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ABSTRACT: We present an operationally simple lactone-to-lactam transformation utilizing diverse amine nucleophiles. The key
steps of amidation, alcohol activation and cyclization are all mediated by one reagent (TBD) in a single vessel at room temperature.
We illustrate the convenience of this protocol by synthesizing a wide range of N-alkyl, N-aryl and N-hetereoaryl pyridopyrazine-
1,6-diones, an important class of medicinally significant lactams. Furthermore, the reported methodology can be applied to the syn-
thesis of milligram to hundred gram quantities of pyridopyrazine-1,6-diones without the use of specialized equipment.

Lactams are important substructures in natural products and
biologically active compounds.' Although multiple methods
for lactam synthesis exist, a highly atom and step economical
approach is the direct conversion of a lactone to its corre-
sponding cyclic amide via reaction with amines. This strategy
is efficient for rapidly accessing structural diversity as nitro-
gen substitution of the final lactam can be varied with different
amine nucleophiles. However, few methodologies have been
reported for the mild conversion of a lactone to a lactam in a
single vessel.> Most methods for the synthesis of cyclic amides
from lactones in a unit operation rely on extreme reaction
temperatures (>200 °C) and/or high pressures,’ expensive stoi-
chiometric additives or solvents,’ or multistep reactions.”” We
herein describe a step economical and operationally simple,
single vessel synthesis of pyridopyrazine-1,6-diones, a class of
lactams critical to the development of neurokinin-1 (NK))
receptor antagonists,” HIV-1 integrase inhibitors® and y-
secretase modulators (GSMs) — potential treatments for Alz-
heimer’s disease (Scheme la).7

A number of strategies have been employed to generate pyri-
dopyrazine-1,6-diones®® such as amidation of picolinic acids
with amino alcohols and their subsequent cyclization™ and N-
alkylation of an N-unsubstituted pyridopyrazine-1,6-dione®
which are complicated by challenges such as custom amino
alcohol synthesis and competing elimination reactions, respec-
tively (Scheme 1b). A key approach that we utilized while
progressing our GSM program was a lactone-to-lactam con-
version strategy. In this effort, a critical lactone (pyridooxa-
zine-1,6-dione) intermediate was reacted with amines in order
to generate an amido alcohol intermediate (Scheme 1c). To
effect lactone aminolysis, we employed stoichiometric

DABAL-Me;s, an air stable DABCO/AlIMe; complex, as a
Lewis acid (Scheme 1¢).””"" The intermediate amido alcohol
was then be converted to the pyridopyrazine-1,6-dione (lac-
tam) by activation of the alcohol and subsequent base-
mediated ring closure using a strong organic base such as
DBU or 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).

Scheme 1. Pyridopyrazine-1,6-diones: valuable lactam sub-
structures in medicinal chemistry
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The lactone-to-lactam conversion strategy proved effective for
both non-hindered and hindered amines, enabling the prepara-
tion of a variety of pyridopyrazine-1,6-dione GSMs from an
easily handled crystalline lactone intermediate. However, re-
quired isolation of the intermediate amido alcohol prior to
cyclization was time consuming, added to the step-count and
generated additional waste. Furthermore, scale-up of the lac-
tone amidation chemistry is complicated by methane off-
gassing upon quenching of the stoichiometric DABAL-Me;
that is used in stoichiometric quantities. In order to address
these challenges, we sought alternative reaction conditions to
generate the key intermediate amido alcohol (Scheme 1c¢).

Literature reports of TBD being used to mediate direct ester
amidation led us to investigate this reagent in our system.'’
Toward this end, we reacted benzyl amine (2) and lactone 1 in
the presence of TBD in a variety of solvents (Table 1). Of the
solvents utilized, DMF afforded the greatest conversions to
amido alcohol 3 at a concentration of 1 M, and a full molar
equivalent of TBD proved more -effective than sub-
stoichiometric amounts (Table 1, entries 5 and 6). Additional-
ly, the reaction was complete in only 1 hour, providing the
desired ring-opened product 3 in 83% yield (Table 1, entry 7).
Further improvements in yield were realized when excess lac-
tone 1 was employed (Table 1, entry 8, 95% yield). This is
attributed to lactone 1 being prone to base-mediated hydrolysis
and therefore, a slight excess of lactone was enough to over-
come adventitious water.

Table 1. TBD amidation of lactone 1 with benzylamine
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lactone benzylamine amido alcohol
entrylel solvent conc«(a'\r;lt)ration T%Z;zi/é)ing ti(r:)e y|e|’\cli'\g;)[bl

1 THF 0.5 1.0 18h 40

2 CHxClp 05 1.0 18h 66

3 MeCN 05 1.0 18h 68

4 DMF 0.5 1.0 18h 73

5 DMF 1.0 1.0 18h 89

6 DMF 1.0 0.5 18h 66

7 DMF 1.0 1.0 1h 83
8lcl DMF 1.0 1.0 1h 95

[a] All reactions were performed on a 0.25 mmol scale with 1 equiv. of
lactone and 1 equiv. of benzylamine unless otherwise stated. [b] 1,3,5-
trimethoxybenzene was used as an internal standard. [c¢] 1.3 equiv. of
lactone and 1 equiv. of benzylamine.

During the course of these early studies, we identified the
side product 4 in the crude reaction mixture, a result of acyla-
tion of intermediate amido alcohol 3 with the extraction sol-
vent ethyl acetate during work-up (Scheme 2).”  Although
compound 4 was inert to base-promoted cyclization, we sur-
mised that replacement of the “acetate” with an electron-poor
surrogate (e.g. trifluoroacetate) might set the stage for an effi-
cient one-pot, direct lactone-to-lactam conversion." In this
way, TBD would serve as a catalyst for lactone amidation, a
mediator of transesterification (for alcohol activation) as well
as a base for the subsequent intramolecular N-alkylation.

