
Potent s-cis-Locked Bithiazole Correctors of ∆F508 Cystic Fibrosis Transmembrane
Conductance Regulator Cellular Processing for Cystic Fibrosis Therapy⊥

Gui Jun Yu,† Choong L. Yoo,† Baoxue Yang,‡ Michael W. Lodewyk,† Liping Meng,† Tamer T. El-Idreesy,†

James C. Fettinger,† Dean J. Tantillo,† A. S. Verkman,‡ and Mark J. Kurth*,†

Department of Chemistry, UniVersity of CaliforniasDaVis, One Shields AVenue, DaVis, California 95616, and Department of Medicine and
Physiology, UniVersity of CaliforniasSan Francisco, San Francisco, California 94143-0521

ReceiVed May 8, 2008

N-(5-(2-(5-Chloro-2-methoxyphenylamino)thiazol-4-yl)-4-methylthiazol-2-yl)pivalamide 1 (compound 15Jf)
was found previously to correct defective cellular processing of the cystic fibrosis protein ∆F508-CFTR.
Eight C4′-C5 C,C-bond-controlling bithiazole analogues of 1 were designed, synthesized, and evaluated to
establish that constraining rotation about the bithiazole-tethering has a significant effect on corrector activity.
For example, constraining the C4′-C5 bithiazole tether in the s-cis conformation [N-(2-(5-chloro-2-
methoxyphenylamino)-7,8-dihydro-6H-cyclohepta[1,2-d:3,4-d′]bithiazole-2′-yl)pivalamide, 29] results in
improved corrector activity. Heteroatom placement in the bithaizole core is also critical as evidenced by the
decisive loss of corrector activity with s-cis constrained N-(2-(5-chloro-2-methoxyphenylamino)-5,6-dihydro-
4H-cyclohepta[1,2-d:3,4-d′]bithiazole-2′-yl)pivalamide 33. In addition, computational models were utilized
to examine the conformational preferences for select model systems. Following our analysis, the “s-cis-
locked” cycloheptathiazolothiazole 29 was found to be the most potent bithiazole corrector, with an IC50 of
∼450 nM.

Introduction

Cystic fibrosis (CFa), an inherited disease that afflicts ∼1 in
2500 Caucasian individuals,1 is caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene. The CFTR
gene encodes a cAMP-regulated chloride channel expressed at
the apical membrane of epithelial cells in various tissues (lung,
pancreas, testes, and others2,3) with the primary cause of
mortality being chronic lung infection and deterioration of lung
function. ∆F508-CFTR, the most common CF-producing muta-
tion, has a phenylalanine deletion at residue 508 of CFTR and
is present in at least one allele of ∼90% of CF patients.1 ∆F508-
CFTR is misfolded, retained at the endoplasmic reticulum (ER),
and rapidly degraded.4 Despite the multiplicity of cellular defects
associated with the ∆F508 mutation, small-molecule therapy
of CF caused by the ∆F508 mutation is thought to have
considerable promise.5,6 Such therapy may require compounds
with two complementary modes of action: a “corrector” to
facilitate ∆F508-CFTR folding and plasma membrane target-
ing; a “potentiator” to improve ∆F508-CFTR chloride channel
function. However, a highly effective corrector that restores
normal folding of ∆F508-CFTR may obviate the need for a
separate potentiator. Nanomolar-potency ∆F508-CFTR potentia-
tors have already been identified and characterized.6

The complex, multistep nature of protein folding and traf-
ficking presents a significant challenge in identifying potent,
selective correctors of defective ∆F508-CFTR cellular process-

ing. We previously reported the identification and characteriza-
tion of ∆F508-CFTR correctors by screening a collection of
150,000 diverse small molecules utilizing Fischer rat thyroid
(FRT) epithelial cells coexpressing ∆F508-CFTR and the halide-
sensitive fluorescent protein YFP-H148Q/I152L.7 ∆F508-CFTR-
facilitated iodide influx was determined for each test compound
by the kinetics of decreasing YFP fluorescence following
addition of extracellular iodide in the presence of the potentiators
genistein8 and forskolin.6,9

Analyses of the specificity, cellular mechanism, and efficacy
in human CF cells of four chemical classes of active compounds
identified from the screen established methylbithiazoles10 as the
most promising for further development. A subsequent synthesis
and screening study of 148 methylbithiazole analogues focused
on the peripheral amide and aniline substructures (e.g., blue
substructures in the generalized methylbithiazole depicted in
Chart 1) established initial structure activity relationship (SAR)
data for this class of correctors with methylbithiazole corrector
1 (compound 15Jf in our previous study) having the greatest
corrector efficacy.11 The purpose of the study here was to
explore the bithiazole core structure of 1 (red substructure in 1,

⊥ X-ray crystallographic data of N-(2-(5-chloro-2-methoxyphenylamino)-
7,8-dihydro-6H-cyclohepta[1,2-d:3,4-d′]bithiazole-2′-yl)pivalamide (29, C21-
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Centre (deposition number CCDC687310).
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Chart 1) to establish requisite structural features of the bis-
heterocyclic portion of bithiazole ∆F508-CFTR correctors.

Results and Discussion

The first objective was to determine if the bithiazole
substructure of 1 plays a crucial role in ∆F508-CFTR corrector
activity or if it simply orchestrates the proper three-dimensional
placement of the flanking pivalamide and 5-chloro-2-methoxy-
aniline substructures. To accomplish this, the two-fold symmetry
of 3-chloropentane-2,4-dione (2)12 was divergently exploited
to prepare, from this one starting material, both 111 and 7 as
detailed in Scheme 1. The preparation of corrector 1 was
accomplished by condensation of chlorodiketone 2 with N-
pivaloylcarbamimidothioic acid (3)13 to give a 1-(thiazol-5-
yl)ethanone intermediate.11 Bromination14 R to the carbonyl of
this thiazole and subsequent condensation with N-(5-chloro-2-
methoxyphenyl)carbamimidothioic acid (4) delivers 1. By
transposition of the thiazole formation order, analogue 7 is
obtained from the same starting material (2) as 1. That is,
condensation of 2 first with 4 followed by R-bromination and
subsequent condensation with the equivalent of 3 (e.g., thiourea
condensation followed by N-acylation with pivaloyl chloride)
delivers transposed bithiazole 7 where the bithiazole core has
been inverted relative to the topography set by the appended
pivalamide and 5-chloro-2-methoxyaniline substructures (com-
pare blue substructures in 1 with red substructures in bithiazole
transposed 7 in Scheme 1).

Figure 1 shows that this bithiazole transposition in 7 results
in near complete loss of ∆F508-CFTR corrector activity as
assayed in FRT epithelial cells stably coexpressing human
∆F508-CFTR and the high-sensitivity halide-sensing fluorescent
protein YFP-H148Q/I152L as described previously.6 Since the
conformational biases of 1 and 7 should be nearly identical,
this dramatic change in corrector activity has three important
implications: (i) proper three-dimensional display of the piv-
alamide and 5-chloro-2-methoxyaniline substructures is insuf-
ficient for corrector activity; (ii) the substituted bithiazole core

is a significant contributor to the activity of 1; and (iii) while
the target of 1 remains unknown, the remarkable activity
differences for these two quite similar bithiazoles suggest that
the activity of 1 may be the consequence of a specific ∆F508-
CFTR binding event.

