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Structure-based design of TACE selective inhibitors:
Manipulations in the S1 0–S3 0 pocket
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Abstract—A series of b-sulfonyl hydroxamate TACE inhibitors, bearing a butynylamino or a butynyloxy P1 0 group, was designed
and synthesized. Of the compounds investigated, 22 has excellent potency against isolated TACE enzyme, shows good selectivity
over MMP-2 and MMP-13, and oral activity in an in vivo mouse model of TNF-a production.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Elevated concentrations of soluble tumor necrosis fac-
tor-a (TNF-a) have been linked to several diseases
including rheumatoid arthritis (RA),1 Crohn’s disease,2

and psoriasis.3 That TNF-a is a validated therapeutic
target is clearly demonstrated by the success in treating
RA using the soluble TNF p75 receptor fusion protein
Enbrel� (etanercept), and the monoclonal TNF-a anti-
body Remicade� (infliximab).4 However, orally bio-
available small molecules that could achieve the same
effect are still highly desirable.

TNF-a converting enzyme (TACE) is responsible for the
cleavage of membrane anchored 26 kDa TNF-a, result-
ing in the release of soluble 17 kDa TNF-a.5,6 TACE
(ADAM-17) belongs to the adamalysin/reprolysin sub-
family of the metzincin superfamily which also includes
the matrix metalloproteinases (MMPs).7,8 The active site
of TACE shows significant similarity in shape to the ac-
tive site of the MMPs, even though it has relatively low
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overall homology to MMPs.9 As a result, the design of
selective TACE inhibitors can be problematic. A variety
of TACE inhibitors have been reported recently, including
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Figure 1. Reported TACE inhibitors.
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Table 1. In vitro potencyd of b-piperidine sulfone hydroxamic acids

N

HOHN
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Compound R1 R2 TACEa MMP-2a MMP-13a MMP-14a HWBb

4 SO2-i-Pr OCH2CCCH3 3 ± 1 280 ± 65 157 ± 43 3642 ± 1067 1.5 ± 1

5 Boc OCH2CCCH3 2 ± 1 NTc 135 ± 10 NT 14 ± 1

7 Boc NHCH2CCCH3 1.6 ± 0.4 120 ± 20 860 ± 20 2370 ± 300 16 ± 2

11 Boc N(CH3)CH2CCCH3 3.3 ± 0.3 NT 1600 NT >50

12 Boc NHCH2CCCH2OH 10 ± 3 334 1038 ± 10 NT 25 ± 3

16 H NHCH2CCCH3 64.5 NT NT NT NT

17 SO2-i-Pr NHCH2CCCH3 2 ± 0.2 97 2075 NT 5 ± 2

18 CH2-4-pyridine NHCH2CCCH3 6.4 ± 0.4 1530 ± 373 6882 4320 ± 1943 7.2 ± 0.8

19 CONEt2 NHCH2CCCH3 <1 216 ± 31 772 ± 54 3619 ± 604 6.4 ± 1.6

20 CO-Ph-20-CH3 NHCH2CCCH3 2.5 ± 0.5 46 ± 1 584 ± 45 1000 ± 150 4.8 ± 2.0

21 COCH(CH3)Et NHCH2CCCH3 3.5 ± 0.5 1312 ± 38 2476 ± 372 7047 ± 2283 4.9 ± 0.2

22 COCH(CH3)2 NHCH2CCCH3 2.3 ± 0.3 513 ± 210 3199 ± 674 4891 ± 1412 3.6 ± 0.6

27 SO2-i-Pr OCH(CH3)CCCH3 4 ± 2 4181 ± 1681 2912 ± 712 NT 31 ± 10

28 SO2-i-Pr OC(CH3)2CCCH3 27 ± 1 >1666 12,000 ± 2542 NT >50

a IC50, nM.
b Human whole blood, IC50, lM.
c NT, not tested.
d Potency data are reported as average ± SD; for compounds tested only once, the TACE FRET assay data have a fluctuation of ±30%.

Table 2. In vitro potencyc of thiomorpholine sulfone hydroxamic acids

Compound TACEa MMP-2a MMP-13a HWBb

6 8 4.7 2.4 ± 0.7 0.3 ± 0.1

26 2.3 56 ± 30 30 3.5 ± 0.9

a IC50, nM.
b Human whole blood, IC50, lM.
c Potency data are reported as average ± SD; for compounds tested

only once, the TACE FRET data have a fluctuation of ±30%.

Figure 2. A surface in green depicts the TACE S1 0–S3 0 pocket. A

model of 7 bound to TACE (colored by element with carbons in grey)

is shown superimposed on the X-ray structure17b of 7 bound to MMP-

13 (colored by element with carbons in magenta). Protein backbone

atoms (not shown) only were used for the alignment.
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the TACE selective inhibitor BMS-561392 (1, Fig. 1)10a,b

and more broad spectrum TACE/MMP inhibitors such
as PKF242-484 (2, Fig. 1)11 and Ro 32-7315 (3,
Fig. 1).12 TACE selective inhibitors may be desirable
for the long term treatment of TNF-a mediated pathol-
ogies in order to avoid side effects that have plagued
clinical trials of more broad spectrum MMP
inhibitors.13a,b

Wyeth has previously reported several series of TACE
inhibitors bearing the P1 0 butynyloxy moiety. Among
these are the piperidine hydroxamate series, exemplified
by 414 and 515a,b; and the thiomorpholine hydroxamate
series, exemplified by 6 (TMI-1).16a–d Compounds 4, 5,
and 6 are all potent inhibitors of TACE, but they are
also active against many MMPs (Tables 1 and 2). We
now report our efforts to further improve the TACE
selectivity of these two series by focusing on the S1 0

specificity pocket.

The distinctively bent shape of the TACE S1 0/S3 0 pock-
ets, as compared to the MMPs, appeared to offer an
opportunity for designing P1 0 groups that would confer
selectivity for TACE (Fig. 2). Thus, modeling17a of 5
bound to TACE indicated that the butynyloxy group
must be ‘bent’ with a dihedral angle of �65� to fit in
the TACE S1 0–S3 0 pocket, and that this ‘bent’ confor-
mation is 0.12 kcal/mol lower in energy than the ‘ex-
tended’ geometry that is required for binding in the
straight S1 0 subsite of most MMPs.18 We envisioned
that replacement of the butynyloxy group with a buty-
nylamino group might provide enhanced selectivity for
TACE since a model17a of 7 bound to TACE shows that
the ‘bent’ conformation required for binding this P1 0

moiety in the TACE S1 0–S3 0 pocket is 0.68 kcal/mol
lower in energy than ‘extended’ conformation needed
to bind in the MMP-13 S1 0 pocket. Thus, the relative
cost for extending the tail is significantly higher for the
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Scheme 2. Reagents and conditions: (a) THP, p-TsOH, Et2O, 40%; (b)

DMSO, Cl(CO)2Cl, Et3N, CH2Cl2; (c) 9, NaCNBH3, EtOH, HOAc;

(d) oxoneÆNBu4, 13%, three steps; (e) PPTS, MeOH, 100%; (f) NaOH,

MeOH, H2O; BOP, NH2OH, DMF, 50%.
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butynylamine analog than that for the butynyloxy ana-
log and 7 would therefore be predicted to be more
TACE selective than 5.

The desired compound 7 was prepared as described in
Scheme 1. Protection of the nitrogen of ethyl 4-piperi-
dinecarboxylate with a Boc group, followed by deproto-
nation a to the ester, and subsequent alkylation with
diiodomethane provided compound 8 in good yield.
Displacement of the iodide of 8 with 4-aminothiophenol
in the presence of potassium carbonate gave 9. Oxida-
tion of the sulfide to the sulfone with mCPBA and alkyl-
ation of 9 with butynyl bromide then afforded 10, which
was next converted into the corresponding hydroxamic
acid 7 via base hydrolysis followed by reaction with
hydroxylamine under peptide coupling conditions.

The enzyme activity19 and human whole blood (HWB)19

data for 7 are shown in Table 1.

The butynylamino analog 7 is essentially equipotent to
butynyloxy analog 5 against TACE enzyme and in hu-
man whole blood. However, to our delight, compound
7 has greatly improved selectivity for TACE over
MMP-13 (>400-fold), validating our design strategy.

Encouraged by the results for 7, a series of related deriv-
atives was prepared to further explore the effect of nitro-
gen-containing P1 0 groups on TACE potency and
selectivity. The desired N-methyl butynylamine 11 and
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Scheme 1. Reagents and conditions: (a) (Boc)2O, THF, 87%; (b) LDA,

THF, �78 �C, 1 h, CH2I2, 78%; (c) 4-amino thiophenol, K2CO3,

DMF, 87%; (d) mCPBA; (e) 1-bromo-2-butyne, K2CO3, DMF,

microwave, 100 �C, 50 min, 80%; (f) NaOH, MeOH, H2O; BOP,

NH2OH, DMF, 50%; (g) MeI, Ag2O, 80%.
propargylic alcohol 12 were prepared as shown in
Schemes 1 and 2, respectively. Methylation of 10 with
neat MeI in the presence of Ag2O, followed by ester
cleavage and hydroxamate formation, gave 11. Alcohol
12 was prepared from 2-butynyne-1,4-diol, 13. Mono-
protection of 13 with THP followed by Swern oxidation
gave aldehyde 14. Treatment of 14 with 9 under reduc-
tive amination conditions, and subsequent oxidation of
the sulfide, afforded 15. Removal of the THP group,
ester cleavage, and hydroxamate formation then
provided 12.