Scheme 2. Observation of acetylated side product 4 upon

workup
0]
) TBD ( 1equ|v) /\ B N/\Ph
N o DMF (1 M) \ | H
| 1 h rt N fo)
N 0 0 I L
then O
o 1 EtOAc/brine
work up

To test our hypothesis, the lactone aminolysis reaction (Ta-
ble 1, entry 8) was run to completion at which point ethyl tri-
fluoroacetate (ETFA) was added. Gratifyingly, the desired
lactam was generated in 40% NMR yield (Scheme 3). The low
yield was later attributed to insufficient quantities of the stoi-
chiometric base required for the final ring closure. Increasing
the amount of TBD from 1 equiv. to 1.5 equiv. afforded the
desired pyridopyrazine-1,6-dione 5 in 80% 'H NMR yield.

Scheme 3. Evaluation of conditions for the one-pot synthesis
of pyridopyrazine-1,6-dione 5.
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7 1.5 equiv. TBD: 80% "H NMR yield

8

9 With these results in hand, we proceeded to examine the

10 scope of amine nucleophiles that would be competent in this

11 transformation. Benzyl amines containing electron withdraw-

12 ing and electron donating groups perform well as nucleophiles

13 in this reaction, providing the corresponding lactams in excel-

14 lent yields (Table 2, examples 7-9). Aliphatic amines such as

15 allyl and propargyl amine as well as, amines with o-

16 substitution (cyclopropyl, cyclohexyl and a-methyl benzyla-

17 mine) were well tolerated, providing the desired lactams in

18 52-92% vyield (examples 10-14). tert-Butyl amine, however,

19 did not provide the desired pyridopyrazine-1,6-dione 15. We

20 attribute this to the inability of the sterically encumbered acti-

21 vated intermediate amido alcohol to undergo deprotonation or
cyclization. This hypothesis is supported by the isolation of

22 the intermediate amido alcohol in 89% yield, indicating that

gi tert-butyl amine is a viable nucleophile in the amidation step."®

25 We also found that tryptamine could be employed as a nu-

26 cleophile without requiring a nitrogen protecting group on the

27 indole (Table 2, example 16). Furthermore, aniline is also a

28 competent substrate in this transformation, providing access to

29 N-phenyl pyridopyrazine-1,6-dione 17. This result prompted

30 us to investigate the use of amino heterocycles in this trans-

31 formation. Thus, amino heterocycles such as 2- and 4-amino

32 pyridines were employed as potential substrates for the one-

33 pot synthesis of pyridopyrazine-1,6-diones; however, we

34 found that these amines lacked the nucleophilicity needed to

35 engage in the TBD amidation step. On the other hand, 2-
ethoxy-4-amino pyridine and other electron rich 5-membered

36 amino heterocycles were found to be sufficiently nucleophilic

37 to afford the corresponding N-heteroaryl pyridopyrazine-1,6-

38 diones in 45-81% yield (Table 3, examples 18-22). Again,

39 yields were highly dependent on the nucleophilicity of the

40 amino group, with more electron rich systems providing high-

41 er yields. This is exemplified by the comparison of amino

42 isoxazole and N-methyl amino pyrazole (examples 19 and 20).

43

44 Table 2. Evaluation of primary amine scope for the one-pot

45 synthesis of pyridopyrazine-1,6-diones.™ ™

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

0
Ay 5,R = H, 95% yield
\ 7, R = OMe, 99% yield
N
R 8 R=CFy, 95% yield
0 9, 69% yield

seadiissallivens

10, 92% yield 12, 52% yield(]

A Q»O ka
‘N\) ‘N\) ‘N\)

13, 85% yield

: B A0

O 16, 64% yield

11, 77% yield

14, 82% yield

15, 0% yield!d!

17, 50% yield

[a] All reactions were performed on a 1 mmol scale with 1.3 equiv. of
lactone and 1 equiv. of amine unless otherwise stated. [b] All yields re-
ported are isolated yields. [c] Performed on a 1.3 mmol scale with 2 equiv.
of TBD. [d] Intermediate amido alcohol was isolated in 89% yield and no
ring closure was observed.'®

In addition to its broad substrate scope, the TBD-
mediated one-pot synthesis of pyridopyrazine-1,6-diones
proved highly effective on elevated scales required for explor-
atory toxicology studies. We demonstrated this with the syn-
thesis of 25, a highly potent and selective y-secretase modula-
tor (Scheme 4)."” Lactone 23 was subjected to TBD-mediated
aminolysis with cyclopropyl chromane amine 24. Consump-
tion of amine 24 and presence of the intermediate amido alco-
hols was observed after 1 h and at this time ETFA was added
to the reaction mixture. After an additional 4 hours, full con-
version to rac-25 was observed. By simply diluting the reac-
tion mixture with water, the desired product was precipitated
from the reaction mixture and could be collected by vacuum
filtration. After washing the collect solids with water, azeo-
troping with toluene and drying, 89 grams of rac-25 were ob-
tained as a white solid in 93% yield.

Table 3. Evaluation of amino heterocycle nucleophiles in the
one-pot synthesis of N-heteroaryl pyridopyrazine-1,6-
diones.”™" ™
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o o
TBD (1.5 equiv.) hetAr
X A
\ Q  HN—hetar DMF (1 M) \ N
N NS
then ETFA (2 - 5 equiv.)
O 1 (o}
amino N-heteroaryl

lactone heterocycle

-~ -OFEt o NO
‘ N N N | N N),\/)
N N
(0] (0]

19, 45% yield

pyridopyrazine-1,6-dione

0 =
EN\Me
‘ X N N
N
(0]

20, 59% yield

18, 58% yield

\ N \ N
0 0

21, 62% yield 22, 81% yield

[a] All reactions were performed on a 1 mmol scale with 1.3 equiv. lac-
tone and 1 equiv. of amine unless otherwise stated. [b] All yields reported
are isolated yields.

Scheme 4. Large scale pyridopyrazine-1,6-dione synthesis

OCF3

‘ \ TBD (1.5 equiv.)