To initially explore the implications of (ii) above, the next
objective was to partially modify the bithiazole core structure
by replacing one of the thiazole rings with a phenyl ring. The
chemistry to accomplish this objective is detailed in Scheme 2
and starts with 1-(3-aminophenyl)ethanone. N-Acylation of the
aniline moiety with pivaloyl chloride was followed by bromi-
nation R to the carbonyl. Subsequent condensation of this
bromoacetophenone with 4 delivered the 4-phenylthiazole
analogue 10. Starting with 1-(3-nitrophenyl)propan-1-one, a
sequence consisting of bromination, thiazole formation, Sn(II)-
mediated nitro reduction,15 and subsequent N-acylation delivers
the 5-methylthiazole analogue 13. ∆F508-CFTR assay results
for 10 and 13 reveal that each of these 4-phenylthiazole
compounds has no ∆F508-CFTR corrector activity (see Figure
S1 in Supporting Information).

The lack of corrector activity for 7, 10, and 13 is consistent
with the bithiazole core being an important determinant of the
corrector activity of 1. We therefore designed bithiazole
analogues that would probe structural and conformational

Scheme 1. Synthesis of 7a

a Reagents: (a) 4, EtOH, reflux; (b) pyridinium tribromide, 33% wt HBr in HOAc, room temperature; (c) (i) thiourea, EtOH, reflux; (ii) pivaloyl chloride,
TEA, CH3CN, THF, reflux.

Figure 1. Activity-concentration profiles of 1 and 7.
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features of this central bis-heterocycle. One aspect of the 4′-
methyl-4,5′-bithiazole moiety that could greatly affect its activity
involves the dihedral angle of the thiazole-tethering C(4)-C(5′)
bond (see Chart 1 for the numbering scheme). As depicted in
Figure 2a, the 4′-methyl-4,5′-bithiazole system can adopt two
approximately planar conformations: a conformation where the
C(4′)-CH3 substituent is s-trans to the C(5)-H and a confor-
mation where the C(4′)-CH3 substituent is s-cis to the C(5)-H.
Interestingly, on the basis of quantum chemical calculations
(Figure 2a), the s-cis conformer is actually slightly lower in
energy (by ∼1 kcal/mol), despite the potential steric clash
between the C(4′)-CH3 and the C(5)-H. This appears to be
the result of an attractive S · · ·N interaction. Although there are
precedents for S · · ·X interactions,16 we did not initially ap-
preciate their relevance to our bithiazole systems. The relevance
of such interactions to the conformations of thiazole-heterocycle
systems was brought to our attention by Dr. Michael Bartberger
(Amgen, personal communication to D.J.T. in 2007). Note that
the preferred conformation of the amide group in 1 (that shown
in Figure 2a) also displays an S · · ·X interaction, in this case
between a thiazole S and the amide carbonyl O.17 The s-trans
conformer is also twisted from planarity, although planarization
of this structure (Figure 2a, left) is associated with a very small
energetic penalty.18 The barrier for conversion of the s-cis to
the s-trans conformation is only 2-3 kcal/mol, so these
structures are expected to interconvert freely in solution.
However, as depicted in Figure 2b, the structural profiles of
the s-trans and s-cis bithiazole conformations are quite distinct
from one another in how they present bithiazole structural
features such as H-bond donors, H-bond acceptors, and the
hydrophobic C(4′)-CH3. Two questions arise: does s-trans/s-
cis conformational interplay influence the activity of 1, and if
so, would providing a conformational bias to this feature lead
to improved activity?

It was initially reasoned that increasing the steric bulk of the
C(5)-substituent on the bithiazole core would effectively
preclude access to the s-cis conformation. The C(4′),C(5)

dimethyl analogue 18 (see Scheme 3a) would have been our
preferred target for this study because the presumed hydrophobic
methyl pocket requirements of 1 would have been unperturbed.
That target preference was, however, offset by retrosynthetic
considerations. Just as symmetrical 2 is an ideal precursor to 1
because the first thiazole-forming condensation can occur
redundantly on either carbonyl, 4-chloroheptane-3,5-dione is an
ideal precursor to 17, the C(4′)-CH2CH3/C(5)-CH3 analogue
of 1. A similar retrosynthetic analysis of the C(4′)-CH3/
C(5)-CH3 analogue of 18 points to unsymmetrical 3-chloro-
hexane-2,4-dione as the starting material, but 18 encounters a
vexing carbonyl selectivity issue in the first thiazole-forming
condensation reaction. For this reason, bithiazole 17 was selected
as an initial probe of the s-trans/s-cis conformation questions.
Its synthesis (with the pivalamide and 5-chloro-2-methoxyaniline
substructures fixed as in 1) was accomplished in four steps as
outlined in Scheme 3a. Corrector activity assay revealed that
17, while not as active as 1, is a better corrector than 7, 10, and
13, which supports the notion that the substituted bithiazole core
is a critical contributor to the corrector activity of 1 (see Scheme
3b). A conformational profile for 17 is shown in Figure 3.
Note that, despite the potential steric clash that was engi-
neered into 17, the s-cis conformer is again slightly lower in
energy than the s-trans conformer. The s-cis minimum is now
significantly distorted from planarity (twisted by ∼55°),
however, presumably representing a compromise between the
favorable S · · ·N interaction and steric repulsion between the
ethyl and methyl groups. The s-trans minimum is also more
twisted than it was for 1. Planarization of either of these
structures is associated with a significant energetic penalty
(Figure 3, far left and far right). Thus, if an approximately
planar conformation, be it s-trans or s-cis, is required for
binding, then the penalty associated with achieving such a
conformation (3-7 kcal/mol) may account for the slightly
reduced activity of 17 relative to 1.

Since 17 is not as active as 1, bithiazole analogue 22, in which
the C(4′)-CH3 of 1 is replaced with a C(4′)-H to remove this
impediment to achieving a planar conformation, was synthesized
to determine if such an analogue would improve corrector
activity. Retrosynthetic analysis of 22 (see Scheme 4) does not
point back to a symmetric dicarbonyl starting material. Rather,
the retrosynthetic precursor in this strategy would be 2-halo-
3-oxobutanal, which is known as its bromo analogue. Indeed,
2-bromo-3-oxobutanal has been employed in the regioselective
preparation of imidazole,19 oxazole,20 and thiazole21 hetero-
cycles. However, as an alternative option, a quite different route
to 5-substituted-2-aminothiazoles starting from commercial
2-aminothiazole has been reported by Katritzky.22 In that work,
2-aminothiazole is protected as its N,N-bis(trimethylsilyl)
derivative and subsequently regioselective C(5)-lithiated. This
latter route was selected for our work because this strategy could
be readily used to introduce various groups at the C(5) position
of the 2-aminothiazole ring. The C(4′),C(5)-unsubstituted
analogue 22 was obtained in five steps from 2-aminothiazole
as outlined in Scheme 4.

Figure 4a shows that 22 has an IC50 comparable to that of 1.
The s-trans and s-cis minima for bithiazole 22 are both planar
and extremely close in energy (Figure 4b), providing circum-
stantial evidence that an approximately planar conformation of
22 is likely the active conformation.

