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Abstract: in 1996, the Laboratory for Process research (Labor für Prozessforschung = LPF) was founded as a 
collaboration between the University of Zurich and the pharmaceutical industry. this joint venture is based on 
the concept of providing a professional training platform in industrial process chemistry for Ph.D. graduates and 
performing highly sophisticated process research and development at the same time. the well-equipped LPF 
facilities, approved by swissmedic, operate according to the standards of Good manufacturing Practice (GmP). 
chemical processes for manufacturing of active pharmaceutical ingredients (APi) are developed from bench to 
production under GmP compliance. A large number of projects were successfully developed in the last decade, for 
which production was carried out at the LPF and/or after transfer of the whole technology to customers or contract 
manufacturers worldwide. in the course of these projects, the development of numerous innovative reactions and 
routes has resulted in several patents.
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advanced practical knowledge and experi-
ence. 

Thus in 1996 a collaboration of the 
University of Zurich (UZH) with the Swiss 
company Cilag AG (which is integrated in 
the Pharmaceuticals Group of Johnson & 
Johnson) resulted in the foundation of the 
Laboratory for Process Research (LPF). 
From the university side a technical labora-
tory for industrial scale synthesis was pro-
vided, whose infrastructure was improved 
by Cilag to provide a facility able to per-
form GMP production for Cilag, and use-
ful as a process chemistry training platform 
for UZH. In the following years, a large 
number of multi-step synthetic campaigns 
for intermediates and final compounds of 
active pharmaceutical ingredients were 
successfully executed, the latter mostly 
essential for the clinical trials at Johnson 
& Johnson. Inspections by Swissmedic at 
regular intervals as well as customer audits, 
certified GMP compliance at the LPF.

In 2003, the UZH adopted full control 
of the lab and recruited Professor Jay S. Sie-
gel as the Executive Director of the LPF. 
Shortly thereafter, a joint entrepreneurial 
venture was undertaken with the generic 
API firm AZAD, in which the LPF was re-
sponsible for the development of synthetic 

routes for the large-scale production of ge-
neric APIs, while AZAD retained control 
of all aspects of API marketing, sales and 
regulatory affairs. 

2. LPF not only a Joint Venture but 
also a Partner in Contract Research

In addition to its work with AZAD, the 
LPF also has the possibility to pursue ad-
ditional projects with ‘third party’ custom-
ers. To date, several projects for third party 
clients have been successfully developed. 
Importantly, both the contract partner and 
other clients can rely on professional ex-
pertise and service from an experienced 
international team, coupled with a strictly 
confidential handling of all proprietary in-
formation. 

2.1. Organization of the LPF and 
Field of Activities
2.1.1. Overview and General Aspects

The Laboratory for Process Research 
comprises three divisions: Research & 
Development, Analytics and Production. 
Two thirds of the international staff mem-
bers working within these divisions hold 
a Ph.D. in chemistry. More than one third 
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1. Introduction

Cooperation between universities and in-
dustry can offer the industrial partner an op-
portunity to accelerate the time for research 
and development by working with highly 
skilled personnel experienced in different 
specific research disciplines, and by having 
access to academic resources like advanced 
and specific instrumentation. For their part, 
the academic researchers have the chance 
to gain insight into industrial practice, to 
improve their know-how with regard to 
practical application and to become more 
attractive job candidates because of their 
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of them are employed as postdoctoral re-
searchers performing project research and 
development under exactly the same eco-
nomic and timeline pressures as anywhere 
in the industry. In order to ensure that the 
LPF is both a competent and reliable part-
ner, as well a superior training platform for 
academic graduates in process chemistry, 
a well-defined but flexible organizational 
structure had to be created. Within this or-
ganization (Fig. 1), the lead of the LPF is 
assigned to the Executive Director, who is 
responsible for core business such as con-
tract negotiations, approval of budgets and 
investments. To assist with strategic plan-
ning, as well as to handle day-to-day opera-
tions, the LPF Leadership Team consisting 
of the Heads of Divisions and the Chemical 
Advisor was formed. Specific aspects of 
day-to-day business include the identifica-
tion and implementation of requirements 
of contract partners and clients as well as 
internal aspects like budget and investment 
planning, personnel education and devel-
opment. As an important task for ensuring 
GMP compliance at the LPF, the Leader-
ship Team is part of the Quality Assurance 
(QA) group together with the Executive 
Advisor as Head of QA. Finally all aspects 
of LPF business are discussed in periodic 
meetings with the Executive Director.

