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the Type 2 Diabetes Target Glucose-6-phosphate Translocase

Silke Bräuer,* Michael Almstetter, Walfrido Antuch, Dirk Behnke, Roswitha Taube,
Patrick Furer, and Sibylle Hess

Morphochem AG, Gmunder Strasse 37-37a, 81379 Mu¨nchen, Germany

ReceiVed August 11, 2004

A genetic algorithm (GA), driven by experimentally determined biological activities as a feedback fitness
function, was used to propose novel small molecules as inhibitors of glucose-6-phosphate translocase (G6PT)
in iterative rounds of evolutionary optimization. A straightforward polymer-supported synthetic sequence
was implemented to synthesize molecules proposed by the GA, and the biological activities of the compounds
were determined by a microsomal assay. Additional compound design strategies were integrated, such as
Tanimoto similarity-based selection of starting materials and transfer of favored structure elements into a
new chemical scaffold to identify more active and selective inhibitors.

Diabetes mellitus is the only noninfectious disease des-
ignated as an epidemic by the World Health Organization.1

As much as 90% of the diabetic population suffers from type
2 diabetes (non-insulin-dependent diabetes), which is char-
acterized by impaired insulin secretion, increased hepatic
glucose production,, and diminished peripheral insulin action.
These result in multiple vascular complications affecting the
microvascular system (retinopathy, neuropathy, nephropathy)
and the macrovascular system (accelerated atherosclerosis,
coronary heart disease, and stroke), which in turn lead to
the premature death of the majority of people with this
disease.

Interference into the hepatic glucose production, regulated
by the glucose-6-phosphatase system, might be an attractive
target for therapeutic control of blood glucose levels.2 The
glucose-6-phosphatase (G6Pase) system is a multicomponent
enzyme, consisting of three integral proteins in the endo-
plasmic reticulum (ER): (1) the enzyme, G6Pase, with its
catalytic site facing the lumen of the ER; (2) a G6P
translocase, denoted T1; and (3) a second translocase,
denoted T2, that mediates efflux of phosphate (Pi). The
G6Pase system catalyzes the hydrolysis of glucose 6-phos-
phate (G6P) into glucose and phosphate as a final step in
both glucose-producing pathways in the liver: gluconeo-
genesis and glycogenolysis. The rate-limiting step for G6P
hydrolysis is the permeation of G6P through the ER
membrane, which is performed by the T1 transporter glucose-
6-phosphate translocase (G6PT). In contrast to the G6Pase
enzyme, G6PT exhibits a high degree of substrate specific-
ity.3,4 Furthermore, complete absence of functional G6Pase
activity would result in strong hypoglycemia.2,5 Therefore,
selective inhibition of the transporter G6PT represents an
ideal approach for metabolic regulation of hepatic glucose
production and might be useful for the treatment of type 2
diabetes.2-14

Several inhibitors of G6PT have been already reported,
including diazobenzene sulfonate,15 phlorizin,16 tosyllysine
chloromethyl ketone, diethyl pyrocarbonate,17 certain stilbene
disulfonate derivatives,18 and fatty acyl-CoA esters.19 Ad-
ditionally, complex natural products such as ilicicolinic acid
B,20 hericenal C,21 mumbaistatin,22 kodaistatins,23 and deriva-
tives of chlorogenic acid2 were identified as molecules with
G6PT inhibitory activity in the low micromolar or nanomolar
range. However, none of the known G6PT inhibitors meet
the criteria of a druglike, orally bioavailable compound with
high specificity for G6PT.

Our goal was to identify novel, potent, and selective small-
molecule inhibitors of G6PT with druglike properties and a
novel chemical scaffold. In addition, fast synthetic access
by a modern synthetic method allowing rapid lead optimiza-
tion and medicinal chemistry fine-tuning was another desired
objective of the work, which we describe in this paper.

Defining the Chemical Search Space.Random screening
of various compound classes in our laboratory by a G6PT
assay with intact microsomes provided tertiary amides6 and
sulfonamides7 with micromolar activity against G6PT.
These chemical structures were considered as useful starting
points for a genetic algorithm-driven lead finding and
optimization process due to their straightforward synthetic
access and high variability, allowing us to construct large
combinatorial libraries.

Thus, a high number and broad variety of possible
chemically diverse molecules of the identified amide and
sulfonamide classes6 and7 can be synthesized by a reaction
sequence that uses polymer-bound reagents (Scheme 1). By
use of readily available starting materials (>250 aldehydes,
>400 amines,>200 chlorides) from our in-house compound
store, more than>2 × 107 different compounds could be
synthesized in principle. Due to limited resources, time,
materials, and costs, it is impossible to synthesize and test
all of them individually by a parallel synthesis approach.

Therefore, instead of synthesizing a systematic combina-
torial library of all possible compounds, we chose to use an
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evolutionary optimization approach. By the way of directed
evolution within the chemical search space of interest, we
presumed to get to a sufficiently optimized solution in a short
time frame, without the need of generating all information
for all possible compounds.24-27 In contrast to systematic
combinatorial libraries, genetic algorithm-based optimization
is proposing sets of small molecules, based on the recom-
bination of already obtained results, that is, compounds
tested.