Following from these insights with corrector 22, we next
investigated bithiazole methyl placement with analogue 25 (see
Scheme 5). This compound is the C(4′)/C(5) methyl-hydrogen
interchange analogue of 1. By utilization of a modification of

Scheme 2. Synthesis of 4-Phenylthiazole Analogues 10 and 13a

a Reagents: (a) pivaloyl chloride, TEA, CHCl3, 0 °C; (b) pyridinium
tribromide, 33% wt HBr in HOAc, room temperature; (c) 4, EtOH, reflux;
(d) Br2, HOAc; (e) SnCl2 ·2 H2O, MeOH.
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Katritzky’s 2-aminothiazole protection/C(5)-lithiation strategy
employed in Scheme 4 but with replacement of acetaldehyde
with propionaldehyde, the methyl-hydrogen transposed bithia-
zole 25 was obtained in five steps from 2-aminothiazole.

Figure 5 shows the corrector activity data of 25 compared
with 1 and 22. These data support the notion that methyl
placement is important. Indeed, that 1 is a more effective
corrector than 25 suggests that a C(4′)-CH3 better addresses a
hydrophobic binding pocket than does a C(5)-CH3 placement.

The structure-activity relationships above support the notion
that a planar bithiazole conformation is required for bithiazole
∆F508-CFTR corrector activity. While both 22 and 1 accom-
modate that requirement, neither constrains the bithiazole moiety
to be planar nor do they predispose it in either the s-cis or s-trans
conformation. To address these issues, the synthesis of confor-
mationally locked analogues was undertaken, beginning with a
compound constrained to be s-cis. Of the structural options
considered, cycloheptathiazolothiazole 29 appeared to be the
best s-cis alternative because (a) the corresponding cyclohexa
analogue would be susceptible to aromatization (an event that
would reduce solubility) and (b) precursors to the cycloocta
analogue would be more difficult to prepare. Our route to 29
starts with cycloheptane-1,3-dione and is outlined in Scheme
6. Cycloheptathiazolothiazole 33, the NT S transposed isomer
of 29, was also prepared. The route to 33 is related to that used
for the synthesis of 29 except that the 2-(5-chloro-2-methoxya-
nilino)thiazole heterocycle is now introduced first followed then
by the 2-(N-pivalamido)thiazole heterocycle (Scheme 7) by
analogy with the strategy outlined in Scheme 1.

The ∆F508-CFTR corrector activity data for cycloheptathia-
zolothiazoles 29 and 33 are shown relative to 22 and 1 in Figure
6a. Given that 29 is an effective corrector and cannot adopt an
s-trans conformation, we conclude that an s-cis conformation
is required for bithiazole activity. Moreover, the fact that
bithiazole 17 is a relatively ineffective ∆F508-CFTR corrector
supports the contention that an approximately planar s-cis
conformation is ideal for maximizing activity. Our calculations
indicate that the preferred conformation for 29 involves es-
sentially coplanar thiazole rings (Figure 6b), although twisting
from planarity by up to 25° is associated with a penalty of just
over 1 kcal/mol (see Figure S2 in Supporting Information).

Correctors 29, 22, and 1 can readily adopt a conformation
with coplanar thiazole rings, and consequently, each of these
has strong ∆F508-CFTR corrector activity. The fact that s-cis-
locked corrector 29 is the most active of these compounds is
likely a result of removal of the entropy penalty expected upon
binding by the conformationally flexible 1 and 22 by confor-
mational preorganization in 29.

Bithiazole 33, the NT S transposed isomer of 29, is inactive
even though it can place the pivalamide and 5-chloro-2-
methoxyaniline substructures in similar orientations relative to
the most active compound, corrector 29. These data are
consistent with proper placement of the four bithiazole heteroa-
toms being an important structural determinant in bithiazole
∆F508-CFTR corrector activity.

The final question regards the structure of the most potent
activator cycloheptathiazolothiazole 29; specifically, did the
N-acylation with pivaloyl chloride occur at the 2-amino position

Figure 2. (a) Structures and associated energies for a model of 1. From left to right, the structures shown are the transition state structure for
interconversion of enantiomeric s-trans conformations, one enantiomeric s-trans minimum, the transition state structure for interconversion of the
s-trans and s-cis minima, and the s-cis minimum. Associated energies are from B3LYP/6-31+G(d,p) (see Computational Methods for details).
Selected distances are shown in Å; dihedral angles shown are for the central C-C-C-C substructure. Energies are in kcal/mol relative to the
s-trans minimum. Gas-phase values are in black, and single point calculations in water are in red. (b) Structural consequences of a 180° rotation
about the C(4)-C(5′) bithiazole bond.
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to give 29 or did this N-acylation occur to give one of the
potential products 34-36 (see Chart 2)? Spectroscopic analysis
of this reaction product proved difficult to unambiguously
establish which product had been formed. Therefore, X-ray
quality crystals were obtained and crystallographic analysis
established that the sole product of this reaction was, indeed,
29.

Conclusions

In conclusion, a systematic analysis of lead bithiazole core
∆F508-CFTR corrector 1 has been reported. Loss of corrector
activity with analogues 7, 10, and 13 is consistent with the
bithiazole substructure playing a central role in the activity of
1. Conformational analysis of the thiazole-tethering C(4)-C(5′)
bond suggested that two distinctly different conformations, one
where the C(4′)-CH3 substituent is s-trans to the C(5)-H and
another where the C(4′)-CH3 substituent is s-cis to the C(5)-H,
are available to the 4′-methyl-4,5′-bithiazole moiety of 1.
Activity data for bithiazole analogues 17, 22, and 25 and the
s-cis-locked analogue 29 and its transposed counterpart 33
indicate that an approximately planar s-cis bithiazole conforma-
tion, with proper placement of the four bithiazole heteroatoms,
is likely the active presentation of 1.

Experimental Section

∆508-CFTR Corrector Activity Assay. FRT epithelial cells
stably coexpressing human ∆F508-CFTR and the high-sensitivity

halide-sensing fluorescent protein YFP-H148Q/I152L7a were used
as described previously.7b Cells were grown at 37 °C (95% air/5%
CO2) for 24 h and then incubated for 16-20 h with 50 µL of
medium containing the test compound. At the time of the assay,
cells were washed with PBS and then incubated with PBS
containing forskolin (20 µM) and genistein (50 µM) for 20 min.
Measurements were carried out using FLUOstar fluorescence plate
readers (Optima, BMG LABTECH Gmbh), each equipped with 500
( 10 nm excitation and 535 ( 15 nm emission filters (Chroma
Technology Corp.). Each well was assayed individually for I- influx
by recording fluorescence continuously (200 ms per point) for 2 s
(baseline) and then for 12 s after rapid (<1 s) addition of 165 µL
of PBS in which 137 mM Cl- was replaced by I-. I- influx rate
was computed by fitting the final 11.5 s of the data to an exponential
for extrapolation of initial slope and normalizing for background-
subtracted initial fluorescence. All experiments contained negative
control (DMSO vehicle) and positive control [N-(2-(5-chloro-2-
methoxyphenylamino)-4′-methyl-4,5′-bithiazol-2′-yl)benzamide].