DMF 1 M), 1 h, r.t

N4\N ( r
% o] then ETFA 2 5 equiv.)
Me Me Me
lactone 23 amine 24
61 g (247 mmol) 53 g (186 mmol) OCF3;

Q one-pot synthesis
Q no chromatography N/Q)\: 0
0 no methane off-gassing N>J Me Me

rac-25
89 g (93% yield)

OCF;
0]
S
N//\N N\) fe) Ap42ICs0=5.1 nM
>% o} Me Me
Me

25
potent y-secretase modulator

In conclusion, we have developed a mild, single vessel
lactone-to-lactam conversion for the synthesis of pyridopyra-
zine-1,6-diones utilizing TBD to mediate all key steps in this
transformation: lactone amidation, alcohol activation with
ETFA and deprotonative cyclization. The described transfor-
mation has a broad substrate scope that is capable of generat-
ing N-substituted pyridopyrazine-1,6-diones from a wide vari-
ety of amines including branched and unbranched aliphatic
amines, anilines and amino heterocycles. Furthermore, this
method was found to be highly scalable, generating cyclopro-
pyl chromane y-secretase modulator 26 on an 89 g scale, with-
out the need for specialized equipment, liquid-liquid extraction
or chromatography.

Experimental Section

General. All solvents and reagents were obtained from commer-
cial sources and were used as received. All reactions were moni-

tored by TLC (TLC plates F254, Merck) or UPLC-MS analysis
(Waters Acquity, ESCI +/—, APCI +/-). '"H NMR and "*C NMR
spectra were obtained using deuterated solvent on a Varian or
Bruker 400 MHz instrument. All 'H NMR shifts are reported in &
units (ppm) relative to the signals for chloroform (7.27 ppm) or
methanol (3.31 ppm). All "*C shifts are reported in & units (ppm)
relative to the signals for chloroform (77.0 ppm) or methanol
(49.1 ppm) with "H-decoupled observation. All coupling constants
(J values) are reported in hertz (Hz). NMR abbreviations are as
follows: br, broadened; s, singlet; d, doublet; t, triplet; q, quartet;
p, pentuplet; m, multiplet; dd, doublet of doublets; ddd, doublet of
doublet of doublets. High-resolution mass spectra (HRMS) were
acquired on an Agilent model 6220 MS (ESI-TOF). Column
chromatography was carried out on silica gel 60 (32-60 mesh, 60
) or on pre-packed Biotage™ or ISCO columns.

Synthesis of Lactone 1: 3,4-dihydropyrido[2,1-c][1,4] oxazine-
1,6-dione (1): To 6-oxo-1,6-dihydropyridine-2-carboxylic acid
(5.00 g, 34.1 mmol, 95% purity) in anhydrous DMSO (18 mL)
was added cesium carbonate (17.6 g, 53.9 mmol) followed by 1,2-
dibromoethane (16.0 g, 85.4 mmol). The resultant slurry was
heated to 85 °C for 1.5 h, and the resultant dark solution was then
cooled to rt and partitioned between dichloromethane (4 x 40 mL)
and 10% saturated sodium bicarbonate (1 x 40 mL). The com-
bined cloudy extracts were treated with solid sodium chloride (5.0
g) and decolorizing carbon (3.4 g) with stirring for 20 min. The
mixture was filtered through celite and the dichloromethane was
removed under reduced pressure to afford a slurry of product in
residual DMSO. The slurry was triturated with ethanol (4 mL) in
an ice bath for 20 min, and the solid was collected via filtration
and rinsed with ethyl ether to afford 4.77 g (85%) of the title
compound as an off-white crystalline solid. The material may be
recrystallized from ethyl acetate to afford off-white prisms. m.p.
178.2 — 180.4 °C; LCMS m/z 166 [M + H]"; IR (thin film) vy,
1649 (C=0) cm™'; 'H NMR (400 MHz, DMSO-d) & 7.59 (dd, J =
7.0, 9.4 Hz, 1H), 7.08 (dd, J= 1.2, 7.0 Hz, 1H), 6.76 (dd, J= 1.2,
9.4 Hz, 1H), 4.64 (t, J= 5.1 Hz, 2H), 4.15 (t, J= 5.1 Hz, 2H); *C
NMR (100 MHz, DMSO-dg) 159.4, 159.0, 138.6, 133.4, 124.9,
65.6, 38.4; HRMS (ESI-TOF) m/z: [M + H]" Calcd for CgHgNO;
166.0498, found 166.0496.

Synthesis and characterization of intermediate amido alco-
hol 3. N-benzyl-1-(2-hydroxyethyl)-6-oxo-1,6-dihydropyridine-2-
carboxamide (3): To a suspension of lactone 1 (215.0 mg, 1.3
mmol) and TBD (220.0 mg, 1.5 mmol) in DMF (1.0 mL) was
added benzylamine (0.11 mL, 1.00 mmol) and the reaction mix-
ture was stirred at room temperature for 2 h. The reaction was
partitioned between water and EtOAc and the layers were separat-
ed. The aqueous layer was extracted with EtOAc (3 x 5 mL). The
combined EtOAc layers were washed with water, brine and then
dried over Na,SO,, filtered and evaporated. The resulting residue
was purified by silica gel chromatography (0 — 5% MeOH in
DCM) to afford the product as a white solid (0.207 g, 0.76 mmol,
76%). LCMS m/z 273.5 [M + H]"; '"H NMR (400 MHz, CDCl;) &
7.42 — 7.28 (m, 6H), 7.00 (s, 1H), 6.61 (dd, J=19.2, 1.3 Hz, 1H),
6.36 (dd, J= 6.8, 1.4 Hz, 1H), 4.59 (d, J= 5.8 Hz, 2H), 4.26 (dd,
J=15.6,4.4 Hz, 2H), 3.95 (dd, J = 5.6, 4.4 Hz, 2H), 3.64 (s, 1H);
3C NMR (100 MHz, CDCl;) 5 163.6, 163.1, 144.3, 138.7, 137.0,
128.9, 128.0, 127.9, 122.3, 122.3, 106.8, 60.5, 48.9, 44.2.; IR
(thin film) vy, 3199 (O-H), 1644 (C=0), 1053 (C-O) cm™;
HRMS (ESI-TOF) m/z: [M + Na]" Caled for C,sH;sN,O;Na
295.1053, found 295.1049.

