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Abstract

We synthesized and evaluated a series of compounds for their allosteric modu-
lation at the Kv11.1 (hERG) channel. Most compounds were negative allosteric 
modulators of [3H]dofetilide binding to the channel, in particular 7f, 7h-j and 
7p. Compounds 7f and 7p were the most potent negative allosteric modulators 
amongst all ligands, dramatically increasing the dissociation rate of dofetilide in 
the radioligand kinetic binding assay, while remarkably reducing the affinity of 
dofetilide and astemizole in a competitive displacement assay. Additionally, both 
7f and 7p displayed peculiar displacement characteristics with Hill coefficients 
significantly distinct from unity as shown by e.g., dofetilide, further indicative 
of their allosteric effects on dofetilide binding. Our findings in this investigation 
yielded several promising negative allosteric modulators for future functional and 
clinical research with respect to their antiarrhythmic propensities, either alone or 
in combination with known Kv11.1 blockers. 
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Introduction

The past decades have witnessed an emerging interest in the identification of 
allosteric modulators of G protein-coupled receptors (GPCRs), ligand-gated ion 
channels (LGICs) and enzymes.1-3 Allosteric modulators are ligands that bind to a 
binding site on a target protein that is not overlapping with and spatially distinct 
from the so-called orthosteric binding site, i.e. the site where e.g., hormones and 
neurotransmitters bind.4 Negative allosteric modulators reduce receptor binding 
and/or function associated with orthosteric ligands, whereas positive allosteric 
modulators enhance these.2, 4, 5 The therapeutic potential of allosteric modulators 
has been demonstrated in clinical trials, with a number of such drugs now on the 
market. Allosterically acting ligands provide novel opportunities for drug dis-
covery due to a possible higher subtype-selectivity (allosteric sites are usually 
less conserved than orthosteric binding sites) and fewer side effects compared 
with traditional orthosteric compounds due to their ‘ceiling’ effect.2, 3 However, 
research on the allosteric modulation of voltage-gated ion channels (VGICs) is 
largely lacking, in particular for the Kv11.1 (hERG) channel.  

The Kv11.1 channel, encoded by the human ether-à-go-go-related gene 
(hERG), plays a vital role in regulating cardiac repolarization of the action po-
tential of human ventricular myocytes.6, 7 Genetic dysfunction or pharmacolog-
ical inhibition of the Kv11.1 channel leads to prolongation of the action poten-
tial duration (APD), QT interval lengthening, and the development of Torsades 
de Pointes (TdP). A staggering array of drugs including antiarrhythmic agents, 
antihistamines, antibiotics and antipsychotics are known to block the Kv11.1 
channel via a common, promiscuous binding region within the aqueous inner 
cavity of the pore.8, 9 More recently, a small number of compounds, referred to 
as Kv11.1 activators, have been proposed to remediate repolarization disorders 
in the heart, including acquired and congenital long QT syndromes, due to their 
up-regulation of Kv11.1 currents.7, 10, 11 These activators were found to bind at 
sites that are distinct from each other and also different from the binding resi-
dues of prototypical Kv11.1 blockers.9 For instance, RPR260243 ((3R,4R)-4-[3-
(6-methoxyquinolin-4-yl)-3-oxopropyl]-1-[3-(2,3,5-trifluorophenyl)prop-2ynyl]
piperidine-3-carboxylic acid) that was designated as a type 1 activator interact-
ed with a putative binding site at the cytoplasmic end facing away from the in-
ner cavity of the channel, while type 2 activators like NS1643 (1,3-bis[2-hy-
droxy-5-(trifluoromethyl)phenyl]urea) appeared to interact with residues located 
on the outer mouth of the pore.8, 12, 13 Furthermore, some of these activators were 
found to reduce the affinity and subsequently reverse the action potential prolon-
gation produced by Kv11.1 blockers. Pretreatment of cells expressing the Kv11.1 
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channel with RPR260243 slightly reduced the affinity of the reference hERG 
blocker dofetilide (N-[4-(2-{[2-(4-methane sulfonamidophenoxy)ethyl](methyl)
amino}ethyl)phenyl] methanesulfonamide), leading to a reduction of dofetilide’s 
prolongation of the action potential.12, 14 Likewise, NS3623 (1-[4-bromo-2-(2H-
tetrazol-5-yl)phenyl]-3-[3-(trifluoro- methyl)phenyl]urea) produced a reversal 
of E-4031 (N-[4-[[1-[2-(6-Methyl-2-pyridinyl)ethyl]-4-piperidinyl]carbonyl]
phenyl]methanesulfonamide dihydrochloride)-induced QT prolongation in both 
anaesthetized and conscious guinea pigs.15 In this sense, the so-called activators 
might be negative allosteric modulators of the action of Kv11.1 blockers, and so 
normalize the pharmacologically induced action potential prolongation. Indeed, 
the allosteric terminology at the Kv11.1 channel has been introduced in our pre-
vious study and a recent review.4, 16 Classic methods for screening allosteric mod-
ulators have been based on techniques used to identify Kv11.1 blockers, such as 
voltage-dependent fluorescence experiments and laborious patch clamp assays. 
However, these methods do not allow high throughput screening in the search for 
new hit and lead molecules,.17 Moreover, although negative allosteric modulators 
of the Kv11.1 channel may be therapeutically promising, the current generation 
of modulators is not very potent and this raises concerns about their selectivity 
and liability for cardiac and non-cardiac side effects.9, 11 Therefore, it would be of 
particular importance to design and synthesize more novel allosteric modulators 
with higher potencies at the Kv11.1 channel. 

Recently, Zhang et al. characterized a potent modulator (ML-T531, com-
pound 7a in this study) for the Kv11.1 channel after screening a large compound 
library using an automated electrophysiological technique, and found that it nor-
malized APD prolongation induced by dysfunction of the Kv7.1 channel.18 This 
was the first experimental evidence that Kv11.1 modulators can prevent long QT 
type 1 (LQT1) in addition to type 2 (LQT2) syndrome. The concept that Kv7.1 
and Kv11.1 activators can mutually rescue Kv7.1-related LQT1 and Kv11.1-in-
duced LQT2 syndromes has been put forward previously, and was also validated 
by using a highly selective Kv7.1 modulator, R-L3 ((3R)-5-(2-fluorophenyl)-3-
(1H-indol-3-ylmethyl)-1-methyl-3H-1,4-benzodiazepin-2-one)), which sup-
pressed early afterdepolarizations initiated by the Kv11.1 blocker dofetilide in 
rabbit myocytes.17, 19, 20 Apart from ML-T531, a chemically similar compound 
(VU0405601, compound 7r) was discovered in a fluorescence-based thallium 
influx assay, and this ligand allosterically diminished the affinity of dofetilide 
at the channel and relieved the arrhythmia induced by dofetilide.21 Altogether, 
negative allosteric modulators of the Kv11.1 channel could be beneficial in LQT 
syndromes induced by genetic loss-of-function or pharmacological inhibition of 
both Kv11.1 and Kv7.1 channels. In the present study, we selected ML-T531 and 
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VU0405601 as our starting point, and synthesized a series of new ligands with 
modifications at the three aromatic rings present in the basic scaffold of the lead 
compounds. Based on the results from a previously validated single point disso-
ciation assay,16 their structure-activity relationships were analyzed. Subsequent-
ly, a selection of potent negative allosteric modulators were comprehensively 
characterized in [3H]dofetilide dissociation and displacement assays, and their 
influences on affinity of two specific Kv11.1 blockers (dofetildie and astemizole 
(1-[(4-fluorophenyl)methyl]-N-[1-[2-(4-methoxyphenyl)ethyl]- 4-piperidyl]ben-
zoimidazol-2-amine)) were evaluated as well.

Results and discussion

Chemistry

The synthetic route of all final compounds is depicted in Scheme 1 except that 
compound 7r was synthesized as previously described.21 Small systematic chem-
ical variations were made by introducing different functional groups at the three 
aromatic rings of the reference compound (ML-T531, 7a). Compounds based on 
modifications at the two phenyl rings (7a-p) were synthesized as follows. Frie-
del-Crafts acylation of substituted anisols (1a-c) and benzoyl chlorides (2d-l and 
2n-p) resulted in the formation of different substituted-benzophenone derivatives 
(3b-l and 3n-p).22 Apart from acid chlorides 2o and 2p that were synthesized 
from the corresponding carboxylic acids 8o and 8p (Scheme 2), all other inter-
mediates were commercially available. Demethylation of the methoxy group for 
compounds 3b-l and 3n-p with AlCl3 or BBr3 in the case of 3c led to 4b-l and 
4n-p with high yields (65-97%).22, 23 Notably, demethylation of 3c using AlCl3 
conditions resulted in the undesired debrominated product 4a. Subsequently, re-
action of 4a-p with 2-methylbromoacetate and hydrolysis of 5a-p with LiOH 
produced compounds 6a-p. Eventually, final compounds 7a-p were obtained via 
a peptide coupling, using EDCI*HCl (7e and 7l) or the superior HATU, between 
the acids (6a-p) and 3-aminopyridine in yields of 23-98%.21 Fluorenone ana-
logue 7q was synthesized as follows: i) an oxidative dehydrogenative cyclization 
of benzophenone 4a resulted in fluorenone intermediate 4q, and ii) subsequent 
HATU peptide coupling conditions led to the formation of final compound 7q.24 
To further investigate the influences of the 3-pyridine ring on the allosteric mod-
ulation capacities of ligands, a variety of substituted 3-aminopyridines (7f1-f8) 
and other nitrogen-containing heterocyclic rings (7f9-f11) were synthesized in a 
similar approach as described above. All intermediates were commercially avail-
able except intermediate 10f5, which was synthesized from 5-bromo-3-methoxy-
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pyridine (9f5) through an amination using ammonia and copper sulphate penta-
hydrate (Scheme 2).25

Scheme 1. Synthesis of compounds 7a-q and 7f1-f11.

a) AlCl3, DCM, 0 ºC to r.t., 2 h; b) AlCl3, toluene, 130 ºC, 2 h; c) 2-methylbromoacetate, 
K2CO3, DMF, 65 ºC, overnight; d) LiOH, THF, MeOH, 105 ºC, 30 min; e) 3-aminopyri-
dine, Et3N, HATU or EDCI*HCl (7e and 7l), DMF, overnight.

Scheme 2. Synthesis of intermediates (2o, 2p and 10f5) 

a) SOCl2, 100 ºC, 2h;  b) NH3 (aq), CuSO4·5H2O, 140 ºC, 20 h.
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Structure-activity relationships

Initially, all synthesized compounds were tested for their abilities to increase or 
decrease the dissociation of [3H]dofetilide from the HEK293Kv11.1 cell mem-
brane preparations at 10 µM in a single point dissociation assay,16 and the re-
sults are summarized in Table 1-3. Compound 7a, also referred to as ML-T531 
in literature, has been reported to be the most potent Kv11.1 activator, which 
normalizes the prolonged APDs of patient-derived cardiomyocytes.18 Thus, a se-
ries of compounds with different substituents on the phenylcarbonyl ring were 
synthesized and evaluated for their allosteric modulation at the Kv11.1 channel 
(Table 1). Similar to compound 7a, all compounds behaved as negative allosteric 
modulators of the Kv11.1 channel as they significantly increased the dissocia-
tion of dofetilide from the channel except 7l and 7n. The latter observation is in 
agreement with the previous finding that the effect of 7n on Kv11.1 currents was 
insignificant and negligible,18 indicative of the reliability of our high-throughput 
single point dissociation assay. Introduction of halogens at the ortho position (7d, 
7e and 7g) did not significantly impact the negative allosteric effect of the lead 
compound 7a, whereas halogen substituents at the meta position (7h-k) displayed 
a more prominent enhancement of dofetilide dissociation compared to 7a. No-
tably, introduction of a bromo substituent at the ortho position (7f) dramatically 
decreased the relative binding of dofetilide to 44 ± 1% from 78 ± 3% for 7a, 
which implicated that ortho-bromo derivatives could be the starting point for de-
signing more potent allosteric modulators of the Kv11.1 channel in the following 
step. With respect to the para position, methyl and chloro substituents (7l and 
7n) totally abolished the negative allosteric modulation properties of this series 
of compounds, while the 4-fluoro derivative slightly increased the allosteric ef-
fect (7m versus 7a). The bigger size of the methyl and chloro substituents at the 
para-position may be the reason for this decrease in effect. Additionally, electron 
donating (7l) and withdrawing (7n) groups seemed to reduce the allosteric pro-
files of 7a to the same extent, implying a negligible role of electronic effects in 
affecting allostery of compounds at the Kv11.1 channel. When bromo and fluoro 
substituents were simultaneously introduced to the ortho and meta positions, re-
spectively, additional allosteric inhibition was observed for 7p but 7o exerted a 
much lower allosteric effect compared to compounds 7f and 7h. This confirms 
that steric hindrance at the phenyl ring might not be beneficial for the potency of 
these negative allosteric modulators. 
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Table 1. Allosteric modulation of [3H]dofetilide binding at the Kv11.1 channel by 10 µM 
of compounds 7a and 7d-p.

