CONTINUOUS-FLOW METHODOLOGIES
FOR COPPER-CATALYZED REACTIONS

PhD Thesis

Adam Georgiades

Supervisors:
Prof. Dr. Ferenc Fulop
Dr. Sandor Otvos

University of Szeged

Institute of Pharmaceutical Chemistry

2019



Table of contents

List of publications and I8CTUTES.........cc.oiiiiiiiii e i
Papers related t0 the thesSIS..... ..o I

(O 4 T gl o= 1T SRS I
Scientific lectures related t0 the ThESIS ..o iii
Other SCIENTITIC IECTUTES ... .ot %

F N o] o] =Y F= L (0] PSPPSR Vi
1. INTRODUCTION AND AIMS ...ttt 1
2. LITERATURE SURVEY ....ooiiiiiiiie ettt sttt st 3
2.1 Copper-catalyzed SYNTNESES ..........cciiiiiiiiiiee e 3
2.1.1 Synthesis of aniline derivatives and aryl azides from aryl halides......................... 3
2.1.2 Synthetic strategies towards aromatic azo COMPOUNdS .........ccccevveeveieeriereerieennenn 5
2.1.3 Synthetic strategies towards PYrazoles..........cccooveveiieieeie i 8

2.2 Characteristic features of continuous-flow reaction technology .........cccccccevvvennee. 10
2.2.1 Precise parameter CONTIOl ...........ccoviiiiieii e 10
2.2.2 New chemical parameter SPACES........cc.eiiveireeiieiieereeieesee e eieseesreeee e e sreeseesneennas 12
2.2.3 Continuous-flow multi-step transformations ............cccocveriieiinenc e 14

3. EXPERIMENTAL SECTION ....oooiiiiiie ettt 16
3.1 General INFOrmMatioN .........ccccviiiiiieiee e e 16
3.2 General Procedure for the FIOW ReaCtions ..........ccccovvviieiininieieee e 16
3.2.1 Reactions with copper powder as catalytiC SOUICE........ccccevvrieervereesieneee e 16
3.2.2 Reactions with copper salts as catalytiC SOUICE ...........ccoecvererieerveresieneee e 16

3.3 Determination of reSidenCe LIMES ..........cooviiiiiieiee e 17
4. RESULTS AND DISCUSSION ....ooiiiiiiieiieiiesie sttt 18
4.1 Controlled transformations of aryl halides ... 18
411 OPIMIZATION. ...ttt bbbttt se et bbb eneas 18
4.1.2 Synthesis of aryl amines and aryl azides ............ccccceveiieeiii i 23

4.2 New parameter spaces for the oxidative homocoupling of aniline derivatives ....26
4.2.1 Reactions mediated by COPPer POWAEN ..........coeieieieiiie it 26
4.2.2 Cu(Il)Fe(ll)-layered double hydroxide, as solid base catalyst.............cc.ccocvvvnene 31

4.3 Multi-step synthesis of 3,5-disubstituted pyrazoles ..........cccccccovvviviiiiieiieiiec i, 35
4.3.1 Step-by-step OPtIMIZALION......c..ciiiiiieiie e 35
4.3.2 Telescoped pyrazole SYNthESIS .........cooiiiiiiiiieieee e 38

5. SUMMARY ..ottt sttt ettt e et et e et e e b e e Reene et et e nteerenreateeneeneas 42
ACKNOWIBAGEIMENTS ...ttt b e sr e e b nee e 44
] (] =] [0TSR 45
N o] =T o S SSS 49



List of publications and lectures

Papers related to the thesis

Adam Georgiades, Sandor B. Otvés, Ferenc Fiilop:

Exploring new parameter spaces for the oxidative homocoupling of aniline deriva-
tives: sustainable synthesis of azobenzenes in a flow system

ACS Sustainable Chem. Eng. 2015, 3, 3388-3397. IF.: 5.267

Sandor B. Otvos, Adam Georgiades, Rebeka Mészaros, Koppény Kis, Istvan Palinko,
Ferenc Fiilop:

Continuous-flow oxidative homocouplings without auxiliary substances: Exploiting a
solid base catalyst

J. Catal. 2017, 348, 90-99. IF.: 6.759

Adam Georgiades, Sandor B. Otvés, Ferenc Fiilop:
Controlled transformations of aryl halides in a flow system: selective synthesis of aryl
azides and aniline derivatives

Adv. Synth. Catal. 2018, 360, 1841-1849. IF.: 5.451 (2018)
IV. Sandor B. Otvos, Adam Georgiades, Daniel Ozsvar, Ferenc Fiilop:
Continuous-flow synthesis of 3,5-disubstituted pyrazoles via sequential alkyne
homocoupling and Cope-type hydroamination
RSC Advances, 2019, 9, 8197-8203. IF.: 3.049 (2018)
Other papers
V. Sandor B. Otvos, Adam Georgiades, Istvan M. Mandity, Lorand Kiss, Ferenc Fiilop:
Efficient continuous-flow synthesis of novel 1,2,3-triazole-substituted f-aminocyclo-
hexanecarboxylic acid derivatives with gram-scale production
Beilstein J. Org. Chem. 2013, 9, 1508-1516. IF.: 2.801
VI. Sandor B. Otvos, Gabor Hatoss, Adam Georgiades, Szabolcs Kovacs, Istvan M.
Mandity, Zoltan Novak, Ferenc Fiilop:
Continuous-flow azide—alkyne cycloadditions with an effective bimetallic catalyst and
a simple scavenger system
RSC Advances 2014, 4, 46666-46674. IF: 3.840
VII. Sandor B. Otvos, Addm Georgiades, Monika Adok-Sipiczki, Rebeka Mészaros,

Istvan Palinko, Pal Sipos, Ferenc Fiilop:

A layered double hydroxide, a synthetically useful heterogeneous catalyst for azide—
alkyne cycloadditions in a continuous-flow reactor

Applied Catalysis A 2015, 501, 63-73. IF: 4.012

Cumulative impact factor: 31.179



Scientific lectures related to the thesis

1.

Georgiades Adam, Otvs Sandor, Fiilop Ferenc:

Aromas azovegyiiletek szelektiv szintézise folyamatos aramu technikaval
MTA Heterociklusos Kémiai Munkabizottsag Ulése, Balatonszemes, Hungary, 27-
29 May 2015.

Georgiades Adam, Otvos Sandor, Fiilop Ferenc:

Gyogyszerkémiai paramétertér-bovités aramlasos technikaval — aromas
azovegyliletek szelektiv szintézise

Gyogyszerkémiai €¢s Gyodgyszertechnoldgiai Szimpozium, Herceghalom, Hungary,
17-18 September 2015.

Adam Georgiades, Sandor B. Otvos, Rebeka Mészaros, Monika Adok-SipiCZki,
Istvan Palinko, Pal Sipos, Ferenc Fiilop

A layered double hydroxide, an efficient heterogeneous catalyst for continuous-
flow cycloadditions and oxidative homocouplings

5th Conference on Frontiers in Organic Synthesis Technology, Budapest, Hungary,
21-23 October 2015.

Georgiades Adam, Otvos Sandor, Mészaros Rebeka, Kis Koppany, Palinké Istvéan,
Fiilop Ferenc:

Kornyezettudatos oxidativ homokapcsolasi reakciok aramlasos reaktorban
hozzaadott bazis nélkiil

MTA Heterociklusos Kémiai Munkabizottsag Ulése, Balatonszemes, Hungary, 18-
20 May 2016.

Adam Georgiades, Sandor B. Otvos, Rebeka Mészaros, Ferenc Filop

In search of the right path — diversity-oriented aryl azide and arylamine synthesis
in continuous-flow

9th Asian-European Symposium on Metal-Mediated Efficient Organic Synthesis,
Stockholm, Sweden, 4-7 September 2016.

Georgiades Adam, Otvos Sandor, Fiilop Ferenc:

Kornyezettudatos szintézismodszerek megvalositasa folyamatos aramu technikaval
A Tudomany Unnepe (Szegedi Akadémiai Bizottsdg Gyogyszerészeti és Kémiai

Szakbizottsaganak kozos eldadoiilése), Szeged, Hungary, 8 November 2016.

Georgiades Adam

Arilhalogenidek és acetilének réz-katalizalt tobblépéses in continuo atalakitasai
Patonay Tamas-Dij palyazat, Budapest, Hungary, 18 November 2016.

Georgiades Adam, Otvos Sandor, Fiilop Ferenc:

Arilazidok és anilinszarmazeékok diverzitasorientalt aramlasos szintézise



10.

11.

12.

13.

14.

MTA Heterociklusos Kémiai Munkabizottsag Ulése, Balatonszemes, Hungary, 15-
17 May 2017.

Adam Georgiades, Sandor B. Otvds, Ferenc Fiilop

Multi-step in continuo synthesis of 3,5-disubstituted pyrazoles

XVII International Conference on Heterocycles in Bioorganic Chemistry, Galway,
Ireland, 28-31 May 2017.

Adam Georgiades, Sandor B. Otvds, Ferenc Fiilop

Diversity-oriented synthesis of aryl azides and arylamines in a strictly controlled
continuous-flow system

18th Tetrahedron Symposium — New Developments in Organic Chemistry, Buda-
pest, Hungary, 27-30 June 2017.

Sandor B. Otvos, Adam Georgiades, Rebeka Mészaros, Koppany Kis, Istvan

Palinko, Ferenc Fiilop

Continuous-flow oxidative homocouplings without auxiliary substances: exploiting
a solid base catalyst

18th Tetrahedron Symposium — New Developments in Organic Chemistry, Buda-
pest, Hungary, 27-30. June 2017.

Georgiades Adam:

Aromas azovegyiiletek kérnyezettudatos eléallitasa aramlasos reaktorban
A Tudomany Unnepe (Szegedi Akadémiai Bizottsag Gyogyszerészeti és Kémiai
Szakbizottsaganak k6zos eldaddiilése), Szeged, Hungary, 9 November 2017.

Georgiades Adam:

Alkinek értékes heterociklusokka térténo tobblépéses atalakitasa aramlasos rend-
szerben
UNKP Eléadénap, Szeged, Hungary, 17 May 2018.

Georgiades Adam, Ozsvar Daniel, Otvds Sandor, Fiilop Ferenc:

3,5-Diszubsztitualt pirazolok in continuo eléallitasa 1,3-diin intermedieren
keresztiil

MTA Heterociklusos Kémiai Munkabizottsag Ulése, Balatonszemes, Hungary, 6-8
June 2018.



Other scientific lectures

15.

16.

17.

Sandor B. Otvés, Istvan M. Mandity, Adam Georgiades, Lorand Kiss, Ferenc

Fiilop:

Safe, efficient and scaleable synthesis of novel potentially bioactive 1,2,3-triazoles
in flow

4th Conference on Frontiers in Organic Synthesis Technology, Budapest, Hungary,
16-18 October 2013. Abstr,: p. 26-27.

Georgiddes Adidm:

1,2,3-Triazolok, mint potencialisan bioaktiv vegyiiletek szintézise folyamatos
daramu technikaval

1st Innovation in Science 2014 — Doctoral Student Conference, Szeged, Hungary,
2-3 May 2014.

Sandor B. Otvés, Adam Georgiades, Istvan M. Mandity, Lorand Kiss, Ferenc

Filop

Efficient continuous-flow synthesis of 1,2,3-triazole-substituted -amino acid de-
rivatives as novel potentially bioactive compounds

50th International Conference on Medicinal Chemistry, Rouen, France, 2-4 July
2014.