General procedure for the synthesis of NV-alkyl, N-aryl and
N-heteroaryl pyridopyrazine-1,6-diones. Note that this general
procedure was followed unless otherwise stated. To a suspension
of lactone 1 (215.0 mg, 1.3 mmol) and TBD (220.0 mg, 1.5
mmol) in DMF (1.0 mL) was added nitrogen nucleophile (1.00
mmol) and the reaction mixture was stirred at room temperature.
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The reaction was monitored by LCMS for consumption of nitro-
gen nucleophile and the presence of the corresponding intermedi-
ate amido alcohol. ETFA (0.24 mL, 2.00 mmol) was added to the
reaction mixture and stirring was continued at room temperature.
The ring closure was monitored by LCMS for consumption of
amido alcohol intermediate and presence of pyridopyrazine-1,6-
dione. The reaction was quenched with aqueous 1N NaOH (2 mL)
and extracted into either DCM or EtOAc (3 x 5 mL). The com-
bined organic layers were washed with water and brine and then
dried over MgSO,, filtered and evaporated. The resulting residue
was purified by silica gel chromatography.
Synthesis and characterization of pyridopyrazine-1,6-diones
5, 7-14, 16-22: 2-benzyl-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-
1,6-dione (5): The general procedure was followed using benzyl-
amine (0.11 mL, 1.00 mmol) and the reaction mixture was stirred
at room temperature for 1 h. ETFA was added and the reaction
was stirred for 1 h prior to work up using DCM and 1N NaOH as
described. The resulting residue was purified by silica gel chro-
matography (0 — 5% MeOH in DCM) to afford the title compound
as a white solid (0.241 mg, 0.95 mmol, 95%). The spectral data
matched that reported in the literature.® LCMS m/z 255.1 [M +
H]"; '"H NMR (400 MHz, CDCl3)  7.46 (t, J = 8.1 Hz, 1H), 7.40
—7.29 (m, 5H), 7.22 (d, J= 6.8 Hz, 1H), 6.76 (d, /= 8.9 Hz, 1H),
4.77 (s, 2H), 426 — 4.11 (m, 2H), 3.54 (dd, J = 6.7, 5.1 Hz, 2H);
3C NMR (100 MHz, CDCL;) & 160.9, 158.3, 138.7, 136.8, 135.5,
129.0, 128.2, 124.1, 109.3, 50.7, 43.3, 39.0.
2-(4-methoxybenzyl)-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-
1,6-dione (7): The general procedure was followed using 4-
methoxybenzyl amine (137.0 mg, 1.0 mmol) and the reaction
mixture was stirred at room temperature for 1 h. ETFA was added
and the reaction was stirred overnight prior to work up using
DCM and 1IN NaOH as described. The resulting residue was puri-
fied by silica gel chromatography (50 — 100% EtOAc in heptane)
to afford the title product as a thick oil that slowly solidified to an
off-white solid (0.281 g, 0.99 mmol, 99%). LCMS m/z 285.1 [M
+ H]"; 'H NMR (400 MHz, CDCl;) & 7.46 (dd, J = 9.0, 7.1 Hz,
1H), 7.25 (d, J= 8.3 Hz, 2H), 7.22 (d, /= 7.2 Hz, 1H), 6.89 (d, J
=17.9 Hz, 2H), 6.76 (d, J = 9.2 Hz, 1H), 4.70 (s, 2H), 4.18 (t, J =
5.9 Hz, 2H), 3.82 (d, J = 1.5 Hz, 3H), 3.52 (t, J = 5.7 Hz, 2H); 1*C
NMR (100 MHz, CDCl;) 8 160.9, 159.5, 158.2, 138.6, 136.8,
129.7, 127.6, 124.1, 114.3, 109.2, 55.3, 50.0, 43.0, 39.0.; IR (thin
film) Vpay 1636 (C=0) cm™; HRMS (ESI-TOF) m/z: [M + H]"
Calcd for CgH7N,05 ([M + HJ") 285.1234, found 285.1231.
2-(4-(trifluoromethyl) benzyl)-3,4-dihydro-2H-pyrido[1, 2-
alpyrazine-1,6-dione (8): The general procedure was followed
using 4-(trifluoromethyl)benzylamine (175 mg, 1.00 mmol) and
the reaction mixture was stirred at room temperature for 1 h.
ETFA was added and the reaction was stirred for an additional
hour prior to work up using EtOAc and 1N NaOH as described.
The resulting residue was purified by silica gel chromatography (0
—10% MeOH in DCM) to afford the title product as a white solid
(0.306 g, 0.95 mmol, 95%). LCMS m/z 323.4 [M + H]"; '"H NMR
(400 MHz, CD;0D) 8 7.63 (d, J = 8.2 Hz, 2H), 7.62 — 7.57 (m,
1H), 7.51 (d, J = 8.2 Hz, 2H), 7.20 (dd, J = 1.6, 7.0 Hz, 1H), 6.72
(dd, J=1.2,9.0 Hz, 1H), 4.81 (s, 2H), 4.24 — 4.15 (m, 2H), 3.70 —
3.61 (m, 2H).; *C NMR (100 MHz, CD;0OD) & 163.1, 160.3,
142.1, 141.0, 138.5, 131.2 (q, “Jer = 32.1 Hz), 129.8, 126.9 (q,
3Jer = 3.51 Hz), 125.8 (q, 'Je_r = 271.1 Hz), 124.6, 111.1, 51 .4,
45.1, 40.7; IR (thin film) vy, 1641 (C=0) cm™'; HRMS (ESI-
TOF) m/z: [M + H]" Caled for C;¢H;4F;N,0, 323.1002, found
323.1000.
2-(pyridin-4-ylmethyl)-3,4-dihydro-2H-pyrido[1,2-a] pyrazine-
1,6-dione (9): The general procedure was followed using 4-
pyridine methanamine (108 mg, 1.0 mmol) and the reaction mix-
ture was stirred at room temperature for 2 h. ETFA was added and
the reaction was stirred for 2 h prior to work up using DCM and
IN NaOH as described. The resulting residue was purified by
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silica gel chromatography (0 — 5% MeOH in DCM) to afford the
title compound as an off-white solid (0.177 g, 0.69 mmol, 69%).
LCMS m/z 256.1 [M + H]"; '"H NMR (400 MHz, CDCl;) & 8.66 —
8.55 (m, 3H), 7.47 (ddd, /= 8.7, 7.1, 1.1 Hz, 1H), 7.25 (d, J=5.2
Hz, 2H), 7.22 (d, J = 6.9 Hz, 1H), 6.79 (d, J = 9.3 Hz, 1H), 4.78
(s, 2H), 426 (t, J = 5.9 Hz, 2H), 3.60 (t, J = 5.8 Hz, 2H); °C
NMR (100 MHz, CDCl;) 8 160.8, 158.6, 150.1, 145.0, 138.6,
136.2, 124.6, 122.8, 109.5, 50.0, 44.1, 38.9.; IR (thin film) vy,
1633 (C=0) cm'; HRMS (ESI-TOF) m/z: [M + H]* Caled for
C14H14N30, 256.1081, found 256.1076.
2-allyl-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-1,6-dione (10):
The general procedure was followed using allyl amine (57.1 mg,
1.0 mmol) and the reaction mixture was stirred at room tempera-
ture for 10 min. ETFA was added and the reaction was stirred
overnight prior to work up using DCM and IN NaOH as de-
scribed. The resulting residue was purified by silica gel chroma-
tography (50 — 100% EtOAc in heptane) to afford the title com-
pound as an off-white solid (0.188 g, 0.92 mmol, 92%). LCMS
m/z 205.1 [M + H]*; "H NMR (400MHz, CDCLy) § 7.45 (dd, J =
7.0,9.2 Hz, 1H), 7.18 (dd, J= 1.4, 7.0 Hz, 1H), 6.77 (dd, J = 1.4,
9.2 Hz, 1H), 5.88 — 5.76 (m, 1H), 5.34 - 5.31 (m, 1H), 5.29 (qd, J
=1.3, 8.0 Hz, 1H), 4.29 — 4.23 (m, 2H), 4.19 (td, J= 1.4, 6.1 Hz,
2H), 3.62 — 3.56 (m, 2H); '*C NMR (100 MHz, CDCl;) & 160.9,
158.0, 138.6, 136.7, 131.4, 124.1, 119.2, 109.1, 49.7, 43.3, 39.0.;
IR (thin film) vy, 1632 (C=0) cm™'; HRMS (ESI-TOF) m/z: [M
+ H]" Caled for C,,H,3N,0, 205.0972, found 205.0966.
2-(prop-2-yn-1-yl)-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-1,6-
dione (11): The general procedure was followed using propargyl-
amine (55.1 mg, 1.0 mmol) and the reaction mixture was stirred at
room temperature for 30 min. ETFA was added and the reaction
was stirred overnight prior to work up using DCM and 1IN NaOH
as described. The resulting residue was purified by silica gel
chromatography (50 — 100% EtOAc in heptane) to afford the title
compound as an off-white solid (0.155 g, 0.77 mmol, 77%).
LCMS m/z 203.4 [M + H]"; 'H NMR (400 MHz, CDCl;) § 7.46
(dd,J=9.2,6.9 Hz, 1H), 7.19 (d, /= 7.5 Hz, 1H), 6.79 (d, J=9.2
Hz, 1H), 4.43 (d, J = 2.5 Hz, 2H), 4.34 — 4.26 (m, 2H), 3.84 —
3.72 (m, 2H), 2.34 (t, J = 2.5 Hz, 1H); '*C NMR (100 MHz,
CDCl;) 6 160.8, 157.9, 138.6, 136.3, 124.5, 109.4, 76.8, 73.5,
43.1, 38.9, 36.1.; IR (thin film) vy, 3232, 2125, 1633 (C=0)
em™'; HRMS (ESI-TOF) m/z: [M + HJ" Caled for C; H;;N,O,
203.0815, found 203.0808.
2-(1-phenylethyl)-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-1,6-
dione (12): To a suspension of lactone 1 (280.0 mg, 1.7 mmol) in
DMF (1.3 mL) was added a-methyl benzylamine (0.17 mL, 1.3
mmol) followed by TBD (272.0 mg, 1.95 mmol). The reaction
mixture was stirred at room temperature for 2 h after which ethyl
trifluoroacetate (0.24 mL, 1.3 mmol) was added to the reaction
mixture and stirring was continued at room temperature for an
additional 1 h. TLC analysis revealed that major product was the
intermediate amido alcohol. An additional portion of ethyl tri-
fluoroacetate (0.54 mL, 5.2 mmol) was added to the reaction mix-
ture and stirring was continued overnight. TLC analysis revealed
that some intermediate amido alcohol still remained. An addition-
al portion of TBD (90.6 mg, 0.65 mmol) was added and complete
conversion was realized by TLC analysis after 2 h. The reaction
was quenched with aqueous 1N NaOH (2 mL) and stirred for 15
min. The mixture was partitioned between water and ethyl acetate.
The layers were separated and the organic layer was washed with
brine and dried over MgSO,. Filtered and evaporated to afford a
colorless oil that was purified by silica gel chromatography (100%
EtOAc). The title compound was obtained as an off-white solid
(0.180 g, 0.68 mmol, 52%). The spectral data matched that report-
ed in the literature.®* LCMS m/z 269.5 [M + H]"; 'H NMR (400
MHz, CDCl3) & 7.46 (dd, J = 9.2, 6.9 Hz, 1H), 7.30 — 7.42 (m,
5H), 7.23 (dd, /= 6.9, 1.4 Hz, 1H), 6.75 (dd, /=9.2, 1.4 Hz, |H),
6.11 (q, J = 7.1 Hz, 1H), 4.28 (ddd, J = 14.2, 6.4, 3.9 Hz, 1H),
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3.88 (ddd, J=14.2, 8.9, 4.0 Hz, 1H), 3.45 (ddd, /= 13.0, 8.9, 3.9
Hz, 1H), 3.18 (ddd, /= 13.4, 6.5, 4.0 Hz, 1H), 1.61 (d, J="7.1 Hz,
3H).
2-(cyclopropylmethyl)-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-
1,6-dione (13): The general procedure was followed using cyclo-
propylamine (57.1 mg, 1.0 mmol) and the reaction mixture was
stirred at room temperature for 2 h. ETFA was added and the
reaction was stirred for 2 h prior to work up using DCM and IN
NaOH as described. The resulting residue was purified by silica
gel chromatography (0 — 5% MeOH in DCM) to afford the title
compound as an off-white solid (0.173 g, 0.85 mmol, 85%).
LCMS m/z 205.1 [M + H]"; 'H NMR (400 MHz, CDCl,) & 7.46
(dd, J=8.8,7.1 Hz, 1H), 7.19 (d, /= 6.9 Hz, 1H), 6.77 (d, J=9.2
Hz, 1H), 4.23 (t, J = 5.9 Hz, 2H), 3.63 (t, J = 5.9 Hz, 2H), 2.91
(dt,J=7.4,3.6 Hz, 1H), 0.98 (q, J = 6.6 Hz, 2H), 0.83 — 0.75 (m,
2H); *C NMR (100 MHz, CDCL) & 160.9, 159.8, 138.7, 137.0,
124.0, 108.9, 44.6, 39.6, 30.3, 7.0.; IR (thin film) v, 1637 (C=0)
em™'; HRMS (ESI-TOF) m/z: [M + HJ" Caled for C;;H;,N,0,
205.0972, found 205.0966.
2-cyclohexyl-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-1,6-dione
(14): The general procedure was followed using cyclohexylamine
(99.2 mg, 1.0 mmol) and the reaction mixture was stirred at room
temperature for 2 h. ETFA was added and the reaction was stirred
overnight prior to work up using DCM and IN NaOH as de-
scribed. The resulting residue was purified by silica gel chroma-
tography (0 — 5% MeOH in DCM) to afford the title compound as
an off-white solid (0.201 g, 0.82 mmol, 82%). LCMS m/z 247.1
[M + H]*; 'TH NMR (400 MHz, CDCl;) & 7.45 (dd, J = 9.2, 6.9
Hz, 1H), 7.16 (d, J= 6.9 Hz, 1H), 6.75 (d, J=9.2 Hz, 1H), 4.68 —
4.41 (m, 1H), 4.21 (dd, J=6.7, 4.9 Hz, 2H), 3.54 (dd, J=6.7,4.9
Hz, 2H), 1.95 — 1.81 (m, 2H), 1.81 — 1.68 (m, 3H), 1.55 — 1.34
(m, 4H), 1.20 — 1.06 (m, 1H); *C NMR (100 MHz, CDCl;) &
160.9, 157.6, 138.8, 137.3, 123.7, 109.1, 53.1, 39.4, 38.7, 29.8,
25.4, 25.3.; IR (thin film) v,y 1635 (C=0) cm™'; HRMS (ESI-
TOF) m/z: [M + H]" Caled for C;,H;4N,O, 247.1441, found
247.1436.
2-(2-(1H-indol-3-yl)ethyl)-3,4-dihydro-2H-pyrido[1,2-
alpyrazine-1,6-dione (16): The general procedure was followed
using tryptamine (0.160 g, 1.00 mmol) and the reaction mixture
was stirred at room temperature for 1 h. ETFA was added and the
reaction was stirred for 1 h prior to work up using EtOAc and 1N
NaOH as described. The resulting beige solid was recrystallized
from EtOAc to afford the title compound as a crystalline white
solid (0.196 g, 0.64 mmol, 64%). m.p. 209.0 — 214.1 °C (de-
comp.); LCMS m/z 308.4 [M + H]"; 'TH NMR (500 MHz, DMSO-
dg) 8 10.84 (br. s., 1H), 7.60 (d, /= 7.8 Hz, 1H), 7.54 (dd, /= 7.0,
9.2 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.21 (d, J = 2.4 Hz, 1H),
7.12 — 7.04 (m, 1H), 7.02 — 6.93 (m, 2H), 6.62 (dd, J=1.2,9.3
Hz, 1H), 4.03 — 3.97 (m, 2H), 3.77 — 3.66 (m, 2H), 3.65 — 3.56
(m, 2H), 2.99 (t, J = 7.6 Hz, 2H); *C NMR (125 MHz, DMSO-
de) 8 159.9, 157.3, 138.9, 137.4, 136.3, 127.1, 123.0, 122.7, 121.0,
118.3, 118.2, 111.5, 111.0, 107.3, 47.9, 43.8, 38.6, 22.8; IR (thin
film) Ve 3281 (N=H), 1639 (C=0) cm™'; HRMS (ESI-TOF) m/z:
[M + H]" Calcd for C,5H;sN30, 308.1394, found 308.1390.
2-phenyl-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-1,6-dione
(17): The general procedure was followed using aniline (0.09 mL,
93.1 mg, 1.0 mmol) and the reaction mixture was stirred at room
temperature overnight. ETFA was added and the reaction was
stirred for 2 h prior to work up using DCM and 1IN NaOH as de-
scribed. The resulting residue was purified by silica gel chroma-
tography (0 — 5% MeOH in DCM) to afford an off-white solid
containing residual DMF. The solid was azeotroped with heptane
(3 x 20 mL) to afford the title compound as an off-white solid
(0.120 g, 0.50 mmol, 50%). LCMS m/z 241.5 [M + H]"; '"H NMR
(400 MHz, CDCl;) 6 7.54 — 7.43 (m, 3H), 7.41 — 7.36 (m, 2H),
7.35 — 7.29 (m, 1H), 7.26 (partially obscured by solvent, dd, J =
9.2, 1.4 Hz, 1H), 6.82 (dd, J= 9.2, 1.4 Hz, 1H), 4.47 — 4.39 (m,