Evolutionary Optimization Method. The principles of
evolutionary optimization by use of genetic algorithms driven
by biological feedback have been described already else-
where.24-28 Proposing a random, initial generation of com-
pounds from the chemically accessible compound space starts
the optimization process. The feedback on the fitness of these
compounds, such as, for example, their biological activity
on G6PT, selectivity against G6Pase, or structural similarity,
was used to rank-order tested compounds. On the basis of
this ranking, the genetic algorithm will alternate the available
starting materials, leading to the compounds of interest based
on their reaction schemes, using the crossover and mutation
operator and thereby creating a new set of starting materials
for the next generation of compounds to be synthesized and
to be tested. This procedure is repeated several times until
the fitness of the newly synthesized compound generation
cannot be further optimized or the evolutionary gradient of

improvement appears to be very flat.28 By this method, the
chosen chemical space is investigated in a very efficient
manner without the need for synthesizing all members of
this space. Such evolutionarily designed libraries will focus
step by step on the needs of the target function by the
enrichment of molecules with high fitness, in our case the
activity for G6PT inhibition. The implementation of the
genetic algorithm used for this work is described below.

(1) Compound Ranking. The biological activity of
synthesized compounds was determined by measuring the
hydrolysis of glucose 6-phosphate in untreated versus
optimally detergent treated microsomes to dissect selectivity
of the compounds. G6P hydrolysis in intact microsomes
reflects activities of both G6P translocase and G6Pase.
Instead, in detergent-disrupted microsomes, the substrate has
free access to G6Pase, which thus permits studying effects
on G6Pase only.11 Selective inhibitors of G6PT will show
activity only in intact, but not in disrupted, microsomes. For
the first three generations (0-2) the biological activity against
the desired target glucose-6-phosphate translocase (IC50

intact) was used as the fitness function for compound
ranking, with compounds showing the lowest IC50 ranking
highest. Starting from generation 3, the activity in disrupted
microsomes (IC50 disrupted) was incorporated into the fitness
function of the genetic algorithm. The fitness function was
represented by the form (IC50 intact)2/(IC50 disrupted), which

Scheme 1.Multistep Synthesis Sequence of Reductive Amination, Following Acylation/Sulfonation and Ester Cleavage Used
for Genetic Algorithm Approach
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should give more weigh to activity than selectivity. By using
the quadratic term for the activity (IC50 intact) the primary
goal, increasing the activity, was maintained as the driving
force within the optimization cycle, while compounds with
an activity in disrupted microsomes (IC50 disrupted) were
punished.

(2) Crossover.The experimental results were collected
in an overall result table. The sorting was done according to
the chosen fitness function. As a crossover method, the
hierarchical way was chosen. By this method the crossover
function (the exchange of genes between two genomes, or
here the exchange of building blocks in two experiments)
was treated in a strict order from the top of the selection
list. The fittest, here the most active, compound undergoes
the crossover with the second most active, the third in the
hit list with the fourth, and so on. If the crossover possibility
between two compounds is exhausted, which means that all
combinations were already proposed in previous generations
and are members of the overall result table, the fittest
compound will move to the next compound in the list to
explore new crossover possibilities. The process was con-
tinued until the number of new experiments based on the
chosen population size, here 352, was reached. Hierarchical
crossover ensured an effective and strict learning from good
experimental results.

(3) Mutation Rate. To avoid early convergence on
suboptimal solutions and to broaden the search within the
given chemical space of tertiary amines and sulfonamides,
a random mutation (5%) was applied on the planned set of
new starting materials to be used for a given compound every
time. Thus, the algorithm was forced to randomly mutate
5% of the new generation, which causes a random change
in one building block in this subset.

(4) Chemistry. The chosen amide and sulfonamide
synthesis represents an automated multistep procedure start-
ing with the reductive amination of an aldehyde1, followed
by acylation or sulfonation and subsequent ester cleavage
(Scheme 1). From previous structure-activity relationship
studies with G6PT inhibitors, it is known that an acidic
functionality in the final molecules leads to increased
inhibitory activity.29 Therefore, several ester-substituted
starting materials were chosen among others, whereby the
acid moiety was liberated in the last synthetic step by ester
hydrolysis under basic conditions. To improve the purity of
the final products6 and 7, resin-bound reagents such as
trimethylammoniumcyanoborohydride and morpholine as
well as additional scavenger resins were used in the reductive
amination and acylation steps, as shown in Scheme 1.30-33

Scavenging of any remaining amine or aldehyde after the
first synthesis step was achieved by treating the reaction
mixture with 4-(benzyloxy)benzaldehyde and tris(2-amino-
ethyl)amine polystyrene resins. Following the acylation or
sulfonation step, methylisocyanate and again tris(2-amino-
ethyl)amine polystyrene resins were used to remove the
remaining secondary amine or acid/sulfonyl chloride. This
sequential automated synthesis of amides6 and sulfonamides
7 was performed on 96-well plates. The formation and purity
of all desired final products was controlled by a fast analytical
liquid chromatography/mass spectrometry (LC-MS) method.