Abbreviations

API
CF
cGMP
conv.
DFT
DIEA
DMEDA
DMSO
equiv.
HPLC
LDH
MeCN
MS
NMR

PIDA
select.
tBuOl
TEA
TMEDA

active pharmaceutical ingredient
continuous-flow

current good manufacturing practices
conversion

density functional theory
N,N-diisopropylethylamine
N,N'-dimethylethylenediamine
dimethyl sulfoxide

equivalent

high-performance liquid chromatography
layered double hydroxide
acetonitrile

mass spectrometry

nuclear magnetic resonance

pressure

phenyliodine(l11) diacetate
selectivity

tert-butyl hypoiodite

triethylamine

N,N,N’,N -tetramethylethylenediamine

Vi



1. INTRODUCTION AND AIMS

Despite the exponential development of science and technology, synthetic chemistry la-
boratories are still using more than 100-year-old glassware, work-up, and purifying tech-
niques. This synthetic routine restricts the extensive investigation of the chemical parame-
ter space and the possibility for technological improvements. At the end of the previous
century, the harmful economic and environmental effects of the product-centered industrial
manufacture had been recognized and led to a paradigm shift.[* 2 A new chemical philos-
ophy has emerged, patronizing highly selective and economical syntheses, reducing by-
products, minimizing waste, and improving plant safety. However, the principles of green
and sustainable chemical synthesis and the laboratory practice did not evolve together.

Continuous production is a long-established strategy in the industry: oil refining, syn-
thetic fiber manufacturing, and papermaking have been applying uninterrupted methods for
centuries. The application of continuous-flow (CF) processes in the synthetic chemistry
appeared only two decades ago, offering significant advantages over the conventional seg-
mented techniques.®! Owing to their technological possibilities, they allow simple, safe,
and precise fine-tuning of the reaction conditions. Moreover, the enhanced heat and mass
transfer provides an impaired level of reaction control.[¢! Flow chemistry also offers in-
line analysis, purification, and even formulation.[”-8 Thus, CF technology may serve as an
avenue towards the technological revolution of chemical synthesis.

Since the first examples, CF synthesis methods have gone through an extraordinary pro-
gression. Due to their advantages over conventional techniques and applicability in difficult
and sensitive reactions, CF methods became an impressive tool for synthetic chemistry and
proved not to be only a transient vogue.[®l The borderline between segmented and flow
processes has become more apparent, making it straightforward to decide whether the ap-
plication of a CF process is beneficial or unnecessary. Nowadays, performing the entire
synthesis of complex compounds (such as APIs) as uninterrupted continuous-flow pro-
cesses is an actual endeavor.[1% 1]

Our aim was to apply continuous-flow technology, focusing attention on copper-cata-
lyzed reactions to explore otherwise hidden parameter spaces from classical batch synthe-
ses and to develop efficient, selective, safe, and sustainable synthesis methods. Highlight-
ing its applicability in organic chemistry, we investigated the CF technology in three reac-
tion systems: (i) highly controlled synthesis of aryl azides and aniline derivatives from

haloarenes; (ii) extension of the chemical parameter spaces for the oxidative homocoupling



of aniline derivatives; (iii) two-step in continuo synthesis of 3,5-disubstituted pyrazoles.
Each work represents a case study how CF processes can improve synthetic reaction tech-
nology.

Copper-mediated nitrogenation of aryl halides with sodium azide can result in either aryl
azides or aniline derivatives, which are valuable compounds in both synthetic and pharma-
ceutical chemistry.[*2 131 The selectivity of these transformations strongly depends not only
on the materials (i.e., catalyst, solvent, different auxiliaries), but also on the reaction time
and temperature applied, leading to contradictory literature results and ambiguity of the
exact effects of the reaction conditions. Therefore, we planned to exploit the advantages of
a strictly controlled flow reactor and develop a practical method for the selective synthesis
of both aryl azides and aniline derivatives starting from the same haloarenes. We aimed to
adjust the selectivity by means of fine-tuning the reaction conditions.

Azobenzenes are not only valuable compounds in the chemical industry, but also in me-
dicinal chemistry and biotechnology.[** 51 Due to reactivity issues and the facile formation
of side-products, the batch synthesis of these compounds deals with non-optimal selectivity
and often requires long reaction times and special reaction conditions.*8! We proposed to
explore novel parameter spaces for the chemical intensification of the copper-catalyzed
oxidative homocoupling of arylamines, and to develop a simple, efficient, and selective CF
method. As a further step towards sustainability, we envisioned to apply a solid base cata-
lyst to avoid the need for any auxiliary substances. We aimed to explore the role of
Cu(IDFe(111)-LDH, a hydrotalcite-like material as a solid bifunctional catalyst in the oxi-
dative homocoupling reactions of aniline derivatives.

The pyrazole motif can be found in several pharmaceutically active compounds with a
wide range of therapeutic effects.[!’] In addition, pyrazole derivatives have important ap-
plications as chelating agents, fluorophores, and agrochemicals. The classical methods for
the synthesis of pyrazoles typically apply harsh reaction conditions and necessitate envi-
ronmentally unfriendly reactants and/or special starting materials.*®! Recently, the inter-
molecular Cope-type hydroamination of 1,3-dialkynes with hydrazine was described, af-
fording 3,5-disubstituted pyrazoles.[**! The reaction occurs under mild conditions and does
not require catalyst or any additives. Flow chemistry is a valuable toolbox to perform mul-
tistep synthesis. Therefore, we intended to design a multistep flow synthesis for the trans-
formation of terminal alkynes into 3,5-disubstituted pyrazoles without the isolation of the

corresponding diyne intermediate.



2. LITERATURE SURVEY
2.1 Copper-catalyzed syntheses

2.1.1 Synthesis of aniline derivatives and aryl azides from aryl halides

Aryl amines and aryl azides have indisputable value with wide-ranging applications in
diverse areas of chemistry. Both can be transformed into numerous chemical structures
(Scheme 1), and they are fundamental in the construction of various N-heterocycles.*? 13
Traditionally, aniline derivatives are starting materials for the synthesis of dyes, pigments,
agricultural materials, rubber products, and other polymers.[?®l Many pharmaceutically ac-
tive compounds contain amino-substituted aromatic moiety, and a large number of drugs
can be synthesized from anilines presenting a broad spectrum of therapy. Since the recog-
nition of their importance in click chemistry, the azide function is an attractive moiety in

biomedicinal chemistry, material science, radiochemistry, and drug discovery.[?% 22
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Scheme 1. Examples for the transformations of aryl amines (A) and aryl azides (B)[*? 3]

As the most popular and recent methods towards aryl amines, the reduction of nitro
compounds, 2321 the transformation of aromatic boronic acids,!?”-*? and the direct amina-
tion of aryl halidest*2° can be highlighted. In recent years, sophisticated methods were
developed. However, these reactions require expensive starting materials and/or ligands,
harsh reaction conditions, and result in inorganic by-products in several cases.

Aryl azides can be prepared through many synthetic strategies, such as transformation
of aryl diazonium compounds, nucleophilic substitution of halogens by azide anion, reac-
tion with organometallic compounds (Grignard or lithium reagents), diazo transfer reaction,
diazotization of hydrazines, reaction of nitrosoarenes with hydrogen azide, and rearrange-

ment of triazenes.[*® Most of the methods were developed in the previous century and they



generally deal with a number of disadvantages, such as unstable, toxic and/or explosive
reagents and reactants, and harsh conditions.

Aryl halides are valuable starting compounds for the synthesis of both aniline derivatives
and aryl amines. Recently, copper-catalyzed reactions of aryl halides with sodium azide
came into the focus of interest, due to the price, easy availability, and low toxicity of com-
mon copper salts and haloarenes.**#6l However, these reactions can result in either aryl
azides or anilines, and related literature data are confusing with respect to product selectiv-
ity and the conditions applied (Scheme 2).
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Scheme 2. Copper-mediated reactions between aryl halides and sodium azide[*%-#6]

In 2004, Ma and Zhu found that Cul/L-proline can catalyze the reaction of aryl halides
with sodium azide, affording the efficient synthesis of aryl azides.[*® The reaction occurred
at relatively mild conditions of 40—70 °C and 5-24 h reaction time. The research group also
noticed significant correlation in the reactivity between the quality of the solvent and the
type of the halogen. Later, the catalytic activity of heterogeneous porous Cu(0)/L-proline
system was also investigated, achieving similar resultsi*! under comparable reaction con-
ditions (60-80 °C, 13-24 h reaction time). Interestingly, in the case of 1-bromo- and 1-
chloro-4-iodobenzene, the corresponding aniline derivatives were detected in small
amounts. Additionally, CuFeO- was also applied as catalyst in an L-proline/NaOH system
at slightly higher temperatures (95—115 °C).[*®l In a different study, the haloarene transfor-
mation was performed applying Cul as catalytic source and trans-N,N'-dimethylcyclohex-
ane-1,2-diamine as ligand.[* 1t was found that the addition of sodium ascorbate is essential

for full conversion with the concomitant significantly reduced reaction time. A remarkable



solvent dependence was also reported; however, the selectivity was independent from the
quality of the halogen substituent.

The first observations for the copper-mediated direct amination of haloarenes with so-
dium azide were accidental, found in the unsuccessful reproduction of the azidonation de-
scribed above.*! Interestingly, in a comprehensive study, Helquist and co-workers inves-
tigated the effect of several reaction parameters, and explored the scope of the reaction
applying Cul or Cu20O as the copper source and L-proline or N,N'-dimethylethylenediamine
(DMEDA) as ligand at 100 °C.*®l The research group demonstrated that aryl azides can be
transformed into the corresponding amines, where the joint presence of Cul and NaNzs is
essential. However, stoichiometric amounts of the copper species were used in their exper-
iments.

The Cu(0)-catalyzed amination of aryl halides in the presence of ascorbic acid and (+)-
pipecolinic acid was demonstrated by Alami et al.[*l According to their suggested mecha-
nism, the corresponding azide is formed as an intermediate in the reaction, then suffers a
thermo-initiated N2 liberation resulting in a nitrene species, which converts to the corre-
sponding amine product. An additional study reported the successful utilization of
CuS04-5H20 in combination with ascorbic acid (or Na ascorbate) and various ligands for
the synthesis of substituted anilines at temperatures of 60—100 °C, where the catalyst and
both additives were essential for the reaction.!?

It is evident that the selectivity of the copper-mediated reaction between aryl halides and
sodium azide is powerfully influenced by all reaction parameters, such as the solvent,
catalytic source, temperature, and reaction time, as well as the type of the halogen and the
substitution patterns of the starting materials. The ambiguous results may be explained by
facile azide reduction/decomposition;“>*4 however, the exact effects of the reaction con-
ditions are still unclear. The clarification of the contradictions described above may lie in

the strict control over the reaction conditions.

2.1.2 Synthetic strategies towards aromatic azo compounds

Besides their well-known relevance as dyes and indicators,“® 4°1 azobenzenes are valu-
able compounds in medicinal chemistry. Due to the fact, that the N-N double bond can
only be cleaved by the bacteria in the colon, aromatic azo compounds can be used as pro-
drugs or drug coating materials in the targeted therapy of the bowel.[%% As a result of the
reversible photo-initiated or thermally induced cis—trans isomerization of the azo function,

these compounds are valuable elements of photo-responsive materials. Consequently, they



can be utilized for the development of polymers for nonlinear optics,* ! artificial mus-
cle,®® molecular machines,!**! and solar thermal energy storages.57-5

Aromatic azo compounds are members of a complex redox network (Scheme 3).[60-62]
In this complicated system, several reaction pathways could lead towards azobenzenes,
such as the oxidation of hydrazo derivatives, the reduction of azoxy species, or the conden-
sation of hydroxylamine with nitroso compounds or aniline derivatives. Thus, it is beyond
doubt that selectivity is an essential parameter in the synthesis of azobenzenes. Depending
on the strategy and reagents applied, various side-reactions, for example, inefficient con-
densations, overreduction or overoxidation of azobenzenes, may easily occur leading to
selectivity issues. This sensitive equilibrium makes the practical synthesis of aromatic azo

compounds a significant challenge.[¢]
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Scheme 3. Reaction network and pathways towards azobenzenes

Scheme 4 summarizes the main synthesis strategies towards azobenzenes. As classical
routes, azo coupling (the coupling of diazonium salts with activated aromatics), Mills reac-
tion (coupling of primary arylamines with nitroso compounds), the oxidation of hydrazines,
and the reduction of azoxy derivatives can be mentioned.l*®! These techniques typically
involve special or harsh reaction conditions, such as the use of strong oxidizing agents and
strong inorganic acids or bases, which often lead to remarkable by-product formation and
inadequate selectivity and productivity rates. The oxidation of aniline derivatives with con-
ventional oxidizing agents, such as KMnO4, MnOz2, H202, Pb(OAc)4 or HgO, usually pro-
vides low selectivity with the formation of inorganic by-products. The application of mild
oxidants, for example, tert-butyl hypoiodite (tBuO1)! 4 and phenyliodine(l11) diacetate
(PIDA),'®! improves the selectivity rates. However, these methods often require precise
temperature control and longer reaction times, and the remaining reduced reagent by-prod-
ucts still lead to difficulties during the work-up and purification steps.
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Scheme 4. Synthetic strategies towards azobenzenes

A significant part of the above-mentioned disadvantages can be overcome by utilizing
catalytic approaches. Recently, two novel strategies came into the center of interest: the
reduction of nitrobenzenes and the oxidation of aniline derivatives. The reductive approach
necessitates hydrogen atmosphere and special heterogeneous catalyst systems, such as pal-
ladium nanoparticles, platinum nanowire, and Au/MgAl hydrotalcite.[%8-¢8 The catalytic
oxidative pathway was first reported using Au/TiO> system and Ag nanoparticles, but the
price of the gold and silver catalysts limits the sustainable application of the methods.[®® 7
Although these catalytic strategies are preferable over conventional methods, the applica-
tion of Hz or O2 gases requires safety precautions and overreductions or overoxidations can
still easily occur, leading to non-optimal selectivity and hence, low yields.