2H), 4.11 — 4.04 (m, 2H); *C NMR (100 MHz, CDCl;) 5 160.8,
157.8, 141.1, 138.7, 137.1, 129.3, 127.3, 124.6, 124.4, 109.7,
47.2,39.5.; IR (thin film) vy, 1640 (C=0) cm™'; HRMS (ESI-
TOF) m/z: [M + H]" Calcd for C4H;3N,0, 241.0972, found
241.0969.
2-(6-ethoxypyridin-3-yl)-3,4-dihydro-2H-pyrido[1,2-
alpyrazine-1,6-dione (18): The general procedure was followed
using 6-ethoxypyridin-3-amine (138.0 mg, 1.0 mmol) and the
reaction mixture was stirred at room temperature for 6 h. ETFA
was added and the reaction was stirred overnight prior to work up
using DCM and IN NaOH as described. The resulting residue was
purified by silica gel chromatography (0% — 10% MeOH in
DCM) to afford the title compound as a pink solid (0.162 g, 0.57
mmol, 57%). LCMS m/z 286.4 [M + H]"; 'H NMR (400 MHz,
CDCl;) 6 8.14 (d, J= 2.7 Hz, 1H), 7.61 (dd, J = 8.9, 2.8 Hz, 1H),
7.48 (dd, J=9.2, 6.9 Hz, 1H), 7.22 (dd, /= 6.9, 1.3 Hz, 1H), 6.84
—6.74 (m, 2H), 4.44 — 4.33 (m, 5H), 4.05 — 4.00 (m, 2H), 1.40 (t,
J = 7.1 Hz, 3H); “C NMR (100 MHz, CDCl;) & 162.4, 160.7,
158.1, 142.8, 138.6, 136.7, 135.7, 131.5, 124.5, 111.3, 109.8,
622, 47.5, 39.3, 14.5.; IR (thin film) vy, 1648 (C=0) cm™’;
HRMS (ESI-TOF) m/z: [M + H]" Caled for C;sH;sN;05
286.1186, found 286.1184.
2-(isoxazol-3-yl)-3,4-dihydro-2H-pyrido[1,2-a[pyrazine-1,6-
dione (19): The general procedure was followed using 3-amino
isoxazole (84.1 mg, 1.0 mmol) and the reaction mixture was
stirred at room temperature overnight. ETFA was added and the
reaction was stirred for 1.5 h prior to work up using DCM and IN
NaOH as described. Due to the presence of residual DMF, the
resulting residue was taken up in DCM and the solution was re-
washed with water then brine. The resulting solution was dried
over Na,SO,, filtered and evaporated to afford the title compound
as a white solid (0.105 g, 0.45 mmol, 45%). LCMS m/z 232.3 [M
+ H]"; '"H NMR (400 MHz, CDCl;) & 8.40 (d, J = 1.8 Hz, 1H),
7.49 (dd, J=9.2, 6.9 Hz, 1H), 7.27 — 7.23 (m, 2H), 6.84 (dd, J =
9.2, 1.3 Hz, 1H), 4.45 — 433 (m, 4H); *C NMR (100 MHz,
CDCl;) 6 160.5, 159.6, 159.0, 156.8, 138.4, 136.1, 125.3, 110.5,
100.6, 43.7, 38.7; IR (thin film) vy, 1651 (C=0) cm™'; HRMS
(ESI-TOF) m/z: [M + H]" Calcd for C,;H,,N;05 232.0717, found
232.0709.
2-(1-methyl-1H-pyrazol-3-yl)-3,4-dihydro-2H-pyrido[1,2-
alpyrazine-1,6-dione (20): The general procedure was followed
using 1-methyl-1H-pyrazol-3-amine (84.1 mg, 1.0 mmol) and the
reaction mixture was stirred at room temperature overnight. ETFA
was added and the reaction was stirred for 5 h prior to work up
using DCM and IN NaOH as described. The resulting residue was
purified by silica gel chromatography (0% — 10% MeOH in
DCM) to afford the title compound as a white solid (0.155 g, 0.64
mmol, 64%). LCMS m/z 245.1 [M + H]"; 'H NMR (400 MHz,
CDCl;) 8 7.47 (dd, J=9.2, 6.9 Hz, 1H), 7.33 (d, J=2.3 Hz, 1H),
7.23 (dd, J=17.0, 1.3 Hz, 1H), 6.88 (d, J=2.3 Hz, 1H), 6.78 (dd,
J=9.2,1.3 Hz, 1H), 439 — 4.29 (m, 4H), 3.85 (s, 3H); °C NMR
(100 MHz, CDCl;) & 160.8, 156.3, 148.0, 138.6, 137.1, 131.2,
124.2, 109.5, 99.4, 43.3, 39.0.; IR (thin film) v, 1644 (C=0)
em™'; HRMS (ESI-TOF) m/z: [M + HJ" Caled for C;,H;;N40,
245.1033, actual 245.1034.
2-(1H-pyrrol-1-yl)-3,4-dihydro-2H-pyrido[1,2-a] pyrazine-1,6-
dione (21): The general procedure was followed using 1-amino
pyrrole (82.1 mg, 1.0 mmol) and the reaction mixture was stirred
at room temperature overnight. ETFA was added and the reaction
was stirred for 1.5 h. The reaction was quenched with aqueous 1N
NaOH (1 mL) and stirred for 10 min upon which a white precipi-
tate formed. Water (1 mL) was added to the slurry and stirring
continued for 5 min. The slurry was filtered on a glass frit. The
filter cake was washed with water, ether and heptane and allowed
to dry on the frit to afford the title product as a white powder
(0.143 g, 0.62 mmol, 62%). LCMS m/z 230.4 [M + H] *; '"H NMR
(400 MHz, CDCl3) 6 7.48 (dd, J=9.3, 6.9 Hz, 1H), 7.25 (dd, J =
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6.9, 1.4 Hz, 1H), 6.84 (dd, J=9.3, 1.4 Hz, 1H), 6.74 (t, /=23
Hz, 2H), 6.26 (t, J= 2.3 Hz, 2H), 4.50 (t, J = 5.8 Hz, 2H), 4.09 (t,
J = 5.8 Hz, 2H); *C NMR (100 MHz, CDCl;) & 160.7, 157.7,
138.7, 135.8, 125.4, 119.5, 110.4, 108.7, 49.8, 40.0; IR (thin film)
Vimax 1651 (C=0) cm™'; HRMS (ESI-TOF) m/z: [M + H]" Calcd
for C,,H,,N;0, 230.0924, found 230.0923.
2-(thiazol-2-yl)-3,4-dihydro-2H-pyrido[1,2-a]pyrazine-1,6-