As shown in Table 1, 11, with a methyl group on the P1 0

nitrogen of 7, retains activity against TACE enzyme and
selectivity over MMP-13, but has poor HWB activity.
Compound 12, with a terminal P1 0 hydroxyl group,
has slightly reduced activity against TACE and selectiv-
ity over MMP-2 (30-fold) and MMP-13 (90-fold) rela-
tive to the parent compound, 7.

In an effort to identify analogs in the series with im-
proved activity in human whole blood, we also explored
the effect of variations on the P1 4-piperidine nitrogen in
combination with the butynylamino P1 0 group. Thus,
while keeping the butynylamino P1 0 group constant,
we examined seven different P1 groups, as shown in Ta-
ble 1. These compounds were prepared from N-Boc
piperidine 10 as shown in Scheme 3. Removal of the
N-Boc with TFA, and reaction with R1–Cl or R1–Br
N
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Scheme 3. Reagents and conditions: (a) TFA, CH2Cl2; (b) R1Cl,

CH2Cl2, H2O, Na2CO3; or R1Br, K2CO3; (c) NaOH, MeOH, H2O;

BOP, NH2OH, DMF, 50%.
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under basic conditions, provided the N-R1 piperidines,
which were converted to the corresponding hydroxamic
acid 16–22 via base hydrolysis followed by reaction with
hydroxylamine under peptide coupling conditions.

The –NH analog 16 is much less active against TACE
than parent compound 7. Isopropyl sulfonamide 17,
the butynylamine analog of 4, led to a 17-fold improve-
ment in selectivity over MMP-13, but lost HWB potency
when compared to 4. Compound 18, with two basic
nitrogens, maintains good activity against TACE and
good selectivity over MMP-2 and MMP-13, but is still
only weakly active in HWB. The best TACE enzyme
activity and selectivity was achieved by the 19, which
has an IC50 < 1 nM against TACE enzyme and is over
750-fold selective over MMP-13. Unfortunately this
analog does not have greatly improved activity in hu-
man whole blood. Amide 20 is 499-fold selective over
MMP-13 and has slightly better HWB activity than 17
and 18. The branched alkyl amide 21 greatly increased
the selectivity for TACE over MMP-2, MMP-13, and
MMP-14 relative to aryl amide 20. Removal of one car-
bon from the amide side chain of 21 gave 22, which has
the best HWB (IC50 = 3.6 lM) activity of this series
while retaining superior selectivity over the MMPs
screened. Overall, except for 16, all of these P1 analogs
have increased, though still very modest, HWB potency
relative to the parent compound, 7, while retaining com-
parable TACE enzyme potency and selectivity.

Efforts were also made to explore whether the enhanced
selectivity for TACE afforded by the butynyl amine P1 0

group could be extended to the thiomorpholine sulfon-
amide series that had previously provided potent but
non-selective TACE/MMP inhibitors. The butynyl-
amine analog of TMI-1 (6) was prepared as shown in
Scheme 4. Thiomorpholine 2320 was converted to aniline
24 via sulfonamide formation and zinc reduction. Ani-
line 24 reacted with 1-bromo-2-butyne to give ester 25,
26
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bromo-2-butyne, K2CO3, DMF, microwave, 100 �C, 40 min, 80%; (d)

NaOH, MeOH, H2O; BOP, NH2OH, DMF, 50%.
which was then transformed to the desired hydroxamate
26 via base hydrolysis and hydroxamate formation.

The in vitro and HWB activity of compound 26 is listed
in Table 2. This butynylamine analog was slightly more
active than butynyloxy analog 6 against TACE and
10-fold less potent in human whole blood. However,
compound 26 was substantially more selective than 6
for TACE over MMP-2 and MMP-13.

A second design strategy for increasing TACE selectivity
through P1 0 group variations involved replacement of
the butynyloxy group in 4 with a more sterically
demanding P1 0 group. This was suggested by the struc-
tural difference between TACE and MMPs, wherein a
tyrosine residue located on one side of the MMP S1 0

pockets is replaced by a much smaller alanine in the
TACE S1 0 subsite.18 The syntheses of the desired com-
pounds 27 and 28 are shown in Scheme 5. Displacement
of the iodide in 8 with 4-hydroxythiophenol, followed by
oxidation of the sulfide to the sulfone with mCPBA,
gave 29. Mitsunobu alkylation of 29 with 3-pentyn-2-
ol, removal of the Boc moiety with TFA, and sulfon-
amide formation under Schotten–Baumann conditions
next provided 30. Finally, ester 30 was converted to
the corresponding hydroxamic acid 27 via base hydroly-
sis followed by reaction with hydroxylamine under pep-
tide coupling conditions. On the other hand, protection
of phenol 29 with a benzyl group, followed by removal
of the Boc group, gave 31. Sulfonamide formation,
and subsequent removal of the benzyl moiety, provided
32, which was converted to 28 via Mitsunobu alkylation
and hydroxamate formation.

As shown in Table 1, compound 27, with a bulkier P1 0

moiety relative to butynyloxy analog 4, has approxi-
mately 10-fold increased selectivity for TACE over both
MMP-2 and MMP-13. In particular, 27 is now 1000-
and 720-fold selective for TACE over MMP-2 and
MMP-13, respectively. Unfortunately this compound
suffers from poor activity in human whole blood. Intro-
duction of a second methyl group on the butynyl P1 0 tail
(compound 28) decreased affinity for TACE by 7-fold
and further diminished activity in human whole blood,
but still provided a very selective inhibitor.

Of the analogs prepared for this study, compound 22
has the best combination of potency against TACE en-
zyme, desirable selectivity profile, and moderate activity
in HWB, and it was therefore selected for in vivo testing.
In a preliminary in vivo model to measure its ability to
inhibit the LPS-induced production of TNF in a
mouse19 a 25 mg/kg oral dose of this compound pro-
vided 72% inhibition of TNF production 90 min after
administration of LPS.

In conclusion, we have succeeded in utilizing structure-
based design to optimize the P1 and P1 0 groups of a ser-
ies of b-sulfonyl hydroxamate TACE inhibitors resulting
in a series of potent TACE inhibitors with excellent
selectivity over MMP-2, -13, and -14. We believe these
inhibitors may offer useful leads for the development
of drugs for the treatment of rheumatoid arthritis.
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2. Experimental

Reactions were run using commercially available start-
ing materials and anhydrous solvents, without further
purification. Proton NMR spectra were recorded on a
400 MHz Bruker AV-400 spectrometer using TMS (d
0.0) as an internal reference. High resolution mass spec-
tra were obtained using a Bruker APEXIII Fourier
transform ion cyclotron resonance (FT-ICR) mass spec-
trometer equipped with an actively shielded 7 T super-
conducting magnet (Magnex Scientific Ltd, UK) and
an external Bruker APOLLO electrospray ionization
(ESI) source. Preparative HPLC was run using Waters
reverse phase prep HPLC with Xterra C18 5 lM,
30 · 100 mm column (water/CH3CN/0.1% formic acid).
Purity in two solvent systems was determined using Agi-
lent 1100 reverse phase HPLC with Agilent Zorbax SB-
C18 5 lm, 4.6 · 30 mm column at 254 nm [Gradient: 5–
95% in 7 min at 0.8 mL/min, H2O/CH3CN (method 1)
and H2O/MeOH (method 2)].

2.1. 4-(4-Amino-phenylsulfanylmethyl)-piperidine-1,4-
dicarboxylic acid 1-tert-butyl ester 4-ethyl ester (9)

A mixture of 1-(tert-butyl) 4-ethyl-4-(iodomethyl)piper-
idine-1,4-dicarboxylate (compound 8, 3.1 g, 7.8 mmol,
prepared according to US Patent 6,358,980, Example
30), 4-aminothiophenol (1.1 g, 8.8 mmol), and potas-
sium carbonate (1.5 g, 10.8 mmol) in 15 mL of DMF
was stirred at 25 �C for 16 h. The resulting mixture
was diluted with ethyl acetate, washed with water, brine,
and concentrated to give a yellow oily residue. Flash
column chromatography of the residue (silica gel, 4:1
n-hexane/ethyl acetate) afforded compound 9 (2.6 g,
85%) as a white solid.

1H NMR (CDCl3) d ppm 1.21 (t, J = 7.07 Hz, 3H), 1.47
(s, 9H), 1.40–1.50 (m, 2H), 2.07–2.19 (m, 2H), 2.91–3.01
(m, 2H), 3.02 (s, 2H), 3.66–3.85 (m, 2H), 4.04 (q,
J = 7.07 Hz, 2H), 6.59 (d, J = 8.84 Hz, 2H), 7.23 (d,
J = 8.84 Hz, 2H).

