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ABSTRACT

Dysregulated levels of activated matrix metalloproteinases (MMPs) are linked to different
pathologies such as cancer, atherosclerosis, neuroinflammation and arthritis. Therefore imaging
of MMPs with positron emission tomography (PET) represents a powerful tool for the diagnosis
of MMP associated diseases. Moreover, to distinguish between the distinct functions and roles of
individual MMPs in particular pathophysiological processes their specific imaging must be
realized with radiolabeled tracers e.g. fluorine-18 labeled MMP inhibitors (MMPIs). Therefore,
fluorinated dibenzofuransulfonamide-based MMPIs showing excellent inhibition of MMP-12
and selectivity over other MMPs were prepared. MMP-12 is a key enzyme in e.g. chronic
obstructive pulmonary disease (COPD) and atherosclerosis. Due to promising in vitro properties,
three candidates (4, 9 and 19) were selected from this library and the radiofluorinated analogs
([lsF]4, ['®F]9 and [ISF]19) were successfully synthesised. Initial in vitro serum stability and in
vivo biodistribution studies of the radiolabeled MMPIs with PET demonstrated their potential

benefit for preferable MMP-12 imaging.

INTRODUCTION

Matrixins also known as matrix metalloproteinases (MMPs) belong to the metzincin
superfamily of proteases that also include serralysins, adamalysins, pappalysins and astacins. The
MMP protease family consists of at least 23 members in vertebrates and shows proteolytic
activity towards extracellular matrix (ECM) components (collagen, gelatin, elastin, laminin etc.)
as well as non-matrix proteins (cytokines, chemokines, growth factors etc.).

Structurally MMPs are Ca®'-containing endopeptidases with a Zn*"-ion in the active site that

is coordinated by three histidine-residues located in the highly conserved HEXGHXXGXXH
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Zn*"-binding motif.! MMPs play an important role in physiological processes such as organ
morphogenesis, angiogenesis, wound healing and embryonic development.” Alongside activated
MMPs are upregulated in many pathological processes’ such as cancer,*” atherosclerosis,®’
neuroinflammation,® arthritis’ and pulmonary emphysema.'® From this point of view MMPs
represent highly (pre)clinical relevant and important targets for molecular imaging, e.g. with the
nuclear medicine techniques single photon emission computed tomography (SPECT) and
positron emission tomography (PET). Identification and diagnosis of tissues with upregulated
levels of activated MMPs with SPECT and PET, respectively, would be a powerful instrument
for the research of disorders involving MMPs as well as for the therapy of MMP associated
diseases. Hence MMP inhibitors (MMPIs) labeled with SPECT-compatible nuclides ™ Te,
111In, 1231 etc.) and radioisotopes suitable for PET (ISF, 11C, 68Ga, 1247 etc.), respectively, might be
an appropriate tool for MMP imaging in nuclear medicine. "’

Therefore our group focused on the development of small molecule radiolabeled MMPIs with
broad spectrum inhibition profile based on the lead structures (R)-N-hydroxy-2-((4-methoxy-N-
(pyridin-3-ylmethyl)phenyl)sulfonamido)-3-methylbutanamide (CGS 27023A, Figure 1)'? and
(R)-2-((N-benzyl-4-methoxyphenyl)sulfonamido)-N-hydroxy-3-methylbutanamide (CGS
25966)."> We developed SPECT- and PET- compatible MMPIs of several generations that
coordinate the Zn*"-ion of the active site with a hydroxamate moiety. The MMPIs of the first
generation contained iodine-123 (HO-['*I]I-CGS 27023A) and facilitated imaging of MMP
activity in the arterial wall in mice in vivo,"™'"> while representatives of the second generation
incorporated fluorine-18'*'""* and the PET-tracer ['*F]BR351 out of this pool provided a
sensitive, noninvasive diagnostic tool of following lesion formation and resolution in murine

experimental autoimmune encephalomyelitis (EAE) and human multiple sclerosis (MS)."**° The
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third generation, also labeled with fluorine-18, was modified with hydrophilic structural
elements (e.g. 1,2,3-triazol ring(s), ethylene glycol units) resulting in a triazol-substituted

candidate (["*FJHUG38) that lent itself for further (pre)clinical evaluation.”"*%*

Ry: Ro:
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Figure 1. Hydroxamate based MMPIs CGS 27023 A and CGS 25966 and radiolabeled

derivatives.

Moreover barbiturate (pyrimidine-2,4,6-trione) based MMPIs that showed subgroup-
specificity for the gelatinases A and B (MMP-2 and -9), neutrophil collagenase (MMP-8) and the
membrane-bound MMPs MT-1-MMP (MMP-14) and MT-3-MMP (MMP-16)** were developed
as radiotracers in our group. These compounds can also be subdivided in several classes (class 1:
P, " and '"I-labeled®?®; class 2: '"F-labeled®’; class 3: '“F-labeled with hydrophilic
structural modifications®). The prototype of '*F-labeled barbiturates (class 2) was systematically
evaluated in a colorectal cancer model but turned out to be not useful for MMP-9 imaging in this
mouse model.”’ Furthermore in cooperation with other groups we developed '*F-labeled prolin
based®® and ''C-/"*F- and ®*Ga-labeled pyrimidine dicarboxamide based MMPIs®' specific for
collagenase-3 (MMP-13), a major proteolytic enzyme in ECM breakdown of osteoarthritis (OA)

and rheumatoid arthritis (RA).32
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In this project we aim at the development of MMPI radiotracers that are potent and selective

for macrophage metalloelastase (MMP-12). MMP-12 represents an upregulated key enzyme in

33,34,35 37,38

chronic obstructive pulmonary disease (COPD), neurological diseases,’ cancer and in

. 39.40,41,42
atherosclerosis.” "

PET imaging of atherosclerosis is a particular focus of our group. In
general the imaging of single MMPs is challenging because in comparison to an imaging
approach of the whole MMP enzyme family the absolute amount of activated enzyme (and for
this reason Bp,y) is decreased. Under the assumption that a By,.x/K;j ratio > 10 is sufficient for
MMP imaging with nuclear medicine techniques a potent MMPI radiotracer (with a low K;-

value) that is specific for the relevant MMP must be available.**#**

Under these premises the
imaging of a single MMP gives the great opportunity to evaluate the role of this specific MMP in
specific biological processes (e.g. pathological situations) resulting in possibilities to manipulate
this processes with targeted interactions with the specific MMP (e.g. potential therapy
approaches associated with single MMPs). For MMP-12 the situation is additionally complicated
because the enzyme can be located intra- and extracellular and the availability of the enzyme for
potential radiotracer binding is not equal in both environments.***’ Nevertheless latest papers
showed that SPECT/PET-imaging of specific MMPs (families) is feasible even in a COPD mice
model that is closely associated with the overexpression of activated MMP-12.*4

For our purposes, the dibenzofuransulfonamide-based MMPIs, selectively inhibiting MMP-12

and discovered by Wu et al. (e.g. MMP118 in Figure 2)*, were chosen as lead compounds for

further (radio)chemical modifications.
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IC50 (MMP-12) = 1.0 nM
Selectivity over MMP-13 > 1980
Selectivity over MMP-8 > 154

Figure 2. a) Lead compound MMP118, b) X-ray co-crystal structure of MMP118 and

MMP-12 adapted from Wu ez al.”®

In contrast to the above mentioned agents CGS 27023A and CGS 25966 the
dibenzofuransulfonamide-based MMPIs possess a carboxylic acid moiety as Zn-binding group
while the O-atoms of the sulfonamide group interact with the amino acid backbone of the
enzyme via hydrogen bonding. The dibenzofuran scaffold or core substituted with a five-
membered heterocycle occupies the S1’'-pocket of MMP-12. The thiazolyl-substituted lead
compound MMP118 demonstrates more than 150-fold selectivity over the structurally related

MMP-8 and -13.

RESULTS AND DISCUSSION

Chemistry. In the first step of the development of potent and selective MMP-12 radiotracers
for PET imaging labeled with fluorine-18 and based on the described dibenzofuransulfonamide
lead structure the corresponding non-radioactive counterparts substituted with fluorinated five-
membered heterocycles were synthesized and tested in in vitro MMP assays.
Thus, the aryl bromide key intermediate 1 was synthezised in 5 steps with an overall yield of
52% from dibenzofuran according to a procedure reported in literature.”™" Aryl bromide 1 was

converted into the corresponding azide 2 with sodium azide and Cul as catalyst. After copper(I)-
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catalyzed Huisgen azide-alkyne 1,3-dipolar cycloaddition (“click-reaction”) with 5-fluoropent-1-

yne22 yielding triazole 3, the tert-butyl ester was cleaved with KSF clay in acetonitrile under

oNOYTULT D WN =

reflux. The resulting target compound 4 was obtained with 37% yield over 3 steps. Moreover
10 precursor 5 for potential labeling with 5-['*F]fluoropent-1-yne was also prepared by ester
cleavage of 2 with KSF clay in acetonitrile (Scheme 1).

o o}

15 Br N3 o) N3
H H H
o A OAT e AN AT o SE O
‘I 7 % \\O O % \\O O O/, \\O O
1 2 5

pd
p4

O O

Y
20 N A~F l(b)

22 F F
23
24 7N 7N
N—N N—N
o © 1

26 N Ay N O
27 S - HO™ 7 25

0" %0 ) 0" 0

3 4

32 Scheme 1. Synthesis of N-linked triazole derivative 4. Reagents and conditions: (a) NaNs, Na
34 ascorbate, Cul, DMEDA, EtOH/H,0 (7:3), 100 °C, 30 min, 94%; (b) Na ascorbate, Cul, DMF,

tt, 4 h, 49%; (c) KSF clay, CH5CN, 100 °C, 6 h, 81%; (d) KSF clay, CH;CN, 100 °C, 5 h, 79%.

41 The synthesis of the C-linked triazole derivative 9 also started with the aryl bromide 1 (Scheme
2). After Sonogashira coupling of 1 with trimethylsilylacetylene, the silyl group was cleaved
46 from 6 under basic conditions similar to a procedure described in the literature™ to yield alkyne
48 7. Subsequent 1,3-dipolar cycloaddition of alkyne 7 with 2-fluoroethyl azide provided the C-
50 linked triazole 8. Finally the fert-butyl ester 8 was hydrolyzed with KSF clay and the C-linked

triazole 9 was obtained in 42% over the the described four reaction steps. Furthermore the
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potential precursor 10 for radiolabeling with 2-["*F]fluoroethyl azide®

was prepared
analogously from 7 by cleavage of the ester group with KSF clay and 71% yield.

SiMe3

. / ] 7 %
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Scheme 2. Synthesis of C-linked triazole derivative 9. (a) (Me);SiC=CH, PdCl,(PPhs),, Cul,
Et;N, DMF, 65 °C, 16 h, 68%; (b) K,COs3;, MeOH, rt, overnight, 94%; (c) Na ascorbate, Cul,
DMF, 1t, 4 h, 83%; (d) KSF clay, CH3CN, 100 °C, 6 h, 80%; (e) KSF clay, CH3CN, 100 °C, 5 h,

71%.

To elucidate the influence of different Zn-binding groups, the carboxylic acids 4 and 9 were
converted into the corresponding hydroxamates 12a-b by coupling with O-THP hydroxylamine
and subsequent cleavage of the THP protective group with HCI in dioxane (Scheme 3). The
overall yield of the N-and C-linked triazoles 12a and 12b containing the hydoxamate Zn-binding

moiety was 51% and 65%, respectively.
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16 Scheme 3. Conversion of the carboxylic acids 4 and 9 into hydroxamic acids 12a and 12b. (a)
18 THPONH,, HOBT, NMM, EDC, DMF, rt, overnight, 11a 96%, 11b 87%; (b) 4 M HCI in

dioxane, rt, 2 h, 12a 53%, 12b 75%.

25 For the preparation of dibenzofuransulfonamides substituted with fluorinated pyrazoles the
brominated pyrazol derivates 13 and 14 were prepared from 2-fluoroethyl tosylate and the
30 corresponding 3-bromo- and 4-bromopyrazole via nucleophilic substitution under basic reaction
32 conditions (Scheme 4).
34 = Br_

N

F
37 Br TsO™ (b) N

38 13 14

Scheme 4. Synthesis of brominated (2-fluoroethyl)pyrazoles 13 and 14. (a) Cs,CO3;, DMF, 100

43 °C, 3 h, 51%; (b) Cs,CO3;, DMF, 100 °C, 6 h, 56%.

The (S)-enantiomer of the arylboronic acid pinacol ester 15 prepared according to a literature
50 protocol’' was reacted with bromopyrazoles 13 and 14 in a Suzuki-Miyaura reaction to afford the
52 coupling products 16 and 18. Cleavage of the fert-butyl ester of 16 and 18 with KSF clay in

acetonitrile led to the carboxylic acids 17 and 19 with overall yields of 37 and 38%, respectively

60 ACS Paragon Plus Environment
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(Scheme 5). In order to study the significance of the configuration of the center of chirality in
this class of MMP inhibitors ent-19, the (R)-configured enantiomer of 19, was prepared in the

same manner starting from the pinacol ester ent-15 in two steps with an overall yield of 7%.

¥

o)
B-O R R
>l LK @ >k g o 1K
(@) S _— O S —» HO S
o o) 13 or 14 0% o) o % o)
15 (S)
ent-15 (R)

N f\ ~F
. _ N . _ [Ow
16: (S) R= E/E’\; 17: (S) R= ‘ZLL N
;\E\N/\/F ;\E\N/\/F
18:(S) R= Ix 19:(S) R= s/

N N

& &
P o, T
ent18: (R) R= </ ent19: (R) R= s/

N N

Scheme 5. Synthesis of fluorinated pyrazole substituted derivatives 17, 19 and ent-19. (a)
K,COs, PdCI,y(PPh;3),, DME/H,0O (7:1), 85°C, 3-5h, 16 51%, 18 47%, ent-18 21%; (c) KSF

clay, CH3CN, 100 °C, 5 h, 17 72%, 19 80%, ent-19 34%.

Moreover, arylboronate 15 was used for the preparation of the tosylate precursor 22 for the
synthesis of the fluorine-18 labeled MMP-12 inhibitor ['*F]19. For this purpose, 4-
bromopyrazole was alkylated with ethylene sulfate followed by tosylation of the hydroxy group
of alcohol 20. The final Suzuki-Miyaura coupling of the arylboronic acid pinacol ester 15 with

tosylate 21 provided the desired precursor 22 with 9% yield over three steps (Scheme 6).
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17 Scheme 6. Preparation of the precursor 22 for radiosynthesis of ['*F]19. (a) KO'Bu, DMF, t,
19 overnight, 57%; (b) TsCl, NEt;, CH,Cl,, rt, 20 h, 50%; (c) K,COs, PdCIly(PPh;3),, DME/H,O

(7:1), 85 °C, 5 h, 30%.

26 Analog to Scheme 6 the preparation of the corresponding tosylate substituted ester that can serve
as potential precursor for fluorine-18 labeled ["®*F]17 could not be realized because a product

31 mixture was obtained that could not be sufficiently purified.

