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ABSTRACT

This PhDrhesis deals with the application of different catalytic methodologies under continuous
flow conditions. In particular, thecombination of flow chemistry with different enabling
technologies is explored.

In Chapter 1the combination of continuous flow processes with the use of different solid
supported chiral organocatalysts is described. The fabrication of chiral, paekedand
monolithic, organocatalytic reactors and their use in stereoselective transformations are reported.
The possibility to recycle the immobilized chiral catalysts is also discussed.

- In section 1.2the use of polystyreneand silicasupported chiral imidagainones to
perform continuous flow stereoselective Digdder cycloadditions and stereoselective
aldehydes alkylation is studied.

- In section 1.3the immobilization onto different materials of primary amines derived
from Cinchona alkaloids and the amaliion under flow conditions are explored.

- In section 1.4chiral picolinamides for the continuous stereoselective reduction of
imines with trichlorosilane are studied.

Chapter 2describes the application of different synthetic strategies using flow mioes(}
reactors, aimed to the synthesis of chiral active pharmaceutical ingredients or immediate
advanced precursors of compounds of industrial interest. In particular,

- in section 2.2the organocatalytic, stereoselective synthesis §fRregabalin andg-
Warfarin within microreactors is investigated.

- Section 2.3resents the continuous flow synthesis of primary amittesugh ametal
free reduction of nitro compounds with trichlorosilane.

- Insection 2.4 catalytic strategy for multistep synthesis ofhiral biological active,2-
amino alcohols using 3printed flow reactors is highlighted.

Chapter 3covers the research work carried out during my research period in Aachen, Germany
which was focused on the development of a new synthetic methodology using photoredox
catalysis. In particular, the photocatalytic reductive coupling of imine with olefimstHe
preparation ofg-amino esters and its application under continuous flow conditions are discussed.






INTRODUCTIONO FLOW CHEMISTRY

Traditionally, organic synthesis has always relied on batch reacti®ubstrates, solvents and
catalysts are aded into a flask and then stirrest a given temperature for a precise reaction time
after which the crude mixture is analyzed and the product is isolateé. production offine
chemicals i(e. drugs food additives, agrochemicals or flavors) has always been based on
sequential batch processes constituted by multiple unit operations.

A conceptually different approach to chemical synthesis is represented by flow pro¢Essae

1) where the reagents are continuouslpumped into a reactor which can be heated, cooled or
irradiated (with microwaves or light) and can contain immobilized reagents, catalysts or
scavengers in order to eliminate sipeoducts or trace metals.

Catalyst Flow Reactor
or Reagent

Figurel. Generakepresentation of a continuous flow reaction.

Continuous flow reactors are generally constituted by coiled tubing orlchged devices having
high surfaceareato-volume ratio. This results in several advantages over classiai bedctors,

in particdar in improved heat and mass transterAll reaction parameters can be precisely
monitored thusmaking the process more reliable and reproducibfethis way the reaction time

is reduced, the efficiency is increased and the mixing of substratsgymsficantly improved.
Additionally, the formation of undesired sidproducts due to hospots is considerably reduced.

The closed environment where a continuous flow reaction takes place ensures other benefits,
mainly concerning safety issues: hazardamsl highly toxic chemicals or reaction intermediates
can be generatedn-situ and converted intomore elaboratedmolecules by combining different
reagent streams. This minimizes risks for the operator because no handling or isolation of
dangerous species required.

Furthermore, thanks to a relatively short residence time into the flow reactor and to sequential
operations, reactions that involve the formation of unstable intermediates which cannot be stored
or isolated in batch mode become feasible.



Flow processes are suitable for automati@amd offer the opportunity to run multistep reactions
without isolation of intermediatesand allowingreal time analysis for optimal reaction conditions
and minimization of wasté.

The choice of the specific reactsrfundamental and it is determined by the characteristics of the
synthetic process being performed. Principal aspects are the physical state of the reagents
employed (liquids, solids, gases), the reaction thermodynamic- (@x@ndothermic), reaction
kinetics, mixing, heat and mass transfer and residence time. A lot of commercially available
systems to perform continuous flow reactions are available on the market, offering solutions to
different problems. Tube based laboratory reactors are typically daled they are usually made

of stainless steel hastelloy, copper, polyether ether ketone (PEEK) or perfluorinated polymers. The
choice of the material depends othe reaction conditions and on the stability towarithe
chemicals employed. The volumes rarfigem 1 ni to liters with channel diametesgpanningirom
100mm to 16 mm, depending on the specific requirements of the system.

Scaling up a given reaction represents one of the main challenges in synthetic chemistry. When
moving the production from labatory to production scale seral parameters must be takento
accountin order to avoid undesired complicationsd runaway reactions, inefficient mixing or-by
product formation).This process usually requékong times resulting in an increase of thaverall
costs.Scaling up a continuous floreaction from bench scale to productiaquantities requires
minimal reoptimization and no need for changes in the synthetic pathwapossible strategio
achieve scale up inw@s running thereaction in many parallel flow reactorsiymberingup
approach). Alternatively the reactor size can be increassch(eup approach).

Even though flow reactors offers many benefits over batch procedures, some limitations still need
to be overcome. The main issue is related to the precipitation of solid species which can cause the
clogging of the reactor. The precipitation of inorganic salts or insoluble materials during a reaction
is a very common situatiom synthetic chemistry. It is eas$y understand that this represents a

big problem in the case a flow system. Recently new technologies for the handling of solids in flow
have been developed, howeveechnical advances are stillequired to avoid undesirable
situations.

The use of solidatalyssalso represents a possible restriction in flow: indeed due to the generally
low turnover number of heterogeneous catalysts a frequespilacementof the catalytic species
within the rector is required.

When operating with multiphase systems artrexnely accurag control of reaction parameters is
required, since otherwise non efficient mixing into the reactor may occur. Recently some
technologies to overcome this issue have been developagl fube-in-tube reactor for gadiquid
biphasic system8put some improvement for large scale applicatiestill required.

The implementation of continuous flow processes in pharmaceutical and fine chemical industries
is stillrelatively limited Until recently, a continuous manufacturing approach was a prerogative of
petrochemical and bulk chemical companies where large volumes of relatively simple compounds
were produced. The challenge for the application of continuous manufacturing in tee fin
chemical sector has always been the complexity and diversity of the products, and the associated
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complex process conditions. Usualtyolecules produced by pharma and agrochemical companies
require 6 to 10 synthetic steps (convergent or seaafied) andmight involve cheme regio- and
stereoselective transformations which necessitate quenching, wgk separation and
purification operations. These products are generally produced in relatively small volumes and
they possess a shalife time. For these @asons, batch procedures involving the use of
multipurpose plants still dominate the production of fine chemicals: a small number of
temperature and pressurecontrolled vessels can be used for virtually all the reactions,
separations and purification stgpssociated to a long and complex synthetic route.

However thanks to the recent development of commercially availaieulardevices to perform
continuous flowsynthesis and to the growing interest of the scientific commuratytife academic
and industral level)toward flow chemistry the continuous manufacturing of pharmaceutical is
rapidly expanding becoming an enabling tool for medicinal chemists.

Given all these advantages, it is not surprising that continuous processing is emerging as one of
the techniques that can significantly impact the synthesis of APIs (or APIs intermediates).

