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ABSTRACT

Human tissue transglutaminase (hTG2) is a multifunctional enzyme. It is primarily known for its
calcium-dependent transamidation activity that leads to formation of an isopeptide bond between
glutamine and lysine residues found on the surface of proteins, but it is also a GTP binding
protein. Overexpression and unregulated hTG2 activity has been associated with numerous
human diseases, including cancer stem cell survival and metastatic phenotype. Herein, we
present a series of targeted covalent inhibitors (TCIs) based on our previously reported Cbz-Lys
scaffold. From this structure-activity relationship (SAR) study, novel irreversible inhibitors were
identified that block the transamidation activity of hTG2 and allosterically abolish its GTP
binding ability with a high degree of selectivity and efficiency (kinac/K; > 10° M'min™). One
optimized inhibitor (VA4) was also shown to inhibit epidermal cancer stem cell invasion with an

ECso of 3.9 uM, representing a significant improvement over our previously reported ‘hit” NC9.
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INTRODUCTION

Human tissue transglutaminase (hTG2) is a ubiquitously expressed enzyme and is the most
studied member of the transglutaminase (TGase) family.l'2 It is a complex, multifunctional
enzyme and the only member of the TGase family that catalyses protein cross-linking and also
plays a role in GTP binding and G-protein signalling.? Its conformation and consequently its
function are tightly regulated by the presence of specific allosteric®™ and redox regulators.” In
the extracellular matrix (ECM) and plasma membrane, hTG2 is allosterically modulated by
calcium ions’ and redox proteins to primarily exist in an open or extended conformation that is
catalytically active when specific disulfide bonds are reduced.® In this conformation the catalytic
core, which contains the catalytic triad Cys277, His335 and Asp358, is accessible and capable of
catalysing the formation of isopeptide bonds (cross-links) between peptide bound Gln and Lys
residues.” This cross-linking activity is also referred to as transamidation and occurs via a ping-
pong mechanism.'® First, the nucleophilic active site thiolate (Cys277) attacks an acyl donor
substrate (ie. a peptide-bound Gln residue) resulting in the release of one equivalent of ammonia
and the formation of the intermediate thioester. Subsequently, the thiolate is regenerated by
nucleophilic attack of an acyl acceptor substrate (ie. a peptide-bound Lys residue) to afford the
isopeptide product, or the thioester is cleaved by water to afford the deamidated (or hydrolysis)
product.'’ Intracellularly, hTG2 is regulated by guanidine-containing nucleotides, such as GTP
that bind hTG2 at a site remote from the catalytic active site.” Upon GTP binding, hTG2
primarily adopts a closed or compact conformation where the catalytic Cys277 becomes
inaccessible. In this closed conformation, it is believed that little or no transamidation activity

occurs while several cellular signaling pathways are impacted.'

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Due to the multifunctional nature and ubiquitous expression of hTG2,' it is involved in a
variety of normal physiological processes that have been reviewed elsewhere;” *"'* however, its
unregulated activity has also been implicated in several disease processes.'” The unregulated
transamidation/deamidation activity of hTG2 has been implicated in atheroscelorsis,'® pulmonary

19-20

. 17-18 +- . . . . 21 . . 22 .
fibrosis,''® liver fibrosis, chronic kidney disease,” Alzheimer’s disease and celiac

23-26

disease. In addition, recent studies have shown that hTG2 is also an oncogenic protein, where

its GTP-binding function has been associated with cancer cell proliferation, metastasis, and

. 12731
cancer stem cell survival.?’

Interestingly, hTG2 knockout mice appear developmentally and
reproductively normal,** mainly displaying delayed wound healing and poor response to stress.
Due to the lack of serious and fatal deficiencies observed in hTG2 knockout mice with respect to
normal biological functions, as well as its involvement in a wide range of diseases, hTG2 has
been proposed as a safe therapeutic target.**>*

Several academic and industrial research groups have contributed to the design and evaluation
of peptidomimetic and small molecule reversible and covalent hTG2 inhibitors, as summarized
in several recent reviews.””>’ While some studies have focussed on reversible inhibitors of
hTG2,”® the majority have focussed on the development of potent and selective covalent
inhibitors that target the nucleophilic active-site Cys277 residue. Some representative examples
of peptidic and peptidomimetic irreversible inhibitors of hTG2 are shown in Figure 1. These
inhibitors show some structural similarity with respect to the scaffold: a hydrophobic group (Cbz
or Ac-Pro) located on the N-terminal side of the electrophilic warhead, followed by a small
hydrophobic residue C-terminal side (Phe or Tyr) or a more extended hydrophobic sequence

(e.g. Pro-Phe or Pro-Leu). These structures also display a broad variety of electrophiles used as

a warhead, including a sulfonium methyl ketone,” a halodihydroisoxazole,” a diazomethyl
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1
2
2 ketone,” an o,B-unsaturated ester'' and an acrylamide group,”**’ all of which have been used in
5
6 the design of hTG2 inhibitors.”> > **
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Figure 1. Representative irreversible inhibitors of hTG2 from the recent literature.

48 The development and use of targeted covalent inhibitors (TCIs) as potential therapeutics has
also been reviewed recently.”” Some of the advantageous features of this class of inhibitors are
53 their high efficiency and extended duration of action. The current consensus of the hTG2
55 inhibitor field suggests that continued efforts in the design and evaluation of hTG2 inhibitors is

58 needed due to the limited amount of available structural data of the inhibitor-bound protein.’® In
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this work, we present the synthesis and in vitro kinetic evaluation of a series of novel irreversible
inhibitors that block both the transamidation and GTP-binding activities of hTG2, as well as

biological data illustrating cellular efficacy.
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RESULTS AND DISCUSSION
Inhibitor Design

Khosla and co-workers have reported® a crystal structure of the open form of hTG2 with an
irreversible inhibitor bound in the catalytic active site — namely, Ac-P(DON)LPF-NH,, shown in
Figure 1. Based on this crystal structure (PDB code 2Q3Z), the catalytic active site has been
described as a relatively hydrophobic binding groove flanking a hydrophobic tunnel that contains
the catalytic Cys277 at its base. Previous inhibition studies based on the Cbz-Phe'" ** " and
Cbz-Lys*® ! scaffolds have shown that the N-terminal Cbz protecting group confers affinity to
these irreversible inhibitors (see Figure 1). As such, the Cbz group was maintained throughout
this SAR study.

As mentioned above, a variety of electrophilic warheads have also been used in irreversible
inhibitors of TGases.'* *> 7 We, and others, have found that the acrylamide warhead offers an
excellent balance between stability and reactivity for use in targeted-covalent inhibitors of
hTG2.**" 3% 52 This balance may also explain why it has seen broad application in TCI’s
recently developed against other target proteins, as well.*">>

Historically, some of the most potent acrylamide inhibitors that we prepared in previous
studies featured a Cbz-Lys scaffold and an acrylamide warhead. For example, we found that
compounds 1 and 2 (Figure 2) were remarkably efficient inhibitors of guinea pig liver tissue
transglutaminase (gplTG2). Since then, CHDI (Cure for Huntington’s Disease Initiative) has
reported*® that our compound 1 (Figure 2) served as a starting point for their SAR study that
resulted in Compound 41, shown in Figure 1. In our group, compound 3, also known as NC9

(Figure 2) was subsequently designed’' to be a fluorescent TGase probe.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

K, = 0.52 upM
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Figure 2. Lysine-based irreversible inhibitors and their kinetic parameters of inhibition against

gplTG2.4%°!

In this work, we evaluated some of our past compounds such as 1 and 3 against human TG2.
We also envisioned a series of modifications that may provide insight into the structural features
necessary for potent and selective targeted-covalent inhibition of hTG2. While maintaining the
N-terminal Cbz protecting group for affinity and the ‘select’” acrylamide warhead (see above), we
systematically varied the length of the side chain, the peptide backbone spacer, and the C-
terminal R group (Figure 3), seeking to optimize not only inhibition efficiency, but also drug-like

properties such as calculated LogP, PSA, and the number of rotatable bonds.
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15 Figure 3. Proposed structural modifications for this SAR study with hTG2.

2 Synthesis and Structure-Activity Relationship studies

25 Starting from compound 1** *°

the carboxylic acid group was activated using peptide coupling
27 reagents such as EDC/NHS or EDC/HOBt.>* From this activated intermediate, a variety of
nitrogen nucleophiles were added, giving access to a series of inhibitors in just a few synthetic
32 steps. In the case of compounds 4 and 5 (Scheme 1), ammonium chloride or glycine methyl ester
34 were used as the nucleophile, respectively. From compound 5, saponification of the methyl ester
37 using LiOH afforded the free carboxylic acid derivative 2. Collectively, these compounds are

39 abbreviated as Cbz-Lys(Acr)-R deriatives. Irreversible inhibitor 3 was synthesized according to

our previously published procedure.’’
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Scheme 1. Synthesis of Cbz-Lys(Acr)-R derivatives of 1. (a) EDC-HCI, NHS, acetonitrile, rt, 16
h; (b) NH4Cl, DABCO, acetonitrile, rt, 16 h; (c) glycine methylester, triethylamine, acetonitrile,

rt, 4 h; (d) LiOH, THF:H,0, t, 1 h.

Clai s
OYN\-:)J\OH
I =

1

When the carboxylic acid derivatives 1 and 2 were previously synthesized and evaluated as
irreversible inhibitors of gplTG2, they displayed excellent kinetic inhibition parameters with K

values in the high nanomolar range and efficiency constants of 10° M min™, whereas 3 was two

42, 51

orders of magnitude less efficient. To begin the present SAR study, we re-evaluated
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compounds 1-2 and 3 as irreversible inhibitors of hTG2. A representative example of this kinetic

evaluation is shown in Figure 4.

A
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36 Figure 4. Determination of irreversible inhibition parameters for compound 2 using a previously
38 reported continuous colorimetric assay.” (A) Time-dependent inactivation curves of enzymatic
reaction in the presence of various concentrations of 2. (B) Nonlinear regression to a hyperbolic

43 equation of ks Versus varying concentrations of 2.

46 Using a colorimetric assay’ under Kitz & Wilson conditions,”® rate constants were measured
for the time-dependent loss of acyl-transferase activity (Figure 4A). Fitting of the hyperbolic
51 concentration dependence of the observed rate constants of inactivation (Figure 4B) provided the

53 kinetic parameters shown in Table 1 (see Experimental for details).
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Table 1. Kinetic parameters of substituted Cbz-Lys(Acr)-R.

kinact/KI
Inhibitor R group Ki (nM) Kinact (min™)
(10° M min™)
1 el 60.3+18.6  0.796+0.130 132+4.6
P 48.1+103  1.26+0.17 26.1+6.6
+ + +
2 I”’{N\)kOH . . . . . .
4° 3 N2 3514151 1.08+0.46 30.7£2.5
y ©
5 %N\)J\O/ 40.0+5.9 1.45+0.12 36.2 + 6.1

N\
3 ‘O 33.9+34 2.60+0.17 76.4+9.1

a) Kinetic parameters for compound 4 were determined using a double reciprocal method of

data analysis (see Experimental).
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While compounds 1 and 2 were among the best irreversible inhibitors of gplTG2, their affinity
for hTG2 and their reaction efficiency are shown here to be two orders of magnitude worse.
Inhibitor 2, which contains a glycine linker between the Cbz-Lys(Acr) and the negatively
charged carboxylate, shows slightly increased affinity and efficiency compared to 1. This gain in
inhibition efficiency may be due to distancing the negative charge from possible unfavorable
interactions in the hydrophobic binding pocket.8 Replacing the carboxylic acid groups of 1 and 2
with a neutral terminal amide in 4 or a methyl ester in S results in minor gains in affinity and
efficiency, consistent with the elimination of negative charge and increase in LogP values (3.42
for 4, 3.09 for 5). Extending the Cbz-Lys(Acr) scaffold with the addition of a
polyethyleneglycol linker and dansyl group in 3 resulted in a comparable inhibition constant to
that determined for gplTG2 (K; = ~30 uM). However, 3 appears to inactivate the human enzyme
with a much higher rate constant based on the elevated kinae value of 2.60 min™! compared to
0.483 min’l, for hTG2 and gplTG2 respectively. The observed increase in kin,e With respect to
hTG2 may be due to a slightly different binding mode that places the acrylamide warhead closer
to the active site Cys277 residue. This increased rate constant results in a 5-fold increase in the

overall efficiency (kinaet/Ki) of 3 as an inhibitor of hTG2.

The results from Table 1 also suggest that the aromatic and hydrophobic dansyl group may
provide beneficial contacts with a distal binding pocket of hTG2 that the truncated compounds 1-
5 cannot access. More specifically, we speculated that the dansyl group of 3 may be discretely
bound by hTG2, rather than extended away from it by the PEG spacer, as was our intent in the
design of this fluorescent probe.’’ Docking 3 into the open conformation of hTG2 (PDB code
2Q32)® suggested that the dansyl group may be bound in the hydrophobic pocket on the surface

of hTG2 in which the Phe side chain of Ac-P(DON)LPF-NH, was bound, in the co-crystal
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structure reported by Khosla. In this putative binding model (Figure S1), the PEG spacer forms a

long, flexible loop, and few productive interactions with the enzyme.