Additionally three fluorinated thiazoles 25, 28 and 31 and a thiophene derivative 34 were
38 synthesized starting with the Suzuki-Miyaura coupling of pinacol ester 15 with the
40 corresponding brominated hydroxyethyl thiazole or thiophene derivatives and microwave
42 heating followed by nucleophilic substitution with DAST to yield fluorinated intermediats 24,
27, 30 and 33. Finally, after cleavage of the fert-butyl ester with KSF clay the carboxylic acids

47 25, 28, 31 and 34 were obtained in overall yields of 17-37% (Scheme 7).
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Scheme 7. Synthesis of fluorinated thiazolyl and thienyl substituted derivatives 25, 28, 31 and
34. (a) brominated hydroxyethyl thiazole or thiophene derivative, K,COs;, PdCIly(PPhs),,
DME/H,O (7:1), microwave, 150 W, 100 °C, 20-180 min, 23 49%, 26 47%, 29 66%, 32 40%;
(b) DAST, toluene, rt, overnight, 24 82%, 27 64%, 30 80%, 33 83%; (c) KSF clay, CH3CN, 100

°C, 5 h, 25 92%, 28 56%, 31 58%, 34 54%.

In vitro MMP inhibition. The MMP inhibition of synthesized fluorinated five-membered
heteroaryl substituted dibenzofuransulfonamides 4, 9, 12a-b, 17, 19, ent-19, 25, 28, 31 and 34
and the non heteroaryl substituted azide and alkyne derivatives S5 and 10 was recorded. The
inhibition of activated MMP-2, -8, -9, -12 and -13 was investigated in a fluorometric in vitro
inhibition assay according to a literature procedure.’® Furthermore selected candidates (4, 9)
were tested in MMP-1, -3 and -7 assays. The obtained ICso-values are listed in Table 1. In order
to analyze changes in the lipophilicity/hydrophilicity caused by structural modifications the
logD7 4-values of the non-radioactive test compounds were determined by a micro-shake-flask
method coupled with LC-MS quantiﬁcation.55 The logD74 values of the radiolabeled analogs

were determined by the shake-flask method with y-counting based analysis.
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Table 1. MMP inhibitory activity of fluorinated five-membered hetaryl substituted dibenzofuran

oNOYTULT D WN =

sulfonamides 4, 9, 12a-b, 17, 19, ent-19, 25, 28, 31 and 34 and the non heterocycle substituted

10 azide and alkyne derivative 5 and 10.

14 H s
15 R2 s 7
16 00 4 0O &

5

19 ICsy + SD [nM]
20 Cpd. R' R’  Config.
21 MMP-2 MMP-8 MMP-9 MMP-12 MMP-13 logD, 4

23 =~ L 0.59 0.07°
24 4 NN OH (S) 81+3 19+3 2230+ 1200  0.19+0.02 288 + 10
25 0.48+ 0.01°

28 12a E/N\N’rN NHOH ) 2670 +£449 421 +123 8760 +2390 62 +30 1170 £341  2.55+0.03"

2 N 0.09+ 0.07*
32 ¢ fy T oH () 35+6 20+0.6 >10000 0.001+3-10° 16+5
¥ 0.00+0.01°

/™
36 12b E/[,N\N F NHOH (5 174 £ 21 27+ 11 >10000 342 62+15  2.33+0.08"
2

17 OH ) 6.5+3 85+0.7  413+£317  0.0008+2-10* 24404  0.73+0.02°

J_F 0.68+ 0.02°
43 19 ;{N OH (S 0.84+0.03 0.18+0.02 1515 0.0004 +1-10*  3.2+0.08
44 =N 0.63+ 0.02°

46 F
ent- J_

1o E{N OH (R)  20+04  3.0£03 n.d. 20+0.1 1945  0.68+0.02°
48

S F
51 §
25 \ﬁj\/ OH (S) 26+3  0.22+0.03 nd. 0.12+0.04 332411 1.26+£0.01°

55 28 y /ﬁ\% OH ) 55+ 10 20+0.6 195433 0.081 % 0.002 60+£4  1.25+0.02°
N
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S
‘g/k\;&/\ OH ) 049+001 051+03 200 + 49 0.94+0.13 120+£0.5 1.71+0.02°

I\
E/Q\AF OH () 20+ 12 20+04 58+4 0.001 +2-10™ 20+3 1.70+ 0.02*

N3 OH ) 3+0.5 24+0.1 250+2 1.0 £0.07 90 +4

C=CH OH ) 14+0.3 22+6 >1000 21+6 406 =24

n.d. not possible to determine due to inhomogenous data

*logD; 4-values were determined by MS quantification (n = 9)

b logD; 4-values were determined using the radiolabeled analogs (n = 6)
ICso(MMP-1) > 10 uM, IC5((MMP-3) = 4.2 £ 0.7 uM, IC5o((MMP-7) > 10 uM

YCso(MMP-1) > 10 M, ICso(MMP-3) = 4.2 + 2.8 uM, IC5o((MMP-7) > 10 uM

In general, a suitable tool to modify MMP selectivity is the variation of the inhibitor P1’-
substituent that occupies the S1’'-cavity of MMPs. The S1’-pocket can be differentiated into
small- (MMP-1, -7, -11, -20), medium- (MMP-2, -8, -9, -12, -14, -16) and large-sized (MMP-3, -
10, -13)°® and previous work of Li et al.’”® showed for the dibenzofuran based MMPIs that a
C3/C8 substitution pattern is favored over a C2/C7 and a C3/C7 constellation regarding MMP-12
affinity and selectivity.

As shown in Table 1 all fluorinated heteroaryl substituted dibenzofurans with (S)-configuration
and carboxylate moiety are excellent MMP-12 inhibitors with ICsp-values in subnanomolar to
subpicomolar range (0.0004-0.94 nM for 4, 9, 17, 19, 25, 28, 31 and 34). To the best of our
knowledge, these compounds represent the most potent MMP-12 inhibitors reported so far in

literature. The mentioned dibenzofurans also show MMP-2, -8 and MMP-13 inhibitory potency

ACS Paragon Plus Environment
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in the nanomolar range (ICsp-values: 0.49-332 nM), but most of them (4, 9, 17, 19, 34) possess
>100-fold selectivity for MMP-12 compared to the structurally related MMP-8 and -13 and the
gelatinases MMP-2 and -9. Replacing the carboxylate Zn-binding group by a hydroxamate
moiety led to a dramatic loss of MMP-12 inhibition (ICs50(4) = 0.19 nM; ICs¢(12a) = 62 nM;
IC50(9) = 0.001 nM; ICs0(12b) = 3 nM). This is a remarkable fact because a contrary effect was
observed for a selective peptide-based MMP-12 inhibitor.”> Maybe this opposite effect for these
different MMP-12 inhibitor classes (peptide-based and dibenzofuran-based) is caused by varied
sterical interactions of the different S1 substituents in both inhibitor classes that must be shifted
when the carboxylate moiety is displaced by a hydroxamate group. An additional effect is
observed by inversion of the configuration. While (S)-configurated pyrazole 19 is a highly potent
MMP-12 inhibitor (ICs = 0.0004 nM), the (R)-configured enantiomer ent-19 displays
considerably decreased potency (ICsp = 2.0 nM). A similar observation was also reported by Wu

1> for other derivatives of this compound class. Comparison of the compounds 28 and 31

et a
reveals that the introduction of an additional methyl substituent at the terminal thiazole ring
caused a 10-fold loss in MMP-12 inhibitory potency (ICs¢(28) = 0.081 nM, ICsy (31) = 0.95 nM),
but increased inhibitory activities against MMP-2, -8 and -13. The fundamental importance of
the five-membered heterocycle for the MMP-12 selectivity was confirmed by azide 5 and alkyne
10. Both compounds are potent inhibitors of MMP-2, -8 and -12 (ICsy = 1.0-22 nM) without
designated inhibitory activities against MMP-9 and MMP-13. Compounds 4 and 9 were also
tested against MMP-1, -3 and -7 with a designated small-sized (MMP-1, -7) and large-sized

(MMP-3) S1’-pocket to demonstrate broad MMP-12 selectivity exemplarily. Consistent with

previous results®™"*® both compounds showed little to no affinity for MMP-1 and -7 (ICso > 10
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uM) while a moderate inhibition of MMP-3 with a large-sized S1°-cavity was observed (ICso(4)
>42+0.7 uM, IC50(9) > 4.2 £ 2.8 uM).

The hetaryl substituted dibenzofurans showed moderate lipophilicity with logD7 4 values ranging
from 0.09 to 2.55. Additionally, the logD7 4 values of radiofluorinated analogues ["*F]4, ["*F]9
and ["*F]19 were determined (see section Radiochemistry). The logD- 4 values recorded with the
LC-MS for the non-radioactive analogs 4, 9, and 19 were in good accordance with the
radiochemically determined values and differed by <0.11 units.

Based on these results the '®F-labeled counterparts of N-linked triazole 4, which was the first
potent and selective MMP-12 inhibitor in our hands, C-linked triazole 9 and the most potent and
extremely selective MMP-12 inhibitor 19 were chosen for radiosynthesis and further in vitro/in
vivo evaluation. Radiosynthesis of ["*F]17 whose non-radioactive analog 17 showed comparable
MMP-12 affinty and selectivity to 19 was prevented due to the failed synthesis of a potential

labeling precursor (see above).

Radiochemistry. The radiosyntheses of ['*F]4, ['*F]9 and ["*F]19 were carried out in a
semiautomated two step procedure using a modified PET tracer radiosynthesizer TRACERLab
FXgpg (GE Healthcare).

The first step of the preparation of ['*F]4 was the nucleophilic substitution at the precursor pent-
4-yn-1-yl 4-methylbenzenesulfonate with anhydrous ['*F]fluoride yielding 5-['*F]fluoropent-1-
yne according to previous literature.” The second step consisting of the Cu(I)-catalyzed Huisgen
azide-alkyne 1,3-dipolar cycloaddition of azide 5 and 5-['*F]fluoropent-1-yne was conducted

outside the automated system after distillation of 5-['*F]fluoropent-1-yne in a separate flask with
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cooled DMF (-10 °C) and addition of Cu(Il)-sulfate pentahydrate and sodium ascorbate (Scheme

8).

rcy: 37 8% (d. ¢, n=6)

= rep: > 99%
_\—\ A 3-59 GBg/umol

OTs t: 126 + 3 min 18
logD7 4: 0.48 £ 0.01
(a)i 9D7 4
— z
= ° )
7 N3 18 H NN
HO H F HO ¥
O — TG
2 (b) o
o) o] 0
s ['°F14

Scheme 8. Radiosynthesis of ["*F]4. (a) K(Ka2)['*F]F, K,COs, CH5CN, 110 °C, 180's; (b)

CuSOy -5H,0, Na ascorbate, DMF, 40 °C, 30 min.

After stirring for 30 min at 40 °C, purification by semipreparative HPLC, concentration and
formulation, the product ['*F]4 was obtained with overall radiochemical yield (rcy) of 37 + 8%
(decay corrected (d. c.), n = 6) in 126 + 3 min with radiochemical purity (rcp) >99% and molar
activity (Am) of 3-59 GBg/umol. The radiochemically determined logD;4-value of ['*F]4 was
0.48 and differed just by 0.11 from the logD74-value determined by MS quantification of
compound 4.

The radiosythesis of the C-linked triazole ['*F]9 was performed in a similar way as the synthesis
of the N-linked derivative ['®F]4. After preparation of 1-azido-2-["*F]fluoroethane from 2-
azidoethyl 4-methylbenzenesulfonate following the procedure of Glaser and Arstad with the
improvement of Hugenberg e al.”*** Cu(I)-catalyzed 1,3-dipolar cycloaddition of precursor 10

with 1-azido-2-['®F]fluoroethane yielded the desired radiofluorinated triazole ['*F)9. (Scheme 9)
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N3 rcy: 43+ 7% (d.c.,,n=6)
\—\ rcp: >99 %
OTs An: 7-57 GBa/umol
t: 140 £ 6 min
logD7 4: 0.00 £ 0.01
(a)
N N’—N
o) 7 3 o CONTNUSF
H 18 H
TS e OO
% (b) 2
10 ['%F]0

Scheme 9. Radiosynthesis of ["*F]9. (a) K(Ka2)['*F]F, K»COs, CH;CN, 110 °C, 180s; (b)

CuSO4 -5H,0, Na ascorbate, DMF, 40 °C, 30 min.

After purification and formulation, the radiotracer ['®F]9 was obtained in overall radiochemical
yield of 43 = 7% (decay corrected, n = 6) in 140 + 6 min with radiochemical purity >99% and
molar activity of 7-57 GBg/umol. The logD; 4-value of ['*F]9 was 0.00 and differed only slightly
from the logD; 4-value determined for the non-radioactive analog 9 (0.09).>

The radiolabeling of the pyrazole derivative ['*F]19 was also performed in two steps via
nucleophilic substitution of the tosyloxy moiety of precursor 22 with anhydrous ['*F]fluoride and

subsequent hydrolysis of the terz- butyl ester with TFA (Scheme 10).

rcy: 22 +9% (d.c.,n=9)
rcp: > 99%
A 3-68 GBg/pmol
t: 161 £ 15 min
logD7 4: 0.63 + 0.02

N N,
NP = (a). (b) o =
A AT
’/S\b o ’/S\\ o)
22

ZT
ZT

@)

o o}
['8F119
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Scheme 10. Radiosynthesis of ["*F]19. (a) K(Ka)['*F]F, K,CO3, CHsCN, 100 °C, 30 min; (b)

TFA, 40 °C, 5 min.

After purification and formulation, the pyrazole derivative ["*F]19 was received in overall
radiochemical yield of 22 + 9% (decay corrected, » = 9) in 161 + 15 min with radiochemical
purity >99% and molar activity of 3-68 GBq/umol. The logD;s-values of 19 and [ISF]19

determined by different methods were almost identical (0.68 vs. 0.63).

In vitro stability in human and mouse serum. The in vitro stability was investigated by
incubation of the three radiotracers with human and mouse blood serum. All three tracers [ISF]4,
['®F]9 and ['®F]19 revealed excellent serum stability upon incubation up to 90 min at 37 °C.
Only the parent compounds without any radiometabolites or decomposition products were
detected by analytical radio-HPLC. Figure 3 shows exemplarily the radio-HPLC chromatograms

of ['*F)4, ['®F]9 and ['®F]19 after incubation with mouse serum for 90 min.
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Figure 3. Serum stability: radio-HPLC chromatograms after incubation of ['*F]4 (top), ['*F]9
(middle) and ["*F]19 (bottom) with mouse blood serum at 37°C for 90 min. Radio-HPLC:

Method D.

