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Abstract:

We describe successful efforts to optimize the in vivo profile and address off-target liabilities of
a series of BACEI inhibitors represented by 6 that embodies the recently-validated fused pyrrolidine
iminopyrimidinone scaffold. Employing structure-based design, truncation of the cyanophenyl group of
6 that binds in the S3 pocket of BACEI1 followed by modification of the thienyl group in S1 was
pursued. Optimization of the pyrimidine substituent that binds in the S2'-S2" pocket of BACEI1
remediated time-dependent CYP3A4 inhibition of earlier analogs in this series and imparted high
BACEI affinity. These efforts resulted in the discovery of difluorophenyl analogue 9 (MBi-4) which

robustly lowered CSF and cortex Afs in both rats and cynomolgus monkeys following a single oral
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dose. Compound 9 represents a unique molecular shape among BACE inhibitors reported to potently

lower central A} in non-rodent preclinical species.

Introduction

Alzheimer’s disease (AD), is a progressive neurodegenerative disorder that affects an estimated
5.3 million people in the United States and is responsible for 60 — 80% of all dementias, of which there
were nearly 47 million worldwide in 2015."* In addition to the emotional and social burden that AD
exerts on patients and their families, the economic burden is enormous. In the US alone, the total cost of
care for patients with AD and other dementias was approximately US $226 billion in 2015." Tt is
expected that the number of people with AD will triple by 2050 resulting in a public health crisis unless
disease modifying agents become available.'” Since current AD medications, the acetylcholine esterase
inhibitors and the N-methyl-D-aspartate receptor antagonist, memantine, only produce modest and
transient improvements in cognitive function,” there is an urgent medical need to discover an agent that
slows the underlying neurodegenerative process. Major advances in the fields of genetics, cell biology,
biochemistry and neuroscience have provided some level of understanding of the pathophysiology of
AD.* Two major neuropathological hallmarks of AD are extracellular amyloid plaques and intracellular
neurofibrillary tangles which are found predominantly in the cortex and hippocampus. Amyloid plaques
are composed of oligomerized and fibrillar f-amyloid (Apf) peptides, primarily 42 amino acid residues in
length, which are derived from amyloid precursor protein (APP) through sequential cleavage of APP by
the beta-site APP cleaving enzyme 1 (BACE1) followed by y-secretase.” According to the amyloid
hypothesis, accumulation of Af peptides in the brain is causative of the underlying neurodegenerative
process of AD. Therefore, inhibition of Af peptide synthesis is a potentially disease-modifying

approach to the treatment of AD.
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Over recent years, BACEI inhibition has emerged as the primary small molecule approach for
blocking Ap peptide synthesis given the mechanism-based toxicity that attends y-secretase inhibition,
resulting in dose-limiting side effects.’ Complementary approaches targeting central Af via anti-Af
monoclonal antibodies have also been tested in the clinic, but the effects on cognitive improvement
reported thus far either did not meet their target endpoints or, if they were significant, represented only a
minimal effect and require further trials.” Taken together, the clinical data generated to-date with both
y-secretase inhibitors and anti-Af antibodies do not reflect a definitive or even robust vetting of the
amyloid hypothesis.

In support of a focus on BACEI inhibition to ultimately test this hypothesis, BACE1 knockout
(KO) mice do not produce Af peptides,8 and a cross between these knockout mice and a transgenic
mouse model of early onset Alzheimer’s disease showed significant improvement in the overall disease
phenotype in regard to both reduction of amyloid levels and decreased memory deficits.” BACE1 KO
mice were initially reported to possess no overt negative phenotype,8 but more recently loss of BACE1
function in these animals has been shown to result in subtle morphological and behavioral alterations,
and physiological non-APP substrates of BACE] have been identified."” Among the best characterized
of these substrates is neuregulin 1, both type IIl and type 1. Phenotypes associated with reduced
proteolytic processing of these two substrates in BACE1 KO mice are a reduction of peripheral nerve
myelination'' and a reduction in muscle spindle formation, ' respectively. Importantly, these and many
phenotypes in homozygous BACE1 KO mice are not seen in BACEI heterozygous mice and are not
replicated in adult wild type mice given selective BACE inhibitors. While our understanding of BACE1
biology continues to evolve, and careful monitoring of safety in BACEI inhibitor clinical trials is
critical, the sum total of current data offers the potential for partial pharmacological inhibition of

BACEI in adult patients to be a safe approach to disease modification in Alzheimer’s disease.
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13 BACE1 K; > 200 uM BACE1 K; = 4 uM

NG HN™ "N

28 BACE1 K; =2 nM BACE1 K; = 56 nM

29 6 X=N,R"=H,R?=F

30 BACE1 K, = 4 nM

31 7 X=C-CN,R'=H,R*=H

32 BACE1 K; = 6 nM

8 X=N,R"=0Me, R?=F

35 BACE1 K= 1 nM

37 Figure 1: Discovery of bicyclic iminopyrimidinones 6, 7 and 8 from fragment 1 by rational design and
SAR development through iminohydantoins 2 and 3 and iminopyrimidinone 4.

42 Because BACEI is an aspartyl protease, the early phase of BACEI inhibitor design was
44 dominated by substrate-based peptidic and peptidomimetic alpproalches13 that had been successful in the
47 design of inhibitors of related aspartyl proteases, such as HIV protease and renin. These efforts resulted
49 in many potent inhibitors, but these generally lacked suitable molecular properties to achieve significant
brain penetration and in vivo CNS Af lowering activity at appropriate pharmacological doses."

54 Therefore, focus shifted to non-peptidic BACEI inhibitors that would be more likely to possess

56 properties conducive to CNS activity.
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As shown in Figure 1, our work in this area began with the identification of isothiourea 1 through
a fragment based approach,15 and we have disclosed the progression of this fragment via lead compound
2'° to high affinity brain penetrant and bioavailable inhibitors belonging to two distinct chemical series,
iminohydantoins (e.g. 3)'" and iminopyrimidinones (e.g. 4 and 5).'"® These efforts,” independent of
others achieved through HTS and fragment based approaches,20 involved significant de novo design
elements with extensive application of X-ray crystallography and molecular modeling. In the
iminopyrimidinone series, additional SAR development that focused on structural diversity and
conformational constraint led to design of a novel bicyclic iminopyrimidinone scaffold represented by
compounds 6-7*' and 8 (Figure 1).

Compound 6 reduced cortex Afsy in Sprague Dawley rats (-42% compared to vehicle) after
administration of a single dose (30 mg/kg, PO).?' Unfortunately, it had relatively high PSA that likely
contributed to modest brain penetration (brain/plasma 0.1), was a potent time dependent CYP3A4
inhibitor and showed significant ZERG inhibition (70% @ 1 uM). To overcome these issues, we
investigated truncation of the cyanophenyl moiety of 6 that binds in the BACEI S3 pocket (shown
schematically in Figure 1). We concurrently explored SAR of the fluoropyrimidine group of 6 that
binds in the S2'-S2" pockets to rescue the associated loss of affinity and to address the time-dependent
CYP3A4 inhibition. Subsequent modification of the aryl group in S1 was pursued to further improve
the affinity and selectivity of the series. These efforts culminated in discovery of inhibitor 9 (MBi-4;
Figure 2) which showed robust pharmacodynamic A/ lowering activity in rats and monkeys. It is worth
noting that the vast majority of published small molecule BACE inhibitors that lower Af in monkey and
/ or dog, including all that have entered clinical trials, have substituents that occupy the S3 subsite of
BACE, and none of these structures occupy the S2" subsite (Figure 2).?* In this way, our present work

validates a novel molecular shape, a fused pyrrolidine iminopyrimidinone, that only occupies S1 and
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S2'-S2", and thus achieves a similar overall profile with unique structural diversity. The discovery and

characterization of compound 9 will be the central focus of this article.
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17 Eli Lilly Astra-Zeneca
18 (LY-2811376)222 (AZD-3839)22b

9 (MBi-4)

Eli Lilly Novartis
29 (LY-2886721)2%¢ (NB-360)%2d

39 Janssen?2¢ Amgen??f Pfizer?29

42 Figure 2: Structures of representative published BACE inhibitors that lower central Af in monkeys

43 and/or dogs.

47 Chemistry

49 Synthetic routes to P1 thiophene analogs 10-17 are shown in Scheme 1. Bromothiophene core
26 was prepared following our previously described synthetic route®’ and was debrominated under
54 standard hydrogenation conditions to provide thiophene 27 as a flexible intermediate. Re-bromination

56 of compound 27 with N-bromosuccinimide (NBS) afforded isomeric bromothiophene 28 that was
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subjected to palladium-mediated cyanation using Zn/ZnCN, followed by removal of the 2,2,2-

trichloroethoxycarbonyl (Teoc) group with tetrabutylammonium fluoride (TBAF) to provide pyrrolidine

Scheme 1. Synthesis of P1 thiophene analogs 10-17“

R'=0OMe, R?=H
R'= OMe, R?2 = Me
R'= OEt, R? = Me
R' = SMe, R?2 = Me
R' = NHMe, R? = Me

R'=Me
R'=Et
R' = nPr

“Reagents and conditions: (a) 10% Pd/C, H,, methanol, rt, 92%; (b) NBS, DMF, 60%; (c) Zn(CN),, Zn,
PdCl,(dppf)*CH,Cl,, DMA, then Et;N, (Boc),O, CH,Cl,, 71%; (d) TBAF, THF, 80%; (e) heteroaryl
halide, tris(dibenzylideneacetone)dipalladium(0), Na-OrBu, (2-biphenylyl)di-tert-butylphosphine
(JohnPhos), toluene, 65 °C, 30-80%; (f) TFA, CH,Cl,; (g) NCS, DMF, 75-80%.
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29. To generate the analogous pyrrolidine with a P1 chlorothiophene 31, intermediate 27 was
chlorinated using N-chlorosuccinimide (NCS) to afford compound 30 that was subsequently treated with
TBAF. Compounds 29 and 31 were used for preparation of compounds 10-17 in two steps — palladium-
mediated N-heteroarylation with a variety of heteroaryl halides followed by treatment of the resulting
products with TFA to remove the tert-butoxycarbonyl (Boc) protecting group.

