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Outline of thePh.D. thesis

1. Introduction and aim of my work

In the past decades, applications of eco-frienelihmologies are required in the fine chemical and
pharmaceutical industry, which are safer and predeever by-productsnd higher yield can be
achieved than with the usage of the earlier teadgie$. Preparation of 1 kg drug results 25-100 kg
waste! In the chemical industry the amount of waste &medreduction of the environmental impact
are very important. In addition, nowadays the fasiad more cost-effective production of
molecules has become increasingly important dalee@rowing costs.

In my PhD work | mostly dealt with the feasibiléyudy of dangerous reaction types in
microreactors in the framework of cooperation bemvBudapest University of Technology and
EconomicdDepartment of Chemical and Environmental Procesggrieering andganofi (Chinoin

Ltd.) Pharmaceutical company.

In my thesis | dealt with reactions, which Sano&R Chemical Development considered as
dangerous. The usage of microreactors correspantigetpreviously mentioned requirements and
the application of continuous flow technologiesadfa fast optimization possibility of the reaction
parameters. The use of exothermic reactions andjelans reactants are safer and better
controllable in microreactors, than in batch, beeathere is only a small amount of material is in
the reactor simultaneously.

Taking into consideration the former results of oesearch group in my thesis | deal with
another eco-friendly technology, with the applioatof ionic liquids (ILs). The ILs have a lot of
advantages compared to the molecular solvents. ritadato study an eco-friendly, selective
technology, which is applicable for changing therferly used molecular solvents.

In my thesis my aim was to study reaction typesswtered dangerous by Sanofi R&D
Chemical Development from a safety point of vievhe3e are not safe as the plant is in a
residential area, so the production on industdalesis very risky.

Due to the several advantages of application ofanieactors we can reduce safety risk, thereby
batch technologies may be replaced by continuocisntdogies. My aim was to study reaction

types developed by Sanofi Chemical Developmentianaider to examine the reactions better |

extended the reactions to the same compound types.

2. Literature background

Nowadays the application of microreactor technoldgcomes conspicuous due to several
advantages not only at an academical level but misthe fine chemical and pharmaceutical
industry.

The microreactors (or by another name: continudor feactors) have a lot of advantages
compared to batch. The scale of continuous flowtoga is less than 1 mm, which is characterized
by laminar flow. In batch the mixing takes signéfitly more time, so in batch micro mixing can
occur, which can lead to inhomogenization. As aseguence of the bad heat transfer, local
overheat can happen. As opposed to this, micraoesabave small size ranges, curvy capillaries
and the repeated touch of the material with thd lgalds to secondary flow. The secondary flow
creates high flow rate, which causes rapid andiefft us mixindg:

Due to the unfavourable mixing in batch not only@entration gradient develops, but also the
temperature distribution becomes inhomogeneougraaduction and selectivity may decrease. In
case of microreactors there is a precise temperahaintenance, so in some cases kinetic and

1 Dunn, P. J.; Galvin, S.; Hettenbach,®Bteen Chen2004 6, 43.
2 Jiménez-Gonzalez, C.; Poechlauer, P.; Broxter@al,; Yang, B. S.; am Ende, D.; Baird, J.; Bertseh Hannah, R., E.; Del’Orco, P.; Noorman,
H.; Yee, S.; Raintjens, R.; Wells, A.; MassonneéayManley, J.Org. Process Res. De2011, 15, 900.
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thermodynamic product can arise depending on thiele@ece time. The continuous flow reactors
can be used within a wide temperature range (8850 °C), it is depending on the material of the
reactor and varies with manufacturer.

In a microreactor higher pressure than the atmagpbee is easily achievable depending on
the material of the microreactor, so it is posstolevork at a higher temperature than the boiling
point of the solvent. Cooling and heating of reatsi are very important, as microreactors have 3-4
times bigger order of surface/volume ratithan batch, so exothermic reactions are easyridléa
in continuous flow reactors. Scaling up of micregtors can easily be carried out by making the
chips parallel. The flow is achieved by hydrodynauni electrokinetic technigfe.

A big advantage of the continuous flow reactorth& the reaction parameters can be changed
easily and fast, because the different parameferg, (c, q) are studied quickly and the examination
can be programmed by a computer (Design of Expetiniéd main aspect of microreactors is that
during the reaction no blockages can happen, shahmgenity of the reaction is important.

3. Results

During my PhD thesis my aim was to study reactypes$ considered dangerous by Sanofi R&D
Chemical Development from a safety point of vievhe3e are not safe as the plant is in a
residential area, so the production on industcalesis very risky. Application of microreactors at
the following reaction types reduce the safety iskause of the previously mentioned advantages.
Firstly | examined the reaction types at SanofiiGival Development and in order to have a better
understanding about the reactions, | extended éhetion to the studied compounds. Firstly, the
aim was to examine of the homogeneity in batch aftdr that | changed to the usage of
microreactors. During my PhD thesis | used maimkp types of reactors: LabtfixS1 reactor
(10pL), which is mainly meant for the productionamfalytical samples, and the Corning LF reactor
(0,45 mL/chip), which is applicable for the prodootof gram scale products. In a few cases | used
the Corning AF (8 mL/ chip) and the X-Cube Flasacters (16 mL). In the last part of my thesis |
examined the amidoxim production regarding theiearesults of the Chemical Development
Researching group, taking into consideration anmo#ioe-friendly technology: the ionic liquid. |
tried to achieve (with the usage of ionic liquidyelective technology which means less danger for
the environment. With the usage of this technolibgymolecular solvents could be changed.