An interesting example of industrial importance that demonstrates the interest of pharmaceutical
companies towards flow processes has appeared in 2013candernsthe development of a
continuousendto-end manufacturing plant for the preparation of Aliskiren hemifumarate by the
NovartisMIT Center for Continuous Manufacturirfgigure 2) In this work, continuousflow
technologies have not beelimited to the synthesiof organic moleculesbut all synthetic steps,
phaseseparations, crystallizations, drying, and formulation to the final pharmaceutical product
were implementedin one integrated, fully continuous process. The process starts from a chemical
intermediate am involvesreactions and the requiredncillary operations (quench, work up,
isolation and purification)n continuo That means that not only chemical transformations and
separations, but also crystallizations, drying and formulation are all integratedagmutomated
continuous processNotably, the pilot plant produces 100 g/hour of Aliskiren, featuring two
synthetic steps, API salt formation and crystallization, and delivering as the final products of this
process the tablets containing 112 mg of free Aliskiren. The continuous reactor used inrthe wo
has a volume of 0.7 L and would allow the preparation of 0.8 tons of APl/year.

Figure2. Flow system employed at MIT for the preparation of Aliskiren.
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More recently Adamo and cewvorkersat MIT have developed @ontinuous flav manufacturing
platform that can producehousands of formulated, readyp-use, liquid drug doses per dafThis

work represent a tremendous advancement in the continuous flow synthesis of pharmaceuticals
and addresses challenges in reconfiguration ffaultiple synthesis of diverse compounds, tight
integration of process streams for reduced footprints, innovation in chemical synthesis and
purifications equipment, and compact systems for crystallization and liquid formulation.

The fully integrated machinleas the dimensions of a refrigeratdr: (1.8 m,l: 0.7 m,w: 1.0 m; 100

kg, it is 1/40 the size of the plant for the production of Aliskiremd is composed by individual
synthesis, purification and formulation moduleShe system is capable of complewltistep
synthesis, multiple in line purifications, reaction workup, séaich crystallization, redime
process analysis and formulation of high purity drug productse Bynthesis of 4 active
pharmaceutical ingredients(i.e. diphenhydramine hydrochlade, lidocaine hydrochloride,
diazepamand fluoxetine) that meets US Pharmacopeia standards has been demonstreded
illustrated in Figure3, the systemis composed by 2 units: the upstream unit contains reaction
based equipment for the manufacture of ARfeeds, pumps, flow reactors, separators, back
pressure regulators, #ine analytical instruments); the downstream uri# dedicated to the
purification and formulation of the final drug product. Despite having many complex operations,
the entire platfom can be managed easily bysingle operatar

. \f(/’ ,&'*a- R 4, ! \
'cul §uéam- up rean

3’%!

fmodtﬂes: -

Figure3. Reconfigurable flow platform for the synthesis of drugs.
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This reconfigurable platform enables the on demand synthesis and formulation of many drug
products(Figure 3)In principle, after regulatory approvals, this system couleimployedfor the
production of pharmaceutical§ 2 démand (for example for small patient populations or to meet
humanitarian needs)The reproduction of this platform would be simpler cheapad fasterto
operate than a full batch plantThe possibility to producdrugs on-site could be particularly
advantageous fomproducts with a short shelf life. Additionally the manufacture of the active
ingredient on demand could minimize formulation neplexity relative to tablets which need
yearlong stability.

Type |

REAGENTS

No Catalyst A+B

Non-Catalytic
reactions Type Il
Supported REAGENT A _. m —~ PRODUCTC

Reagent

— PRODUCT C

|

Type 1l
Homogeneous REAGENTS A+B _, PRrRODUCTC
Catalyst + +
CATALYST CATALYST
Catalytic
reactions
Type IV
Supported REAGENTS _» ‘Z —= PRODUCT C
Catalyst A+B u‘A—-—L’;’
SUPPORTED
CATALYST

Figure4. Different types of continuous flow reactions.

As depicted in Figuré, continuous flow systems can be generally divided into four diffetygres.

In type |, the reagentsA(and B) are directed to the reactor and at the end of the process, the
outcome containing the product (C) is collected. In type Il, one of the reagents (B) is supported
onto a nonsoluble material and confined into the reactohet substrate (A) is passed through the
reactor and the exiting reaction mixture will contain only the desired product (C)(if the reaction
goes to completion). Both types | and Il do not involve the use of any catalytic species during the
reaction. In typelll, a homogeneous catalyst is used: the catalyst flows through the reactor
together with the reagents and at the end product (C) is collected along with the catalyst (a
purification step to isolate C is required). In type 1V, the catalyst is confinedhateeactor while

the reagents passed by; of course, an immobilization step of the catalyst ontadasapbort is
necessary, but ngeparation step to isolate the product from the catalyst isuieged; type IV
reactors enablescatalysts recycle. The tat type (IV) is commonly considered the most
convenient system to perform a reaction in flow, since catalytic methodologies are nowadays
essential for the development of sustainable and efficient proce3seEse continuous flow
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reactors described in thihesis work belong to Types 1 (chapter 2.3), 3 (chapters 2.2, 2.4 and 3.2)
and 4 (chapter 1).

3D-printing Inductive Heating Electrochemistry New Solvent Systems

=

PRODUCTS

Electricity

REAGENTS

MicroReactors
Combination
with
Enabling Technologies

Supported Catalyst and Reagents

=

Figure5. Enabling technologies generally combined to flow processes.

Flow methodologiesan be easily combined tmany enabling techologiesin order to increase
process efficienc§ Representative enabling technologies combinedémtinuous processeare
supported reagents or catalysts, microreactor technolo@®D printing photochemistry,
microwave irradiation, inductive heating, electrochemistriynew solventsystems (Figur8). This
combination allovg the development of fully automated process with an increased throughput.
In dhapter 1 the combination of continuous flowrocesses with the use different solid
supported chiral organocatalystéll be described

In chapter 2 the application of synthetic methodologies to flow micro(mesagtors will be
discussed.

Chapter 3 will cover the research work carried out durmgresearch period in Aachen, Germany.
In particular the development of a new synthetic methodology using photoredox catalysis and its
application under continuous flow conditions will be presented.
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CHAPTER 1 SUPPORTED ORGANOCATALYSTS

1.1 Introduction

Catalysis is one of the key principles of green chemistry and therefore is largely employed in
synthetic chemistry in order to develop sustainable and efficient processes.

By definition, the use of a catalytic methodologygreenbecause it increasesnergy efficiency

and reduces waste compared to the use of stoichiometric reagents. Since catalysts often allow to
run a reactionunder relatively mild conditions, this approach offers significant advantages from
the energetic and economic point of view.

A general tendency in catalysis is to develop more and more effigatdlytic species which
possess high Turn Over Numbers (and therefore can be employed in low loadings) in order to
reduces costs generally associated to the use of precious catalysts.

The use of solissupported catalysts is a widely studied field of research which can, in principle,
ensure many advantages over the use of homogeneous species: indeed theofuse
heterogeneous catalysts favors an easy separation of the product at the emdeaiction €.g.by
filtration or precipitation of the catalyst); additionally the catalytic species can be recovered and
reused in another reaction cycle, provided that the catalyst is not deactivated.

