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A series of (5-substituted pyrrolidinyl-2-carbonyl)-2-cyanopyrrolidine (C5-Pro-Pro) analogues was discovered
as dipeptidyl peptidase IV (DPPIV) inhibitors as a potential treatment of diabetes and obesity. X-ray
crystallography data show that these inhibitors bind to the catalytic site of DPPIV with the cyano group
forming a covalent bond with the serine residue of DPPIV. The C5-substituents make various interactions
with the enzyme and affect potency, chemical stability, selectivity, and PK properties of the inhibitors.
Optimized analogues are extremely potent with subnanonk@karare chemically stable, show very little
potency decrease in the presence of plasma, and exhibit more than 1,000-fold selectivity against related
peptidases. The best compounds also possess good PK and are efficacious in lowering blood glucose in an

oral glucose tolerance test in ZDF rats.

Introduction

Glucagon-like peptide-1 (GLP2L and glucose-dependent
insulinotropic polypeptide (GIP, also known as gastric inhibitory
polypeptide) are two important incretins that regulate blood
glucose of the body After ingestion of meals, GLP-1 and GIP
are released (from L-cells and K-cells, respectively) and then
function through their respective receptors. Specifically, GLP-1
stimulates insulin secretichinhibits glucagon secretio;and
delays gastric emptyinfeach beneficial in controlling blood
glucose. GIP has a similar insulinotropic effect but does not
inhibit glucagon secretion or influence gastric emptying in
humans'® However, active GLP-1(736) and GIP(+42) are
inactivated by dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5)
rapidly® Two different strategies to prolong the physiological
actions of GLP-1 and GIP for the treatment of type 2 diabetes

DPPIV (or DPP4, also known as CD26) is a ubiquitously
distributed serine protease that mediates the activities of a
number of regulatory peptides. It exists as both a membrane-
bound protein and a soluble protein in plashicleaves GLP-
1(7—36) to GLP-1(9-36) and GIP(+42) to GIP(3-42) by
selectively cleaving two N-terminal amino acid residues, which
are important for receptor bindirfgS°Evidence from numerous
studies suggests that inhibition of DPPIV may represent a new
approach for the treatment of type 2 diabetes. DPPIV knockout
mice were healthy, showed increased active GLP-1 levels,
improved glucose tolerance, and were resistant to body weight
gain on a high-fat diet DPPIV-deficient Fisher rats also showed
similar phenotype&? More importantly, several human clinical
trials indicate that small-molecule DPPIV inhibitors are well-
tolerated, lower blood glucose and/or Hifevels, and increase

have emerged: one is to use GLP-1 or GIP receptor agonistsglucose toleranc& Furthermore, there are two potential

(GLP-1 or GIP mimetics) that are resistant to DPPIV degrada-
tion, the other is to inhibit DPPIV activity.
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a Abbreviations: GLP-1, glucagon-like peptide-1; GIP, glucose-dependent
insulinotropic polypeptide; DPPIV/DPP4, dipeptidyl peptidase IV; POP,
prolyl oligopeptidases; FA@, fibroblast activation protein;; OGTT, oral
glucose tolerance test; THF, tetrahydrofuran; DNAEN-dimethyl forma-
mide; EgN, triethylamine; EtOAc, ethyl acetate; EtOH, ethyl alcohol;£H
CN, acetonitrile; CHCI,, methylene chloride; CHgJl chloroform; PyBOP,
benzotriazol-1-yloxytrispyrrolidinophosphonium hexafluorophosphate; TBTU,
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate; EDCI,
N-(3-dimethylaminopropylN'-ethylcarbodiimide; HOBt, 1-hydroxyben-
zotriazole; TMSI, iodotrimethylsilane; TBAF, tetrabutylamonium fluo-
ride; DMAP, 4-(,N-dimethylamino)pyridine; DEAD, diethyl azodicar-
boxylate; DBAD, ditert-butyl azodicarboxylate; Pdgdppf), 1,1-
bis(diphenylphosphinoferrocene)dichloropalladium(ll); NSIS:hlorosuccin-
imide.
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advantages for DPPIV inhibitors as therapeutic agents for
diabetes. First, because the actions of GLP-1 and GIP are strictly
glucose-dependent, DPPIV inhibitors are unlikely to cause
serious hypoglycemia. Second, studies in Zucker diabetic rats
suggest that chronic exposure to GLP-1 may increasell
mass by promoting growth and differentiation and inhibiting
apoptosis? Chronic treatment with DPPIV inhibitors preserved
islet function in diabetic micé and improved3-cell survival

and islet cell neogenesis in streptozotocin-induced diabeti¢*rats.
Both studies suggest that DPPIV inhibitors might be able to
induce production of neys-cells in type 2 diabetics and thus
prevent the worsening of the disease.

Extensive research efforts from both the academia and the
pharmaceutical industry have resulted in a number of potent
DPPIV inhibitors. Among theml (P32/98)!> 2 (DPP728).6 3
(LAF-237)17 4 (MK-0431) 18 and5 (BMS-477118)° (Chart 1)
are noteworthy and have entered into human clinical trials in
diabetic patient3!-2°Here we report the discovery, structure
activity relationship (SAR), and pharmacological evaluation of
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Chart 1. Structures of Selected DPPIV Inhibitors

o NC
=z
oAy O dg
o N N N
N H

1 2

OH

b9 ON
N\)LNQ

a novel series of (5-substituted-pyrrolidinyl 2-carbonyl)-2-
cyanopyrrolidines (C5-Pro-Pro) as potent DPPIV inhibitors.

Chemistry

cis-C5-alkyl substituted pyrrolidinyl-2-cyanopyrrolidine ana-
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tion of the aldehyde and removal of the Boc group yielded
alcohols10g and 10h.

With key intermediate, aldehyd6, in hand, a variety of
final products were synthesized as shown in Scheme 3. The
aldehyde was oxidized with KMn{o give the corresponding
acid 17,22 which was coupled with amines, followed by the
removal of the Boc group, to give amidds. Reductive
amination of the aldehyde and removal of the Boc group
produced amine49. Alternatively, the aldehyde was reduced
to alcohol20. The alcohol was coupled with different phenols
via Mitsunobu reaction under various conditions, including
diethyl azodicarboxylate (DEAD)/PRHdi-tert-butyl azodicar-
boxylate (DBAD)/PPk, and cyanomethylene tri-butylphos-
phorane (CMBP%* The condition of ditert-butyl azodicarbox-
ylate (DBAD)/PPHh in toluene gave the highest yield. After
removal of the Boc group, ether analogiiswere obtained.
Alcohol 20 was transformed into amin22 under optimized
Mitsunobu conditions, which was further diversified to afford
amide 23, ureas24, and sulfonamide5. The nitro group of
Boc ether26 was reduced with iron powder and the resulting
anilines27 were either acylated or sulfonylated to gi2éar
and2las

The syntheses of the requisite phenol intermediates are shown
in Scheme 4. Treatment of phen@Bwith tetrabutylammonium

logues (C5-Pro-Pro) were synthesized according to Scheme 1tribromide gave bromide®9. The bromides were carbonylated

The lactam nitrogen of ethy§{-2-pyroglutamtes was protected
and activated with a Boc group, and the resulting Boc-lactam
was treated with the corresponding Grignard reagent to afford
dicarbonyls7.2® After removal of the Boc group, the resulting
amines concomitantly cyclized intramolecularly with the keto
group to afford imines. The double bond was saturated with
hydrogen to yieldcis-5-substituted prolines, and the nitrogen
was protected with a Boc group to give proline est@&r3he

in methanol to afford the corresponding methyl esters, which
were hydrolyzed to give acid30. Treatment of the acids with
N,N-dimethylformamide dtert-butyl acetal in heated benzene
or toluene afforded pheno&l. Methyl ester32 underwent an
ester exchange to gitert-butyl ester33, which was chlorinated
with N-chlorosuccinamide (NCS) to yield chloropheri@.
2-Chloro-4-methanesulfonyl phen®bawas prepared by chlo-
rination with chlorine generated in situ (KCJ@ hydrochloric

ester group was hydrolyzed, and the resulting acid was coupledacid)2> 2-Bromo-4-methanesulfonyl phen86b was made by

with (S)-2-cyanopyrrolidine, and then the Boc group was
removed to afford the final products).

(9-Pyroglutamatell was transformed to alkyné2 as a
mixture of cis- and trans-isomers according to literature
precedents (Scheme 2).The cis-isomer and trans-isomer
(which differ only at C5 with the stereochemistry at C2 constant)

treating the phenol with tetrabutylammonium tribromide.

Results and Discussion

Establishment of Pharmacophore and Improvement of
Potency. At the outset of our program, unsubstituted 2-cyan-
opyrrolidine 10a (Table 1) was reported to be a reasonably

were separated by chromatography, and each pure isomer wagpotent DPPIV inhibitor with an inhibition constark;j of 20

carried on in parallel. The methylcarbamate group of eker
was switched to a Boc group in two steps to give es8After

the TMS group was removed by TBAF, the alkyne was partially
saturated to afford alkeriel. The methyl ester was hydrolyzed,
and the resulting acid was coupled wit)-@-cyanopyrrolidine

to afford amidel5, which upon straightforward manipulation
led to analogued0d—f. The double bond of aken&5 was
ozonolyzed to yield the key intermediate, aldehyi@eReduc-

Scheme 1
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nM, albeit with poor chemical stability (vide infrd§.Modifica-
tion at C4 position of the P2 pyrrolidine was recently reported
to yield potent inhibitorg” Alternatively, upon analyzing the
structures of more potent inhibitors, cyanopyrrolidbhgChart

1) and compoundOa, it occurred to us that if the P2 pyrrolidine
moiety of compoundlOa could serve as a rigidified linker to
replace the flexible aminino side chain of cyanopyrrolidiye
of the P2 pyrrolidine ring could be modified to improve potency

N~ YCO,Et

10i R = i-Pr
10j R = Ph

aReagents and conditions: (i) Bgg, CH,Cly, rt; (ii) RMgBr, THF, —40 to 0°C; (iii) TFA, CH2Cly; (iv) H2(60 psi), cat. Pd/C, EtOH, rt; (v) Be®, cat.
DMAP, TEA, CHCly, rt; (vi) LIOH, EtOH/HO, rt; (vii) (S)-2-cyanopyrrolidine HCI salt, PyBOP, rt.
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10d R = Et, 2,5-trans i
10e R = vinyl, 2,5-cis 10g 2, 5-cis
10f R =vinyl, 2,5-trans 10h 2, 5-trans

aReagents and conditions: (i) see ref 22; (ii) (a) TMSI, CEHGbE °C; (b) BogO, TEA, CHCly, rt; (iii) (a) TBAF, THF, 0 °C; (b) H,, Pd/BaSQ,
quinoline, EtOAc; (iv) (a) LIOH, THF/HO, rt; (b) (9-2-cyanopyrrolidine HCI salt, TBTU, DMF, rt; (v) £ —78 °C and then MgS, CH,Cl,/MeOH; (vi)
for 10d, Hp, Pd/C, EtOH and then TFA, rt; fatOeand 10f, TFA, CH,Cly; (vii) (a) NaBHy/NaBH(OAc), EtOH/CHCIy, rt; (b) TFA, CHCIy, rt.
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26b R'=2-Cl, R?=5-NO, 27b

aReagents and conditions: (i) KMnQOpH 4, MeCN,t-BuOH, rt; (ii) TBTU, RNH,, rt; (iii) TFA, CH2Cly, rt; (iv) RNHz, NaBH;CN, 0 °C to rt; (v)
NaBHy/NaBH(OAc), 0 °C to rt; (vi) PPk, DEAD, THF or cyanomethylene tri-butylphosphorane (CMBP), THF, 7€ or PPR, DBAD, toluene, 85-95
°C; (vii) (a) phthalamide, PRhDBAD, toluene, 85-95 °C; (b) hydrazine hydrate, MeOH, GBI, rt; (vii) PhCOOH, EDAC, HOBt, DMF/THF, rt; (ix)
RNCO, THF, rt; (x) RSQCI, TEA, THF, rt; (xi) Fe, NHCI, EtOH/H,0, reflux.

and other properties. To our delight, wheciC5-methyl group analogues 10d, 10f, and 10h) is more potent than their
was introduced, the resulting compoub@b was a very potent  corresponding 2,5-cis analogue€¢ 10e and10g).