Synthesis of compound 9 is depicted in Scheme 2 as a representative example for the approach to
P1 phenyl analogs 18-22. Commercially available nitrile 32 was condensed with aqueous glyoxylic acid
using potassium carbonate, and product 33 spontaneously precipitated from the reaction mixture.
Hydrolysis of the nitrile moiety of 33 using a mixture of sulfuric and formic acid produced, after
dehydrative cyclization, anhydride 34. In contrast to our previous efforts,”' anhydride 34 was not
hydrolyzed to the corresponding diacid but rather was used directly in the dipolar cycloaddition with
commercially available N-benzyl-1-methoxy-N-((trimethylsilyl)methyl)methanamine 35. After the
cycloaddition reaction was complete, removal of the solvent and treatment of the crude residue with
methanol resulted in precipitation of methyl ester 36 as a single regioisomer from solvolysis of the initial
cycloaddition product. = The carboxylic acid moiety of 36 was converted to an amine via
diphenylphosphoryl azide (DPPA)-mediated Curtius rearrangement using 2-(trimethylsilyl)ethanol as
the isocyanate trapping agent followed by unmasking the free amine by treatment with HCI to give
intermediate 37. Boc-protected iminopyrimidinone core 38 was formed by coupling between 37 and ¢-
butyl N—[(methylalmino)thioxomethyl]calrbalmalte.18 The enantiomers of compound 38 were separated
using chiral HPLC to provide desired isomer 39 and its enantiomer 40. Removal of the benzyl group of
39 followed by palladium mediated coupling of pyrrolidine 41 with 2-chloro-5-fluoro-4-methoxy-6-
methylpyrimidine and subsequent treatment of the resulting intermediate with TFA provided compound

9.
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Scheme 2. Synthesis of 2,4-difluorophenyl analog 9° and related analogs 18-22.

CO,H o) CO,Me
NC . NG S 0 ™S Me(j HO,C ?
= c
> _— (0] > + \\N _— Ar
Ar Ar \
Ar Bn Bln
32 33 34 35 36
/ / /
CO,Me BocN N BocN N BocN N
d,e H2N f Y O g Y O Y 0O
—  Ar — HN — HN / + HN
N Ar AT Art
Bn N ~N N
Bn Bn Bn
37 38 39 40
HN l\{ HN l\{
BocN ,\{ Y 0 Y 0
H y 0 L j HN S HN
AN, S AT ArT: )
AT: 7 N N
N s s
41 )ie\ )Q\
MeO F MeO E
9 Ar=24-F,-Ph 18 Ar'=Ph
19 Ar' = 2-F-Ph
20 Ar' = 4-F-Ph

21 Ar' =2,5-F,-Ph
22 Ar' =2,4,5-F3-Ph

“Reagents and conditions: (a) glyoxylic acid (50% aqueous), K,CO;, MeOH, rt, 89%; (b) 7%
concentrated H,SOy4 in formic acid, 100 °C, 94%; (c) cat. TFA in THF, O °C to rt; concentration then
dilution with MeOH, rt, 57%; (d) DPPA, Et;N, toluene, 66 °C then acetic acid, TMS-ethanol, reflux,
48%:; (e) 4N HCI in dioxane, rt; (f) ¢-butyl N-[(methylamino)thioxomethyl]carbamate, EDCI, DIEA,
DMF, rt, 63%; (g) HPLC, AD column; (h) H,, 20% Pd(OH),/C, MeOH, rt, 91%; (1) 2-chloro-5-fluoro-4-
methoxy-6-methylpyrimidine, Pd(OAc),, Na-OrBu, toluene, 2'-(di-tert-butylphosphino)-N,N-dimethyl-
[1,1'-biphenyl]-2-amine, 120 °C; (j) TFA, DCM, 58%.

Preparation of analogs 23-25 required changes to the synthetic route due to perturbation of the

stereoelectronics of the neighboring carbons imposed by 2,6-difluoro substitution. Scheme 3 shows this
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1

2

2 modified synthetic route for compound 23. Note that the pyrrolidine intermediates analogous to
5

6 compound 46 en route to analogs 24 and 25 were made by a slightly different sequence as shown in
7

g Scheme 4 for intermediate 56.

10

11

12

13 Scheme 3. Synthesis of 2,6-difluorophenyl analog 23“

14

15 o) CO,Me
16 /COZEt s nmop, B 0 ™S Me(j d  HO.C T et
17 Et0,C rB(OH), oxXJ + Ar

\

N
19 Ar Bn Bn
20 42 43 44 35 45

23
24 CO,Me BOCN BOCN BocN N

(0]
25 H02 H>N i Hz/
26 —’ Ar —’ HN
Art Arm: %
N =/
Cbz
Cbz

30 46 47 48 49 50

Ar = @j{
23

+

45 “Reagents and conditions: (a) Pd(PPhs),, AcOH, dioxane, 80 °C, 34%; (b) LiOH*H,0, THF, 40 °C; (¢)
46 acetic anhydride, 90 °C, 99%; (d) cat. TFA in THF, 0 °C to rt; concentration then dilution with pre-
47 mixed MeOH/Et;N, -60 °C to rt, 56%:; (e) 20% Pd(OH), on carbon, H,, MeOH; (f) CbzCl, Et;N, MeOH,
48 THEF, 64% from 45; (g) DPPA, Et;N, toluene, then TMS-ethanol, 120 °C, 67%; (h) 4N HCI in dioxane,
rt; (1) -butyl N-[(methylamino)thioxomethyl]carbamate, EDCI, DIEA, DMF, rt, 57%; (j) HPLC, AD
51 column; (k) 20% Pd(OH), on carbon, H,, MeOH, rt, 98%; (1) 2-chloro-5-fluoro-4-methoxy-6-
52 methylpyrimidine, tris(dibenzylideneacetone)dipalladium(0), Na-OtBu, (2-biphenylyl)di-tert-
53 butylphosphine (JohnPhos), toluene, 65 °C, 46%; (m) TFA, DCM, 63%.
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Scheme 4. Synthesis of pyrrolidine intermediate en route to 2,3,6-trifluorophenyl analog 24"

COzH COzMe
Br ab cd CO,Me e f HOC g HO,C
w MeOZCV/ Ar Ar
Ar N N
Ar Bn Bn
52 53 54 55

Ar=2.3,6-F5Ph

COzMe As in

hi HO,C Scheme 3
. Ar —_—

N
Cbz

56

“Reagents and conditions: (a) NaCN, EtOH, H,O, reflux, 79%; (b) glyoxalic acid monohydrate, K,CO3,
MeOH; (¢) 10% conc. H,SOy in formic acid, reflux; (d) 5% conc. H,SO4 in MeOH, reflux, 41%; (e) N-
benzyl-1-methoxy-N-((trimethylsilyl)methyl)methanamine, cat. TFA, THF, rt, 100%; (f) 15% conc.
H,SOy4 in water, reflux; (g) Ac,O, 90 °C, then, MeOH and Et;N, -78 °C; (h) Pd(OH),, MeOH, rt; (i)
Cbz(l, Et;N, THF, rt, 79%.
Results and Discussion

Our previous SAR studies generated three optimized lead compounds 6-7,' and 8 from
iminopyrimidinone series with BACE1 K values of 3.5, 5.6 and 0.9 nM respectively (Figure 3). Despite
their similar structures and affinities, X-ray co-crystal structures with BACE1 showed that these
molecules each exhibit unique binding features in S2'-S2" (Figure 3(a)). The fluoropyrimidine moiety
of compound 6 binds in an open hydrophobic space near S2' and establishes a hydrogen bonding
network with Trp’® through a highly conserved water molecule in a sub-pocket we have termed S2".
While the pyridine substituent of analog 7 overlays with the pyrimidine of compound 6 very well, it

projects the cyano substituent into S2" to displace the conserved water molecule and forms a direct

hydrogen bond with Trp76. In sharp contrast to the two modes above, the methoxypyridine moiety of 8
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shifted roughly 2 A relative to the other analogs to displace two conserved waters and displaying the

methoxy group deep in the S2" binding pocket.

©CoO~NOUTA,WNPE

45 BACE1 K; 4 nM 6 nM 1nM

46 MW 447 .5 Da 453.5 Da 477.5 Da

47 cLogP 2.58 2.79 3.31

48 PSA 109 A2 120 A2 118 A2

50 3A41Cs (pre) 1.2 uM >30 uM 2uM

51 CatD/BACE1 93 39 95

52 (b)

Figure 3: (a) Superimposed X-ray conformation of iminopyrimidinone 6 (yellow, PDB ID code: 5hd0),
55 7 (green, PDB ID code: 4h3g), 8 (magenta, PDB ID code: Shdu) in the active site of BACE1 with red
56 surface showing the location of catalytic aspartic acids. (b) Structures of 6, 7 and 8 with their respective
57 BACEI K, CYP3A4 ICs (pre), CatD/BACEI selectivity and calculated properties.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 12 of 58

The different arrangements of the pyridine and pyrimidine moieties offered several potential
strategies for further optimization of the overall inhibitor profiles. At the outset, however, we were
cognizant that optimization of 6, 7 and 8 (Figure 3(b)) should avoid the incorporation of additional
molecular weight and lipophilicity since this could result in profiles unsuitable for a CNS agent and
would likely only exacerbate critical off target liabilities (e.g. hERG). Therefore our strategy was to
remove the P3 cyanophenyl moiety to afford lower molecular weight scaffolds that occupy two binding
sites (S1 and S2"), from which we could pursue SAR to rescue any intrinsic potency loss while fine
tuning physicochemical properties (cLogP, PSA) into CNS drug-like ranges. Such inhibitors would be
structurally differentiated from the majority of optimized amidine-based analogs that occupy the S1-S3

220-£23
pockets. ™™

Additionally we envisaged that optimization based on 6 and 8 would necessitate
modification of their fluoropyrimidine moieties. It was hypothesized that the time-dependent CYP3A4
inhibition observed with 6 and 8 (Figure 3(b)) was a result of bioactivation of the fluoropyrimidine
moiety to generate a reactive intermediate. Evidence for this was provided by incubation of 6 with
recombinant CYP3A4, supplemented with glutathione, which led to the formation of a product of m/z
751.2104 corresponding to a glutathione adduct of 6 with concomitant loss of fluoride.