2.1.2. LPF – R&D Department, 
 Process Chemistry in a University 
 Environment

The largest division of the LPF is the 
R&D Department. This is the section in 
which the chemical process development 
takes place (Fig. 2) and where academic 
graduates are trained in process chemistry, 
directly instructed by experienced group 
leaders. The R&D facility includes the 
infrastructure necessary for rapid and full 
development of chemical processes: basic 
equipment includes nine HPLCs, two GCs 
and a GC-MS. In addition, a state-of-the-art 
reaction calorimeter (Fig. 3) was recently 
purchased to ensure complete safety inves-
tigations during process development.

Furthermore, since the LPF is integrated 
in a university environment, it has full access 
to university infrastructure, e.g. to NMR, 
X-ray diffraction and mass spectrometric 
facilities enabling comprehensive studies 
of compounds and structures. For identifica-
tion of crystalline forms, a new automated 
X-ray powder diffraction system (Fig. 4) is 
available, and synchrotron measurements 
carried out at the Paul Scherrer Institute lo-
cated nearby in Villigen allow detailed poly-
morphism studies, even in complex mixtures 
such as formulated APIs.

2.1.3. LPF – Analytical Department, a 
GMP Compliant Laboratory 

The LPF Analytical Department oper-
ates under full GMP compliance and as a 
QC Laboratory for the release of APIs. It 
provides the R&D-Department, Produc-

Fig. 1. organization chart of the LPF. Blue: members of Directorate; green: members of r&D 
Department; violet: members of Analytical Department; yellow: members of Production Department; 
red: members of LPF Leadership team. 

Fig. 2. overview of the r&D activities at the LPF

Fig. 3. reaction calorimeter ‘calo 2310 pro Bs’ 
for safety investigations

Fig. 4. D8 ADVANce with VÅNtec-1 Detector
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tion, customers and contract manufacturers 
with a full palette of analytical support even 
after completion of the project development 
at the LPF (Fig. 5). 

A variety of state-of-the-art instruments 
are available: HPLC and GC instruments 
(analytical and ‘chiral’), HPLC-MS (ion 
trap), FT-IR (ATR), DSC and headspace-
GC (Fig. 6). Furthermore the spectrum of 
analytical determinations is completed by 
full in-house access to numerous high-field 
NMR instruments (1H, 13C and other nu-
clei, 2D-NMR, solid state measurements), 
crystallography (XRD and single crystal 
X-ray analysis), Raman-IR, atomic absorp-
tion spectroscopy, polarimetry and circular 
dichroism, preparative HPLC and GC as 
well as external access to ICP-MS and syn-
chrotron sources. 

2.1.4. LPF – Production Department, a 
GMP Compliant Manufacturing Facility 

The LPF production facility (Fig. 7, 
Fig. 8) is designed for the GMP synthesis 

of pharmaceutical intermediates and final 
products for clinical trials up to phase III, in 
quantities from grams to kilograms, using a 
broad range of chemical reactions. A num-
ber of campaigns have been run through the 
production unit, and up to 16-step syntheses 
of complex molecules were successfully 
carried out in compliance with GMP. 

Up to 10 kg product can be produced 
in a single batch. The operation conditions 
range from –40 °C to +160 °C in all reac-
tors and from –120 °C to +220 °C in a 12 l 
reactor. The plant is regularly inspected by 
Swissmedic as well as audited by clients.

 

3. The LPF as a Training Platform 
in Process Chemistry for 
Postgraduate Chemists

Process development at the LPF is fo-
cused primarily on route discovery and route 
optimization rather than drug discovery or 
identification of new lead compounds. This 
means that the final molecule is already 
known and that sometimes an existing route 
is available, but that a practical route has to 
be developed in order to provide the target 
compound in larger amounts. Of course, the 
aim is not only to find a suitable, scalable 
process but also to find one that is cost-ef-
ficient at commercial scale and that meets 
all the technical requirements necessary 
for large scale production of a high-quality 
product. The tasks for a process develop-

ment chemist include considerations which 
are not routine in an academic research 
laboratory. Thus, when postdocs start their 
process chemistry training, they quickly 
realize that there is often a big difference 
between their previous academic work and 
the demands of process chemistry. 

