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ABSTRACT: Rhodesain is a major cysteine protease of
Trypanosoma brucei rhodesiense, a pathogen causing Human African
Trypanosomiasis, and a validated drug target. Recently, we
reported the development of α-halovinylsulfones as a new class
of covalent reversible cysteine protease inhibitors. Here, α-
fluorovinylsulfones/-sulfonates were optimized for rhodesain
based on molecular modeling approaches. 2d, the most potent
and selective inhibitor in the series, shows a single-digit nanomolar
affinity and high selectivity toward mammalian cathepsins B and L.
Enzymatic dilution assays and MS experiments indicate that 2d is a
slow-tight binder (Ki = 3 nM). Furthermore, the nonfluorinated
2d-(H) shows favorable metabolism and biodistribution by
accumulation in mice brain tissue after intraperitoneal and oral administration. The highest antitrypanosomal activity was observed
for inhibitors with an N-terminal 2,3-dihydrobenzo[b][1,4]dioxine group and a 4-Me-Phe residue in P2 (2e/4e) with nanomolar
EC50 values (0.14/0.80 μM). The different mechanisms of reversible and irreversible inhibitors were explained using QM/MM
calculations and MD simulations.

■ INTRODUCTION

Human African Trypanosomiasis (HAT, sleeping sickness) is a
severe disease classified as a neglected tropical disease (NTD).1

HAT is caused by the protozoan parasiteTrypanosoma brucei (T.
brucei), which is transmitted to humans via the bite of the Tsetse
fly.2 Sleeping sickness is fatal if left untreated. Pentamidine and
suramin are used to treat the early, hemolymphatic stage of the
disease, while eflornithine and melarsoprol and the combination
therapy nifurtimox-eflornithine target the late, neurological
stage of the disease.3 Recently, the nitroimidazole fexinidazole
was introduced as the first oral treatment of both, stage-1 and
stage-2 T. b. gambiense HAT.4 However, most available drugs
show severe toxicity, poor bioavailability, and need long-time
administration due to their lack of efficiency.5 Therefore, there is
an urgent need to develop new therapies against this disease and,
in addition, T. brucei can serve as a valuable model organism for
other pathogenic kinetoplastid diseases. The cysteine protease
rhodesain (TbCatL) is essential for the development of the
parasite and for the progression of the disease.6,7 Inhibition of
the parasitic cysteine protease activity has been validated as a

drug target in vitro and in vivo.8 Consequently, rhodesain
represents a promising target for the development of safer drugs
against HAT.
Rhodesain belongs to the papain family of cysteine proteases

and shares high structural similarity with the human cathepsins,
especially cathepsin L (CatL; sequence identity 44.7%, similarity
59.1%, Cα-RMSD 1.35 Å).9,10 A prominent inhibitor of papain-
family cysteine proteases is K11777, a peptide-based vinyl-
sulfone that mimics the autoinhibition of prorhodesain and that
reacts in a Michael-type addition with the active-site cysteine
(Figure 1).10,11 The arising carbanion is protonated, resulting in
the irreversible formation of the covalent enzyme−inhibitor
complex. Substitution of the hydrogen at the α-position of the
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double bond by fluorine (compound 1) generates an α-
fluorovinylsulfone, which can undergo a reversible Michael-
type addition with thiols (Figure 1).12

The development of covalent inhibitors has seen a resurgence
in academia as well as in the industry during the past decade.13

There is much debate on the advantages and disadvantages of
covalent inhibition, especially concerning reversible covalent
inhibition mechanisms.14 On the one hand, covalent reversible
inhibitors alleviate some of the concerns arising from covalent

irreversible protein modifications, such as toxicity emerging
from off-target effects,15 idiosyncratic toxicity,16 and hapteniza-
tion,17 but maintain benefits such as enhanced potency and
prolonged residence times.18,19 In recent studies with reversible
fluorinated vinylsulfones and their irreversible counterparts, it
was shown that the electrophilic group, the so-called warhead,
and not the binding of the peptidic recognition unit limits the
kinetics of inhibition of the protease and that the fluorinated
vinylsulfone warhead reduces the rate constant of binding.20,21

Figure 1. Structures and inhibition mechanisms of irreversible (K11777; A) and covalent reversible (1; B) peptide-based vinylsulfones.

Figure 2. Structures of compounds 2a−4l.
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Based on the previously reported structure of the covalent
reversible inhibitor 1,12 in the present study we performed
structure−activity relationship (SAR) studies to optimize
inhibition potency for rhodesain and selectivity against human
cathepsins B and L using molecular docking approaches.
Additionally, quantum chemical-based computations were
performed to get further information about the differences in
the inhibition mechanisms of K11777 and its fluorinated
counterpart 1. These studies were performed because in our
previous study, the computed reaction energies for X = F and X
= H in the α-position of the warhead (Figure 1) did not differ
significantly. Thus, the transition from irreversible to reversible
inhibition by exchange of hydrogen by fluorine could not be
explained conclusively. The covalent behavior of the com-
pounds was experimentally evaluated with MS studies, and
reversibility was demonstrated with enzymatic dilution and
dialysis assays.
Furthermore, the ADME parameters of compound 1 and the

optimized inhibitor 2d-(H) were investigated via in vitro
metabolism studies and in vivo mouse studies in order to
determine their organ distribution and their accumulation in
brain tissue, thus evaluating their potential as candidates for the
treatment of stage-2 HAT.

■ RESULTS AND DISCUSSION

Design of Inhibitors. Structural variations of the fluorinated
vinylsulfone 1 (Figure 1B) were inspired by peptide-based
inhibitors of rhodesain, which contain structural elements at the
P3, P2, and P1′ positions21 that are known to either enhance
potency against rhodesain and/or increase selectivity against
CatL and CatB.22−25 For the P3 position, introduction of
aromatic and heteroaromatic systems was reported to favor
inhibition of rhodesain over CatL and CatB.22−24 Introduction
of an additional methyl group to the 3- or 4-position of the
phenylalanine aromatic ring at the P2 position can improve
potency and selectivity for rhodesain.22 Additionally, the
extension of the phenyl ring at the warhead into the S1′ pocket
via linker atoms increases potency for rhodesain.25 Based on
these observations, a virtual library of 511 modified compounds
was generated. These compounds were docked at rhodesain
(crystal structure of rhodesain bound to K11777, protein
databank (PDB) 2p7u11) using FlexX26 and DOCKTITE,27 as
reported previously (Table S1).12 The noncovalent enzyme−
inhibitor complex was generated with FlexX, and the scores
reflect whether the designed compounds have an improved
noncovalent affinity compared to the starting vinylsulfone 1.
Only compounds with a comparable or higher score were
selected for synthesis. In addition, the covalent complex was
modeled with DOCKTITE.27 In this case, the scores (Table S1)

Scheme 1. Synthesis of Building Blocks 13−17a

aReagents and conditions: aa = amino acid side chain; (a) NaH, THF, 0 °C, 1 h, 22−43%; (b) KHMDS, THF, −78 °C for 20 min, 1 h at rt, 47%;
(c) LHMDS, THF, −78 °C for 30 min, 12 h at rt, 54−75%; (d) 4 M HCl in dioxane, rt, 30 min, quant.; and (e) TFA, DCM, 0 °C, 1 h, quant.

Scheme 2. Preparation of Phosphonates 5−7a

aReagents and conditions: (a) Ms-Cl, TEA, EtOAc, 0 °C to rt, 30 min, 92%; (b) diethyl chlorophosphite (DECP), KHMDS, THF, −78 to −60 °C,
1 h, 74%; (c) DECP, n-BuLi, THF, 0 °C, 1 h, 52%; (d) NaH, THF, 0 °C to rt, 4 h, 84%; (e) mCPBA, DCM, 0 °C to rt, 12 h, 99%; and (f)
Selectfluor, KHMDS, THF/DMF, −78 °C to rt, 3 h, 48−62%.
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may be interpreted in terms of stability of the protein-bound
state.
Based on the results obtained from docking, a series of

compounds (2a−4i) were selected for synthesis and subsequent
evaluation of SAR (Figure 2). For all selected compounds,
scores obtained from both docking approaches were generally
higher when compared to starting compound 1 (Table S1).
Depending on the substitution pattern of the warhead at the P1′
position, compounds can be subdivided into aromatic
fluorovinylsulfones (phenyl substituent at P1′, cpds 4a−4i),
aliphatic fluorovinylsulfones (benzyl group at P1′, cpds 3a−3i),
and fluorovinylsulfonates (phenol ester at P1′, cpds 2a−2k).
Based on noncovalent docking (Table S1), compounds (4j−

4l) with methionine and S-benzylcysteine at P1 were suggested
to show a comparable (yet slightly lower) affinity to the
respective molecules with a homophenylalanine residue. There-
fore, these compounds were included in the present study and
investigated for their potency.
Chemistry. Compounds 2a−4l (Figure 2) were synthesized

using Horner−Wadsworth−Emmons (HWE) chemistry as the
key step (Scheme 1). The required boc-protected amino-
aldehydes (VI−VIII) were prepared using Weinreb chemistry.
The appropriate phosphonates (5−7) were synthesized in three
different ways (Scheme 2). The preparation of phosphonate 5
has been published previously.12 Phosphonates 6 and 7 were

obtained by fluorination of the respective nonhalogenated
precursors (IV, V) with Selectfluor in the presence of KHMDS.
The nonhalogenated precursors (III−V) were synthesized
according to literature procedures.28

HWE olefination of the aldehydes (VI−VII) with the
respective phosphonates (5−7) provided the corresponding
boc-protected vinylsulfones (8−12) as mixtures of (E)/(Z)-
isomers (Scheme 1), whereby the (E)-isomer was generally
favored under the employed conditions. Overall yields ranged
from 59 to 75%. The (E)-isomers were isolated by column
chromatography in acceptable yields (41−63%) and used for the
next steps. In the case of vinylsulfonate 9, the (Z)-isomer was
also isolated ((Z)-9, yield 22%). In the next step, the boc-group
was removed using standard protocols, either 4 M HCl in
dioxane or TFA in DCM, giving the amine building blocks 13−
17 in quantitative yields (Scheme 2). These building blocks were
subjected to peptide chemistry based on the boc strategy with
TBTU/HOBt as the coupling reagent (Scheme 3). The desired
compounds (2a−4l) were obtained after one or two coupling
and deprotection steps.
The metabolites of compounds 1 and 2d-(H), namely 1a, 1b,

and 2l, were synthesized using similar procedures to that
described above. For the N-demethylated metabolite 1a
(Scheme 4), vinylsulfone 13 was coupled with XIII. After
removal of the boc group, 1a was obtained with a yield of 93%.

Scheme 3. Synthesis of Compounds 2a−4l from Building Blocks 13−17a

aReagents and conditions: (a) TBTU, HOBt, DIEA, DMF, 0 °C to rt, 12 h, 59−81%; (b) TBTU, HOBt, DIEA, DCM, 0 °C to rt, 12 h, 69−83%;
(c) 4 M HCl in dioxane, rt, 30 min, quant.; and (d) TBTU, DIEA, DCM, 0 °C to rt, 12 h, 62−84%.
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In Scheme 5, the preparation of the metabolite 1b, the N-

oxide of compound 1, is described. The synthesis started with

compound IX, which was oxidized with mCPBA,29 resulting in

ester 37, which was hydrolyzed with LiOH. Compound 38 was

then coupled with vinylsulfone 13, yielding compound 1b.

The N-oxidized metabolite 2l of compound 2d-(H) was

prepared as shown in Scheme 6. Isonicotinic acid was esterified

and then oxidized with mCPBA.29 The resulting compound 40

was hydrolyzed to 41 and then coupled with 34-(H), yielding

the N-oxide 2l.

Scheme 4. Synthesis of the N-Demethylated Metabolite 1aa

aReagents and conditions: (a) (1) triphosgene, DCM, 0 °C, 1 h, 85%. (2) 1-Boc piperazine, THF, rt, 18 h, 50%, (b) LiOH, THF, 0 °C to rt, 3 h,
74%, (c) HOBt, TBTU, DIEA, DCM, 0 °C to rt, 12 h, 45%, and (d) 4 M HCl in dioxane, rt, 1 h, 93%.

Scheme 5. Synthesis of the N-Oxidized Metabolite 1ba

aReagents and conditions: (a) mCPBA, DCM, 0 °C, 16 h, 52%; (b) LiOH, THF, 0 °C to rt, 3 h, 53%; and (c) HOBt, TBTU, DIEA, DCM/DMF,
0 °C to rt, 24 h, 23%.
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Enzyme Assays. Inhibition of rhodesain was tested with the
fluorogenic substrate Cbz-Phe-Arg-AMC as described previ-
ously.12,30 For the three series of compounds, the results from
the fluorometric enzyme assays with rhodesain and the related
mammalian enzymes cathepsin L and B are summarized in
Tables 1−3.
For benzyl and phenyl fluorovinylsulfones (cpds 3a−3i, 4a−

4l), the progress curves for inhibition of rhodesain were found to
be linear in all cases, indicating a fast reversible inhibition
(exemplarily shown for compound 3d in Figure 3A and for 4a in
Figure 3B). In order to confirm the competitive behavior of
these compounds, IC50 values were measured at seven different
substrate concentrations. IC50 values were found to increase
linearly with ascending substrate concentration, showing
competitive inhibition (Figure 3C,D). This was assumed to be

the case for all compounds of the series. Consequently, IC50
values were converted to Ki values using the Cheng−Prusoff
relationship (Tables 2 and 3).32

Reversibility was confirmed by dilution assays, that is, the
enzyme was incubated with an excess of inhibitor (10-fold the
IC50 concentration) to ensure full inhibition. Then, the mixture
was diluted 100-fold to yield an inhibitor concentration of 0.1-
fold the IC50 concentration. In the case of reversible inhibition,
the enzyme activity should recover, whereas in the case of
irreversible inhibition, it should not. For both compounds (3d,
4a), enzyme activity recovers after dilution, whereas for the
irreversible inhibitor K11777 used as a control, enzyme activity
does not recover (Figure 4A).
For vinylsulfonates (2a−2k), the progress curves for

inhibition of rhodesain were not linear for most of the

Scheme 6. Synthesis of the N-Oxidized Metabolite 2l of Compound 2d-(H)a

aReagents and conditions: (a) ethanol, H2SO4, reflux, 24 h, 73%; (b) mCPBA, DCM, 0 °C, 16 h, 29%; (c) LiOH, THF, 0 °C to rt, 3 h, 90%; and
(d) HOBt, TBTU, DIEA, DCM, 0 °C to rt, 24 h, 13%.

Table 1. Inhibition Data for Compounds 2a−2ka

substitution rhodesain CatL CatB

Cpd R1 R2 Ki/μM
b Ki*/μM

b Ki/μM
c Ki*/μM

c SId Ki/μM

2a H 4-Pyr 0.098g 0.015g 0.258g 0.060g 4 1.7
(Z)-2a H 4-Pyr 0.525e,g n.d. n.d. n.d.
2b H DHBD 0.045g 0.009g n.d. n.d. n.d. n.d.
2d 4-Me 4-Pyr 0.024g 0.003g 0.313g 0.078g 26 38%f

2e 4-Me DHBD 0.098g 0.007g 0.348g 0.039g 6 14%f

2f 4-Me 3,5-F2Ph 0.034g 0.005g n.d. n.d. n.d. n.d.
2g 3-Me 4-Pyr 0.094g 0.007g 0.266g 0.030g 4 50%f

2h 3-Me DHBD 0.059g 0.010g n.d. n.d. n.d. n.d.
2i 3-Me 3,5-F2Ph 0.152g 0.021g n.d. n.d. n.d. n.d.
2j H OBn 0.158e,g n.d. n.d. n.d.
2k H N-MePip 0.108e n.d. n.d. n.d.

aKi* denotes the dissociation constant of the high-affinity complex in the case of biphasic, time-dependent inhibition. bCalculated with method 1
(see the text). cCalculated with method 2 (Dixon equation).31 dKi*(CatL)/Ki*(rhodesain).

eCalculated from IC50 value with the Cheng−Prusoff
equation.32 f% inhibition at 11 μM inhibitor concentration (single measurement). gMean value of three independent assays; standard deviations
less than 10%.
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compounds (2a−2i), but showed time-dependency (exempli-
fied for 2d in Figure 5A). Inhibition by all vinylsulfonates was
found to be competitive with respect to the substrate (Figure
5B). Time-dependent inhibition is typical for irreversible
inhibitors but may also be observed for covalent reversible
inhibition. In the case of irreversible inhibition, the progress
curves reach a plateau value with the terminal enzyme activity,
that is, the steady-state velocity of substrate turnover in the
presence of the inhibitor, vs = 0. For covalent reversible
inhibition, time-dependent progress curves reflect a biphasic
behavior with the terminal enzyme activity in the presence of the
inhibitor vs≠ 0, but with vs < vi (vi = the initial enzyme activity in

the presence of the inhibitor). To distinguish between these two
scenarios, dilution assays were performed (see above),
exemplarily shown for inhibitor 2d (Figure 4A). The results
clearly indicate that vinylsulfonate 2d is a reversible inhibitor,
but dissociates significantly slower compared to compounds 4a
and 3d, indicating a tight covalent reversible inhibition
according to the following inhibition mechanism, with Ki =
k2/k1 as the dissociation constant of the initial noncovalent
enzyme−inhibitor (E···I) complex and Ki* as the dissociation
constant of the final covalent, high-affinity complex (E−I)33

For these inhibitors, the initial (vi) and steady-state (vs)
velocities in the presence of the inhibitor as well as the pseudo-
first order rate constants kobs were determined for the different
inhibitor concentrations by fitting the progress curves (shown
for cpd 2d in Figure 5A) to the slow-binding equation (off =
offset)33

[ ] = × +
−

[ − − × ] +P v t
v v

k
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The kobs values were replotted against the inhibitor
concentrations [I] (Figure 5C) with the equation33
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to yield the apparent dissociation constant Ki
app of the initial

enzyme−inhibitor complex, as well as the rate constants k3 and
k4 of the second inhibition step (Method 1). Because the
compounds display competitive inhibition with respect to the
substrate (Figure 5B), the Ki

app value was converted to Ki for the

Table 2. Inhibition Data for Compounds 3a−3i

substitution rhodesain CatL CatB

cpd R1 R2 Ki/μM Ki/μM SIa Ki/μM

3a H 4-Pyr 0.053d 0.226d 4 44%b

3b H DHBD 0.046d n.d. n.d. n.d.
3c H 3,5-F2Ph 0.124d n.d. n.d. n.d.
3d 4-Me 4-Pyr 0.015d 0.181d 12 35%b

3e 4-Me DHBD 0.014d 0.076d 6 8%b

3f 4-Me 3,5-F2Ph 0.029d n.d. n.d. n.d.
3g 3-Me 4-Pyr 0.061d 0.122d 2 1.7c

3h 3-Me DHBD 0.092d n.d. n.d. n.d.
3i 3-Me 3,5-F2Ph 0.380d n.d. n.d. n.d.

aKi(CatL)/Ki(rhodesain).
b% inhibition at 11 μM (single measure-

ment). cSingle measurement. dMean value of three independent
assays; standard deviations less than 10%.

Table 3. Inhibition Data for Compounds 4a−4l

substitution rhodesain CatL CatB

cpd R1 R2 aa Ki/μM Ki/μM SIa Ki/μM

1 H N-MePip hPhe 0.190c,e 0.023e 0.1 0.47d

4a H 4-Pyr hPhe 0.032c,e 0.110e 3 3.13d

4b H DHBD hPhe 0.012e 0.033e 3 4.81d

4c H 3,5-F2Ph hPhe 0.035e n.d. n.d. n.d.
4d 4-Me 4-Pyr hPhe 0.008e 0.115e 14 2.08d

4e 4-Me DHBD hPhe 0.005e 0.023e 5 34%b

4f 4-Me 3,5-F2Ph hPhe 0.010e n.d. n.d. n.d.
4g 3-Me 4-Pyr hPhe 0.025e 0.049e 2 0.35d

4h 3-Me DHBD hPhe 0.035e n.d. n.d. n.d.
4i 3-Me 3,5-F2Ph hPhe 0.329e n.d. n.d. n.d.
4j H N-MePip Met 0.360e 0.173e 0.5 1.20d

4k H 4-Pyr Met 0.056e 0.577e 10 6.17d

4l H N-MePip Cys(Bn) 0.630e 0.628e 1 8.62d

aKi(CatL)/Ki(rhodesain).
b% inhibition at 11 μM. cRef 12 ; n.d.: not determined. dSingle measurement. eMean value of three independent assays;

standard deviations less than 10%.
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initial inhibitor complex with the Cheng−Prusoff equation.32

The Ki* value as the dissociation constant of the final complex

was calculated from

* =
+ ( )

K
K

1 k
k

i
i

3

4

Figure 3. (A) Example for progress curves for inhibition of rhodesain by compound 3d. Inhibitor concentrations in μM. (B) Example for progress
curves for inhibition of rhodesain by compound 4a. Inhibitor concentrations in μM. (C) Dependence of inhibition potency (IC50 values) on substrate
concentration for inhibition of rhodesain by compound 3d. Increasing IC50 values at ascending substrate concentrations show competitive inhibition.
TheKi value is obtained as the intercept of the regression line with the y-axis (Ki = 25 nM). (D) Dependence of inhibition potency (IC50 values) on the
substrate concentration for inhibition of rhodesain by compound 4a. Increasing IC50 values at ascending substrate concentrations prove competitive
inhibition. The Ki value is obtained as the intercept of the regression line with the y-axis (Ki = 47 nM).

Figure 4. (A) Dilution assays show reversible inhibition of rhodesain (see the text). For all compounds, enzyme activity did recover after dilution,
except for the irreversible vinylsulfone K11777 (control). Compound 3d showed faster reversibility than compound 4a. Vinylsulfonate 2d can be
considered a tight-binding, slowly reversible inhibitor. (B) Dilution assays of several compounds of the series of vinylsulfonates. In the case of
compound 2d, which showed two-step inhibition in the enzyme assay, enzymatic activity recovers slower compared to vinylsulfonates 2k and 2a-(Z),
which did not show biphasic behavior. The irreversible inhibitor K11777 was used as a control.
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Both dissociation constants, Ki and Ki*, were also calculated
by fitting the initial (vi) and steady-state (vs) velocities,
respectively, against the inhibitor concentrations using the
Dixon equation (Method 2)31
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Ki
app was obtained from fitting vi against [I] and Ki

(*)app from
fitting vs against [I] (v0 is the substrate turnover velocity in the
absence of the inhibitor), and both constants were converted
into Ki and Ki* with the Cheng−Prusoff equation.32

A comparison of the dissociation constants for inhibition of
rhodesain by inhibitors 2a−2i obtained by both methods is
shown in Table 4.
The data show that both methods yield similar dissociation

constants for the initial low-affinity as well as for the final high-
affinity complex proving that both methods are reliable. For all
compounds, the rate constant of dissociation of the final
complex (k4) was found to be slower than the rate constant of
association (k3), indicating tight binding of these inhibitors.
Interestingly, vinylsulfonates (Z)-2a, 2k, and 2j did not show
time dependency of inhibition, but linear progress curves similar
to the benzyl and phenyl vinylsulfones. Dilution assays for these
three vinylsulfonates [(Z)-2a, 2k, and 2j] indicated a
significantly faster recovery of the enzyme activity compared
to the time-dependent inhibitor 2d [shown for compound (Z)-
2a and 2k in Figure 4B].

To further quantify the degree of reversibility for the different
warheads, compounds 2d, 3d, and 4d with identical recognition
units were subjected to a dialysis experiment.12 Here, rhodesain
was incubated with an excess of inhibitor (10-fold the IC50
concentration) to ensure full inhibition. Then, the mixture was
dialyzed against a continuous flow of enzyme buffer using a 3.5
kDa cut-off dialysis tubing.34 Samples were taken after 10, 30, 60,
and 120 min and analyzed for their residual enzyme activity with
the standard fluorometric assay. The results are presented as the

Figure 5. (A) Example for progress curves for inhibition of rhodesain by compound 2d. Curve shape indicates time-dependent inhibition. Inhibitor
concentrations in μM. (B) Dependence of inhibition potency (IC50 values) from the substrate concentration for inhibition of rhodesain by compound
2d. Increasing IC50 values at ascending substrate concentrations show competitive inhibition. TheKi value is obtained as the intercept of the regression
line with the y-axis (Ki = 19 nM). (C) Plot of the rate constants kobs for the progress curves of compound 2d from Figure 5A as a function of the
inhibitor concentration. k4 is obtained from the intercept of the regression curve with the y-axis. The maximum value of kobs at infinite inhibitor
concentration provides the sum of k3 and k4. The concentration of inhibitor yielding a half-maximal value of kobs is equal to Ki

app.

Table 4. Inhibition Data and Kinetic Parameters k3 and k4 for
Time-Dependent Inhibition of Rhodesain by Compounds
2a−2i

method 1 (slow-binding equation)a
method 2

(Dixon equation)b

Cpd Ki/μM Ki*/μM k3/s
−1 k4/s

−1 Ki/μM Ki*/μM

2a 0.098 0.015 0.055 0.010 0.110 0.008
2b 0.045 0.009 0.045 0.011 0.060 0.005
2d 0.024 0.003 0.075 0.010 0.022 0.002
2e 0.098 0.007 0.065 0.005 0.124 0.002
2f 0.034 0.005 0.049 0.009 0.052 0.004
2g 0.094 0.007 0.062 0.005 0.089 0.004
2h 0.059 0.010 0.074 0.015 0.068 0.006
2i 0.152 0.021 0.055 0.010 0.155 0.024

aCalculated with slow-binding equation (see the text). bCalculated
with the Dixon equation (see the text).31 Mean values of three
independent assays, standard deviations less than 10%.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01002
J. Med. Chem. 2021, 64, 12322−12358

12330

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01002?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01002?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01002?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01002?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fractional activity of uninhibited rhodesain, which was subjected
to dialysis in the same experiment (Figure 6). Compound 3d

showed the fastest reversibility (89% recovery after 1 h), which is
in accordance with findings from the dilution assay. Compound
4d dissociated significantly slower (47% recovery after 1 h).
Vinylsulfonate 2d displayed the slowest reversibility (29% after 1
h), which supports the tight-binding nature of the inhibition
with the formation of a very stable high-affinity complex.
K11777was used as an irreversible control, showing no recovery
of the enzymatic activity.
The most potent compounds of each series were also tested

against the human enzymes CatL and CatB. For the tested
vinylsulfonates (2a, 2d, 2e, and 2g), a biphasic behavior was also
observed for inhibition of CatL. In these cases, Ki and Ki* values
were calculated with the Dixon equation (Table 2).31 For
inhibition of CatB, no biphasic behavior was observed for these
compounds (2a, 2d, 2e, and 2g). This can be explained with the
low affinity of the compounds for CatB. Notably, compounds
2d, 2e, and 2g showed only very weak inhibition at
concentrations of up to 11 μM.
Discussion of SAR. Comparison of the Ki values for

rhodesain of the starting compound 1 (Ki = 190 nM) with the
P3-modified analogues 4a−4c demonstrates that the exchange
ofN-methyl piperazine against aromatic residues with no or only
limited basicity significantly enhances inhibition potency (e.g.,
cpd 4b with Ki = 12 nM). This is also reflected by the scores
obtained from docking for these compounds, for example, for 4b
noncovalent affinity as well as the stability of the covalent
complex are predicted to be higher (Table S1). Additionally,
compounds 4a−4c show improved selectivity for rhodesain over
the human cathepsins. Lead compound 1 shows a higher affinity
for human CatL (Ki = 23 nM) than for rhodesain (Ki = 190 nM),
while P3-modified compounds 4a and 4b slightly favor
inhibition of rhodesain (3-fold). Furthermore, selectivity for
rhodesain over CatB is dramatically enhanced by these structural
variations. This is a remarkable improvement (2-fold) compared
to the weak selectivity of starting compound 1. A further increase
in potency for rhodesain is observed for compounds with an
additional 4-methyl substituent at the phenylalanine aromatic
ring (4d−4f), with compound 4e (Ki = 5 nM) being the most
potent inhibitor in the series of phenyl vinylsulfones. As
suggested from noncovalent docking, this increase in potency

may be directly attributed to additional hydrophobic inter-
actions of the 4-methyl group with lipophilic residues lining the
S2 pocket (Ala208, Leu160, Figure 7), which is also reflected in

higher scores compared to compounds 4a−4c (Table S1).
Additionally, introduction of the 4-methyl substituent further
increases selectivity against CatL (14-fold for 4d). In contrast,
incorporation of a 3-methyl substituent (4g−4i) does reduce
potency and selectivity compared to compounds 4a−4c. In
particular, the combination of the 3-methyl substituent and the
3,5-difluorophenyl moiety (4i) is not advantageous: compound
4i displayed significantly reduced potency (Ki = 329 nM). The
considerable difference compared to compound 4e with a 4-
methyl substituent (Ki = 10 nM) cannot be explained exclusively
with the slightly reduced docking scores (Table S1).
Within the set of benzyl vinylsulfones (3a−3i), the SAR

relationships are very similar compared to phenyl vinylsulfones
(4a−4i). Consequently, compounds 3d and 3e with a 4-methyl
substituent and a 4-pyridyl or DHBD moiety, respectively, are
the most potent and most selective inhibitors (3d: Ki = 15 nM,
12-fold selectivity over CatL). Remarkably, compound 3d
showed even lower activity against CatB (35% inhibition at 11
μM) compared with its counterpart 4d. Again, compound 3i
with a 3-methyl substituent and 3,5-difluorophenyl residue
shows noticeably lower potency (Ki = 380 nM). Comparison of
inhibitory potency for benzyl and phenyl vinylsulfones with the
same recognition unit (e.g., 3a vs 4a) reveals that the benzyl
substituent at the warhead has a negative influence on inhibition
potency. In general, benzyl vinylsulfones have slightly increased
Ki values compared to their phenyl counterparts.
These findings cannot be correlated with scores from docking,

which generally predicted a higher affinity for compounds with a
benzyl group at P1′. Computational conclusions to explain these
differences between theory and experiment would be desirable,
but are difficult because the differences in Ki values result from
an increase in binding energy of less than 1 kcal mol−1 (e.g., 3dKi
= 0.015 μM, i.e., ΔG = −11.10 kcal mol−1 vs 4d Ki = 0.008 μM,
i.e., ΔG = −11.49 kcal mol−1), which is out of the scope of even
high-level quantum chemical computations. Possibly, entropic

Figure 6. Dialysis experiment for compounds 2d, 3d, 4d, and K11777.
Rhodesain was incubated with the inhibitors at a concentration of 10-
fold the respective IC50 value. The mixture was dialyzed against a
continuous flow of buffer. Samples were taken after 10, 30, 60, and 120
min and the substrate was added to measure the residual enzyme
activity. K11777 was used as an irreversible control.