The information regarding chemical reactions, eggdction type are at the beginning of
each part separately, to make them understandable.

3.1 Mitsunobu reaction

3.1.1 Literature background

The Mitsunobu reaction plays an important roléhie pharmaceutical industry, as it could
be the key step at the production of a moleculeidguhe reaction C-O, C-N, C-S, C-C bonds can
be created with a dialkyl azodicarboxylate (mosliigopropyl azodicarboxylate (DIAD), or diethyl
azodicarboxylate (DEAD)) trialkyl-, or triarylphokme, (mostly triphenylphosphine (TPP))
with redox system.

Azodicarboxylates are explosive materials. During tmesis | used diisopropyl azodicarboxilate

% Taghavi-Moghadam, S.; Kleemann, A.; Golbig, K.GBg. Process Res. De2001, 5, 652.
4McDonald, J. C.; Duffy, D. C.; Anderson, J. R.;iGHD. T.; Wu, H. K.; Schueller, O. J. A.; Whitesigl G. M.Electrophoresi00Q 21, 27.
® Kockmann, N.; Gottsponer, M.; Zimmermann, B.; RgeeD. M.Chem. Eur. J2008 14, 7470.
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(DIAD) which is a less explosive compourid.
During the reaction from TPP arose triphenylphasph oxide (TPPO), from
azodicarboxylate arose (AD) hydrazinedicarboxy(aieH,) (Scheme L

OH Nu
)\ NuH E
R R2 : : R1/\ R2
1 DIAD DIADH, 2

PPh; PPh;0

Scheme 1Mitsunobu reaction

The expected products can be reached by the readftimostly primary or secundary alcohols
and nucleophile (Nu) reagents contain a relativé gooup (-OH, -SH, -NH, -CH). The pKa value
of those groups should be less than 15, but rdéissrthan 11. The reaction is carried out between
0-25 °C, but it is usually carried out at a lowemperature -10 - -20 °C with long reaction time (1-
72h) in toluene, DMF, ACN, diethylether, THF DKM an 1,4 dioxane solvent under inert
circumstances. In reagents containing acid prokbe.reaction is always carried out with inversion
in case of chiral secundary alcohols. The nucldeghk literature two patents can be found, based
on those the Mitsunobu reaction was carried oathigher (50-60°C) temperatuté.

3.1.2 Results

At Sanofi Chemical Development the Mitsunobu reacgeemed to be the critical step from
a safety point of view at the creation of a potndirug. After the optimization of the reaction in
batch | examined the parameter dependency of #wtioa, and | scaled up the reaction from 10 pL
to 4,5 mL. During my work | carried out the prodoatof a ca. 300g resynthesis batch (76,5%) for
toxicology studies in microreactor, which was tirstfprocess in the history of Chinoin. Making
this reaction in a conventional reactor this wa%8&#uring a significant shorter period. Conducting
the reaction in a continuous flow reactor wouldbleéter from a safety point of view because of the
high exothermicity.

| extended the Mitsunobu reactions to differenficabnd aromatic alcohol derivatives. |

carried out these reactions in Labfis1 microreactor and in a vial similar to the react
parameters of the earlier molecules and | also aaikith the TPP-DIAD redox system. | chose as
basic molecule: vanillin and | added the chosenltatderivatives$cheme 2.

5 Urben, P. G.; Bretherick, IBretherick’s handbook of reactive chemical hazafifsEdition, Oxford: Butterworth-Heinemanh999
’ Glaxo patent, W02010/02317201Q
8 Glaxo patent, WO2010/01823101Q
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Scheme 2Mitsunobu reaction of alcohol derivatives with ni

| summarized the results of the reactions with labt@lerivatives infable 1 It is clearly noticeable
that | received similar results in batch and in thiroreactor. With alcohoBa-8d | received
perfect conversion, while in the case of L-ment{8® assumingly due to a steric barrier | reached
medium conversiordg 56 and 59%). Almost full conversion was reachieblemzilic and4 trans4
hydroxycyclohexanecarbonicacid methylesther reactshile the expecte®g product arose in
case oBg cyclohexanol in microreactor 70,5% and in batcli6fo.