DPPIV inhibitor with an inhibition constant of 8.3 nM. Both After establishing the regio- and stereochemistry of the
an ethyl and an unsaturated vinyl chain were also tolerated substituents on the P2 pyrrolidine with relatively simple alkyl/
(compoundslOc and 106, although the potency decreased as aryl substituents, we then started to explore more elaborate
the chain became longer (compdr@c to 10b). Branching of substituents at the C5 position. When an amide was used as
the C5 chain was detrimental to the potency (compouriis the linker between the phenyl ring and the P2 pyrrolidine ring,
and 10j). A free hydroxyl group 10g decreased potency the resulting amidé8awas a very weak DPPIV inhibitor (Table
dramatically. The stereochemistry of the C5-substitution was 2). A 4-bromo substitution on the phenyl ring did not improve
critical, as evidenced by the fact that none of the 2,5-trans potency (8b). The reversed amide®3, extended with a
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Scheme 4.Synthesis of Intermediatés Table 2. Effect of the Linker on Inhibitory Potenéy
OH OH OH OH Q
. R 2 N
R i R i R i REQ‘\( -
— —_— — H O
Br CO,H CO,t-Bu entry compd R Ki (nM)
28 29 30 31aR=tBu 1 18a PhNHCO- 1,280
31bR=iPr 2 18b (4-Br)PhNHCO- 1,310
3 23 PhCONHCH- 20
o o 0 4 24a PhNHCONHCH- 15
MeO £BUO +BuO 5 24b (4-MeO,C)-PhNHCONHCH- 6.7
iv v 7\ 6 25 PhSGNHCH,- 44
/ N—oH —= 7 \on — = 7 19a PhNHCH- 12
N= N= ol 8 19b (4-Br)PhNHCH- 8.9
22 3 4 9 19¢ PhN(Me)CH- 49
10 19d OCN‘CHz‘ 1,610
OH OH 11 21a PhOCH- 6.8
vi X 12 21b (4-Br)PhOCH- 4.6
—_— 13 21c 2,54rans(4-Br)PhOCH- 54
$=0 a All analogues have 2,5-cis stereochemistry with the exception of entry
870 - by 13, where the stereochemistry is trahéll K; values are an average of at
O least two runs.
35 36a X =Cl
36b X =Br Table 3. Potency of C5-Pro-Pro Analogueg1®
aReagents and conditions: (i) n-BuBrs, CH,Clo/MeOH, rt; (i) (a)
CO(g), cat. Pd(dppf)G) MeOH, 120°C; (b) LiOH, MeOH/HO, rt; (iii) 0 N
Me;NCH(O-t-Bu), toluene,A; (iv) t-BuOK, t-BuOH: THF, rt; (v) NCS, R N CN

DMF, 80 °C; (vi) KCIO4, HCI, 0 °C to rt for 36aor n-BuwNBrz, CH,Cl,/
MeOH for 36h.

Entry Compound R K (nM)
Table 1. DPPIV Inhibition Constantk;) of Analoguesl(® 1 21a Ph- 6.8
2 21d Bn- 30
5 2 N
R/Q"( AN 3 2le (4-Me)Ph- 72
H O N
P2 P1 4 21f (4-OMe)Ph- 11
2,5-cig Ki 5 21g (4-CN)Ph- 4.4
entry compd R trans (nM)
6 21h (2-Me)Ph- 3.5
1 10a H 20°
2 10b Me cis 8.3 7 21i (2-Cl)Ph- 0.85
3 10c Et cis 33 . .
4 10d Et trans 103 8 21j (2,6-dichloro)Ph- 76
5 10e vinyl cis 21 9 21k (2-C1-4-CN)Ph- 0.60
6 10f vinyl trans 143
7 10g CH,OH cis 764 10 211 (2-C1-4-C))Ph- 1.6
8 10h CH,OH trans 867
9 10i i-Pr cis 317 11 21m (2-COOH-4-Cl)Ph- 10
10 10j Ph cis 720 12 21n _ 0.72
2 All K; values are an average of at least two rivReported value in QC'
ref 26. .
13 210 <0©‘ﬁ, 2.7
o]

methylene spacer, turned out to be a much better inhibitor, with

aK; of 20 nM. Ureas24a and 24b were also very potent (15 4 2p “m 23
and 6.7 nM, respectively). Sulfonami@8 was slightly weaker, OO
with a K; of 44 nM. With this set of data, we speculated that 15 21q don 2.900
the main reason for the dramatic decrease in potency of amides (j@

18a and 18b was the reduced basicity of the amino group of
the P2 pyrrolidinyl group (due to the electron-withdrawing effect ~ #All Ki values are an average of at least two runs.

of thea-carbonyl of the amide group), as the interaction between

this amine and two glutamate residues of the enzyme is critical Substituted analogues, the trans-analagfewas significantly
(vide infra). The corresponding amine analogues turned out to |€ss potent than the corresponding cis-analoglib, again

be very potent, with9ashowing aK; of 12 nM (entry 7). The demonstrating the significance of the stereochemistry at the C5.
p-bromophenyl analogu&9b showed &; of less than 10 nM. Further exploration within the ether-linked series suggested
While branching at the nitrogen atom (tertiary amih@c) that a phenyl ether was much better than the corresponding
decreased potency, introduction of cyclic aliphatic morpholine benzyl analogu@1d (Table 3). While electron-donating groups
was extremely detrimental to the poten@@¢). The most potent  at the para-position of the phenyl group caused little change in
analogues came when an ether was used as the linker, with theootency 21eand21f), an electron-withdrawing group was well-
unsubstituted phenyl analog@da showing akK; of 6.8 nM. tolerated 21g). On the other side, at the ortho-position, both
The p-bromo substituent provided a similar level of potency electron-donatingd1h) and electron-withdrawing2(Li) groups
(21b). Consistent with the SAR observed in the simple alkyl- improved potency, with th&; of the 2-chlorophenyl analogue
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Table 4. Chemical Stability of Cyanopyrrolidine DPPIV Inhibitérs Table 5. Inhibitory Potency of C5-Pro-Pro Etherd@a—21as®
entry compd taz(h) entry compd t12(h) Q
N
1 10a 13 7 21k 16.7 R’Ov(h -
2 10b 6.5 8 2laa 41.2 H O
3 10c 16.4 9 21ag >100 Entry Compound R K, K(TB) K,
4 10i >100 10 2lae 19.8 number (M) (nM)  (TB,10%PL)
5 21b 7.8 11 2lac 65.4 (o)
6 21p 10.8 iL
1 2laa 8.9 na na
aThe compounds were incubated in pH 7.4 buffer at°87and the &
concentration of the parent compounds was measured by HPLC at different Bn
time points. Half-lives ;) were then calculated using pseudo-first-order 2 21ab @g» >3,000  na na
kinetics. For more details, see the Experimental Section. For structures of
the compounds, see Tables 1, 2, 3, and 5.
3 2lac HOLC : 38 na na
i .
21i (entry 7) reaching the subnanomolar level (0.85 nM).
Subsequently, X-ray crystallography demonstrated that the 4 21ad HOC {; 20 3.1 37
2-chloro atom forms a number of unique interactions with the
enzyme (vide infra). However, when both of the ortho-positions 5 2ae o :,<CIE 093 15 L4
of the phenyl ring were substituted, the potency suffered z
dramatically 21j). When both ortho- and para-positions were . atar OMe 6 4 1a
substituted, the resulting analoguezlk and 21l) showed * HO,C & ’
excellent potency. An ionizable carboxylic acid group was also cl
tolerated at the ortho-positio@1m). A heterocyclic ring 21n), 7 2lag s 082 067 L1
as well as bicyclic ringsA1oand21p), also provided very potent HO,C
inhibitors. Tetrahydronaphthyl grou1qg, entry 15) was not Br
tolerated, presumably due to steric reasons. 8 21ah HOQCOEV 066 040 0.62

Chemical Stability. It's known that cyanopyrrolidines can
suffer from instability in that the P2 amino group (either in a
ring or open chain) attacks the cyano group under neutral or
basic conditions (eq 1) and the resulting cyclized imi&8er

10 21aj HOLC QS’ 045 059 0.55
N N cl
REREN Q o % O& (1) N=
R'\”/“«o CN " :S_N NH— N © 11 2lak Q 0.68 048 0.40
g .

9 21ai $- 1.0 0.62 12

k Wi
K.,\R HO,C
¥ 38 i o, ¢
N=
diketopiperizine39 are inactive as DPPIV inhibitors. Steric " 2l N7 b t 0%
hindrance in close proximity to the P2 amino group is known HO.C
to modulate the rate of the intramolecular cyclization and hence 5 atam . d‘ L oss os7
stability 28 To assess the stability, the inhibitors were incubated S YA ' ' '
in pH 7.4 buffer at 37°C. The concentration of the parent Br
compound was then measured using HPLC at various time 14 2lan O}gOE_ 0.68 062 0.85
points, and a half-life {f;) was calculated using a pseudo-first- © o
order kinetic model. As shown in Table 4, @Bsubstituted s a0 oOE- 04l 060 ”
cyanopyrrolidinelOawas very unstable, with a half-life of only Ly
1.3 h (entry 1). Methyl substitution at C5 of the P2 pyrrolidine "
dramatically increased the half-life to 6.5 h (entry 2). As the 16 21ap OO s o9 6
size of the C5-substituent increased from methyl to ethyl and EoH
isopropyl groups, the half-life increased to 16.5 h antiO0 o
hours, res_pectlvely (entries 3 z_and 4). Unfortunately, the potency - 2100 o ng 063 035 ”
of these simple C5-alkyl substituted analogdesreaseds the N
stability increased. The 4-bromophenyl ett2dib had a half- .
life of 7.8 h. The analogue with a naphthyl groitip) had a 18 2lar PhSOLHN . 073 059 23
half-life of 10.8 h (entry 6).
When o-chlorophenyl analogu2lk (with an 2-chloro sub- Ny 0

HN™ N
19 2las %Qu 066 027 12

stituent) was tested, the half-life (16.7 h) confirmed what we
suspected: the ortho-substituent on the aromatic ring, although
far away form the P2 pyrrolidinylamine, indeed modulated the  2Kiis the inhibition constantq;) measured in our “normal” assay where
chemical stability of these C5-Pro-Pro analogues. Therefore, mg;‘:‘ﬂ'esgmiﬂt:rgigkr:’;?;gzigg'gi;g?ésltg;]”;hl_'g"it'sog Cmoe”:;fj‘?égi)in
we had !Qentlfled ",’l position to modlfy that allowed potency the tight-binding assay with 10% rat’ plas’ma. For detaills, see the Experi-
and stability to be simultaneously increased. The trend was bornmental Section® All K; values are an average of at least two runs.

out by 21aa(ty;, of 41.2 h, entry 8) where a bulkiert-butyl

group was introduced (for structure, see Table 5), though there The next improvement came when a carboxylic acid group
was a limit to what orthesubstituent was tolerated, as evidenced was introduced at the para-position of the phenyl ring, leading
by the total loss of potency bglab (Ki > 3 uM). to compoundlacwith slightly better potency (entry 3 vs entry
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1, Table 5) and stability (entry 11 vs entry 8, Table 4) and better
PK profile (vide infra). We therefore synthesized a large number
of analogues with a carboxylic group incorporated at various
positions and on various aromatic rings (Table 5). Isopropyl-
phenylcarboxylic aci®lad (entry 4) had an excellent potency
of 2 nM. As we were able to consistently make extremely potent
inhibitors, the enzymatic kinetics could no longer be analyzed
using the Michaelis Menten model, and a tight-binding analysis
model had to be used inste#dThis model accounts for the
reduction in concentration of free inhibitor due to enzyme
inhibitor complex formation, wherease the Michaelldenten
model assumes that the free inhibitor and total inhibitor are
identical. The effect of using the Michaeti#lenten model in

a tight-binding situation is to make compounds appear less

Journal of Medicinal Chemistry, 2006, Vol. 49, No3%25

Table 6. PK Profile of Selected DPPIV Inhibitors in Réats

ti2 AUC

CLp Vs Cmax  (pO) (po)
entry compd (L/hkg) (L/kg) (ng/mL) (h) (ngh/kg) F (%)
1 10b 4.49 13.49 752 1.1 652 58
2 21k 0.63 0.20 4537 15 3144 39
3 2laa 5.10 1.14 252 13 28 3
4 21lac 0.32 1.0 5580 4.2 9633 63
5 2lad 0.42 0.73 2468 35 4110 34
6 21ak 0.96 0.35 29 12 87 2
7 21an 0.84 0.30 3730 2.2 2919 40
8 21ag 0.29 0.35 146 6.9 1278 7

9 2laq 0.23 0.22 805 3.6 2990 135

aCLp is the plasma clearancé;sis the volume of distribution at steady
state; Cmax IS the maximal concentration when dosed oratly; is the
terminal half-life when dosed orally; AUC is the area under the curve, F is

potent than they actually are. Therefore, a tight binding assay the oral bioavailability. All PK was measured in six rats at 5 mg/kg dose.

was used to accurately measure the inhibition constagts [
(TB)] for these very potent inhibitord({ < 2 nM). Within the
ortho-substitutedp-acid subseries (entries—8, Table 5),
2-chlorophenyl aci@laewas the most potent so far (1.5 nM).

It should be noted that the chemical stabilities of these analogues

were well-maintained (entries 10, 11 of Table 4). When the acid
group was moved from the para- to the meta-position, the
resulting acid21ag(0.67 nM) had about the same potency as
isomer2lae but exhibited improved selectivity against other
peptidases (vide infra). Here the beneficial effect of an acid
group on chemical stability was most evident in that the half-
life of 21ag was >100 h compared to the half-life of the
corresponding analogulk of 16.7 h. Similar potency levels
were observed with the corresponding 2-bromo analogkies (
= 0.40 nM for 21ah and K; = 0.48 nM for 21ai)). When
pyridinyl groups with different substitution patterns were
incorporated, the resulting analogu@d4j and 21ak) turned
out to be the most potent inhibitors (0.59 and 0.48 nM,
respectively). The correspondihgoxide 21al maintained most
of the potency of the “parent” compound. The two (nonioniz-
able) sulfonesZlam and2lan) were also very potent DPPIV
inhibitors, withK;(TB)'s reaching subnanomolar levels. Bicyclic
rings such as methylenedioxyphenyl and naphthyl with ortho-
substituentsq1ao and 21ap were well-tolerated, as was a nitro
group Rlag). Further extension of the phenyl ring at the aniline
position with fairly large groups such as phenylsulfor14r)
and pyrazole amido2(lag was well-accommodated by the
enzyme, with21las(entry 18) reaching &; of 270 pM in our
tight binding assay.