Generally, working in the field of pro-
cess chemistry at the LPF includes exten-
sive training according to internal SOPs and 
guidelines that have been formulated at the 
LPF during the last decade. Understanding 
the differences between carrying out a re-
action in a lab scale or in pilot plant/pro-
duction scale is essential to avoid failures 
during scale-up. Above all safety consider-
ations are obligatory for the personnel and 
the environment, which means e.g. that the 
use of highly toxic or hazardous raw ma-
terials or reagents must be avoided and a 
formal literature or database research about 
available safety information (like material 
safety data sheets, MSDS) must be car-
ried out. Detailed investigations of reaction 
thermodynamics (e.g. exothermic activity 
observed, is the reaction controlled by dos-
ing of the reactants or is an accumulation 
observed?) are important to avoid runaway 
reactions. Furthermore, an understanding 
of the minimum criteria which have to be 
met, like reproducibility (the process must 
be reliable and robust), economically vi-
able (cost and availability of raw materials, 
manufacturing costs which consist of e.g. 
the kind of equipment and time spend for 
reaction and work-up, volume yield etc.), 
environmental responsibility (waste avoid-
ance, possibility for recycling of material 
etc.) and feasibility within the available 
plant (e.g. avoidance of cryogenic reactions 
that need expensive special equipment) is a 
precondition in process chemistry. 

It is important to be aware that running 
a process on a larger scale means consid-
eration of e.g. heat transfer, mixing effects 
and the processing time. Since heating or 
cooling of a mixture, distillation, phase sep-
aration, filtration, drying and the like take 
longer at scale, it is necessary to investigate 
the influence of these parameters already in 
the laboratory to avoid batch failure by e.g. 
decomposition of the product and formation 
of impurities. Therefore, the key parameters 
of the process must be identified, i.e. where 
is the uncritical range and which parameter 
are critical and whether there are sufficient 
tolerances for each process step for defining 
the operating conditions. The investigation 
must also include the characterization and 
identification of the impurity profile to ob-
tain additional information about the mech-
anism of a reaction. These are key pieces 
of information for further optimization of 
the process by varying the conditions or re-
agents. At the end of an optimal developed 
route stands a thoroughly analyzed and de-
fined process, wherein the scope and limita-

Fig. 5. overview of the analytical service at the 
LPF

Fig. 6. certified equipment in the Analytical 
Department

Fig. 7. overview of the equipment in the 
Production Department 

Fig. 8. LPF: Working at the 100 l reactor
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tions of each step are known and specifica-
tions are set which fulfill the requirements 
for a large scale manufacturing to produce 
a high quality product. All results and infor-
mation must finally become part of a well-
documented laboratory report as well as a 
status and/or development report. 

These aspects are only some of the scale 
up issues investigated during process de-
velopment, but unfortunately they are nor-
mally not part of the academic education 
of chemists. While a large volume of litera-
ture already address these issues (e.g. [1]) 
it generally takes a lot of time to acquire 
meaningful experience in this discipline. It 
is part of the mission of the LPF to fill the 
gap of experience for academic graduates, 
and to train chemists to consider the aspects 
of scale up. This training is done directly on 
projects from industrial partners or clients, 
which therefore have a real-life commercial 
context. Chemists leaving the LPF under-
stand the requirements of scaling up, and 
they are well prepared for their future work 
in the field of process chemistry.

4. Project Development at the LPF

Within the last decade, a large number 
of projects were developed at the LPF. In 
particular, the development of generic APIs 
has become more important in the last years. 
Generally, analysis of market volume and 
potential, current patent situation, cost and 
timeline for the chemical development are 
among the important factors in the evalua-
tion of new projects. Within this evaluation, 
the tasks of the LPF include the consideration 
of feasibility, current patent situation, design 
of alternative, non-infringing and innovative 
routes as well as protection of intellectual 
property, calculation of costs and timeline for 
the planned development and production and 
finally transfer of chemical technology and 
analytical methods to contract manufacturers 
or to customers. Many projects run through 
the LPF have led to technology transfer ex-
ecuted by LPF members within Europe and 
Asia. Products include not only final com-
pounds but also reference standards, impuri-
ties, and the like, which have been provided 
to firms all over the world. 

The following studies of two generic 
APIs (Anastrozole and Trandolapril) pro-
vide a representative overview of activities 
at the LPF during the evaluation and devel-
opment of research projects. Demonstrated 
are consideration of patent and literature 
procedures, route discovery for more effi-
cient and innovative processes, as well as 
polymorph screening and scale up.

4.1. Anastrozole 
4.1.1. Introduction and Background

One of the projects worked on at the LPF 
was Anastrozole (brand name: Arimidex®, 

Fig. 9), chemical name 2,2’-[5-(1H-1,2,4-
triazol-1-ylmethyl)-1,3-phenylene]di(2-
methylpropionitrile) or α,α,α’,α’-tetra-
methyl-5-(1H-1,2,4-triazol-1-ylmethyl)-
1,3-benzenediacetonitrile, represented by 
formula A1.