REAGENTS — —= PRODUCT

Figure6. General representation of a catalytic reactor for continuous flow processes.

Thanks to the recent advent of continuous flow methodologies in synthetic organic cherthstry
combination of supported catalysts and flow reactorashgained much attention. Catalytic
reactors {(.e. flow reactors containing solid catalysts) can convert the entering reagents into the
desired products with no need for additional unit operations such as catalysts separation and
product isolation (Figuré). The catalyst resides into the reactor and can be reused with obvious
advantages from an economical point of view.

According to themode of inclusion othe catalyst into the flow apparatus, catalytic reactors can
be divided into three classes as depittin Figure?.®

PACKED-BED MONOLITHIC INNER-WALL
REACTOR REACTOR FUNCTIONALIZED
REACTOR

Figure7. Different types of catalytic reactors.
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In the packedbedreactor the catalyst is immobilized onto an insoluble support and is randomly
charged into the reactor.

In a monolithic reactorthe catalyst is prepared in the form of a structured material, the
GY2y 2t AGKEZT O2yaradAay3a 2F | NB3Idz N 2N ANNB3
built by the copolymerization of different monomers (one bearing the catabyatlied outin the
presence of gorogens,nside the reactor. The main advantage of monolithic reactors compared
to packedbed ones is that the packing is more homogeneous and a more controlled fluid
dynamics is generally achieved. Monoliths can support high floesrat very modest pressure

and have a large surface area.

In an inner walfunctionalized reactothe catalyst is covalently attached onto the interior wall of
the reactor. The waltoated microreactors substantially minimize the mass transfer resistamte a
ensure a smooth flow of reagents without leading to any adverse pressure drop or blockage of the
channels; however, their use is still very limited due to the complexity of the synthesis.

Stereoselective synthesis represents an effective strategyhempreparation of chiral molecules.
Compared to chiral resolution of racemic mixture, where half of the products is discardaedst

be recycled the use of stereoselective catalysis for asymmetric synthesis is more convenient in
order to develop a sustaable process. However the application of stereoselective catalysis under
continuous flow conditions is still underdevelop&d.

Very recently, Kobayas and ceworkers havereported the stereoselective synthesis tie
antidepressant drugS)Rolipram thraigh a multistep continuous flow processes involving the
using of solid supported catalysts and reagents (Fig)re In particular this work features a
stereoselective Michael addition promoted by a polystyrene supported,48dtyboxadductas

a chiral organometallic complex. This is the first time thah aontinuohighly stereoselective
catalytic reaction between achiral substrates is integrated into a multistep synthesis of a drug.
First reaction step involved the synthesis of nitroakkeb starting from aldehydea and
nitromethane. A toluene solution of the 2 reagents was flushed through a reactor containing silica
supported amine (SKENH,) as a base and anhydrous Ga&3 a dehydrating agent. The system
was found to be stable at 75 90r at least one week, giving the products in 90% yield. Once
nitroalkenesb was formed it was combined with malonateand trimethylamine and transferred

to a catalytic reactor containing Polymer Supported (B8)yboxcalcium chloride maintained at

0 °C. The stereoselective Michael addition afforded compodrid 84% yield and 93% ee. The
following nitro-group reduction was performed at ambient pressure and 100 °C employing a
catalytic reactor containing a polysilaisepported palladium/carbon (Pd/DMRS| where DMPSi

is dimethylpolysilane) catalystgLactam e was obtained in 74% vyield and 94% ee (no
epimerization occurred). The final stage of multistep synthesisimfolved ester hydrolysis and
decarboxylation of compound. The reaction was found tproceed at 120 °C into a continuous
flow reactor containing silicaupported carboxylic acid (SKGOOH). Enantiomerically pur§-(
Rolipramf could be isolated upon crystallization from®MeOH ofthe crude mixture witha 50%
overall yield of (from aldeydea). The flow system was stable for at least one week produ@ag (
Rolipramf (>99%) with an output offL g/d. All chemical steps were performeuthout the

16



isolation of any intermediates and without the separation of any catalystqrogucts or excess
reagents.

MeOOC._ COOMe
c
/©/ CHO Et;N
MeO i : l
Condensation & TTTTTTm T \ Stereoselective ! ROOC._COOR |

{r ° Dehydration . NNO: Michael Addition :
a ; : : “_NO, |
Toluene sol. \ ! MeO b ! '
< - L

(0] I

CH3NO; E g : ¢} d 1
Toluene sol] Si0p-NH, S _T_Oflﬁn.efo./. PS-(S)-Pybox-CaCl, : Cr :
CaCl, 0°C H Toluene sol. !

Hydrolysis &
(0] Decarboxylation

Hydrogenat:on

ZNH : ROOC\/Z( '
- - : - ._
MeO

o S$i0,-COOH o Pd/DMPSi-C
Cf f 120 °C ' G/ ' 100 °C

(S)-Rolipram

Figure8. Continuous flow synthesis of Rolipram using catalytic reactors.

Nowadays chal organocatalysis can be successfully used as alternative methodology to enzymatic
or organometallic catalysis to perform stereoselective reactiGnidowever, the main concern
associated to the use of organic molecules as catalysts are the very low [b@isgs of 120

mol% are typically required) when compared to the other systems. The immobilization of the
catalysts onto a solid support can partially overcome this drawback favoring an easy recovery and
recycle of the catalytic species. Even more comeet is the incorporation into catalytic flow
reactors where no additional isolation steps are need@ddditionally, due to the absence of
coordinated metal species, solid supported organocatalysts are particularly suitable for the
application in catalyt reactors, since the risk of metal leaching is intrinsically avditled.

This chapter will cover the synthesis of different solid supported chiral organocatalysts (
imidazolidinones, primary amines derived from cinchona alkaloids and picolinamidegheind
application in catalytic reactors for continuous flow reactions. At first the comparison between the
heterogeneous catalysts with their homogeneous counterparts will be examined. Issues of
catalysts loadings and recyclability will dg@dressedn order to assess the practical applicability of
these systems. Finally the possibility to employ these systems for the continuous flow
stereoselectivesynthesis of chiral molecules will be demonstrated.
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1.2 Chiral Imidazolidinones
1.2.1 Stereoselective cycloadditions

In 2000,the MacMillan research group reported the use of a chiral imidazolidinone derived from
natural amino acid-phenylalanine as organocatalysts to promote Dilider cycloadditions. The
catalyst was developed in theomtext of a general strategy for stereoselective organocatalytic
reactions promoted by chiral amines alternatives to Lewis acid catalyzed ones. The reversible
F2NXIFGA2Y 2F A Y-dngalude¥d akdehytldas afdMiilves émlates the equilibrium
dynay A Oa -drbftaR electronics that are inherent to Lewis acid catalysis resulting in a EUMO
lowering activation (Figur®). The iminium ion formation is enhanced by the presence of acid
additives so the catalyst operates in its protonated form.

substrate catalyst LUMO-lowering

+

a) P+ LewisAdd == _A~20 4

JUT'\I
b) NO + JF‘\N)H — N’J\r‘\‘fc
H
Figure9.a 2 RSa 2 F I O-linsaffaigdiailghyd@sF h X |

The catalytic cycle for the stereoselective Diglder reaction promoted by MacMillan catalyst is
outlined in FigurelodY ( KS O2 y RSy aundathrgtel al@efydeliwitiSthehedantiopure
secondary amine leads to the formation of an iminium ion that is sufficiently activated to engage a
diene reaction partner. Accordingly, Di#der cycloaddition would lead to an adctuvhich upon
hydrolysis provides thenantioenriched product, while releasitige chiral amine catalyst.