N
N
H

O
R

O

O

Compd R %B/Bcontrol Compd R %B/Bcontrol

7a H 78 ± 3 7j 3-Br 57 ± 5
7d 2-F 85 ± 4 7k 3-I 62 ± 3
7e 2-Cl 71 ± 2 7l 4-CH3 97 ± 5
7f 2-Br 44 ± 1 7m 4-F 65 ± 2
7g 2-I 72 ± 2 7n 4-Cl 104 ± 2
7h 3-F 47 ± 2 7o 2-Br, 3-F 85 ± 1
7i 3-Cl 43 ± 2 7p 2-Br, 5-F 38 ± 3

Since compounds with a bromo substituent (7f and 7p) at the ortho position 
of the phenylcarbonyl ring were among the most potent modulators, a variety of 
compounds with the same ortho-bromo substitution but different nitrogen-con-
taining heterocyclic aromatic rings were designed to investigate the influences 
of the pyridine moiety on allosteric modulation of the Kv11.1 channel. As dis-
played in Table 2, none of these compounds showed more prominent negative 
allosteric activities than the starting compound 7f. By contrast, introduction of 
methyl, methoxyl, chlorine and phenyl groups amongst 3-pyridyl analogues (7f1-
f8) abrogated the negative allosteric effects, and compounds 7f2 and 7f4 even 
appeared to decrease the dissociation of dofetilide albeit not significantly. It is 
worth noting that substituents with opposite electronic effects such as 7f1 and 
7f3 could not be distinguished with respect to their allosteric activities, which is 
in agreement with our earlier finding for derivatives 7l and 7n shown in Table 1. 
This further proves that electronic effects were not the determinants of allosteric 
characteristics for this series of ligands. In addition, replacement of the pyri-
dine ring with chlorine-substituted diazine (7f9), pyrimidine (7f10) and pyrazine 
(7f11) moieties led to significant decreases of the negative allosteric effects on 
the Kv11.1 channel compared to 7f. Altogether, a non-substituted pyridine moiety 
is preferred for binding to the allosteric sites at the Kv11.1 channel. As compound 
7r (VU0405601) was found to significantly increase the IC70 value of dofetilide 
and thus prevent its Kv11.1 inhibition,21 substituents at the phenolic ring were also 
explored in Table 3. Introducing bromine at the phenolic ring wholly eliminated 
their allosteric effects (7b-c versus 7a), whereby linkage of the two phenyl rings 
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(7q) resulted in a comparably negative allosteric potency to the lead compound 
7a. Consistent with the previous publication,21 substitution of the general benzo-
phenone moiety by a bromine-substituted naphthyl ring moderately increased the 
negative allosteric effect (7r versus 7a). 

Table 2. Allosteric modulation of [3H]dofetilide binding at the Kv11.1 channel by 10 µM 
of compounds 7f1-f11.

R
N
H

O
O

O Br

Compd R %B/Bcontrol Compd R %B/Bcontrol

7f1 N 105 ± 12 7f7
N

O
105 ± 12

7f2
N

O
124 ± 13 7f8

N
87 ± 12

7f3 N

Cl
95 ± 12 7f9 N

N

Cl

92 ± 2

7f4
N

121 ± 15 7f10 N

N

87 ± 9

7f5
N

O

107 ± 15 7f11 N
N

92 ± 2

7f6 N 108 ± 16

Taken together, all three aromatic rings played critical roles in modifying the 
allosteric effects of this series of compounds at the Kv11.1 channel. In general, 
introducing halogen substituents with comparatively less steric hindrance at the 
phenylcarbonyl ring, and avoiding substituents at the pyridine and phenolic rings 
were favorable for enhancing the negative allosteric potencies of these modu-
lators. Among all compounds shown in Table 1-3, 7f, 7i and 7p were the most 
potent negative allosteric modulators by reducing [3H]dofetilide binding during 
dissociation to 44 ± 1, 43 ± 2 and 38 ± 3% respectively, which demonstrated their 
higher potencies than reference compounds 7a (78 ± 3%) and 7r (66 ± 3%). 
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Table 3. Allosteric modulation of [3H]dofetilide binding at the Kv11.1 channel by 10 µM 
of compounds 7b, 7c, 7q and 7r.

N
N
H

O
R

O

Compd R %B/Bcontrol Compd R %B/Bcontrol

7b
O

Br

96 ± 1 7q
O

79 ± 6

7c

O

Br

96 ± 7 7r
Br

66 ± 3

Subsequently, several of the more potent allosteric modulators were selected 
in [3H]dofetilide dissociation and displacement assays to exploit their pharma-
cological characteristics at the Kv11.1 channel in more detail. Since the disinte-
gration characteristics of a radioligand-receptor complex can only be altered by 
the binding of a compound to a site distinct from the radioligand binding site, the 
effects of these synthesized compounds on the dissociation rate of [3H]dofetilide 
can be unequivocally indicative of their allosteric actions.26 In this respect, the 
dissociation behavior of [3H]dofetilide was investigated in the absence (control) 
or presence of potent modulators (Figure 1 and Table 4). As concentration-de-
pendent allosteric modulation has been observed in a plethora of receptors,5, 27-29 
we evaluated a higher concentration (50 mM) of modulators in this assay, also to 
assess whether we could surpass the effects measured at 10 μM. The dissociation 
rate of the radioligand induced by an excess concentration of unlabeled dofetilide 
alone was 0.19 ± 0.01 min-1, which was significantly increased by the select-
ed compounds (7f, 7h-j and 7p), once more illustrating their negative allosteric 
modulation of the Kv11.1 channel. Compound 7p was the most potent modulator 
that accelerated the koff of dofetilide to 0.78 ± 0.20 min-1, while 7j was least effi-
cacious with a dissociation rate of 0.27 ± 0.03 min-1 for dofetilide. The ranking 
order of all five compounds in enhancing the dissociation rate of dofetilde was 
identical to the one obtained in the single point dissociation assay except for 
compound 7f, which had a more prominent negative allosteric action in this as-
say. Next, the concentration-dependent effects of two representative compounds 
at increasing the dissociation of [3H]dofetilide from the Kv11.1 channel were as-
sessed as in Figure 2, and the determined EC50 values for 7f and 7p were 12 ± 2
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and 4.6 ± 0.4 µM, respectively. This is in agreement with their activities in the 
other kinetic assays. It should be mentioned that a full concentration-effect curve 
of 7f could not be recorded due to its limited solubility at higher concentrations. 
Furthermore, there was still 25% [3H]dofetilide binding at the Kv11.1 channel left 
in the presence of 100 µM 7p, which indicates that the binding of Kv11.1 block-
ers cannot be completely displaced via conformational changes of the channel 
caused by these negative allosteric modulators. More recently, curve-shifts that 
deviate from a simple competitive interaction at an equilibrium situation were 
revealed to be indicative of allostery.4 Consequently, we determined the effect of 
the potent modulators (7f, 7h-j and 7p) on the equilibrium affinity of two proto-
typical Kv11.1 blockers, dofetilide and astemizole (Figure 3 and Table 5).

Figure 1. Dissociation curves of [3H]dofetilide by 10 µM dofetilide in the absence (con-
trol) or presence of 50 µM 7f and 7p. Experiments were performed at 25 °C with 20 µg 
HEK293Kv11.1 membranes. 

Table 4. Dissociation rates of [3H]dofetilide in the absence (control) or presence of 50 µM 
7f, 7h-j and 7p, and EC50 values of two representative compounds (7f and 7p) at acceler-
ating dissociation of [3H]dofetilide from the Kv11.1 channel.

Compd koff, dofetilide (min-1) fold EC50 (µM)

control 0.19 ± 0.01 - -
+ 7f      0.57 ± 0.05*** 3.0 12 ± 2
+ 7h  0.30 ± 0.04* 1.6 -
+ 7i   0.33 ± 0.03** 1.7 -
+ 7j 0.27 ± 0.03* 1.4 -
+ 7p 0.78 ± 0.20* 4.1 4.6 ± 0.4

Values are means (± SEM) of at least three independent experiments performed in dupli-
cate (* P < 0.05, ** P < 0.01, *** P < 0.001 versus control).
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Figure 2. Concentration-dependent effects of 7f and 7p in accelerating dissociation of 
[3H]dofetilide from the Kv11.1 channel. Membrane proteins were first pre-equilibrated 
with [3H]dofetilide, then the dissociation was induced by 10 µM dofetilide in the absence 
or presence of different concentrations of compounds and the incubation was terminated 
after 6 min. The results are expressed as the ratio of the specific binding of [3H]dofetilide 
in the presence of 10 µM dofetilide plus various concentrations of negative allosteric 
modulators (B) over that in the presence of 10 µM dofetilide alone (Bcontrol). Experiments 
were performed at 25 °C with 20 µg HEK293Kv11.1 membranes. 

As shown in Figure 3A and 3B, the displacement curves of both dofetilide and 
astemizole were right-ward shifted by compound 7f and 7p at 10 µM, which is 
another indication of the negative allosteric properties of 7f and 7p. The affinity 
of dofetilide (Ki = 4.8 ± 0.5 nM) and astemizole (Ki = 1.3 ± 0.1 nM) were com-
parable to our previous findings,30 and their apparent Ki values were increased in 
the presence of all tested compounds. The Ki values of dofetilide shifted to 6.8 ± 
0.5 nM (7j) and 22 ± 5 nM (7p), while the values for astemizole were 1.8 ± 0.5 
nM (7j) and 8.2 ± 1.5 nM (7p). Apart from compound 7f, the fold increase in Ki 
values for dofetilide and astemizole by these modulators was very comparable, 
and fully in line with our findings in the other dissociation assays. This dimin-
ishing of the affinity of Kv11.1 blockers through negative allosteric modulation 
is very appealing and may even help in mitigating acquired LQT syndromes via 
relieving drug-induced Kv11.1 blockade. The [3H]dofetilide equilibrium displace-
ment curves of 7f and 7p shown in Figure 4 were rather steep with pseudo Hill 
coefficients (-1.8 for both compounds) much larger than unity, further indicating 
their allosteric actions on dofetilide binding at the Kv11.1 channel.29 For the sake 
of comparison, the displacement curve of dofetilide was also included in Figure 
4, and the derived Hill slope was equal to -1.0 illustrating the competitive and 
‘orthosteric’ binding of dofetilide and the reliability of this assay. 
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A B

Figure 3. Displacement curves of dofetilide (A) and astemizole (B) in the absence (con-
trol) or presence of 10 µM 7f and 7p in a [3H]dofetilide binding assay. Experiments were 
performed at 25 °C with 20 µg HEK293Kv11.1 membranes. 

Table 5. The Kv11.1 ffinities of dofetilide and astemizole in the absence (control) or pres-
ence of 10 µM 7f, 7h-j and 7p.