In vitro biotransformation using mouse liver microsomes. To identify metabolically labile
structural elements as early as possible, the carboxylic acids 4, 9 and 19 as well as the
hydroxamic acids 12a and 12b were incubated with mouse liver microsomes and NADPH/H"
with and without UDPGA (UDP-activated glucuronic acid) for 2 h. The formation of metabolites
was monitored by LC coupled with quadrupole-time-of-flight-MS (qToF) allowing identification
of metabolite structures by analysis of the exact masses of separated compounds and generated

fragments ions.
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Incubation of hydroxamates 12a and 12b with mouse liver microsomes and NADPH/H" led to

formation of the carboxylic acids 4 and 9 (phase 1 metabolites), respectively. In addition to the

oNOYTULT D WN =

acids 4 and 9, conjugation products 35a and 35b (phase 2 metabolites) were detected after
10 incubation of 12a and 12b with UDPGA and NADPH/H". Both types of metabolites originate

from transformation of the hydroxamic acid. (Scheme 11)

i% HOJI,,\ - )i ”H%Cy%o‘ujﬂ;%r{

19 40r9 12aorb 35a0rb

27 Scheme 11. Metabolites of hydroxamates 12a-b in the mouse liver microsome assay. (a) mouse
29 liver microsomes, NADPH/H", rt, 2 h; (b) mouse liver microsomes, NADPH/H', UDPGA, rt, 2

h.

36 Incubation of the acids 4, 9 and 19 with mouse liver microsomes and different cofactors did not
lead to metabolites in reasonable amounts. The missing metabolites indicate a very high
41 metabolic stability that can be explained by the absence of the hydroxamate functional group,
43 and thus represents a promising starting point for in vivo experiments.

Due to the extraordinarily high potency of the pyrazole 19 (MMP-12: I1Csy = 0.4 pM) a sample
48 was incubated with cofactors NADPH/H" and UDPGA for 90 min and subsequently analyzed
50 using higher injection volumes in order to detect metabolites formed only in trace amounts. The
52 extracted ion chromatogram (EIC, Figure 4) shows in addition to the peak of the parent

compound 19 two small peaks indicating two metabolites in trace amounts. Although peak sizes
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can be compared only supposing a similar ability to be ionized in ESI positive mode, the very

small peaks of the metabolites reveal high metabolic stability of 19 (Figure 4).

Intens.
x104
1.0
0.8 19
05 4
0.41 37 36
0.2 /
0.0 . . , . A“L , J Anae.an N\ , :
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 Time [min]

Figure 4. Extracted ion chromatograms (EICs, ESI positive mode) of parent compound 19 (m/z
460.1319 + 0.01) and metabolites 36 (m/z 476.1246 + 0.01) and 37 (m/z 636.1673 + 0.01),
90 min after incubation with mouse liver microsomes, NADPH/H" and UDPGA. HPLC-MS:

Method F.

The structures of the formed metabolites 36 and 37 were identified by fragmentation experiments
(MRM) (Figure 5). Whereas the first metabolite 36 was generated by oxidation of the isopropyl
moiety (phase 1 metabolite), conjugation with glucuronic acid led to the glucuronide 37 (phase 2
metabolite). The high metabolic activity of the used murine microsomes and incubation

conditions have already been described.®"!
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Figure 5. Postulated metabolites formed upon incubation of 19 with mouse liver microsomes,

NADPH/H" and UDPGA.

In vitro binding to human serum albumin. /» vitro human serum albumin (HSA) binding of
triazoles 4 and 9 as well as pyrazoles 17 and 19 was investigated by high performance affinity
chromatography (HPAC) using an analytical HPLC column coated with HSA. HSA was selected
as it is, together with al-acid glycoprotein (AGP), mainly responsible for plasma protein binding
(PPB) and represents the main plasma protein.®® The retention factor k' of a compound
correlates with its HSA binding, since it reflects the interactions with the stationary phase. At
first, the retention factors of compounds with known HSA binding were determined to generate a
calibration curve that allowed the calculation of HSA binding (in %) of unknown compounds
after measurement of their k'-values.®* According to this procedure more than 90% HSA binding
was recorded for all four compounds (4: 98%; 9: 94%; 17: 97%; 19: >99%) indicating high HSA

binding and thus high PPB of the investigated MMP-12 inhibitors.

In vivo Biodistribution Studies. The in vivo biodistribution studies of all three fluorine-18

labelled compounds ['*F]4, ['*F]9 and ["*F]19 were investigated in adult C57BL/6 mice (n =2)
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after intravenous injection of 3-11 MBq as 120 min dynamic PET scans. Representative
horizontal and sagittal slices and maximum intensity projections (MIP) of whole body images at

selected time points after tracer injection are represented in Figure 6.
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Figure 6. Horizontal/sagittal slices and maximum intensity projection of the in vivo

biodistribution of tracer-associated radioactivity in an adult C57BL/6 mouse after intravenous

oNOYTULT D WN =

injection of ['*F]4 (8.3 MBgq, top), ['*F]9 (10.8 MBq, middle) and [**F]19 (9.2 MBg, bottom).

The biodistributions of the three radiotracers are very similar to each other, no significant
15 differences were observed. All tracers showed very fast and efficient elimination from the body.
17 Shortly after injection, a high accumulation of radioactivity was observed in the liver followed
by accumulation in the interstine. On the other side a comparatively low accumulation in the
22 kidneys and the bladder was found pointing to a predominate hepatobiliary excretion.
24 Accumulation of radioactivity in the bones, indicating free ['*F]fluoride ions, was not observed
in the entire dynamic imaging study. Additionally the PET image data were analyzed

29 quantitatively for selected regions of interest (Figure 7).
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injected dose per volume during the whole observation period of 120 min.
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Figure 7. In vivo biodistribution of radioactivity in an adult C57BL/6 mouse after intravenous
injection of ['*F]4 (top), ['*F]9 (middle) and ['®*F]19 (bottom). Time-activity curves illustrate

tracer dynamics in selected regions of interest (ROI). Activity is displayed as percentage of
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According to predominant hepatobiliary excretion of the three compounds the highest activity
concentrations were found in the liver (35-40%ID/mL) and gallbladder (>40%ID/mL) within the
first 10 minutes after injection. Subsequent decrease of liver activity to less than 10% ID/mL
reflects the continuous clearance of all three compounds until the end of the study. Gallbladder
activity varied between the biodistribution studies, typically due to inter-individual different
secretory stimuli under anesthesia. The activity of ['*F]19 in the gallbladder persists throughout
the imaging study of 120 minutes. One might speculate that this pattern could be explained by
the inter-individual variation or different hydration states at the day of PET imaging. However a
tracer specific characteristic as a cause for the persistance in the gallbladder can not be excluded
After initial activity peaks in blood (18-31%ID/mL) and lungs (<15%ID/mL) in the first five
minutes, only a low amount of radioactivity (<3%ID/mL) was observed in non-excretion organs
or tissues such as brain, lung, heart, spleen, and muscles (exemplarily data of muscles are
shown). Similarily, the activity concentration in the kidneys decreased after an initial peak (10-
15%ID/mL) to <5%ID/mL for the period 10-120 min while the bladder activity concentration
remained between 10 and 30%ID/mL for the later time points (30-120 min). The high HSA
binding determined in the section “in vitro binding to human serum albumin” for non-radioactive
counterparts 4, 9, and 19 prevented not the efficient washout of labeled analogs ['*F]4, ["*F]9

and ["*F]19 from the blood shown by limited blood activities of <5%ID/mL already after 20 min.

CONCLUSION
This study aimed at the development of PET tracers for imaging of activated MMP-12 that is a
promising target in different pathologies. Therefore, this work presented in the first step the

successful syntheses of dibenzofuransulfonamidecarboxylic acid based MMP-12 inhibitors with
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(S)-configuration and terminal triazole (4, 9), pyrazole (17, 19), thiazole (28, 31) and thiophene
(37) rings with fluoroalkyl substituent. The compounds revealed excellent inhibitory potential
(ICsp-values: 0.0004-0.19 nM) and high selectivity (> 25 fold) for MMP-12. To the best of our
knowledge these compounds represent the most potent MMP-12 inhibitors decribed in literature
so far. Changing the Zn-binding group to a hydroxamic acid moiety (12a-b), inversion of the
center of chirality to (R)-configuration (22), adding an additional substituent at the terminal five-
membered heterocycle (34) or substitution of core sytem by an azide (5) or alkyne group (10) led
to dramatic loss of MMP-12 inhibition and selectivity for MMP-12. Moreover, 4, 9 and 19
showed high HSA-binding (=94%) and high metabolic stability upon incubation with mouse
liver microsomes. Due to this preliminary results compounds 4, 9 and 19 were selected for
radiochemical resyntheses. The fluorine-18 labeled and moderate lipophilic analogs ["*F]4,
['®F]9 and ["*F]19 (logD7.4 0.00-0.63) were successfully synthesized radiochemically in two step
procedures with rcy of 22-43% (d. c.). The triazoles ['®F]4 and ['®F]9 and the pyrazole ['*F]19
showed excellent stability in vitro, when incubated with human and mouse serum without
formation of fragments and/or metabolites. Initial biodistribution studies of all three radiotracers
in C57BL/6 mice using small animal PET exhibited predominantly hepatobiliary elimination of
the radiofluorinated inhibitors without undesired and unspecific accumulation in non-excretion
organs and bones indicating non-formation of [ISF]ﬂuoride. In summary [ISF]4, [ISF]9 and
['*F]19 featured promising in vitro and in vivo behavior predetermining these MMP-12
inhibitors for further in vivo evaluation with PET in mouse models that are characterized by
elevated levels of activated MMP-12 such as the models of irritant contact determititis (ICD) and

collagen induced arthritis (CIA).
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EXPERIMENTAL SECTION

Chemistry: General Methods

All purchased chemicals, reagents and solvents for synthesis were of analytical grade quality and
applied without further purification. Demineralized water was used if not otherwise mentioned.
For radiosynthesis water of injection was used and DNA-grade CH3CN. Air and moisture-
sensitive reactions were handled under argon atmosphere. The microwave reactions were
performed with Discover SP — Microwave Synthesizer (CEM). Parameters such as solvent,
power, temperature, and time are declared in the synthetic procedures. Melting points (mp) are
uncorrected and were measured with melting point system Stuart SMP 3 (STUART
SCIENTIFIC) and melting point system mp 70 (METTLER TOLEDO) using an open capillary.
GC/MS measurements were performed with GC system GC-2010 couplet with mass
spectrometer GCMS-QP2010 (SHIMADZU). Column Rxi-1ms (30.0 m length, 0.25 mm internal
diameter, 0.25 um thickness, RESTEK) was used and helium as carrier gas. Data acquisition
were realized with GCMS solution version 2.71 software (SHIMADZU). Thin layer
chromatography was performed with TLC silica gel sheets POLYGRAM® SIL G/UVas4
(MACHEREY-NAGEL). As stationary phase for the flash column chromatography silica gel 60
(40 — 63 um, Merck) was used. Pressure was applied with compressed air. Eluent and the
retention factor (Ry) are declared in the synthetic procedures. Automatic flash column
chromatography was performed with Reveleris X2 (GRACE, now BUCHI). As stationary phase
silica flash cartridges were used. Parameters such as cartridge, flow rate and eluent are declared
in the synthetic procedures. NMR spectra were recorded on an AV300 (‘"H NMR 300 MHz, "*C
NMR 75 MHz, ’F NMR 282 MHz) or AV400 (‘"H NMR 400 MHz, “C NMR 100 MHz )

spectrometer (Bruker) and a Varian Unity plus 600 ('"H NMR 600 MHz, *C NMR 151 MHz)
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spectrometer. Chemical shifts (8) were reported in parts per million (ppm) against the reference
compound tetramethylsilane (TMS) and calculated using the solvent residual peak of the
deuterated solvent. ESI-MS spectra were recorded with a Micro Tof (BRUKER DALTONICS).

The following UPLC-UV/MS system was used: precolumn: Zorbax Eclipse Plus-C18 (2.1 x
12.5 mm, 5 pm particle size); column: Zorbax SB-C18 (2.1 x 50 mm, 1.8 um particle size);
degasser: 1260 HiP (G4225A) (AGILENT); pump: 1260 Bin Pump (G1212B) (AGILENT);
autosampler: 1260 HiP ALS (G1367E) (AGILENT); column oven: 1290 TCC (G1316C)
(AGILENT); MS-detector: 6120 Quadrulpol LC/MS (G1978B) (AGILENT); MS source:
multimode source; precolumn: Chiralpak® HSA HPLC Guard Column (2.0 x 10 mm, 5 pm
particle size); column: Chiralpak® HSA HPLC Column (2.0 x 50 mm, 5 pm particle size);
temperature: 25 °C; solvent: ammonium acetate (50 mM, pH 7.4) bidist. water:i-PrOH 96:4;
isocratic. The following HPLC systems were used: Method A: pump: WellChrom K-1800
(KNAUER); UV detector: Smartline 2500 (KNAUER, A =254 nm); column: Nucleosil 100-5 C-
18, 4.6 mm X 250 mm; solvent A: water with 0.1% (v/v) trifluoroacetic acid; solvent B:
acetonitrile with 0.1% (v/v) trifluoroacetic acid; flow rate: 1.5 mL/min; gradient elution: (A%): 0
— 4 min: 90% , 4 — 33 min: gradient from 90% to 30%, 33 — 43 min: 30%, 43 — 45 min: gradient
from 30% to 0%, 45 — 50 min: 0%, 50 — 53 min: gradient from 50% to 53%. Method B: The
following HPLC was used to determine the enantiomeric purity of pyrazol derivates 19 and 22.
pump: L-7150 (MERCK-HITACHI); UV/vis detector: L-7400 (MERCK-HITACHI);
autosampler: L-7200 (LaChrom, MERCK-HITACHI); column: Chiralpack® AS 5 pum
(DIACEL), 4.6 mm x 250 mm; solvent: i-hexane:ethanol:methanol 70:15:15 + 0.1% formic acid;
flow rate: 1.0 mL/min; isocratic. Method C1: The reaction mixtures of radiolabeled compounds

were purified and separated with semipreparative radio-HPLC at room temperature. Pumps: K
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500 and K 501 (KNAUER); UV detector: K 2000 (KNAUER, A = 254 nm); y-Detector: Nal(TI)
Scintibloc 51 SP51 (CRISMATEC); column: ACE 126-2510, 10 mm x 250 mm; solvent A:
water with 0.1% (v/v) trifluoroacetic acid; solvent B: acetonitrile with 0.1% (v/v) trifluoroacetic
acid; flow rate: 5.5 mL; gradient elution: (A%): 0 — 45 min: gradient from 80% to 30%, 45 — 50
min: 30%, 50 — 55 min: 30% to 80%. Method C2: gradient elution: (A%): 0 — 30 min: gradient
from 80% to 50%, 30 — 45 min: gradient 50% to 30%, 45 — 55 min: 30% to 80%. Method D:
pump: Smartline 1000 (KNAUER); UV detector: Smartline 2500 (KNAUER, A = 254 nm); -
Detector: GabiStar (RAYTEST ISOTOPENMESSGERATE GMBH); column: Nucleosil 100-5
C-18, 4 mm x 250 mm, solvent: A: water with 0.1% (v/v) trifluoroacetic acid; solvent B:
acetonitrile with 0.1% (v/v) trifluoroacetic acid; flow rate: 1.0 mL/min, gradient elution: (A%): 0
— 15 min: gradient from 90% to 0%, 15 — 18 min: 0%, 18— 20 min: 0% to 90%. Purity of the
target compounds was > 97% determined by HPLC (HPLC methods are specified in the
individual sections of the compounds).