Figure 7. Noncovalent binding mode of compound 4b (light blue,
FlexX score: −31.2, Hyde score: −10.0 kcal mol−1) and 4e (green,
FlexX score: −32.5, Hyde score: −11.7 kcal mol−1) as predicted by
FlexX. The electrophilic β-carbon of the fluorovinylsulfone warhead
comes in close proximity to the nucleophilic sulfur of Cys25 (3.0 Å).
The sulfone group forms hydrogen bonds with Gln19 and Trp184. The
recognition unit forms hydrogen bonds to Gly66 and Asp161. The
additional 4-methyl group of 4e at the phenylalanine aromatic ring
points into a hydrophobic cavity between Ala208 and Leu160, resulting
in additional lipophilic interactions compared to compound 4b.
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effects due to the higher flexibility of the benzyl group in the
noncovalent enzyme inhibitor complex may contribute.
The results from dilution and dialysis assays revealed that

benzyl vinylsulfones are faster reversible than their phenyl
counterparts, which may be explained with a lower reaction
energy for the covalent bond-forming step, resulting in a weaker
covalent bond.
Comparison of theKi values of starting compound 1 (Ki = 190

nM) and the corresponding vinylsulfonate 2k (Ki = 108 nM)
demonstrates a nearly 2-fold improvement in affinity for
rhodesain. The increase in potency may be partly attributed to
the enlarged substituent at P1′. The results from noncovalent
docking suggest that the vinylsulfonate moiety extends further
into the S1′ pocket and forms nonpolar interactions with
Trp184 (Figure 8), which is also reflected by the slightly

enhanced scores. Again, substitution of theN-methyl piperazine
against aromatic residues (cpds 2a−2i) further improves affinity
for rhodesain. Additionally, and in contrast to compound 2k,
compounds 2a−2i show a biphasic, time-dependent inhibition
mechanism.
Dilution and dialysis experiments demonstrated reversibility

for compound 2d (Figures 4 and 6), which is, however,
significantly slower compared to vinylsulfonate 2k, which
supports the tight-binding properties of 2d. The related
vinylsufones (3d and 4d) do not show two-step inhibition,
indicating that a combination of the properties of the
fluorovinylsulfonate warhead with appropriate noncovalent
interactions is required for tight binding. This is further
supported by vinylsulfonate 2j with a Cbz group at P3, which
also does not show time-dependent inhibition. Among the tight-
binding compounds, 2d shows the highest potency for rhodesain
with a dissociation constant of the initial encounter complexKi =
24 nM, and with a high-affinity complex formed in the second
step (Ki* = 3 nM). Especially, the covalent complex is predicted
to be very stable (Figure 9B). This is in excellent accordance
with the high scores obtained from both docking approaches for
compound 2d (Table S1). Notably, compound 2d showed good
selectivity over the human cathepsins, with 26-fold selectivity
against CatL and virtually no activity against CatB (38% at 11
μM), which is a significant improvement compared to the
starting compound 1.

Assuming that inhibitor binding to CatL andCatB is similar to
rhodesain binding and that the binding mode is not largely
altered for the compounds presented herein compared to
K11777, which is also suggested by the docking (Figures 7−9),
the underlying molecular mechanisms for selectivity can be
explained by analysis of the known X-ray structures. Rhodesain
shares an overall sequence identity of 44.7% and similarity of
59.1% with CatL and 27.9% identity and 47.4% similarity with
CatB, as well as a highly similar fold with an Cα-RMSD of 1.35
and 2.15 Å, respectively, known from crystal structures available
in the PDB35 (entries, rhodesain: 2p7u,11 CatL: 2xu1,36 and
CatB: 3ai8).37 For residues forming the binding site (defined as
all amino acids within 6 Å of reference ligandK11777) identity/
similarity even increase to 59.1%/70.2% for CatL and 40.4%/
49.1% for CatB. Nevertheless, slight structural differences of
residues forming the S1−S3 sites can be observed, explaining the
selectivity profile of the compounds under investigation.
Additionally, CatB, divergent fromCatL and rhodesain, contains
a so-called occluding loop (residues 104−124), which is crucial
for this enzyme’s exopeptidase activity.38 This loop structure
closes upon the S′ sites. Neither phenyl- nor benzylfluorovi-
nylsulfone nor fluorovinylsulfonate moieties of the compounds
within this study reach far enough toward this sites to form
interactions, butin contrastmay even cause clashes with the
residues of CatB (Figure 10A). Further focusing on the S1 site
reveals one residue of the CatB occluding loop, which provides

Figure 8. Overlay of noncovalent docking poses of compound 1
(magenta, FlexX score: −27.9, Hyde score: −6.2 kcal mol−1) and
compound 2k (gold, FlexX score:−28.4, Hyde score:−8.8 kcal mol−1).
The enlarged vinylsulfonate moiety of compound 2k extends further
into the S1′ pocket and the aromatic ring can form additional
hydrophobic interactions with Trp184 (π−π-stacking interactions).

Figure 9. (A) Non-covalent docking pose of compound 2d predicted
with FlexX (FlexX score: −34.3, Hyde score: −38). (B) Geometry of
the covalent complex between rhodesain and compound 2d as
predicted with DOCKTITE [score (affinity ΔG, kcal mol−1): −6.2,
DSX score: −195.5]. The combination of the vinylsulfonate aromatic
ring extending further into the S1′ pocket and forming lipophilic
interactions with Trp184, additional hydrophobic interactions of the 4-
methyl group at phenylalanine aromatic ring with the S2 pocket and the
preferred 4-pyridyl group at P3 results in a high affinity of compound 2d
for the binding site. This is reflected from higher scores obtained from
both docking approaches compared to its analogues (Table S1).
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an explanation for selectivity (Figure 10B). Glu122 reaches
toward the S1 pocket, not only making this site more polar, but
also narrower, clashing with the homophenylalanine moiety of
the inhibitors and thereby causing selectivity over CatB. Within
the S2 pocket, the largest differences were found for CatB as well
(Figure 10C). CatB Gly197 shows a different orientation than
the corresponding residues Leu160 in rhodesain and Met161 in
CatL. Additionally, Ala208/214 (enumeration is rhodesain/
CatL) is exchanged to Glu246, Met69/70 to Pro76, and Leu67/
69 to Tyr75. These differences all together result in a more open
and polar pocket within CatB, which leads to a higher affinity for
rhodesain and CatL for inhibitors carrying (3- or 4-methyl)-
phenylalanine moieties. Additionally, the selectivity for
rhodesain over CatL introduced by the 4-methyl substitution
(compounds 2d, 3d, and 4d) is likely to be caused by non-polar
interactions with Leu160 being more favorable compared to the
CatL Met161, which is slightly more distant and potentially
impaired in its flexibility upon binding. The most significant
improvement in selectivity was the displacement of N-methyl
piperazine by 4-pyridine orless pronouncedby DHDB
(compounds 2d, 2e, 3d, 3e, 4d, and 4e). Within the S3 site,
acidic amino acids Glu63 and Asp69 are found in CatL and
CatB, respectively, while in rhodesain Phe61 sits at the
corresponding position (Figure 1D). By the removal of the
positively charged N-methyl piperazine, the loss of potential
ionic interactions only with the off-target cathepsins is,
therefore, likely to improve the selectivity profile of these
compounds. Additionally, the Tyr75 residue in CatB compared

to Leu in rhodesain and CatL results in a smaller S3 pocket and
an enhanced selectivity over CatB, too.
In contrast to all other compounds in this study, the geometry

of the double bond of compound (Z)-2a has a (Z)-
configuration. Because (Z)-isomers are obtained as side
products from HWE olefination, it was obvious to explore the
influence of the geometry of the double bond on inhibitory
potency. Compared to the (E)-isomer 2a (Ki* = 15 nM),
compound (Z)-2a (Ki = 525 nM) shows markedly reduced
potency and forms no high-affinity complex, indicating that the
(Z)-configuration of the double bond is not favorable.
Compounds with a modified P1 residue (4j−4l) showed

reduced potency for rhodesain compared to the counterparts
with homophenylalanine, which was already anticipated from
non-covalent docking scores. Nevertheless, compound 4k, with
methionine at P1 and the 4-pyridyl moiety at P3, is still a potent
inhibitor of rhodesain (Ki = 56 nM).

MS Analysis. Covalent protein−ligand interactions were
verified by ESI MS for compounds 2a, (Z)-2a, and 2j and
MALDI-TOF MS for K11777, 1, 2a, 2j, and 2k.
In all three cases (2a, (Z)-2a, and 2j), the protein−ligand

adduct resulting from Michael addition was detected in the ESI
mass spectra. The observed mass shift corresponds to the mass
of the inhibitor [exemplified for compound 2a in Figure 11; for
compounds (Z)-2a and 2j, see Figure S2], which shows covalent
bond formation.
To further elucidate possible differences in binding mode

related to compound variability, especially to confirm the

Figure 10. Structure comparison of rhodesain (orange carbon atoms, pdb entry 2p7u), CatL (cyan carbon atoms, pdb entry 2xu1), and CatB (magenta
carbon atoms, pdb entry 3ai8) with inhibitorK11777 shown with green carbon atoms. Residue enumeration is rhodesain/CatL/CatB. For (B−D), the
rhodesain surface is shown in gray for orientation. (A) Whole protease structures depicted as cartoons with the CatB occluding loop highlighted. (B)
Close view of S1 site residues. CatB-unique occluding loop shown in the upper right with Glu122 as a selectivity determining feature over CatB. (C)
Close view of S2 site residues. (D) Close view of S3 site residues reveals acidic Glu63 and Asp69 in cathepsins to form ionic interactions with the basic
center of compound K11777, which is absent in compounds with more favorable selectivity profiles.
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covalent inhibition, a representative subset of compounds
covering the majority of synthesized modifications was selected
and analyzed by MALDI-TOFMS. The aim here was to analyze
whether these modifications impede covalent bond formation
between the catalytic thiolate and the vinyl moiety. ESI MS is a
softer method in terms of transition to the gas phase, where non-
covalent adducts can be found as well as covalent adducts.
Depending on the matrix, MALDI-TOF MS can discriminate
between covalent and non-covalent binding: the formation of
non-covalent adducts can be suppressed by using an acidic
matrix, which was attributed to the disruption of salt bridges and
the subsequent destabilization of the non-covalent protein−
ligand complex.39−41 Therefore, MALDI-TOF MS was applied
to further investigate the binding mode.40,42,43

In terms of warhead modification, vinyl sulfone K11777, α-
fluorovinylsulfone 1, and α-fluorovinylsulfonates 2a, 2j, and 2k
were evaluated. Furthermore, the selected subset differed in

their substituents in the P3 position, namely isonicotinyl amide
(2a), benzylcarbamate (2j), and 4-methylpiperazine-1-carbox-
amide (K11777, 1, and 2k), while sharing the preceding Phe-
hPhe motif in P2 and P1, respectively. K11777 was used as a
known, structurally equivalent control compound for its
analogous, though covalent irreversible binding mode. A non-
covalent inhibitor of rhodesain (42) carrying a fluorodinitro-
benzene moiety as an aromatic electrophile was chosen as a
control substance for its different inhibition mode (Figure 12)
compared to the vinylsulfones. The compound forms a tight π-
complex with the catalytic thiolate, the adduct mass of which was
detectable in ESI MS experiments with rhodesain.44

For all evaluated α-fluorovinyl analogues (1, 2a, 2j, and 2k),
covalent adducts with rhodesain were observed by MALDI-
TOF MS. The resulting spectra consisted of a broad peak
corresponding to the protein (ca. 23.3 kDa),45−47 and a second
peak corresponding to the covalent protein−inhibitor adduct
(ca. 23.8 kDa) that shows a mass shift corresponding to the mass
of the respective compound (Figure 12). The observed
multiplicity of the peaks was attributed to additions of matrix
molecules [m(sinapinic acid) = 224 Da] to rhodesain, as similar
phenomena are described in the literature.47 The four
fluorovinyl derivatives (1, 2a, 2j, and 2k) behaved like the
irreversible control substance K11777, while the non-covalent
inhibitor (42) did not show any detectable adduct signals under
the evaluated conditions. Apart from that, an adduct of 42 was
found with ESI MS as published previously.39,40,44 The identical
behavior of K11777 and the α-fluorovinylsulfones/-sulfonates
in the MALDI-TOF MS experiments could be observed using
two different matrices, sinapinic acid and a mixture of α-cyano-
4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid,43

respectively, the latter data are shown in the Figure S1. These
findings, combined with the results from ESIMS and the dialysis

Figure 11. Intact protein−ligand adducts obtained by mass
spectrometry for compound 2a. The observed shift corresponds to
the mass of the inhibitor considering the charge state of the protein (m/
z = 11+).

Figure 12.MALDI-TOF mass spectra of rhodesain (ca. 23 kDa) in the presence of different inhibitors (10-fold molar excess of inhibitor to protein).
Sinapinic acid was used as the matrix substance. The figures show the relevant range of the spectrum to display [M + H]+, which were baseline
corrected.
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and dilution assays, clearly show that the α-fluorovinylsulfones
and -sulfonates are indeed covalent reversible inhibitors of
rhodesain.
Comparison of the Inhibition Mechanisms of K11777

and 1 by QM/MM Modeling. In our previous study,12 the
computed reaction energies of K11777 and 1 differed only
marginally so that the computational results could hardly explain
the transition from irreversible to reversible inhibition. In that
study, both reaction pathways had been calculated starting from
the X-ray structure of the covalent enzyme−inhibitor complex of
K1177 with rhodesain (PDB: 2p7u) going backwards from the
covalent toward the non-covalent complex. To generate the
reaction path for 1, the hydrogen atom had been substituted for
fluorine in the X-ray structure. It had been necessary to start the
computations from the X-ray structure of the covalent complex
because no experimental information on the non-covalent
complex was available. Moreover, such procedures had been
very successful to explain the stereo- and regioselectivity of
various epoxide- and aziridine-based inhibitors and to predict
improved inhibitors.48−50 However, such approaches can be
error-prone in cases when the geometries of the covalent and
non-covalent enzyme−inhibitor complexes differ largely,
especially when substitution leads to large differences in the
non-covalent complex.
To obtain more reliable insights into possible differences

between the non-covalent enzyme-inhibitor complexes of
K11777 and 1, at first, non-covalent structures starting from
the X-ray structure of K11777 with rhodesain (PDB: 2p7u)
were calculated. For 1, the hydrogen atom in the α-position was
substituted by fluorine. These structures then were used as
starting points forMD simulations (10 times 10 ns sequences for
each compound). Exemplarily, Figure 13 presents the

fluctuations in the dihedral angle ∠H3C3C2H2 (see Figure 14
for definition) for five different MD samplings. A variation of
∠H3C3C2H2 from 0 to ±180° describes the rotation of the
inhibitor around the C3C2 single bond, adjacent to the double
bond. Due to this rotation, the C1X bond (X = H1, F) moves
from the Gly23-oriented side to the opposite side (Figure 14).
ForK11777, mainly values between−40 and 40° (−320°) were

found for the ∠H3C3C2H2 angle. In the following, we
denominate alignments with−40° <∠H3C3C2H2 < 40° (Figure
14) as “H-orientation”. For 1, ∠H3C3C2H2 adopted values
between −120 and −190° (170°), that is, the warhead of the
compound oscillates around a position, where the F-atom is
oriented toward the backbone NH groups of Cys25, Ser24, and
the side-chain NH2 group of Gln19 (Figure 14b), but mainly
adopts positions with ∠H3C3C2H2 > −180°. In the following,
geometries with −190° < ∠H3C3C2H2 < −120° are denomi-
nated “F-orientation”.
During the MD simulation, K11777 populated both H-

(≈80%) and F-orientation (≈20%) indicating that both
alignments are energetically quite similar. In contrast, 1
predominantly adopted the F-orientation due to attractive
interactions with the NH backbone group of Cys25, the side
chain NH2 group of Gln19 (known as the oxyanion hole of
rhodesain), and the NH backbone group of Ser24. Similar
variations in the structures upon fluorination were reported in
the literature).51,52

While the orientation of the recognition unit (in Figure 14
given in purple) remained fixed in the torsional motion around
∠H3C3C2H2, the relative positions between the attacked double
bond of the inhibitor and the involved side chains of Cys25 and
His162 changed drastically as shown in Figure 15. In both cases,
a syn-addition takes place because the thiolate group of Cys25
and the protonated imidazole ring of His162 are found to be on
the same side of the double bond (Figure 15), but for the H-
orientation, the CS bond of the Cys25 side chain is orthogonally
oriented with respect to the C1C2 double bond while it is
oriented in parallel for the F-orientation. The position of the
protonated imidazole ring of His162 also changed accordingly.
To calculate the influence of the different orientation of the

warhead of K11777 and 1 on the inhibition mechanism (Figure
1), the corresponding reaction paths were computed. However,
due to the large number of local minima for the non-covalent
complex (the reactant) and the covalent complex (the product)
in combination with the roughness of the underlying potential
energy surface (PES), the appropriate picture of the inhibition
reaction is not that of a single reaction path with one starting
point, one transition state, and one product, but that of a very
rough PES with various energetically similar pathways starting
from and ending at slightly different reactants and products. To
achieve representative pathways, we performed geometry
optimizations starting from two selected snapshots of the MD
simulation for each inhibitor and computed the reaction paths
starting from the obtained minima. The geometrical parameters
of the respective minima are given in Table S2.
To characterize the reaction mechanism, we first computed

two-dimensional scans using the distances R(Scys−C2) and
R(HHis−C1) as main reaction parameters (Figure 14). The
resulting transition states served as starting points for
subsequent IRC (intrinsic reaction paths) simulations,53 the
course of which generally gives good insights into the reaction
mechanism (reaction barrier, reaction energy, and structural
changes in the course of the reaction). More details are given in
the Experimental Section. In Figure 15, representative IRCs for
K11777 starting from the H-orientation and 1 starting from the
F-orientation are compared. Figure 16 also sketches the
geometry variations along the IRCs. Further information on
the geometries is given in Table S3. Additional paths starting
from other reactant minima showing similar shapes can also be
found in the Supporting Information (Figures S4 and S7).

Figure 13. Variation of the dihedral angle ∠H3C3C2H2 along the MD
simulations (sequences of 10.0 ns, respectively) forK11777with X =H
(in red) and the fluorinated vinylsulfone with X = F (in black). Figure
13 defines the dihedral angle and gives the corresponding orientation of
the warhead in the active site. Please note that ∠H3C3C2H2 = 150° is
equal to ∠H3C3C2H2 = −210°.
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Figure 16 shows considerable differences in the IRCs of both
compounds. While the reaction pathway for the inhibition of
rhodesain by K11777 passes over a barrier of about 12 kcal
mol−1 and has an exothermic reaction energy of about −20 kcal
mol−1, we predict a thermoneutral reaction for the inhibition
reaction of 1 with a very high barrier of 25 kcal mol−1. The small
reaction barrier and the strong exothermicity nicely explain why
K11777 is an efficient irreversible inhibitor.
The different shapes of the reaction pathways presented in

Figure 16 may result from the different orientation of the olefin
in the active site or from changes in the electronic structure due
to the fluorine substitution in 1. To obtain more insights, the
reaction of K11777 from the F-orientation was computed. For
this purpose, we first computed the energy profile of the
torsional motion of the C1C2 double bond around the dihedral
angle ∠H3C3C2H2 (Figure S3). As expected from the MD
simulations, for K11777, the energy difference between the H-
and the F-orientation was found to be small (1−2 kcal mol−1) so
that the reaction could take place from both orientations.
However, the two-dimensional scan starting from the F-
orientation predicted barriers of about 33 kcal mol−1 and nearly
isothermal reactions (ΔEreac = −3 kcal mol−1). This indicates

that the different starting orientations are leading forces for the
observed differences. Attempts to generate IRCs failed, possibly
because the paths energetically lie above the path given in Figure
15a.
This finding could also indicate that a reaction of 1 starting

from the H-orientation is more favorable. To answer this
question, we calculated a two-step mechanism for inhibitor 1. In
the first step, 1 was found to twist from the F- into the H-
orientation (variation of ∠H3C3C2H2). Starting from the
obtained local minimum, we then calculated the course of
inhibition by compound 1 starting from the H-orientation as the
second step of the overall inhibition reaction. The result of this
two-step inhibition reaction is shown in Figure 17.
Figure 17 indicates that the shape of the reaction path of 1, if it

starts from the H-orientation, resembles the path found for
K11777 (Figure 16). Starting from the H-orientation (Figure
17, structure 3), the reaction proceeds over a barrier of about 18
kcal mol−1 and has a reaction energy of about −12 kcal mol−1.
However, the exothermicity of the whole reaction drops to only
−4 kcal mol−1, due to the previously necessary transition from
the F- to the H-orientation. Other reaction courses given in the
Supporting Information provide a similar picture (Figures S8−
S10).
Our investigation revealed that the differences between

K11777 and 1 are mainly due to the interaction between the
fluorine atom and the oxyanion hole of rhodesain, which induces
a flip of the olefin group of the warhead within the active site.
This change in the orientation significantly complicates the
further course of the inhibition reaction. As a result, for inhibitor
1, a two-step mechanism becomes more favorable, which
contains a torsional movement from the F- to the H-orientation
before the actual covalent Michael-type reaction can take place
leading to a considerably reduced exothermicity. These
differences nicely explain the switch from the irreversible
(K11777) to the reversible (1) inhibition mode and are in line
with all experimental data, which indicate a covalent, but
reversible bond formation for various fluorinated inhibitors.

Figure 14. Sketch of the predominant orientation of the warheads (bold) in the active site during the MD simulations given in Figure 13. (a) H-
orientation: predominant conformations of K11777 (X = H) with −40° ≤ ∠H3C3C2H2≤ 40° (b) F-orientation: predominant conformations for the
fluorinated vinylsulfone 1, with −190° ≤ ∠H3C3C2H2 ≤ −120°. For more information, see the text.

Figure 15. Relative orientation of Cys25 and His162 moieties with
respect to the double bond of the vinylsulfone group attacked by Cys25,
(a) for K11777 (X = H) in the H-orientation, and (b) for the
fluorinated vinylsulfone (X = F) in the F-orientation.
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Antitrypanosomal Activity and Toxicity. Selected
compounds were tested for antitrypanosomal activity and
cytotoxicity (Table 5). Trypanocidal activity was measured
against T. brucei brucei TC21154,55 or T. brucei brucei BS449, as
described previously.56,57 Cytotoxicity was measured for
selected compounds in the macrophage cell line J774.1 and in
HeLa cells as described before.12,55 Most inhibitors tested
showed significantly improved antitrypanosomal activity
compared to starting compound 1. This correlates very well
with the higher inhibitory potency of the compounds for
rhodesain. The compounds also displayed an improved safety
profile by showing no relevant cytotoxicity in HeLa cells or in
the J774.1 macrophage cell line. Most interestingly, from the
hPhe series, the compounds with N-terminal DHBD group and
4-Me-Phe residue at the P2 position (2e, 4e) exhibited highest

antitrypanosomal potency with the sulfonate 2e being the most
potent compound (EC50 = 0.14 μM), similarly active to the
irreversible K11777. Also, within the 4-Pyr series, the
compounds with 4-Me-Phe residue (2d, 3d, and 4d) are more
potent than those with Phe at P2 position (2a, 4a). Probably, the
higher lipophilicity and thus better membrane permeability of
these compounds contribute to their better antitrypanosomal
activity. No differences are observed between the various
warheads (phenyl vinylsulfonate 2d, benzyl vinylsulfone 3d, and
phenyl vinylsulfone 4d). Within theN−Me-Pip series (1, 4j, and
4l), the compound with Cys(Bn) in the P1 position (4l) is most
active (3.0 μM) despite being a much less-potent inhibitor of
rhodesain. This observation may be explained with the relatively
high toxicity of the compound, which seems to be also

Figure 16. Representative intrinsic reaction coordinate (IRC) simulation of the inhibition reaction of K11777 (a) and 1 (b). Selected geometrical
parameters of the indicated structures are summarized in Table S3.
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connected to the N-Me-Pip moiety (compounds K11777, 1, 4j,
and 4l).
Selectivity over Serine and Threonine Proteases. For

selected compounds, inhibitory potency against other proteases
(the threonine protease 20S proteasome and the serine protease
NS2B/NS3 of the Dengue virus) was tested (Table 6). The
activity of the compounds against the different catalytically
active subunits of the proteasome (trypsin-like, caspase-like, and
α-chymotrypsin-like) was tested separately by the use of specific
fluorogenic substrates (see Experimental Section). Most
compounds showed no relevant inhibition (less than 50%) at
concentrations of 11 μM. Highest percentage inhibition was
observed in the case of the caspase-like activity for compounds
2d (44%) and 4a (41%). Inhibitor 4l was the only compound
that showed relevant inhibition of the α-chymotrypsin-like
activity of the proteasome (71% at 11 μM).

In Vitro Metabolism. The metabolism of compounds 1 and
2d-(H) was investigated using rat liver microsomes and an
NADPH-generating system. The covalent cysteine protease
inhibitor K11777 was used as a control. Previous in vitro
metabolism studies by Jacobsen and co-workers revealed three
metabolites of K11777 depicted in Figure 18.59

Compound 1 (fluorinated K11777) also showed N-
demethylation (1a) and N-oxidation (1b) as shown in Figure
S13. The metabolites were analyzed via LC−MS fragmentation.
Additionally, the potential metabolites were synthesized as
described in the Chemistry section, and their fragments and
retention times were compared to those found in the
metabolism studies to ensure the identity of the metabolites.
In contrast to the reported metabolism of K11777, the β-
hydroxy homophenylalanine derivative32 did not occur, neither
in the experiments with compound 1 nor in those with K11777.

Figure 17. Reaction profile of the two-step inhibition reaction of 1. The rotation about∠H3C3C2H2 is given in blue. Please note that the reaction path
is put together from several IRCs. Selected geometrical parameters of the indicated structures are summarized in Table S3. See also Figure S6.

Table 5. Antitrypanosomal Activity and Cytotoxicity of Selected Compoundsa

substitution T. b. b. EC50/μM cytotoxicity CC50/μM

cpd R R1 R2 aa X 48 h J774.1 HeLa

K11777 Ph H N-MePip hPhe H 0.18 ± 0.03b,c 41b >10d

1 Ph H N-MePip hPhe F 12.5 ± 0.4c 38 10 ± 2
2a OPh H 4-Pyr hPhe F 4.8 ± 0.9c n.d. >100
2d OPh 4-Me 4-Pyr hPhe F 1.9 ± 1.8e n.d. >100
2e OPh 4-Me DHBD hPhe F 0.14 ± 0.05e n.d. >100
3d Bn 4-Me 4-Pyr hPhe F 1.4 ± 0.9e n.d. >100
4a Ph H 4-Pyr hPhe F 3.0 ± 0.4c >100 >100
4d Ph 4-Me 4-Pyr hPhe F 1.9 ± 1.2e n.d. >100
4e Ph 4-Me DHBD hPhe F 0.80 ± 0.5e n.d. >100
4j Ph H N-MePip Met F 14.1 ± 0.6c 43 77 ± 8
4l Ph H N-MePip Cys(Bn) F 3.0 ± 0.1c 8.7 8 ± 0.4

an.d. not determined. bSee ref 12. cT. brucei brucei TC211. dSee ref 58. eT. brucei brucei BS449.
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The metabolism studies of 2d-(H) only resulted in a single
metabolite, the N-oxidized derivative 2l as shown in Figure S14.
In order to verify the structure, themetabolite was synthesized as
described in the Chemistry section and retention times and
fragments were compared as described above.
The synthesized metabolites were also tested in the

fluorometric enzyme assay in order to determine their Ki values.
The assays were performed as described in the Enzyme assays
section and the results are shown in Table 7.
The demethylation of compound 1 to its metabolite 1a does

not decrease its inhibitory activity significantly. Both, compound

2d-(H) and its metabolite 2l, show a good inhibition of
rhodesain in the low nanomolar range. Therefore, it can be
concluded that the metabolites retain most of the inhibitory
potency of the parent drug.