Compd Ki, dofetilide (nM) fold Ki, astemizole (nM) fold
control 4.8 ± 0.5 - 1.3 ± 0.1 -

+ 7f 12 ± 3* 2.5  5.3 ± 1.3* 4.1
+ 7h  8.9 ± 0.8* 1.9 2.5 ± 0.9 1.9
+ 7i 16 ± 4* 3.3       3.7 ± 0.1*** 2.8
+ 7j  6.8 ± 0.5* 1.4 1.8 ± 0.5 1.4
+ 7p 22 ± 5* 4.6  8.2 ± 1.5* 6.3

Values are means (± SEM) of at least three independent experiments performed in dupli-
cate (* P < 0.05, *** P < 0.001 versus control).

Kv11.1 activators have been introduced as a new potential anti-arrhythmic 
strategy based on augmentation of the repolarization reserve of cardiomyocytes.31 
In this context, reference compounds 7a and 7r have also been defined as ac-
tivators.18, 21 Compound 7r had been found to decrease the affinity of Kv11.1 
blockers dofetilide and droperidol, and to reduce the action potential prolonga-
tion by dofetilide in isolated rabbit ventricular cardiomyocytes. In a similar fash-
ion, RPR26024, the first known Kv11.1 activator, dose-dependently reversed the 
action potential-prolonging effects of dofetilide in guinea pig myocytes.12 We 
hypothesized that the Kv11.1 activators might exert their antiarrhythmic effects 
through negative allosteric modulation of the binding of Kv11.1 blockers to the 
channel, and verified that this was the case for compound 7r. Additionally, com-
pound 7a had been found to relieve APD prolonged by a genetic dysfunction of 
the Kv7.1 channel.18 Several negative allosteric modulators synthesized in this 
study displayed higher potencies than 7a and 7r, in particular 7f and 7p, which 
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implicates their roles as lead compounds in eventually treating patients with LQT 
syndromes induced by pharmacological blockade of the Kv11.1 channel or due to 
genetic defects of the potassium channels.

Figure 4. Displacement curves of [3H]dofetilide by dofetilide (control), 7f and 7p. Exper-
iments were performed at 25 °C with 20 µg HEK293Kv11.1 membranes. 

Conclusion

In summary, modifications of the three aromatic rings of the basic scaffold from 
reference compounds 7a and 7r lead to a series of compounds comprising of 
novel negative allosteric modulators of dofetilide binding to the Kv11.1 channel. 
Structure-activity relationships demonstrate that all the three aromatic rings play 
pivotal roles in determining the allosteric effects of these ligands at the Kv11.1 
channel. Introducing halogen substituents at the meta-position of phenylcarbon-
yl ring together with non-substituted pyridine and phenolic rings enhances the 
negative allosteric effects of these modulators. In the kinetic dissociation assays, 
these compounds significantly accelerate the dissociation of [3H]dofetilide from 
the Kv11.1 channel. Moreover, several potent modulators shift the displacement 
curves of prototypical Kv11.1 blockers (dofetilide and astemizole) to the right, 
and thus, diminish their Kv11.1 affinity at the channel. This is another indication 
of their negative allosteric properties, and also implicates their potential antiar-
rhythmic propensities in reducing acquired LQT syndromes induced by phar-
macological blockade. Furthermore, these negative allosteric modulators may 
also become a new class of medicines for alleviating congenital LQT syndromes 
linked to both Kv11.1 and Kv7.1 channels like compound 7a. Since compounds 7f 
and 7p are more potent than reference compounds 7a and 7r, they may serve as 
lead compounds for further optimization to relieve action potential prolongation 
through Kv11.1 channels or other potassium channels. 
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Experimental section

Chemistry

All solvents and reagents were purchased from commercial sources and were 
of analytical grade. Demineralised water is simply referred to as H2O, as was 
used in all cases unless stated otherwise (i.e. brine). 1H and 13C NMR spectra 
were recorded on a Bruker AV 400 liquid spectrometer (1H NMR, 400 MHz; 
13C NMR, 100 MHz) at ambient temperature. Chemical shifts are reported in 
parts per million (ppm), are designated by δ and are downfield to the internal 
standard tetramethylsilane (TMS) in CDCl3. Coupling-constants are reported in 
Hz and are designated as J. Analytical purity of the final compounds was de-
termined by high pressure liquid chromatography (HPLC) with a Phenomenex 
Gemini 3m C18 110A column (50 x 4.6 mm, 3 μm), measuring UV absorbance 
at 254 nm. Sample preparation and HPLC method was - unless stated otherwise 
- as follows: 0.3-0.8 mg of compound was dissolved in 1 mL of a 1:1:1 mixture 
of CH3CN/H2O/tBuOH and eluted from the column within 15 minutes, with a 
three component system of H2O/CH3CN/1% TFA in H2O, decreasing polarity of 
the solvent mixture in time from 80/10/10 to 0/90/10. All compounds showed 
a single peak at the designated retention time and are at least 95% pure. Liquid 
chromatography–mass spectrometry (LC-MS) analyses were performed using 
Thermo Finnigan Surveyor - LCQ Advantage Max LC-MS system and a Gemini 
C18 Phenomenex column (50 × 4.6 mm, 3 µm). The sample preparation was the 
same as for HPLC analysis. The elution method was set up as follows: 1-4 min 
isocratic system of H2O/CH3CN/1% TFA in H2O, 80:10:10, from the 4th min, a 
gradient was applied from 80:10:10 to 0:90:10 within 9 min, followed by 1 min 
of equilibration at 0:90:10 and 1 min at 80:10:10. Thin-layer chromatography 
(TLC) was routinely performed to monitor the progress of reactions, using alumi-
num coated Merck silica gel F254 plates. Purification by column chromatography 
was achieved by use of Grace Davison Davisil silica column material (LC60A 
30-200 micron). Solutions were concentrated using a Heidolph laborota W8 2000 
efficient rotary evaporation apparatus and by a high vacuum on a Binder APT 
line Vacuum Drying Oven. Microwave reactions were carried out in a Biotage 
Initiator using sealed tubes and at a set reaction temperature. The procedure for 
a series of similar compounds is given as a general procedure for all within that 
series, annotated by the numbers of the compounds. 

Chlorination of bromo-fluoro-substituted-benzoic acids. To 2-bro-
mo-5-fluorobenzoic acid 8p (500 mg, 2.28 mmol) was added thionyl chloride 
(207 μL, 2.85 mmol). The mixture was heated for 1.5 h at 100 °C (an additional 
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1 mL of SOCl2 was added after 20 min). The thionyl chloride was evaporated and 
the product, 2-bromo-5-fluorobenzoyl chloride (2p), was used without further 
purification. 454 mg yield = 84%.

2-Bromo-3-fluorobenzoyl chloride (2o). Methode chlorination of bromo-
-fluoro-substituted-benzoic acids. Continued without further purification, 436 mg 
yield = 81%.

3-Amino-5-methoxy pyridine (10f5). 3-Bromo-5-methoxypyridine (9f5) 
(500 mg, 2.66 mmol), ammonium hydroxide (15 mL) and coppersulfate pentahy-
drate (33 mg, 0.13 mmol) were heated at 140 °C in the microwave in a closed 
tube for 20 h. The reaction mixture was cooled to room temperature and the 
crude material separated between ethyl acetate and water. The organic layer was 
washed with water (3 times) and brine, dried over MgSO4, filtered and concentra-
ted in vacuo to give 84 mg, yield 25% of the desired product as solids. 1H NMR 
(400 MHz, CDCl3): δ 7.72 (d, J = 5.4 Hz, 2H), 6.51 (t, J = 2.4 Hz, 1H), 3.79 (s, 
3H) ppm; HPLC-MS: m/z 125.0

General method for the Friedel Crafts acylation (3b-l and 3n-p). 

To a cooled mixture of the substituted benzoyl chloride 2b-l and 2n-q (5.71 
mmol, 1.0 equiv.) and the (substituted)-anisole 1a-c (7.14 mmol, 1.25 equiv.) 
in CH2Cl2 (0.2 M) or carbon disulfide (3b) was added AlCl3 (7.14 mmol, 1.25 
equiv.) in portions over 20 min under a nitrogen atmosphere. After 24 h at room 
temperature full conversion was observed with TLC (Pet. ether/EtOAc 19/1) and 
the reaction mixture was poured into a 3 M aq. HCl solution. The organics were 
extracted 3 times from the aqueous layer with CH2Cl2, washed with water and 
brine, dried over MgSO4 and concentrated in vacuo. The obtained crude material 
was triturated with petroleum ether to obtain the pure products as white solids.

(2-Bromo-4-methoxyphenyl)-phenylmethanone (3b). Started from 3-bro-
moanisole (1b) and benzoyl chloride. Yellow oil 2.20 g after column chromatog-
raphy (2.5-5% EtOAc/Pet. ether), yield = 75%. 1H NMR (400 MHz, CDCl3): δ 
7.80 (d, J = 7.2 Hz, 2H), 7.58 (d, J = 7.2 Hz, 1H), 7.45 (t, J = 8.0 Hz, 2H), 7.32 
(d, J = 8.8 Hz, 1H), 7.19 (d, J = 2.0 Hz, 1H), 6.92 (dd, J = 8.6, 2.2 Hz, 1H), 3.86 
(s, 3H) ppm. NMR in accordance with literature.32

(3-Bromo-4-methoxyphenyl)-phenylmethanone (3c).33 Started from 2-bro-
moanisole (1c) and benzoyl chloride. White solids 2.78 g, yield = 64%. 1H NMR 
(400 MHz, CDCl3): δ 8.07 (d, J = 2.0 Hz, 1H), 7.80 (dd, J = 8.4, 2.0 Hz, 1H), 
7.77-7.73 (m, 2H), 7.60 (tt, J = 7.2, 1.2 Hz, 1H), 7.49 (t, J = 7.2 Hz, 2H), 6.96 
(d, J = 8.8 Hz, 1H), 3.99 (s, 3H), 3.86 (s, 3H) ppm. NMR in accordance with 
literature data.34

(2-Fluorophenyl)(4-methoxyphenyl)methanone (3d). Started from anisole 
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(1a) and 2-fluorobenzoyl chloride (2d). White solids 365 mg, yield = 34%. 1H 
NMR (400 MHz, CDCl3): δ 7.83 (d, J = 8.4 Hz, 2H), 7.52-7.46 (m, 2H), 7.25 (t, 
J = 7.6 Hz, 1H), 7.14 (t, J = 8.4 Hz, 1H), 6.94 (d, J = 8.4 Hz, 2H), 3.86 (s, 3H) 
ppm. NMR in accordance with literature data.35

(2-Chlorophenyl)(4-methoxyphenyl)methanone (3e). Started from anisole 
(1a) and 2-fluorobenzoyl chloride (2e). Pinkish solids 2.43 g, yield = 66%. 1H 
NMR (400 MHz, CDCl3): δ 7.79 (dt, J = 8.8, 2.0 Hz, 2H), 7.47-7.38 (m, 2H), 
7.36-7.33 (m, 2H), 6.94 (dt, J = 8.8, 2.0 Hz, 2H), 3.88 (s, 3H) ppm. NMR in ac-
cordance with literature data.36

(2-Bromophenyl)(4-methoxyphenyl)methanone (3f). Started from anisole 
(1a) and 2-bromobenzoyl chloride (2f). White solids 586 mg, yield = 88%. 1H 
NMR (400 MHz, CDCl3): δ 7.79 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 7.6 Hz, 1H), 
7.41 (t, J = 7.6 Hz, 1H), 7.35-7.31 (m, 2H), 6.94 (d, J = 8.4 Hz, 2H), 3.88 (s, 3H) 
ppm. NMR in accordance with literature data.36

(2-Iodophenyl)(4-methoxyphenyl)methanone (3g). Started from anisole 
(1a) and 2-iodobenzoyl chloride (2g). White solids 422 mg, yield = 66%. 1H 
NMR (400 MHz, CDCl3): δ 7.91 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.8 Hz, 2H), 
7.44 (t, J = 7.2 Hz, 1H), 7.28 (d, J = 6.8 Hz, 1H), 7.17 (t, J = 7.6 Hz, 1H), 6.94 
(d, J = 8.8 Hz, 2H), 3.88 (s, 3H) ppm. NMR in accordance with literature data.37

(3-Fluorophenyl)(4-methoxyphenyl)methanone (3h). Started from anisole 
(1a) and 3-fluorobenzoyl chloride (2h). White solids 576 mg, yield = 53%. 1H 
NMR (400 MHz, CDCl3): δ 7.82 (d, J = 8.8 Hz, 2H), 7.53 (d, J = 7.6 Hz, 1H), 
7.47-7.42 (m, 2H), 7.28-7.24 (m, 1H), 6.97 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H) ppm. 
NMR in accordance with literature data.38 

(3-Chlorophenyl)(4-methoxyphenyl)methanone (3i).39 Started from 
anisole (1a) and 3-chlorobenzoyl chloride (2i). Pink solids 2.64 g, yield = 71%. 
1H NMR (400 MHz, CDCl3): δ 7.80 (dt, J = 8.8, 2.0 Hz, 2H), 7.73 (t, J = 1.6 Hz, 
1H), 7.62 (dt, J = 8.0, 1.2 Hz, 1H), 7.53 (dd, J = 8.0, 1.2 Hz, 1H), 7.41 (t, J = 8.0 
Hz, 2H), 6.97 (dt, J = 9.2, 1.2 Hz, 2H), 3.89 (s, 3H) ppm.