Additionally, selected hits of each generation were synthe-
sized as single pure compounds on a larger scale and retested
for activity against the target in parallel to the genetic
algorithm approach. All starting materials that were used for
synthesis were also tested for biological activity in parallel
to exclude false positive hits from potentially remaining
traces of these starting materials in the final product.

(5) Defining Generation 0.The genetic algorithm was
started by the selection of generation 0 to represent a random
set of chemically diverse compounds out of the space of all
possible reaction products. Due to the limited number of
starting materials that our robot system could handle
automatically, and in order to achieve the desired structural
diversity, clustering of the starting materials was performed.
All representatives of each class of the available starting
materials were independently clustered by use of the Jarvis-
Patrick algorithm as implemented in the Daylight clustering
package.34,35 For this process 260 aldehydes, 446 primary
amines, and 228 acyl or sulfonyl chlorides were included.
Defining values for the need/near of 2/3, 4/5, and 4/5 resulted
in 50, 67, and 75 clusters of aldehydes, primary amines, and
acyl/sulfonyl chlorides respectively, whereby the centroids
of these clusters were then chosen as starting materials for
generation 0. Thus, 352 products were randomly selected to
be synthesized out of all possible combinations of these
centroids. The presence of a free acid functionality in the
final product was used as the single requirement for
generation 0. This procedure should enhance the probability
of finding active molecules as a starting point for the genetic
algorithm.

Discussion

Overall seven generations (0-6) were synthesized with
352 individual compounds per generation. On the basis of
the screening results from previously synthesized generations,
new structures as next generation were then virtually created,
synthesized, analyzed, and screened in intact and disrupted
microsomes.

During the seven cycles of the genetic algorithm, the
average activity of the compound generations in intact
microsomes could be improved in each generation as
expected. Additionally, a strong increase of unwanted activity
against glucose-6-phosphatase (IC50 in disrupted microsomes)
was also observed in generation 2 (Figure 1). Therefore, the
fitness function of the GA was changed, as mentioned above,
to include not only activity but also selectivity for the
selection of further generations 3-6. Figure 1 shows an
overview of the biological test results (IC50 intact) of all
plates starting from generation 0 to generation 6. In genera-
tion 6 around 60% of all synthesized amides and sulfona-
mides showed inhibitory activity below 200µM for G6PT.
Increasingly compounds were generated in the low micro-
molar range: in generation 4 there were three wells with
activity below 10µM (IC50 intact), in generation 5 there were
11, and in generation 6 there were 22 wells showing activity
below 10µM. This improving fitness per generation is shown
in Figure 1, as calculated from the average IC50 of each
generation. The most active compound of each generation,
indicated by a triangle, was nearly at the same level of around
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5 µM. However, it is important to note that active compounds
were not allowed to be proposed and synthesized twice.

In Figure 2 an overview of all generations is shown,
indicating the development of the IC50s intact vs disrupted.
This figure clearly demonstrates an increase in the total
number of molecules with activities below 10µM in intact
microsomes in each generation. On the other hand, the
selectivity of the active compounds found in the chosen
chemical space was not satisfying. Unfortunately, especially
the most active molecules in intact microsomes also showed
strong activity in disrupted microsomes. The combination
of lipophilic substituents leading to better intact activity could
also be responsible for this lack of selectivity. One potential
way to address this problem is to expand the chemical space
incorporating all available starting materials instead of only
the cluster centroids. Nonetheless, patterns of preferred
substituents leading to an increase in desired activity in intact
microsomes could be easily identified. Especially the acid-
containing motives inA-E shown in Scheme 2 as aldehyde
substituents were favored.

With this information in hand we selected four amides/
sulfonamides6a-c and7a containing these moieties from
the pool of resynthesized pure compounds showing low
micromolar intact activity together with good selectivity
against disrupted microsomes (Table 1). The acid-containing
unit E led to active but only unselective compounds and was
not included in the further process. Based on the compounds
6a-c and 7a, 88 compounds per lead compound were
selected and synthesized. To create these new sets of
molecules, a genetic algorithm was run based on each of
the four structures6a-c and 7a in an extended chemical
space, using all our in-house aldehydes, amines, and acid
chlorides. Here a 2D similarity selection based on the
Tanimoto coefficient was used as the fitness function to
propose new molecules that are similar to either6a-c or
7a. For every compound6a-c and 7a, eight concurrent
genetic algorithm runs were set up. Each of these runs used
the same parameters for the initial population (25 individuals)
and a maximum number of 100 generations; mutation rates
were set to 0, 0, 0.01, 0.01, 0.02, 0.02, 0.05, and 0.05,
respectively. For each of the four lead structures, the 88
molecules with the highest similarity values were selected
for chemical synthesis, whereby the similarity ranges were

0.96-0.85, 0.98-0.89, 0.99-0.86, and 0.99-0.86 for lead
compounds6a-c and 7a, respectively. The selected com-
pounds were prepared by the established procedure and the
formation of the desired final products was subsequently
controlled by a fast analytical LC-MS method. By use of
this approach, several new compounds could be identified
with both increased activity (IC50 intact) compared to the
lead structures as well as a satisfying selectivity profile.
Additionally, a few molecules with an activity below 20µM
in intact microsomes were identified, which show also
unwanted activity in disrupted microsomes. A high hit
density of active compounds was observed, especially around
lead structure6a. Hits from all synthesis plates were prepared
on a larger scale and retested as single pure compounds to
confirm the initial biological activity. Table 2 shows these
new structures6d-g and 7b,c and their corresponding
activities in intact and disrupted microsomes.