2.2. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-piperi-
dine-1,4-dicarboxylic acid 1-tert-butyl ester 4-ethyl ester
(10)

To a solution of compound 9 (1.34 g, 2.40 mmol) in
30 mL dichloromethane at �40 �C was added 77%
3-chloroperoxybenzoic acid (1.66 g, 6.75 mmol). The
mixture was slowly warmed to 25 �C and stirred for
16 h. The solid was filtered and the filtrate was concen-
trated to give a yellow oily residue. Flash column chro-
matography of the residue (silica gel, 2:1 n-hexane/ethyl
acetate) afforded 4-(4-amino-benzenesulfonylmethyl)-
piperidine-1,4-dicarboxylic acid 1-tert-butyl ester 4-ethyl
ester (1.1 g, 75%) as a white solid.
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1H NMR (CDCl3) d ppm 1.28 (t, J = 7.16 Hz, 3H), 1.44
(s, 9H), 1.56–1.73 (m, 2H), 2.07–2.27 (m, 2H), 3.07–3.28
(m, 2H), 3.40 (s, 2H), 3.57–3.77 (m, 2H), 4.15 (q,
J = 7.16 Hz, 2H), 6.68 (d, J = 8.84 Hz, 2H), 7.60 (d,
J = 8.84 Hz, 2H).

To a microwave reaction vessel with a stir bar were added
the above compound (0.50 g, 1.17 mmol), 1-bromo-2-bu-
tyne (0.11 mL, 1.18 mmol), potassium carbonate (0.32 g,
2.31 mmol), and 3 mL of N,N-dimethylacetamide. The
reaction vessel was sealed with a cap and heated to 100 �C
for 50 min in a microwave reactor. The reaction mixture
was diluted with ethyl acetate and washed with water.
The organic layer was concentrated to give a light yellow
oily residue. Flash column chromatography of the residue
(silica gel, 5:1 n-hexane/ethyl acetate) afforded compound
10 (0.35 g, 63%) as a clear oil and the starting material 4-
(4-amino-benzenesulfonylmethyl)-piperidine-1,4-dicarbox-
ylic acid 1-tert-butyl ester 4-ethyl ester (0.18 g, 36%).

1H NMR (CDCl3) d ppm 1.29 (t, J = 7.16 Hz, 3H), 1.44
(s, 9H), 1.59–1.70 (m, 2H), 1.81 (t, J = 2.27 Hz, 3H),
2.10–2.27 (m, 2H), 3.10–3.27 (m, 2H), 3.41 (s, 2H),
3.60–3.75 (m, 2H), 3.93 (q, J = 2.27 Hz, 2H), 4.16 (q,
J = 7.16 Hz, 2H), 4.48 (t, J = 5.56 Hz, 1H), 6.67 (d,
J = 8.84 Hz, 2H), 7.66 (d, J = 8.84 Hz, 2H).

2.3. General procedure A for preparation of hydroxamic acids

2.3.1. tert-Butyl 4-({[4-(but-2-ynylamino)phenyl]sulfo-
nyl}methyl)-4-[(hydroxyamino)-carbonyl]piperidine-1-
carboxylate (7). To a solution of ester 10 (0.12 g,
0.25 mmol) in 2 mL of THF and 2 mL methanol was
added 5 N NaOH (0.5 mL, 2.5 mmol). The reaction
mixture was stirred at 25 �C for 16 h. The solvents were
removed in vacuo. To the resulting light yellow oily res-
idue were added 1 N NaH2PO4 (2.6 mL, 2.6 mmol) and
5 mL of ethyl acetate. The organic layer was washed
with 3 mL brine, dried over MgSO4, filtered, and con-
centrated to provide the acid as a white solid.

To the above acid in 2 mL of DMF at 0 �C were added
hydroxylamine hydrochloride (38 mg, 0.55 mmol),
benzotriazol-1-yloxytris(dimethylamino)-phosphonium
hexafluorophosphate (0.166 g, 0.375 mmol), and N,N-
diisopropylethylamine (0.19 mL, 1.1 mmol). The reac-
tion mixture was warmed to 25 �C and stirred for
16 h. Preparative HPLC of the mixture provided the de-
sired hydroxamic acid 7 (58 mg, 50%) as a white solid.

1H NMR (CD3CN) d ppm 1.32 (s, 9H), 1.58–1.75 (m,
2H), 1.81–1.87 (m, 2H), 2.01 (t, J = 2.27 Hz, 3H), 3.14–
3.26 (m, 2H), 3.30–3.42 (m, 2H), 3.35 (s, 2H), 3.82 (q,
J = 2.27 Hz, 2H), 6.67 (d, J = 8.84 Hz, 2H), 7.51 (d,
J = 8.84 Hz, 2H). HRMS (ESI+) Calcd for
C22H31N3O6SþNHþ4 ([M+NH4]

+) 483.22718. Found:
([M+NH4]

1+) 483.2277; HPLC-1: H2O/CH3CN/0.1% for-
mic acid: 4.36 min; 96.8%; H2O/CH3OH/0.1% formic
acid: 5.74 min; 97.9%.

2.3.2. tert-Butyl 4-[({4-[but-2-ynyl(methyl)amino]phenyl}
sulfonyl)methyl]-4-[(hydroxyamino)carbonyl]piperidine-
1-carboxylate (11). A mixture of compound 10 (0.15 g,
0.31 mmol), silver (I) oxide (80 mg, 0.34 mmol), and
iodomethane (3 mL, excess) was stirred at 25 �C for
16 h. Filtration and concentration of the filtrate gave a
light yellow residue. Flash column chromatography of
the residue (silica gel, 5:1 n-hexane/ethyl acetate) affor-
ded 4-[4-(but-2-ynyl-methyl-amino)-benzenesulfonylm-
ethyl]-piperidine-1,4-dicarboxylic acid 1-tert-butyl ester
4-ethyl ester (0.11 g, 72%) as a white solid.

1H NMR (CDCl3) d ppm 1.29 (t, J = 7.07 Hz, 3H), 1.44
(s, 9H), 1.57–1.70 (m, 2H), 1.79 (t, J = 2.27 Hz, 3H),
2.08–2.29 (m, 2H), 3.07 (s, 3H), 3.12–3.27 (m, 2H),
3.41 (s, 2H), 3.63–3.74 (m, 2H), 4.06 (q, J = 2.27 Hz,
2H), 4.15 (q, J = 7.07 Hz, 2H), 6.80 (d, J = 9.09 Hz,
2H), 7.69 (d, J = 8.84 Hz, 2H).

Compound 11 was synthesized by following the proce-
dure in Section 2.3. 4-[4-(But-2-ynyl-methyl-amino)-
benzenesulfonylmethyl]-piperidine-1,4-dicarboxylic acid
1-tert-butyl ester 4-ethyl ester (0.11 g, 3.45 mmol) was
converted to the desired product (59.5 mg, 40%), ob-
tained as a white solid.

1H NMR (CD3OD) d ppm 1.41–1.47 (s, 9H), 1.75 (t,
J = 2.27 Hz, 3H), 1.77–1.90 (m, 2H), 1.94–2.09 (m,
2H), 3.06 (s, 3H), 3.29–3.40 (m, 2H), 3.45–3.61 (m,
2H), 3.54 (s, 2H), 4.14 (q, J = 2.27 Hz, 2H), 6.91 (d,
J = 9.09 Hz, 2H), 7.70 (d, J = 9.09 Hz, 2H). HRMS
(ESI+) Calcd for C23H33N3O6S ([M+H]+) 480.21628.
Found: ([M+H]+) 480.21602; HPLC-1: H2O/CH3CN/
0.1% formic acid: 5.02 min; 96.5%; HPLC-2: H2O/
CH3OH/0.1% formic acid: 6.48 min; 97.0%.

2.3.3. 4-(Tetrahydro-pyran-2-yloxy)-but-2-ynal (14). To a
solution of 2-butyne-1,4-diol (1.4 g, 16.2 mmol) in
100 mL of dichloromethane was added 3,4-tetrahydro-
pyran (1.48 mL, 16.2 mmol) along with p-toluenesulfon-
ic acid (62 mg, 0.32 mmol). The mixture was stirred at
25 �C for 0.5 h and then concentrated to give a light yel-
low oily residue. Flash column chromatography of the
residue (silica gel, 5:1 n-hexane/ethyl acetate) afforded
4-(tetrahydro-pyran-2-yloxy)-but-2-yn-1-ol (1.1 g, 40%)
as a colorless oil.

1H NMR (CDCl3) d ppm 1.61–1.90 (m, 6H), 3.50–
3.59 (m, 1H), 3.84 (ddd, J = 11.43, 8.65, 3.16 Hz,
1H), 4.30–4.35 (m, 4H), 4.81 (dd, J = 3.28, 3.27 Hz,
1H).

