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Abstract: Different techniques can be applied for the automated production of small and large compound
collections. Large libraries that are often generated and tested during the lead-finding stage of a project are
typically produced by solid-phase chemistry. Libraries that are significantly smaller in size are often synthe-
sized in solution. Chemistry in solution is rather versatile, offers numerous advantages and is therefore often
the method of choice for generating small libraries during a lead optimization process. Fast and reliable
purification procedures are required to yield compounds of high quality that can be immediately used in
biological as well as pharmacological assays. Solution-phase chemistry combined with automated purification
was applied to optimize initial lead inhibitors for the two human orexin receptors OX1 and OX2. Starting from
a submicro-molar OX1 selective lead compound, low nanomolar analogues with improved physico-chemical
properties were synthesized that antagonize either one or both orexin receptors.
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1. Introduction

Automation of processes in chemistry and
particularly in pharmaceutical research is
of increasing importance to improve pro-
ductivity. An important means is therefore
combinatorial chemistry that has experi-
enced a significant paradigm shift from
large libraries with low quality to smaller
numbers of compounds with high quality
[1]. One important aspect of quality is
purity of the individual compounds of the
library, others are diversity, druglikeness

or ease of production [2]. A small focused
library of well-purified compounds that has
been synthesized in two weeks may be of
substantially more value than a huge one
needing six month for completion.

In principle libraries can be produced
either on solid phase or by chemistry in
solution [3]. Solid-phase chemistry is at-
tractive with respect to the large number of
compounds synthesized in parallel and the
number of reaction steps that can be per-
formed sequentially without difficult pu-
rification of intermediates. This technique
suffers from very time-consuming opti-
mizations of reaction conditions and the
limited number of feasible reactions avail-
able. A crucial step is the purification of the
final products. 

2. Strategy

Having different techniques for library
production at hand, one of the key tasks
for a chemist is to select the optimal one for

a given problem [4]. Initial lead-finding
procedures normally require the screening
of huge compound collections that are of-
ten synthesized by solid-phase chemistry
whereas optimizing lead compounds can be
achieved faster by applying parallel chem-
istry in solution. This is mainly due to the
better quality data obtained with purified
compounds leading to convincing struc-
ture–activity and structure–property rela-
tionships [5]. As long as it is not possible
to reliably predict in vitro as well as in vivo
activity, ADME properties [6] or blood-
brain-barrier penetration, fast and accurate
generation of experimental data is absolute-
ly crucial for success. In light of the various
aspects discussed above we at Actelion
have decided to concentrate on small fo-
cused libraries produced by automated so-
lution-phase chemistry in order to optimize
properties of initial lead compounds. Large
compound collections screened for initial
lead finding are either obtained from com-
mercial sources or from collaborations with
external partners. 
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3. Library Production

Production of a solution phase library
can be divided in four sequential steps: 1)
preparation of starting materials, 2) synthe-
sis of compounds, 3) purification, and 4)
analysis. In order to deal efficiently with
these demands Actelion has built up a com-
plete system of parallel chemistry facilities.
As already mentioned some of the appeal-
ing advantages of solution-phase parallel
chemistry are the high number of different
chemical reactions possible as well as the
versatility of conditions and flasks that are
used. In standard procedures we use simple
capped glass vials in 4×6-formatted racks.
Four of these racks can be shaken and/or
heated on a Büchi Syncore. When special
conditions are required we use a computer-
controlled synthesizer from Chemspeed,
which allows the use of inert conditions in
a temperature range from –40 to +140 °C
(Fig. 1). 

Automation of the purification process
is crucial in order to obtain high-quality
compounds in a short time. There is no
methodology available yet that generally
allows parallel purification of dozens of
compounds in a high-throughput proce-
dure. Therefore, purification is by far the
most time-consuming step of a library pro-
duction and has to be optimized as much
as possible [5b][7]. We use an automated
HPLC system that is capable of purifying
a sample in the 10–100 mg range within
6 min (Fig. 2). A standard set-up allows
baseline separation of more than 95% of all
samples (Fig. 3). Cycle times can be re-
duced to less than 4 min for easily separable
reaction mixtures. Our purification system
is connected to an autosampler and can be
triggered by either UV- or light scattering
detectors. The collected fractions are ana-
lyzed by HPLC-MS (~2.5 min cycle time)
in order to identify those containing the
desired products. 

Efficient library synthesis usually re-
quires the help of complex software tools.
Actelion has programmed an in-house soft-
ware that allows easy management of all
data produced during synthesis. It includes
features for planning and administrating
libraries such as the generation of virtual
libraries, application of several filter tools
related to compound properties and library
diversity, visualization of data, manage-
ment of electronic protocols and last but
not least automated registration of final
products.