Implementation of this strategy using 6 and 7 as starting points failed to provide an inhibitor with
an acceptable overall profile. On the other hand, compound 8 presented some potential advantages as a
starting point including higher BACEI affinity and similar or better selectivity for BACE1 over
cathepsin D (CatD) compared to 6 and 7. The importance of achieving substantial selectivity for

BACEI over CatD has been highlighted by the recent report of ocular toxicity and neurodegeneration in

rats that was attributed to CatD inhibition with the modestly selective BACE] inhibitor LY-2811376.%*
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Truncation of the P3 cyanophenyl group of compound 8 to P1 cyanothiophene analog 10 led to a
40-fold drop in BACEI affinity (Table 1). Introduction of a methyl group at the 6-position of the
pyrimidine gave compound 11 resulting in a 4-fold gain of BACEI affinity. Replacement of the P1 5-
cyano substituent of 11 with chloro (12) resulted in similar affinity and cellular potency for Apfi
lowering. On the other hand, further increase in lipophilicity resulting from replacement of the
pyrimidine methyl substituent of 12 with ethyl (13) or n-propyl (14) was detrimental to cellular potency.
The X-ray crystal structure of 11 complexed with BACE1 showed that truncation and subsequent
pyrimidine substitution did not affect the overall binding mode of this series. The methoxy group of the
pyrimidine remains deep in the S2" binding pocket while the methyl group projects toward the S2'
binding site as designed (Figure 4). Selectivity for BACE1 over CatD for the truncated analogues was
generally maintained or eroded relative to 8, with the exception of 15 which appeared to be highly
BACEI selective (Table 1). In the absence of a crystal structure of 15 and its analogues in complex with
CatD, a convincing explanation for the observed high selectivity of 15 is not readily apparent. A recent
publication disclosing inhibitors that bind a region of BACE]1 similar to that for the inhibitors described
herein attributed the observed CatD selectivity to be a result of interactions between the inhibitors and

Tyr’® and Trp* of CatD.?®
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Table 1. SAR investigation of truncated thiophene analogs.‘

‘ Cpd ‘ R
8
10 CN
11 CN
12 I
13
14 Cl
15 CN
16 CN
17 CN

R2

e

OMe

OMe

OMe

OMe

OMe

OEt

SMe

NHMe

R2

MW ‘ BACE1 ‘ HEK293 Af, ‘ . ‘ CatD /

(ClogP) | K;(mM) ICsy (nM) BACE1
468 (2.8) 1.4 18 0.35 95
401 (1.0) 57 238 0.35 93
416 (1.5) 15 40 0.46 39
435 (2.7) 10 51 0.39 70
439 (3.2) 11 203 0.39 ND
453 (3.8) 15 190 0.35 18

430 (2.0) 48 361 0.33 >2000
432 (2.0) 45 36 0.34 5.2
414 (1.6) 336 157 0.30 66

Page 14 of 58

“Protocols for determination of inhibitor K; values against purified human BACE1 and Cathepsin D, as well as for cellular
BACEI ICs, values, have been previously described.'®
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Figure 4: (a) Superimposition of X-ray crystal structures of 11 (yellow, PDB ID code: 5Shdv) and 8
(green, PDB ID code: Shdu) complexed with BACEI. Red surface represents the catalytic dyad Asp™
and Aspm. (b) Overlay of X-ray crystal structures of 11 (yellow, PDB ID code: 5hdv), 15 (blue, PDB
ID code: 5hdx), 16 (purple, PDB ID code: 5hdz) and 17 (green, PDB ID code: 5he5). The red ball
represents the bridging water molecule between the Trp76 and the nitrogen of the pyrimidine of 15, 16

and 17. Pyrimidine moieties of 15, 16 and 17 have shifted almost 1.9 A towards S2' binding site.

To probe if methoxy was optimal for binding in S2", the methoxy group of 11 was homologated
to the ethoxy analog 15 which resulted in a three-fold loss in BACEI affinity and a similar loss of
cellular potency. We next examined the isosteric aminomethyl and thiomethyl replacements.
Thiomethyl substitution was tolerated with affinity similar to that of the ethoxy analog (16, BACEI K; =
45 nM). In contrast, aminomethyl analog 17 displayed a significant drop in affinity (BACEI K; = 336
nM). Interestingly, the X-ray structures of 15, 16 and 17 complexed with BACE1 showed that the
pyrimidine moiety had flipped to orient the ethoxy, thiomethyl and aminomethyl moieties toward the S2'
binding pocket and that the pyrimidine ring had shifted from the S2" binding site by approximately 1.9
A, engaging in an interaction with Trp’® through conserved water molecules mimicking the binding

modes of compound 6 (Figure 4(b)). Whereas the in-plane anti-oriented methoxy group of the

pyrimidine ring of 11 is positioned optimally in the S2" pocket, larger groups such as ethoxy and
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thiomethyl (e.g. 15 and 16), or groups that lack the energetics to adopt preferentially the anti-orientation

such as the aminomethyl group (e.g. 17) occupy the relatively larger S2' binding site.

S1 SAR with optimized S2'-S2'' moiety

The SAR explorations described above demonstrated that truncation from S3 and optimization of
the substituents in S2" and S2' could generate potent, ligand-efficient analogs relative to their higher
molecular weight precursors. In fact, the optimal S2'-S2" substituent, 4-methoxy-5-fluoro-6-
methylpyrimidine present in analogs 11 and 12 imparted excellent affinity with minimal (methyl)
occupancy of S2', and both of these analogs gratifyingly showed reduced time-dependent inhibition of
CYP3A4 compared to starting point 8 (ICso 2 uM for 8 vs. 24 uM and 18 pM for 11 and 12
respectively). We attribute the reduced time-dependent CYP3A4 inhibition of 11 and 12 to the
increased steric demand of the newly introduced methyl substituent reducing the rate oxidation of the
pyrimidine moiety and/or redirecting metabolism to the methyl group itself.

Given that the S1 thienyl moiety was originally installed to provide an optimal vector for the
now absent aryl substituent into the S3 pocket, we next chose to replace this group with phenyl in
combination with the optimized S2'-S2" pyrimidine substituent. In this regard, compound 18 was well
tolerated with a BACEI1 K of 36 nM and whole cell potency of 58 nM (Table 3). A series of mono- and
polyfluorinated phenyl analogs was also prepared to assess SAR related to in vitro potency, selectivity,
and rat PK parameters. As shown in Table 3, introduction of fluorine to the P1 phenyl was generally
beneficial, imparting improved K; values (e.g. 9, 19-22). The improvement in potency may be due to
general hydrophobic contacts within the lipophilic S1 site, or may be driven by electrostatic interactions
of the fluorine with the phenyl rings of Trp115 and with the hydroxyl group of flap Tyr71 as suggested by

the X-ray co-crystal structure of the 2,4-difluorophenyl analogue 9 (Figure 5(a)).** The
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Table 3. SAR investigation of fluorophenyl substitution in the presence of the 4-methoxy-5-fluoro-6-
methylpyrimidinyl substituent.”

384
18 @;— 2.3) 36 58 349 ND ND >30

5 402

19 Q 2.5 6 17 143 0.074 0.7 >30
402

20 FO% 2.5) 7 16 354 0.32 0.9 34.1
F 420

9 < 2 2.6 5 14 458 0.072 1.1 >30

420

21 Qg 26) 9 28 158 0056 0.7 >30
438

22 F@%— 57 8 35 446 ND NA >20
420

23 Qg- >.6) 20 49 636 ND ND >20

438
24 Q%— Q2.7 53 234 151 0.088 04 >20
25 F—G—%— (4586) 30 93 99 0 NA ~30

“Protocols for determination of inhibitor K; values against purified human BACEI and cathepsin D, as well as for cellular
BACEI] ICs, values, have been previously described.'® “Concentration in brain homogenate 6h post 10 mpk PO dosing.

exception to the potency improvements with fluorine addition are the 2,6-difluoro-containing analogs

23-25. These analogs are all slightly less active than their 2-fluoro-6-proteophenyl counterparts (analogs
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230

9, 19-22), possibly due to a weakly-negative interaction with carbonyl of Gly™" and carbonyl of the side

chain carboxylic acid of Asp3 2 (Figure 5(b)).

(b)

Figure 5: (a) X-ray crystal structure of 9 complexed with BACE1. The hydroxyl moiety of Tyr'' of the
flap is 2.9 A away from the 2-fluorine of 2,4-difluorophenyl group of compound 9. (b) Superimposition
of X-ray crystal structures of 9 (yellow, PDB ID code: 5he7) and a racemic sample of 23 (green, PDB
ID code: She4) complexed with BACEL. The 6-fluorine of the bound enantiomer of 23 is 3.1 A away
from the backbone carbonyl of Gly*® and is 3.4 A away from the carbonyl of the side chain carboxylic
acid of Asp3 2,

Importantly, in all cases, the addition of fluorine did not significantly erode the cell A ICso
values relative to the K; values of these analogs, and compounds 9, 19 and 20 showed cell ICs, values of
<20 nM. In addition, all of these analogs showed at least 100-fold selectivity over CatD and did not
show significant inhibition of CYP 3A4 under preincubation conditions. Of these, the 2.,4-
difluorophenyl analogue 9 was selected for further profiling based on its favorable overall profile with
respect to BACEI affinity, cell potency and 460-fold selectivity over CatD.

Compound 9 displayed good selectivity for BACE1 over the human aspartic proteases pepsin,

(>20000x), renin (6820x) and cathepsin E (648x), but was not selective versus the closely related
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BACEI homolog BACE2 (K; = 2.7 nM). Expressed predominantly in the periphery, BACE2 processes
the melanocyte structural protein PMEL17 required for proper pigmentation in rodents.”> BACE?2 is
also expressed in pancreatic B-cells and loss of BACE2 function has been associated with improved
glucose homeostasis.”® While knowledge of BACE2 mediated biological processes continues to evolve,
current understanding mitigates concerns related to BACE2 inhibition for development of a therapeutic
agent. In a counterscreen of a panel of human receptors, enzymes and ion channels, 9 did not show

significant off target activity with the exception of histamine H2 (K; = 4.9 uM), melatonin MT1 (K; =

2.9 uM), and motilin (K; = 19 uM) receptors.

Table 4. Rat, dog and monkey pharmacokinetic parameters of 9

. Hep. Cliy In vivo tin

Species (nll)g(/)lie v ?Iifgr‘;’,} (Clr\“/[a’)‘a %F | uL/min/10° | clearance (]Y/‘L’S?b (hr)”
£ V- H cells mL/min/kg” &

Rat 3 0.30 0.1 19 53 92 9.0 1.1

Dog 3 0.39 0.19 8.2 73 35 3.6 2.2

Monkey 3 2.6 0.49 33 48 15 5.7 7.3

“Oral. "Intravenous (3 mg/kg for rat and 1 mg/kg for dog and monkey).

Compound 9 did not significantly inhibit human CYP’s 1A2, 2C8, 2C9, 2C19, 2D6 and 3A4 at
concentrations below 20 uM and thus has minimal risk of interaction with drugs that are metabolized by
the major human CYPs, demonstrating a marked improvement over its progenitor 6. Inhibition of the
hERG channel by 9 (ICsy = 1.9 uM) was also reduced relative to 6.

