
Subnanomolar Cathepsin S Inhibitors with High Selectivity:
Optimizing Covalent Reversible α-Fluorovinylsulfones and
α-Sulfonates as Potential Immunomodulators in Cancer
Natalie Fuchs+,[a] Mergim Meta+,[a] Bellinda Lantzberg,[b] Matthias Bros,[c] Seah Ling Kuan,[b]

Tanja Weil,[b] and Tanja Schirmeister*[a]

The cysteine protease cathepsin S (CatS) is overexpressed in
many tumors. It is known to be involved in tumor progression
as well as antigen processing in antigen-presenting cells (APC).
Recent evidence suggests that silencing CatS improves the anti-
tumor immune response in several cancers. Therefore, CatS is
an interesting target to modulate the immune response in
these diseases. Here, we present a series of covalent-reversible
CatS inhibitors based on the α-fluorovinylsulfone and -sulfonate
warheads. We optimized two lead structures by molecular

docking approaches, resulting in 22 final compounds which
were evaluated in fluorometric enzyme assays for CatS inhib-
ition and for selectivity towards the off-targets CatB and CatL.
The most potent inhibitor in the series has subnanomolar
affinity (Ki=0.08 nM) and more than 100,000-fold selectivity
towards cathepsins B and L. These new reversible and non-
cytotoxic inhibitors could serve as interesting leads to develop
new immunomodulators in cancer therapy.

Introduction

Cysteine cathepsins are ubiquitous papain-like proteases, in
mammalians mainly located in the lysosome, involved in
extracellular matrix degradation and intracellular protein
processing.[1] They have various functions in cells and, above all,
share a high structural similarity.[2] However, cathepsin S (CatS)
differs from other cysteine cathepsins in its stability at neutral
pH and its limited tissue distribution (mainly in antigen-
presenting cells, e.g. macrophages).[3,4] CatS is known to be
overexpressed in many tumors (e.g., follicular lymphoma,
breast, gastric, colon, pancreatic cancer).[5–8] To date, various
mechanisms how CatS is involved in tumor progression are
known. For example, CatS is known to turn over extracellular
matrix proteins and to drive tumor angiogenesis.[7,9] Addition-
ally, Riese and co-workers showed that CatS regulates antigen
processing and presentation in antigen-presenting cells
(APC).[10–15] With this important role in immune cells, cathepsin S

intervenes in the body’s immune response also to tumors. It
shifts MHC-II expression to MHC� I, resulting in a favored
activation of CD4+ T cells (e.g., regulatory T cells) over
cytotoxic CD8+ T cells.[5,6,16] Jakoš and co-workers and Wilkinson
and co-workers also stated that CatS polarizes APCs from M1 to
M2 phenotype that is associated with tumor progression,
supporting the proliferation of myeloid-derived suppressor cells
(MDSC) and tumor-associated macrophages.[9,16] This shift results
in a suppressed T cell-induced immune response.[17–19] Data
from murine models also indicates that CatS inhibition reduces
the overall T cell immunity in healthy mice but enhances the
CD8+ T cell immunity in mice with cancer.[20] Cytotoxic CD8+ T
cells can attack tumor cells and thus lead to tumor volume
reduction.[20] Experiments with small-interfering RNA (siRNA)
targeting CatS mRNA and thus, reducing CatS expression,
resulted in tumor volume and invasion reduction as well as
increased apoptosis and attenuated angiogenesis.[21,22] Burden
and co-workers used inhibitory CatS antibodies and observed
an increased effect of chemotherapeutics plus a significant
tumor growth limitation.[23,24] Furthermore, CatS overexpression
occurs in follicular lymphoma including the expression of an
overactive mutant (Y132D) with enhanced auto-activation.[5]

Knocking down the protease leads to an improved immune
response towards lymphoma cells.[6] Overall, CatS is an interest-
ing new target to enhance anti-tumor immunogenicity and
thus, stop tumor growth, especially in case of resistances to
current tumor immunotherapies.[6,10,25,26] Figure 1 summarizes
the mentioned effects of CatS in the tumor microenvironment
(TME).

CatS is a papain-like protease expressed as an inactive
zymogen.[27,28] After cleaving off the propeptide, the mature
enzyme consists of 217 residues and a catalytic dyad (Cys25,
His164) in the active site.[3,4,29] Despite the high structural
similarity to other human cathepsins, there are various residues
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in the S1’ to S3 subsites that differ and can be addressed to
gain selectivity.[4,29] The first selective CatS inhibitors were
published in the early 2000s based on a publication by Pauly
et al. that described the binding site and especially the differ-
ences towards other cysteine cathepsins.[1,29]

The S2 subsite contains a flexible Phe211 residue that can
flip and open up to Phe70 from the S3 site, creating space for
bulkier residues in S2. Furthermore, it allows ligand π-stacking
with these Phe residues.[1,30] During the last 20 years, many
cathepsin S inhibitors have been developed, including non-
covalent as well as covalent ones (e.g. vinylsulfones, nitriles,
aldehydes).[1,30–38] One nitrile-based inhibitor has already been
tested in vivo. The compound led to significant reduction of
tumor volume in murine models.[39] The structures of three
advanced CatS inhibitors are summarized in Scheme 1.[30,40,41]

Here, we focus on developing new selective cathepsin S
inhibitors based on the structure of the well-known pan-
cathepsin inhibitor K11777. This compound with an electro-
philic vinylsulfone warhead is known to be a covalent
irreversible cathepsin inhibitor (Figure 2).

The active site cysteine undergoes a Michael-type addition
and cannot dissociate from the inhibitor after the covalent
bond formation. Since irreversible inhibition has several draw-
backs, e.g., off-target effects, toxicity, haptenization, we have
recently developed modified K11777 derivatives by introducing
a fluorine atom at the α-position of the vinylsulfone double
bond.[42–44] The generated α-fluorovinylsulfone (1a) undergoes a
reversible Michael-type addition with thiols (Figure 2).[45] With
this reversibility we maintain the benefits of covalent inhibition,
e.g., longer residence times, higher potency, thus possible
dosage reduction, and a lower pharmacokinetic sensitivity,
without the drawbacks of irreversible inhibition mentioned
above.[46–48]

Our most recent findings suggest that modifying the
warhead from an α-fluorovinylsulfone (1a) to an α-fluorovinyl-
sulfonate (1b) results in slowly reversible cathepsin inhibitors,
further prolonging the target residence time (Figure 2).[49]

Since covalent-reversible inhibition has many benefits, we
chose previously described fluorinated derivatives from Schir-
meister et al. and Jung, Fuchs et al. as initial starting structures
(1a, 1b) for the development of new CatS inhibitors.[45,49] Results
of molecular docking studies combined with literature-known
motifs resulted in 22 new compounds (Figure 3) that were
tested in fluorometric enzyme assays against cathepsins S, B,
and L. We evaluated their potency and selectivity profiles in a
structure-activity relationship study backed up by molecular
docking results. Finally, their cytotoxicities against the breast

Figure 1. Cathepsin S inhibition affects tumor cells and antigen presenting cells (APC). CLIP=Class II-associated invariant chain peptide.

Scheme 1. Structures of three advanced published CatS inhibitors.[30,40,41]
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cancer cell line MDA-MB-231 and murine bone marrow-derived
dendritic cells were tested in cell viability assays.

Results and Discussion

Starting from lead structures 1a and 1b,[45,49] we prepared 22
new compounds (2a–6c, Scheme 2).

The compounds differ in their P2 and P3 positions
(Scheme 2). They contain morpholine (2c, 3c, 6c), piperazine
(Pip, 2b, 3b), N-boc-piperazine (Pip-N-boc, 2a, 3a), pyridine
(2d, 3d, 4a–5d), thiophene (2e, 3e) or aniline (Ph� NH2, 6b) in
the P3 position and hPhe (4c, 5c), cyAla (4a, 5a, 6a–c), Leu
(4b, 5b) and Trp (4d, 5d; all with (S)-configured stereo center)
in the P2 position. These latter residues were previously
described to improve the binding affinity in CatS inhibitors.[34]

For the covalently reacting warhead functionality, we prepared
α-fluorovinylsulfones and the corresponding α-fluorovinylsulfo-
nates occupying the P1 position.

Chemistry

The synthesis route allowed many combinations of the two
warhead variations with various dipeptides, resulting in the final
inhibitors 1a–6c.

Warhead preparation

To prepare the warhead, we first synthesized fluorinated
phosphonates 11 and 12 (Scheme 3) as previously published.[49]

To synthesize aldehyde 14, we prepared the Weinreb amide 13

Figure 2. Reversible K11777 derivatives as lead structures for CatS inhibitor
development.

Figure 3. SAR variations for compounds 1a (P1’=Ph) and 1b (P1’=OPh).
Residues of initial leads are highlighted.

Scheme 2. Optimized cathepsin S inhibitors with variations in P1’, P2 and P3.
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of boc-homophenylalanine which was subsequently reduced to
14 using LiAlH4 (Scheme 2). Aldehyde 14 and phosphonates 11
or 12 then reacted in a Horner-Wadsworth-Emmons olefination,
providing fluorovinylsulfone 15 and fluorovinylsulfonate 16.
Boc-deprotection with HCl in dioxane resulted in 17/18
(Scheme 3).

Dipeptide synthesis

For ester-protected dipeptides 19, 21, 23 and 41, we prepared
isocyanates which then reacted with piperazine derivatives or
morpholine. We synthesized the other ester-protected dipep-
tides using standard amide coupling reactions. The cleavage of
the ester moieties by hydrolysis under basic conditions gave
access to the final dipeptides 20–42 (Scheme 4).

Amide couplings

Warheads 17 or 18 were coupled with dipeptides 20–42 in
standard amide coupling reactions (Scheme 5). The resulting
inhibitors 1a–6c were purified by HPLC (>95% purity in all
cases). For some compounds (4c, 6a, 6b) the formation of
diastereomers could not be avoided, but the (E)-configurations
of the isolated, purified and tested inhibitors were confirmed in
all cases using the coupling constants in the NMR.

Fluorometric enzyme assays

The synthesized compounds’ inhibitory activities against CatS
and the off-targets CatB and CatL were tested using well-known
fluorometric enzyme assays (Table 1).[50] The inhibitors were
initially screened at different concentrations (20 μM, 1 μM)
followed by IC50/Ki value determination if >50% inhibition at
20 μM. For more information regarding assay procedures and
calculations of inhibition constants see ’Fluorometric enzyme
assay’ in the Experimental Section.

We started by varying the P3 position of lead compounds
1a and 1b (Figure 3) and prepared two compound sets, namely
the corresponding fluorovinylsulfones/-sulfonates (2a–6c), and
evaluated their inhibitory activities and selectivities (Table 1).
We generally observed all α-fluorovinylsulfonates (3a–3f & 5a–
5c) to be more potent cathepsin S inhibitors than the
corresponding α-fluorovinylsulfones (2a–2e & 4a–4d) which
already improves their selectivity towards CatB and CatL
(Table 1).

We noted a good inhibition for compound 2c (Ki=40 nM),
but a low selectivity (only 9.3-fold vs. CatB and 4.5-fold vs.
CatL). The corresponding fluorovinylsulfonate 3c has a 40-fold
increased inhibitory activity (Ki=0.9 nM), also resulting in higher
selectivity towards other cathepsins (1,333-fold vs. CatB, 333-
fold vs. CatL).

Next, we altered the P2 position while maintaining a 4-
pyridyl residue in P3, an effective strategy to achieve the most
potent and selective P2 residues. The 4-pyr moiety was among

Scheme 3. (A) Phosphonate preparation (9–12). (a) KHMDS/n-BuLi, DECP;
THF; � 78/0 °C; 3 h; 43–82%. (b) LHMDS, Selectfluor; THF/DMF; � 78 °C–0 °C;
4 h; 45–46%. (B) Aldehyde preparation (13–14). (c) N,O-dimethyl hydroxyl-
amine, HOBt, TBTU, DIPEA; DCM; 0 °C – rt; 12 h; 100%. (d) LiAlH4; diethyl
ether; 0 °C; 2 h; 99%. (C) HWE olefination (15–16) and boc deprotection (17–
18). (e) LHMDS; THF; � 78 °C; 4 h; 46–59%. (f) 4 M HCl; dioxane; rt; 2 h; 88–
95%.

Scheme 4. Synthesis of dipeptides 20–42. (g) Triphosgene, NaHCO3; DCM/
toluene; 0 °C; 3 h; 64%. (h) DIPEA; THF; 0 °C – rt; 12–24 h; 84–100%. (i) HOBt,
TBTU, DIPEA; DCM; 0 °C – rt; 12–24 h; 67–100%. (j) LiOH×1 H2O; THF/H2O; rt;
12–24 h; 44–100%.
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the top two residues in P3 regarding potency and selectivity
with a better synthetic accessibility than morpholyl.[35]

Here, we also prepared corresponding α-fluorovinylsul-
fones/-sulfonates (4a–5d) and determined their inhibitory
activities and selectivity profiles (Table 1). The cyAla residue in
P2 seems to be the most favorable, with Ki values in the low
nanomolar range (5.9–7.9 nM) for both warheads (4a, 5a, see
Table 1). The resulting selectivity towards CatB and CatL is
>1,000-fold for both compounds and enzymes. Leucin in P2
combined with an α-fluorovinylsulfonate (5b) also shows good
CatS inhibition (Ki=35 nM) and high selectivity, but lacks
selectivity compared to 5a with cyAla in P2. Homophenylala-
nine and tryptophane are not suitable as they lack affinity and
selectivity compared to the most favorable compounds.

Based on the results from these first optimizations, we
prepared three additional compounds (6a–6c) with cyAla in P2
and modifications in P3. For future attachments of our
inhibitors onto nanodelivery systems via various linkers, we
chose to introduce an amino-substituted phenyl ring in the P3

position (6b). We also tested the N-boc protected intermediate
6a. Since we had found the morpholyl substituted compounds
2c, 3c to be very potent, with Ki values of 0.9 nM (3c) and
40 nM (2c) respectively, we prepared a final inhibitor combining
the favorable cyAla residue in P2 with the morpholyl moiety in
P3 (6c). The results shown in Table 1 reveal that all three
moieties are suitable for the P3 position with Ki values in the
low nanomolar or even subnanomolar range and high
selectivities towards cathepsins B and L. However, it should be
noted that combining suitable residues in P2, P3 and the most
potent warhead is essential to achieve a highly active and
selective inhibitor. Compound 6c (morpholyl in P3, cyAla in P2,
F-vinylsulfonate warhead) with a Ki value around 90 pM and
more than 100,000-fold selectivity towards the other two
cathepsins is the most potent and selective inhibitor of the
series.