In recent years, the copper-catalyzed oxidative dimerization of aniline derivatives
brought new opportunities for the synthesis of azobenzenes."*" Typically, copper(1) hal-
ides were used as catalytic copper source in the presence of different bases, ligands, and
oxidants. As base, pyridine proved to be the most efficient, and the oxidative conditions
were achieved by the application of oxidizing agents, oxygen or air atmosphere. Jiao et al.
proposed a mechanism of the CuBr2/pyridine/O catalyst system, in which a copper—lig-
and—oxygen complex acts as the active specimen through a hydrazine-derived intermedi-
ate.[’? Such copper-catalyzed synthetic approaches are much cleaner, more efficient, and
more economical than the above-described methodologies. They apply a cost-effective cat-
alytic system, do not require harsh reaction conditions, such as high temperature and drastic

inorganic reactants, and the only by-product of the reaction is water.



2.1.3 Synthetic strategies towards pyrazoles

Heterocycles, particularly nitrogen-containing rings, have well-known and indisputable
importance in synthetic and pharmaceutical chemistry. Pyrazoles, one of the five-mem-
bered nitrogen heterocycles, have impressively diverse applications.l’® As a core structure,
pyrazole constitutes a myriad of pharmaceutically active compounds with a wide spectrum
of biological activities, such as antihiperglycemic, analgesic, anti-inflammatory, antipy-
retic, antibacterial, antiviral, antituberculotic, and sedative-hypnotic effects (Scheme 5).[7
7682 Besides their relevance as versatile building blocks in organic chemistry and as ligands
and chelating agents in coordination chemistry, pyrazoles are valuable as fluorophores and
energetic materials.[® Furthermore, they can also be used in the agrochemical industry as
insecticides, fungicides, and herbicides.!"®
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Scheme 5. A few examples for biologically active pyrazoles

More than a century after the first reported pyrazole synthesis, the classical strategy of
the 5-membered ring construction did not change radically.l®¥ Two main approaches can
be distinguished: the [3+2] cyclocondensation between a hydrazine derivative and a 1,3-
dielectrophilic compound (Scheme 6 “A”), and the cycloaddition of 1,3-dipoles and dipo-
larophiles (Scheme 6 “B”).[*8 1,3-Dicarbonyl, o,B-unsaturated carbonyl, and related com-
pounds are commonly used 1,3-dielectrophiles. In the more powerful and highly regiose-
lective 1,3-dipolar cycloadditions diazoalkanes, nitrilimines, azomethine imines, and syd-

nones can be chosen as 1,3-dipoles to react with activated alkenes or alkynes.
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Scheme 6. Main approaches towards pyrazoles

Multicomponent reactions are relevant synthetic strategies towards pyrazoles, where the
reactants are formed in situ, without isolation or purification of the intermediates. Transi-
tion metal catalysts are attractive choices to induce the functionalization of the pyrazole
ring through C—C and C-N cross-coupling reactions.

Although both mono- and poly-substituted pyrazoles can be synthesized using these
methods, their production typically requires harsh reaction conditions (strong base, high
temperature), environmentally unfriendly reactants and/or special starting materials. %

Bao and co-workers reported an efficient and mild method for the synthesis of 3,5-di-
substituted pyrazoles via a Cope-type hydroamination reaction between 1,3-diynes and hy-
drazine.™ The thermally initiated reaction did not necessitate the presence of an extrane-
ous base or acid. Tang et al. investigated the reaction mechanism and proposed a plausible
pathway on the basis of density functional theory (DFT) calculations (Scheme 7).[°Y The
reaction starts with the nucleophilic attack of hydrazine onto the diyne core, which results
in an allene intermediate. Then this step is followed by electrophilic cyclization yielding a
new C—N bond and leading to the pyrazole motif.

isomerization rotation cyclization
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R R
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= — R - S R
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hydroamination transfer

R1
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Scheme 7. The possible mechanism on the reaction of 1,3-dialkynes and hydrazinel®



For CF synthesis of pyrazoles, several examples can be found in the literature including
multistep strategies.[®>%] For instance, Buchwald et al. developed a two-step continuous
process, where arylhydrazines were generated in situ by a cross-coupling reaction and then
immediately transformed into the corresponding N-arylpyrazoles through cyclocondensa-
tion with 1,3-diketones.l®*! Another example was demonstrated by Ley and co-workers for
the synthesis of N-arylpyrazoles through a three-step telescoped flow process.[*®! Fully con-
tinuous production of pyrazole-containing pharmaceutically active compounds was also
demonstrated. For example, the kilogram-scale synthesis of an anticancer drug, prexasertib
monolactate, was integrated into a four-step uninterrupted CF process, with a hydrazine
condensation reaction as the first step.1 As a consequence of the CF technology, this step
proceeded with improved safety, affording high yield and purity. Moreover, the method
satisfied the criteria of current good manufacturing practices (cCGMP), which is a collection

of strict regulations for the manufacturing of a drug product.
2.2 Characteristic features of continuous-flow reaction technology

2.2.1 Precise parameter control

In a CF method, chemical transformations take place during the migration of the rea-
gents and reactants through the active reactor zone. Thus, not only temporal, but also spatial
changes occur during the progression of the reaction. (Figure 1).[°

delivery active pressure product

. mixing .
units reactor zone regulator . collection
(quenching) (analysis) (purification)

s U g

I D RV Rl

o -
Y

Figure 1. Schematic representation of a CF reactorl®

Delivery units allow precise control over the flow rate of the fluids. After the mixing
phase, the components enter the active reactor zone, which can be heated and pressurized
in an easy and safe manner.[* As the compounds leave the active reactor zone, the reaction

can be stopped by the addition of a quenching agent.
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CF systems enable simple integration of both online and inline analytical tools, for ex-
ample, infrared spectroscopy, UV/Vis spectroscopy, and mass spectrometry.[1% Therefore,
real-time reaction monitoring can be obtained facilitating the optimization of the reaction
parameters and offering a constant quality control. Moreover, the purification and work-up
phases can also be implemented into the flow process, such as evaporation, liquid-liquid
separation, crystallization, and filtration.[*°t Finally, the pure product will be collected.

Since the classical interpretation of batch production cannot be defined in a CF method,
reaction time and the volume of the reaction mixture terms are not applicable. 292 For the
precise characterization of the reaction conditions, the definition of the residence time was
introduced. Residence time is the time the reaction mixture spends in the active reactor
zone, which is defined by two parameters: it is directly proportional to the volume of the
flow path in the active reactor zone and inversely proportional to the flow rate. Both pa-
rameters can easily be modified. Thus, one can precisely regulate the residence time, which
can affect not only the conversion but also the chemo- and stereoselectivity of a reac-
tion.[10%

Reactions involving highly reactive and labile intermediates are problematic to handle
in conventional flask-based techniques. They typically require cryogenic conditions to
achieve sufficient control over reactivity and selectivity. In contrast, flow chemistry allows
precise control over reaction times in the range of milliseconds to seconds, which led to the
concept of “flash chemistry”.[*% For example, Br/Li exchange reactions of bromopyridines
and the subsequent transformation of the resulting intermediate require cryogenic condi-
tions to avoid side-reactions. Applying an integrated CF microreactor system, Yoshida and
co-workers achieved high selectivity values even at 0 °C. The lithium-substituted interme-
diate was formed in a highly controlled manner within a very short residence time and was

sequentially trapped by introduction of an electrophile. (Figure 2).[1%]

n-BulLi

Mel

Figure 2. Flow microreactor system for Br/Li exchange reaction['%
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The small internal dimensions of CF reactors involve high surface to volume ratios,
which result in effective heat transfer. This highly controlled thermal energy transfer leads
to homogeneous and narrow temperature distribution even in the case of highly exothermic
reactions. As Figure 3 shows, the significantly wider thermal profile in batch processes may
easily lead to side-reactions providing lower selectivity and yield.[1%% %] The small internal
dimensions also enhance mass transfer. For efficient reaction rates in a flask, a mixing unit
should be added, which results turbulence as the main fluid motion pattern. In contrast, CF
reactors show improved fluid dynamics.[*”l This generates large interfacial areas between

the fluid layers and leads to improved mass transfer by means of diffusion.

potential
energy

leads to formation of C

/and creates losses of B
o

Nt ideat 0000 AT TTTT - ATCe—C

batch

T, T2 T

N reaction coordinate

Figure 3. Temperature profiles in batch and CF A: starting material; B: product; C: side-product[%!

2.2.2 New chemical parameter spaces

As a consequence of the safe and precise parameter control of CF syntheses, so far un-
known chemical spaces, so-called novel process windows may reveal, opening up new op-
portunities in synthetic chemistry.[ 0]

Flow chemistry is described as an enabling technology and evolved to serve as a sophis-
ticated toolbox for various synthetic chemical dilemmas. Figure 4 shows the pressure—tem-
perature distribution of current synthetic chemistry techniques.[®® 1% 1101 |t js clearly visible
that flow chemistry is one of the most promising technologies, since it may cover a wide

range of reaction parameters.
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Figure 4. Enabling technologies in synthetic chemistry10°]

In classical segmented synthetic methods, pressurization is more difficult to implement
requiring pressure-resistant autoclaves and involves safety issues. In contrast, lab-scale
flow chemistry offers a simple and safe access to high pressures by using commercially
available backpressure regulators in the range of 2—200 bar. These accessories allow to
reach high pressure and temperature regimes exceeding the critical point of the solvent,
leading to supercritical conditions.® Numerous studies demonstrate the applications of
high-temperature and high-pressure continuous-flow conditions.[®®: 111 For example, ester-
ifications, transesterifications, and direct carboxylic acid to nitrile reactions were performed
applying supercritical ethanol, methanol, and acetonitrile with high yields. The reactor was
resistively heated and it was capable of delivering temperatures up to 400 °C and pressures
up to 200 bar.[**2

Achieving high pressures in a safe and strictly controlled manner allows the application
of superheated solvents. For example, in the prexasertib monolactate synthesis mentioned
previously (p. 10), the formation of the pyrazole ring requires high-temperature conditions,
where solvents with high boiling points would lead to isolation and purification issues.®"]
Utilizing CF methodology, pressurized tetrahydrofuran was applied at 130 °C, achieving
superheated conditions and improved reaction rates with simpler product isolation.
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2.2.3 Continuous-flow multi-step transformations

Performing multi-step transformations in CF greatly simplifies the synthesis process.
The often circumstantial quenching, work-up, and purification steps between each reaction
become unnecessary, thus the product of one reaction mixture becomes reactant as it travels
from one reactor to another (Figure 5). Therefore, uninterrupted telescoped CF syntheses

may save notable cost and time, which makes them attractive for the pharmaceutical indus-
try.[lo' 113]

A) B)
O~
aee () )0 (e ave{rrh—fmm— -

Figure 5. Classical segmented (A) and continuous-flow (B) multistep synthesis strategies

However, developing a multi-step CF synthesis does not mean the simple assembly of
individual reactors, but creates several challenges and traps.['' 114 1151 There are critical
parameters, which must be investigated accurately during the construction of a telescoped
process, such as solvent, reactants, and residence time.