On the other hand, 3 was tested in biological assays and found to be surprisingly effective
against human squamous cell carcinoma. Human TG2 has been shown to be highly elevated in
epidermal cancer stem (ECS) cells and hTG2 knockdown or inactivation with 20 uM 3 reduced
ECS cell proliferation and survival,” the expression of epithelial-mesenchymal transition (EMT)
transcription factors and markers,”® and metastatic phenotype.”® In TG2 knockout ECS cells,
treatment with 3 had no effect, suggesting that its biological activity is not related to off-target
interaction.’® Furthermore, administration of 3 by intraperitoneal injection at 20 mg/kg reduced
the growth of mouse xenograft tumors initiated by injection of cancer stem cells.’’ In light of
this biological activity, we considered 3 to be an interesting hit, and sought to optimize it further.

For an inhibitor to become a drug candidate, its potency, efficiency and bioavailability must all
be optimized. With the ultimate goal of improving all of these features, we considered
Lipinksi’s®’ and Veber’s”® rules and turned our attention to reducing the number of rotatable
bonds and the polar surface area (PSA) in our inhibitors. To this end, we first sought to
systematically decrease the length of the diamine spacer between the Cbz-Lys(Acr) and the
dansyl functional group of 3. The mono-dansylated alkyl amines 6-8 in Scheme 2 were
synthesized and coupled to the activated carboxylic acid of 1 to give inhibitors 10-12, and a
piperazine linker (9) was also coupled to 1 to produce the more rigid inhibitor 13 (also known as

VA4).
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Scheme 2. Synthesis of hTG2 inhibitors with varying spacer length. (a) EDC-HCI, HOBt,

triethylamine, acetonitrile, rt, 16 h.

©CoO~NOUTA,WNPE

X = HN-(CHy)4-NH, \/[
X = HN-(CHy)3-NH, =
>)§ = H.N-(CI-?Q)z-NHz 10 X =HN-(CHy),-NH
= piperazine 11 X =HN-(CHy)s-NH
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Table 2. Kinetic parameters of irreversible inhibitors with varying backbone spacers.

©\/ H\)CJ)\ O\\ //O ‘
O.__N S ~
- N
T ; O
o)

J

NH

kinact/ Ky PSA*?
Inhibitor X group K; (uM) Kinact (min™) nRB ?
10°M' min™") (&Y
NH-
3 (CH,CH,0),- 339+34 2.60+0.17 76.4£9.1 164 23
CH,CH,NH
10° HN-(CHy)s-NH  27.1+11.9 2.19+£0.94 80.8 +4.7 146 19
11° HN-(CHy);-NH  30.5+94 0.85+0.25 27.6 £1.7 146 18
12° HN-(CH;),-NH  23.5+3.1 1.45+0.12 61.5+9.6 146 17
13 piperazine 129+ 2.6 1.40+£0.13 107 +£23.8 128 14

a) Polar Surface Area and the number of Rotatable Bonds were calculated using the

Molinspiration molecular property calculation engine (http://www.molinspiration.com).

b) Kinetic parameters for compounds 10-12 were determined using a double reciprocal

method of data analysis (see Experimental).

As shown in Table 2, reducing the spacer length from eight atoms in 3 to four atoms in
compound 10 resulted in a dramatic reduction in the number of rotatable bonds and PSA, but

little change with respect to the kinetic parameters measured. Interestingly, reducing the spacer
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to three methylene groups (11) resulted in a marked reduction in efficiency, mainly due to a
significant drop in the inactivation rate constant. Decreasing the spacer length to two methylene
units (12) restored inhibitor efficiency to the values seen for the hit compound 3. Maintaining the
distance associated with a two-methylene spacer but in the form of the more rigid piperazine
group gave inhibitor 13, displaying the best inhibition parameters in the series. In addition to
exceeding the overall inhibition efficiency of 3, inhibitor 13 also showed a greater than two-fold
reduction in the inhibition binding constant, suggestive of more favorable interactions with the
binding pocket of hTG2 compared to inhibitors with more flexible spacers. It is interesting to
note that CHDI also discovered the suitability of the piperazine group at this position in
analogous inhibitors, but from an expansion strategy among a series of C-terminal tertiary
amides.*® With a PSA below 140 A? and nearly half as many rotatable bonds as 3, we were also
hopeful that the bioavailability of 13 would be substantially improved (see below).

Using 13 as a new parent compound, additional inhibitors were then prepared that contained
the dansyl piperazine but whose side chains bearing the acrylamide warhead were systematically
varied with respect to their length. Compounds 14-16 were synthesized from commercially

43, 46

available starting materials using modified literature procedures, and were coupled to the

mono-dansyl piperazine to afford irreversible inhibitors 17-19 (Scheme 3).
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Scheme 3. Synthesis of irreversible hTG2 inhibitors 17-19. (a) EDC-HCI, HOB, triethylamine,

acetonitrile, rt, 16 h.

Table 3. Kinetic parameters of derivatives having varied side chain length.
y O
o NI
e Nel
0 § k/N\ N\
(CHj) A 0
o
OxNH
J

kinact/ I<I

Compound (CH,), K (uM) Kinact (min™) nRB *
(10° M min™)

17 n=1 n.d. n.d. n.d. 11
18 n=2 n.d. n.d. n.d. 12
19° n=3 47.7+37.8 1.18 £ 0.93 247422 13
13 n=4 129+2.6 1.40 +0.13 107 +23.8 14

a) The number of Rotatable Bonds was calculated using the Molinspiration molecular

property calculation engine (http://www.molinspiration.com).

b) Kinetic parameters for compound 19 were determined using a double reciprocal

method of data analysis (see Experimental). n.d = not detectable
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As shown in Table 3, although reducing the length of the side chain reduced the number of
rotatable bonds in inhibitors 17-19, it also had a drastic effect on the efficacy of the inhibitors.
Time-dependent inhibition of hTG2 within a reasonable inhibitor concentration range was only
observed for compound 19 and consequently we were unable to determine the kinetic parameters
for 17 and 18. As another means of comparison, we tested high concentrations of inhibitors 17-
19 in our colorimetric assay and measured relative observed rate constants (kops) from the time-

dependent inactivation curves, as shown in Figure 5.

>

N N> N

18 pM [Inhibitor)/a.

Figure 5. Observed rate constants (ko) of inactivation of hTG2 with 18 uM of inhibitors 17-19.

From both Table 3 and Figure 5, it is obvious that reducing the number of methylene units of
the side chain below 4 results in a dramatic loss of activity. These results are consistent with
previous studies performed on the Cbz-Phe-X and Cbz-X-Gly scaffolds.*> We hypothesize that
both the Cbz and dansyl functional groups present favorable contacts with the extended
hydrophobic binding pocket on the surface of hTG2® and thus help to position the acrylamide

warhead for attack by Cys277 at the base of the active site tunnel. A sidechain of one or two
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methylene units is apparently not long enough to position the acrylamide group for nucleophilic
attack, and therefore no significant enzyme inactivation is observed. Extending the side chain to
three methylene units results in the reappearance of activity for inhibitor 19, but only modestly in
comparison to 3 and 13. It is evident that the side chain length is a critical component of this
inhibitor scaffold for successful inhibition of hTG2.

Having established the advantages of a piperazine linker and a four-methylene side chain, we
moved our attention to modification of the dansyl group. We began by synthesizing derivatives
that maintained the sulfonamide connection, while replacing the dansyl group with various
aromatic and aliphatic functional groups. Our goal was to probe the interaction with the putative
hydrophobic binding pocket, while optimizing for the number of rotatable bonds and
lipophilicity. First, the piperazine sulfonamide intermediates 21 — 29 were synthesized (see
supporting information), followed by peptide coupling with carboxylic acid 1 to give final

compounds 30 — 38 (Scheme 4).
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Scheme 4. Synthesis of sulfonamide-containing hTG2 inhibitors. (a) triethylamine, DCM, rt, 16

h; (b) EDC-HCI, HOB, triethylamine, acetonitrile, 16 h.

©CoO~NOUTA,WNPE
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19 Compound 30 differs from 13 only by the lack of the dimethyl amino group on the
22 naphthalene ring, so these inhibitors are very similar with respect to calculated LogP and
24 rotatable bonds. Interestingly, the inhibition constants (Kj) for both 30 and 13 are also very
comparable (Table 4); however, the rate constant of inactivation (kinaet) of 30 is more than three-
29 fold less than that of 13, resulting in a lower overall inhibition efficiency for 30. Changing the
31 orientation of the naphthyl moiety in compound 31 gave a modest gain in inhibition efficiency.
Reducing the size of the aromatic ring from naphthyl to phenyl in compound 32 resulted in a
36 slight decrease in the calculated LogP, to below 5, although its inhibition kinetics were no better
38 than those of 31. The introduction of the more flexible phenylacetyl group in compound 33
a1 resulted in a reduction of inhibition efficiency to values comparable with 30. Comparison of the
43 kinetic data for compounds 30 — 33 suggests that the binding pocket is relatively indiscriminate
and will accept moderate to large hydrophobic groups, and that there is little difference in the
48 calculated LogP values, as expected.

50 The importance of the aromaticity of these substituents was then investigated by synthesizing
and evaluating non-aromatic compounds 34 — 37. Based on the kinetic data shown in Table 4,
55 aromaticity is not necessary to achieve modest inhibition efficiency; the cyclohexyl (34),

57 isopropyl (35), ethyl (36) and methyl (37) sulfonamides all gave comparable inhibition values to
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those of the aromatic derivatives. Interestingly, the electron-rich thiophene sulfonamide
derivative (38) showed poor inhibition, while the methyl sulfonamide (37) had the best inhibition
kinetics of the series. Furthermore, inhibitor 37 has a significantly lower calculated LogP value,
fewer rotatable bonds and a molecular weight below of only 480.6 g/mol, all of which may

slightly favor its cellular permeability.
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Table 4. Kinetic parameters of piperazine sulfonamide derivatives.
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kinact/ I<I PSA a
19 Inhibitor R group Ki(uM)  Kinace (min™) LogP* nRB ?
20 (10° M min™) (A%

N
w
z—

24 ~
25 13 % 129+£2.6 1.40+0.13 107 £23.8 5.49 128 14

30
; C
32 30 O 104+1.8 0.39+0.03 37.2+7.1 5.43 125 13

36
g; 31 6.7+1.1  0.38+0.03 57.3+10.6 5.46 125 13
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32

33

34

35

36

37

38

ve
2
O
-

w
=

88£1.5

147+3.2

11.0+ 1.1

9.1+1.6

36.0+3.6

64+18

40.1 £6.0

Journal of Medicinal Chemistry

0.47 £0.04

0.47 £0.06

0.69 £0.03

0.50+0.03

1.42 +0.09

0.50 = 0.05

1.48+0.13

53.3+9.8

349+8.7

62.9+7.1

54.7+10.4

394+45

78.4 +23.7

36.8+6.4

4.28

4.34

4.65

3.48

3.12

2.74

4.22

125

125

125

125

125

125

125

13

14

13

13

13

12

13

a) LogP and the number of Rotatable Bonds were calculated using the Molinspiration molecular property

calculation engine (http://www.molinspiration.com).
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The final series of derivatives that were investigated was also constructed from a Cbz-
Lys(Acr)-pip-X scaffold, but the C-terminal sulfonamide group was replaced with a carboxamide

functional group. This was expected to decrease the polar surface area of the inhibitors, and

©CoO~NOUTA,WNPE

11 possibly to orient the C-terminal hydrophobic group slightly differently, due to the
13 conformational difference between a carboxamide and a sulfonamide. Piperazine amide
15 intermediates 40 — 48 were prepared from the Boc-protected piperazine (39). Various acid
18 chlorides or activated carboxylic acids were also coupled to 39 to afford the desired Boc-
20 piperazine intermediates. Removal of the Boc group, followed by peptide coupling with

acrylamide 1 gave the desired final compounds 49 — 57 (Scheme 5).

27 Scheme 5. Synthesis of carboxamide hTG2 inhibitors. (a) EDC-HCI, NHS, acetonitrile, rt, 16 h;

(b) triethylamine, acetonitrile, rt, 4 h; (c) triethylamine, DCM, rt, 4 h.

O
MNONH o Ng 2= HN N —
35 4’—0 N _/
39
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Table 5. Kinetic parameters of piperazine amide derivatives.