0, 0,
Sor Alkohol-szarmazék Batch (%) 50 preaktor (%) 50

°C, 30 min °C, 60s
1 8a 97 100%
2 8b 97 96
3 8c 94 97
4 8d 97 94
5 8e 56 59
6 af 98 93,5
7 8g 76 70,5°
8 4 92 88°

30s;"120s, 100 °C:120s
Table 1: Mitsunobu reaction with vanillin (1,1 eq. TPP-DIAD;1 eq. 8a-8g, 4

3.2 Production of N-oxid
3.2.1 Literature background

The production oN-oxide is a frequent reaction in the chemical indusMany drugs contain
N-oxide type moleculepart, or they contain furtheaaged heterocyclic compound frasioxide
with Polonovski rearrangement. The production ofl@aoles containindN-oxide is important as
drugs contain tertiary amine metabolise Neoxide in the human organism. So their synthesis
during medicine-development to methabolstudiesesessary in all medicines containing tertiary
amine? The aromatic substitution reactions of pyridineldocarry out under harsh circumstances.
During this reactiormeta substituted products arose, while duriNgoxide reactions mainly the
ortho substituted products are preferred pata isomers can be yielded, too. After this the oxide
can be easily reduced with the usage ofsP¥1 ! PPh, *? Raney Ni/H or Pd/C!® Fe/AcOH,*

9 Bickel, M. H.Xenobiotical971, 1, 313.
1 Ochiai, E.J. Org. Chem.1953 18, 534.
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Zn/watery NHCI,*> NaBH/AICI5,** NH,COOH-Pd/C ' TiCl5,*® All3*°. So it is possible to receive
the pyridineortho andpara substituted derivatives. A further meaning of Miexide compounds is
that they can react next to Polonovski rearrangénten2-hydroxypyridine derivatives with
trifluoroaceticacid anhydride (TFAA), or with aagatid anhydride (A©) at a high temperaturé”

?L(Scheme 3
omdaloszer P010|10\ ski-atr. \
/ pl H,0,, m-CPBA pl Ac,0, TFAA /
N OH

10a-i llal 12a-i

Scheme 3Preparation of aromatid-oxide, and the 2-hydroxy-pyridinederivative formatwith Polonovski
rearrangemnet

In my thesis | used two oxidantsxchloro-perbenzoicacid (m-CPBA) and the 27% water
solution of HO,, The N-heterocyclical compounds don't react clearly wviitd hydrogen peroxide.
They createn situ peracid if we add acid. The peracid is alreadgaative compound which is easy
to handle. Metals: for example osmium, palladiudatipum, iridium, gold, silver, manganese,
cobalt, copper, plummet and their salts catalyseettotherm decompositiéh. The microreactor
contains metal, so its usage can make the hanolipgroxide reactions easy.

3.2.2 Results

Because of the high price of a potential drug,dbmpany’s own manufacturing occured at
Sanofi Chemical Development. A critical step forigtthe N-oxidation, which is not preferred
because of safety concerns. | examined the reaictiomo ways (normal and inverse reaction route)
with mCPBA and HO/aceticacid oxidants. In case of theCPBA both in batch1(7 80, and20
85%) and in microreactorl{ 82, and20 85%) | reached similar conversion with both reacti
routes, because the reaction rate is fast, so exhepsafety there is no other benefits of the
microreactor. | examined the reactions witfOplacetic acid oxidants, but in this case based en th
HPLC-MS the methylesther hydrolyzed to ac@ &nd23), the product could not be demonstrated
in the mixture, consequently | haven't studied tieigction route any more.

The reactions were extended to different pyridileeivatives, quinolinend isoquinoline
(Scheme 4.

" Howard, E. Jr.; Olszewski, W. . Am. Chem. Sot959 81, 1483.

23anz, R.; Escribano, J.; Fernandez, Y.; Aguadd®®Irosa, M. R.; Arndiz, F. J. Syni2@i05 9, 1389.
13 Katritzky, A. R.; Monro, A. MJ. Chem. Sod.958 1263.

14 Essery, J. M.; Schofield, K. Chem. Sod.96Q 4953.

% Aoyagi, Y.; Abe, T.; Ohta, ASynthesid4997 891.

16 Brown, H. C.; Subba Rao, B. €.Am. Chem. So956 78, 2582.

7 Balicki, R.Synthesid989 645.

8 MccCall, J. M.; Tenbrink, R. BSynthesid 975 335.

¥ Konwar, D.; Boruah, R. C.; Sandhu, JS$nthesid99Q 337.

2 Ccavé, C.; Kan-Fan, C.; Potier, P.; Le MerTétrahedron1967 23, 4681.

2L Nagano, H; Nawata, Y.; Hamana, @hem. Pharm. Bulll987, 135, 4068.

2 Urben, P. G.; Bretherick, Bretherick’s handbook of reactive chemical hazafifsEdition, Oxford: Butterworth-Heinemanh999
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R=2-Me; 11b
| N o 7CPBADKM | N o 2Et; 11¢
T —— T 2-Bz; 11d
vagy ) S
N/ H,0,/AcOH ﬁ/ 3-Me; 11e
11a- . 2B 11f
3-Br; 11g
o 2-CN; 11h
4-CN; 11i
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—_—

vagy
H,0,/AcOH

m-CPBA/DKM
i
N vagy N
> H,0,/AcOH = \Oe

24b 25b
Scheme 4N-oxidation of pyridine derivatives, quinoline arsbguinoline

E /i Zg\ /i

The optimization of the reaction was carried outhvitila pyridine in Corning LF reactor with
both oxidants. | examined the further derivativetha optimal reaction circumstances. The optimal
excesses were:

in case oim-CBPA 50°C, 3 minutes residence time, 1,1 eq. axida
— in case of hydrogen peroxide 130°C, 30 minuteslezsie time, 7 eq. oxidant.

Similarly to 20 potential drugs, the result of the fast reactate is that the microreactor doesn't
have big advantages (which appear in conversiame#ly compared to the conventional reactor, but
it Is a safer process compared to batch.