In recent years, CF systems became more and more sophisticated, involving complex
synthetic solutions. There are several prominent examples for multi-step CF transfor-
mations. For instance, Jamison et al. developed a CF total synthesis of the anticonvulsant
rufinamide.[*®1 The reaction sequence involved an organic azide intermediate to form the
essential triazole moiety of the compound. The azide generated in situ was not isolated but
transformed immediately to the triazole ring in continuo.

Kobayashi and co-workers presented a gram-scale CF synthesis of both enantiomers of

rolipram, an anti-inflammatory drug (Figure 6).[1*"]

Flow 1 Flow 3
Si-NH,/CaCl,
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&
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A PS-pybox-Cacl,

Reservoir 1 Receiver 1 Reservoir 2 Receiver 2 Receiver 3 Reservoir4 Rolipram (1
ArCHO (2,0.1 M) Malonate (5, 0.11 M) o-xylene

CH,NO, (3,0.12 M) Et;N (0.016 M)

in toluene in toluene

+
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Figure 6. Diagram of the CF reactor system for the synthesis of (R)-and (S)-rolipram(’]
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During the eight reaction steps, only heterogeneous catalysts were used without the iso-

lation of the intermediates or separation of any reagents or reactants. During the stability

tests, the system proved to be stable under continuous processing for at least one week.

A reconfigurable CF system for the on-demand production of diphenhydramine hydro-

chloride, lidocaine hydrochloride, diazepam, and fluoxetine hydrochloride was reported by

Adamo et al.[**®] They constructed a refrigerator-size CF equipment, fulfilling U.S. Phar-

macopoeia standards with respect to product quality. Admirably, all downstream processes,

such as crystallization, filtration, and formulation were integrated in the CF process. The

productivity of each API was between 15-56 grams/day.
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3. EXPERIMENTAL SECTION
3.1 General Information

Reagents and materials were commercially available and used as received. Analytical
thin-layer chromatography was performed on Merck silica gel 60 F254 plates and flash
column chromatography on Merck silica gel 60. Compounds were visualized by means of
UV or KMnOs. NMR spectra were recorded on a Bruker Avance DRX 400 or 500 spec-
trometers, in CDCls as solvent, with TMS as internal standard. *H spectra were recorded at
400.1 or 500.1 MHz, 3C at 100.6 or 125.0 MHz. GC-MS analyses were carried out with a
Thermofisher Scientific DSQ II Single Quadrupole GC/MS, on a 30 m*0.25 mmx0.25 pm
TG-5SILMS capillary column (Thermo Scientific). The measurement parameters were as
follows: column oven temperature: 30 °C (0—2 min), 30 to 250 °C at 10 °C min?* (2-24
min), and 250 °C (24-26 min); injection temperature: 240 °C; ion source temperature: 200
°C; EI: 70 eV; carrier gas: He, at 1.5 mL min-?; injection volume: 2 ul; split ratio: 1:50;

and mass range: 50-500 m/z.
3.2 General Procedure for the Flow Reactions

3.2.1 Reactions with copper powder as catalytic source

Reactions were carried out in home-made flow reactors consisting of an HPLC pump
(JASCO PU-880), stainless steel HPLC columns as catalyst bed (internal dimensions:
4.6x50 mm, 4.63x100 mm or 4.6 x 150 mm), a stainless steel preheating coil (internal
diameter 254 or 762 um), and a commercially available backpressure regulator (IDEX P-
455 BPR Assembly 750/1000 or Vici Jour JR-BPR2). The parts of the system were con-
nected with stainless steel and PEEK capillary tubing (internal diameter 254 or 762 pum).
The column was charged with copper powder (<425 um particle size, 2 or 3.5 g depending
on the length of the column) purchased from Sigma Aldrich and was sealed with compatible
frits (2 mm pore size). The filled catalyst bed and the preheating coil were immersed in a
heated oil bath.

3.2.2 Reactions with copper salts as catalytic source
Reactions were carried out in “home-made” flow reactors consisting of HPLC pumps
(JASCO PU-880 and Knauer AZURA P 2.1 S), stainless steel coils as the active reactor

zone (internal diameter: 760 um, length: 7.5, 30.5 or 38.5 m), and a commercially available
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70-bar BPR (IDEX P-455 BPR Assembly 1000, PEEK). The parts of the system were con-
nected with stainless steel and PEEK capillary tubing (254 or 762 pum internal diameter).

The stainless steel coil and the preheating coil were immersed in a heated oil bath.

3.3 Determination of residence times

To determine the residence time in a column reactor, the active reactor zone, a solution
of a dye was pumped through the filled catalyst column. The elapsed time between the first
contact of the dye with the cartridge/coil and the moment when the colored solution ap-
peared at the outlet was measured. In the case of reactor coils, the residence time was cal-

culated from the coil volume and flow rate.
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4. RESULTS AND DISCUSSION
4.1 Controlled transformations of aryl halides

As detailed in the Literature Survey Section 2.1.1, the copper-mediated nitrogenation of
aryl halides with sodium azide can result in the formation of both aryl azides and anilines,
where the selectivity is highly dependent on the reaction conditions. Exploiting the precise
parameter control offered by the continuous-flow technology, we aimed to investigate the
possibilities of the selective synthesis of both valuable products and develop a diversity-
oriented CF synthesis method for the controlled transformations of aryl halides, gaining

aryl azides or anilines by means of changing only the temperature and residence time.

4.1.1 Optimization

For the initial optimization study, the copper-catalyzed reaction of 4-iodoanisole with
sodium azide was chosen as model reaction. According to literature data, L-proline and
N,N-diisopropylethylamine (DIEA) were applied as ligand and base, respectively.[0: 42 43
46,1191 As the active reactor zone, stainless steel columns loaded with copper powder was
applied (internal dimensions: 4.6x50 mm or 4.6x100 mm). The catalyst bed was immersed
into an oil bath for heating purposes and a 50-bar backpressure regulator was also installed
(Scheme 8).

L-Pro, DIEA
T, residence time,
| solvent N3
H,CO H5CO ’ H;CO 2
4.6x50 mm 50 bar

or
4.6x100 mm

Scheme 8. Model reaction for the optimization of the copper-catalyzed nitrogenation reactions

Due to the narrow channels of the flow reactor, only clean solutions can be pumped
through the system to prevent clogging. Because of the wide solubility properties of the
starting materials (i.e., the haloarene, NaNs, L-proline, and DIEA), a preliminary solvent
compatibility test was carried out. As a result, solvent mixtures MeCN/H20 3:1, EtOH/H,0O
7:3, and DMSO/H20 4:1 proved to be convenient. The volume of the reaction mixture was
5 mL, where the concentration of the haloarene was 0.1 M along with 2 equiv. of NaN3z, 30
mol% L-proline and 30 mol% DIEA. The effects of the solvent systems were investigated
in a reactor applying a 50-mm long stainless steel column loaded with 2 g of copper powder.

The reaction conditions were 120 °C, 50 bar, and 7 min residence time (0.1 mL min- flow
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rate). As Figure 8 indicates, each solvent mixture had effect on both conversion and selec-
tivity. In the case of MeCN/H-0 and EtOH/H20, low conversion rates were registered (be-
low 40%) with high azide selectivity. The DMSO/H,0 system resulted in almost full con-
version of the starting compound with a moderate azide/amine ratio of 71/29. Since our aim
was to develop a synthesis method in which two different products can be synthesized from

the same starting materials, DMSO/H.0 4:1 was an ideal choice as reaction medium.

100
29%
80

60

2 3%

Conversion/ %

20 %

MeCN:H,O EtOH:H,O DMSO:H,O
31 73 4:1
H azide amine

Figure 8. Effect of the solvent on the CF nitrogenation of 4-iodoanisole (Scheme 8). (Product selectivity is
marked with purple/orange column components.)

Elevation of the temperature had significant effects on conversion and chemoselectivity.
From 75 °C to 120 °C, a significant increase in conversion occurred (from 47% to 98%;
Figure 9). Lower temperatures favored azide formation (e.g., 100% azide selectivity was

registered at 75 °C). Above 120 °C, a plateau in the selectivity was reached: at both 120
and 150 °C, the azide/amine ratio remained around 70:30.
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Figure 9. The effect of temperature in the 4-iodoanisole—NaN3 model reaction (Scheme 8) using a 4.6x50
mm copper column as catalytic source. Conditions:1 equiv. 4-iodoanisole (c=0.1 M), 2 equiv. NaNs, 30
mol% L-proline, 30 mol% DIEA, DMSO/H,0 4:1 as solvent, 50 bar, 0.1 mL min~* flow rate (7 min resi-

dence time)
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Next, the effects of both NaNs and the auxiliaries were examined under the previously
described conditions. The absence of the proline ligand led to poor conversion even at ele-
vated temperature with 50% selectivity. (Table 1 entry 2). This led to the conclusion that
the presence of the ligand is essential for the reaction. Interestingly, DIEA did not affect
either the conversion or the selectivity (entry 3); therefore, in the remaining reactions the
base was omitted. Reducing the amount of L-proline to 15 mol% resulted in a decrease in
conversion (entry 4). However, we were delighted to find that the excess of NaN3z could be
reduced to 1.5 equiv. without any loss in conversion (entry 5).

Table 1. The effect of auxiliaries in the 4-iodoanisole—NaNs model reaction (Scheme 8) using a 4.6 x50 mm
copper column as catalytic source.?

Entry  L-Pro DIEA NaNs Conv.2  Azide/amine

(mol%) (mol%) (equiv.) (%) ratio®
1 30 30 2 98 71:29
2¢ 0 30 2 9 50:50
3 30 0 2 94 70:30
4 15 0 2 12 712:28
5 30 0 1.5 92 74:26

3 Conditions: 1 equiv. 4-iodoanisole (c= 0.1 M), DMSO/Hz0 4:1 as solvent, 120 °C, 50 bar, 0.1 mL min*
flow rate (7 min residence time). ® Determined by *H NMR spectroscopy of the crude material. ¢ 150 °C re-
action temperature.

Based on the above findings, the investigation of different flow rates was carried out
using 1.5 equiv. of NaNs and in the absence of DIEA. The residence time was proved to
have a crucial effect on both conversion and product selectivity, and showed interesting
results at different temperatures (Figure 10). Although, a change in residence time from 25
to 3.5 min led to a sharp decrease in conversion at 120 °C, it did not affect the azide/amine
ratio significantly (70:30 and 83:17, respectively). On the other hand, after elevating the
temperature to 150 °C, the product selectivity could simply be inverted with the residence
time: 79% amine at 25 min residence time, whereas 78% azide at 3.5 min residence time.

The conversion rates were staying above 85% in each case.