The pharmacokinetic parameters of 9 are shown in Table 4. Oral bioavailability of 9 was low in
rats and dogs and moderate in monkeys, consistent with the high Cl;,; observed in hepatocytes of the

respective species. In vivo total clearance exceeded liver blood flow in rats and dogs, indicating that
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clearance pathways other than hepatic extraction contribute to total clearance. In this regard, 9 was
unstable in rat and dog plasma suggesting that its plasma instability may constitute a significant extra-
hepatic clearance pathway in these species. In cynomolgus monkeys, total in vivo clearance of 9 was
moderate and in concert with the moderate volume of distribution resulted in higher plasma exposure

and a longer half-life in vivo. The compound achieves substantial total brain concentrations in rats and

(mgﬂc(:gS,ePO) (n(fv‘;),, Ccsr(nM) (n(fv';)c Plasma, CSF and Cortex AS,o
0.3 5.6 <bloq“ 3.0
1 17.53 <bloq"” 13.5 2 0] T -~ Plasma
3 121.2 | <blog” 56.3 2 ~ CSF
10 770.4 54 346.9 2 —+ Cortex
30 2981 26.1 1781.1 g 504
100 8805 80.7 4043 g
300 14186 119.8 5018 o

“bloq; below limit of quantitation (0.6 nM). 0 : ~

’Plasma concentration. ‘Brain concentration 0:1 1 10 09 1000

Compound 9 (mg/kg, PO, 3h)
(a) (b)

Figure 6. (a) Measured total concentration of 9 in plasma (Cp), CSF (Ccsp) and brain (Cg) of rats at
doses ranging from 0.3 mg/kg to 300 mg/kg. (b) Effect of acute oral administration of compound 9 on
the reduction of plasma, CSF and cortical Afy levels in rats.

monkeys (brain/plasma ratio of 0.8 and 3.2, respectively). The improved brain penetration of 9
compared to 6 (brain / plasma ratio of 1.1 versus 0.1,” respectively) is consistent with the reduction in
calculated PSA achieved during optimization (PSA 94 A* vs. 109 A%, respectively). While instability of
9 in plasma from rat, dog and monkey precluded accurate determination of plasma protein binding
values, the compound is more stable in human plasma (95% bound). In human hepatocytes 9 exhibited

low intrinsic clearance (1.8 uL/min/10° cells), in contrast with the high hepatocyte clearance observed in

rat, dog and monkey hepatocytes (Table 4).
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Compound 9 was evaluated to assess its ability to lower Afy in the plasma, brain and CSF of

rats (Figure 6). Dose related increases in exposure of 9 in plasma, brain and CSF was seen across the

dose range of 0.3 — 300 mg/kg, and dose responsive lowering of Afs was observed in all three

compartments. A dose of 0.3 mg/kg of 9 lowered Af4 in plasma to 40% of the control levels

corresponding to an EDsy for A4 lowering of 0.5 mg/kg in plasma. On the other hand, potency for

CSF and cortex Apf4o lowering was considerably shifted rightward with EDsos of 5.2 mg/kg and 12.7

mg/kg respectively. Notably, levels of 9 in the CSF were below the limit of quantitation at the 3 mg/kg

dose, a dose at which significant CSF Af4y lowering was observed. Consistent with this observation, 9

was determined to be a rat Pgp substrate in an MDCK cell line overexpressing MDR1 (efflux ratio >30;

P,y (41 x 107° cm/s) indicating that CSF levels of 9 cannot be considered a reliable predictor of its free

. . 27
brain concentration.

Plasma and CSF concentrations
of compound 9

Plasma CSF
14 -- -0- 10 mg/kg

g = =&+ 30 mg/kg
= = = -V- 100 mgkg
= 0.14
[=2)
T
c Cell IC5p = 15 nM
5 0.011
(]
o
£ 0.0014
O
&)

0.0001

0 6 12 18 24 30 36 42 48
Time (h)

(a)

Dose (mg/kg) 10 | 30 | 100
Plasma
AUCoug, (uM.h) [ 0.608 [ 4.11 [22.9
Cinax (UM) 0.067 (034 |1.14
Trnax (h) 5.0 7.0 20.0
CSF
AUCp4sn (UM.h) | 0.0046 | 0.035 | 0.304
Cinax (UM) 0.0009 | 0.0046 | 0.0234
Tiax (h) 6.0 6.0 34.0
(b)
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Figure 7: Acute PK/PD profile of compound 9 in cisterna magna ported rhesus monkeys. Plasma and
CSF samples were collected at 2, 4, 6, 8, 12, 24 and 48 h after oral administration of 9 (10, 30 or 100

mg/kg) and analyzed for both compound concentrations and Apfs levels.

(a) Plasma and CSF

concentrations of 9 over time. (b) Pharmacokinetic parameters of 9. (c) Plasma Ap levels. (d) CSF
APy levels. (e) CSF ABy, levels. (f) CSF sAPPS levels.

The pharmacodynamic profile of 9 was also determined in non-human primates. Single doses of

compound 9 (10, 30, and 100 mg/kg) were orally administered to cisterna magna ported rhesus monkeys

enabling evaluation of its effect on the temporal dynamics of BACEI-related biomarkers in CSF and
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plasma. Plasma and CSF samples were collected at 2, 4, 6, 8, 12, 24 and 48 h post dose to analyze
compound and Apf4 levels. In addition, Afs, and SAPPS were analyzed at each time point in the
samples from CSF. A dose dependent increase in exposure of 9 was observed in plasma and CSF
(Figure 7(a)). Correspondingly, dose and time dependent reduction of CSF Ay, was observed with
profound peak reduction (-77% relative to baseline) observed at 24 h following the high dose (Figure
7(d)). The maximum lowering of plasma Apf4 at each dose was not differentiated, with apparent
plateauing at 50-60% reduction as a result of the limited window of quantification by the plasma Apf4
assay. However, a dose-dependent effect on the duration of plasma Afy, inhibition was observed which
correlated with plasma exposures of 9 (Figure 7(c)). Peak reductions of CSF Af4 occurred at time
points that were significantly delayed relative to the timing (Ty.x) of the plasma and CSF Cj.x
concentrations of 9, with the delay (~6 h) more pronounced at the lower doses (cf. Figures 7(a) and
7(d)). Reductions of Af4; and SAPPS in the CSF followed a temporal pattern very similar to that of Afs
(Figures 7(e) and 7(f)). This hysteresis effect is likely related to the kinetics of central Af turnover and

transit to the CSF from within the brain.?®

CSF AB, Cortex ABy0
1004 0061 T~

(]
c 0.054
= . 35%0*
@ 75 ° 5 0.044
@ g 2 58% 4 **
w 501 Q & 0.034
c < 2
8 S 0.02-
5 25 e
o 0.014

0 0.00

Baseline Compound 9 Control Compound 9
10 mg/kg, PO, 4h 10 mg/kg, PO, 4h

Figure 8. Acute effect of compound 9 (10 mg/kg) on CSF and cortical Af4o levels in cynomolgus
monkeys (*p = 0.0014, **p < 0.0007).
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The acute effect of 9 on the reduction of CSF and cortex Afs was investigated in cynomolgus
monkeys (Figure 8). Acute oral administration of 9 at 10 mg/kg resulted in 58% reduction of Af4in
cortex compared with the vehicle control group when evaluated at 4 h post dose. Interestingly, CSF
A Sy reduction (35% relative to control) was not as pronounced as that observed in cortex at the same
time point.

The greater reduction of cortex Ay compared to CSF A /Sy at the 4 h time point is thought to be
a manifestation of the dynamics of Apfy transit and turnover under the conditions of acute
administration of 9. A close temporal relationship between BACEI inhibition of A/ synthesis and the
magnitude of Ay inhibition would be expected in cortex where Ay is directly produced. In contrast,
the degree of reduction of Afyy in the CSF under non-steady state conditions of acute inhibitor
administration is dependent on the kinetics of Afyy clearance from CSF and of transit of newly
synthesized AJ into the CSF compartment from the primary sites of synthesis in the brain.”® This
hypothesis is consistent with the observed delay to maximum CSF Ay lowering of 12-24 h post dosing

in rhesus monkeys (Figure 7(d)).

Conclusions

Design and development of potent BACE1 inhibitors for advanced clinical studies has been
challenging due to the intrinsic nature of the BACEI1 active site and the localization of the enzyme
within intracellular compartments of the brain. To achieve high affinity, inhibitors require polar
functionality to interact with the active site catalytic aspartic acids complemented by lipophilic groups
that bind in the adjacent specificity pockets. Successful inhibitor development requires an appropriate
balance of properties to achieve cell and brain penetration while minimizing off target liabilities. Our

earlier work employing the novel bicyclic iminopyrimidinone scaffold clearly illustrated these
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challenges, resulting in the potent BACE] inhibitor 6 which suffered from significant CYP3A4 and
hERG inhibition, and sub-optimal brain exposure. Using 6 as a starting point, improvement of the
ancillary profile and CNS properties was achieved by truncation of the P3 moiety and optimization of
the pyrimidine moiety binding in the S2'-S2" region, delivering 11. Subsequent optimization of the P1
aryl group of 11 to improve affinity and selectivity delivered 2,4-difluorophenyl analogue 9 which is
structurally diverse from our previously reported S1-S3 binding inhibitors and afforded robust central

A reduction in rats and monkeys.

EXPERIMENTAL SECTION

Procedures for X-ray crystallography, aspartyl protease K; determination, cell Apfs ICso
determination and determination of AP levels in rat brain and CSF samples were conducted as
previously described.'>1¢18

Synthesis: Unless otherwise mentioned, all the reagents and solvents were obtained from
commercial sources and used without further purification. Air sensitive chemistries were performed
under an atmosphere of nitrogen or argon. Purification of the final compounds to >95% purity were
carried out either using a prepacked silica gel cartridge (Analogix or Biotage or ISCO) or a reverse
phase C18 column (mobile phase, A = 0.05% TFA in water and B = 0.05% TFA in acetonitrile, gradient
= 10% to 95% B over 10 min). All NMR data unless otherwise specified were collected at 400 MHz on
Varian or Bruker instruments. Chemical shifts are reported in ppm relative to the residual solvent peak
in the indicated solvent, and for 'H NMR, multiplicities, coupling constants in Hertz, and numbers of
protons are indicated parenthetically. Microwave assisted reactions were performed in a Smith

synthesizer from Personal Chemistry. Purity and MS information was obtained via LC-electrospray-

mass spectroscopy with a C18 column using a gradient of 5% to 95% MeCN in water with 0.05% TFA
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as the mobile phase. The purity of the samples was assessed using a UV detector at 254 nm. An
additional analytical reverse phase HPLC system was used to assess the purity of final compounds using

an ELSD detector and a UV detector monitoring both 220 nm and 254 nm.

tert-Butyl ((4aR,7aR)-7a-(5-cyanothiophen-2-yl)-3-methyl-4-oxohexahydro-1H-pyrrolo[3,4-
d]pyrimidin-2(3H)-ylidene)carbamate (29). To a solution of 26 (1.8 g, 3.1 mmol) in methanol (40
mL) was added 10% palladium on carbon (0.9 g), and the resulting mixture was stirred under the
atmospheric of H, for 1.5 h. The reaction mixture was filtered, the filtrate was concentrated and the
residue was purified using 0 to 100% ethyl acetate in hexanes to provide 27 (1.41 g, 92%). 'H NMR
(400 MHz, CDCl3) 6 10.4 (m, 1H), 7.31 (m, 1H), 6.97-6.99 (m, 2H), 4.20 (m, 2H), 3.68-4.06 (m, 4H),
3.50 (m, 1H), 3.30 (s, 3H), 1.53 (s, 9H), 1.01 (m, 2H), 0.03 (s, 9H).

