Figure 1).21 Inhibitors 1 and 2 have opposite stereochemistry
of the hydroxyl group. [The-OHposition in 2 is close to that
in OM99-2 (BACE-1 IC50 2 nM; pdb code: 1fkn).] Super-
imposedX-ray coordinates, obtained at Schering-Plough, of 1
and 2 in BACE-1 (Figure 2) illustrate the nature of the
tetrahedral intermediate mimicking the preceding TS of a
watermolecule adding to the amide carbonyl group through a
general acid and general base mechanism.22 In addition,
published and in-house research involving these highly potent
peptidomimetic BACE-1 inhibitors has generated a detailed
understanding of the BACE-1 enzyme and its important
interactions and binding pockets available for inhibitor
development.Among themajor interactions, the 3,5-difluoro-
benzyl group in 1 resides in the S1 pocket and them-methoxy-
benzyl stretches from the S10 toward S20 pocket. The basic
secondary amine should be protonated, with one of its pro-
tons within hydrogen bonding distance of the top oxygen of
the carboxylic acidofAsp228.One n-propyl groupon thedistal
amide nitrogen of the isophthalamide group extends into the
S3 subpocket (S3sp). The distal amide carbonyl group of the
isophthalamide formsahydrogenbondwith the amideproton
of Thr232. The front hairpin domain (flap) of BACE-1 is
in a closed position with the phenol of Tyr71 forming an
edge-to-face π-π stacking with the 3,5-difluorobenzyl group
of 1. It is in a well-ordered conformation with the electron
density of its backbone and side chains clearly observed.

Many versions of the HEA design have been featured in
work from multiple research groups across academia and
industrial research laboratories. Unfortunately, most inhibi-
tors from this class were found to lack oral bioavailability and
brain penetration and many are substrates of P-glycoprotein
(Pgp).23 At the outset of our efforts, there were no known
orally active BACE-1 inhibitors reported to reduce CNS Aβ
peptide production, and no small molecule nonpeptidomi-
metic BACE-1 inhibitors had been reported. Here we report
an effort that led to a class of novel brain penetrating
nonpeptidomimetic small molecule BACE-1 inhibitors.

Identification of 3 as a Novel BACE-1 Inhibitor through

NMR Fragment Screening and Subsequent X-ray Crystal-

lography Confirmation. Thioisourea 3 was identified as a
novel BACE-1 active site inhibitor (Figure 3a) through a
fragment-based NMR screening approach followed by con-
firmation with X-ray crystallography (Figure 3b).24 This
compound has a Kd of 15 μM as determined by titration
using 15N-H NMR chemical shift perturbation (CSP) and

Figure 1. Representative HEA peptidic TS mimetic BACE-1 in-
hibitors. Both compounds are PGP substrates based on a CACO2
permeability ratio assay.

Figure 2. (left) X-ray structure of 1 (yellow) binding in the catalytic site of BACE-1 enzyme: red surface is the two catalytic aspartic acids
(Asp32 and Asp228) and the blue surface is the flap, which is in the “closed” conformation. (right) Superimposed X-ray conformations of 1
(yellow) and 2 (green) with the key interactions with the catalytic diad of the BACE-1 enzyme: the two hydroxyl groups mimicking the
tetrahedral intermediate.
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an IC50 of 200 μM in an in vitro APP-peptide proteolysis
assay with human soluble BACE-1.

The H-bonding interaction network between the amidine
moiety and the aspartyl protease catalytic diad is highly
unique as shown in Figure 3. Thioisourea 3 is basic, as
S-methyl thioisourea, a close analog, was reported to have a
pKa value of 9.8.

25 At the optimum pH of BACE-1 (pH∼ 5),
the ligand should be protonated at the binding site with two
protons attached to each nitrogen atom. Each of the two
nitrogen atoms of the amidine group is within hydrogen
bonding distance with corresponding oxygen atom of the
carboxylic acid of Asp228 (2.4 and 2.7 Å, respectively), form-
ing a bidentate H-bonding interaction. The second proton
from the lower nitrogen of 3 in Figure 3c is also hydrogen
bonded to an oxygen of the carboxylic acid of Asp32 (2.7 Å).
Only one of four protons of the protonated thioisourea is not
directly interacting with the catalytic aspartic acids. The flap
of BACE-1 is in a closed position with the phenol of Tyr71,
forming an edge-to-face π-π stacking with the chlorophenyl
group of 3.26

Structural chemical establishment of the novel BACE-1
inhibitors such as 3 and its hydrogen bond network with the
catalytic diad of BACE-1 offered opportunities for an alter-
native inhibitor design to the TS mimetics represented by 1.
However, it presented a huge challenge to further develop
these weak inhibitors. Foremost was whether any new
BACE-1 inhibitor design based on the interaction pattern
between thioisourea motif 3 and the catalytic aspartates
would possess high enough intrinsic binding affinity to
match the highly potent HEA class inhibitors. In addition,
whether it would be possible to identify a drug candidate
possessing such a structural motif as in 3 (Figure 2) that
would achieve appropriate orally bioavailability and CNS
penetration, a feature that is required for a BACE inhibitor,
was uncertain.

Inhibitor Design. We assumed the basicity of 3 to be
important and that it would be necessary to preserve the
basic amidine functionality in the new BACE inhibitor
design in order to reproduce its unique interactions with
the catalytic aspartic acids. Mixed quantum and molecular
mechanics (QM/MM) calculations suggested that both
catalytic aspartic acids are deprotonated when bound to
the protonated basic amidine motif of 3.27 We speculated
that the pKa of the desired inhibitor should be above the
operating pH of BACE-1 for efficient protonation (i.e., with

pKa>5.0). The thioisourea is anunattractive pharmacophore
due to its susceptibility to oxidative degradation, chemical
reactivity and toxicity.28 On the other hand, simple amidines,
especially these with unsubstituted nitrogens, are highly basic
(pKa ∼ 12), a known factor that contributes to their low
bioavailability.29 According to an analysis by Lipinski et al.,
most CNS drugs are weakly basic and have two or fewer
hydrogen bond donors.30 We therefore wanted to identify an
amidinebearing groupwithapKa ranging from6 to10.Oneof
a few such groups is acylguanidine with a reported pKa of
8.9,31 within the ideal range. However, the acylguanidine 4 is
an equally unattractive pharmacophore with five hydrogen
bond donors present at the protonated state. As illustrated
in Figure 3c, three H-bond donors are crucial in order to
maintain the interactions of the protonated ligand with the
two aspartic acids of BACE-1, of which aminimumof two are
present in the unprotonated free base form. Therefore, multi-
ply substituted acylguanidines, and the cyclized versions in
particular (e.g., 5 in Figure 4), should be a superior choice for
optimization to a drug candidate.

However, a structurally related cyclic acylguanidine, crea-
tinine (6),was found tohave apKa of 4.85,

32 a value thatmight
be too low for 6 to be effectively protonated at the operating
pH of BACE-1. While the dramatic differences in pKa’s
between acyclic (4) and cyclic acylguanidines (6) were at first
surprising, we speculated that this may be a result of the
increased acidity of the methylene group present in cyclic acyl
guanidines 5 and 6 due to its connectivity to the electroneg-
ative nitrogen and potential aromatic stabilization of tauto-
mer 7, a major structural difference from the basic acyclic
acylguanidine 4. On the other hand, we reasoned that cyclic
acylguanidines, such as a six-membered dihydroiminopyrimi-
dinone (8) or a 5,5-disubstituted five-membered iminohydan-
toin (9), would maintain the desired basicity (Figure 5).

We first focused on the iminohydantoin core in the design
of BACE-1 inhibitors due to its ready accessibility from
R,R-disubstituted aminoesters. In contrast to thioisourea 3,
iminohydantoin 9 has two positions for attachment of the
benzyl group, i.e., from N3 or N1 to form two isomeric
amidine structures (type I and type II, represented by 10 and
11, respectively) (Figure 6). The m-chlorobenzyl group in 10

and 11was adapted from compound 3with truncation of the

Figure 3. (a) Structure of 3. (b) Compound 3 binding to the BACE-
1 enzymewith the chlorophenyl in S1, butoxyl group reaching in the
S3 subpocket. (c) Detailed interaction of the amidine functionality
with the catalytic diad of the BACE-1 enzyme.

Figure 4. Considerations of pKa and number of hydrogen bond
donors in the design of acylguanidines as potential aspartyl protease
(BACE-1) inhibitors.

Figure 5. With appropriate substitutions, cyclic acylguanidines
such as iminopyrimidinone 8 and iminohydantoin 9may be suitable
pharmacophores for aspartyl protease inhibitors because of their
basicity range and limited number of HB donors.
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n-butoxyl group. Both structure types were evaluated in
ligand docking studies using the X-ray conformation of
BACE-1 obtained from the crystal structure of thioisourea
3 in complex with the enzyme. Because it was not obvious
that one of the designs would be superior to the other due to
steric or electronic factors, we therefore decided to investi-
gate both types of inhibitor designs.