The peraceticacid can explode at 11080 working with peroxide in batch was carried aut
a lower temperatur@®chiai E. and colleaguesonducted\-oxidization at 70°C, so | also produced
different N-oxide derivatives at this temperatufé. reached 2-41% conversion in batch, and 15-
100% conversion in microreactor at this temperature

The N-oxide Polonovski rearrangement of pyridihi2a was carried out with the addition of
Ac,O in microreactor: at 170°C, 43% conversion, inl:va 130°C, 33% conversion during 30
minutes with'H NMR.
| haven't optimalized the reaction, | just wantedfind out if the Polonovski rearrangement is
possible in microreactor. As the pump has only@ashs, | did the two steps one after the other

3.3 Hydroboration
3.3.1 Literature background

Hydroboration is a slow reaction, mainly in thegence of solvents, so for the preparation
of alkenyl boronicacid derivatives harsh circumstmshould be uséd. In general the solvent free
medium and higher temperature are in favour of téaction’® The production of certain
derivatives at high temperature is not possibl@ammospheric pressure because of the boiling point
of the acetylene derivatives. Therefore in someesathe hydroboration is accelerated by
chatalysers’

2 Urben, P. G.; Bretherick, Bretherick’s handbook of reactive chemical hazafi{sEdition, Oxford: Butterworth-Heinemanh999
24 Ochiai, EJ. Org. Chem.1953 18, 534.

% Ramachandran, P. V.; Chandra, Je-&ros Encyclopedia of Reagents for Organic Syighdshn Wiley and Song005.

% Brown, H. C.; Gupta, S. K. Am. Chem. Sqd 975 97, 5249.

2" Arase, A.; Hoshi, M.; Mijin, A.; Nishi, K.Synth. Commuri.995 25, 1957.
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3.3.2 Results

During my work | examined the feasibility of hydtation reactions in microreactor. | reacted
catecholborane with alkyne27), so | received alkenyl catecholbora@8. Hydrolizing 29 this
alkenilboronic acid derivatives can be receivedjcitcould be the start up material for Suzuki
coupling Scheme %

o) o)
g = — L nedog
0] 0]
26 OH

R = CH3CH,CH, 27a 28a 29a
CH4CH,CH,CH, 27b 28b 29b

Scheme 5Alkenylboronic acid production

| successfully produced penteny28@ and hexenylcatecholboran28p) in microreactor with
full conversion during 1 minute, with 1,2 eq. alkyexcess at 60°C on 2,7 bar pressure. The content
of the mixture was determined with the helgi NMR.

Catecholborane2g) decomposes in the presence of a little waterettsea regular failure at the
piston pumps and the inertization is difficult. Dioethis problem in order to implement the reaction
in the future, piston pumps should be changed ésgureproof syringe pumps. | had no chance at
Sanofi Chemical Development to do this, so | cotildonduct any further examination of the
reactions.

3.4 Preparation of cyclopentadiene from dicyclopentadiene

3.4.1 Literature background

The basic material of the Corey prostaglandin-@reas the cyclopentadiene (CP81), which
is created from dicyclopentadiene (DCPI30) with monomerization (Scheme 6) At
monomerization DCPD is dropped into 195 °C oil, #mel main fraction is condensated for cooling
at -20°C. The main fraction contains 97% of thedpmei and it is worth reacting further
immediately, as it polymerizes quickly. A not gogdality CPD cannot be monomerized again, as
with heat it dimerizates, which can lead to explosas a consequence of sudden boftfhg.

QOO
—> 9
30 31

Scheme 6 Monomerization from DCPD3Q) to CPD 81)

3.4.2 Results

Together with Sanofi PG Development | wanted torkwout a technology for the
monomerization of compound 30 where | could mom@nemically and easily create the expected
molecule than in the previous process.

Forming CPD in LabtriX S1 reactor at 200°C was only possible with weaR%p
conversion, so for increasing the temperature @P0Used the Thalesnano X-Cube Flash reactor.

B pG Uzletag BP-1 Uzemkisérleti dirat
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At 300 °C, with a 10-minute residence time, at b@@ pressure, | creat&d from 5 % solution of
DCPD based on GC with 93 % conversion. As the i@achixture was too diluted, | wanted to
concentrate the mixture to 25%, but in this cag@DP (assumingly due to the material of the
reactor, which was metal) polymerized and the wrawstas blocked. | couldn't conduct further
experiments, but it was certain, that the incredgemperature has a good effect on the conversion,
but the material of the reactor is critical. Sotliermore at such high temperature the presence of
metal should be avoided. Assumingly the reactiamctbde feasible in a metal free reactor at 300-
350°C.

3.5 Preparation of amidoxime in microreactor
3.5.1 Literature background

The amidoxime molecules are important elements iatetmediers of several heterocyclical
compounds”®, among them many drugs can be found: 1,2,4-oxaftia? 3" 3 3 and types of
amide®**>% |n this case the amidoxime is turned into the eigmk amidine with transfer
hydrogenation.