100 100

2 80 80
= = ]
c h —&— azide 150 °C
S 60 > 60 )
'3 = +— amine 150 °C
s =
z 4 T --m-- azide 120°C
c E * R
S = 6 0 o ¢ -~¢--amine 120°C

0 0

0.03 0,05 0.1 0.2 0.03  0.05 01 02
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Figure 10. The effect of residence time in the 4-iodoanisole—NaNs model reaction (Scheme 8) using a
4.6 x50 mm copper column as catalytic source. Conditions: 1 equiv. 4-iodoanisole (c=0.1 M), 1.5 equiv.
NaNs, 30 mol% L-proline, DMSO/H»0 4:1 as solvent, 120 or 150 °C, 50 bar
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These findings show that the product selectivity could easily be modified through fine-
tuning the residence time and temperature. This encouraged us to achieve a more detailed
picture on the effect of these parameters. However, beyond a certain limit, the residence
time cannot be modified by the flow rate, thus the volume of the catalyst bed needs to be
increased. A longer copper column was therefore selected as catalytic source (4.6x100 mm
stainless steel column loaded with 3.5 g of copper powder) and the temperature dependence
was next explored at 10.5 min residence time (0.1 mL min~! flow rate). As shown in Figure
11, elevating the temperature from 75 °C to 150 °C afforded a notable increase in conver-
sion from 55 to 95%. Although these results are similar to those observed in the case of the
shorter column (Figure 9), we found higher selectivities towards azide formation in the 75—
120 °C temperature range. The best result was found at 100 °C with a conversion of 83%

and an azide/amine ratio of 94:6.
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Temperature/ °C Temperature/ °C

Figure 11. The effect of temperature in the 4-iodoanisole—NaN3 model reaction (Scheme 8) using a
4.6x100 mm copper column as catalytic source. Conditions: 1 equiv. 4-iodoanisole (c=0.1 M), 1.5 equiv.
NaNs, 30 mol% L-proline, DMSO/H,0 4:1 as solvent, 50 bar, 0.1 mL min~* flow rate (10.5 min residence

time)

In order to achieve the selective synthesis of the corresponding amine product as well,
we investigated the effect of the residence time. Since the highest amine ratio was achieved
at 150 °C with 47% selectivity (Figure 11), reactions were carried out at a fixed temperature
of 150 °C (Figure 12). Gratifyingly, the amount of azide 1 decreased strongly with increas-
ing residence times. Amine 2 was formed with an outstanding selectivity of 98% at 100%

conversion using a residence time of 35 min (equal to 0.03 mL min~? flow rate).
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Figure 12. The effect of residence time in the 4-iodoanisole—-NaNs model reaction (Scheme 8) using a
4.6x100 mm copper column as catalytic source. Conditions: 1 equiv. 4-iodoanisole (c=0.1 M), 1.5 equiv.
NaNs, 30 mol% L-proline, DMSO/H;0 4:1 as solvent, 150 °C, 50 bar

At the end of the optimization phase, we had two distinct parameter sets in hand for the
selective synthesis of either azide 1 or amine 2 using 4-iodoanisole as common starting
material (Figure 13). The product selectivity of the azide compound was 94% with an 83%
conversion at 100 °C and 10.5 min residence time, while the amine product was collected
at higher temperature and residence time (150 °C and 35 min, respectively) with complete
conversion and 98% selectivity. Such precise control over the reaction parameters is not

available in conventional batch reactions, which may explain the inconsistency of earlier
literature observations.

100 °C,
0.1 mL min~* (10.5 min)

N3
94% selectivity
| ST B -
1
/©/ + NaNg —]  L-Pro (30mol%), DMSO/H,0 4:1
HsCO 50 bar, 4.6x100 mm
1equiv  1.5equiv 98% selectivity
(c=0.1M) " H CO/©/ 100% conversion
Y 2

150 °C,
0.03 mL min~" (35 min)

Figure 13. Optimal reaction parameters for the diversity-oriented synthesis of 1-azido-4-methoxybenzene
(1) and 4-methoxyaniline (2) from 4-iodoanisole as starting material

To gain mechanistic insights, the thermal stability of the preformed azide 1 was next
investigated. It is known that after copper-mediated azidation, subsequent azide reduc-
tion/decomposition is of crucial importance in terms of product selectivity.*?-*4l However,
the nature of this step is still ambiguous. The thermal decomposition of azides has been
known from the literature for a long time,[*2% 1211 and there are examples for copper-medi-
ated azide decomposition/reduction.*?? 1231 Moreover, there are reports in which azide an-
ions are suggested to operate as the reducing agent.!*3l When the solution of the preformed

azide was pumped through an inert column packed with quartz sand at temperature and
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residence time utilized earlier for the amine synthesis (150 °C and 35 min), no decomposi-
tion was detected in the absence of ligand and NaNs (Table 2, entry 1). However, when the
experiment was repeated in the presence of NaNs, significant amine formation occurred
(52:48 azide/amine ratio; entry 2). When the reaction was performed on a copper column,
the azide completely transformed to the corresponding amine (entry 3). At 75 °C, amine
formation decreased to 16% (entry 4), which elevated to 30% in the presence of L-proline
(entry 5). On the basis of these observations, the azide—amine transformation is not a purely
thermal process: it is strongly dependent on both the catalyst and also on the auxiliaries

present.

Table 2. Investigation of the nature of the azide—amine transformation in the case of
1-azido-4-methoxybenzene in a continuous-flow reactor

auxiliaries

N3 DMSO/H,0 4:1
L j $Sand or Copper } { /©/
HsCO
¢ 1 150 °C, 50 bar HsCO 2

c=01M 0.03 mL min~" (35 min),
4.6x100 mm

Entry Column packing L-Pro NaN3 Azide/amine ratio®
(mol%)  (equiv.)

1 Quartz sand - - 100:0

2 Quartz sand - 1.5 52:48

3 Copper powder - - 0:100

4P Copper powder - - 84:16

5P Copper powder 30 - 70:30

a Determined by *H NMR spectroscopy of the crude material. ® 75 °C temperature.

4.1.2 Synthesis of aryl amines and aryl azides

After defining the optimal parameter sets, the scope and the limits of the methodology
were next explored. The conditions for the aryl amine synthesis proved to be widely tolerant
to diversely substituted aryl iodides. Both electron-donating and electron-withdrawing sub-
stituents were nicely tolerated, and anilines 2-9 were formed in high conversion (94-100%)
and with excellent chemoselectivity (Table 3, entries 1-8). Aryl bromides were also inves-
tigated (entries 9-14). Both para- and meta-substituted compounds gave excellent selec-
tivities (89-100%) and high conversions similar to those of iodo derivatives (entries 9, 10,
and 13). As expected, ortho-substituted aryl bromides (entries 11, 12, 14) were less reac-
tive, possibly due to steric hindrance. It is important to point out that the flow methodology
nicely tolerated various aryl halides decorated with readily convertible functional groups
(see entries 8, 12, 13, and 14). This is of high importance as concerns further transfor-

mations of the anilines obtained.
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Table 3. Continuous-flow synthesis of various aryl amines from aryl halides as starting materials

X
=
SORITES B o)l

1equiv  1.5equiv

(c=0.1M)

L-Pro (30mol%),
DMSO/H,0 4:1

150 °C,

0.03 mL min~' (35 min),

4.6x100 mm

@/

Entry  Starting material Product Conv.2 Select.?
(%) (%)
1 /@/' NH 100 98
HyCO Hsco/@/
2 ! NH; 94 100
L0 D
3 ! NHe 100 100
C2H5/©/ C2H5/l©/
4 | @)‘“2 100 100
H3000/©/ HsCcoC 5
5 : g /@/‘“2 100 100
H3CO0C H,CO0C™ &
6 ! /©/N“z 100 95
tBu/©/ tBu 7
7 ' g 98 100
8 | /@NHZ 100 100
C|/<> a7y
9 Br ©/““2 91 89
H3CO/©/ HiCO™y o
10 Q/Br @/N”z 100 100
11
OCHj3 OCHj
11 Br ©:NH2 60 100
@ECCHa 12 OCH;
12 Br @E’“”E 88 100
@[CN 13 CN
13 Br NH 100 90
SO v
CN CN
14 81 100

g Z

I
o ©
I

15

2 Determined by *H NMR spectroscopy of the crude material.

The selective aryl azide synthesis proved more challenging, due to the sensitivity of the

azide reduction/decomposition. Temperature and residence time optimized previously (100

°C and 10.5 min) had to be modified for each substrate to obtain satisfactory conversions

and selectivities (Table 4). Interestingly, minor differences in the substitution pattern of the
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haloarene led to notable changes in the reaction outcome. For instance, under the conditions
applied earlier for 4-iodoanisole, 1-iodo-4-methylbenzene and 1-iodo-4-ethylbenzene were
transformed to the corresponding azides with low selectivities of 11 and 36%, respectively
(see entries 2 and 6 vs. entry 1). To our delight, elevating the reaction temperature from
100 to 120 °C and reducing the residence time to 5.2 min boosted the azide selectivity to
90 and 82%, respectively, while maintaining high conversions (entries 3—4 and 7).

Similarly, in the case of 1-(tert-butyl)-4-iodobenzene, a temperature increase and resi-
dence time decrease were necessary to increase the conversion to 90%, while maintaining
a good azide selectivity (entries 8-12). Good conversion and high azide selectivity were
also reached at 80 °C by using a residence time of 21 min (entry 13). Interestingly, increas-
ing the residence time in the 4-iodoaniline—NaN3 reaction from 10.5 to 21 min at 100 °C
had no effects on the azide selectivity, but improved the conversion from 62% to a decent
level of 86% (entries 14 and 15).

Table 4. Continuous-flow synthesis of various aryl azides from aryl halides as starting materials

I
R

1equiv  1.5equiv

L-Pro (30mol%),
DMSO/H,0 4:1

T, flow rate, 50 bar
4.6x100 mm

(e=0.1M)

Entry  Starting Product Conditions Conv.2  Select.?

material (%) (%)
1 | O/Na 100 °C, 0.1 mL min * (10.5 min) 83 94

H3CO/©/ HaCO™ 4
2 . 100°C,0.1 mL min* (10.5 min) 89 11
3 Q/I * 120°C,0.15mL min? (7.8 min) 87 65
4 e HC e 120 °C, 0.2 mL min* (5.2 min) 78 90
5 140 °C, 0.15 mL min* (7.8 min) 96 16
6 | Ns 100 °C, 0.1 mL min? (10.5min) 70 36
7 Q/ )ij 120 °C, 0.2 mL min* (5.2 min) 82 82

CoHs CaHs™ o
8 100 °C, 0.1 mL min* (10.5 min) 77 79
9 .. 100°C,0.15mL min™ (7.8 min) 65 80
10 /@' /©/ * 120°C,02mLmint (52 min) 90 71
11 . g 120 °C, 0.25 mL min™* (4 min) 71 85
12 140 °C, 0.25 mL min~* (4 min) 88 61
13 80 °C, 0.05 mL min? (21 min) 80 75
149 | Ns 100 °C, 0.1 mL min* (10.5min) 62 100
150) /©/ o /(j 100 °C, 0.05 mL min! (21 min) 86 100

HN 19

2 Determined by *H NMR spectroscopy of the crude material. ® Due to solubility issues DMSO/H,0

5:1 was used as solvent.
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4.2 New parameter spaces for the oxidative homocoupling of aniline derivatives

4.2.1 Reactions mediated by copper powder
4.2.1.1 Optimization of reaction conditions

As detailed in Section 2.1.2, aromatic azo compounds are members of a complex redox
system, where the balance between the species has a significant thermal dependence. How-
ever, conventional batch equipments provide wide temperature profiles, where uneven heat
distribution may easily lead to hot-spot formation promoting side-reactions, lowering the
selectivity and the yield.[*%! Therefore, we envisioned to develop a continuous-flow syn-
thesis method for the copper-catalyzed oxidative homocoupling of arylamines, which al-
lows to overcome the restraints of the batch-type processes, and provides novel process
windows and increased parameter space for chemical synthesis.

As a simple source of catalytically active species, copper powder was chosen and
charged into a stainless steel cylindrical column. As model reaction for the optimization
study, the oxidative homocoupling of p-anisidine was chosen (Scheme 9).