Oxalyl chloride (1.17 mL, 13.5 mmol) was added to a
solution of dimethylsulfoxide (1.92 mL, 27.0 mmol)
in 120 mL dry dichloromethane at �78 �C under
nitrogen. After the mixture was stirred for 15 min,
a solution of 4-(tetrahydro-pyran-2-yloxy)-but-2-yn-
1-ol (1.15 g, 6.76 mmol) in 15 mL dry dichlorometh-
ane was added dropwise. The reaction mixture was
stirred for 45 min and was then quenched with tri-
ethylamine (4.7 mL, 33.8 mmol) and warmed to
25 �C. The reaction mixture was washed with water,
brine, dried over MgSO4, and concentrated to pro-
vide the desired compound 14 (1 g, 90%) as a light
yellow oil, which was used for the next step without
further purification.
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1H NMR (CDCl3) d ppm 1.62–1.88 (m, 6H), 3.52–3.61
(m, 1H), 3.83 (m, 1H), 4.44–4.48 (m, 2H), 4.81 (dd,
J = 3.28, 3.27 Hz, 1H), 9.24 (s, 1H).

2.3.4. 4-{4-[4-(Tetrahydro-pyran-2-yloxy)-but-2-ynylami-
no]-benzenesulfonylmethyl}-piperidine-1,4-dicarboxylic acid
1-tert-butyl ester 4-ethyl ester (15). A mixture of aldehyde
14 (0.79 g, 4.7 mmol), compound 9 (2 g, 4.7 mmol), and
sodium cyanborohydride (0.44 g, 7.1 mmol) in 50 mL of
ethanol and 2 mL of acetic acid was stirred at 25 �C for
16 h. Concentration of reaction mixture gave a light yel-
low oily residue. Dichloromethane (30 mL) and 1 N
potassium sodium tartrate (30 mL) were added, and the
resulting mixture was stirred vigorously for 2 h. The aque-
ous layer was extracted with dichloromethane, and the
combined organic layers were concentrated to give an oily
residue. Flash column chromatography of the residue
(silica gel, 5:1 n-hexane/ethyl acetate) afforded 4-{4-[4-
(tetrahydro-pyran-2-yloxy)-but-2-ynylamino]-phenylsulfa-
nylmethyl}-piperidine-1,4-dicarboxylic acid 1-tert-butyl
ester 4-ethyl ester (0.81 g) as a slightly impure colorless
oil, that was carried on to the next step.

A mixture of above ester (0.81 g, 1.48 mmol), oxoneÆN-
Bu4 (5 g, 5.9 mmol), and 50 mL dichloromethane was
stirred at 25 �C for 16 h. The mixture was washed with
water, brine, and concentrated to give an oily residue.
Flash column chromatography of the residue (silica
gel, 3:1 n-hexane/ethyl acetate) afforded compound 15
(0.11 g, 13%) as a colorless oil.

1H NMR (CDCl3) d ppm 1.30 (t, J = 7.07 Hz, 3H), 1.44
(s, 9H), 1.48–1.76 (m, 8H), 2.08–2.30 (m, 2H), 3.10–3.31
(m, 2H), 3.40 (s, 2H), 3.46–3.55 (m, 1H), 3.62–3.74 (m,
2H), 3.75–3.87 (m, 1H), 4.00–4.07 (m, 2H), 4.17 (q,
J = 7.07 Hz, 2H), 4.55 (t, J = 5.56 Hz, 1H), 4.75 (t,
J = 3.28 Hz, 2H), 6.68 (d, J = 8.84 Hz, 2H), 7.67 (d,
J = 8.84 Hz, 2H).

2.3.5. 4-[4-(4-Hydroxy-but-2-ynylamino)-benzenesulfo-
nylmethyl]-4-hydroxycarbamoyl-piperidine-1-carboxylic acid
tert-butyl ester (12). A mixture of compound 15 (0.11 g,
0.19 mmol), pyridinium p-toluenesulfonate (7.7 mg,
0.05 mmol), and 10 mL methanol was stirred at 50 �C
for 2 h. Concentration of the reaction mixture gave 4-
[4-(4-hydroxy-but-2-ynylamino)-benzenesulfonylmethyl]-
piperidine-1,4-dicarboxylic acid 1-tert-butyl ester 4-ethyl
ester (0.1 g, 100%) as a light yellow oily residue, which
was used in the next step without further purification.
1H NMR (CD3OD) d ppm 1.29 (t, J = 7.20 Hz, 3H),
1.44 (s, 9H), 1.59–1.72 (m, 2H), 2.05–2.17 (m,
2H), 3.10–3.26 (m, 2H), 3.53 (s, 2H), 3.58–3.70 (m,
2H), 3.99–4.06 (s, 2H), 4.13 (q, J = 7.20 Hz, 2H), 4.22
(s, 2H), 6.78 (d, J = 8.84 Hz, 2H), 7.61 (d, J = 8.84 Hz,
2H).

Compound 12 was synthesized by following the proce-
dure in Section 2.3. The above ester (0.1 g, 0.19 mmol)
was converted into compound 12 (50 mg, 55%), ob-
tained as a white solid.

1H NMR (CD3OD) d ppm 1.45 (s, 9H), 1.77–1.88
(m, 2H), 2.05–2.14 (m, 2H), 3.33–3.41 (m, 2H), 3.48
(s, 2H), 3.51–3.62 (m, 2H), 4.01 (s, 2H), 4.19 (s, 2H),
6.75 (d, J = 8.84 Hz, 2H), 7.63 (d, J = 8.84 Hz, 2H).
HRMS (ESI+) Calcd for C22H31N3O7S ([M�H]�)
480.18100. Found: ([M�H]1�) 480.1814; HPLC-1:
H2O/CH3CN/0.1% formic acid: 3.74 min; 100%;
HPLC-2: H2O/CH3OH/0.1% formic acid: 5.17 min; 100%.

2.3.6. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-piperi-
dine-4-carboxylic acid hydroxyamide (16). To a solution of
compound 10 (81 mg, 0.17 mmol) in 3 mL dichlorometh-
ane was added 0.3 mL trifluoroacetic acid dropwise. The
mixture was stirred at 25 �C for 2 h. Concentration of
the reaction mixture gave 4-(4-but-2-ynylamino-benze-
nesulfonyl-methyl)-piperidine-4-carboxylic acid ethyl ester
trifluoroacetic acid salt as a light yellow oil.

1H NMR (CD3OD) d ppm 1.30 (t, J = 7.07 Hz, 3H),
1.77 (t, J = 2.27 Hz, 3H), 1.90–2.04 (m, 2H), 2.34–2.46
(m, 2H), 3.07–3.20 (m, 2H), 3.29–3.36 (m, 2H), 3.59 (s,
2H), 3.91 (q, J = 2.27 Hz, 2H), 4.15 (q, J = 7.07 Hz,
2H), 6.76 (d, J = 8.84 Hz, 2H), 7.60 (d, J = 8.84 Hz, 2H).

Compound 16 was synthesized by following the proce-
dure in Section 2.3. The above ester (84 mg, 0.17 mmol)
was converted into the desired product (27.5 mg, 44%),
obtained as a white solid.

1H NMR (CD3OD) d ppm 1.76 (t, J = 2.27 Hz, 3H),
2.03–2.16 (m, 2H), 2.31–2.43 (m, 2H), 3.08–3.20 (m,
2H), 3.32–3.38 (m, 2H), 3.52 (s, 2H), 3.90 (q,
J = 2.27 Hz, 2H), 6.75 (d, J = 8.84 Hz, 2H), 7.63 (d,
J = 8.84 Hz, 2H). HRMS (ESI+) Calcd for
C17H23N3O4S ([M+H]+) 366.14820. Found: ([M+H]+)
366.1479; HPLC-1: H2O/CH3CN/0.1% formic acid:
2.93 min; 95.6%; HPLC-2: H2O/CH3OH/0.1% formic
acid: 2.56 min; 95.0%.

2.3.7. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-1-(pro-
pane-2-sulfonyl)-piperidine-4-carboxylic acid hydroxyamide
(17). To a solution of compound 10 (0.23 g, 0.48 mmol) in
5 mL dichloromethane was added 0.5 mL trifluoroacetic
acid dropwise. The mixture was stirred at 25 �C for 2 h.
Concentration of the reaction mixture gave a light yellow
oil. At 0 �C, the oily residue was mixed with 2 mL dichlo-
romethane, 2 mL saturated sodium bicarbonate (aq), and
isopropylsulfonyl chloride (84 lL, 0.72 mmol). The result-
ing mixture was stirred at 25 �C for 16 h. The organic
layer was separated and concentrated to give a yellow oily
residue. Flash column chromatography of the residue
(silica gel, 5:1 n-hexane/ethyl acetate) afforded compound
4-(4-but-2-ynylamino-benzenesulfonylmethyl)-1-(propane-
2-sulfonyl)-piperidine-4-carboxylic acid ethyl ester (0.197 g,
85%) as a white solid.