(3-Bromophenyl)(4-methoxyphenyl)methanone (3j). Started from anisole 
(1a) and 3-bromobenzoyl chloride (2j). White solids 649 mg, yield = 49%. 1H 
NMR (400 MHz, CDCl3): δ 7.88 (t, J = 1.6 Hz, 1H), 7.80 (d, J = 8.8 Hz, 2H), 
7.70-7.65 (m, 2H), 7.37 (t, J = 7.6, 1H), 6.97 (d, J = 8.8 Hz, 2H), 3.89 (s, 3H) 
ppm. NMR in accordance with literature data.35

(3-Iodophenyl)(4-methoxyphenyl)methanone (3k). Started from anisole 
(1a) and 3-iodobenzoyl chloride (2k). White solids 300 mg, yield = 47%. 1H 
NMR (400 MHz, CDCl3): δ 8.08 (s, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 8.8 
Hz, 2H), 7.70 (d, J = 7.6 Hz, 1H), 7.22 (t, J = 8.0 Hz, 1H), 6.98 (d, J = 8.8 Hz, 
2H), 3.90 (s, 3H) ppm. NMR in accordance with literature data.40
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(4-Methoxyphenyl)(4-methylphenyl)methanone (3l). Started from anisole 
(1a) and 4-methylbenzoyl chloride (2l). White solids 2.31 g, yield = 68%. 1H 
NMR (400 MHz, CDCl3): δ 8.81 (dt, J = 8.8, 2.0 Hz 2H), 7.67 (d, J = 8.0 Hz, 2H), 
7.27 (d, J = 8.4 Hz, 2H), 6.96 (dt, J = 8.8, 2.0 Hz, 2H), 3.88 (s, 3H) ppm. NMR 
in accordance with literature data.35

(4-Chlorophenyl)(4-methoxyphenyl)methanone (3n). Started from anisole 
(1a) and 4-chlorobenzoyl chloride (2n). White solids 1.02 g, yield = 73%. 1H 
NMR (400 MHz, CDCl3): δ 7.80 (dt, J = 8.8, 2.0 Hz, 2H), 7.71 (d, J = 8.4 Hz, 
2H), 7.45 (d, J = 8.2 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 3.89 (s, 3H) ppm. NMR 
in accordance with literature data.35

(2-Bromo-3-fluorophenyl)(4-methoxyphenyl)methanone (3o). Started 
from anisole (1a) and 2-bromo-3-fluorobenzoyl chloride (2o). White solids 316 
mg, yield = 56%. 1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.8 Hz, 2H), 7.42-
7.36 (m, 1H), 7.23 (td, J = 8.2, 1.2 Hz, 1H), 7.12 (dd, J = 7.6, 0.4 Hz, 1H), 6.95 
(d, J = 8.8 Hz, 2H), 3.89 (s, 3H) ppm.

(2-Bromo-5-fluorophenyl)(4-methoxyphenyl)methanone (3p). Started 
from anisole (1a) and 2-bromo-5-fluorobenzoyl chloride (2p). White solids 438 
mg, yield = 74%. 1H NMR (400 MHz, CDCl3): δ 7.79 (d, J = 8.8 Hz, 2H), 7.61-
7.58 (m, 1H), 7.06 (d, J = 7.6 Hz, 2H), 6.95 (d, J = 9.2 Hz, 2H), 3.89 (s, 3H) ppm

General method for demethylation of 3b, 3d-l and 3n-p with aluminum tri-
chloride (4b, 4d-l and 4n-p).21

AlCl3 (2.5 equiv.) was slowly added to a solution of 3b, 3d-l and 3n-p (1.0 equiv.) 
in toluene (0.15 M) under a N2 atmosphere. The mixture was refluxed at 130 °C 
for 2 h and by TLC (Pet. ether/EtOAc 4/1) full conversion was shown. The cooled 
mixture was poured into an 3 M HCl (aq.) solution, the organics were extracted 
with ethyl acetate (3 times), washed with brine, dried over MgSO4 and concen-
trated to give the desired 4-(benzoyl)phenols (4b, 4d-l and 4n-p) as solids. 

(2-Bromo-4-hydroxyphenyl)-phenylmethanone (4b). Brownish solids 1.36 
g, yield = 65%. 1H NMR (400 MHz, CDCl3): δ 7.81 (dd, J = 8.4, 1.2 Hz, 2H), 7.60 
(t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.27 (d, J = 6.8 Hz, 1H), 7.16 (d, J = 
2.4 Hz, 1H), 6.86 (dd, J = 8.4, 2.4 Hz, 1H), 6.36 (s br, 1H) ppm.

(2-Fluorophenyl)(4-hydroxyphenyl)methanone (4d).41 White solids 343 
mg, yield = 100%. 1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.4 Hz, 2H), 7.51-
7.48 (m, 2H), 7.26-7.24 (m, 1H), 7.18-7.12 (m, 1H), 6.91 (d, J = 8.4 Hz, 2H), 
6.58 (s br, 1H) ppm.

(2-Chlorophenyl)(4-hydroxyphenyl)methanone (4e).42 White solids 2.17 
g, yield = 95%. 1H NMR (400 MHz, DMSO): δ 10.62 (s, 1H), 7.60-7.56 (m, 3H), 
7.53 (td, J = 8.4, 2.0 Hz, 1H), 7.47 (td, J = 8.4, 1.6 Hz, 1H), 7.42 (dd, J = 7.6, 1.6 
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Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H) ppm.
4-(2-Bromophenyl)(4-hydroxyphenyl)methanone (4f).43 Brown oil, yield 

= quantitative. 1H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 8.4 Hz, 2H), 7.63 (d, 
J = 7.6 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.33 (t, J = 8.8 Hz, 1H), 6.89 (d, J = 8.4 
Hz, 2H), 6.69 (s br, 1H) ppm. 

4-(4-Hydroxyphenyl)(2-iodophenyl)methanone (4g). White solids 393 mg, 
yield = 97%. 1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 8.0 Hz, 1H), 7.71 (d, J 
= 8.8 Hz, 2H), 7.43 (td, J = 7.6, 0.8 Hz, 1H), 7.27 (dd, J = 7.6, 1.6 Hz, 1H), 6.90 
(d, J = 8.8 Hz, 2H) ppm. NMR data in accordance with literature.44

4-(3-Fluorophenyl)(4-hydroxyphenyl)methanone (4h). White solids 172 
mg, yield = 73%. 1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.4 Hz, 2H), 7.53 
(d, J = 8.0 Hz, 1H), 7.48-7.43 (m, 2H), 7.30-7.18 (m, 1H), 6.95 (d, J = 8.0, 0.8 
Hz, 2H) ppm. NMR data in accordance with literature.45

4-(3-Chlorophenyl)(4-hydroxyphenyl)methanone (4i). Off white solids 
2.35 g, yield = 95%. 1H NMR (400 MHz, DMSO): δ 10.54 (s, 1H), 7.71-7.63 (m, 
4H), 7.60-7.53 (m, 2H), 6.90 (dt, J = 8.8, 2.0 Hz, 2H) ppm. NMR data in accor-
dance with literature.46

4-(3-Bromophenyl)(4-hydroxyphenyl)methanone (4j). White solids 168 
mg, yield = 88%. 1H NMR (400 MHz, CDCl3): δ 7.88 (t, J = 1.6 Hz, 1H), 7.77 
(d, J = 8.8 Hz, 2H), 7.70 (dt, J = 8.0, 1.2 Hz, 1H), 7.66 (d, J = 7.6 Hz, 1H), 7.36 
(t, J = 8.0 Hz, 1H), 6.93 (d, J = 8.4 Hz, 2H), 6.92 (s br, 1H) ppm. NMR data in 
accordance with literature.47

4-(4-Hydroxyphenyl)(3-iodophenyl)methanone (4k). Brown solids 209 
mg, yield = 73%. 1H NMR (400 MHz, CDCl3): δ 8.08 (s, 1H), 7.90 (d, J = 8.0 
Hz, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 7.6 Hz, 1H), 7.22 (t, J = 8.0 Hz, 
1H), 6.93 (d, J = 8.8 Hz, 2H), 5.74 (s br, 1H) ppm. NMR data in accordance with 
literature.46

4-(4-Hydroxyphenyl)(4-methylphenyl)methanone (4l).48 Brown solids 
2.03 g, yield = 94%. 1H NMR (400 MHz, DMSO): δ 10.39 (s,1H), 7.64 (d, J = 
8.4 Hs, 2H), 7.57 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.88 (d, J = 8.8 
Hz, 2H), 2.39 (s, 3H) ppm.

4-(4-Chlorophenyl)(4-hydroxyphenyl)methanone (4n). Off white solids 
821 mg, yield = 85%. 1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.8 Hz, 2H), 
7.71 (d, J = 8.8 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 6.15 
(s br, 1H). NMR data in accordance with literature.49

(2-Bromo-3-fluorophenyl)(4-hydroxyphenyl)methanone (4o). Off white 
solids 301 mg, yield = 100 %. 1H NMR (400 MHz, CDCl3): δ 8.32 (s br, 1H), 
7.72 (dd, J = 6.8, 2.0 Hz, 2H), 7.41-7.35 (m, 1H), 7.22 (td, J = 8.4, 2.0 Hz, 1H), 
7.11 (dd, J = 7.6, 0.8 Hz, 1H), 6.92 (dd, J = 7.2, 1.6 Hz, 2H) ppm.
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(2-Bromo-5-fluorophenyl)(4-hydroxyphenyl)methanone (4p). White sol-
ids 236 mg, yield = 56%. 1H NMR (400 MHz, CDCl3): δ 8.49 (s br, 1H), 7.72 (dt, 
J = 8.8, 2.4 Hz, 2H), 7.60-7.57 (m, 1H), 7.09-7.04 (m, 2H), 6.93 (dd, J = 8.8, 2.4 
Hz, 2H) ppm.

(3-Bromo-4-hydroxyphenyl)-phenylmethanone (4c). At -78 oC 3c (873 
mg, 3.00 mmol, 1.0 equiv.) was dissolved in 20 mL of CH2Cl and a solution of 
BBr3 in CH2Cl (1 M) (15 mL, 15 mmol, 5 equiv.) was added under a N2 atmo-
sphere. The mixture was stirred at room temperature and after 24 h cooled again 
to -78 oC and quenched with water. The organics were extracted with CH2Cl2 (4 
times) from the aqueous layer, dried over MgSO4 and concentrated. The pure 4c 
(584 mg of a yellowish solid yield = 70%) was obtained by column chromatog-
raphy eluting with a gradient of CH2Cl2 to 2% MeOH in CH2Cl2. 