These very potent inhibitor&( < 2 nM) were tested in our

For structures, see Tables 1, 3 and 5.

an increased AUC and decreased clearance, albeit with a high
maximal concentrationGmay) and a short terminal half-lifet{)

of 1.5 h when dosed orally. The beneficial effect of the acid
group can be clearly seen by compari2tacto 21aa while
2laashowed a dismal AUC of 28 ng h/kg and oral bioavail-
ability (F) of 3%, acid21acshowed a dramatically improved
PK profile with AUC of 9633 ng h/kg an#& of 63%. The same
trend held for the isopropylphenyl ackdad (entry 5). Pyridinyl

acid 21ak showed a very low AUC, probably due to poor
absorption, since plasma clearance was low (0.96 L/h kg) when
dosed intravenously (iv). The other selective compoghdg
(entry 8) exhibited a reasonable exposure as measured by oral
AUC (1278 ng h/kg) and a much longer half-life (6.9 h),
although the oral bioavailability was very low. Sulfo2&an
showed improved PK over the corresponding cyano analogue
21kin that it had a slightly longer half-life (2.2 h) and a slightly
lower Cmax. Naphthyl acid21laqhad a reasonable exposure as
measured by AUC and a reasonable half-life.

Selectivity. There are a number of other dipeptidyl peptidases
in the body, and although the function of most of these
peptidases remains unknown at present, there is evidence
indicating that selectivity over other peptidases, especially over
DPP8/9, may be importad?.We screened our potent DPPIV
inhibitors for selectivity against DPP7 (also known as DPP2
and QPP¥! DPP832 DPP92 prolyl oligopeptidases (POPY,
and fibroblast activation protein (FAPa, also called seprasé).
Although our understanding of the origin of selectivity is limited
due to scarce structural information on these peptidases other
than DPPIV, a few structural features of the inhibitors seem to

plasma shift assay, using the tight binding analysis, where either ytect selectivity and are noted as follows. First, all the inhibitors
0% or 10% (v/v) of rat plasma was used as part of our screening yere selective against DPP7, with the least selective analogue

paradigm. A compound with high plasma protein binding is
expected to show a large shift i values Ki(TB,10%PL) >
Ki(TB)], whereas a compound with low protein binding will
show a minimum shiftKi(TB,10%PL)~ K;(TB)]. As can be
seen (Table 5), most of the potent inhibitors showed very little
shift in the presence of plasma (e2flad 2lah 21aj, and
21ak), which is consistent with the fact that many of them
showed low protein binding in a direct protein-binding assay

21lam(entry 6, Table 7) showing a 500-fold selectivity. At the
ortho-position of the phenyl ring, introduction of a chloro
substitution improved selectivity over DPP9 modestly and over
POP significantly (entry 2 vs 1). Introduction of a neutral nitrile
group at the paraosition of the phenyl ring decreased selectiv-
ity, especially against DPP9 and POP (entry 3 vs 2). Second,
introduction of an acid group in the para-position of the phenyl
ring improved the selectivity over POP (entry 4 vs 3). Naphthyl

(data not shown). There are a few others that showed some shiftygiq 21ap and sulfone21am (entries 5 and 6) had reasonable

(e.g.21arand21ag in the presence of plasma. It was observed
that, qualitatively, compounds with larger cLogP values (data
not shown) tended to have a larger shift of potency.
Pharmacokinetic Profile. Pharmacokinetic (PK) properties
of a few selected analogues tested in Spragdawley rats are
shown in Table 6. The 5-methyl analogliéb showed a very

selectivity against peptidases other than DPP9. Third, when the
acid group was moved from the para- to meta-position,
selectivity improved across the board, leadin@i@agwith a
selectivity larger than 360-fold against all the peptidases tested
(entry 7). Last, replacing the phenyl ring with a pyridinyl ring
increased selectivity, leading to pyridi?dak and the corre-

high clearance (iv) and low area under curve (AUC) when dosed spondingN-oxide 21al with selectivities greater than 1,000-

orally. 2-Chloro-4-cyanophenyl analogfgk (entry 2) showed

fold over all the enzymes tested (entries 8 and 9).
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Table 7. Selectivity of Representative DPPIV Inhibit8rs Inhibitor complexes were obtained by soaking crystals in the
entry compd DPP4 DPP7 DPP8 DPP9 POP FAP presence of compounds, and structures were well-defined with
1 21ad 31 >3000 151 60 245 888 high-resolution diffra}ctiqn C!aF%Z As can _be seen i_n Fig_ure 1
(>970) (49) (19) (79)  (286) these cyanopyrrolidine inhibitors bind in the active site with
2 21i 1.8 1545 616 107 2762 479 the nitrile group, forming a covalent bond with the hydroxyl
s o 0.5 (18952 (2334;2) (3599) 210534) (520656) group of the active site serine, Ser680Consistent with the
2045 (@52) 1) (42  (532) known binding of the P2 amino group o_f peptide inhibitors to
4 2lae 15 2347 155 49 1741 536 two glutamates, we observe the amino group of the P2
(1560)  (100) (33)  (1160) (360) pyrrolidine in close proximity to the side chains of Glu205 and
5 2lap 096 5460 191 73 925 240 Glu206. However, crystal structures of three compounds with
(5700)  (200) (76)  (960)  (250) different linkers and substituents on the phenyl ring exhibit quite
o zam 0 (‘é%)g) (333:7) ?é)o) (127f0) (34?745) different con_formaﬁons. The structure ®Lac shows t.hat the
7 2lag 067 >3000 241 300 368 1770 tert-butyl moiety is in position for a close hydrophobic contact
(>4500) (360) (450) (550) (2640) with the side chain of Phe357, and the edge of the phenyl ring
8 2lak 048 (>>3gggo) ?131800) 5(310(5)350) ?164?00) (242580) is oriented toward Argl125. In the case wtacid 21ag the
9 21al 11 >3000 2952 1777, 1827 1597 phenyl ring stack_s face to face with the guan[dlne moiety of
(>2700) (2680) (1600) (1400) (1390) Arg125 for azr—o interaction. Theo-chloro atom is positioned

within van der Waals contact of the OH group of Tyr547 (3.6
aK; values (nM) in tight-binding assay for each enzyme are reported group y (

and the fold of selectivity is shown in the parenthe8ég.values for DPPIV A) and the imidate nitrogen (3.7 A)' The potency gain exhibited

are from tight-binding assay. For structures of the compounds, see TablesPy analogues bearing an-chloro substitutent may be a
1,2,3and5. combination of effects, including van der Waals contacts with

neighboring atoms and an electronic effect uponvtkstacking
Binding Mode. Recombinant human DPPIV was prepared interaction. Them-carboxylate group is oriented favorably for
as described by Rasmussen and co-wofReasd the protein a polar interaction with the side chain of His126. This
was crystallized for structural analysis by X-ray crystallography. carboxylate group not only boosted potency, but also increased

Figure 1. Crystal structures of DPPIV inhibitors bound to human DPPIV. (A) Overlaplaic(green) and®21lag(magenta) bound to DPPIV are

displayed with the surface of the protein. (B) Overlaéfg(magenta) an@4b (cyan) are displayed, with additional views of the- stacking

interactions featured in the insets. (C) Detailed viev2 bdg(mageneta) bound to DPPIV with the protein atoms and interactions highlighted. Color

code: carbon atoms of the enzyme are in gray, carbon atoms of the ligands are in either green, magenta, or cyan; oxygen atoms of both the enzyme
and lignads are in red and nitrogen atoms blue.
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Figure 2. Oral glucose tolerance test (OGTT) of female ZDF rats dosed 2Vitid orally. Female ZDF ratsn(= 10/group) of 10 weeks of age
were dosed with either vehicle or DPPIV inhibitdtad Four hours later (£ 0), the rats were given glucose at 2 g/kg and then the blood glucose
levels were measured. Plasma glucose change from baseline is shown in the left panel and area under curve (AUC) charge tirom 120)

is shown in the right panel.

selectivity modestly over other peptidases, suggesting differences? days. The cells were cultured for an additional 14 days to allow
in interactions among enzyme family members in this region. for maximal DPPIV expression. On the day of harvest, cells were
In contrast to the ether-linked analogue2dficand2lag the ~ Wwashed once with Dulbecco’s PBS and solubilized in a 10 mM
structure oR4b has a urea-linked aryl that binds differently. In  NaCl containing 50 mM Tris HCI, 0.5% Nonidet P40, and 0@
this case the phenyl moiety binds face to face with the side mL aprotinin at pH 8.0. Thoe extract was clarified by centrifugation
chain of Tyr547 in position for ar—x stacking interaction. at 35 00@ for 30 min at 4°C.

These structures demonstrate the diversity of interactions that _'nhibition Constant (K;). DPPIV activity was determined by
. measuring the rate of hydrolysis of a surrogate substrate, Gly-Pro-
the compounds make with the enzyme.

) g 7-amidomethylcoumarin (Gly-Pro-AMC, Sigma, St. Louis, MO).
In Vivo Pharmacology. Inhibitors were chosen t0 be  The assay was carried out at room temperature in black 96-well
evaluated in oral glucose tolerance tests (OGTT) based on thelrp0|ypropy|ene or po|yethy|ene p|ates in a total volume of ﬂlﬂo

overall properties of potency, stability, and PK. After an per well. Appropriate dilutions of the compounds were made in
overnight fast, female Zucker diabetic fatty (ZDF) rats of 10 DMSO and then diluted 10-fold into buffer. Aliquots (1Q) of
weeks of age were dosed with either vehicle or a DPPIV five concentrations of the inhibitor or 10% DMSO in buffer were
inhibitor orally at different dosages. Four hours later(0), added to individual wells containing g of DPPIV diluted in
the rats were administered glucose (2 g/kg) via oral gavage andassay buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl,
the blood glucose levels were measured at six time points in &1d 0.12 mg/mL BSA. After 10 min at room temperafure, the
the course of 2 h. The results with acddadtreated rats are  caction was initiated by adding 1AL of either 280, 700, 1750, or

ST 3500uM Gly-Pro-AMC in water. The DPPIV activity resulted in
shown in Flgyre 2. AS can _b? seen, blood glucose levels of thethe formation of the fluorescent product amidomethylcoumarin
rats dosed with DPPIV |nh|b|t921advyere lowered compared (AMC), which was continuously monitored by excitation at 355
to those of the rats dosed with vehicle. The effect was dose- nm and measurement of fluorescent emission at 460 nm every 112
dependent, demonstrating a statistically significant difference s for 37 min using an appropriate plate reader. The fluorescence at
beginning at the 1 mg/kg dose. The reduction of glucose 460 nm was converted to nanomoles of AMC using a standard
excursion as measured by area under the curve (AUC) from curve, and the steady-state rate of AMC formation was calculated.
= 0tot = 120 min increased from 17% to 30% when the dose For each concentration of inhibitor or DMSO control, the steady-
was increased from 1 to 3 mg/kg. state rates were used to fit a rectangular hyperbola, from which

In summary, a series of (5-substituted-pyrrolidinyl-2-carbo- 2PParentku (Michaelis constant) and maximal velocit/n(a)

o : values were determined by nonlinear regression analysis (PRISM,
nyl)-2-cyanopyrrolidines (C5-Pro-Pro) was discovered as DPPIV : ol LA
inhibitors. X-ray crystallography data show that they bind to GraphPad Software). The ratio of the appatévina vs inhibitor

ATe . ) concentration was plotted and the negaMviatercept, as calculated
the catalytic site of DPPIV with the cyano group forming a py |inear regression, was the competitiie

covalent bond with the serine residue of DPPIV. The C5- " right-Binding Inhibition Constant Determination. A tight
substituents make various interactions with the enzyme andpinding situation exists when there is a significant portion of the
affected potency, selectivity, and PK properties of the inhibitors. inhibitor present as enzyménhibitor complex, and the concentra-
The optimized analogues are extremely potent (achieving tion of free inhibitor can no longer be approximated by the
subnanomolak;), are chemically stable, show very little potency concentration of total inhibitor, as is the case for the Michaelis
decrease in the presence of plasma, and exhibit greater tharMenten kinetics. In such casek; (Ki,, competitive inhibition
1000-fold selectivity against related peptidases. The compoundsconstant) values were computed by nonlinear regression fitting of
with good PK are efficacious in lowering blood glucose in an Velocities to the Morrison and Stone equatfon
acute oral glucose tolerance tests in ZDF rats.