1H NMR (CDCl3) d ppm 1.28–1.35 (m, 9H), 1.68–1.78
(m, 2H), 1.81 (t, J = 2.40 Hz, 3H), 2.24–2.33 (m, 2H),
3.09–3.26 (m, 3H), 3.39 (s, 2H), 3.53–3.63 (m, 2H),
3.90–3.96 (q, J = 2.40 Hz, 2H), 4.19 (q, J = 7.16 Hz,
2H), 4.51 (t, J = 5.68 Hz, 1H), 6.67 (d, J = 8.84 Hz,
2H), 7.65 (d, J = 8.84 Hz, 2H).

Compound 17 was synthesized by following the proce-
dure in Section 2.3. The above ester (0.26 g, 0.54 mmol)
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was converted into the desired product (0.115 g, 45%),
obtained as a white solid.

1H NMR (CD3OD) d ppm 1.28 (d, J = 6.82 Hz, 6H),
1.76 (t, J = 2.27 Hz, 3H), 1.82–1.97 (m, 2H), 2.09–2.21
(m, 2H), 3.20–3.31 (m, 3H), 3.39–3.50 (m, 2H), 3.53 (s,
2H), 3.90 (q, J = 2.27 Hz, 2H), 6.74 (d, J = 8.84 Hz,
2H), 7.63 (d, J = 8.84 Hz, 2H). HRMS (ESI+) Calcd
for C20H29N3O6S2 + H+ ([M+H]+) 472.15705. Found:
([M+H]+) 472.1566; HPLC-1: H2O/CH3CN/0.1% for-
mic acid: 4.26 min; 100%; HPLC-2: H2O/CH3OH/0.1%
formic acid: 4.92 min; 96.4%.

2.3.8. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-1-pyri-
din-4-ylmethyl-piperidine-4-carboxylic acid hydroxyamide
(18). To a solution of compound 10 (0.48 g, 1.0 mmol) in
10 mL dichloromethane was added 1.0 mL trifluoroacetic
acid dropwise. The mixture was stirred at 25 �C for 2 h.
Concentration of the reaction mixture gave a light yellow
oil. At 0 �C, the oily residue was mixed with 2 mL dichlo-
romethane, 4-(bromomethyl)pyridine hydrobromide
(0.38 g, 1.5 mmol), and N,N-diisopropylethylamine
(2 mL, excess). The resulting mixture was stirred at
25 �C for 16 h. Preparative HPLC of the mixture provided
4-(4-but-2-ynylamino-benzenesulfonylmethyl)-1-pyridin-
4-ylmethyl-piperidine-4-carboxylic acid ethyl ester (0.10 g,
21%) as a white solid.

1H NMR (CDCl3) d ppm 1.28 (t, J = 7.20 Hz, 3H), 1.76
(m, 2H), 1.80 (t, J = 2.53 Hz, 3H), 2.19–2.28 (m, 2H),
2.28–2.40 (m, 2H), 2.49–2.61 (m, 2H), 3.43 (s, 2H),
3.46 (s, 2H), 3.88–3.96 (q, J = 2.53, 2H), 4.13 (q,
J = 7.20 Hz, 2H), 4.59 (s, 1H), 6.67 (d, J = 8.08 Hz,
2H), 7.23 (d, J = 5.05 Hz, 2H), 7.66 (d, J = 8.08 Hz,
2H), 8.51 (d, J = 5.05 Hz, 2H).

Compound 18 was synthesized by following the proce-
dure in Section 2.3. The above ester (0.10 g, 0.21 mmol)
was converted into the desired product (49.5 mg, 40%),
obtained as a white solid.

1H NMR (CD3OD) d ppm 1.76 (t, J = 2.27 Hz, 3H),
1.84–1.96 (m, 2H), 2.07–2.19 (m, 2H), 2.36–2.46 (m,
2H), 2.47–2.59 (m, 2H), 3.50 (s, 2H), 3.55 (s, 2H), 3.90
(q, J = 2.27 Hz, 2H), 6.74 (d, J = 8.84 Hz, 2H), 7.40
(d, J = 6.06 Hz, 2H), 7.62 (d, J = 8.84 Hz, 2H), 8.46
(d, J = 6.06 Hz, 2H).

HRMS (ESI+) Calcd for C23H28N4O4S ([M+H]+)
457.19040. Found: ([M+H]+) 457.191; HPLC-1: H2O/
CH3CN/0.1% formic acid: 2.36 min; 100%; HPLC-2:
H2O/CH3OH/0.1% formic acid: 2.35 min; 100%.

2.3.9. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-piperi-
dine-1,4-dicarboxylic acid 1-diethylamide 4-hydroxyamide
(19). To a solution of compound 10 (0.12 g, 0.25 mmol) in
3 mL dichloromethane was added 0.25 mL trifluoroacetic
acid dropwise. The mixture was stirred at 25 �C for 2 h.
Concentration of the reaction mixture gave a light yellow
oil. At 0 �C, the oily residue was mixed with 2 mL dichlo-
romethane, 2 mL saturated sodium bicarbonate, and
diethylcarbamyl chloride (35 lL, 0.27 mmol). The result-
ing mixture was stirred at 25 �C for 16 h. The organic
layer was separated and concentrated to give a yellow oily
residue. Flash column chromatography of the residue
(silica gel, 5:1 n-hexane/ethyl acetate) afforded 4-(4-but-
2-ynylamino-benzenesulfonylmethyl)-1-diethylcarbamoyl-
piperidine-4-carboxylic acid ethyl ester (50 mg, 42%) as a
white solid.

1H NMR (CDCl3) d ppm 1.10 (t, J = 7.07 Hz, 6H), 1.29
(t, J = 7.07 Hz, 3H), 1.68–1.78 (m, 2H), 1.81 (t,
J = 2.27 Hz, 3H), 2.16–2.26 (m, 2H), 3.03–3.13 (m,
2H), 3.18 (q, J = 7.07 Hz, 4H), 3.31–3.40 (m, 2H), 3.41
(s, 2H), 3.92 (q, J = 2.27, Hz, 2H), 4.15 (q,
J = 7.07 Hz, 2H), 4.61 (s, 1H), 6.67 (d, J = 8.84 Hz,
2H), 7.65 (d, J = 8.84 Hz, 2H).

Compound 19 was synthesized by following the proce-
dure in Section 2.3. The above ester (50 mg, 0.10 mmol)
was converted into the desired product (31 mg, 67%),
obtained as a white solid.

1H NMR (CD3OD) d ppm 1.11 (t, J = 7.07 Hz, 6H),
1.76 (t, J = 2.27 Hz, 3H), 1.80–1.91 (m, 2H), 2.02–2.14
(m, 2H), 3.11–3.20 (m, 2H), 3.19 (q, J = 7.07 Hz, 4H),
3.25–3.35 (m, 2H), 3.53 (s, 2H), 3.90 (q, J = 2.27 Hz,
2H), 6.74 (d, J = 8.84 Hz, 2H), 7.63 (d, J = 8.84 Hz, 2H).

HRMS (ESI+) Calcd for C22H32N4O5S ([M+H]+)
465.21662. Found: ([M+H]+) 465.2171; HPLC-1: H2O/
CH3CN/0.1% formic acid: 4.00 min; 95.5%; HPLC-2:
H2O/CH3OH/0.1% formic acid: 5.46 min; 95.0%.

2.3.10. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-1-(2-
methyl-benzoyl)-piperidine-4-carboxylic acid hydroxyamide
(20). To a solution of compound 10 (0.16 g, 0.33 mmol) in
5 mL dichloromethane was added 0.20 mL trifluoroacetic
acid dropwise. The mixture was stirred at 25 �C for 2 h.
Concentration of the reaction mixture gave light yellow
oil. The oily residue was mixed with 2 mL dichlorometh-
ane, 2 mL saturated sodium bicarbonate, and 2-methyl-
benzoyl chloride (76 mg, 0.49 mmol) at 0 �C. The
resulting mixture was stirred at 25 �C for 16 h. The organ-
ic layer was separated and concentrated to give a yellow
oily residue. Flash column chromatography of the residue
(silica gel, 4:1 n-hexane/ethyl acetate) afforded 4-(4-but-2-
ynylamino-benzenesulfonylmethyl)-1-(2-methyl-benzoyl)-
piperidine-4-carboxylic acid ethyl ester (68 mg, 42%) as a
white solid.

1H NMR (CDCl3) d ppm 1.31 (t, J = 7.20 Hz, 3H),
1.63–1.75 (m, 2H), 1.80 (t, J = 2.27 Hz, 3H), 2.15–2.34
(m, 2H), 2.37 (s, 3H), 3.16–3.69 (m, 6H), 3.92 (q,
J = 2.27 Hz, 2H), 4.19 (q, J = 7.20 Hz, 2H), 4.60 (t,
J = 5.68 Hz, 1H), 6.67 (d, J = 8.84 Hz, 2H), 7.09–7.33
(m, 4H), 7.65 (d, J = 8.84 Hz, 2H).

Compound 20 was synthesized by following the proce-
dure in Section 2.3. The above ester (0.12 g, 0.24 mmol)
was converted into the desired product (65.6 mg, 56%),
obtained as a white solid.