Several production methods of 1,2,4-oxadiazaB& are known in the literatur
2. %3hut mostly hydroxylamine (which i situ liberated from its salt with the help of base) is
additioned with the proper nitrile derivative inopic solvent Scheme 7, which is followed by a

carbonic acid derivative ring closure sté&p.

é?, 38, 39,40, 41,
)

NH,OH s&/ bazis ~ NH2 °

A. R—CN —» R \ + R—<
kY] oldoszer N—oH NH,

33 34

l R'—(O

X X =OH, Cl stb.

B. R—CN rR—c=N-8
[ — .
32

Scheme 7.General production of 1,2,4-oxadiazoBb) compound types

During the reaction by-products can arise in hugeunts, up to 40%. The decomposition of

2 plapinger, R.; Owens, Q. Org. Chem 1956 21, 1186.

%0 Nicolaides, D. N.; Varella, E. A.; Patai, $he Chemistry of Acid Derivativesterscience: New York,992 2, 875.

% Clapp, L. B.; Katritzky, A. R.; Boulton, A. Advances in Heterocyclic ChemistAcademic Press Inc.: New York976 20, 65.

%2 Clapp, L. B.; Potts, K. TComprehensive Heterocyclic Chemistry

Pergamon Press: Oxforti984 6, 365.

3 Jochims, J. C.; Katritzky, A. R.; Rees, C. W.;igmm, E. F. V.Comprehensive Heterocyclic ChemistryRergamon Press: Oxforti996 4, 179.
% Stephens, C. E.; Tanious, E.; Kim, S.; WilsonWD; Schell, W. A.; Perfect, J. R.; Frazblau, S. Boykin, D. W.J. Med. Cher2001, 44, 1741.
% Collins, J. L.; Shearer, B. G.; Oplinger, J. Agd, S.; Garvey, E. P.; Salter, B. G.; OplingeA.JLee, S.; Garvey, E. P.; Salter, M.; Dufry.;
Burnette, T. CJ. Med. Cheml998 41, 285.

% Nakamura, H.; Sasaki, Y.; Uno, M.; Yoshikawa, Ansano, T.; Ban, H. S.; Fukazawa, S.; Uehar@i¥org. Med. Chem. Let2006 16, 5127.
%" aMattina, J. L.; Mularski, C. J. Org. Chem1984 49, 4800.

% Liang, G. B.; Qian, XBioorg. Med. Chem. Lett999 9, 2101.

% Liang, G. B.; Feng, D. Dletrahedron Lett1996 37, 6627.

40 Tyrkov, A. G.Khim. Khimich. TekhnoR00Q 43, 73.

“lyoung, J. R.; DeVita, R. Jetrahedron Lett1998 39, 3931.

42 Neidlein, R.; Sheng, LSynth. Commuri.995 25, 2379.

“3Neidlein, R.; Sheng, L. Heterocycl. Chenil996 33, 1943.

44 Eloy, F.; Lenaers, RChem.Rev1962, 62, 155.
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the by-product means a problem. Whereas in margsdag creator of a compound is not aware of
the formation of the by-products.

Hydroxylamine (HA) is widely used in fine chemistipnd in the pharmaceutical industry. It is a
toxic and dangerous reagent.

The initial temperature of HA ghseilS 136 £ 5 °C, which depends on the concentratiahthe
quality of the catalytic metalion. So in acidpratéal between 10 and 50% HA content 63 + 3°C,
while above 50% it decreases with the increase hef ¢oncentration. lron, copper, nickel,
chromium, titanium and manganese reduce the vdlTg.g: *> *°. In an industrial process there
might be metalions in the system, particularly ioon Considering this, metal free circumstances
are not possible among industrial condition.

3.5.2 Results

At the creation of the last intermedier of a paeardrug which is under development not only
the safety risk, but also the bigger amount ofgbeerated by-product should be taken into account.
Because this reaction is the last intermedier aiym@thesis, its cleanness has a key importance
(Scheme 8. At scaling up another problem was that the reaatas not robustness, the by-product
was generated in variable amounts.

R R NH, NH,
TNy Mo R/ . RN
— — N—COH — 0
39a-k 40a-k 41a-k

Scheme 8Generation of amidoxime derivatives

| conducted the quick parameterscreening of theticrain LabtriX S1 microreactor (10 pL)
[dilution (14x — 22x), HA excess (1 eq — 7 eq), pamature (100 — 150 °C)]. After that | examined
it the scaling up of the reaction in Corning LF atea (4,5 mL). | wanted to achieve further,
industrial size scaling up (72 mL) in Corning ARacéor, but | couldn't conduct it as only a two
stream pump was availabe. So | examined the ptigsii liquid inlet through one stream. First |
mixed the reaction mixture and with the help of HLPexamined the mixture.