O
@OE L) -
T
O
O

H%g
>

J

kinact/KI
Inhibitor R group Ki(uM)  Kinace (min™) LogP® PSA*(A%) nRB®
(10> M! min™)

49 (AAY) i 89+1.0  0.90+0.05 101 +12.8 5.09 108 12

50 (AA10) 134+23 1.21+0.13 90.3 +£18.0 5.11 108 12

51 \(© 366 4.8 4.77+0.46 130+21.2 3.93 108 12
52 \(\© 200+5.8 2.26+0.37 113+37.5 4.49 108 13
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53 L4
4
54 S
7~
55 “
7~
56 “
57 (VAS)

>—=

O
/g

OH

52.1+6.7

32.1+£54

234422

38.7+5.7

11.2+2.6
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2.06£0.18

2.93+£0.29

1.44 +0.07

1.43+0.13

0.69 + 0.09

36.9+6.1

91.3+179

61.4+6.4

37.0+ 6.4

62.1+16.4

2.73

3.23

2.69

2.64

3.43

108

121

121

121

158

11

12

12

12

12

a) LogP, Polar Surface Area and the number of Rotatable Bonds were calculated using the Molinspiration

molecular property calculation engine (http://www.molinspiration.com).
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Direct comparison of the 1-naphthyl (49), 2-naphthyl (50),°° phenyl (51) and benzyl (52)
amide derivatives in Table 5 to their corresponding sulfonamide derivatives in Table 4 suggests
that the presence of an amide functional group in lieu of the sulfonamide is beneficial for the
inhibition of hTG2. All four of these aromatic derivatives (49 — 52) show at least a two-fold
increase in overall inhibition efficiency compared to their sulfonamide counterparts (30 — 33),
and a significant reduction in their polar surface areas. Surprisingly, this trend does not hold for
the acetyl derivative (53). Although the polar surface area is less than that of the methyl
sulfonamide derivative (37), as expected, its overall inhibition efficiency almost three times
lower.

The introduction of an N-heterocycle in the form of three different pyridine isomers showed an
interesting trend in inhibition efficiencies as the nitrogen was moved around the aromatic ring
relative to the amide bond (Table 5). The picolinamide derivative (54) showed the best overall
efficiency, followed by the nicotinamide derivative (55) and then the isonicotinamide derivative
(56). While all three of the N-heterocycle inhibitors had lower calculated LogP values compared
to the non-polar phenyl compound (51), they were also significantly less efficient inhibitors. This
may suggest that a heterocycle substituent is not necessary but can be tolerated by hTG2;
perhaps conformational rotation of the pyridine ring allows the polar nitrogen of the
picolinamide derivative to be oriented towards solvent, while the rest of the ring occupies a

30, 59-60 .
’ was intended for use

hydrophobic cavity. Finally, the coumarin derivative (57, aka VAS)
as a cellular fluorescent probe that would be visible in the blue region. We were gratified to note

that the inhibition kinetic parameters of this compound were comparable to those of 13, although

its polar surface area was considerably larger, raising concerns over its permeability.
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Overall, upon consideration of affinity, efficiency, and physicochemical properties, we judged
13 and compound 49, also known as AA9, to be the best lead compounds from the sulfonamide
and amide piperazinyl linked derivatives. Both compounds are highly efficient irreversible
inhibitors (Kinact/ K1 > 10° M'lmin'l) and have polar surface areas smaller than 140 Az; however,

both have calculated LogP values just over 5, and more than 10 rotatable bonds.

Inhibition of GTP-binding

As mentioned above, unregulated transglutaminase activity has been implicated in the
pathogenesis of several diseases. In most of these diseases, it is the enzymatic transamidase
function of hTG2 that is believed to contribute to the pathology; however, more recently it has
been shown that the GTP-binding ability of the enzyme is involved in certain types of
cancer.” *"?* Consequently, targeting hTG2 to abolish its enzymatic activity and/or GTP binding
offers a potential therapeutic approach towards treatment of associated diseases.

A crystal structure of hTG2 in complex with GDP illustrated how guanidine nucleotide
binding causes the two C-terminal B-barrel domains to be folded over the catalytic core,’
showing how acyl-transfer activity and GTP-binding are conformationally mutually exclusive.
Our irreversible inhibitors are competitive with respect to the acyl-donor substrate of hTG2, and
we have observed by mass spectrometry that one equivalent of 3, 50, or 57 are covalently
incorporated into irreversibly inhibited hTG2,”’ presumably through reaction with the active site
cysteine. Therefore, our inhibitors should not compete directly with GTP binding. However, we
have also shown, by both FRET-FLIM'**® and by CE-MS,** ¢! that micromolar concentrations
of these acrylamide-based irreversible inhibitors can lock hTG2 in its open/extended

conformation, rendering hTG2 incapable of binding GTP. To that end, two of our lead
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compounds (13 and 49) were tested further for their ability to abolish GTP binding. In this work,
GTP binding was assessed using a fluorescent non-hydrolysable GTP analogue (GTPyS FL
BODIPY) whose fluorescence increases when bound to a GTP-binding protein.’® > According to
this evaluation, hTG2 showed significant loss in GTP binding ability after incubation with our
inhibitors (Figure 6). Therefore, in addition to their confirmed ability to irreversibly inactivate
TGase transamidation function (see Experimental), presumably by covalently modifying the

active site Cys277 residue, 13 and 49 are also clearly capable of abolishing GTP binding nearly

completely.
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Figure 6. Suppression of GTP binding activity using 3 uM of GTP-y-S FL BODIPY after

inhibition of hTG2 with 13 and 49.

To gain more insight into the structural requirements for inhibition of GTP binding, we tested
an inhibitor lacking two key structural components: namely the C-terminal functional group and
the piperazine linker. Even without these structural features, compound 4 was still an efficient

irreversible inhibitor of hTG2’s catalytic activity, as shown in Table 1, and it was also able to
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abolish GTP binding (Figure S2). However, using iodoacetamide (see Figure 7), a non-selective
irreversible inhibitor of many acyltransferases,” also resulted in the irreversible inhibition of
hTG2 acyltransferase activity, but did not perturb its GTP-binding ability (Figure S3). This
suggests that the covalent addition of the acetamide group does not prevent the enzyme from
adopting its closed conformation. By extension, other small irreversible inhibitors such as
L682777°%* and R283 ® (the correct structures of which are shown in Figure 7), both of which
add an acetone moiety to the active site nucleophile, are also unlikely to affect GTP binding. In
the future, systematic structural modification of our irreversible inhibitors may lead to the
development of minimalist inhibitors that can irreversibly inhibit TGase activity with a degree of
selectivity, without perturbing GTP binding. But at the present time, it is noteworthy that we
have provided unambiguous biochemical evidence that our inhibitors abolish both acyl
transferase and GTP-binding activities in vitro. As discussed above, we have shown previously
that our inhibitors stoichiometrically and covalently modify hTG2,” presumably through their
reaction with the active site Cys277. We have also shown previously that this reaction locks
hTG2 in an open conformation.' ** ** ®' Taken together, this represents a novel allosteric
mechanism for inhibiting GTP binding, without the use of GTP analogues, an approach that may

suffer from the lack of selectivity.

R dis o His oo
N
HoN hig hig )
N

/

iodoacetamide L682777 R283

Figure 7. Small irreversible TGase inhibitors.***
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Isozyme selectivity

We next assessed the selectivity of our most studied inhibitors, 13 and 3, for their reaction with
hTG2 over other members of the TGase family. These two efficient irreversible inhibitors were
tested against four therapeutically relevant isoforms of human transglutaminase: FXIIla, hTG3,
hTG1 and hTG6. We found that our previously reported continuous colorimetric assay,” using
Cbz-Glu(y-p-nitrophenyl ester)Gly as a substrate, was capable of effectively reporting the
activity of hTG1 and hTG6 (Figures S4-S5). As for the other TGases, FXIlla and hTG3, a
commercially available continuous fluorescent assay that utilizes a peptidic FRET-quenched
substrate was used.®*®” The rate constant of enzyme inactivation (kops) for a specific
concentration of inhibitor was obtained using Kitz and Wilson conditions™® (Figures S7-S10).
Inhibitor concentrations were adjusted to account for competition with substrates in each
enzymatic reaction. In general, our potent irreversible inhibitors showed excellent selectivity
towards hTG2 over the other isozymes (Table 6). Both 13 and 3 demonstrated superior
selectivity towards hTG2 over hTG3a by about 390-fold. 13 was 48-fold less reactive with
hTGI, 80-fold less reactive with FXIIla and no inhibition was observed with hTG6 compared to
inhibition of hTG2. In addition, 13 illustrated a lower reactivity towards other TGase isozymes
compared to 3. The subsequent in vitro selectivity over homologous TGases bodes well for in

vivo selectivity.
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Table 6. Selectivity of 13 and 3 against TGase isoforms.

Compound # Kobs (10 > min )

©CoO~NOUTA,WNPE

10 TG2 TG1 TG3a TG6 FXIIIa

3 390 + 49 78.9+5.9 1.01£0.09 6.16+0.14 591+1.59

15 13 394 + 37 8.27+0.76 0.65+0.21 n.d. 4.08+0.77

18 n.d = inhibition not detected

24 Kinetic comparisons

26 In the context of previous work in the field, we wanted to benchmark our inhibitors against
some of those known in the literature. For example, CHDI has reported extensive SAR studies *
31 1 of many novel TCIs of hTG2, including those incorporating a similar Cbz-Lys scaffold, based

33 on our original inhibitor 1.***

We chose two compounds from their work, inhibitor 58 (Figures
1 and 8), the best inhibitor reported,46 and inhibitor 59 (Figure 8). The potency of these inhibitors

38 was reported in the form of ICso values (62 nM for 58 and 730 nM for 59).%¢

0 0
ji ©VOTHJNﬂ al ©VO\[(HQJ\N/\
45 o~ k/N\© o & L o
46 g g
47
48 O« NH O« _NH
49 DI DI
58

52 59

54 Figure 8. Targeted-covalent inhibitors reported by CHDL*
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For reversible inhibitors, ICsy values are highly relative, and depend upon the assay used to
measure activity, the concentration of substrate used and the mode of inhibition, to name a few

factors.'*

But for irreversible inhibition, ICsy values are even less meaningful, if not
inappropriate, since inhibitor activity will also depend on the time of incubation in different ways
for different inhibitors.”® For these reasons, we chose to re-evaluate inhibitors 58 and 59 using
the same assay applied to our novel inhibitors. This evaluation gave inhibition parameters of kinact
=0.974 min™, K; = 17.4 pM, kinae/K; = 56.0 x 10> M min™ for 58 and kinaee = 1.47 min™', K; =
28.9 UM, kinae/Ki = 51.0 x 10> M min™ for 59. We were pleased to note that compared to some

of the most potent TCIs reported for hTG2 (i.e. 58 and 59), our best inhibitors (13 and 49) are

nearly twice as efficient, chiefly due to their higher affinity.

Cellular evaluation
Over the course of this SAR study, optimization from 3 to 13 was based on both the in vitro
efficiency of the TCI, and on physicochemical properties that may correlate with cellular

permeability.””®

In particular, the PSA of 13 is substantially lower than that of 3 (and below 140
A* and 13 has significantly fewer rotatable bonds (see Tables 2 and 4). Both of these
compounds were therefore evaluated in a cellular assay to see if this optimization correlated with
improved biological activity.

An enhanced ability to invade matrigel (collagen) is a property of tumor-initiating cells that is
associated with cancer metastasis. It has been shown previously that epidermal cancer stem
(ECS) cells invade efficiently and migrate rapidly, relative to non-stem cancer cells and that

these properties are associated with enhanced tumor formation.”” We have also shown that 20

uM of 3 is sufficient to reduce ECS migration by nearly 50% relative to vehicle-treated cells.”®
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To determine the relative potency of 3 and 13, we monitored the ability of ECS cells to migrate
through matrigel treated with either of these inhibitors over a concentration range of 1-50 uM.

As can be seen in the dose-response data shown in Figure 9, both inhibitors are capable of

©CoO~NOUTA,WNPE

inhibiting ECS cell migration. The migration data for 13 could be fitted to provide an ECs, value
13 of 3.9 uM (see Experimental). However, the data for 3 could not be fitted accordingly and can
15 only be estimated to be >20 uM, in rough agreement to what was previously reported.”® The
18 superior potency of 13 compared to 3 in this cellular assay validates the optimization of in vitro

20 efficiency and physicochemical properties of this SAR study.

w
o
Relative number of
invading cells (%)

o T T
35 -7 -6 -5 -4

37 log [Inhibitor] (M)

40 Figure 9. Dose-response data for inhibition of ECS invasion by 13 and 3. The solid line was

42 fitted through the data for 13, providing an ECs value of 3.9 uM (see Experimental).
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CONCLUSIONS

We have prepared and evaluated a series of novel irreversible inhibitors of hTG2, based on our
previously validated*> Cbz-Lys scaffold and bearing an acrylamide warhead. From an SAR study
that considered affinity, efficiency and physicochemical properties, 13 and 49 were judged to be
the best lead compounds among the sulfonamide and piperazinyl amide derivatives. We also
examined the ability of select inhibitors to disrupt the GTP-binding activity of hTG2. Both 13
and 49 were shown to abolish GTP binding. Considering the known effects of our inhibitors on
hTG2 conformation,”® we surmise that this conformational modulation of the enzyme to its
open/extended form results in disruption of the GTP binding pocket. Furthermore, both our ‘hit’
3 and the optimized 13 demonstrate excellent selectivity over homologous TGase isoforms.