T, residence time,

OCH
/@/NHZ solvent /@’ 3
Nas
HyCO —JEEnn—<— @/ N

(c=05M) 4.6x150 mm P H4CO 20

Scheme 9. Model reaction for optimization of the copper-catalyzed oxidative homocoupling

To avoid precipitation and blockage in the reactor channels, the applied concentration
of the starting material proved to be 0.5 M. According to literature data, due to the typical
temperature range 60—100 °C, the reaction media are mainly nonvolatile solvents, such as
toluenel®® 72 78 and MeCN.[®% 72751 Ag a consequence of the restrictive batch technology,
the application of low-boiling solvents is still unexplored in this transformation. Thus we
envisioned to investigate the performance of various volatile solvents under pressurized
and high-temperature conditions. The solvent dependence of the model reaction was per-
formed at 100 °C, 50 bar, and 18 min residence time (0.1 mL min! flow rate) in the pres-
ence of pyridine, as base. Interestingly, in the case of toluene and MeCN, only poor con-
versions were registered with the value of 12% and 4% respectively (Table 5 entries 1 and
2). Conversions in EtOH and H»O could not be evaluated due to solubility issues (entries 3
and 4). Although among low-boiling point solvents, acetone provided only trace amounts
of the product (entry 5), the utilization of dichloromethane led to an impressive conversion

of 52% (entry 6). Since CH2Cl is known to be the most acceptable among chlorinated
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solvents in terms of safety and environmental impacts,*?4! the use of further halogenated

solvents was not explored.

Table 5. Investigation of the solvent dependence of the oxidative homocoupling of p-anisidine under con-
tinuous-flow conditions (Scheme 9) 2

Entry Solvent Conv.? (%)
1 toluene 12

2 MeCN 4

3 EtOH n.d.c

4 water n.d.c

5 acetone trace

6 CH.CI, 52

@ Reactions were carried out with 1 equiv. of p-anisidine (c=0.5 M) and 2
equiv. of pyridine as base in the specified solvent at 100 °C, 50 bar and
0.1 mL min™' flow rate. ® Determined by *H NMR spectroscopic analysis
of the crude product. Chemoselectivity of the homocoupling was 100%
in all reactions. ¢ Not determined.

Next, the effects of various nitrogen bases on the model reaction were investigated. In
the absence of base, no reaction was observed (Table 6, entry 1), which is consistent with
literature data, that is, the base has an evident role in both the activation of copper and a
subsequent oxidation step.l’? Switching pyridine to any other base resulted in a decrease in
conversion: triethylamine (TEA) and DIEA led to 41% and 12%, respectively (entry 3 and
4), while N-methylmorpholine and imidazole gave only trace amounts of the corresponding
azobenzene (entry 5 and 6). Notably, the chemoselectivity of the reactions was 100% in all

cases.

Table 6. Investigation of the effects of various nitrogen bases on the oxidative homocoupling of p-anisidine
under continuous-flow conditions (Scheme 9)?

Entry Base Conv.? (%)
1 no base 0

2 pyridine 52

3 TEA 41

4 DIEA 12

5 N-methylmorpholine  trace

6 imidazole trace

@ Reactions were carried out by using 1 equiv. of p-anisidine (c=0.5
M) and 2 equiv. of base in CH2Cl; at 100 °C, 50 bar and 0.1 mL
min~! flow rate. ® Determined by *H NMR spectroscopic analysis
of the crude product. Chemoselectivity of the homocoupling was
100% in all reactions.

Although pressurizing had no significant effects on conversion in the 10-100 bar range,
50 bar pressure was chosen as an optimal value to prevent solvent boil-over. On the other

hand, raising the temperature from 100 to 120 °C had a dramatic effect on conversion with
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an increase from 52 to 100% (Figure 14 A). This phenomenon indicates an energy barrier
between 100 and 120 °C, which could be overcome by means of the application of over-
heated CHCl>, as a novel parameter space in this reaction. Investigating the effect of the
flow rate led to an optimal value of 0.1 mL min~* (18 min residence time), since an increase

to 0.2 mL min~* (9 min) resulted in a significant conversion drop to 37% (Figure 14 B).

A) B)

100 100

© 80 of 80
- c

c 60 o 60
L )
® =

g 40 $
> c
: §

S 20 20

0 0

20 40 60 80 100 120 0.1 0.2 0.3 0.4 0.5
(18 min) (9 min) (6 min) (4.5min) (3.6 min)

Temperature / °C .
Flow rate / mL min-*
(Residence Time)

Figure 14. Investigation of the temperature dependence (A) and the flow rate dependence of the oxidative
homocoupling of p-anisidine in continuous-flow mode. Reaction conditions: A) 50 bar, flow rate 0.1 mL
min~%, 1 equiv. of p-anisidine (c = 0.5 M), 2 equiv. of pyridine as base, in CH.ClI, as solvent. B): 50 bar,
120 °C, 1 equiv. of p-anisidine (c = 0.5 M), 2 equiv. of pyridine as base, in CHCl; as solvent (The resi-

dence times corresponding to the flow rates are given in parentheses.)

In the last step of the optimization process, the amount of the pyridine base was success-
fully decreased to one equiv. without any drop in the conversion (Table 7, entries 1 and 2).
Herewith, we achieved the optimal conditions for the model reaction of oxidative homo-
coupling. 120 °C temperature at 18 min residence time was essential to conquer the energy
barrier of the reaction and maintain a sufficient catalyst—substrate contact time. The safe
utilization of pressure allowed the operation of volatile CH.Cl, at temperatures far above

its boiling point, leading to an unexplored chemical parameter space for the homocoupling
reaction.

Table 7. Investigation of the effects of various pyridine amounts on the oxidative homocoupling of p-anisidine
under continuous-flow conditions?

Entry Pyridine [equiv.] Conv.” (%)
1 2 100

2 1 100

3 0.75 35

4 0.5 34

2 Reactions were carried out with 1 equiv. of p-anisidine
(c=0.5 M) and a specified amount of pyridine as base in
CHCl; at 120 °C, 50 bar and 0.1 mL min—1 flow rate.

b Determined by 1H NMR spectroscopic analysis of the crude
product. Chemoselectivity of the homocoupling was 100% in
all cases.
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4.2.1.2 Scope and scale-up experiments

The reactivity of various aniline derivatives was investigated under the previously optimized
conditions (Table 8). The results allowed us to explore the reactivity patterns of different sub-
stituents. Similar to p-anisidine, highly acceptable results were obtained with 4-ethoxyaniline
and aniline achieving complete conversions and excellent yields of 93-97% (entries 1-3). Ani-
lines bearing alkyl groups were nicely tolerated irrespective of the position of the substituent
(entries 4-7), and even anilines containing bulky moieties, such as isopropyl, phenoxy and di-
methylamino groups, were converted quantitatively to the desired product with isolated yields
of 88-97% (entries 8—10). The syntheses of multisubstituted aromatic azo compounds are quite
rare in the literature, possibly because of the exceptional steric hindrance generated by the func-
tional groups.[ & 731 We were delighted to find that di- and trisubstituted aniline derivatives
showed excellent reactivities. Even di-ortho-substituted anilines were converted quantitatively
to the desired adducts (entries 12 and 13), and all corresponding multisubstituted derivatives
were achieved in excellent yields of 89-93% (entries 11-14). Gratifyingly, full chemoselectiv-

ity was registered in each reaction.

Table 8. Exploring the reactivity of various aniline derivatives in oxidative homocoupling?

Entry  Product Conv.P Entry  Product Conv.p
(%) (%)

2 oy
iPr 27

o
O 100 (97)¢ | 9

3 100 (93)¢ | 10 ¢ 100 (88)°

PO 100 (92)°

1 @ 100 (96)° | 8 O 100 (97)°
L

o 95(9l)c |11

Q Q 100 (90) ¢
5 Q 100 (97)° | 12 ]@ 100 (89) °

100 (97)¢ | 13 o MO 100 (93)
el Py

7 cw, 100 (95)° | 14 P . 100 (91)°
N N OCH,
CzH5/©/ 26 Hacoji;/ %

OCH;

Aniline starting materials are not shown.  Reactions were carried out with 1 equiv. of arylamine (c=0.5 M) and
1 equiv. of pyridine as base in CH,Cl, at 120 °C, 50 bar and 0.1 mL min™* flow rate. ® Determined by *H NMR
spectroscopic analysis of the crude product. Chemoselectivity of the homocoupling was 100% in all reactions. ©
Isolated yields indicated in parentheses.
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Arylamines with electron-withdrawing moieties are significantly less reactive in oxida-
tive coupling reactions as a consequence of the reduced nucleophilicity of the amine
group.l’? Therefore, the reactivity of halogen-substituted aniline derivatives was studied
(Table 9). According to preliminary investigations, the amount of the pyridine base was
raised to 2 equiv. 4-Chloroaniline showed a conversion of 66% under the conditions of 120
°C, 50 bar, and 0.1 mL min™* flow rate (entry 1), and the rate of the reaction decreased
significantly upon changing to the meta- and then to the ortho-substituted derivatives, with
conversions of merely 58% and 4% in the case of 3- and 2-chloroaniline, respectively (en-
tries 2 and 3). Considering the powerful temperature dependence described previously, the
reactions of 4-, 3-, and 2-chloroaniline were repeated at 140 °C. This resulted in significant
improvements in reaction rates: quantitative conversion and excellent yield of 90% in the
case of 4-chloroaniline (entry 1), and conversions of 70% and 23% together with yields of
59% and 15% in the cases of 3- and 2-chloroaniline, respectively (entries 2 and 3). 2-Bro-
moaniline displayed lower reactivity, with no reaction at 120 °C, and merely 15% conver-
sion at 140 °C (entry 4). Interestingly, the homocoupling of 3-chloro-4-methoxyaniline,
containing both an electron-donating and an electron-withdrawing substituent, proceeded
very well at 120 °C and gave quantitative conversion and an excellent yield of 93% in the

presence of only 1 equiv. of pyridine base (entry 5).

Table 9. Investigation of the reactivity of halogen-substituted aniline derivatives in oxidative homocoupling at 120
and 140 °C?

Entry Product Conversion (%)°®
120 °C 140 °C
1 66 100 (90)¢

58 70 (59)°

yeg
T
SeN
oM,
3 @/ /@ 4 23 (15)¢
@/ /@ 0 15
5¢ /CIOCH3 100 (93)¢ -
Haco?©/ ?:SN cl

Aniline starting materials are not shown. ® Reactions were carried out with 1 equiv. of ar-
ylamine (c=0.5 M) and 2 equiv. of pyridine as base in CH,Cl; at 50 bar and 0.1 mL min!
flow rate. ® Determined by *H NMR spectroscopic analysis of the crude product.
Chemoselectivity of the homocoupling was 100% in all reactions. 1 equiv. of pyridine
was used as base. ¢ Yield of the isolated product.
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To probe the preparative capabilities of the continuous-flow process, the synthesis of
4,4’-dimethoxyazobenzene (Scheme 9) was scaled out simply as a function of the operation
time. Reaction conditions optimized previously were applied (120 °C, 50 bar, 0.1 mL min!
flow rate, CH.Cl, solvent) without any change in the p-anisidine or pyridine concentration
(0.5 M each). A 30-fold scale-out was performed pumping 45 mL of the reaction mixture
through the reactor in 7.5 h. In every 75 min a separate fraction of the continuously eluted
product solution was collected. Quantitative conversion was detected in all portions, sug-
gesting that there was no decrease in catalytic activity during the experiment. After a simple
evaporation (pyridine could be evaporated off), 2.36 g of pure product was isolated, which
corresponded to an overall yield of 86% and an excellent throughput of 0.32 g pure product

per hour.

4.2.2 Cu(lI)Fe(I)-layered double hydroxide, as solid base catalyst
4.2.2.1 Comparison of reactivity of the oxidative homocoupling of p-anisidine

As part of a cooperation, an opportunity was raised to investigate the catalytic activity
of a copper-containing layered double hydroxide (LDH), namely Cu(Il)Fe(l11)-LDH in the
oxidative homocoupling of anilines (Figure 15). LDHSs are two-dimensional anionic clays
with well-defined layered structures.*? The layers consist of di- and trivalent metal cations
being octahedrally surrounded by hydroxide ions. LDHs with layers of catalytically active
metals can act as highly active and selective solid catalysts.l*?81 Although the use of as-
prepared LDHs employed as bifunctional (basic character plus the redox activity of the
framework metal ion) catalysts is scarce, we speculated that the Cu(ll1)Fe(l11)-LDH material
might act as a solid base and, at the same time, as a source for a catalytically active metal,

thereby possibly eliminating the need for an extraneous base in the homocoupling reaction.