Anastrozole is known to be a potent, 
selective and reversible non-steroidal aro-
matase inhibitor used for the treatment of 
advanced breast cancer in postmenopausal 
women [2].

Two routes for the synthesis of Anas-
trozole are disclosed in [3] but without any 
specification of yields and purities. The first 
procedure (Scheme 1) starts with the con-
version of compound A2 to A3 by a nucleo-
philic substitution of the benzylic bromides 
with potassium cyanide in the presence of 
catalytic amounts of tetrabutylammonium 
bromide in a mixture of dichloromethane 
and water. After isolation, the crude prod-
uct was purified by flash chromatography, 
followed by crystallization from carbon 
 tetrachloride.

The following step involves exhaus-
tive α-methylation of both nitrile groups 
in A3 to provide A4. The conversion was 
carried out in DMF in the presence of so-
dium hydride as the base and iodomethane 
as methylation reagent. Purification of A4 
was conducted by crystallization from car-
bon tetrachloride. Radical bromination of 

the methyl group in A4 using N-bromosuc-
cinimde and benzoyl peroxide as initiator 
gave compound A5, which was used direct-
ly as crude product for the next step. In the 
final step, A1 (Anastrozole) was prepared 
by substitution of benzyl bromide A5 with 
sodium triazole in DMF. The purification 
of the crude product was performed by 
flash column chromatography (eluent ethyl 
acetate) followed by crystallization from a 
mixture of ethyl acetate and cyclohexane. 

The second process for preparing An-
astrozole described in the aforementioned 
patent uses the readily available methyl 
3,5-dimethylbenzoate A6 as starting mate-
rial (Scheme 2).

After radical bromination of the methyl 
groups in A6, the resulting compound A7 
is transformed to A9 in the same manner 
as previously described for A4. Compound 
A9 was then reduced with lithium borohy-
dride to the benzyl alcohol A10, which is 
further converted to the corresponding ben-
zyl chloride A11 using thionyl chloride. Fi-
nally, substitution of the benzylic chloride 
with 1H-1,2,4-triazole gave a crude product 
which is purified by flash column chroma-
tography (eluent methanol/chloroform) to 
obtain Anastrozole A1 separated from its 
corresponding regio isomer A12 (Fig. 10) 

Fig. 9. structure of Anastrozole 

scheme 1. First route by edwards et al. for the synthesis of Anastrozole [3]

Fig. 10. structure of the regio isomer of 
Anastrozole
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formed as contamination product during 
the coupling step. 

With respect to developing a feasible 
technical process, these strategies and meth-
ods for the preparation of Anastrozole have 
several serious drawbacks. First the com-
pound A2 is not commercially available and 
has to be synthesized, e.g. from mesitylene 
by radical bromination. It is obvious that 
such reactions may form multiple products 
which have to be separated efficiently to ob-
tain pure A2. Therefore a difficult purifica-
tion procedure and loss of yield have to be 
taken into account. In a similar manner, the 
radical bromination of A4 and A6 also forms 
polybrominated compounds. As described 
by Deng and co-workers [4], polybromi-
nated methyl groups in A7 can be reduced to 
the corresponding monosubstituted benzyl 
bromides using diethyl phosphite and N,N-
diisopropylethylamine, but this requires an 
additional step for the preparation of Anas-
trozole. Alternative preparation of the cor-
responding 3,5-bis-(bromomethyl)benzoic 
acid in four steps starting from 1,3,5-benzen-
etricarboxylic acid is described by Erickson 
and co-workers [5] but it has the disadvan-
tage of lengthening the route dramatically. 

Since carbon tetrachloride is known to 
be toxic and a suspected human carcino-
gen and mutagen, alternative solvents for 
the bromination reaction must be found. 
Furthermore, special precautions have to 
be considered for the substitution of the 
bromide with potassium cyanide as well as 
for the use of iodomethane because of their 
toxic properties. Additionally, the conver-
sion of A3 and A8 into the corresponding 
tetramethyl derivatives A4 and A9 may 
cause the formation of difficult-to-sepa-
rate byproducts by incomplete methyla-
tion. Moreover, although the use of sodium 
hydride in DMF as solvent is a procedure 
often described in the literature, chemists 

should be aware that exothermic and run-
away reactions during scale up have been 
reported [6]. Finally, using column chroma-
tography for purification of intermediates 
and the final compound is undesirable on 
production scale and less viable for com-
mercial processes. 