Compound 3 has also been used previously to define the pathogenic role of hTG2 in human
squamous cell carcinoma. Human TG2 has been shown to be highly elevated in ECS cells and
hTG2 knockdown or inactivation with 3 reduced ECS cell survival.”’ Knockdown of hTG2, or
inhibition with 3, resulted in a reduced expression of epithelial-mesenchymal transition (EMT)
markers, and reduced metastatic phenotype.”® Additional evidence also suggests that it is the

28, 31
1, " and

GTP binding ability of hTG2 that enhances cancer cell and cancer stem cell surviva
that 3 and 13 are able to inhibit both the transamidation and GTP binding activity of hTG2 in a
cellular context.® Herein, we show that the optimized 13 is roughly an order of magnitude more
potent than 3 in a cellular assay, presumably due to its enhanced efficiency and physicochemical

properties.”® Given the potent and selective nature of our lead inhibitors demonstrated herein, we

believe they show promise for targeting hTG2 in anti-cancer stem cell therapy.
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EXPERIMENTAL SECTION
In Vitro Assays.

Colorimetric transamidase activity assay. The activities of hTG1, hTG2 and hTG6 were
measured via a colorimetric assay using the chromogenic substrate Cbz-Glu(y-p-nitrophenyl
ester)Gly (ALS5).” The assay was conducted at 25 °C in 100 mM MOPS buffer (pH 6.5)
containing 3.0 mM CaCl; and 50 uM EDTA. Enzymatic inhibition assays were run under Kitz &
Wilson conditions®® established for each transglutaminase isoform by varying the concentration
of substrate to be 112 uM, 112 puM, and 436 puM of ALS for hTGl, hTG2, and hTG6,
respectively. A stock solution of ALS was prepared in DMSO such that the final concentration of
this co-solvent was constant at 2.5 % v/v. Stock solutions of the inhibitors were made in the
buffer system previously described. The reaction was initiated with the addition of 40-60 mU/mL
of the respective enzyme (0.10 uM hTGI, 0.25 uM hTG2 or 0.32 uM hTG6). Product formation
was monitored at 405 nm in a polystyrene 96-well microplate using a BioTek Synergy 4 plate
reader. Mono-exponential time-dependent inactivation was observed for all the inhibitors
studied. Observed first-order rate constants of inactivation (kops) were determined from non-
linear regression fit to a mono-exponential model (Equation 1) of the observed absorbance of the
enzymatic hydrolysis product, p-nitrophenolate (pNP). These rate constants (kos) were in turn fit
to a saturation kinetics model (Equation 2), by non-linear regression, providing the kinetic
parameters k.., and K, as previously described by Stone and Hofsteenge.70 A double reciprocal
plot of equation 2 was applied when the observed rate constant of inactivation (kobs) did not
demonstrate saturation at high inhibitor concentrations, or when solubility issues were
encountered. Experiments were done in triplicate and variation between repeats was less than

30 %.
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f(pNP) = [pNP] +(Plateau- [pNP],)(1- e¥as?) (1)

Kinact[1]
kobs™ 7 —=1v )
[I] + Kl(l +m)

Inhibition irreversibility. Compound 13 was incubated with hTG2 and the reaction solution was
filtered over a 10-kDa molecular weight cut-off membrane, after which the residual enzyme
solution was diluted and subjected to an activity assay as described previously. In comparison to
a positive control of uninhibited hTG2, the inhibited enzyme exhibited no recovered activity
(data not shown). Furthermore, we have previously demonstrated by mass spectrometry that
incubation with acrylamide inhibitor 13 results in the incorporation of one equivalent of

inhibitor.>

Fluorescence isopeptidase activity assay. The isopeptidase activity of pre-activated TG3a and
FXIlla (purchased from Zedira) was measured via a fluorescence-based assay®’ using the
commercially available peptidic FRET quenched probe A101 from Zedira. Briefly, the final
concentration in the reaction mixture contained 50 mM Tris (pH 7.0), 10 mM CaCl,, 100 mM
NaCl, 2.8 mM TCEP, 50 uM A101 and 14 mM H-Gly-OMe. The reaction was monitored at 25
°C using a BioTek Synergy 4 plate reader (Ex/Em: 318/413 nm). Enzymatic inhibition assays
were run under Kitz and Wilson conditions,56 which was established for TG3a and FXIla at a
substrate (A101) concentration of 50 pM using enzyme concentrations of 0.17 uM and 0.11 pM

for TG3a and FXIlIa, respectively.

In vitro GTP binding assay. GTP binding was measured using a method similar to that reported

previously.® For all experiments, GTP binding was measured using 3 uM of the fluorescent,
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non-hydrolysable GTP analogue BODIPY GTP-y-S (Invitrogen), whose fluorescence increases
when bound by protein. hTG2 (8-10 ug) was incubated at 25 °C for 30 minutes with or without
irreversible inhibitor (2 x Ky) with 3.0 mM CaCl, in 100 mM MOPS (pH = 6.54). The buffer was
then exchanged to 100 mM MOPS (pH = 7.0), 1 mM EGTA and 5 mM MgCl, to remove
calcium using a 10-kDa molecular weight cut off membrane. The fluorescent GTP analog was
then added to give a final concentration of 3.0 uM and fluorescence was then measured on a

microplate reader after 10 minutes of incubation (Ex/Em: 490/520 nm).

Cell invasion assay

To measure cell invasion, matrigel (Corning, cat # 354234) was diluted to 250 pg/mL and 120
pL was added to the upper chamber of Transwell Chambers (Corning, #353097, 1-cm diameter,
8-um pore size) and allowed to solidify. SCC-13 monolayer cells were suspended in spheroid

medium’" 7!

containing 1% fetal calf serum and 20,000 cells were plated into each upper
chamber atop the matrigel. The bottom chamber contained spheroid medium supplemented with
10% FCS and the appropriate concentration (1-50 uM) of either 3 or 13. After an 18-h
incubation in a 37 °C incubator, cells in the top chamber were removed with a swab and cells on
the lower surface of the membrane were fixed with 4% paraformaldehyde and visualized by
staining the nuclei with 4',6-diamidino-2-phenylindole and a fluorescence microscope. Cell
number was counted per multiple fields (n = 4), normalized with respect to the number counted
in the presence of vehicle only, and expressed as mean + standard deviation. For 13, these data
could be fitted to a 3-parameter sigmoidal curve using GraphPad Prism (maximum fixed at 100,

ECso = 3.9 £ 0.05 uM, Hill slope = 1.16 £ 0.13, minimum = 16.9 £ 3.6), providing the line

shown in Figure 9.
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Synthesis. Commercially available reagents and solvents were used without further purification.
'H- and "*C-NMR spectra were recorded on a Bruker 300-, 400- or 500-MHz instrument and
chemical shifts were reported in ppm referenced to the deuterated solvent peak. High-resolution
mass spectra were obtained with a quadrupole time-of-flight (QTOF) analyzer and electrospray
ionization (ESI). Inhibitors were prepared by methods analogous to those previously reported®
and final compounds used for in vitro analysis were of > 95 % purity as judged by the HPLC
chromatogram obtained using a Phenomenex C18 reversed-phase column, 4.6 X 150 mm;
solvent: acetonitrile/water. An isocratic elution of 40:60 acetonitrile/water or a gradient elution
of 75:25 to 30:70 acetonitrile/water over 20 minutes or 80:20 to 30:70 acetonitrile/water with 0.1
% TFA over 15 minutes was used depending on compound. All compounds were eluted with a
flow rate of 1.0 mL/min and monitored at UV detector: 260 nm.

General procedure for the synthesis of Cbz-Lys(Acr)-OH compounds 1, 14-16.*° The
commercially available Cbz-protected amino acid (1 equiv) was dissolved in THF:1M NaOH
(1:1 v/v) and cooled to 0 °C. Sodium hydroxide (1 equiv) and acryloyl chloride (1.2 equiv) were
slowly added concurrently. The solution was stirred for 10 min and quenched by the addition of
saturated NaCl solution. The mixture was acidified to pH 1 with 1 M HCI and extracted three
times with ethyl acetate or dichloromethane. The organic extracts were combined and washed
with brine, dried with MgSOQy, filtered and concentrated to afford clear, colorless oils.

General procedure for the synthesis of mono-dansylated amine intermediates 6-9. The
commercially available diamine (6.0 equiv) was dissolved in cooled DCM followed by addition
of dansyl chloride (1.0 equiv). The solution was allowed to warm to room temperature and left
stirring for 30 min. The solution was washed three times with saturated NaHCOj3 solution and the

organic phase was washed with brine, dried with MgSOy, filtered and evaporated under reduced
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pressure to provide a green/yellow oil. The crude product was purified by flash chromatography
over silica gel (elution with gradient of 1-4 % MeOH in CH,Cl,) to afford the desired products
as yellow/green oils. See supporting information for characterization data.

General procedure for the synthesis of intermediates 21-29.” Commercially available
piperazine (10 equiv) was dissolved in DCM and cooled to 0 °C. The sulfonyl chloride (1 equiv)
was dissolved in dichloromethane and added slowly via dropping funnel, typically resulting in an
opaque solution. The mixture was stirred at 0 °C for 30 min and then at room temperature for 1
h. Dilution in DCM followed by addition of saturated NaHCO; solution gave a clear, colorless
solution. The DCM was separated, washed with brine, dried with MgSQO,, filtered and
concentrated under reduced pressure to afford typically white or yellow solids. See supporting
information for characterization data.

General procedure for the synthesis of intermediates 42, 44 starting from acid chlorides. Boc-
piperazine (39)* (1 equiv) was dissolved in ACN. Triethylamine (2.5 equiv) and the acid
chloride (3 equiv) were added dropwise resulting in an opaque solution. The solution was stirred
at room temperature for either 1 h or overnight. The solution was concentrated under reduced
pressure and the residue was dissolved in DCM. The solution was washed with water, saturated
NaHCOj solution and brine, dried with MgSQOy, filtered and concentrated under reduced pressure
to afford typically a white or yellow solid. The desired products were used without further
purification. See supporting information for characterization data.

General procedure for the synthesis of intermediates 40, 41, 43-47 starting from carboxylic
acids. The carboxylic acid (1 equiv) was dissolved in ACN. EDC*HCI (1 equiv) and NHS (1
equiv) were added and the solution was stirred for 16 h to form the activated ester. N,N-

diisopropylethylamine (1 equiv), and Boc-piperazine (37)"> (1 equiv) were added and the
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solution was stirred at room temperature for 4 h. The ACN was evaporated under reduced
pressure and the residue was dissolved in DCM. The DCM solution was washed with water,
saturated NaHCO; solution and brine and subsequently dried with anhydrous MgSO,4. The
suspension was filtered and the filtrate was concentrated under reduced pressure to afford
typically a white or yellow solid. The desired products were used without further purification.
See supporting information for characterization data.

General Procedure A. Coupling using EDC/NHS to afford irreversible inhibitors 4, 5, 51-56.
Compound 1 (1 equiv) was dissolved in ACN and EDC<*HCI (1 equiv) and NHS (1 equiv) were
added. The solution was stirred at room temperature for 16 h. The solution was diluted with ethyl
acetate and washed with water, saturated NaHCOj solution and brine. The ethyl acetate solution
was dried with MgSOQy, filtered and concentrated to afford the crude NHS ester typically as a
white solid. The NHS ester was carried forward without further purification. Crude NHS ester
(1.05 equiv) was dissolved in 10 mL ACN. Triethylamine (1 equiv) and the desired amine
intermediate (1 equiv) were added and the reaction was left to stir at room temperature for 3 h or
kept overnight. The solution was diluted with ethyl acetate, washed with saturated NaHCO;
solution and brine, dried with MgSO,, filtered and concentrated to afford typically white sticky
foams.

General Procedure B. Coupling using EDC/HOBt to afford irreversible inhibitors 10-12, 13,
17-19, 30-38. Compound 1 (1 equiv) was added to a solution of EDC*HCI (1.2 equiv), HOBt
(1.2 equiv) and N,N-diisopropylethylamine (1.2 equiv) in ACN and stirred at room temperature
for 30 min. The amine intermediate (1.2 equiv) was added and the solution was left stirring at
room temperature for 20 h. The ACN was evaporated under reduced pressure and the residue

was dissolved in CHCI;. The CHCl; was washed with water, saturated NaHCOj; solution, 1M
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HCI and brine. The organic phase was dried with MgSQO,, filtered and concentrated under
reduced pressure to afford the crude product, typically as an oil. The crude products were
purified by flash chromatography over silica gel (elution with a gradient of 0-3 % MeOH in
CH,Cl,) to afford the desired products mostly as sticky foams.