To verify the extraordinarily high inhibition potency of 6c,
we also used an alternative substrate (Z-Phe-Arg-AMC) and

Scheme 5. Amide coupling reactions of warheads and dipeptides resulting in the final inhibitors 1a–6c. (i) HOBt, TBTU or HATU, DIPEA; DCM or DCM/DMF;
0 °C – rt; 12–24 h; 11–65%. (f) 4 M HCl; dioxane; rt; 2 h; 74–96%.

Table 1. Enzyme assay results for compounds 2a–6c compared with 1a and 1b.

Compd P1’ P2 P3 Ki CatS
[μM]

Ki CatB
[μM]

SI CatB/CatS Ki CatL
[μM]

SI CatL/CatS

1a Ph Phe Pip-N-Me 1.2�0.28 0.47[a] 0.39 0.023[a] 0.02
1b OPh Phe Pip-N-Me 0.010�0.002[c] 0.26�0.038 26 0.024�0.003 2.4
2a Ph Phe Pip-N-boc 0.14�0.056 >12 >86 >10 >71
2b Ph Phe Pip 1.3�0.37 0.66�0.084 0.51 0.79�0.21 0.61
2c Ph Phe morpholyl 0.040�0.004 0.37�0.096 9.3 0.18�0.043 4.5
2d Ph Phe 4-pyridyl 0.10�0.012 3.1[a] 31 0.11[a] 1.1
2e Ph Phe 3-thiophenyl 0.057�0.008 1.1�0.38 19 0.56�0.097 9.8
3a OPh Phe Pip-N-boc 0.0085�0.0045[c] >12 >1,400 >10 >1,100
3b OPh Phe Pip 0.0057�0.0023[c] 0.84�0.20 147 0.087�0.010 15
3c OPh Phe morpholyl 0.0009�0.0005[c] 1.2�0.20 1,333 0.30�0.014 333
3d OPh Phe 4-pyridyl 0.0008�0.0004[c] 1.7[b] 85 0.26[b] 13
3e OPh Phe 3-thiophenyl 0.011�0.0039[c] 4.0�0.98 363 0.97�0.059 88
3f OPh Phe Ph 0.0073�0.0018[c] >12 >1,600 0.19�0.16 26
4a Ph cyAla 4-pyridyl 0.0059�0.0008 >15 >2,500 >10 >1,700
4b Ph Leu 4-pyridyl 0.11�0.011 >12 >110 0.56�0.11 5.1
4c Ph hPhe 4-pyridyl 0.17�0.0033 >15 >88 >10 >59
4d Ph Trp 4-pyridyl 0.32�0.043 >12 >38 2.3�0.61 7.2
5a OPh cyAla 4-pyridyl 0.0079�0.0038[c] >15 >1,900 >10 >1,300
5b OPh Leu 4-pyridyl 0.035�0.012[c] >12 >340 >10 >290
5c OPh hPhe 4-pyridyl 0.24�0.11[c] >12 >50 >10 >42
5d OPh Trp 4-pyridyl 0.018�0.0023[c] 1.7�0.17 94 0.66�0.076 37
6a OPh cyAla Ph-N-boc 0.0059�0.0018[c] >12 >2,000 >10 >1,700
6b OPh cyAla Ph-NH2 0.0090�0.0017[c] >12 >1,330 >10 >1,100
6c OPh cyAla morpholyl 0.00009�0.00002[c] >12 >150,000 >10 >125,000

[a] See Schirmeister et al.[45] [b] See Jung, Fuchs, et al.[49] [c] Time-dependent inhibition.
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repeated the inhibition experiments, resulting in a similar Ki

(120 pM, see Figure 5 and Fluorometric enzyme assay).
Generally, the progress curves for α-fluorovinylsulfones are

linear, indicating that the inhibition is not time-dependent
(Figure 4). For the α-fluorovinylsulfonates, we observed time-
dependent inhibition (Figure 5) with biphasic binding behavior
as we have reported previously for α-fluorovinylsulfonate
inhibitors of the cysteine protease rhodesain.[49] Thus, we also
determined further inhibition constants, such as k3, k4 and Ki*
(dissociation constant of final covalent complex) using the slow-
binding equation for these compounds [1b, 3a–f, 5a–6c,
Table 2, and Equation (1), which depicts enzyme-inhibitor
complex formation and the relevant constants].[51]

(1)

We found the rate constant of the dissociation of the final
complex (k4) to be significantly lower than the association rate
constant (k3) for all time-dependent compounds (Table 2),
suggesting tight-binding behavior. The dissociation constants
of the final covalent complexes (Ki*) are in the low nanomolar

Figure 4. Assay results for 2c (bottom right). (A) Fluorescence-time plot for 2c vs. CatS with different inhibitor concentrations [μM] showing linear progress
curves. (B) Residual enzyme activity [%] vs. inhibitor concentration [μM] for IC50 calculation. Ki value was calculated using the Cheng-Prusoff equation.[51]

Table 2. Inhibition data and kinetic constants for time-dependent CatS inhibitors.[a]

Compd P2 P3 Ki
[μM]

k3
[s-1]

k4
[s-1]

Ki*
[μM]

1b Phe Pip-N-Me 0.010�0.002 0.0015 0.0002 0.0012
3a Phe Pip-N-boc 0.0085�0.0045 0.0024 0.0004 0.0012
3b Phe Pip 0.0057�0.0023 0.0020 0.0004 0.0010
3c Phe Morpholyl 0.0009�0.0005 0.0021 0.0003 0.00011
3d Phe 4-pyridyl 0.0008�0.0004 0.0012 0.0004 0.00020
3e Phe 3-thiophenyl 0.011�0.0039 0.0016 0.0002 0.0012
3f Phe Ph 0.0073�0.0018 0.0018 0.0003 0.0010
5a cyAla 4-pyridyl 0.0079�0.0038 0.0015 0.0003 0.0013
5b Leu 4-pyridyl 0.035�0.012 0.0016 0.0003 0.0055
5c hPhe 4-pyridyl 0.24�0.11 0.0017 0.0002 0.025
5d Trp 4-pyridyl 0.018�0.0023 0.0022 0.0002 0.0015
6a cyAla Ph-N-boc 0.0059�0.0018 0.0019 0.0002 0.00056
6b cyAla Ph-NH2 0.0090�0.0017 0.0007 0.0001 0.00038
6c cyAla morpholyl 0.00009�0.00002 0.0017 0.0002 0.00001

[a] k3, k4 and Ki* calculated with the slow-binding equation.[52]
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to subnanomolar range proving the very tight binding of the
inhibitors.

Dilution assay

With dilution assays, we proved that the inhibitors are reversible
as expected from our previous experiences with such
compounds.[49] For the experiments, two compounds (F-vinyl-
sulfonate 3c, F-vinylsulfone 4a) were incubated with cathepsin
S, followed by 100-fold dilution with substrate-containing assay
buffer. In case of reversible inhibition, the enzyme activity
should recover. Furthermore, we used the pan-cathepsin
inhibitor K11777 as an irreversible control.[53]

Figure 6 shows that enzyme activity can be recovered for F-
vinylsulfones and -sulfonates, suggesting reversible inhibition
as anticipated.

SAR discussion

Comparing the Ki values of the lead compounds F-vinylsulfone
1a (Ki=1.2 μM) and F-vinylsulfonate 1b (Ki=0.010 μM) with P3
substituted inhibitors 2a–2e and 3a–3f shows significantly
enhanced affinity towards the target enzyme CatS in all cases
except for piperidyl substituted vinylsulfone 2b (Ki=1.3 μM)

and 3-thiophenyl substituted vinylsulfonate 3e (Ki=0.011 μM).
The non-covalent docking results show scores in the same
range or even higher compared to the leads 1a & 1b. For
compound 3f the predicted score for the stability of the
covalent complex is even higher compared to the lead
compounds (see Table B, Supporting Information). Additionally,

Figure 5. Assay results for 6c (bottom right). (A) Fluorescence-time plot for 6c vs. CatS with different inhibitor concentrations [nM] showing a biphasic
behavior, thus a time-dependent inhibition mode. Substrate: Z-Val-Val-Arg-AMC. (B) kobs [s

� 1] vs. inhibitor concentration [μM] plots resulting from assays with
substrate Z-Val-Val-Arg-AMC for Ki calculation using the slow-binding equation.[52] (C) kobs [s

� 1] vs. Inhibitor concentration [μM] plots resulting from assays with
substrate Z-Phe-Arg-AMC for Ki calculation using the slow-binding equation.[52]

Figure 6. Dilution assays. DMSO as control (black) and K11777 as irreversible
control (red). Incubation of CatS with compounds 3c (F-vinylsulfonate, blue)
and 4a (F-vinylsulfone, green) followed by 100-fold dilution results in an
enzyme activity recovery.
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the selectivities for CatS increased significantly towards CatB for
all P3 modified compounds (2a–3f) by up to 220-fold for
inhibitor 2a vs 1a. The selectivity towards CatL also improved
in all cases (2a–3f) from 0.02-fold for 1a to >71-fold for 2a
(vinylsulfones) and from 2.4-fold for 1b to >1,100-fold for 3a
(vinylsulfonates). Overall, the vinylsulfonate warhead resulted in
more potent inhibitors as exemplified for compounds 2b vs 3b.
Superposition of the covalent docking poses of both com-
pounds revealed that the phenylalanine substituent of 3b leads
to a different orientation of the phenyl ring inside the S2
subpocket of the active site, where additional face to edge and
face to face π-stacking interactions with Phe211 and Phe70
could be possible, possibly leading to tighter binding of 3b
compared to 2b (Figure 7).

Replacing phenylalanine in P2 with four different amino
acids while maintaining the 4-pyridyl substituent in P3 lead to
the result that the cyAla-residue is best suited to address the S2

pocket of the enzyme with both warheads. This is highlighted
by the increase in potency for the vinylsulfone-based inhibitor
4a (Ki=0.006 μM) compared to 2d (Ki=0.10 μM) and a better
selectivity towards both off-targets (>2,500-fold vs CatB and
>1,700-fold vs CatL). For the vinylsulfonate-based inhibitor
series, the same exchange resulted in a potency drop of about
10-fold (3d vs 5a) but a big jump in selectivity (>1,900-fold vs
CatL and >1300-fold vs CatL) for inhibitor 5a. This might be
due to the sp3-hybridization of the carbon atoms of the cyAla
substituent, which better fills the S2 subpocket of CatS and
presumably generates new non-polar interactions with the
subpocket atoms compared to the sp2-hybridized planar phenyl
ring (Figure 8). The S2 pockets of both off-target cathepsins lack
the depth for accepting bulky residues. Additionally, a water
molecule present in the S2 pocket, could putatively be expelled
by the hydrophobic cyAla residue and thus lead to a change in
entropy and thereby have an impact on the binding free
energy.

Combining the cyAla motif in P2 with morpholine in P3 and
the vinylsulfonate warhead yielded the most potent inhibitor
6c, with a Ki-value in the picomolar range and excellent
selectivities over CatB (>150,000) and CatL (>125,000). Super-
position of the non-covalent docking pose of 6c with the
covalent enzyme-inhibitor complex shows that all polar inter-
actions between the non-covalently bond inhibitor and the
enzyme should still be intact after the covalent bond formation
(Figure 9). Compound 6c also has one of the highest scores for
the stability of the covalent enzyme inhibitor complex (Affinity
~G, MOE-score= � 6.0 kcal/mol) as well as the second highest
HYDE-score of all inhibitors with � 50 kJ/mol (Table B, Support-
ing Information).

The incorporation of an amine functionality in the P3 site
for compound 6b (Ki=9 nM) and its boc-protected intermedi-
ate 6a (Ki=6 nM) did not deteriorate the affinity or the
selectivity for the target enzyme (Table 1). Therefore, 6b can be
used in future studies with nanodelivery systems.Figure 7. Superposition of the covalent docking poses of 2b (smudge green

carbon atoms) and 3b (purple carbon atoms) inside the active site of CatS
(pdb: 1NPZ). Polar interactions between 3b and the enzyme are depicted as
yellow dashed lines.

Figure 8. Predicted binding modes and non-covalent interactions (yellow dashed lines) of different inhibitors inside the CatS binding pocket (pdb: 1NPZ). (A)
Superposition of the covalent docking poses of 4a (purple carbon-atoms) & 4b (smudge green carbon atoms). (B) Superposition of the covalent docking
poses of 5a (purple carbon-atoms) & 5b (smudge green carbon atoms).
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Cell viability

Selected compounds were tested in a CellTiter-Glo Lumines-
cent Cell Viability assay to assess their cytotoxicity. We used
MDA-MB-231 cells which are breast cancer cells that compen-
sate the inhibition of CatS and other cathepsins. Therefore, only
unspecific cytotoxic effects, that are not related to CatS
inhibition, are detected.[54] We did not observe significant
cytotoxicity (Figure 10) after 24 h treatment at concentrations
>1,000-fold higher (20 μM) than the compounds’ Ki values in
the low nanomolar range. Only compounds 5a and 6b

exhibited low cytotoxic effects at the highest concentration
applied (100 μM), which was >10,000-fold the compounds’ Ki

values. In conclusion, the exemplarily selected compounds do
not affect cell viability of MDA-MB-231 cells at their biologically
active concentrations.

In addition, the cytotoxic effect of several compounds was
also tested on single cell level using murine DC. The various
compounds (1 μM) were applied alone or followed by admin-
istration of the DC activator lipopolysaccharide (100 ng/mL)
required to achieve robust T cell stimulatory activity. Neither
compound exerted major cytotoxic activity on CD11c+ DC at
concentrations about 1,000-fold higher than their Ki values as
assessed using membrane impermeable fixable viability dye,
which binds to amines of cytoplasmic proteins of dead cells
with a porous cell membrane (Figure 11).