To a solution of 27 (1.41 g, 2.8 mmol) in DMF (15 mL) was added NBS (0.6 g, 3.4 mmol), and
the resulting mixture was stirred for 12 h. The reaction mixture was diluted with ethyl acetate (100 mL),
washed with brine, and then with water. The organic layer was dried with Na,SO, and concentrated.
The crude product was purified by silica gel chromatography using 0 to 100% ethyl acetate in hexanes
to provide 28 (0.96 g, 60%). 'H NMR (400 MHz, CDCl3) & 10.39 (m, 1H), 6.94 (d, J = 4.0 Hz, 1H),
6.76 (m, 1H), 4.20 (m, 2H), 3.68-4.04 (m, 4H), 3.43 (m, 1H), 3.29 (s, 3H), 1.53 (s, 9H), 1.01 (m, 2H),
0.03 (s, 9H).

To a solution of 28 (1.0 g, 1.7 mmol) in DMA (3 mL) were added PdCl,(dppf) (0.2 g, 0.17
mmol), Zn(CN), (0.2 g, 1.7 mmol) and Zn powder (0.1 g, 1.7 mmol). The resulting solution was
degassed and heated at 80 °C for 4 h. The reaction mixture was then diluted with ethyl acetate and
passed through a silica gel plug. The filtrate was evaporated, and to a solution of the resulting material

in dichloromethane (5 mL) was added Et;N (0.5 mL, 3.5 mmol) and (Boc),0 (0.572 g, 2.6 mmol). The
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resulting solution was stirred at rt for 12 h and then evaporated to dryness. The crude product was
purified via silica gel chromatography eluting with 25% ethyl acetate in hexanes to provide a Teoc-
protected precursor to cyanothiophene core 29 (0.628 g, 71%). 'H NMR (400 MHz, CDCl3) § 10.47 (m,
1H), 7.51 (d, J = 4.5 Hz, 1H), 7.04 (m, 1H), 4.16-4.20 (m, 2H), 3.71-4.04 (m, 4H), 3.46-3.49 (m, 1H),
3.26 (s, 3H), 1.50 (s, 9H), 0.98 (m, 2H), 0.01 (s, 9H). To a solution of this intermediate (1.0 g, 1.9
mmol) in THF (2 mL) was added a solution of 1M TBAF in THF (5.7 mL, 5.7 mmol) at 0 °C, and the
resulting solution was warmed to rt over period of 30 minutes and then stirred for additional 3 h. The
reaction mixture was evaporated to dryness, and was directly loaded into silica gel column and purified

using 100% ethyl acetate to provide 29 (0.56 g, 80%).

General Procedure A for N-arylation and Subsequent Boc Removal. To a solution of the
pyrrolidine intermediate (1 equiv.) and heteroaryl halide (1.2 equiv.) in toluene (5 mL/mmol of
pyrroldine) were added tris(dibenzylidene-acetone)dipalladium(0) (0.1 equiv.), (2-biphenylyl)di-terz-
butylphosphine (JohnPhos, 0.15 equiv.) and Na-OrBu (2.2 equiv.). The resulting solution was degassed
and heated at 70 °C for 3 h, then cooled to room temperature, filtered through a pad of Celite, and the
crude material was purified via silica gel chromatography using ethyl acetate in hexanes as the eluant to
give an N-arylated product. The Boc protecting group was removed through treament of this material
with 20% TFA/CH,Cl, (2.5 mL/mmol). The deprotected compounds were purified by reverse phase

HPLC (C18) using 0 to 90% water / acetonitrile with 0.05% TFA.

5-((4aR,7aR)-6-(5-Fluoro-4-methoxypyrimidin-2-yl)-2-imino-3-methyl-4-oxooctahydro-1H-

pyrrolo[3,4-d]pyrimidin-7a-yl)thiophene-2-carbonitrile (10). Compound 10 was prepared from

compound 29 (38 mg, 0.101 mmol) and 2-chloro-5-fluoro-4-methoxypyrimidine following general
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procedure A (2.2 mg, 5%). '"H NMR (400 MHz, CD;0D) 6 8.05 (d, J=3.3 Hz, 1H), 7.76 (d, J = 4.0
Hz, 1H), 7.33 (d, J/ = 4.0 Hz, 1H), 4.41 (d, J = 12.4 Hz, 1H), 4.10 (m, 4H), 4.02 (s, 3H), 3.33 (s, 3H).

m/z: 402.2.

5-((4aR,7aR)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-3-methyl-4-
oxooctahydro-1H-pyrrolo[3,4-d]pyrimidin-7a-yl)thiophene-2-carbonitrile (11). Compound 11 was
prepared from compound 29 (40 mg, 0.107 mmol) and 2-chloro-5-fluoro-4-methoxy-6-
methylpyrimidine following general procedure A (26 mg, 60%). 'H NMR (400 MHz, CD;0D) § 7.75
(d, J=4.0 Hz, 1H), 7.32 (d, J = 4.0 Hz, 1H), 4.88 (s, 3H), 4.40 (d, J = 12.9 Hz, 1H), 4.08 (m, 4H), 3.98

(s, 3H), 3.33 (s, 3H), 2.28 (d, J=2.9 Hz, 3H). m/z: 416.2.

tert-Butyl ((4aR,7aR)-7a-(5-chlorothiophen-2-yl)-3-methyl-4-oxohexahydro-1H-
pyrrolo[3,4-d]pyrimidin-2(3H)-ylidene)carbamate (31). To a solution of 27 (1.0 g, 2 mmol) in DMF
(15 mL) was added NCS (0.265 g, 4 mmol), and the resulting mixture was stirred at 50 °C for 2 h, and
then cooled to room temperature. The reaction mixture was diluted with water and extracted with ethyl
acetate (3x50 mL). The organic layer was dried with Na,SOy, concentrated and the residue was purified
using 25% ethyl acetate in hexanes to provide 5-chlorothiophene 30 (0.846 g, 80%). 'H NMR (400
MHz, CDCl3) 6 10.39 (m, 1H), 6.78 (m, 2H), 4.19-4.21 (m, 2H), 3.71-4.04 (m, 4H), 3.43 (m, 1H), 3.29
(s, 3H), 1.52 (s, 9H), 1.0 (m, 2H), 0.03 (s, 9H).

To a solution of 30 (0.846 g, 1.6 mmol) in THF (2 mL) was added a solution of 1M TBAF in
THF (4.8 mL, 2.4 mmol) at 0 °C, and the resulting solution was warmed to rt over period of 30 minutes
and then stirred for additional 3 h. The reaction mixture was evaporated to dryness, and was loaded onto

silica gel column and purified using 100% ethyl acetate to provide 31 (0.417 g, 75%).
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(4aR,7aR)-7a-(5-Chlorothiophen-2-yl)-6-(5-fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-
imino-3-methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (12). Compound 12 was
prepared from compound 31 (20 mg, 0.052 mmol) and 2-chloro-5-fluoro-4-methoxy-6-
methylpyrimidine following general procedure A (10 mg, 48%). 'H NMR (400 MHz, CD;0D) § 7.03
(d, J=3.9 Hz, 1H), 6.97 (d, J = 3.9 Hz, 1H), 4.36 (d, J = 12.3 Hz, 1H), 4.07 (m, 4H), 3.98 (s, 3H), 3.33

(s, 3H), 2.29 (d, J = 3.0 Hz, 3H). m/z: 425.2.

(4aR,7aR)-7a-(5-Chlorothiophen-2-yl)-6-(4-ethyl-5-fluoro-6-methoxypyrimidin-2-yl)-2-
imino-3-methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (13). Compound 13 was
prepared from compound 31 (20 mg, 0.052 mmol) 2-chloro-4-ethyl-5-fluoro-6-methoxypyrimidine
following general procedure A (10 mg, 46%). '"H NMR (400 MHz, CDs;0OD) 6 7.03 (d, J =3.9 Hz, 1H),
6.97 (d, J =3.9 Hz), 4.34 (d, J= 12.4 Hz, 1H), 4.08 (m, 4H), 3.98 (s, 3H), 3.33 (s, 3H), 2.65 (qq, J = 2.5

Hz, 7.6 Hz, 2H), 1.22 (t, J = 7.5 Hz, 3H). m/z: 439.2.

(4aR,7aR)-7a-(5-Chlorothiophen-2-yl)-6-(5-fluoro-4-methoxy-6-propylpyrimidin-2-yl)-2-
imino-3-methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (14). Compound 14 was
prepared from compound 31 (20 mg, 0.052 mmol) and 2-chloro-5-fluoro-4-methoxy-6-propylpyrimidine
following general procedure A (11 mg, 48%). "H NMR (CD50D) 67.03(d,J=4.0Hz, 1H), 6.97 (d, J
=3.9 Hz, 1H), 4.36 (d, J = 12.2 Hz, 1H), 4.22 — 4.07 (m, 1H), 4.07 — 4.00 (m, 2H), 3.99 (s, 3H), 3.32 (s,

3H), 2.67 — 2.54 (m, 2H), 1.70 (h, J =7.4 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H). m/z: 453.2.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 30 of 58

5-((4aR,7aR)-6-(4-Ethoxy-5-fluoro-6-methylpyrimidin-2-yl)-2-imino-3-methyl-4-
oxooctahydro-1H-pyrrolo[3,4-d]pyrimidin-7a-yl)thiophene-2-carbonitrile (15). Compound 15 was
prepared from compound 29 (60 mg, 0.16 mmol) and 2-chloro-4-ethoxy-5-fluoro-6-methylpyrimidine
following general procedure A (14 mg, 20%). '"H NMR (400 MHz, CDs0OD) & 7.75 (d, J =4.0 Hz, 1H),
7.32(d,J=4.0Hz, 1H), 448 —4.42 (q, J =7.1 Hz, 2H), 4.40 (d, /= 12.3 Hz, 1H), 4.15 (dd, J =8.7, 7.0

Hz, 1H), 4.11 - 3.98 (m, 4H), 3.32 (s, 3H), 2.28 (d, J = 3.0 Hz, 3H), 1.39 (t, J = 7.1, 3H). m/z: 430.2.