Computational Evaluation of Type I and Type II BACE

Inhibitors. After computational establishment that the pro-
tonated amidine motif binds to the doubly deprotonated
aspartic acid catalytic diad, molecular docking studies of 10
and 11 with the coordinates of the crystal structure of 3 in
complex with BACE were performed. The top ranking pose
generated with Glide displayed the same amidine-aspartate

interactions as observed for 3 with the chlorophenyl group
occupying S1 in both cases.

Synthesis of Type I and Type II Iminohydantoins. The
synthesis of type I iminohydantoins is shown in Scheme 1.
Aminoester 12 was treated with thiocarbonyldipyridone in
DCM to give crude isothiocyanate 13, which was reacted
withm-chlorobenzylamine to give thiohydantoin 15. Oxidative
amination of 15 in aqueous methanolic ammonia and 5-
10 equiv of aqueous tert-butylhydroperoxide overnight gave
type I iminohydantoin 23 after workup and purification.33

A parallel synthesis version of this procedure was develo-
ped to expedite the early phase of structure activity rela-
tionship (SAR) interrogation. Achiral R,R-disubstituted
aminoacid esters were synthesized using Bucherer-Bergs
hydantoin synthesis starting from ketones followed by
hydrolysis and esterification.34 Chiral R,R-disubstituted
aminoacid esters were synthesized following known oxazo-
lidinone chemistry described in the literature.35

Type II iminohydantoins were synthesized from corres-
ponding thiohydantoins (e.g., 21), whichwere obtained from
corresponding iminothiohydantoins (e.g., 20) throughmulti-
component coupling chemistry (Scheme 2).36

NMR Chemical Shift Perturbation. 2D 15N-HSQC NMR
was used to screen program compounds as mixtures of 10
at a concentration of 500 μM in H2O against 15N-labeled
BACE-1 catalytic domain. Hits were identified by com-
paring two sets of 15N-H NMR spectra obtained with and

Figure 6. Two types of iminohydantoin (type I and type II) designs
that preserve the crucial amidine functionality.

Scheme 1
a

a (a) 1.2 Equiv thiocarbonyldipyridone, DCM; (b) DCM; (c) saturated aqueous ammonia, MeOH, tert-butylhydroperoxide.

Scheme 2
a

a (a) methanol reflux; (b) 1:1 ethanol and conc HCl, μW, 150�C; (c) ammonia in methanol and tert-butylhydroperoxide.
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without cocktails of small molecule compounds. Clusters
which caused chemical shift changes of active site residues of
BACE-1 were deconvoluted to identify the hits.

In Vitro Biology. Inhibitor IC50s were determined using
time-resolved fluorescence end-point proteolysis assays
with a human Swedish amyloid precursor protein
peptide substrate (BACE-HTRF assay). BACE-mediated
hydrolysis of this peptide results in an increase in relative
fluorescence (RFU) at 620 nm after excitation with 320 nm
light.

X-ray Crystallography. X-ray crystal structure of the com-
plex of BACE-1 and compound 3was obtained by co-crystal-
lization.Crystal structures of further complexeswere obtained
by soaking the cocrystals of compound 2 in a solution con-
taining the new compound for approximately 24 h.

Results and Discussions

A. SAR Development Using Chemical Shift Perturbation

and Discovery of Two Binding Modes Using Protein X-ray

Crystallography. The BACE-1 inhibition data for the first
few iminohydantoins are listed in Table 1. These compounds
were either inactive at the concentration tested or weakly
active in the BACE-1 biochemical assay, with the best
displaying modest percent BACE-1 inhibition at 500 μM.
However, proteinNMRconsistently indicated that the type I
iminohydantoins, e.g., 10 and 23, bound to the active site of
BACE-1 and induced large chemical shift perturbations of
the catalytic diad (Asp32/Asp228) and other BACE-1 residues
corresponding to different binding sites (Table 1). TheNMR
Kd values were determined to be 200 μM for 10 and 123 μM
for 23, averaged respectively over three values, each obtained
from a different cross peak in the 15N-HSQC signal. These
NMR data strongly suggested that iminohydantoins 10

and 23, similar to thioisourea 3, bind to the active site of
BACE-1. On the other hand, none of type II inhibitors
showed any chemical shift perturbation at the screening
concentration (21 and 24, Table 1). This clear SAR, while
not predicted, did provide some confidence in the reliability
of the 15N-HSQC NMR data to guide the initial phase of
SAR development.

More importantly, X-ray crystallography also corrobo-
rated the observations on the NMR chemical shift perturba-
tions. The electron densities of compounds 10 and 23, the
first two type I iminohydantoins generated in this pro-
gram, were clearly observed by X-ray crystallography with
resolutions of 2.0 and 1.8 Å�, respectively. On the other
hand, a number of soaking experiments with type II imino-
hydantoins, e.g., compound 21 and 24, were unsuccessful in
generating observable inhibitor electron density within the

BACE-1 substrate binding pocket. It was subsequently
determined that type I iminohydantoin 23 has a pKa value
of 7.2, while type II iminohydantoin 24 has a pKa value of
4.4,37 suggesting that type II iminohydantoins would be
predominately unprotonated under BACE-1 cocrystalliza-
tion conditions and at the pH optimum of the enzyme. This
supported the notion that the protonation state of the ligand
is important, especially to these low molecular weight weak
inhibitors that derive significant contribution of their affinity
to BACE-1 from their interactions with the catalytic diad.
Quantummechanical calculations suggest that tautomer 11b
is likely to be preferred in aqueous solution over 11abased on
a 3 kcal/mol relative energy difference. Thus the imide N-H
of protonated type II iminohydantoin 11 would be most
acidic, which would explain the lower pKa of 24 than that
observed in 23 (Figure 7). Therefore, in order to maintain
proper basicity, one would need to block the imide N-H.

The X-ray conformation of type I iminohydantoin 10

bound to BACE-1 reproduced the interaction pattern with
the enzyme almost exactly as predicted by the dockingmodel
(Figure 8a). The amidine group forms the H-bond pattern
with Asp32 and Asp228 as observed with thioisourea 3. The
chlorophenyl group resides in S1 forming hydrophobic
interactions with side chains of Leu91, Ile189, Trp176, Ile171,
and Phe169. The flap is in a closed position with the phenol
side chain of Tyr71, forming a face-to-edge interaction with
the chlorophenyl of 10 (Figure 8c).

Although the structural difference between iminohydan-
toins 23 and 10, in which one of the C-5 methyls in 10 is
replaced with an isobutyl, may be considered minor, the
X-ray structure of 23 bound to BACE-1 showed a binding
mode completely different to that of 10. The iminohydantoin
core of 23 is flipped 180�, placing the isobutyl group in S1 and
the chlorobenzyl group in S10 (Figure 8). Any concern about
the seeming randomness of their X-ray conformations is
quickly dispelled with a superimposition of the coordinates
of both iminoheterocycle cores and the corresponding cata-
lytic aspartic acids (Figure 8). The catalytic diad from X-ray
structures of 10 and 23 are almost superimposible, and both
iminohydantoin cores maintain the same hydrogen bonding

Table 1. Chemical Shift Perturbations of Iminoheterocycles and Percentage Inhibition of BACE-1 Enzyme in HTRF Assaya

no. R1 R2 R3 R4 class protein CSP BACE-1% inh @ 500 μM

10 Me Me m-Cl-Bn H type I very large 19

21 Me isobutyl H m-Cl-Bn type II not observable 6

23 Me isobutyl m-Cl-Bn H type I very large 55

24 Me Me H m-Cl-phenethyl type II not observable -20
aCompounds 21 and 23 are racemic.

Figure 7. Type II iminohydantoin tautomer stabilities indicated
that the N3 site needed to be blocked to maintain the basicity of
these scaffolds.
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network revealed by thioisourea 3, with 10 (yellow) forming
the bidentate interaction with Asp228, which is termed mode
A, and 23 with Asp32, which is termed mode B. There is
a near C2 symmetry in the superimposed assemblies of
ligand-diad conformations for 10 and 23 (Figure 8c). The
exocyclic imino group of each ligand occupies an almost
identical location to that of a highly conserved water mole-
cule in the apo protein. This is a highly conserved feature
observed within the X-ray structures of a variety of amidine
containing BACE-1 inhibitors, indicating the imino moiety
of the cyclic acylguanidine core, with its twoH-bond donors,
serves as the apo water replacement in addition to making
other interactions within the catalytic site. Another signifi-
cant difference between cocrystal X-ray structures of 10 and
23 is their respective flap conformation (not shown). The
BACE-1 flap electron density was too weak to be observed
in the enzyme complex with 23, indicating an open and
highly disordered position. Therefore, mode A inhibitors,
with the well-ordered flap conformation observed with 10,
may be able to gain additional interactions through the
closed flap position that are not available to Mode B
iminohydantoins.