1H NMR (400 
MHz, CDCl3): δ 8.03 (d, J = 2.0 Hz, 1H), 7.77-7.18 (m, 3H), 7.59 (tt, J = 7.6, 
1.6 Hz, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.10 (d, J = 8.4 Hz, 1H), 6.00 (s, 1H) ppm.

General method for O-alkylation yielding compounds 5a-q. 

To a solution of 5a-q (1.0 eq.) in DMF (0.2 M) was added K2CO3 (2.0 equiv.) 
and 2-methyl bromoacetate (2.0 equiv.). The mixture was stirred at 65 °C for 24 
h, after which it was cooled to room temperature and the mixture was separated 
between ethyl acetate and water. The organic layer was washed with water (3 
times), brine, dried over MgSO4, and concentrated. This gave the desired O-al-
kylated products (5a-q) as one spot on TLC (1 EtOAc/4 Pet. ether) and used 
as crude material in the next reaction or purified as specified in the individual 
examples.

Methyl 2-(4-benzoylphenoxy)acetate (5a).50 Recrystallized from EtOAc/
Pet. ether. White solids 1.52 g, yield = 56%. 1H NMR (400 MHz, CDCl3): δ 7.83 
(d, J = 8.8 Hz, 2H), 7.76 (d, J = 8.0 Hz, 2H), 7.57 (t, J = 8.0 Hz, 1H), 7.48 (t, J = 
8.0 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 4.73 (s, 2H), 3.83 (s, 3H) ppm.

Methyl 2-(4-benzoyl-3-bromophenoxy)acetate (5b). Used as crude in the 
next reaction, yield = quantitative. 1H NMR (400 MHz, CDCl3): δ 7.79 (d, J = 
7.6 Hz, 2H), 7.59 (t, J = 7.2 Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.32 (d, J = 8.4 Hz, 
1H), 7.20 (d, J = 1.6 Hz, 1H), 6.93 (dd, J = 8.4, 1.6 Hz, 1H), 4.69 (s, 2H), 3.83 
(s, 3H) ppm. 

Methyl 2-(4-benzoyl-2-bromophenoxy)acetate (5c). Started from 4c (2.11 
mmol) and this gave 606 mg of the product as a colorless oil after column chro-
matography using the gradient 1/1 Pet. ether/CH2Cl2 to CH2Cl2, yield = 82%. 1H 
NMR (400 MHz, CDCl3): δ 8.08 (d, J = 2.0 Hz, 1H), 7.78-7.74 (m, 3H), 7.60 (t, 
J = 7.6 Hz, 1H), 7.49 (t, J = 7.6 Hz, 2H), 6.83 (d, J = 7.6 Hz, 1H), 4.82 (s, 2H), 
3.83 (s, 3H) ppm.
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Methyl 2-(4-(2-fluorobenzoyl)phenoxy)acetate (5d). Used as crude in the 
next reaction, yield = quantitative. 1H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 8.4 
Hz, 2H), 7.54-7.48 (m, 2H), 7.28-7.24 (m, 1H), 7.16 (t, J = 9.2 Hz, 1H), 6.96 (d, 
J = 8.8 Hz, 2H), 4.72 (s, 2H), 3.82 (s, 3H) ppm.

Methyl 2-(4-(2-chlorobenzoyl)phenoxy)acetate (5e). Colorless oil 2.36 g, 
yield = 83%. 1H NMR (400 MHz, DMSO): δ 7.76 (dt, J = 8.8, 1.6 Hz, 2H), 7.61-
7.54 (m, 2H), 7.51-7.45 (m, 2H), 7.09 (dt, J = 8.8, 2.0 Hz, 2H), 4.94 (s, 2H), 3.70 
(s, 3H) ppm.

Methyl 2-(4-(2-bromobenzoyl)phenoxy)acetate (5f). Colorless oil after 
column chromatography using the gradient 4/1 Pet. ether/EtOAc 341 mg, yield = 
75%. 1H NMR (400 MHz, CDCl3): δ 7.79 (d, J = 8.8 Hz, 2H), 7.64 (d, J = 7.6 Hz, 
1H), 7.41 (t, J = 7.2 Hz, 1H), 7.36-7.30 (m, 2H), 6.94 (d, J = 8.8 Hz, 2H), 4.71 (s, 
2H), 3.82 (s, 3H) ppm.

Methyl 2-(4-(2-iodobenzoyl)phenoxy)acetate (5g). Used as crude material 
in the next reaction, brown oil 444 mg, yield = 93%. 1H NMR (400 MHz, CDCl3): 
δ 7.91 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.8 Hz, 2H), 7.44 (t, J = 7.6 Hz, 1H), 7.27 
(dd, J = 7.6, 1.2 Hz, 1H), 7.17 (td, J = 7.6, 1.6 Hz, 1H), 6.95 (d, J = 9.2 Hz, 2H), 
4.73 (s, 2H), 3.81 (s, 3H) ppm.

Methyl 2-(4-(3-fluorobenzoyl)phenoxy)acetate (5h). Used as crude mate-
rial in the next reaction, brown oil 244 mg, yield = quantitative. 1H NMR (400 
MHz, CDCl3): δ 7.82 (dd, J = 8.8, 2.8 Hz, 2H), 7.52 (dd, J = 7.6, 0.8 Hz, 1H), 
7.48-7.44 (m, 2H), 7.28 (d, J = 7.2 Hz, 1H), 6.98 (dd, J = 8.8, 2.4 Hz, 2H), 4.72 
(s, 2H), 3.82 (s, 3H) ppm.

Methyl 2-(4-(3-chlorobenzoyl)phenoxy)acetate (5i). Washed crude mixture 
with Pet. ether, off white solids 2.86 g, yield = 93%. 1H NMR (400 MHz, DMSO): 
δ 7.78-7.70 (m, 3H), 7.68 (t, J = 1.6 Hz, 1H), 7.62 (dt, J = 8.0, 1.6 Hz, 1H), 7.58 
(t, J = 7.6 Hz, 1H), 7.11 (d, J = 8.8 Hz, 2H), 4.95 (s, 2H), 3.72 (s, 3H) ppm.

Methyl 2-(4-(3-bromobenzoyl)phenoxy)acetate (5j). Washed crude mix-
ture with Pet. ether, off white solids 253 mg, yield = 99%. 1H NMR (400 MHz, 
CDCl3): δ 7.89 (t, J = 2.0 Hz, 1H), 7.81 (d, J = 8.8 Hz, 2H), 7.72-7.66 (m, 2H), 
7.36 (t, J = 7.6 Hz, 1H), 6.98 (d, J = 8.8 Hz, 2H), 4.74 (s, 2H), 3.84 (s, 3H) ppm.

Methyl 2-(4-(3-iodobenzoyl)phenoxy)acetate (5k). Washed crude mix-
ture with Pet. ether, off white solids 243 mg, yield = 99%. 1H NMR (400 MHz, 
CDCl3): δ 8.08 (t, J = 1.6 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.81 (dt, J = 8.2, 2.0 
Hz, 2H), 7.70 (dt, J = 8.0, 1.2 Hz, 1H), 7.22 (t, J = 8.0 Hz, 1H), 6.98 (d, J = 8.8 
Hz, 2H), 4.73 (s, 2H), 3.83 (s, 3H) ppm.

Methyl 2-(4-(4-methylbenzoyl)phenoxy)acetate (5l). Washed crude mix-
ture with Pet. ether, off white solids 2.71 g, yield = 99%. 1H NMR (400 MHz, 
CDCl3): δ 7.80 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 
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2H), 6.96 (d, J = 8.4 Hz, 2H), 4.72 (s, 2H), 3.83 (s, 3H), 2.44 (s, 3H) ppm.
Methyl 2-(4-(4-fluorobenzoyl)phenoxy)acetate (5m). Started from the 

commercially available 4m. Washed crude mixture with Pet. ether, white solids 
2.53 g, yield = 95%. 1H NMR (400 MHz, DMSO): δ 7.80-7.76 (m, 2H), 7.73 (dt, 
J = 8.8, 2.0 Hz, 2H), 7.38 (tt, J = 9.2, 2.4 Hz, 2H), 7.09 (dt, J = 8.8, 2.0 Hz, 2H), 
4.95 (s, 2H), 3.72 (s, 3H) ppm.

Methyl 2-(4-(4-chlorobenzoyl)phenoxy)acetate (5n). Used as crude materi-
al in the next reaction, yield was quantitative. 1H NMR (400 MHz, CDCl3): δ 7.80 
(d, J = 8.8 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 6.98 (d, J 
= 8.8 Hz, 2H), 4.73 (s, 2H), 3.83 (s, 3H) ppm. 

Methyl 2-(4-(2-bromo-3-fluorobenzoyl)phenoxy)acetate (5o). Off white 
solids 275 mg, yield = 73%. 1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.8 Hz, 
2H), 7.43-7.38 (m, 1H), 7.24 (td, J = 8.4, 1.2 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 
6.95 (d, J = 8.8 Hz, 2H), 4.73 (s, 2H), 3.79 (s, 3H) ppm.

Methyl 2-(4-(2-bromo-5-fluorobenzoyl)phenoxy)acetate (5p). Used as 
crude material in the next reaction, yield = 98%. 1H NMR (400 MHz, CDCl3): δ 
7.78 (d, J = 8.4 Hz, 2H), 7.62-7.57 (m, 1H), 7.10-7.04 (m, 2H), 6.96 (d, J = 8.4 
Hz, 2H), 4.73 (s, 2H), 3.80 (s, 3H) ppm.

Methyl 2-((9-oxo-9H-fluoren-3-yl)oxy)acetate (5q). Started from 4b (2.11 
mmol) and this gave 309 mg as yellow solids after column chromatography using 
CH2Cl2 as an eluent, yield = 92%. 1H NMR (400 MHz, CDCl3): δ 7.64-7.60 (m, 
2H), 7.48-7.45 (m, 2H), 7.33-7.27 (m, 1H), 7.07 (d, J = 2.4 Hz, 1H), 6.71 (dd, J 
= 8.0, 2.0 Hz, 1H), 4.74 (s, 2H), 3.84 (s, 3H) ppm.

General saponification procedure to obtain acids 6a-q. 

To a solution of 5a-i (1.0 eq.) in a mixture of equal amounts of THF and methanol 
(0.5 M solution) was added an aqueous 1 M solution of LiOH (5.0 eq.). After 1 
hour at 100 oC the saponification of the esters 6a-q was completed shown by TLC 
(EtOAc/Pet. ether 1/3). While the mixture was cooled on ice, the pH was adjusted 
to pH = 1 using a 2 M HCl solution (aq.). The resulting precipitate was collected 
by filtration, washed with water, Pet. ether and co-evaporated with acetone to 
dryness. 

2-(4-Benzoylphenoxy)acetic acid (6a).51 White solids 1.37 g, yield = 95%. 
1H NMR (400 MHz, CDCl3 + drop of DMSO): δ 9.50 (s br, 1H), 7.82 (d, J = 8.4 
Hz, 2H), 7.75 (d, J = 7.6 Hz, 2H), 7.58 (t, J = 7.6 Hz, 1H), 7.47 (t, J = 7.6 Hz, 
2H), 7.00 (d, J = 8.8 Hz, 2H), 4.69 (s, 2H) ppm.