5-((4aR,7aR)-6-(5-Fluoro-4-methyl-6-(methylthio)pyrimidin-2-yl)-2-imino-3-methyl-4-
oxooctahydro-1H-pyrrolo[3,4-d]pyrimidin-7a-yl)thiophene-2-carbonitrile (16). To a solution of
compound 29 (90 mg, 0.240 mmol) in toluene (3 mL) was added tris(dibenzylidene-acetone)dipalladium
(0) (0.026 mmol. 27 mg), 2-cyclohexylphosphino-2'-(N,N-dimethylamino)biphenyl (0.068 mmol, 24
mg) and sodium fert-butoxide (0.77 mmol, 74 mg) and the vial was degassed with nitrogen (evacuate
/flush, 3x) and 2-chloro-5-fluoro-4-methyl-6-(methylthio)pyrimidine (0.33 mmol, 63 mg) was added as
a solution in toluene (0.2 mL). The reaction mixture was heated at 60 °C for 16 h, then cooled to room
temperature, filtered through a pad of Celite, and concentrated. The crude material was purified by flash
chromatography using 0% to 60% ethyl acetate in hexanes to afford an N-arylated product that was
treated with 20% TFA/CH,Cl, (2 mL) to remove the Boc-protecting group. This material was purified
by reverse phase HPLC (C18, 35 mL/mim, 10% to 95% MeCN/H,0, 0.05% TFA) to provide compound
16 (46 mg, 45%). 'H NMR (400 MHz, CD;0D) & 7.77 - 7.72 (m, J = 3.3 Hz, 1 H), 7.33 (d, J = 4.0 Hz,
1 H),4.53-4.42 (m, 1 H), 4.25-4.14 (m, 1 H), 4.14 - 4.01 (m, 3 H), 3.33 (s, 3 H), 2.53 (s, 3 H), 2.29 (d,

J=2.2Hz, 3 H).
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5-((4aR,7aR)-6-(5-Fluoro-4-methyl-6-(methylamino)pyrimidin-2-yl)-2-imino-3-methyl-4-
oxooctahydro-1H-pyrrolo[3,4-d]pyrimidin-7a-yl)thiophene-2-carbonitrile (17). Compound 17 was
prepared from compound 29 (53 mg, 0.14 mmol) and tert-butyl (2-chloro-5-fluoro-6-methylpyrimidin-
4-yl)(methyl)carbamate following general procedure A (21 mg, 38%, yield). 'H NMR (400MHz ,
CDs;OD) 6 7.76 (d, J = 3.9 Hz, 1H), 7.35 (d, J = 4.0 Hz, 1H), 4.27 - 4.08 (m, 3H), 3.31 (s, 3H), 3.03 (s,

3H), 2.33 (d, J = 3.1 Hz, 3H). m/z: 415.2.

(4aR,7aS)-7a-(2,4-difluorophenyl)-6-(5-fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-
3-methyloctahydro-4H-pyrrolo[3,4-d]pyrimidin-4-one  (9). To a solution of 2-(2,4-
difluorophenyl)acetonitrile 32 (75 g, 0.49 mol) in MeOH (3 L) was added glyoxylic acid (50 % (w/w) in
water, 81.8 mL, 0.735 mol). The resulting reaction mixture was cooled to 0 °C and then was added
K,CO;5 (169 g, 1.2 mol) in several portions. After the addition of K,COs, the reaction mixture was
heated at 70 °C for 12 h, and then was allowed to cool to room temperature. The resulting white
precipitate was collected by filtration and washed with cold water and with methanol to afford 33 as a
white solid after drying in a vacuum oven (91 g, 89%). '"H NMR (400 MHz, DMSO-dg) 6 7.51 (m, 1H),
7.34 (m, 1H), 7.15 (m, 1H), 6.84 (s, 1H).

To a mixture of concentrated sulfuric acid (0.630 L) and 99% formic acid (8.36 L) at rt was
added 33 (1424 g, 5.76 mol) in several portions over 15 min. The resulting solution was heated at 110
°C for 3 h and allowed to cool to rt over 12 h. The precipitated solid was collected by vacuum filtration
and re-dissolved in toluene (1.5 L). The resulting solution was concentrated under reduced pressure to
provide 34 (568 g, 47%) as a white solid. The filtrate from the reaction was then extracted with toluene

(3 x 4 L) and the combined extracts concentrated under reduced pressure to afford additional 34 (569 g,
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47%) as a white solid. 'H NMR (400 MHz, CDCl3) & 8.43 (m, 1H), 7.21 (d, 1H), 7.08 (m, 1H), 7.02
(m, 1H).

A solution of 34 (252 g, 1.20 mol) in THF (800 mL) was cooled to 0-5 °C and trifluoroacetic
acid (20 mL, 0.260 mol) was then added. To the resulting mixture was added a solution of N-
(methoxymethyl)-N-(trimethylsilylmethyl)benzylamine 35 (80% pure, 455 g, 1.50 mol) in THF (300
mL) dropwise over 2 h. The internal temperature was monitored and kept below 15 C. Upon
completion of the addition, the cold bath was removed and the reaction mixture was allowed to warm to
rt and stirred for 18 h and then the solvents were removed under reduced pressure. Methanol (1.1 L)
was added and the reaction mixture was stirred for 12 h. The precipitated solid was collected by
vacuum filtration, washed with methanol (400 mL) followed by with diethyl ether (500 mL) and dried to
give 36 (257 g, 57%) as an off-white solid. '"H NMR (400 MHz, DMSO-dg) 6 7.63 (m, 1H), 7.30-7.06
(m, 7H), 3.73 (m, 3H), 3.54 (s, 3H), 3.31 (m, 1H), 3.09 (m, 2H), 2.97 (m, 1H). m/z: 376.1.

To a slurry of 36 (250 g, 0.666 mol) in anhydrous toluene (2.22 L) was added triethylamine (67.4
g, 0.666 mol). The resulting suspension was stirred at rt for 10 min, then was added DPPA (202 g,
0.733 mol). The reaction mixture was heated at 66 °C for 30 min and then was cooled to 40-50 °C, and
to this mixture was added acetic acid (40.0 g, 0.666 mol) followed by 2-(trimethylsilyl)ethanol (118 g,
0.998 mol). The resulting mixture was heated to gentle reflux for 12 h. The reaction mixture was
cooled to room temperature, concentrated under reduced pressure, diluted with ethyl acetate (1 L) and
the suspension was washed with saturated aqueous sodium bicarbonate (2 x 800 mL). The organic layer
was washed with brine (600 mL), dried over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The resulting residue was purified by flash column chromatography (silica gel, 15%

EtOAc/heptane) to afford a Teoc protected Curtius product (155 g, 48%) as a light yellow oil. "H NMR
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(400 MHz, CDCl3) 6 7.56 (m, 1H), 7.32 (m, 5H), 6.82 (m, 3H), 4.08 (m, 2H), 3.76 (d, 2H), 3.71 (s, 3H),
3.61 (m, 1H), 3.40 (m, 1H), 3.36 (m, 1H), 3.01 (m, 2H), 0.98 (m, 1H), 0.02 (s, 9H). m/z: 491.1.

A solution of HCI (4M in 1,4-dioxane, 313 mL, 1.25 mol) was added to the above material (68.0
g, 0.139 mol). The resulting solution was stirred at rt for 12 h. After this time, the reaction mixture was
concentrated under reduced pressure to a syrup and then basified to pH 9 by slow addition of saturated
aqueous sodium carbonate. The resulting suspension was extracted with ethyl acetate (4 x 300 mL).
The combined extracts were dried over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The residue was further dried under high vacuum for 30 min to give amine 37 as a
crude mixture that was used directly in the next step. "H NMR (400 MHz, CDCl3) 6 7.31 (m, 1H), 7.43
(m, 5H), 7.90 (m, 2H), 6.19 (m, 1 H), 4.43 (m, 2H), 4.17 (m, 2H), 4.00 (m, 2H), 3.71 (s, 3H). To a
solution of this crude amine 37 in anhydrous DMF (700 mL) was added DIEA (97.0 mL, 0.556 mol), ¢-
butyl N—[(methylamino)thioxomethyl]carbamate18 (33.6 g, 0.177 mol) and EDCI (42.4 g, 0.221 mol).
The resulting mixture stirred at 30 °C for 24 h. After this time, the reaction mixture was cooled to rt,
diluted with ethyl acetate (1.5 L) and washed sequentially with water (4 x 800 mL) and brine (500 mL).
The organic layer was dried over anhydrous sodium sulfate, filtered, and concentrated under reduced
pressure. The residue was purified by flash column chromatography (silica gel, 15% ethyl
acetate/heptane) to afford racemic 38 as a white solid (41.1 g, 63%). The enantiomers were separated
using chiral HPLC (Chiralpak AD column, 20 pm, 5 cm x 50 cm, 40 mL/min, 95% hexane/isopropanol)
to afford desired enantiomer 39 (slower eluting, tx = 65 min) and undesired enantiomer 40 (faster
eluting, 7z = 34 min). 'H NMR (400 MHz, CDCl3) & 7.39 (m, 5H), 7.31 (m, 1H), 6.99 (m, 2H), 3.86 (s,
2H), 3.79 (m, 1H), 3.38 (s, 3H), 3.36 (m, 3H), 3.20 (m, 1H), 1.63 (s, 9H). m/z: 471.1.

To a solution of 39 (3.57 g, 7.44 mmol) in methanol (30 mL) was added 20% Pd(OH), on carbon

(0.97 g), and the resulting mixture was stirred under an atmosphere of H, at rt for 12 h and then filtered
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through Celite. The Celite was washed with MeOH and the combined filtrate and washings were
evaporated to give 41 (2.63 g, 91%) which was used without further purification. "H NMR (400 MHz,
CDClI3) 6 7.30 (m, 1H), 7.00 (m, 2H), 4.03 (m, 1 H), 3.91 (m, 2H), 3.72 (m, 1H), 3.58 (m, 1H), 3.35 (s,
3H), 6 1.60 (s, 9H). m/z: 381.2.

To a flame-dried and N; purged flask was added 2-chloro-5-fluoro-4-methoxy-6-
methylpyrimidine (765 mg, 4.33 mmol), 2'-(di-fert-butylphosphino)-N,N-dimethylbiphenyl-2-amine (63
mg, 0.18 mmol), Pd(OAc), (37 mg, 0.167 mmol) and sodium terz-butoxide (705 mg, 7.33 mmol) in one
portion. To this mixture was then added a solution of 41 (1.27 g, 3.33 mmol) in anhydrous toluene (10
mL). The reaction mixture was heated at 100 °C in an oil bath with stirring for 30 min then cooled to rt.
The reaction mixture was diluted with CH,Cl, (100 mL) and acidified with 5% aqueous citric acid. The
aqueous layer was extracted with CH,Cl, (50 mL). The combined organic layers were washed with
saturated aqueous NaHCOj3 and brine, dried over MgSQy, filtered and concentrated. The crude mixture
was purified by silica gel chromatography (gradient from 0% to 15% EtOAc/hexanes) to afford the
corresponding N-arylated product (1.29 g, 75% yield). This material was stirred with 20% TFA/DCM
(10 mL) at rt for 4 h and then concentrated. The residue was purified by reverse phase HPLC (Novapak
HR-C18, 25 mm x 100 mm, 6 pm) gradient from 10% to 90% MeCN/H,O with 0.1% HCOOH, 35
mL/min) to give 9 (0.56 g, 78%). 'H NMR (400 MHz, CD;0D) § 7.40 (m, 1H), 7.18 (m, 1H), 7.07 (m,
1H), 4.55 (dd, J = 3.2 Hz, 12.5 Hz, 1H,), 4.21 (m, 2H), 3.98 (s, 1H), 3.29 (s, 3H), 2.29 (d, J/ = 2.9 Hz,

3H). m/z: 421.1.