dione (22): The general procedure was followed using 2-amino
thiazole (100.0 mg, 1.0 mmol) and the reaction mixture was
stirred at room temperature for 1 h. ETFA was added and the
reaction was stirred for 2 h prior to work up using DCM and IN
NaOH as described. The resulting residue was purified by silica
gel chromatography (30 — 100% EtOAc in heptane) to afford the
title compound as a white solid (0.20 g, 0.8 mmol, 80%). LCMS
m/z 248.4 [M + H] *; "H NMR (400 MHz, CDCl3) & 7.60 (d, J =
3.5 Hz, 1H), 7.52 (dd, J=9.3, 6.9 Hz, 1H), 7.32 (dd, J=6.9, 1.3
Hz, 1H), 7.17 (d, J = 3.6 Hz, 1H), 6.87 (dd, /=9.2, 1.3 Hz, 1H),
4.73 — 4.62 (m, 2H), 4.47 — 4.40 (m, 2H); *C NMR (100 MHz,
CDCl;) 6 160.5, 158.0, 156.5, 138.5, 137.6, 135.6, 125.5, 116.4,
110.5, 43.7, 38.8. IR (thin film) vy, 1640 (C=0) cm™'; HRMS
(ESI-TOF) m/z: [M + H]" Caled for C;;H;(N;O,S 248.0488,
found 248.0481.