Synthetic procedures

General Procedure for Suzuki-Miyaura Coupling Method A (General Procedure A)

Pinacol boronic ester 15 or ent-15 (1 - 3 eq), brominated heteroaromatic compounds (1 - 3 eq)
and K,COj (2.0 - 6.3 eq) were added to DME/H,O (7:1) and Ar was bubbled through the mixture
for 30 min to remove O,. Pd(PPh;3),Cl; (0.1 eq) was added and the reaction mixture was stirred at
80 °C under Ar atmosphere for 5-24h. After cooling to room temperature, brine (0.5 x
DME/H,0 mL) was added and the reaction mixture was extracted with ethyl acetate (0.5 x brine
mL), the combined organic layers were dried (MgSO,), filtered and concentrated in vacuo. The
crude product was purified by column chromatography or automatic flash column

chromatography.
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General procedure for Suzuki-Miyaura Coupling Method B (General Procedure B)

Pinacol boronic ester 15 (1. eq), brominated heteroaromatic compounds (1.5 eq) and K,CO;
(2.0 eq) were dissolved in DME/H,0 (1.6 - 3 mL, 7:1) in a microwave vial and Ar was bubbled
through for 10 s. Pd(PPh;3),Cl, (0.1 eq) was added and the reaction mixture was heated in a
microwave apparatus at 100 °C, 150 W for 20-60 min. After cooling to room temperature, brine
(10 mL) was added and the reaction mixture was extracted with ethyl acetate (3 x 5 mL), the
combined organic layers were dried (MgSO,), filtered and concentrated in vacuo. The residue
was purified by automatic flash column chromatography.

General procedure for deprotection of zert-butyl esters with KSF clay (General Procedure
)

tert-Butyl ester (0.05 - 18.63 mmol) was dissolved in acetonitrile (5 -45 mL) and KSF clay
(0.27 - 3.73 g) was added. The reaction mixture was stirred for 3.5 - 24 h under reflux. After
filtration, the filtrate was concentrated in vacuo. The crude product was purified by column
chromatography or automatic flash column chromatography.

General procedure for fluorination with DAST (General Procedure D)

DAST (3.1 eq) was added to an ice cooled solution of alcohol (1 eq) in toluene (3-5 mL) under
Ar atmosphere and the reaction mixture was stirred at room temperature overnight. Water
(10 mL) was added and the mixture was extracted with ethyl acetate (3 x 5 mL) and washed with
brine (5 mL). The combined organic layers were dried (MgSQO,), filtered and concentrated in
vacuo. The crude product was purified by column chromatography or automatic flash column

chromatography.

tert-Butyl [(8-azidodibenzo[b,d]furan-3-yl)sulfonyl]-(S)-valinate (2)
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A mixture of arylbromide 1 (300 mg, 0.62 mmol), NaN; (81 mg, 1.25 mmol), sodium ascorbate
(6 mg, 0.03 mmol), Cul (14 mg, 0.07 mmol) and DMEDA (13 pL, 0.13 mmol) in EtOH/H,0O
(15 mL, (7:3)) was degassed and stirred for 30 min under reflux. After cooling to room
temperature the reaction mixture was extracted with CH,Cl, (3 x 5 mL), the combined organic
layers were dried (MgSQO,), filtered and concentrated in vacuo. The crude product was purified
by column chromatography (cyclohexane:ethyl acetate (6:1)) to give 2 (260 mg, 0.58 mmol,
94%) as brown solid; mp = 133-135 °C. TLC: R¢= 0.39, cyclohexane:ethyl acetate (4:1). 'H
NMR (400 MHz, CDCls): & [ppm] = 8.06 (dd, *Jiu= 0.4 Hz, *Jiu= 1.5 Hz, 1H, 4-CHdpenzofuran)s
8.02 (dd, *Ji= 0.4 Hz, *Jyn= 8.2 Hz, 1H, 1-CHgipenzofuran)s 7-85 (dd, *Ji= 1.6 Hz, *Jyn= 8.2
Hz, 1H, 2-CHaibensofuran)> 7-62 (dd, *Jupn = 0.4 Hz, “Jyn = 2.4 Hz, 1H, 9-CHgipenzofuran), 7-60 (dd,
*Jin= 0.4 Hz, *Jyu= 8.8 Hz, 1H, 6-CHaipenzofuran), 7-21 (dd, *Jiii= 2.4 Hz, *Jyu= 8.8 Hz, 1H, 7-
CHaibenzofuran), 527 (d, *Jiu = 9.9 Hz, 1H, NH), 3.72 (dd, *Juu = 4.5 Hz, *Juu = 9.9 Hz, 1H,
CHNH), 2.07 (dsept, *Junu= 4.7 Hz, *Juu= 6.8 Hz, 1H, CH(CHs),), 1.11 (s, 9H, C(CH3)3), 1.01
(d, *Jiu= 6,8 Hz, 3H, CH(CHs),), 0.86 (d, *Jiu = 6,9 Hz, 3H, CH(CH3),). °C NMR (101 MHz,
CDCl3):8 [ppm] = 170.4 (1C, COO'Bu), 156.1 (1C, C-4agivenzofuran)s 154.9 (1C, C-5agivenzofuran)s
139.2 (1C, C-3gibenzofuran)s 136.2 (1C, C-8givenzofuran), 127.7 (1C, C-9bgivenzofuran), 124.2 (1C, C-
9adibenzofuran)s 122.2 (1C, C-2givenzofuran)> 121.5 (1C, C-lgibenzofuran)s 120.5 (1C, C-Tgivenzofuran)> 113.5
(1C, C-64ivenzofuran), 111.8 (1C, C-4gibenzofuran)> 111.3 (1C, C-4ibenzofuran)> 82.6 (1C, C(CHj3)3), 61.6
(1C, CHNH), 31.9 (1C, CH(CHs),), 27.7 (3C, C(CH;)3), 19.3 (1C, CH(CHs)y), 17.3 (1C,
CH(CH3),)). HRMS (ESI'): m/z= [M+Na]" caled for CyHxN4;OsSNa 467.1360, found

467.1358.
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tert-Butyl ({8-]4-(3-fluoropropyl)-1,2,3-triazol-1-yl|dibenzo|b,d]furan-3-yl)sulfonyl)-(S)-

valinate (3)
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Azide 2 (190 mg, 0.45 mmol), 5-fluoropent-1-yne (560 mg, 6.5 mmol), sodium ascorbat (89 mg,
0.45 mmol) and CuSOy4-5 H,O (112 mg, 0.45 mmol) were mixed with DMF/H,0 (9 mL, 6:3) and
the reaction mixture was stirred at room temperature overnight. Water (20 mL) was added and
the reaction mixture was extracted with CH,Cl, (3x 5 mL), the combined organic layers were
washed with brine (5 mL), dried (MgSO,), filtered and concentrated in vacuo. The crude product
was purified by automatic flash column chromatography (column: Reveleris® Silica 12 g, flow
rate 30 mL/min, ethyl acetate:cyclohexane (3% — 34% ethyl acetate, 25 min) to yield 3
(110 mg, 20 mmol, 49%) as colorless solid; mp: 175-179 °C. TLC: R¢= 0.53 cyclohexane:ethyl
acetate (1:1). 'H NMR (600 MHz, CDCls): & [ppm]= 8.37 (d, “Juu = 2.2 Hz, 1H, 9-CH
dibenzofuran)s 8.10 (d, “w = 1.4 Hz, 1H, 4-CH givensofuran), 8.07 (d, *Jiu = 8.2 Hz, 1H, 1-CH
dibenzofuran)> 7-88 (dd, “Juu= 1.1 Hz, *Jyu = 8.2 Hz, 1H, 2-CH dibenzoturan), 7-87 (dd, = 2.1 Hz,
3Jin = 8.6 Hz, 1H, 7-CH givenzoturan), 7-87 (5, 1H, 5-CHuiazolc), 7.74 (d, *Jun = 8.8 Hz, 1H, 6-CH
dibenzofuran)s 3.27 (d, *Jinm = 10.5 Hz, 1H, NH), 4.57 (dt, *Jur = 47.2 Hz, *Jun = 5.8 Hz, 2H,
CH,CH,CH,F), 3.72 (dd, *Jiu = 9.8 Hz, *Jiu = 4.5 Hz, 1H, CHNH), 2.99 (t, *Jiu = 7.5 Hz, 2H,
CH,CH,CH,F), 2.20 (dtt, *Jir= 26.1 Hz, *Jyu= 5.9 Hz, *Jyuu= 7.3 Hz, 2H, CH,CH,CH,F), 2.07
(dsept, *Jiu= 6.8 Hz, *Jiu= 5.1 Hz, 1H, CH(CH3),), 1.11 (s, 9H, C(CHs)3), 1.01 (d, *Jin = 6,8

Hz, 3H, CH(CHs),), 0.86 (d, *Juu = 6,8 Hz, 3H, CH(CHs),).””"C NMR (151 MHz, CDCls):8
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[ppm] = 170.3 (1C, COO'Bu), 156.8 (1C, C-5a givenzofuran)s 156.2 (1C, C-4a gienzofuran), 148.0 (1C,
C-4triazote), 139.7 (1C, C-3 gibenzofuran), 133.5 (1C, C-8 dgibenzofuran), 127.6 (1C, C-9b divenzofuran),
124.00 (1C, C-9a givenzofuran)s 122.4 (1C, C-7 givenzoturan)s 121.7 (1C, C-2 divenzofuran), 121.6 (1C, C-1
dibenzofuran)> 120.0 (1C, C-Strazote), 114.1 (1C, C-9 givenzofuran), 113.3 (1C, C-6 gibenzoturan), 111.9 (1C,
C-4 gibenzofuran)s 83.2 (d, *Joy = 165.2 Hz, 1C, CH,CH,CH,F), 82.6 (1C, C(CHs)3), 61.6 (1C,
CHNH), 31.8 (1C, CH(CH3),), 30.1 (d, *Jcr = 29.9 Hz, 1C, CH,CH,CH,F), 27.7 (3C, C(CHs)s),
21.6 (d, “Jer = 5.5 Hz, 1C, CH,CH,CH,F), 19.2 (1C, CH(CH3),), 17.2 (1C, CH(CH3),). "°F
NMR (282 MHz, CDCl3): & [ppm] = -220.66 (tt, 1F, “Jir = 47.2 Hz, *Jyr = 26.1 Hz). HRMS
(EST"): m /z=[M+Na]" calcd for C,6H3;N4FOsSNa 553.1891, found 553.1892.

{[8-(4-(3-Fluoropropyl)-1H-1,2,3-triazol-1-yl)dibenzo[b,d]|furan-3-yl]sulfonyl}-(S)-valine (4)

F

5/4

General procedure C: tert-Butyl ester 3 (110 mg, 0.21 mmol), KSF clay (207 mg) 5 h reflux in
acetonitrile (10 mL). Purification by column chromatography (CHCl;:MeOH (18:1)) gave 4
(80 mg, 0.17 mmol, 81%) as colorless solid; mp: 233-235 °C. TLC: R¢= 0.22 CHCI5:MeOH
(18:1). HPLC (Method A): tz =30.18 min, purity 99.5%. '"H NMR (400 MHz, CD,Cl,/CD;0D
(1:1)): & [ppm] = 8.31 (d, *Jiuu= 2.1 Hz, 1H, 4-CH gipenzofuran), 8.18 (3, 1H, 5-CHuiazolc), 7.98 (d,
Juu= 8.2 Hz, 1H, 6-CH givensofuran)> 7-95 (d, “Juu= 0.8 Hz, 1H, 9-CH givenzofuran)s 7-84 (dd, Sy =
8.9 Hz, *Jiu= 2.3 Hz, 1H, 2-CH gipenzofuran), 7.75 (dd, *Ji = 8.2 Hz, *Juu = 1.6 Hz, 1H, 7-CH
dibenzofuran)s 7-60 (d, *Jin= 8.9 Hz, 1H, 1-CH gipenzofuran), 4.45 (dt, *Jir = 47.3 Hz, *Jun = 5.8 Hz,

2H, CH,CH,CH,F), 3.50 (d, *Juy = 4.4 Hz, 1H, CHNH), 2.87-2.82 (m, 2H, CH,CH,CH,F),

ACS Paragon Plus Environment

35



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 36 of 71

2.15-2.06 (m, 2H, CH,CH,CH,F), 2.06-1.94 (m, 1H, CH(CHs),), 0.85 (d, *Jun = 6.8 Hz, 3H,
CH(CHs),), 0.75 (d, *Juu = 6.8 Hz, 3H CH(CH;),). >C NMR (101 MHz, CD,Cl,:CD;0D (1:1)):
8 [ppm] = 177.7 (1C, COOH), 157.6 (1C, C-4a givenzofuran)s 156.9 (1C, C-52 gipenzofuran), 148.7 (1C,
C-4iazole), 141.3 (1C, C-8 dibenzofuran), 134.1 (1C, C-3 divenzoturan)> 127.9 (1C, C-9b dibenzoturan), 124.8
(1C, C-9a gibenzoturan), 123.0 (1C, C-7 givenzoturan), 122.4 (1C, C-6 givenzofuran), 122.2 (1C, C-2
dibenzofuran)> 121.6 (1C, C-Strazole), 114.5 (1C, C-4 givenzofuran), 113.7 (1C, C-1 gibenzoturan), 112.1 (1C,
C-9 dibenzofuran), 83.6 (d, “Jer = 164.5 Hz, 1C, CH,CH,CH,F), 63.9 (1C, CHNH), 32.3 (1C,
CH(CH3),), 30.8 (d, *Jor = 19.8 Hz, 1C, CH,CH,CH,F), 21.9 (1C, CH,CH,CH,F), 19.8 (1C,
CH(CHs),), 17.7 (1C, CH(CHs),). ’F NMR (282 MHz, CD,Cl:CD;OD (1:1)): & [ppm] = -
217.49 (tt, 1F, *Jur = 47.2 Hz, *Jur = 25.7 Hz). HRMS (ESI"): m /z= [M+Na]" calcd for
CH,3FN4O5SNa 497.1265, found 497.1259.
[(8-Azidodibenzo|b,d]furan-3-yl)sulfonyl]-(S)-valine (5)
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General procedure C: tert-Butyl ester 2 (120 mg, 0.27 mmol), KSF clay (270 mg) after 5 h reflux
in acetonitrile (15 mL). Purification by column chromatography (CHCl;:MeOH (18:1)) gave S
(83 mg, 0.21 mmol, 79%) as brown solid; mp: 170-172 °C. TLC: R¢= 0.35, CHCI;:MeOH
(18:1). HPLC (Method A): tg=29.8 min, purity 98%. 'HNMR (400 MHz, DMSO-ds): &
[ppm] = 8.29 (d, *Jiu= 8.1 Hz, 1H, 1-CH givensofuran), 8.05 (d, Y= 1.4 Hz, 1H, 4-CH givenzofuran),
8.02 (d, *Juu= 2.5 Hz, 1H, 9-CH gipenzofuran), 7-81 (dd, *Jin= 1.6 Hz, *Jiu = 8.2 Hz, 1H, 2-CH
dibenzofuran)> 7-75 (d, *Jun = 8.8 Hz, 1H, 6-CH givensofuran)> 7-29 (dd, = 2.5 Hz, = 8.8 Hz,
1H, 7-CH dipenzoturan), 3.36 (d, *Jun= 4.4 Hz, 1H, CHNH), 2.06-1.98 (m, 1H, CH(CHj3),), 0.83 (d,