1-{2-[(5-Chloro-2-methoxyphenyl)amino]-4-methyl-1,3-thiazol-
5-yl}ethanone 5. A mixture containing 2 (0.67 g, 5 mmol) and 4
(1.08 g, 5 mmol) in absolute ethanol (25 mL) was refluxed for
24 h. When the reaction mixture was cooled in an ice bath, the
product precipitated and was collected by filtration and washed with
cold ethanol to afford 5 as a yellow-brown solid (0.82 g, 55%). 1H
NMR (600 MHz, DMSO-d6): δ 10.17 (s, 1H), 8.41 (br s, 1H),
7.00-7.03 (m, 2H), 3.82 (s, 3H), 2.50 (s, 3H), 2.37 (s, 3H). 13C
NMR (150 MHz, DMSO-d6): δ 189.5, 165.1, 155.9, 147.4, 130.2,
124.1, 123.3, 122.4, 118.9, 112.4, 56.1, 29.8, 18.5. MS m/z (ESI)
296.99 (M + H)+.

2-Bromo-1-{2-[(5-chloro-2-methoxyphenyl)amino]-4-methyl-1,3-
thiazol-5-yl}ethanone 6. To a solution of 5 (0.15 g, 0.5 mmol) in
HBr/HOAc (33 wt % HBr in HOAc, 2.5 mL) was added pyridinium
tribromide (0.18 g, 0.55 mmol). The reaction mixture was stirred
at room temperature for 24 h and poured onto ice-water. The
precipitated product was collected by filtration, washed with cold
water, and dried to afford 6 (0.19 g, 99%). Rf ) 0.714 in hexane/
EtOAc, 1:1. 1H NMR (600 MHz, DMSO-d6): δ 8.38 (d, J ) 2.4
Hz, 1H), 7.07-7.12 (m, 2H), 4.58 (s, 2H), 3.86 (s, 3H), 2.57 (s,
3H). 13C NMR (150 MHz, DMSO-d6): δ 183.1, 166.1, 158.1, 147.8,
129.8, 124.1, 123.1, 119.6, 119.4, 112.7, 56.2, 36.0, 18.7. MS m/z
(ESI) 376.92 (M + H)+.

N-(4-(2-(5-Chloro-2-methoxyphenylamineo)-4-methylthiazole-5-
yl)thiazole-2-yl)pivalamide 7. An absolute ethanol (8 mL) solution
of 6 (0.19 g, 0.5 mmol) and thiourea (0.04 g, 0.5 mmol) was
refluxed for 24 h. Upon completion of reaction, the solvent was
removed by evaporation under reduced pressure and the residue
was washed with chloroform and dried to give a pale-gray solid
(0.15 g, 85%) which was used in the next step without purification.

Pivaloyl chloride (0.10 g, 0.85 mmol) was added dropwise to a
CH3CN/THF (1:1 v/v, 20 mL) solution of the crude material from
above [N2′-(5-chloro-2-methoxyphenyl)-4′-methyl-4,5′-bithiazole-
2,2′-diamine; 0.15 g, 0.43 mmol] and triethylamine (0.09 g, 0.86
mmol) at room temperature. To effect starting material dissolution,
the reaction mixture was warmed to reflux for 20 h. The reaction
mixture was concentrated under vacuum, and the resulting residue
was washed with chloroform and filtered. The filtrate was washed
with water and dried (Na2SO4). Filtration followed by solvent
removal under vacuum produced a residue that was subjected to
preparative HPLC purification (UV detector, 224 nm; eluents H2O
(A), CH3CN (B); gradients 0-1 min, 90% A; 1-13 min, 90-40%
A; 13-18 min, 40-0% A; 18-21 min, 0% A; 21-21.5 min,
0-90% A; 21.5-25 min, 90% A). The product 7 was obtained as
white needles (0.06 g, 34%). 1H NMR (300 MHz, CDCl3): δ 9.00
(s, 1H), 7.41 (d, J ) 2.1 Hz, 1H), 7.23-7.27 (m, 2H), 6.93 (s,
1H), 6.90 (s, 1H), 3.89 (s, 3H), 2.55 (s, 3H), 1.34 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 176.6, 167.5, 158.4, 151.7, 139.4, 134.4,
128.5, 127.8, 125.8, 123.6, 113.8, 113.3, 109.7, 56.5, 39.5, 27.4,
14.0. HRMS m/z (ESI) calcd for C19H21ClN4O2S2 (M + H)+

437.0867, found 437.0867.
N-(3-Acetylphenyl)pivalamide 8. To a stirred solution of 3-ami-

noacetophenone (1.0 g, 7.4 mmol) in chloroform cooled to 0 °C

Scheme 3. Synthesis and Activity of 17a

a [a] Reagents: (a) (i) Br2, EtOH; (ii) thiourea, EtOH, room temperature;
(b) Br2, HOAc; (c) 4, EtOH, reflux; (d) pivaloyl chloride, DCM, TEA, room
temperature. [b] Activity-concentration analysis of 1 and 17 (mean ( SE,
n ) 4).
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was added triethylamine dropwise (1.44 g, 14.2 mmol). The mixture
was stirred for 15 min at this temperature. Then pivaloyl chloride
(0.83 g, 7.4 mmol) was added dropwise, and the mixture was stirred
overnight. Water was added, and the aqueous layer was extracted
with DCM. The collected organic extracts were washed with
saturated aqueous NaHCO3 and brine, dried over anhydrous MgSO4,
and filtered. The solvent was evaporated under reduced pressure
to afford 8 as a white solid (1.29 g, 80%). Mp 130-133 °C. 1H
NMR (600 MHz, CDCl3): δ 8.07 (t, J ) 1.8 Hz, 1H), 7.90-7.88
(m, 1H), 7.76 (br s, 1H), 7.65-7.63 (m, 1H), 7.37 (t, J ) 1.8 Hz
1H), 2.57 (s, 3H), 1.31(s, 9H). 13C NMR (150 MHz, CDCl3): δ
198.2, 177.2, 138.8, 137.7, 129.3, 124.9, 124.1, 119.7, 39.8, 27.6,
26.8.

N-(3-(2-Bromoacetyl)phenyl)pivalamide 9. To a stirred solution
of N-(3-acetylphenyl)pivalamide 8 (0.30 g, 1.37 mmol) in 33% HBr
in HOAc (5 mL) was added pyridinium tribromide (0.48 g, 1.51
mmol). The mixture was stirred at room temperature for 24 h and
then poured into ice-cold water. The organic layer was extracted
with DCM, washed with saturated aqueous NaHCO3 and brine,
dried over anhydrous MgSO4, and filtered. Evaporation of the
solvent afforded 9 (0.32 g, 78%) which was used in the next step

without further purification. 1H NMR (600 MHz, CDCl3): δ 8.08
(t, J ) 1.8 Hz, 1H), 7.94 (br s, 1H), 7.82 (dt, J ) 8.4, 1.2 Hz, 1H),
7.60 (dd, J ) 7.2 Hz, 1.2 Hz, 1H), 7.32 (t, J ) 7.8 Hz, 1H), 4.30
(s, 2H), 1.27 (s, 9H). 13C NMR (150 MHz, CDCl3): δ 191.2, 177.3,

Figure 3. Structures and associated energies for a model of 17. From left to right, the structures shown are the transition state structure for
interconversion of enantiomeric s-trans conformations, one enantiomeric s-trans minimum, the transition state structure for interconversion of the
s-trans and s-cis minima, one enantiomeric s-cis minimum, and the transition state structure for interconversion of enantiomeric s-cis conformations.
The associated energies are from B3LYP/6-31+G(d,p) (see Computational Methods for details). Selected distances are shown in Å; dihedral angles
shown are for the central C-C-C-C substructure. Energies are in kcal/mol relative to the s-trans minimum. Gas-phase values are in black, and
single point calculations in water are in red.