2-(4-Benzoyl-2-bromophenoxy)acetic acid (6b). White solids 548 mg, 
yield = 95%. 1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 2.0 Hz, 1H), 7.77-7.34 
(m, 3H), 6.60 (t, J = 7.6 Hz, 1H), 7.50 (t, J = 8.0 Hz, 2H), 6.89 (d, J = 8.4 Hz, 
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1H), 4.78 (s, 2H) ppm.
2-(4-Benzoyl-3-bromophenoxy)acetic acid (6c). Brown solids 1.28 g, yield 

= 78%. 1H NMR (400 MHz, CDCl3): δ 8.88 (s, br, 1H), 7.80 (d, J = 8.0 Hz, 2H), 
7.63-7.58 (m, 1H), 7.50-7.44 (m, 2H), 7.34 (d, J = 8.4 Hz, 1H), 7.23 (d, J = 2.4 
Hz, 1H), 6.96 (dd, J = 8.8, 2.4 Hz, 1H), 4.76 (s, 2H) ppm.

2-(4-(2-Fluorobenzoyl)phenoxy)acetic acid (6d). Off white solids 312 mg, 
yield = 67%. 1H NMR (400 MHz, DMSO): δ 13.12 (s br, 1H), 7.73 (d, J = 8.4 Hz, 
2H), 7.67-7.61 (m, 1H), 7.53 (td, J = 7.8, 1.2 Hz, 1H), 7.40-7.34 (m, 2H), 7.07 (d, 
J = 8.8 Hz, 2H), 4.82 (s, 2H) ppm. 

2-(4-(2-Chlorobenzoyl)phenoxy)acetic acid (6e). White solids 1.77 g, yield 
= 79%. 1H NMR (400 MHz, DMSO): δ 7.67 (dt, J = 8.8, 2.0 Hz, 2H), 7.62-7.53 
(m, 2H), 7.51-7.43 (m, 2H), 7.05 (d, J = 9.2 Hz, 2H), 4.81 (s, 2H) ppm.

2-(4-(2-Bromobenzoyl)phenoxy)acetic acid (6f). Off white solids 8.60 g, 
yield = 86%. 1H NMR (400 MHz, CDCl3): δ 9.17 (s, br, 1H), 7.80 (d, J = 8.4 Hz, 
2H), 7.63 (d, J = 8.0 Hz, 1H), 7.43-7.30 (m, 3H), 6.95 (d, J = 8.8 Hz, 2H), 4.75 
(s, 2H) ppm.

2-(4-(2-Iodobenzoyl)phenoxy)acetic acid (6g). White solids 302 mg, yield 
= 71%. 1H NMR (400 MHz, DMSO): δ 7.96 (d, J = 7.6 Hz, 1H), 7.64 (d, J = 8.8 
Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.35 (d, J = 7.6 Hz, 1H), 7.28 (t, J = 7.6 Hz, 
1H), 7.06 (d, J = 8.8 Hz, 2H), 4.81 (s, 2H) ppm.

2-(4-(3-Fluorobenzoyl)phenoxy)acetic acid (6h). Brown solids 94 mg, 
yield = 45%. 1H NMR (400 MHz, DMSO): δ 7.76 (d, J = 8.8 Hz, 2H), 7.63-7.56 
(m, 1H), 7.52-7.46 (m, 3H), 7.08 (d, J = 9.2 Hz, 2H), 4.82 (s, 2H) ppm. 

2-(4-(3-Chlorobenzoyl)phenoxy)acetic acid (6i). White solids 2.65 g, yield 
= 97%. 1H NMR (400 MHz, DMSO): δ 7.75-7.69 (m, 3H), 7.67 (s, 1H), 7.61 (t, J 
= 7.6 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.04 (d, J = 8.8 Hz, 2H), 4.71 (s, 2H) ppm.

2-(4-(3-Bromobenzoyl)phenoxy)acetic acid (6j). White solids 146 mg, 
yield = 61%. 1H NMR (400 MHz, DMSO): δ 7.86 (d, J = 8.0 Hz, 1H), 7.81 (s, 
1H), 7.74 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 7.2 Hz, 1H), 7.51 (t, J = 8.0 Hz, 1H), 
7.08 (J = 8.0 Hz, 2H), 4.81 (s, 2H) ppm. 

2-(4-(3-Iodobenzoyl)phenoxy)acetic acid (6k). White solids 118 mg, yield 
= 51%. 1H NMR (400 MHz, DMSO): δ 8.01 (d, J = 7.6 Hz, 1H), 7.97 (s, 1H), 
7.73 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.08 
(d, J = 8.8 Hz, 2H), 4.82 (s, 2H) ppm.

2-(4-(4-Methylbenzoyl)phenoxy)acetic acid (6l). Off white solids 2.16 g, 
yield = 81%. 1H NMR (400 MHz, DMSO): δ 7.70 (d, J = 8.8 Hz, 2H), 7.60 (d, 
J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.04 (d, J = 9.2 Hz, 2H), 4.76 (s, 2H), 
2.40 (s, 3H) ppm. NMR data in accordance with literature.52

2-(4-(4-Fluorobenzoyl)phenoxy)acetic acid (6m). White solids after recrys-
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tallization from MeOH 1.55 g, yield = 64%. 1H NMR (400 MHz, DMSO): δ 
13.20 (s br, 1H), 7.80-7.75 (m, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.37 (t, J = 8.8 Hz, 
2H), 7.07 (d, J = 8.8 Hz, 2H), 4.81 (s, 2H) ppm.

2-(4-(4-Chlorobenzoyl)phenoxy)acetic acid (6n).53 White solids 730 mg, 
yield 71%. 1H NMR (400 MHz, DMSO): δ 7.73-7.70 (m, 4H), 7.61 (d, J = 7.6 
Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 4.74 (s, 2H) ppm.

2-(4-(2-Bromo-3-fluorobenzoyl)phenoxy)acetic acid (6o).White solids 225 
mg, yield = 85%. 1H NMR (400 MHz, CDCl3): δ 8.89 (s br, 1H), 7.80 (d, J = 8.8 
Hz, 2H), 7.43-7.37 (m, 1H), 7.25 (td, J = 8.4, 1.6 Hz, 1H), 7.12 (d, J = 7.2 Hz, 
1H), 6.97 (d, J = 8.8 Hz, 2H), 4.77 (s, 2H) ppm.

2-(4-(2-Bromo-5-fluorobenzoyl)phenoxy)acetic acid (6p). White solid 231 
mg, yield = 83%. 1H NMR (400 MHz, CDCl3): δ 10.07 (s, 1H), 7.78 (d, J = 8.8 
Hz, 2H), 7.61-7.56 (m, 1H), 7.10-7.03 (m, 2H), 6.96 (d, J = 8.8 Hz, 2H), 4.75 (s, 
2H) ppm.

2-((9-Oxo-9H-fluoren-3-yl)oxy)acetic acid (6q). Yellow solids 255 mg, 
yield = 87%. 1H NMR (400 MHz, DMSO): δ 13.20 (br s, 1H), 7.81 (d, J = 7.6 
Hz, 1H), 7.62-7.54 (m, 3H), 7.46 (s, 1H), 7.38 (t, J = 7.6 Hz, 1H), 6.84 (d, J = 6.8 
Hz, 1H), 4.87 (s, 2H) ppm.

General peptide coupling method (7a-r and 7f1-f11). 

To a solution of 6a-r (1.0 equiv.) and Et3N (1.5 equiv.) in DMF (0.125 M) was 
added 3-aminopyridine (1.1 equiv.) and HATU (1.1 equiv.) or EDCI*HCl (7e 
and 7l). The mixture was stirred at room temperature for 20 h. The mixture was 
separated between ethyl acetate and water. The organic layer was washed with 
water twice, brine, dried over MgSO4 and concentrated. Column chromatography 
using mixtures of 5% methanol/dichloromethane or EtOAc:Pet.ether 2:1 gave the 
pure desired products.

2-(4-Benzoylphenoxy)-N-(pyridin-3-yl)acetamide (7a).18 White solid, 211 
mg, yield = 69%. 1H NMR (400 MHz, CDCl3): δ 8.70 (s br, 1H), 8.44 (s br, 1H), 
8.40 (s br, 1H), 8.22 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 7.6 
Hz, 2H), 7.60 (t, J = 7.6 Hz, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.34 (d, J = 7.2 Hz, 
1H), 7.09 (d, J = 8.8 Hz, 2H), 4.74 (s, 2H) ppm; 13C NMR (101 MHz, CDCl3): δ 
195.3, 166.4, 160.2, 137.4, 132.4, 132.2, 131.2, 129.5, 128.1, 127.8, 114.1, 67.2 
ppm.; HPLC tR = 7.28 min. purity 100%; ESI-MS: 333.13 [M+H]+.

2-(4-Benzoyl-3-bromophenoxy)-N-(pyridin-3-yl)acetamide (7b). White 
solid, 158 mg, yield = 51%. 1H NMR (400 MHz, CDCl3): δ 8.71 (s, 1H), 8.43 (d, 
J = 4.8 Hz, 2H), 8.24 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 7.6 Hz, 2H), 7.61 (t, J = 7.6 
Hz, 1H), 7.47 (t, J = 7.8 Hz, 2H), 7.39-7.31 (m, 3H), 7.03 (d, J = 8.4 Hz, 1H), 4.71 
(s, 2H) ppm; HPLC tR = 7.15 min. purity 98%; ESI-MS: 411.13 [M+H]+.
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2-(4-Benzoyl-2-bromophenoxy)-N-(pyridin-3-yl)acetamide (7c). White 
solid, 293 mg, yield = 71%. 1H NMR (400 MHz, CDCl3): δ 8.80 (s, 1H), 8.74 (d, 
J = 2.4 Hz, 1H), 8.44 (d, J = 4.8 Hz, 1H), 8.27-8.23 (m, 1H), 8.15 (d, J = 1.6 Hz, 
1H), 7.83 (dd, J = 8.4, 2.0 Hz, 1H), 7.80-7.74 (m, 2H), 7.63(t, J = 7.6 Hz, 1H), 
7.52 (t, J = 7.6 Hz, 2H), 7.35 (dd, J = 8.4, 4.8 Hz, 1H), 7.00 (d, J = 8.8 Hz, 1H), 
4.78 (s, 2H) ppm; HPLC tR = 7.29 min. purity 100%; ESI-MS: 411.07 [M+H]+.

2-[4-(2-Fluorobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7d). White 
solid, 150 mg, yield = 78%. 1H NMR (400 MHz, CDCl3): δ 8.71 (s, 2H), 8.39 (d, 
J = 3.6 Hz, 1H), 8.20 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 8.4 Hz, 2H), 7.55-7.49 (m, 
2H), 7.31-7.24 (m, 2H), 7.15 (t, J = 8.4 Hz, 1H), 7.02 (d, J = 9.2 Hz, 2H), 4.70 (s, 
2H) ppm; HPLC tR = 6.67 min. purity 98%; ESI-MS: 351.13 [M+H]+.

2-[4-(2-Chlorobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7e). Used 
EDCI*HCl instead of HATU. White solid, 72 mg, yield = 20%. 1H NMR (400 
MHz, CDCl3): δ 8.70-8.60 (m, 2H), 8.39 (d, J = 4.4 Hz, 1H), 8.19 (d, J = 8.0 Hz, 
1H), 7.81 (d, J = 8.4 Hz, 2H), 7.45-7.28 (m, 5H), 7.02 (d, J = 8.4 Hz, 2H), 4.71 (s, 
2H) ppm; HPLC tR = 7.04 min. purity 100%; ESI-MS: 367.13 [M+H]+.

2-[4-(2-Bromobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7f). White 
solid, 9 mg, yield = 23%. 1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 2.0 Hz, 1H), 
8.42 (d, J = 4.4 Hz, 1H), 8.36 (s, 1H), 8.22 (dt, J = 8.4, 0.8 Hz, 1H), 7.85 (d, J = 
8.8 Hz, 2H), 7.65 (dd, J = 7.6, 0.8 Hz, 1H), 7.43 (td, J = 7.4, 1.2 Hz, 1H), 7.38-
7.31 (m, 3H), 7.06 (d, J = 8.8 Hz, 2H), 4.72 (s, 2H) ppm; HPLC tR = 7.09 min. 
purity 98%; ESI-MS: 411.07 [M+H]+.