Conclusions

Here, we have demonstrated that α-fluorovinylsulfones and
-sulfonates are potent covalent-reversible cathepsin S inhibitors.
Both warheads are well suitable for the target enzyme, with the
α-fluorovinylsulfonates being more effective. Starting from the
K11777 scaffold, we replaced residues in the P2 and P3
positions, resulting in high affinity compounds, some of them
being highly selective against off-target cathepsins. In the P3
position, we observed a morpholyl (3c) or 4-pyridyl (3d) residue
to be most suitable with Ki values in the subnanomolar range
and moderate selectivity. In the P2 position, we found that
cyAla (4a, 5a) increased the selectivity immensely with Ki values
in the low nanomolar range for the on-target CatS. Combining
the best-performing residues of P2 and P3 to form a morpholyl-
cyAla-hPhe-F-vinylsulfonate-Ph motif (6c) proved to be most
effective with subnanomolar affinity (Ki=0.09 nM, Ki*=0.01 nM)
and exceptional selectivity towards cathepsins B and L
(>150,000/125,000-fold). The time-dependent inhibition ena-
bles slow-tight binding, thus prolonging target residence times.

Figure 9. Superposition of the non-covalent docking pose of 6c (darksalmon
carbon atoms) and the covalent docking pose of 6c (teal carbon atoms)
inside the active site of CatS (pdb: 1NPZ). Polar interactions between the
non-covalent pose of 6c and the enzyme are depicted as yellow dashed
lines. The distance between the electrophilic C-atom of 6c and Cys25 is
shown as red dashed line with the measured distance in Å.

Figure 10. Cell viability of compounds 5a, 5b, 6b and 3c-treated MDA-MB-
231 cells determined by CellTiter-Glo Luminescent Cell Viability Assay.
Cells were treated for 24 h with each compound at two different
concentrations, 100 μM or 20 μM, respectively. Significant cytotoxic effect
was observed for MDA-MB-231 cells treated with 5a and 6b at 100 μM. All
experiments were performed in quadruplicates and data are shown as
mean �SD from three independent experiments.

Figure 11. Cell viability of compounds 2b, 2c, 4a, 5a, and 6b-treated
murine CD11c+ DC. Cells were treated for 24 h with each compound at 1 μM
concentration. No significant cytotoxic effects were observed.
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Therefore, compound 6c will be an excellent candidate for
further optimizations regarding new small molecule immuno-
modulators in cancer therapy, where already resistances to
existing immunotherapies are known.[26] Cell viability experi-
ments using a non-CatS sensitive cancer cell line and murine
derived dendritic cells both did not show cytotoxic effects for
all tested inhibitors at relevant concentrations (>1,000-fold Ki).
The next steps include immunoassays with macrophages or
dendritic cells to evaluate the potential of our CatS inhibitors,
e.g., for immune cell polarization. This could involve markers
like MHC-I and MHC-II expression as well as functional assays
for T cell activation.

Moreover, development of inhibitor-nanocarrier constructs
is possible with these compounds. By attaching cathepsin S
inhibitors to nanocarriers, their efficacy could be further
enhanced through specific targeting, e.g., to dendritic cells or
other APC.[25] Compound 6b with a free amino moiety (Ki=

9 nM, SI>1,000) allows the attachment of various function-
alities, such as linkers or nanodelivery systems.

Experimental Section

General

All reagents and solvents were purchased from Sigma-Aldrich,

Alfa Aesar, Acros, TCI, BLD Pharmatech, Carbolution or Carl

Roth in analytical or HPLC grade quality. Chemicals were used
without further purification, whereas solvents were distilled and
desiccated by standard methods if necessary. 1H and 13C spectra
were recorded on a Bruker Fourier 300 device using DMSO-d6 or
CDCl3 as solvents. Chemical shifts δ are given in parts per million
(ppm) using residual proton peaks of the solvent as internal
standard (1H/13C: DMSO 2.50/39.52 ppm; CHCl3 7.26/77.16 ppm).
The compound purity was determined via HPLC-MS at λ=254 nm
using an Agilent 1100 series HPLC with an Agilent Poroshell 120
EC-C18 column (150×2.10 mm, 4 μm) coupled with an Agilent 1100
series LC/MSD Trap with electron spray ionization (ESI) in positive
mode. All compounds tested in enzymatic assays are �95% pure
by HPLC analysis. The mobile phase consisted of a variable mixture
of ACN and H2O with 0.01% formic acid. For purification we used a
Varian PrepStar system (model 218) with a MZ-Aqua Perfect C18

column (250×20 mm, 7 μm) by MZ-Analysentechnik. Column
chromatography was performed with silica gel (0.040–0.063 mm)
and all reactions were monitored by thin-layer chromatography
using Macherey-Nagel Alugram Xtra SIL G/UV254 silica gel 60
plates for detection at λ=254 nm. Melting points were determined
in open capillaries with a Schorpp Device Technology MPM-H3
instrument. Optical rotation a½ �22D was measured on a Krss P3000
polarimeter (c=10 mg/mL in MeOH) at 22 °C.

Syntheses

General procedures

Procedure A (HWE olefination)

The respective phosphonate (1.0 eq) was dissolved in dry THF and
cooled to � 78 °C. Then, 1 M KHMDS or LHMDS in THF (1.3 eq) was
added dropwise and stirred for 30 min, followed by addition of
boc-l-homophenylalaninal (14, 1.1 eq). The mixture was stirred for

3–5 h at � 78 °C and stopped by adding water. The solvent was
evaporated under reduced pressure and the residue was extracted
with EA (3×), washed with water (2×), sat. aq. NaHCO3 (2×), and
brine (2×), then dried over Na2SO4. Purification by column
chromatography.

Procedure B (amide couplings)

The carboxylic acid (1.2 eq) was dissolved in DCM or a mixture of
DCM/DMF, and cooled to 0 °C. Then, HOBt (1.2 eq), TBTU (1.2 eq),
and DIPEA (3.5 eq) were added, and the mixture was stirred for
20 min until all components dissolved. The respective amine
(1.0 eq) was added, and the mixture was stirred for an additional
12–24 h, then stopped by adding water. The mixture was extracted
with DCM (2×) and the combined organic extracts were washed
with water (2×), sat. aq. NaHCO3 (2×), and brine (2×). After drying
the crude product over Na2SO4, it was purified by column
chromatography.

Procedure C (boc deprotection)

HCl (4 M) in dioxane was added dropwise to the boc-protected
amine (1.0 eq) until all components dissolve. The mixture was
stirred for 2–12 h and the product was precipitated with diethyl
ether and lyophilized afterwards.

Procedure D (alkaline hydrolysis)

The ester (1.0 eq) was dissolved in THF. LiOH monohydrate (4.0 eq)
was dissolved in water and added to the reaction dropwise. The
mixture was stirred for 12–24 h, then the solvent was removed
under reduced pressure. The pH of the aqueous phase was adjusted
with KHSO4 to 5, giving the products as solids that were further
lyophilized.

Starting material preparation

Ethyl (S)-2-isocyanato-3-phenylpropanoate (7)

Phenylalanine ethyl ester (1.0 eq, 10 mmol, 2.2 g) was dissolved in
DCM and an sat. aq. NaHCO3 solution and cooled to 0 °C.
Triphosgene (0.33 eq, 3.3 mmol, 0.99 g) was added and the mixture
was stirred for 1 h. The mixture was extracted with DCM (2×) and
the combined organic extracts were washed with sat. aq. NaHCO3

(2×), and brine (2×), then dried over Na2SO4 and concentrated
under reduced pressure, resulting in the crude product that was
used without further purification (1.4 g, 6.4 mmol, 64%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=7.35–7.03 (m, 5H), 4.73–4.51 (m, 1H),
4.30–4.07 (m, 2H), 3.16–2.91 (m, 2H), 1.32–1.09 (m, 3H). 13C NMR
(75 MHz, CDCl3) δ[ppm]=170.7, 135.7, 129.5, 128.7, 127.5, 62.7,
58.7, 40.1, 14.2. a½ �22D = � 9°.

Ethyl (S)-2-amino-3-cyclohexylpropanoate (8)

(S)-2-Amino-3-cyclohexylpropanoic acid (1.0 eq, 10 mmol, 1.7 g)
was dissolved in EtOH and SOCl2 (1.1 eq, 11 mmol, 0.8 mL) was
added dropwise. The mixture was stirred under reflux for 12 h and
the reaction was stopped with sat. aq. NaHCO3. The solvent was
evaporated under reduced pressure and the residue was extracted
with EA, giving the crude product that was used without further
purification (1.4 g, 7.0 mmol, 68%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=4.20–4.01 (m, 2H), 4.00–3.83 (m, 2H, NH2), 3.75 (tt, J=9.3,
7.0 Hz, 1H), 1.90 (t, J=7.0 Hz, 2H), 1.65–1.31 (m, 11H), 1.24 (t, J=
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8.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=173.1, 60.5, 54.7,
36.9, 33.4, 33.0, 26.2, 25.5, 13.9. a½ �22D = � 25°.

Phosphonate preparation

Diethyl ((phenylsulfonyl)methyl)phosphonate (9)

Phenyl methylsulfone (1.0 eq, 15 mmol, 2.2 g) was dissolved in dry
THF and cooled to 0 °C. After dropwise addition of 2.5 M n-BuLi in
hexanes (2.5 eq, 37.5 mmol, 15 mL), the mixture was stirred for
30 min. Then, DECP (1.1 eq, 16.5 mmol, 2.71 mL) was added and the
mixture was stirred for 3 h. The reaction was stopped with acetic
acid, and the solvent was evaporated under reduced pressure. The
residue was extracted with EA (3×) and the combined extracts
were washed with water (2×), and brine (2×), then dried over
Na2SO4. The crude product was purified using column chromatog-
raphy (CH :EA 1 :3 – 100% EA), resulting in a yellow oil (3.6 g,
12.3 mmol, 82%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.00–7.90
(m, 2H), 7.79–7.54 (m, 3H), 4.44 (d, J=17.0 Hz, 2H), 4.06–3.88 (m,
4H), 1.21–1.04 (m, 6H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=140.5,
133.8, 129.0, 127.8, 62.3, 52.3, 50.6, 16.0.

Phenyl (diethoxyphosphoryl)methanesulfonate (10)

Phenyl methanesulfonate (1.0 eq, 67 mmol, 11.54 g) was dissolved
in dry THF and cooled to � 78 °C. Then, 1 M KHMDS (1.3 eq,
88 mmol, 88 mL) was added dropwise and the mixture was stirred
for 30 min. Afterwards, DECP (1.1 eq, 74 mmol, 12.2 mL) was added
and the mixture was stirred for 3 h and stopped by adding sat. aq.
NH4Cl. The solvent was evaporated under reduced pressure and the
residue was extracted with EA (3×). The combined extracts were
washed with water (2×), and brine (2×), then dried over Na2SO4.
The crude product was purified by column chromatography (CH :EA
1 :2 – 100% EA), resulting in a colorless oil (9.0 g, 29 mmol, 43%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=7.55–7.44 (m, 2H), 7.42–7.31
(m, 3H), 4.63 (d, J=17.4 Hz, 2H), 4.24–4.05 (m, 4H), 1.25 (t, J=

7.0 Hz, 6H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=148.9, 130.2,
127.5, 122.3, 62.9, 47.7, 45.9, 16.1.

Diethyl (fluoro(phenylsulfonyl)methyl)phosphonate (11)

9 (1.0 eq, 18 mmol, 5.4 g) was dissolved in dry THF and cooled to
� 78 °C. Then, 1 M LHMDS in THF (1.3 eq, 24 mmol, 24 mL) was
added dropwise and the mixture was stirred for 30 min. Afterwards,
Selectfluor (1.5 eq, 27 mmol, 9.6 g) was dissolved in DMF and added
to the mixture. It was stirred for 4 h at 0 °C and stopped by adding
sat. aq. NH4Cl. The solvent was evaporated under reduced pressure
and the residue was extracted with DCM (3×). The combined
extracts were washed with water (2×), sat. aq. NaHCO3 (2×), and
brine (2×), then dried over Na2SO4. The crude product was purified
by column chromatography (CH :EA 2 :1–1 :2), resulting in a color-
less solid (2.5 g, 8.0 mmol, 45%). 1H NMR (300 MHz, DMSO-d6)
δ[ppm]=8.00–7.92 (m, 2H), 7.88–7.76 (m, 1H), 7.77–7.65 (m, 2H),
6.62 (dd, J=42.8, 6.8 Hz, 1H), 4.27–4.02 (m, 4H), 1.30–1.16 (m, 6H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=136.2, 135.2, 129.5, 129.3,
64.3, 64.1, 16.1. MP=67–69 °C.

Phenyl (diethoxyphosphoryl)fluoromethanesulfonate (12)

10 (1.0 eq, 28 mmol, 8.9 g) was dissolved in dry THF and cooled to
� 78 °C. Then, 1 M LHMDS in THF (1.3 eq, 37 mmol, 37 mL) was
added dropwise and the mixture was stirred for 30 min. Afterwards,
Selectfluor (1.5 eq, 42.5 mmol, 15.0 g) was dissolved in DMF and
added to the mixture. It was allowed to warm to 0 °C, stirred for

4 h, and stopped by adding sat. aq. NH4Cl. The solvent was
evaporated under reduced pressure and the residue was extracted
with DCM (3×). The combined extracts were washed with water
(2×), sat. aq. NaHCO3 (2×), and brine (2×), then dried over Na2SO4.
The crude product was purified by column chromatography (CH :EA
2 :1–1 :2), resulting in a colorless oil (4.4 g, 13.3 mmol, 46%).
1H NMR (300 MHz, CDCl3) δ[ppm]=7.40–7.19 (m, 2H), 7.22–7.02 (m,
3H), 5.66 (dd, J=45.2, 7.2 Hz, 1H), 4.37–4.18 (m, 1H), 4.18–4.02 (m,
4H), 1.41–1.14 (m, 6H). 13C NMR (75 MHz, CDCl3) δ[ppm]=129.6,
127.8, 124.8, 122.0, 119.9, 64.5, 15.9.