Scheme 4. Synthesis of C(4′),C(5)-Unsubstituted Analogue 22a

a Reagents: (a) pivaloyl chloride, DCM, TEA, room temperature; (b) (i)
LDA, THF, then acetaldehyde; (ii) MnO2, CHCl3; (c) pyridinium tribromide,
33% wt HBr in HOAc, room temperature; (d) 4, EtOH, reflux.

Figure 4. (a) Activity-concentration profiles of 1 and 22: P )
pivalamide and A ) 5-chloro-2-methoxyaniline. (b) Structures and
associated energies for a model of 22. From left to right, the structures
shown are the s-trans minimum, the transition state structure for
interconversion of the s-trans and s-cis minima, and the s-cis minimum.
The associated energies are from B3LYP/6-31+G(d,p) (see Compu-
tational Methods for details). Selected distances are shown in Å;
dihedral angles shown are for the central C-C-C-C substructure.
Energies are in kcal/mol relative to the s-trans minimum. Gas-phase
values are in black, and single point calculations in water are in red.
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139.0, 134.4, 129.3, 125.8, 124.4, 120.4, 39.7, 31.4, 27.5. MS m/z
(ESI) 298.06 [M + H]+, 300.02 [(M + 2) + H]+.

N-(3-(2-(5-Chloro-2-methoxyphenylamino)thiazol-4-yl)phenyl)piv-
alamide 10. A mixture of 9 (0.32 g, 1.06 mmol) and 4 (0.23 g,
1.06 mmol) in ethanol was refluxed for 48 h. The solvent was

evaporated, and the residue was purified by preparative HPLC to
afford 10 as a white-gray solid (0.32 g, 73%). Mp 137-138 °C.
1H NMR (300 MHz, CDCl3): δ 7.99 (s, 1H), 7.82 (m, 1H), 7.67
(s, 1H), 7.48 (d, J ) 2.4 Hz, 1H), 7.42 (m, 1H), 7.25 (m, 1H), 6.93
(d, J ) 8.7 Hz, 1H), 6.73 (s, 1H), 3.89 (s, 3H), 1.34 (s, 9H). 13C
NMR (75 MHz, CDCl3): δ 177.4, 169.6, 151.2, 142.8, 139.3, 129.2,
128.2 127.7, 126.0, 123.4, 2 × 121.3, 117.7, 113.2, 100.2, 56.3,
39.9, 27.6. HRMS m/z (ESI) calcd for C21H22ClN3O2S (M + H)+

416.1194, found 416.1193.
2-Bromo-1-(3-nitrophenyl)propan-1-one 11. To a stirred solution

of 1-(3-nitrophenyl)propan-1-one (1.41 g, 7.90 mmol) in acetic acid
(20 mL) was added bromine dropwise (1.27 g, 7.93 mmol), and
the mixture was stirred at room temperature for 24 h. The mixture
was poured into ice-cold water, and the organic layer was extracted
with DCM. The organic extract was washed with saturated aqueous

Scheme 5. Synthesis of 25a

a Reagents: (a) pivaloyl chloride, DCM, TEA, room temperature; (b) (i)
LDA, THF, then propionaldehyde; (ii) MnO2, CHCl3; (c) pyridinium
tribromide, 33% wt HBr in HOAc; room temperature; (d) 4, EtOH, reflux.

Figure 5. Activity-concentration profile of 25 compared to 1 and
22.

Scheme 6. Synthesis of Cycloheptathiazolothiazole Analogue
29a

a Reagents: (a) Br2, CCl4/H2O, room temperature; (b) thiourea, EtOH,
room temperature; (c) Br2 in HOAc, room temperature; (d) 4, EtOH, reflux;
(e) pivaloyl chloride, DCM, TEA, room temperature.

Scheme 7. Synthesis of Cycloheptathiazolothiazole Analogue
33a

a Reagents: (a) 4, EtOH, reflux; (b) Br2 in HOAc, room temperature; (c)
thiourea, EtOH, reflux; (d) pivaloyl chloride, DCM, TEA, room temperature.

Figure 6. (a) Activity-concentration profile of corrector 29 relative
to 1, 22, and 33. (b) Structure of the conformational minimum for a
model of 29. The structure is from B3LYP/6-31+G(d,p) (see Compu-
tational Methods for details). Selected distances are shown in Å;
dihedral angles shown are for the central C-C-C-C substructure.

6050 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 19 Yu et al.



NaHCO3 and brine, dried over anhydrous MgSO4, and filtered.
Evaporation of the solvent under reduced pressure afforded 11 as
a white solid23 which was used in the next step without further
purification (1.78 g, 87%). 1H NMR matches literature data.23

N-(5-Chloro-2-methoxyphenyl)-5-methyl-4-(3-nitrophenyl)thiazol-
2-amine 12. A mixture of 11 (0.50 g, 1.94 mmol) and 4 (0.42 g,
1.94 mmol) in ethanol was refluxed for 24 h. The mixture was
cooled to room temperature and the precipitate was collected by
filtration to afford 12 as a yellow solid (0.57 g, 78%). Mp
decomposition at 185 °C. 1H NMR (300 MHz, DMSO-d6): δ 8.64
(m, 1H), 8.50 (m, 1H), 8.15 (m, 2H), 7.73 (m, 1H), 6.96 (m, 2H),
4.84 (br s, 1H), 3.87 (s, 3H), 2.48 (s, 3H). 13C NMR (150 MHz,
DMSO-d6): δ 159.4, 148.0, 146.4, 141.9, 136.4, 131.2, 124.3, 120.5,
133.6 130.0, 122.1, 121.6, 120.4, 116.9, 111.8, 56.0, 11.9. MS m/z
(ESI) 376.06 [M + H]+.