_ _ V= A{[(Ky, + 1, = E)? + 4K E] Y — (Kip + 1, — ED}
Experimental Section

Partial Purification of Human DPPIV. Caco-2 cells were whereA = k.S (2(Km + S), |1 = total inhibitor concentrationg;
obtained from American Type Culture Collection (P.O. Box 3605, = total enzyme concentratioi = total substrate concentration,
Manassas, VA), cultured, and maintained at°87with 5% CQ andKj, = Kic(1 + SKy). For these reactions, enzyme concentration

in low glucose DMEM media supplemented with 10% fetal bovine was 200 pM,Swas 200uM, and the velocities were determined
serum and antibiotic/antimycotic. In preparation for making an by monitoring reactions for upt2 h and using the linear portion
extract, cells were seeded at a density to achieve confluence withinof the reaction progress curve. The Michaelis constgt, was
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previously determined to be 5M in the studies that determined  collected at the Advanced Photon Source of Argonne National
the inhibition constant under Michaelidlenten conditions. Laboratory on the IMCA beamline 17-ID with an ADSC quantum
Chemical Stability Assay.Reverse-phase HPLC methods were 210 detector and reduced using the program HKL20@®ructures
developed for each compound. The chromatography was isocraticwere solved by molecular replacement with the program MOLREP
through a Phenomenex Synergi RP polar, £.€50 mm, 4um using atomic coordinates with pdb accession code 1¥Mobdels
column at a flow rate of 1.0 mL/min. The injection volume was were fit to electron density maps that revealed density for
90—-100 uL, and the UV detection wavelengths used were 210, compounds, and structures were refined against all available data
240, and 257 nm. The autosampler was set t6@71+2 °C) and using the programs QUANTA and CNX (Accelrys).
the column exposed to ambient temperature. The mobile phase Compound SynthesisUnless otherwise specified, all solvents
consisted of acetonitrile and 0.1% perchloric acid or 25 mM and reagents were obtained from commercial suppliers and used
phosphate buffer, pH 2.5. The mobile phase ratio of organic:aqueouswithout further drying or purification. All reactions were performed
varied according to the compound. The retention time and peak under nitrogen atmosphere unless otherwise noted. Normal-phase
shape of parent compound were optimized to between 8 and 34flash chromatography was done using Merck silica gel 60 {230
min by adjusting the mobile phase ratio. Stability solutions were 400 mesh) from E. M. Science or was performed on an Analogix
prepared in 50 mM phosphate buffer pH 7.4 adjusted+00.155. IntelliFlash system with prepacked columns. Reverse-phase pre-
Samples were weighed using a Mettler-Toledo microbalance and parative chromatography was performed using a Gilson HPLC
transferred into a 20-mL glass scintillation vial or a volumetric flask. system equipped with a Gilson 215 liquid handler and a Waters
The phosphate buffer pH 7.4 was added with an EDP Plus 10 mL Nova-Pak column 25 100 mm C18 column. Fraction collection
electronic pipet. The samples were sonicated for approximately 2 was triggered by UV absorption at 214 nm. In a number of cases,
min and filtered using a PTFE membrane syringe filter. Aliquots the crude reaction mixture was reduced in volume (if necessary)
of the filtrate were transferred to a set of amber HPLC vials and and then dissolved in 1/1 MeOH/DMSO and purified by reverse-
placed in an autosampler maintained at ¥7. Samples were HPLC without any workup. Final products were eluted as TFA
analyzed by HPLC with the first sample injected denoted as the salts with linear gradient-670% CHCN/H,O with 0.1% trifluo-
time zero sample. The peak area response of the remaining samplesoacetic acid (TFA) in the aqueous pha&g.NMR spectra were
was measured as a function of time. After data acquisition was recorded with 300 and 500 MHz spectrometers; all chemical shift
completed, the chromatograms were processed for each compoundo) values were referenced to tetramethylsilane as an internal
using Beckman Peak Pro software CALS version 8.4a. Reaction standard and are reported as shift (multiplicity, coupling constants,
was analyzed using a first-order kinetic model, where a plot of proton count). Mass spectral analysis was accomplished using fast
log(peak area remaining/peak area at zero time) vs exposure timeatom bombardment (FAB), electrospray (ESI), or direct chemical
at 37°C is linear. The rate constant and half-life were obtained ionization (DCI) ionization techniques. All elemental analyses were
from a linear fit to the plot using Microsoft Excel 2000. done at QTI and are consistent with theoretical values to within
Pharmacokinetics (PK) in Rats.Compounds were prepared as  +0.4% unless otherwise indicated.
solutions in ethanol/propylene glycol/D5W vehicles (10/30/60 v/v) Method A. Synthesis of cis-5-Alkyl-Substituted Prolines.
at concentrations appropriaterfa 1 mL/kg dose volume for Method Al. Ethyl N-Boc (S)-pyroglutamate (2.33 g, 9.06 mnf8l)
intravenous (iv) or oral administration. Spragt@awley rats was dissolved in 6 mL of THF, and the mixture was cooled to
(Charles River, Portage, MI) were fasted overnight prior to dosing —40 °C. Ethylmagnesium bromide solution (1.0 M in THF, 10.84
and for the first 12 h of the study but were permitted free access to mL, 10.84 mmol) was added slowly via a syringe. After 2 h, the
water. The 5 mg/kg iv dose was administered as a slow bolus in areaction flask was placed in a freezer (ca20 °C) overnight.
jugular vein under light ether anesthetic while the 5 mg/kg oral Saturated aqueous NEI and 1 N HCI were added, and the mixture
dose was administered by gavage. Serial EDTA blood samples werewas extracted with ethyl acetate X The combined organic
obtained from a tail vein of each animal 0.1 (iv only), 0.25, 0.5, 1, extracts were dried over Ma0,, concentrated, and purified by flash
15,2,4,6,9, 12, and 24 h after drug administration. Plasma was chromatography (30% EtOAc/hexane) to provide keto e3ter
separated by centrifugation (16 000 rpm# min,~4 °C) and stored (2.018 g, 78%):*H NMR (300 MHz, CDC}) 6 1.06 (t,J = 7.46
frozen (<—15 °C) until analysis. Hz, 3 H), 1.28 (tJ=7.12 Hz, 3 H), 1.44 (s, 9 H), 1.821..97 (m,
Compounds were separated from the plasma using proteinl H), 2.06-2.19 (m, 1 H), 2.43 (9J) = 7.46 Hz, 2 H), 2.51 (qJ
precipitation with methanol and acetonitrile. A plasma aliquot (100 = 7.57 Hz, 2 H), 4.19 (¢J = 7.12 Hz, 2 H), 4.21 (br m, 1H), 5.06
uL, sample or spiked standard) was combined with 140of (br s, 1 H) ppm; MS (ESI)m/z 310 (M + Na)*.
internal standard (prepared in methanol) and A50f acetonitrile. Method A2. The above keto ester was dissolved in 3 mL of
The samples were vortexed vigorously for 1 min followed by CH,Cl, and treated with 3 mL of trifluoroacetic acid at room
centrifugation at 2000 rpm for 10 min (4C). An aliquot of the temperature. After 3 h, the volatiles were evaporated to provide
supernatant (10@L) was transferred to a clean 96-well plate and imine 8c, which was used in the next step without purification.
diluted with 500uL of 1% acetic acid in water. Samples were Method A3. The above material was dissolved in 32 mL of

analyzed simultaneously with spiked plasma standards. EtOH and mixed with 0.30 g of 10% Pd/C under 60 psi of H
The parent compound and the internal standard were separatedvernight. The catalyst was removed by filtration, and the filtrate
from each other and coprecipitated contaminants on a<t80nm was concentrated to provides-5-substitued proline, which was

Kromasil 3um column (Higgins) with an acetonitrile/1% aqueous used without purification in the next step.
acetic acid mobile phase at a flow rate of 0.3 mL/min. Analysis  Method A4. The above material (18.08 mmol), 4-(dimethylami-
was performed on a Sciex API4000 Biomolecular Mass Analyzer no)pyridine (0.904 mmol), and triethylamine (36.16 mmol) were
with a turbo-ionspray interface. Analytes were ionized in the mixed in 40 mL of CHCI,, and then diert-butyl dicarbonate (19.89
positive ion mode with a source temperature of approximately 400 mmol) was added. After stirring overnight, the mixture was washed
°C. Detection was in the multiple reaction-monitoring (MRM) with 1 N HCI and brine and then purified by flash column
mode. Peak areas were determined using the Sciex Analyst softwarechromatography (1:520% EtOAc/hexane) to provide the Boc-ester
The plasma drug concentration of each sample was calculated by9c (3.73 g, overall 80%):!H NMR (300 MHz, CDC}) 6 0.91 (t,
least squares linear regression analysis (weighted as 1/concentration) = 7.6 Hz, 3H), 1.27 (tJ = 7.1, 2H), 1.41 (s, 9H), 1.46 (m, 2H),
of the peak area ratio (parent/internal standard) of the spiked plasmal.72 (m, 2H), 1.94 (m, 3H), 2.18 (m, 2H), 3.82 and 3.79 (br m,
standards versus concentration. 1H), 4.18 (m, 2H), 4.3 and 4.2 (br m, 1H) ppm; MS (E8{k 258
Protein X-ray Crystallography Analysis Methods. Purified M + H)*; [a]?% = —35.8 (¢ 1.45, MeOH).
human DPPIV(39-766) was crystallized according to conditions Method A5. The above Boc-ester (3.69 g, 14.34 mmol) in 15
described in the literatuf®.Complexes were prepared by soaking mL of EtOH was treated with 14.3 mL of 1.7 N LiOH. After 4 h,
crystals in the presence of compound and preserved in liquid the mixture was concentrated in vacuo, acidifiedhwit N HCI,
nitrogen for data collection at 100 K. X-ray diffraction data were and extracted with ethyl acetate. The organic extracts were dried
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with NaxSO, and concentrated to provide the acid, which was used (m, 3 H), 3.65 (s, 3 H), 4.184.34 (m, 1 H), 4.55 (s, 1 H) ppm;
without further purification in the next step. MS (DCI) m/z 254 (M + H)™.

The above acid (201 mg, 0.88 mmolg)<{2-cyanopyrrolidine The above Boc-protected amine (6.9 g, 27.2 mmol) was dissolved
hydrochloride (1.1 mmol), and PyBOP (641 mg, 1.23 mmol) were in ethyl acetate (130 mL). 5% Pd/Ba$(@60 mg) and quinoline
mixed in 3.5 mL of CHCI, followed by addition of 422uL of (6.5 mL) were added. The mixture was stirred undg(20 psi) at
diisopropylethylamine (2.42 mmol). After 5 h, acetonitrile (3 mL)  room temperature for-45 min. The mixture was filtered, washed
was added and the mixture was purified by reverse-phase HPLCwith 1 N HCI, and concentrated to provide alkecis-14 (6.9 g
to provide 187 mg of the amide (69%)}H NMR (500 MHz, 100%), which was used in the next step without purification.
MeOHd,,) 0 0.94 (t,J = 7.5 Hz, 3H), 1.45 and 1.38 (s, 9H), 1.50 The above alkene (6.9 g, 27.2 mmol) was dissolved in 50 mL
(m, 1H), 1.78-2.01 (m, 5H), 2.152.32 (m, 5H), 3-?%3'81 (m, of ethanol and then 1.7 M LiOH (48 mmol) was added. The mixture
3H), 4.44 (m, 1H) ppm; MS (ESIz 322 (M + H)™. was stirred at room temperature @ h until the starting material

Compound 10c. Method A6. Removal of Boc GroupThe  was consumed. The mixture was acidifiedwit N HCl (pH 2)
above amide (180 mg) dissolved in 1 mL of @B, was treated  and then extracted with ethyl acetate<{8 The combined organic
with 1.5 mL of TFA. After 4 h, the mixture was concentrated, and |ayers were dried (N&Qy), filtered, and concentrated under reduced
the residue was dissolved in 3 mL of MeOH and then purified by pressure to provide the crude acid (6.9 g, 99%), which was used in
reverse-phase HPLC (0% to 70% @EN/H,O contained 0.1% the next step without purification.

TFA) to providelOcas a TFA salt (147 mg)*H NMR (400 MHz, Method B3. Amide Coupling with TBTU. 2(S-Cyanopyrro-

Me()ll-lhdzl)zéléOZ?Sg,J = gHS HZZ’SSH), 1.17|—?l.:§§0(m, 22?_' 1.3?564 lidine HCI salt (22.6 mmol) and 2-Hd-benzotriazole-1-yl)-1,1,3,3-
(m, 1H), 2. 38 (m, 6H), 2.52 (m, 1H), 3.60 (m, 1H), 3. tetramethyluronium tetrafluoroborate (TBTU, 6.35 g, 26.8 mmol)

(dd, J, = J, = 6.8 Hz, 2H), 4.62 (dd) = 5.4, 9.4 Hz, 1H), 482 o0 combined with the above intermediate in 10 mL of DMF,
(dd,J=4.3, 8.0 Hz, 1H) ppm}*C NMR (MeOHdj, 100 MHz)¢ and then BN (4.4 mL, 30.6 mmol) was added. After stirring
11.2,25.8, 26.1, 28.9, 30.0, 30.8, 47.6, 48.2, 60.3, 64.3, 119.2, 168.9 : L. .

' i ) overnight, the mixture was concentrated and purified by flash
8F2rg|_bMOS) (CES|_||)WNZ 222 (M+ H)™. Anal. (GuH20FsN3050.24TFA chromatography (40%50% EtOAc/hexane) to provides-15 (5.0

_ _ g, 74%): 'H NMR (400 MHz, CDC4) 6 1.37-1.42 (s, 9 H), 1.84

Comp(_)undsLOb, 10i, and10j were made by the same methods 5 44 (m, 8 H), 3.543.67 (m, 1 H), 3.733.87 (m, 1 H), 4.19

as described above. 4.55 (m, 2 H), 4.84 (d) = 7.06 Hz, 1 H), 5.035.29 (m, 2 H),
Compound 10b:H NMR (MeOH-d,, 400 MHz)6 1.49 (d,J 5.93-6.07 (m, 1 H) ppm; MS (ESIjvz 220 (M + H)*.