Bindingmodes A and B of type I iminohydantoins offered
complementary opportunities to further improve the binding
affinity of these weak ligands. Mode A inhibitors such as 10
(yellow in Figure 8b) may extend to the S10 and S2 pockets
via gem-5,5-disubstitution. The chlorophenyl residing in S1
also afforded the opportunity to be extended into S3 and the
S3 subpocket to optimize binding affinity. Mode B inhibitor
23, with a preference for the isobutyl group in S1, occupied
two conventional binding sites in BACE-1 (S1 and S10). The
isobutyl group residing in S1 should be amenable to further
optimization and the C-5methyl of 23 is well positioned for a
larger group to extend to the S20 binding pocket.

The reliance on the 15N-HNMRchemical shift perturba-
tion data for SAR information due to the weak inhibitory
activities of these early leads, and the unpredictable binding
modes revealed by X-ray crystallography were some of the
unique challenges to the early phase of SAR development of
the iminohydantoin BACE-1 inhibitors. This clearly was not
a conventional lead optimization effort where one would
probe SAR with one well-designed structure at a time. We
therefore adapted a high throughput synthesis strategy
coupled with the medium throughput ligand-BACE-1

NMR chemical shift perturbation analysis that could
explore one general SAR direction with a relatively large
number of analogues at a time without the need to discern
with high precision the assay outcome for any one specific
compound.

The parallel synthesis chemistry enabled expeditious
SAR development of type I iminohydantoins (scaffold 22,
R4 = H), varying both R1 and R2 groups, derived from the
gem-disubstituted aminoacids and R3 that came from the
amine component (see Scheme 1). Given our initial lack of
understanding of the factors, such as structural variations of
R1/R2 orR3, thatmight influence the preference for different
binding modes, we decided to use racemic R,R-disubstituted
aminoacids for SAR development and rely on X-ray crystal-
lography for identification of the preferred stereochemistry
and mode of binding once an inhibitor with improved
affinity was found.

We first fixed R1 andR2 asmethyl and isobutyl to scan the
R3 SAR based on the observation that the isobutyl group of
23 in S1 is close to the position of the P1 isobutyl side chain of
OM99-2. Over 500 different R3 groups were examined for
their ability to cause the BACE-1 active site chemical shift
perturbations. Type I iminohydantoins with a primary ben-
zyl group at N3 (10 in Figure 6) consistently demonstrated
“very large” protein NMR 15N-H chemical shift perturba-
tions of BACE-1 active site residues. Further exploration of
substitutions on the benzyl group led to rapid improvement
of potency for inhibition of BACE-1 protease activity in a
short period of time (Table 2).

Compound 31 was the first compound to achieve μM
BACE-1 IC50 (7 μM) andwas identified as amode A inhibitor
using X-ray crystallography (Figure 9). The iminohydantoin
core is in a position similar to the amidine moiety of thioi-
sourea 3 and iminohydantoin 10. The 5-isobutyl group is
projected toward the S10 pocket, and its electron density was
too weak to be observed. The N3-benzyl group resides in S1
with the extended p-cyanophenyl urea from the para position
of the benzyl, forming two H-bonding interactions with
the carbonyl groups of Lys107 and Phe108 (Figure 9b). The
p-cyanophenyl clearly improved binding affinity in compari-
son with theN-butyl urea 32 (Table 2) despite the fact that its
electron density (and that of the Lys107 side chain) was not
observed. A number ofN-aryl ureas related to 31 consistently
demonstrated the importance of the aryls (but not related

Figure 8. (a) X-ray conformation (yellow) of iminohydantoin 10 bound to the catalytic site of BACE-1 is almost identical with the
computational docking prediction (green). The flap is in the closed position with Tyr71 side chain (dark gray) forming edge-to-face interaction
with the chlorophenyl group of 10. (b) Superimposed X-ray conformations of thioisourea 3 (green line), iminohydantoins 10 (yellow), and 23

(blue) with flap deleted for clarity. The red surface is the location of the aspartates. (c) Superimposed conformations of iminohyantoin cores of
10 (mode A) and 23 (mode B) and their detailed H-bonding patterns with Asp32 and Asp228. Notice the position of a highly conserved water
molecule in the Apo protein (magenta, pdb code:1w50).
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alkyls) to the BACE-1 inhibitory activity despite the fact that
they all reside in this highly solvent exposed area. The N-aryl
aromatic group and the alkyl side chain of the Lys107 are in
close proximity, suggesting hydrophobic packing of the aryl
group againstmethylenes of the charged lysine side chain. This
site to which the phenyl urea moiety binds is unique and was
found to be repeatedly occupied during subsequent inhibitor
SAR development. We have therefore named it “the A-site”
after the fact that it was first discovered with a mode A
inhibitor (10).38 The flap is in the closed position with the
phenol side chain of Tyr71 electron density, but not the
remainder of the flap that is observable, indicating a large
degree of flap motion.

Compound 32, on the other hand, was found to be amode
B inhibitor (Figure 10) that occupies two binding pockets of
the BACE-1 enzyme (S1 and S3). The C-5 isobutyl group is
located in S1 with the n-butyl urea extending into the S3
subpocket in a way similar to the occupation of this site by
compound 1 (Figure 1). The distal nitrogen of the urea group
forms a H-bond with the hydroxyl group of Thr232 and the
carbonyl of the urea is H-bonded to the N-H of the same
residue. The urea n-butyl group of 32 adopts an S-cis amide

bond conformation in order to extend into the narrow S3
subpocket.

B.Optimization ofMode B Inhibitors. Iminohydantoins 31
and 32 represented two completely different directions for
BACE-1 inhibitor development. At the time, mode A inhi-
bitor 31 had the best BACE-1 potency with an unoptimized
occupation of the S1 and S10 sites in addition to the newly
discovered “A site”, all of which would be attractive sources
for BACE-1 potency improvement. On the other hand,mode
B inhibitor 32, despite its weaker BACE-1 potency, also
offered obvious ways for further optimization. For example,
optimization of the S1 hydrophobic interaction, occupation
of the S20 binding pocket extending from the C-5 methyl
group, and stabilization of the energetically disfavored S-cis
amide conformation39 of the distal urea group were among
the most attractive directions. However, the most prominent
difference between 31 and 32 was the requirement of the
number of H-bonding donors on the urea functionality for
BACE-1 potency.While it seemed clear for 31 to require two
H-bonding donors on the urea at the “A-site” to achieve the
μM affinity (Figure 9), the X-ray structure of 32 clearly
suggested only one at the entrance to the S3 subpocket

Figure 9. (a) SuperimposedX-ray structures ofHEA inhibitor 1 (gray line) andmodeA inhibitor 31 (yellow); the flap is in a closed position. (b)
DetailedH-bonding interactions of iminoheterocycle of 31with the catalytic diad and additional H-bonding interactions picked up by the urea
group with Lys107 and Phe108. Note that the density of the isobutyl and the p-cyanophenyl (light blue wire mesh) is too weak to be observed.

Table 2. SAR Developments

no. R1 R2 R4 BACE-1 IC50 (nM) C5 center

31 i-Bu Me A 7000a racemic

32 i-Bu Me B ∼78000 racemic

33 cyclohexylmethyl Me B 5000a racemic

34 Bn Me B 64% Inh. at 500 μM racemic

35 cyclohexylmethyl cyclohexylmethyl B 2100a racemic

36 i-Bu phenethyl B 50000 racemic

37 i-Bu cyclohexylethyl B 3000a racemic

38 cyclohexylmethyl cyclohexylethyl B 350a racemic

39 cyclohexylmethyl cyclohexylethyl C 27a (R)
aEach IC50 value is an average of three determinations and the standard errors for all IC50 determinations are less than 10%.
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(Figure 10). Furthermore, compound 1 (gray line in
Figure 10a), which occupies the S3sp in an almost identical
manner with 31, even suggested that none of the hydrogen
bonding donors were absolutely necessary at S3sp in order to
retain highBACE-1 affinity.Wemight be able to obtain high
affinity iminohydantoin BACE-1 inhibitors based on the
mode B inhibitor 32 without a need to add a single
H-bonding donor, a feature that is not possible from the
mode A inhibitors due to the structural requirements of the
“A-site”. We therefore focused on the SAR development of
the mode B inhibitors based on iminohydantoin 32.