General procedure for Boc-deprotection of intermediates 40-48. Boc-piperizine intermediate
(1 equiv) was dissolved in CHCI; with 10 % v/v trifluoroacetic acid. The solution was stirred at
room temperature and monitored via TLC (5 % CH;OH:DCM with 0.5 % triethylamine).
Starting material was no longer detected after approximately 2 h and the CHCI; was concentrated
under reduced pressure. The residue was triturated with diethyl ether and the TFA salt was
dissolved in 5 mL of ACN containing one equivalent of trimethylamine and carried forward
without further purification.

(S)-6-acrylamido-2-(((benzyloxy)carbonyl)amino)hexanoic acid (1). Yield: 900 mg (75 %) of
clear, colorless oil. Spectral data matched those from previously reported synthesis.* "H NMR
(400 MHz, CDCls) 6 7.40 — 7.27 (m, 5H), 6.27 (dd, J=17.0, J= 1.5 Hz, 1H), 6.07 (dd, J=17.0,
10.3 Hz, 1H), 5.92 (s, 1H), 5.65 — 5.54 (m, 1H), 5.10 (d, J = 2.4 Hz, 2H), 4.36 (t, J = 7.0 Hz,
1H), 3.42 —-3.17 (m, 2H), 1.95 - 1.68 (m, 2H), 1.56 (q, /= 7.5 Hz, 2H), 1.48 — 1.33 (m, 2H).

(S)-2-(6-acrylamido-2-(((benzyloxy)carbonyl)amino)hexanamido)acetic acid (2). Compound 5
(100 mg, 0.247 mmol) was dissolved in 10 mL THF and 1 mL of 1 M LiOH was added. The
solution was stirred at room temperature and the reaction was monitored via TLC (DCM:MeOH
(2%)). After 2 h the solution was concentrated under reduced pressure and 5 mL of water was
added. The solution was acidified with 1 M HCI (pH 2) and extracted with ethyl acetate. The
ethyl acetate was washed with brine, dried with MgSQO,, filtered and concentrated to afford 62

mg (65 %) as a white sticky foam. "H NMR (400 MHz, CD;0D) & 7.50 — 7.05 (m, 5H), 6.21 (d,
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J=5.8 Hz, 1H), 6.20 (d, /= 1.3 Hz, 1H), 5.63 (d, J = 3.7 Hz, 1H), 5.22 — 5.03 (m, 2H), 4.19 —
4.09 (m, 1H), 4.02 — 3.75 (m, 2H), 3.24 (t, /= 6.8 Hz, 2H), 1.86 — 1.82 (m, 1H), 1.70 — 1.65 (m,
1H), 1.62 — 1.49 (m, 1H), 1.47 — 1.38 (m, 2H), >C NMR (100 MHz, CD;0D) & 175.3, 172.7,
168.1, 158.5, 138.1, 132.1, 129.5 128.9, 128.9, 126.5, 67.7, 56.3, 41.7, 40.1, 32.9, 29.9, 24.1;
HRMS (ESI-QTOF) m/z [M + Na]Jr calcd for C19H,5N3;06Na 414.1641; found 414.1661.

(S)-benzyl-(1-((5-(dimethylamino)naphthalene)- 1-sulfonamido)-10, 1 7-dioxo-3,6-dioxa-9, 1 6-
diazanonadec-18-en-11-yl)carbamate (3). Compound 3 was prepared according to our
previously published synthesis.51 HRMS (ESI-QTOF) m/z [M + Na]+ caled for C35H47NsOgSNa
720.3043; found 720.3019.

(S)-benzyl-(6-acrylamido-1-amino-1-oxohexan-2-yl)carbamate (4). Compound 4 was prepared
from ammonium chloride and compound 1 using General Procedure A. In this case, 2 equiv of
DABCO was used in place of trimethylamine. The desired compound, 187 mg (54 %) was
isolated as a white fluffy powder. mp 156-158 °C; "H NMR (400 MHz, CD;OD) & 7.35-7.28 (m,
5H), 6.21-6.19 (m, 2H), 5.63-5.60 (m, 1H), 5.12-5.04 (m, 2H), 4.09-4.06 (m, 1H), 3.23 (t, /= 6.9
Hz, 1H), 1.83-1.78 (m, 1H), 1.69-1.61 (m, 1H), 1.56-1.53 (m, 2H), 1.42-1.40 (m, 2H), °C NMR
(100 MHz, CDs;OD) & 177.7, 168.1, 158.5, 138.1, 132.0, 129.5, 129.0, 128.9, 126.5, 67.7, 56.1,
40.1, 32.9, 29.9, 24.2; HRMS (ESI-QTOF) m/z [M + Na]" caled for C;7H»3N304Na 356.1586;
found 356.1554.

(S)-methyl 2-(6-acrylamido-2-(((benzyloxy)carbonyl)amino)hexanamido)acetate (5).
Compound 5 was prepared from glycine methyl ester and compound 1 using general coupling
procedure A to collect 151 mg (62 %) of the desired product as a white powder. mp 127-129 °C;
'H NMR (400 MHz, CDCl3) § 7.41 — 7.29 (m, 5H), 6.80 (br s, 1H), 6.26 (d, J = 16.6 Hz, 1H),

6.08 (dd, J =17.0, 10.2 Hz, 1H), 5.94 (br s, 1H), 5.64 (d, J = 7.8 Hz, 1H), 5.58 (br d, J = 10.2
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Hz, 1H), 5.10 (d, J = 1.7 Hz, 2H), 4.26-4.18 (m, 1H), 4.11-3.93 (m, 2H), 3.74 (s, 3H), 3.44 —
3.32 (m, 1H), 2.00 — 1.84 (m, 1H), 1.80 — 1.66 (m, 2H), 1.61 — 1.52 (m, 2H), 1.48 — 1.34 (m,
2H), °C NMR (100 MHz, CDCly) § 172.2, 170.3, 166.0, 156.5, 136.3, 130.9, 128.7, 128.4,
128.2, 126.6, 77.37, 67.3, 52.5, 41.3, 38.7, 31.8, 28.9, 22.2; HRMS (ESI-QTOF) m/z [M + Na]"
calcd for Cy0H27N30¢Na 428.1798; found 428.1799.

(S)-benzyl (6-acrylamido-1-((4-(5-(dimethylamino)naphthalene- I-sulfonamido)butyl)amino)-
1-oxohexan-2-yl)carbamate (10). Compound 10 was prepared from N-(4-aminobutyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (6) and compound 1 using General Procedure B to
collect 101 mg (26 %) of product as light green crystals. mp 54-56 °C; 'H NMR (400 MHz,
CDCl) 6 8.51 (d, J = 8.4 Hz, 1H), 8.31 (d, J = 8.6 Hz, 1H), 8.18 (d, J = 7.3 Hz, 1H), 7.49-7.45
(m, 2H), 7.27 (m, 5H), 7.14 (d, J = 7.5 Hz, 1H), 6.68 (brs, 1H), 6.28 (brs, 1H), 6.23 (d, /= 16.8
Hz, 1H), 6.07 (m, 1H), 5.98 (brs, 1H), 5.88 (brs, 1H), 5.52 (d, J = 10.3 Hz, 1H), 5.03 (s, 2H),
4.10 (m, 1H), 3.25 (m, 2H), 3.10 (m, 2H), 2.85 (s, 6H), 2.81 (m, 2H), 1.78 (m, 1H), 1.64 (m,
1H), 1.50 (m, 2H), 1.40 (m, 6H), 1.23 (m, 1H), *C NMR (100 MHz, CDCl;) & 172.3, 166.3,
156.6, 152.0, 136.4, 135.1, 131.0, 130.5, 130.0, 129.8, 129.6, 128.5, 126.7, 123.4, 119.2, 115.4,
67.2, 55.1, 45.6, 43.0, 39.0, 32.2, 29.0, 26.9, 26.6, 22.6; HRMS (ESI-QTOF) m/z [M + Na]"
calcd for C33H43NsO¢SNa 660.2833; found 660.2842.

(S)-benzyl (6-acrylamido-1-((3-(5-(dimethylamino)naphthalene-1-sulfonamido)propyl)amino)-
1-oxohexan-2-yl)carbamate (11). Compound 11 was prepared from N-(3-aminopropyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (7) and compound 1 using General Procedure B to
afford 158 mg (36 %) of the product as light green crystals. mp 65-67 °C; '"H NMR (400 MHz,
CDCls) 6 8.46-8.43 (d J = 8.5 Hz, 1H), 8.26-8.24 (d, J = 8.6 Hz, 1H), 8.14-8.12 (dd, J = 7.3 Hz,

J=12 Hz, 1H), 7.49-7.41 (m, 2H), 7.27-7.21 (m, 5H), 7.10-7.08 (d, J = 7.5 Hz, 1H), 6.61-6.59
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(m, 1H), 6.18-6.13 (d, J=16.9 Hz, 1H), 6.02-5.95 (dd, J = 16.9 Hz, 10.z Hz, 1H), 5.94-5.89 (m,
1H), 5.58-5.56 (d, J = 7.5 Hz, 1H), 5.49-5.46 (d, J = 10.2 Hz, 1H), 5.04-4.95 (m, 2H), 4.03-3.98
(m, 1H), 3.29-3.13 (m, 4H), 2.86-2.77 (m, 8H), 1.75-1.65 (m, 1H), 1.57-1.39 (m, 5H), 1.32-1.21
(m, 2H), °C NMR (100 MHz, CDCl3) & 172.5, 166.0, 151.9, 136.2, 135.2, 130.7, 130.3, 129.9,
129.6, 129.2, 128.5, 128.3, 128.2, 128.1, 128.0, 126.6, 123.2, 119.0, 115.2, 67.0, 54.9, 45.4, 40.3,
38.6, 36.3, 31.7, 29.6, 28.9, 22.3; HRMS (ESI-QTOF) m/z [M + Na]+ caled for C3;,H41N5OgSNa
646.2675; found 646.2657.

(S)-benzyl (6-acrylamido-1-((2-(5-(dimethylamino)naphthalene-1-sulfonamido)ethyl)amino)-1-
oxohexan-2-yl)carbamate (12). Compound 12 was prepared from N-(2-aminoethyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (8) and compound 1 using General Procedure B to
collect 89 mg (21 %) of the product as a yellow/green sticky foam. "H NMR (400 MHz, CDCls)
0 8.50 (d, J= 8.5 Hz, 1H), 8.27 (d, J = 8.6 Hz, 1H), 8.15 (d, /= 7.1 Hz, 1H), 7.46 (m, 2H), 7.26
(m, 5H), 7.11 (d, J = 7.4 Hz, 1H), 6.55 (m, 1H), 6.50 (m, 1H), 6.21-6.16 (dd, J = 16.9 Hz, 1.5
Hz, 1H), 6.10-6.03 (dd, J = 10.0 Hz, 16.9 Hz, 1H), 5.95 (d, J = 7.4 Hz, 1H), 5.49-5.46 (dd, J =
10.0 Hz, 1.5 Hz, 1H), 5.04-5.01 (m, 2H), 4.09 (m, 1H), 3.25 (m, 4H), 2.96 (m, 2H), 2.83 (s, 6H),
1.75 (m, 1H), 1.64 (m, 1H), 1.47 (m, 2H), 1.34 (m, 2H), *C NMR (100 MHz, CDCls) & 172.9,
166.3, 156.6, 136.3, 135.0, 130.9, 130.6, 129.7, 129.5, 128.7, 128.5, 128.4, 128.3, 126.7, 123.5,
119.2, 115.6, 67.3, 55.1, 45.6, 42.9, 39.5, 38.9, 32.0, 29.0, 22.6; HRMS (ESI-QTOF) m/z [M +
Na]" caled for C31H30NsOsSNa 632.2519; found 632.2526.

(S)-benzyl-(6-acrylamido-1-(4-((5-(dimethylamino)naphthalen- 1-yl)sulfonyl)piperazin-1-yl)-1-
oxohexan-2-yl)carbamate (13). Compound 13 was prepared according to our recently published
synthesis.®” HRMS (ESI-QTOF) m/z [M + Na]" calcd for Cs3H4NsO¢SNa 658.2675; found

658.2657.

ACS Paragon Plus Environment

46

Page 46 of 70



Page 47 of 70 Journal of Medicinal Chemistry

(S)-3-acrylamido-2-(((benzyloxy)carbonyl)amino)propanoic acid (14). Collected 240 mg (72

%) as a clear, colorless oil. "H NMR (400 MHz, CD;0D) & 7.37-7.27 (m, 5H), 6.22-6.20 (m,

©CoO~NOUTA,WNPE

2H), 5.67-5.64 (m, 1H), 5.09-5.08 (m, 2H), 4.38-4.35 (m, 1H), 3.77-3.73 (m, 1H), 3.59-3.54 (m,
1H), °C NMR (100 MHz, CD;OD) & 173.4, 168.8, 158.5, 138.1, 131.7, 129.4, 129.0, 128.8,
13 127.1, 67.7, 55.5, 41.7; HRMS (ESI-TOF) m/z [M + Na]" calcd for C4H;¢N,OsNa 315.0957;
15 found 315.0945.