2-[4-(2-Iodobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7g). White so-
lid, 113 mg, yield = 63%. 1H NMR (400 MHz, CDCl3): δ 8.68 (s, 1H), 8.43 (d, 
J = 4.4 Hz, 1H), 8.34 (s, 1H), 8.23 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 
7.85 (d, J = 8.4 Hz, 2H), 7,46 (t, J = 7.6 Hz, 1H), 7.33 (dd, J = 8.4 Hz, 4.8 Hz, 
1H), 7.29 (d, J = 7.6 Hz, 1H), 7.20 (td, J = 7.6 Hz, 1.2 Hz, 1H), 7.07 (d, J = 8.8 
Hz, 2H), 4.73 (s, 2H) ppm; HPLC tR = 7.19 min. purity 100%; ESI-MS: 459.00 
[M+H]+.

2-[4-(3-Fluorobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7h). White 
solid, 80 mg, yield = 67%. 1H NMR (400 MHz, CDCl3): δ 8.83 (s, 1H), 8.73 (d, J 
= 2.4 Hz, 1H), 8.39 (d, J = 4.0 Hz, 1H), 8.21 (d, J = 8.8 Hz, 1H), 7.82 (d, J = 8.8 
Hz, 2H), 7.52-7.42 (m, 3H), 7.32-7.27 (m, 2H), 7.04 (d, J = 8.8 Hz, 2H), 4.73 (s, 
2H) ppm; HPLC tR = 6.88 min. purity 100%; ESI-MS: 351.13 [M+H]+.

2-[4-(3-Chlorobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7i). White 
solid, 319 mg, yield = 87%. 1H NMR (400 MHz, CDCl3): δ 8.72 (d, J = 2.0 Hz, 
1H), 8.44-8.40 (m, 2H), 8.27 (dd, J = 8.4, 2.0 Hz, 1H), 7.88 (d, J = 8.8 Hz, 2H), 
7.74 (t, J = 1.6 Hz, 1H), 7.63 (dt, J = 7.6, 1.6 Hz, 1H), 7.58-7.55 (m, 1H), 7.44 (t, 
J = 7.6 Hz, 1H), 7.36 (dd, J = 8.4, 4.8 Hz, 1H), 7.11 (d, J = 8.8 Hz, 2H), 4.75 (s, 
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2H) ppm; HPLC tR = 7.33 min. purity 100%; ESI-MS: 367.07 [M+H]+.
2-[4-(3-Bromobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7j). White 

solid, 63 mg, yield = 25%. 1H NMR (400 MHz, DMSO): δ 10.42 (d, 1H), 8.79 (d, 
J = 2.0 Hz, 1H), 8.30 (d, J = 4.0 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 
8.0 Hz, 1H), 7.81 (s, 1H), 7.78 (d, J = 8.8 Hz, 2H), 7.67 (d, J = 8.0 Hz, 1H), 7.51 
(t, J = 7.6 Hz, 1H), 7.39-7.36 (m, 1H), 7.18 (d, J = 8.8 Hz, 2H), 4.90 (s, 2H) ppm; 
HPLC tR = 7.42 min. purity 98%; ESI-MS: 411.13 [M+H]+.

2-[4-(3-Iodobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7k). White so-
lid, 91 mg, yield = 71%. 1H NMR (400 MHz, DMSO): δ 8.79 (d, J = 2.4 Hz, 1H), 
8.30 (dd, J = 4.8, 1.2 Hz, 1H), 8.07 (dt, J = 8.0, 1.6 Hz, 1H), 8.01 (d, J = 8.0 Hz, 
1H), 7.98 (t, J = 1.2 Hz, 1H), 7.77 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 7.6 Hz, 1H), 
7.39-7.33 (m, 2H), 7.17 (d, J = 8.8 Hz, 2H), 4.89 (s, 2H) ppm; HPLC tR = 7.50 
min. purity 98%; ESI-MS: 459.07 [M+H]+.

2-[4-(4-Methylbenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7l). Used 
EDCI*HCl instead of HATU. White solid, 81 mg, yield = 26%. 1H NMR (400 
MHz, CDCl3): δ 8.69 (d, J = 1.6 Hz, 1H), 8.45-8.38 (m, 2H), 8.23 (dd, J = 7.2, 1.2 
Hz, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 8.0 Hz, 2H), 7.33 (dd, J = 8.4, 4.8 
Hz, 1H), 7.28 (d, J = 7.2 Hz, 2H), 7.07 (d, J = 8.8 Hz, 2H), 4.73 (s, 2H), 2.45 (s, 
3H) ppm; HPLC tR = 7.09 min. purity 98%; ESI-MS: 347.13 [M+H]+.

2-(4-(4-Fluorobenzoyl)phenoxy)-N-(pyridin-3-yl)acetamide (7m). White 
solid, 187 mg, yield = 53%. 1H NMR (400 MHz, CDCl3): δ 8.72 (d, J = 2.4 Hz, 
1H), 8.44-8.40 (m, 2H), 8.30-8.23 (m, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.83-7.77 
(m, 2H), 7.35 (dd, J = 8.4, 4.8 Hz, 1H), 7.17 (t, J = 8.8 Hz, 2H), 7.09 (d, J = 8.8 
Hz, 2H), 4.74 (s, 2H) ppm; HPLC tR = 6.89 min. purity 99%; ESI-MS: 351.13 
[M+H]+.

2-[4-(4-Chlorobenzoyl)phenoxy]-N-(pyridin-3-yl)acetamide (7n).18 White 
solid, 903 mg, yield = 98%. 1H NMR (400 MHz, DMSO): δ 10.41 (s, 1H), 8.79 
(d, J = 2.4 Hz, 1H), 8.30 (dd, J = 4.4, 1.2 Hz, 1H), 8.07 (dt, J = 8.0, 1.6 Hz, 1H), 
7.77 (d, J = 8.8 Hz, 2H), 7.72 (dd, J = 8.8, 2.0 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 
7.38 (dd, J = 8.4, 4.8 Hz, 1H), 7.17 (d, J = 8.8 Hz, 2H), 4.89 (s, 2H) ppm; HPLC 
tR = 7.27 min. purity 100%; ESI-MS: 367.13 [M+H]+. 

2-[4-(2-Bromo-3-fluorobenzoyl)phenoxy]-N-(5-methoxypyridin-3-yl)
acetamide (7o).  White solid, 69 mg, yield = 25%. 1H NMR (400 MHz, CDCl3): 
δ 8.68 (d, J = 2.0 Hz, 1H), 8.42 (d, J = 4.4 Hz, 1H), 8.37 (s, 1H), 8.22 (d, J = 8.4 
Hz, 1H), 7.85 (d, J = 8.4 Hz, 2H), 7.44-7.39 (m, 1H), 7.33 (dd, J = 8.2, 4.8 Hz, 
1H), 7.26 (t, J = 8.0 Hz, 1H), 7.13 (d, J = 7.6 Hz, 1H), 7.07 (d, J = 8.8 Hz, 2H), 
4.72 (s, 2H) ppm; HPLC tR = 7.25 min. purity 98%; ESI-MS: 429.07 [M+H]+.

2-[4-(2-Bromo-5-fluorobenzoyl)phenoxy]-N-(5-methoxypyridin-3-yl)
acetamide (7p). White solid, 108 mg, yield = 39%. 1H NMR (400 MHz, CDCl3): 
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δ 8.67 (s, 1H), 8.43 (d, J = 4.4 Hz, 1H), 8.28 (s, 1H), 8.21 (d, J = 8.4 Hz, 1H), 
7.86 (d, J = 8.8 Hz, 2H), 7.61 (dd, J = 8.4, 4.8 Hz, 1H), 7.33 (dd, J = 8.0, 4.8 Hz, 
1H), 7.14-7.03 (m, 4H), 4.73 (s, 2H) ppm; HPLC tR = 7.22 min. purity 100%; 
ESI-MS: 429.07 [M+H]+.

2-[(9-Oxo-9H-fluoren-3-yl)oxy]-N-(pyridin-3-yl)acetamide (7q). Started 
from 4q and 3-aminopyridine. Yellow solid, 170 mg, yield = 51%. 1H NMR (400 
MHz, DMSO): δ 10.52 (s, 1H), 8.89 (d, J = 2.4 Hz, 1H), 8.37 (dd, J = 4.8, 1.2 Hz, 
1H), 8.17 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 7.2 Hz, 1H), 7.65-7.55 (m, 3H), 7.53-
7.47 (m, 2H), 7.39(t, J = 7.2 Hz, 1H), 6.95 (dd, J = 8.0, 2.0 Hz, 1H), 4.95 (s, 2H) 
ppm; HPLC tR = 6.73 min. purity 99%; ESI-MS: 331.07 [M+H]+.

2-[(1-Bromonaphthalen-2-yl)oxy]-N-(pyridin-3-yl)acetamide (7r).21 Whi-
te solid, 235 mg, yield = 74%. 1H NMR (400 MHz, CDCl3): δ 9.07 (s br, 1H), 
8.77 (d, J = 2.4 Hz, 1H), 8.42 (dd, J = 4.8, 1.2 Hz, 1H), 8.28 (ddd, J = 8.4 Hz, 1.2, 
1.2 Hz, 1H), 8.24 (d, J = 8.8 Hz, 1H), 7.89 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 8.0 
Hz, 1H), 7.65 (dd, J = 6.8, 0.8 Hz, 1H), 7.49 (dd, J = 7.2, 0.8 Hz, 1H), 7.34 (dd, 
J = 8.4, 3.6 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 4.83 (s, 2H); 13C NMR (101 MHz, 
CDCl3): δ 166.2, 151.2, 145.9, 141.4, 134.0, 132.8, 130.6, 129.8, 128.4, 128.3, 
127.0, 126.3, 125.5, 123.8, 114.7, 109.9, 69.0 ppm. HPLC tR = 7.95 min. purity 
99%; ESI-MS: 357.00 [M+H]+.

2-[4-(2-Bromobenzoyl)phenoxy]-N-(6-methylpyridin-3-yl)acetamide 
(7f1). Started from 6f and 5-amino-2-methylpyridine. White solid, 47 mg, yield 
= 73%. 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J = 2.4 Hz, 1H), 8.35 (s, 1H), 8.07 
(dd, J = 8.4, 2.4 Hz, 1H), 7.84 (d, J = 8.8 Hz, 2H), 7.65 (d, J = 7.6 Hz, 1H), 7.43 
(td, J = 7.2, 0.8 Hz, 1H), 7.37-7.33 (m, 2H), 7.17 (d, J = 8.4 Hz, 1H), 7.05 (d, J 
= 8.8 Hz, 2H), 4.70 (s, 2H), 2.54 (s, 3H) ppm; HPLC tR = 7.09 min. purity 99%; 
ESI-MS: 425.07 [M+H]+.

2-[4-(2-Bromobenzoyl)phenoxy]-N-(6-methoxypyridin-3-yl)acetamide 
(7f2). Started from 6f and 5-amino-2-methoxypyridine. White solid, 50 mg, yield 
= 94%. 1H NMR (400 MHz, CDCl3): δ 8.31-8.20 (m, 2H), 7.91 (dd, J = 7.8, 2.0 
Hz, 1H), 7.83 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 7.6 Hz, 1H), 7.42 (t, J = 7.2 Hz, 
1H), 7.37-7.32 (m, 2H), 7.04 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 1H), 4.69 
(s, 2H), 3.92 (s, 3H) ppm; HPLC tR = 9.06 min. purity 98%; ESI-MS: 441.07 
[M+H]+.