X O
I + = - - - -
CHO N X_ iminium ion
cycloaddiction Ph |
product |
H,O .
o y Nu

Diels-Alder
cycloadduct

—

Figurel0. Reaction mechanism for stereoselective cycloaddition promoted by chiral imidiazole.



Given its popularity, due to wide applicability and easy availability, it is not surprisingly that the
catalyst has been covalently anchored onto different suppbtt®espite the greanumber of
proposed solutions, the development of a supportddral imidazolidinone for the application in
catalytic flow reactor has not been explored yet.

o) O o)
.Bu Bu
OMe —— N ——tl N°
N—. Q.
o NH, Ho \{ » o HN\{,W
L-Tyr-OMe MacMillan Imidazolidinone Solid Supported Catalyst

For this purpose, we decided to investigate the usevad supporting materials with different
properties to anchor the organic catalyst: inorganic silica and organic polystyrene.

Silica supported imidazolidinone

In our research group we have previously reported the use of chiral imidazolidinones supported
on me®porous silica nanoparticles. We employed the same synthetic strategy to prepare
heterogeneous imidazolidinones supported on commercially available silica nanoparticles (Scheme
1).

SiO,

N,Bu - . N,Bu

toluene
HN—/., o HN—/.,,,
(MeO);Si”~ > 0 \/ 80 °C, 48 h @/\/\O \/ /

S$1: 0.4 mmo/g (8 um)
$2: 0.3 mmo/g (8 um)
S$3: 0.1 mmo/g (8 um)
S$4: 0.5 mmo/g (10 pm)

Schemel. Synthesis of silica supported catalys$d-S4

The synthesis involved the grafting of intermediatento silica intoluene at 80 °CGor 48 hours. In

order to study the influence of the morphological properties on the catabdicvity, two different

types of commercially available silica were used as suppoitis: Apex Prepsil Silica Media 8 um
(Grace DavisonDiscovery Sciences, asymmetry 0.9, pore diameter 120 A, mean patrticle size 8.4
>Y | YR & dzNJF | £9)Shree suppbried cetdysss wivh different loadings were prepared
(S1load 0.4 mmol/gS2load 0.3 mmol/g ands3load 0.1 mmol/g). With Luna Silica 10 um (pore
RAFYSGSNI mam )3 YSIEy LI NIAOt §g) catalystS4wighd poading Y= |
of 0.5 mmol/g was mpared. The loading of the chiral imidazolidinone supported onto silica was
determined by weight difference.

In order to evaluate the influence of the linker on catalyst performances, we also explored a
different anchoring strategy: according to Schemae 2Jick reaction between azidanctionalized
silica and imidazolidinon2g I & LISNF 2NXYSR Ay G(GKS LINBaSyoOoS 27F |
chloroform as solvent. CatalySbwas obtained with a loading of 0.4 mmol/g.
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O Cul

(0]
H _By Hunig's base _Bu
@/\/\N . N — N
3 AN
2

t, 24 h N=N

$5: 0.4 mmol/g (8 um)

Scheme2. Synthesis of silica supported catalyS&

In order to test catalysts performance, we chosenaodel the cycloaddition reaction between
cyclopentadiene and cinnamaldehyde in the presence of the supported catalys@cicico
catdyst (HX) in acetonitrile/watefTable 1).

cat./HX 30 mol%
PhF~cho * @ LE/ ZlPh LE/ AcHo

CHsCN/H,0 CHO Ph

RT, 48h

endo 4 exo

Tablel. Stereoselective cycloadditions in batch promoted3#S5

entry catalyst HX vyield (%} endo:exd ee % (endo,ex6)

1 S1 HBR 75 55:45 75,76
2 S1 TFA 69 50:50 80, 82
3 S2 HBR 42 50:50 46, 53
4 S3 HBR 34 50:50 47, 49
5 S4  HBR 78 55:45 78,77
6 S4 TFA 66 55:45 83, 86
7 S5 HBR 91 55:45 93,91
8 S5 TFA 52 55:45 87, 97

3solated yield after chromatographic purificatiofevaluated by'H-NMR on the crude reaction mixture;
‘evaluated by HPLC or GC on chiral stationary phase .

CatalystS1and S4promoted the reaction in good yields and ee up to 82% (entries 1, 2, 5 and 6).
The use ofS2and S3 which have a lower loading ahidazolidinone resulted in poor yields and
low ee (entries 3 and 4)S5 which features a triazole linker on its structure, promoted the
reaction in good yields and very good ee, up to 93% (entries 7 and 8sufgsstshat a longer
linker between thesolid support and the catalytically active site positively influences the
enantioselectivity of the process.

The solid supported catalysts could be easily recovered after reaction time by simple filtration of
the crude mixture. However, attempts to recydlee catalysts were unsuccessful. In the second
reaction cycle, under the same experimental conditions, all the catalysts teSte&4and S5
promoted the reaction in poor yields (lower than 30%) and very low ee (around 25%). This
indicates that the orgnic catalyst supported onto silica is deactivated under reaction conditions
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(probably the presence of the acid-catalyst accelerates the degradation of the imidazolidinone
rng).

With the aim of extending catalysts activity we explored the use of pabkedflow reactors
where the contact time between reagents and catalyst could be reduced. As catalytic reactors,
three empty HPLC columi 2.5 cm,d: 0.4 cm, V: 1.57 mL) containing 1 granSadfS4and S5

were employed. The void volume was determined experimentally for each reactor and it was
necessary to calculate the residence time.

The model cycloaddition between cyclopentadiene and cinnamaldehyde was studied. The
reagents were pumpeth the reactor bya syringepump and the products were collected at the
way out of the reactor.

e+ ) ——
CH3CN/H,0

Packed-bed endo 4 exo
reactor

Table2. Continuous flow cycloaddition promoted IS4

Runnlng flow rgte re_&dence HX  yield (%} endo:exd ee %

time (h) (uL/min) time (h) (endo,exof
1 10-30 5 10 HBR 55 46:54 40, 60
2 30-50 3 16,5 HBR 91 47:53 71,73
3 50-96 3 16,5 HBR 92 42:58 85, 81
4 96-150 2 25 HBR 95 44:56 83, 80
5 10-20 5 10 TFA 94 48:52 85, 85
6 20-96 5 10 TFA 84 47:53 85, 83
7 96-120 5 10 TFA 78 48:52 73,71
8 120150 5 10 TFA 77 49:51 77,73
9 150170 5 10 TFA 60 49:51 75, 74

3solated yield after chromatographic purificatiofevaluated by'H-NMR on the crude reaction mixture;
‘evaluated by HPLC or GC on chitationary phase .