18 (S)-4-acrylamido-2-(((benzyloxy)carbonyl)amino)butanoic acid (15). Collected 165 mg (64
20 %) as a clear, colorless oil. '"H NMR (400 MHz, CDCL3) & 9.44 (br s, 1H), 7.26-7.19 (m, 5H),
22 7.08-7.03 (m, 1H), 6.18-6.13 (d, J = 16.9 Hz, 1H), 6.06-6.00 (dd, J = 16.9 Hz, J = 10.4 Hz, 1H),
25 5.98-5.95 (m, 1H), 5.54-5.52 (d, J=10.4 Hz, 1H), 4.99 (s, 2H), 4.28-4.24 (m, 1H), 3.57-3.51 (m,
27 1H), 3.07-3.02 (m, 1H), 2.05-1.97 (m, 1H), 1.80-1.71 (m, 1H), *C NMR (100 MHz, CDCl;) &
29 174.2,167.2, 156.8, 136.1, 130.4, 128.7, 128.3, 128.1, 127.5, 67.3, 51.7, 36.2, 32.7, 29.3; HRMS
32 (ESI-TOF) m/z [M + Na]Jr calcd for CysH§N,OsNa 329.1113; found 329.1103.

34 (S)-5-acrylamido-2-(((benzyloxy)carbonyl)amino)pentanoic acid (16). Collected 254 mg (67
%) as a clear colorless oil. 'H NMR (400 MHz, CDs;0D) 6 7.34-7.27 (m, 5H), 6.22-6.19 (m, 2H),
39 5.64-5.61 (m, 1H), 2.08 (s, 2H), 4.19-4.15 (m, 1H), 3.28-3.24 (t, J = 6.8 Hz, 2H), 1.93-1.83 (m,
41 1H), 1.74-1.57 (m, 3H), *C NMR (100 MHz, CD;OD) & 175.6, 168.1, 158.6, 138.1, 131.9,
a4 129.4, 128.9, 128.7, 126.6, 67.6, 55.1, 39.9, 30.1, 26.8; HRMS (ESI-TOF) m/z [M + Na]" calcd
46 for C16H20N,OsNa 343.1270; found 343.1272.

(S)-benzyl (3-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-yl)-1-
51 oxopropan-2-yl)carbamate (17). Compound 17 was prepared from N,N-dimethyl-5-(piperazin-1-
53 ylsulfonyl)naphthalen-1-amine (9) and acrylamide 14 using General Procedure B to afford 58 mg

(32 %) of the final compound as a yellow/green sticky foam. 'H NMR (400 MHz, CDCl3) &
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8.83-8.71 (m, 1H), 8.49-8.41 (m, 1H), 8.24-8.23 (d, J = 7.2 Hz, 1H), 7.66-7.54 (m, 2H), 7.36-
7.26 (m, 6H), 6.27-6.15 (m, 2H), 6.04-5.95 (m, 1H), 5.88-5.84 (m, 1H), 5.61-5.59 (d, J = 10.2
Hz, 1H), 5.04 (s, 2H) , 4.76-4.70 (m, 1H), 3.73-3.56 (m, 5H), 3.38-3.15 (m, 5H), 2.99 (s, 6H),
C NMR (100 MHz, CDCl3) & 168.3, 166.30, 156.3, 152.0, 136.1, 132.4, 131.2, 130.9, 130.3,
130.2, 128.6, 128.5, 128.4, 128.2, 127.2, 123.3, 119.4, 115.5, 67.3, 50.8, 45.6, 45.5, 45.3, 45.1,
42.6, 41.9 ; HRMS (ESI-QTOF) m/z [M + Na]Jr calcd for C;0H3sNsO¢SNa 616.2206; found
616.2194.

(S)-benzyl (4-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-yl)-1-
oxobutan-2-yl)carbamate (18). Compound 18 was prepared from N,N-dimethyl-5-(piperazin-1-
ylsulfonyl)naphthalen-1-amine (9) and acrylamide 15 using General Procedure B to afford 117
mg (26 %) of the final compound as a yellow/green sticky foam. "H NMR (400 MHz, CDCl3) &
8.59-8.57 (d, J = 8.5 Hz, 1H), 8.32-8.29 (d, J = 8.7 Hz, 1H), 8.20-8.18 (d, /= 7.2 Hz, 1H), 7.56-
7.52 (m, 2H), 7.19-7.18 (d, J = 7.5 Hz, 1H), 6.62-6.57 (m, 1H), 6.25-6.21 (d, J = 16.5 Hz, 1H),
6.11-6.05 (dd, J = 16.5 Hz, 10.2 Hz, 1 H), 5.90-5.88 (d, J = 7.8 Hz, 1H), 5.63-5.61 (d, J = 10.2
Hz, 1H), 5.06 (s, 2H), 4.59-4.49 (m, 1H), 3.75-3.67 (m, 2H), 3.58-3.50 (m, 1H), 3.41-3.33 (m,
2H), 3.28-3.10 (m, 4H), 3.01-2.92 (m, 1H), 2.88 (s, 6H), 1.97-1.87 (m, 1H), 1.56-1.45 (m, 1H),
C NMR (100 MHz, CDCl3) § 170.0, 165.8, 156.9, 152.0, 136.1, 132.3, 131.3, 130.9, 130.3,
130.2, 128.7, 128.5, 128.4, 128.1, 126.7, 123.3, 119.3, 115.6, 67.3, 48.5, 45.6, 45.5, 45.2, 45.1,
41.8, 35.6, 33.2; HRMS (ESI-QTOF) m/z [M + H]" caled for C3;H3sNsO6S 608.2543; found
608.2549.

(S)-benzyl (5-acrylamido-1-(4-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-yl)-1-
oxopentan-2-yl)carbamate (19) Compound 19 was prepared from N,N-dimethyl-5-(piperazin-1-

ylsulfonyl)naphthalen-1-amine (9) and acrylamide 16 using General Procedure B to afford 39 mg
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(23 %) of the final compound as a yellow/green solid. mp 69-70 °C; 'H NMR (400 MHz,
CDCI3) 6 8.53-8.51 (d, J= 8.5 Hz, 1H), 8.27-8.24 (d, J = 8.5 Hz, 1H), 8.14-8.12 (dd, J= 7.3, 1.0
Hz, 1H), 7.49-7.45 (m, 2H), 7.28-7.21 (m, 5H), 7.13-7.11 (d, J = 7.2 Hz, 1H), 6.19-6.15 (dd, J =
17.0, 1.3 Hz, 1H), 6.01-5.94 (dd, /= 17.0, 10.2 Hz, 1H), 5.89-5.84 (m, 1H), 5.60-5.57 (d, J = 8.4
Hz, 1H). 5.55-5.52 (dd, J = 10.2, 1.3 Hz, 1H), 4.97 (s, 2H), 4.55-4.50 (m, 1H), 3.51-3.37 (m,
3H), 3.32-3.18 (m, 4H), 3.11-2.98 (m, 3H), 2.82 (s, 6H), 1.58-1.42 (m, 4H), *C NMR (100
MHz, CDCl;) 6 170.3, 165.7, 156.3, 152.0, 136.2, 132.4, 131.3, 131.0, 130.9, 130.4, 130.2,
128.7, 128.5, 128.3, 128.2, 126.7, 123.3, 119.4, 115.5, 67.2, 50.2, 45.7, 45.5, 45.3, 41.9, 39.0,
31.2, 24.9; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C3;,H41NsO¢SNa 646.2675; found
646.2657.

(S)-benzyl 6-acrylamido-1-(4-(naphthalen- 1-ylsulfonyl)piperazin-1-yl)-1-oxohexan-2-yl-
carbamate (30).

Compound 30 was prepared from 1-(naphthalen-1-ylsulfonyl)piperazine (21) and compound 1
using General Procedure B to afford 100 mg (23 %) of the desired product as a white foam. mp
59-61 °C; "H NMR (400 MHz, CDCl3) & 8.70 (d, J = 8.7 Hz, 1H), 8.22 (dd, J= 7.4, J= 1.2 Hz,
1H), 8.10 (d, J = 8.2 Hz, 1H), 7.97 — 7.91 (m, 1H), 7.71 — 7.53 (m, 3H), 7.39 — 7.27 (m, 5H),
6.24 (dd, J=17.0, 1.5 Hz, 1H), 6.04 (dd, /= 17.0, 10.2 Hz, 1H), 5.74 (br s, 1H), 5.67 — 5.56 (m,
2H), 5.03 (s, 2H), 4.51 (td, J = 8.4, 4.3 Hz, 1H), 3.87 — 3.79 (m, 1H), 3.58 (d, J = 5.1 Hz, 1H),
3.47 (dt, J = 12.9, 9.3 Hz, 2H), 3.39 — 3.19 (m, 4H), 3.13 — 3.00 (m, 2H), 1.65 — 1.46 (m, 4H),
1.38 — 1.23 (m, 2H), °C NMR (100 MHz, CDCls) & 170.4, 165.7, 156.2, 136.3, 135.1, 134.6,
132.2, 131.0, 130.9, 129.2, 128.9, 128.7, 128.5, 128.4, 128.1, 127.2, 126.5, 124.9, 124.3, 67.1,
50.3,45.8,45.4,45.3, 41.8, 39.1, 32.9, 28.9, 22.3; HRMS (ESI-QTOF) m/z [M + Na]" calcd for

C31H36N4O6SNa 615.2253; found 615.2232.
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(S)-benzyl (6-acrylamido-1-(4-(naphthalen-2-ylsulfonyl)piperazin-1-yl)-1-oxohexan-2-yl)-
carbamate (31).

Compound 31 was prepared from 1-(naphthalen-2-ylsulfonyl)piperazine (22) and compound 1
using General Procedure B to collect 102 mg (24 %) of the desired product as a white foam. mp
65-66 °C; '"H NMR (400 MHz, CDCl3) § 8.33 (d, J = 1.7 Hz, 1H), 7.99 (d, J = 8.2 Hz, 2H), 7.92
(d,J=7.6 Hz, 1H), 7.72 (dd, J = 8.7, 1.8 Hz, 1H), 7.65 (dd, J= 6.9, 1.5 Hz, 2H), 7.35 - 7.27 (m,
5H), 6.24 (dd, J = 17.0, 1.5 Hz, 1H), 6.03 (dd, J = 17.0, 10.3 Hz, 1H), 5.70 (t, J = 5.8 Hz, 1H),
5.59 (dd, J=10.2, 1.5 Hz, 2H), 4.99 (d, J = 1.8 Hz, 2H), 4.51 (td, J = 8.4, 4.2 Hz, 1H), 3.95-3.85
(m, 1H), 3.68-3.61 (m, 1H), 3.52 (dt, J = 13.8, 10.3 Hz, 2H), 3.24 (qd, J = 13.5, 6.6 Hz, 4H),
3.05 — 2.81 (m, 2H), 1.63 — 1.42 (m, 4H), 1.43 — 1.15 (m, 2H), ?C NMR (100 MHz, CDCl;) &
170.4, 165.7, 156.2, 136.3, 135.2, 132.6, 132.3, 130.9, 129.7, 129.4, 129.3, 129.3, 128.7, 128.3,
128.1, 128.1, 127.9, 126.5, 122.8, 67.1, 50.3, 46.3, 45.9, 45.2, 41.7, 39.1, 32.9, 28.9, 22.3;
HRMS (ESI-QTOF) m/z [M + Na]" calcd for C3;H3sN40sSNa 615.2249; found 615.2253.

(S)-benzyl (6-acrylamido-1-oxo-1-(4-(phenylsulfonyl)piperazin-1-yl)hexan-2-yl)carbamate
(32).

Compound 32 was prepared from 1-(phenylsulfonyl)piperazine (23) and compound 1 using
General Procedure B to collect 82 mg (20 %) of the desired product as a sticky, white foam. 'H
NMR (400 MHz, CDCl3) 6 7.77 — 7.72 (m, 2H), 7.65 — 7.60 (m, 1H), 7.58 — 7.52 (m, 2H), 7.36 —
7.29 (m, 5H), 6.26 (dd, J=17.0, 1.5 Hz, 1H), 6.05 (dd, /= 16.9, 10.3 Hz, 1H), 5.68 (s, 1H), 5.64
— 5.58 (m, 2H), 5.05 (s, 2H), 4.54 (td, J = 8.5, 4.2 Hz, 1H), 3.92 (d, J = 13.4 Hz, 1H), 3.65 (s,
1H), 3.53 (d, /= 18.2 Hz, 2H), 3.28 (qd, /= 18.4, 16.0, J= 9.3 Hz, 4H), 2.88 (dd, /= 21.5, 10.4
Hz, 2H), 1.67 — 1.47 (m, 3H), 1.36 (g, J = 7.3 Hz, 2H), >*C NMR (100 MHz, CDCl3) & 170.4,

165.7, 156.3, 136.3, 135.5, 133.4, 130.9, 129.5, 128.7, 128.4, 128.1, 127.8, 126.5, 67.1, 50.3,
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46.2, 45.9, 45.1, 41.6, 39.1, 32.9, 28.9, 22.3; HRMS (ESI-QTOF), m/z [M + Na]" calcd for
C27H34N4O6SNa 565.2097; found 565.2094.