Aldehyde preparation

tert-Butyl
(S)-(1-(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl)
carbamate (13)

Boc-l-homophenylalanine (1.2 eq, 18 mmol, 5.0 g) was dissolved in
DCM and cooled to 0 °C. Then, HOBt (1.2 eq, 18 mmol, 2.4 g), TBTU
(1.2 eq, 18 mmol, 5.8 g), and DIPEA (3.5 eq, 52.5 mmol, 9.2 mL) were
added and the mixture was stirred for 20 min until all components
were dissolved. N,O-Dimethyl hydroxylamine (1.0 eq, 15 mmol,
1.5 g) was added and the mixture was stirred for an additional 12–
24 h, then stopped by adding water. The mixture was extracted
with DCM (2×) and the combined organic extracts were washed
with water (2×), sat. aq. NaHCO3 (2×), and brine (2×). After drying
the crude product over Na2SO4, it was purified by column
chromatography (CH :EA 2 :1–1 :4), giving the product as a colorless
oil (4.8 g, 15 mmol, 100%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=
6.77–6.65 (m, 2H), 6.66–6.51 (m, 3H), 3.82–3.65 (m, 1H), 2.99 (s, 3H),
2.76 (s, 3H), 2.22–2.03 (m, 1H), 2.01–1.87 (m, 2H), 1.23 (q, J=7.0,
6.4 Hz, 2H), 0.91–0.78 (m, 9H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=155.6, 141.1, 128.4, 128.2, 125.8, 77.9, 60.9, 50.09, 40.4,
40.1, 39.8, 39.5, 39.2, 39.0, 38.7, 32.3, 31.6, 28.2, 26.3. a½ �22D = � 40°.

tert-Butyl (S)-(1-oxo-4-phenylbutan-2-yl)carbamate (14)

13 (1.0 eq, 15 mmol, 5.2 g) was dissolved in dry diethyl ether and
cooled to 0 °C. LiAlH4 (1.3 eq, 19.5 mmol, 0.74 g) was added in
portions and the mixture was stirred for 2 h. Afterwards, the
reaction was stopped with 0.33 M KHSO4 and the mixture was
extracted with diethyl ether (2×). The combined extracts were
washed with water (2×), 1 M HCl (2×), sat. aq. NaHCO3 (2×), and
brine (2×). The product was dried over Na2SO4, resulting in a
colorless oil that solidified upon standing (3.9 g, 14.7 mmol, 99%).
1H NMR (300 MHz, CDCl3) δ[ppm]=9.55 (s, 1H), 7.46–7.00 (m, 5H),
5.07 (s, 1H), 4.37–4.09 (m, 1H), 2.71 (t, J=7.5 Hz, 2H), 2.37–2.01 (m,
2H), 1.56–1.28 (m, 9H). 13C NMR (75 MHz, CDCl3) δ[ppm]=199.7,
128.8, 128.6, 126.5, 77.6, 77.2, 76.7, 66.0, 31.6, 31.1, 28.4, 15.4.
a½ �22D = � 28°.

Warhead preparation

tert-Butyl (S,E)-(1-fluoro-5-phenyl-1-(phenylsulfonyl)pent-
1-en-3-yl)carbamate (15)

15 was prepared according to procedure A using 1 M LHMDS
(2.6 mmol, 2.6 mL), phosphonate 11 (2.0 mmol, 0.60 g), and
aldehyde 14 (2.2 mmol, 0.58 g). Purification by column chromatog-
raphy (CH :EA 6 :1–4 :1) resulted in a colorless oil (0.50 g, 1.2 mmol,
59%). 1H NMR (300 MHz, CDCl3) δ[ppm]=8.10 (s, 2H), 7.77–7.51 (m,
3H), 7.40–7.19 (m, 5H), 5.85 (dd, JH-F=21.3 Hz, JH-H=10.1 Hz, 1H),
5.38–5.22 (m, 1H), 4.81–4.68 (m, 1H), 2.80 (ddd, J=16.9, 10.2, 6.0 Hz,
2H), 2.13–1.80 (m, 2H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3)
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δ[ppm]=149.8 (d, JC-F=299 Hz), 140.8, 137.6, 134.5, 129.4, 128.9,
128.6, 128.4, 126.2, 121.0 (d, JC-F=4.2 Hz), 77.0, 46.1 (d, JC-F=2.2 Hz),
32.0, 31.0, 28.3. a½ �22D = � 10°.

Phenyl
(S,E)-3-((tert-butoxycarbonyl)amino)-1-fluoro-5-phenyl-
pent-1-ene-1-sulfonate (16)

16 was prepared according to procedure A using phosphonate 12
(4.0 mmol, 1.3 g). Purification by column chromatography (CH :EA
5 :1–3 :1) resulted in a colorless oil (0.80 g, 1.8 mmol, 46%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=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[ppm]=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. a½ �22D =

� 15°.

(S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-ami-
nium chloride (17)

17 was prepared according to procedure C using 15 (1.2 mmol,
0.50 g), resulting in a colorless solid (0.39 g, 1.1 mmol, 95%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.71 (s, 3H), 8.02 (dd, J=7.3,
1.7 Hz, 2H), 7.97–7.82 (m, 1H), 7.76 (dd, J=8.4, 7.0 Hz, 2H), 7.28–
7.10 (m, 3H), 7.11–7.02 (m, 2H), 6.55 (dd, JH-F=32.6 Hz, JH-H=9.8 Hz,
1H), 4.07–3.94 (m, 1H), 2.57–2.39 (m, 2H), 2.26–1.95 (m, 2H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=154.6 (d, JC-F=298 Hz), 140.3,
136.4, 136.1, 130.7, 130.2, 129.0, 128.9, 128.6, 126.7, 115.0 (d, JC-F=
3.5 Hz), 45.5 (d, JC-F=2.6 Hz), 33.9 (d, JC-F=1.3 Hz), 31.0. a½ �22D = � 15°.
MP=130–132 °C.

Phenyl (S,E)-3-amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate
hydrochloride (18)

18 was prepared according to procedure C using 16 (1.7 mmol,
0.73 g), resulting in a colorless solid (0.55 g, 1.5 mmol, 88%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.77 (s, 3H), 7.59–7.50 (m,
2H), 7.49–7.39 (m, 3H), 7.36 (t, J=7.2 Hz, 2H), 7.28–7.21 (m, 1H),
7.21–7.11 (m, 2H), 6.45 (dd, JH-F=32 Hz, JH-H=9.7 Hz, 1H), 4.15 (td,
J=9.2, 5.3 Hz, 1H), 2.52–2.36 (m, 2H), 2.22–2.03 (m, 1H), 2.02–1.85
(m, 1H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=149.7 (d, JC-F=
300 Hz), 149.0, 140.4, 130.9, 129.3, 129.2, 128.9, 126.4, 122.3, 118.6
(d, JC-F=3.2 Hz), 45.5 (d, JC-F=2.2 Hz), 40.5, 33.6, 30.5. a½ �22D = � 13°.
MP=141–143 °C.

Dipeptide preparation

Ethyl (4-methylpiperazine-1-carbonyl)-l-phenylalaninate (19)

Compound 7 (1.0 eq, 8.5 mmol, 1.9 g) was dissolved in THF and
cooled to 0 °C. Then, N-methyl piperazine (1.1 eq, 9.3 mmol, 1.0 mL)
was added dropwise. After 12 h, THF was removed under reduced
pressure and the residue was extracted with EA (3×). The combined
organic extracts were washed with water (2×), sat. aq. NaHCO3

(2×), and brine (2×). The organic layer was dried with Na2SO4 and
evaporated. Purification by column chromatography (DCM:MeOH
19 :1) resulted in a colorless solid (2.4 g, 7.4 mmol, 87%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=7.35–7.09 (m, 5H), 6.79 (d, J=7.9 Hz,
1H, NH), 4.23 (ddd, J=8.9, 7.8, 6.5 Hz, 1H), 4.01 (qd, J=7.1, 1.7 Hz,
2H), 3.24 (q, J=4.5 Hz, 4H), 3.04–2.83 (m, 2H), 2.20–2.15 (m, 4H),
2.13 (s, 3H), 1.09 (t, J=7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6)

δ[ppm]=173.0, 157.2, 138.0, 129.3, 128.3, 126.5, 60.3, 55.7, 54.4,
45.8, 43.5, 36.8, 14.1. a½ �22D = � 18°. MP=97–99 °C.

(4-Methylpiperazine-1-carbonyl)-l-phenylalanine (20)

20 was prepared according to procedure D using 19 (7.4 mmol,
2.4 g), resulting in a colorless solid (1.8 g, 6.3 mmol, 85%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=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[ppm]=174.6,
157.1, 139.0, 129.4, 128.0, 126.1, 56.0, 53.1, 44.8, 42.7, 39.5, 36.9.
a½ �22D = � 17°. MP=121–123 °C.

tert-Butyl (S)-4-((1-ethoxy-1-oxo-3-phenylpropan-2-
yl)carbamoyl) piperazine-1-carboxylate (21)

1-Boc piperazine (1.1 eq, 1.3 mmol, 0.24 g) was dissolved in THF.
Compound 7 (1.0 eq, 1.2 mmol, 0.27 g) was added dropwise, and
the mixture was stirred for 18 h at room temperature. Then, the
solvent was evaporated, and the residue was extracted with EA
(3×). The combined organic extracts were washed with water (2×),
sat. aq. NaHCO3 (2×), and brine. The crude product was dried with
Na2SO4, and the solvent was evaporated under reduced pressure.
Purification by column chromatography (DCM:MeOH 49 :1) gave
the product as a colorless oil (0.41 g, 1.0 mmol, 84%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=7.33–7.18 (m, 3H), 7.11 (dd, J=7.7,
1.8 Hz, 2H), 4.89 (d, J=7.5 Hz, 1H, NH), 4.76 (q, J=6.1 Hz, 1H), 4.17
(q, J=7.1 Hz, 2H), 3.48–3.23 (m, 8H), 3.09 (dd, J=13.1, 5.8 Hz), 1.85
(s, 1H), 1.46 (s, 9H), 1.24 (td, J=7.1, 1.0 Hz, 3H). 13C NMR (75 MHz,
CDCl3) δ[ppm]=172.7, 156.6, 154.7, 136.3, 129.5, 128.6, 127.2, 80.3,
61.6, 54.5, 53.6, 43.6, 38.5, 28.5, 14.3. a½ �22D = � 24°.

(4-(tert-Butoxycarbonyl)piperazine-1-carbonyl)-l-phenylalanine
(22)

22 was prepared according to procedure D using 21 (0.94 mmol,
0.38 g), resulting in a colorless solid (0.27 g, 0.71 mmol, 76%).
1H NMR (300 MHz, CDCl3) δ[ppm]=8.79 (s, 1H, OH), 7.33–7.22 (m,
3H), 7.20–7.14 (m, 2H), 5.07 (d, J=7.1 Hz, 1H, NH), 4.65 (q, J=

6.4 Hz, 1H), 3.42–3.21 (m, 8H), 3.21–3.04 (m, 2H), 1.45 (s, 9H).
13C NMR (75 MHz, CDCl3) δ[ppm]=174.7, 157.5, 154.8, 136.4, 129.5,
128.8, 127.3, 80.6, 55.0, 43.7, 37.4, 28.5. a½ �22D = � 23°. MP=82–84 °C.

Ethyl (morpholine-4-carbonyl)-l-phenylalaninate (23)

Compound 7 (1.0 eq, 4.5 mmol, 1.0 g) was dissolved in THF and
cooled to 0 °C. Then, DIPEA (2.5 eq, 11 mmol, 2.0 mL) and morpho-
line (1.4 eq, 6.4 mmol, 0.55 mL) were added dropwise. After 12 h,
THF was removed under reduced pressure and the residue was
extracted with EA (3×). The combined organic extracts were
washed with water (2×), sat. aq. NaHCO3 (2×), and brine (2×). The
organic layer was dried with Na2SO4 and evaporated, giving a
colorless oil (1.3 g, 4.5 mmol, 100%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=7.38–7.16 (m, 5H), 7.12 (d, J=11.7 Hz, 1H, NH), 4.69 (dt,
J=11.7, 7.0 Hz, 1H), 4.27–3.98 (m, 2H), 3.64 (td, J=7.1, 1.3 Hz, 4H),
3.38 (dt, J=10.6, 7.1 Hz, 4H), 2.97 (ddt, J=7.0, 2.6, 0.9 Hz, 2H), 1.22
(t, J=8.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=172.1, 157.3,
136.8, 129.2, 128.6, 127.2, 66.0, 61.7, 55.2, 46.7, 37.6, 14.1. a½ �22D =

� 19°.

(Morpholine-4-carbonyl)-l-phenylalanine (24)

24 was prepared according to procedure D using 23 (4.5 mmol,
1.3 g), resulting in a colorless oil (0.71 g, 2.7 mmol, 59%). 1H NMR
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(300 MHz, CDCl3) δ[ppm]=7.77 (d, J=11.9 Hz, 1H), 7.31–7.11 (m,
5H), 4.48 (dt, J=11.9, 7.0 Hz, 1H), 3.64 (td, J=7.1, 1.7 Hz, 4H), 3.30
(dt, J=8.8, 7.1 Hz, 4H), 3.03 (dq, J=7.0, 1.0 Hz, 2H). 13C NMR
(75 MHz, CDCl3) δ[ppm]=174.8, 157.6, 137.0, 130.1, 128.7, 126.9,
66.0, 56.2, 46.5, 37.5. a½ �22D = � 12°.

(S)-Ethyl-2-(isonicotinamido)-3-phenylpropanoate (25)

25 was prepared according to procedure B using l-phenylalanine
ethyl ester hydrochloride (14 mmol, 3.0 g) and isonicotinic acid
(15 mmol, 1.9 g). Purification by column chromatography (CH :EA
1 :4) gave a colorless oil (3.3 g, 12 mmol, 84%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=9.18 (d, J=7.9 Hz, 1H, NH), 8.76–8.68 (m, 2H),
7.72–7.64 (m, 2H), 7.33–7.15 (m, 5H), 4.69 (ddd, J=10.1, 7.8, 5.2 Hz,
1H), 3.65 (s, 3H), 3.20 (dd, J=13.7, 5.3 Hz, 1H), 3.08 (dd, J=13.7,
10.2 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=171.8, 164.9,
150.3, 140.5, 137.5, 129.1, 128.3, 126.6, 121.3, 54.3, 52.1, 36.2. a½ �22D =

� 37°.