2-[4-(2-Bromobenzoyl)phenoxy]-N-(6-chloropyridin-3-yl)acetamide 
(7f3). Started from 6f and 5-amino-2-chloropyridine. Yellow solid, 51 mg, yield 
= 82%. 1H NMR (400 MHz, CDCl3): δ 8.47 (d, J = 2.8 Hz, 1H), 8.30 (s, 1H), 
8.21 (dd, J = 8.8, 2.8 Hz, 1H), 7.85 (d, J = 8.0 Hz, 2H), 7.65 (d, J = 8.0 Hz, 1H), 
7.43- 7.32 (m, 4H), 7.05 (d, J = 8.8 Hz, 2H), 4.71 (s, 2H) ppm; HPLC tR = 9.65 
min. purity 100%; ESI-MS: 445.07 [M+H]+.
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2-[4-(2-Bromobenzoyl)phenoxy]-N-(5-methylpyridin-3-yl)acetamide 
(7f4). Started from 6f and 3-amino-5-methylpyridine. White solid, 55 mg, yield 
= 86%. 1H NMR (400 MHz, CDCl3): δ 8.47 (d, J = 2.0 Hz, 1H), 8.40 (s, 1H), 
8.24 (s, 1H), 8.04 (s, 1H), 7.83 (dd, J = 7.8, 2.0 Hz, 2H), 7.65 (dd, J = 7.2, 0.8 
Hz, 1H), 7.43 (td, J = 7.0, 1.2 Hz, 1H), 7.37-7.33 (m, 2H), 7.05 (d, J = 8.8 Hz, 
2H), 4.71 (s, 2H), 2.36 (s, 3H) ppm. HPLC tR = 7.18 min. purity 99%; ESI-MS: 
425.07 [M+H]+. 

2-[4-(2-Bromobenzoyl)phenoxy]-N-(5-methoxypyridin-3-yl)acetamide 
(7f5). Started from 6f and 3-amino-5-methoxypyridine. White solid, 274 mg, 
yield = 100%. 1H NMR (400 MHz, CDCl3): δ 8.78 (s, 1H), 8.23 (d, J = 1.6 Hz, 
1H), 8.09 (d, J = 2.4 Hz, 1H), 7.90 (t, J = 2.4 Hz, 1H), 7.80 (dt, J = 9.2, 2.0 Hz, 
2H), 7.63 (dd, J = 7.8, 1.2 Hz, 1H), 7.41 (td, J = 7.8, 1.2 Hz, 1H), 7.34 (td, J = 
7.8, 2.0 Hz, 1H), 7.30 (dd, J = 7.6, 2.0 Hz, 1H), 7.02 (dt, J = 8.8, 2.4 Hz, 2H), 
4.70 (s, 2H), 3.85 (s, 3H) ppm. HPLC tR = 7.44 min. purity 99%; ESI-MS: 441.07 
[M+H]+.  

2-[4-(2-Bromobenzoyl)phenoxy]-N-(4-methylpyridin-3-yl)acetamide 
(7f6). Started from 6f and 3-amino-4-methylpyridine. White solid, 90 mg, yield 
= 70%. 1H NMR (400 MHz, CDCl3): δ 8.92 (s, 1H), 8.34 (d, J = 4.4 Hz, 1H), 8.28 
(s, 1H), 7.84 (d, J = 8.8 Hz, 2H), 7.64 (d, J = 7.6 Hz, 1H), 7.43 (td, J = 7.2, 0.8 
Hz, 1H), 7.35 (td, J = 7.8, 2.0 Hz, 1H), 7.33 (dd, J = 7.4, 2.0 Hz, 1H), 7.16 (d, J 
= 4.8 Hz, 1H), 7.05 (d, J = 8.8 Hz, 2H), 4.76 (s, 2H), 2.25 (s, 3H) ppm. HPLC tR 
= 7.05 min. purity 100%; ESI-MS: 425.13 [M+H]+.   

2-[4-(2-Bromobenzoyl)phenoxy]-N-(4-methoxypyridin-3-yl)acetamide 
(7f7). Started from 6f and 3-amino-4-methoxypyridine. Yellow solid, 35 mg, 
yield = 72%. 1H NMR (400 MHz, CDCl3): δ 9.48 (s, 1H), 8.66 (s, 1H), 8.33 (d, 
J = 5.2 Hz, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.65 (d, J = 8.0 Hz, 1H), 7.44-7.32 (m, 
3H), 7.05 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 5.6 Hz, 1H), 4.72 (s, 2H), 3.95 (s, 3H) 
ppm. HPLC tR = 7.13 min. purity 99%; ESI-MS: 441.13 [M+H]+.   

2-(4-(2-Bromobenzoyl)phenoxy)-N-(quinolin-3-yl)acetamide (7f8). Star-
ted from 6f and 3-aminoquinoline. White solid, 44 mg, yield = 83%. 1H NMR 
(400 MHz, CDCl3): δ 8.85 (d, J = 2.4 Hz, 1H), 8.79 (s, 1H), 8.60 (s, 1H), 8.06 (d, 
J = 8.4 Hz, 1H), 7.86-7.81 (m, 3H), 7.68-7.63 (m, 2H), 7.55 (t, J =8.0 Hz, 1H), 
7.40 (t, J = 7.6 Hz, 1H), 7.37-7,31 ( m, 2H), 7.07 (d, J = 7.6 Hz, 2H), 4.76 (s, 2H) 
ppm. HPLC tR = 8.10 min. purity 99%; ESI-MS: 461.07 [M+H]+.

2-[4-(2-Bromobenzoyl)phenoxy]-N-(6-chloropyridazin-3-yl)acetamide 
(7f9). Started from 6f and 3-amino-6-chloro-pyridazine. White solid, 32 mg, 
yield = 6%. 1H NMR (400 MHz, CDCl3) δ 9.49 (s, 1H), 8.57 (d, J = 8.8 Hz, 1H), 
7.86 (d, J = 7.6 Hz, 2H), 7.65 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 9.2 Hz, 1H), 7.43-
7.30 (m, 3H), 7.07 (d, J = 7.1 Hz, 2H), 4.77 (s, 2H) ppm. HPLC tR = 9.37 min. 
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purity 97%; ESI-MS: 445.93 [M+H]+.
2-[4-(2-Bromobenzoyl)phenoxy]-N-(pyrimidin-5-yl)acetamide (7f10). 

Started from 6f and 5-aminopyrimidine. White solid, 24 mg, yield = 26%. 1H 
NMR (400 MHz, CDCl3): δ 9.08 (s, 2H), 9.03 (s, 1H), 8.45 (s, 1H), 7.81 (d, J = 
8.8 Hz, 2H), 7.65 (d, J = 8.0 Hz, 1H), 7.43 (td, J = 7.4, 1.2 Hz, 1H), 7.39-7.31 (m, 
2H), 7.05 (d, J = 8.8 Hz, 2H), 4.75 (s, 2H) ppm. HPLC tR = 8.27 min. purity 99%; 
ESI-MS: 412.07 [M+H]+.

2-(4-(2-Bromobenzoyl)phenoxy)-N-(pyrazin-2-yl)acetamide (7f11). Star-
ted from 6f and 2-aminopyrazine. White solid, 14 mg, yield = 53%. 1H NMR (400 
MHz, CDCl3) δ 9.62 (s, 1H), 8.87 (s, 1H), 8.43 (s, 1H), 8.31 (s, 1H), 7.85 (dt, J 
= 8.8, 2.0 Hz, 2H), 7.65 (dd, J = 7.6, 0.8 Hz, 1H), 7.43 (td, J = 7.6, 1.2 Hz, 1H), 
7.39-7.32 (m, 2H), 7.06 (dt, J = 9.2, 2.8 Hz, 2H), 4.75 (s, 2H) ppm. HPLC tR = 
8.68 min. purity 98%; ESI-MS: 412.00 [M+H]+.

Biology

Materials and methods

Dofetilide was synthesized in our own laboratory,54 and astemizole was purchased 
from Sigma Aldrich (Zwijndrecht, The Netherlands). Tritium-labeled dofetilide 
(specific activity 82.3 Ci·mmol-1) was purchased from PerkinElmer (Groningen, 
The Netherlands). Bovine serum albumin (BSA, fraction V) was purchased from 
Sigma (St. Louis, MO, USA). G418 was obtained from Stratagene (Cedar Creek, 
USA). All the other chemicals were of analytical grade and obtained from stan-
dard commercial sources. HEK293 cells stably expressing the Kv11.1 channel 
(HEK293Kv11.1) were kindly provided by Dr. Eckhard Ficker (University of 
Cleveland, USA). 

Cell culture and membrane preparation

HEK293Kv11.1 cells were cultured, and membranes were prepared and stored as 
described previously.16

Radioligand kinetic dissociation assays

Kinetic dissociation assays of [3H]dofetilide were performed in incubation buffer 
(10 mM HEPES, 130 mM NaCl, 60 mM KCl, 0.8 mM MgCl2, 1 mM EGTA, 10 
mM glucose, 0.1% BSA, pH 7.4) as described previously with the following mod-
ifications.16 Single point dissociation experiments were conducted by addition 
of 10 µM dofetilide in the absence (control) or presence of 10 µM synthesized 



C
ha

pt
er

 5

Experimental section   |  151

compounds after preincubation at 25 °C for 2 h. After 6 minutes of dissociation, 
incubations were terminated by dilution with ice-cold wash buffer (25 mM Tris-
HCl, 130 mM NaCl, 60 mM KCl, 0.8 mM MgCl2, 0.05 mM CaCl2, 0.05 % BSA, 
pH 7.4). Separation of bound from free radioligand was performed by rapid filtra-
tion through a 96-well GF/B filter plate using a PerkinElmer Filtermate-harvester 
(PerkinElmer, Groningen, The Netherlands). The filter-bound radioactivity was 
determined by scintillation spectrometry using the P-E 1450 Microbeta Wallac 
Trilux scintillation counter (PerkinElmer) after addition of 25 µL Microscint and 
extraction. Full dissociation assays were carried out with 10 µM dofetilide in the 
absence (control) or presence of 50 µM selected compounds for a total period 
of 2 h after preincubation. The amounts of radioligand still bound to the recep-
tor were measured at various time intervals. Concentration-dependent effects of 
compounds 7f and 7p were determined by addition of 10 µM dofetilide in the 
absence (control) or presence of different concentrations of 7f and 7p. After 6 
min of dissociation, the incubations were terminated and samples were obtained 
as described above.

Radioligand displacement assay

[3H]Dofetilide binding assays for the Kv11.1 channel were performed in incuba-
tion buffer as described previously.16 Briefly, membrane aliquots containing 20 
μg protein were incubated with 5 nM [3H]dofetilide in a total volume of 100 μl 
incubation buffer at 25 °C for 1 h. Radioligand displacement experiments were 
carried out with various concentrations of tested compounds. Total binding was 
determined in the presence of incubation buffer, whereas nonspecific binding was 
evaluated with 10 µM astemizole. Incubations were terminated by dilution with 
ice-cold wash buffer, and samples were obtained as described in the “radioligand 
kinetic dissociation assays”. The displacement assays of dofetilide and astem-
izole were conducted in the absence (control) or presence of 10 µM 7f, 7h-j and 
7p.

Data analysis

All data of radioligand binding assays were analyzed with Prism v. 5.0 (Graph-
Pad, San Diego, CA, USA). Dissociation rate constants, koff, were obtained by 
computer analysis of the exponential decay of [3H]dofetilide bound to the Kv11.1 
channel. EC50 values from kinetic dissociation assays were calculated by non-lin-
ear regression analysis of concentration-effect curves of dissociation in the pres-
ence of different concentrations of unlabeled ligands. IC50 values in displacement 
assays were directly obtained from non-linear regression analysis of dose-re-
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sponse curves. Apparent inhibitory binding constants (Ki values) were derived 
from the IC50 values according to the Cheng-Prusoff relationship:55 Ki = IC50/(1 + 
[L*]/KD), where [L*] is the concentration of radioligand and KD its dissociation 
constant from the saturation assay.30 All values obtained from radioligand binding 
assays in this study are means of at least three independent experiments per-
formed in duplicate, and data are presented as mean ± SEM. Statistical analysis 
was performed with a two-tailed unpaired Student’s t-test.
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