| did the experiments again in Labf{fi’1 microreactor, and then scaling up in Corning LF
reactor, and from here in the industrial sized @ #\F reactor.
At all 3 reactors in both cases (one- two pumpstjel experienced the same effects, so the
medium sized reactor (Corning LF) could be exclulenh the scaling up.
After the parameter optimization | did a one hoampling with Corning AF reactor in optimal
conditions (145 °C, 7 eq. HA and 14-fold dilutian)d during this period of time | received a 127 g
NMP solution, and | reached full conversion with 8%id by-product. After the process | received
8,79 g product, its by-product was 5,5%.
A parameter screening was conducted with benztnitri LabtriX® S1 microreactor [temperature
(75 — 125 °C), HA excess (1-7 eq.) and residemoe (i1-9 min)]. | could reach full conversion in
two cases (125°C, 4 eq. HA, 5 min; and 100°C, 7H4. 5 min). | conducted the experiments in
optimal circumstances with electrondonating9t{-k, 4-Me, 2-Me, 4-MeO, 2-MeO),
electronwithdrawing 39b-g 4-F, 4-Cl, 2-Cl, 2,4-Cl, 4-Cl 2-F, 2-Cl 4-F) andth heterocyclical
(423, 4-Py,42b, 2-Py) nitrile derivatives in LabtrfkS1 microreactor, so | could easily compare the
effect of the substituents.
It is remarkable that the compour2Bb-g) containing electronwithdrawing substituents reaith
different speed with HA, depending on the positminthe substituens. Thpara-halogenated
compunds 39c, 399 are highly reactive, but thertho-substituens slowed down the reaction,

4 lwata, Y.; Koseki, HProcess Saf. Pro@002 21, 136.
“6 |wata, Y.; Koseki, HJ. Hazard. Mater2003 104, 39.
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presumably because of the steric barrier. WitHtie 4-Cl compounds30f) full conversion can be
reached. Probably because the fluoro is a smaltdeaule. Compared to th&9e 2,4-dichloro
compound, the speed of the reaction was also higinihe molecule contained fluoro in position 4
and chloro in position 239¢). The reason for this is probably the bigger etetinegativity of the
fluoro and the positive charge of carbon in positlo
As expected inpara position the compounds containing an electrondogajroup(39h, 39j) they
reacted worse compared to the reaction of compoundtaining electronwithdrawing group in
similar situation. Compounds containing methyl- anethoxygroup irortho position had similar
results to compounds containing chloro in posi2or39d, 39e, 39 From these experiments it is
clear that inortho position the steric barrier has a bigger effect tbe reaction, than the
electronwithdrawing effect.

There is no steric barrier in case of the twodpiie compounds4@a, 42h), so | received the
expectedt3a, 43bproducts very quickly, with full conversion.

At those reactions where | haven't reached fullveosion, | could reach it by increasing the
residence time to 20 minutes.

| did the scaling up of the reactions in Cornirfgreactor (0,45 mL) based on the conditions
which were optimal in LabtrixS1 microreactor. | reached full conversion in @bses, so further
optimization was not necessary.

At the second scaling up, what | did 28a 39b and 39i, my aim was to increase the
productivity, so | made the chips (4 pieces) patallhe productivity (because of the further saalin
up) increased 4-fold with the parallelism.

3.6 Amidoximeproduction in ionic liquid
3.6.1 Literature background

After the examination of the amidoximeproductionnmcroreactor | wanted to continue the
earlier work of the research group and so | exachihe reaction in ionic liquid tod. With the
usage of the ionic liquid | wanted to accompliste&ective technology which means less danger for
the environment. With the help of this technologg tearlier used molecular solvents could be
replaced.

The ionic liquids consist of an organic cation am# belonging organic or inorganic aniéh.
These could be mentioned as green solvents, ashhey a lot of features compared to the
molecular solvents, which make their usage berafi€¢heir melting point is below 100°C, but they
have a big viscosity. Among their several benefits worth to mention that their vapourtension is
negligible, they are not flammable, the temperatarege of liquid phase can reach more than 400
K, their density is bigger than water's, it is beém ca. 1-1,6 g/ct The density decreases with the
increase of the alkylchain-length. Many ionic lidsi are sensitive to humidity, for example
halogenide, or the chloroaluminate anion contaimomic liquid.

3.6.2 Results

At the usage of ionic liquids | examined the hegere route which is used in the industry. In
this case HA.HCI is added to the nitrilecompoundebaolution, san situ it is liberated from its
salts. Gcheme 9

47 Baan Zoltarlonos folyadékok alkalmazasanak vizsgéalata kakalititranszfer hidrogénezésekpehD értekezé2008
48 Marsh, K. N.; Boxall, J. A.; Lichtenthaler, Rluid Phase Equilibrie2004 219,93.
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LNG o NHOHHC R C>_< %Wz
\ / baz1s
39a-n 40a-n N~OH 41a-n
Scheme 9Creation of aromatic nitrilcompounds with HA.HCI

| produced first at 80°C, with 2 eq. HA.HCI withahd 2 eq. BN or Na&CGQO; in different
solvents thelOa benzamidoxime in lockable 4 mL sample glass. h@rad the molecular solvents
[N -methylpirrolidone (NMP), 2-methyltetrahydrofurafde-THF), propyl alcohol, ethyl alcohol]
and the effect of the quality and quantity of tlasds on amidoxime and on benzamide generation.
Based on the results the reaction speed was similaipolar aprotic NMP with BN, as in polar
solvents, for example in propanal£ 20,33) or in ethanok(= 24,55). Comparing the two aprotic
solvents: Me-THF 4 = 6,97) and NMPg = 32,2), presumably due to the increased perntittitie
conversion increased in NMP (16%) compared to Mé&-TH%).