1H NMR (CD3OD) d ppm 1.75 (t, J = 2.27 Hz, 3H),
1.77–1.98 (m, 2H), 1.99–2.24 (m, 2H), 2.37 (s, 3H),
3.33–3.43 (m, 1H), 3.44–3.54 (m, 2H), 3.56 (s, 2H)
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3.87–4.01 (m, 1H), 3.90 (q, J = 2.27 Hz, 2H), 6.74 (d,
J = 8.84 Hz, 2H), 7.13–7.18 (m, 2H), 7.20 (m, 2H),
7.25–7.37 (d, J = 8.84 Hz, 2H). HRMS (ESI+) Calcd
for C25H29N3O5S ([M+H]+) 484.19007. Found:
([M+H]+) 484.1889; HPLC-1: H2O/CH3CN/0.1% for-
mic acid: 4.72 min; 95.5%; HPLC-2: H2O/CH3OH/
0.1% formic acid: 5.85 min; 96.0%.

2.3.11. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-1-
(2-methyl-butyryl)-piperidine-4-carboxylic acid hydrox-
yamide (21). To a solution of compound 10 (0.15 g,
0.32 mmol) in 5 mL of dichloromethane was added
0.20 mL of trifluoroacetic acid dropwise. The mixture
was stirred at 25 �C for 2 h. Concentration of the reac-
tion mixture gave light yellow oil. The oily residue was
mixed with 2 mL of dichloromethane, 2 mL saturated
sodium bicarbonate, and 2-methyl-butyryl chloride
(42 mg, 0.35 mmol) at 0 �C. The resulting mixture was
stirred at 25 �C for 16 h. The organic layer was sepa-
rated and concentrated to give a yellow oily residue.
Flash column chromatography of the residue (silica
gel, 5:1 n-hexane/ethyl acetate) afforded 4-(4-but-2-
ynylamino-benzenesulfonylmethyl)-1-(2-methyl-butyryl)-
piperidine-4-carboxylic acid ethyl ester (30 mg, 20%) as
a white solid.

1H NMR (CDCl3) d ppm 0.83–0.93 (two sets of triplets,
J = 6.82 Hz, 3H), 1.05–1.12 (two sets of doublets,
J = 6.32 Hz, 3H), 1.31 (t, J = 7.07 Hz, 3H), 1.34–1.46
(m, 1H), 1.63–1.80 (m, 1H), 1.81 (t, J = 2.27 Hz, 3H),
2.04–2.13 (m, 1H), 2.40–2.51 (m, 1H), 2.53–2.66 (m,
1H), 3.02–3.10 (m, 1H), 3.28 (d, J = 16.0 Hz, 1H),
3.43–3.51 (m, 2H), 3.52 (d, J = 16.0 Hz, 1H), 3.65–3.77
(m, 1H), 3.93 (q, J = 2.27 Hz, 2H), 4.06–4.15 (m, 2H),
4.18 (q, J = 7.07 Hz, 2H), 4.48 (t, J = 5.0 Hz, 1H), 6.68
(d, J = 8.59 Hz, 2H), 7.66 (d, J = 8.59 Hz, 2H).

Compound 21 was synthesized by following the proce-
dure in Section 2.3. The above ester (30 mg,
0.065 mmol) was converted into the desired product
(20 mg, 65%), obtained as a white solid.

1H NMR (CD3OD) d ppm 0.87 (two sets of triplets,
J = 7.41 Hz, 3H), 1.06 (two sets of doublets, J = 6.57,
3H), 1.32–1.50 (m, 1H), 1.55–1.73 (m, 1H), 1.76 (t,
J = 2.27 Hz, 3H), 1.77–1.93 (m, 2H), 1.96–2.08 (m,
1H), 2.09–2.23 (m, 1H), 2.71–2.82 (m, 1H), 3.36–3.56
(m, 2H), 3.55 (s, 2H), 3.66–3.87 (m, 2H), 3.90 (q,
J = 2.27 Hz, 2H), 6.74 (d, J = 8.84 Hz, 2H), 7.63 (d,
J = 8.84 Hz, 2H).

HRMS (ESI+) Calcd for C22H31N3O5S ([M+H]+)
450.20572. Found: ([M+H]+) 450.2058; HPLC-1: H2O/
CH3CN/0.1% formic acid: 4.24 min; 95.5%; HPLC-2:
H2O/CH3OH/0.1% formic acid: 5.29 min; 95.0%.

2.3.12. 4-(4-But-2-ynylamino-benzenesulfonylmethyl)-1-iso-
butyryl-piperidine-4-carboxylic acid hydroxyamide (22). To
a solution of compound 10 (0.15 g, 0.32 mmol) in 5 mL
dichloromethane was added 0.20 mL trifluoroacetic acid
dropwise. The mixture was stirred at 25 �C for 2 h. Con-
centration of the reaction mixture gave a light yellow oil.
The oily residue was mixed with 2 mL of dichlorometh-
ane, 2 mL saturated sodium bicarbonate, and isobutyryl
chloride (37 mg, 0.35 mmol) at 0 �C. The resulting mix-
ture was stirred at 25 �C for 16 h. The organic layer was
separated and concentrated to give a yellow oily residue.
Flash column chromatography of the residue (silica gel,
5:1 n-hexane/ethyl acetate) afforded 4-(4-but-2-ynylami-
no-benzenesulfonylmethyl)-1-isobutyryl-piperidine-4-car-
boxylic acid ethyl ester (28 mg, 20%) as a white solid.

1H NMR (CDCl3) d ppm 1.11 (d, J = 6.06 Hz, 6H), 1.31
(t, J = 7.20 Hz, 3H), 1.49–1.57 (m, 1H), 1.71–1.81 (m,
1H), 1.81 (t, J = 2.27 Hz, 3H), 2.04–2.12 (m, 1H),
2.38–2.51 (m, 1H), 2.71–2.83 (m, 1H), 2.98–3.12 (m,
1H), 3.28–3.26 (m, 1H), 3.43–3.50 (m, 2H), 3.62–3.76
(m, 1H), 3.93 (q, J = 2.27 Hz, 2H), 4.03–4.14 (m, 1H),
4.18 (q, J = 7.20 Hz, 2H), 4.48 (t, J = 5.31 Hz, 1H),
6.67 (d, J = 8.84 Hz, 2H), 7.66 (d, J = 8.84 Hz, 2H).

Compound 22 was synthesized by following the proce-
dure in Section 2.3. The above ester (32 mg,
0.071 mmol) was converted into the desired product
(20 mg, 65%), obtained as a white solid.

1H NMR (CD3OD) d ppm 1.07 (two sets of doublets,
J = 6.69, 3.41 Hz, 6H), 1.76 (t, J = 2.27 Hz, 3H), 1.78–
1.92 (m, 2H), 1.99–2.08 (m, 1H), 2.11–2.20 (m, 1H),
2.86–2.97 (m, 1H), 3.34–3.53 (m, 2H), 3.55 (s, 2H),
3.66–3.84 (m, 2H), 3.90 (q, J = 2.27 Hz, 2H), 6.74 (d,
J = 8.84 Hz, 2H), 7.63 (d, J = 8.84 Hz, 2H). HRMS
(ESI+) Calcd for C21H29N3O5S ([M+H]+) 436.19007.
Found: ([M+H]+) 436.1898; HPLC-1: H2O/CH3CN/
0.1% formic acid: 3.68 min; 95.5%; HPLC-2: H2O/
CH3OH/0.1% formic acid: 5.25 min; 100%.

2.3.13. 4-(4-Amino-benzenesulfonyl)-2,2-dimethyl-thio-
morpholine-3-carboxylic acid methyl ester (24). 4-
Nitrobenzenesulfonyl chloride (1.77 g, 13.4 mmol)
was added to a solution of compound 23 (prepared
according to the method described in PCT Applica-
tion WO9720824; 0.65 g, 6.7 mmol) in 30 mL of
dichloromethane and N-methylmorpholine (1.5 mL,
13.4 mmol) at 0 �C. The reaction mixture was warmed
to 25 �C and stirred overnight. The mixture was
washed with water. The organic layer was concen-
trated to give a light yellow oily residue. Flash col-
umn chromatography of the residue (silica gel, 9:1
n-hexane/ethyl acetate) afforded 2,2-dimethyl-4-(4-
nitro-benzenesulfonyl)-thiomorpholine-3-carboxylic
acid methyl ester (0.57 g, 44%) as a clear oil.

1H NMR (CDCl3) d ppm 1.32 (s, 3H), 1.64 (s, 3H), 2.48
(d, J = 13.45 Hz, 1H), 3.16 (ddd, J = 13.45, 13.45,
3.66 Hz, 1H), 3.44 (s, 3H) 3.77 (ddd, J = 12.69, 12.69,
2.65 Hz, 1H), 4.05–4.16 (m, 1H), 4.48 (s, 1H), 7.89 (d,
J = 8.59 Hz, 2H), 8.34 (d, J = 8.59 Hz, 2H).