= 6.75 Hz, 3 H), 1.75 (dg) = 13.08, 8.84 Hz, 1 H), 2.16 (m, 3 Alkenetrans-15was made in a similar fashiortH NMR (300
H), 2.28 (m, 3 H), 2.54 (m, 1 H), 3.64 @,= 6.60 Hz, 2H), 3.80  \111; ‘PvSOdy) 6 1.22-1.35 (s, 9 H), 1.982.29 (M, 8 H), 3.17

(m, 1 H), 4.61 (dd,) = 9.51, 5.83 Hz, 1 H), 4.83 (ddl =7.98, 558" "1 1) '3.523.67 (m, 1 H), 4.2£4.53 (m, 2 H), 4.78 (dd,
4.30 Hz, 1 H) ppm*C NMR (MeOHd,, 100 MH2)0 17.0, 26.1, 3’5435 03 Hz, 1 H), 4.935.11 (m, 2 H), 5.685.91 (m, 1 H)
20.1, 30.8, 32.1, 47.6, 48.2, 58.6, 60.6, 119.2, 168 ppm; MS (ESI), o Vi (e oo s vy '

2208 (M + H)". Anal. (GaHigFaN:050.4TFA) C, H, N. Compound 10e.The Boc group of the above intermediats-
L _ .
Compound 10i: *H NMR (400 MHz, MeOHel) 6 1.05 (d.J 15 was removed as described in method A6 to afford the desired

6.75 Hz, 3 H) 1.14 (dJ = 6.75 Hz, 3 H) 1.77 (m, 1 H) 2.19 (m, .
7 H) 2.50 (m) 1 H) ?S 33 (m, 1 H) 3.64 211 -6 §5 Hz 2) H) 4 ((32 product: IH NMR (300 MHz, MeOHé,) ¢ 1.71-2.05 (m, 1 H),
: ' ) ¥ y e ! X 2.05-2.42 (m, 6 H), 2.452.67 (m, 1 H), 3.533.71 (m, 2 H),

(dd,J = 9.51, 5.22 Hz, 1 H) 4.82 (dd, partially overlapped with 4.07-4.25 (m, 1 H), 4.62 (dd) = 9.49, 5.76 Hz, 1 H), 4.774.85

solvent peak,) = 4.60 Hz, 1 H) ppm; MS (ESIjnwz 236 (M +

b pote (Gt N:050 45T)F o 25Hz0)(c ,}”’ N ( (m, 1 H), 5.40-5.60 (M, 2 H), 5.95:6.16 (M, 1 H) ppm; MS (ESI)
y ’ : ) ' U m/z 220 (M + H)*. Anal. (C4H1s FsN3O10.95TFA) C, H, N.

Compound 10j. The compound was synthesized by the same . .

synthetic sequence a0c except that commercially available ~ Compound 10f. The compound was synthesized in a manner

(5R 29-5-phenyIN-Boc-proline was used*H NMR (MeOH-da, similar to that of the correspondirmis-isomer (08 by usingtrans

500 MHz) 6 2.29 (m, 6 H) 2.48 (m, 1 H) 2.64 (m, 1 H) 3.69 (m 12 as the starting material in method B34 NMR (400 MHz,

2 H) 4.74 (m, 2 H) 4.86 (de =7.80,4.37 Hz, 1 H) 7.48 (ml 3 MeOHd4) 02.01 (m, 3 H), 2.25 (m, 5 H), 2.70 (m, 1 H), 3.65 (m,

H) 7.61 (m, 2 H) ppm; MS (EShmz 270 (M + H)*. Anal. 2 H), 4.64 (tJ=8.29 Hz, 1 H), 4.83 (dd] = 7.83, 4.45 Hz, 1 H),

e (ddd,J = 17.18, 10.13, 7.67 Hz, 1 H) pprt8C NMR (MeOH-d,,

Method B. Preparation of cis and trans-2-Vinylpyroline. 100 MHz) 6 26.1, 29.4, 30.8, 31.8, 47.6, 48.2, 59.9, 64.4, 119.2,

Method B1. lodotrimethylsilane (6.4 mL, 42.9 mmol) was added :
to the solution otis-1222 (10.15 g, 35.8 mmol) in chloroform (20 1525' é?\lzgolgﬁ_gp(%pgn gASC(EHS%Z 220 (M + H)*. Anal.
mL). The mixture was stirred at 6% for 1.5 h. The mixture was (CraH1aFaNs050. -6H0) C, H, N.
concentrated under reduced pressure and purified by column Compound 10d.Estertrans-15 (1 g) and 10% Pd/C (200 mg)
chromatography (50%60% EtOAc/hexane) to give the corre- Were stirred in ethanol (20 mL) under an atmosphere of hydrogen
sponding amine (7.4 g, 93%}¥H NMR (300 MHz, CDC}) 6 0.15 at room temperature for 16 h. The catalyst was removed by filtration
(s, 9 H), 2.07-2.49 (m, 5 H), 3.70 (s, 3 H), 3.874.02 (m, 2 H) and the filtrate concentrated under reduced pressure to provide
ppm; MS (DCl)ym/z 226 (M + H)*. trans-ethyl compound (1 g, 99%): MS (DCijvz 258 (M + H)*.
The above amine (7.4 g, 32.9 mmol) andelit-butyl dicarbonate The Boc group was removed according to method A6 to afford
(8.6 g, 39.8 mmol) were dissolved in dichloromethane (20 mL) the desired product*H NMR (300 MHz, MeOHéy) 6 2.03 (m,
and then triethylamine (7.2 mL) was added. After the reaction was 10 H) 2.64 (m, 1 H) 3.64 (t) = 6.61 Hz, 2 H) 4.55 () = 8.31
over, the mixture was concentrated under reduced pressure to givedz, 1 H) 4.83 (m, 1 H), 0.92 (4 = 7.46, 3H) ppm; MS (ESljn'z
the crude Boc-protected pyrrolidimis-13 (10.5 g), whichwas used 222 (M + H)*. Anal. (Ci4H20FsN3020.85TFA0.1H,0) C, H, N.
in the next step without purification. Method C. Synthesis of Aldehydecis-16. Method C1.Alkene
Method B2. The above intermediateis-13 (32.9 mmol) was cis-15 (0.34 g, 1.06 mmol) in 2 mL each of GBI, and MeOH
dissolved in THF (20 mL), and tetrabutylammonium fluoride (1 was cooled to-78°C, and Q was bubbled into the mixture for 30
M solution in THF, 39.5 mL, 39.5 mmol) was added to the mixture min. Then Q was bubbled for 5 min followed by the addition of
at 0 °C. After 30 min, the solvent was removed under reduced MeyS (2 mL). The cooling bath was then removed to allow the
pressure. The crude product was chromatographed on silica gelmixture to slowly warm over 1.5 h. The mixture was concentrated
(30% EtOAc/hexane) to provide -ethynylpyrrolidine-1, (8- in vacuo, and the residue was purified by flash chromatography
dicarboxylic acid 1tert-butyl ester 2-methyl ester (6.9 g, 84%): (30—40% EtOAc/hexane) to provide aldehydés-16 (270 mg,
IH NMR (500 MHz, DMSO#g) 6 1.84-2.04 (m, 2 H), 2.09-2.21 78%): 'H NMR (300 MHz, CDC}) ¢ 1.37 and 1.47 (two s due to
(m, 1 H), 2.28 (s, 1 H), 3.20 (d] = 17.70 Hz, 1 H), 3.523.65 rotamers, 9 H), 2.042.47 (m, 8 H), 3.56-3.88 (m, 2 H), 3.99
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4.20 (m, 1 H), 4.63 (ddJ = 7.97, 2.54 Hz, 1 H), 4.764.87 (m, (m, 1 H), 6.93 (m, 2 H), 7.26 (m, 2 H) ppm; MS (DCiiyz 313

1 H), 9.69 (d,J = 3.73 Hz, 1 H) ppm; MS (DClyn/'z 322 (M + (M + H)*. Anal. (GyoH2sFsN4Oz0.4TFA) C, H, N.

H)™. Compound 19d: 'H NMR (400 MHz, MeOHél,) 6 1.80-1.95
Method C2. The above aldehyde was dissolved in 10 mL each (m, 1 H), 2.02-2.40 (m, 7 H), 2.482.62 (m, 1 H), 2.93+3.28

of CH,Cl, and EtOH followed by addition of NaBH0.534 g, 14.1 (m, 5 H), 3.32-3.42 (m, 1 H), 3.6%33.70 (m, 2 H), 3.823.95

mmol) and NaBH(OAGg) (0.882 g, 4.2 mmol). After stirring for 1 (m, 4 H), 4.12-4.23 (m, 1 H), 4.66-4.70 (m, 1 H) ppm; MS (ESI)

h, water was added, and the mixture was extracted with ethyl acetatem/z 293 (M + H)™. Anal. (CgH26FsN4O¢0.45TFA) C, H, N.

(3%). The combined extracts were dried @S&) and concentrated Method F. Synthesis of Ether Analogues 21. Method F1.

to provide alcoholcis-20 (2.8 g, 93%): 'H NMR (300 MHz, Mitsunobu Reaction with DEAD. Alcohol 20 (50 mg, 0.154

MeOH-d,) 6 1.32 and 1.41 (2 s due to rotamers, 9 H), 12746 mmol), triphenylphosphine (53 mg, 0.200 mmol), and phenol (0.17

(m, 8 H), 3.48-3.84 (m, 4 H), 3.884.06 (m, 1 H), 4.454.63 mmol) were mixed in 1 mL of dry THF. Then diethyl azodicar-

(m, 1 H), 4.774.82 (m, 1 H) ppm; MS (DCljz 324 (M + H)". boxylate (DEAD, 40% in toluene, 0.093 mL, 0.21 mmol) was added
Compound 10g. The Boc group ofcis-20 was removed via a syringe. The reaction was heated atG®vernight and cooled
according to method A6 to provide the desired compouhtiNMR to room temperature. The product was isolated and purified by

(300 MHz, MeOHd,) 6 1.90-2.12 (m, 3H), 2.142.38 (m, 5H), reverse-phase HPLC without any workup.
3.60-3.82 (m, 4H), 3.99 (m, 1H), 4.50 (m, 1H), 4.80 (m, 1H) ppm; Method F2. Mitsunobu Reaction with DBAD. Alcohols 20

MS (ESI) m/iz 224 (M + H)*, 242 (M + NHy*t. Anal. (50 mg, 0.154 mmol), triphenylphosphine (53 mg, 0.200 mmol),
(C1gH18F3N30,0.15TFA) C, H, N. phenol (0.17 mmol), and dert-butyl azodicarboxylate (DBAD,
Compound 10h. The compound was synthesized in a manner 0.093 mL, 0.21 mmol) were mixed in 1 mL of dry toluene. The
similar to that of the corresponding cis-isomer by usiraps-15 reaction was heated to 8% and stirred overnight. It was then
as the starting material in method Gt NMR (300 MHz, MeOH- cooled to room temperature and the product was isolated and

dg) 6 1.92-12.04 (m, 2H), 2.1%2.38 (m, 5H), 2.61 (m, 1H), 3.60 purified by reverse-phase HPLC.
3.70 (m, 3H), 3.85 (m, 1H), 3.91 (m, 1H), 4.53 (m, 1H), 4.80 (m, The Boc group was removed according to method A6 and the
1H) ppm; MS (ESI)m/z 224 (M + H)*. Anal. (CisH1gFsN3Ox product was purified by reverse-phase HPLC to give etBéras
0.75TFA0.1H,0) C, H, N. TFA salts.
Method D. Synthesis of Amides 18. Method D1To a solution Method G. Synthesis of Phenol Intermediates. Method G1.
of aldehydecis-16 (278 mg, 0.865 mmol) in 2 mL/3.2 mL of  2-tert-Butylphenol (2.03 g, 13.51 mmol) was dissolved in the
MeCN/t-BuOH was added 3.5 mL of 5% NaPO, solution mixture of 60 mL of CHCIl, and 40 mL of MeOH and then
followed by 5.2 mL d 1 M KMnQO, solution (5.2 mmol) at room tetrabutylamonium tribromide (7.82 g, 16.22 mmol) was added.
temperature. After 1 h, ethyl acetate and saturated NgH&De After 1 h, the mixture was concentrated in vacuo and the residue
added. The 1 N HCl was added to dissolve the solids. The aqueous was taken up in ether. The ether solution was washed with 1 N
layer was saturated with NaCl and then extracted with ethyl acetate HCI (2x) and brine (k) and then dried with NaSQOThe solution
(2x) and chloroform (k). The organic extracts were dried with  was then concentrated in vacuo and the residue was purified by
NaSO, and concentrated to provide crude agid (280 mg). silica gel chromatography (10% EtOAc/hexane) to give bromophe-
The above crude acitl7 was coupled to anilines according to  nol 29a(2.72 g, 88%):'H NMR (300 MHz, CDC}) 6 1.38 (s, 9
method B3, followed by the removal of the Boc group according H), 4.85 (s, 1 H), 6.55 (d) = 8.48 Hz, 1 H), 7.16 (dd) = 8.48,

to method A6 to afford the desired amides. 2.37 Hz, 1 H), 7.35 (dJ = 2.37 Hz, 1 H) ppm; MS (DCly/z
Compound 18a:'H NMR (400 MHz, MeOHé,) 6 2.06-2.39 229, 231 (M+ H)*.
(m, 6 H), 2.572.71 (m, 2 H), 3.66-3.72 (m, 2 H), 4.56-4.57 Method G2. Bromophenol29a (2.4 mmol), PdGi(dppfyCH,-

(m, 1 H), 4.70 (tJ = 7.67 Hz, 1 H), 4.89 (dd] = 7.82, 4.45 Hz, Cl, (200 mg), and triethylamine (1.02 mL) were mixed in 15 mL
1H), 7.16 (tJ=7.36 Hz, 2 H), 7.3+7.40 (m, 2 H), 7.567.64 of methanol in a pressure vessel. The reaction vessel was charged