With the combination of protic solvents (EtOH, o+, H,O) and the organic base {8), a higher
conversion can be reached (88-95%), than withCig (23—82%). Due to the increased solubility
similar results can be experienced in water 80.1) with the addition of inorganic base (8245%)
with EtsN (88—95%) in alcohol. The amount of the basegsitecal parameter in the reactions. The
increase of the base will worsen the selectivityhaf reaction from the amidoxime point of view,
while the conversion decreases.

| studied the reactions at a lower temperatureC50ut in this case | just used 1 eq. base.

Conducting the experiments in hexafluoroisoprogdgbhol (HFIP) and in trifluoroethanol
(TFE) solvents, which are capable of making tworemely strong hydrogene bonds, the
conversion decreased (33 and 60%) compared to4B%) and to EtOH (76%). But the amount of
amid by-product hasn't changed (1-2%). This efieetssumingly due to the strong hydrogen bond
between the OH group and the HA nitrogen of theesul

As a matter of course | conducted the reactiortl thie two groups of the ionic liquids. In
the first group belong the anions of strong acpdéa(< 2), which are weak bases, so is for example
trifluoromethanesulfonate (TFMSI), CIAICI;, BF,, PR, alkylSQ,, OTs, trifluoroacetate
(TFA). In the second group belong those anionsgchviaire strong bases, for example: carboxilate
(OAC, OBZ, lactate). In this case a real chemical equiliioriexists between the cation-anion pair
and the neutral counterpart. | examined many differcations which were involved as the
positively charged counterpart of the IL, such rédazolium, phosphonium and ammonium. |
reached low conversion with the IL belonging to fin&t group, except the one containing TFA ion
(40%). However changing the parameters, with thies¢he reaction has not happened.

With the usage of ionic liquids belonging to thecend group | received the expected
product chemoselectively (90-100%), independemtynfthe quality and quantity of the base. So in
case of [BMIM][OACc], | also conducted the reactiaithout the addition of base, and | received
similar results, as with the base. This can bearptl by the behaviour of anion as a strong base as
it liberates HA from its salt.

For further experiments | chose from the molecst@vents ethanol and from the ionic liquids
[BMIM][OAC].

At the reaction obrtho halogenated (2-CB9d) and nitro (2-N@; 39m) compounds due to the
steric barrier the desired product resulted in alEmamount than expected (20% and 51%). This
observation is confirmed by the reaction of 2- ahgiridinecarbonitrile 42b; 423. In these
reactions | received the expected product with 108%version, selectively. In case of initial
materials which contain electrondonating groups, rdaction speed of the products slowed down.
The electrondonatingrtho substituents show always a lower conversion (39%; 10%,39i), than
the appropriatg@ara substituents (45%39j; 46%, 39h), which confirms again the steric effect of
the ortho substituted. The low, 16% conversion of the stéacriered 2,6-dimethylbenzonitrile
(39n) proves theortho shielding. In case of 2-MeO and 2-Me derivativexmined long reaction
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time. | measured in EtOH during 20 hours 40% an% 3B IL during 10 hours 59% and 86%.
However the reacion slowes down in ionic liquice tesults show that the amidoxime derivative is
formed more quickly and selectively.

Consequently it can be concluded that with the e@s#g BMIM][OAc] both the amount (38-
100%) of the expected product, and the selectimityeased (0-3% by-product) in all cases of the
substituents compared to EtOH.

3.6.3 Mechanism-examination

The theoretical calculations were created withGaeissian (G09) program on a serieat
the University of Szeged with DTF method [B3LYP/6&d,p)f°.
During the examination of the mechanism | examitiedreaction in solvent free medium, in
EtOH and in ionic liquid. | took the earlier hypetis®* > into consideration.

| wanted to prove the origin of the benzamide @fagien with isotopic examination, so | used
1>NH,OH.HCI **HA.HCI) labelled with isotope. During the reactitve N could be found only in
benzamidoxime37a* M+H* = 137,1 Da). The benzamide contained dfif(M+H" = 121,1 Da).

Conducting the reverse experiment | did the basiaction with >N isotope labelled
benzonitrile. In this case another version of ipetdabelled benzamidoximel@a**) and the
isotope labellede benzamidélé*, M+H" = 122,1 Da) was generated. From these two expatame
it can be concluded that the nitrogen of the benmdamdoesn't build from HA, but the original
benzonitrile contains it.

With the help of a few experiments | examined ifidg the reaction from benzamidoxime
benzamide can arise. | reacted benzonitrile withngt base (NaH), the oxygen deprotonated, so, as
expected, only benzamide arose.

Due to the two methylgroup of tHé¢,N-dimethylhydroxylamine hydrochloride (DMHA.HCI)
can solely attack the benzonitrile with the oxygeate, so the formation of benzamidoxime can be
excluded. Having conducted the reaction for 2 hddesbenzamide arose in 9%, while | identified
in 91% the originaB9abenzonitrile with the help of HLPC.

With the previously mentioned studies | wanted xclede all possible processes which are
responsible for amid formation. Furthermore | irtigegted the origin of amid nitrogen.