Recently several patents were published 
which overcome certain drawbacks of the 
aforementioned description. Two patents 
[7][8] disclose a procedure for purifying 
Anastrozole (A1) by formation and recrys-
tallization of the corresponding salts to re-
move the impurity A12 or by extraction of 
this contaminant at a pH between 0.7 and 1.7 
first followed by salt formation. Furthermore 
alternative solvents (e.g. methylene chloride, 
acetone, acetonitrile) for the bromination 
step to form A5 are also provided.

A new process for the preparation of 
Anastrozole is disclosed in [9] and shown 
in Scheme 3.

The process provided in [9] starts with 
the conversion of A3 to A4 according to 
the known method as described in [3]. 
The next step involves an oxidation of the 
methyl group in A4 to the diacetate A13 us-
ing chromium trioxide, acetic anhydride 
and sulfuric acid. Hydrolysis of A13 gave 
A14, which is condensed with Boc-pro-
tected hydrazine resulting in the formation 
of A15. Reduction of the hydrazone A15 to 
the hydrazine derivative A16 followed by 
removal of the Boc-protecting group and 
salt formation with hydrogen chloride gave 
compound A17. The synthesis of Anastro-
zole was completed by reaction of A17 with 
s-triazine. Although the strategy selectively 
forms Anastrozole in an overall yield of 
14.5% starting from A3 and in a HPLC puri-
ty of >99.5%, the use of chromium trioxide 
makes this method unattractive for produc-
tion scale because of its toxic and carcino-
genic properties and environmental impact. 
Furthermore, since seven steps starting 
from A3 are necessary for the preparation 
of Anastrozole, several having low volume 
yields (e.g. <1% for the preparation of A13), 
this strategy seems to be commercially less 
attractive.

During our route development for an ef-
ficient process to produce pure Anastrozole 
in high yields it was our objective to find an 
alternative for the successive formation of 
the tertiary butyronitrile groups to overcome 
the problems of unselective bromination and 
incomplete methylation mentioned above. 
Furthermore the final coupling step, i.e. re-
action of compound A5 with 1,2,4-triazole 
derivatives, was expected to give a mixture 
of A1 and A12. Thus in our first screening of 
the final coupling step selectivities between 
88:12 and 94:6 for the compounds A1 and 
A12 were obtained by reacting compound 

scheme 2. second route by edwards et al. for the synthesis of Anastrozole [3]

scheme 3. synthesis of Anastrozole by Gaitonide et al. [9]
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A5 with sodium triazole in dipolar aprotic 
solvents like dimethyl sulfoxide, dimeth-
ylformamide, N,N-dimethylacetamide or 
mixtures thereof with acetone. Although 
the amount of the undesired diastereomer 
was relatively low, removal of A12 by frac-
tional crystallization or extraction always 
resulted in loss of yield and contamination 
with the undesired regioisomer. Therefore 
a more selective process for this step was 
also required. 

4.1.2. Development of a New Route 
During our route discovery, an alterna-

tive for the selective preparation of Anstro-
zole was found [10]. A general review of 
the literature about methods for building 
tertiary benzylic nitriles resulted in two in-
teresting methods describing a formation in 
one step by palladium-catalyzed arylation 
of secondary nitriles using aryl bromides 
[11] or by nucleophilic aromatic substitu-
tion of aryl fluorides with secondary nitriles 
[12]. Since 3,5-difluoro-benzoic acid A18 is 
readily available, the latter method seemed 
to be suitable for further investigations 
(Scheme 4). 

As described in the literature, the op-
timal conditions for the addition of sec-
ondary nitriles to fluoroarenes required 
1.5 equiv. potassium hexamethyldisilazide 
(KHMDS) as the base, 4 equiv. of the nitrile 
and THF or toluene as the solvent. Although 
a variety of monofluorinated aromatic com-
pounds bearing different substituents were 
investigated, the simultaneous substitution 
of two fluorides by secondary nitriles or 
the reaction with fluorinated benzoic acids 
were not described. Using the fluorinated 
benzoic acid A18 at least double amounts of 
the corresponding reagents were necessary. 
To avoid the waste of 1 equiv. KHMDS by 
deprotonation of the carboxylic acid, prior 
salt formation with a suitable cheaper base 
was considered. The best conditions for the 
conversion of A18 to A19 were the forma-
tion of the lithium salt of A18 using lithium 
hydride followed by substitution of both 
fluorides using 3.3 equiv. of KHMDS and 
8.1 equiv. of isobutyronitrile. The reaction 
is typically carried out in THF at 70 °C. Af-
ter recrystallization, compound A19 could 
be obtained in about 93% yield.