(4aR,7aS)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-3-methyl-7a-

phenylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (18). Compound 18 was prepared from 3-

phenylfuran-2,5-dione according to the procedures for compound 9 beginning from the [3+2]
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cycloaddition step with 35 and using general procedure A for the N-arylation and final deprotection. 'H
NMR (400 MHz, CDs;0D) & 7.51 — 7.38 (m, 5H), 4.32 (d, J = 12.2 Hz, 1H), 4.17 (dd, J = 10.4, 8.7 Hz,

1H), 4.07 (t, J = 8.4 Hz, 1H), 3.97 (m, 5H), 3.27 (s, 3H), 2.28 (d, J =2.9 Hz, 3H). m/z: 385.2

(4aR,7aS)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-7a-(2-fluorophenyl)-2-imino-3-
methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (19). Compound 19 was prepared from
2-(2-fluorophenyl)acetonitrile according to the procedures for compound 9 and using general procedure
A for the N-arylation and final deprotection. '"H NMR (400 MHz, CD3;0D) ¢ 7.17 - 7.04 (m, 4H), 4.48
(dd, J =2.0 Hz, 12.4 Hz, 1H), 4.33 (dd, J = 10.0 Hz, 10.5 Hz, 1H), 4.09 (t, / = 9.3 Hz, 1H), 4.02 (d, J =

12.4 Hz, 1H), 3.96 (s, 3H), 3.81 (t, / = 10.4 Hz, 1H), 3.36 (s, 3 H), 2.29 (d, / = 2.9 Hz, 3H). m/z: 403.2.

(4aR,7aS)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-7a-(4-fluorophenyl)-2-imino-3-
methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (20). Compound 20 was prepared from
3-(4-fluorophenyl)furan-2,5-dione according to the procedures for compound 9 beginning from the
[342] cycloaddition step with 35 and using general procedure A for the N-arylation and final
deprotection. 'H NMR (400 MHz, CD;OD) & 7.56 — 7.48 (m, 2H), 7.25 — 7.18 (m, 2H), 4.32 (d, J =
12.3 Hz, 1H), 4.14 (dd, J =9.9, 8.3 Hz, 1H), 4.10 — 4.03 (m, 1H), 4.02 — 3.94 (m, 5H), 3.29 (s, 3H), 2.28

(d, J=3.0 Hz, 3H). m/z: 403.2.

(4aR,7aS)-7a-(2,5-Difluorophenyl)-6-(5-fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-
3-methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (21). Compound 21 was prepared from
2-(2,5-difluorophenyl)acetonitrile according to the procedures for compound 9 and using general

procedure A for the N-arylation and final deprotection. 'H NMR (400 MHz, CDs0D) § 7.37 — 7.21 (m,
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2H), 7.14 (m, 1H), 4.54 (dd, J = 12.3, 3.1 Hz, 1H), 4.31 — 4.16 (m, 2H), 4.02 — 3.90 (m, 5H), 3.30 (s,

3H), 2.30 — 2.28 (m, 3H). m/z: 421.2.

(4aR,7aS)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-3-methyl-7a-(2,4,5-
trifluorophenyl)hexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (22). Compound 22 was
prepared from 2-(2,4,5-trifluorophenyl)acetonitrile according to the procedures for compound 9 and
using general procedure A for the N-arylation and final deprotection. 'H NMR (400 MHz, CD;0D) &
7.37-7.17 (m, 2H), 4.24 (d, J = 11.4 Hz, 1H), 4.14 (t, J = 9.7 Hz, 1H), 3.96 (s, 3H), 4.00 - 3.84 (m, 2H),

3.78 - 3.66 (m, 1H), 3.22 (s, 3H), 2.27 (s, 3H). m/z: 439.2.

(4aR,7aS)-7a-(2,6-Difluorophenyl)-6-(5-fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-
3-methylhexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (23). A flask was charged sequentially
with diethylacetylene dicarboxylate 42 (5.0 g, 29 mmol), 2,6-difluorophenylboronic acid 43 (5.57 g,
35.3 mmol), 1,4-dioxane (90 mL), tetrakis(triphenylphosphine)palladium(0) (1.36 g, 1.18 mmol), and
acetic acid (0.167 mL, 2.94 mmol). The resulting mixture was degassed by evacuation and back-filled
with N, (3X) and was then immersed in an 80 °C oil bath. After 16 h, the reaction was diluted with
water and extracted twice with EtOAc. The combined organic portions were washed with sat. aq.
NaHCO3; and brine, dried over MgSQy, filtered and concentrated. The crude sample was subjected to
column chromatography (330 g silica, 90 mL/min, 0% to 35% EtOAc/hexanes) to give diethyl 2-(2,6-
difluorophenyl)maleate (2.85 g, 34%). 'H NMR (400 MHz, CDCl3) 6 7.32 (m, 1H) 6.94 (m, 2H), 6.45
(s, 1H), 4.30 (t, J = 12.2 Hz, 2H) overlapping 4.26 (t, J = 12.2 Hz, 2H), 1.32 (q, J/ = 12.2 Hz, 3H)
overlapping 1.30 (q, J = 12.2 Hz, 3H).

To a solution of diethyl 2-(2,6-difluorophenyl)maleate (1.34 g, 4.71 mmol) in mixture of THF
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(100 mL) and water (35 mL) was added lithium hydroxide monohydrate (0.99 g, 34 mmol). The
resulting mixture was immersed in a 40 °C oil bath and stirred vigorously. After 18 h at 40 °C, the
reaction was cooled, diluted with 1IN HCIl and was extracted twice with THF/EtOAc (1/3). The
combined organic portions were washed with brine, dried over MgSOys, filtered and concentrated. This
material was dissolved in acetic anhydride (35 mL, 260 mmol) and immersed in a 90 °C oil bath. After
90 min, the mixture was concentrated to a semisolid and dried azeotropically with toluene (50 mL) to
give 3-(2,6-difluorophenyl)furan-2,5-dione 44. "H NMR (400 MHz, CDCl3) & 7.53 (m, 1H), 7.09 (m,
3H).

To a solution of 44 (46.8 g, 180 mmol) in THF (400 mL) was added N-benzyl-N-
methoxymethyl-N-(trimethylsilyl)methylamine 35 (64.5 mL, 352 mmol) and then trifluoroacetic acid
(1.39 mL, 18.0 mmol) at 0 °C. The cooling bath was removed and the mixture was allowed to stir at rt.
After 75 min, the reaction mixture was immersed in a bath at -60 °C, and a premixed solution of
triethylamine (50.2 mL, 360 mmol) in methanol (180 mL) was added via dropping funnel over 15 min.
The resulting mixture was allowed to warm to rt and stirred for 2.5 days. The precipitated solid was
collected via filtration and the filtrate was partially concentrated causing additional solid to precipitate
that was isolated by filtration. A third batch of solid was obtained by filtration after the mother liquor
was allowed to stand for one week. The combined yield for the three crops of 45 was 48.4 g (56% as the
triethylammonium salt). A portion of this material was converted to its HCI salt by treatment with 4N
HCl/dioxane. m/e =376.

To a solution of compound 45 (8.5 g, 18 mmol) in MeOH (350mL) was added 4N HCI in
dioxane (100 mL) and then concentrated. The resulting residue was then redissolved in MeOH (350
mL) and 20% palladium hydroxide on carbon (4.0 g) was added in two batches. The mixture was stirred

vigorously, and the flask was evacuated and back-filled with H, from a balloon (3X). The reaction was
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then kept under the atmosphere of H; for 3 h. At that time, the flask was evacuated and back-filled with
N, (2X), and the mixture was filtered through a Celite pad with copious MeOH washes. The filtrate was
concentrated to give a crude product that was dissolved in THF (200 mL) and treated with triethylamine
(6.2 mL, 44 mmol). Dioxane (100 mL) was added, followed by benzyl chloroformate (3.0 mL, 21
mmol). After 1 h, the reaction was diluted with 1N HCI and was extracted with 1:1 THF:EtOAc (3X).
The organic portions were combined, washed with brine, dried over MgSOQy, filtered, and concentrated.
The crude sample was taken up in toluene (100 mL), reconcentrated, and subjected to column
chromatography (330 g silica, 80 mL/min, 0% to 10% MeOH/DCM) to give 46 (4.8 g, 64%). 'H NMR
(400 MHz, CDCl3) 6 7.34 (m, 4H), 7.31 (m, 2H), 6.89 (m, 2H), 5.15 (dq, J, = 12.0 Hz, J; = 4.0 Hz,
2H), 4.63-4.51 (m, 1H), 3.98 (m, 2H), 3.86 (m, 1H), 3.77 (dd, J = 16.0, 2.8 Hz, 1H), 3.71 (m, 3H).

A round bottomed flask was charged with 46 (4.8 g, 11 mmol), toluene (35 mL), triethyl amine
(3.19 mL, 22.9 mmol) and DPPA (3.21 mL, 14.9 mmol). The mixture was immersed in a 75 °C oil
bath. After 3 h at 75 °C, 2-(trimethylsilyl)ethanol (6.56 mL, 45.8 mmol) was added and the resulting
mixture was heated at 110 °C for 2 h. Then the reaction mixture was cooled to rt and concentrated. The
crude sample was subjected to column chromatography (330 g silica, 100 mL/min, 0% to 50%
EtOAc/hexanes) to give a Teoc protected amine (4.1 g, 67%). This material was mixed with 4.0 M of
HCI in dioxane (38 mL) and allowed to stir at rt for 20 h. The reaction mixture was concentrated to
viscous gum to provide 47, which was taken to next step without further purification. m/e = 391.

To a mixture of 47 (3.5 g, 8.2 mmol) and DMF (40 mL) was added DIEA (5.71 mL, 32.8 mmol),
t-butyl N—[(methylamino)thioxomethyl]calrbalmalte18 (1.95 g, 10.3 mmol) and EDCI (2.36 g, 12.3 mmol).
The resulting mixture stirred at room temperature for 6.5 days. At that time, the reaction mixture was
diluted with water and EtOAc and stirred vigorously until both phases cleared. The phases were

seaprated, and the aqueous layer was extracted with EtOAc (2x). The combined organic layers were
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washed with saturated aqueous NaHCO3 (3x) and brine, dried over MgSO4, filtered and concentrated to
a light brown oil. This crude sample was subjected to column chromatography (120 g silica, 0-40%
EtOAc/hexanes, 60 mL/min,) to give 48 (2.4 g, 57%). The enantiomers of 48 were separated by chiral
HPLC (AD column, 15% i-PrOH / hexanes, 80 mL/min) to give undesired enantiomer 49 (faster eluting,
fr ~ 25 min) and desired enantiomer 50 (slower eluting, g ~40 min). '"H NMR for 50: (400 MHz,
CDCl3) 6 10.57 — 10.48 (m, 1H), 7.42 — 7.26 (m, 6H), 6.95 (tq, J = 8.3, 2.8, 2.4 Hz, 2H), 5.24 — 5.14
(m, 1H), 5.17 = 5.06 (m, 1H), 4.57 (dt, J = 12.3, 3.0 Hz, 0.5H), 4.46 (dt, J = 12.2, 3.0 Hz, 0.5 H), 4.20 —
3.94 (m, 2H), 3.76 (dd, J = 12.3, 6.5 Hz, 1H), 3.63 (td, J = 10.3, 7.5 Hz, 1H), 3.27 (d, J = 6.0 Hz, 3H),
1.50 (d, J = 1.8 Hz, 10H).