Replacement of the isobutyl group in 32 (5-isobutyl-
5-methyl) with a cyclohexylmethyl (33) (5-cyclohexyl-
methyl-5-methyl) lowered the Ki to 5 μM, while a benzyl
group replacement (34) (5-benzyl-5-methyl) of the isobutyl
decreased BACE-1 potency. Iminohydantoin 35 (5,5-di-
cyclohexylmethyl) did not further improve the binding affi-
nity relative to 33 (5-cyclohexylmethyl-5-methyl) despite the
confirmation by an enzyme cocrystal X-ray structure of 35 as
a mode B inhibitor with one cyclohexylmethyl residing in S1
and the other extending into the S20 pocket (not shown).
Iminohydantoin 36 (5-isobutyl-5-phenethyl), as a result of
replacement of the methyl group in 32 (5-isobutyl-5-methyl)
with a phenethyl, did not improve the BACE-1 IC50 (78 vs 50
μM, respectively). However, inhibitor 37 (5-isobutyl-5-cy-
clohexylethyl) restored the level of BACE-1 IC50 (5 μM)
comparable to 33 (5-cyclohexylmethyl-5-Me). Interestingly,
if the cyclohexylethyl group in racemic 37 (5-isobutyl-5-
cyclohexylethyl) were to reside in the S20 pocket, this would
represent an IC50 improvement of 26-fold in comparison
with 32 (5-isobutyl-5-methyl), a fact later established by
X-ray crystallography. Combination of the 5-cyclohexyl-
methyl and 5-cyclohexylethyl groups afforded compound
38 with further improved BACE-1 potency (IC50 350 nM).
With the confirmation of the productive occupation of the
S20 site with the cyclohexylethyl, such as in 38, we then
attempted the stabilization of the bioactive S-cis amide
conformation through a cyclic urea. This effort led to
iminohydantoin 39 with a BACE-1 IC50 of 27 nM as the
5-(R) enantiomer. The 3000-fold IC50 improvement from the
early lead 32 seems to be additive in free energy contributions
from all three major components, i.e., 16-fold from S1
optimization (32 to 33), 26 fold from S20 occupancy (32 to
37), and 13-fold from stabilization of high energy bioactive
conformation (38 to 39).

X-ray crystallography showed clear electron density of 39
inside the BACE-1 substrate binding pocket. The occupation
of the S20 binding pocket of 39 prevented the flap from
closing (grey back-bone tube representation in Figure 11) as
exemplified by lack of electron density for the complete flap
region. By virtue of its BACE-1 potency, iminohydantoin 39

unequivocally established the validity of the iminohetero-
cyclic BACE inhibitor design and resolved questions regard-
ing the intrinsic potency of the iminohydantoin core in
comparison with the well established HEA motif. It further
established that a closed flap position is not required to
obtain high BACE-1 binding affinity. Unlike the HEA class
of peptidomimetic BACE inhibitors that have a peptidic
linear assembly of multiple groups to pick-up interactions
with the enzyme, the iminoheterocycle core is more compact
with three-dimensional trajectories to place these groups into
prime and nonprime pockets. Combined with the unique
interactions of the amidine group with the catalytic diad, the
iminoheterocycle offered new strategies for inhibitor devel-
opment.

C. Strategy for Inhibitor Development. Iminohydantoin 39

has a relatively high molecular weight (545 Da), a clogP of

Figure 10. (a) Superimposed X-ray conformation of HEA inhibitor 1 (gray line) and iminohydantoin 32 (yellow). (b) 32 is a mode B inhibitor
with its urea reaching into the S3sp in a fashion similar to 1. The distal amide bond of the urea has an S-cis conformation.

Figure 11. Iminohydantoin 39 (yellow) occupies the S1, S20 and
S3sp binding pockets with an open flap position (grey tube). Super-
imposed 1 (light grey line) is also shown.
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7.5, a ligand efficiency40 of 0.25, a large cell IC50 shift
(>30�), and rather modest rat oral exposure (rat AUC of
0.6 μM 3 h at 10 mg/kg po).41 Its molecular properties are not
considered to be ideal for a CNS drug. However, upon
inspection of available X-ray crystal structures of 32 to 39

bound to BACE-1, it became clear that the common N-3
benzyl group serves only as a rigid spacer to place an alkyl
group into the S3 subpocket. Moreover, the S1 binding
pocket has a proximity to the S3 and S3sp pockets, which
are all hydrophobic in nature. A continuous hydrophobic
surface (brownwire mesh in Figure 12a) stretches from S1 to
S3 and extending to S3sp, presenting attractive opportunities
for an alternative route to occupy the S3 binding pockets
with a group extending from the S1 moiety (S1 to S3
strategy). This approach would be far more efficient, afford-
ing the possibility of obtainingBACE-1 inhibitorswithmuch
lower molecular weight.42

To launch the S1 to S3 approach, it was necessary to
truncate the S3 binding group attached toN3 of inhibitor 39.
Recognizing the importance of maintaining the appropriate
basicity of the iminohydantoin core, as indicated by the lack
of BACE-1 affinity of type II iminohydantoins such as 11,
we decided to retain the methyl substitution at N3. We
were pleased to find that iminohydantoin 40, despite a
reduction of a near-half of the molecular weight, showed a
BACE-1 IC50 of 600 nM, corresponding to a ligand effi-
ciency of 0.36. This compound also had a much reduced cell
IC50 shift (4�).

X-ray crystallography revealed that iminohydantoin 40

does not undergo any major conformation shift resulting
from the truncation of the N3 group (Figure 12), with the
ligand electron density almost identical with the correspond-
ing substructure in 39 (Figure 11). Although compound 40

had a modest oral rat PK profile (AUC0-6h = 1 μM 3 h at 10
mg/kg po), it was brain penetrant with a 6 h b/p ratio of 1 and
a brain concentration at 6 h of over 100 nM. It was the first
small molecule iminohydantoin BACE inhibitor that we had
identified with such a promising overall profile.

Emboldened by this finding, we next focused on extensive
SAR explorations aimed at modification/replacement of the
5,5-substituents of 40 in an effort to improve the BACE-1
affinity through optimization of the occupation of the inter-
connected binding pockets S1, S3, and S3sp. As a result,
compound 41 was soon identified with a BACE-1 IC50 of

7 μM. Despite its weaker BACE-1 potency in comparison
with 40, it had a substantially improved selectivity against
cathepsin D,43 minimum HEK293 cell IC50 shift (<2 fold),
and an improved rat pharmacokinetic profile with a brain
plasma ratio of 1.8 (Table 3). The iminohydantoin core of 41
is tilted from that in 40 in order for the BACE-1 enzyme to
accommodate the C-5 phenyl group (Figure 12). This small
conformational change of 41 related to 40 caused divergence
of the iminohydantoin C-5 position SAR, which rendered a
simple hybridization of theC5-groups among these two leads
unsuccessful. Interestingly, the iminogroups from both
X-ray structures are superimposible despite the positional
changes of the remainder of the two inhibitors.

With a molecular weight around 300 Da, two hydrogen
bond donors, two hydrogen bond acceptors and high ligand
efficiency, iminohydantoins 40 and 41 offered excellent
starting points for further development of CNS penetrant
aspartyl protease inhibitors. Further optimization of these
aspartyl protease inhibitors through S3, S3sp, and S20 sites
optimization will be subjects of future publications. After a
patent covering our discovery effort on these novel BACE-1
inhibitors presented in this manuscript was published,44

Figure 12. (a) Available hydrophobic surface of the BACE-1 substrate binding pocket with 40 stretches from S20, S1, S3 to S3sp (brown wire
mesh), prompting an S1-S3 inhibitor development strategy. The flap is in an opened position. (b) Iminohydantoin 40 (yellow) and 41(blue)
bound in the active site of BACE-1. Note the “tilted” position associated with 41 core, which caused a divergent SAR between these two leads.
The open flap with the phenol of Tyr71 is also shown.

Table 3. Compound Profile of the Truncated Iminohydantoins 40

and 41a

40 41

MW; cLogP 319; cLogP = 5.4 265; cLogP = 1.9

ligand efficiency 0.36 0.37

BACE-1 IC50 605 nM 7100

HEK293 cell IC50 2600 nM 12000

rat PK (b/p ratio)b 1 μM 3h; (b/p = 0.9) 5 μM 3h; (b/p = 1.8)

cath D Ki 740 nM 38% @ 50 μM
aEach IC50 value is an average of three determinations and the

standard errors for all IC50 determinations are less than 10%. bData
from pooled samples from two mice in cassette accelerated rapid rat
protocol with an oral dose at 10 mg/kg, brain plasma ratio obtained at
6 h time point.
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two independent research groups reported similar imino-
hydantoin and iminopyrimidinone BACE-1 inhibitor de-
signs, the first starting from acyclic or cyclic acylguanidine
as high-thoughput screening hits,45 the second from a frag-
ment-based screening effort similar to what is reported
here.46 The full establishment of these CNS penetrant
BACE-1 inhibitors sparked an effort to obtain drugs with
potential to halt or even reverse AD. Further efforts from
our laboratories in this area will be the subject of future
publications.