N-(3-(2-(5-Chloro-2-methoxyphenylamino)-5-methylthiazol-4-
yl)phenyl)pivalamide 13. A mixture of 12 (0.25 g, 0.66 mmol) and
SnCl2 ·2H2O (1.35 g, 6.0 mmol) in methanol was refluxed for 48 h.
Evaporation of the solvent under reduced pressure afforded 4-(3-
aminophenyl)-N-(5-chloro-2-methoxyphenyl)-5-methylthiazol-2-
amine as a solid which was dissolved in chloroform and cooled in
an ice bath to 0 °C. Triethylamine (93 µL, 0.66 mmol) was added,
and the mixture was stirred for 15 min at the same temperature.
Pivaloyl chloride (0.08 g, 0.66 mmol) was then added dropwise at
0 °C, and the mixture was stirred overnight at which point the
mixture was poured into ice-cold water and the aqueous layer was
extracted with DCM. The collected organic extract was washed
with saturated aqueous NaHCO3 and brine, dried over anhydrous
MgSO4, and filtered. Evaporation of the solvent under reduced
pressure afforded 13 as a yellowish white solid (0.21 g, 75%). Mp
decomposition at 195 °C. 1H NMR (300 MHz, CDCl3): δ 7.83 (s,
1H), 7.76 (s, 1H), 7.45 (m, 1H), 7.38 (d, J ) 2.40 Hz, 1H), 7.33
(s, 1H), 7.27 (m, 1H), 6.93 (d, J ) 9.0 Hz, 1H), 3.89 (s, 3H), 2.42
(s, 3H), 1.33 (s, 9H). 13C NMR (150 MHz, CDCl3): δ 177.4, 168.4,
151.5, 139.1, 129.9, 127.8, 125.9, 124.3, 123.6, 121.3, 120.3, 118.5,
114.5, 113.3, 111.4, 111.0, 56.4, 39.9, 27.7, 12.5. HRMS m/z (ESI)
calcd for C22H24ClN3O2S (M + H)+ 430.1351, found 430.1345.

1-(2-Amino-4-ethylthiazol-5-yl)propan-1-one 14.24 An absolute
ethanol solution of bromine (453 µL, 8.82 mmol) was added
dropwise at room temperature to an absolute ethanol solution of
3,5-heptanedione (1.13 g, 8.82 mmol), and thiourea (5.11g, 8.82
mmol). The resulting reaction mixture was refluxed overnight, at
which point the ethanol was evaporated in vacuo and the residue
was triturated with a small quantity of DCM. The DCM was
evaporated to dryness under reduced pressure, and the residue was
treated with cold acetone. The resulting brown solid was collected
by filtration and rinsed with cold acetone to afford 14 as a white
powder (1.3 g, 80%). Mp decomposition at 133 °C. 1H NMR
matches literature data.23

1-(2-Amino-4-ethylthiazol-5-yl)-2-bromopropan-1-one 15. Com-
pound 14 (0.53 g, 1.99 mmol; HBr form) in acetic acid (2 mL)

was treated dropwise with bromine (103 µL, 1.99 mmol), and the
reaction mixture was stirred at room temperature for 3 h. The white
precipitate was collected by filtration and washed with cold acetone
to yield 15 as a white powder (0.59 g, 86%). Mp decomposition at
122 °C. 1H NMR (600 MHz, DMSO-d6): δ 4.99 (q, J ) 6 Hz,
1H), 2.88 (q, J ) 6 Hz, 2H), 1.69 (d, J ) 6 Hz, 3H), 1.16 (t, J )
6 Hz, 3H). 13C NMR (150 MHz, DMSO-d6): δ 185.5, 170.7, 115.5
× 2, 47.6, 47.5, 24.0, 20.8, 13.5. MS m/z (ESI) 263.00 [M + H]+,
264.96 [(M +2) + H]+.

4-(2-Amino-4-ethylthiazol-5-yl)-N-(5-chloro-2-methoxyphenyl)-
5-methylthiazol-2-amine 16. Compound 15 (0.56 g, 1.64 mmol)
was dissolved in absolute ethanol (15 mL), and 4 (0.36 g, 1.64
mmol) was added at room temperature. The resulting suspension
was stirred at reflux for 2 h. After removal of ethanol in vacuo, the
solid was collected by filtration and washed with cold ethanol to
yield 16 as a yellow powder (0.75 g, 99%). Mp decomposition at
133 °C. 1H NMR (600 MHz, CDCl3): δ 8.96 (br s, 2H), 7.79 (d,
J ) 2.4 Hz, 1H), 7.01 (dd, J ) 8.4 Hz, 2.4 Hz, 1H), 6.82 (d, J )
8.4 Hz, 1H), 3.87 (s, 3H), 2.66 (q, J ) 7.6 Hz, 2H), 2.29 (s, 3H),
1.33 (t, J ) 7.6 Hz, 3H). 13C NMR (150 MHz, DMSO-d6): δ 169.6,
162.5, 148.0, 140.2, 128.8, 126.1, 124.5, 123.2, 119.1, 112.1, 56.5,
21.2, 18.6, 13.1. MS m/z (ESI) 380.97 [M + H]+.

N-(5-(2-(5-Chloro-2-methoxyphenylamino)-5-methylthiazol-4-
yl)-4-ethylthiazol-2-yl)pivalamide 17. To a suspension of 16 (0.50
g, 1.1 mmol) in DCM (55 mL) was added TEA (395 µL, 2.84
mmol). Pivaloyl chloride (174 µL, 1.42 mmol) was then added to
the suspension in one portion, and the reaction mixture was stirred
at room temperature for 10 min at which time TLC indicated
reaction completion. The reaction mixture was washed with cold
water and extracted with DCM (2×). The organic layer was
dried over anhydrous sodium sulfate and filtered, and DCM was
removed in vacuo. The resulting solid was purified by silica gel
column chromatography (hexane/ethyl acetate ) 4:1 eluent) to yield
17 as a light-orange powder (0.34 g, 66%). Mp decomposition at
192 °C. 1H NMR (400 MHz, CDCl3): δ 7.72 (d, J ) 2.8 Hz, 1H),
7.13 (dd, J ) 8.8 Hz, 2.8 Hz, 1H), 6.88 (d, J ) 8.8 Hz, 1H), 3.90
(s, 3H), 2.79 (q, J ) 7.6 Hz, 2H), 2.30 (s, 3H), 1.39 (s, 9H), 1.34
(t, J ) 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 178.6, 164.6,
164.2, 163.8, 162.2, 149.1, 144.9, 128.9, 125.5, 120.5, 113.8, 112.3,
104.9, 56.3, 40.1, 26.7, 21.4, 13.5, 12.2. HRMS m/z (ESI) calcd
for C21H25ClN4O2S2 (M + H)+ 465.1180, found 465.1181.

N-(5-Acetylthiazol-2-yl)pivalamide 20. Freshly distilled diiso-
propylamine (5.98 mL, 42.70 mmol) was dissolved in dry THF
(30 mL) and cooled to -78 °C under nitrogen. This solution was
treated dropwise with 2.5 M n-BuLi in hexane (17.1 mL, 42.70
mmol) and stirred for 30 min. A solution of 1925 (3.58 g, 19.41
mmol) in anhydrous THF (20 mL) was then added dropwise to
this LDA solution and stirred for 30 min at -78 °C, at which time
acetaldehyde (3.59 mL, 64.05 mmol) was added dropwise. The
resulting mixture was stirred overnight as it warmed to ambient
temperature. The reaction was quenched by dropwise addition of
water, diluted with DCM (3× the THF volume), washed with water,
dried over anhydrous sodium sulfate, and filtered. After removal
of solvents, the resulting crude material was used in the next step
without purification.

This crude material (0.80 g, 3.50 mmol) was dissolved in CHCl3

(35 mL), manganese dioxide (9 g, 104 mmol) was added, and the
resulting mixture was stirred at room temperature overnight.
Filtration of the reaction mixture through a pad of Celite and
chloroform removal gave crude product which was purified by silica
gel column chromatography (hexane/ethyl acetate ) 4:1 eluent) to
yield 20 as a white powder (0.42 g, 53%). 1H NMR (300 MHz,
CDCl3): δ 10.0 (br s, 1H), 7.98 (s, 1H), 2.48 (s, 3H), 1.29 (s, 9H).

