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A series of novel carbazole-containing sulfonamides and sulfamides were synthesized. A structure–activ-
ity relationship study of these compounds led to the identification of potent cryptochrome modulators.
Based on the results of efficacy studies in diet-induced obese (DIO) mice, and the desired pharmacoki-
netic parameters, compound 41 was selected for further profiling.

� 2015 Elsevier Ltd. All rights reserved.
Type 2 diabetes is a metabolic disorder that accounts for 387
million patients worldwide and the number is likely to grow to
greater than 590 million by the year 2035.1 This is a complex dis-
ease and invariably type 2 diabetic patients also display cardiovas-
cular risk factors including hypertension and dyslipidemia.2,3

The circadian clock is an essential time-keeping mechanism
that controls the daily rhythm of numerous physiological pro-
cesses including sleep/wake behavior, body temperature, hormone
secretion, and metabolism.4–6 Dysregulation in the circadian sys-
tem caused by variants of clock genes has been correlated with
type 2 diabetes and insulin resistance.7,8 More specifically, genetic
variants in Cryptochrome (Cry1 and Cry2) genes have been linked
with glucose homeostasis and beta-cell function.9–12

Cell-autonomous circadian rhythms are generated through a
core set of clock genes and coordinated by interconnected tran-
scriptional and translational regulatory loops. In the core feedback
loop, the basic helix-loop-helix/Per-Arnt-Sim transcription factors
CLOCK and BMAL1 activate expression of Period (Per1 and Per2)
and Cry genes. After translation, eventual dimerization and nuclear
localization, PER and CRY proteins inhibit CLOCK-BMAL1 function,
culminating in rhythmic 24-hour gene expression in almost all
mammalian tissues. The stability of clock proteins is further con-
trolled by posttranslational modification and ubiquitination.13
Recent X-ray crystallographic results revealed details of CRY ubiq-
uitination and degradation by the SCFFBXL3 ubiquitin ligase com-
plex.14 The F-box protein FBXL3 binds to CRY2 by occupying the
FAD binding pocket of CRY2 with its C-terminal tail and also covers
the PER binding domain of CRY2. FBXL3 regulation of CRY stability,
therefore, plays an important role in resetting circadian period,
phase and/or amplitude by modulating the negative feedback
loop.15–17

Circadian clock-deficient mice have been utilized as tools for
examining disease etiologies linked to the circadian clock. Mice
lacking Cry1 and Cry2 (Cry-null mice), on a high fat diet (HFD),
rapidly gain weight (though hypophagic), are hyperinsulinemic
and have upregulated expression of lipogenic genes in white adi-
pose tissue.18 Furthermore, ablation of Cry1, but not Cry2, prevents
HFD-induced obesity in mice, likely through an effect on energy
expenditure.19 Cry-null mice also exhibit salt-sensitive hyperten-
sion due to abnormally high synthesis of the mineralocorticoid
aldosterone by the adrenal gland.20,21 These mice display constitu-
tive elevation of proinflammatory cytokines in a cell-autonomous
manner, which once again suggests low-grade inflammation as a
potential cause for chronic diseases like diabetes and obesity.22

An unbiased cell-based circadian screen revealed a novel small
molecule, KL001, that specifically interacts with CRY (Fig. 1).23–25

KL001 prevents ubiquitin-dependent degradation of CRY, resulting
in lengthening of the circadian period. The co-crystal structure of
the KL001-CRY2 complex revealed that KL001 occupies the FAD
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Figure 1. KL001 and chosen lead scaffold 1.

Scheme 2. Reagents and conditions: (a) MeSO2Cl, pyridine or Si-imidazole, CH2Cl2,
rt, 16–48 h; (b) 3, Cs2CO3, DMA, 100 �C, 16 h.

Scheme 3. Reagents and conditions: (a) (NH2)2SO2, pyridine, reflux, 16 h; (b) 3,
NaH, DMF, 70 �C, 16 h.
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binding site of CRY2 and interferes with the binding of FBXL3 to
CRY2.26 In order to determine the structural requirements for
KL001 activity and the molecular basis for highly potent deriva-
tives, we wished to synthesize compounds represented by the gen-
eral structure 1 (Fig. 1). Herein, we report the synthesis, structure–
activity relationships (SAR), and in vivo activity of this new class of
compounds.27

The synthetic route for the preparation of compounds 4–14 is
shown in Scheme 1. Coupling of commercially available epibromo-
hydrin and carbazole 2 afforded 3. Condensing furfurylamine with
epoxide 3 followed by addition of a variety of sulfonyl chlorides
allowed for an efficient variation of sulfonamide R2 substituents
giving final products 4–14.