(S)-benzyl (6-acrylamido-1-(4-(benzylsulfonyl)piperazin-1-yl)-1-oxohexan-2-yl)carbamate
(33).

Compound 33 was prepared from 1-(benzylsulfonyl)piperazine (24) and compound 1 using
General Procedure B to collect 96 mg (23 %) of the desired product as a white foam. mp 50-52
°C; '"H NMR (400 MHz, CDCl3) § 7.41 — 7.29 (m, 10H), 6.25 (dd, J = 17.0, 1.5 Hz, 1H), 6.07
(dd, J=17.0,10.2 Hz, 1H), 5.86 (t,J = 5.9 Hz, 1H), 5.74 (d, J = 8.4 Hz, 1H), 5.60 (dd, J = 10.3,
1.5 Hz, 1H), 5.08 (d, J= 1.3 Hz, 2H), 4.55 (td, J = 8.4, 4.4 Hz, 1H), 4.23 (s, 2H), 3.72 — 3.66 (m,
1H), 3.53 — 3.45 (m, 1H), 3.44 — 3.24 (m, 4H), 3.20 — 3.11 (m, 2H), 3.01 (dtt, J = 20.5, 8.7, 3.7
Hz, 2H), 1.63 (ddd, J = 12.0, 5.7, 2.8 Hz, 1H), 1.57 — 1.50 (m, 3H), 1.37 (g, J = 7.5 Hz, 2H), °C
NMR (100 MHz, CDCls) 6 170.5, 165.7, 156.25, 136.3, 130.9, 130.8, 129.2, 129.0, 128.7, 128.5,
128.4,128.1, 126.4, 67.1, 57.5, 50.3, 46.1, 45.8, 42.3, 39.0, 32.8, 28.9, 22.3; HRMS (ESI-QTOF)
m/z [M + Na]" caled for CogH36N40sSNa 579.2253; found 579.2299.

(S)-benzyl (6-acrylamido-1-(4-(cyclohexylsulfonyl)piperazin-1-yl)-1-oxohexan-2-yl)carbamate
(34). Compound 34 was prepared from 1-(cyclohexylsulfonyl)piperazine (25) and compound 1
using General Procedure B to collect 88 mg (21 %) of the desired product as a sticky, white
foam. '"H NMR (400 MHz, CDCl3) § 7.39 — 7.30 (m, 5H), 6.27 (dd, J = 17.0, 1.5 Hz, 1H), 6.07
(dd, J=17.0, 10.3 Hz, 1H), 5.75 (br s, 1H), 5.71 (d, J = 8.5 Hz, 1H), 5.62 (dd, J = 10.3, 1.5 Hz,
1H), 5.09 (s, 2H), 4.62 (td, J = 8.4, 4.4 Hz, 1H), 3.81 (br s, 1H), 3.61 (br s, 1H), 3.56 — 3.40 (m,
4H), 3.35 — 3.24 (m, 2H), 2.94 — 2.87 (m, 1H), 2.10 (d, J = 13.0 Hz, 2H), 1.89 (d, J = 13.3 Hz,
2H), 1.73 — 1.67 (m, 2H), 1.61 — 1.33 (m, 7H), 1.31 — 1.16 (m, 3H), °C NMR (100 MHz,

CDCl3) & 170.6, 165.7, 156.3, 136.3, 130.9, 128.7, 128.4, 128.2, 126.5, 67.2, 61.9, 50.4, 46.5,
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46.3, 46.2, 42.8, 39.1, 33.0, 29.0, 26.7, 25.3, 25.2, 22.3; HRMS (ESI-QTOF) m/z [M + Na]"
calcd for Cy7H40N4OgSNa 571.2566; found 571.2544.

(S)-benzyl(6-acrylamido- 1-(4-(isopropylsulfonyl)piperazin-1-yl)-1-oxohexan-2-yl)carbamate
(35). Compound 35 was prepared from 1-(isopropylsulfonyl)piperazine (26) and compound 1
using General Procedure B to collect 115 mg (29 %) of the desired product as white crystals. mp
48-49 °C; 'H NMR (400 MHz, CDCl3) § 7.40 — 7.29 (m, 5H), 6.26 (dd, J = 17.0, 1.5 Hz, 1H),
6.07 (dd, J = 17.0, 10.2 Hz, 1H), 5.80 (s, 1H), 5.73 (d, J = 8.4 Hz, 1H), 5.61 (dd, J=10.3, 1.5
Hz, 1H), 5.09 (s, 2H), 3.87 —3.78 (m, 1H), 3.61 (s, 1H), 3.57 — 3.22 (m, 8H), 3.18 (p, /= 6.8 Hz,
1H), 1.76 (s, 1H), 1.71 — 1.66 (m, 1H), 1.62 — 1.54 (m, 3H), 1.43-1.36 (m, 1H), 1.35 (s, 3H), 1.33
(s, 3H), °C NMR (100 MHz, CDCls) & 170.6, 165.7, 156.3, 136.3, 130.9, 128.7, 128.4, 128.2,
126.5, 67.2, 53.8, 50.4, 46.5, 46.3, 46.2, 42.8, 39.1, 32.9, 29.0, 22.3, 16.9; HRMS (ESI-QTOF)
m/z [M + Na]+ calcd for Co4H3¢N4O¢SNa 561.2253; found 531.2241.

(S)-benzyl (6-acrylamido-1-(4-(ethylsulfonyl)piperazin-1-yl)-1-oxohexan-2-yl)carbamate (36)
Compound 36 was prepared from 1-(ethylsulfonyl)piperazine (27) and compound 1 using
General Procedure B to collect 102 mg (22%) of the desired product as a clear, colorless oil. 'H
NMR (400 MHz, CDCl3) 6 7.41 — 7.30 (m, 5H), 6.26 (dd, J = 17.0, 1.5 Hz, 1H), 6.06 (dd, J =
17.0, 10.2 Hz, 1H), 5.74 (br s, 1H), 5.70 (d, J = 8.4 Hz, 1H), 5.62 (dd, J=10.2, 1.5 Hz, 1H), 5.09
(d, J=1.8 Hz, 2H), 4.62 (td, J= 8.4, 4.5 Hz, 1H), 3.86 (br s, 1H), 3.66 (br s, 1H), 3.60 — 3.54 (m,
2H), 3.44 — 3.17 (m, 6H), 2.96 (q, J = 7.4 Hz, 2H), 1.79 — 1.65 (m, 1H), 1.66 — 1.50 (m, 3H),
1.45 — 1.33 (m, 5H); °C NMR (100 MHz, CDCl3) & 170.8, 168.4, 165.9, 156.4, 151.7, 149.9,
136.4, 135.0, 131.1, 128.7, 128.2, 126.3, 69.1, 68.0, 67.1, 59.7, 53.2, 50.5, 46.0, 45.8, 45.6, 44.5,
42.3, 39.0, 32.7, 29.1, 23.7, 22.4, 20.4, 7.9; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for

C23H34N4O6NaS 51 72097, found 517.2140.

ACS Paragon Plus Environment

52

Page 52 of 70



Page 53 of 70 Journal of Medicinal Chemistry

©CoO~NOUTA,WNPE

(S)-benzyl(6-acrylamido- 1-(4-(methylsulfonyl)piperazin-1-yl)- 1-oxohexan-2-yl)carbamate (37)
Compound 37 was prepared from 1-(methylsulfonyl)piperazine (28) and compound 1 using
General Procedure B to collect 93 mg (26 %). 'H NMR (400 MHz, CDCL3) 6 7.38-7.30 (m, 5H),
6.25 (dd, J=17.0, 1.5 Hz, 1H), 6.06 (dd, J = 17.0, 10.2 Hz, 1H), 5.78 (bs, 1H), 5.71 (d,J = 8.3
Hz, 1H), 5.62 (dd, J = 10.2, 1.5 Hz, 1H), 5.08 (d, J = 2.3 Hz, 2H), 4.62 (td, J = 8.3,J = 4.6 Hz,
1H), 3.89-3.82 (m, 1H), 3.73-3.66 (m, 1H), 3.63-3.55 (m, 2H), 3.37 — 3.24 (m, 4H), 3.23-3.10
(m, 2H), 2.80 (s, 3H), 1.77 — 1.66 (m, 2H), 1.64 — 1.50 (m, 3H), 1.39 (p, ] = 7.5 Hz, 2H); °C
NMR (100 MHz, CDCl;) 6 170.7, 165.8, 156.3, 136.3, 130.0, 128.7, 128.4, 128.2, 126.5, 67.2,
50.4, 45.0, 45.6, 45.4, 41.9, 38.9, 35.1, 32.8, 29.1, 22.3; HRMS (ESI-QTOF) m/z [M + Na]"
calcd for C2,H3N4NaOgS 503.1940; found 503.1947.

(S)-benzyl(6-acrylamido- 1-oxo-1-(4-(thiophen-2-ylsulfonyl)piperazin-1-yl) hexan-2-
vl)carbamate (38). Compound 38 was prepared from 1-(thiophen-2ylsulfonyl)piperazine (29)
and compound 1 using General Procedure B to collect 39 mg (8 %) of the desired product as a
clear oil; '"H NMR (400 MHz, CDCl3) 6 7.64 — 7.63 (dd, J= 5.0, 1.2 Hz, 1H), 7.53 — 7.52 (dd, J
=3.7, 1.1 Hz, 1H), 7.36 — 7.28 (m, 5H), 7.16 — 7.13 (dd, J = 5.0, 3.8 Hz, 1H), 6.26 — 6.22 (dd, J
=17.0, 1.5 Hz, 1H), 6.09 — 6.02 (dd, J=17.0, 10.2 Hz, 1H), 5.96 (s, 1H), 5.76 — 5.74 (d, J = 8.4
Hz, 1H), 5.60 — 5.58 (dd, J=10.2, 1.4 Hz, 1H) 5.04 (s, 2H), 4.57 — 4.52 (m, 1H), 3.93 — 3.89 (m,
1H), 3.70 — 3.67 (m, 1H), 3.57 — 3.46 (m, 2H), 3.33 — 3.17 (m, 4H), 2.96 — 2.85 (m, 2H), 1.96 (s,
1H), 1.67 — 1.58 (m, 1H), 1.54 — 1.44 (m, 3H), 1.37 — 1.30 (m, 2H); *C NMR (100 MHz,
CDCls) 6 170.5, 165.8, 156.3, 136.2, 135. 5, 133.0, 132.9, 130.9, 128.6, 128.3, 128.1, 128.0,
126.4, 67.1, 50.3, 46.2, 45.8, 44.9, 41.4, 39.0, 32.8, 29.7, 28.9, 22.3; HRMS (ESI-QTOF) m/z [M

+ Na]+ calcd for C25H32N406N3.SZ 571 1661, found 571.1626.
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(S)-benzyl (1-(4-(1-naphthoyl)piperazin-1-yl)-6-acrylamido- I-oxohexan-2-yl)carbamate
(AA9/49). Compound 49 was prepared from Boc-deprotected 40 and compound 1 using General
Procedure B to collect 254 mg (41 %) of the desired product as a white sticky foam. '"H NMR
(500 MHz, (CD3),SO) at 120 °C) 6 7.99-7.96 (m, 2H), 7.84-7.81 (m, 2H), 7.59-7.54 (m, 3H),
7.46-7.44 (m, 2H), 7.35-7.26 (m, 4H), 6.74-6.72 (d, J = 7.5 Hz, 1H), 6.21-6.16 (dd, J = 17.1,
10.3 Hz, 1H), 6.05-6.01 (dd, J=17.1, 2.1 Hz, 1H), 5.51-5.48 (dd, J = 10.3, 2.1 Hz, 1H), 5.04 (s,
1H), 4.46-4.41 (m, 1H), 3.63-3.38 (m, 8H), 3.16-3.12 (q, J = 6.85 Hz, 2 Hz), 1.71-1.56 (m, 2H),
1.51-1.44 (m, 2H), 1.39-1.29 (m, 2H), *C NMR (100 MHz, (CD5),SO) 8169.9, 167.8, 164.1,
155.0, 136.5, 133.5, 132.6, 131.7, 128.7, 128.2, 127.6, 127.5, 126.9, 126.8, 126.2, 125.6, 124.5,
123.9, 123.2, 123.1, 65.0, 50.3, 42.7, 37.8, 30.8, 28.2, 21.9; HRMS (ESI-QTOF) m/z [M + Na]"
calcd for C3,H36N4OsNa 579.2584; found 579.2574.