For the selective reduction of the car-
boxylic of A19 in the presence of the ni-
trile groups, a suitable activation step was 
necessary (Scheme 5). Different methods 
for the activation of the carboxylic acid us-
ing reagents like chloroformates, cyanuric 
chloride or 1,1-carbonyldiimidazole were 
tested for the activation of the carboxylic 
acid, as were different reducing agents like 
sodium or potassium borohydrides for the 
reduction of the activated carboxylic acid 

[13–15]. The best results so far have been 
obtained by reduction of the corresponding 
mixed anhydride prepared with isobutyl or 
ethyl chloroformate followed by reduction 
using potassium borohydride. Yields higher 
than 90% and excellent selectivities for the 
reduction step were obtained. 

The high purity of compound A10 in the 
organic layer after an extractive work-up of 
the reaction mixture allowed us to use the 
crude extraction solution (toluene) directly 
for the next step without isolation of A10. 
Small amounts of residual starting material 
could be easily recovered from the aqueous 
extraction solvent.

Compound A5 was then synthesized by 
substitution of the benzylic alcohol using 
48% aq. or 62% aq. HBr [16] with yields 
dependant on the reaction conditions. While 
using 62% aq. HBr accelerates the substitu-
tion, hydrolysis of the nitrile groups as side 
reaction is observed if the reaction is carried 
out at temperatures above room temperature. 
When 48% aq. HBr was used, the reaction 
proceeded at room temperature very slowly 
(ca. 40 h). However, almost quantitative 
yields could be obtained by performing the 
substitution with 48% aq. HBr at tempera-
tures between 60 °C and 80 °C for 1.5 to 
2.5 h. To avoid the simultaneous bromina-
tion of toluene, which gave the benzyl bro-
mide as side product, the exclusion of light 
was necessary during the reaction. 

The final step consists of the coupling 
reaction of benzyl bromide A5 with an ap-
propriate triazole derivative. As previously 
mentioned, using e.g. triazole or sodium 
triazole for the final step, formation of the 
undesired regiosiomer A12 could not be 
avoided and resulted in loss of yield dur-
ing its removal. Therefore a more selective 
reaction was required [17]. Two interesting 

routes were considered for the selective 
preparation of Anastrozole starting with 
the benzyl bromide A5 (Scheme 6). Route 
A begins with the reaction of compound A5 
and sodium triazole which delivered a mix-
ture of Anastrozole and its corresponding 
regiosiomer A12 in a ratio of about 88:12. 
However, it is known that 4-substituted 
1,2,4-triazole such as e.g. 4-benzyl-1,2,4-
triazole can be isomerized into the thermo-
dynamically more stable 1-isomer at high 
temperatures in the presence of catalytic 
amount of the corresponding benzyl bro-
mide [18]. Thus if a mixture of Anastrozole 
and its isomer A12 is treated in 1-methyl-2-
pyrrolidinone (NMP) with catalytic amount 
(0.1 equiv.) of the benzyl bromide A5 at 
temperatures of about 150 °C, a complete 
conversion of compound A12 could be ob-
served after 2 h at this temperature (deter-
mined by in-process HPLC analyses). 

This reaction can be also carried out 
without prior isolation of the mixture of 
compounds A1 and A12. At first the alkyla-
tion of sodium triazole with 1.05 equiv. of 
benzyl bromide A5 in NMP gave at room 
temperature a mixture of A1 and A12 in a 
ratio of 91:9. After heating this mixture to 
117 °C for 4 h, an increased ratio of 98:2 
was obtained.

A more elegant approach would be the 
selective alkylation of 1-substituted 1,2,4-
triazole derivatives bearing a suitable and 
easily removable protecting group. Using 
1-trimethylsily-4H-1,2,4-triazole [19] for 
the preparation of Anastrozole, only trace 
amounts of the product was observed and 
both isomers were formed. Therefore this 
triazole derivative has no advantage. Anoth-
er interesting triazole derivative is 4-ami-
no-4H-1,2,4-triazole, which has previously 
been used as a precursor for the selective 

scheme 4. Nucleophilic aromatic substitution of 3,5-difluoro-benzoic acid 
A18 with isobutyronitrile (KhmDs = potassium hexamethyldisilazide)

scheme 5. synthesis of 3,5-bis-(cyano-dimethyl-methyl)-benzylalcohol A5 from 3,5-bis-(cyano-
dimethyl-methyl)-benzoic acid A19 via intermediate A10
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synthesis of 1-substituted 1,2,4-triazoles 
[17][20]. This method was also tested for the 
preparation of Anastrozole (route B [20c]). 
The reaction starts with the alkylation of 4-
amino-4H-1,2,4-triazole using benzyl bro-
mide A5 to form the quaternary ammonium 
salt A20. Afterwards the amino-group could 
be removed by deamination with 1.1 equiv. 
sodium nitrite in the presence of hydrochlo-
ric acid. Anastrozole could be obtained in 
up to 82% yield (two steps) as a single iso-
mer and in a purity of about 99.5% (HPLC) 
respectively 99.7% (GC) without any addi-
tional purification step. For further optimi-
zation, A1 may be prepared from A5 via A20 
in a one-pot procedure.

