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1. INTRODUCTION AND AIMS

The progress toward increased sustainability in chemical industry requires developments and
novel approaches that imply improved performance and value in chemical production in
association with a reduction of the environmental impact. The intense need for novel industrial
methodologies has opened up new routes in compact-scale chemical engineering, and
continuous-flow (CF) chemistry has emerged as a novel sustainable alternative for the
conventional batch-based techniques in the synthetic chemistry of fine chemicals.

CF technologies offer numerous advantages over classical segmented unit operations. The
well-regulated flow reactor concept renders an increased parameter space for chemical synthesis
and enables reactions to be performed with an unprecedented level of control due to the greatly
enhanced heat and mass transfer and improved mixing properties. This implies higher reaction
rates, outstanding selectivity, and safer and greener chemistry as compared with mechanically
stirred reaction vessels. These features offer a plausible opportunity for automation and
excellent transferability between laboratory-based investigations and industrial-scale production
and have pushed CF technology to the frontiers of modern sustainable chemistries.

Our major goal was to exploit the benefits of flow processing for reaction optimization and
synthesis, and to develop novel sustainable synthetic methodologies with possible usefulness
for the pharmaceutical industry. We set out to broaden the chemical space and practical
applicability of transition metal-catalyzed and organocatalytic procedures to obtain
pharmaceutically relevant intermediates and potentially bioactive compounds in a safe, simple
and efficient manner. To achieve our goals, we intended to focus on the following areas in CF:
(i) heterogeneous catalytic deuterations, (ii) Cu(l)-catalyzed azide—alkyne cycloadditions
(CuAAC) and (iii) organocatalytic asymmetric aldol and conjugate addition reactions.

Enantiomerically pure compounds are crucially important in pharmaceutical research, and
organocatalysis has contributed appreciably to the recent advances in asymmetric syntheses.
However, long reaction times, difficulties in product isolation and selectivity issues often limit
the practical applicability of organocatalytic reactions. Accordingly, we aimed to develop a
novel sustainable methodology which relies on immobilized peptidic catalysts in a packed-bed
CF reactor and eliminates most of the above drawbacks. Utilization of a peptide is highly
beneficial, as such a modular catalyst offers an unprecedented level of structural diversity, and
facilitates the creation of optimized organocatalysts.

A large number of 1,2,3-triazole-containing compounds have been described with various

biological activities, such as antibacterial, antiviral or antifungal effects. CUAAC is a convenient
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way to obtain 1,2,3-triazoles. However, most CF examples of CUAAC reactions rely on either
costly apparatus or special catalyst types, thereby hampering their sustainable applications. We
therefore planned to develop an easily available and inexpensive CF technique for CUAAC
reactions, which is at the same time safe, efficient and productive and additionally conveniently
adaptable for the preparation of potentially bioactive compounds for the drug discovery.

There are a broad array of pharmacologically interesting molecules among heterocyclic
structures, and deuterium-labeled heterocycles are of considerable importance in drug
discovery. However, conventional deuteration methodologies suffer from several drawbacks.
For this reason, it was our aim to employ a convenient and safe CF technique with on-demand
electrolytic D, gas production for the highly selective deuteration of nitrogen-containing
heterocycles which are precursors for a series of bioactive compounds.

2. EXPERIMENTAL SECTION

CF experiments were carried out in an H-Cube®™ mesoreactor system containing a stainless steel
cartridge as catalyst bed (Figure 1). The filled cartridge was embedded in a heating unit which
included a coiled stainless steel reaction line for preheating of the liquid phase before entering
the catalyst bed. Constant pressure was ensured by a built-in backpressure regulator, and the CF
of the reaction medium was provided by a conventional HPLC pump. The system contained an
electrolytic gas-generation unit for heterogeneous hydrogenations. The in situ generated gas was
combined via a gas-liquid mixer with the solution of the substrate, and the mixture was then
transported to the catalyst bed, where the triphasic reaction took place. CF deuterations were
carried out by simply changing the hydrogen source from deionized water to D,0. In the case of
CF organocatalysis and CF CuAAC reactions, the gas generation unit was turned off. To
determine optimal conditions, most important reaction parameters (such as temperature,

pressure, flow rate and substrate concentration) were systematically fine-tuned.
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Figure 1. Experimental setup for the CF reactions.
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The peptidic catalysts were prepared by means of solid-phase peptide synthesis (SPPS),
utilizing Fmoc/tBu protecting group chemistry. Amino-functionalized non-trifluoroacetic acid
(TFA)-labile resins were utilized as supports for the SPPS: polyethylene glycol—polystyrene
(PS) copolymer without any linker (TentaGel), and PS resin with a 4-methylbenzhydrylamine
linker (PS-MBHA). TentaGel-bound catalysts were characterized by suspension-phase **C
NMR measurements, and the structure of MBHA-immobilized peptides was verified by means
of MS and RP-HPLC investigations after cleaving from the resin.