(S)-2-(Isonicotinamido)-3-phenylpropanoic acid (26)

26 was prepared according to procedure D using 25 (7.8 mmol,
2.2 g), resulting in a colorless solid (1.4 g, 5.0 mmol, 65%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=12.87 (s, 1H, OH), 9.04 (d, J=8.2 Hz,
1H, NH), 8.76–8.66 (m, 2H), 7.74–7.62 (m, 2H), 7.36–7.22 (m, 4H),
7.22–7.13 (m, 1H), 4.64 (ddd, J=10.7, 8.1, 4.4 Hz, 1H), 3.22 (dd, J=

13.8, 4.5 Hz, 1H), 3.05 (dd, J=13.8, 10.7 Hz, 1H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.8, 164.8, 150.3, 140.8, 138.0, 129.1, 128.3,
126.5, 121.3, 54.3, 36.2. a½ �22D = � 35°. MP=166–168 °C.

Ethyl (thiophene-3-carbonyl)-l-phenylalaninate (27)

27 was prepared according to procedure B using l-phenylalanine
ethyl ester hydrochloride (20 mmol, 4.5 g) and thiophene-3-carbox-
ylic acid (20 mmol, 1.9 g), resulting in a colorless oil (5.5 g, 19 mmol,
95%). 1H NMR (300 MHz, CDCl3) δ[ppm]=8.06 (d, J=11.9 Hz, 1H,
NH), 7.98 (dd, J=2.7, 1.6 Hz, 1H), 7.73–7.49 (m, 2H), 7.34–7.07 (m,
5H), 4.85 (dt, J=11.9, 7.0 Hz, 1H), 4.31–3.95 (m, 2H), 3.16–2.89 (m,
2H), 1.34–1.11 (m, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=171.8,
162.9, 136.8, 134.4, 130.2, 129.9, 129.2, 128.6, 127.2, 125.9, 61.6,
53.9, 37.7, 14.1. a½ �22D = � 25°.

(Thiophene-3-carbonyl)-l-phenylalanine (28)

28 was prepared according to procedure D using 27 (15 mmol,
4.4 g), resulting in a colorless solid (4.0 g, 15 mmol, 100%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=9.60 (s, 1H, OH), 8.22 (d, J=12.1 Hz, 1H,
NH), 7.95 (dd, J=2.8, 1.6 Hz, 1H), 7.76 (dd, J=7.5, 1.5 Hz, 1H), 7.60
(dd, J=7.4, 2.8 Hz, 1H), 7.38–7.16 (m, 5H), 4.66 (dt, J=12.1, 7.0 Hz,
1H), 3.35–3.04 (m, 2H). 13C NMR (75 MHz, CDCl3) δ[ppm]=173.8,
163.0, 137.4, 134.6, 130.5, 130.1, 130.0, 128.7, 127.0, 125.4, 54.9,
37.5. a½ �22D = � 20°. MP=95–97 °C.

Ethyl benzoyl-l-phenylalaninate (29)

29 was prepared according to procedure B using l-phenylalanine
ethyl ester hydrochloride (22 mmol, 5.0 g) and benzoic acid
(26 mmol, 3.2 g), resulting in a colorless solid (5.2 g, 18 mmol, 80%).
1H NMR (300 MHz, CDCl3) δ[ppm]=8.04 (d, J=11.9 Hz, 1H, NH),
7.80–7.70 (m, 2H), 7.65–7.49 (m, 1H), 7.41–7.33 (m, 2H), 7.31–7.14
(m, 5H), 4.88 (dt, J=11.9, 7.0 Hz, 1H), 4.32–3.93 (m, 2H), 3.17–2.90
(m, 2H), 1.26 (t, J=8.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=
171.8, 167.1, 136.8, 133.8, 131.8, 129.3, 128.9, 128.6, 127.4, 127.2,
61.5, 54.2, 37.80, 14.3. a½ �22D = � 28°. MP=115–117 °C.

Benzoyl-l-phenylalanine (30)

30 was prepared according to procedure D using 29 (6.4 mmol,
1.9 g), resulting in a colorless solid (1.6 g, 5.8 mmol, 91%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=9.55 (s, 1H, OH), 8.29 (d, J=11.9 Hz, 1H,
NH), 7.83–7.60 (m, 3H), 7.51–7.42 (m, 1H), 7.38–7.35 (m, 3H), 7.34–
7.15 (m, 7H), 4.67 (dt, J=12.1, 7.0 Hz, 1H), 3.31–3.07 (m, 3H).
13C NMR (75 MHz, CDCl3) δ[ppm]=174.8, 167.0, 137.4, 134.2, 131.7,
130.1, 128.7, 128.7, 127.4, 126.9, 54.8, 37.5. a½ �22D = � 20°. MP=148–
150 °C.

Ethyl (S)-3-cyclohexyl-2-(isonicotinamido)propanoate (31)

31 was prepared according to procedure B using 8 (6.5 mmol,
1.3 g) and isonicotinic acid (7.8 mmol, 0.96 g). Purification by
column chromatography (CH :EA 1 :1 – 100% EA) resulted in a
colorless oil (1.8 g, 5.9 mmol, 93%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=8.71–8.53 (m, 2H), 7.65–7.46 (m, 2H), 7.05 (d, J=8.2 Hz,
1H, NH), 4.77 (ddd, J=9.0, 8.1, 5.4 Hz, 1H), 4.24–4.08 (m, 2H), 1.96 (s,
2H), 1.82–1.49 (m, 10H), 1.46–1.27 (m, 1H), 1.27–1.11 (m, 3H).
13C NMR (75 MHz, CDCl3) δ[ppm]=174.2, 165.3, 150.5, 141.1, 121.1,
61.4, 51.8, 34.4, 33.5, 32.7, 26.4, 26.2, 26.1, 14.2. a½ �22D = � 29°.

(S)-3-Cyclohexyl-2-(isonicotinamido)propanoic acid (32)

32 was prepared according to procedure D using 31 (5.9 mmol,
1.8 g), resulting in a colorless solid (0.80 g, 2.9 mmol, 49%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=8.89 (d, J=7.9 Hz, 1H, NH), 8.78–8.57
(m, 2H), 7.97–7.61 (m, 2H), 4.47 (ddd, J=10.4, 7.8, 4.7 Hz, 1H), 1.82–
1.49 (m, 6H), 1.51–1.25 (m, 1H), 1.25–0.98 (m, 3H), 1.00–0.77 (m, 3H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.9, 165.0, 150.3, 140.9,
121.4, 50.3, 37.9, 33.8, 33.2, 31.5, 26.0, 25.7, 25.6. a½ �22D = � 35°. MP=

115–117 °C.

Ethyl isonicotinoyl-l-leucinate (33)

33 was prepared according to procedure B using l-leucin ethyl
ester hydrochloride (6.0 mmol, 1.2 g) and isonicotinic acid
(7.2 mmol, 0.9 g), resulting in a yellow oil (1.6 g, 6.0 mmol, 100%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.84 (d, J=7.7 Hz, 1H), 8.65–
8.49 (m, 2H), 7.69–7.51 (m, 2H), 4.45–4.17 (m, 1H), 3.93 (q, J=7.2 Hz,
2H), 1.69–1.37 (m, 2H), 1.21 (dt, J=11.8, 6.8 Hz, 1H), 1.00 (t, J=

7.1 Hz, 3H), 0.81–0.56 (m, 6H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=172.6, 165.6, 150.7, 141.2, 121.8, 61.0, 51.6, 39.6, 24.9, 23.2,
21.6, 14.5. a½ �22D = � 28°.

Isonicotinoyl-l-leucine (34)

34 was prepared according to procedure D using 33 (6.0 mmol,
1.6 g), resulting in a yellow solid (1.3 g, 5.4 mmol, 90%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=9.43 (d, J=7.7 Hz, 1H, NH), 9.08–8.77
(m, 2H), 8.32–8.10 (m, 2H), 4.43 (ddd, J=11.1, 7.7, 4.2 Hz, 1H), 1.99–
1.72 (m, 1H), 1.72–1.43 (m, 2H), 1.00–0.66 (m, 6H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=173.8, 164.1, 146.2, 145.6, 124.2, 39.9, 51.8, 25.0,
23.4, 21.6. a½ �22D = � 14°. MP=122–124 °C.

Ethyl (S)-2-(isonicotinamido)-4-phenylbutanoate (35)

35 was prepared according to procedure B using l-homophenylala-
nine ethyl ester hydrochloride (6.0 mmol, 1.5 g) and isonicotinic
acid (7.2 mmol, 0.89 g), resulting in a yellow solid (1.2 g, 3.8 mmol,
67%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.99–8.81 (m, 1H, NH),
8.66–8.47 (m, 2H), 7.62 (dt, J=4.5, 1.8 Hz, 2H), 7.17–6.89 (m, 5H),
4.20 (qd, J=7.4, 1.7 Hz, 1H), 4.00–3.85 (m, 2H), 2.61–2.50 (m, 2H),
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1.98–1.84 (m, 2H), 0.99 (td, J=7.1, 1.7 Hz, 3H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.2, 165.8, 150.7, 141.3, 141.2, 128.9, 128.8,
126.5, 121.9, 61.1, 52.8, 32.7, 32.1, 14.5. a½ �22D = � 30°. MP=101–
103 °C.

(S)-2-(Isonicotinamido)-4-phenylbutanoic acid (36)

36 was prepared according to procedure D using 35 (3.8 mmol,
1.2 g), resulting in a yellow solid (0.6 g, 2.1 mmol, 56%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=12.72 (s, 1H, OH), 9.01 (d, J=7.7 Hz,
1H, NH), 8.75 (q, J=2.2 Hz, 2H), 7.81 (q, J=2.3 Hz, 2H), 7.46–7.03 (m,
5H), 4.34 (q, J=7.6, 7.1 Hz, 1H), 2.92–2.51 (m, 2H), 2.23–1.94 (m, 2H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.8, 165.7, 150.7, 141.4,
128.9, 128.8, 126.4, 121.9, 52.7, 32.7, 32.2. a½ �22D = � 31°. MP=133–
135 °C.

Ethyl isonicotinoyl-l-tryptophanate (37)

37 was prepared according to procedure B using l-tryptophane
ethyl ester hydrochloride (6.0 mmol, 1.6 g) and isonicotinic acid
(7.2 mmol, 0.89 g), resulting in a yellow oil (2.0 g, 6.0 mmol, 100%).
1H NMR (300 MHz, CDCl3) δ[ppm]=8.70–8.60 (m, 2H), 8.54 (s, 1H,
NH), 7.55–7.49 (m, 1H), 7.49–7.42 (m, 2H), 7.35 (dt, J=8.2, 1.0 Hz,
1H), 7.22–7.02 (m, 2H), 7.00 (d, J=2.4 Hz, 1H), 6.82 (d, J=7.7 Hz,
1H), 5.10 (dt, J=7.7, 5.3 Hz, 1H), 4.19 (qd, J=7.2, 4.2 Hz, 2H), 3.54–
3.35 (m, 2H), 1.26 (t, J=7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3)
δ[ppm]=171.7, 165.1, 150.5, 141.2, 136.3, 127.8, 123.0, 122.5, 121.1,
119.9, 118.6, 111.6, 109.8, 61.9, 53.9, 27.6, 14.2. a½ �22D = � 14°.

Isonicotinoyl-l-tryptophan (38)

38 was prepared according to procedure D using 37 (6.0 mmol,
2.0 g), resulting in an orange solid (0.81 g, 2.6 mmol, 44%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=10.93 (d, J=2.4 Hz, 1H, OH), 9.00 (d,
J=7.9 Hz, 1H, NH), 8.82–8.54 (m, 2H), 7.78–7.69 (m, 2H), 7.59 (d, J=

7.8 Hz, 1H), 7.32 (d, J=8.0 Hz, 1H), 7.22 (d, J=2.3 Hz, 1H), 7.10–6.91
(m, 2H), 4.66 (ddd, J=9.5, 7.8, 4.5 Hz, 1H), 3.45–3.12 (m, 2H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.3, 164.8, 150.2, 141.0,
136.1, 127.2, 123.7, 121.4, 120.9, 118.3, 118.2, 111.5, 110.4, 54.2,
26.7. a½ �22D = � 10°. MP=150–152 °C.

Ethyl
(S)-2-(4-((tert-butoxycarbonyl)amino)benzamido)-3-cyclo-
hexylpropanoate (39)

39 was prepared according to procedure B using N-boc-4-amino
benzoic acid (7.5 mmol, 1.5 g), resulting in a colorless solid (3.1 g,
7.5 mmol, 100%). 1H NMR (300 MHz, CDCl3) δ[ppm]=7.97–7.85 (m,
1H), 7.62–7.38 (m, 4H), 6.38 (d, J=8.2 Hz, 1H), 4.61 (td, J=8.5,
5.6 Hz, 1H), 3.99 (qd, J=7.1, 1.9 Hz, 2H), 2.58 (s, 1H), 1.66–1.52 (m,
2H), 1.33–0.89 (m, 18H), 0.92–0.49 (m, 3H). 13C NMR (75 MHz, CDCl3)
δ[ppm]=173.5, 166.7, 152.6, 142.0, 132.3, 128.3, 128.1, 117.8, 81.0,
61.4, 50.7, 34.4, 33.5, 32.8, 28.4, 28.3, 26.4, 26.2, 26.1, 14.2. a½ �22D =

� 12°. MP=87–89 °C.

(S)-2-(4-((tert-Butoxycarbonyl)amino)benzamido)-3-cyclo-
hexylpropanoic acid (40)

40 was prepared according to procedure D using 39 (7.5 mmol,
3.1 g), resulting in a colorless solid (2.7 g, 6.9 mmol, 92%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=9.47 (d, J=32.7 Hz, 1H), 8.18 (d, J=

7.9 Hz, 1H), 7.78–7.49 (m, 2H), 7.46–7.19 (m, 2H), 4.45–4.11 (m, 1H),
3.54–3.07 (m, 2H), 2.37–2.08 (m, 1H), 1.64–1.29 (m, 10H), 1.40–1.21
(m, 9 H). 13C NMR (75 MHz, DMSO) δ[ppm]=174.9, 167.5, 153.0,

144.2, 130.8, 124.5, 117.7, 117.5, 80.1, 50.6, 34.3, 33.7, 31.9, 28.5,
28.5, 26.5, 25.6. a½ �22D = � 11°. MP=104–106 °C.