In Vivo Distribution. Compound 1 as an example for a
covalent reversible and compound 2d-(H) as an example for a
covalent irreversible inhibitor were tested for their biodistribu-
tion in vivo in wild type CD1 mice. Their biodistribution after
oral (p.o.) or intraperitoneal (i.p.) application was investigated
by LC−MS analysis of plasma samples and brain tissues to
determine the ability of the compounds to cross the blood−

Table 6. Inhibition Data for 20S Proteasome and Dengue NS2B/NS3 Protease for Selected Compounds

substitution human 20S proteasome/%a dengue

cpd R R1 R2 aa trypsin caspase α-chymotrps. NS2B/NS3%a

1 Ph H N-MePip hPhe n.i. 16 13 n.i.
2a OPh H 4-Pyr hPhe n.i. 22 11 n.i.
2d OPh 4-Me 4-Pyr hPhe 10 44 20 n.i.
2e OPh 4-Me DHBD hPhe n.i. 31 22 11
3d Bn 4-Me 4-Pyr hPhe n.i. n.i. n.i. n.i.
4a Ph H 4-Pyr hPhe n.i. 41 10 n.i.
4b Ph H DHBD hPhe n.i. 26 n.i. n.d.
4d Ph 4-Me 4-Pyr hPhe 12 28 13 n.d.
4j Ph H N-MePip Met n.i. 18 n.i. n.d.
4l Ph H N-MePip Cys(Bn) 14 n.i. 71 13

a% inhibition at inhibitor concentrations of 11 μM; n.i. = <10% inhibition at 11 μM; and n.d. = not determined.

Figure 18. Metabolites of K11777 as published by Jacobsen and co-workers.59 N-Demethylation at the N-methyl piperazine moiety (A) and N-
oxidation (B) are the major metabolic reactions. Additionally, a β-hydroxy homophenylalanine metabolite was found (C).

Table 7. Assay Results of the Metabolites

substitution rhodesain

cpd R1 R2 R1′ X Ki/nm ki/s
−1 k2nd/m

−1 s−1

1 H N-MePip SO2Ph F 190a,b n.a. n.a.
1a H Pip SO2Ph F 192 ± 40b n.a. n.a.
2d-(H) Me 4-Pyr SO3Ph H 0.45 ± 0.06 0.020 46 × 106

2l Me 4-Pyr-N-oxide SO3Ph H 1.50 ± 0.46 0.018 12 × 106

aSee ref 12. bKi calculated from the Cheng−Prusoff equation;32 n.a. not applicable.
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brain barrier. The compounds were chosen for the in vivo assays
based on their differences in the mode of inhibition (covalent
reversible vs irreversible) and based on their physicochemical
properties (Table 8), which are similar for compound 2d-(H)
and its fluorinated counterpart 2d.

Compound 1 was found in plasma samples but not in the
brain homogenate, whereas compound 2d-(H) could be found
in both, plasma and brain tissue after i.p. and p.o. administration,
respectively (Figures 19, S15, and S16). Therefore, it can be
concluded that 2d-(H) is able to cross the blood−brain barrier
due to its higher lipophilicity. An accumulation of this
compound was also suggested because of a higher AUC after
multiple oral administration compared to a single dose i.p.
administration, thus making it a possible candidate for the
treatment of stage-2 HAT.
Furthermore, the distribution of the compounds in the brain

extracellular space was also investigated via microdialysis. Only
compound 2d-(H) could be found in the dialysate with recovery
rates from the plasma concentration between 0.8 and 6% of
plasma values after i.p. injection. This indicates that the
lipophilic compound 2d-(H) reaches higher concentrations
intracellularly than in the extracellular fluid.
Notably, the mice treated with the compounds did not show

any signs of toxification.
It can be concluded that the optimization of compound 1

through SAR studies not only enhanced the inhibitory potency
against rhodesain and the selectivity over CatB and CatL but
also resulted in a potential drug candidate for stage-2 HAT with
a higher lipophilicity (calc. S log P = 4.77 compared to 3.96 for
1) that is able to cross the blood brain barrier and accumulate in
brain tissue.

■ CONCLUSIONS

In this study, compound 1 (Ki = 190 nM, EC50 (T. brucei) = 12.5
μM), which was recently identified as a covalent reversible
cysteine protease inhibitor by the application of a quantum-
chemical-based design protocol,12 was optimized in terms of
inhibitory potency and selectivity for rhodesain. Based on the
results obtained from molecular docking and MD simulations, a
series of compounds with a modified recognition unit and an
altered substitution pattern of the warhead were synthesized.
Introduction of aromatic residues at P3 significantly enhanced
the potency for rhodesain (4b: Ki = 12 nM) and increased the
trypanocidal activity against T. brucei [4a: EC50 (T. brucei) = 3.0
μM]. Incorporation of a 4-methyl substituent at the phenyl-
alanine aromatic ring additionally improved selectivity against
human cathepsins (4d: Ki = 8 nM, 12-fold selectivity over CatL,
more than 200-fold selectivity over CatB). By alteration of the
substitution pattern of the warhead, two new classes of covalent
reversible cysteine protease inhibitors with distinct properties
were obtained. The compounds from the series of benzyl
fluorovinylsulfones (cpds 3a−3i) showed a similar potency
compared to the respective analogues with phenyl substituents
(4a−4i) but were significantly more rapidly reversible in
dilution and dialysis assays. Several compounds in the series of
fluorovinylsulfonates (2a−2i) showed a biphasic inhibition
mechanism, with the formation of a single digit nanomolar, high-
affinity complex in the second step (2d: Ki* = 3 nM). This
complex was shown to dissociate markedly slower in dialysis
experiments for compound 2d. Therefore, compound 2d
represents a potent, tight binding, and slowly reversible inhibitor
of rhodesain. Furthermore, compound 2d shows selectivity over
CatL (26-fold) and is only a weak inhibitor of CatB (38% at 11
μM). In addition, no relevant off-target activity against
threonine and serine proteases was observed and the
cytotoxicity profile improved considerably. Compounds with a
DHBD moiety at the N-terminus and 4-Me-Phe in the P2
position (2e, 4e) are not only nanomolar inhibitors of rhodesain,
but are most promising with regard to their the antitrypanoso-
mal activity and cytotoxicity profile, with EC50 values
comparable to those of the irreversible inhibitor K11777
(EC50 = 0.14−0.80 μM) and no cytotoxic effects against HeLa
cells (EC50 > 100 μM).
Microsomal stability assays revealed N-oxidation of the 4-Pyr

substituent in the P3 position of 2d-(H). However, this does not
seem to reduce the inhibitory potency. Moreover, the

Table 8. Comparison of 1, 2d, and 2d-(H) in Terms of
Physicochemical Properties and theMechanism of Inhibition

cpd inhibition mode SlogP (calc.)a TPSA [Å2] (calc.)a

1 covalent reversible 3.96 98.82
2d covalent reversible 5.07 114.46
2d-(H) covalent irreversible 4.77 114.46

aCalculated using MOE.60

Figure 19. (A) Compound 1was found inmouse plasma after 1 and 3 h, but not in the brain homogenate after i.p. and p.o. administration, respectively.
(B) Compound 2d-(H) showed plasma levels and distribution in brain tissue after both i.p. and p.o. administration. Both diagrams show the average
AUC values of all tested mice (five for each compound and route of administration).
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accumulation of 2d-(H) in mouse brain tissue, which did not
occur with 1, indicates a correlation of CNS permeation with the
physicochemical properties of the tested inhibitors, such as
SlogP values. These findings confirm that the optimized covalent
reversible fluorovinylsulfonates should be further investigated as
possible candidates for the treatment of both stage-1 and -2
HAT.
Based on these features, the high-affinity, lipophilic, and

selective reversible α-fluorovinylsulfones and sulfonates as
inhibitors of rhodesain may serve as a basis for the future
development of effective and non-toxic drugs for the treatment
of HAT.
In addition, we used mass spectrometry to demonstrate the

formation of a covalent bond. Using QM/MM and MD
computations, we could attribute the differences in inhibition
mechanisms between K11777 (irreversible) and 1 (reversible)
to the interaction between the fluorine atom and the oxyanion
hole of rhodesain. Due to this interaction, the olefin group of the
warhead flips in the active site significantly complicating the
further course of the inhibition reaction and leading to a
considerably reduced exothermicity and thus a reversible
inhibition.

■ EXPERIMENTAL SECTION
Syntheses. General. All reagents and solvents were of analytical

grade quality and purchased from Sigma-Aldrich, Alfa Aesar, Acros, or
TCI. Chemicals were used without further purification. Solvents were
purified by distillation and desiccated by standard methods if necessary.
1H and 13C spectra were recorded on a Bruker Fourier 300 using
DMSO-d6, CDCl3, or CD2Cl2 as a solvent. Chemical shifts δ are given in
parts per million (ppm) using residual proton peaks of the solvent as the
internal standard (1H/13C: DMSO: 2.50/39.52 ppm, CHCl3: 7.26/
77.16 ppm, CH2Cl2: 5.32/54.00 ppm). The purity of the compounds
was determined via HPLC-MS (δ = 254 nm). All compounds are >95%
pure according to HPLC analysis. High-resolution mass spectra were
obtained on a Waters Q-TOF-Ultima 3-instrument. Alternatively, the
mass spectra were obtained from an LC−MS system consisting of a
1100 series HPLC system from Agilent with an Agilent Poroshell 120
EC-C18 150 × 2.10 mm, 4 μm column. The mobile phase was 80%
acetonitrile, 10% H2O, and 10% of a 0.1% solution of formic acid in
water. Detection wavelength was 254 nm. The molecular mass was
detected using an Agilent 1100 series LC/MSD Trap with electron
spray ionization (ESI) in positive mode. Purification with a preparative
HPLC system was performed with a Varian PrepStar system (model
218) with an Agilent Zorbax XDB-C18 21.2 × 150 mm, 5 μm column.
Column chromatography was performed with silica gel (0.06−0.02 mm
or 0.040−0.063 mm) obtained from Carl Roth. All reactions were
monitored by thin-layer chromatography using Macherey-Nagel
ALUGRAM Xtra SIL G/UV254 silica gel 60 plates for detection at
254 nm. Melting points were determined in open capillaries using a
Stuart SMP10-instrument. Optical rotation [α]D

22 was measured on an
P3000 polarimeter fromKrüss at 22 °C and is reported in cm3 g−1 dm−1.
Synthesis of Starting Materials. Phenyl Methanesulfonate61 (I).

Phenol (2.35 g, 1.0 equiv) was dissolved in EtOAc and cooled to 0 °C.
TEA (6.93 mL, 2.0 equiv) and methanesulfonyl chloride (2.52 mL, 1.3
equiv) were added successively and the mixture was allowed to warm to
rt. After stirring for 30 min, the solution was washed with water (3×)
and brine (1×) and was dried with Na2SO4. Evaporation of the solvent
yielded phenyl methanesulfonate (I) as a colorless powder (3.95 g,
92%). Spectral data matched those reported in the literature.28

Diethyl((benzylthio)methyl)phosphonate28 (II). Benzyl mercaptan
(0.84 mL, 1.0 equiv) was dissolved in THF and cooled to 0 °C. NaH
(60% in mineral oil, 0.32 g, 1.0 equiv) was added in portions and the
mixture was stirred for 15 min. Diethyl iodomethylphosphonate (1.24
mL, 1.0 equiv) was added dropwise and themixture was stirred for 3.5 h
at rt. THF was removed in vacuo and EtOAc was added. The organic
phase was washed with water (2×) and brine (1×) and dried with

Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 1:1), yielding the
title compound as a colorless liquid. Yield: 1.66 g (84%). 1HNMR (300
MHz, CDCl3): δ 7.43−7.21 (m, 5H), 4.25−4.08 (m, 4H), 3.90 (s, 2H),
2.54 (d, JH−P = 12.9 Hz, 2H), 1.34 (t, J = 7.1 Hz, 6H). 13C NMR (75
MHz, CDCl3): δ 137.3, 129.4, 128.7, 127.4, 62.7 (d, JC−P = 6.7 Hz),
37.0 (JC−P = 2.9 Hz), 23.8 (JC−P = 150 Hz), 16.6 (JC−P = 6.0 Hz). 1H
NMR data are consistent with the literature.12

Diethyl((phenylsulfonyl)methyl)phosphonate12 (III).To a solution
of methyl phenyl sulfone (3.81 g, 24 mmol) in dry THF, n-BuLi (2.5 M
in hexane, 21.5 mL, 60 mmol) was added at 0 °C with stirring. After 30
min, diethyl chlorophosphate was added dropwise and the reaction
mixture was stirred at 0 °C for 1 h. 25 mL of a saturated solution of
ammonium chloride was added and the volatiles were evaporated. The
residue was extracted with DCM and the combined extracts were
washed with brine, dried with sodium sulfate, concentrated under
reduced pressure, and purified by column chromatography (light
petroleum/EtOAc 1:5) to afford the title compound as a colorless oil,
which solidified upon standing (4.11 g, 52%). NMR data were
consistent with the literature.28,62

Phenyl(diethoxyphosphoryl)methanesulfonate (IV). Phenyl meth-
anesulfonate (I, 2.5 g, 1.0 equiv) was dissolved in THF and cooled to
−78 °C. KHMDS (1.0 M in THF, 15 mL. 1.1 equiv) was added
dropwise and the mixture was stirred for an additional 15 min. Diethyl
chlorophosphate (1.5 mL, 0.7 equiv) was added slowly and stirred for 1
h at−60 °C. The reaction was quenched by addition of glacial AcOH (1
mL) and then allowed to warm to rt. THF was removed in vacuo and
EtOAc was added to the residue. The solution was washed with water
(2×) and brine (1×) and then dried with Na2SO4. Evaporation of the
solvent gave a crude product, which was purified by column
chromatography (petroleum ether/EtOAc 1:1 to 1:3), yielding the
title compound as a colorless liquid (3.3 g, 74%). 1H NMR (300 MHz,
CDCl3): δ 7.52−7.29 (m, 5H), 4.36−4.20 (m, 4H), 3.81 (d, JH−P = 17
Hz, 2H), 1.44−1.31 (m, 6H). 13C NMR (75 MHz, CDCl3): δ 149.4,
130.2, 127.8, 122.3, 64.2 (d, JC−P = 6.5 Hz), 47.3 (d, JC−P = 139 Hz),
16.4 (d, JC−P = 6.3 Hz).

Diethyl((benzylsulfonyl)methyl)phosphonate28 (V). Compound II
(2.55 g, 1.0 equiv) was dissolved in DCM and cooled to 0 °C.
Subsequently, mCPBA (77%, 5.8 g, 3.0 equiv) was added in portions
and the mixture was stirred for 12 h at rt. Then, the solution was filtered
and washed with 1 M NaOH (4×), water (1×), and brine (1×) and
dried with Na2SO4. After evaporation of the solvent, the title compound
was obtained as a colorless oil. Yield: 2.82 g (99%). 1H NMR (300
MHz, CDCl3): δ 7.57−7.47 (m, 2H), 7.44−7.34 (m, 3H), 4.60 (s, 2H),
4.24 (dq, J = 8.1, 7.1 Hz, 4H), 3.36 (d, J = 16 Hz, 2H), 1.37 (dt, J = 7.1,
0.4 Hz, 6H). 13C NMR (75MHz, CDCl3): δ 131.2, 129.3, 129.2, 128.2,
63.9 (d, JC−P = 6.5 Hz), 60.4, 48.0 (d, JC−P = 140 Hz), 16.50 (d, JC−P =
6.4 Hz). Spectral data are consistent with the literature.12,63

(S)-tert-Butyl(1-oxo-4-phenylbutan-2-yl)carbamate (VI). L-Ho-
mophenylalanine (5.0 g, 28 mmol) was dissolved in THF (15 mL)
and a solution of Na2CO3 (3 g, 28mmol) in 100mL of water was added
followed by di-tert-butyl dicarbonate (31 mmol) in 75 mL THF. The
mixture was stirred overnight, diluted with water (100 mL), and
extracted with CH2Cl2. The aqueous layer was acidified with KHSO4 to
pH 3 and extracted with CH2Cl2. The combined organic extracts were
dried with sodium sulfate and concentrated under reduced pressure to
give crude boc-L-homophenylalanine (7.0 g, 89%). This crude material
(4.91 g, 18 mmol) was dissolved in DCM (100mL) and cooled to 0 °C.
EDC−HCl (4.05 g, 21 mmol), HOBt (3.23 g, 21 mmol), and DIEA
(13.5 mL, 78 mmol) were added and the mixture was stirred for 15 min
before N,O-dimethylhydroxylamine hydrochloride (2.06 g, 21 mmol)
was added. Themixture was allowed to warm to rt and was stirred for 18
h. DCM was removed under reduced pressure, water (60 mL) was
added, and the suspension was extracted with EtOAc. The combined
organic extracts were washed with saturated aq NaHCO3 (5×) and
brine, dried with sodium sulfate, and concentrated under reduced
pressure to give tert-butyl (S)-(1-(methoxy(methyl)amino)-1-oxo-4-
phenylbutan-2-yl)carbamate as a crude yellow oil (5.64 g, 99%), which
was used in the next step without further purification. 1H NMR (300
MHz, DMSO-d6): δ 7.46−7.18 (m, 5H), 5.28 (d, J = 9.3 Hz, 1H), 4.73
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(s, 1H), 3.67 (s, 3H), 3.21 (s, 3H), 2.88−2.61 (m, 2H), 2.18−1.79 (m,
2H), 1.52 (s, 9H). The crude oil (4.05 g, 12.5 mmol) was dissolved in
dry diethyl ether (130 mL) and cooled to 0 °C. LiAlH4 (0.59 g, 15.7
mmol) was added portion wise. The mixture was stirred for 30 min and
subsequently quenched by addition of aqueous KHSO4 (0.33 M, 65
mL). The organic phase was separated, and the aqueous phase was
extracted with diethyl ether. The combined organic extracts were
washed with 3 M HCl, saturated aq NaHCO3, and brine, dried with
sodium sulfate, concentrated under reduced pressure, and purified by
column chromatography (light petroleum/EtOAc 3:1), yielding the
title compound as a colorless solid (2.44 g, 74%). 1H NMR (300 MHz,
CDCl3): δ 9.55 (s, 1H), 7.40−7.13 (m, 5H), 5.08 (d, J = 4.1 Hz, 1H),
4.26 (q, J = 5.9 Hz, 1H), 2.87−2.63 (m, 2H), 2.35−2.06 (m, 1H),
2.02−1.77 (m, 2H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
199.6, 155.6, 140.7, 128.8, 128.7, 126.5, 80.4, 59.7, 31.6, 31.2, 28.4.
NMR data are consistent with the literature.64

(S)-tert-Butyl(4-(methylthio)-1-oxobutan-2-yl)carbamate (VII).
Boc-L-Met-OH (2.43 g, 1.0 equiv) was dissolved in DCM and cooled
to 0 °C. HOBt (1.49 g, 1.0 equiv) and DIEA (5.0 mL, 3.0 equiv) were
added successively, and the mixture was stirred until all materials were
solubilized. To this mixture, TBTU (3.12 g, 1.0 equiv) was added in one
portion and then stirred for 15 min at 0 °C. N,O-Dimethylhydroxyl-
amine hydrochloride (1.0 g, 1.1 equiv) was added in one portion and
the mixture was stirred for 12 h at rt. DCM was removed in vacuo, and
the residue was diluted with EtOAc. The organic layer was washed with
water (5×), conc. NaHCO3 (2×), and 1M aqHCl (2×) and dried with
Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 2:1), yielding tert-
butyl (S)-(1-methoxy(methyl)amino)-4-(methylthio)-1-oxobutan-2-
yl)carbamate as a colorless oil (2.42 g, 85%). 1H NMR (300 MHz,
CDCl3): δ 5.23 (d, J = 7.7 Hz, 1H), 4.78 (s, 1H), 3.77 (s, 3H), 3.20 (s,
3H), 2.68−2.42 (m, 2H), 2.08 (s, 3H), 2.05−1.92 (m, 1H), 1.89−1.71
(m, 1H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 172.7, 155.7,
79.9, 61.8, 50.0, 32.6, 32.3, 30.3, 28.5, 15.6. This material (2.42 g, 1.0
equiv) was dissolved in THF and cooled to 0 °C. LiAlH4 (0.41 g, 1.3
equiv) was added in portions and stirred for 30 min. The mixture was
diluted with 50 mL diethyl ether and then 1 M KHSO4 (50 mL) was
added carefully. The layers were separated, and the aqueous phase was
extracted twice with diethyl ether. The combined organic layers were
washed with 1MHCl (2×), saturated aq NaHCO3, and brine, and then
dried with Na2SO4. After evaporation of the solvent, the residue was
purified by column chromatography (petroleum ether/EtOAc 2:1) to
give the title compound as a colorless solid (1.49 g, 77%). 1H NMR
(300 MHz, CDCl3): δ 9.63 (s, 1H), 5.21 (s, 1H), 4.39−4.11 (m, 1H),
2.56 (t, J = 7.2 Hz, 2H), 2.34−2.13 (m, 1H), 2.07 (s, 3H), 1.99−1.83
(m, 1H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 199.2, 155.6,
80.4, 59.1, 29.9, 28.8, 28.4, 15.5. NMR data are consistent with the
literature.65

(R)-tert-Butyl(1-(benzylthio)-3-oxopropan-2-yl)carbamate (VIII).
L-Cysteine hydrochloride (5.20 g, 1.0 equiv) was dissolved in 60 mL 2
M NaOH and 150 mL EtOH. To the mixture, 5.64 g (3.92 mL, 1.0
equiv) benzyl bromide is added dropwise. After stirring for 1 h, the
mixture is neutralized by addition of conc. HCl. The precipitate is
collected by filtration and washed with water, diethyl ether, and ethanol.
S-Benzyl L-cysteine is obtained as a colorless solid and directly used for
the next step (6.4 g. 91%). 1HNMR (300MHz, D2O): δ 7.50−7.24 (m,
5H), 4.17 (q, J = 6.5 Hz, 1H), 3.88−3.71 (s, 2H), 3.09−2.87 (m, 2H).
13C NMR (75 MHz, D2O): δ 171.7, 138.2, 129.3, 129.1, 127.8, 51.8,
35.5, 30.7. S-Benzyl L-cysteine (3.0 g, 1.0 equiv) was dissolved in THF
(50 mL), and K2CO3 (2.94 g, 1.5 equiv) and water (50 mL) were
added. Di-tert-butyl-dicarbonate (3.25 g, 1.05 equiv) dissolved in 50
mL THF was added dropwise and stirred for 12 h at rt. THF was
removed in vacuo and the residue was extracted twice with DCM. The
aqueous layer was acidified to pH 3 by addition of 1 M KHSO4 and
extracted with DCM (3×). The combined organic layers were washed
with brine (2×), dried with Na2SO4, and evaporated under reduced
pressure to give crude boc-S-benzyl L-cysteine as a colorless oil (3.05 g,
69%). 1H NMR (300 MHz, DMSO-d6): δ 7.38−7.03 (m, 5H), 4.14−
4.02 (m, 1H), 3.71 (s, 2H), 2.67 (m, 2H), 1.35 (s, 9H). 13C NMR (75
MHz, DMSO-d6): δ 172.6, 155.4, 138.3, 128.9, 128.4, 126.9, 78.3, 53.2,

39.5, 35.2, 32.4, 28.2. This material (3.05 g, 1.0 equiv) was dissolved in
DCM and cooled to 0 °C. HOBt (1.49 g, 1.0 equiv) and DIEA (5.0 mL,
3.0 equiv) were added successively, and the mixture was stirred until all
materials were solubilized. To this mixture, TBTU (3.40 g, 1.0 equiv)
was added in one portion and then stirred for 15 min at 0 °C. N,O-
Dimethylhydroxylamine hydrochloride (1.0 g, 1.1 equiv) was added in
one portion and the mixture was stirred for 12 h at rt. DCM was
removed in vacuo, and the residue was diluted with EtOAc. The organic
layer was washed with water (5×), conc. NaHCO3 (2×), and 1 M aq
HCl (2×) and dried with Na2SO4. After evaporation of the solvent, the
residue was purified by column chromatography (petroleum ether/
EtOAc 2:1), yielding (R)-tert-butyl (3-(benzylthio)-1-(methoxy-
(methyl)amino)-1-oxopropan-2-yl)carbamate as a colorless oil (3.25
g, 95%). 1HNMR (300 MHz, CDCl3): δ 7.42−7.15 (m, 5H), 5.28 (d, J
= 8.6 Hz, 1H), 4.84−4.59 (m, 1H), 3.67 (s, 3H), 3.21 (s, 3H), 2.83−
2.54 (m, 2H), 2.15−1.77 (m, 2H), 1.50 (s, 9H). 13C NMR (75 MHz,
CDCl3): δ 173.2, 155.7, 141.3, 128.7, 128.5, 126.1, 61.6, 50.2, 38.8,
34.7, 31.8, 28.5. The above compound (3.0 g, 1.0 equiv) was dissolved
in diethyl ether and cooled to 0 °C. LiAlH4 (0.42 g, 1.3 equiv) was
added in portions and stirred for 30 min. The mixture was diluted with
50mL diethyl ether and then 1MKHSO4 (50mL) was added carefully.
The layers were separated, and the aqueous phase was extracted twice
with diethyl ether. The combined organic layers were washed with 1 M
HCl (2×), saturated aq NaHCO3, and brine, and then dried with
Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 2:1) to give the title
compound as a colorless solid (1.70 g, 68%). 1H NMR (300 MHz,
CDCl3): δ 9.46 (s, 2H), 7.32−7.21 (m, 13H), 5.29 (d, J = 21.5 Hz, 2H),
4.32−4.16 (m, 2H), 3.67 (s, 5H), 2.86−2.70 (m, 5H), 1.39 (s, 24H).
13C NMR (75 MHz, CDCl3): δ 198.8, 137.7, 129.1, 128.8, 127.3, 80.6,
77.2, 59.3, 37.1, 30.8, 28.4. NMR data are consistent with the
literature.12

(S)-2-(4-Methylpiperazin-1-ium-1-carboxamido)-3-phenylpropa-
noate12 (IX). L-Phenylalanine methyl ester hydrochloride (2.0 g, 1.0
equiv) was suspended in CH2Cl2 and 25 mL of a saturated aqueous
solution of NaHCO3 was added. At 0 °C, triphosgene (0.92 g, 0.3
equiv) was added and the mixture was allowed to stir for 30 min at this
temperature. Subsequently, the organic phase was separated, and the
aqueous phase was extracted with three portions of DCM. The
combined organic extracts were washed with brine, dried with Na2SO4,
and concentrated under reduced pressure. The residue was dissolved in
THF and cooled to 0 °C. N-Methyl piperazine (0.93 g, 1.03 mL, 1.0
equiv) was added dropwise. After stirring for 1 h, THF was removed
under reduced pressure and the residue was diluted with EtOAc.
Aqueous work-up was performed with water (1×), saturated aq
NaHCO3 (1×), and brine (1×). The organic layer was dried with
Na2SO4 and evaporated. The crude product was purified by column
chromatography (CH2Cl2/MeOH 9:1), giving methyl (4-methylpiper-
azine-1-carbonyl)-L-phenylalaninate as a colorless oil. Yield: 1H NMR
(300 MHz, CDCl2): δ 7.30−7.10 (m, 3H), 7.04 (d, J = 7.3 Hz, 2H),
4.77 (d, J = 7.3 Hz, 1H), 4.61 (m, 1H), 3.61 (s, 3H), 3.29−3.11 (m,
4H), 3.00 (m, 2H), 2.22 (t, J = 5.0 Hz, 4H), 2.16 (s, 3H). This material
(3.0 g, 9.4 mmol) was dissolved in THF (20mL) and LiOH (1.4 g, 33.4
mmol) in 10 mL water was added. The mixture was stirred for 18 h at rt
and the volatiles were removed under reduced pressure. Water was
added to the residue and the pH was adjusted to 2 with 1 M aq HCl.
The title compound was crystallized at 4 °C along with some LiCl and
collected by filtration. Recrystallization from methanol gave the pure
compound as a colorless powder. 1H NMR (300 MHz, DMSO-d6): δ
7.33−7.05 (m, 5H), 6.68 (d, J = 7.9 Hz, 1H), 4.28−4.09 (m, 1H),
3.50−3.16 (m, 4H), 2.98 (m, 2H), 2.46−2.30 (m, 4H), 2.25 (s, 3H).
13C NMR (75 MHz, DMSO-d6): δ 174.6, 157.1, 139.0, 129.4, 128.0,
126.1, 56.0, 53.1, 44.8, 42.7, 39.5, 36.9.