Conclusion

Novel amidine containing heterocycles were designed to
mimic the interaction pattern between BACE-1 catalytic diad
and a weak NMR screening hit (3), as revealed by X-ray
crystallography. Special attentionwas paid tomaintaining the
appropriate basicity and limiting the number of H-bonding
donor of these scaffolds. Initial inhibitor designs were com-
putationally evaluated and were predicted to bind to the
BACE-1 catalytic site, reproducing the binding interactions
with the enzyme revealed by the early lead. Two binding
modes (A and B) were identified with these initial imino-
heterocycle BACE inhibitors as revealed by X-ray crystallo-
graphy. The iminohydantoin core in one binding mode is
flipped 180� in relation to the other and each core forms a
bidentate interaction with one of the two catalytic aspartates
respectively. The detailed amidine-aspartate interactions are
highly conserved among the two binding modes with a near
C2 symmetry present in the superimposed diad-inhibitor
conformations. The exocyclic imino group serves as a replace-
ment of the water in the apo protein between the two catalytic
aspartic acids. Through a combination of high throughput
synthesis and extensive use of structural-based drug design
tools, highly potent iminohydantoin BACE-1 inhibitors have
been obtained, validating the molecular design as aspartyl
protease catalytic site inhibitors. Throughout the endeavor,
emphasis on optimum pharmacokinetic profile and brain
penetration, highlighted by restricting molecular weight and
minimizing the number of hydrogen bond donors outweighed
a linear pursuant of binding affinity. Brain penetrant small
molecule BACE inhibitors with high ligand efficiencies have
been discovered, paving the way for highly potent, selective,
and in vivo efficacious BACE inhibitors.

The iminoheterocycles as an established druggable motif
with high bioavailability and CNS penetration will likely find
applications beyond BACE-1 inhibition in areas of other
aspartyl proteases such as renin and plasmepsins. In addition,
there are additional enzyme targets with biochemicalmechan-
isms involving carboxylic acid side chains against which the
new design can be applied.47 Finally, iminohydantoin should
also serve as a viable pharmacophore isostere replacement of
amidines and guanidines, both have difficulty to achieve oral
bioavailability in a number of drug development programs.

Experimental Section

NMR Chemical Shift Perturbation. The details of the
NMR experimental procedures are described in the companion
paper (ref 24).48

Molecular Modeling. Molecular Docking. All water mole-
cules and the ligand were deleted and hydrogen atoms were
added using Maestro 5.1. A Glide grid was computed for the
protein structure (Impact v1.8 for 10, subsequently Impact
v 2.7)49 with an inner box region (the ligand midpoint remains
within this box during docking) of 16 Å and outer box region of

36 Å. The gridmidpointwas defined by the centroid of one of the
ligands in the data set.Default settingswere used for the docking
runs and 10 poses were reported.

HydrophobicMaps. The sitemap program inMaestro 5.1 was
used to calculate hydrophobic maps using default settings and a
bounding box of 6 Å around the ligand of the crystal structures,
after addition of hydrogen atoms.

Relative Energies. The relative energies were calculated with
Jaguar v. 5.5 (ref 49) using the B3LYP hybrid density functional
and for geometry optimizations the 6-31G**þ basis set. Single
point energies of tautomers (a) and (b) were calculated based on
the optimized geometries (B3LYP/CC-PVTZ(-F)þþ) applying
the Poisson-Boltzmann aqueous solvation model. Gas phase
single point energies (B3LYP/ CC-PVTZ(-F)þþ) of the opti-
mized S-cis and S-trans ureas.

X-ray Crystallography.X-ray crystal structure of the complex
of BACE-1 and compound 3was obtained by co-crystallization.
BACE-1 (16mg/mL, 150mMNaCl and 20mMHepes at pH7.5)
was complexed with 1 mM of compound 2 and mixed 1:1 with
reservoir (15% PEG3350 and 0.2 M Na/K tartrate). The hang-
ing drops were incubated at 4 �C for several weeks until
diffraction quality crystals grew. Crystals were cryoprotected
(15% PEG3350, 0.2 M Na/K tartrate, and 15% PEG400) and
flash frozen prior to data collection. Data was collected with a
Raxis IV detector using a Raxis RU-H2R generator. The final
data set was 99% complete to 1.8 Å resolution with an Rmerge
of 5.7%. Crystal structures of further complexes were obtained
by soaking the cocrystals of compound 2 in a solution (20%
PEG 3350, 0.1 MNa/K tartrate, and 15% PEG400) containing
the new compound for approximately 24 h. The structures were
refined with CNX (Accelrys).

Protease in Vitro Assays. The Europium/QSY-7-labeled
BACE-1 FRET peptide substrate (QSY7-EISEVNLDAEFC-
Eu-amide) contains the QSY7:europium donor:acceptor pair
for use in time-resolved FRET assays. Mature BACE-1
(autoBACE-1) comprised of amino acids 41-454 was used in
all in vitro BACE-1 enzymatic assays. Soluble mature BACE-2
comprised of amino acids 63-389, was used in all in vitro
BACE-2 enzymatic assays. Purified human liver cathepsin D
(Athens Research) was used for in vitro counterscreen assay
with its proteolytic activity measured using the FRET peptide
substrateMca-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(Dnp)-
D-Arg-NH2 (Bachem).

Determination of BACE-1 and BACE-2 IC50s. A time-
resolved FRET assay was used as previously described.50

Determinations of Inhibitor BACE-1 Ki. Inhibitors, prepared
at 3� the desired final concentration in 1� BACE assay buffer
(20 mM sodium acetate pH 5.0, 10% glycerol, 0.1% Brij-35)
supplemented with 7.5% DMSO were preincubated with an
equal volume of autoBACE-1 or autoBACE-2 enzyme diluted
in 1� BACE assay buffer (final enzyme concentration 1 nM) in
black 384-well NUNC plates for 30 min at 30 �C. The assay
was initiated by addition of an equal volume of the QSY7-
EISEVNLDAEFC-Eu-amide substrate (200 nM final concentra-
tion, Km = 8 μM for autoBACE-1 and 4 μM for autoBACE-2)
prepared in 1� BACE assay buffer supplemented with 7.5%
DMSO and incubated for 90 min at 30 �C. DMSO was present
at 5% final concentration in the assay. Following laser excitation
of sample wells at 320 nm, the fluorescence signal at 620 nm was
collected for 400ms following a 50μs delay onaRUBYstarHTRF
plate reader (BMGLabtechnologies).RawRFUdatawasnormal-
ized to maximum (1.0 nM BACE/DMSO) and minimum
(no enzyme/DMSO) RFU values. IC50s were determined by non-
linear regression analysis (sigmoidal dose response, variable
slope) of percent inhibition data with minimum and maximum
values set to 0 and 100%, respectively. Similar IC50s were obtained
when using raw RFU data. The Ki values were calculated from
the IC50 using the Cheng-Prusoff equation (BACE-1Km=8 μM
and BACE-2 Km = 4 μM for the QSY7-APPswe-Eu peptide
substrate).
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Determination of Cathepsin D IC50 and Ki. Human cathepsin
D (CatD, 0.063 nM) was preincubated with compounds diluted
in 1�CatDassay buffer (100mMsodium acetate pH 5.0, 0.02%
Brij-35, 1.5% DMSO) for 30 min at 37 �C in 384-well plates
followed by addition of theMca-Gly-Lys-Pro-Ile-Leu-Phe-Phe-
Arg-Leu-Lys(Dnp)-D-Arg-NH2 substrate (2.5 μMfinal concen-
tration assay buffer, Km = 4 μM). DMSO was present at 1%
final concentration in the assay. Following a 45 min incubation
at 37 �C, plates were read on a Molecular Devices Flex Station
set at 328 nm excitation and 393 nm emission. IC50 andKi values
were determined as for BACE assays.

Determination of IC50s for Aβ40 in HEK293-APP
swe/lon

Cells.
HEK-293 cells were stably transfected with human APP
containing the Swedish and London mutations (HEK293-
APPswe/lon cells). These mutations result in increased amyloido-
genic processing of APP and increased secretion of Aβ40 and
Aβ42. HEK293-APPswe/lon cells were maintained in Dulbecco’s
modified Eagle’s medium (GIBCO) supplemented with 10%
fetal bovine serum (GIBCO), 1% penicillin-streptomycin, and
250 μg/mL hygromycin B (GIBCO) (complete media). Cells
were plated at 25000 cells/well in 96-well culture dishes 3 days
prior to the assay. On the day of the assay, culture media was
removed from duplicate wells and replaced with 100 μL of fresh
complete media containing vehicle (0.2%DMSO) or increasing
concentrations of inhibitors (10-6 M-10-11 M). Cells were
incubated for 4 h at 37 �C/5% CO2 followed by measurement
of secreted Aβ1-40 using an electrochemiluminescence-based
(ECL) sandwich ELISA. Briefly, 15 μL of cell culture media
from four 96-well plates were transferred to one 384-well avidin-
coated MSD plate (Mesoscale Discovery) using an automated
microplate pipetting system (Precision 2000, Biotek In-
struments). For Aβ1-40, 15 μL of 2� Aβ40-ELISA buffer
(2% BSA, 2% Tween-20, 0.3 M NaCl, 0.1 M HEPES, pH 7.5)
supplemented with 0.25 μg/mL biotin-WO27 capture antibody
and 0.125 μg/mL Ruthenium-G2-10 detection antibody was
added to each well. ELISA plates were then incubated overnight
at 4 �C and 10 μL of 4� MSD read buffer T/well (Mesoscale
Diagnostics) was added immediately before reading on a Sector
Imager 6000 plate reader (Mesoscale Diagnostics). IC50s were
determined frombest fit nonlinear regression analysis of the raw
ECL data using an equation for a sigmoidal dose response
(variable slope). Curve minimum values were fixed to the
ECL counts measured in the presence of 10 μM of a reference
BACE-1 inhibitor (BACE-1 Ki = 9 nM) and were determined
for every set of four 96-well plates.