OH y OH y o y OH m
!

OH
H H
oo v o 4 o 4 o i o} .o
PN P N P N Pt e o e
Cu’ Fes cu Fe oty
e B T e e
~o : ~o0-" E ~0” ' o] i 0 i °
[}
H ' H H A H ) H OH
OH 6H OH OH X

interlayer domain: (NO;),"-mH,0
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Figure 15. Schematic representation of the structure of Cu(ll)Fe(I11)-LDH
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As described above, the utilization of copper powder as catalytic source necessitated the
presence of pyridine as extraneous base (Table 6). This is in accordance with the pro-
nounced role of the base in the final hydrazo—azo dehydrogenation step.[’? In a series of
preliminary experiments, the catalytic activity of the Cu(ll)Fe(l11)-LDH was investigated
in the oxidative dimerization of p-anisidine and compared with the results gained with cop-
per powder as catalytic source (Scheme 10). The copper catalysts were charged in a stain-
less steel column (4.6x50 mm) and the effect of the temperature was investigated in the
presence of 1 equiv. of pyridine and in the absence of base. The residence time was 6
minutes in each case (0.1 mL min! flow rate).

NH, CH,Cl, /@/OCH3
N+
HsCO _-_N— /@” N
)

120 °C, 50 bar
0.1 mL min~! (6 min), H,CO

4.6x50 mm

(c=0.5M

Scheme 10. Model reaction for the investigation of the effects of various copper sources and additives on
the oxidative dimerization of p-anisidine

As shown in Figure 16 A, in the presence of 1 equiv. pyridine, higher conversions were
registered in the case of the LDH than with Cu powder. Upon exploring the reactivities of
the copper catalysts in the absence of pyridine (Figure 16 B), it became clear that the ap-
plication of Cu(ll)Fe(I11)-LDH significantly boosts the rates of the oxidative homocoupling

of p-anisidine. It promoted the reaction without any added base and the conversion reached
a moderate value of 60% at 140 °C (0.1 mL min* flow rate).

A) B)
100 100
=2 80 3 80
S 60 S
] e
S 40 S %
c c
o 4 o
O 2 O 20
0 m + + 0 o 4 <+ <+ *
20 40 60 80 100 120 20 40 60 80 100 120 140
Temperature/ °C Temperature/ °C

==~ Cu(ll)Fe(lll)-LDH —+— Cu powder

Figure 16. Investigating the effects of the temperature and different copper sources in the presence of 1
equiv. of pyridine (A) and in the absence of pyridine (B) in the case of the model reaction (Scheme 10)

In further experiments, the effect of the residence time at different temperatures was
investigated (Figure 17). At 0.1 mL min! flow rate (6 min residence time), 150 °C temper-

ature was needed to reach full conversion. In contrast, at 0.03 mL min~* (20 min residence
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time) complete transformation of the starting material was observed even at 130 °C. How-
ever, due to possible overreaction, traces of an azoxy side-product appeared in the reaction
mixture, leading to a chemoselectivity drop to 94%. Applying 30 min residence time at 120
°C also led to azoxy-formation, resulting in 89% selectivity. To our delight, complete con-

version and 100% selectivity were registered at 110 °C by using a residence time of 30 min.

100
80

S
"=" 60 —— 0.1 mL min~ (6 min)
.g +— 0.05 mL min~" (12 min)
5 40 —+— 0.03 mL min~" (20 min)
z o 0.02 mL min-" (30 min)
8 20

0
10 30 50 70 90 110 130 150

Temperature/ °C

Figure 17. Investigation of the effects of the temperature and the residence time on the oxidative dimerization of p-
anisidine (Scheme 10). *Selectivity was 89%. **Selectivity was 94%. Selectivity was 100% in each further point. (Resi-
dence time is given in parentheses.) Reaction conditions: 1 equiv. of p-anisidine (¢ = 0.5 M) in CH2Clz, at 50 bar
4.2.2.2 Scope and scale-out experiments

Next, the reactivity of the Cu(ll)Fe(l11)-LDH catalyst was investigated for the oxidative
homocoupling of anilines with varied substitution patterns at the previously set conditions
(110 °C, 30 min residence time, 50 bar). Gratifyingly, the homocoupling of methyl-, ethyl-
, methoxy-, and ethoxy-substituted anilines furnished the products with high conversions
and yields (Table 10, entries 1-7). Aromatic amines containing bulky moieties, such as
isopropyl and dimethylamino, were also reacted in high yields (91 and 93%, entries 8 and
9). Moreover, di- and trisubstituted anilines were converted effectively to the corresponding
azobenzene derivatives without the presence of any pyridine base (entries 10-12). Even
2,4,6-trimethylaniline, a di-ortho-substituted compound, was transformed in a yield of 96%
(entry 10). It is important to emphasize, that no side-products were detected in any of the
above reactions; that is, azobenzene products were obtained chemoselectively. It is also
notable that in all reactions the E azobenzene isomer was isolated exclusively as corrobo-
rated by the *H NMR spectra of the crude products.
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Table 10. Exploring the oxidative homocoupling of diversely substituted anilines applying Cu(ll)Fe(l11)-LDH as catalyst

Entry Product Conv.2® | Entry Amine Conv.2?
(%) (%)
1 I 100 (96) | 7 SR 100 (95)
o o
CoHg
2 oo 100(97) |8 98 (91)
N‘\NQ/ /©/
AT AT
3 e 999 |9 ™ 100 (93)
CHsO 2
4 ot 100 (98) | 10 : 99 (96)
AT ﬁ KT
HsC B S
5 CHy 98 (95 11 100 (92
| ve 9 or S 2
24 CHj
6 10097) |12 98 (94)

OCH;
OCH3
HsCO.
OCHj
HsCO
OCH,

Aniline starting materials are not shown. 2 Determined by *H NMR. ® Chemoselectivity of the azobenzene
formation was 100% in all reactions. ©Isolated yields indicated in parentheses.

Subsequently, the oxidative dimerization of the model reaction was scaled out in order

to investigate the preparative capability and stability of the catalyst (Figure 18). To max-

imize the productivity of the synthesis and avoid any product precipitation and clogging in

the reactor channels, the concentration of p-anisidine was decreased to 0.3 M and the resi-

dence time was reduced to 10 min (0.06 mL mint). Temperature and pressure remained as

optimized earlier, namely 110 °C and 50 bar. In a 15-h reaction window, conversion and

selectivity were determined in every hour to get a clear view of the actual catalyst activity.

To our delight, the conversion was constant at around 70%. From the eleventh hour, a slow

decrease in catalyst activity took place, but a conversion of 59% could still be detected at

the end of the experiment after 15 h. In the large-scale synthesis, 1.28 g of 4,4’-dimethox-

yazobenzene was isolated corresponding to an overall yield of 65%.
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Figure 18. Investigating the large-scale synthetic capability of the Cu(I1)Fe(111)-LDH catalyst in the model
reaction (Scheme 10). Chemoselectivity of the azobenzene formation was 100% throughout the process

4.3  Multi-step synthesis of 3,5-disubstituted pyrazoles

4.3.1 Step-by-step optimization

On the basis of the importance of pyrazoles and the drawbacks in their syntheses, we
aimed to develop a practical two-step continuous-flow synthesis of 3,5-disubstituted pyra-
zoles. The planned reaction sequence incorporated two reactions: (i) a copper-catalyzed
alkyne homocoupling and (ii) a Cope-type hydroamination of the 1,3-diyne with hydrazine
and a cyclization thereafter. To avoid possible side-reactions facilitated by the presence of
the catalytic metal during the second step, an in-line metal removing unit was installed after
the first CF reactor. Therefore, a two-step telescoped process was developed.

To explore and optimize the critical reaction parameters, the two reactions were inves-
tigated separately in a step-by-step manner. After having the necessary knowledge and op-
timal reaction conditions in hand, a multistep telescoped sequence was constructed where
the 1,3-diyne intermediate was transformed directly into the corresponding pyrazole.

For the optimization of the 1,3-diyne synthesis, the catalytic dimerization of 4-ethynyl-
toluene was chosen as model reaction (Scheme 11). Being considered that applying a sol-
uble catalyst can create a robust and well-defined synthesis system and may avoid uncon-
trollable leaching problems, we chose homogeneous copper sources over solid catalysts. In
order to avoid precipitation in either reaction step, detailed solvent compatibility tests were
carried out investigating not only the copper catalyst and the solvent, but also the starting
alkyne and the hydrazine monohydrate. According to literature data, various copper salts

and complexes were investigated as possible catalysts. From several possible solvents,
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DMSO and EtOH proved to be widely tolerant with all reactants. As a result of the inves-
tigation of the catalytic sources, [Cu(phen)(PPhs)2]JNOsz and CuBr proved to be suitable for
our study (for detailed experimental results, see the ESI of the corresponding publication).

T, residence time,
catalyst, solvent

/
H.C 34
3 50 bar

c=0.075 M 14 mL
stainless steel coll

Scheme 11. Oxidative homocoupling of 4-ethynyltoluene in a continuous-flow reactor

The reactivity of the selected copper sources was investigated in the dimerization reac-
tion of 4-ethynyltoluene (Table 11). A 14 mL stainless steel coil served as reactor and the
initial conditions were as follows: 120 °C, 50 bar, and 0.2 mL min™ flow rate (70 min
residence time). 0.075 M alkyne concentration proved to be optimal — higher concentrations
led to precipitation. 0.06 equiv. of the copper catalyst was applied in DMSO or EtOH as
solvent.

Applying [Cu(phen)(PPhs)2]NOs as catalyst, no conversion was detected in either sol-
vent even in the presence of 0.5 equiv. of DIEA as base (Table 11, entries 1-4).

Next, the catalytic activity of CuBr, was investigated. 0.5 equiv. of N,N,N’,N -tetrameth-
ylethylenediamine (TMEDA) and 0.5 equiv. of DIEA were added to the reaction mixture,
serving as ligand and base, respectively. Gratifyingly, full conversion and selectivity were
observed in DMSO (entry 6). The absence of the additives led to precipitation and clogging

in the reactor channels.

Table 11. Investigation of the copper sources on the homocoupling of 4-ethynyltoluene. Conditions: 1
equiv. 4-ethynyltoluene (c= 0.075 M), 6 mol% catalyst, 120 °C, 0.2 mL min~* (70 min residence time)

Entry Catalyst Additive?  Solvent Conv.P
1 [Cu(phen)(PPh3)2]NO3 - DMSO 0

2 [Cu(phen)(PPh3)2]NO3 - EtOH 0

3 [Cu(phen)(PPh3)2]NO3 DIEA DMSO 0

4 [Cu(phen)(PPh3)2]NO3 DIEA EtOH 0

5 CuBr» - DMSO n.d.c

6 CuBr; TMEDA, DMSO 100

DIEA

30.5 equiv. TMEDA, 0.5 equiv. DIEA. P Determined by *H NMR spectroscopy of the crude
material. Chemoselectivity of diyne formation was 100% in all reactions. ¢ No data, clogging
occurred.
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According to the results above, CuBr2 was chosen as catalyst in the presence of TMEDA
and DIEA. Subsequently, the effects of the residence time were investigated. To our de-
light, the initial 70 min residence time could successfully be reduced to 14 min (1 mL min!
flow rate) without any decrease in the conversion (Figure 19). A further decrease in the

residence time led to a significant conversion drop (65% at 10.5 min residence time).

100 & A i

80

60

40

Conversion/ %

20

0

0.2 0.5 1.0 1.5 2.0
(70 min) (28 min) (14 min) (10.5 min) (7 min)

Flow rate / mL min~!
(Residence Time)

Figure 19. The effect of residence time on the homocoupling. Conditions: 1 equiv. 4-ethynyltoluene (c=
0.075 M), 6 mol% CuBr, 0.5 equiv. TMEDA, 0.5 equiv. DIEA, DMSO as solvent, 120 °C

Investigation of the auxiliaries led to the conclusion that the amount of TMEDA and
DIEA can be reduced to 0.25 equiv. without loss in conversion (Table 12, entries 1-2). It
was also recognized that the joint application of the ligand and the base is crucial: the con-
version decreased dramatically when using only TMEDA or DIEA as the sole additive (en-
tries 4 and 5).