After the examination of benzonitrile and its datives | extended the reaction to the optimized
condition, earlier in microreactor examined (at &akhemical Development) molecuBs, so |
conducted the reaction in solvents which were dlye@xamined at benzonitrile and in
[BMIM][OACc] and in [BMIM][CI] ionic liquid. | haven't examined water as solvent, as neither the
original material nor the product can be dissolied. i reached the best conversion in NMP which
has already been used during development, buisaptint amid38 by-product was generated in
large quantities. In the [BMIM][OAc] without basearslarly to the experiences with benzonitrile, |
received selectivel@7 amidoxime, but in [BMIM][CI] the reaction was nsticcessful.

| would like to point out that during the reactitme recyclability of the ionic liquid was not
studied, as it was not my aim, but there are ageamples in literature in this topic.>* >°

4 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Setia, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakske V. G.; Montgomery, J. A.; Stratmann,
Jr., R. E.; Burant, J. C.; Dapprich, S.; Millam,M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.;afkas, O.; Tomasi, J.; Barone, V.; Cossi, M.;
Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.iffofd, S.; Ochterski, J.; Petersson, G. A.; Ay&a)Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. Boslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefan®. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, ; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nan&kara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J.Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.;I®ah A. Gaussian 03 6.0, Gaussian, Inc.,
Pittsburgh PA2003
%0Beke, A. D.J. Chem. Phy<.993,98, 5648.
51 Stephenson, L.; Warbutron, W. K.; Wilson, MJJChem. Soc. (1969 861.
%2 Srivastava, R. M.; Pereira, M. C.; M. Faustino,Wt; Coutinho, K.; dos Anjos, J. V.; de Melo,5Monatsh Chen2009 1319.
3 Wasserscheid, P.; Welton, onic Liquids in Synthes&nd ed., Wiley-VCH, Weinhein2007.
% Freemantle, MAn Introdction to lonic LiquidsThe Royal Society of Chemistry, Cambridg10.
5 Handy, S. Tlonic Liquids — Classes and Propertjéstech,2011
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4. Thesis

The main aim of my PhD work was to examine theibglity and manufacturing of those reactions
in microreactors which were already worked out he pharmaceutical industry. So the safety
construction of the reactions and their converstan be improved, and the benefits of
microreactors were adaptable, as for example: quptiknization, reaction safety, the possibility of
working above the boiling point of the solvent.

During my work | achieved the following scientifiesults:

1. | created the intermediery of a potential druthwlitsunobu reaction in sizef resynthesis batch
under safe conditions which is suitable for toxogyl examinations. | created different Mitsunobu
products in microreactor with similar conversionbich reaction, but with shorter residence time
and more safely.

2. | worked out a cheaper and safer process imticeoreactor for the N-oxidation of pyridine
derivatives with 27% hydrogen peroxid, in acetidaéit each derivative | received better results in
microreactor than in batch. From a reactionsafeintpof view it is worth to mention that working
with H,O;in industrial size at a pharmaceutical company Wwigdn the middle of a residential area
is very risky in batch, but in microreactor it &sg to carry out.

3. Instead of the currently used difficult techrgplp | created during hydroboration reaction

pentenyl (intermedier of a potential drug) underckusafe and soft conditions and | also created
hexenylboronic acid. These reactions took more sxaubatch. This technology would be suitable
for reactions with volatile acetylene derivatives.

4. | created the initial material of prostaglandamafacturing (cyclopentadyene) under diluted
conditions (5%) in monomerization reaction in mreactor. The reaction is extremely dangerous,
so there is no option for creating this materiathwthe batch method. | suggested to make the
reaction more concentrated (50-75%) at a highepézature, under metal free circumstances, in
continuous flow reactor.

5. | carried out the 7200-fold scaling up of a pdigd drug in microreactor under safe conditions
and | reduced the amount of the amide by-produe tmnstant level, while at the scaling up in
batch the amid by-product was generated in a biguam (not robust). For the reaction
hydroxylamine was used in a huge amount, whichmigxplosive compound, so its usage in the
industry is very dangerous. | extended the readtoother nitrile derivatives as well. Due to this
did the amidoxime creation in microreactor quicahd safely feasible.

6. | implemented amidoximeproduction with microreadechnology and also under heterogenous
circumstances, in carboxylate anioinic ionic liquittemoselectively, without the addition of base.
The reaction was extended to different nitrile @&ives, and to the synthesis of the intermedier of
a potential drug. The reactions were carried outklyiand more selectively in carboxylate anion-

containing ionic liquid, than in molecular solvents

7. 1 made a suggestion for the mechanism of ammdegroduction reaction, for the formation of
the amid by-product. | demonstrated these expetsngith quantum chemical calculations.
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5. Possibilities for application

My results and the sample reactions verified theissg benefits of microreactors. With the help of
microreactors the safety risk can be reduced, smitid be possible to replace the technologies in
vial and conduct technologies which were not pdssiintil now or were too risky in the industry.
Considering the results of the examined reactipegycould be easily and safely feasible.
Examinations in ionic liquid could be important fitwe industry at the creation of 1,2,4-oxadiazole
drugs, because their creation under homogeneogsntstances is dangerous because of the
features of hydroxylamine. The heterogeneous m@adsi not robust. | could create the amidoxime
derivative during a short period, selectively, with the addition of base, so it would be possible t
extend it in the pharmaceutical industry for furtberivatives.
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