Compound 50 (1.2 g, 2.3 mmol) was dissolved in MeOH (15 mL) and 20% palladium hydroxide
on carbon (1:4, palladium hydroxide: carbon black, 0.5 g) was added. The mixture was evacuated and
back filled with H, from a balloon (5x) and then allowed to stir under the H, atmosphere. After 5 h, the
reaction mixture was filtered through a Celite plug. The filtrate was concentrated to give compound 51
that was carried forward without further purification. "H NMR (400 MHz, CDCl3) 6 10.30 (s, 1H), 7.36
—7.22 (m, 1H), 6.99 — 6.85 (m, 2H), 3.94 (dt, J = 12.8, 3.1 Hz, 1H), 3.76 — 3.67 (m, 1H), 3.70 — 3.51 (m,
1H), 3.29 (s, 3H), 3.40 — 3.22 (m, 2H), 1.51 (s, 9H).

A microwave vial was charged with 51 (180 mg, 0.473 mmol), 2-chloro-5-fluoro-4-methoxy-6-
methylpyrimidine (125 mg, 0.708 mmol), 2-(di-tert-butylphosphino)biphenyl (21 mg, 0.070 mmol),
tris(dibenzylideneacetone)dipalladium(0) (27mg, 0.029 mmol), toluene (2.5 mL) and sodium tert-
butoxide (100 mg, 1.041 mmol). The resulting solution was degassed and back filled with nitrogen (3x).
The reaction was then sealed and immersed in an oil bath and heated at 65 °C for 4 h. After cooling to
rt, the reaction mixture was diluted with water and ethyl acetate and stirred vigorously until both phases

cleared. The phases were separated, and the aqueous portion was extracted with ethyl acetate. The
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combined organic portions were washed with brine, dried over MgSOQy, filtered, and concentrated. The
crude product was subjected to column chromatography (40 g silica, 40 mL/min, O to 50% ethyl acetate
in hexanes) to give the corresponding N-arylated product (112 mg, 46%). This material was dissolved in
DCM (5 mL) and treated with trifluoroacetic acid (1.5 mL). The resulting mixture was allowed to stand
at rt for 3 h and was then concentrated and subjected to reverse phase HPLC (C18, 35 mL/mim, 10% to
95% MeCN/H,0, 0.1% HCO,H) to afford compound 23 (83 mg, 63%). '"H NMR (400 MHz, CD50D) &
7.50 (tt, J = 8.4, 6.2 Hz, 1H), 7.17 — 7.08 (m, 2H), 4.92 (m, 1H), 4.35 (t, / = 9.2 Hz, 1H), 4.26 — 4.15 (m,

1H), 3.99 (s, 3H), 3.95 — 3.82 (m, 2H), 3.30 (s, 3H), 2.29 (d, / =2.9, 3H). m/z: 421.2.

1-((Benzyloxy)carbonyl)-4-(methoxycarbonyl)-3-(2,3,6-trifluorophenyl)pyrrolidine-3-
carboxylic acid (56). To a solution of 2-(bromomethyl)-1,3,4-trifluorobenzene 52 (68 g, 292 mmol) in
ethanol (80 mL) and water (20 mL) was added NaCN (25 g, 526 mmol) and the resulting solution was
heated at reflux for 12 h. The reaction mixture was cooled to rt and extracted with ethyl acetate. The
organic layer was dried with MgSO, and purified using 0 to 100% ethyl acetate in hexanes to provide 2-
(2,3,6-trifluorophenyl)acetonitrile (44 g, 79% yield). '"H NMR (400 MHz, CDCl;) 6 7.22 — 7.12 (m,
1H), 6.95 — 6.88 (m, 1H), 3.74 (t, J = 1.2 Hz, 2H).

To a solution of this 2-(2,3,6-trifluorophenyl)acetonitrile (33 g, 198 mmol) in methanol (200 mL)
was added glyoxalic acid monohydrate (27 g, 297 mmol), and the resulting mixture was cooled to 0 °C.
Solid K,COs3 (68 g, 495 mmol) was added in several portions while cooling the reaction mixture at 0 °C.
The reaction mixture was slowly warmed to rt, then stirred for 4 h. It was filtered, and the filtrate was
evaporated to yield a solid mass, which was dissolved carefully in 10% conc. H,SO4 in formic acid (500
mL), and was heated at 100 °C for 12 h. The reaction mixture was diluted with water, extracted with

ethyl acetate to yield the crude 2-(2,3,6-trifluorophenyl)maleic acid. This di-acid was dissolved in 5%
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conc. H,SO4 in methanol (500 mL) and heated at reflux for 12 h. The resulting mixture was evaporated
to dryness, then it was diluted with water, extracted with ethyl acetate, the organic layer was dried with
MgSOy, concentrated and purified using 0 to 100% ethyl acetate in hexanes to provide dimethyl 2-
(2,3,6-trifluorophenyl)maleate 53 ( 21 g, 41%). 'H NMR (600 MHz, CDCls) & 7.23 — 7.12 (m, 1H),
6.89 (tddd, J = 9.2, 3.8, 2.2, 0.7 Hz, 1H), 6.47 (t, J/ = 0.8 Hz, 1H), 3.83 (t, / = 1.2 Hz, 3H), 3.81 (t, J =
0.9 Hz, 3H).

To a solution of dimethyl 2-(2,3,6-trifluorophenyl)maleate 53 (20 g, 72 mmol) in THF (200 ml)
was added N-benzyl-1-methoxy-N-((trimethylsilyl)methyl)methanamine 35 (26 g, 109 mmol) at 0 °C
followed by catalytic amount of trifluoroacetic acid (0.4 mL, 7.2 mmol). The reaction mixture was
slowly warmed to rt and stirred for 4 h. The resulting solution was evaporated to dryness and purified
via silica gel chromatography using 0 to 100% ethyl acetate in hexanes to provide dimethyl 1-benzyl-3-
(2,3,6-trifluorophenyl)pyrrolidine-3,4-dicarboxylate (29 g, 100%). 'H NMR (600 MHz ,CDCl3) & 7.35
—7.19 (m, 6H), 7.06 (qd, J = 9.0, 4.8 Hz, 1H), 6.79 (dddd, J = 11.4, 9.2, 4.1, 2.3 Hz, 1H), 3.84 — 3.78
(m, 1H), 3.75 (s, 2H), 3.71 (s, 3H), 3.65 (s, 3H), 3.46 — 3.36 (m, 2H), 3.19 (d, J = 8.8 Hz, 2H). A
solution of this dimethyl 1-benzyl-3-(2,3,6-trifluorophenyl)pyrrolidine-3,4-dicarboxylate (30 g) in 15%
H,SO4 (300 mL) was heated under reflux for 24 h. The reaction mixture was cooled to room
temperature, and the pH of the solution was adjusted to 3 using 6N NaOH. Compound 54 precipitated
from this mixture and was collected, dried and taken to the next step.

A solution of this 1-benzyl-3-(2,3,6-trifluorophenyl)pyrrolidine-3,4-dicarboxylic acid 54 (30 g,
79 mmol) in acetic anhydride (100 mL) was heated at 90 °C for 1 h. The resulting mixture was
evaporated to dryness to obtain the anhydride, which was dissolved in dichloromethane (200 mL) and

treated with a mixture of methanol (30 mL) and triethylamine (16.5 mL) at -78 °C. The resulting
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mixture was slowly warmed to rt over 12 h. The reaction mixture was evaporated to dryness and the
crude product 55 was taken directly to the next step.

To a solution of the above crude 1-((benzyloxy)carbonyl)-4-(methoxycarbonyl)-3-(2,3,6-
trifluorophenyl)pyrrolidine-3-carboxylic acid 55 (assumed to be 79 mmol) in methanol (400 mL) was
added Pd(OH); (7.5 g, 10% by wt.), and the resulting mixture was stirred under one atmosphere of H,
for 3 h. The solution was then filtered through a pad of Celite, and the filtrate was evaporated to dryness
to obtain the corresponding free amine. To this crude amine in THF (1000 mL) at O °C was added
benzyl chloroformate (25 mL, 122 mmol) followed by triethylamine (20 mL, 143 mmol). The resulting
mixture was warmed to rt over 30 minutes and stirred for 12 h. The reaction mixture was diluted with
ethyl acetate and washed with 1N HCI. The organic layer was separated, dried with MgSOs,
concentrated and purified via silica gel chromatography using 10% methanol in dichloromethane to
provide compound 56 (25 g, 79%) '"H NMR (600 MHz, CDCl3,) 6 7.37 —7.25 (m, 5H), 7.15 — 7.05 (m,
1H), 6.98 (dddd, J = 11.6, 7.6, 3.9, 2.3 Hz, 1H), 5.13 (s, 2H), 4.43 (ddt, J = 10.3, 4.9, 2.6 Hz, 1H), 4.12

(dt, J=15.8,9.2 Hz, 1H), 3.94 - 3.71 (m, 3H), 3.67 (d, J = 3.7 Hz, 3H).

(4aR,7aS)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-3-methyl-7a-(2,3,6-
trifluorophenyl)hexahydro-1H-pyrrolo[3,4-d Jpyrimidin-4(4aH)-one (24). Compound 24 was
prepared from compound 56 according to the procedures outlined for compound 23 beginning from the
Curtius rearrangement step. "H NMR (400 MHz, CD3;0OD) ¢ 7.49 - 7.38 (m, 1H), 7.18 - 7.08 (m, 1H),
4.89 - 4.85 (m, 1H), 4.39 (t, J = 9.7 Hz, 1H), 4.22 (t, J = 10.5 Hz, 1H), 3.98 (s, 3H), 3.96 - 3.85 (m, 2H),

3.28 (s, 3H), 2.28 (d, J = 2.9 Hz, 3H). m/z: 439.5.
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(4aR,7aS)-6-(5-Fluoro-4-methoxy-6-methylpyrimidin-2-yl)-2-imino-3-methyl-7a-(2,3,4,6-
tetrafluorophenyl)hexahydro-1H-pyrrolo[3,4-d]pyrimidin-4(4aH)-one (25). Compound 25 was
prepared from 2-(bromomethyl)-1,3,4,5-tetrafluorobenzene according to the procedures described for
compounds 56 and 24. '"H NMR (400 MHz, CD;0OD) 6 7.35 - 7.23 (m, 1H), 4.88 - 4.84 (m, 1H), 4.38
(t, J =9.7 Hz, 1H), 4.24 (dd, J = 9.8 Hz, 10.7 Hz, 1H), 4.01 (s, 3H), 3.97 - 3.86 (m, 2H), 3.30 (s, 3H),

2.31(d,J=2.9Hz, 3H). m/z: 457.3.
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