Isonicotinoyl-L-phenylalanine66 (X). To a solution of L-phenyl-
alanine ethyl ester hydrochloride (2.50 g, 10.88 mmol) and TEA (4.5
mL, 32.65 mmol) in DCM, isonicotinoyl chloride hydrochloride (1.93
g, 10.88 mmol) was added in small portions. Themixture was stirred for
3 h, washed with a saturated solution of NaHCO3, dried with Na2SO4,
and concentrated under reduced pressure. Ethyl isonicotinoyl-L-
phenylalaninate (2.84 g, yield 87%) was obtained as a yellowish oil,
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which crystallized upon standing and was used in the next step without
further purification. 1H NMR (300 MHz, DMSO-d6): δ 9.18 (d, J = 7.7
Hz, 1H), 8.73 (d, J = 5.2 Hz, 2H), 7.69 (d, J = 5.2 Hz, 2H), 7.37−7.12
(m, 5H), 4.75−4.57 (m, 1H), 4.10 (q, J = 7.1 Hz, 2H), 3.05−3.21 (m,
2H), 1.14 (t, J = 7.1 Hz, 3H). 13C NMR (75MHz, DMSO-d6): δ 171.3,
165.0, 150.3, 140.6, 137.4, 129.1, 128.3, 126.6, 121.3, 60.7, 54.4, 45.7,
39.5, 36.2, 14.0. The above compound (2.84 g, 9.53 mmol) was
dissolved in water (30 mL) and THF (30 mL), then LiOH (1.20 g, 28.6
mmol) was added. The mixture was stirred for 2 h before the organic
solvent was removed under reduced pressure and the aqueous residue
was neutralized with 1 M aq HCl. The title compound was crystallized
at 4 °C along with LiCl. Recrystallization from methanol gave the pure
product as a colorless powder (1.59 g, 62%). 1H NMR (300 MHz,
DMSO-d6): δ 8.76−8.57 (m, 2H), 8.22 (d, J = 7.3 Hz, 1H), 7.71−7.57
(m, 2H), 7.25−6.99 (m, 5H), 4.26 (td, J = 7.4, 4.6 Hz, 1H), 3.27−2.95
(m, 3H). 13C NMR (75MHz, DMSO-d6): δ 171.9, 163.4, 150.2, 142.1,
139.5, 129.4, 127.7, 125.6, 121.0, 56.1, 37.2.
11-(Tritylthio)undecanoic Acid (XI). Triphenylmethyl chloride

(0.63 g, 1.0 equiv) was dissolved in DCM (5 mL). Thereto, a solution
of 11-mercaptoundecanoic acid (MUA) (0.5 g, 1.0 equiv) in DCM (15
mL) was added dropwise. The mixture was stirred for 2 h at rt. DCM
was removed by distillation, and the residue was purified by column
chromatography (petroleum ether/EtOAc 2:1). 1H NMR (300 MHz,
CDCl3): δ 7.40 (d, J = 7.6 Hz, 6H), 7.31−7.09 (m, 9H), 2.32 (t, J = 7.1
Hz, 2H), 2.11 (t, J = 7.3 Hz, 2H), 1.60 (q, J = 7.4 Hz, 2H), 1.46−0.95
(m, 14H). 13C NMR (75 MHz, CDCl3): δ 179.7, 145.2, 129.8, 127.9,
126.6, 66.5, 34.1, 32.2, 29.5, 29.32, 29.27, 29.16, 29.12, 28.7, 24.8. NMR
data are consistent with the literature.12

tert-Butyl (S)-4-((1-Ethoxy-1-oxo-3-phenylpropan-2-yl)-
carbamoyl)piperazine-1-carboxylate (XII). To a stirred solution of
0.798 g 1-boc piperazine in THF, a suspension of 0.860 g (S)-ethyl-2-
isocyanate-3-phenylpropanoate in THF was added dropwise. The
mixture was stirred for 18 h and the solvent was removed under reduced
pressure. The residue was extracted with EtOAc and the combined
extracts were washed with a saturated solution of NaHCO3 and brine,
dried with Na2SO4, and concentrated under reduced pressure, resulting
in a colorless oil (0.81 g, 50%). 1H NMR (300 MHz, CDCl3): δ 7.49−
7.33 (m, 3H), 7.29−7.18 (m, 2H), 5.10−4.83 (m, 1H), 4.28 (dq, J =
15.5, 7.2 Hz, 2H), 3.70−3.57 (m, 1H), 3.57−3.48 (m, 4H), 3.48−3.35
(m, 4H), 3.29−3.22 (m, 2H), 1.60 (s, 9H), 1.39 (td, J = 7.1, 3.3 Hz,
3H). 13C NMR (75 MHz, CDCl3): δ 172.6, 156.5, 154.6, 136.3, 129.3,
128.5, 127.0, 80.2, 61.4, 60.4, 54.37, 43.9, 38.4, 28.4, 21.1, 14.2.
(4-(tert-Butoxycarbonyl)piperazine-1-carbonyl)-L-phenylalanine

(XIII). 0.81 g of compound XII was dissolved in THF and cooled to 0
°C. A solution of 0.29 g LiOH in water was added dropwise and the
mixture was stirred for 3 h at room temperature. The solvent was
removed under reduced pressure and the pH of the residue was
adjusted to 2 with 1 M HCl. The residue was extracted with ethyl
acetate and the combined extracts were washed with brine, dried with
Na2SO4, and concentrated under reduced pressure. The crude product
was dissolved in diethyl ether, n-pentane was added, and the product
was crystallized at 4 °C, giving a colorless solid (0.56 g, 74%). 1H NMR
(300MHz, CDCl3): δ 9.39 (s, 1H), 7.25−7.14 (m, 3H), 7.14−7.04 (m,
2H), 5.05 (d, J = 7.1Hz, NH), 4.61 (q, J = 6.2Hz, 1H), 3.30 (dd, J = 7.9,
4.0 Hz, 4H), 3.24−3.09 (m, 4H), 3.04 (dd, J = 14.0, 6.8 Hz, 2H), 1.39
(s, 9H). 13C NMR (75 MHz, CDCl3): δ 174.7, 157.5, 154.8, 136.4,
129.5, 128.7, 127.2, 80.6, 54.9, 43.7, 37.5, 28.5.
Preparation of Phosphonates 5−7 . Diethyl(fluoro-

(phenylsulfonyl)methyl)phosphonate12,67 (5). To a stirred solution
of phosphonate III (1.54 g, 1.0 equiv) in THF, KHMDS (1 M in THF,
6.59 mL, 1.25 equiv) was added dropwise at −80 °C. After 30 min at
this temperature, Selectfluor (2.80 g, 1.5 equiv) in 10 mL DMF was
added and the reaction mixture was stirred for 3 h, slowly warming to 0
°C. 15mL of a saturated solution of ammonium chloride was added and
the volatiles were evaporated. The residue was extracted with DCM and
the combined extracts were washed with a saturated solution of
NaHCO3 and brine, dried with Na2SO4, concentrated under reduced
pressure, and purified by column chromatography (light petroleum/
EtOAc 1:6) to afford the title compound as a colorless solid. Yield: 1.0 g
(62%). 1H NMR (300 MHz, CDCl3): δ 8.01 (d, J = 7.5 Hz, 2H), 7.74

(t, J = 7.4 Hz, 1H), 7.61 (t, J = 7.7 Hz, 2H), 5.38 (dd, JH−F = 45.5 Hz,
JH−F = 6.6 Hz, 1H), 4.40−4.18 (m, 4H), 1.35 (t, J = 7.1 Hz, 6H). NMR
data were consistent with the literature.12

Phenyl(diethoxyphosphoryl)fluoromethanesulfonate (6). Phos-
phonate IV (1.73 g, 1.0 equiv) was dissolved in THF (15 mL) and
cooled to −78 °C. KHMDS (1 M in THF, 7.0 mL, 1.25 equiv) was
added dropwise and the mixture was stirred for an additional 30 min.
Selectfluor (3.0 g, 1.5 equiv) was added in one portion and the mixture
was stirred for 5 min. Then, DMF (12 mL) was added in one portion
and the mixture was allowed to warm to 0 °C. After stirring for 3 h, the
reaction was quenched with conc. aq NH4Cl (5 mL) and THF was
removed in vacuo. EtOAc was added and the organic phase was washed
with water (3×) and brine (2×) and dried with Na2SO4. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (petroleum ether/EtOAc 1:1), yielding the
title compound as a colorless oil (0.95 g, 52%). 1H NMR (300 MHz,
CDCl3): δ 7.50−7.39 (m, 2H), 7.39−7.28 (m, 3H), 5.63 (dd, JH−F = 45
Hz, JH−P = 7.2 Hz, 1H), 4.45−4.25 (m, 4H), 1.39 (tdd, J = 7.1, 2.0, 0.7
Hz, 6H). 13C NMR (75 MHz, CDCl3): δ 149.6, 130.3, 128.0, 122.2,
93.4 (dd, JC−F = 232 Hz, JC−P = 162 Hz), 65.7 (dd, JC−P = 10.7 Hz, JC−F
= 6.7 Hz), 16.44 (d, JC−P = 5.8 Hz).

Diethyl((benzylsulfonyl)fluoromethyl)phosphonate (7). Phospho-
nate V (3.77 g, 1.0 equiv) was dissolved in THF (40 mL) and cooled to
−78 °C. KHMDS (1 M in THF, 15.4 mL, 1.25 equiv) was added
dropwise and the mixture was stirred for an additional 30 min.
Selectfluor (6.55 g, 1.5 equiv) was added in one portion and themixture
was stirred for 5 min. Then, DMF (24 mL) was added in one portion
and the mixture was allowed to warm to 0 °C. After stirring for 3 h, the
reaction was quenched with conc. NH4Cl (5 mL) and THF was
removed in vacuo. EtOAc was added and the organic phase was washed
with water (3×) and brine (2×) and dried with Na2SO4. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (DCM/EtOAc 9:1), yielding the title
compound as a colorless oil (1.92 g, 48%). 1H NMR (300 MHz,
CDCl3): δ 7.51−7.32 (m, 5H), 5.28 (dd, JH−F = 45 Hz, JH−P = 7.1 Hz,
1H), 4.67−4.49 (m, 2H), 4.42−4.21 (m, 4H), 1.39 (td, J = 7.1, 0.7 Hz,
6H). 13C NMR (75 MHz, CDCl3): δ 131.4, 129.5, 129.2, 125.8, 95.2
(dd, JC−F = 228 Hz, JC−P = 161 Hz), 65.4 (dd, JC−F = 6.3 Hz, JC−P = 6.2
Hz), 57.5, 16.5 (d, JC−P = 5.8 Hz).

HWE Olefination (Compounds 8−12). Procedure A. The specified
phosphonate (1.0 equiv) was dissolved in THF and cooled to 0 °C.
NaH (60% in mineral oil, 1.1 equiv) was added in portions and the
mixture was stirred for 15 min. The corresponding boc-protected
aminoaldehyde (1.0 equiv) was added in one portion, and the mixture
was allowed to warm to rt. After stirring for 1 h, EtOAc was added and
the organic phase was extracted with water, saturated aq NaHCO3, and
brine and finally dried with Na2SO4. Evaporation of the solvent under
reduced pressure provided the boc-protected vinylsulfones as a crude
mixture of E/Z isomers. Purification and separation of the isomers were
achieved by column chromatography. The products were obtained as
colorless solids.

Procedure B. The specified phosphonate (1.0 equiv) was dissolved
in THF and cooled to −78 °C. KHMDS (1 M in THF, 1.0 equiv) or
LHMDS (1M inTHF, 1.0 equiv) was added dropwise and it was stirred
for additional 20min. The respective aldehyde (1.0 equiv) was added in
one portion and themixture was allowed to warm to rt over a period of 1
h. After stirring for an additional hour at rt, EtOAc was added and the
organic phase was extracted with water (2×) and brine (1×).
Evaporation of the solvent under reduced pressure gave the crude
product as E/Z isomers. Purification by column chromatography
allowed the isolation of the desired (E)-isomers. The products were
obtained as colorless solids.

tert-Butyl (S,E)-(1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-
3-yl)carbamate12 (8). Prepared following procedure A using 0.35 g
of phosphonate 5, 0.3 g boc-homophenylalaninal or boc-homopheny-
lalanine aldehyde or boc-hPhe-H (VI), and 0.05 g NaH in 6 mL THF.
Column chromatography: petroleum ether/EtOAc 3:1. (E)-isomer:
Yield 0.20 g (41%). 1HNMR (300MHz, CDCl3): δ 7.95 (d, J = 7.6 Hz,
2H), 7.70 (t, J = 7.4 Hz, 1H), 7.58 (t, J = 7.6 Hz, 2H), 7.36−7.16 (m,
3H), 7.12 (d, J = 7.1 Hz, 2H), 6.19 (dd, JH−F = 32.3 Hz, JH−H = 7.1 Hz,
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1H), 4.61 (s, 1H), 4.46 (s, 1H), 2.74−2.52 (m, 2H), 2.00−1.77 (m,
2H), 1.39 (s, 9H). 13C NMR (75MHz, CDCl3): δ 154.9, 154.7 (d, JC−F
= 300Hz), 140.5, 137.2, 134.7, 129.61, 128.8, 128.7, 128.4, 126.4, 118.4
(d, JC−F = 4.6 Hz), 80.3, 46.4 (d, JC−F = 2.7 Hz), 36.2, 32.0, 28.3. (Z)-
isomer: Yield 0.10 g (21%). 1HNMR (300MHz, CDCl3): δ 8.09 (d, J =
4.2Hz, 2H), 7.69 (t, J = 7.4Hz, 1H), 7.57 (t, J = 7.7Hz, 2H), 7.37−7.12
(m, 5H), 5.81 (dd, JH−F = 21 Hz, JH−H = 10 Hz, 1H), 5.35−5.18 (m,
1H), 4.70 (s, 1H), 2.89−2.62 (m, 2H), 2.14−1.86 (m, 2H), 1.46 (s,
9H). 13C NMR (75 MHz, CDCl3): δ 155.0, 152.7 (d, JC−F = 293 Hz),
141.0, 137.7, 134.7, 129.5, 129.1, 128.7, 128.5, 126.3, 121.4 (d, JC−F =
11 Hz), 80.0, 46.6 (d, JC−F = 5 Hz), 37.3, 32.3, 28.5.
Phenyl (S,E)-3-((tert-Butoxycarbonyl)amino)-1-fluoro-5-phenyl-

pent-1-ene-1-sulfonate (9). Prepared following procedure A using
0.66 g of phosphonate 6, 0.53 g boc-homophenylalaninal or boc-
homophenylalanine aldehyde or boc-hPhe-H (VI), and 0.09 g NaH in
12 mL THF. Column chromatography: petroleum ether/EtOAc 5:1.
(E)-isomer: Yield 0.38 g (43%). 1H NMR (300MHz, CDCl3): δ 7.46−
7.32 (m, 2H), 7.32−7.15 (m, 6H), 7.10 (d, J = 7.0 Hz, 2H), 5.91 (dd,
JH−F = 31.3 Hz, JH−H = 8.6 Hz, 1H), 4.68−4.27 (m, 2H), 2.66−2.43 (m,
2H), 1.97−1.66 (m, 2H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
154.8, 150.8, 148.9 (d, JC−F = 296 Hz), 140.2, 130.2, 128.8, 128.4,
128.0, 126.5, 122.4 (d, JC−F = 4.1 Hz), 122.3, 80.4, 46.3 (d, JC−F = 2.1
Hz), 35.9, 31.9, 28.4. (Z)-isomer: yield 0.22 g (22%). 1H NMR (300
MHz, CDCl3): δ 7.44−7.32 (m, 2H), 7.32−7.13 (m, 6H), 7.04 (d, J =
7.2 Hz, 2H), 6.14 (br, 1H), 4.88−4.44 (br, 2H), 2.59−2.46 (m, 1H),
2.46−2.29 (m, 1H), 1.84 (br, 1H), 1.42 (br, 1H), 1.43 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 154.8, 149.3, 147.5 (d, JC−F = 296 Hz),
140.7, 130.1, 128.5, 128.4, 128.1, 126.3, 124.1 (d, JC−F = 9.9 Hz), 122.4,
80.4, 47.1 (d, JC−F = 3.6 Hz), 36.3, 32.0, 28.4.
Phenyl (S,E)-3-((tert-Butoxycarbonyl)amino)-5-phenylpent-1-

ene-1-sulfonate (9-(H)). Prepared following procedure B using 1.45
g of phosphonate IV, 1.24 g boc-homophenylalaninal or boc-
homophenylalanine aldehyde or boc-hPhe-H (VI), and 6.0 mL 1 M
LHMDS in 25 mL THF. Column chromatography: cyclohexane/
EtOAc 5:1. (E)-isomer: Yield 0.80 g (41%). 1H NMR (300 MHz,
CDCl3): δ 7.43−7.35 (m, 2H), 7.35−7.27 (m, 3H), 7.27−7.20 (m,
3H), 7.18−7.10 (m, 2H), 6.76 (dd, J = 15.1, 5.1 Hz, 1H), 6.48 (dd, J =
15.1, 1.5 Hz, 1H), 4.58 (d, J = 8.2 Hz, 1H), 4.33 (s, 1H), 2.77−2.52 (m,
2H), 1.98−1.72 (m, 2H), 1.49 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
154.9, 150.4, 149.6, 140.2, 130.0, 128.8, 128.4, 127.4, 126.6, 124.4,
122.6, 80.5, 51.0, 35.6, 32.0, 28.4.
tert-Butyl (S,E)-(1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)carbamate (10). Synthesized following procedure B using 0.92 g
phosphonate 7, 0.74 g boc-homophenylalaninal or boc-homophenyla-
lanine aldehyde or boc-hPhe-H (VI), and 2.8 mL KHMDS (1 M in
THF) in 14 mL THF. Column chromatography: DCM/EtOAc 100:1.
(E)-isomer: yield: 0.57 g (47%). 1HNMR (300MHz, CDCl3): δ 7.39−
7.16 (m, 8H), 7.10 (d, J = 7.0 Hz, 2H), 5.76 (dd, JH−F = 32.8 Hz, JH−H =
8.1 Hz, 1H), 4.59−4.38 (m, 2H), 4.35 (s, 2H), 2.62−2.38 (m, 2H),
1.91−1.64 (m, 3H), 1.45 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
154.8, 152.1 (d, JC−F = 300 Hz), 140.5, 131.0, 129.5, 129.2, 128.7,
128.4, 126.8, 126.4, 120.9 (d, JC−F = 3.1 Hz), 80.3, 58.9, 46.1, 36.2, 31.8,
28.5. The (Z)-isomer was not isolated.
tert-Butyl (S,E)-(1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-

1-en-3-yl)carbamate (11). Synthesized following procedure B using
0.93 g phosphonate 5, 0.75 g boc-Met-H, and 3.15mL LHMDS (1M in
THF) in 20 mL THF. Column chromatography: Petroleum ether/
EtOAc 3:1. (E)-isomer: Yield 0.88 g (75%). 1H NMR (300 MHz,
CDCl3): δ 7.94 (d, J = 7.8 Hz, 2H), 7.70 (t, J = 7.3 Hz, 1H), 7.58 (t, J =
7.6 Hz, 2H), 6.21 (br d, JH−F = 31.5 Hz, 1H), 4.74 (br s, 1H), 4.55 (br s,
1H), 2.57−2.40 (m, 2H), 2.07 (s, 3H), 2.00−1.78 (m, 2H), 1.37 (s,
9H). 13C NMR (75 MHz, CDCl3): δ 154.9, 154.7 (d, JC−F = 300 Hz),
137.1, 134.7, 129.6, 128.8, 118.0 (d, JC−F = 4.6 Hz), 80.4, 46.0 (d, JC−F =
1.0 Hz), 33.8, 30.2, 28.3, 15.7. The (Z)-isomer was not further
characterized.
tert-Butyl (R,E)-(1-(Benzylthio)-4-fluoro-4-(phenylsulfonyl)but-3-

en-2-yl)carbamate (12). Synthesized following procedure B using 0.55
g phosphonate 5, 0.55 g boc-L-Cys(Bn)-H, and 1.85 mL LHMDS (1 M
in THF) in 10 mL THF. Column chromatography: Petroleum ether/
EtOAc 3:1. (E)-isomer: yield 0.44 g (54%). 1H NMR (300 MHz,

CDCl3): δ 8.00−7.92 (m, 3H), 7.75−7.53 (m, 5H), 7.30−7.27 (m,
3H), 6.23 (dd, JH−F = 31.8 Hz, JH−H = 8.5Hz, 1H), 4.83 (s, 1H), 4.59 (s,
1H), 3.70 (s, 2H), 2.73−2.44 (m, 2H), 1.39 (s, 9H). 13C NMR (75
MHz, CDCl3): δ 156.9, 154.8, 137.5, 137.1, 135.0, 134.7, 129.7, 129.6,
129.2, 129.0, 128.9, 128.8, 127.5, 117.5, 80.5, 46.0, 36.7, 35.4, 28.4.

Peptide Chemistry. Coupling Protocols. Procedure C. The
specified carboxylic acid (1.0 equiv) and HOBt (1.0 equiv) were
dissolved in DCM (8 mL) and cooled to 0 °C. DIEA (3.0 equiv) was
added slowly, and the mixture was stirred until all materials were
solubilized. TBTU (1.0 equiv) was added in one portion and the
mixture was stirred for 15 min at 0 °C. The specific amine (1.0 equiv)
was dissolved in DCM and added dropwise to the reaction mixture.
After stirring for 12 h at rt, DCMwas removed in vacuo and the residue
was dissolved in EtOAc. The organic phase was washed with water
(5×), conc. NaHCO3 (2×), and 1 M aq HCl (2×) and then dried with
Na2SO4. Evaporation of the solvent gave the crude product, which was
purified by column chromatography.

Procedure D. The specified carboxylic acid (1.0 equiv) and TBTU
(1.0 equiv) were dissolved in DCM and cooled to 0 °C. DIEA (3.0
equiv) was added and themixture was stirred for 15min. The respective
amine (1.0 equiv) was added in one portion. After stirring for 12 h at rt,
DCM was removed in vacuo, and the residue was dissolved in EtOAc.
The organic phase was washed with water (5×), conc. NaHCO3 (2×),
and 1 M aq HCl (2×) and then dried with Na2SO4. Evaporation of the
solvent gave the crude product, which was purified by column
chromatography.

Procedure E. The respective carboxylic acid (IX or X, 1.0 equiv) and
HOBt (1.0 equiv) were dissolved in DMF (5 mL) and cooled to 0 °C.
DIEA (3.0 equiv) was added and the mixture was stirred for 15 min.
The respective amine (1.0 equiv) was added in one portion and the
mixture was stirred for 12 h at rt. EtOAc was added and aqueous work-
up was performed with 5% aq LiCl (5×), water (2×), and saturated aq
NaHCO3 (2×). After evaporation of the solvent, the residue was
purified by column chromatography.

Removal of Boc Groups. Procedure F. Boc-protected compounds
(8−10) were dissolved in 4MHCl/dioxane solution (5−10mL). After
stirring for 30 min at rt, dioxane was evaporated in vacuo and the
residue was washed several times with diethyl ether. The precipitate was
collected and dried under reduced pressure. The amines were obtained
as hydrochloride salts and were sufficiently pure to be used in the next
step without further purification.

Procedure G. Boc-protected compounds (11−12) were dissolved in
DCM (10mL) and cooled to 0 °C. 1mL TFA was added dropwise, and
the resulting mixture was stirred for 1 h. After evaporation to dryness in
high vacuum, the residue was washed with diethyl ether and collected
by filtration. The amines were obtained as TFA salt and directly used for
the next step.

(S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-amine
Hydrochloride (13). Prepared following procedure F using 0.60 g of
compound 8 in 12mL 4MHCl/dioxane. Yield: 0.47 g (93%). 1HNMR
(300MHz, DMSO-d6): δ 8.65 (s, 3H), 8.03 (d, J = 7.8 Hz, 2H), 7.89 (t,
J = 7.3Hz, 1H), 7.77 (t, J = 7.6Hz, 2H), 7.32−7.13 (m, 3H), 7.06 (d, J =
7.3 Hz, 2H), 6.54 (dd, JH−F = 33Hz, JH−H = 9.8 Hz, 1H), 4.09−3.90 (m,
1H), 2.62−2.34 (m, 2H), 2.25−2.07 (m, 1H), 2.07−1.89 (m, 1H). 13C
NMR (75 MHz, DMSO-d6): δ 155.2 (d, JC−F = 301 Hz), 139.9, 135.9,
135.6, 130.2, 128.54, 128.45, 128.1, 126.2, 114.5 (d, JC−F = 3.7 Hz),
45.0 (d, JC−F = 2.7 Hz), 33.4 (d, JC−F = 1.4 Hz), 30.5.

Phenyl (S,E)-3-Amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate
Hydrochloride (14). Prepared following procedure F using 0.3 g of
compound 9 in 7 mL 4 MHCl/dioxane. Yield: 0.23 g (89%). 1H NMR
(300 MHz, DMSO-d6): δ 8.72 (s, 3H), 7.56−7.47 (m, 2H), 7.47−7.37
(m, 3H), 7.31 (t, J = 7.2 Hz, 2H), 7.26−7.19 (m, 1H), 7.19−7.09 (m,
2H), 6.42 (dd, JH−F = 32 Hz, JH−H = 9.7 Hz, 1H), 4.15 (td, J = 9.2, 5.3
Hz, 1H), 2.48−2.32 (m, 2H), 2.19−2.01 (m, 1H), 2.00−1.81 (m, 1H).
13C NMR (75 MHz, DMSO-d6): δ 149.3 (d, JC−F = 300 Hz), 148.6,
140.0, 130.6, 128.5, 128.4, 128.1, 126.3, 122.0, 118.4 (d, JC−F = 3.2 Hz),
45.2 (d, JC−F = 2.2 Hz), 40.4, 33.3, 30.4.

Phenyl (S,Z)-3-Amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate
Hydrochloride (14-(Z)). Prepared following procedure F using 0.2 g
of compound 9-(Z) in 7 mL 4MHCl/dioxane. Yield: 0.16 g (93%). 1H
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NMR (300 MHz, DMSO-d6): δ 8.68 (s, 3H), 7.59−7.45 (m, 2H),
7.44−7.13 (m, 6H), 7.08−6.98 (m, 2H), 6.73 (dd, JH−F = 21.2 Hz, JH−H
= 10.6 Hz, 1H), 4.27 (q, J = 7.8, 1H), 2.29−2.02 (m, 2H), 1.95−1.80
(m, 1H), 1.68−1.47 (m, 1H). 13CNMR (75MHz, DMSO-d6): δ 148.3,
148.1 (d, JC−F = 288 Hz), 140.1, 130.6, 128.7, 128.4, 128.0, 126.1,
122.1, 120.6 (d, J = 16 Hz), 45.9 (d, JC−F = 6.7 Hz), 34.3, 30.2.
Phenyl (S,E)-3-Amino-5-phenylpent-1-ene-1-sulfonate Hydro-

chloride (14-(H)). Prepared following procedure F using 0.78 g of
compound 9-(H) in 14 mL 4 M HCl/dioxane. Yield: 0.34 g (51%). 1H
NMR (300 MHz, DMSO-d6): δ 8.64 (s, 3H), 7.50−7.41 (m, 2H),
7.41−7.34 (m, 2H), 7.34−7.24 (m, 3H), 7.24−7.17 (m, 1H), 7.16−
7.10 (m, 2H), 6.81 (dd, JH−H = 15.3, 6.8 Hz, 1H), 4.15−3.95 (m, 1H),
2.61−2.38 (m, 2H), 2.10−1.84 (m, 2H). 13C NMR (75 MHz, DMSO-
d6): δ 149.0, 145.3, 140.3, 130.1, 128.5, 128.2, 127.6, 127.6, 126.2,
122.6, 50.1, 33.3, 30.4.
(S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-amine Hy-

drochloride (15). Prepared following procedure F using 0.46 g of
compound 10 in 10 mL 4 M HCl/dioxane. Yield: 0.37 g (95%). 1H
NMR (300 MHz, DMSO-d6): δ 8.66 (s, 3H), 7.48−7.27 (m, 7H),
7.26−7.09 (m, 3H), 6.13 (dd, JH−F = 33Hz, JH−H = 9.9Hz, 1H), 4.87 (s,
2H), 4.04 (td, J = 9.3, 5.0 Hz, 1H), 2.39 (t, J = 8.1 Hz, 2H), 2.13−1.97
(m, 1H), 1.91−1.74 (m, 1H). 13C NMR (75MHz, DMSO-d6): δ 154.1
(d, JC−F = 304 Hz), 140.2, 131.2, 129.0, 128.7, 128.5, 128.2, 127.0,
126.2, 115.7 (d, JC−F = 2.9 Hz), 57.6, 45.0 (d, JC−F = 2.2 Hz), 33.5, 30.4.
(S,E)-1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-1-en-3-

aminium 2,2,2-Trifluoroacetate (16). Prepared following procedure G
with 0.88 g compound 11. Yield: 0.60 g (65%). 1H NMR (300 MHz,
DMSO-d6): δ 7.89−7.82 (m, 2H), 7.82−7.63 (m, 1H), 7.57−7.52 (m,
2H), 6.21 (d, JH−F = 32 Hz, 1H), 4.46 (m, 1H), 2.69−2.41 (m, 2H),
2.06 (s, 3H), 2.05−1.75 (m, 2H).
(R,E)-1-(Benzylthio)-4-fluoro-4-(phenylsulfonyl)but-3-en-2-ami-

nium 2,2,2-Trifluoroacetate (17). Prepared following procedure G
with 0.44 g compound 12. Yield: 0.37 g (81%). 1H NMR (300 MHz,
DMSO-d6): δ 8.04 (s, 3H), 7.95−7.84 (m, 2H), 7.77−7.55 (m, 4H),
7.25−7.19 (m, 4H), 6.44 (dd, JH−F = 30 Hz, JH−H = 9.1 Hz, 1H), 4.20−
4.01 (m, 1H), 3.71 (s, 2H), 2.91−2.62 (m, 2H). 13C NMR (75 MHz,
DMSO-d6): δ 161.4, 160.8, 155.5, 136.6, 135.5, 135.0, 129.9, 129.7,
129.2, 129.1, 128.9, 127.9, 117.3, 113.5, 111.1, 77.2, 46.2, 36.2, 33.3.
tert-Butyl ((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)-

pent-1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate
(18). Synthesized following procedure C with 0.180 g compound 13,
0.135 g boc-L-Phe-OH, 0.162 g TBTU, 0.078 g HOBt, and 0.265 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.21 g (73%). 1H NMR (300 MHz, CDCl3): δ
8.00−7.89 (m, 2H), 7.79−7.68 (m, 1H), 7.67−7.55 (m, 2H), 7.39−
7.12 (m, 8H), 7.10−7.00 (m, 2H), 6.00 (dd, JH−F = 32 Hz, JH−H = 8.5
Hz, 1H), 5.82 (d, J = 8.0 Hz, 1H), 4.91 (s, 1H), 4.69 (quint, J = 7.7 Hz,
1H), 4.20 (q, J = 7.5Hz, 1H), 3.04 (dd, J = 13.7, 6.6 Hz, 1H), 2.95 (dd, J
= 13.7, 7.6 Hz, 1H), 2.52 (t, J = 7.2 Hz, 2H), 1.96−1.75 (m, 2H), 1.40
(s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.8, 155.6, 154.8 (d, JC−F =
301 Hz), 140.4, 137.1, 136.6, 134.8, 129.7, 129.4, 129.0, 128.8, 128.7,
128.4, 127.3, 126.4, 117.3 (d, JC−F = 4.7 Hz), 80.6, 56.2, 45.0, 38.4, 35.7,
31.8, 28.4.
Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-phenylpro-

panamido)-1-fluoro-5-phenylpent-1-Ene-1-sulfonate (19). Synthe-
sized following procedure C with 0.160 g compound 14, 0.114 g boc-
Phe-OH, 0.138 g TBTU, 0.066 g HOBt, and 0.225 mL DIEA.
Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.20 g (78%). 1H NMR (300 MHz, CDCl3): δ 7.47−7.35 (m,
2H), 7.35−7.10 (m, 9H), 7.08−6.95 (m, 4H), 5.65 (d, J = 7.9 Hz, 1H),
5.60 (dd, JH−F = 32 Hz, JH−H = 8.3 Hz, 1H), 5.02 (d, J = 7.1 Hz, 1H),
4.68 (q, J = 7.4 Hz, 1H), 4.18 (dd, J = 8.6, 5.6 Hz, 1H), 3.04 (dd, J =
13.4, 6.2 Hz, 1H), 2.85 (dd, J = 13.4, 8.4 Hz, 1H), 2.55−2.35 (m, 2H),
1.83−1.60 (m, 2H), 1.41 (s, 9H). 13C NMR (75 MHz, CDCl3): δ
170.8, 155.8, 149.4, 149.0 (d, JC−F = 297 Hz), 147.0, 140.1, 136.5,
130.2, 129.3, 129.0, 128.8, 128.4, 128.0, 127.4, 126.6, 122.5, 121.3 (d,
JC−F = 5.1 Hz), 80.6, 56.2, 44.8, 38.7, 35.3, 31.7, 28.4.
Phenyl (S,Z)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-phenylpro-

panamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (19-(Z)). Syn-
thesized following procedure C with 0.128 g compound 14-(Z), 0.091 g
boc-L-Phe-OH, 0.110 g TBTU, 0.053 g HOBt, and 0.204 mL DIEA.

Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.150 g (81%). 1H NMR (300 MHz, CDCl3): δ 7.46−7.08 (m,
13H), 6.97 (d, J = 6.8 Hz, 2H), 5.94−5.59 (m, 2H), 4.96 (s, 1H), 4.80
(q, J = 8.2 Hz, 1H), 4.25−4.11 (m, 1H), 3.14−2.87 (m, 2H), 2.44−2.17
(m, 2H), 1.82−1.61 (m, 1H), 1.53−1.42 (m, 1H), 1.41 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 171.0, 155.6, 149.2, 148.0 (d, JC−F = 289
Hz), 140.6, 136.7, 130.2, 129.5, 128.9, 128.6, 128.4, 128.1, 127.2, 126.3,
123.0, 123.0 (d, JC−F = 12 Hz), 80.6, 56.1, 46.1 (d, JC−F = 5.9 Hz), 38.5,
35.7, 31.8, 28.4.

tert-Butyl ((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-
1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (20). Syn-
thesized following procedure C with 0.230 g compound 15, 0.165 g
boc-L-Phe-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL DIEA.
Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.30 g (85%). 1H NMR (300 MHz, CDCl3): δ 7.42−7.15 (m,
11H), 7.13−6.97 (m, 4H), 5.68 (d, J = 8.0 Hz, 1H), 5.53 (dd, JH−F = 33
Hz, JH−H = 8.9 Hz, 1H), 4.99 (br s, 1H), 4.68 (quint, J = 7.8 Hz, 1H),
4.35 (s, 2H), 4.18 (q, J = 7.9 Hz, 1H), 3.03 (dd, J = 13.5, 6.4 Hz, 1H),
2.91 (dd, J = 13.5, 8.0 Hz, 1H), 2.49−2.29 (m, 2H), 1.70−1.56 (m,
2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.6, 155.6, 152.3
(d, JC−F = 301 Hz), 140.3, 136.6, 131.0, 129.5, 129.4, 129.2, 129.0,
128.7, 128.4, 127.3, 126.7, 126.5, 119.7 (d, JC−F = 4.0 Hz), 80.6, 58.8,
56.2, 44.7 (d, JC−F = 1.3 Hz), 38.6, 35.5 (d, JC−F = 1.4 Hz), 31.7, 28.4.

tert-Butyl ((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)-
pent-1-en-3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)carbamate
(21). Synthesized following procedure C with 0.220 g compound 13,
0.173 g boc-L-Phe(3-Me)-OH, 0.198 g TBTU, 0.095 g HOBt, and
0.330 mL DIEA. Purification by column chromatography (petroleum
ether/EtOAc 3:1). Yield: 0.28 g (77%). 1H NMR (300 MHz, CDCl3):
δ 8.00−7.88 (m, 2H), 7.76−7.65 (m, 1H), 7.64−7.53 (m, 2H), 7.31−
7.12 (m, 4H), 7.11−6.88 (m, 5H), 6.04 (dd, JH−F = 32.1 Hz, JH−H = 8.4
Hz, 1H), 5.93 (d, J = 8.0 Hz, 1H), 4.92 (s, 1H), 4.78−4.59 (m, 1H),
4.21 (q, J = 7.3 Hz, 1H), 3.01 (dd, J = 13.8, 6.6 Hz, 1H), 2.92 (dd, J =
13.8, 7.5 Hz, 1H), 2.58−2.46 (m, 2H), 2.31 (s, 3H), 1.93−1.77 (m,
2H), 1.41 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.9, 155.62, 154.9
(d, JC−F = 303 Hz), 140.4, 138.7, 137.1, 136.5, 134.8, 130.1, 129.7,
128.9, 128.8, 128.7, 128.4, 128.1, 126.4, 126.4, 117.4 (d, JC−F = 3.6 Hz),
80.6, 56.2, 45.2, 38.2, 35.8, 31.8, 28.4, 21.5.

Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-(m-tolyl)-
propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (22). Syn-
thesized following procedure C with 0.280 g compound 14, 0.210 g
boc-L-Phe(3-Me)-OH, 0.242 g TBTU, 0.115 g HOBt, and 0.40 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.34 g (75%). 1H NMR (300 MHz, CDCl3): δ 7.40
(t, J = 7.3 Hz, 2H), 7.35−7.08 (m, 7H), 7.08−7.00 (m, 3H), 6.91 (s,
1H), 6.80 (d, J = 7.3 Hz, 1H), 5.78 (d, J = 7.7 Hz, 1H), 5.65 (dd, JH−F =
31.4 Hz, JH−H = 8.3 Hz, 1H), 5.04 (s, 1H), 4.70 (quint, J = 8.2, 7.0 Hz,
1H), 4.18 (quint, J = 8.7, 8.0 Hz, 1H), 3.01 (dd, J = 13.3, 6.1 Hz, 1H),
2.83 (dd, J = 13.3, 8.6 Hz, 1H), 2.55−2.37 (m, 2H), 2.28 (s, 3H), 1.81−
1.65 (m, 2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.9,
155.6, 149.4, 149.0 (d, JC−F = 297 Hz), 140.2, 138.7, 136.5, 130.2,
130.0, 128.9, 128.8, 128.4, 128.1, 128.0, 126.5, 126.4, 122.4, 121.3 (d,
JC−F = 4.9 Hz), 80.6, 56.2, 44.9 (d, JC−F = 1.2 Hz), 38.5, 35.4 (d, JC−F =
0.9 Hz), 31.7, 28.4, 21.4.

tert-Butyl ((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-
1-en-3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)carbamate (23).
Synthesized following procedure C with 0.230 g compound 15, 0.174
g boc-L-Phe(3-Me)-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.28 g (69%). 1H NMR (300 MHz, CDCl3): δ
7.41−7.12 (m, 9H), 7.04 (d, J = 7.3 Hz, 3H), 6.94 (s, 1H), 6.85 (d, J =
7.3 Hz, 1H), 5.73 (d, J = 7.8 Hz, 1H), 5.56 (dd, JH−F = 32.8 Hz, JH−H =
8.8Hz, 1H), 4.99 (s, 1H), 4.69 (quint, J = 8.3, 7.8Hz, 1H), 4.34 (s, 2H),
4.18 (q, J = 8.7 Hz, 1H), 3.01 (dd, J = 13.6, 6.5 Hz, 1H), 2.87 (dd, J =
13.6, 7.9 Hz, 1H), 2.49−2.33 (m, 2H), 2.30 (s, 3H), 1.72−1.57 (m,
2H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.7, 155.6, 152.3
(d, JC−F = 301 Hz), 140.4, 138.7, 136.5, 131.1, 130.1, 129.5, 129.2,
128.9, 128.7, 128.4, 128.1, 126.7, 126.5, 119.8 (d, JC−F = 4.2 Hz), 80.6,
58.8, 56.2, 44.8 (d, JC−F = 1.3 Hz), 38.4, 35.6, 31.7, 28.4, 21.5.
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tert-Butyl ((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)-
pent-1-en-3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)carbamate
(24). Synthesized following procedure C with 0.200 g compound 13,
0.173 g boc-L-Phe(4-Me)-OH, 0.198 g TBTU, 0.095 g HOBt, and 0.30
mL DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.25 g (77%). 1H NMR (300 MHz, CDCl3): δ 7.94
(d, J = 7.8 Hz, 2H), 7.70 (t, J = 7.2 Hz, 1H), 7.59 (t, J = 7.6 Hz, 2H),
7.35−6.92 (m, 9H), 6.03 (dd, JH−F = 32.0 Hz, JH−H = 8.4 Hz, 1H), 5.89
(d, J = 8.0 Hz, 1H), 4.93 (s, 1H), 4.70 (quint, J = 7.4 Hz, 1H), 4.20 (q, J
= 7.2Hz, 1H), 3.01 (dd, J = 13.6, 6.4 Hz, 1H), 2.91 (dd, J = 13.6, 7.6Hz,
1H), 2.52 (t, J = 7.5 Hz, 2H), 2.33 (s, 3H), 1.95−1.77 (m, 2H), 1.41 (s,
9H). 13C NMR (75MHz, CDCl3): δ 170.9, 155.6, 154.8 (d, JC−F = 301
Hz), 140.4, 137.2, 137.0, 134.7, 133.4, 129.70, 129.65, 129.3, 128.8,
128.7, 128.4, 126.4, 117.4 (d, JC−F = 4.4 Hz), 80.5, 56.2, 45.0, 38.0, 35.8,
31.8, 28.4, 21.2.
Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-(p-tolyl)-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (25). Syn-
thesized following procedure C with 0.292 g compound 14, 0.220 g
boc-L-Phe(4-Me)-OH, 0.252 g TBTU, 0.121 g HOBt, and 0.410 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.39 g (83%). 1H NMR (300 MHz, CDCl3): δ
7.47−7.35 (m, 2H), 7.35−7.15 (m, 6H), 7.10−6.98 (m, 4H), 6.92 (d, J
= 8.0 Hz, 2H), 5.75 (d, J = 7.9 Hz, 1H), 5.62 (dd, JH−F = 31 Hz, JH−H =
9.0 Hz, 1H), 5.05 (d, J = 7.8 Hz, 1H), 4.70 (quint, J = 7.7 Hz, 1H),
4.20−4.08 (m, 1H), 3.00 (dd, J = 13.5, 6.1 Hz, 1H), 2.81 (dd, J = 13.5,
8.3Hz, 1H), 2.53−2.36 (m, 2H), 2.29 (s, 3H), 1.83−1.62 (m, 2H), 1.41
(s, 9H). 13C NMR (75 MHz, CDCl3): δ 170.9, 155.6, 149.4, 149.0 (d,
JC−F = 297 Hz), 140.2, 137.0, 133.3, 130.2, 129.7, 129.2, 128.8, 128.4,
128.0, 126.5, 122.4, 121.4, 121.3, 80.6, 56.3, 44.8 (d, JC−F = 1.5 Hz),
38.3, 35.4, 31.7, 28.4, 21.1.
Phenyl (S,E)-3-((S)-2-((tert-Butoxycarbonyl)amino)-3-(p-tolyl)-

propanamido)-5-phenylpent-1-ene-1-sulfonate (25-(H)). Synthe-
sized following procedure C with 0.34 g compound 14-(H), 0.28 g
boc-L-Phe(4-Me)-OH, 0.32 g TBTU, 0.14 g HOBt, and 0.70 mLDIEA.
Purification by column chromatography (cyclohexane/EtOAc 4:1).
Yield: 0.24 g (42%). 1H NMR (300 MHz, CDCl3): δ 7.42−7.32 (m,
2H), 7.31−7.02 (m, 12H), 6.52 (dd, JH−H = 15.2, 4.6 Hz, 1H), 5.92 (dd,
JH−H = 37.5, 11.8 Hz, 2H), 5.00 (s, 1H), 4.63−4.47 (m, 1H), 4.31−4.18
(q, 1H), 3.08−2.89 (m, 2H), 2.62−2.42 (m, 2H), 2.31 (s, 3H), 1.88−
1.60 (m, 2H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 171.1,
149.5, 149.1, 140.1, 137.3, 133.0, 129.8 (d, J = 3.6 Hz), 129.1 (d, J = 6.7
Hz), 128.6, 128.3, 127.3, 126.4, 124.4, 122.6, 56.5, 49.2, 35.1, 31.7, 28.3,
21.0. mp 93−95 °C.
tert-Butyl ((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-

1-en-3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)carbamate (26).
Synthesized following procedure C with 0.230 g compound 15, 0.174
g boc-L-Phe(4-Me)-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.290 g (79%). 1H NMR (300 MHz, CDCl3): δ
7.43−7.14 (m, 8H), 7.12−6.99 (m, 4H), 6.96 (d, J = 7.4 Hz, 2H), 5.66
(d, J = 7.8 Hz, 1H), 5.54 (dd, JH−F = 32.9 Hz, JH−H = 8.7 Hz, 1H), 4.98
(s, 1H), 4.69 (quint, J = 8.3 Hz, 1H), 4.34 (s, 2H), 4.15 (q, J = 7.8, 7.4
Hz, 1H), 3.01 (dd, J = 13.6, 5.9 Hz, 1H), 2.85 (dd, J = 13.6, 8.0 Hz, 1H),
2.54−2.33 (m, 2H), 2.30 (s, 3H), 1.70−1.55 (m, 3H), 1.42 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 170.7, 155.6, 152.3 (d, JC−F = 301 Hz),
140.4, 137.0, 133.4, 131.0, 129.7, 129.5, 129.3, 129.2, 128.7, 128.4,
126.7, 126.5, 119.8 (d, JC−F = 4.0 Hz), 80.5, 58.8, 56.2, 44.7 (d, JC−F =
1.6 Hz), 38.1, 35.6, 31.7, 28.4, 21.2.
(S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-aminium Chloride (27). Synthe-
sized by following procedure F with 0.21 g of compound 18 in 10 mL 4
M HCl/dioxane. Yield: 0.19 g (99%) The crude product was used
without further purification and characterization for the next step.
(S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-aminium Chloride (28). Synthe-
sized by following procedure F with 0.20 g of compound 19 in 8mL 4M
HCl/dioxane. Yield: 0.18 g (99%). The crude product was used without
further purification and characterization for the next step.
(S)-1-(((S,Z)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-aminium Chloride (28-(Z)).
Synthesized by following procedure F with 0.15 g of compound 19-

(Z) in 8 mL 4MHCl/dioxane. Yield: 0.13 g (99%). The crude product
was used without further purification and characterization for the next
step.

(S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-yl)-
amino)-1-oxo-3-phenylpropan-2-aminium Chloride (29). Synthe-
sized by following procedure F with 0.30 g of compound 20 in 10 mL 4
M HCl/dioxane. Yield: 0.26 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-
yl)amino)-1-oxo-3-(m-tolyl)propan-2-aminium Chloride (30). Syn-
thesized by following procedure F with 0.28 g of compound 21 in 8 mL
4 M HCl/dioxane. Yield: 0.25 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(m-tolyl)propan-2-aminium Chloride (31). Syn-
thesized by following procedure F with 0.34 g of compound 22 in 10
mL 4MHCl/dioxane. Yield: 0.30 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-yl)-
amino)-1-oxo-3-(m-tolyl)propan-2-aminium Chloride (32). Synthe-
sized by following procedure F with 0.28 g of compound 23 in 8mL 4M
HCl/dioxane. Yield: 0.25 g (99%). The crude product was used without
further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-aminium Chloride (33). Syn-
thesized by following procedure F with 0.25 g of compound 24 in 8 mL
4 M HCl/dioxane. Yield: 0.22 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-aminium Chloride (34). Syn-
thesized by following procedure F with 0.39 g of compound 25 in 10
mL 4MHCl/dioxane. Yield: 0.34 g (99%). The crude product was used
without further purification and characterization for the next step.

(S)-1-Oxo-1-(((S,E)-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-yl)-
amino)-3-(p-tolyl)propan-2-aminium Chloride (34-(H)). Synthesized
by following procedure F with 0.20 g of compound 25-(H) in 4 mL 4M
HCl/dioxane. Yield: 0.15 g (89%), colorless solid. 1HNMR (300MHz,
DMSO-d6): δ 9.06 (d, J = 8.4 Hz, 1H), 8.57 (s, 3H), 7.48−7.38 (m,
2H), 7.37−7.21 (m, 5H), 7.20−6.97 (m, 7H), 6.58 (dd, J = 15.3, 4.4
Hz, 1H), 6.21 (dt, J = 15.3, 2.1 Hz, 1H), 4.46 (s, 1H), 4.17 (s, 1H),
3.17−2.94 (m, 2H), 2.63−2.50 (m, 2H), 2.23 (d, J = 2.7 Hz, 3H),
1.82−1.62 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 167.8, 150.5,
149.1, 141.1, 136.4, 131.7, 130.0, 129.2 (d, J = 5.5 Hz), 128.3 (d, J = 6.1
Hz), 127.4, 125.9, 123.4, 122.6, 53.5, 49.2, 34.3, 31.1, 20.7.

(S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-yl)-
amino)-1-oxo-3-(p-tolyl)propan-2-aminium Chloride (35). Synthe-
sized by following procedure F with 0.29 g of compound 26 in 10 mL 4
M HCl/dioxane. Yield: 0.26 g (99%). The crude product was used
without further purification and characterization for the next step.

Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-phenylpropa-
namido)-5-phenylpent-1-ene-1-sulfonate (2a). Synthesized by fol-
lowing procedure E with 0.14 g of compound 14, 0.10 g compound X,
0.13 g TBTU, 0.062 HOBt, and 0.21 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3 to 0:1. Yield: 0.16 g
(73%), colorless solid. mp 71−73 °C. 1H NMR (300 MHz, CDCl3): δ
8.70 (d, J = 5.9 Hz, 2H), 7.64 (d, J = 6.0 Hz, 2H), 7.51 (d, J = 7.6 Hz,
1H), 7.45−7.34 (m, 2H), 7.34−7.11 (m, 9H), 7.12−7.02 (m, 2H), 6.97
(d, J = 6.6 Hz, 2H), 6.22 (d, J = 7.6 Hz, 1H), 5.61 (dd, JH−F = 31.0 Hz,
JH−H = 9.2Hz, 1H), 4.80−4.62 (m, 2H), 3.22 (dd, J = 13.3, 6.2 Hz, 1H),
2.96 (dd, J = 13.3, 9.0 Hz, 1H), 2.52−2.27 (m, 2H), 1.82−1.55 (m,
2H). 13C NMR (75MHz, CDCl3): δ 170.2, 164.8, 149.3, 149.2 (d, JC−F
= 297 Hz), 147.2, 142.1, 139.9, 136.0, 130.3, 129.3, 129.1, 128.8, 128.3,
128.1, 127.7, 126.6, 122.4, 121.8, 120.94 (d, JC−F = 4.8 Hz), 55.7, 44.9
(d, JC−F = 1.9 Hz), 38.9, 35.3, 31.7. mp 71−73 °C. LC−MS (ESI,m/z):
[M + H]+ calcd for C32H30FN3O5S, 588.20; found, 588.3. Purity: 97%.
[α]D

22 10° (c 0.5, CHCl3).
Phenyl (S,Z)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-phenylpropa-

namido)-5-phenylpent-1-ene-1-sulfonate (2a-(Z)). Synthesized by
following procedure E with 0.10 g of compound 14-(Z), 0.073 g
compound X, 0.086 g TBTU, 0.041 g HOBt, and 0.14 mL DIEA.
Column chromatography: petroleum ether/EtOAc 1:3. Yield: 0.12 g
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(79%), colorless solid. 1H NMR (300 MHz, CDCl3): δ 8.65 (d, J = 5.5
Hz, 2H), 7.85 (d, J = 7.4 Hz, 1H), 7.60 (d, J = 5.3 Hz, 2H), 7.44−7.07
(m, 14H), 6.98−6.83 (m, 2H), 6.38 (d, J = 7.2Hz, 1H), 5.58 (dd, JH−F =
20.5 Hz, JH−H = 10.1 Hz, 1H), 4.96 (dt, J = 14.8, 6.6 Hz, 1H), 4.77 (q, J
= 7.7Hz, 1H), 3.24 (dd, J = 13.5, 6.6 Hz, 1H), 3.08 (dd, J = 13.4, 8.7Hz,
1H), 2.37−2.22 (m, 1H), 2.20−2.08 (m, 1H), 1.69−1.52 (m, 1H),
1.43−1.32 (m, 1H). 13C NMR (75 MHz, CDCl3): δ 170.7, 164.9,
149.3, 149.1, 148.25 (d, JC−F = 290 Hz), 141.9, 140.3, 136.4, 130.2,
129.5, 129.0, 128.6, 128.7, 128.2, 127.5, 126.4, 122.5 (d, JC−F = 11.4
Hz), 122.3, 121.8, 55.8, 45.9 (d, JC−F = 5.5 Hz), 38.6, 35.8 (d, JC−F = 2.3
Hz), 31.6. mp 173−175 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C32H30FN3O5S, 588.20; found, 588.3. Purity: 95%. [α]D

22 13° (c 0.5,
CHCl3).
Phenyl (S,E)-3-((S)-2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbox-

amido)-3-phenylpropanamido)-1-fluoro-5-phenylpent-1-ene-1-
sulfonate (2b). Synthesized by following procedure D with 0.10 g of
compound 28, 0.035 g 1,4-benzodioxane-6-carboxylic acid, 0.062 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
ether/EtOAc 2:1. Yield: 0.088 g (71%), colorless solid. 1H NMR (300
MHz, CDCl3): δ 7.46−7.35 (m, 2H), 7.35−7.10 (m, 11H), 7.04 (d, J =
6.5 Hz, 2H), 6.96−6.80 (m, 4H), 6.60 (d, J = 7.4 Hz, 1H), 5.60 (dd,
JH−F = 31.0 Hz, JH−H = 9.0 Hz, 1H), 4.82 (q, J = 7.4 Hz, 1H), 4.67
(quint, J = 7.8 Hz, 1H), 4.34−4.19 (m, 4H), 3.17 (dd, J = 13.2, 6.2 Hz,
1H), 2.96 (dd, J = 13.2, 8.6 Hz, 1H), 2.45−2.26 (m, 2H), 1.72−1.52
(m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.9, 167.0, 149.4, 149.0 (d,
JC−F = 297 Hz), 147.0, 143.6, 140.1, 136.3, 130.2, 129.4, 129.0, 128.6,
128.3, 128.0, 127.4, 126.4, 122.4, 121.4 (d, JC−F = 4.4 Hz), 120.7, 117.5,
116.8, 64.7, 64.3, 55.2, 44.8 (d, JC−F = 2.0 Hz), 38.9, 35.2 (d, JC−F = 1.5
Hz), 31.6. mp 167−168 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C35H33FN2O7S, 645.2; found, 645.3. Purity: 98%. [α]D

22 12° (c 1,
CHCl3).
Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-(p-tolyl)-

propanamido)-5-phenylpent-1-ene-1-sulfonate (2d). Synthesized
by following procedure D with 0.12 g of compound 34, 0.028 g
isonicotinic acid, 0.073 g TBTU, and 0.12 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.10 g (77%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.69 (d, J = 3.5Hz, 2H),
7.56 (d, J = 3.5 Hz, 2H), 7.44−7.36 (m, 3H), 7.36−7.12 (m, 7H), 7.06
(d, J = 7.7 Hz, 2H), 7.01−6.88 (m, 4H), 6.29 (d, J = 7.7 Hz, 1H), 5.62
(dd, JH−F = 31.0 Hz, JH−H = 9.1Hz, 1H), 4.81−4.63 (m, 2H), 3.16 (dd, J
= 13.4, 5.7 Hz, 1H), 2.92 (dd, J = 12.9, 9.6Hz, 1H), 2.47−2.30 (m, 2H),
2.27 (s, 3H), 1.80−1.56 (m, 3H). 13C NMR (75 MHz, CDCl3): δ
170.3, 165.3, 150.4, 149.3, 149.2 (d, JC−F = 297 Hz), 141.0, 139.9,
137.4, 132.8, 130.2, 129.8, 129.2, 128.8, 128.2, 128.1, 126.6, 122.4,
121.2, 120.9 (d, JC−F = 5.2 Hz), 55.6, 44.8 (d, JC−F = 1.6 Hz), 38.6, 35.4,
31.6, 21.1. mp 78−79 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C33H32FN3O5S, 602.21; found, 602.3. Purity: 97%. [α]D

22 8° (c 0.5,
MeOH).
Phenyl (S ,E ) -3- ( (S ) -2- ( I sonicot inamido)-3- ( (p-to ly l ) -

propanamido)-5-phenylpent-1-ene-1-sulfonate (2d-(H)). Synthe-
sized by following procedure D with 0.21 g of compound 34-(H),
0.054 g isonicotinic acid, 0.014 g TBTU, and 0.28 mL DIEA. Column
chromatography: cyclohexane/EtOAc 1:3. Yield: 0.080 g (35%),
colorless solid. 1H NMR (300 MHz, CDCl3): δ 8.71 (d, J = 13.0 Hz,
2H), 7.65 (d, J = 21.2 Hz, 2H), 7.52−7.41 (m, 1H), 7.42−7.32 (m,
1H), 7.32−7.23 (m, 3H), 7.22−7.15 (m, 4H), 7.15−7.03 (m, 2H),
7.02−6.90 (m, 2H), 6.71−6.59 (m, 1H), 6.51 (dd, J = 15.2, 5.1 Hz,
1H), 6.32 (d, J = 7.7Hz, 1H), 5.99 (dd, J = 15.2, 1.5Hz, 1H), 4.92−4.73
(m, 1H), 4.53 (s, 1H), 3.29−3.13 (m, 1H), 3.07 (dd, J = 13.5, 8.9 Hz,
1H), 2.60−2.40 (m, 2H), 2.32 (s, 3H), 1.83−1.58 (m, 3H). 13C NMR
(75 MHz, CDCl3): δ 170.5, 164.5, 149.4, 148.7, 139.9, 137.6, 132.7,
129.9, 129.1, 128.7, 128.3, 127.4, 126.5, 124.6, 122.5, 126.6, 55.9, 49.6,
35.1, 31.7, 21.1. mp 84−86 °C. LC−MS (ESI,m/z): [M+H]+ calcd for
C33H33N3O5S, 584.21; found, 584.3. Purity: 98%. [α]D

22 11° (c 0.5,
MeOH).
Phenyl (S,E)-3-((S)-2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbox-

amido)-3-(p-tolyl)propan-amido)-1-fluoro-5-phenylpent-1-ene-1-
sulfonate (2e). Synthesized by following procedure D with 0.100 g of
compound 34, 0.034 g 1,4-benzodioxane-6-carboxylic acid, 0.060 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum

ether/EtOAc 2:1. Yield: 0.094 g (78%), colorless solid. 1H NMR (300
MHz, CDCl3): δ 7.46−7.35 (m, 2H), 7.34−7.23 (m, 5H), 7.23−7.12
(m, 4H), 7.03 (d, J = 7.9 Hz, 2H), 6.97−6.88 (m, 4H), 6.88−6.78 (m,
2H), 6.58 (d, J = 7.7 Hz, 1H), 5.61 (dd, JH−F = 31.2 Hz, JH−H = 9.1 Hz,
1H), 4.85−4.60 (m, 2H), 4.34−4.20 (m, 4H), 3.12 (dd, J = 13.3, 6.1
Hz, 1H), 2.91 (dd, J = 13.3, 8.6 Hz, 1H), 2.44−2.30 (m, 2H), 2.26 (s,
3H), 1.72−1.55 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.9, 166.8,
149.4, 148.9 (d, JC−F = 296 Hz), 147.1, 143.6, 140.1, 137.1, 133.2,
130.2, 129.6, 129.3, 128.6, 128.3, 128.0, 126.4, 122.4, 121.5 (d, JC−F =
4.6 Hz), 120.6, 117.5, 116.8, 64.7, 64.3, 55.3, 44.7 (d, JC−F = 1.7 Hz),
38.5, 35.3, 31.6, 21.1. mp 92−93 °C. LC−MS (ESI, m/z): [M + H]+

calcd for C36H35FN2O7S, 659.22; found, 659.3. Purity: 95%. [α]D
22 26°

(c 1, MeOH).
Phenyl (S,E)-3-((S)-2-(3,5-Difluorobenzamido)-3-(p-tolyl)-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (2f). Syn-
thesized by following procedure Dwith 0.10 g of compound 34, 0.030 g
3,5-difluorobenzoic acid, 0.060 g TBTU, and 0.10 mL DIEA. Column
chromatography: petroleum ether/EtOAc 3:1. Yield: 0.097 g (81%),
colorless solid. 1H NMR (300 MHz, CDCl3): δ 7.46−7.10 (m, 12H),
7.04 (d, J = 7.8 Hz, 2H), 6.99−6.84 (m, 5H), 6.23 (d, J = 7.7 Hz, 1H),
5.58 (dd, JH−F = 31.0 Hz, JH−H = 9.2 Hz, 1H), 4.80−4.60 (m, 2H), 3.15
(dd, J = 13.3, 6.0 Hz, 1H), 2.91 (dd, J = 13.3, 9.1 Hz, 1H), 2.49−2.31
(m, 2H), 2.26 (s, 3H), 1.73−1.56 (m, 2H). 13C NMR (75 MHz,
CDCl3): δ 170.6, 164.9 (t, JC−F = 2.6 Hz), 163.0 (dd, JC−F = 251, 12
Hz), 149.3, 149.2 (d, JC−F = 297 Hz), 140.0, 137.4, 136.8 (t, JC−F = 8.5
Hz), 132.9, 130.2, 129.8, 129.2, 128.7, 128.3, 128.1, 126.6, 122.4, 121.0
(d, J = 5.0 Hz), 110.5 (dd, JC−F = 26.2, 8.8 Hz), 107.4 (t, JC−F = 25.4
Hz), 55.8, 44.9 (d, JC−F = 2.4 Hz), 38.5, 35.4 (d, JC−F = 1.6 Hz), 31.7,
21.1. mp 175−177 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C34H31F3N2O5S, 637.20; found, 637.2. Purity: >99%. [α]D

22 7° (c 0.5,
CHCl3).

Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-(m-tolyl)-
propanamido)-5-phenylpent-1-ene-1-sulfonate (2g). Synthesized
by following procedure D with 0.11 g of compound 31, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.096 g (77%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.62 (d, J = 4.6Hz, 2H),
7.49 (d, J = 4.0 Hz, 2H), 7.39−7.03 (m, 11H), 6.97 (d, J = 7.3 Hz, 1H),
6.94−6.81 (m, 3H), 6.74 (d, J = 7.3 Hz, 1H), 6.10 (d, J = 7.5 Hz, 1H),
5.57 (dd, JH−F = 31.0 Hz, JH−H = 9.1 Hz, 1H), 4.74−4.50 (m, 2H), 3.11
(dd, J = 13.1, 5.7 Hz, 1H), 2.88−2.78 (m, 1H), 2.39−2.21 (m, 2H),
2.17 (s, 3H), 1.72−1.49 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.2, 165.3, 150.3, 149.33, 149.25 (d, JC−F = 297 Hz), 147.3, 141.2,
139.9, 138.9, 136.0, 130.2, 130.0, 129.0, 128.8, 128.5, 128.2, 128.1,
126.6, 126.4, 122.4, 121.2, 120.9 (d, JC−F = 5.0 Hz), 55.5, 45.0 (d, JC−F =
2.0 Hz), 38.9, 35.4, 31.6, 21.4. mp 67−68 °C. LC−MS (ESI, m/z): [M
+ H]+ calcd for C33H32FN3O5S, 602.21; found, 602.3. Purity: >99%.
[α]D

22 8° (c 0.5, CHCl3).
Phenyl (S,E)-3-((S)-2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carbox-

amido)-3-(m-tolyl)propanamido)-1-fluoro-5-phenylpent-1-ene-1-
sulfonate (2h). Synthesized by following procedure D with 0.10 g of
compound 31, 0.034 g 1,4-benzodioxane-6-carboxylic acid, 0.060 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
ether/EtOAc 2:1. Yield: 0.088 g (72%), colorless solid. 1H NMR (300
MHz, CDCl3): δ 7.37−7.27 (m, 2H), 7.27−6.99 (m, 10H), 6.94 (d, J =
7.7 Hz, 1H), 6.91−6.80 (m, 3H), 6.80−6.70 (m, 3H), 6.52 (d, J = 7.7
Hz, 1H), 5.57 (dd, JH−F = 31.1 Hz, JH−F = 9.1 Hz, 1H), 4.73 (q, J = 7.9
Hz, 1H), 4.59 (quint, J = 7.6 Hz, 1H), 4.26−4.09 (m, 4H), 3.07 (dd, J =
13.4, 6.3 Hz, 1H), 2.85 (dd, J = 13.4, 8.5 Hz, 1H), 2.38−2.19 (m, 2H),
2.15 (s, 3H), 1.65−1.46 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.9, 166.9, 149.4, 149.0 (d, JC−F = 297 Hz), 147.1, 143.6, 140.1,
138.7, 136.3, 130.2, 130.1, 128.8, 128.6, 128.3, 128.2, 128.0, 126.8,
126.5, 126.4, 122.4, 121.4 (d, JC−F = 3.6 Hz), 120.6, 117.5, 116.8, 64.7,
64.3, 55.2, 44.9 (d, JC−F = 1.1 Hz), 38.8, 35.3, 31.6, 21.4. mp 126−128
°C. LC−MS (ESI, m/z): [M + H]+ calcd for C36H35FN2O7S, 659.22;
found, 659.3. Purity: 98%. [α]D

22 3° (c 0.5, MeOH).
Phenyl (S,E)-3-((S)-2-(3,5-Difluorobenzamido)-3-(m-tolyl)-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (2i). Syn-
thesized by following procedure Dwith 0.10 g of compound 31, 0.030 g
3,5-difluorobenzoic acid, 0.060 g TBTU, and 0.10 mL DIEA. Column
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chromatography: petroleum ether/EtOAc 3:1. Yield: 0.075 g (62%),
colorless solid. 1H NMR (300 MHz, CDCl3): δ 7.36−7.27 (m, 2H),
7.28−7.03 (m, 10H), 7.03−6.94 (m, 2H), 6.94−6.80 (m, 4H), 6.74 (d,
J = 7.4 Hz, 1H), 5.82 (d, J = 7.7 Hz, 1H), 5.54 (dd, JH−F = 30.9 Hz, JH−H
= 9.1 Hz, 1H), 4.68−4.52 (m, 2H), 3.10 (dd, J = 13.4, 6.0 Hz, 1H), 2.80
(dd, J = 13.3, 9.1 Hz, 1H), 2.41−2.21 (m, J = 7.2 Hz, 2H), 2.19 (s, 3H),
1.68−1.57 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.3, 165.0 (t,
JC−F = 2.7 Hz), 163.0 (dd, JC−F = 251, 12 Hz), 149.4, 149.3 (d, JC−F =
298 Hz), 139.9, 139.0, 137.0, 136.9, 136.8, 136.1, 130.2, 130.0, 129.1,
128.8, 128.5, 128.3, 128.1, 126.6, 126.4, 122.4, 120.9 (d, JC−F = 5.0 Hz),
110.5 (dd, JC−F = 26, 8.7 Hz), 107.5 (t, JC−F = 25Hz), 55.6, 45.0 (d, JC−F
= 2.3 Hz), 38.8, 35.4, 31.6, 21.4. mp 129−130 °C. LC−MS (ESI,m/z):
[M +H]+ calcd for C34H31F3N2O5S, 637.20; found, 637.3. Purity: 96%.
[α]D

22 9° (c 0.5, MeOH).
Phenyl (S,E)-3-((S)-2-(((Benzyloxy)carbonyl)amino)-3-phenylpro-

panamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (2j). Synthe-
sized by following procedure E with 0.090 g of compound 14, 0.076 g
Cbz-L-Phe-OH, 0.082 g TBTU, 0.039 g HOBt, and 0.13 mL DIEA.
Column chromatography: petroleum ether/EtOAc 2:1. Yield: 0.12 g
(78%), colorless solid. 1H NMR (300 MHz, CDCl3): δ 7.48−7.14 (m,
17H), 7.06−6.92 (m, 4H), 5.56 (dd, JH−F = 31.1 Hz, JH−H = 9.0 Hz,
2H), 5.32 (d, J = 5.7 Hz, 1H), 5.06 (s, 2H), 4.68 (quint, J = 7.5 Hz, 1H),
4.22 (d, J = 6.6 Hz, 1H), 3.07 (dd, J = 13.4, 6.0 Hz, 1H), 2.83 (dd, J =
13.4, 8.6 Hz, 1H), 2.52−2.30 (m, 2H), 1.80−1.64 (m, 2H). 13C NMR
(75 MHz, CDCl3): δ 170.3, 156.4, 149.4, 149.0 (d, JC−F = 297 Hz),
140.1, 136.2, 136.1, 130.2, 129.3, 129.1, 128.8, 128.7, 128.5, 128.3,
128.2, 128.0, 127.5, 126.6, 122.5, 121.1 (d, JC−F = 4.6 Hz), 67.4, 56.6,
44.9 (d, JC−F = 1.1 Hz), 38.9, 35.2, 31.7. mp 127−128 °C. LC−MS
(ESI, m/z): [M + H]+ calcd for C34H33FN2O6S, 617.21; found, 617.4.
Purity: >99%. [α]D

22 17° (c 0.5, CHCl3).
Phenyl (S,E)-1-Fluoro-3-((S)-2-(4-methylpiperazine-1-carboxami-

do)-3-phenylpropanamido)-5-phenylpent-1-ene-1-sulfonate (2k).
Synthesized by following procedure E with 0.11 g of compound 14,
0.086 g compound IX, 0.095 g TBTU, and 0.155 mL DIEA. Column
chromatography: DCM/MeOH 95:5. Yield: 0.096 g (59%), colorless
solid. 1H NMR (300 MHz, CDCl3): δ 7.45−7.35 (m, 2H), 7.35−7.14
(m, 10H), 7.06−6.93 (m, 4H), 6.62 (d, J = 7.6Hz, 1H), 5.62 (dd, JH−F =
31.2 Hz, JH−H = 9.1 Hz, 1H), 5.21 (d, J = 7.6 Hz, 1H), 4.66 (quint, J =
7.7 Hz, 1H), 4.45 (q, J = 7.9 Hz, 1H), 3.42−3.24 (m, 4H), 3.05 (dd, J =
13.4, 6.5 Hz, 1H), 2.88 (dd, J = 13.4, 8.4 Hz, 1H), 2.49−2.33 (m, 6H),
2.31 (s, 3H), 1.78−1.52 (m, 3H). 13C NMR (75 MHz, CDCl3): δ
171.8, 156.9, 149.4, 148.9 (d, JC−F = 297 Hz), 140.2, 136.8, 130.2,
129.4, 128.9, 128.7, 128.4, 128.0, 127.3, 126.5, 122.4, 121.5 (d, JC−F =
5.1 Hz), 56.1, 54.4, 45.9, 44.7, 43.6, 39.1, 35.4, 31.6. mp 109−110 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C32H37FN4O5S, 608.26;
found, 609.3. Purity: >99%. [α]D

22 10° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (3a). Syn-
thesized by following procedure E with 0.11 g of compound 15,
0.080 g compound X, 0.095 g TBTU, 0.045 g HOBt, and 0.155 mL
DIEA. Column chromatography: pure EtOAc. Yield: 0.14 g (81%),
colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.97 (d, J = 7.9 Hz,
1H), 8.71 (d, J = 4.4 Hz, 2H), 8.35 (d, J = 7.8 Hz, 1H), 7.70 (d, J = 4.4
Hz, 2H), 7.44−7.08 (m, 15H), 5.81 (dd, JH−F = 34.1 Hz, JH−H = 8.8 Hz,
1H), 4.75 (s, 2H), 4.70−4.50 (m, 2H), 3.19−2.87 (m, 2H), 2.49−2.39
(m, 3H), 1.86−1.56 (m, 2H). 13C NMR (75 MHz, DMSO): δ 170.4,
164.8, 151.4 (d, JC−F = 298 Hz), 150.2, 140.9, 140.9, 137.9, 131.0,
129.1, 128.8, 128.6, 128.30, 128.29, 128.1, 127.5, 126.4, 125.9, 121.4,
120.4 (d, JC−F = 3.8 Hz), 57.6, 55.0, 43.7 (d, JC−F = 2.0 Hz), 37.0, 35.0,
30.9. mp 169−171 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C33H32FN3O4S, 586.22; found, 586.4. Purity: 96%. [α]D

22 9° (c 0.5,
MeOH).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (3b). Synthesized by following procedure D
with 0.100 g of compound 29, 0.036 g 1,4-benzodioxane-6-carboxylic
acid, 0.064 g TBTU, and 0.104 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to pure EtOAc. Yield: 0.096 g (75%),
colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.44 (d, J = 8.1 Hz,
1H), 8.24 (d, J = 8.0 Hz, 1H), 7.45−7.09 (m, 17H), 6.89 (d, J = 8.3 Hz,

1H), 5.82 (dd, JH−F = 34.2 Hz, JH−H = 9.0 Hz, 1H), 4.74 (s, 2H), 4.65−
4.47 (m, 2H), 4.34−4.16 (m, 4H), 3.11−2.91 (m, 2H), 2.48−2.35 (m,
2H), 1.87−1.54 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 171.0,
165.4, 151.3 (d, JC−F = 297 Hz), 146.1, 142.8, 140.9, 138.2, 131.0,
129.1, 128.7, 128.6, 128.3, 128.1, 127.5, 127.0, 126.2, 125.9, 120.9,
120.5 (d, JC−F = 3.9 Hz), 116.6, 116.5, 64.3, 64.0, 57.6, 55.0, 43.6 (d,
JC−F = 2.4 Hz), 36.9, 35.0, 30.9. mp 204−206 °C (decomposition).
LC−MS (ESI, m/z): [M + H]+ calcd for C36H35FN2O6S, 643.23;
found, 643.3. Purity: >99%. [α]D

22 7° (c 0.5, CHCl3/MeOH 1:1).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-phenylpropan-2-yl)-3,5-difluorobenzamide (3c).
Synthesized by following procedure D with 0.120 g of compound 29,
0.037 g 3,5-difluorobenzoic acid, 0.075 g TBTU, and 0.12 mL DIEA.
Column chromatography: petroleum ether/EtOAc 3:1. Yield: 0.094 g
(65%), colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.86 (d, J =
8.2 Hz, 1H), 8.35 (d, J = 7.9 Hz, 1H), 7.56−7.41 (m, 3H), 7.41−7.10
(m, 16H), 5.81 (dd, JH−F = 34.2 Hz, JH−H = 9.1 Hz, 1H), 4.75 (s, 2H),
4.69−4.51 (m, 2H), 3.09 (dd, J = 13.7, 5.1 Hz, 1H), 2.97 (dd, J = 13.7,
10.1 Hz, 1H), 2.49−2.40 (m, 2H), 1.86−1.57 (m, 2H). 13C NMR (75
MHz, DMSO-d6): δ 170.48, 163.7 (t, JC−F = 2.8 Hz), 162.2 (dd, JC−F =
251, 12 Hz), 151.4 (d, JC−F = 298 Hz), 140.9, 137.9, 137.4 (t, JC−F = 8.5
Hz), 137.3, 131.0, 129.1, 128.8, 128.6, 128.3, 128.1, 127.5, 126.4, 126.0,
120.4 (d, JC−F = 4.1 Hz), 110.8 (dd, JC−F = 27, 8.7 Hz), 106.9 (t, JC−F =
26 Hz), 57.6, 55.2, 43.7 (d, JC−F = 2.3 Hz), 37.0, 35.0, 30.9. mp 194−
196 °C (decomposition). LC−MS (ESI, m/z): [M + H]+ calcd for
C34H31F3N2O4S, 621.2; found, 621.3. Purity: >99%. [α]D

22 6° (c 0.5,
CHCl3).

N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)isonicotinamide (3d). Syn-
thesized by following procedure Dwith 0.11 g of compound 35, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.091 g (73%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.69 (d, J = 6.0Hz, 2H),
7.61−7.53 (m, 2H), 7.43−7.28 (m, 6H), 7.25−7.14 (m, 3H), 7.07 (d, J
= 7.8 Hz, 2H), 7.01−6.88 (m, 4H), 6.19 (d, J = 7.9 Hz, 1H), 5.55 (dd,
JH−F = 32.6 Hz, JH−H = 9.2 Hz, 1H), 4.76−4.59 (m, 2H), 4.36 (s, 2H),
3.14 (dd, J = 13.5, 6.0 Hz, 1H), 2.93 (dd, J = 13.4, 8.6 Hz, 1H), 2.44−
2.19 (m, 5H), 1.75−1.50 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.2, 165.1, 152.5 (d, JC−F = 301 Hz), 141.3, 140.1, 137.3, 132.8,
131.0, 129.8, 129.5, 129.3, 129.2, 128.7, 128.3, 126.7, 126.5, 121.3,
119.4 (d, JC−F = 4.3 Hz), 58.7, 55.6, 44.7 (d, JC−F = 2.2 Hz), 38.4, 35.6
(d, JC−F = 1.6 Hz), 31.6, 21.2. mp 181−183 °C. LC−MS (ESI, m/z):
[M + H]+ calcd for C34H34FN3O4S, 600.24; found, 600.4. Purity: 95%.
[α]D

22 13° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (3e). Synthesized by following procedure D
with 0.110 g of compound 35, 0.037 g 1,4-benzodioxane-6-carboxylic
acid, 0.067 g TBTU, and 0.108 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1 to 0:1. Yield: 0.10 g (76%), colorless solid.
1HNMR (300MHz, DMSO-d6): δ 8.41 (d, J = 8.0Hz, 1H), 8.23 (d, J =
8.0 Hz, 1H), 7.43−7.23 (m, 9H), 7.23−7.11 (m, 5H), 7.04 (d, J = 7.9
Hz, 2H), 6.89 (d, J = 8.4 Hz, 1H), 5.81 (dd, JH−F = 34.3 Hz, JH−H = 9.1
Hz, 1H), 4.74 (s, 2H), 4.63−4.47 (m, 2H), 4.32−4.18 (m, 4H), 3.05−
2.87 (m, 2H), 2.49−2.39 (m, 2H), 2.22 (s, 3H), 1.86−1.57 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ 171.0, 165.4, 151.3 (d, JC−F = 297
Hz), 146.0, 142.8, 140.9, 135.14, 135.10, 131.0, 129.0, 128.8, 128.7,
128.6, 128.3, 127.5, 127.0, 125.9, 121.0, 120.5 (d, JC−F = 3.7 Hz), 116.6,
116.5, 64.3, 64.0, 57.6, 55.1, 43.6 (d, JC−F = 1.6 Hz), 36.6, 35.0, 30.9,
20.6. mp 193−195 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C37H37FN2O6S, 657.25; found, 657.4. Purity: 97%. [α]D

22 8° (c 0.5,
CHCl3/MeOH 1:1).

N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-
yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)-3,5-difluorobenzamide
(3f). Synthesized by following procedure D with 0.12 g of compound
35, 0.036 g 3,5-difluorobenzoic acid, 0.073 g TBTU, and 0.12 mL
DIEA. Column chromatography: petroleum ether/EtOAc 3:1 to pure
EtOAc. Yield: 0.12 g (81%), colorless solid. 1H NMR (300 MHz,
DMSO-d6): δ 8.82 (d, J = 8.1 Hz, 1H), 8.32 (d, J = 8.0 Hz, 1H), 7.61−
7.40 (m, 3H), 7.40−7.23 (m, 8H), 7.23−7.10 (m, 5H), 7.05 (d, J = 7.9
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Hz, 2H), 5.79 (dd, JH−F = 33.9 Hz, JH−H = 9.3 Hz, 1H), 4.75 (s, 2H),
4.65−4.48 (m, 2H), 3.02 (dd, J = 13.5, 5.1 Hz, 1H), 2.92 (dd, J = 13.6,
10.0 Hz, 1H), 2.48−2.39 (m, 1H), 2.22 (s, 3H), 1.83−1.56 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ 170.5, 163.86, 163.7 (t, JC−F = 2.6
Hz), 162.1 (dd, JC−F = 251, 12 Hz), 151.3 (d, JC−F = 298 Hz), 140.9,
137.4 (t, JC−F = 8.4 Hz), 135.3, 134.8, 131.0, 129.0, 128.7, 128.6, 128.3,
127.5, 126.0, 120.4 (d, JC−F = 4.0 Hz), 110.8 (dd, JC−F = 26, 8.4 Hz),
106.9 (t, JC−F = 25 Hz), 57.6, 55.3, 43.7 (d, JC−F = 1.5 Hz), 36.6, 35.0,
30.9, 20.6. mp 196−198 °C (decomposition). LC−MS (ESI,m/z): [M
+ H]+ calcd for C35H33F3N2O4S, 635.22; found, 635.3. Purity: 95%.
[α]D

22 9° (c 0.5, MeOH/CHCl3 1:1).
Phenyl (S,E)-1-Fluoro-3-((S)-2-(isonicotinamido)-3-(m-tolyl)-

propanamido)-5-phenylpent-1-ene-1-sulfonate (3g). Synthesized
by following procedure D with 0.11 g of compound 32, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.086 g (69%),
colorless solid. 1HNMR (300MHz, CDCl3): δ 8.68 (d, J = 4.7Hz, 2H),
7.56 (d, J = 5.7 Hz, 2H), 7.40 (d, J = 7.6 Hz, 1H), 7.37−7.28 (m, 5H),
7.25−7.11 (m, 4H), 7.04 (d, J = 7.6 Hz, 1H), 6.99−6.90 (m, 3H), 6.84
(d, J = 7.5 Hz, 1H), 6.24 (d, J = 7.8 Hz, 1H), 5.57 (dd, JH−F = 32.5 Hz,
JH−H = 9.1Hz, 1H), 4.78−4.58 (m, 2H), 4.36 (s, 2H), 3.15 (dd, J = 13.4,
6.2 Hz, 1H), 2.93 (dd, J = 13.4, 8.5 Hz, 1H), 2.43−2.26 (m, 2H), 2.24
(s, 3H), 1.74−1.48 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.2,
165.2, 152.5 (d, JC−F = 301 Hz), 150.3, 141.2, 140.1, 138.8, 136.0,
131.0, 130.0, 129.5, 129.2, 129.0, 128.7, 128.4, 128.3, 126.7, 126.5,
126.5, 121.2, 119.4 (d, JC−F = 4.1 Hz), 58.7, 55.5, 44.8 (d, JC−F = 2.3
Hz), 38.7, 35.6, 35.7, 31.6, 21.4. mp 81−82 °C. LC−MS (ESI, m/z):
[M + H]+ calcd for C34H34FN3O4S, 600.24; found, 600.4. Purity: 95%.
[α]D

22 7° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (3h). Synthesized by following procedure D
with 0.11 g of compound 32, 0.037 g 1,4-benzodioxane-6-carboxylic
acid, 0.067 g TBTU and 0.11 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to 0:1. Yield: 0.094 g (69%), colorless
solid. 1H NMR (300 MHz, DMSO-d6): δ 8.43 (d, J = 8.1 Hz, 1H), 8.25
(d, J = 8.0 Hz, 1H), 7.46−7.23 (m, 9H), 7.23−7.03 (m, 6H), 6.97 (d, J
= 7.2 Hz, 1H), 6.90 (d, J = 8.3Hz, 1H), 5.83 (dd, JH−F = 34.2 Hz, JH−H =
9.0 Hz, 1H), 4.74 (s, 2H), 4.64−4.49 (m, 2H), 4.39−4.17 (m, 4H),
3.08−2.86 (m, 2H), 2.49−2.38 (m, 2H), 2.23 (s, 3H), 1.87−1.55 (m,
2H). 13C NMR (75 MHz, DMSO-d6): δ 171.0, 165.5, 151.3 (d, JC−F =
298 Hz), 146.1, 142.8, 140.9, 138.2, 137.0, 131.0, 129.8, 128.7, 128.6,
128.3, 127.9, 127.5, 127.1, 126.9, 126.2, 125.9, 120.9, 120.5 (d, JC−F =
4.2 Hz), 116.6, 116.5, 64.3, 64.0, 57.6, 55.0, 43.6 (d, JC−F = 0.9 Hz),
36.9, 35.1, 30.9, 21.0. mp 188−190 °C. LC−MS (ESI, m/z): [M + H]+

calcd for C37H37FN2O6S, 657.25; found, 657.4. Purity >99%. [α]D
22 11°

(c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-(Benzylsulfonyl)-1-fluoro-5-phenylpent-1-en-3-

yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)-3,5-difluorobenzamide
(3i). Synthesized by following procedure D with 0.12 g of compound
32, 0.036 g 3,5-difluorobenzoic acid, 0.073 g TBTU, and 0.12 mL
DIEA. Column chromatography: petroleum ether/EtOAc 2:1. Yield:
0.11 g (77%), colorless solid. 1H NMR (300 MHz, DMSO-d6): δ 8.83
(d, J = 8.1 Hz, 1H), 8.33 (d, J = 7.8 Hz, 1H), 7.61−7.02 (m, 17H), 6.98
(d, J = 7.1 Hz, 1H), 5.81 (dd, JH−F = 34.1 Hz, JH−H = 9.0 Hz, 1H), 4.74
(s, 2H), 4.67−4.46 (m, 2H), 3.04 (dd, J = 13.5, 4.7 Hz, 1H), 2.93 (dd, J
= 13.5, 4.7 Hz, 1H), 2.48−2.39 (m, 2H), 2.23 (s, 3H), 1.83−1.59 (m,
2H). 13CNMR (75MHz, DMSO-d6): δ 170.5, 163.8 (t, JC−F = 2.7 Hz),
162.1 (dd, JC−F = 247 Hz, 13 Hz), 151.3 (d, JC−F = 298 Hz), 140.9,
137.9, 137.5 (t, JC−F = 8.5 Hz), 137.1, 131.0, 129.8, 128.8, 128.6, 128.3,
128.0, 127.5, 127.0, 126.2, 126.0, 120.42 (d, JC−F = 3.5 Hz), 110.8 (dd,
JC−F = 25Hz, 8.6 Hz), 106.8 (t, JC−F = 26Hz), 57.6, 55.2, 43.7 (d, JC−F =
2.0 Hz), 36.9, 35.0, 30.9, 21.0. mp 176−178 °C. LC−MS (ESI, m/z):
[M+H]+ calcd for C35H33F3N2O4S, 635.22; found, 635.3. Purity >99%.
[α]D

22 6° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (4a).11

Synthesized by following procedure E with 0.14 g of compound 13,
0.107 g compound X, 0.13 g TBTU, 0.062 g HOBt, and 0.21 mLDIEA.
Column chromatography: DCM/MeOH 19:1. Yield: 0.17 g (75%),

colorless solid. 1HNMR (300MHz, CDCl3): δ 8.71 (br, 2H), 7.95 (d, J
= 7.5 Hz, 2H), 7.76−7.54 (m, 5H), 7.50 (d, J = 7.4 Hz, 1H), 7.40−7.08
(m, 8H), 6.99 (d, J = 6.4 Hz, 2H), 6.40 (d, J = 7.7 Hz, 1H), 6.03 (dd,
JH−F = 31.9 Hz, JH−H = 8.8 Hz, 1H), 4.87−4.60 (m, 2H), 3.21 (dd, J =
13.5, 6.3 Hz, 1H), 3.08 (dd, J = 13.5, 8.2 Hz, 1H), 2.49 (t, J = 7.4 Hz,
2H), 1.96−1.68 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.3, 164.9,
155.1 (d, JC−F = 301 Hz), 149.4, 142.1, 140.2, 137.1, 136.2, 134.9,
129.7, 129.4, 129.1, 128.8, 128.7, 128.3, 127.7, 126.50, 121.7, 117.0 (d,
JC−F = 5.3 Hz), 55.6, 45.1, 38.8, 35.7 (d, JC−F = 1.9 Hz), 31.8. mp 184−
187 °C. LC−MS (ESI, m/z): [M + H]+ calcd for C32H30FN3O4S,
572.20; found, 572.4. Purity: 95%. [α]D