To a solution of the above ester (0.52 g, 1.39 mmol) in
11 mL of methanol and 0.6 mL acetic acid was added
zinc dust (<10 lm, 740 mg). After stirring at 25 �C for
1 h, the reaction mixture was filtered through a thin
layer of silica gel. Concentration of the filtrate afforded
compound 24 (0.47 g, 100%) as a light yellow oil, which
was used for the next step without further purification.
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1H NMR (CDCl3) d ppm 1.26 (s, 3H), 1.61 (s, 3H), 2.45
(dd, J = 13.14, 3.79 Hz, 1H), 3.11 (ddd, J = 13.14, 13.14,
3.79 Hz, 1H), 3.44 (s, 3H), 3.75 (ddd, J = 12.63, 12.63,
2.78 Hz, 1H), 4.03 (ddd, J = 12.63, 3.28, 3.16 Hz, 1H),
4.39 (s, 1H), 6.64 (d, J = 8.59 Hz, 2H), 7.47 (d,
J = 8.59 Hz, 2H).

2.3.14. 4-(4-But-2-ynylamino-benzenesulfonyl)-2,2-dime-
thyl-thiomorpholine-3-carboxylic acid methyl ester (25).
1-Bromo-2-butyne (0.14 mL, 1.55 mmol), compound 24
(0.52 g, 1.51 mmol), potassium carbonate (0.36 mg,
2.6 mmol), 3 mL N,N-dimethylacetamide, and a stir
bar were placed in a microwave reaction vessel. The
reaction vessel was sealed with a cap, and then heated
to 100 �C for 50 min in a microwave reactor. The reac-
tion mixture was diluted with ethyl acetate and washed
with water. The organic layer was concentrated to give
a light yellow oily residue. Flash column chromatogra-
phy of the residue (silica gel, 5:1 n-hexane/ethyl acetate)
afforded 25 (0.22 g, 37%) as a clear oil and the starting
material 24 (0.32 g, 62%).

1H NMR (CDCl3) d ppm 1.29 (s, 3H), 1.63 (s, 3H), 1.80
(t, J = 2.27 Hz, 3H), 2.45 (dd, J = 13.14, 4.00 Hz, 1H),
3.12 (ddd, J = 13.14, 13.14, 3.79 Hz, 1H), 3.42 (s, 3H),
3.75 (ddd, J = 12.63, 12.63, 3.03 Hz, 1H), 3.91 (q,
J = 2.27 Hz, 2H), 4.05 (dd, J = 12.25, 3.16 Hz, 1H),
4.36 (t, J = 4.00 Hz, 1H), 4.40 (s, 1H), 6.62 (d,
J = 8.84 Hz, 2H), 7.52 (d, J = 8.84 Hz, 2H).

2.3.15. (3S)-4-{[4-(But-2-ynylamino)phenyl]sulfonyl}-N-
hydroxy-2,2-dimethylthio-morpholine-3-carboxamide (26).
Compound 26 was synthesized by following the proce-
dure in Section 2.3. The above ester 25 (40 mg,
0.1 mmol) was converted into the desired product
(10 mg, 25%), obtained as a white solid.

1H NMR (CD3OD) d ppm 1.22 (s, 3H), 1.53 (s, 3H),
1.76 (t, J = 2.27 Hz, 3H), 2.45 (dd, J = 13.14, 4.00 Hz,
1H), 3.02 (ddd, J = 13.14, 13.14, 3.79 Hz, 1H), 3.76–
3.92 (m, 2H), 3.87 (q, J = 2.27 Hz, 2H), 4.11 (s, 1H),
6.68 (d, J = 8.84 Hz, 2H), 7.51 (d, J = 8.84 Hz, 2H).
HRMS (ESI+) Calcd for C17H23N3O4S2 ([M+H]+)
398.12027. Found: ([M+H]+) 398.1191; HPLC-1: H2O/
CH3CN/0.1% formic acid: 4.62 min; 95.3%; HPLC-2:
H2O/CH3OH/0.1% formic acid: 5.10 min; 97.1%.

2.3.16. 4-(4-Hydroxy-benzenesulfonylmethyl)-piperidine-
1,4-dicarboxylic acid 1-tert-butyl ester 4-ethyl ester (29).
A mixture of compound 8 (18.51 g, 46.6 mmol), 4-mer-
captophenol (7.06 g, 55.91 mmol), and potassium car-
bonate (7.08 g, 51.26 mmol) in 80 mL DMF was
stirred at 25 �C for 5 h. The resulting mixture was di-
luted with ethyl acetate, washed with water, brine, and
concentrated to give a light yellow solid residue
(19.52 g), which was used for the next step without fur-
ther purification.

1H NMR (CDCl3) d ppm 1.20 (t, J = 7.91 Hz, 3H), 1.45
(s, 9H), 1.40–1.52 (m, 2H), 2.09–2.20 (m, 2H), 2.89–3.03
(m, 2H), 3.06 (s, 2H), 3.67–3.89 (m, 2H), 4.00 (q,
J = 7.91 Hz, 2H), 5.71 (s, 1H), 6.75 (d, J = 9.22 Hz,
2H), 7.28 (d, J = 9.22 Hz, 2H).
To a solution of above solid in 30 mL dichlorometh-
ane at 0 �C was added 77% 3-chloroperoxybenzoic
acid (25.3 g 113 mmol). The mixture was slowly
warmed to 25 �C and stirred for 16 h. The solid was
filtered and the filtrate was concentrated to give a yel-
low oily residue. Flash column chromatography of the
residue (silica gel, 1:1 n-hexane/ethyl acetate) afforded
the desired product 29 (17.87 g, 89% for two steps) as
a white solid.

1H NMR (CDCl3) d ppm 1.31 (t, J = 7.37 Hz, 3H), 1.45
(s, 9H), 1.52–1.76 (m, 2H), 2.05–2.38 (m, 2H), 3.06–3.29
(m, 2H), 3.43 (s, 2H), 3.63–3.74 (m, 2H), 4.20 (q,
J = 7.37 Hz, 2H), 6.95 (d, J = 8.72 Hz, 2H), 7.72 (d,
J = 8.72 Hz, 2H).

2.3.17. 4-[4-(1-Methyl-but-2-ynyloxy)-benzenesulfonyl-
methyl]-1-(propane-2-sulfonyl)-piperidine-4-carboxylic acid
ethyl ester (30). A mixture of compound 29 (300 mg,
0.69 mmol), 3-pentyn-2-ol (87.5 mg, 1.04 mmol), triphe-
nylphosphine (362 mg, 1.38 mmol), and diisopropyl azo-
dicarboxylate (279 mg, 1.38 mmol) in dichloromethane
(15 mL) was stirred at 0 �C for 1 day and then concen-
trated. Chromatography (silica, 3:1 n-hexane/ethyl acetate)
afforded 4-[4-(1-methyl-but-2-ynyloxy)-benzenesulfo-
nylmethyl]-piperidine-1,4-dicarboxylic acid 1-tert-butyl
ester 4-ethyl ester as a colorless oil (344 mg, 100%).

1H NMR (CDCl3) d ppm 1.27–1.36 (m, 2H), 1.36–1.53
(m, 9H), 1.56–1.71 (m, 5H), 1.82 (d, J = 2.02 Hz, 3H),
2.08–2.31 (m, 2H), 3.20 (s, 2H), 3.44 (s, 2H), 3.69 (d,
J = 13.39 Hz, 2H), 4.06–4.23 (m, 2H), 4.83–5.06 (m,
2H), 7.03–7.15 (m, 2H), 7.72–7.87 (m, 2H).

The above product (344 mg, 0.69 mmol) was stirred in
dichloromethane (5 mL) and 1 mL of trifluoroacetic
acid at room temperature for 30 min. The reaction mix-
ture was then concentrated to give 4-[4-(1-methyl-but-2-
ynyloxy)-benzenesulfonylmethyl]-piperidine-4-carboxylic
acid ethyl ester that was precipitated from ethyl ether as
a trifluoroacetate salt.

1H NMR (DMSO-d6) d ppm 1.20 (t, J = 7.07 Hz, 3H),
1.56 (d, J = 6.57 Hz, 3H), 1.80 (d, J = 2.02 Hz, 3H),
1.91 (t, 2H), 2.14 (t, J = 14.91 Hz, 2H), 3.00 (m, 2H),
3.22 (m, 2H), 3.78 (s, 2H), 4.03 (q, J = 7.16 Hz, 2H),
5.16–5.27 (m, 1H), 7.17–7.25 (m, 2H), 7.74–7.84 (m,
2H), 8.51 (s, 2H).