Table 12. The effect of auxiliaries on the homocoupling reaction of 4-ethynyltoluene. Conditions: 1 equiv.

4-ethynyltoluene (c= 0.075 M), 6 mol% CuBr; as catalyst, DMSO as solvent, 120 °C, I mL min~* (14 min
residence time)

Entry TMEDA DIEA Conv.2
(equiv.) (equiv.) (%)

1 0.5 0.5 100
2 0.25 0.25 100
3 0.1 0.1 30
4 0.25 0 20
5 0 0.25 16

a Determined by *H NMR spectroscopy of the crude ma-
terial. Chemoselectivity of diyne formation was 100% in
all reactions.

The best conditions for the 1,3-dialkyne synthesis from 4-ethynyltoluene were as fol-
lows: 0.075 M alkyne concentration, 0.25 equiv. TMEDA, and 0.25 equiv. DIEA, DMSO

as solvent, 120 °C, 1 mL min™! flow rate (14 min residence time).
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Following the step-by-step optimization strategy, the Cope-type hydroamination was
next studied utilizing preformed 1,4-di-p-tolylbuta-1,3-diyne as model compound. When
the diyne and the hydrazine were combined and pumped together by means of a sole HPLC
pump, uncontrollable gas formation occurred. Therefore, the stream of the diyne solution
(0.0375 M in DMSQ) was combined with the hydrazine stream (60 wt% aqueous solution
containing 0.1125 M hydrazine in DMSO) in a T-mixer. The reaction mixture was pumped

through a 14 mL reaction coil at 120 °C utilizing different flow rates (Scheme 12).

120 °C, DMSO,

HaC O _ = O CH;, residence time

34
¢=0.0375 M | \©\
50 bar CH3
H,N 35
H5;C

2N
NH; 14 mL
stainless steel coil

Scheme 12. Arrangement of the continuous-flow reactor for the hydroamination of 1,4-di-p-tolylbuta-1,3-
diyne

It was found that the reaction is strongly dependent on the applied residence time. When
both pumps were operated at 0.5 mL min~t (14 min residence time), a conversion of only
10% occurred (Figure 20). Decreasing the flow rate of both pumps to 0.1 mL min™* (70 min
residence time) afforded 89% conversion resulting in the formation of the corresponding
pyrazole as the only product. Bearing in mind the optimization of the individual reaction

steps in the telescoped system, further lower flow rates were not investigated.

100
80
60

40

Conversion/ %

20

0
0.2 0.5 0.75 1
(70 min) (28 min) (21 min) (14 min)

Cumulative flowrate / mL min™'
(Residence Time)

Figure 20. The effect of residence time in the model reaction of the hydroamination. Conditions: 1 equiv.
diyne (c= 0.0375 M), 3 equiv. hydrazine (c=0.1125 M), DMSO as solvent, 120 °C. Pumps were operated at
the same flow rate (Chemoselectivity of pyrazole formation was 100% in all reactions)

4.3.2 Telescoped pyrazole synthesis
After the individual optimization of the copper-catalyzed alkyne homocopuling and the

Cope-type hydroamination, the two reaction steps were performed in a consecutive manner
(Scheme 13).
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To be able to synchronize the residence times in the individual reactor components, a
0.075 M 4-ethynyltoluene solution was pumped through a 3.5 mL reaction coil with 0.1
mL min~* flow rate, which gave a residence time of 35 min. Right after the reactor zone
where alkyne dimerization took place, a column was installed, packed with a thiourea-based
scavenger resin to remove copper catalyst from the liquid phase. The resulting diyne stream
was next combined with the hydrazine stream (60 wt% aqueous solution containing 0.1125
M hydrazine in DMSO) at a flow rate of 0.1 mL min™?, and the reaction mixture entered a
14 mL heated coil at a cumulative flow of 0.2 mL min™! corresponding to a residence time

of 70 min. Pyrazole formation took place in this second reactor.

H3CCH3
34

S
120°C, 35 min prmmmmmmmmmmmmses EQ/\NJ\NHZE

= | L H J
2 ]
HSC 120°C or 140 °C,

70 or 87.5min

¢=0.075 M 3.5mL
stainless steel coil
6 mol% CuBr,, [
0.25 equiv. TMEDA, CH3
0.25 equiv. DIEA, 35
H,C

DMSO
14 mL or17.5 mL
tainless steel coil
HoN. s
27 "NH,

c=0.1125 M

................

DMSO

Scheme 13. Sematic representation of the optimized in continuo 3,5-disubstituted pyrazole synthesis

When both coils were heated to 120 °C, the alkyne starting material transformed quan-
titatively and the corresponding pyrazole was formed in an amount of 76%, together with
24% of 1,4-di-p-tolylbuta-1,3-diyne (Table 13, entry 1). To increase the yield of the pyra-
zole product, the second reaction coil was exchanged to a 17.5 mL one allowing a residence
time of 87.5 min (0.2 mL min~! cumulative flow rate). Thus, the amount of pyrazole in-
creased to an extent of 86% at 120 °C (entry 2), and elevating the temperature in the ex-
tended coil from 120 °C to 140 °C led to a 98% pyrazole formation (entry 3; conversion of

the starting alkyne was 100% in both cases).
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Table 13. Optimization of the hydroamination step of the consecutive model reaction. Conditions of the ho-
mocoupling: 1 equiv. 4-ethynyltoluene (c= 0.075 M), 6 mol% CuBr; catalyst, DMSO as solvent, 120 °C, 35
min residence time. Conditions for hydroamination: 3 equiv. hydrazine (¢=0.1125 M), DMSO as solvent

Entry Temperature Residence time Yield?
O (min) (%)
1 120 70 76
2 120 87.5 86
3 140 87.5 98

2 NMR vyield, determined by *H NMR spectroscopy of the crude material.
No traces of unreacted alkyne were found in the crude material.

Subsequently, with the optimal conditions for the two-step pyrazole synthesis in hand,
the scope and limits of the methodology were explored. Due to the fact that only homoge-
neous reaction mixtures can be applied in the CF system, certain alkynes with inappropriate
solubility, such as 2- and 3-ethynylpyridine, could not be used as starting materials. Unfor-
tunately, aliphatic alkynes such as 3-cyclohexyl-1-propyne and oct-1-yne resulted in inac-
ceptable diyne formation and poor conversions to the pyrazole product, possibly because
of the lack of conjugation. In these cases, further fine-tuning of the reaction conditions was
necessary. However, applying phenylacetylene, its methyl-substituted derivatives, and 3-
ethynylthiophene as starting alkynes, excellent results were registered (Table 14). The
diyne formation took place quantitatively and no traces of unreacted alkyne were found in
the crude material. As a result of the two-step synthesis, pyrazole products were achieved
with full chemoselectivity, without side-product formation. After chromatographic purifi-

cation, the corresponding pyrazoles were isolated in high yields (84-90%).
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Table 14. Exploring the reactivity of different alkynes in the telescoped alkyne homocoupling—hydroamina-
tion/cyclization process. Conditions for the homocoupling: 1 equiv. alkyne (c= 0.075 M), 6 mol% CuBr; as
catalyst, DMSO as solvent, 120 °C, 0.1 mL min~* flow rate, 35 min residence time. Conditions for the hy-
droamination: 3 equiv. of hydrazine (c= 0.1125 M), DMSO as solvent, 140 °C, 0.1 mL min™* flow rate, 87.5
min residence time

Entry Starting material Product Yield? (%)

1 Q/ T 98 (90)°

) 96 (84)°

2 ; 2 g 90 (84)°
CHjs O L,
o

4 Vi g 94 (85)°
B B I S\

3 NMR vyield, determined by *H NMR spectroscopy of the crude material. No traces of unre-
acted alkyne were found in the crude material. ® Isolated yields indicated in parentheses.

Finally, the transformation of 3-ethynylthiophene was scaled out simply by elevating
the operation time. Thus, the previously optimized conditions were applied without any
change in the alkyne, ligand, base or hydrazine concentration. We were pleased to find that
the flow system was stable for an extended period of 16 h. 0.52 g of pure 3-(thiophen-3-
yl)-5-(thiophen-3-ylmethyl)-1H-pyrazole could be isolated, which corresponded to an
overall yield of 81%.
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5. SUMMARY

Recent dissertation collects knowledge and results earned during my PhD studies. We
exploited the advantages of a strictly controlled flow reactor environment to explore novel
parameter spaces and develop selective, inexpensive, and sustainable syntheses methods.
Copper-catalyzed reactions were always in the center of our interest, thus, we investigated
the CF technology in three copper-catalyzed reaction systems. Each study illustrated how
CF processes can improve synthetic reaction technology.

Exploring the possibilities of the selective synthesis of aryl azides and aniline deriva-
tives, a continuous-flow system was developed using the corresponding aryl halides as
practical starting materials. Aryl azides and aryl amines were successfully prepared from
the same starting materials using the same auxiliaries. Our results nicely demonstrated the
synthetic usefulness of precise control over residence time and reaction temperature,
thereby ensuring time-, cost-, and atom-efficient syntheses. It was established that after
copper-mediated halogen—azide substitution, the azide decomposition/reduction is also de-
pendent on the presence of the catalytic metal.

Subsequently, we utilized the reaction conditions of the model reaction for the synthesis
of a diverse set of aromatic amines 2-15. Gratifyingly, even ortho-substituted aryl bromides
(12, 13) were successfully transformed into the desired derivatives with 60-88% conver-
sion and 100% selectivity. Selective synthesis of aryl azides proved to be more challenging,
since it required an individual optimization of both the temperature and residence time for
each substrate. However, we were pleased to find that after further optimization, azide 16—
19 could also prepared with conversions of 83-96% and 82-100% selectivity.

With regard to the countless applications of aromatic azo compounds, we developed an
efficient continuous-flow methodology for the selective and efficient synthesis of azoben-
zenes, employing copper powder as a cheap, readily available, nontoxic, and reusable cat-
alytic source. Combinating the application of overheated solvents and increased tempera-
ture and pressure ranges, our group revealed previously unknown correlations between re-
action parameters that are not attainable in conventional flask chemistry and afforded a
remarkable chemical intensification. Through this novel process window, we successfully
extended the scope of the method to the synthesis of aromatic azo compounds 21-33, with
complete chemoselectivity and yields of 88-97%. Precise control of the residence time re-
stricted the possibility of undesired reaction pathways, improving product selectivity and

reducing waste generation.
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As a consequence of a cooperation, we had the opportunity to investigate the inherently
basic character of a copper-containing layered double hydroxide and successfully applied
it as a catalytic source for the homocoupling of aniline derivatives without the need for any
auxiliary substances. The resulting azobenzenes 20-30, 32-33 were achieved with complete
chemoselectivity and excellent, 91-98% yields in short process times even on preparative
scales.

Utilizing our experiences in CF methodology and strategy, we constructed a two-step
continuous-flow process for the synthesis of 3,5-disubstituted pyrazoles via sequential cop-
per-mediated alkyne homocoupling and Cope-type hydroamination of the intermediary 1,3-
dialkynes in the presence of hydrazine.

As a result of an initial step-by-step optimization procedure, we explored the optimum
conditions of both the alkyne dimerization and the hydroamination. Next, the individual
reaction components were organized into an uninterrupted flow sequence where, after in-
line copper removal, the intermediary diynes were transformed further after being com-
bined with a hydrazine stream. The developed process proved to be applicable for a range
of aromatic alkynes and permitted a simple and easy access to a diverse set of pyrazoles
35-38 without the isolation of any intermediates. We were delighted to find that the reac-
tions were chemoselective, no side-product formation was detected, isolated yields were in
the range of 84-90%.
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