(4-Morpholine-1-carbonyl)-l-cyclohexylalanine methylester
(41)

l-Cyclohexylalanine methylester hydrochloride (1.0 eq, 2.48 mmol,
0.55 g) was dissolved in DCM and a sat. aq. NaHCO3 (40 mL)
solution and cooled to 0 °C. Triphosgene (0.33 eq, 0.83 mmol,
0.25 g) was added and the mixture was stirred for 30 min. The
mixture was extracted with DCM (2×40 mL) and the combined
organic extracts were washed with sat. aq. NaHCO3 (2×30 mL), and
brine (2×30 mL), then dried over Na2SO4 and concentrated under
reduced pressure, resulting in a crude product that was dissolved in
THF (30 mL) and cooled to 0 °C. Morpholine (1.0 eq, 2.5 mmol,
0.22 g) was added and the mixture stirred for 1 h. The solvent was
removed under reduced pressure. Water and ethyl acetate were
added to the crude residue, which was then extracted with ethyl
acetate (3×25 mL), washed with brine (2×20 mL), dried over
Na2SO4, and concentrated under reduced pressure to yield a
colorless oil (0.75 g, 2.5 mmol, 98%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=4.96–4.83 (m, 1H), 4.58–4.40 (m, 1H), 4.09 (q, J=7.1 Hz,
1H), 3.70 (s, 3H), 3.69–3.61 (m, 4H), 3.41–3.28 (m, 4H), 2.01 (s, 1H),
1.76 (d, J=12.8 Hz, 1H), 1.70–1.55 (m, 6H), 1.53–1.43 (m, 1H), 1.38–
1.28 (m, 1H), 1.28–1.10 (m, 4H), 1.02–0.75 (m, 2H). 13C NMR (75 MHz,
CDCl3) δ[ppm]=175.1, 157.4, 66.5, 52.3, 51.6, 44.1, 40.4, 34.2, 33.6,
32.7, 26.4, 26.2, 26.1, 21.1, 14.3. a½ �22D = +16°. MP=105–106 °C.

(4-Morpholine-1-carbonyl)-l-cyclohexylalanine (42)

42 was prepared according to procedure D using 41 (1.0 eq, 0.7 g,
2.4 mmol), resulting in a colorless solid (0.65 g, 2.3 mmol,
97%).1H NMR (300 MHz, CDCl3) δ[ppm]=9.37 (s, 1H), 5.27–5.07 (m,
1H), 4.41 (s, 1H), 3.75–3.55 (m, 4H), 3.46–3.28 (m, 4H), 1.83–1.47 (m,
6H), 1.44–1.30 (m, 1H), 1.26–1.04 (m, 4H), 1.04–0.79 (m, 2H).
13C NMR (75 MHz, CDCl3) δ[ppm]=176.9, 158.1, 66.5, 51.9, 44.2,
39.6, 34.3, 33.6, 32.6, 26.6, 26.2, 26.1. 176.9, 158.1, 66.5, 51.9, 44.2,
39.6, 34.3, 33.6, 32.6, 26.5, 26.2, 26.1. a½ �22D = +20°. MP=96–97 °C.

Inhibitor preparation

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methyl-
piperazine-1-carboxamide (1a)

1a was published previously and provided in form of a colorless
solid. For experimental data, see Schirmeister et al.[45]

Phenyl (S,E)-1-fluoro-3-((S)-2- (4-methylpiperazine-1-
carboxamido)-3-phenylpropan-
amido)-5-phenylpent-1-ene-1-sulfonate (1b)

1b was published previously and provided in form of a colorless
solid. For experimental date see Jung, Fuchs et al.[49]

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 (2a)

2a was prepared as published previously46 according to procedure
B using 17 (0.70 mmol, 0.25 g) and 22 (0.84 mmol, 0.30 g).
Purification via HPLC resulted in a colorless solid (0.15 g, 0.22 mmol,
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32%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.24 (d, J=7.7 Hz, 1H),
7.98–7.90 (m, 2H), 7.89–7.77 (m, 1H), 7.79–7.67 (m, 2H), 7.31–7.12
(m, 8H), 7.13–7.05 (m, 2H), 6.66 (d, J=8.2 Hz, 1H), 6.26 (dd, JH-F=
33.9 Hz, JH-H=8.9 Hz, 1H), 4.51 (t, J=7.8 Hz, 1H), 4.28 (td, J=8.8,
5.6 Hz, 1H), 3.23 (dd, J=9.5, 5.4 Hz, 8H), 2.99–2.70 (m, 2H), 1.99–
1.64 (m, 2H), 1.39 (s, 9H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=
172.4, 157.4, 154.3, 141.3, 138.8, 137.1, 135.7, 130.6, 129.7, 128.8,
128.7, 128.6, 128.4, 126.6, 126.4, 119.8, 79.5, 56.4, 44.2, 43.8, 37.8,
35.5, 31.5, 28.5. a½ �22D = � 16°. MP=87–89 °C. ESI-MS: [M+H+] calc.
679.2, found 679.1. Purity: 99%.

4-(((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)pi-
perazin-1-ium chloride (2b)

2b was published previously and provided in form of a colorless
solid. For experimental date see Jung, Fuchs et al.[49]

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-
3-yl)amino)-1-oxo-3-phenylpropan-2-yl) morpholine-
4-carboxamide (2c)

2c was prepared according to procedure B using 17 (0.70 mmol,
0.25 g) and 24 (0.84 mmol, 0.23 g). Purification via HPLC resulted in
a colorless solid (0.15 g, 0.26 mmol, 37%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.25 (d, J=7.7 Hz, 1H), 8.00–7.90 (m, 2H), 7.89–
7.79 (m, 1H), 7.78–7.66 (m, 2H), 7.30–7.13 (m, 8H), 7.15–7.05 (m, 2H),
6.62 (d, J=8.1 Hz, 1H), 6.26 (dd, JH-F=33.9 Hz, JH-H=8.9 Hz, 1H),
4.61–4.42 (m, 1H), 4.36–4.16 (m, 1H), 3.57–3.39 (m, 4H), 3.29–3.13
(m, 4H), 2.98–2.72 (m, 2H), 2.58–2.38 (m, J=2.8, 2.4 Hz, 2H), 1.99–
1.64 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=172.8, 158.1,
155.8, 141.7, 139.2, 137.5, 136.0, 130.9, 130.1, 129.1, 129.0, 128.8,
127.0, 126.8, 120.1, 66.7, 56.8, 44.8, 44.6, 41.2, 38.1, 35.8, 31.8.
a½ �22D = � 10°. MP=95–97 °C. ESI-MS: [M+H+] calc. 580.2, found
580.0. Purity: 100%.

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-
3-yl)amino)-1-oxo-3-phenylpropan-2-yl)isonicotinamide (2d)

2d was published previously and provided in form of a colorless
solid. For experimental date see Jung, Fuchs et al.[49]

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)thiophene-3-carb-
rboxamide (2e)

2e was prepared according to procedure B using 17 (0.70 mmol,
0.25 g) and 28 (0.84 mmol, 0.23 g). Purification via HPLC resulted in
a colorless solid (0.090 g, 0.16 mmol, 22%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.51–8.37 (m, 2H), 8.17 (ddd, J=6.5, 3.0, 1.3 Hz,
1H), 7.99–7.85 (m, 2H), 7.87–7.76 (m, 1H), 7.77–7.60 (m, 2H), 7.59–
7.44 (m, 2H), 7.36–7.00 (m, 10H), 6.32 (ddd, JH-F=33.7 Hz, 24.5 Hz, JH-
H=9.0 Hz, 1H), 4.77–4.36 (m, 2H), 3.14–2.82 (m, 2H), 2.45–2.31 (m,
2H), 2.01–1.64 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=171.5,
162.4, 141.2, 138.5, 137.7, 137.0, 135.7, 130.6, 130.5, 129.6, 128.7,
128.6, 128.6, 127.5, 127.0, 126.8, 126.4, 119.6, 55.2, 44.4, 37.8, 31.5.
a½ �22D = � 21°. MP=136–138 °C. ESI-MS: [M+H+] calc. 577.2, found
577.2. Purity: 100%.

tert-Butyl 4-(((S)-1-(((S,E)-1-fluoro-1-(phenoxysulfonyl)-5-
phenylpent-1-en-3-yl)amino)-1-oxo-3-phenyl-
propan-2-yl)carbamoyl)piperazine-1-carboxylate (3a)

3a was prepared according to procedure B using 18 (0.67 mmol,
0.25 g) and 22 (0.81 mmol, 0.29 g). Purification via HPLC resulted in
a colorless solid (0.18 g, 0.26 mmol, 43%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.17 (d, J=7.6 Hz, 1H, NH), 7.54–7.44 (m, 2H),
7.43–7.35 (m, 1H), 7.34–7.10 (m, 12H), 6.68 (d, J=8.2 Hz, 1H, NH),
6.03 (dd, JH-F=33.3 Hz, JH-H=9.0 Hz, 1H), 4.56 (q, J=7.8 Hz, 1H), 4.28
(td, J=8.8, 5.9 Hz, 1H), 3.28–3.08 (m, 8H), 2.99–2.70 (m, 2H), 2.51–
2.37 (m, 2H), 1.90–1.65 (m, 2H), 1.39 (s, 9H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.6, 157.5, 154.3, 149.2, 141.2, 138.7, 130.9,
129.7, 128.8, 128.7, 128.4, 126.6, 126.4, 124.0, 122.5, 79.5, 56.4, 44.3,
43.8, 37.8, 34.9, 31.3, 28.5. a½ �22D = � 18°. MP=107–109 °C. ESI-MS: [M
+H+] calc. 639.2, found 639.1. Purity: 99%.

4-(((S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-
1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)piper-
perazin-1-ium chloride (3b)

3b was prepared according to procedure C using 3a (0.23 mmol,
0.16 g). Purification via HPLC resulted in a colorless solid (0.14 g,
0.22 mmol, 96%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=9.29 (s,
2H), 8.40 (d, J=7.4 Hz, 1H), 7.53–7.43 (m, 2H), 7.42–7.35 (m, 1H),
7.34–7.12 (m, 12H), 7.06–6.96 (m, 1H), 6.03 (dd, JH-F=33.3 Hz, JH-H=

9.0 Hz, 1H), 4.65–4.46 (m, 1H), 4.37–4.17 (m, 1H), 3.62–3.44 (m, 4H),
3.12–2.76 (m, 4H), 2.50–2.35 (m, 2H), 1.91–1.63 (m, 2H). 13C NMR
(75 MHz, DMSO-d6) δ[ppm]=172.5, 157.2, 149.2, 145.4, 141.3, 138.7,
130.9, 129.7, 128.8, 128.7, 128.5, 126.7, 126.4, 124.0, 122.4, 56.7,
44.5, 42.9, 41.1, 37.9, 34.9, 31.4. a½ �22D = � 16°. MP=125–127 °C. ESI-
MS: [M+H+] calc. 595.2, found 595.1. Purity: 98%.

Phenyl (S,E)-1-fluoro-3-((S)-2-(morpholine-4-carboxamido)-3-
phenylpropanamido)-5-phenylpent-1-ene-1-sulfonate (3c)

3c was prepared according to procedure B using 18 (0.40 mmol,
0.15 g) and 24 (0.48 mmol, 0.13 g). Purification via HPLC resulted in
a colorless solid (0.14 g, 0.24 mmol, 59%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.18 (d, J=7.6 Hz, 1H, NH), 7.54–7.43 (m, 3H),
7.43–7.35 (m, 2H), 7.36–7.10 (m, 10H), 6.64 (d, J=8.2 Hz, 1H, NH),
6.03 (dd, JH-F=33.3 Hz, JH-H=9.0 Hz, 1H), 4.58 (p, J=7.7 Hz, 1H), 4.29
(td, J=8.7, 5.9 Hz, 1H), 3.54–3.40 (m, 4H), 3.31–3.13 (m, 4H), 2.97–
2.76 (m, 2H), 2.55–2.38 (m, 2H), 1.88–1.65 (m, 2H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.6, 157.7, 149.3, 149.2, 145.4, 141.2, 138.7,
130.9, 129.7, 128.8, 128.7, 128.4, 126.6, 126.4, 124.0, 122.5, 122.4,
66.3, 56.4, 44.4, 40.8, 37.8, 34.9, 31.3. a½ �22D = � 12°. ESI-MS: [M+H+]
calc. 596.2, found 596.1. Purity: 97%.

Phenyl
(S,E)-1-fluoro-3-((S)-2-(isonicotinamido)-3-phenyl-
propanamido)-5-phenylpent-1-ene-1-sulfonate (3d)

3d was published previously and provided in form of a colorless
solid. For experimental date see Jung, Fuchs et al.[49]

Phenyl (S,E)-1-fluoro-5-phenyl-3-((S)-3-phenyl-2-(thiophene-3-
carboxamido)propanamido)pent-1-ene-1-sulfonate (3e)

3e was prepared according to procedure B using 18 (0.40 mmol,
0.15 g) and 28 (0.48 mmol, 0.13 g). Purification via HPLC resulted in
a colorless solid (0.14 g, 0.24 mmol, 59%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.53–8.39 (m, 2H), 8.34 (d, J=7.6 Hz, 1H), 8.19
(ddd, J=11.6, 2.9, 1.3 Hz, 1H), 7.61–7.43 (m, 2H), 7.45–7.34 (m, 1H),
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7.35–7.17 (m, 10H), 7.19–7.10 (m, 3H), 6.10 (dd, JH-F=33.3 Hz, JH-H=

9.1 Hz, 1H), 4.81–4.46 (m, 2H), 3.13–2.86 (m, 2H), 2.47–2.32 (m, 2H),
1.99–1.60 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=171.7,
171.6, 162.4, 162.2, 149.1, 141.2, 141.2, 138.4, 137.7, 130.9, 130.8,
129.6, 129.6, 128.8, 128.7, 128.6, 128.5, 127.5, 127.1, 126.8, 126.4,
123.9, 122.5, 55.0, 40.8, 39.2, 38.1, 26.8. a½ �22D = � 20°. MP=119–
121 °C. ESI-MS: [M+H+] calc. 593.2, found 593.2. Purity: 99%.