The above trifluoroacetate salt (0.34 g, 0.67 mmol) was
stirred with isopropylsulfonyl chloride (0.19 g,
1.34 mmol) in dichloromethane (10 mL) and saturated
sodium bicarbonate (5 mL) at room temperature over-
night. The organic layer was separated and concentrated
to give a yellow oily residue. Flash column chromato-
graphy of the residue (silica gel, 5:1 n-hexane/ethyl ace-
tate) afforded compound 30 (0.26 g, 77%) as a white
powder. 1H NMR (CDCl3) d ppm 1.28–1.40 (m, 10H),
1.60–1.69 (m, 3H), 1.70–1.80 (m, 2H), 1.82 (d,
J = 2.02 Hz, 3H), 2.29 (d, J = 14.65 Hz, 2H), 3.11–3.29
(m, 2H), 3.42 (s, 2H), 3.59 (d, J = 13.64 Hz, 2H), 4.20
(q, J = 7.07 Hz, 2H), 4.79–4.97 (m, 1H), 7.05–7.15 (m,
2H), 7.67–7.85 (m, 2H).
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2.3.18. N-Hydroxy-1-(isopropylsulfonyl)-4-[({4-[(1-meth-
ylbut-2-yn-1-yl)oxy]phenyl}sulfonyl)-methyl]piperidine-4-
carboxamide (27). Compound 27 was synthesized by
following the procedure in Section 2.3. The above ester
30 (0.25 g, 0.49 mmol) was converted into the desired
product (0.12 g, 61%), obtained as a white solid.

1H NMR (CDCl3) d ppm 1.30 (d, J = 6.82 Hz, 6H), 1.64
(d, J = 6.42 Hz, 3H), 1.82 (d, J = 2.02 Hz, 3H), 1.87–
1.98 (m, 2H), 2.30 (m, 2H), 3.11–3.20 (m, 1H), 3.32
(t, J = 8.34 Hz, 2H), 3.42 (s, 2H), 3.54 (t, J = 13.39 Hz,
2H), 4.84–4.94 (m, 1H), 7.10 (d, J = 8.84 Hz, 2H), 7.80
(d, J = 8.08 Hz, 2H), 9.52 (s, 1H). HRMS (ESI+) Calcd
for C21H30N2O7S2 ([M+H]+) 487.15672. Found:
([M+H]+) 487.1567; HPLC-1: H2O/CH3CN/0.1% for-
mic acid: 4.56 min; 97.0%; HPLC-2: H2O/CH3OH/
0.1% formic acid: 5.68 min; 100.0%.

2.3.19. 4-(4-Benzyloxy-benzenesulfonylmethyl)-piperidine-
4-carboxylic acid ethyl ester (31). To a solution of com-
pound 29 (1.1 g, 2.6 mmol) in DMF (20 mL) were added
benzyl bromide (0.49 g, 2.9 mmol) and potassium car-
bonate (1.8 g, 13 mmol) at 0 �C. The mixture was stirred
for 30 min. The reaction mixture was taken up in ethyl
acetate (100 mL) and washed with water (50 mL). The
organic layer was separated and concentrated to afford
4-(4-benzyloxy-benzenesulfonylmethyl)-piperidine-
1,4-dicarboxylic acid 1-tert-butyl ester 4-ethyl ester
(1.35 g, 100%) as a colorless oil.

1H NMR (CDCl3) d ppm 1.29 (t, J = 7.30 Hz, 3H), 1.44
(s, 9H), 1.58–1.72 (m, 2H), 2.06–2.32 (m, 2H), 3.06–3.31
(m, 2H), 3.42 (s, 2H), 3.67 (m, 2H), 4.15 (q, J = 7.30 Hz,
2H), 5.15 (s, 2H), 7.08 (d, J = 9.51 Hz, 2H), 7.40–7.43
(m, 5H), 7.80 (d, J = 8.65 Hz, 2H).

The above compound (1.35 g, 2.6 mmol) was stirred in
dichloromethane (20 mL) and 2 mL of trifluoroacetic
acid at room temperature for 4 h. The reaction mixture
was concentrated to afford the trifluoroacetate salt of 31
(1.16 g, 84%) as a white solid.

1H NMR (DMSO-d6) d ppm 1.19 (t, J = 7.07 Hz, 3H),
1.83–1.95 (m, 2H), 2.06–2.18 (m, 2H), 2.91–3.06 (m,
2H), 3.15–3.27 (m, 2H), 3.77 (s, 2H), 4.00 (q,
J = 7.07 Hz, 2H), 5.25 (s, 2H), 7.24–7.30 (m, 2H),
7.32–7.51 (m, 5H), 7.76–7.83 (m, 2H), 8.51 (d, 2H).

2.3.20. 4-(4-Hydroxy-benzenesulfonylmethyl)-1-(propane-
2-sulfonyl)-piperidine-4-carboxylic acid ethyl ester (32).
To a solution of the above TFA salt (1.06 g, 2.0 mmol)
in dichloromethane (20 mL) were added isopropylsulfo-
nyl chloride (0.34 mL, 3.1 mmol) and N,N-diisopropyl-
ethylamine (1.4 mL, 8.1 mmol). The reaction mixture
was stirred at 25 �C for 16 h and concentrated. Chroma-
tography (silica gel, 4:1 n-hexane/ethyl acetate) afforded
4-(4-benzyloxy-benzenesulfonylmethyl)-1-(propane-2-sul-
fonyl)-piperidine-4-carboxylic acid ethyl ester (0.52 g,
49%) as an off-white solid.

1H NMR (CDCl3) d ppm 1.29–1.33 (m, 9H), 1.69–1.76
(m, 2H), 2.26–2.29 (m, 2H), 3.11–3.23 (m, 3H), 3.41 (s,
2H), 3.54–3.63 (m, 2H), 4.19 (q, J = 7.16 Hz, 2H), 5.15
(s, 2H), 7.01–7.14 (m, 2H), 7.32–7.48 (m, 5H), 7.73–
7.87 (m, 2H).

The above compound (0.5 g, 0.96 mmol) was
suspended in methanol (20 mL) and hydrogenated
using a hydrogen balloon in the presence of 10%
of palladium over carbon (65 mg). The mixture
was stirred for 20 h, filtered through Celite, and
concentrated to afford 32 (0.4 g, 97%) as an off-
white solid.

1H NMR (CDCl3) d ppm 1.29–1.37 (m, 9H), 1.65–1.80
(m, 2H), 2.27 (d, J = 13.89 Hz, 2H), 3.13–3.26 (m,
3H), 3.42 (s, 2H), 3.54–3.64 (m, 2H), 4.22 (q,
J = 7.07 Hz, 2H), 6.92–6.99 (m, 2H), 7.68–7.76 (m, 2H).

2.3.21. 4-[({4-[(1,1-Dimethylbut-2-yn-1-yl)oxy]phenyl}sul-
fonyl)methyl]-N-hydroxy-1-(isopropylsulfonyl)piperidine-4-
carboxamide (28). To a solution of compound 32 (0.4 g,
0.93 mmol) in dichloromethane (15 mL) were added
2-methyl-3-pentyn-2-ol (0.14 g, 1.4 mmol, prepared
according to Syn. Commun., 1992, 22, 2997–3002), triphe-
nylphosphine (0.49 g, 1.86 mmol), and diisopropyl azodi-
carboxylate (0.38 g, 1.86 mmol). The reaction mixture
was stirred at 0 �C for 16 h and concentrated. Chroma-
tography (silica gel, 3:1 n-hexane/ethyl acetate) afforded
the impure product, which was further purified via HPLC
(CH3CN/H2O/0.1% formic acid) to afford 4-[4-(1,1-di-
methyl-but-2-ynyloxy)-benzenesulfonylmethyl]-1-(pro-
pane-2-sulfonyl)-piperidine-4-carboxylic acid ethyl ester
(0.1 g, 20%) as a white solid.

1H NMR (CDCl3) d ppm 1.28–1.35 (m, 9H), 1.67 (s,
6H), 1.71–1.81 (m, 2H), 1.85 (s, 3H), 2.30 (d,
J = 13.89 Hz, 2H), 3.11–3.27 (m, 3H), 3.42 (s, 2H),
3.55–3.63 (m, 2H), 4.20 (q, J = 7.07 Hz, 2H), 7.30–7.36
(m, 2H), 7.73–7.79 (m, 2H).

Compound 28 was synthesized by following the proce-
dure in Section 2.3. The above ester (100 mg,
0.19 mmol) was converted into the desired product
(31 mg, 34%), obtained as a white solid.

1H NMR (CDCl3) d ppm 1.31 (d, J = 6.82 Hz, 6H),
1.67 (s, 6H), 1.85 (s, 3H), 1.88–1.99 (m, 2H), 2.27–
2.37 (m, 2H), 3.11–3.20 (m, 1H), 3.32 (t, J = 10.2 Hz,
2H), 3.43 (s, 2H), 3.54 (d, J = 14.1 Hz, 2H), 7.34 (d,
J = 8.34 Hz, 2H), 7.77 (d, J = 8.34 Hz, 2H), 9.25–9.70
(m, 1H). HRMS (ESI+) Calcd for C22H32N2O7S2

([M+H]+), 501.17237. Found: ([M+H]+) 501.173;
HPLC-1: H2O/CH3CN/0.1% formic acid: 4.74 min;
95.7%; HPLC-2: H2O/CH3OH/0.1% formic acid:
6.00 min; 95.0%.
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