N-(5-(2-Bromoacetyl)thiazol-2-yl)pivalamide 21. Compound 20
(0.26 g, 1.15 mmol) was dissolved in 33% HBr in HOAc (100
mL), pyridinium tribromide (0.37 g, 1.15 mmol) was added, and
the mixture was stirred at room temperature overnight. The reaction
mixture was poured onto ice-water and the solid was collected by
filtration to yield 21 which was in the next step without purification
(0.34 g, 97%). 1H NMR (400 MHz, CDCl3): δ 8.12 (s, 1H), 4.27
(s, 2H), 1.36 (s, 9H).

Chart 2. Chemoselective N-Acylation of the
Cycloheptathiazolothiazole Heterocycle
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N-(2-(5-Chloro-2-methoxyphenylamino)-4,5′-bithiazol-2′-yl)piv-
alamide 22. A suspension of 21 (0.73 g, 2.3 mmol) and N-(5-chloro-
2-methoxyphenyl)thiourea (0.73 g, 2.53 mmol) in EtOH (25 mL)
was refuxed for 30 min. When the mixture was cooled, the product
was collected by filtration and washed with cold ethanol to yield
22 as a pale-yellow solid (0.40 g, 84%). Mp decomposition at 216
°C. 1H NMR (600 MHz, DMSO-d6): δ 11.86 (br s, 1H) 9.93 (br s,
1H), 8.64 (d, J ) 2.4 Hz, 1H), 7.83 (s, 1H), 7.18 (s, 1H), 7.02 (d,
J ) 8.4 Hz, 1H), 6.98 (dd, J ) 8.4 Hz, 2.4 Hz, 1H), 3.86 (s, 3H),
1.25 (s, 9H). 13C NMR (150 MHz, DMSO-d6): δ 176.7, 162.1,
158.9, 146.6, 140.2, 136.4, 130.5, 124.7, 124.2, 121.3, 117.3, 112.1,
91.0, 56.1, 38.8, 26.6. HRMS m/z (ESI) calcd for C18H19ClN4O2S2

(M + H)+ 423.0711, found 423.0713.
N-(5-Propionylthiazol-2-yl)pivalamide 23. Following the protocol

outlined for 20 gave 23 as an off-white powder (0.78 g, 52%). Mp
decomposition at 126 °C. 1H NMR (400 MHz, CDCl3), δ 9.23 (br
s, 1H), 8.03 (s,1H), 2.88 (q, J ) 8 Hz, 2H), 1.34 (s, 9H), 1.23 (t,
J ) 8 Hz, 3H). MS (ESI) m/z 241.07 [M + 1]+.

N-(5-(2-Bromopropanoyl)thiazol-2-yl)pivalamide 24. Following
the protocol outlined for 21 gave 24 (0.73 g, 71%) as an off-white
powder. Mp decomposition at 192 °C. 1H NMR (400 MHz, CDCl3):
δ 8.25 (s, 1H), 5.02 (q, J ) 6.8 Hz, 1H), 1.87 (d, J ) 6.8 Hz, 3H),
1.35 (s, 9H). MS m/z (ESI) 319.04 [M + H]+, 321.00 [(M + 2) +
H]+.

N-(2-(5-Chloro-2-methoxyphenylamino)-5-methyl-4,5′-bithiazol-
2′-yl)pivalamide 25. Following the protocol outlined for 22 gave
25. Mp decomposition at 221 °C. 1H NMR (600 MHz, DMSO-
d6): δ 11.79 (br s, 1H), 9.73 (br s, 1H), 8.57 (d, J ) 3 Hz, 1H),
7.67 (s, 1H), 7.01 (d, J ) 8.4 Hz, 1H), 6.96 (dd, J ) 8.4 Hz, 3 Hz,
1H), 3.86 (s, 3H), 2.43 (s, 3H), 1.26 (s, 9H). 13C NMR (150 MHz,
DMSO-d6): δ 176.5, 159.6, 157.9, 146.5, 136.7, 134.0, 131.2, 126.4,
124.3, 120.6, 117.0, 116.9, 112.0, 56.1, 38.8, 26.6, 11.7. HRMS
m/z (ESI) calcd for C19H21ClN4O2S2 (M + H)+ 437.0867, found
437.0868.

2-Amino-6,7-dihydro-4H-cyclohepta[d]thiazol-8(5H)-one 26. Fol-
lowing the procedure reported by Ragan26a afforded cycloheptane-
1,3-dione as clear and colorless oil. IR cm-1: 2949, 2870, 1716,
1696 (lit. 1716, 1693). Bp 70 °C at 0.3 mmHg. 1H NMR matches
literature data.25

To a 0 °C biphasic mixture of cycloheptane-1,3-dione (5.7 g,
45.17 mmol) in CCl4/deionized water (1:1; 150 mL) was added
(dropwise) Br2 (2.55 mL, 49.7 mmol) in CCl4 (75 mL). The mixture
was stirred at 0 °C for 1 h and extracted with DCM, and the organic
layer was collected. DCM was removed under reduced pressure at
room temperature to afford 2-bromocycloheptane-1,3-dione which
was used to the next step without further purification.

To a solution of 2-bromocycloheptane-1,3-dione (45.17 mmol)
in absolute EtOH (100 mL) was added thiourea (3.61 g, 47.43
mmol). The reaction mixture was stirred at room temperature
overnight at which point the EtOH was removed under reduced
pressure and the resulting dark-orange residue was triturated with
DCM. The residue was recrystallized from EtOH to afford 26 as
an off-white solid (6 g, 50% overall crude yield from cycloheptane-
1,3-dione). 1H NMR (300 MHz, DMSO-d6): δ 8.87 (br s, 2H), 2.87
(t, J ) 6 Hz, 2H), 2.64 (t, J ) 6 Hz, 2H), 1.89-1.85 (m, 2H),
1.81-1.77 (m, 2H).

2-Amino-7-bromo-6,7-dihydro-4H-cyclohepta[d]thiazol-8(5H)-
one 27. Compound 26 (1.96 g, 7.45 mmol; HBr salt form) in glacial
acetic acid (70 mL) was treated dropwise with Br2 (421 µL, 8.2
mmol). The reaction mixture was stirred at room temperature for
30 min. The crude product was collected by filtration, washed with
cold acetone, and dried to yield 27 which was used in the next
step without purification (1.98 g, 78%). 1H NMR (600 MHz,
DMSO-d6): δ 8.71 (br s, 2Η), 5.11 (dd, J ) 6.9 Hz, 3.3 Hz, 1H),
3.08-2.90 (m, 2H), 2.47-2.39 (m, 1H), 2.28-2.20 (m, 1H), 2.14
(dd, J ) 10.1 Hz, 2.3 Hz, 1H), 1.98 -1.90 (m, 1H). MS (ESI) m/z
[M + H]+ 260.92; [(M + 2) + H]+ 262.88.