The catalytic reactor containin§l showed a good activity in terms of chemical yields and
enantioselectivity (up to 85%). By using both TFA and, ldBFcacatalysts the flow system
produced cycloadductgl for more than 150 hours. Triftwoacetate salt of the supported
imidazolidinones promotech faster reaction thanits tetrafluoroborate counterpart (Table 2,
entries 14 vs entries 59).
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Lo [
PhP~cho  * D — ’ gig}}% - bPh * bCHO

| |

Packed-bed endo 4 exo
reactor

Table3. Continuous flow cycloaddition promoted IS4

entry F?unmng flow rgte regdence HX  yield (% endoexd ee %
time (h) (uL/min) time (h) (endo,exof

1 10-24 5 10 HBR 54 n.d n. d.
2 24-48 5 10 HBR 76 52:48 71, 68
3 4872 5 10 HBR 76 51:49 69, 66
4 72-96 5 10 HBR 60 51:49 68, 58
5 10-24 5 10 TFA 60 62:37 n. d.
6 24-48 5 10 TFA 50 53:47 67,70
7 48-72 5 10 TFA 32 52:48 68, 70
8 72-96 5 10 TFA 25 53:47 63, 63

3solated yield after chromatographic purificatiofevaluated by'H-NMR on the crude reaction mixture;
‘evaluated by HPLC or GC on chiral stationary phase .

The packeébed reactor containing4proved to be less active than the previous one, indicating
that the supporting material influences catalytic performance (T&)ldJsing a residence time of
10 hours, productgl were obtained in moderate yields and modest ee (around 70%). After 100
hours of continuous production the catalytic reactor became inactive.

. S5/HBF, !
Y\ A
. . R - Ao A
~cHo ¢ @ ’ u.?@i Il Len + /A AcHo
Packed-bed endo 4 exo
reactor

Table4. Continuous flow cycloaddition promoted 95

entry Runnlng flow rgte rg3|dence HX  yield (%} endo:exd ee %
time (h) (uL/min) time (h) (endo,exof

1 10-30 5 10 HBR 60 50:50 74,91

2 30-50 5 10 HBR 50 47:53 80, 94

3 50-72 5 10 HBR 35 49:51 82,87

%solated yield after chromatographic purificatiofevaluated by'H-NMR on the crude reaction mixture;
‘evaluated by HPLC or GC on chiral stationary phase .
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The packed bed reactor prepared usig despite showing higher enantioselectivities (up to 94%)
compared to the previous ones, promoted the model cycloaddition in modest yieldgiatafter
72 hours the catalysts was completely inactive (Table 4).

The flow system with o61proved to be themost active. The supported catalysts promoted the
model cycloaddition for more than 150 hours, demonstrating that the flow process could extend
catalyst lifetime and reducthe imidazolidinone deactivation observed in batch.
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Polymer supportedmidazolidinone

The synthesis of polymer supported catalysts is depicted in Scheme 2 and involved a click reaction
between imidazolidinon@ and X(azidomethyB4-vinylbenzene in the presence of Cul and Huf a
base. Resulting intermediat® was subjectedo radical copolymerization with divinylbenzene as
co-monomerin the presence ofoluene and idodecanol as porogens and AIBN as initiaRi.

was obtained with a loading of 0.57 mmol/g that was determined by the stoichiometry of the

polymerization reactio.

0 cul \/@AN/N\ 0
Hunig's b N
o HN7/,,,, XN CHCl, HN7/,
1 O hy
2 3

rt, 24 h
86%

AIBN
Divinylbenzene
1-Dodecanol
Toluene
70°C, 24 h

QO
>~ N B
\\ﬁ \-Bu
HN7/,,,
0 "

P1: 0.57 mmol/g

Scheme3. Synthesis of polymer supported catalyxt

Plwas tested in the benchmark cycloaddition under the same experimental conditions employed
for SES5 The catalyst afforded cycloadduetsn very good yields and excellent ee, up to 90%
(Table 5, entries 1 and 3). Notably, when the catalyst was recycled, it maintained a good level of
chemical activity and a very good enantioselectivity (entry 4).

P1/HX 30 mol% f E
Ph\/\CHO + D > / l Ph / CHO

CH3CN/H0 CHO Ph

RT, 48h

endo 4 exo

Tableb5. Stereoselective cycloadditions in batch promoteddy

_ ee %

Entry HX T(h) Yield (%) endowexd o o s
T TFA 48 85 nnkp ¢n o
2 TFA 48 25 e 7Ls)
3 HBE 48 97 nokp dn 6
4" HBR 72 70 inKp _yp O

%solated yield after chromatographic purificatiofevaluated by'"H-NMR on the crude reaction mixture;

‘evaluated by HPLC or GC on chiral stationary pHaséalyst recycled.
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These preliminary results indicate that polystyrene as supporting matehaktsr than silica. This
is probably due to the apolar nature of the organic polymer compared to silica which pseSen
OH groups on his surface that caterfere with the activity of the supported catalyst

We next focued our attention on the preparatn of a packed bed reactor containii®g. As flow
reactor an HPLC colungih 6 cm,id: 0.4 cm, V: 0.75 mffijjled with 0.3 grams oP1was employed

The void volume was determined experimentally and it was necessary to calculate the residence
time. The system was used for the enantioselective cycloadditions of cyclopentadiene and three
different aldehydes. For the first 24 hours proddaivas formed in 75% yield and 91% and 9296

for endo and exo isomers respectively(Table 6, entry 1). The reactovas then washed with
solvent mixture and then subjected to a second cycloaddition to afford prdslircgood yield and

ee (entries 3 and 4). The same procedure was repeated twice and pradlant$4 were obtained

in very good yields and ee (entries/6and 9). The catalytic reactor operated for 150 hours with no
appreciable loss in chemical or stereochemical activity.

| P1/HBF, |
M — P — L. - A
\/\CHO + D ()9)(1)« 7 Ar + 7 CHO
CH3CN/H,0 y ¢HO AR
Packed-bed endo exo
reactor
4 - Ar: Ph
5-Ar: 2-N02-C6H4
6 - Ar: Me

Table6. Continuous flow cycloadditions promoted BiL

entry® Erl:]r;n(ls)g Product vyield (%§ endo:exd (enZE,Zz(o?
1 0-24 4 75 NTKP ¢GH 0O
2° 24-32 - - - -
3 32-48 5 88 ndokp dn o«
4 48-60 5 95 NTKP ¢GmMm 0O
5° 60-72 - - - -
6 72-86 6 94 PHKNO YyoOo 01
7 86-108 6 97 nkp yp 01
8° 108120 - - - -
9 120150 4 73 nNTKpPp dn 0

2 Flow rate = Bi/min, Res. time = 12 Hisolated yield after chromatographic purificatidievaluated byH-
NMR on the crude reaction mixturéevaluated by HPLC or GC on chiral stationary pfias&ymn wash.

Although te flow system proved to be stable for a long period of tiraemajorlimitation was

related to the low flow rate employed (2L/min). When we tried to increase the flow rate of the
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process, thus reducing the residence time into the reactor, a decrease in thigt@atactivity was
observed (Table 7). For example, with a residence time of 1.2 hours, only 21% of product was
obtained (entry 5).

_____ B

Packed-bed endo 4 exo
reactor

" cho @

CH5CN/H,0

Table7. Continuous flow cycloaddition promoted BAL

Running flow rate residence . ee %
MY ime (h) (uUmin) time (hy Y9 (%9 endo:exd (endo,exof
1 0-24 2 12 80 nykKp yp 0}
2 24-44 7.7 3 65 NYyKp yc 0)
3 4450 7.7 3 52 NTKP yod 0)
4 55-70 18.8 1.2 21 NykKp yT 0)

%solated yield after chromatographic purificatiofevaluated by'"H-NMR on the crude reaction mixture;
‘evaluated by HPLC or GC on chiral stationary phase .