In an effort to look at the effects of variation of the amine R1

moiety, a new synthetic route was required (Scheme 2). Methane-
sulfonyl chloride was added to a variety of amines 15 to afford 16.
The resulting sulfonamides 16 were then condensed with epoxide
3 under basic conditions giving final products 17–37.

Attempts to further increase potency via conformational
restriction required molecules where R1 and R2 are joined as part
of a ring (Scheme 3). Commercially available sultams (39,
X = CH2) and synthesized cyclic sulfamides (39, X = NR3) were
introduced to this effect. Diamines 38 were condensed with sul-
famide to afford intermediates 39. Cyclic sulfonamides and sul-
famides 39 were then condensed with epoxide 3 under basic
conditions giving final products 40–47.

The newly synthesized compounds were evaluated for their
effects on circadian rhythms in a human osteosarcoma U2OS cell
line harboring a Per2-dLuc luciferase reporter.23 Continuous treat-
ment with these compounds causes period lengthening and ampli-
tude reduction in a dose-dependent manner. The amplitude effect
of these derivatives was analyzed by testing 8 points of threefold
dilution series to obtain EC50 values. Lipophilic efficiency (LipE)
Scheme 1. Reagents and conditions: (a) epibromohydrin, KOH, DMF, 0 �C to rt,
16 h, 71%; (b) furfurylamine, EtOH, 40 �C, 16 h, 91%; (c) R2SO2Cl, pyridine, CH2Cl2,
0 �C to rt, 16 h.
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was calculated in an effort to move toward a quality drug candi-
date with high potency, low dose and an adequate safety profile.
LipE is a parameter used in drug design to evaluate the quality of
compounds, linking potency and lipophilicity in an attempt to esti-
mate druglikeness.28–30

Initially, we decided to investigate the effects of varying the sul-
fonamide R2 substituents of 1, Table 1. Compounds 4–14 demon-
strate that Per2 potency is sensitive to the size of the
substituent. Small substituents yielded analogs with submicromo-
lar potency (e.g. KL001 and compound 4). Larger cyclic moieties
(compounds 9 and 13) resulted in significant reductions in Per2
affinity. Methyl, ethyl and 2-methoxyethyl were preferable (com-
pounds KL001, 4 and 12) from a LipE standpoint, due to their bal-
ance of Per2 potency and lipophilicity.

The optimal lipophilic efficiency, molecular weight and in vitro
metabolism (data not shown) associated with the methyl sub-
stituent (e.g. KL001) prompted us to hold this moiety constant
and make changes to the R1 substituents (Table 2). Per2 potency
for compounds 17–37 demonstrate that large changes in this
region can be tolerated. Removing the R1 substituent of KL001
(compound 17) afforded an increase in potency and LipE. Per2
potency of �100 nM could be achieved with two analogs (com-
pounds 22 and 24) although only minor increases in LipE resulted
from these changes. A lipophilicity lowering strategy in this region
was also successful as compounds 27, 28 and 31 all resulted in
acceptable LipE values although at the expense of Per2 potency.
Interestingly, replacing a phenyl moiety (compound 32) with a 2-
pyridyl substituent (compound 33) resulted in a significant reduc-
tion in Per2 potency possibly due to an unfavorable conformational
change caused by an interaction with this new moiety and the sul-
fonamide functionality.

Given the increased potency and LipE associated with small R1

and R2 substituents we decided to attempt a conformational
restriction strategy (Table 3). The rationale behind conformational
restriction is to keep a molecule in its bioactive conformation while
eliminating alternative conformations. Cyclic sulfonamides (com-
pounds 40–43) all showed excellent Per2 potency and LipE values.
Variations in ring size (compounds 40, 41 and 42) resulted in no
change in Per2 potency. One example of lipophilicity lowering
(compound 43) afforded very high Per2 potency and LipE. On mov-
ing from cyclic sulfonamides to cyclic sulfamides (compounds 44–
47) we also observed acceptable Per2 affinity. Within the sul-
famides, we did observe a trend toward improved Per2 affinity
Chem. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2015.12.102
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Table 1
In vitro activities of compounds 4–14