(m, 2 H) ppm; MS (ESI)Wz 313 (M+ H)*. Anal. (CigH21F3sN4Ox with CO (500 psi) and then heated to 1ZDfor 16 h. The reaction
0.6TFA) C, H, N. was cooled to ambient temperature and the mixture was filtered.
Compound 18b:*H NMR (400 MHz, MeOHd,) 6 2.08-2.39 The filtrate was concentrated in vacuo and the resulting residue
(m, 6 H), 2.572.70 (m, 2 H), 3.633.71 (m, 2 H), 4.53 (1) = was purified by silica gel chromatography (0% then 10% EtOAc/
7.67 Hz, 1 H), 4.69 (t)=7.67 Hz, 1 H), 4.89 (dd) = 7.83, 4.45 hexane) to provide the ester (459 mg, 92%).
Hz, 1 H), 7.47#7.53 (d,J = 7.6 Hz, 2 H), 7.56 (dJ = 7.67 Hz, The above ester (2.11 mmol) in 4 mL of THF was treated with
2 H) ppm; MS (ESI)m/z 391, 393 (M+ H)". Anal. (CgHzo 4 mL of 1 N NaOH aqueous solution at ambient temperature. After
BriFsN4O,0.6 TFA0.2H,0) C, H, N. stirring overnight, another 2 mL of 1.7 N LiOH aqueous solution
Method E. Preparation of Amine Analogues 19Aldehydecis- was added. After all the starting material had disappeared, the

16 (0.155 mmol) and individual amine (2 equiv) were mixed in 1 mixture was concentrated in vacuo and EtOAc was added to the
mL each of MeOH and MeOH buffer (pH 4, NaOAc/HOACc, 1/1). resulting residue followedyb2 N HCI solution. The mixture was
The mixture was stirred for 0.5 h and NaBEN (25 mg, 0.19 extracted with EtOAc (8), and the combined organic extracts were
mmol) was added. After 2 h, the reaction was quenched by addition dried (Na&SQ,) and concentrated in a vacuum to give asith,
of 1 mL of water. The mixture was filtered and purified by reverse- which was carried on without purification.
phase HPLC to provide the desired product. The Boc group was Method G3. The above crude acid was mixed with 5 mL of
removed according to method A6 to afford the final products. benzene and the mixture was heated to ref\dN-Dimethylfor-
Compound 19a:'H NMR (400 MHz, MeOHé,) 6 1.92 (m, 1 mamidetert-butyl acetal (3.69 mL) was added in portions. After
H), 2.20 (m, 6 H), 2.55 (m, 1 H), 3.59 (m, 4 H), 3.96 (m, 1 H), 1.3 h, the mixture was concentrated in vacuo and the resulting
4.61 (dd,J = 9.21, 5.83 Hz, 1 H), 4.83 (m, 1 H), 6.71 (m, 3 H), residue was purified by silica gel chromatography (0% then 5%
7.14 (m, 2 H) ppm; MS (EShm/z 299 (M + H)*. Anal. EtOAc/hexane) to give the desiréetrt-butyl ester31a(58%): H
(C1gH22F3N3O40.4TFA) C, H, N. NMR (300 MHz, CDC}) 6 1.42 (s, 9 H), 1.58 (s, 9 H), 5.28 (s, 1
Compound 19b:*H NMR (500 MHz, MeOHd,) 6 1.92 (m, 1 H), 6.66 (d,J =8.14 Hz, 1 H), 7.72 (dd] = 8.31, 2.20 Hz, 1 H),
H), 2.23 (m, 6 H), 2.54 (m, 1 H), 3.52 (m, 2 H), 3.63 (m, 2 H), 7.96 (d,J = 2.37 Hz, 1 H) ppm; MS (DClynz 251 (M + H)*.
3.95 (m, 1H), 4.62 (m, 1 H), 4.83 (dd,= 7.95, 4.52 Hz, 1 H), Phenol31bwas synthesized in a similar mannéki NMR (300
6.65 (d,J = 9.04 Hz, 2 H), 7.25 (dJ = 9.04 Hz, 2 H) ppm; MS MHz, CDCk) 6 1.26 (d,J = 7.12 Hz, 6 H), 1.57 (s, 9 H), 3.19
(DCI) m'z 377, 379 (M+ H)*. Anal. (GH23BrFgN4O=0.6 TFA) 3.32 (m, 1 H), 4.82 (s, 1 H), 7.23 (d,= 7.80 Hz, 1 H), 7.36 (d,
C, H, N. J = 1.70 Hz, 1 H), 7.54 (dd) = 7.46, 1.70 Hz, 1 H) ppm; MS
Compound 19c:*H NMR (400 MHz, MeOHe,) 6 1.89 (m, 1 (DCI) m'z 237 (M + H)*.
H), 2.24 (m, 6 H), 2.54 (m, 1 H), 3.03 (s, 3 H), 3.73 (m, 4 H), 4.03 Method G4. 5-Hydroxynicotinic acid methyl ester (1 g, 5.99
(m, 1 H), 4.61 (ddJ = 9.05, 5.98 Hz, 1 H), 4.85 (m, 1 H), 6.79 mmol) and potassiurtert-butoxide (4 g, 36 mmol) were stirred in
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THF (10 mL) andtert-butyl alcohol (10 mL) at room temperature
overnight. HCI (1 N) was added to adjust the pH to about 7 and
the mixture was extracted with EtOAcx3. The combined extracts
were dried (NaS0Oy), concentrated, and purified by flash chroma-
tography (40% EtOAc/hexane) to give pheida (400 mg, 34%):
1H NMR (300 MHz, DMSOds) 6 1.51 and 1.55 (s, 9 H), 7.52
7.60 (m, 1 H), 8.32 (dJ = 2.71 Hz, 1 H), 8.52 (dd) = 9.66, 1.86
Hz, 1 H) ppm; MS (DCl)m/z 196 (M + H)*.

Method G5. Phenol33 (400 mg, 2.05 mmol) was dissolved in
DMF (2 mL), andN-chlorosuccinimide (328 mg, 2.46 mmol) was
added. The mixture was heated to 8D overnight, concentrated,
and purified by column chromatography 280% EtOAc/hexane)
to give chloropyridine34 (234 mg, 50%):*H NMR (300 MHz,
CDCl3) 6 1.59 (s, 9 H), 7.73 (dJ = 2.03 Hz, 1 H), 8.34 (dJ =
2.03 Hz, 1 H) ppm; MS (DCIlyn/z 230, 232 (M+ H)*.

Method G6. 2-Chloro-4-methanesulfonylphenol4-Methane-
sulfonylphenol (2.0 g, 11.6 mmol), 14 mL of EtOH, and 21 mL of
concentrated HCI were mixed and cooled t6®. Then KCIQ
(0.708 @) in 16.6 mL of HO in an addition funnel was added
slowly. After the reaction was done, saturated NaHGGlution
was added slowly and the mixture was extracted with EtOAQ) (3
The combined organic extract was dried over Na&@ad concen-
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4.28 (d,J = 6.44 Hz, 2 H), 4.66-4.72 (m, 2 H), 6.846.90 (d,J
=9.04 Hz, 2 H), 6.936.99 (d,J = 9.04 Hz, 2 H) ppm; MS (ESI)
m/z 330 (M + H)*. Anal. (GgH24F3N30s0.55TFA) C, H, N.

Compound 21g:'H NMR (400 MHz, MeOHé,) 6 1.95-2.07
(m, 1 H), 2.16-2.42 (m, 6 H), 2.532.65 (m, 1 H), 3.613.70
(m, 2 H), 4.1%4.20 (m, 1 H), 4.424.46 (m, 2 H), 4.664.71
(m, 1 H), 4.84 (ddJ = 8.29, 3.99 Hz, 1 H), 7.17 (d, = 8.90 Hz,
2 H), 7.71 (d,J = 8.90 Hz, 2 H) ppm; MS (ESljiz 325 (M +
H)*. HRMS calcd for GgHoN,Ox(M + H)* 325.1665, found
325.1661.

Compound 21h: *H NMR (400 MHz, MeOHd,) 6 1.99-2.45
(m, 10 H), 2.54-2.68 (m, 1 H), 3.623.73 (m, 2 H), 4.144.24
(m, 1 H), 4.29-4.40 (m, 2 H), 4.71 (ddJ = 8.90, 5.83 Hz, 1 H),
4.82-4.87 (m, 1 H), 6.8#6.98 (m, 2 H), 7.13-7.20 (m,J = 7.83,
7.83 Hz, 2 H) ppm; MS (ES)m/z 314 (M + H)*. Anal.
(C20H24F3N3O4'0.15TFA0.5H20) C, H, N.

Compound 21i: 'H NMR (500 MHz, MeOHéj,) 6 1.97 (m,
1H), 2.27 (m, 6 H), 2.59 (m, 1 H), 3.67 (m, 2 H), 4.22 (m, 1 H),
4.42 (m, 2 H), 4.69 (ddJ) = 8.73, 6.24 Hz, 1 H), 4.84 (dd} =
7.80, 4.37 Hz, 1 H), 7.01 (td = 7.64, 1.25 Hz, 1 H), 7.16 (dd,
=8.11, 1.25 Hz, 1 H), 7.30 (m, 1 H), 7.41 (d#i= 7.80, 1.56 Hz,
1 H) ppm; MS (DCI)mVz 334, 336 (M+ H) *. Anal. (CigHz1-

trated. The resulting residue was purified by reverse-phase HPLC CIFsN3;O,0.5TFA) C, H, N.

to separate the monochlorinated prod86ta (450 mg) from the
dichlorinated impurity:'H NMR (300 MHz, CDC}) 6 3.00 (m, 3
H), 7.18 (d,J = 8.81 Hz, 1 H), 7.78 (dd] = 8.48, 2.37 Hz, 1 H),
7.96 (d,J = 2.37 Hz, 1 H).

Method G7. 2-Bromo-4-methanesulfonylphenol4-Methane-
sulfonylphenol (517 mg, 3.0 mmol) in 3 mL each of @, and
MeOH was treated with tetrabutylamonium tribromide (1.59 g, 3.3
mmol). After the reaction was don& N HCI solution was added
slowly and the mixture was extracted with EtOAcx(B The
combined organic extract was dried over Na%@d concentrated.
The resulting residue was purified by reverse-phase HPLC to
separate the monobrominated prod@&b (200 mg) from the
dibrominated impurity:'H NMR (300 MHz, CDC}) 6 3.05 (s, 3
H), 6.05 (s, 1 H), 7.81 (dd] = 8.65, 2.20 Hz, 1 H), 8.09 (d} =
2.03 Hz, 1 H).

Compound 21a: *H NMR (300 MHz, MeOHéd,) 6 1.94-2.07
(m, 1 H), 2.1%2.43 (m, 6 H), 2.522.67 (m, 1 H), 3.633.74
(m, 2 H), 4.06-4.18 (m, 1 H), 4.36-4.39 (m, 2 H), 4.624.72
(m, 1 H), 4.85-4.91 (m, 1 H), 7.00 (tJ = 8.31 Hz, 3 H), 7.28
7.40 (m, 2 H) ppm; MS (ESI)miz 300 (M + H)*. Anal.
(C1gH22F3N3040.4TFA) C, H, N.

Compound 21b:*H NMR (300 MHz, MeOHd,) 6 1.99 (m, 1
H), 2.26 (m, 6 H), 2.59 (dq) = 13.22, 8.25 Hz, 1 H), 3.66 (m, 2
H), 4.12 (dt,J = 15.68, 6.40 Hz, 1 H), 4.34 (d,= 5.76 Hz, 2 H),
4.68 (dd,J = 8.99, 5.93 Hz, 1 H), 4.80 (m, 1 H), 6.96 (@=9.16
Hz, 2 H), 7.45 (dJ = 9.16 Hz, 2 H) ppm; MS (ESIjwz 378/380
(M + H)*. Anal. (CgH21BrFsN3O,0.51TFA0.22H0) C, H, N.

Compound 21c:*H NMR (500 MHz, MeOHeéy) 6 2.14 (m, 4
H), 2.32 (m, 3 H), 2.69 (s, 1 H), 3.68 (m, 2 H), 4.17 (dd=
10.29, 6.86 Hz, 1 H), 4.27 (m, 1 H,) 4.32 (m, 1 H), 4.65J&
7.80 Hz, 1 H), 4.85 (dd) = 7.95, 4.52 Hz, 1 H), 6.96 (d,= 9.05
Hz, 2 H), 7.45 (dJ = 9.05 Hz, 2 H) ppm; MS (ESliwz + 378/
380 (M + H)+. Anal. (C19H21BFF3N3O4'0.2TFAO.6H20) C, H, N.

Compound 21d:H NMR (500 MHz, MeOHé,) 6 1.81-1.97
(m, 1 H), 2.06-2.37 (m, 6 H), 2.432.60 (m, 1 H), 3.59-3.70
(m, 2 H), 3.70-3.83 (m, 4 H), 3.863.98 (m, 2 H), 4.584.67
(m, 5 H), 4.84 (ddJ = 7.96, 4.52 Hz, 1 H), 7.227.48 (m, 5 H)
ppm; MS (ES)Vz314 (M+ H)™. Anal. (GoH24F3N3040.25TFA)
C, H, N.

Compound 21e: 'H NMR (500 MHz, MeOHé,) 6 1.92-2.05
(m, 1 H), 2.12-2.42 (m, 9 H), 2.522.66 (m, 1 H), 3.633.70
(m, 2 H), 4.074.16 (m, 1 H), 4.26:4.36 (m, 2 H), 4.68 (dd) =
8.90, 5.83 Hz, 1 H), 4.824.86 (m, 1 H), 6.90 (dJ = 8.59 Hz, 2
H), 7.11 (d,J = 8.29 Hz, 2 H) ppm; MS (ESIz 314 (M + H)".
Anal. (C20H24F3N304'0.4TFA) C, H, N.