Synthesis. All reagents were obtained from commercial
sources unless noted otherwise. All NMR data were collected
on 400 MHz NMR spectrometers unless otherwise indicated.
The chemical shifts are expressed as ppm downfield from
tetramethylsilane or as relative ppm from designated reference
peaks. The purity of final compounds was analyzed on two
independent reverse phase HPLC systems with different gradi-
ent. LC-electrospray-mass spectroscopy with a C-18 column
using a gradient of 5% to 95% MeCN in water as the mobile
phase was used to determine the molecular mass and retention
time. The purity of the samples was assessed using a mass
detector and a UV detector at 254 nm. An additional analytical
reverse phaseHPLC systemwas used to assess the purity of final
compounds using a UV detector monitored at both 219 and
254 nm and an ELSD detector. All compounds have purity
greater than 95%.

Synthesis of 3-(3-Chloro-benzyl)-5,5-dimethyl-2-iminohydan-

toin (10). 2-Amino-N-(3-chlorobenzyl)-2-methylpropanamide. A
mixture of N-Boc-R-methylalanine (3.0 g, 14.8 mmol), EDCI
(2.8 g, 14.8mmol),HOAt (2.1 g, 14.8mmol), andDIEA (2.6mL,
14.8 mmol) in 36 mL of DCMwas stirred at rt for 15 min before
3-chlorobenzylamine was added and the reaction mixture stir-
red at rt overnight. The crudemixture was purified on a silica gel
columnusing 30%EtOAc inDCMcontaining 0.7%2MNH3 in
MeOH solution and DCM as an eluent system. The resulting

product was treated with 4 M HCl in dioxane and neutralized
with 1N NaOH to give 2-amino-N-(3-chlorobenzyl)-2-methyl-
propanamide (1.9 g, 56.7% yield).

1H NMR (CD3OD): δ 7.27-7.15 (m, 4H), 4.31 (s, 2H), 1.29
(s, 6H).

3-(3-Chlorobenzyl)-5,5-dimethyl-2-thiohydantoin. Thiophos-
gene (0.7 mL, 9.2 mmol) in 10 mL of DCMwas added dropwise
to a solution of 2-amino-N-(3-chlorobenzyl)-2-methylpropana-
mide (1.9 g, 8.3mmol) in 35mL ofDCMat 0 �Cunder nitrogen,
followed by slow addition of TEA (1.68mL, 12.0mmol) in 5mL
of DCM. The reaction solution was stirred at 0 �C for 30 min,
then quenched with aqueous sodium bicarbonate and extracted
with DCM. The crude mixture was purified on a silica gel
column with DCM/hexane (4:1) containing 0.4% 2 M NH3 in
MeOH to give 3-(3-chlorobenzyl)-5,5-dimethyl-2-thiohydan-
toin (1.7 g, 77.2% yield).

1H NMR (CD3OD): δ 7.33 (br s, 1H), 7.25-7.22 (m, 3H),
4.90 (s, 2H), 1.33 (s, 6H).

3-(3-Chloro-benzyl)-5,5-dimethyl-2-iminohydantoin (10). A
solution of 3-(3-chlorobenzyl)-5,5-dimethyl-2-thiohydantoin
(0.2 g, 0.74 mmol), 70% aqueous t-butyl hydroperoxide
(1.2 mL, 10.1 mmol) and 30% ammonium hydroxide (4.1 mL)
in 12 mL of MeOH was stirred at rt for 42 h. After removal of
volatiles, the crude reaction mixture was purified on a C18
column to give 10 as a white solid (0.1 g, 54.4% yield).

1H NMR (DMSO-d6): δ 7.42-7.37 (m, 3H), 7.19 (m, 1H),
4.79 (m, 2H), 1.33 (s, 6H). ES-LCMS: m/z = 252 [M þ H]þ.

5-Methyl-5-isopropyl-1-(m-chlorobenzyl)-2-iminohydantoin

(21). 5-Methyl-5-isopropyl-1-(m-chlorobenzyl)-2-thio-4-N-benzyli-

minohydantoin. To a solution of 3-chlorophenethyl amine hydro-
chloride (1.1 g, 5.73 mmol) in anhydrous CH3OH (15 mL) was
added KSCN (0.56 g, 5.73 mmol). The reaction mixture was
heated to 60 �C for 1 h. The suspensionwas filtered and the filtrate
was added to 4-methyl-2-pentanone (0.72 mL, 5.73 mmol) and
benzyl isocyanide (0.77 mL, 6.3 mmol). The mixture was stirred
overnight before the solutionwas concentrated and the residuewas
purified via flash chromatography elutingwith 0-100%EtOAc in
hexane to yield 0.28 g of desired product.

5-Methyl-5-isopropyl-1-(m-chlorobenzyl)-2-thiohydantoin. A
solution of 40% conc HCl in ethanol was added to 5-methyl-
5-isopropyl-1-(m-chlorobenzyl)-2-thio-4-N-benzyliminohydan-
toin and the solution was heated in a microwave at 160 �C for
30 min. The solution was concentrated and purified via reverse
phase preparative HPLC eluting with a CH3CN/H2O gradient
to afford 5-methyl-5-isopropyl-1-(m-chlorobenzyl)-2-thiohy-
dantoin.

5-Methyl-5-isopropyl-1-m-chlorobenzyl-2-iminohydantoin (21).
Aprocedure similar to the step leading to compound 10was used.

1HNMR(CD3OD): δ 8.1 (br, 1H), 7.35 (s, 1H), 7.25 (m, 3H),
3.6 (m, 1H), 3.4 (m, 1H), 3.0 (m, 1H), 2.8 (m, 1 H), 1.75 (m, 1H),
1.6 (m, 1H), 1.35 (m, 1H), 1.2 (s, 3H), 0.8 (m, 6H). ES-LCMS:
m/z = 308.1 [M þ H]þ.

3-(3-Chlorobenzyl)-5-isobutyl-5-methyl-2-iminohydantoin
(23). 3-(3-Chlorobenzyl)-5-isobutyl-5-methyl-2-thiohydantoin(15).
The reaction solution of R-methylleucine methyl ester (150 mg,
1.16 mmol) and 3-chlorobenzyl isothiocyanate (22.4 mg, 1.22
mmol) in 7 mL of DCM was stirred at rt overnight. The crude
was purified on a silica gel column to give the desired product.

1H NMR (CD3OD): δ 7.39 (m, 1H), 7.33-7.30 (m, 1H),
7.25-7.22 (m, 1H), 4.99-4.83 (dd, 2H), 1.73-1.67 (m. 1H),
1.60-1.55 (m, 1H), 1.29 (s, 3H), 0.82-0.80 (d, 3H), 0.62-0.60
(d, 3H).

3-(3-Chlorobenzyl)-5-isobutyl-5-methyl-2-iminohydantoin (23).
Aprocedure similar to the step leading to compound 10was used.

1HNMR(CD3OD): δ 7.34-7.30 (m, 3H), 7.27-7.24 (m, 1H),
4.90-4.78 (dd, 2H), 1.73-1.70 (d, 2H), 1.51-1.36 (m, 1H), 1.41
(s, 3H), 0.84-0.83 (d, 3H), 0.66-0.65 (d, 3H). ES-LCMS:m/z=
294 [M þ H]þ.

5,5-Dimethyl-1-(m-chlorophenethyl)-2-iminohydantoin (24).A
procedure similar to the step leading to compound 10 was used.
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1H NMR (CD3OD): δ 7.34 (s, 1H), 7.28-7.19 (m, 3H),
3.61-3.54 (br t, 2H), 2.93-2.89 (t, 2H), 1.30-1.22 (br s, 6H).
ES-LCMS: m/z = [M þ H]þ.