The flow reactor was not suitable for operation at high flow rates, these preventedhe
supportal catalysto have sufficient contact time with the reagents.

To overcome this problewe explored the use of monolithic reactors. As already reported above
these reactors feature a large surface area and can be employed at high flow rates. Monolithic
reactor M1 was prepared inside a HPLC colurin6(cm,id: 0.4 cm, V: 0.75 mUW)y radical
copolymerization of monome8 with divinylbenzene as emonomer, in tke presence ofoluene

and kdodecanol as porogens and AIBN as initiator (Scheme 3). The reactor was sealed and
heatedat 70 °C for 24 hourdslhe reactor waghen washed with THF pump in order to remove
excess of porogenslhe void volume was determined expaentally and it was necessary to
calculate the residence time.
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AIBN

D|V|nylbenzene
\\L /@/\')J\N/BU
1 Dodecanol
HN Toluene
70°C,24 h Monolithic

X reactor
i M1

Schemed. Synthesis of monolithic reactddl.

A cno @

CH5CN/H,0

Monolithic endo 4 exo
reactor

Table8. Continuous flow cycloaddition promoted BjL.

Running flow rate residence . _ ee %
fime () (uUmin) time (ny Y9 (%9 endo:exd (endo,exof
1 0-4 2 12 n.d. - -
2 4-24 2 12 75 NTKP GH 0¢
3 24-44 7.7 3 67 ny Kkp 90(90)
4 44-55 18.8 1.2 68 nNTKP ¢n o)
5 5570 188 1.2 73 npkp n o)

%solated yield after chromatographic purificatiofevaluated by'"H-NMR on the crude reaction mixture;
‘evaluated by HPLC or GC on chiral stationary phase .

Monolithic reactor M1 was tested in the model cycloaddition between cyclopentadiene and
cinnamaldehyde in the presence of HBIE cocatalyst. Differently from packed bed reactors, the
monolithic reactor could work at high flow rates with no appreciable loss in chemical or
stereochemical activity (Table 8). After 70 hours of continuous operation the desired cycloadducts
were produced in 73% yield and 88% ee with a residence timesti.2 hours (entry 5).

To further demonstrate the advantages related to the use of monolttbactors with respect to
packed beeones we made a comparison of Turn Over Numbers (TON) and productivities
(calculated as 1000* mmol product*mmol catalyst time™) obtained with threedifferent flow
systems. Results are reported in Figule 1
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10 PRODUCTIVITY:

1000 x mmol propuct
(mmol caTaLYsT X time)

TON

8

mmol prod

mmol cat MONOLITHIC M1: 339 h't
s PACKED-BED  P1: 120 h!
PACKED-BED  S1: 64 h

0 10 20 30 40 50 60 70

time (h)

Figurell. Comparison of TONs and productivity of flow systems uSinglandM1.

Monolithic reactorM1 is much more efficient in terms of TONs and productivity than packed bed
Pland S1 The greater performances are ensured by gussibility to work at higher flow rates
with no erosion in the chemical or stereochemical activitiius in the same unit of timéarger
guantities ofproduct can be obtained.

In conclusion, different chiral imidazolidinones supported onto silica anlyspwene were
prepared. Polystyrene supported cataly$tl proved to be more efficient than silica supported
ones, and its activity was comparable to the one of 4sapported imidazolidinone. The
recyclability of the supported catalysts was studied butugegrapid decrease in the activity was
observed. The use of packed bed reactors for continuous flow cycloadditions favored a longer
catalyst lifetime compared to batch procedurEheuse of a monolithic reactor enabled the use of
higher flow rates compaik to packed bed reactors: this increased the productivity of the flow
process and the overall TON of the supported catalyst.

To the best of our knowledge this is the first study that addressed a comparison of differently
supported catalysts in a stereoseteve synthesis carried out under flow conditions.
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1.2.2 Stereoselective alkylation of aldehydes

Enantiomerically pure-alkytsubstituted aldehydes areemarkablyimportant key substrates for

the synthesis of more complex molecufé<onsequently there has been substantial interest in
the development of a methodology to access these valuable compounds in enantiomerically pure
form.

wSOSyifes vy aRdion dahygdblégeshave been developedkg-type reactions,

in which carbocations of sufficient stability generated in situ from alcohols, or stable carbenium
ions are employed to perform enantioselectigealkylation of aldehydes (Scheme &jtalyzed by
MacMillantype catalysts, according to the mechanism reported in feiga.*’

R. _CHO hiral
~— cnira
. imidazolidinone S CH,OH Rar:_ézy Ni CH,OH Natural Products
. _— e > HsCu g &
S _ S R R Biological Active
@[ \> BF, EtOH Compounds
S

Schemeéb. Stereoselective alkylation of aldehydes.

i
Catalyst Nu |"’;
O R
AL - | H=0
Ot ——
cHo ¥ 72T « O. 7/ o, s
; N 3
R d / X N - TN
R ™. i )’f‘mN/L""- HX F"'J“-""FF_“"
product \ Ph ) = ph I| X
I = -HX -
A Fg R'
Y,
- N, o, | ,
H;.O \:J*—N S . 5“'
Y iy S,
i~ L e
Rl.r,.lll ’il ¥ ey S
Aldehyde [ HBF4
alkylation R
,-""_*-11;1-: S
rR=[ [ 4
‘*—.,\_\_\:_-__"; -S

Figurel2. Reaction mechanism for the stereoselective alkylation of aldehydes promoted by chiral
imidazolidinone

In order to develop a continuous flow process witie catalytic reactors previously described, we
made some preliminary batch experiments using supported cataystsnd P1 (Table 9). We
chose as model reaction the alkylation of propawéh 3 different cationic electrophiles(8 and
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9) in the presence of 30 mol% of supported catalysts,,tdBFEacatalysts, NapPQ, as scavenger
(of HBEreleased from the electrophileggnd CHCN/HO mixture as solvent.

1) cat./HBF, 30 mol%

NaH2PO4*H20

~_CHO 4+ Electrophile - \:/CHZOH
CH3CN:H,0 1:1 E
2) NaBH, MeOH 10-12

, BFy

+
S - _
N t+
MezN NM62
7 8 9

Table9. Stereoselective alkylations in batch promoted3iand P1

oyihG/ I 9t SOGMt NBR, ASt°RSS &
M { W™ T M /1 TP dn
H twMm T M 1 cCT y C
0 {m y M M y M Td
n t m y M M T H dn
p { ™ d M H y n CT
c t ™ d M H cn dp

(a)lsolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase.

Products10-12 were obtained in good yields ardir to very good enantioselectivity. Interestingly,
polymer supported imidazolidinon®1 promoted the reaction with higher enantioselectivity
compared tosilica supportedslaffording the products with ee up to 95% (entries 1, 3 angs5
entries 2, 4 and 6).

Once the compatibility of supported catalysts in the batch reaction was demonstrated we
explored the use of packelled reactors for the continuous flow alkylation of aldehydes. Two
stainlesssteel HPLC columnis 6 cm,id: 0.4 cm, V: 0.75 miyere filled withP1(0.3 g) and51(0.3

g), respectively The void volume was determinezkperimentally for each reactor and it was
necessary to calculate the residence time.