Jin = 6,8 Hz, 3H, CH(CHs),), 0.75 (d, *Juu = 6,8 Hz, 3H, CH(CH;),). °C NMR (101 MHz,
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DMSO-dy): 8 [ppm] = 173.1 (1C, COOH), 155.2 (1C, C-4a gibenzofuran), 153.9 (1C, C-52 gibenzofuran)s
140.6 (1C, C-3 gibenzofuran)> 135.4 (1C, C-8 gibenzofuran), 126.3 (1C, C-9b givenzofuran)> 123.9 (1C, C-9a
dibenzofuran)s 122.1 (1C, C-ldibenzofuran), 121.8 (1C, C-2 dgivenzofuran), 120.3 (1C, C-7 givenzofuran), 113.3
(1C, C-6 gibenzofuran), 112.1 (1C, C-9 gibenzofuran), 110.6 (1C, C-4 gibenzofuran), 62.5 (1C, CHNH), 30.9
(1C, CH(CHs),), 19.4 (1C, CH(CH3),), 17.8 (1C, CH(CH3),). HRMS (ESI"): m /z = [M+Na]"
calcd for C17H4N4OsSNa 411.0739, found 411.0734.

tert-Butyl ({8-[(trimethylsilyl)ethynyl]dibenzo[b,d]furan-3-yl}sulfonyl)-(S)-valinate (6)

Compound 1 (300 mg, 0.62 mmol), ethynyltrimethylsilane (0.15 mL, 0.95 mmol) and NEt;
(0.45 mL, 3.11 mmol) were dissolved in DMF (30 mL) and Ar was bubbled through the solution
for 30 min. Pd(PPh;),Cl, (42 mg, 0.06 mmol) and Cul (12 mg, 0.06 mmol) were added and the
reaction mixture was strirred at 65 °C under Ar atmosphere for 16 h. After cooling to room
temperature, water (30 mL) was added and the reaction mixture was extracted with CH,Cl, (3x
10 mL), the combined organic layers were dried (MgSQ,), filtered and concentrated in vacuo.
The crude product was purified by column chromatography (cyclohexane:ethyl acetate (9:1)) to
obtain 6 (211 mg, 0.42 mmol, 68%) as colorless solid; mp: 120-122 °C. TLC: R¢= 0.25
cyclohexane:ethyl acetate (9:1). 'H NMR (400 MHz, CDCls): & [ppm] = 8.13 (dd, *Jiu= 0.7 Hz,
“Jun= 1.7 Hz, 1H, 9-CH givenzofuran)> 8-06 (dd, Jup = 0.6 Hz, “Jy = 1.6 Hz, 1H, 4-CH givenzofuran),
8.01 (dd, *Jiy = 0.6 Hz, *Jiuu= 8.2 Hz, 1H, 1-CH dipenzofuran), 7-85 (dd, *Jiy= 1.6 Hz, *Jiy 1 = 8.2
Hz, 1H, 2-CH gibenzofuran), 7-66 (dd, “Jup = 1.7 Hz, iy = 8.6 Hz, 1H, 7-CH givenzofuran)> 7-55 (dd,

Jin= 0.7 Hz, *Jin = 8.6 Hz, 1H, 6-CH givenzofuran), 5.22 (d, *Jin = 10.1 Hz, 1H, NH), 3.70 (dd,
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Jun = 4.5 Hz, *Jun = 9.9 Hz, 1H, CHNH), 2.06 (dsept, *Juyu = 4.5 Hz, *Juu = 6.8 Hz, 1H,
CH(CHs),), 1.08 (s, 9H, C(CHz)3), 1.02 (d, *Jun = 6.7 Hz, 3H, CH(CHs),), 0.86 (d, *Jip = 6.8
Hz, 3H, CH(CHs),), 0.29 (s, 9H, Si(CH3)3). *C NMR (101 MHz, CDCls): & [ppm] = 170.4 (1C,
COO'Bu), 157.3 (1C, C-52 gibenzofuran)s 155.8 (1C, C-4a gienzofuran)s 139.0 (1C, C-3 gibenzofuran)> 133.0
(1C, C-7 givenzofuran), 127.8 (1C, C-9b gibenzoturan), 125.5 (1C, C-9 divenzofuran), 123.1 (1C, C-9a
dibenzofuran)s 122.4 (1C, C-2 gibenzofuran), 121.4 (1C, C-1 gibenzofuran), 118.9 (1C, C-8 gibenzofuran), 112.8
(1C, C-6 gibenzofuran), 111.8 (1C, C-4 givensofuran), 104.6 (1C, CCSi(CHs)3), 94.3 (1C, CCSi(CHs)s),
82.8 (1C, C(CHs)s), 61.6 (1C, CHNH), 31.9 (1C, CH(CH3),) 27.7 (3C, C(CHs)3), 19.3 (1C,
CH(CHs),), 17.3 (1C, CH(CHs),), 0.18 (3C, Si(CH3); ). HRMS (ESI"): m /z= [M+Na]" calcd
for CosH33NO5SSiNa 522.1738, found 522.1741,

tert-Butyl [(8-ethynyldibenzo|b,d]furan-3-yl)sulfonyl]-(S)-valinate (7)

Compound 6 (170 mg, 0.34 mmol) was dissolved in MeOH (8 mL) and K,CO;s (103 mg,
0.75 mmol) was added. The reaction mixture was stirred at room temperature overnight. The
solvent was removed in vacuo and ethyl acetate (10 mL) was added to the residue. The mixture
was washed with water (2 x 5 mL) and brine (1 x 5 mL). The combined organic layers were
dried (MgS0,), filtered and concentrated in vacuo. The crude product was purified by automatic
flash column chromatography (column: Reveleris® Silica 12 g, flow rate 30 mL/min, ethyl
acetate:cyclohexane (3% — 18% ethyl acetate, 15 min)) to give 7 (137 mg, 0.32 mmol, 94%) as
colorless solid; mp: 148-150 °C. TLC: R¢= 0.24 cyclohexane:ethyl acetate (8:1). "H NMR (400

MHz, CDCls): § [ppm] = 8.11 (d, “Jiy= 1.6 Hz, 1H, 9-CH givensofuran), 8.04 (d, *Jiyn= 1.5 Hz, 1H,
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4-CH givenzofuran)s 7-99 (d, *Jun= 8.2 Hz, 1H, 1-CH gipenzofuran), 7-84 (dd, *Ji= 1.5 Hz, *Jy = 8.2
Hz, 1H, 2-CH givensofuran), 7-65 (dd, *Ji = 1.6 Hz, *Jyn = 8.6 Hz, 1H, 7-CH givenzofuran), 7-54 (d,
3Jun= 8.6 Hz, 1 H, 6-CH gibenzofuran), 5.25 (d, *Juu= 9.9 Hz, 1H, NH), 3.69 (dd, *Jin = 4.6 Hz,
*Jun=9.9 Hz, 1H, CHNH), 3.10 (s, 1 H, CCH), 2.04 (dsept, *Jin = 4.6 Hz, *Jiyu = 6.9 Hz, 1H,
CH(CHs),), 1.07 (s, 9H, C(CH3)3), 0.99 (d, *Jupn = 6.8 Hz, 3H, CH(CH;),), 0.83 (d, *Jiu = 6.9
Hz, 3H, CH(CH;),). >C NMR (101 MHz, CDCls):8 [ppm] = 170.4 (1C, COO'Bu), 157.4 (1C, C-
52 dibenzofuran)> 155.8 (1C, C-4a gibenzofuran), 139.1 (1C, C-3 dgivenzofuran), 133.1 (1C, C-7 divenzofuran),
127.7 (1C, C-9b givenzofuran)> 125.6 (1C, C-9 gibenzofuran), 123.2 (1C, C-92 gibenzoturan), 122.4 (1C, C-2
dibenzofuran)s 121.4 (1C, C-1 gibenzofuran), 117.8 (1C, C-8 gibenzofuran)> 112.5 (1C, C-6 gibenzofuran), 111.8
(1C, C-4 gibenzofuran), 83.2 (1C, CCH), 82.6 (1C, C(CHs)3), 77.3 (1C, CCH), 61.6 (1C, CHNH),
31.9 (1C, CH(CHj),) 27.7 (3C, C(CH3)3), 19.3 (1C, CH(CH3),), 17.3 (1C, CH(CH;),). HRMS
(ESIN): m /z=[M+Na]" calcd for C23HosNOsSNa 450.1246, found 450.1340.

tert-Butyl ({8-[1-(2-fluoroethyl)-1,2,3-triazol-4-yl|dibenzo|[b,d]furan-3-yl}sulfonyl)-(S)-

valinate (8)

Sodium azide (219 mg, 3.37 mmol) was added to a solution of 2-fluoroethyl 4-
methylbenzenesulfonate (245 mg, 1.12 mmol) in DMF (5 mL) and the reaction mixture was
stirred at room temperature overnight. After full conversion (reaction control: GC/MS), the
mixture was filtered into another flask with compound 7 (143 mg, 0.33 mmol). The filter was

washed with DMF (5 mL). Sodium ascorbat (464 mg, 2.34 mmol) and CuSO4-5 H,O (418 mg,
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1.67 mmol) were added and the reaction mixture was stirred at room temperature for 4 h. Water
(15 mL) was added and the reaction mixture was extracted with ethyl acetate (3 x 5 mL), the
combined organic layers were dried (MgSQOy), filtered and concentrated in vacuo. The crude
product was purified by automatic flash column chromatography (column: Reveleris® Silica
12 g, flow rate 30 mL/min, ethyl acetate:cyclohexane (16% — 52% ethyl acetate, 20 min)) to
give 8 (141 mg, 0.27 mmol, 83%) as colorless solid; mp: 167-169 °C. TLC: R¢= 0.23
cyclohexane:ethyl acetate (1:1). 'H NMR (400 MHz, CD,CL:CD;OD (1:1)): & [ppm] = 8.38 (d,
“Jun= 1.7 Hz, 1H, 9-CH givenzofuran)s 8:19 (s, 1H, 5-CHuiazole), 8.05 (d, *Juu = 8.2 Hz, 1H, 1-CH
gibenzofuran)> 7-95 (d, *Jip= 1.2 Hz, 1H, 4-CH givenzofuran)s 7-89 (dd, “in= 1.8 Hz, *Jyn = 8.6 Hz,
1H, 7-CH gibenzofuran)s 7-75 (dd, “Jin= 1.6 Hz, *Jin = 8.1 Hz, 1H, 2-CH givenzofuran)> 7-56 (dd, *Jip
= 8.6 Hz, 1H, 6-CH gibenzofuran), 4.86 (dt, “Jir = 46.6 Hz, *Ji = 4.8 Hz, 2H, CH,CH-F), 4.71 (dt,
3Jur = 26.8 Hz, *Jyyu = 4.5 Hz, 2H, CH,CH,F), 3.58 (d, *Jun = 5.5 Hz, 1H, CHNH), 2.04-1.96
(m, 1H, CH(CHs),), 0.99 (s, 9H, C(CH3)3), 0.88 (d, *Juu= 6.8 Hz, 3H, CH(CH3),), 0.79 (d, *Jin
= 6.8 Hz, 3H, CH(CH:),). °C NMR (101 MHz, CD,Cl,:CD;0D (1:1)): & [ppm] = 171.8 (1C,
COO'Bu), 158.6 (1C, C-5a gibenzofuran)s 157.0 (1C, C-4a givenzofuran), 148.8 (1C, C-4iazole), 140.8
(1C, C-3 gibenzofuran), 129.2 (1C, C-9b dgivenzofuran)s 128.0 (1C, C-7 dgivenzofuran) 127.5 (1C, C-8
dibenzofuran)s 124.7 (1C, C-9a gibenzoturan)s 123.2 (1C, C-2 divenzofuran), 122.8 (1C, C-Sysiazole), 122.6 (1C,
C-1 gibenzofuran), 119.8 (1C, C-9 dibenzoturan), 113.6 (1C, C-6 givenzofuran), 112.4 (1C, C-4 dibenzoturan),
83.2 (1C, C(CH3)3), 83.0 (d, *Jor= 171.1 Hz, 1C, CH,CH,F), 63.3 (d, CHNH), 50.3 (d, *Jcr =
52.2 Hz, 1C, CH,CH,F), 32.8 (1C, CH(CHjs),), 28.3 (3C, C(CHs)3), 20.0 (1C, CH(CH3;),), 18.3
(1C, CH(CH3),)."”F NMR (282 MHz, CD,CL:CD;OD (1:1)):8 [ppm] = -221.80 (tt, 1F, *Jiyp =
47.0 Hz, *Jyr = 26.8 Hz). HRMS (EST'): m /z = [M+Na]" calcd for C,sHFN4OsSNa 539.1735,

found 539.1729.
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{[8-(1-(2-Fluoroethyl)-1,2,3-triazol-4-yl)dibenzo[b,d|furan-3-yl]sulfonyl}-(S)-valine (9)

General procedure C: tert-Butyl ester 8 (149 mg, 0.29 mmol), KSF clay (60 mg) was heated to
reflux for 6 h in acetonitrile (3 mL). Purification by column chromatography (CHCIl;:MeOH
(18:1)) to yield 9 (107 mg, 0.23 mmol, 80%) as colorless solid; mp: 212-214 °C. TLC: R¢=0.26
CHCl3:MeOH (18:1). HPLC (Method A): tg=30.18 min, purity 98.2%. '"H NMR (400 MHz,
DMSO-dy): & [ppm] = 8.76 (d, “Ji= 1.5 Hz, 1H, 9-CH gibenzofuran), 8.70 (s, 1H, 5-CHyiazole), 8.37
(d, *Jun = 8.1 Hz, 1H, 1-CH givenzofuran), 8.09 (dd, *Jiy = 1.7 Hz, *Juyu = 8.7 Hz, 1H, 7-CH
dibenzofuran)s 8.08-8.09 (m, 1H, 4-CH givenzofuran), 7.86 (d, *Jir = 8.8 Hz, 1H, 6-CH gipenzofuran), 7-83
(dd, *Ji= 1.5 Hz, *Juu= 8.2 Hz, 1H, 2-CH dipenzofuran), 4.90 (dt, *Jir=46.7 Hz, *Jyu= 4.9 Hz,
2H, CH,CH,F), 4.81 (dt, *Jir = 27.8 Hz, *Jyu = 4.9 Hz, 2H, CH,CH,F), 3.38 (d, *Jiu= 4.1 Hz,
1H, CHNH), 2.04-1.96 (m, 1H, CH(CH3),), 0.85 (d, *Jiu = 6.8 Hz, 3H, CH(CHs),), 0.78 (d,
3Jin = 6.8 Hz, 3H, CH(CHs),). >C NMR (101 MHz, DMSO-dy): & [ppm] = 172.1 (1C, COOH),
156.3 (1C, C-52 gibenzofuran), 154.9 (1C, C-4a divenzoturan), 146.3 (1C, C-4iarote), 140.2 (1C, C-3
dibenzofuran)s 126.8 (1C, C-9b gibenzofuran), 126.7 (1C, C-7 givenzofuran), 126.5 (1C, C-8 givbenzofuran), 123.1
(1C, C-92a gienrofuran)s 121.9 (1C, C-1 gipenzofuran), 121.8 (2C, C-2, C-5%az0), 118.5 (1C, C-9
dibenzofuran)s 112.5 (1C, C-6 gibenzofuran), 110.5 (1C, C-4 givenzofuran), 82.0 (d, “Jer = 167.9 Hz, 1C,
CH,CH,F), 62.2 (1C, CHNH), 50.3 (d, *Jcr = 19.5 Hz, 1C, CH,CH,F), 30.7 (1C, CH(CHs),),

19.4 (1C, CH(CHs),), 17.8 (1C, CH(CHs),). "°F NMR (300 MHz, DMSO-d,):8 [ppm] = -221.28
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(tt, 1F, *Jur = 46.9 Hz, *Jur = 282 Hz). HRMS (ESI'): m/z= [M+Na]" caled for
C21H21FN405$Na 483.1 109, found 483.1103.