Synthesis and characterization of intermediate amido alco-
hol 15a — precursor to targeted pyridopyrazine-1,6-dione 15:
N-(t-butyl)-1-(2-hydroxyethyl)-6-oxo-1,6-dihydropyridine-2-
carbox-amide (15a): To a suspension of lactone 1 (215.0 mg, 1.3
mmol) and TBD (220.0 mg, 1.5 mmol) in DMF (1.0 mL) was
added tert-butyl amine (0.11 mL, 1.00 mmol) and the reaction
mixture was stirred at room temperature for 24 h. The reaction
was partitioned between water and EtOAc and the layers were
separated. The aqueous layer was extracted with EtOAc (3 x 5
mL). The combined EtOAc layers were washed with water, brine
and then dried over Na,SO,, filtered and evaporated. The resulting
residue was purified by silica gel chromatography (0 — 5% MeOH
in DCM) to afford the product as a white solid (0.213 g, 0.89
mmol, 89%). '"H NMR (400 MHz, CDCly) & 7.32 (dd, J=9.2, 6.8
Hz, 1H), 6.64 (dd, J=9.2, 1.4 Hz, 1H), 6.29 (dd, J = 6.7, 1.4 Hz,
1H), 6.27 (br s, 1H, N-H), 4.31 — 4.22 (m, 2H), 4.00 (q, J = 4.8
Hz, 2H), 3.84 (t, J = 5.0 Hz, 1H, O-H), 1.46 (s, 9H); °C NMR
(100 MHz, CDCl;) 6 163.1, 145.2, 138.7, 122.1, 105.9, 60.7, 52.8,
49.0, 28.5.; IR (thin film) vy, 3200 (O-H), 1647 (C=0), 1053
(C-0) cm™'; HRMS (ESI-TOF) m/z: [M + H]" Calcd for
C12H19N203 2391390, found 239.1385.