In summary, an efficient and technically 
attractive new route for the selective prepa-
ration of Anastrozole has been found start-
ing from readily available 3,5-difluoroben-
zoic acid and providing an overall yield of 
58–70% obtained in a high purity (≥99.5% 
by HPLC). The new process avoids the 
problematic separation of the desired prod-
uct from its regiosiomer by fractional crys-
tallization or column chromatography. 

4.2. Trandolapril
4.2.1. Introduction and Background

In cooperation of the LPF with a con-
tract partner, a development of an efficient 
scaleable route for the preparation of Tran-
dolapril T1 (brand names: e.g. Gopten®, 
Mavik®) was undertaken. 

Trandolapril, {(2S, 3aR, 7aS)-1-[[(2S)-2 
-[[(1S)-1-carbethoxy-3-phenylpropyl] 
amino]-propanoyl]octahydro-1H-indole-
2-carboxylic acid} (Fig. 11), is the ethyl 

ester derivative of the diacid metabolite 
Trandolaprilat, an inhibitor of the peptidase 
‘Angiotensin Converting Enzyme’ (ACE). 
Such inhibition of ACE activity results in an 
antihypertensive effect and therefore Tran-
dolapril may be used to lower high blood 
pressure [21]. At present a number of strat-
egies are known for the synthesis of Tran-
dolapril. Most of the provided examples use 

the intermediates T2 or T2R (trans-octahy-
droindole-2-carboxylic acid derivatives) 
and T3 or T3R (N-[1-(S)-ethoxycarbonyl-
3-phenylpropyl]-l-alanine-derivatives) 
(Scheme 7) which were coupled in the fi-
nal step using typically activation methods 
e.g. DCC/HOBT, carboxylic halides, N-
sulfoxyanhydrides, N-carboxyanhydrides 
(Leuchs anhydride) to give Trandolapril T1 
after removal of protecting groups, if pres-
ent [22].

The first synthesis of Trandolapril [22a] 
was carried out by peptide coupling reaction 
of benzyl-protected racemic trans-octahy-
droindole-2-carboxylic acid (T2R, R = Bn) 
with N-[1-(S)-ethoxycarbonyl-3-phenylpro-
pyl]-l-alanine T3 and DCC/HOBt as cou-
pling reagent. The diastereomeric mixture 
was separated by column chromatography 
whereupon Trandolapril could be obtained 
after removal of the protecting group. Further 
methods for the preparation of Trandolapril 
were published, but most of them used en-
antiopure trans-octahydroindole-2-carbox-
ylic acid derivatives, which were prepared 
e.g. by esterification of the corresponding 
racemic acid and resolution of the ester T2R 
(R = protecting group) using suitable chiral 
acids [22h][22j][23]. The resolved trans-oc-
tahydroindole-2-carboxylic acid derivatives 
were then reacted with T3. 

4.2.2. Development of a New Route 
[22g]

Our intention was to develop a simple, 
robust and scaleable method for the syn-
thesis of Trandolapril which minimized the 
number of steps by avoiding the use of pro-
tection groups (Scheme 8). N-[1-(S)-eth-
oxycarbonyl-3-phenylpropyl]-l-alanine T3 
is readily available in large amounts because 
of its extensive use as precursor for differ-
ent ACE inhibitor syntheses [22f][24], and 
we decided to carry out the coupling with 
racemic trans-octahydroindole-2-carboxyl-
ic acid, rac-T2, without prior resolution and 
without the use of protecting groups. For 
the activation of T3 we chose the Leuchs 
anhydride method, which activates the 

scheme 6. selective synthesis of Anastrozole A1 via route A by substitution of benzylic bromide 
A5 with sodium triazole followed by high temperature isomerization of A12 in the presence of A5 
or alternatively via route B [20c] by selective alkylation of 4-amino-4H-1,2,4-triazole followed by 
deamination.