[(8-Ethynyldibenzo|b,d]furan-3-yl)sulfonyl]-(S)-valine (10)

General procedure C: fert-Butyl ester 7 (60 mg, 0.14 mmol), KSF clay (140 mg), 5 h reflux in
acetonitrile (8 mL). Purification by column chromatography (CHCIl;:MeOH (18:1)) to obtain 10
(37 mg, 0.1 mmol, 71%) as colorless solid; mp: 212-214 °C. TLC: R¢= 0.31 CHCIl;:MeOH
(18:1). HPLC (Method D): tg = 12.75 min, purity 99.6%. 'H NMR (400 MHz, '"H NMR (400
MHz, CD,Cl, /CD;0D (1:1)): & [ppm] = 8.15 (d, “Jiun = 1.2 Hz, 1H, 9-CH gibenzofuran), 8.06 (d,
3Jin= 8.2 Hz, 1H, 1-CH gipenzofuran), 8-05 (d, “Ji= 1.0 Hz, 1H, 4-CH) gibenzofuran, 7-83 (dd, V=
1.3 Hz, *Juu = 8.6 Hz, 1H, 2-CH dipenzofuran), 7.64 (dd, *Jinu = 1.4 Hz, *Jyu= 8.5 Hz, 1H, 7-CH
dibenzofuran)s 7.56 (d, *Jin= 8.5 Hz, 1H, 6-CH givenzofuran), 3.72 (d, *Jiu= 5.0 Hz, 1H, CHNH), 3.27
(s, 1H, CCH), 2.04 (dsept, *Ji= 5.0 Hz, *Jyu= 6.8 Hz, 1H, CH(CHs),), 0.92 (d, *Jiu= 6.8 Hz,
3H, CH(CHs),), 0.84 (d, *Jiu = 6.8 Hz, 3H, CH(CHs),). °C NMR (101 MHz, CD,Cl,/CD;0D
(1:1)): & [ppm] = 173.6 (1C, COOH), 158.0 (1C, C-52 givenzofuran), 156.3 (1C, 4a divenzofuran) »140.2
(1C, C-3 givenzofuran), 133.4 (1C, C-7 divenzoturan)s 128.0 (1C, C-9b givenzofuran), 126.0 (1C, C-9
dibenzofuran)s 123.9 (1C, C-9a givenzofuran), 122.7 (1C, C-2 givenzofuran), 122.0 (1C, C-1 givenzofuran), 118.3
(1C, C-8 dibenzofuran)> 112.8 (1C, C-6 givenzofuran)> 111.8 (1C, C-4 gibenzofuran), 83.5 (1C, CCH), 77.6
(1C, CCH), 62.0 (1C, CHNH), 32.0 (1C, CH(CHs),), 19.4 (1C, CH(CHs),), 17.6 (1C,
CH(CHs),). HRMS (ESI'): m/z= [M+Na]" caled for C;oH;7NOsSNa 394.0720, found

394.0714.
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tert-Butyl  ({8-[1-(2-fluoroethyl)pyrazol-4-yl]dibenzo[b,d]furan-3-yl}sulfonyl)-(S)-valinate

(18)

General Procedure A: Boronate 15 (66 mg, 0.13 mmol), 4-bromo-1-(2-fluoroethyl)pyrazole (14,
72 mg, 0.37 mmol), K,CO; (94 mg, 0.68 mmol) and Pd(PPh;),Cl, (9 mg, 0.01 mmol) in
DME/H,0 (8 mL, 7:1) was stirred for 3 h at reflux. The crude product was purified by automatic
flash column chromatography (column: Reveleris® Silica 12 g, flow rate 30 mL/min, ethyl
acetate:cyclohexane (2% — 61% ethyl acetate, 30 min) to yield 18 (30 mg, 0.06 mmol, 47%) as
colorless solid; mp: 166-168 °C. TLC: R¢= 0.15 cyclohexane:ethyl acetate (3:1). HPLC (Method
C1): tg=39.50 min, purity 99.8%. '"H NMR (400 MHz, CDCl;): & [ppm] = 8.03-8.01 (m, 3H, 1-
CH, 4-CH, 9-CH gibenzofuran), 7.87 (s, 1H, 3-CHpyrazole), 7.82 (dd, *Jiun= 8.2 Hz, *Juu=1.5Hz, 1H,
2-CH dibenzofuran)> 7.79 (s, 1H, 5-CHpyrazole), 7.64 (dd, 3Jin = 8.6 Hz, *Jun = 1.7 Hz, 1H, 7-CH
dibenzofuran)s 7-38 (d, *Jin = 8.6 Hz, 1H, 6-CH gipenzofuran), 5.26 (d, *Jun = 10.5 Hz, 1H, NH), 4.81
(dt, “Jir = 47.0 Hz *Jyy = 4.7 Hz, 2H, CH,F), 4.48 (dt, *Jur = 27.1 Hz, *Juu = 4.7 Hz, 2H,
CH,CH,F), 3.70 (dd, *Jiu= 9.9 Hz, *Jiu= 4.5 Hz, IH, CHNH), 2.03 (dsept, *Jiu= 6.8 Hz, *Jin
= 4.7 Hz, 1H, CH(CHs),), 1.08 (s, 9H, C(CHs)3), 0.99 (d, *Jiu= 6.8 Hz, 3H, CH(CHs),), 0.84 (d,
3Jin = 6.8 Hz, 3H, CH(CH),). °C NMR (101 MHz, CDCl): & [ppm] = 170.4 (1C, COO'Bu),
156.5 (1C, C-5a gibenzofuran)s 155.7 (1C, C-4a gibenzofuran)s 138.6 (1C, C-3 gibenzofuran)> 137.6 (1C, C-
3pyrazole)s 128.7 (1C, C-8 gibenzoturan)> 128.6 (1C, C-9b gibenzofuran), 127.3 (1C, C-5pyrazole), 127.3 (1C,

C-6 dibenzoﬁlran); 123.5 (IC; C-9a dibenzoﬁlran), 123.2 (IC; C'4pyrazole)a 122.0 (IC; C-2 dibenzoﬁlran)a 121.2
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(1C, C-1 dgibenzoturan), 118.2 (1C, C-9 gibenzofuran), 112.6 (1C, C-7 givenzofuran), 111.6 (1C, C-4
dibenzofuran)> 82.6 (1C, C(CHs)3), 82.2 (d, 'Jep= 171.7 Hz, CH,F), 61.6 (1C, CHNH), 52.9 (d, *Jcr
= 20.1 Hz, CH,CH,F), 31.9 (1C, CH(CHs),), 27.7 (3C, C(CHs)3), 19.2 (1C, CH(CHs),), 17.2
(1C, CH(CH3),). ’F NMR (282 MHz, CDCls): & [ppm] = -221.66 (tt, 1F, “Jyr = 46.9 Hz, *Jyyp=
27.2 Hz). HRMS (ESI+): m/z= [MJrNa]Jr calcd for CyH30FN3OsSNa 538.1782, found 538.1796.

({8-[1-(2-Fluoroethyl)pyrazol-4-yl]dibenzo|[b,d]furan-3-yl}sulfonyl)-(S)-valine (19)

General procedure C: tert-Butyl ester 18 (28 mg, 0.05 mmol), KSF clay (54 mg) was stirred at
5h at reflux in acetonitrile (5 mL). Purification by column chromatography (CHCl;:MeOH
(18:1)) to give 19 (20 mg, 0.04 mmol, 80%) as colorless solid; mp: 233-235 °C (decomposition).
TLC: Re= 0.38 CHCl3:MeOH (18:1). HPLC (Method D): tg = 11.70 min, purity 99.8%. Chiral
HPLC (Method B): tg = 8.49 min, enantiomeric purity >99.9%. "H NMR (400 MHz, DMSO-d):
8 [ppm] = 12.15 (s, COOH), 8.49 (s, 1H, 9-CH gibenzofuran), 8.30 (d, *Jun = 7.9 Hz, 1H, 1-CH
dibenzofuran)> 8-30 (8, 1H, 5-CHpyrazote), 8.18 (d, *Jim = 9.2 Hz, 1H, NH), 8.05 (m, 2H, 4-CH, 3-
CHopyrazole),7-85 (dd, *Jip= 8.4 Hz, *Jyuu = 1.3 Hz, 1H, 7-CH gibenzofuran)> 7-83 (dd, *Jin= 8.0 Hz,
*Jin= 1.3 Hz, 1H, 2-CH givenzofuran), 7.78 (d, *Jiu= 8.6 Hz, 1H, 6-CH givenzofuran), 4.83 (dt, “Jipr=
47.3 Hz, *Juu= 4.4 Hz, 2H, CH,F), 4.49 (dt, *Jur=27.9 Hz, *Jyu= 4.3 Hz, 2H, CH,CH,F), 3.61
(dd, *Jun=9.6 Hz, *Jyu= 5.7 Hz, 1H, CHNH), 1.99-1.91 (m, 1H, CH(CHs),), 0.84 (d, *Jiu=6.5
Hz, 3H, CH(CHs),), 0.80 (d, *Jiu= 6.6 Hz, 3H, CH(CH3),). °C NMR (400 MHz, DMSO-dq) &

[ppm] = 172.0 (1C, COOH), 155.3 (1C, C-5a gibenzofuran), 154.8 (1C, C-4a diensofuran), 140.1 (1C,
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C-3 dibenzofuran)s 136.7 (1C, C-3pyrazote), 128.5 (1C, C-8 givenzofuran), 127.8 (1C, C-Spyrazole), 127.1
(1C, C-9b gibenzofuran), 126.4 (1C, C-7 givenzofuran)> 123.1 (1C, C-4pyrazote), 121.8 (1C, C-9a givenzofuran)s
121.6 (1C, C-2 gibenzofuran)s 121.5 (1C, C-1 givenzofuran)> 118.0 (1C, C-9 givenzofuran), 112.3 (1C, C-6
gibenzofuran)s 110.3 (1C, C-4 givbenzofuran), 82.1 (d, 'Jer = 167.8 Hz, 1C, CH,F), 61.3 (1C, CHNH),
52.0 (d, “Jer = 19.7 Hz, 1C, CH,CH,F), 30.4 (1C, CH(CHs),), 19.0 (1C, CH(CHs),), 17.8 (1C,
CH(CHs),). ’F NMR (282 MHz, DMSO-ds): & [ppm] =-221.57 (tt, 1F, “Jyp = 47.2 Hz, *Jyp =
27.9 Hz). HRMS (ESI+): m/z= [MJrNa]Jr calcd for Cy,Hy,FN3OsSNa 482.1156, found 482.1157.
tert-Butyl ({8-[5-(2-hydroxyethyl)thiophen-2-yl|dibenzo[b,d]furan-3-yl}sulfonyl)-

(S)-valinate (32)

General Procedure B: Boronate 15 (50 mg, 0.09 mmol), 2-(5-bromothiophen-2-yl)ethan-1-ol
(29 mg, 0.14 mmol), K,CO; (26 mg, 0.19 mmol) and Pd(PPh;3),Cl, (7 mg, 0.01 mmol) in
DME/H,O (1.6 mL, 7:1) after 20 min. The residue product was purified by automatic flash
column chromatography (column: Reveleris® Silica 4 g, flow rate 15mL/min, ethyl
acetate:cyclohexane: ethyl acetate (10% — 61% ethyl acetate, 20 min) to obtain 32 (20 mg,
0.04 mmol, 40%) as colorless solid; mp: 166-168 °C. TLC: R¢= 0.20 cyclohexane:ethyl acetate
(2:1). "H NMR (400 MHz, CDCls): & [ppm] = 8.12 (d, *Jiz = 1.8 Hz, 1H, 9-CH dgipenzofuran), .05
(d, *Juu = 7.7 Hz, 1H, 1-CH gipenzofuran)> 8-05 (d, “Jn = 1.5 Hz, 1H, 4-CH dgivensoturan)> 7-85 (dd,
3Jiun= 8.2 Hz, “Jin= 1.5 Hz, 1H, 2-CH givenoturan), 7.75 (dd, *Jizu= 8.6 Hz, *Jyu= 1.9 Hz, 1H, 7-
CH gibenzofuran)> 7-60 (d, *Jupn = 8.6 Hz, 1H, 6-CH givensofuran)> 7-21 (d, *Jun = 3.5 Hz, 1H, 3-