(S)-benzyl(1-(4-(2-naphthoyl)piperazin-1-yl)-6-acrylamido- 1-oxohexan-2-yl)carbamate
(AA10/50). Compound 50 was prepared from Boc-deprotected 41 and compound 1 using
General Procedure B to collect 195 mg (36 %) of the desired product as a white sticky foam. 'H
NMR (300 MHz, (CD3),SO at 120 °C) § 7.99-7.92 (m, 4H), 7.74 (br s, 1H), 7.60-7.48 (m, 3H),
7.33-7.23 (m, 5H), 7.06 (br s, 1H), 6.22-6.13 (dd, J=17.2, 10.1 Hz, 1H), 6.06-5.99 (dd, J=17.2,
2.4 Hz, 1H), 5.67 (s, 1H), 5.52-5.47 (dd, J = 10.1, 2.4 Hz, 1H), 5.02 (s, 2H), 4.46-4.38 (m, 1H),
3.63-3.46 (m, 8H), 3.14-3.07 (m, 2H), 1.65-1.53 (m, 2H), 1.49-1.39 (m, 2H), 1.36-1.25 (m, 2H),
8 C NMR (75 MHz, (CD3),S0) 170.9, 169.8, 165.1, 137.6, 133.7, 133.6, 132.8, 132.6, 128.7,
128.6, 128.5, 128.1, 128.0, 127.5, 127.1, 126.9, 124.8, 124.6, 66.0, 55.1, 51.2, 38.8, 31.7, 29.3,
23.1; HRMS (ESI-QTOF) m/z [M + Na]" caled for C3,H36N4O5Na 579.2584; found 579.2557.

(S)-benzyl  (5-acrylamido-1-(4-benzoylpiperazin-1-yl)-1-oxopentan-2-yl)carbamate  (51).

Compound 51 was prepared from Boc-deprotected 40 and compound 1 using General Procedure
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A to collect 151 mg (31 %) of the desired product as a white, sticky foam. "H NMR (300 MHz,
(CD3),SO at 80 °C) & 7.73-7.65 (br s, 1H), 7.44-7.22 (m, 10 H), 7.05-6.98 (br s, 1H), 6.17-6.09
(dd, J=17.1,10.0 Hz, 1H), 6.01-5.95 (dd, J = 17.1, 2.3 Hz, 1H), 5.47-5.44 (dd, J=10.0, 2.3 Hz,
1H), 4.97 (s, 2H), 4.41-4.36 (m, 1H), 3.55-3.36 (m, 8H), 3.09-3.02 (m, 2H), 1.61-1.49 (m, 2H),
1.44-1.33 (m, 2H), 1.32-1.20 (m, 2H), °C NMR (75 MHz, (CD;),SO at 80 °C) & 170.1, 168.9,
164.2,136.7,135.4,131.7, 129.1, 127.9, 127.8, 127.2, 127.1, 126 .4, 123.7, 65.1, 50.3, 37.9, 30.8,
28.3, 22.2; HRMS (ESI-QTOF) m/z [M + Na]+ calcd for C,ysH34N4OsNa 529.2427; found
529.2433.
(S)-benzyl (6-acrylamido-1-oxo-1-(4-(2-phenylacetyl)piperazin-1-yl)hexan-2-yl)carbamate(52).
Compound 52 was prepared from Boc-deprotected 43 and compound 1 using General
Procedure A to collect 36 mg (21 %) of the desired product as a whit solid. mp 48-49 °C; 'H
NMR (400 MHz, CDCls) 6 7.41 —7.29 (m, 7H), 7.24 (d, J = 7.1 Hz, 3H), 6.25 (dd, J = 17.0, 1.5
Hz, 1H), 6.06 (dd, J = 17.0, 10.2 Hz, 1H), 5.78 (br s, 1H), 5.70 (d, J = 8.4 Hz, 1H), 5.60 (dd, J =
10.5, 3.4 Hz, 1H), 5.07 (s, 2H), 4.73 — 4.44 (m, 1H), 3.75 (s, 2H), 3.65 (br s, 1H), 3.60 — 3.40 (m,
5H), 3.37 — 3.20 (m, 3H), 1.65 (br s, 1H), 1.62 — 1.46 (m, 2H), 1.42 — 1.28 (m, 2H); °C NMR
(100 MHz, CDCl3) 6 171.0, 170.2, 166.0, 156.6, 136.7, 135.0, 131.3, 129.4, 129.0, 128.9, 128.7,
128.5, 127.6, 126., 67.5, 50.7, 46.5, 46.1, 45.7, 42.4, 41.7, 41.5, 39.4, 33.3, 29.3, 22.6; HRMS
(ESI-QTOF) m/z [M + Na]+ calcd for Co9H3sN4OsNa 543.2583; found 543.2587.
(S)-benzyl(1-(4-acetylpiperazin-1-yl)-5-acrylamido- 1-oxopentan-2-yl)carbamate (53)
Compound 53 was prepared from Boc-deprotected 44 and compound 1 using General Procedure
A to collect 36 mg (21 %) of the desired product as a clear oil. '"H NMR (400 MHz, CDCl3) &
7.37 —7.28 (m, 5H), 6.27 — 6.22 (d, J=17.0, 1H), 6.10 — 6.03 (dd, J = 10.2, 17.0 Hz, 1H), 5.99

(s, 1H), 5.83 — 5.81 (d, J = 8.3 Hz, 1H), 5.61 — 5.58 (d, J = 10.2 Hz, 1H), 5.07 (s, 2H), 4.62 (s,
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1H), 3.78 — 3.69 (m, 2H), 3.63 — 3.43 (m, 6H), 3.36 — 3.30 (m, 2H), 2.10 (s, 3H), 1.68 (s, 1H),
1.61-1.54 (m, 3H), 1.42-1.31 (m, 2H); *C NMR (100 MHz, CDCl3) § 170.7, 170.5, 169.3, 169.2,
165.7, 156.2, 136.2, 130.9, 128.5, 128.2, 128.0, 126.3, 67.0, 50.3, 46.2, 45.8, 45.5, 45.2, 41.9,
41.3, 41.0, 39.0, 38.8, 32.8, 32.7, 28.9, 22.2, 21.3; HRMS (ESI-TOF) m/z [M + Na]+ calcd for
C23H3,N4OsNa 467.2270; found 467.2300.

(S)-benzyl(6-acrylamido-1-oxo-1-(4-picolinoylpiperazin-1-yl)hexan-2-yl)carbamate (54).
Compound 54 was prepared from Boc-deprotected 45 and compound 1 using General Procedure
A to collect 17 mg (10 %) of the desired product as a colorless oil. '"H NMR (300 MHz,
(CD3),SO at 80 °C) 6 8.60 (d, J = 4.6 Hz, 1H), 7.93 (td, J = 7.7, 1.8 Hz, 1H), 7.76 (br s, 1H),
7.61 (d, J = 7.8 Hz, 1H), 7.48 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.38 — 7.31 (m, 5H), 7.08 (br s,
1H), 6.20 (dd, J=17.1, 10.0 Hz, 1H), 6.04 (dd, J=17.1, 2.4 Hz, 1H), 5.52 (dd, /= 10.0, 2.4 Hz,
1H), 5.04 (s, 2H), 4.55 — 4.29 (m, 1H), 3.57 (br s, 8H), 3.18 — 3.08 (m, 2H), 1.68 — 1.58 (m, 2H),
1.53 — 1.40 (m, 2H), 1.40 — 1.23 (m, 1H), *C NMR (75 MHz, (CD5),SO at 80 °C) & 170.1,
166.5, 164.2, 153.4, 147.9, 136.8, 136.7, 131.7, 127.8, 127.2, 127.1, 124.2, 123.8, 122.8, 65.2,
50.4, 37.9, 30.0, 28.4, 22.2; HRMS (ESI-QTOF) m/z [M + Na]+ caled for C,y7H33NsNaOs
530.2379; found 530.2347.

(S)-benzyl  (6-acrylamido-1-(4-nicotinoylpiperazin-1-yl)-1-oxohexan-2-yl)carbamate  (55).
Compound 55 was prepared from Boc-deprotected 46 and compound 1 using General Procedure
A to collect 25 mg (14 %) of the desired product as a clear, colorless oil. 'H NMR (300 MHz,
(CD3),SO at 120 °C) 6 8.70 — 8.60 (m, 1H), 7.86 — 7.77 (m, 1H), 7.46 (dd, J = 7.9, 4.8 Hz, 1H),
7.41 —7.22 (m, 5H), 6.79 (bs, 1H), 6.20 (dd, J = 17.2, 10.1 Hz, 1H), 6.04 (dd, J=17.2, 2.4 Hz,
1H), 5.51 (dd, J=10.1, 2.4 Hz, 1H), 5.06 (s, 2H), 4.51-4.42 (m, 1H), 3.62-3.54 (m, 4H), 3.53.48

(d, 4H), 3.15 (q, J = 6.5 Hz, 2H), 1.71-1.58 (m, J = 14.3, 7.6 Hz, 2H), 1.52-1.44 (m, J = 6.8 Hz,
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2H), 1.40-1.32 (m, J = 8.4, 7.8 Hz, 1H), >C NMR (75 MHz, (CD;),SO at 120 °C) & 169.9,
166.6, 164.2, 155.0, 149.7, 147.0, 136.5, 133.9, 131.7, 131.0, 127.5, 126.9, 126.82, 123.1, 122.6,

65.1, 50.2, 43.7, 37.8, 30.8, 28.2, 21.9; HRMS (ESI-QTOF) m/z [M + Na]  calcd for

©CoO~NOUTA,WNPE

C,7H33N505Na 530.2379; found 530.2396.

13 (S)-benzyl-(6-acrylamido- 1-(4-isonicotinoylpiperazin-1-yl)- 1-oxohexan-2-yl)carbamate  (56).
15 Compound 56 was prepared from Boc-deprotected 47 and compound 1 using General Procedure
18 A to collect 40 mg (22 %) of the desired product as a clear, colorless oil. 'H NMR (300 MHz,
20 (CD3),SO at 80 °C) ¢ 8.68 (d, J = 6.0 Hz, 2H), 7.76 (br s, 1H), 7.38 (d, J = 5.9 Hz, 2H), 7.36 —
22 7.27 (m, 5H), 7.07 (bs, 1H), 6.20 (dd, J = 17.2, 10.0 Hz, 1H), 6.04 (dd, J = 17.2, 2.5 Hz, 1H),
25 5.52 (dd, J=10.0, 2.5 Hz, 1H), 5.04 (s, 2H), 4.43 (td, J = 8.0, 5.3 Hz, 1H), 3.73 — 3.34 (m, 8H),
27 3.12 (q, J = 6.5 Hz, 2H), 1.70 — 1.54 (m, 2H), 1.49 — 1.40 (m, 2H), 1.38 — 1.27 (m, 2H), °C
29 NMR (75 MHz, (CD3),SO at 80 °C) & 170.1, 166.7, 164.2, 155.3, 149.6, 142.8, 136.7, 131.7,
32 127.8, 127.3, 127.1, 123.8, 120.7, 65.2, 50.3, 37.9, 30.8, 28.4, 22.2; HRMS (ESI-QTOF) m/z [M
34 + Na]" calcd for C»7H33NsNaOs 530.2379; found 530.2370.

37 (S)-benzyl(6-acrylamido-1-(4-(7-hydroxy-2-oxo-2H-chromene-3-carbonyl)piperazin-1-yl)-1-
39 oxohexan-2-yl)carbamate (57 aka VAS). Compound 57 was prepared according to our recently
41 published synthesis (same as 13).°“ HR MS (ESI-QTOF) m/z [M + Na]" caled for C31H34N;4OsNa

a4 613.2274; found 613.2282.
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substrate AL5 with TGase isoforms hTG1, hTG2, hTG3, hTG6 and FXIIIa. The following files

are available free of charge: Supporting Information (PDF), Molecular Formula Strings (CSV).
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ABBREVIATIONS

hTG2, human transglutaminase 2; TGase, transglutaminase; hFXIIla, activated human factor
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XIII; hTG1, human keratinocyte transglutaminase; hTG3a, activated human epidermal
transglutaminase; hTG6, human neuronal transglutaminase; gplTG2, guinea pig liver
14 transglutaminase; EMC, extracellular matrix; TIC, targeted-covalent inhibitors; pNP, p-
16 nitrophenolate; SAR, structure-activity relationship; ACR, acrylamide; ECS, epidermal cancer
stem cells; EMT, epithelial-mesenchymal transition; BODIPY, boron-dipyrromethene difluoride;
21 NHS, N-hydroxysuccinimide; EDC, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; LiOH,
23 lithium hydroxide; HOBt, hydroxybenzotriazole; GTPyS, guanosine 5'-O-(3-thiotriphosphate);

26 QTOF, quadrupole time-of-flight; ACN, acetonitrile; DMSO, dimethyl sulfoxide.
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