Initially we studied the alkylation of propanal witfi the packed bed reactor containin§1
afforded the product in 65% yield and 80% ee (Table 10. entry 1). WhenaWwerdite was
increased from 0.1 mL/h to 5.4 mL/h the ee was not altered and the productivity of the flow
system raised to 1030 “h(albeit a lower yield was obtainedentry 2). Packeded reactor
containingP1promoted the reaction in moderate ig and vey good ee (up to 95%ntries 37).

Also in this case when the flow rate was raised to 10.8 mL/h the yield diminished to 11% (the
productivity of the system is comparable to the one obtained ifl{entry 7).

31



: cat/HBF4' MeOH
s NaH;PO; l CH,OH
~_CHO . O:\> BF, >
S CH3CN/H20
7
Packed-bed
reactor

Table10. Continuous flow stereoselective alkylation of propanal witle pure productlO.

cCt2g wSaod ,AS SS t NP

_,_ LR
oyd /1ode OY[ K OYAY &Pb 6fb 69O
M {m 0.1 HTC Ccp yn TN
H { ™ 5.4 p M YH MAO
0] t m 0.1 opn cn yn nn
n t ™ 0.7 p o nMm dn HTA
p P1 1.3 HY HPp GO 0 M/
c P1 2.0 MYy MYy dp HOT
T P1 10.8 n MM yT MM®Q

(a) Isolated yield.(b) eewas determlned by HPLC on chiral stationary ph@3eProductivity determined as: mmol
product- mmol catalysl1 time™* 1000.

We then investigated the alkylation of propanal with electroplil@he flow system showed a
behavior similar to the one obtained in the previous reaction. Proddetas obtained in very
good ee with both catalystSlandP1(Table 11). Notably, usingesidence time of 4 minutes
only, 11 was obtained in 94% ee and with a productivity of 383@emtry 4).

---------- . NaBH,
cat/HBF4 MeOH
_ NaH2PO4 CHon
~_CHO BF, ,. ,
CH3CN/H20
8
Packed-bed
reactor

Tablell. Continuous flow stereoselective alkylation of propanal v@itie pure productll.

. .. Cft2g wSao Acon A a 6o L NP
oy G/ al Y[ é”y,)\Sfﬁ'zss c?aé_mm
M {m 4.8 c MYy y C M M p
H t m 0.7 p o cp dgn p dn
o] t m 15 H N p H do M C
n t m 10.8 n HC dgn oyo

(a) Isolated yield.(b) eewas determlned by HPLC on chiral stationary ph@$eProductivity determined as: mmol
product. mmol catalysl1 time™* 1000.
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Having identified P1 as the catalytic system that promoted the reaction in higher
enantioselectivitywe used itto further investigate the scope of the reaction under continuous
flow conditions. The packed bed reactor containfibwas employed for the alkylation of octanal
(Table 12) and phenylacetaldehyde (Table 13) with electrophilen both cases, the desired
products,12 and 13, were obtained in very good ee but quite low yields.

P . NaBH,
! P1/HBF, ! MeOH
. [
s NaH,PO, o S CH,OH
\Q/CHO + ©: \> BF, _— > , gi@}% — > ©: >|...
6 S CH3CN/H,0 B S )5
7 13
Packed-bed
reactor

Table12. Continuous flow stereoselective alkylation of octaanal with

., Ct26 wSad _ AS SS t NP RdzC

y OY[ kK OYAYy&PDh &Pl oWCY
1 1.5% H N oM dn nTan
2 5.4® T ® dn cCnn

(a) Isolated yield.(b) eewas determined by HPLC on chiral stationary ph@$eProductivity determined as: mmol
product. mmol catalyst . time™* 1000.

P . NaBH,
! PA/HBF, ! MeOH
s NaH,PO, 64*77 J S CH,OH
Ph_CHO + \> BF4 O@@jé - >““<
7 14
Packed-bed
reactor

Table13. Continuous flow stereoselective alkylation of phenylacetaldehyde with

ct2¢g wSaod AS SS t NRRdAzO

9y iN , >
y OY[ kI OYAYy &b 6206 oWOP
1 1.5% H M Hop  dn nnon
2 5.4 T My N dT N

(a) Isolated yield.(b) eewas determined by HPLC on chiral stationary ph@$dProductivity determined as: mmol
product. mmol catalyst . time™* 1000.

The flow systems prepared showed a good activity in the stereoselectivie alkytdtaddehydes,
affording the desired products in very good ee (up to 95%) andehigioductivitiescompared to
the batch procedure However when high flow rates were employed quite low yields were
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obtained. In order to overcome this drawback a proceduser¢cover and recycle unreacted
electrophile 7 should be implementedn our flow reactor systemsHowever, despitesome
attempts, an efficient methodology has not been developed yet.

Even if some improvements are still required, this procedure represenfitat continuous flow
stereoselective alkylation of aldehydes using solid supported imidazolidinnes.
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1.3 Chiral Primary amines derived from cinchona alkaloids

Among chiral primary amines employed as organocatalysts, Cinchona alkaloids derplatyvas
crucial role. Cinchona alkaloids are commercially available comppwaddy extracted from
natural products. Most employed cinchona alkaloids are quinine, cinchonidine, quinidine and
cinchonine. Their primary amines derivative=adily obtained lp literature proceduresare
depicted in Figure3*

R =0OMe 9-amino-epi-quinine R =OMe 9-amino-epi-quinidine
R=H 9-amino-epi-cinchonidine R=H 9-amino-epi-cinchonine

Figurel3. Chiral primary amines derived from cinchona alkaloids.

These molecules represent a welitablished class of stereoselective orgarialyests capable of
promoting a great number of chemical transformations with excellent levels of
enantioselectivity’® Cinchonaderived primary amines are general and effective catalysts for a
GARS O NASGE 2F I a&YYSiNK O njl dmpound$Hthasialsotbeeyf O i A 2
demonstrated that they are able to combine orthogonal aminocatalytic modes (iminium and
SYFYAYS FOUAGlI GA2ya0 Aya2 2yS YSOKI yidsaturaked (i K dz&
1802y S4a | yR S@Sy igdisibstitutadesalsOK £ t Sy3ay3 hx

Despite of thewide application of chiral primary amines derived froBinchona alkaloids as
homogeneous catalysts, the development tbeir supported versios and thdr application in
continuous flow processesre almost unexplored?

Initially we decided to focus our attention on the preparation of supported chiral primary amine
using solid materials with differergroperties and characteristicén particular we employed an
organic insoluble polymer (highly crelasked polystyrene), an organic soluble polymer
(polyethylenglycol PEG) and an inorganic insoluble material (silica). With such different materials
we could determine the influence that each solid matrandave on the reaction outcome and
possibly identify théest support.