CHiniophene)s 6.89 (d, *Jiin = 3.5 Hz, 1H, 4-CHupiophene), 5.23 (d, *Jiw = 9.9 Hz, 1H, NH), 3.93 (1,
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Jun = 6.2 Hz, 2H, CH,OH), 3.72 (dd, *Juyu = 9.8, *Juu = 4.5 Hz, 1H, CHNH), 3.12 (t, *Jun =
6.3 Hz, 2H, CH,CH,OH), 2.06 (m, 1H, CH(CH3),), 1.10 (s, 9H, C(CH3)3), 1.01 (d, *Juu = 6.8
Hz, 3H, CH(CH3),), 0.86 (d, *Juu = 6.9 Hz, 3H, CH(CH:),). >C NMR (101 MHz, CDCls): &
[ppm] = 170.4 (1C, COO'Bu), 156.9 (1C, C-52 givenzofuran)> 155.8 (1C, C-4a givenzofuran) » 142.4 (1C,
C-2thiophene)> 141.0 (1C, C-5thiophene), 138.7 (1C, C-3 givenzoturan)> 130.7 (1C, C-8 gibenzofuran), 128.2
(1C, C-9b genzofuran)s 127.2 (1C, C-7 divenzofuran)s 127.0 (1C, C-4piophene)s 123.5 (1C, C-9a
dibenzofuran)> 123.4 (1C, C-3tiophene), 122.1 (1C, C-2 givenzofuran), 121.3 (1C, C-1 dgivenzofuran), 118.3
(1C, C-9 dibenzofuran), 112.6 (1C, C-6 dgivenzofuran), 111.6 (1C, C-4 gibenzofuran), 82.6 (1, C(CH3)3), 63.5
(1C, CH,OH), 61.6 (1C, CHNH), 33.8 (1C, CH,CH,0H), 31.8 (1C, CH(CHa),), 27.7 (3C,
C(CHs)3), 19.2 (1C, CH(CH3),), 17.2 (1C, CH(CH3),). HRMS (ESI"): m /z = [M+Na]" calcd for
Ca7H31NO4S;Na 552.1490, found 552.1480.

tert-Butyl ({8-[5-(2-fluoroethyl)thiophen-2-yl]dibenzo[b,d]furan-3-yl}sulfonyl)-(S)-valinate

(33)

General Procedure D: Alcohol 32 (69 mg, 0.13 mmol) and DAST (53 pL, 0.40 mmol) in toluene
(3 mL) overnight at room temperature. Purification by automatic flash column chromatography
(column: Reveleris® Silica 12 g, flow rate 28 mL/min, ethyl acetate:cyclohexane (10% — 50%
ethyl acetate, 20 min) to give 33 (57 mg, 0.11 mmol, 83%) as colorless solid; mp: 147-149 °C.
TLC: R¢= 0.32 cyclohexane:ethyl acetate (4:1). '"H NMR (400 MHz, CDCls): & [ppm] = 8.13 (d,
“Juu = 1.4 Hz, 1H, 9-CH givenzoturan)s 8-05 (d, *Jup = 7.8 Hz, 1H, 1-CH gibenzofuran)» 806 (d, “Jupn =

1.5 Hz, 1H, 4-CH gipenzofuran), 7-86 (dd, *Jin = 8.2 Hz, *Jyu = 1.5 Hz, 1H, 2-CH gipenzofuran), 7-76
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(dd, *Jin = 8.6 Hz, “Jun = 1.9 Hz, 1H, 7-CH givenzofuran), 7.61 (d, *Jun = 8.6 Hz, 1H, 6-CH
gibenzofuran)> 7-21 (d, *Jum = 3.6 Hz, 1H, 4-CHypiophene), 6.90 (d, *Jun = 3.6 Hz, 1H, 3-CHpiophene),
5.22 (d, *Junu = 9.9 Hz, 1H, CHNH), 4.69 (dt, “Jur = 46.9 Hz, *Juu = 6.2 Hz, 2H, CH,F), 3.72
(dd, *Jin = 9.9 Hz, *Juu = 4.5 Hz, 1H, CHNH), 3.26 (dt, *Jur = 23.3 Hz, *Juu = 6.5 Hz, 2H,
CH,CH,F), 2.07 (dsept, *Jun = 6.8 Hz, *Jyy = 4.7 Hz, 1H, CH(CH3),), 1.11 (s, 9H, C(CHs)3),
1.01 (d, *Jin = 6.8 Hz, 3H, CH(CHs),), 0.86 (d, *Jun = 6.9 Hz, 3H, CH(CH3),). C NMR (101
MHz, CDCL): & [ppm]=170.4 (1C, COOBu), 157.0 (1C, C-5a gibenzofuran), 155.8 (1C, C-4a
dibenzofuran)> 142.6 (1C, C-4tiophene)> 139.1 (d, *Jer = 5.5 Hz, 1C, C-5miophene)s 138.7 (1C, C-3
dibenzofuran)> 130.6 (1C, C-8 gibenzofuran), 128.2 (1C, C-9a givenzoturan), 127.2 (1C, C-7 givenzofuran), 127.1
(1C, C-3"""), 1235 (1C, C-9b givensofuran), 123.4 (1C, C-4uniophene)> 122.1 (1C, C-2 givenofuran);
121.3 (1C, C-1 gibenzofuran), 118.4 (1C, C-9 gibenzofuran), 112.6 (1C, C-6 gibenzofuran), 111.6 (1C, C-4
gibenzofuran), 83.7 (d, Jer = 170.3 Hz, 1C, CH,F), 82.6 (1C, C(CHs)s), 61.6 (1C, CHNH), 31.9
(1C, CH(CHs),), 31.6 (d, “Jer = 21.6 Hz, 1C, CH,CH,F), 27.7 (3C, C(CHs)s), 19.2 (1C,
CH(CH3),), 17.2 (1C, CH(CHs),). "’F NMR (282 MHz, CDCl3): & [ppm] = -215.14 (tt, 1F, 2y
= 47.0 Hz, 3JH,F = 24.0 Hz). HRMS (ESI+): m/z= [M+Na]+ caled for C,7H30FNOsS,Na .
554.1442, found 554.1448.

({8-[5-(2-Fluoroethyl)thiophen-2-yl)dibenzo[b,d]furan-3-yl]sulfonyl}-(S)-valine (34)

General Procedure C: fert-Butyl ester 33 (54 mg, 0.10 mmol), KSF clay (100 mg) 4 h reflux in
acetonitrile (5 mL). Purification by column chromatography (CHCIl;:MeOH (18:1)) to obtain 34

(26 mg, 0.05 mmol, 54%) as colorless solid; mp: 183-185 °C. TLC: R¢= 0.35 CHCIl5:MeOH
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(40:1). HPLC (Method D): tg = 14.95 min, purity 99.8%. 'H NMR (400 MHz, DMSO-dy): &
[ppm] =8.51 (d, *Junu = 1.5 Hz, 1H, 9-CH givenzoturan), 8.40 (d, *Jun = 8.4 Hz, 1H, 1-CH
dibenzofuran)s 8-17 (s, 1H, NH), 8.06 (d, *Jin = 1.1 Hz, 1H, 4-CH givenzofuran), 7-86 (dd, *Jup = 8.7
Hz, *Juu = 2.0 Hz, 1H, 7-CH gipenzofuran), 7.83 (dd, *Jin = 8.2 Hz, “Jyy = 1.5 Hz, 1H, 2-CH
dibenzofuran)> 7-81 (d, *Jip = 8.7 Hz, 1H, 6-CH givenzofuran)> 7-45 (d, *Jup = 3.6 Hz, 1H, 4-CHpiophene),
7.00 (d, *Jin = 3.6 Hz, 1H, 3-CHipiophen)s 4.68 (dt, *Jur = 47.2 Hz, *Jupn = 5.9 Hz, 2H, CH,F),
3.60 (d, *Ji = 4.8 Hz, 1H, CHNH), 3.24 (dt, *Jur 26.4 Hz, *Jyn = 5.9 Hz, 2H, CH,CH,F), 2.01-
1.89 (m, 1H, CH(CHs),), 0.83 (d, *Juu = 6.8 Hz, 3H, CH(CH3),), 0.80 (d, *Juu = 6.8 Hz, 3H,
CH(CHs),). *C NMR (101 MHz, DMSO-dy): & [ppm] = 172.1 (1C, COOH), 156.0 (1C, C-5a
dibenzofuran)> 154.9 (1C, C-4a gibenzofuran), 141.5 (1C, C-2 thiophene), 140.4 (1C, C-3 gibenzofuran), 139.4
(1C, *Jer = 4.4 Hz, C-5Sthiophene)s 130.0 (1C, C-8 gibenzofuran), 127.4 (1C, C-4iophene), 126.9 (1C, C-
9D dibenzofuran)> 126.5 (1C, C-7 givenzofuran)> 123.7 (1C, C-3hiophene), 123.3 (1C, C-9a gibenzofuran), 122.0
(1C, C-1 divenzofuran), 121.7 (1C, C-2 gibenzofuran), 118.4 (1C, C-9 dgivenzoturan)s 112.6 (1C, C-6
gibenzofuran), 110.4 (1C, C-4 givenzofuran), 83.7 (1C, 'Jer = 166.4 Hz, CH,F), 61.4 (1C, CHNH), 30.7
(1C, “Jey = 20.8 Hz, CH,CH,F), 30.5 (1C, CH(CH;),), 19.1 (1C, CH(CH3),), 17.9 (IC,
CH(CH3),). "’F NMR (282 MHz, DMSO-dy): & [ppm] = -214.52 (tt, 1F, *Jur = 47.2 Hz, *Jyp =
26.4 Hz). HRMS (ESI+): m/z= [MJrNa]Jr calcd for Cy3H,,FNOsS,Na 498.0816, found 498.0879.
In vitro MMP assays

The inhibition potencies of compounds 4, 5, 9, 10, 12a-b, 17, 19, ent-19, 25, 28, 31 and 34
against activated MMP-2, -8, -9, -12 and -13 were measured following the protocol of Huang et
al.>* Additionally inhibitors 4 and 9 were tested against MMP-1, -3 and -7. Here the synthetic
compounds (7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-(3-(2,4-dinitrophenyl)-L-2,3-

diaminopropionyl)Ala-Arg-NH, (R&D Systems) and (7-methoxycoumarin-4-yl)acetyl-Arg-Pro-
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Lys-Pro-Val-Glu-Norval-Trp-Lys(2,4-dinitrophenyl)-NH, (R&D Systems) were used as
fluorogenic substrates in the MMP-2, -3, -7, -8, -9, -12, -13 and MMP-1 assay, respectively.
Different concentrations of the test compounds and the activated MMPs (each at 2 nM) were
preincubated at 37 °C for 30 min in Tris buffer (50 mM), pH 7.5, containing NaCl (0.2 M),
CaCl, (5 mM), ZnSOy4 (20 uM) and Brij 35 (0.05 %). To an aliquot of substrate (10 pL of 50 uM
solution) the enzyme-inhibitor mixture (90 pL) was added. For monitoring the fluorescence
changes a TriStar2 multimode reader LB 942 (BERTHOLD) with excitation and emission
wavelengths of 340 and 405 nm was used. The reaction within the last 10 min were plotted as a
function of inhibitor concentration. The 1Cso-values were determined from the inhibition curves
by nonlinear regression analysis using the Grace 5.1.8 software (Linux).

Determination of logD- s-values of non-radioactive compounds

In order to determine the logD- 4 value, the shake flask method reported recently was utilized.>
The following UPLC-UV/MS (AGILENT TECHNOLOGIES) system was used: LC-MS
method: pump: 1260 Bin Pump (G1212B); MS-Detector: 6120 Quadrupole LC/MS (G1978B);
precolumn: Zorbax Eclipse Plus-C18 5 pm, 2.1 mm x 12.5 mm; column: Zorbax SB-CI8
1.8 um, 2.1 mm x 50 mm; column oven: 1290 TCC (G1316C), 30 °C; degasser: 1260 HiP
(G4225A); autosampler: 1260 HiP ALS (G1367E); MS source: multimode source; injection
volume: 1 pupL; solvent A: water:acetonitrileeHCO,H  950:50:1;  solvent B:
acetonitrile:water:HCO,H 950:50:1; flow rate: 0.3 mL/min; gradient elution: (A%): 0 — 2 min:
gradient from 100% to 0%, 2 —3 min: 0%, 3 — 3.5 min: gradient from 0% to 100%, 3.5 — 8 min:
100%; MS parameter: Vaporizer temperature: 200 °C; drying gas: 12 L/min; nebulizer pressure:
35 psi; VCap: -4000 V; Fragmentor voltage and drying gas temperature were optimized for each

compound by flow-injection analysis (FIA).
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The six-port-valve (which normally switches between two columns) was used as a divert valve to
protect the mass spectrometer from salts of the sample. After 1 min, the valve was switched from
“waste” to “MS-source”. At the end of a single run the valve was switched to “waste”. The
Multimode source was running only in the ESI mode. The calibration of the quadrupole was
achieved by injection of APCI/APPI Tuning Mix (G2432A, AGILENT TECHNOLOGIES).
Experimental procedure: MOPS (372.5 mg, 8.9 mM) and MOPS sodium salt (513.4 mg,
11.1 mM) were dissolved in bidist. H,O (200 mL) to prepare 20 mM MOPS buffer with pH 7.4.
n-octanol and MOPS buffer were saturated with each other before the experiment by stirring a
two-phase system for 24 h. The final concentration of DMSO was kept below 1 % in all samples.
The logD7 4 values were determined using three different volume ratios of buffer and n-octanol
(750 pl and 750 pL (1/1), 500 pL and 1000 pL (1/2) and 1000 pL in 500 pL (2/1)). The 10 mM
DMSO stock solution was diluted differently for each compound for being inside the linear range
of the quadrupole detector. The diluted DMSO stock solution was added to the buffer, afterwards
n-octanol was added. Those DMSO/buffer mixtures were pipetted into 1.5 mL safe lock tubes.
Afterwards, the tubes where vortexed for 2 min and subsequently centrifuged at 20 °C with
16000 rpm for 10 min. An aliquot of the aqueous layer was analyzed with the above-mentioned
LC-MS method. Each sample with one of the three ratios (buffer/n-octanol) was prepared in
triplicate resulting in a total of n = 9 experiments. The calibration curve was prepared with
MOPS buffer saturated with n-octanol to match the matrix of the samples, covering the
concentration range.