4. Building Blocks

One of the major disadvantages of solu-
tion-phase chemistry is the limited number
of reaction steps that can be performed suc-
cessively without purification procedures.
Synthesis of suitable building blocks very
often requires much more time than the ac-

tual production of the library. The obvious
solution to this problem is to synthesize the
templates in parallel as well. This requires
automated purification of compounds on
a gram scale. We have set up a preparative
HPLC system to purify up to 5 g of material
within 30 min.

5. Orexin Project – A Case Study

Two peptides called orexin A and orexin
B were discovered in 1998 [8]. They are
produced in discrete neurons of the lateral
hypothalamus and bind to two G-protein-
coupled receptors named orexin 1 (OX1)
and orexin 2 (OX2) respectively. Whereas
orexin A, a 33 amino acid neuropeptide,
binds to both receptors with high affinity
(IC50(OX1) = 20 nM, IC50(OX2) = 36 nM),
orexin B, a 28-mer, is OX2 selective
(IC50(OX1) = 420 nM, IC50(OX2) =
38 nM) [8b]. Orexins are believed to haveFig. 1. Chemspeed ASW 2000

Fig. 2. Automated Prep. HPLC
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Fig. 3. UV chromatograms of a crude reaction
mixture (left) and of the corresponding product
after purification by preparative HPLC (right)
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methoxy groups being in plane with the
aromatic ring (Scheme 2).

Replacing methoxy groups with dif-
ferent halogens showed that fluorine sub-
stituents are detrimental (19, 20, 26) even if
the mono fluorinated product 19 is superior
to compound 17 that lacks a substituent
in the 3-position. In contrast, the dichloro-
substituted analogue 27 yields affinities
comparable to those of 1 on OX1 and in-
creased affinity on OX2. High affinities for
the OX1 were also found for the o-xylene
derivatives 21 and 28 and the pyrimidine
analogue 29.

a predominant role in regulation of appetite
and food intake since initial reports men-
tioned increased food and water uptake
after orexin application to brains of rats.
However, nerve fibers reacting to orexin
stimuli are far reaching in the brain, sug-
gesting that orexins might have multiple
functions, in particular as regulators of
sleep and wake states [9]. These and other
findings led to the conclusion that the orexin
system might be an interesting target [10].

A high-throughput screening was car-
ried out with compounds obtained from an
external partner. Initial activity was deter-
mined in Chinese hamster ovary (CHO)
cells overexpressing human OX1 and OX2
receptors respectively using a FLIPR [11]
based calcium assay [12]. Compound 1
(Table 1) could be identified as a lead struc-
ture and a chemical program was started
to find derivatives with higher affinity, suit-
able physico-chemical properties and vari-
ous selectivity specifications [13]. Unless
otherwise specified, all compounds report-
ed in this article are racemic mixtures.

5.1. Optimization of the Amide Part
of Compound 1

In a first step modifications of the amide
part of compound 1 were carried out. More
than 100 amides were obtained in a one-pot
procedure by successive addition of the
respective amine and tetrahydropapaverine
to a solution of bromoacetyl bromide and
N,N-diisopropylethyl-amine in THF. In
comparison to the benzylamide 1 aniline
derivatives like 2 or compounds with an
elongated substituent like 3 were much less
active on the OX1 receptor (Table 1). The
same is true for tertiary amides (5, 6) and
the saturated analogue 11. Unfortunately,
improved affinity could be observed neither
with picolylamides 7, 8, and 9 nor with
isoxazole 10. Also none of the newly syn-
thesized analogues bearing one or more
alkyl-, alkoxy- or halogen substituents at
the aromatic ring (HNR1R2 = benzyl) were
superior to 1. In contrast to the 2-aminoin-
dane derivative 13 which showed a slightly
improved binding to OX2 the correspon-
ding 1-aminoindane analogue 12 is highly
active on OX1. To explore these indany-
lamides in more detail 20 new derivatives
were prepared with 14 showing affinities
comparable to those measured for the natu-
ral ligands. 

5.2. Optimization of the 3,4-
Dimethoxybenzyl Fragment of
Compound 1 

In a second step we intended to in-
troduce new substituents in position 1 of
the tetrahydroisoquinoline moiety. The syn-
thesis of the required templates is straight-

forward (Scheme 1). Starting from homo-
veratrylamine the respective tetrahydroiso-
quinolines can be synthesized via the
amides by a Bischler-Napieralski reaction
and purified by crystallizing the respective
hydrochloride salts (Table 2). Interestingly,
the removal of one or two of the methoxy
groups from the benzyl substituent (15, 16,
17, 22, 23, 24) led to a significant decrease
of activity on OX1. The same is true for
the piperonyl derivatives 18 and 25, sug-
gesting an important anchor function for
the 3,4-dimethoxybenzyl substituent due
to a preferred conformation with both

Note: unless otherwise specified (see entry 3), all compounds reported in this article are racemic
mixtures
aEnantiomerically pure compound (1S-configurated tetrahydropapaverine; the corresponding
enantiomer is inactive on both receptors)
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Compound Amine (HNR1R2)
OX1