Phenyl (S,E)-3-((S)-2-benzamido-3-phenylpropanamido)-1-
fluoro-5-phenylpent-1-ene-1-sulfonate (3 f)

3 f was prepared according to procedure B using 18 (0.40 mmol,
0.15 g) and 30 (0.48 mmol, 0.13 g). Purification via HPLC resulted in
a colorless solid (0.025 g, 0.043 mmol, 11%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.68–8.57 (m, 1H, NH), 8.47–8.29 (m, 1H, NH),
7.90–7.76 (m, 2H), 7.60–7.04 (m, 20H), 6.25 (dd, JH-F=15.4 Hz, JH-H=

9.2 Hz, 1H), 5.00–4.75 (m, 1H), 4.78–4.47 (m, 1H), 3.16–2.93 (m, 2H),
2.61–2.36 (m, 2H), 1.94–1.67 (m, 2H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=171.7, 166.7, 149.2, 141.2, 138.5, 134.4, 134.3, 132.1, 131.8,
130.9, 130.8, 130.8, 129.6, 129.6, 128.8, 128.8, 128.7, 128.7, 128.6,
127.9, 127.9, 127.8, 126.8, 126.4, 123.9, 122.5, 55.4, 45.1, 39.2, 31.7,
31.4. a½ �22D = � 15°. MP=150–152 °C. ESI-MS: [M+H+] calc. 587.2,
found 587.0. Purity: 96%.

N-((S)-3-Cyclohexyl-1-(((S,E)-1-fluoro-5-phenyl-1-(phenyl-
sulfonyl)pent-1-en-3-yl)amino)-1-oxopropan-2-yl)isonicotin-
amide (4a)

4a was prepared according to procedure B using 17 (0.32 mmol,
0.11 g) and 32 (0.39 mmol, 0.11 g), resulting in a colorless solid
(0.052 g, 0.090 mmol, 28%) after purification via HPLC. 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=8.85–8.66 (m, 2H), 8.42 (d, J=7.8 Hz,
1H), 7.96–7.87 (m, 2H), 7.85–7.76 (m, 3H), 7.73–7.61 (m, 2H), 7.35–
7.04 (m, 5H), 6.35 (dd, JH-F=33.2 Hz, JH-H=8.9 Hz, 1H), 4.52 (dt, J=

15.1, 7.9 Hz, 2H), 2.97–2.83 (m, 2H), 1.98–1.77 (m, 2H), 1.77–1.49 (m,
8H), 1.43–1.20 (m, 3H), 1.12 (d, J=7.9 Hz, 2H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.1, 165.3, 150.6, 141.4, 141.3, 137.0, 135.6,
130.5, 128.7, 128.6, 126.4, 122.0, 52.0, 40.8, 34.2, 33.5, 31.6, 26.5,
26.2, 26.1. a½ �22D = � 15°. MP=108–110 °C. ESI-MS: [M+H+] calc.
578.2, found 578.2. Purity: 95%.

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-4-methyl-1-oxopentan-2-yl)isonicotinamide
(4b)

4b was prepared according to procedure B using 17 (0.32 mmol,
0.11 g) and 34 (0.39 mmol, 0.090 g), resulting in a colorless solid
(0.045 g, 0.083 mmol, 26%) after purification via HPLC. 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=8.80–8.58 (m, 2H), 8.06–7.81 (m, 2H),
7.87–7.66 (m, 3H), 7.69–7.47 (m, 3H), 7.33–7.20 (m, 3H), 7.24–7.07
(m, 1H), 6.12 (d, J=10.4 Hz, 1H), 5.86 (dd, JH-F=32.5 Hz, JH-H=8.1 Hz,
1H), 4.70–4.54 (m, 1H), 4.43–4.11 (m, 1H), 2.84–2.40 (m, 2H), 2.17–
1.76 (m, 2H), 1.73–1.48 (m, 2H), 1.53–1.32 (m, 1H), 1.05–0.64 (m, 6H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.0, 166.9, 150.6, 142.4,
141.9, 140.8, 140.4, 137.9, 133.5, 129.4, 128.5, 127.8, 126.1, 122.0,
121.8, 121.1, 53.0, 47.1, 40.8, 35.9, 32.6, 24.6, 22.3. a½ �22D = � 13°.
MP=90–92 °C. ESI-MS: [M+H+] calc. 538.2, found 538.0. Purity:
99%.

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-4-phenylbutan-2-yl)isonicotinamide (4c)

4c was prepared according to procedure B using 17 (0.28 mmol,
0.10 g) and 36 (0.34 mmol, 0.10 g), resulting in a diastereomeric

mixture which was separated via HPLC to yield the pure compound
with (E)-configuration as a colorless solid (0.043 g, 0.073 mmol,
26%). 1H NMR (300 MHz,DMSO-d6) δ[ppm]=8.96–8.50 (m, 2H), 8.40
(d, J=7.9 Hz, 1H), 7.96–7.41 (m, 6H), 7.41–6.69 (m, 11H), 6.39 (dd, JH-
F=34.0 Hz, JH-H=8.9 Hz, 1H), 4.69–4.12 (m, 2H), 3.59–3.07 (m, 2H),
2.77–2.50 (m, 2H), 2.14–1.70 (m, 2H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=171.9, 166.0, 151.1, 142.1, 136.1, 131.0, 129.2, 126.8, 122.5,
120.0, 106.9, 70.3, 44.8, 34.0, 32.8, 30.1. a½ �22D = � 19°. MP=85–87 °C.
ESI-MS: [M+H+] calc. 586.2, found 586.2. Purity: 95%.

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)isonicotin-
amide (4d)

4d was prepared according to procedure B using 17 (0.28 mmol,
0.10 g) and 38 (0.34 mmol, 0.11 g), resulting in a colorless solid
(0.054 g, 0.088 mmol, 31%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=10.73 (t, J=3.4 Hz, 1H), 8.89–8.73 (m,
1H), 8.73–8.55 (m, 2H), 8.51–8.32 (m, 1H), 8.01–7.47 (m, 8H), 7.32–
6.80 (m, 9H), 6.31 (ddd, JH-F=33.8 Hz, JH-F=8.9, 4.7 Hz, 1H), 4.73–
4.56 (m, 1H), 4.50 (q, J=8.1 Hz, 1H), 3.22–2.99 (m, 2H), 2.85–2.38 (m,
2H), 2.05–1.52 (m, 2H). 13C NMR (75 MHz, CDCl3) δ[ppm]=172.0,
168.6, 150.9, 141.6, 139.4, 138.6, 137.3, 133.6, 129.6, 128.4, 128.2,
127.6, 126.0, 123.9, 123.0, 122.8, 121.6, 121.2, 119.1, 118.8, 117.8,
116.8, 113.1, 110.1, 54.7, 47.0, 37.4, 32.4, 28.4. a½ �22D = � 21°. MP=

101–103 °C. ESI-MS: [M+H+] calc. 611.2, found 611.2. Purity: 96%.

Phenyl (S,E)-3-((S)-3-cyclohexyl-2-(isonicotinamido)
propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (5a)

5a was prepared according to procedure B using 18 (0.27 mmol,
0.10 g) and 32 (0.32 mmol, 0.088 g), resulting in a colorless solid
(0.038 g, 0.064 mmol, 24%) after purification via HPLC. 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=8.89–8.71 (m, 2H), 8.44 (m, 1H), 7.96–
7.87 (m, 2H), 7.87–7.79 (m, 3H), 7.77–7.66 (m, 2H), 7.41–7.09 (m, 5H),
6.40 (dd, JH-F=33.1 Hz, JH-H=9.0 Hz, 1H), 4.58 (dt, J=15.2, 7.9 Hz,
2H), 2.99–2.88 (m, 2H), 2.00–1.80 (m, 2H), 1.78–1.48 (m, 8H), 1.48–
1.25 (m, 3H), 1.16 (d, J=7.9 Hz, 2H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=172.2, 165.5, 150.9, 141.5, 141.4, 137.2, 135.9, 130.6, 128.9,
128.8, 126.7, 122.5, 52.4, 41.2, 34.6, 33.9, 32.0, 26.6, 26.3, 26.0.
a½ �22D = � 12°. MP=123–125 °C. ESI-MS: [M+H+] calc. 594.2, found
594.2. Purity: 99%.

Phenyl (S,E)-1-fluoro-3-((S)-2-(isonicotinamido)-4-
methylpentanamido)-5-phenylpent-1-ene-1-sulfonate (5b)

5b was prepared according to procedure B using 18 (0.25 mmol,
0.093 g) and 34 (0.30 mmol, 0.071 g), resulting in a colorless solid
(0.031 g, 0.056 mmol, 22%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=8.81 (d, J=8.4 Hz, 1H), 8.73 (s, 2H), 8.36
(dd, J=14.8, 8.0 Hz, 1H), 7.80 (d, J=7.5 Hz, 2H), 7.54–7.36 (m, 2H),
7.35–7.08 (m, 7H), 7.01 (d, J=7.5 Hz, 1H), 6.15 (dd, JH-F=32.4 Hz,
JH-H=8.8 Hz, 1H), 4.89 (s, 1H), 4.69–4.31 (m, 1H), 1.67 (s, 2H), 1.10–
0.58 (m, 11H). 13C NMR (75 MHz, CDCl3) δ[ppm]=173.0, 166.9, 150.6,
147.8, 147.7, 141.9, 140.8, 136.8, 134.8, 131.2, 131.1, 129.3, 128.5,
126.8, 126.1, 122.4, 121.1, 53.0, 47.1, 40.8, 35.9, 32.6, 24.6, 22.3.
a½ �22D = � 20°. MP=76–78 °C. ESI-MS: [M+H+] calc. 554.2, found
554.0. Purity: 99%.

Phenyl (S,E)-1-fluoro-3-((S)-2-(isonicotinamido)-4-
phenylbutanamido)-5-phenylpent-1-ene-1-sulfonate (5c)

5c was prepared according to procedure B using 18 (0.40 mmol,
0.15 g) and 36 (0.48 mmol, 0.18 g), resulting in a colorless solid
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(0.060 g, 0.10 mmol, 25%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=9.02 (dd, J=7.6, 5.4 Hz, 1H), 8.88 (t, J=

5.3 Hz, 2H), 8.53 (d, J=7.9 Hz, 1H), 8.09–7.82 (m, 5H), 7.86–7.66 (m,
2H), 7.51–7.09 (m, 10H), 6.51 (ddd, JH-F=33.9 Hz, JH-F=8.9, 5.1 Hz,
1H), 4.83–4.34 (m, 2H), 2.86–2.68 (m, 4H), 2.33–1.81 (m, 4H).
13C NMR (75 MHz, CDCl3) δ[ppm]=172.2, 166.3, 151.6, 142.2, 136.5,
131.4, 129.5, 127.0, 122.9, 120.4, 107.3, 70.4, 44.9, 34.3, 32.8, 30.3.
a½ �22D = � 15°. MP=96–98 °C. ESI-MS: [M+H+] calc. 602.2, found
602.2. Purity: 99%.

Phenyl (S,E)-3-((S)-3-(1H-indol-3-yl)-2-(isonicotinamido)
propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (5d)

5d was prepared according to procedure B using 18 (0.54 mmol,
0.20 g) and 38 (0.65 mmol, 0.20 g), resulting in a colorless solid
(0.071 g, 0.11 mmol, 20%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=10.68–10.33 (m, 1H), 8.75–8.52 (m, 1H),
8.50–8.35 (m, 2H), 8.22 (d, J=8.5 Hz, 1H), 7.79–7.51 (m, 4H), 7.52–
7.36 (m, 5H), 7.09–6.67 (m, 9H), 6.12 (dd, JH-F=33.9 Hz, JH-H=8.9 Hz,
1H), 4.60–4.14 (m, 2H), 3.00–2.80 (m, 2H), 2.67–2.39 (m, 2H), 1.80–
1.39 (m, 2H). 13C NMR (75 MHz, CDCl3) δ[ppm]=172.0, 168.6, 150.9,
149.4, 141.6, 138.6, 137.3, 133.0, 132.9, 129.8, 128.4, 127.6, 127.3,
126.0, 123.9, 122.1, 121.6, 121.2, 119.1, 117.8, 117.0, 115.0, 113.1,
110.1, 54.7, 47.1, 47.0, 37.4, 32.4, 28.4. a½ �22D = � 22°. MP=114–
116 °C. ESI-MS: [M+H+] calc. 627.2, found 627.1. Purity: 96%.

Phenyl (S,E)-3-((S)-2-(4-((tert-butoxycarbonyl)amino)
benzamido)-3-cyclohexylpropanamido)-1-fluoro-5-phenylpen-
t-1-ene-1-sulfonate (6a)

6a was prepared according to procedure B using 18 (0.54 mmol,
0.20 g) and 40 (0.65 mmol, 0.25 g), resulting in a diastereomeric
mixture which was separated via HPLC to yield the pure compound
with (E)-configuration as a colorless solid (0.25 g, 0.35 mmol, 65%)
after purification via HPLC. 1H NMR (300 MHz, DMSO-d6) δ[ppm]=
9.60 (d, J=2.6 Hz, 1H), 8.40–8.10 (m, 2H), 7.94–7.70 (m, 2H), 7.61–
7.34 (m, 4H), 7.35–7.05 (m, 6H), 7.00 (d, J=7.2 Hz, 2H), 6.15 (dd,
JH-F=33.2 Hz, JH-H=9.0 Hz, 1H), 4.95–4.81 (m, 1H), 4.66–4.38 (m, 1H),
2.61–2.32 (m, 2H), 1.85–1.52 (m, 8H), 1.48 (s, 9H), 1.28–1.02 (m, 3H),
1.04–0.73 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=166.3,
153.1, 142.9, 141.2, 130.9, 128.9, 128.8, 128.7, 127.8, 122.4, 117.5,
79.9, 34.3, 32.4, 31.5, 28.5, 26.5, 26.1. a½ �22D = � 15°. MP=118–120 °C.
ESI-MS: [M+Na+] calc. 730.2, found 730.2. Purity: 97%.