The goal of an additional effort was the incorporation of
the acid-substituted aldehyde motives observed inA-C and
E, identified from the amide/sulfonamide genetic algorithm
approach, into a new chemical scaffold. To generate con-
strained analogues of amides and sulfonamides, an imidazole
library was created by use of the van Leusen reaction36-39

(Scheme 3). By use of this established three-component
procedure, imidazoles9 can be built up in only one step
starting with aldehydes1 and amines2. This allows the
incorporation of the same substitution pattern as in the amides
6 and sulfonamides7 in an easy way.

One imidazole plate (88 compounds) was synthesized with
the four acid-substituted aldehydes1a-c,e in combination
with 22 amines, which appeared as useful, potent structure
elements in the genetic algorithm run, and benzo(1,3)dioxole-
TosMIC40 as the isonitrile component. The final products
were analyzed by an analytical LC-MS method to confirm
the formation of the desired structures and then screened for
biological activity in intact and disrupted microsomes.
Compounds that were found to be active on the plate in an
interesting range were again synthesized as single pure
substances and retested. Promising activities below 10µM
(IC50 intact) were found among these imidazoles, most
compounds being also selective against disrupted microsomes
(IC50 disrupted> 200 µM). The structures and screening
results of the pure resynthesized compounds are shown in
Table 3. These results indicate that several imidazoles
containing the acid substituents inA and C derived from
the genetic algorithm approach show similar or even superior
activity compared to the corresponding amides and sulfona-
mides.

Conclusion

It was shown that a genetic algorithm-driven library design
yielded two series of interesting G6PT inhibitors. In a first
step the genetic algorithm was used to select compounds for
synthesis by using the biological activities as a feedback.
Within the performed evolutionary cycles of synthesis,
analytics, screening, and library design, promising lead
structures were found. In a second step the best compounds
from the first phase served as structural prototypes for a
similarity-triggered genetic algorithm to select molecules for

Figure 1. Development of averaged IC50 intact and IC50 disrupted.
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focused compound libraries around these lead structures.
Maintaining the reaction scheme, a refinement of the used
building blocks was achieved and compounds with high
activity were identified. Finally, the preferred substituents
were transferred into a new chemical backbone, using the
advantage of one-step MCR chemistry while maintaining the
biological activity. In the shown cases the genetic algorithm
has proven its capability as a library design tool to select
diverse compounds from a given large chemical space based
either on measured biological activities or on chemical
similarity.

Experimental Section

All resin-bound reagents and scavenger resins were
purchased from Novabiochem. All other chemicals were
purchased from Fluka, Aldrich, Acros, or Merck. 1,2-
Dichlorethane (DCE) from Merck was dried overnight with
a molecular sieve (4 Å) before its use in reductive amination
and acylation or sulfonation.

Automated parallel syntheses were carried out on a Tecan
system with customized pipetting software to perform these

noncombinatorial syntheses in an efficient way. Plate syn-
theses using resins were performed in 96-well filter plates
and equipment from Robbins Scientific. For dispensing of
all resins, a Titan resin loader from Radleys Discovery
Technologies was used. For other reactions on plates, 1.2
mL 96-deep-well plates from ABgene were used. Solvents
were removed from plates by use of a system from GeneVac
Technologies (HT-4 Series II).

Resyntheses of tertiary amide hits were performed on a
0.5-2 mmol scale in round-bottom flasks via a three-step
procedure analogous to the plate synthesis but with higher
concentrations.

Fast LC-MS measurements for plate analysis were carried
out on an Agilent 1100 HPLC system coupled with an
electrospray ionization time-of-flight (ESI-TOF) Mariner
from Applied Biosystems, with a Merck Chromolith Speed
Rod RP-18e column, 4.6× 50 mm with precolumn 4.6×
10 mm, flow 5.0 mL/min and a gradient of solvent A (50%
methanol/50% 2-propanol/0.1% formic acid) and solvent B
(water with 0.1% formic acid): 0-0.20 min 95% B; 0.20-

Figure 2. IC50 intact vs IC50 disrupted; overview for all generations.

Scheme 2.Favored MotivesA-E as Outcome from the Genetic Algorithm Approacha

a X ) C or SdO.
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1.00 min 95-5% B; 1.00-1.50 min 5% B; 1.50-1.51 min
5-95% B; 1.51-1.75 min 95% B.

Preparative HPLC was performed on a Labomatic HD300
system with a YMC-ODS column, 100× 30 mm, 11µm,
flow 50 mL/min, and a gradient of methanol and water with
0.5% acetic acid.