N2-(5-Chloro-2-methoxyphenyl)-7,8-dihydro-6H-cyclohepta[1,2-
d:3,4-d′]bithiazole-2,2′-diamine 28. An absolute ethanol (50 mL)
suspension of 27 (1.73 g, 6.64 mmol) and 4 (2.11 g, 7.3 mmol)
was heated at reflux overnight. EtOH was removed under reduced

pressure and the residue was recrystallized from EtOH to yield 28
(2.1 g, 84%). 1H NMR (400 MHz, DMSO-d6): δ 9.81 (s, 1H), 9.19
(s, 2H), 8.44 (d, J ) 2.4 Hz, 1H), 7.00 (d, J ) 8.4 Hz, 1H), 6.92
(dd, J ) 8.4 Hz, 2.4 Hz, 1H), 3.83 (s, 3H), 2.91-2.87 (m, 4H),
1.98 (m, 2H). 13C NMR (100 MHz, DMSO-d6): δ 167.6, 160.8,
147.0, 135.5, 131.7, 124.9, 122.0, 121.3, 117.2, 114.5, 112.6, 56.7,
28.9, 25.9, 21.9, 19.2. MS (ESI) m/z 378.88 [M + 1]+.

N-(2-(5-Chloro-2-methoxyphenylamino)-7,8-dihydro-6H-cyclo-
hepta[1,2-d:3,4-d′]bithiazole-2′-yl)pivalamide 29. Compound 28
(1.73 g, 3.75 mmol) and dry DCM (40 mL) under N2 was treated
sequentially with TEA (1.32 mL, 9.38 mmol) and 2,2-dimethyl-
propionyl chloride (598 µL, 4.86 mmol). The suspension became
light-brown within 2 min and DCM was removed in vacuo at room
temperature. The residue was purified by flash chromatographic
column (hexane/ethyl acetate ) 4:1 and then 1:1 eluent) to afford
29 (1.46 g. 84%) with 99.0% purity. Mp decomposition at 197 °C.
1H NMR (400 MHz, DMSO-d6): δ 11.60 (s, 1H), 9.65 (s, 1H),
8.58 (d, J ) 0.8 Hz, 1H), 6.99-6.92 (m, 2H), 3.84 (s, 3H), 3.01 (t,
J ) 4 Hz, 2H), 1.91 (t, J ) 4 Hz, 2H), 1.99 (m, 2H), 1.21 (s, 9H).
13C NMR (100 MHz, DMSO-d6): δ 176.9, 160.1, 156.2, 146.9,
146.8, 138.1, 132.0, 125.0, 121.8, 120.9, 120.7, 117.2, 112.4, 56.7,
33.0, 27.3, 26.8, 23.0. HRMS m/z (ESI) calcd for C21H23ClN4O2S2

(M + H)+ 463.1024, found 463.1019.
2-(5-Chloro-2-methoxyphenylamino)-4,5,6,7-tetrahydrocyclo-

hepta[d]thiazol-8-one 30. Following the procedure described for 26
by condensing 5-chloro-2-methoxyphenylthiourea gave 30 (light-
brown solid; 26% for two steps). 1H NMR (600 MHz, DMSO-d6):
δ 7.81 (d, J ) 2.4 Hz, 1H), 7.75 (dd, J ) 9 Hz, 2.4 Hz, 1H), 7.42
(d, J ) 9 Hz, 1H), 3.83 (s, 3H), 2.84-2.75 (m, 2H), 2.58-2.52
(m, 1H), 2.33-2.28 (m, 1H), 1.90-1.74 (m, 4H). 13C NMR (150
MHz, DMSO-d6): δ 194.4, 169.8, 154.5, 148.9, 134.1, 130.2, 125.7,
122.6, 121.7, 116.3, 57.6, 42.9, 30.5, 24.4, 21.5.

7-Bromo-2-(5-chloro-2-methoxyphenylamino)-4,5,6,7-tetrahy-
drocyclohepta[d]thiazol-8-one 31. Following the procedure de-
scribed for 27 gave 31 (white powder; 70% yield). MS (ESI) m/z
[M + H]+ 400.87; [(M + 2) + H]+ 402.90.

N2-(5-Chloro-2-methoxyphenyl)-5,6-dihydro-4H-cyclohepta[1,2-
d:3,4-d′]bithiazole-2,2′-diamine 32. Following the procedure outlined
for 28 by condensing with thiourea afforded 32 as a white powder
(32%). 1H NMR (600 MHz, DMSO-d6): δ 9.48 (br s, 1H),
7.89-7.84 (m, 2H), 7.81 (d, J ) 2.4 Hz, 1H), 7.72 (dd, J ) 9 Hz,
2.4 Hz, 1H), 7.40 (d, J ) 9 Hz, 1H), 3.84 (s, 3H), 2.81-2.73 (m,
2H), 2.47-2.42 (m, 1H), 2.28-2.23 (m, 1H), 1.93-1.88 (m, 2H).
13C NMR (150 MHz, DMSO-d6): δ 166.7, 165.9, 154.0, 134.4,
134.0, 133.0, 129.6, 124.9, 121.7, 119.4, 115.4, 113.8, 56.8, 28.2,
25.3, 21.6. MS (ESI) m/z 379.01 [M + 1]+.

N-(2-(5-Chloro-2-methoxyphenylamino)-5,6-dihydro-4H-cyclo-
hepta[1,2-d:3,4-d′]bithi-azole-2′-yl)pivalamide 33. Following the
procedure outlined for 29 gave 33 as a yellow powder (36%). 1H
NMR (600 MHz, DMSO-d6): δ 7.64 (d, J ) 2.4 Hz, 1H), 7.62
(dd, J ) 7.2 Hz, 2.4 Hz, 1H), 7.35 (d, J ) 7.2 Hz, 1H), 7.05 (br
s, 2H), 3.82 (s, 3H), 2.87-2.85 (m, 2H), 2.68-2.64 (m, 1H),
2.48-2.44 (m, 1H), 2.02-1.96 (m, 2H), 1.02 (s, 9H). 13C NMR
(150 MHz, DMSO-d6): δ 187.3, 167.0, 165.8, 154.3, 137.4, 133.1,
131.1, 130.3, 127.3, 124.4, 118.5, 115.4, 114.7, 57.0, 40.7, 29.0,
28.3, 26.5, 22.8. HRMS m/z (ESI) calcd for C21H23ClN4O2S2 (M
+ H)+ 463.1024, found 463.1039.

Computational Methods. Model systems of 1, 17, 22, and 29
with the tert-butyl group replaced by a methyl group and the
methoxy and chloro groups on the aniline replaced by hydrogens
were utilized. Preliminary calculations (see Figure S3 in Supporting
Information) suggested that the presence of the methoxy and chloro
functional groups does not significantly affect the relative energies
of the two aniline conformers. In all cases, the lowest energy aniline
and amide conformers (which are also consistent with the crystal
structure of 29; see Chart 2) were utilized.

All calculations were performed with the Gaussian 0327 software
suite. Geometries were optimized without symmetry constraints
using the B3LYP/6-31+G(d,p) method.28 All stationary points were
characterized as either minima or transition state structures via
frequency calculations, and the reported energies include unscaled
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zero-point energy (ZPE) corrections. Single point calculations in
water were completed utilizing the CPCM solvation model and
UAKS radii.29 Structural diagrams were produced using Ball &
Stick, version 4.0.30 See Supporting Information for coordinates
of all computed structures and details on additional model systems.
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