3-{4-[3-(4-Cyanophenyl)-ureidomethyl]benzyl}-5-isobutyl-5-
methyl-2-iminohydantoin (31). Methyl 2-Isothiocyanato-2,4-
dimethylpentanoate (13). A solution of 1,10-thiocarbonyldi-
2(1H)-pyridone (0.7 g, 3.0 mmol) in 8 mL of DCM was added
dropwise to a solution of R-methylleucine methyl ester
(12, 0.43 g, 2.7 mmol) in 7 mL of DCM. The reaction solu-
tion was stirred at rt overnight, diluted with DCM, washed
with 1N HCl and brine, and dried with anhydrous Na2SO4 to
give 13 as a crude product, which was used without further
purification.

1H NMR (CDCl3): δ 3.74 (s, 3H), 1.86-1.81 (m, 1H), 1.79-
1.70 (m, 1H), 1.68-1.63 (m, 1H), 1.55 (s, 3H), 0.93-0.91 (d, 3H),
0.83-0.81 (d, 3H).

3-(4-Aminomethylbenzyl)-5-isobutyl-5-methyl-2-thiohydantoin.A
solution of 4-(N-Boc-aminomethyl)benzylamine (2.4 g, 10.2mmol)
in 10mLofDCMwas added dropwise to a solution of the crude 13
in 45mLofDCM.The reaction solutionwas stirred at rt overnight,
and purified on a silica gel column with EtOAc/hexane to give
corresponding thiohydantoin which was deprotected with 50%
TFA inDCM to give 3-(4-aminomethylbenzyl)-5-isobutyl-5-meth-
yl-2-thiohydantoin after removal of solvents. Thiswas used fornext
step without further purification.

1H NMR (CDCl3): δ 7.37-7.35 (d, 2H), 7.19 (s, 1H), 7.18-
7.16 (d, 2H), 4.93-4.92 (m, 2H), 4.24-4.23 (m, 3H), 1.73-1.45
(m, 3H), 1.40 (s, 9H), 1.34 (s, 3H), 0.83-0.82 (d, 3H), 0.69-0.68
(d, 3H).

3-{4-[3-(4-Cyanophenyl)ureido]methyl}benzyl-5-isobutyl-5-
methyl-2-thiohydantoin. 3-(4-Aminomethylbenzyl)-5-isobu-
tyl-5-methyl-2-thiohydantoin was treated with 2 equiv of
4-cyanophenyl isocyanate (72 mg, 0.25 mmol) in 5 mL of
DCM at rt overnight. Trisamine resin (6 equiv) was added to
trap excess of the isocyanate. The filtrate was concentrated in
vacuum to give 3-{4-[3-(4-cyanophenyl)-ureido]methyl}-
benzyl-5-isobutyl-5-methyl-2-thiohydantoin, which was
used without further purification.

3-{4-[3-(4-Cyano-phenyl)-ureidomethyl]benzyl}-5-isobutyl-5-
methyl-2-iminohydantoin (31). A procedure similar to the step
leading to compound 10 was used.

1HNMR (CD3OD): δ 7.55 (d, 2H), 7.47 (d, 2H), 7.29 (d, 2H),
7.21 (d, 2H), 4.83-4.79 (m, 2H), 4.30 (s, 2H), 1.68-1.67 (d, 2H),
1.45-1.42 (m, 1H), 1.36 (s, 3H), 0.79-0.78 (d, 3H), 0.63-0.61
(d, 3H). ES-LCMS: m/z = 433 [M þ H]þ.

Parallel Synthesis Procedure for Iminohydantoins Such as 32

and 34. Isothiocyanate 13 in DCM was loaded into a deep
96-well plate followed by treatment of 1.1 equiv 96 primary
amines in DCM. The subsequent reaction mixtures were treated
with sulfonic acid resin to remove the excess amine. After
filtration, the thiourea solutions were concentrated and the
residues were treated with 5:1 v/v ratio of 7MNH3 in methanol
and 70% aqueous solution of tBuOOH. After the sealed plate
was agitated overnight, the solvent was evaporated, the residues
redissolved in THF and the solutions were treated with sulfonic
acid resin to scavenge the basic product. After wash and release
of the products with NH3 in methanol from the solid support,
the desired iminohydantoins were obtained, in most cases,
without the need for further purification.

3-[(3-Butyl-ureidomethyl)benzyl]-5-isobutyl-5-methyl-2-imino-
hydantoin (32). ES-LCMS: m/z = 388 [M þ H]þ.

3-[(3-Butylureido)methyl]benzyl-5-benzyl-5-cyclohexylmethyl-

2-iminohydantoin (34). ES-LCMS: m/z = 422 [M þ H]þ.
3-[(3-Butylureidomethyl)benzyl]-5-cyclohexylmethyl-5-methyl-

2-iminohydantoin (33).A procedure similar to the step leading to
compound 10 was used.

1H NMR (CD3OD): δ 7.24 (s, 2H), 4.84-4.66 (m, 2H), 4.24
(s, 2H), 3.09-3.05 (t, 2H), 1.70-1.25 (m, 11H), 1.31 (s, 3H),
1.08-0.69 (m, 6H), 0.90-0.86 (t, 3H). ES-LCMS: m/z = 428
[M þ H]þ.

3-[(3-Butylureido)methyl]benzyl-5,5-dicyclohexylmethyl-2-imino-
hydantoin (35). A procedure similar to the step leading to com-
pound 10 was used.

1HNMR(CD3OD): δ 7.31-7.25 (m, 4H), 4.87-4.73 (m, 2H),
4.25 (s, 2H), 3.09-3.05 (t, 2H), 1.70-1.24 (m, 18H), 1.10-0.75
(m, 12H), 0.90-0.86 (t, 3H). ES-LCMS: m/z = 510 [M þ H]þ.

3-[(3-Butylureido)methyl]benzyl-5-isobutyl-5-phenethyl-2-imino-

hydantoin (36). A procedure similar to the step leading to com-
pound 10 was used.

1HNMR(CD3OD): δ 7.34-7.22 (m, 6H), 7.18-7.14 (m, 1H),
7.09-7.05 (d, 2H), 4.74 (s, 2H), 4.27 (s, 2H), 3.11-3.08 (t, 2H),
2.56-2.48 (m, 1H), 2.33-2.25 (m, 1H), 2.13-1.96 (,. 2H), 1.80-
1.68 (m, 2H), 1.51-1.28 (m, 5H), 0.93-0.89 (t, 3H), 0.87-0.85
(d, 3H), 0.72-0.70 (d, 3H). ES-LCMS: m/z = 478 [M þ H]þ.

3-[(3-Butyl-ureidomethyl)benzyl]-5-cyclohexylethyl-5-isobutyl-2-
iminohydantoin (37). A procedure similar to the step leading to
compound 10 was used.

1HNMR(CD3OD): δ 7.28-7.23 (m, 4H), 4.87-4.23 (m, 2H),
4.25 (s, 2H), 3.09-3.03 (t, 2H), 1.77-1.51 (m, 9H), 1.48-0.94
(m, 10H), 0.90-0.86 (t, 3H), 0.84-0.82 (d, 3H), 0.79-0.65 (m,
3H), 0.70-0.69 (d, 3H). ES-LCMS: m/z = 484 [M þ H]þ.

3-[(3-Butylureido)methyl]benzyl-5-cyclohexylethyl-5-cyclo-
hexylmethyl-2-iminohydantoin (38). A procedure similar to
the step leading to compound 10 was used.

1HNMR(CD3OD): δ 7.32-7.24 (m, 4H), 4.89-4.24 (m, 2H),
4.25 (s, 2H), 3.09-3.05 (t, 2H), 1.83-0.75 (m, 32H), 0.90-0.86
(t, 3H). ES-LCMS: m/z = 524 [M þ H]þ.

(R)-5-(2-Cyclohexylethyl)-5-(cyclohexylmethyl)-3-[4-(2-oxo-
4(S)-propylimidazolidin-1-yl)methyl]benzyl-2-iminohydantoin

(39). (S )-2-Amino-4-cyclohexylbutanoic Acid. (S)-Homophe-
nylalanine (100 g, 558mmol) in 1000mL ofMeOH, 200mL of
H2O, and 100 mL of concentrated HCl was hydrogenated at
60 psi using Pt (5% on carbon) and Rh (5% on carbon with
50% water) as catalysts to give the titled compound, which
was used for next step without further purification.

1H NMR (CD3OD): δ 3.96-3.92 (t, 1H), 2.00-1.82 (m, 2H),
1.80-1.63 (m, 5H), 1.45-1.15 (m, 6H), 1.05-0.85 (m, 2H).