Pure single compounds were analyzed on an Agilent 1100
HPLC system coupled with an Agilent MSD (G1946A) ESI-
MS with a YMC-ODS column, 2.1× 50 mm, 3µm with
precolumn 2.1× 10 mm, flow 0.6 mL/min, and a gradient
of solvent A (water with 10% acetonitrile and 0.1% acetic
acid) and solvent B (acetonitrile with 0.1% acetic acid):
0-2.5 min 100-10% A; 2.5-4.0 min 10% A; 4.0-4.5 min
10-100% A; 4.5-6.0 min 100% A.

Solution-phase NMR spectra were measured on a Varian
Mercury 400 MHz spectrometer in DMSO-d6.

Assay of Microsomal G6Pase Activity.Initial rates of
G6P hydrolysis were determined by following the formation
of inorganic phosphate (Pi) by a colorimetric assay described
earlier2 with some modifications and miniaturized to 384-
well microtiter plates (Nunc, Nr 265196).

Briefly, various concentrations of 10µL of inhibitors (400/
40/4/0.4 µM) in 4% dimethyl sulfoxide (DMSO) were
incubated with 10µL of glucose-6-phosphate (4 mM) in
incubation buffer (250 mM sucrose and 50 mM Hepes, pH
7.0) for 15 min at room temperature. The reaction was started

by the addition of 20µL of rat liver microsomal protein (100
µg/mL untreated microsomes or disrupted microsomes),
which were incubated for 10 min at 30°C. The reaction was
stopped with 40µL of phosphate color reagent41 and color
development was allowed for 60 min at 45°C. The
absorption was measured at 820 nm with a Tecan Spec-
traFluorPlus reader (Crailsheim, Germany). All reagents were
purchased from eitherSigma or Merck.

General Procedure for Reductive Amination on 96-
Well Filter Plates. Into each well of a Robbins Scientific
filter plate was placed 200µL of a 0.1 M aldehyde solution
in DCE; 200µL of a 0.15 M amine solution in DCE was
added and the plate was shaken for 15 min. Then 50µL of
concentrated acetic acid and 3 equiv of (polystyrylmethyl)-
trimethylammonium cyanoborohydride were added by use
of a 96-hole resin loader, and the reaction mixture was shaken
for 24 h at room temperature. After the reductive amination
process was complete, 100µL of DCE/well and around 3

Table 1. Selected Lead Structures6a-c and7a from the
Initial Genetic Algorithm Method as Basis for a Tanimoto
Similarity Approach

a Biological data of isolated pure compounds.

Table 2. New Structures6d-g and7b,c Created by a
Tanimoto Similarity Driven GA Approach

a Biological data of isolated pure compounds.
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equiv of both scavenger resins, 4-benzyloxybenzaldehyde
polystyrene resin and tris(2-aminoethyl)amine polystyrene
HL resin, were added via a 96-hole resin loader. After
shaking overnight the reaction mixtures were filtered into a
96-deep-well plate to remove the resins. The separated resins
were washed twice with 100µL of DCE/well. Finally, the

solvent was removed from the deep-well plate, leading to
the secondary amines.

General Procedure for Acylation/Sulfonation on 96-
Well Filter Plates. The secondary amines (20µmol/well)
were dissolved in 150µL of DCE on a deep-well plate and
the solutions were transferred into a Robbins Scientific
filterplate. By use ofa 96-hole resin loader, 4 equiv of
morpholinomethyl polystyrene HL resin was added to each
sample, followed by 200µL of a 0.15 M DCE solution of
an acid chloride or sulfonyl chloride. The reaction mixtures
were shaken for 24 h at room temperature. Then, after
addition of 100µL of DCE/well, 3 equiv of scavenger resins
methylisocyanate polystyrene HL and tris(2-aminoethyl)-
amine polystyrene HL resin were added, and the plate was
shaken overnight. The products were then filtered into a
deep-well plate and the removed resins were washed twice
with 100µL of DCE. Finally the solvent was evaporated to
achieve the tertiary amide and sulfonamide products.

General Procedure for Ester Cleavage in 96-Deep-Well
Plates.Tertiary amides and sulfonamides containing ester
functionalities were dissolved in a deep-well plate in 150
µL of THF, and then 50µL of a 1.2 M aqueous LiOH
solution was added. For complete conversion of the starting
materials, the plate was shaken overnight. Afterward the
reaction mixtures were neutralized by addition of 60µL of
a 1.0 M HCl solution in ethyl ether and shaken for 30 min.
All solvents were then removed under reduced pressure,
leading to the final acid-substituted tertiary amides and
sulfonamides.

(2-Benzyloxy-5-{[N-(3-methylbenzoyl)-N-(m-tolyl)amino]-
methyl}phenoxy)acetic Acid (6a).Overall yield after three-
step synthesis and purification by preparative HPLC, 38%;
HPLC-MS, 4.12 min (ret. time), 496 (M+ H)+, 518 (M +
Na)+; 1H NMR (400 MHz, DMSO-d6) δ ) 2.13 (s, 3H),
2.18 (s, 3H), 4.61 (s, 2H), 4.94 (s, 2H), 5.04 (s, 2H), 6.69-
7.45 (m, 16H), 12.99 (br s, 1H).