The products of the CF reactions were characterized by means of NMR spectroscopy (*H,
B3¢, ¢ HMBC and **C HSQC), MS and elemental analysis. In cases of chiral compounds, ee
was assigned with chiral NP-HPLC, and dr was determined from the *H NMR spectra of the
crude material. In CF CuAAC reactions, the copper contents were determined by ICP-MS.

3. RESULTS AND DISCUSSION®

Novel, sustainable heterogeneous catalytic methodologies were developed for the CF synthesis
of pharmaceutically relevant intermediates and potentially bioactive compounds.

3.1. CF deuteration of nitrogen-containing heterocycles'

e For the CF deuteration of nitrogen-containing heterocyclic structures, on-demand electrolytic
D, production was applied, which afforded much higher deuterium efficiency and improved
safety as compared with the conventional batch techniques.
e EtOAC was chosen as aprotic solvent to prevent D-H exchange and to maximize deuterium
incorporation. 5% Pd/BaSO, proved insufficiently active even at high temperatures, and 5%
Pt/Al,O; was therefore chosen as optimal heterogeneous catalyst. It was observed that the
utilization of pressures as high as 50 bar was necessary to obtain high reaction rates.
e Besides heterocyclic model compounds and substituted derivatives, a spasmolytic drug,
drotaverine, was also deuterated (13d). The deuterium-labeled products were obtained in
excellent conversions (96-99%) and deuterium contents (95-98%, Figure 2). It was found that
deuterium incorporation was highly selective, as the benzene ring remained intact in all cases.
DTN o o TR
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Figure 2. Deuterated compounds with the representation of the conversions and deuterium contents (in red).

" Compound numbering is identical to that applied in the thesis.
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e The described CF deuteration procedure means a sustainable alternative for the conventional
approaches, as it is safe, simple, rapid and cost efficient, whilst it allows pharmaceutically

relevant deuterated products without ponderous purification steps.

3.2. Copper-catalyzed azide-alkyne cycloadditions in CF""'

e A simple, inexpensive and rapid CF technique was developed for 1,3-dipolar cycloaddition
reactions between organic azides and acetylenes, which eliminated the need for costly special
apparatus and applied Cu powder as a readily available Cu(l) source.

e |Initially, the merits of flow processing were exploited by increasing the reaction rates with
high-pressure/high-temperature conditions. Full conversion was reached in the test reaction
between benzyl azide and phenylacetylene at 100 bar, 100 °C and a flow rate of 0.5 mL min™.

e Subsequently, it was demonstrated that the harsh reaction conditions can be relieved through
the joint use of N,N-diisopropylethylamine (DIEA) and AcOH as basic and acidic additives, the
CF CuAAC thereby being accomplished with maximum operational safety at RT (Figure 3).
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Figure 3. The flow rate dependence of the test CF CUAAC reaction between benzyl azide and phenylacetylene
clearly demonstrates that the joint use of basic and acidic additives relieves the harsh reaction conditions.
(A: 100 bar, 100 °C, no additives; 4: 100 bar, RT, 0.04 equivalents of DIEA + 0.04 equivalents of AcOH.)

e The applicability of the CF methodology was found extremely wide, for different azides and
alkynes. Excellent yields (72-99%) were obtained with either aliphatic or aromatic starting
materials. In some of the cases, the joint use of basic and acidic additives (each in 0.04
equivalents) at RT resulted in higher yields than at 100 bar and 100 °C.

e The scope of the CF CuUAAC process was extended to the preparation of 1,2,3-triazole-
substituted alicyclic f-amino acid derivatives, as novel potentially bioactive compounds (Figure
4). Phenylacetylene, diethyl acetylenedicarboxylate and ethynyl ferrocene were reacted as
dipolarophiles. Yields were as high as 99% in some of the cases, and the copper impurities
detected in our systems compared well with CF or batch results from the literature. No
epimerization of the triazole products were observed even upon applying basic conditions

which is due the very short residence time (1.5 min) applied on the catalyst bed.
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Figure 4. 1,2,3-Triazole-modified alicyclic f-amino acid derivatives. Yields are represented with colored
numbers. (Black: 100 bar, 100 °C, without any additives; blue: 100 bar, RT, with 0.04 equivalents of DIEA +
0.04 equivalents of AcOH; green: 100 bar, 100 °C, with 0.04 equivalents of DIEA + 0.04 equivalents of AcOH.)

e Large-scale synthesis was implemented simply and safely as a function of process time. 3 ¢
of triazole 16 was isolated in 3 h, and 2.06 g of triazole 52 was prepared in 100 min.
e In all reactions with terminal alkynes, the 1,4-disubstituted regioisomers were formed

selectively due to the efficient Cu(l) catalysis.