Compound R2 Per2 EC50
a (lM) LipEb Compound R2 Per2 EC50

a (lM) LipEb

KL001 Me 0.870 3.85 9 Cyclohexyl 1.002 1.69
4 Et 0.197 3.99 10 3-Tetrahydrofuran 1.177 3.51
5 nPr 0.516 3.05 11 CH2Pr 0.374 3.28
6 iPr 0.438 3.07 12 (CH2)2OMe 0.288 4.23
7 iBu 0.361 2.84 13 Ph 1.087 1.64
8 Cyclopropyl 0.557 3.27 14 Bn 0.415 2.30

a Per2 activities were measured in human U2OS cells harboring aPer2-dlucluciferase reporter analogous to published procedures.23 The EC50 refers to the concentration at
which 50% of a given compounds’ intrinsic maximal response has been reached.

b LipE = pEC50 – cLogP. cLogP calculated within CDD Vault utilizing ChemAxon’s fragment-based approach.

Table 2
In vitro activities of compounds 17–37

Compound R1 Per2 EC50 (lM) LipE Compound R1 Per2 EC50 (lM) LipE

KL001 CH2(2-furan) 0.870 3.85 27 3-Oxetanyl 3.533 4.19
17 H 0.479 5.12 28 4-Tetrahydropyranyl 0.819 4.70
18 Me 0.781 4.68 29 3,3-Difluorocyclobutyl 1.272 3.34
19 Et 0.505 4.51 30 4,4-Difluorocyclohexyl 0.690 3.45
20 nPr 0.408 4.09 31 (CH2)2OMe 1.024 4.61
21 iPr 0.511 4.09 32 Ph 0.272 3.48
22 iBu 0.178 4.08 33 2-Pyridyl >10a

23 Cyclopropyl 0.446 4.46 34 2-F-Ph 2.549 2.37
24 Cyclobutyl 0.129 4.55 35 3-F-Ph 0.400 3.17
25 Cyclopentyl 0.308 3.73 36 4-F-Ph 0.939 2.80
26 Cyclohexyl 0.532 3.05 37 Bn 0.818 2.94

a No EC50 was obtained; no plateau reached in titration.

Table 3
In vitro activities of compounds 40–47

Compound Structure Per2 EC50 (lM) LipE Compound Structure Per2 EC50 (lM) LipE

40 N S
O
O

0.190 5.31 44 N NH
S

O O
0.042 6.35

41 N S
O O

0.144 5.37 45 N N
S

O O
0.132 5.63

42 N
S
OO

0.173 4.78 46 N NH
S
OO

0.384 5.34

43 N
O

S
OO

0.073 5.82 47 N N
S
OO

0.726 4.83

Figure 2. Compound 41 reduces glucose intolerance in obese, insulin-resistant
mice.
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for smaller ring sizes (e.g. compound 44). Methylation of the sul-
famide NH moiety resulted in 2–3 fold reduction in Per2 potency
in both cases (compounds 45 and 47).

Compounds 17, 18, 41 and 46 were then selected for mouse
pharmacokinetic (PK) studies. Oral administration to male ICR
mice resulted in acceptable exposure, although the mean plasma
residence times varied—17 = 1.92 h, 18 = 3.01 h, 41 = 7.63 h and
46 = 5.12 h. In light of these results, compound 41 was progressed
through a panel of screens to assess off target pharmacology and
showed no significant activity 610 lM against a panel of 55 tar-
gets, no activity at the hERG channel and no in vitro genotoxicity
in micronucleus and Ames assays.

Compound 41was then evaluated in a diet-induced obese (DIO)
C57BL/6J mouse model, using rosiglitazone as the comparator
(Fig. 2).31 Treatment of DIO (25-week-old C57BL/6 J mice fed a
high-fat diet for 19 weeks) mice with compound 41(100 mg/kg q.
d. for 7 days) significantly enhanced glucose clearance (41% AUC
reduction) in an oral glucose tolerance test (P 6 0.0001).
Please cite this article in press as: Humphries, P. S.; et al. Bioorg. Med. Chem. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2015.12.102
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In summary, we have identified carbazole-containing sulfon-
amide and sulfamide classes of potent cryptochrome modulators.
Systematic SAR studies generated a multitude of potent com-
pounds with improved lipophilic efficiency. Compound 41 repre-
sents the first reported small molecule cryptochrome modulator
to display oral efficacy in an animal model of type 2 diabetes.
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