[2-({N-(4-Bromobenzoyl)-N-[2-(5-methoxy-1H-indol-3-
yl)ethyl]amino}methyl)phenoxy]acetic Acid (6b).Overall
yield after three-step synthesis and purification by preparative
HPLC, 34%; HPLC-MS, 3.85 min (ret. time), 538 (M+
H)+, 560 (M + Na)+; 1H NMR (400 MHz, DMSO-d6) δ )
2.84 (m, 2H), 3.37 (m, 2H), 3.61 (s, 3H), 4.63 (s, 2H), 4.78
(s, 2H), 6.68 (m, 1H), 6.95 (m, 3H), 7.10 (m, 2H), 7.16-
7.25 (m, 3H), 7.31 (m, 2H), 7.45 (d,J ) 8 Hz, 1H), 10.64
(s, 1H).

Scheme 3. Imidazole Syntheses by Van Leusen Reaction Using Aldehydes with the Acid-Substituted Motives inA-C and inE
Found from Genetic Algorithm Approach

Table 3. Imidazole Derivatives9a-e

a Biological data of isolated pure compounds.
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[2-{[N-(4-Acetylphenyl)-N-(4-pentyloxybenzoyl)amino]-
methyl}-6-(carboxymethoxy)phenoxy]acetic Acid (6c).
Overall yield after three-step synthesis and purification by
preparative HPLC, 60%; HPLC-MS, 3.60 min (ret. time),
564 (M + H)+, 586 (M + Na)+; 1H NMR (400 MHz,
DMSO-d6) δ ) 0.80-0.90 (m, 3H), 1.22-1.42 (m, 4H),
1.58-1.74 (m, 2H), 2.45 (s, 3H), 4.00 (t,J ) 6 Hz, 2H),
4.61 (s, 2H), 4.69 (s, 2H), 5.31 (s, 2H), 6.76 (d,J ) 9 Hz,
1H), 6.82 (d,J ) 7 Hz, 1H), 6.96 (m, 1H), 7.18 (d,J ) 8
Hz, 2H), 7.28 (d,J ) 9 Hz, 2H), 7.74 (d,J ) 8 Hz, 2H),
7.85 (d,J ) 9 Hz, 2H), 12.69 (br s, 2H).

(2-Benzyloxy-5-{[N-(3-methylbenzoyl)-N-(3-phenoxy-
phenyl)amino]methyl}phenoxy)acetic Acid (6d).Overall
yield after three-step synthesis and purification by preparative
HPLC, 75%; HPLC-MS, 4.03 min (ret. time), 574 (M+
H)+, 596 (M + Na)+; 1H NMR (400 MHz, DMSO-d6) δ )
2.21 (s, 3H), 4.60 (s, 2H), 4.98 (s, 2H), 5.06 (s, 2H), 6.55
(s, 1H), 6.57 (s, 2H), 6.76 (t,J ) 9 Hz, 2H), 6.81 (s, 1H),
6.94 (t,J ) 8 Hz, 2H), 7.05 (m, 2H), 7.16 (m, 3H), 7.24 (m,
3H), 7.32 (m, 1H), 7.38 (t,J ) 8 Hz, 2H), 7.44 (s, 1H),
7.46 (s, 1H).

(2-Benzyloxy-5-{[N-(4-nitrobenzoyl)-N-(3-phenylpropyl)-
amino]methyl}phenoxy)acetic Acid (6e).Overall yield after
three-step synthesis and purification by preparative HPLC,
31%; HPLC-MS, 3.85 min (ret. time), 555 (M+ H)+, 577
(M + Na)+; 1H NMR (400 MHz, DMSO-d6) two diastere-
omers 1.3:1*,δ ) 1.73 (m, 2H), 1.87* (m, 2H*), 2.31 (t,J
) 7 Hz, 2H), 2.60* (t,J ) 7 Hz, 2H*), 2.95 (t,J ) 8 Hz,
2H), 3.36* (t,J ) 8 Hz, 2H*), 4.29* (s, 2H*), 4.61 (s, 2H),
4.67* (s, 2H*), 4.69 (s, 2H), 5.08* (s, 2H*), 5.11 (s, 2H),
6.60-7.48 (m, 13H, 13H*), 7.56 (d,J ) 8 Hz, 2H), 7.65*
(d, J ) 8 Hz, 2H*), 8.17 (d,J ) 8 Hz, 2H), 8.25* (d,J )
8 Hz, 2H*).

(2-Benzyloxy-5-{[N-(4-chlorophenyl)-N-(4-nitrobenzoyl)-
amino]methyl}phenoxy)acetic Acid (6f).Overall yield after
three-step synthesis and purification by preparative HPLC,
75%; HPLC-MS, 3.79 min (ret. time), 569 (M+ Na)+; 1H
NMR (400 MHz, DMSO-d6) δ ) 4.67 (s, 2H), 5.00 (s, 2H),
5.06 (s, 2H), 6.75 (d,J ) 8 Hz, 1H), 6.84 (s, 1H), 6.94 (d,
J ) 8 Hz, 1H), 7.09 (m, 2H), 7.24 (d,J ) 8 Hz, 2H), 7.32
(m, 1H), 7.38 (t,J ) 8 Hz, 2H), 7.44 (d,J ) 8 Hz, 2H),
7.58 (d,J ) 8 Hz, 2H), 8.10 (d,J ) 8 Hz, 2H).