4-(((S)-3-Cyclohexyl-1-(((S,E)-1-fluoro-1-(phenoxysulfonyl)-5-
phenylpent-1-en-3-yl)amino)-1-oxopropan-2-yl)carbamoyl)
benzenaminium chloride (6b)

6b was prepared according to procedure C using 6a (0.35 mmol,
0.25 g). Purification via HPLC resulted in a diastereomeric mixture
which was separated via HPLC to yield the pure compound with
(E)-configuration as a colorless solid (0.17 g, 0.26 mmol, 74%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.56–8.19 (m, 4H), 8.06–7.72
(m, 2H), 7.61–7.07 (m, 10H), 7.07–6.90 (m, 2H), 6.45 (dd, J=21.8,
10.0 Hz, 1H), 6.14 (dd, JH-F=33.3 Hz, JH-H=9.1 Hz, 1H), 5.06–4.72 (m,
1H), 4.66–4.35 (m, 1H), 2.63–2.34 (m, 2H), 2.34–2.09 (m, 2H), 1.98–
1.43 (m, 6H), 1.45–0.99 (m, 3H), 1.04–0.73 (m, 2H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.7, 166.0, 149.2, 141.2, 130.9, 129.6, 128.8,
128.7, 126.4, 122.4, 120.1, 66.8, 34.3, 33.59, 32.4, 31.5, 26.5, 26.2,
26.1. a½ �22D = � 9°. MP=130–132 °C. ESI-MS: [M+H+] calc. 607.3,
found 607.2. Purity: 95%.

Phenyl (S,E)-3-((S)-3-cyclohexyl-2-(morpholine-4-
carbox-
amido)propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate
(6c)

6c was prepared according to procedure B using 18 (0.08 mmol,
0.030 g) and 42 (0.08 mmol, 23 mg), resulting in a colorless solid
(5.5 mg, 0.009 mmol, 9%) after purification via HPLC. 1H NMR
(600 MHz, DMSO-d6) δ[ppm]=8.32 (s, 1H), 8.15 (d, J=7.7 Hz, 1H),
7.52–7.37 (m, 3H), 7.33–7.11 (m, 5H), 6.51 (d, J=7.9 Hz, 1H), 6.11
(dd, J=33.3, 9.0 Hz, 1H), 4.61–4.52 (m, 1H), 4.17–4.08 (m, 1H), 3.60–
3.46 (m, 4H), 3.33–3.22 (m, 4H), 1.88–1.71 (m, 2H), 1.71–1.55 (m, 4H),
1.53–1.36 (m, 3H), 1.30–1.21 (m, 2H), 1.19–1.06 (m, 4H), 0.95–0.75
(m, 3H). 13C NMR (151 MHz, DMSO-d6) δ[ppm]=173.2, 157.5, 148.7,
147.8, 145.9, 140.9, 130.5, 126.0, 123.6, 122.0, 79.2, 66.0, 52.0, 44.1,
43.78, 34.5, 33.7, 33.2, 32.0, 30.9, 26.1, 25.8, 25.7. a½ �22D = � 2°. MP=

116–117 °C. ESI-MS: [M+Na+] calc. 601.3, found 601.2. Purity: 95%.

Molecular docking

Since the inhibitors were designed to react covalently with
cysteine-25 of CatS, two different docking approaches were
followed. First, a conventional non-covalent docking was per-
formed, to estimate affinity and geometry of the pre-organized
enzyme-inhibitor complex, secondly a covalent docking was used
to determine the final covalent enzyme-inhibitor complex. In both
docking setups a crystallographic reference ligand was used for
validation via redocking (Table A, Supporting Information). Molec-
ular docking experiments were performed using the following
crystal structure freely available in the protein data bank (PDB):[55]

Cathepsin S covalently bound to N-2-(morpholin-4-ylcarbonyl)-N-
[(3S)-1-phenyl-5-(phenylsulfonyl)pentan-3-yl]-l-leucinamide (C1P),
PDB entry 1NPZ.[29] For both docking approaches, chain A of the
dimer of 1NPZ was extracted via PyMOL 2.5.2.[56] All ligands were
energetically minimized prior docking with Molecular operating
environment (MOE Version 2020.09)[57] using the MMF94x force
field.[58] For visual presentation of the top binding poses, PyMOL

2.5.2 was used.[56]

Docking approach A: non-covalent docking with LeadIT

The non-covalent docking was performed with LeadIT 2.3.2.[59] The
receptors were prepared in MOE with the protonate3D functionality
and the covalent bond between the co-crystallized ligand and the
corresponding protease was untethered via the Builder tool in
MOE. For the receptor the binding site was defined as a 6.5 Å shell
around the bound reference ligand. Water molecules that form at
least three hydrogen bonds with the receptor and ligand were kept
as part of the binding site. The docking was performed under
default settings using the enthalpy-entropy hybrid approach with
2,000 solutions per iteration and fragmentation. Only the top pose
of the initial docking was kept and re-scored using the HYDE
scoring function.[60] For the docking, pharmacophore constraints
needed to be included to obtain reasonable binding modes. The
nitrogen atoms of the peptide backbone were therefore defined as
H-bond donors with a 1 Å sphere radius.

Docking approach B: covalent docking with MOE

Covalent docking was performed with MOE. The receptor was
prepared using the 3D protonation tool inside MOE. For the
covalent reaction of the different warheads, the already existing
template reactions were used. Initial 30 poses from the triangle
match placement with London ~G scoring were re-scored using
the Affinity ~G scoring function and induced fit refinement
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implemented in MOE. 10 Poses were kept and visually inspected for
binding geometry the interactions matching between the docked
inhibitor pose and co-crystallized ligand with the enzyme. The
poses best matching inspected interaction patterns are further
discussed.

Fluorometric enzyme assay

Cathepsin S

Assay procedure

The assay was modified after Brömme et al.[50] The fluorescence
increase upon cleavage of the fluorogenic substrate Z-Val-Val-Arg-
AMC by Cathepsin S (CatS) was monitored by a Tecan Spark

fluorimeter (δ excitation: 365 nm, δ emission: 460 nm; Tecan

Group, Switzerland). CatS (recombinant from E. coli, SigmaAldrich,
Germany) was incubated with enzyme buffer (35 mM potassium
phosphate, 35 mM sodium acetate, 2 mM DTT, 2 mM EDTA, pH 6.5)
at room temperature for 20–30 min. Assay buffer (50 mM KH2PO4,
50 mM K2HPO4, 2.5 mM DTT, 2.5 mM EDTA, pH 6.5) was mixed with
1–5 nM CatS in enzyme buffer, followed by inhibitor in DMSO or
DMSO (negative control), and 10 μM substrate Z-Val-Val-Arg-AMC
(Bachem, Switzerland). Black, flat-bottom 96-well microtiter plates
(Greiner Bio-One, Germany) were used. Inhibitor screening
concentrations started at 20 μM, followed by 1 μM, 200 nM, and
50 nM.

KM determination

The assay was performed as described above using different
concentrations of Z-Val-Val-Arg-AMC (3.125 μM, 6.25 μM, 12.5 μM,
25 μM, 50 μM) and Z-Phe-Arg-AMC (0.41 μM, 1.2 μM, 3.7 μM, 11 μM,
33 μM, 60 μM, 100 μM). GraFit (version 5.0.13, 2006, Erithracus

Software Ltd., UK)[61] was used for data analysis and non-linear
regression. The KM value was calculated as described by Michaelis-
Menten [Equation (2), KM=34 μM for Z-Val-Val-Arg-AMC; KM=

35 μM for Z-Phe-Arg-AMC]:

v0 ¼
vmax � S½ �
KM þ S½ � (2)

in which v0= initial velocity; vmax=maximal velocity; [S]= substrate
concentration.

The graphs are shown in the Supporting Information.

IC50 and Ki calculations

GraFit (version 5.0.13, 2006, Erithracus Software Ltd., UK) was
used for data analysis and non-linear regression.[61]

For compounds without a time-dependent mode of inhibition
(fluorinated vinylsulfones as inhibitors of CatS, CatB, CatL; fluori-
nated vinylsulfonates as inhibitors of CatB, CatL), the residual
enzyme activity in % was plotted against the inhibitor concen-
tration in μM. Then, IC50 values were obtained by non-linear
regression [Equation (3)]:

vi ¼
v0

1þ ð I½ �
IC50
ÞS (3)

in which v0=enzyme activity without inhibitor; vi=enzyme activity
in presence of inhibitor; [I]= inhibitor concentration; S= slope
factor.

Ki values were calculated by using the Cheng-Prusoff equation to
correct the IC50 values to zero substrate concentration
[Equation (4)]:[51]

Ki ¼
IC50 or K

app
i

1þ S½ �
KM

(4)

in which CatS: [S]=10 μM, KM=34 μM. CatB: [S]=100 μM, KM=

150 μM. CatL: [S]=6.25 μM, KM=6.5 μM.

For compounds with a time-dependent mode of inhibition
(fluorinated vinylsulfonates as inhibitors of CatS), the Ki values were
calculated as published previously for slow, tight binders
[Equation (5)].[49]

(5)

in which E=enzyme; I= inhibitor, k= reaction constant; E…I=non-
covalent enzyme-inhibitor complex; E� I=covalent enzyme-inhib-
itor complex.

The initial (vi) and steady-state (vs) velocities in inhibitor presence
and the pseudo-first order rate constants kobs were determined for
different inhibitor concentrations. The progress curves were fitted
to the slow-binding equation [Equation (6)]:[52]

P½ � ¼ vs � t þ
vi � vs
kobs

� 1 � exp � kobs � tð Þ½ � þ off (6)

in which vs= steady-state velocity, vi= initial velocity, off=offset.

Then, the kobs values were plotted against the inhibitor concen-
trations [I] with the following Equation (7):

kobs ¼ k4 þ
k3 � I½ �

Kapp
i þ I½ �

� �

(7)

in which Ki
app determination using kobs.

The resulting dissociation constant of the initial enzyme-inhibitor
complex Ki

app was then corrected to zero substrate concentration
using the Cheng-Prusoff relationship (Equation 4), giving the Ki

value.[51]

Dilution assay

Dilution assays were performed for selected compounds as
published previously.[49] CatS (0.5 μM) in enzyme buffer (90 μL) was
incubated for with inhibitors (10 μL in DMSO) for 30 min in
concentrations corresponding to tenfold the IC50 value obtained
from the fluorometric enzyme assay ensuring 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 by fluorescence readout. CatS with DMSO and no
inhibitor added was used as a reference while the irreversible
inhibitor K11777 was used as an irreversible control.[53]
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Selectivity towards CatL and CatB[45,49]

Cathepsin B (CatB, SigmaAldrich, Germany) and cathepsin L (CatL,
Sigma-Aldrich, Germany) were incubated in enzyme buffer
(50 mM Tris-HCl, 5 mM EDTA, 200 mM NaCl, 2 mM DTT, pH 6.5) at
room temperature for 20–30 min. Assay buffer (50 mM Tris-HCl,
5 mM EDTA, 200 mM NaCl, 0.005% Brij35, pH 6.5) was mixed with
CatB or CatL in enzyme buffer, then inhibitor in DMSO or DMSO
(negative control) was added, followed by 100 μM (CatB) or
6.25 μM (CatL) substrate Z-Phe-Arg-AMC (Bachem, Switzerland).
The enzyme activity was monitored by a Tecan Spark (Tecan

Group, Switzerland) fluorescence reader using black Greiner flat-
bottom 96-well microtiter plates (Greiner Bio-One GmbH, Ger-
many). Inhibitor screening concentrations started at 20 μM, fol-
lowed by 1 μM, and 200 nM if the percentual inhibition exceeded
50% for the previous inhibitor concentration. IC50 values were
determined for inhibitors with >50% inhibition at 20 μM.

Cytotoxicity

Cell culture

The human cell line MDA-MB-231 from adenocarcinomic breast
tissue was cultured at 37 °C and 5% CO2 in Dulbeccos Modified

Eagles Medium (DMEM, 4.5 g/L d-glucose, l-glutamine; Gibco by
ThermoFisher Scientific, Germany), supplemented with 10% FBS
(SigmaAldrich, Germany) and 1% Penicillin/Streptomycin (Invi-

trogen, Germany). Cells were cultured in a T75 culture flask and
passaged two to three times per week using TrypLE™ Express
(Gibco by ThermoFisher Scientific, Germany).

Murine bone marrow derived from C7BL/6 mice was seeded (2×
10 cells/mL) in untreated 12 well plates (Gibco by ThermoFisher

Scientific, Germany) using Iscoves Modified Dulbecco’s Medium,
supplement with 5% FBS, 2 mM l-glutamine, 100 IU/mL penicillin,
100μg/mL streptomycin and 50 μM β-mercaptoethanol (all compo-
nents from Sigma-Aldrich, Germany) and 10 ng/mL GM-CSF
(MILTENYI BIOTEC, Germany). Media was replenished on days 3 and
6 of culture.

Cell viability assay

MDA-MB-231 cells were seeded at a density of 2,500 cells/well in a
white half area 96-well plate (Greiner Bio-One, Germany) and
incubated at 37 °C. 24 h after seeding, the medium was removed
and cells were treated with 50 μL of either 100 μM or 20 μM
solution of compounds 5a, 5b, 6b and 3c in fresh culture medium
(0.1% DMSO) or culture medium (0.1% DMSO) only. For each
condition, quadruplicates were performed. Cells were incubated for
24 h. After the treatment, CellTiter-Glo® Assay solution (50 μL)
was added to each well, and the plate was placed on an orbital
shaker for 2 minutes and subsequently incubated 10 minutes at
room temperature. Luminescence readout was performed with a
Promega GloMax®-Multi Detection System using the manufac-
turer’s protocol.

DC cytotoxicity

On day 7 of DC culture, compounds (1 μM) and lipopolysaccharide
(100 ng/mL) was applied as indicated. On the following day,
samples were harvested, washed with buffer (PBS, 2% FBS, 2 mM
EDTA) and preincubated with Fc receptor blocking rat-anti-mouse
antibody (clone 2.4G2; ThermoFisher Scientific, Germany) to
prevent unspecific antibody binding. Then, samples were incubated
with phycoerythrin-labeled rat-anti-mouse CD11c antibody (clone

N418; ThermoFisher Scientific, Germany) to delineate CD11c+

DC, washed with PBS and incubated with allophycocyanin-
eFluor780 tandem conjugate labeled fixable viability dye to detect
dead cells within the CD11c+ DC fraction. Fluorescence intensities
were measured using an Attune NxT Flow Cytometer and were
analyzed using Attune NxT software (both from ThermoFisher

Scientific, Germany).
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