Compound 21f: TH NMR (300 MHz, MeOHé,) 6 1.85-2.08
(m, 1 H), 2.08-2.41 (m, 6 H), 2.56-2.65 (m, 1 H), 3.3+3.34
(m, 1 H), 3.58-3.72 (m, 2 H), 3.75 (s, 3 H), 4.614.17 (m, 1 H),

Compound 21j: *H NMR (500 MHz, MeOHel,) 6 2.23 (m, 7
H), 2.62 (m, 1 H), 3.66 (m, 2 H), 4.21 (m, 1 H), 4.37 (m, 1 H),
4.43 (m, 1 H), 4.72 (ddJ = 9.36, 5.93 Hz, 1 H), 4.86 (dd} =
7.80, 4.37 Hz, 1 H), 7.19 (] = 8.11 Hz, 1 H), 7.45 (d) = 8.42
Hz, 2 H) ppm; MS (DCI)m/z 368, 370 (M+ H) *. Anal. (CigHz0
C|2F3N304‘025TFA005|‘bO) C, H, N.

Compound 21k: *H NMR (500 MHz, MeOHé,) 6 2.02-2.46
(m, 7 H), 2.563-2.65 (m, 1 H), 3.623.74 (m, 2 H), 4.234.33
(m, 1 H), 4.49-4.59 (m, 2 H), 4.72 (ddJ = 8.58, 6.08 Hz, 1 H),
4.80-4.87 (m, 1 H), 7.30 (dJ = 8.73 Hz, 1 H), 7.71 (ddJ =
8.58, 2.03 Hz, 1 H), 7.84 (d] = 1.87 Hz, 1 H) ppm; MS (ESI)
m/'z 359 (M + H)™. Anal. (GH20CIFsN4O,#0.91TFA) C, H, N.

Compound 21l: *H NMR (500 MHz, MeOHéd,) 6 1.99-2.10
(m, 1 H), 2.1%-2.45 (m, 6 H), 2.56-2.65 (m, 1 H), 3.6%+3.72
(m, 2 H), 4.15-4.26 (m, 1 H), 4.46-4.44 (m, 2 H), 4.70 (dd) =
8.70, 5.95 Hz, 1 H), 4.824.85 (m, 1 H), 7.15 (d) = 8.85 Hz, 1
H), 7.32 (dd,J = 8.85, 2.44 Hz, 1 H), 7.46 (d} = 2.75 Hz, 1 H)
ppm; MS (ESI)m/z 368, 370 (M+ H)™. Anal. (CigH20CloN3O5
1.1TFA0.65H0) C, H, N.

Compound 21m:*H NMR (500 MHz, MeOHé,) 6 1.98-2.08
(m, 1 H), 2.12-2.40 (m, 6 H), 2.482.65 (m, 1 H), 3.623.70
(m, 2 H), 4.15-4.24 (m, 1 H), 4.3%+4.38 (m, 1 H), 4.46 (dd]) =
10.45, 3.59 Hz, 1 H), 4.69 (dd, = 8.73, 5.93 Hz, 1 H), 4.80
4.87 (m, 1 H), 7.22 (d) = 8.74 Hz, 1 H), 7.55 (dd]) = 8.73, 2.81
Hz, 1 H), 7.84 (dJ = 2.81 Hz, 1 H) ppm; MS (ESI/z 378, 380
(M + H)*. Anal. (GoH21CIFsN3O¢0.3TFA0.25H,0) C, H, N.

Compound 21n: 'H NMR (400 MHz, MeOHé,) 6 2.01-2.46
(m, 7 H), 2.54-2.64 (m, 1 H), 3.633.72 (m, 2 H), 4.2+4.31
(m, 1 H), 4.46-4.52 (m, 2 H), 4.72 (ddJ = 8.59, 5.83 Hz, 1 H),
4.82-4.87 (m, 1 H), 7.39 (dd) = 8.13, 4.76 Hz, 1 H), 7.60 (dd,
J=8.13, 1.38 Hz, 1 H), 8.02 (dd, = 4.91, 1.53 Hz, 1 H) ppm;
MS (ESI) m/z 335 (M + H)Jr Anal. (Con21C|F6N406°O3TFA) C,
H, N.

Compound 210:'H NMR (300 MHz, MeOHéd,) 6 1.94-2.07
(m, 1 H), 2.1%-2.43 (m, 6 H), 2.522.67 (m, 1 H), 3.633.74
(m, 2 H), 4.06-4.18 (m, 1 H), 4.36:4.39 (m, 2 H), 4.624.72
(m, 1 H), 4.85-4.91 (m, 1 H), 7.00 (tJ = 8.31 Hz, 3 H), 7.28
7.40 (m, 2 H) ppm; MS (ESI)myz 300 (M + H)". Anal.
(C19H20F3N3040.4TFA) C, H, N.

Compound 21p:*H NMR (500 MHz, MeOHél,) 6 2.26 (m, 7
H), 2.64 (m, 1 H), 3.69 (m, 2 H), 4.30 (m, 1 H), 4.56 (m, 2 H),
4.76 (dd,J = 9.04, 5.30 Hz, 1 H), 4.87 (dd,= 7.95, 4.52 Hz, 1
H), 7.00 (d,J = 7.49 Hz, 1 H), 7.41 (t) = 7.95 Hz, 1 H), 7.50
(m, 3H), 7.82 (m, 1 H), 8.43 (m, 1 H) ppm; MS (ESIJz 350 (M
+ H)+ Anal. (023H24F3N304'0.8TFA) C, H, N.

Compound 21qg: *H NMR (300 MHz, CDC}) 6 1.83 (m, 2H),
1.78-1.89 (m, 1H), 2.18-2.40 (m, 8H), 2.52-2.70 (m, 2H), 2.72
2.87 (m, 3H), 3.553.73 (m, 2H), 4.12-4.19 (m, 1H), 4.2+4.32
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(m, 1H), 4.38-4.45 (m, 1H), 4.79-4.92 (m, 2H), 6.62 (dJ =
8.14 Hz, 1H), 6.78 (dJ = 7.46 Hz, 1H), 7.06 (tJ = 7.97 Hz, 1H)
ppm. Anal. (Q3H23F3N3O4‘0.4TFA) C, H, N.

Compound 21aa:™H NMR (500 MHz, MeOHél,) 6 1.42 (s, 9
H), 2.01-2.10 (m, 1 H), 2.122.37 (m, 5 H), 2.382.47 (m, 1 H),
2.54-2.64 (m, 1 H), 3.6%+3.74 (m, 2 H), 4.24 (dd) = 8.89, 4.83
Hz, 1 H), 4.26-4.33 (m, 1 H), 4.49 (dd) = 10.29, 7.48 Hz, 1 H),
4.73 (dd,J = 8.73, 5.30 Hz, 1 H), 4.85 (dd, = 7.95, 4.52 Hz, 1
H), 6.95 (t,J = 7.49 Hz, 1 H), 7.05 (d) = 8.11 Hz, 1 H), 7.1#
7.23 (m, 1 H), 7.32 (ddJ = 7.80, 1.25 Hz, 1 H) ppm; MS (ESI)
m/z 356 (M + H)™. Anal. (G3H3oF3sN3O,0.6TFA) C, H, N.

Compound 21ab: *H NMR (300 MHz, CDC}) 6 1.2—1.9 (m,
2H), 2.22-2.45 (m, 6H), 3.5%+3.71 (m, 2H), 3.99 (dJ = 15.94
Hz, 1H), 4.0+-4.07 (m, 1H), 4.044.16 (m, 1H), 4.24 (dJ =
15.94 Hz, 1H), 4.344.40 (m, 1H), 4.724.82 (m, 1H), 4.82
4.88 (m, 1H), 6.85 (dJ = 8.14 Hz, 1H), 7.03 (tJ = 7.46 Hz,
1H), 7.09-7.14 (m, 3H), 7.19-7.24 (m, 3H), 7.2#7.3 (m, 1H)
ppm. Anal. (GgH2g FsN3O#0.45 TFA) C, H, N.

Compound 21ac:*H NMR (500 MHz, MeOHé,) 6 1.45 (s, 9
H), 2.02-2.11 (m, 1 H), 2.13-2.38 (m, 5 H), 2.39-2.50 (m, 1 H),
2.55-2.65 (m, 1 H), 3.633.75 (m, 2 H), 4.244.32 (m, 1 H),
4.40 (dd,J = 10.60, 4.68 Hz, 1 H), 4.59 (dd,= 10.60, 7.80 Hz,
1H), 4.76 (ddJ = 8.89, 5.15 Hz, 1 H), 4.784.89 (m, 1 H), 7.13
(d,J=8.42 Hz, 1 H), 7.92 (dd) = 8.42, 2.18 Hz, 1 H), 8.04 (d,
J = 2.18 Hz, 1 H) ppm; MS (ESIywWz 400 (M + H)*. Anal.
(Ca4H30F3N30e0.7TFA0.7H,0) C, H, N.

Compound 21ad:H NMR (400 MHz, MeOHé,) 6 1.23 (d,J
= 6.75 Hz, 3 H), 1.26 (d) = 6.75 Hz, 3 H), 2.24 (m, 7 H), 2.60
(m, 1 H), 3.51 (m, 1 H), 3.66 (m, 2 H), 4.22 (m, 1 H), 4.45 {d,
=5.22 Hz, 2 H), 4.73 (dd] = 8.90, 5.52 Hz, 1 H), 4.85 (m, 1 H),
7.05 (d,J=8.59 Hz, 1 H), 7.89 (dd] = 8.59, 2.15 Hz, 1 H), 7.94
(d, 3 = 2.15 Hz, 1 H); MS (ESl)m/z 386 (M + H)*. Anal.
(CagH28F3N30¢0.35TFA0.2H,0) C, H, N.

Compound 21ae:H NMR (400 MHz, MeOHé,) 6 2.23 (m, 7
H), 2.59 (m, 1 H), 3.68 (m, 2 H), 4.24 (m, 1 H), 4.53 (= 5.22
Hz, 2 H), 4.71 (ddJ = 8.75, 5.98 Hz, 1 H), 4.83 (overlap with
solvent peak, 1H), 7.23 (d,= 8.59 Hz, 1 H), 7.98 (ddJ = 8.59,
2.15Hz, 1 H), 8.04 (dJ = 2.15 Hz, 1 H) ppm; MS (ESlin'z 378
(M + H)+. Anal. (020H21C|F3N306'0.7TFAO.4HzO) C, H, N.

Compound 21af:*H NMR (500 MHz, MeOHd,) 6 2.03 (m, 1

H), 2.27 (m, 6 H), 2.59 (m, 1 H), 3.68 (M, 2 H), 3.92 (s, 3 H), 4.18

(m, 1 H), 4.41 (m, 2 H), 4.69 (dd] = 8.73, 6.24 Hz, 1 H), 4.84
(dd,J = 7.95, 4.52 Hz, 1 H), 7.11 (dl = 8.42 Hz, 1 H), 7.64 (d,
J=1.87 Hz, 1 H), 7.68 (ddJ = 8.42, 1.87 Hz, 1 H) ppm; MS
(ESI) m/z 374 (M + H)*. Anal. (G1H24F3N3070.3TFAQ.2H;,0)
C, H, N.

Compound 21ag:*H NMR (400 MHz, MeOHél,) 6 2.25 (m,

7H), 2.62 (M, 1 H), 3.68 (m, 2 H), 4.24 (m, 1 H), 4.50 (m, 2 H),

4.70 (dd,J = 8.59, 6.14 Hz, 1 H), 4.86 (m, 1 H), 7.53 @= 8.29
Hz, 1 H), 7.68 (ddJ = 8.29, 1.84 Hz, 1 H), 7.75 (d, = 1.84 Hz,
1 H) ppm; MS (ESI)m/z 378, 380 (M+ H)*. Anal. (GoHzs-
CIFsN3O¢0.7TFA) C, H, N.

Compound 21ah:*H NMR (400 MHz, MeOHéd,) 6 1.75-1.94
(m, 1 H), 2.06-2.48 (m, 6 H), 2.56-2.64 (m, 1 H), 3.66-3.75
(m, 2 H), 4.19-4.31 (m, 1 H), 4.52 (d) = 5.42 Hz, 2 H), 4.66
473 (m, 1 H), 4.844.90 (m, 1 H), 7.20 (dJ = 8.81 Hz, 1 H),
8.03 (dd,J=8.81, 2.03 Hz, 1 H), 8.21 (d,= 2.37 Hz, 1 H) ppm;
MS (ESI)m/z422, 424 (M+ H)*. Anal. (GoH21BrFsN3Og0.5TFA)
C, H, N.

Compound 21ai:'H NMR (400 MHz, MeOHé,) 6 2.27 (m, 7

H), 2.59 (m, 1 H), 3.67 (m, 2 H), 4.26 (m, 1 H), 4.50 (m, 2 H),

4.71 (dd,J = 8.75, 6.29 Hz, 1 H), 4.86 (m, 1 H), 7.60 (dd~=
8.29, 1.53 Hz, 1 H), 7.71 (m, 2 H) ppm; MS (EStyz 514, 516
(M + H)*. Anal. (GoH21BrFsN3Og1.4TFAO.15H0) C, H, N.

Compound 21aj: *H NMR (400 MHz, MeOHé,) 6 2.22 (m, 7
H), 2.58 (m, 1 H), 3.65 (m, 2 H), 4.22 (m, 1 H), 4.68 (di=
8.75, 5.98 Hz, 1 H), 4.85 (m, 3 H), 8.32 (d,= 2.15 Hz, 1 H),
8.73 (d,J = 2.15 Hz, 1 H) ppm; MS (ESIj'z 379 (M + H)*.
Anal. (CigH20CIFsN4O¢0.2TFA0.45H,0) C, H, N.