(2-Carboxymethoxy-6-{[N-(4-pentyloxybenzoyl)-N-
(1,2,3,4-tetrahydronaphthalen-1-yl)amino]methyl}phenoxy)-
acetic Acid (6g).Overall yield after three-step synthesis and
purification by preparative HPLC, 15%; HPLC-MS, 4.02 min
(ret. time), 576 (M+ H)+, 598 (M + Na)+; 1H NMR (400
MHz, DMSO-d6) δ ) 0.88 (t,J ) 7 Hz, 3H), 1.35 (m, 4H),
1.50 (m, 1H), 1.71 (m, 3H), 1.83 (m, 1H), 2.17 (m, 1H),
2.59 (m, 1H), 2.74 (m, 1H), 3.99 (m, 3H), 4.52 (d,J ) 16
Hz, 1H), 4.68 (s, 2H), 4.77 (d,J ) 16 Hz, 1H), 4.86 (d,J )
16 Hz, 1H), 5.09 (m, 1H), 6.82 (d,J ) 8 Hz, 1H), 6.92 (d,
J ) 8 Hz, 1H), 7.00 (m, 3H), 7.08 (m, 2H), 7.16 (m, 2H),
7.57 (d,J ) 8 Hz, 2H).

[5-({N-Benzenesulfonyl-N-[2-(5-methoxy-1H-indol-3-
yl)ethyl]amino}methyl)-2-(carboxymethoxy)phenoxy]ace-
tic Acid (7a). Overall yield after three-step synthesis, 79%;
HPLC-MS, 3.45 min (ret. time), 569 (M+ H)+, 591 (M +
Na)+; 1H NMR (400 MHz, DMSO-d6) δ ) 2.64 (t,J ) 8
Hz, 2H), 3.24 (t,J ) 8 Hz, 2H), 3.70 (s, 3H), 4.31 (s, 2H),

4.60 (s, 2H), 4.66 (s, 2H), 6.67 (dd,J ) 8 and 2 Hz, 1H),
6.73 (d,J ) 2 Hz, 1H), 6.86 (m, 3H), 6.94 (d,J ) 2 Hz,
1H), 7.17 (d,J ) 9 Hz, 1H), 7.58-7.69 (m, 3H), 7.86 (m,
2H), 10.62 (s, 1H).

(2-Carboxymethoxy-4-{[N-[2-(5-methoxy-1H-indol-3-
yl)ethyl]- N-(naphthalene-2-sulfonyl)amino]methyl}-
phenoxy)acetic Acid (7b).Overall yield after three-step
synthesis (72%) and purification by preparative HPLC, 13%;
HPLC-MS, 3.59 min (ret. time), 619 (M+ H)+, 641 (M +
Na)+; 1H NMR (400 MHz, DMSO-d6) δ ) 2.65 (t,J ) 8
Hz, 2H), 3.31 (t,J ) 8 Hz, 2H), 3.67 (s, 3H), 4.39 (s, 2H),
4.58 (s, 2H), 4.65 (s, 2H), 6.65 (d,J ) 9 Hz, 1H), 6.70 (s,
1H), 6.89 (m, 4H), 7.16 (d,J ) 9 Hz, 1H), 7.67 (t,J ) 8
Hz, 1H), 7.71 (t,J ) 8 Hz, 1H), 7.86 (d,J ) 8 Hz, 1H),
8.05 (d,J ) 8 Hz, 1H), 8.14 (d,J ) 8 Hz, 1H), 8.18 (d,J
) 8 Hz, 1H), 8.55 (s, 1H), 10.61 (s, 1H).

(2-Methoxy-4-{[N-[2-(5-methoxy-1H-indol-3-yl)ethyl]-
N-(2,4,6-trimethyl-benzenesulfonyl)amino]methyl}-
phenoxy)acetic Acid (7c).Overall yield after three-step
synthesis (69%) and purification by preparative HPLC, 10%;
HPLC-MS, 3.79 min (ret. time), 567 (M+ H)+, 589 (M +
Na)+; 1H NMR (400 MHz, DMSO-d6) δ ) 2.24 (s, 3H),
2.50 (s, 6H), 2.77 (t,J ) 8 Hz, 2H), 3.21 (t,J ) 8 Hz, 2H),
3.63 (s, 3H), 3.65 (s, 3H), 4.35 (s, 2H), 4.58 (s, 2H), 6.60-
6.67 (m, 3H), 6.78 (m, 2H), 6.98 (m, 3H), 7.15 (d,J ) 8.5
Hz, 1H), 10.61 (s, 1H).

General Procedure for Imidazole Synthesis.To a
solution of 1 equiv of an amine in 5 mL/mmol methanol
was added 1 equiv of aldehyde under stirring at room
temperature. After 15min the mixture was treated with 1
equiv of a tosylmethyl isocyanide derivative and 2 equiv of
triethylamine and then heated under reflux for 3-4 h until
the conversion of the starting material was complete. For
the plate syntheses the reaction mixtures were heated on a
sealed deep-well plate in a water bath at 50°C overnight.
Aqueous workup was performed in the case of single
reactions by adding ethyl acetate and washing the organic
layer with 1 M aqueous HCl solution and aqueous NaCl
solution. After the organic layer was dried with sodium
sulfate, the solvent was evaporated and the crude product
was purified by column chromatography on reversed-phase
silica gel on a preparative HPLC system with a gradient of
methanol and water with 0.5% acetic acid, leading to pure
imidazole derivatives.