Fig. 11. structure of trandolapril

scheme 7. Final coupling step for the synthesis of trandolapril t1 using 
the precursors T2 or T2R and T3 or T3R



Process chemistry 541
chimiA 2006, 60, No. 9

and then in acetone gave the final product in 
34.5% yield and in a HPLC purity ≥99.9%. 
In both cases the final slurry in acetone 
removes not only residual impurities and 
water but also ensures the formation of the 
desired pure and stable crystalline form. 

Because ref. [22a] does not provide any 
data for crystallization of Trandolapril and 
investigations of crystalline forms were pub-
lished only relatively recently [22c], it was 
necessary to identify the possible crystalline 
forms of Trandolapril. Initial crystallization 
experiments led to the identification of two 
crystalline forms, referred to here as Form A 
and Form B. Form A was obtained e.g. after 
the above-described work-up procedures, 
while Form B could be obtained by adding 
a solution of Trandolapril in methanol or ac-
etone to a five-fold excess water at 0–5 °C. 
Determination of the water content of crystal-
line Form B (4.0–4.4%) after drying indicated 
the presence of a monohydrate and therefore a 
pseudopolymorphic form of Trandolapril. 

Exhaustive polymorph screening by 
e.g. solvent variation, investigation of dif-
ferent cooling rates, evaporation, slurrying 
or precipitation at different temperatures 
in different solvent systems, resulted in the 
identification of a less stable polymorphic 
Form C and an amorphous Form [26]. Typ-
ical XRD measurements of these forms are 
shown in Fig. 12.

In summary, an efficient and scaleable 
method for the preparation of highly pure 
Trandolapril was developed. After transfer 
of the technology to a contract manufac-
turer, the production of Trandolapril was 
successfully validated.

5. Conclusion and Outlook

With the foundation of the LPF as a 
joint venture between the University of 
Zurich and the pharmaceutical industry, a 
unique model has been established for how 
such cooperation can work to the benefit 
of partners, clients and employees. On the 
one hand the LPF incorporates highly moti-
vated and well-trained staff with university 
and vocational backgrounds working in a 
state-of-the-art equipped environment that 
is uncommon for an academic institution. 
Process chemistry can be performed at the 
highest level, comprising all steps neces-
sary for the development of projects from 
bench to production, under GMP compli-
ance. Within the last decade, a large number 
of projects were successfully developed, in 
which many contain new innovative routes 
or steps resulting in several patents. Custom-
ers and clients could always rely on a full 
range of services, from patent research to full 
development of the projects, and including 

scheme 8. synthesis and isolation of trandolapril. the reaction is carried out by coupling of the 
N-carboxy-anhydride (NcA) of T3 (= T3-NCA) with racemic octahydroindole-carboxylic acid T2. 
the diastereomeric mixture consisting of T1 and T4 were separated by work-up procedure A using 
the corresponding hcl salts T1·HCl or alternatively by work-up procedure B without any prior salt 
formation.

carboxylic acid and protects the α-amino 
group at the same time [22g][25]. 

Using the racemic mixture of T2 for 
the coupling step delivered Trandolapril 
T1 and its corresponding diastereomer T4. 
Two possible work-up procedures were 
developed to separate the diastereomeric 
mixture by fractional crystallization. The 
procedure A starts with HCl salt formation 
from a mixture of T1 and T4, obtained after 
extractive work-up of the reaction mixture 
using ethyl acetate. Exchange of the ethyl 
acetate by acetone followed by slow addi-
tion of MTBE initiates the selective crys-
tallization of T1·HCl. Liberation of the 

free amine T1 from its HCl salt followed 
by slurrying of the final product first in a 
mixture of acetone and water and then in 
acetone gave Trandolapril in 25.2% yield 
and in a HPLC purity ≥99.9%. As shown in 
Scheme 8, the work-up procedure B proved 
to be more efficient since it avoids addi-
tional salt formation and solvent exchange 
for the fractional crystallization. The selec-
tive crystallization of T1 can be already 
carried out directly from the ethyl acetate 
used as extraction solvent. The crystalliza-
tion was initiated by concentration of the 
organic layer. Additional slurrying of the 
crude product in a mixture of acetone/water 
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the whole palette of analytics. On the other 
hand the LPF offers a training platform for 
postdocs in a discipline that is not normally 
part of their academic education. The real 
life training in how to develop a chemical 
project according to current industrial stan-
dards and under commercial pressure makes 
them better prepared and more attractive for 
future job positions. 
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Fig. 12. Diffractograms of trandolapril crystalline and amorphous forms. All XrD measurements were 
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