Radiochemistry: General Methods

The radiosyntheses of the compounds ['*F)4, ["®F]9 and ["*F]19 were carried out semiautomated

with a modified PET tracer radiosynthesiser TRACERLab FXppg and the TRACERLab Fx
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software (GE Healthcare). The aqueous solutions of no-carrier-added ['F]fluoride were
produced by irradiation of 2.8 mL enriched [*OJH,O (97 %) on a RDS 111e cyclotron (CTI-
Siemens) using 10 MeV proton beams to perform the 18O(p,n)lgF nuclear reaction. Separation
and purification of the reaction mixtures of the radiosynthezised compounds were performed on
semipreparative radio-HPLC (Method C1 for ['®F]4 and ['®F]9, Method C2 for [ISF]19). The
radiochemical purities and molar activities were determined on an analytical radio-HPLC
(Method D). The specified radiochemical yields given in this work are decay corrected (d. c.)
after purification and formulation.
((8-(4-(3-["*F]Fluoropropyl)-1,2,3-triazol-1-yl)dibenzo[b,d|furan-3-yl)sulfonyl)-(S)-valine

(I"*F14)

The aqueous [ *F]fluoride ions (1191 — 4990 MBq) from the cyclotron were passed through an
anion exchange pre-conditioned cartridge (Sep-Pak”™ Light QMA, COs” as counter ion) in a
computer controlled synthesizer. ['*F]Fluoride ions were eluted from the cartridge in the reactor
with a solution of Kryptofix®2.2.2 (20 mg, 53 pmol, 4 eq) and K,COs (40 pL, 1 M, 40 pmol,
3eq) in water (200 uL) and CH3;CN (800 pL). The aqueous K(K222)[18F]F solution was
carefully evaporated to dryness in vacuo. A solution of pent-4-yn-1-yl 4-methylbenzenesulfonate
(20 mg, 84 umol, 7 eq) in CH3CN (500 pl) was added and the mixture was heated at 110 °C for
3 min. The produced 5-['*F]fluoropent-1-yne was distilled from the reactor in a 5 mL flask
containing DMF (300 pL, cooled to -10 °C) within 2 min. Then aqueous CuSO,4-5H,0O-solution

(0.4 M, 120 puL, 48 pmol, 4 eq), sodium ascorbate (16 mg, 81 pmol, 6 eq) in water (100 pL) and
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precursor 5 (5.0 mg, 12.9 umol, 1 eq) in DMF (100 pL) were added to the flask and the reaction
mixture was stirred for 30 min at 40 °C. Then the mixture was passed through a Sep-Pak” Light
cartridge filled with quartz wool. The cartridge was washed with DMF (200 pL). The eluate was
diluted with water (500 pL). The resulting mixture was purified by semipreparative radio-HPLC
(Method C1). The product fraction of ["*F]4 (tx = 24.4 min) was evaporated to dryness in vacuo
and redissolved in water:EtOH (1 mL, 9:1). Triazole ['*F]4 was obtained with a rcy of
37+ 8% (d. c., n=06) and a rcp >99 % (tr (analytical radio-HPLC, Method D) = 12.6 min) and a
Ap in the range of 3 - 59 GBg/pmol in 126 + 3 min.

((8-(1-Q2~(["*F] Fluoro-ethyl)-1H-1,2,3-triazol-4-yl)dibenzo[b,d]| furan-3-yl)sulfonyl)-(S)-

valine (['*F]9)

In a computer controlled synthesizer aqueous ['*F]fluoride ions (2392 — 4889 MBq) were passed
through an anion exchange pre-conditioned cartridge (Sep-Pak”™ Light QMA, CO;> as counter
ion). ["*F]Fluoride ions were eluted from the cartridge with a solution of Kryptofix®2.2.2 (20 mg,
53 umol, 4 eq) and K,CO; (40 pL, 1 M, 40 pmol, 3 eq) in water (200 uL) and CH3CN (800 pL)
into the reactor. The aqueous solution was carefully evaporated to dryness in vacuo. A solution
of 2-azidoethyl 4-methylbenzenesulfonate (20 mg, 83 umol, 6 eq) in CH3CN (500 pul) was added
and the mixture was heated at 110 °C for 3 min. The formed 1-azido-2-[ISF]ﬂuoroethane was
distilled from the reactor in a 5 mL flask containing DMF (300 pL, cooled to -10 °C) within 2
min. Then aqueous CuSOy4-5H,0-solution (0.4 M, 120 pL, 48 umol, 4 eq), sodium ascorbate (16

mg, 81 pmol, 6 eq) in water (100 pL) and precursor 10 (5.0 mg, 13.5 umol, 1 eq ) in DMF
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(100 pL) were added to the flask. The reaction mixture was stirred for 30 min at 40 °C. Then, the
mixture was passed through a Sep-Pak™ Light cartridge filled with quartz wool. The cartridge
was washed with DMF (200 pL). The eluate was diluted with water (500 pL). Purification was
performed by semipreparative radio-HPLC (Method C1). The product fraction of ['*F]9 (tr =
21.4 min) was evaporated to dryness in vacuo and redissolved in water:EtOH (1 mL , 9:1).
Triazole ["*F]9 was obtained with a rcy of 43 £7 % (d. c., n=6) and a rcp >99 % (tr (analytical
radio-HPLC, Method D) = 12.0 min) and a A,, in the range of 7 - 57 GBg/umol in 140 £+ 6 min.

((8-(1-Q2-(["*F] Fluoroethyl)pyrazol-4-yl)dibenzo[b,d|furan-3-yl)sulfonyl)-(S)-valine (["*F]19)

;F
N\
Y
/
HO S O
0" 0O

In a computer controlled synthesizer aqueous ['*F]fluoride ions (2392 - 4889 MBq) were passed
through an anion exchange pre-conditioned cartridge (Sep-Pak® Light QMA, COs> as counter
ion). ['*F]Fluoride ions were eluted from the cartridge with a solution of Kryptofix*2.2.2 (20 mg,
53 umol, 7 eq) and K,CO;3 (40 uL, 1 M, 40 pmol, 5 eq) in water (200 uL) and CH3CN (800 uL)
into the reactor. The aqueous solution was carefully evaporated to dryness in vacuo. The
precursor 22 (5 mg, 7.5 pmol, 1 eq) in CH3CN (1 mL) was added to the reactor and the mixture
was stirred at 110 °C for 30 min. Then, the solvent was evaporated in vacuo. TFA (1 mL) and
water (100 pL) were added. The reaction mixture was stirred at 40 °C for 5 min. The solvent was
evaporated in vacuo. MeOH (1 mL) was added to the reactor and the solution was transferred
into a flask outside the synthesizer. The solution was concentrated to a volume of 500 uL and

diluted with water (500 pL). Purification was performed by semipreparative radio-HPLC
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(Method C2). The product fraction of ['*F]19 (tr = 37.6 min) was evaporated to dryness in vacuo
and the residue was dissolved in water:EtOH (1 mL , 9:1). Pyrazole ['®F]19 was obtained with a
rcy of 22 £9 % (d. c., n =9) and a rcp >99 % (tr (analytical radio-HPLC, Method D) = 11.7 min)
and a Ay, in the range of 3 - 68 GBg/umol in 161 + 15 min.

Determination of logD, s—values of radiobabeled compounds

The lipophilicity of ['"*F14, ['®F]9 and ["*F]19 were determined following the procedure
described by Prante e al..*> An amount of 29-232 kBq radiolabelled compound in PBS buffer
(10 uL, pH 7.4) was added to PBS buffer (490 uL, pH 7.4) and octan-1-ol (500 pL). The two-
phase mixture was shaken for 3 min on a vortexer at room temperature and centrifuged
(3000 rpm) for 5 min. The octanol layer (400 pL) was collected carefully and added to a new
tube with PBS buffer (400 uL, pH 7.4). The two phase mixture was shaken again for 10 min and
centrifuged for 5 min. Three samples were prepared and 100 pL of both phases were measured in
a y-counter (Wallac Wizard, PERKIN-ELMER LIFE-SCIENCE). The partition coefficient was
determined by dividing cpm(octanol) by cpm(PBS) and indicated as logD7 4.

In vitro serum stability in human and mouse serum

The stability of the radiolabeled compounds [ISF]4, [ISF]9 and [ISF]19 in human and murine
serum was measured after incubation at 37 °C for 90 min. An aliquot of formulated solution in
PBS-buffer (40 pL, approximately 10 MBq) was added to a tube with blood serum (200 pL) and
the mixture was shaken at 37 °C. After 10, 20, 30, 60 and 90 min an aliquot (20 pnL) was taken
out of the tube and added to cooled MeOH:CH,Cl, solution (1:1, 100 uL). The sample was

analyzed by analytical radio-HPLC (Method D) after centrifugation for 5 min.
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In vitro biotransformation in mouse liver microsome suspensions

For the in vitro identification of metabolites previous methods were adapted.®*®' For the
determination of exact masses and for conducting MS/MS experiments, an LC system was
coupled with a qTOF.

The following HPLC-DAD (THERMOFISHER) system was used: pump: DGP-3600RS; DAD-
detector: DAD-3000RS (A = 230 and 250 nm); precolumn: Security guard TM cartridge C;g
4.0 pm, 4.0 mm x 2.0 mm; column: Phenomenex Synergi Hydro RP 2.6 pm, 50 mm x 2.1 mm,;
column oven: TCC-3000RS, 30 °C; autosampler: WPS-3000RS; solvent rack: SRD 3600;
HPLC-MS Method E (12a and 12b): pump 1: solvent A: water:acetonitrile: HCO,H 900:100:1;
solvent B: acetonitrile:water:HCO,H 900:100:1; flow rate: 0.3 mL/min (0.0 — 7.0 min, 9.9 — 10.0
min) and 0.4 mL/ min (7.0 — 9.9 min); gradient elution: (A%): 0.0 min: 100%, 0.0 — 5.0 min:
gradient from 100% to 0%, 5.0 — 6.5 min: 0%, 6.5 — 7.0 min: gradient from 0% to 100%, 7.0 —
10.0 min: 100%. HPLC-MS Method F (19): pump 1: solvent A: water:acetonitrile:HCO,H
900:100:1; solvent B: acetonitrile:water:HCO,H 900:100:1; flow rate: 0.1 mL/min (0.0 — 3.0
min, 17.9 — 18.0 min) and 0.4 mL/ min (3.0 — 17.9 min); gradient elution: (A%): 0.0 — 3.1 min:
100%, 3.1 — 12.0 min: gradient from 100% to 0%, 12.0 — 14.5 min: 0%, 14.5 — 15.0 min:
gradient from 0% to 100%, 15.0 — 18.0 min: 100%; pump 2: solvent C: water:HCO,H 1000:1;
flow rate: 0.3 mL/min (0.0 — 3.0 min, 17.9 — 18.0 min) and 0.0 mL/ min (3.0 — 17.9 min);
elution: (C%): 0.0 — 18.0 min: 100%. As volumes >10 uL were injected, online dilution was
used. Therefore, a second pump with an aqueous solvent was added to the method to dilute the
solvent of the first pump in a ratio of 1:4.

The LC system was coupled with a microOTOF-Q II (BRUKER DALTONICS). The ESI-qTOF

was operated in positive and negative ion polarity in the full scan mode (m/z = 70 — 700) with the
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following settings: capillary voltage: 4500 V; end plate offset: -500 V; collision cell RF:
300.0 Vpp; nebulizer: 2.0 bar; dry heater: 200 °C; dry gas: 9.0 L/min.

In case of MS/MS experiments the isolation window of the first quadrupole was set to 10 m/z
units. The collision energy of the second quadrupole was 35 eV. Data handling and control of the
system were realized with the software DataAnalysis and Hystar from BRUKER DALTONICS .
The calibration of the TOF spectra was achieved by injection of LiHCO; (isopropanol:bidist.
water 1:1, 10 mM) via a 20 uL sample loop within each LC run at 2.0 — 2.2 min.

Experimental procedure: DMSO stock solution (1.0 uL, 10 mM) of the compound 12a, 12b or
19 was added to PBS (pH 7.4, 23 uL, 0.1 M), MgCl, solution (50 pL, 50 mM), NADPH solution
(50 uL, 2 mg/mL in PBS), UDPGA solution (50 pL, 2 mg/mL in PBS) and mice liver
microsome suspension (26 pL, 7.8 mg protein/mL). In case of the incubation without UDPGA
50 uL PBS was added instead. The suspension was mixed vigorously and shaken for 90 min or
120 min at 37°C (900 rpm). The incubation was stopped by addition of icecold
acetonitrile/methanol (1:1, 400 uL). The Eppendorf cups were cooled down to 0 °C for 10 min
using a water/ice bath. The precipitated proteins were separated via centrifugation (15 min,
16000 rpm, 4 °C) and the supernatant was analyzed by the above described LC-MS method.
With the same procedure, the empty value (without stock solution), the blank value (without
cofactors) and in the case of 19 a buffer sample (199 uLL PBS and 1 puL DMSO stock solution)
were prepared. To detect possible impurities in the stock solution a positive control (599 puL

solvent and 1 L. DMSO stock solution) was prepared for 19 additionally.

Table 2: Identification of 36 (tg = 9.9 min) via fragmentation.

m/z obs. m/z calcd. formula

\—
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458.1387 458.1380 C2HsN304S"

449.1191 449.1177 C21H2FN,O6S *

430.1051 430.1067 C20H20N304S"

345.0702 345.0704 C17H14FN,O38 ©

279.0926 279.0928 Ci7H,FN,O"

In vitro binding to human serum albumin
In vitro HSA binding of triazoles 4 and 9 and pyrazoles 17 and 19 was investigated by HPAC

using an analytical HPLC column coated with HSA, as already described.®*

In vivo Biodistribution studies

Animals. For biodistribution studies male C57BL/6 mice (24-30 g body weight) were used at the
age of 12-15 weeks and housed under specific pathogen-free conditions.

All experiments performed in the study were in accordance with the german law on the care and
use of laboratory animals and approved by the local authorizing agency of North Rhine-
Westphalia.

Small animal PET scanning. For PET experiments mice were anesthetized by 3 % isoflurane in
air. Tracers ['*F]4, ["*F]9 and ["*F]19 were intravenously injected into the mice as bolus
(100 pL) by injection pump controlled saline flush (300 pL/min) via the tail vein and subsequent
PET scanning was performed. PET experiments were performed using a small animal scanner
(32module quadHIDAC, Oxford Positron Systems Ltd., Oxford, UK). The scanner has a high
resolution (0.7 mm full width at half maximum) with uniform spatial resolution (<1 mm) over a

large cylindrical field (165 mm diameter, 280 mm axial length). With an iterative reconstruction
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algorithm data were acquired for 120 min and reconstructed into dynamic time frames. The
scanning bed was transferred to the CT scanner (Inveon, Siemens Medical Solutions, U.S.) and a
CT acquisition was performed for each mouse with a spatial resolution of 80 um. Image data sets
were co-registered with extrinsic markers attached to the multimodal scanning bed and the in-
house developed image analysis software MEDgical. In CT data sets the three-dimensional
volumes of interest (VOIs) were defined over the relevant organs, transferred to the co-registered
PET data and analyzed quantitatively. By dividing counts per milliliter in the VOI by total counts
in the mouse multiplied by 100 (% ID/mL) regional uptake was calculated as percentage of

injected dose by dividing counts per milliliter in the VOI.
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ABBREVIATIONS USED

Ay, molar activity; BSA, bovine serum albumin; DAST, Diethylaminosulfur trifluoride; d. c.,
decay corrected; DME, 1,2-Dimethoxyethane; DMEDA, N,N'-Dimethylethylenediamine; DMF,
N,N-Dimethylformamide; DMSO, Dimethyl sulfoxide; EDC, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide; HOBT, 1-Hydroxybenzotriazole; HSA, human serum
albumin; ID, injected dose; MMP, matrix metalloproteinase; MMPI, matrix metalloproteinase
inhibitor; MOPS, 3-Morpholinopropanesulfonic acid; NMM, N-Methylmorpholine; PBS,
phosphate buffered saline; PET, positron emission tomography; SPECT, single photon emission
computed tomography; rcp, radiochemical purity; rcy, radiochemical yield; rt, room temperature;
TFA, Trifluoroacetic acid; THP, 2-Tetrahydropyranyl; TLC, thin layer chromatography; Ts,

Tosyl; VOI, volume of interest.
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