IC50 [nM]
OX2

IC50 [nM]

1 benzylamine 119 8152

2 aniline 4771 >10000

3 phenethylaminea 3138 >10000

4 α-methylbenzylamine 200 9499

5 N-benzyl-N-methylamine 2008 >10000

6 tetrahydroisoquinoline >10000 >10000

7 2-(aminomethyl)pyridine 690 >10000

8 3-(aminomethyl)pyridine 268 >10000

9 4-(aminomethyl)pyridine 1138 >10000

10 5-(aminomethyl)isoxazole 731 >10000

11 cyclohexylmethylamine 1565 >10000

12 1-aminoindane 49 679

13 2-aminoindane 129 1098

14 6-methoxy-indan-1-ylamine 19 101

Table 1. Optimization of the amide part of compound 1
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5.3. Optimization of the
Tetrahydroisoquinoline Part

All compounds described so far showed
higher activity on OX1 compared to OX2.
Some were completely inactive on OX2.
However, we were also aiming to obtain
compounds with high OX2 affinity. There-
fore, more than 50 different analogues
of compound 1 were synthesized which
differ only in the 6,7-substitution pattern
of the tetrahydroisoquinoline core structure
(Table 3). It turned out that even small
structural modifications led to dramatic
changes in activity. Removal of the methoxy
group in position 7 (compound 30) is just as
detrimental as a ring closure leading to
methylenedioxy compounds 34 and 37.
Replacement of the 6-methoxy group as
present in 1 by a more voluminous ethoxy
substituent led to inactive 33 whereas bulky
substituents are better tolerated in the 
7-position (compounds 31 and 32).

Substituting the benzyl group of com-
pound 32 by a picolyl moiety decreased
affinity on OX1 (36). A similar effect was
already observed in compound 7 (com-
pared to 1). Shifting the substituents from
position 6 and 7 to positions 5 and 8 yield-
ed compounds highly selective for OX2
(38, IC50 = 177 nM). Subsequently we tried
to further optimize the activity on OX2.
A chain elongation in position 5 led to
less active compounds (e.g. R1 = EtO, 40)
whereas a 7-fold increase in activity could
be obtained by substituting the methoxy
group in position 8 by an ethoxy group
(39, IC50 (OX2) = 26 nM).
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Scheme 1. Synthesis of tetrahydroisoquinolines
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Scheme 2. 3,4-Dimethoxybenzyl substituents – preferred conformations
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15 4464 >10000 22 5731 6103
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16 1113 5660 23 4274 >10000

O

17 1182 >10000 24 8425 >10000
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18 1460 >10000 25 9475 >10000
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20 >10000 >10000 26 >10000 >10000
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27 118 281

21 44 4198 28 18 1161

O

O

N

N

29 52 240

NN

Table 2. Optimization of the 3,4-dimethoxybenzyl fragment of compound 1
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5.4. Modification of the Amino Acid
Side Chain

To further expand this class of com-
pounds substituents were introduced in the
alpha-position of the glycine moiety of 1.
Phenylglycine derivatives, as found in 41,
could be substituted with alkyl amides
(e.g. 42) and still exhibited high affinities,
which was not the case in the glycine series
(Table 4). Subsequently more than 200 ana-
logues with modifications of the R1- and
R2-substituent were synthesized. High affini-
ties towards either one of the two receptors
as well as various selectivity profiles could
be identified within this series. Naphthyl-
methyl-substitution in R1 furnished com-
pounds with remarkable activities on both
receptors (43 and 44), whereas compound
45 was selectively active on OX1. The
phenethyl analogues 46 and 47 preferen-
tially bound to OX2 with high affinity.

Some of the phenylglycine derivatives
are well absorbed after oral application
and cross the blood–brain barrier. Studies
to further exploit this interesting class of
molecules are currently ongoing. 

6. Conclusion

We have demonstrated that a parallel
chemistry approach can be successfully
applied to optimize rapidly and efficiently
properties of a compound class in a multi-
dimensional way (Scheme 3). A first com-
pound library finished only one month after
project initiation already comprised a rela-
tively high affinity compound (12, IC50 =
49 nM). During the first year more than
800 tetrahydroisoquinoline derivatives were
synthesized in 50 libraries. Twenty-six com-
pounds are highly active on OX1 (IC50 <
30 nM) whereas six were found showing
affinities below 100 nM on OX2. The most
potent compounds at that time were 28
and 39.

Up to now more than 1250 tetrahy-
droisoquinolines have been prepared. Dur-
ing the last two years we could not only
identify compounds highly selective and
very potent on OX2 (12 compounds with
IC50 < 30 nM) but also optimize physico-
chemical and pharmacological properties
at the same time. Simultaneously other
classes of compounds were exploited in an
analogous fashion. Results will be pub-
lished elsewhere. 
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