22 11° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-2,3-dihydrobenzo[b][1,4]-
dioxine-6-carboxamide (4b). Synthesized by following procedure D
with 0.100 g of compound 27, 0.036 g 1,4-benzodioxane-6-carboxylic
acid, 0.064 g TBTU, and 0.104 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1. Yield: 0.084 g (67%), colorless solid. 1H
NMR (300MHz, DMSO-d6): δ 8.43 (d, J = 8.0Hz, 1H), 8.35 (d, J = 7.8
Hz, 1H), 7.94 (dt, J = 7.3, 1.7 Hz, 2H), 7.85 (tt, J = 7.3, 1.2 Hz, 1H),
7.73 (tt, J = 6.7, 1.1 Hz, 2H), 7.43−7.06 (m, 12H), 6.89 (d, J = 8.3 Hz,
1H), 6.30 (dd, JH−F = 34.0 Hz, JH−H = 8.9 Hz, 1H), 4.68−4.47 (m, 2H),
4.33−4.18 (m, 4H), 3.10−2.90 (m, 2H), 2.59−2.50 (m, 2H), 1.96−
1.73 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 171.0, 165.4, 153.0
(d, JC−F = 296 Hz), 146.1, 142.8, 140.8, 138.2, 136.6, 135.2, 130.1,
129.1, 128.27, 128.26, 128.1, 128.0, 127.0, 126.3, 125.9, 120.9, 119.2 (d,
JC−F = 4.8 Hz), 116.6, 116.5, 64.3, 64.0, 54.9, 43.8 (d, JC−F = 1.6 Hz),
36.9, 35.0 (d, JC−F = 2.3 Hz), 31.0. mp 187−189 °C. LC−MS (ESI, m/
z): [M + H]+ calcd for C35H33FN2O6S, 629.2; found, 629.3. Purity
>99%. [α]D

22 3° (c 0.5, CHCl3).
3 , 5 -D ifluo ro -N - ( ( S ) - 1 - ( ( ( S , E ) - 1 -fluo r o - 5 - pheny l - 1 -

(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-
yl)benzamide (4c). Synthesized by following procedure D with 0.124 g
of compound 27, 0.039 g 3,5-difluorobenzoic acid, 0.079 g TBTU, and
0.125 mL DIEA. Column chromatography: petroleum ether/EtOAc
2:1. Yield: 0.12 g (81%), colorless solid. 1H NMR (300 MHz, CDCl3):
δ 7.99−7.90 (m, 2H), 7.73−7.63 (m, 1H), 7.57 (t, J = 7.6 Hz, 2H),
7.37−7.09 (m, 12H), 7.00−6.91 (m, 2H), 6.87 (tt, J = 8.5, 2.3 Hz, 1H),
6.37 (d, J = 7.7 Hz, 1H), 5.96 (dd, JH−F = 31.8 Hz, JH−H = 8.9 Hz, 1H),
4.82−4.61 (m, 2H), 3.14 (dd, J = 13.5, 6.4 Hz, 1H), 3.03 (dd, J = 13.5,
8.2 Hz, 1H), 2.45 (t, J = 7.7Hz, 2H), 1.88−1.72 (m, 2H). 13CNMR (75
MHz, CDCl3): δ 170.6, 165.0 (t, JC−F = 2.8 Hz), 163.0 (dd, JC−F = 251,
12 Hz), 155.2 (d, JC−F = 301 Hz), 140.2, 137.1, 136.8 (t, JC−F = 8.3 Hz),
136.2, 134.8, 129.7, 129.4, 129.1, 128.8, 128.7, 128.3, 127.6, 126.5,
116.9 (d, JC−F = 5.1 Hz), 110.5 (dd, JC−F = 27, 8.7 Hz), 107.4 (t, JC−F =
25 Hz), 55.7, 45.1 (d, JC−F = 1.5 Hz), 38.7, 35.7, 31.8. mp 90−92 °C.
LC−MS (ESI,m/z): [M+H]+ calcd for C33H29F3N2O4S, 607.2; found,
607.3. Purity: 95%. [α]D

22 5° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)isonicotinamide (4d).
Synthesized by following procedure D with 0.10 g of compound 33,
0.024 g isonicotinic acid, 0.063 g TBTU, and 0.10 mL DIEA. Column
chromatography: pure EtOAc. Yield: 0.094 g (83%), colorless solid. 1H
NMR (300 MHz, CDCl3): δ 8.69 (d, J = 3.8 Hz, 2H), 7.95 (d, J = 7.7
Hz, 2H), 7.70 (t, J = 7.3 Hz, 1H), 7.65−7.46 (m, 4H), 7.30−7.23 (m,
1H), 7.23−7.01 (m, 7H), 6.96 (d, J = 6.8 Hz, 2H), 6.32 (d, J = 7.8 Hz,
1H), 6.01 (dd, JH−F = 31.9 Hz, JH−H = 8.8 Hz, 1H), 4.84−4.60 (m, 2H),
3.15 (dd, J = 13.6, 5.7 Hz, 1H), 3.01 (dd, J = 13.4, 8.2 Hz, 1H), 2.46 (t, J
= 7.6 Hz, 2H), 2.32 (s, 3H), 1.90−1.73 (m, 2H). 13C NMR (75 MHz,
CDCl3): δ 170.3, 165.4, 155.12 (d, JC−F = 301 Hz), 150.7, 140.8, 140.1,
137.4, 137.1, 134.8, 132.9, 129.8, 129.7, 129.3, 128.8, 128.7, 128.3,
126.5, 121.0, 116.9 (d, JC−F = 4.8 Hz), 55.4, 45.0 (d, JC−F = 1.7 Hz),
38.4, 35.8, 31.8, 21.2. mp 84−86 °C. LC−MS (ESI, m/z): [M + H]+

calcd for C33H32FN3O4S, 586.22; found, 586.4. Purity: 96%. [α]D
22 12°

(c 0.5, MeOH).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-yl)-2,3-dihydrobenzo[b]-
[1,4]dioxine-6-carboxamide (4e). Synthesized by following procedure
Dwith 0.065 g of compound 33, 0.023 g 1,4-benzodioxane-6-carboxylic
acid, 0.041 g TBTU, and 0.066 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to 1:1. Yield: 0.057 g (70%), colorless
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solid. 1H NMR (300 MHz, CDCl3): δ 8.00−7.90 (m, 2H), 7.75−7.65
(m, 1H), 7.64−7.53 (m, 2H), 7.26 (s, 1H), 7.23−7.03 (m, 8H), 6.93
(dd, J = 7.8, 1.5 Hz, 2H), 6.85 (d, J = 8.4 Hz, 1H), 6.79 (d, J = 7.7 Hz,
1H), 6.70 (d, J = 7.9 Hz, 1H), 6.02 (dd, JH−F = 32.0 Hz, JH−H = 8.7 Hz,
1H), 4.83 (q, J = 7.5 Hz, 1H), 4.68 (quint, J = 7.7 Hz, 1H), 4.34−4.21
(m, 4H), 3.13 (dd, J = 13.6, 6.3 Hz, 1H), 3.02 (dd, J = 13.6, 7.8 Hz, 1H),
2.54−2.38 (m, 2H), 2.31 (s, 3H), 1.87−1.69 (m, 2H). 13C NMR (75
MHz, CDCl3): δ 170.8, 166.8, 154.8 (d, JC−F = 300 Hz), 147.0, 143.6,
140.3, 137.3, 137.0, 134.7, 133.3, 129.7, 129.6, 129.3, 128.8, 128.6,
128.4, 126.9, 126.3, 120.6, 117.62 (d, JC−F = 5.1 Hz), 117.5, 116.8, 64.7,
64.3, 55.1, 44.9 (d, JC−F = 1.7 Hz), 38.3, 35.7, 31.8, 21.2. mp 95−97 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C36H35FN2O6S, 643.23;
found, 643.3. Purity: 96%. [α]D

22 13° (c 1, CHCl3).
3 , 5 -D ifluo ro -N - ( ( S ) - 1 - ( ( ( S , E ) - 1 -fluo ro - 5 - pheny l - 1 -

(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-(p-tolyl)propan-2-
yl)benzamide (4f). Synthesized by following procedure D with 0.065 g
of compound 33, 0.020 g 3,5-difluorobenzoic acid, 0.041 g TBTU, and
0.066 mL DIEA. Column chromatography: petroleum ether/EtOAc
3:1. Yield: 0.059 g (73%), colorless solid. 1HNMR (300MHz, CDCl3):
δ 8.00−7.91 (m, 2H), 7.74−7.63 (m, 1H), 7.62−7.53 (m, 2H), 7.31 (d,
J = 7.6 Hz, 1H), 7.25−7.09 (m, 7H), 7.05 (d, J = 8.0 Hz, 2H), 6.97−
6.82 (m, 3H), 6.39 (d, J = 7.7 Hz, 1H), 5.98 (dd, JH−F = 31.9 Hz, JH−H =
8.8 Hz, 1H), 4.83−4.60 (m, 2H), 3.11 (dd, J = 13.5, 6.3 Hz, 1H), 2.99
(dd, J = 13.5, 8.2 Hz, 1H), 2.52−2.40 (m, 2H), 2.31 (s, 3H), 1.90−1.74
(m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.7, 164.95 (t, JC−F = 2.9
Hz), 163.02 (dd, JC−F = 251, 12 Hz), 155.12 (d, JC−F = 301 Hz), 140.2,
137.3, 137.2, 136.9 (t, JC−F = 8.3 Hz), 134.8, 133.0, 129.8, 129.7, 129.3,
128.8, 128.7, 128.3, 126.5, 117.05 (d, JC−F = 4.8 Hz), 110.50 (dd, JC−F =
27, 9.4 Hz), 107.37 (t, JC−F = 25Hz), 55.6, 45.1 (d, JC−F = 1.6 Hz), 38.3,
35.7 (d, JC−F = 1.5 Hz), 31.8, 21.2. mp 174−176 °C. LC−MS (ESI, m/
z): [M + H]+ calcd for C34H31F3N2O4S, 621.21; found, 621.3. Purity:
95%. [α]D

22 9° (c 0.5, MeOH).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)isonicotinamide (4g).
Synthesized by following procedure D with 0.10 g of compound 30,
0.024 g isonicotinic acid, 0.063 g TBTU, and 0.10 mL DIEA. Column
chromatography: pure EtOAc. Yield: 0.071 g (63%), colorless solid. 1H
NMR (300 MHz, CDCl3): δ 8.69 (d, J = 5.2 Hz, 2H), 7.94 (d, J = 7.5
Hz, 2H), 7.74−7.65 (m, 1H), 7.63−7.48 (m, 4H), 7.34−7.11 (m, 6H),
7.11−6.88 (m, 5H), 6.31 (d, J = 7.8 Hz, 1H), 6.01 (dd, JH−F = 31.9 Hz,
JH−H = 8.8 Hz, 1H), 4.84−4.59 (m, 2H), 3.16 (dd, J = 13.5, 6.2 Hz, 1H),
3.00 (dd, J = 13.5, 8.4 Hz, 1H), 2.45 (t, J = 7.5 Hz, 2H), 2.29 (s, 3H),
1.89−1.73 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 170.3, 165.4,
155.10 (d, JC−F = 301 Hz), 150.6, 140.9, 140.1, 138.8, 137.0, 136.0,
134.7, 130.1, 129.7, 129.0, 128.8, 128.7, 128.4, 128.3, 126.5, 126.4,
121.1, 116.9 (d, JC−F = 5.2 Hz), 55.4, 45.1 (d, JC−F = 1.9 Hz), 38.7, 35.8
(d, JC−F = 1.4 Hz), 31.8, 21.5. mp 182−184 °C. LC−MS (ESI, m/z):
[M + H]+ calcd for C33H32FN3O4S, 586.22; found, 586.4. Purity: 95%.
[α]D

22 3° (c 0.5, CHCl3).
N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-yl)-2,3-dihydrobenzo[b]-
[1,4]dioxine-6-carboxamide (4h). Synthesized by following procedure
D with 0.10 g of compound 30, 0.035 g 1,4-benzodioxane-6-carboxylic
acid, 0.063 g TBTU, and 0.10 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1. Yield: 0.10 g (84%), colorless solid. 1H
NMR (300MHz, DMSO-d6): δ 8.44 (d, J = 8.1Hz, 1H), 8.38 (d, J = 7.8
Hz, 1H), 7.94 (dt, J = 7.3, 1.5 Hz, 2H), 7.89−7.80 (m, 1H), 7.80−7.68
(m, 2H), 7.42−7.30 (m, 2H), 7.29−7.02 (m, 8H), 6.98 (d, J = 6.9 Hz,
1H), 6.90 (d, J = 8.3 Hz, 1H), 6.31 (dd, JH−F = 34.0 Hz, JH−H = 8.9 Hz,
1H), 4.65−4.46 (m, 2H), 4.27 (d, J = 5.4 Hz, 4H), 3.08−2.84 (m, 2H),
2.61−2.50 (m, 2H), 2.25 (s, 3H), 1.96−1.72 (m, 2H). 13C NMR (75
MHz, DMSO-d6): δ 171.1, 165.5, 152.9 (d, JC−F = 295 Hz), 146.1,
142.8, 140.8, 138.1, 137.0, 136.6, 135.2, 130.1, 129.8, 128.3, 128.3,
128.2, 127.9, 127.0, 126.9, 126.2, 125.9, 121.0, 119.3 (d, JC−F = 4.3 Hz),
116.6, 116.5, 64.3, 64.0, 55.0, 43.8 (d, JC−F = 1.5 Hz), 36.8, 35.4, 31.0,
21.0. mp 186−188 °C. LC−MS (ESI, m/z): [M + H]+ calcd for
C36H35FN2O6S, 643.23; found, 643.3. Purity: >99%. [α]D

22 11° (c 1,
CHCl3).
3 , 5 -D ifluo ro -N - ( ( S ) - 1 - ( ( ( S , E ) - 1 -fluo ro - 5 - pheny l - 1 -

(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-(m-tolyl)propan-2-

yl)benzamide (4i). Synthesized by following procedureDwith 0.10 g of
compound 30, 0.031 g 3,5-difluorobenzoic acid, 0.063 g TBTU, and
0.10 mLDIEA. Column chromatography: petroleum ether/EtOAc 2:1.
Yield: 0.075 g (62%), colorless solid. 1H NMR (300 MHz, CDCl3): δ
7.95 (d, J = 7.5 Hz, 2H), 7.72−7.64 (m, 1H), 7.57 (t, J = 7.6 Hz, 2H),
7.29−7.23 (m, 1H), 7.25−6.81 (m, 13H), 6.38 (d, J = 7.7 Hz, 1H), 6.01
(dd, JH−F = 31.8Hz, JH−H = 8.8Hz, 1H), 4.81−4.60 (m, 2H), 3.12 (dd, J
= 13.5, 6.5 Hz, 1H), 2.98 (dd, J = 13.5, 8.1 Hz, 1H), 2.45 (t, J = 7.7 Hz,
2H), 2.28 (s, 3H), 1.88−1.74 (m, 2H). 13C NMR (75 MHz, CDCl3): δ
170.6, 165.02 (t, JC−F = 2.4 Hz), 162.99 (dd, JC−F = 251, 12 Hz), 155.14
(d, JC−F = 301 Hz), 140.2, 138.8, 137.1, 136.8 (t, JC−F = 8.4 Hz), 136.2,
134.8, 130.1, 129.7, 129.0, 128.8, 128.7, 128.4, 128.3, 126.5, 117.0 (d,
JC−F = 4.9 Hz), 110.5 (dd, JC−F = 26, 8.7 Hz), 107.4 (t, JC−F = 25 Hz),
55.6, 45.2 (d, JC−F = 1.6 Hz), 38.5, 35.7, 31.8, 21.4. mp 176−178 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C34H31F3N2O4S, 621.21;
found, 621.3. Purity >99%. [α]D

22 5° (c 0.5, MeOH/CHCl3 1:1).
N-((S)-1-(((S,E)-1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-

1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-
1-carboxamide (4j). Synthesized by following procedure E with 0.11 g
of compound 16, 0.089 g compound IX, 0.088 g TBTU, 0.042 g HOBt,
and 0.14 mL DIEA. Column chromatography: DCM/MeOH 19:1.
Yield: 0.11 g (73%), colorless solid. (300MHz, CD2Cl2): δ 7.85 (dd, J =
7.3, 1.7 Hz, 2H), 7.71−7.59 (m, 1H), 7.59−7.47 (m, 2H), 7.25−7.13
(m, 3H), 7.12−7.01 (m, 3H), 5.99 (dd, JH−F = 32.4 Hz, JH−H = 8.8 Hz,
1H), 5.06 (d, J = 7.7 Hz, 1H), 4.76−4.59 (m, 1H), 4.41 (q, J = 7.2 Hz,
1H), 3.21 (q, J = 4.5 Hz, 4H), 3.02−2.79 (m, 2H), 2.31−2.25 (m, 2H),
2.22 (t, J = 5.1 Hz, 4H), 2.16 (s, 3H), 1.90 (s, 3H), 1.82−1.60 (m, 2H).
(75 MHz, CD2Cl2): δ 172.3, 157.5, 155.0 (d, JC−F = 298 Hz), 137.6,
137.2, 135.2, 130.1, 129.9, 129.1, 127.4, 118.2 (d, JC−F = 4.9 Hz), 56.3,
55.1, 54.0, 46.4, 44.7 (d, JC−F = 1.8 Hz), 44.3, 39.0, 33.8, 30.4, 15.7. mp
110−112 °C. HR-MS (ESI, m/z): [M + Na]+ calcd for
C27H35FN4O4S2, 585.1981; found, 585.1973. [α]D

22 12° (c 1, CHCl3).
N-((S)-1-(((S,E)-1-Fluoro-5-(methylthio)-1-(phenylsulfonyl)pent-

1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (4k).
Synthesized by following procedure E with 0.11 g of compound 16,
0.074 g compound X, 0.088 g TBTU, 0.042 g HOBt, and 0.14 mL
DIEA. Column chromatography: DCM/MeOH 95:5. Yield: 0.098 g
(66%), colorless solid. (300 MHz, CD2Cl2): δ 8.70 (d, J = 4.5 Hz, 2H),
7.94 (d, J = 7.5 Hz, 2H), 7.76−7.53 (m, 5H), 7.44−7.15 (m, 9H), 7.07
(d, J = 7.3 Hz, 1H), 6.26 (d, J = 7.8 Hz, 1H), 6.04 (dd, JH−F = 32.2 Hz,
JH−H = 8.8 Hz, 1H), 4.92−4.55 (m, 2H), 3.23−3.00 (m, 2H), 2.44−
2.24 (m, 2H), 2.05−1.91 (m, 3H), 1.88−1.74 (m, 2H). (75 MHz,
CD2Cl2): δ 170.0, 165.2, 151.4, 150.6, 140.7, 139.4, 137.0, 136.2,
134.8, 129.6, 129.3, 128.9, 128.6, 127.3, 120.8, 55.1, 45.3, 38.3, 29.8,
15.2. mp 64−66 °C. HR-MS (ESI, m/z): [M + Na]+ calcd for
C27H28FN3O4S2, 564.1403; found, 564.1411. [α]D

22 21° (c 1, CHCl3).
N-((S)-1-(((R,E)-1-(Benzylthio)-4-fluoro-4-(phenylsulfonyl)but-3-

en-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methylpiperazine-1-
carboxamide (4l). Synthesized by following procedure E with 0.11 g of
compound 17, 0.077 g compound IX, 0.076 g TBTU, 0.036 g HOBt,
and 0.13 mL DIEA. Column chromatography: DCM/MeOH 9:1.
Yield: 0.093 g (63%). (300MHz, CDCl3): δ 8.02−7.91 (m, 2H), 7.79−
7.67 (m, 1H), 7.67−7.54 (m, 2H), 7.43−7.09 (m, 10H), 6.81 (dd, J =
47.2, 7.8 Hz, 1H), 6.16 (dd, J = 43.5, 31.8, 8.6 Hz, 1H), 5.15 (dd, J =
14.7, 7.4 Hz, 1H), 4.93−4.75 (m, 1H), 4.52 (m, 1H), 3.64 (s, 2H),
3.54−3.30 (m, 4H), 3.18−2.99 (m, 2H), 2.67−2.47 (m, 2H), 2.50−
2.38 (m, 4H), 2.36 (s, 3H). (75 MHz, CDCl3): δ 171.7, 156.9, 137.4,
137.4, 137.0, 136.93, 136.90, 136.87, 134.8, 129.7, 129.5, 129.4, 129.0,
128.9, 128.85, 128.76, 127.5, 127.3, 127.2, 116.6, 116.57, 116.5, 77.2,
55.9, 5588, 54.4, 54.4, 45.9, 45.8, 44.5, 44.3, 43.55, 38.8, 38.6, 36.5, 35.1,
35.0. mp 84−86 °C. HR-MS (ESI, m/z): [M + Na]+ calcd for
C32H37FN4O4S2, 647.2138; found, 647.2152. [α]D

22 −13° (c 1, CHCl3).
Synthesis of the Metabolites. tert-Butyl 4-(((S)-1-(((S,E)-1-Fluoro-

5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)amino)-1-oxo-3-phenyl-
propan-2-yl)carbamoyl)piperazine-1-carboxylate (36). Compound
XIII (0.31 g) was dissolved in DCM and cooled to 0 °C. 0.11 g HOBt,
0.26 g TBTU, and 0.42 mL DIEA were added and the mixture was
stirred for 30 min. 0.24 g of compound 13 was added and the mixture
was stirred for an additional 24 h at rt. The reaction was stopped with 7
equiv of water and the mixture was washed with a saturated solution of

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c01002
J. Med. Chem. 2021, 64, 12322−12358

12350

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NaHCO3 and brine, dried with Na2SO4, and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (cyclohexane/EtOAc 1:1), resulting in a colorless oil
(0.21 g, 45%). 1H NMR (300 MHz, CDCl3): δ 7.97−7.88 (m, 2H),
7.74−7.65 (m, 1H), 7.63−7.53 (m, 2H, H-27), 7.35−7.11 (m, 8H),
7.02 (ddd, J = 7.8, 3.2, 1.5 Hz, 2H), 6.54 (d, J = 41.8Hz, 1H), 5.99 (dd, J
= 32.0, 8.7 Hz, 1H), 5.11 (d, J = 27.5 Hz, 1H), 4.71−4.56 (m, 1H), 4.47
(d, JC−F = 10.3 Hz), 3.45−3.17 (m, 8H), 3.14−2.91 (m, 2H), 2.56−
2.36 (m, 2H), 1.95−1.62 (m, 2H), 1.46 (s, 9H). 13C NMR (75 MHz,
CDCl3): δ 171.6, 157.0, 154.7, 140.4, 137.1 (d, J = 7.3 Hz), 136.8,
134.8, 129.7, 129.4, 128.9, 128.8, 128.7, 128.4, 127.3 (d, J = 5.1 Hz),
126.4, 117.4, 80.4, 56.1, 45.1, 43.7, 38.5, 35.8, 31.8, 28.5.
(S)-4-((1-Ethoxy-1-oxo-3-phenylpropan-2-yl)carbamoyl)-1-

methylpiperazine 1-oxide (28).Compound IX (1.3 g) was dissolved in
DCM and cooled to 0 °C. 0.7 g of 3-chloroperbenzoic acid was added
and the mixture was stirred for 16 h. Triphenylphosphine was added to
stop the reaction. The solvent was removed under reduced pressure,
giving the crude product as a colorless oil (0.82 g, 63%). 1H NMR (300
MHz,methanol-d4): δ 7.35−7.11 (m, 5H), 4.87 (t, J = 2.0Hz, 4H), 4.49
(td, J = 5.9, 2.9 Hz, 1H), 4.22−4.03 (m, 2H), 3.47−3.40 (m, 1H),
3.23−2.87 (m, 4H), 2.39 (d, J = 2.9 Hz, 3H), 2.04−1.89 (m, 2H),
1.26−1.10 (m, 3H). 13C NMR (75 MHz, methanol-d4): δ 174.4, 159.3,
138.8, 130.2, 129.4, 127.8, 62.2, 57.0, 55.2, 45.6, 44.1, 38.5, 14.4.
(S)-4-((1-Carboxy-2-phenylethyl)carbamoyl)-1-methylpiperazine

1-oxide (38).Compound 37 (0.65 g) was dissolved in THF and cooled
to 0 °C, and 0.33 g of LiOH in water was added dropwise. The mixture
was stirred for 3 h at room temperature. The product was isolated from
the aqueous phase giving a colorless solid (0.31 g, 53%). 1H NMR (300
MHz, DMSO-d6): δ 11.49 (s, 1H), 7.39−6.82 (m, 5H), 4.15−3.96 (m,
1H), 3.96−3.67 (m, 1H), 3.16−2.68 (m, 8H), 2.50 (s, 2H), 2.33 (s,
3H). 13C NMR (75 MHz, DMSO-d6): δ 173.9, 157.1, 138.6, 129.3,
128.2, 126.4, 55.8, 51.9, 42.0, 40.8, 36.4.
Ethyl Isonicotate (39). Isonicotinic acid (2.46 g) was dissolved in 40

mL ethanol and 1 mL of concentrated H2SO4 was added dropwise. The
mixture was refluxed for 24 h and the solvent was removed under
reduced pressure. The residue was extracted with DCM and the
combined extracts were washed with a saturated solution of NaHCO3,
resulting in a colorless oil (2.2 g, 73%). 1H NMR (300 MHz, DMSO-
d6): δ 8.83−8.73 (m, 2H), 7.88−7.73 (m, 2H), 4.34 (q, J = 7.1 Hz, 2H),
1.32 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6): δ 164.8,
150.8, 137.2, 122.6, 61.7, 14.1.
4-(Ethoxycarbonyl)pyridine 1-Oxide (40). Compound 39 (1.51 g)

was dissolved in DCM and cooled to 0 °C. 1.73 g of 3-chloroperbenzoic
acid was added and the mixture was stirred for 16 h. Triphenylphos-
phine was added to stop the reaction. The solvent was removed under
reduced pressure, giving the crude product that was further purified by
column chromatography (cyclohexane/EtOAc 1:6), resulting in a
colorless oil (0.24 g, 29%). 1H NMR (300 MHz, DMSO-d6): δ 8.43−
8.19 (m, 2H), 7.97−7.77 (m, 2H), 4.31 (q, J = 7.1 Hz, 2H), 1.31 (t, J =
7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6): δ 163.7, 139.9, 126.85,
125.7, 61.9, 14.5.
4-Carboxypyridine 1-Oxide (41). Compound 40 (0.20 g) was

dissolved in THF and cooled to 0 °C. 0.20 g of LiOH was dissolved in
water and added dropwise to the mixture, then stirred for 3 h at rt. The
product was isolated from the aqueous phase giving a colorless solid
(0.17 g, 100%). 1H NMR (300 MHz, DMSO-d6): δ 8.31 (d, J = 6.2 Hz,
2H), 7.82 (d, J = 6.2 Hz, 2H). 13C NMR (75 MHz, DMSO-d6): δ
165.00, 139.8, 127.5, 127.1.
4-(((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)piperazin-1-
ium Chloride (1a).A 4M solution of HCl in dioxane (3mL) was added
to 0.208 g of compound 36. The mixture was stirred for 12 h and the
solvent was removed under reduced pressure. The residue was washed
three times with diethyl ether in an ultrasonic bath and then lyophilized,
resulting in a colorless solid (0.177 g, 93%). 1H NMR (300 MHz,
DMSO-d6): δ 8.53 (s, 2H), 8.10−7.97 (m, 2H), 7.98−7.66 (m, 3H),
7.40−6.89 (m, 11H), 6.51 (dd, J = 32.7, 9.8 Hz, 1H), 4.58−4.40 (m,
1H), 4.33−3.93 (m, 1H), 3.61−3.44 (m, 8H), 3.09−2.83 (m, 4H),
2.34−1.78 (m, 2H). 13C NMR (75 MHz, DMSO-d6): δ 163.2, 157.2,
139.3, 136.6, 135.8, 132.6, 130.2, 129.1, 128.1, 126.1, 119.7, 117.8,

115.1, 57.2, 52.4, 46.0, 42.4, 42.4, 36.5, 35.2, 35.0, 33.3. mp 93−94 °C.
LC−MS (ESI, m/z): [M + H]+ calcd for C31H35FN4O4S, 579.24;
found, 579.3. Purity: 98%. [α]D

22 10° (c 0.5, MeOH).
4-(((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-