{2-[5-(Benzo[1,3]dioxol-5-yl)-3-(4-phenoxyphenyl)-3H-
imidazol-4-yl]-6-(carboxymethoxy)phenoxy}acetic Acid
(9a). Yield after purification by preparative HPLC, 42%;
HPLC-MS, 3.28 min (ret. time), 581 (M+ H)+; 1H NMR
(400 MHz, DMSO-d6) δ ) 4.05 (d,J ) 16 Hz, 1H), 4.16
(d, J ) 16 Hz, 1H), 4.70 (s, 2H), 5.95 (s, 2H), 6.78 (d,J )
8 Hz, 1H), 6.87-6.97 (m, 5H), 7.01 (d,J ) 8 Hz, 2H), 7.07
(d, J ) 5 Hz, 2H), 7.16 (t,J ) 8 Hz, 1H), 7.24 (d,J ) 8
Hz, 2H), 7.40 (t,J ) 8 Hz, 2H), 7.99 (s, 1H).

{2-[5-(Benzo[1,3]dioxol-5-yl)-3-(4-chlorophenyl)-3H-
imidazol-4-yl]-6-(carboxymethoxy)phenoxy}acetic Acid
(9b). Yield after purification by preparative HPLC, 21%;
HPLC-MS, 3.12 min (ret. time), 523 (M+ H)+; 1H NMR
(400 MHz, DMSO-d6) δ ) 4.08 (d,J ) 16 Hz, 1H), 4.16
(d, J ) 16 Hz, 1H), 4.69 (s, 2H), 5.95 (s, 2H), 6.79 (d,J )
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8 Hz, 1H), 6.91 (m, 3H), 7.07 (m, 2H), 7.24 (d,J ) 8 Hz,
2H), 7.43 (d,J ) 8 Hz, 2H), 8.03 (s, 1H).

{5-[5-(Benzo[1,3]dioxol-5-yl)-3-(3,4-dichlorobenzyl)-3H-
imidazol-4-yl]-2-(benzyloxy)phenoxy}acetic Acid (9c).Yield
after purification by preparative HPLC, 30%; HPLC-MS,
3.48 min (ret. time), 604 (M+ H)+; 1H NMR (400 MHz,
DMSO-d6) δ ) 4.63 (s, 2H), 5.02 (s, 2H), 5.14 (s, 2H), 5.93
(s, 2H), 6.60 (d,J ) 8 Hz, 1H), 6.75 (d,J ) 8 Hz, 1H),
6.78 (s, 1H), 6.82 (d,J ) 8 Hz, 1H), 6.91 (s, 1H), 6.95 (d,
J ) 8 Hz, 1H), 7.06 (d,J ) 8 Hz, 1H), 7.10 (s, 1H), 7.33-
7.51 (m, 6H), 7.92 (s, 1H).

{5-[5-(Benzo[1,3]dioxol-5-yl)-3-{[[2-(1H-indol-3-yl)eth-
yl]carbamoyl]methyl}-3H-imidazol-4-yl]-2-(benzyloxy)-
phenoxy}acetic Acid (9d). Yield after purification by
preparative HPLC, 24%; HPLC-MS, 3.27 min (ret. time),
645 (M + H)+; 1H NMR (400 MHz, DMSO-d6) δ ) 2.73
(t, J ) 7 Hz, 2H), 3.30 (m, 4H), 4.41 (s, 2H), 4.61 (s, 2H),
5.07 (s, 2H), 5.94 (s, 2H), 6.77 (m, 2H), 6.83 (s, 1H), 6.91
(s, 1H), 6.95 (m, 2H), 7.05 (m, 2H), 7.11 (s, 1H), 7.33 (m,
2H), 7.39 (t,J ) 8 Hz, 2H), 7.46 (m, 2H), 7.50 (d,J ) 8
Hz, 1H), 7.69 (s, 1H), 8.08 (t,J ) 6 Hz, 1H), 10.83 (s, 1H).

{5-[5-(Benzo[1,3]dioxol-5-yl)-3-[4-(dimethylamino)phe-
nyl]-3H-imidazol-4-yl]-2-(benzyloxy)phenoxy}acetic Acid
(9e). Yield after purification by preparative HPLC, 22%;
HPLC-MS, 3.35 min (ret. time), 564 (M+ H)+; 1H NMR
(400 MHz, DMSO-d6) δ ) 2.88 (s, 6H), 4.50 (s, 2H), 5.07
(s, 2H), 5.96 (s, 2H), 6.63 (d,J ) 9 Hz, 2H), 6.70 (d,J )
9 Hz, 1H), 6.79 (m, 2H), 7.00 (m, 5H), 7.37 (m, 3H), 7.46
(d, J ) 7 Hz, 2H), 7.79 (s, 1H).
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