Procedure for the large scale preparation of y-secretase
modulator rac-25: To a suspension of lactone 23'® (60.6 g,
0.247 mol) and amine 24'7 (53.3 g, 0.186 mol) in DMF (200 mL)
was added TBD (39.9 g, 0.278 mol) and the reaction mixture was
stirred at room temperature. After 1 h, LCMS analysis revealed
consumption of amine 24 and the presence of the corresponding
intermediate amido alcohol. ETFA (55 mL, 0.460 mol) was added
dropwise to the reaction mixture over 30 minutes and stirring was
continued at room temperature for an additional hour. The reac-
tion was quenched with aqueous 1N NaOH (200 mL). The result-
ing suspension was stirred at room temperature for 30 min and
then filtered. The obtained solids were washed with water, azeo-
troped with toluene (3 x 500 mL) and dried under vacuum to af-
ford the product as a white solid (88.9 g, 173 mmol, 93% yield).
Analytical data matched that reported in the literature.'” LCMS
m/z 5152 (M + H)"; 'H NMR (400 MHz, CD;0D-d,) 8 8.29 (s,
1H), 7.77 (d, J = 7.8 Hz, 1H), 7.49 (s, 1H), 7.26 — 7.33 (m, 2H),
6.95 (d, J = 9.8 Hz, 1H), 6.78 (d, J = 8.6 Hz, 1H), 5.11 (d, J =
14.8 Hz, 1H), 4.20 — 4.26 (m, 2H), 3.77 — 3.84 (m, 2H), 3.01 (d, J
= 14.8 Hz, 1H), 2.23 (s, 3H), 2.02 (t, J = 7.2 Hz, 1H), 1.50 (s,
3H), 1.28 (s, 3H), 1.08 (d, /= 7.4 Hz, 2H).
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