3.3. CF organocatalysis with solid-supported peptidic catalysts' "

e We introduced the first CF organocatalytic methodology for asymmetric 1,4-addition of
aldehydes to nitroolefins, and extended the scope of the sustainable procedure to aldol reactions.
e Solid supported peptidic catalysts containing a proline unit at the N-terminus and an acidic

side-chain at the C-terminus were applied (Figure 5).
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Figure 5. Structures of the immobilized peptidic catalysts utilized in this study. H-D-Pro-Pro-Asp-NH-resin (a),
H-D-Pro-Pro-Glu-NH-resin (b), H-D-Pro-(1R,2R)-ACPC-Asp-NH-resin (c), H-D-Pro-(1S,2S)-ACPC-Asp-NH-
resin (d), H-D-Pro-(1S,2R)-ACPC-Asp-NH-resin (e), H-D-Pro-(1R,2S)-ACPC-Asp-NH-resin (f).
(ACPC=2-aminocyclopentanecarboxylic acid, resin=TentaGel or PS-MBHA with different loadings.)
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e The catalysts were readily synthetized and immobilized in the same step by SPPS without
the cleavage of the peptide from the resin. The heterogeneous support of the SPPS served also
as catalyst carrier. The experimental setup was simple, time- and cost-efficient, as it eliminated
the need for the peptide work-up and purification steps, and there was no product loss.

e For both organocatalytic transformations, appropriate test reactions were chosen and the
most important reaction conditions were thoroughly fine-tuned.

e In the case of conjugate additions, it was observed that the diastereoselectivity decreased
continuously when the flow rate was reduced. It was verified that the catalyst itself epimerized
the product and consequently, the shorter the residence time on the catalyst bed, the higher the

dr (Figure 6). The enantioselectivity was not dependent on the flow rate.
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Figure 6. The adjustment of the flow rate in the test CF reaction between propanal and E-f-nitrostyrene
influenced not only the yield, but also the diastereoselectivity as the catalyst epimerized the y-nitroaldehyde
product. (Conditions: 1 equivalent of BNS (c=8 mg mL™) and 5 equivalents of propanal, 60 bar, RT.)

e Pressurizing improved reaction rates in both transformations up to an optimal value of
60 bar. To probe the diffusion dependence, the Koros-Nowak test was performed. It was
established that the CF reactions are diffusion-controlled and the role of pressure is to promote
the transport of the reactants into the matrix of the catalyst carrier.

e It was found that heating also enhanced the reaction rates, but it proved best to employ RT,
as higher temperatures dramatically lowered stereoselectivities.

e The effect of N-methylmorpholine as a basic additive was examined to improve the catalytic
activity in cases of 1,4-additions. However, the best result was obtained without the base, as it
epimerized the product and did not affect reaction rates.

e It emerged that for 1,4-additions the catalyst H-D-Pro-Pro-Asp-NH-resin on PS-MBHA was
the most favorable. On investigation of the bioinspired substitution of the central proline unit

with various B-amino acids, it was found that the insertion of (1R,2R)-ACPC into the sequence
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gave comparable results with the parent catalyst. However, the exchange to other ACPC
isomers generated significant distortion in peptide conformation, and allowed lower yields.

e For aldol reactions, H-Pro-Pro-Asp-NH-resin on TentaGel resin performed best. The D-
proline N-terminal catalysts showed significantly lower reactivity and selectivity and inverted
the absolute configuration of the corresponding B-hydroxyketone product.

e In aldol reactions, the reusability of the peptidic catalyst was extremely high, as it did not
lose any of its activity or selectivity during 17 h of continuous use in the flow reactor. The
developed CF methodology is therefore prominently robust.

e In cases of conjugate additions, the heterogenous catalyst was reusable, but its activity
decreased slowly in the course of the consecutive reaction cycles.

e With the CF method, chiral y-nitroaldehydes were obtained in yields up to 91% with high
diastereoselectivites (up to a dr of 36:1) and excellent enantioselectivites (up to an ee of 93%).
B-Hydroxyketones, as aldol adducts, were furnished with excellent yields (up to 91%) and high
enantioselectivities (up to an ee of 85%). The CF results were nicely comparable with those of
the literature batch procedures. The batch reactions required hours of reaction time, whereas the
flow method relied on short residence times (7 or 6 min) on the catalyst bed, and thus,

prominently short process times.
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