3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)-1-methylpi-
perazine 1-oxide (1b). Compound 38 (0.20 g) was dissolved in a 1:1
mixture of DCM/DMF and cooled to 0 °C. 0.05 gHOBt, 0.11 g TBTU,
and 0.20 mL DIEA were added, and the mixture was stirred for 30 min
until all components dissolved. 0.10 g of compound 13were added, and
the mixture was stirred for an additional 48 h at room temperature. The
reaction was stopped by adding 7 equiv of water and the residue was
extracted with EtOAc and washed with water (2×), NaHCO3 (2×), 1
M HCl (2×), and brine (1×). The solvent was removed under reduced
pressure and the crude product was purified by preparative HPLC and
eluted with 70%water and 30%ACN, resulting in a colorless oil (0.04 g,
23%). 1HNMR (300MHz, DMSO-d6): δ 10.13 (s, 1H), 8.43−7.45 (m,
10H), 7.33−7.03 (m, 5H), 6.33−6.26 (m, 1H), 5.81 (dd, J = 22.1, 10.2
Hz, 1H), 5.50−5.28 (m, 1H), 4.48 (q, J = 8.0 Hz, 1H), 4.36−4.20 (m,
2H), 3.71−3.12 (m, 8H), 2.50 (quint, J = 1.9 Hz, 3H), 2.06 (d, J = 43.8
Hz, 2H), 2.04−1.64 (m, 2H). 13C NMR (300 MHz, DMSO-d6): δ
172.0, 157.3, 142.4, 139.6, 136.9, 134.0, 129.8, 129.0, 128.9, 128.6,
128.2, 127.7, 126.0, 105.6, 60.2, 57.2, 50.4, 42.5, 36.9, 30.4. LC−MS
(ESI, m/z): [M + H]+ calcd for C32H37FN4O5S, 609.25; found, 609.4.
Purity: 99%. [α]D

22 4° (c 0.5, MeOH).
4-(((S)-1-Oxo-1-(((S,E)-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-3-(p-tolyl)propan-2-yl)carbamoyl)pyridine 1-Oxide (2l).
Compound 41 (0.038 g) was dissolved in DCM and cooled to 0 °C.
0.036 g HOBt, 0.087 g TBTU, and 0.19 mL DIEA were added and the
mixture was stirred for 30 min. Then, 0.14 g of compound 34-(H) was
added and the mixture was stirred for an additional 24 h at room
temperature. The reaction was stopped by adding 7 equiv of water and
the residue was extracted with DCM and washed with water (2×),
NaHCO3 (2×), 1 M HCl (2×), and brine (1×). The solvent was
removed under reduced pressure and the product was further purified
by column chromatography (EtOAc/MeOH 9:1), resulting in a
colorless solid (0.021 g, 13%). 1H NMR (300 MHz, DMSO-d6): δ
9.11−8.90 (m, 1H), 8.51−8.39 (m, 1H), 8.36−8.20 (m, 2H), 7.91−
7.78 (m, 2H), 7.52−7.38 (m, 2H), 7.37−7.29 (m, 2H), 7.27−7.18 (m,
6H), 7.15−7.00 (m, 4H), 6.68 (dt, J = 15.4, 4.0 Hz, 1H), 6.35 (dd, J =
15.4, 3.0 Hz, 1H), 4.72 (q, J = 10.1, 9.0 Hz, 1H), 4.41 (s, 1H), 3.13−
2.92 (m, 2H), 2.66−2.46 (m, 2H), 2.22 (s, 3H), 1.27−1.09 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ 171.4, 163.6, 149.6, 141.4, 139.3,
136.0, 135.0, 130.4, 129.5, 129.3, 128.8 (d, J = 3.6 Hz), 127.9, 126.3,
125.5, 123.6, 123.0, 55.9, 49.4, 39.9 (m), 34.5, 31.6, 21.1. mp 112−114
°C. LC−MS (ESI, m/z): [M + H]+ calcd for C33H33N3O6S, 600.21;
found, 600.3. Purity: 97%. [α]D

22 6° (c 0.5, MeOH).
Enzyme Assays. Fluorometric Assays. Rhodesain was expressed as

published previously.34 The increase of fluorescence upon cleavage of
the fluorogenic substrate Cbz-Phe-Arg-AMC (Bachem) by rhodesain,
CatB, or CatL was monitored using a TECAN Infinite F200 Pro
fluorimeter (δ excitation: 365 nm, δ emission: 460 nm). The enzymes
were diluted from a stock solution (rhodesain: 4 mg/mL in 10 mM
sodium citrate buffer, pH 5.5; CatB (human liver, Calbiochem): 0.532
mg/mL; CatL (human liver, Calbiochem): 0.266 mg/mL) with
enzyme buffer (rhodesain: 50 mM sodium acetate pH 5.5, 5 mM
EDTA, 200mMNaCl and 2mMDTT; CatB/CatL: 50mMTris−HCl,
5 mM EDTA, 200 mMNaCl, 2 mMDTT, pH 6.5) and were incubated
for 1 h at rt. Assays were performed in black, flat-bottom 96-well
microtiter plates (Greiner bio-one) with a total volume of 200 μL at 37
°C. Inhibitors and the substrate were prepared as stock solutions in
DMSO. Dilution series of inhibitors in DMSO with a minimum of
seven different concentrations were prepared in duplicate at least. 180
μL assay buffer (rhodesain: 50 mM sodium acetate pH 5.5, 5 mM
EDTA, 200 mM NaCl, and 0.005% Brij35; CatB/CatL: 50 mM Tris−
HCl, 5 mM EDTA, 200 mM NaCl, 0.005% Brij35, pH 6.5) was added
to the 96-well plates, then 5 μL of the respective enzyme in enzyme
buffer, followed by 10 μL DMSO with or without inhibitor and finally 5
μL substrate (final substrate concentrations for rhodesain 10 μM, for
CatB 100 μM, and for CatL 6.5 μM). Fluorescence emission was
monitored directly after addition of the substrate. The presented data
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are mean values of three independent measurements. Standard
deviations are less than 10% unless otherwise depicted.
Screening of activity against the catalytically active subunits of the

proteasome (commercially obtained from Enzo) and Dengue virus
NS2/NS3 protease was performed with an inhibitor concentration of
11 μM in DMSO.68 Human 20S proteasome (from human
erythrocytes, 0.5 mg/mL) was diluted with enzyme buffer (for
trypsin-like activity: 50 mM Tris−HCl, 50 mM NaCl, 0.5 mM
EDTA, pH 7.4; for α-chymotrypsin-/caspase-like activity: 50 mM
Tris−HCl, 25 mM KCl, 10 mM NaCl, 1 mM MgCl2, 0.03% SDS, pH
7.5). Trypsin-like activity was measured with the fluorogenic substrate
boc-Leu-Arg-Arg-AMC (Bachem), α-chymotrypsin-like activity with
Succ-Leu-Leu-Val-Tyr-AMC (Bachem), and caspase-like activity with
Cbz-Leu-Leu-Glu-AMC (Bachem). Measurements were conducted in
in black, flat-bottom 96-well microtiter plates (Greiner bio-one) by
successive addition of 180 μL enzyme buffer, 5 μL proteasome in
enzyme buffer, 10 μL inhibitor (11 μM in DMSO) or 10 μL pure
DMSO, and 5 μL of the respective substrate (final substrate
concentrations for trypsin-like activity 85 μM, α-chymotrypsin-like
activity 70 μM, and caspase-like activity 80 μM). Fluorescence emission
was monitored directly after addition of the substrate. Dengue virus
NS2B/NS3 protease was diluted from a stock solution (1mg/mL) with
enzyme buffer (50 mM Tris−HCl, 1 mM Chaps, 20% glycerol).68

Screening was performed with the substrate boc-Gly-Arg-Arg-AMC
(Bachem) in black, flat-bottom 96-well microtiter plates (Greiner bio-
one) by successive addition of 180 μL enzyme buffer, 5 μL Dengue
protease in enzyme buffer, 10 μL inhibitor (11 μM in DMSO) or 10 μL
pure DMSO, and 5 μL of the substrate (final substrate concentration
100 μM). Fluorescence emission was monitored directly after addition
of the substrate.
The presented inhibition data for all enzymes are mean values of

three independent measurements. Standard deviations are less than
10% unless otherwise depicted.
Calculations. The GraFit program (version 5.0.13, 2006, Erithacus

Sofware Ltd., UK) was used for data analysis and non-linear regression.
For inhibitors showing time-independent inhibition (2a-(Z), 2k, 2j,

3a−3i, and 4a−4l), the residual enzyme activity was plotted against the
inhibitor concentration. IC50 values were obtained by non-linear
regression using the equation
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with v0 = enzyme activity in the absence of inhibitor, vi = enzyme activity
in the presence of inhibitor, [I] = inhibitor concentration, and S = slope
factor.
Ki values were obtained by correcting the IC50 values to zero

substrate concentration using the Cheng−Prusoff relationship32
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Rhodesain: [S] = 10 μM, KM = 0.8265 μM, CatL: [S] = 6.25 μM, KM
= 6.5 μM, CatB: [S] = 100 μM, and KM = 150 μM.
Calculation for the inhibitors with slow, tight-binding properties

(2a−2i) is presented in the Results and Discussion section.
Dilution Assays. Rhodesain (5 μL from 4 mg/mL stock solution)

in enzyme buffer (85 μL) was incubated for 30 min with inhibitors (10
μL in DMSO) at concentrations corresponding to 10-fold the IC50
value obtained from fluorometric enzyme assay to ensure complete
inhibition. These mixtures (2 μL) were diluted 100-fold in assay buffer
(198 μL) containing 5 μL substrate (400 μM) to give a final substrate
concentration of 10 μM. Recovery of enzyme activity was measured
immediately using a fluorescence readout. Rhodesain with DMSO and
no inhibitor added was used as a reference while the irreversible
inhibitor K11777 was used as an irreversible control.
Dialysis Experiments. Dialysis experiments for rhodesain were

performed in a custom-built dialysis chamber, allowing the parallel
examination of five samples.26 A 3.5 kDa MW cut-off dialysis tubing
(Carl Roth, Zellutrans MWCO 3.5 kDa) was cut into half and placed in

the instrument, separating a continuous flow of buffer from five cavities
at the top of the instrument, where the samples (800 μL) were added.
Therefore, 20 μL rhodesain in enzyme buffer was added to 740 μL assay
buffer and 40 μL DMSO with or without inhibitor. Inhibitor
concentrations of 10-fold the IC50 value were chosen in order to
guarantee complete inhibition. After incubation for 30 min, the
mixtures were transferred to the cavities in the instrument and dialyzed
against a continuous flow of assay buffer containing 5% DMSO (300
mL/h). Samples (97.5 μL) were taken at different time points (10, 30,
60, and 120 min) and 2.5 μL of a substrate solution was added to give a
final substrate concentration of 10 μM. Enzyme activity was determined
by directly measuring the fluorescence emission. The results are given
in fractional activity of uninhibited rhodesain used in the same
experiment as positive control.

Docking Procedures. Procedure for Non-covalent Docking with
FlexX/LeadIT (vs. 2.1.3).11 Non-covalent docking experiments were
performed using the crystal structure of rhodesain with covalently
bound inhibitor K11777 (pdb entry 2p7u).60 The binding site was
defined as a 6.5 Å shell aroundK11777. Water molecules present in the
crystal structure were omitted except HOH-512, which mediates
hydrogen bonding between the inhibitor and the peptide backbone.
Generation of 3D-coordinates and energy minimization of the ligands
were accomplished with the Molecular Operating Environment
(MOE2014.09) using theMMFF94x force field.26 Docking calculations
were executed with LeadIT version 2.1.3.27 The results presented in
Table 1 are those with the best HYDE score69,70 selected from the 10
highest-priced solutions according to FlexX score (Table 7.1).

Procedure for Covalent Docking with DOCKTITE.60 Covalent
docking was performed with the DOCKTITE software implementation
(version 1.2) for Molecular Operating Environment (MOE, 2014.09;
Chemical Computing Group ULC, 1010 Sherbooke St. West, Suite
#910, Montreal, QC, Canada, H3A 2R7, 2021)11,27 using the crystal
structure of rhodesain with covalently bound inhibitor K11777 (pdb
entry 2p7u).60 Energy minimization of the ligands was performed with
MOE using the MMFF94x force field.71 The different warheads were
implemented into the DOCKTITE warhead filter file as described in
the DOCKTITE manual. The standard DOCKTITE protocol was
followed as described. The main pharmacophore docking step was
performed without pharmacophore restriction for the nucleophilic
sulfur of Cys25. The Amber12:EHT force field72 was used for the
pharmacophore docking step. Docking solutions were rescored with the
MOE implemented scoring functions Affinity dG and additionally with
the external empirical scoring function DSX.73 The results shown in
Table S1 are those with the best DSX scores.

Mass Spectrometry (MS). ESI MS Analysis. Lyophilized rhodesain
was reconstituted at 4 mg/mL in 50 mMNaOAc, 200 mMNaCl, and 5
mM EDTA (pH 5.5). Prior to MS analysis, rhodesain was purified by
weak anion exchange (WAX) chromatography using an ÄKTA protein
purification system (GE Healthcare) equipped with a ProPac WAX-
10G 4 × 50 mm guard and a ProPac WAX-10 4 × 250 mm analytical
column (Thermo Fisher Scientific). 100 μL of rhodesain stock solution
(4 mg/mL) was diluted in 20 mM imidazole, 1 mMDTT in water (pH
6.0) to a final volume of 1 mL, and separated running a gradient from 0
to 40% B in 40 min. Mobile phase A was 20 mM imidazole, 1 mMDTT
in water (pH 6) and Solvent B 1 MNaCl, 20 mM imidazole, and 1 mM
DTT in water (pH 6). Collected fractions were tested for activity.

For mass spectrometric analysis, the WAX fraction containing active
rhodesain was further diluted in 50 mMNaOAc, 200 mMNaCl, 5 mM
EDTA, and 5 mM DTT (pH 5.5) and incubated for 1 h at rt. After the
addition of the inhibitors at a final concentration of 10 μM, samples
were analyzed by LC−MS using a nanoAcquity UPLC system (Waters
Corporation) coupled to a nano-ESI-Q-TOF mass spectrometer
(Synapt G2-S HDMS, Waters Corporation). Rhodesain without
compound served as control. Protein−drug complexes were loaded
onto a 200 μm × 5 cm PepSwift Monolithic PS-DVB column from
Dionex (Thermo Scientific) using direct injection mode. For LC
separation, two mobile phases were used. Mobile phase A contained
0.1% formic acid (FA) and 3% DMSO in ultrapure water, whereas
mobile phase B consisted of 0.1% FA and 3% DMSO in ACN. A
gradient of 10−90%mobile phase B was run over 7 min at a flow rate of
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2000 nL/min. Column temperature was set to 45 °C. After separation,
the column was rinsed with 90% of mobile phase B and re-equilibrated
under initial conditions. All MS analyses were conducted in positive-
mode ESI.
MALDI-TOF MS Analysis. For this analysis, a recombinant rhodesain

mutant expressed in Pichia pastoris was used as described in the enzyme
assay section. The lyophilized protein was reconstituted in buffer A (pH
5.5, 50mMNaOAc, 200mMNaCl, 5 mMEDTA) at a concentration of
4 mg/mL (= 174 μM). This stock solution was diluted into buffer B
(pH 5.5, 50 mMNaOAc, 200 mMNaCl, 5 mMEDTA, 5 mMDTT) to
a final protein concentration of 1 or 10 μM and incubated for
approximately 1 h, after which the compound of interest (4mM stock in
DMSO) was added at a final inhibitor concentration of 100 μM. Later,
the analytes were desalted using Zeba Spin Desalting Columns (7 kDa
MWCO, 0.5 mL; Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions and afterward coprecipitated with a
MALDI-matrix, utilizing two separate approaches: For the first method,
a thin layer of sinapinic acid (saturated ethanolic solution) was
prepared on the target, onto which, after film formation, a volumetric
3:1 mixture of matrix-solution to analyte solution was applied. For the
second method, using a mixture of α-cyano-4-hydroxycinnamic acid
and 2,5-dihydroxybenzoic acid,40,44 the preparation of a basal matrix
film was omitted and a volumetric 1:1 mixture of matrix-solution to
analyte solution was prepared and applied to the target. After
evaporation of the solvents (ca. 15 min), measurements were carried
out on a rapifleX MALDI-TOF/TOF mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany). The instrument is equipped with
a scanning smartbeam 10 kHz Nd:YAG laser at a wavelength of 355 nm
and a 10 bit 5 GHz digitizer. The acceleration voltage was set to 20 kV
and the mass spectra were recorded in positive ion linear mode.
Calibration was done with the Bruker protein calibration standard II in
a mass range from 10 to 70 kDa. Samples were measured at a laser
power of 100% (sinapinic acid) or 70% (matrix mixture), with random
walk ionization across the sample spot. As control samples, rhodesain in
buffer B with a DMSO concentration matching the samples, rhodesain
incubated with a reportedly non-covalent inhibitor,11 and a known
covalent-irreversible inhibitor (K11777)74 were used. Data analysis was
performed using the open-source software mMass.68

QM/MMComputations.MD simulations were performedwith the
Amber program package (version 2018) in combination with the
FF14SB force field. The unknown parameters for the ligand were
calculated using GAFF.75 The obtained enzymatic system was balanced
with sodium ions. We added an octahedral water envelope of 10 Å
consisting of TIP3Pwater molecules Figure S11).76 All MD simulations
were performed under periodic boundary conditions in three
consecutive steps. In the first step, the cage of water molecules and
then the whole system was minimized. In the next step, the system was
heated in a controlled way from 0 to 300 K at 1 bar, using the SHAKE
algorithm77 employing the Langevin or Berendsen thermostat.77,78 In
the last step, the actual MD simulation with a duration of at least 10 ns
was performed.
We used the subtractive QM/MM approach employing the

electrostatic embedding scheme as implemented in the program
package Gaussian (version 2016).79 The QM part is specified in Figure
S12. Please note that larger QM spaces did not lead to considerably
changes (Table S4). For the QM part, we employed the ωB97XD
functional in combination with the 6-31+G* basis sets.80−82 The TAO-
Toolkit was used.83 For the intrinsic reaction coordinate (IRC)
computations, the transition states were determined using the Berny-
Algorithm.84 All transition states were proved by frequency
calculations.
The reaction paths were characterized by a two-step procedure. The

covalent step of the inhibition mechanism first consists of the attack of
the sulfur center of the thiolate group of Cys25 on the C2 center of the
alkene group. Additionally, a proton transfer from the protonated
His152 moiety to the C1 center occurs (Figure 1). Because it is unclear
whether both steps proceed subsequently or simultaneously, we first
computed two-dimensional scans selecting the distances R(Scys−C2)
and R(HHis−C1) as main reaction parameters (Figure 14). By varying
the main reaction parameters and optimizing all other internal

coordinates for each pair of main coordinates, a minimum energy
path (MEP) from the reactant to the product is obtained, which gives
the first information about the shape of the reaction path. Starting from
the barriers obtained in these scans, we performed intrinsic reaction
coordinate (IRC) simulations. Due to the roughness of the computed
PES, often more than one transition state was found for the two-
dimensional surface. In such cases, we started IRC from each TS to
ensure that they lead to similar reactants and products. This was indeed
the case. One example is shown in Figures S8 and S10 in which
computations started from slightly different TS but yielded comparable
shapes for the reaction paths. The same holds for the second step of the
reaction path given in Figure 16. For this frame, we found four TS
whose IRCs all lead to very similar results.

Antitrypanosomal Activity and Cytotoxicity. Antritrypanoso-
mal activity of 2a, 2d, 2e, 3d, 4d, and 4e against the T. brucei brucei
BS449 cell line, a descendant of the Lister 427 strain,85,86 was
determined using the ATPlite assay as described previously.56,57,87 2a,
2d, 2e, 3d, 4d, and 4ewere prepared as 5 mM stock solutions in DMSO
and diluted in HMI-9 medium in multiple steps (1:3, then 1:10, and
subsequently in ten 1:2 dilution steps using separate microplates). In
white 96-well microplates (PerkinElmer), 10 μL of the final 101
dilutions were added to 90 μL of a cell suspension containing 2500
cells/mL, leading to final concentrations of each tested compound from
16.67 μM to 32.55 nM in the microplates. As a negative control, 0.3%
DMSO was added to the cell suspension corresponding to the highest
DMSO concentration added by compound application. Addition of
10% DMSO served as a positive control because all cells die at this
concentration. The plates were prepared as triplicates and incubated for
24 and 48 h at 37 °C and 5% CO2. After the respective incubation time,
50 μL ATPlite 1 step solution (PerkinElmer) was added to each well.
The plate was shaken orbitally for 2 min and luminescence was
measured at room temperature with an Infinite M200 PRO plate reader
(Tecan Trading AG). The measured luminescence was plotted against
the compound concentration to obtain a dose−response curve. The
EC50 values were determined using GraFit version 5.013 (Erithacus
Software Ltd.).

Antitrypanosomal activity of the compounds 1, 4a, 4j, and 4l was
determined as described previously using the Alamar Blue assay.54,55

Cytotoxicities against the macrophage cell line J774.1 and HeLa cells
were investigated according to previously described methods.12,88

In Vitro Metabolism Studies. Rat liver microsomes were
purchased from Sigma-Aldrich and characterized for cytochrome
P450, cytochrome B5, and the activity of CYP1A, CYP3A, CYP2C, and
cytochrome c reductase. The assay was performed as published
previously.68

First, NADPH was generated by incubating potassium phosphate
buffer (395 μL, 100 mM, pH 7.4), MgCl2 (25 μL, 80 mM), glucose-6-
phosphate (25 μL, 100 mM), NADP disodium salt (25 μL, 20 mM),
and glucose-6-dehydrogenase (25 μL, 100 IU/mL, Sigma-Aldrich) at
37 °C for 10 min. After addition of the microsomes (25 μL, 20 mg/mL)
and incubation (10 min) at 37 °C, the inhibitors (1 μL, 5.21 mM in
acetonitrile) were added to the mixture and the incubation continued at
37 °C for 60 min. Aliquots of 50 μL were taken at 0, 15, 30, 45, and 60
min and added to 100 μL of ice-cold acetonitrile to stop the reaction.
The samples were centrifuged at 4 °C, 10,000g for 10 min. The
supernatant was analyzed by LC−MS/MS using an Agilent Poroshell
120 EC-C18 150× 2.10 mm 4 μm column; mobile phase: compound 1
(35% acetonitrile, 55% H2O, 10% of a 0.1% solution of formic acid in
water) and compound 2d-(H) (55% acetonitrile, 35% H2O, 10% of a
0.1% solution of formic acid in water). Ion chromatograms were
obtained using electronic filters for the ions of interest. Control
incubations were performedwith potassium phosphate buffer instead of
microsomes. The LC−MS chromatograms and their corresponding
mass spectra were analyzed using MestReNova (v. 12.0.4).89

In Vivo Distribution Studies. Animals and Treatments. 60 male
and female CD1 mice of 35−45 g body weight (56−62 days of age)
were purchased from Charles River Laboratories, Sulzfeld, Germany.
Five mice per cage were housed in a controlled room (22 °C, 50−65%
humidity; day/night cycle of 12/12 h) with free access to water and the
standard laboratory diet (Altromin, Germany). After 7 days of
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acclimatization, they were randomly divided into eight groups in which
each group received four different testing compounds (1, 2d-(H)) at a
dose of 25 mg/kg by i.p. injection or oral gavage (p.o.). Compound 1
was diluted in 1%DMSO, while 2d-(H)was diluted in 2% DMSO. The
i.p. injection was given once only while the p.o. administrations were
given for 4 days, twice daily (8 doses in total) at 9 and 18 o’clock. The
dose of 25 mg/kg was chosen based on preliminary tests. 60 min after
the administration of the testing compounds, blood was collected
(about 0.2 mL) from the facial vein using a lancet (Goldenrod animal
lancet). At the end of the experiment (3 h after the last drug
administration), the animals were sacrificed by decapitation under
isoflurane anesthesia. Trunk blood was collected, and the brain was
removed and homogenized. Experiments were carried out according to
the German Law for Animal Protection and were registered with
Regierungspras̈idium Darmstadt (FR/1021). All efforts were made to
minimize animal numbers and animal suffering.
Microdialysis Experiments. Mice were anesthetized with isoflurane

(induction dose 5%, maintenance dose 1.5% v/v in synthetic air) (Air
Liquide, Düsseldorf, Germany) and placed in a stereotaxic frame
(Stoelting, Chicago, IL, USA). A Y-shaped, concentric microdialysis
probe with a molecular weight cutoff of 30 kDa and an exchange area of
2 mm was manufactured as described previously.90 The probe was
implanted in the hippocampus with the following coordinates from
bregma: AP −2.0 mm; L +2.0 mm; DV −2.3 mm.91 The mice were
allowed to recover overnight. On the next day, the probes were perfused
(rate: 2 μL/min) with artificial cerebrospinal fluid (aCSF; 147 mM
NaCl, 4 mM KCl, 1.2 mM CaCl2, and 1.2 mM MgCl2) for 4 h and
dialysates were collected every 20 min. After dialysates were collected
for 1 h for equilibration, the test compound was given as described
above. A blood sample was collected 1 h after administration of the test
compound. At the end of the experiment (3 h after the last drug
administration), the animals were sacrificed by decapitation under
isoflurane anesthesia. Trunk blood was collected, and the brain was
removed and homogenized.
Sample Preparation and LC−MS Analysis. The blood was

centrifuged at 4 °C, 1500g for 20 min and the plasma supernatant
was extracted with acetonitrile and centrifuged again at 4 °C, 10,000g
for 10 min. The supernatant was analyzed by LC−MS using an Agilent
Poroshell 120 EC-C18 150 × 2.10 mm 4 μm column; mobile phase:
compound 1 (35% acetonitrile, 55% H2O, 10% of a 0.1% solution of
formic acid in water) and compound 2d-(H) (55% acetonitrile, 35%
H2O, 10% of a 0.1% solution of formic acid in water). Ion
chromatograms were obtained using electronic filters for the ions of
interest. The LC−MS chromatograms and their corresponding mass
spectra were analyzed using MestReNova (v. 12.0.4).89

The brain tissue was homogenized using a mixture of acetonitrile/
MilliQ-water (ratio 2:1, 2 mL per 300 mg brain) in a tissue grinder
(Potter S, B. Braun,Melsungen, Germany) at 1,500 rpm and 15 strokes.
Afterward, the homogenate was centrifuged at 4 °C, 10,000g for 10 min
and the supernatant was lyophilized. The lyophilizate was extracted
with 400 μL acetonitrile and this extract was analyzed via LC−MS as
described above. The fractions of the microdialysate were used without
further processing. The AUC that was obtained from the extracted ion
chromatograms was normalized to a volume of 500 μL for the plasma
samples or a weight of 450 mg for the brain homogenates. The average
AUC for every sample was calculated from experiments performed in
triplicate.
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■ ABBREVIATIONS
AcOH, acetic acid; aCSF, artificial cerebrospinal fluid; ADME,
absorption, distribution, metabolism, excretion; AMC, 7-amido-
4-methylcoumaryl; aq, aqueous; Arg, arginine; Asp, aspartate;
AUC, area under the curve; Bn, benzyl; boc, tert-butyl
carbonate; CatB, cathepsin B; CatL, cathepsin L; Cbz,
carbobenzoxy; chymotrps., chymotrypsin; cpd, compound;
Cys, cysteine; CYP, cytochrome P450; DCM, dichloromethane;
DCTB, trans -2-[3-(4- ter t -butylphenyl)-2-methyl-2-
propenylidene]malononitrile; DECP, diethyl chlorophosphate;
DIEA, N,N-diisopropylethylamine; DHBD, 2,3-dihydrobenzo-
[b][1,4]dioxine; DMF, dimethyl formamide; DMSO, dimethyl
sulfoxide; DTT, dithiothreitol; EDC, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide; EDTA, ethylenediamine
tetraacetic acid; EtOAc, ethyl acetate; ESI, electrospray
ionization; Glu, glutamate; Gly, glycine; HAT, Human African
Trypanosomiasis; HeLa cells, Henrietta Lacks cells; HOBt,
hydroxybenzotriazole; HPhe, homophenylalanine; HPLC, high-
pressure liquid chromatography; HWE, Horner−Wadsworth−
Emmons; i.p., intraperitoneal; KHMDS, potassium bis-
(trimethylsilyl)amide; LC, liquid chromatography; Leu, leucin;

LHMDS, lithium bis(trimethylsilyl)amide; MALDI, matrix-
assisted laser desorption/ionization; mCPBA, meta-chloroper-
benzoic acid; Me, methyl; Met, methionine; MM, molecular
mechanics; MOE, molecular operating environment; MS, mass
spectrometry; MS-Cl, mesyl chloride; mp, melting point;
NADPH, nicotinamide adenine dinucleotide phosphate (re-
duced form); n-BuLi, n-butyllithium; n.d., not determined;
NHS, N-hydroxysuccinimide; NMR, nuclear magnetic reso-
nance; NTD, neglected tropical disease; PDB, Protein Database;
Ph, phenyl; Phe, phenylalanine; Pip, piperazine; ppm, parts per
million; Pyr, pyridine; QM, quantum mechanics; RMSD, root-
mean-square deviation; rt, room temperature; SAR, structure−
activity relationship; SPR, surface plasmon resonance; Succ, N-
succinyl; T. b. gambiense, Trypanosoma brucei gambiense; T. b.
rhodesiense, Trypanosoma brucei rhodesiense; TBTU, 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluorobo-
rate; TEA, triethyl amine; TFA, trifluoroacetic acid; THF,
tetrahydrofuran; TLC, thin layer chromatography; TOF, time of
flight; Tris, tris(hydroxymethyl)aminomethane; Trp, trypto-
phan; Tyr, tyrosine; UV, ultraviolet; val, valine; VS, vinyl
sulfone; X-ray, energetic high-frequency electromagnetic
radiation
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