Compound 21ak:*H NMR (500 MHz, MeOHd,) 6 ppm 2.25

(m, 7 H), 2.60 (m, 1 H), 3.68 (m, 2 H), 4.27 (m, 1 H), 4.56 (m, 2
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H), 4.72 (ddJ=8.73, 5.93 Hz, 1 H), 4.84 (dd,= 7.96, 4.52 Hz,
1 H), 8.03 (dJ =1.56 Hz, 1 H), 8.60 (dJ = 1.56 Hz, 1 H) ppm;
MS (ESI) m/iz 379, 381 (M + H)*. Anal. (CigH20CIFsN4Og
0.35TFA) C, H, N.

Method H. N-Oxide SynthesisThe precursor o21ak with the
Boc group on (0.14 mmol) and mCPBA (96 mg, 77%, 0.35 mmol)
were mixed in 1.5 mL of CkCl,. The reaction was stirred overnight
and purified by reverse-phase HPLC to provide the corresponding
N-oxide (51 mg, 64%). The Boc group was then removed as
described in method A®6.

Compound 21al: 'H NMR (500 MHz, MeOHd,) 6 ppm 1.86-
1.97 (m, 1 H), 1.982.11 (m, 4 H), 2.122.21 (m, 1 H), 2.22
2.33 (m, 3 H), 4.0+4.16 (m, 1 H), 4.49-4.66 (m, 4 H), 4.84 (dd,
J=7.80, 4.99 Hz, 1 H), 7.57 (d| = 1.56 Hz, 1 H), 8.47 (d) =
1.56 Hz, 1 H), 8.78 (bs, 1 H), 9.99 (bs, 1 H) ppm; MS (ESI}k
395, 397 (M+ H)™. Anal. (CigH20CIFsN4O70.5TFA) C, H, N.

Compound 21am: *H NMR (500 MHz, MeOHé,) 6 2.03—
2.37 (m, 6 H), 2.3%#2.46 (m, 1 H), 2.542.65 (m, 1 H), 3.13 (s,

3 H), 3.62-3.73 (m, 2 H), 4.234.32 (m, 1 H), 4.524.59 (m, 2
H), 4.72 (dd,J = 8.85, 5.80 Hz, 1 H), 4.8%4.84 (m, 1 H), 7.37
(d,J=8.85Hz, 1 H), 7.91 (dd) = 8.54, 2.14 Hz, 1 H), 8.00 (d,
J=2.44 Hz, 1 H) ppm; MS (ESIinz 412, 414 (M+ H)*. Anal.
(C20H23CIFsN306S0.3TFA) C, H, N.

Compound 21an:H NMR (400 MHz, MeOHél,) 6 2.04-2.48
(m, 7 H), 2.54-2.65 (m, 1 H), 3.13 (s, 3 H), 3.643.74 (m, 2 H),
4.23-4.34 (m, 1 H), 4.524.61 (m, 2 H), 4.73 (dd]) = 8.44, 5.98
Hz, 1 H), 4.82-4.87 (m, 1 H), 7.33 (dJ = 8.90 Hz, 1 H), 7.95
(dd,J=8.75, 2.30 Hz, 1 H), 8.15 (d, = 2.46 Hz, 1 H) ppm; MS
(ESI) m/z 456, 458 (M+ H)*. Anal. (CoH23BrFaN;0sS0.4TFA
0.4H,0) C, H, N.

Compound 21a0: *H NMR (500 MHz, MeOHd,) 6 ppm 2.03
(dd,J =13.10, 8.42 Hz, 1 H), 2.122.40 (m, 6 H), 2.53-2.61 (m,

1 H), 3.62-3.74 (m, 2 H), 4.054.17 (m, 1 H), 4.234.34 (m, 2
H), 4.61 (dd,J = 8.73, 6.24 Hz, 1 H), 4.84 (dd,= 7.80, 4.37 Hz,

1 H), 5.95-6.00 (s, 2 H), 6.85 (s, 1 H), 7.04 (s, 1 H) ppm; MS
(ESI) m'z 422, 424 (M+ H)*. Anal. (GyoH21BrFsN3;Og0.4TFA)
C, H, N.

Compound 21ap:*H NMR (500 MHz, MeOHé,) 6 2.21 (m, 7
H), 2.55 (m, 1 H), 3.70 (m, 2 H), 4.15 (m, 1 H), 4.65 (m, 2 H),
4.76 (m, 1 H), 4.86 (dd] = 7.96, 4.52 Hz, 1 H), 7.04 (d,= 8.24
Hz, 1 H), 7.56 (m, 1 H), 7.62 (m, 1 H), 8.26 (@= 8.24 Hz, 1 H),
8.48 (d,J = 7.93 Hz, 1 H), 9.01 (dJ = 8.54 Hz, 1 H) ppm; MS
(ESI)m/z394 (M + H)*. HRMS calcd for GsH24N304M + H]*
394.1767, found 393.1764.

Compound 21ag:*H NMR (400 MHz, MeOHéd,) 6 2.03-2.46
(m, 7 H), 2.54-2.65 (m, 1 H), 3.623.72 (m, 2 H), 4.184.33
(m, 1 H), 4.48-4.58 (m, 2 H), 4.72 (dd) = 8.59, 6.14 Hz, 1 H),
4.82-4.87 (m, 1 H), 7.777.83 (two overlapping singlets, 2 H)
ppm; MS (ESI)m/z 413, 415 (M+ H)*. Anal. (CigH14CloF3N4Og
0.45TFA) C, H, N.

Method H1. Reduction of Nitro Group. Nitro 26a(0.14 mmol)
and NH,CI (8 mg, 0.14 mmol) were mixed in EtOH (1 mL/

0.2 mL). Iron powder (25 mg, 0.98 mmol) was added to the mixture,
and the mixture was heated to 3G for 1 h. It was filtered and
ethyl acetate (25 mL) was added to the mixture. The solution was
washed with brine (%), and then dried with N&O,. The solution
was then concentrated in vacuo to give ani7a (48 mg, 100%),
which was used in the next step without further purification.

Method H2. Aniline 27a(0.07 mmol) was dissolved in GBI,

(1 mL) and pyridine (0.5 mL) in a microwave reaction tube.
Phenylsulfonyl chloride (6.Q«L, 0.21 mmol) was added. The
mixture was heated to 13TC in a microwave reactor and kept
there for 20 min. The mixture was filtered and purified by reverse-
phase HPLC to provide the title compound (30 mg, 70%). The Boc
group was then removed according to method A6 to @itar.

Aniline 27bwas acylated according to method B3, and then the
Boc group was removed to giv&las

Compound 21ar:*H NMR (500 MHz, MeOHél,) 6 2.01-2.08
(m, 1 H), 2.16-2.42 (m, 7 H), 2.522.62 (m, 1 H), 3.623.72
(m, 2 H), 4.13-4.22 (m, 1 H), 4.3+4.37 (m, 2 H), 4.66 (ddJ =
8.58, 6.08 Hz, 1 H), 4.83 (dd,= 7.96, 4.52 Hz, 1 H), 6.987.02
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(m, 1 H), 7.07 (ddJ = 8.73, 2.50 Hz, 1 H), 7.29 (d,= 2.81 Hz,
1H),7.49 (tJ=7.64 Hz, 2 H), 7.58 (1) = 7.33 Hz, 1 H), 7.76
7.74 (m, 2 H) ppm; MS (ESI)wz 533, 535 (M+ H)*. Anal.
(CasH26BrF3sN406S0.75TFA) C, H, N.

Compound 21as:H NMR (500 MHz, MeOHé,) 6 2.01-2.46
(m, 7 H), 2.54-2.67 (m, 1 H), 3.66-3.72 (m, 2 H), 4.184.29
(m, 1 H), 4.47 (dJ = 5.49 Hz, 2 H), 4.69 (ddj = 8.70, 5.95 Hz,
1 H), 6.88 (d,J = 2.44 Hz, 1 H), 7.28 (dd) = 8.70, 2.29 Hz, 1
H), 7.37 (d,J=8.85Hz, 1 H), 7.78 (dd] = 24.72, 2.14 Hz, 1 H),
7.78 (dd,J = 24.72, 2.14 Hz, 2 H), 7.81 (dl = 2.14 Hz, 1 H)
ppm; MS (ESI)mVz 443, 445 (M+ H)". Anal. (GsH24CIFsNeOs
0.75TFA) C, H, N.

Method I. Synthesis of Intermediate Amine 22.Alcohol cis-

20 (456 mg, 1.41 mmol), phthalimide (290 mg, 1.97 mmol),

triphenylphosphine (592 mg, 2.26 mmol), andtelitbutyl azodi-

carboxylate (DBAD, 520 mg, 2.26 mmol) were mixed in 4 mL of

toluene, and the mixture was heated to°85for 6 h. The mixture
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DMSO-dg) 6 1.60-1.72 (m, 1 H), 1.83-1.95 (m, 1 H), 1.962.20
(m, 4 H), 2.22-2.32 (m, 1 H), 2.382.46 (m, 1 H), 3.0+3.10
(m, 1 H), 3.19-3.28 (m, 1 H), 3.483.66 (M, 3 H), 4.534.61
(m, 1 H), 4.82 (ddJ = 8.11, 4.99 Hz, 1 H), 7.65 (1] = 7.33 Hz,
2 H), 7.67-7.73 (m, 1 H), 7.83 (dJ = 7.18 Hz, 2 H), 8.07 (t) =
6.24 Hz, 1 H) ppm; MS (ESl)m/z 363 (M + H)". Anal.

(C19H23F3N4055,:0.45TFA) C, H, N.
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was concentrated and purified by flash column chromatography References

(20-40% ETOAc/hexane to give the imide (681 mg), which

contained a small amount of triphenylphoshpine oxide.

The above imide (636 mg, 1.30 mmol) in 2 mL each of
methylene chloride and methanol was treated with hydrazine hydrate
(317 uL, 5 equiv). After stirring for 2.5 h at room temperature,

EtOAc was added. The organic phase was washddiud NaOH,
dried with NaSQy, and then concentrated to give crude anfie
(420 mgq).

Method J. Synthesis of Amide 23The above crude amine (0.3
mmol), acid (1.85 equiv), EDAC (115 mg, 0.6 mmol), and HOBt
(81 mg, 0.6 mmol) were mixed in 1 mL each of DMF and THF
and stirred at room temperature overnight. The product was purified

by reverse-phase HPLC to give the Boc-amides.

The Boc-amides in 1 mL of methylene chloride were treated
with 1 mL of TFA and stirred at room temperature for 2 h. Reverse-

phase HPLC purification gave ami@8: H NMR (500 MHz,
MeOH-d,) 6 0.56-0.67 (m, 1 H), 0.79-1.07 (m, 6 H), 1.141.26
(m, 1 H), 2.26-2.38 (m, 2 H), 2.422.51 (m, 1 H), 2.522.59
(m, 1 H), 2.58-2.66 (m, 1 H), 3.31 (ddJ = 9.31, 4.42 Hz, 1 H),
3.50-3.54 (m, 1 H), 6.18 (tJ = 7.63 Hz, 2 H), 6.27 (1) = 7.48
Hz, 1 H), 6.57 (dJ = 7.02 Hz, 2 H) ppm; MS (ESIjwvz 327 (M
+ H)+. Anal. (Con23F3N404'1.3TFA0.05|'bO) C, H, N.

Method K. Synthesis of Urea 24 Amine 22 (0.15 mmol) and
triethylamine (71uL, 0. 51 mmol) were mixed in 1 mL of THF,
and then phenyl isocynate (34, 0.36 mmol) was added. After

stirring at room temperature for 2 h, the mixture was purified by

reverse-phase HPLC to afford the Boc-urea.

The Boc-urea in 1 mL of methylene chloride was treated with 1
mL of TFA and stirred at room temperature for 2 h. The ureas

were then purified by reverse-phase HPLC.

Compound 24a: *H NMR (500 MHz, DMSO¢) 6 1.63-1.77
(m, 1 H), 1.9%-2.21 (m, 5 H), 2.2£2.32 (m, 1 H), 2.352.46
(m, 1 H), 3.40-3.61 (m, 4 H), 3.653.73 (m, 1 H), 4.52 (dd] =
8.89, 6.40 Hz, 1 H), 4.84 (dd, = 7.95, 4.84 Hz, 1 H), 6.69 (1
=5.77 Hz, 1 H), 6.93 (t) = 7.33 Hz, 1 H), 7.24 (t) = 7.80 Hz,
2 H), 7.42 (d,J = 7.80 Hz, 2 H), 8.328.57 (m, 1 H), 8.89 (s, 1
H) ppm; MS (ESI)m/z 342 (M + H)". Anal. (GyH24F3sNsOx
0.4TFA0.4H:,0) C, H, N.

Compound 24b:H NMR (500 MHz, DMSO¢€gs) DMSO-D6)
0 1.92-2.21 (m, 5 H), 2.222.32 (m, 1 H), 2.36-2.45 (m, 1 H),
2.48-2.52 (m, 2 H), 3.433.54 (m, 2 H), 3.543.60 (m, 2 H),
3.66-3.74 (m, 1 H), 3.80 (s, 3 H), 4.52 (dd,= 8.89, 6.71 Hz, 1
H), 4.84 (dd,J = 7.95, 4.84 Hz, 1 H), 6.84 (1 = 5.93 Hz, 1 H),
7.56 (d,J =8.73 Hz, 2 H), 7.86 (dJ = 8.73 Hz, 2 H), 9.36 (s, 1
H) ppm; MS (ESI)m/z 400 (M + H)+. Anal. (GoH26F3NsOg
0.5TFA) C, H, N.

Method L. Synthesis of Sulfonamide 25.Amine 22 (0.15
mmol) and triethylamine (7LL, 0. 51 mmol) were mixed in 1
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