(2S,4S)-Benzyl 4-(2-cyclohexylethyl)-5-oxo-2-phenyloxazoli-
dine-3-carboxylate. A solution of Cbz-OSu (139 g, 558 mmol)
in 300mL of dioxane was added to a suspension of (S)-2-amino-
4-cyclohexylbutanoic acid in 500 mL of dioxane, 500 mL of
H2O, and 93 mL of TEA (667 mmol). The reaction mixture was
stirred at rt overnight and then poured into water and extracted
with DCM. The organic phase was washed with 1NHCl, water,
brine, and then dried over anhydrous MgSO4 to give 110 g (345
mmol) of the Cbz protected product as a crude product which
was used without further purification. Thionyl chloride (25.5
mL, 349 mmol) was added dropwise to a solution of this Cbz
protected product and benzaldehyde dimethylacetal (2.4 g, 345
mmol) in 600 mL of anhydrous THF at 4 �C under N2 protec-
tion. After stirring for 10 min, anhydrous ZnCl2 (48 g,
352 mmol) was added slowly. The reaction mixture was stirred
in an ice bath for 2 h and then placed in a freezer overnight. The
reaction mixture was poured into amixture of ice and water and
extracted with ether. The organic phase was washed with
aqueous sodium bicarbonate and brine, dried over anhydrous
MgSO4, and concentrated in vacuum to give the titled com-
pound after purification.

1H NMR (CDCl3): δ 7.50-7.25 (m, 10H), 6.75 (s, 1H),
5.30-5.215 (m, 2H), 4.45-4.35 (m, 1H), 1.90-1.45 (m, 7H),
1.45-1.05 (m, 6H), 0.90-0.70 (m, 2H). ES-LCMS: m/z = 408
[M þ H]þ.

(2S,4R)-Benzyl 4-Benzyl-4-(2-cyclohexylethyl)-5-oxo-2-phenyl-
oxazolidine-3-carboxylate. A solution of (2S,4S)-benzyl 4-(2-
cyclohexylethyl)-5-oxo-2-phenyloxazolidine-3-carboxylate (2.0 g,
4.91mmol) and benzyl bromide (0.59mL, 4.91mmol) in 10mLof
anhydrous THF was added slowly to LiHMDS (1 M in hexane,
5.4 mL, 5.40 mmol) in 80 mL of anhydrous THF at -42 �C. The
reaction mixture was stirred at about -30 �C for 1.5 h and
continuously stirred while reaction temperature rose to rt. The
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reaction mixture was poured into a mixture of ice and aqueous
sodium bicarbonate and extracted with ether. The organic phase
was washed with brine and dried over anhydrous MgSO4.
The crude was purified on a silica gel column eluted with
EtOAc/hexane to give the titled compound (1.2 g, 49.5% yield).

1H NMR (CDCl3), of two rotamers (1:2): δ 7.43-7.03 (m,
13H), 6.94-6.88 (m, 2H), 5.29-5.12 (d, 0.66H), 5.04-4.82 (d,
1.33H), 5.00 (s, 0.33H), 4.88 (s, 0.66H), 3.63-3.60 (d, 0.66H),
3.29-3.26 (d, 0.33H), 3.04-2.98 (m, 1H), 2.53-2.43 (m, 0.66H),
2.28-2.18 (m, 0.33H), 2.16-2.00 (m, 1H), 1.77-1.32 (m, 5H),
1.30-0.98 (m, 6H), 0.96-0.72 (m, 2H).

(R)-Methyl 2-Benzyl-2-(benzyloxycarbonylamino)-4-cyclohexyl-
butanoate.A solution of (2S,4R)-benzyl 4-benzyl-4-(2-cyclohexyl-
ethyl)-5-oxo-2-phenyloxazolidine-3-carboxylate (1.21 g, 2.43mmol)
and LiOMe (1N in MeOH, 3.7 mL, 3.65 mmol) in 3 mL of
anhydrous THF was stirred at rt overnight, and at 55 �C for
90 min. The reaction mixture was diluted with 16 mL of EtOAc
and treated with 4 mL of saturated aqueous NaHSO3 by vigorous
stirring at rt for 15 min. This resulting solid was removed by
filtration. The filtrate was washed with saturated aqueous Na2SO3,
dried over anhydrous Na2SO4, and concentrated in vacuum to give
the titled compound (0.93 g, 90.3%crude yield), whichwas used for
next step without further purification.

1HNMR(CD3OD): δ 7.37-7.25 (m, 5H), 7.13-7.08 (m, 3H),
6.91-6.88 (m, 2H), 6.65 (s, 1H), 5.06 (s, 2H), 3.67 (s, 3H),
3.27-3.10 (m, 2H), 2.02-1.94 (m, 1H), 1.77-1.56 (m, 6H),
1.20-0.97 (m, 6H), 0.86-0.74 (m, 2H).

(R)-Methyl 2-Amino-4-cyclohexyl-2-(cyclohexylmethyl)buta-
noate. (R)-Methyl 2-benzyl-2-(benzyloxycarbonylamino)-4-cyclo-
hexylbutanoate (0.93 g, 2.20 mmol) was hydrogenated according
to the procedure described in synthesis of (S)-2-amino-4-cyclo-
hexylbutanoic acid to give (R)-methyl 2-amino-4-cyclohexyl-
2-(cyclohexylmethyl)butanoate after neutralization as free base
(0.34 g, 98.9% yield).

1H NMR (CD3OD) (HCl salt): δ 3.78 (s, 3H), 1.92-1.48 (m,
15H), 1.40-1.09 (m, 7H), 1.04-0.78 (m, 4H).

(R)-Methyl 4-Cyclohexyl-2-(cyclohexylmethyl)-2-isothiocya-
natobutanoate. A solution of 2-amino-4-cyclohexyl-2-(cyclo-
hexylmethyl)butanoate (0.34 g, 1.15 mmol) and 1,10-thiocarbo-
nyldi-2(1H)-pyridone (0.32 g, 1.38 mmol) in 15 mL of anhy-
drous THF was heated at 80 �C in a sealed tube for 1 h. The
crude was purified on a silica gel column with EtOAc/hexane as
eluent system to give the desire product (0.161 g, 41.2% yield).

1H NMR (CDCl3): δ 3.75 (s, 3H), 1.92-1.78 (m, 2H),
1.76-1.49 (m, 13H), 1.49-0.78 (m, 13H).

(R)-5-(2-Cyclohexylethyl)-5-(cyclohexylmethyl)-3-[4-(2-oxo-
4(S)-propylimidazolidin-1-yl)methyl]benzyl-2-thiohydantoin. A
solution of (R)-methyl 4-cyclohexyl-2-(cyclohexylmethyl)-2-
isothiocyanatobutanoate (0.161 g, 0.48 mmol), (S)-1-(4-(Boc-
aminomethyl) benzyl)-4-propylimidazolidin-2-one TFA salt,
andDIEA (0.17mL, 1.00mmol) in 12mLof anhydrousMeCN
was stirred at rt for 5 h. The crude was purified on a silica gel
column with EtOAC/hexane as eluent system to give the
corresponding thiohydantoin (0.11 g, 43.5%).

1H NMR (CDCl3): δ 7.85 (s, 1H), 7.42-7.40 (d, 2H), 7.14-
7.12 (d, 2H), 4.97-4.87 (m, 2H), 4.35-4.18 (m, 2H), 3.65-3.59
(m, 1H), 3.33-3.29 (m, 1H), 2.86-2.82 (m, 1H), 1.78-1.35 (m,
15H), 1.32-0.69 (m, 20H).

(R)-5-(2-Cyclohexylethyl)-5-(cyclohexylmethyl)-3-[4-(2-oxo-
4(S)-propylimidazolidin-1-yl)methyl]benzyl-2-iminohydantoin (39).
1H NMR (CD3OD): δ 7.35-7.33 (d, 2H), 7.26-7.24 (d, 2H),
4.95-4.69 (m, 2H), 4.31-4.22 (m, 2H), 3.62-3.56 (m, 1H), 3.39-
3.35 (m, 1H), 2.89-2.85 (m, 1H), 1.75-0.72 (m, 32H), 0.89-0.87
(t, 3H). ES-LCMS: m/z= 536 [M þ H]þ.

(R)-3-Methyl-5-cyclohexylethyl-5-cyclohexylmethyl-2-imino-

hydantoin (40). 1H NMR (CD3OD): δ 3.13 (s, 3H), 1.77-1.54
(m, 14H), 1.22-1.07 (m, 9H), 1.00-0.81(m, 5H). ES-LCMS:
m/z = 320 [M þ H]þ.

5,5-Diphenyl-2-iminohydantoin (41). A solution of benzyl
(1.0 g) and N-methyl guanidine (0.45 g) was treated with KOH

(0.5 g) in 0.5 mL of water and 15 mL ofEtOH. The resulting
mixture was stirred at rt for 1 h before it was heated under reflux
for 18 h. The reaction mixture was concentrated, residue diluted
with water, and filtered. The solid was washed with water then
recrystallized in EtOH to give 0.8 g of 5,5-diphenyl-2-iminohy-
dantoin.

1H NMR (CDCl3) δ 7.39-7.42 (m, 4H), 7.21-7.29 (m, 6H),
3.07(s, 3H). ES-LCMS: m/z = 266 [M þ H]þ.
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