Polymer supported primary amines

We selectedthe doubk bond on quinuclidine ring ofitichona alkaloids as anchoring site. We
started from alkynel5, prepared according to a wethown proceduré* and we introduced a
linker through click raction in order to obtain compound6. The hydroxy group was then
converted into the corresponding primary amine through a stereospecHste sequence.
Resulting monometl 7 was then subjected to radical copolymerization with divinylbenzene as co
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monomer, in the presence ofoluene and 1dodecanol as porogens and AIBN as initiator (Scheme

N. N
NS N N N
NN 1) MsCl, TEA, N
Cul, THF NH
Hunig's base H e S wOH H o 2
- = — >
\ o \ _0
16 17

2) NaN; DMF
CHCly 3,
RT. 24 h 3) PPhy THF

94% 64%

1-Dodecanol
Toluene

AIBN
Divinylbenzene
70°C,24h

/N:N

N

P2 load = 0.5 mmol/g
P3 load = 0.3 mmol/g
P4 load = 0.7 mmol/g

Schemeb. Synthesis of polystyrene supported catalyB&P4.

Changing the stoichiometry of polymerization reaction we prepdhede polystyrenesupported
catalysts P2 P3andP4) with different loadings.

We also prepareda supported catalyst without any spacer between the chiral primary amine and
the solid supparin order to observe a possible variation in the catalytic activity. CatRlystas
prepared directly from Samino-eptrquinine 18 by radical copolymerizatiorunder the usual
conditions (Scheme 7). The loading &5 was determined by the stoichiometry othe
polymerization reaction.

divinylbenzene
toluene
1-dodecanol

AIBN
70°C,24 h

P5 load: 0.8 mmol/g
Schemer. Synthesis of polystyrene supported catall?st

PEG supported primary amines

PEG is a weknown materialthat has already been employed in our laboratoréssolid support

for various organic catalysts or reagefitDue to its solubility properties, PEG feature a unique
behavior: it can be used in homogeneous reactions since it is soluble in water and certain organic
solvents (CEChb, MeOH, toluene); thentican be recovered as heterogeneous system by
precipitation in solvents as ethers where it is insoluble. In order to prepare a PEG supported chiral
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amine G1, we started from easily available PE® which was subjected to a nucleophilic
substitution with prmary amine20in the presence of GEQ as base.

/\|<\-N
MeO<CH2CH2—O>—®f0Ms e
n HO

n=5000

19

NH, CsxCO3 o
T
DMF

~ 70 °C, 48 h

95%

20
SchemeB. Synthesis of PEG supported catalpdt

Glwas obtained in 95% yield by simple precipitation gOEBVITBE mixture.

Silica supportegrimary amines

The synthetic strategy for the preparation of silica supported primary amine involved an initial
protection of primary aminel8 as trifluoroacetamide2l. This was subjected to fatalyzed
hydrosilylation with trimethoxy silane (otherwisehibited by primary amine functional group)
which was then grafted onto commercially available silica nanoparticles. ©®was obtained,

the primary amine functionality wasestoredby treatment with methylamine in ethanol at 40 °C.
CatalystS7 was obtaired with a loading 0f0.5 mmol/g as determined by weight difference.
Deprotection ofS6to S7was monitored by solid state NMR (see experimental section for further

details).

HSi(OMe);
(CF'3'CO)20 (dcp)PtCl,
pyridine
™ THF
0°Ctort,24h ggo/C, 24 h
75% o
21
SiO,
toluene
80 °C,48h
(S
MeNH,
B e —
EtOH
40°C,6h
S7: Load 0.5 mmol/g s6

Scheme9. Synthesis of silica supported catalgst.
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In order to avoid the protection/deprotectiosequenceof primary amine as trifluoroacetamide

we also explored a different procedure to prepare a silica supported primary amine. Exploiting
radical thiotene couping reaction, thioffunctionalized silic&8and primary amind.8 were

reacted in the presence of AIBN as radical initiator in chloroform/toluaneure as solvent at 80
°C for 24 h. Silica supported catal$g&was obtained with a loading of 0.5 mmol/g, determined by
weight difference.

AIBN
—_—

CHCl3

toluene

80 °C

24 h

S8

S9 load: 0.5 mmol/g
SchemelO. Synthesis of silica supported catal$&

Stereoselective reactions in batch

In order to study the catalytic activity tiie obtained solid supported primary amine& choseas
model thereaction betweeni-butyraldehyde andrans-b-nitrostyrene in the presence of benzoic
acid as cecatalyst. The reaction involved an activationtbé abranched aldehyde through the
formation of an enamine intermediate which attacthe electrophilic nitroalkene in aonjugate
addition. This transformation has been reported by Conmbral. in 2007 and It is known to
proceed in the presence of&@mino-epi-dihydroquinidine in very good yield (93%) and ee (88%).

cat 30 mol%

0 PhCOOH O Ph
H + Ph/\/ N02 H z N02
toluene
RT, 48 h
23

Tablel4. Stereoselective Michael reaction in batichafford product23.

Entry Catalyst Yield (%3 ee (%)

1 P2 81 94
2 P3 59 90
3 P4 99 95
4 P4 98 95
5 P5 67 95
6 Gl 87 94
7 S7 81 78
(a) Isolated yield after 8 S9 77 73 chromatography. (b)
Enantiomeric excess was determined by HPLC on chiral

stationary phase; (c) 20 mol% of cat was used.
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We performed the same reactian the presence of our solid supported catalssing toluene as
solvent at room temperature (Table 14). Polystyrene supported cataR&#35 promoted the
reaction in very good yieldsnd ee up to 95% (Table 14, entrieSL The use of cataly§t5which

did not feature any spacer in its structure resulted in a lower chemical activity (yield 67%). PEG
supported catalysGlafforded product23in 87% yield and 94% ee, a result totally comparable to
the one obtained with the norsupported catalyst (entry)6 Both silica supported catalysgand
S9showed a good chemical activity but a lower enantioselectivity (entries 7 and 8) indicating that
silica as supporting material slightly reduced stereoselectivityof the supported chiral primary
amine.

Fromthe results reported in Table 14and G1lproved to be most effective catalysts in terms of
both chemical and stereochemical activities. Therefor theae supported systems were selected

to explore recycling experiments. At the end of each reaction djpeecatalysts was isolated by
filtration (P4) or precipitation G1) and reused in another reaction cycle. Results are summarized in
Table 15. Polystyrene supported catallpgtcould be used for 3 reaction cycle without appreciable
loss in chemical and stochemical activity. Form the™to the 6" cycle the chemical yield
significantly decreased while the enantioselectivity remained very high. PEG supported catalyst G1
showed a similar behavior: for 3 reaction cycEswas obtained in very good yield dree and

then the chemicalperformances diminished until thé"ecycle.

cat 30 mol%

Q PhCOOH O Ph
H + pr N0 H ~_NO,
toluene
RT, 48 h
23

Tablel15. Recycling experiments of supported catalyBtsand G1

Cycle— i - cl
Yield (%) ee (%) Yield (%} ee (%)
1° 99 95 87 94
2nd 99 94 95 97
3 88 96 95 98
4" 53 96 60 86
5 37 97 60 86
6" 28 95 37 85

In order to demonstrate if supported catalys®®4 and G1 could ensure some advantages
compared to the norsupported catalyst we also made some recycling experiments watmi@o-
eprquinine 18, under the same reaction conditions. After each reaction cycle the catalysts was
recovered after column chromatograplayd reused in another reaction cycle (Table 16). After the
1% reaction cycle the catalysts was recovered in 94% yield while 2" cycle only 32% cf8

was recovered (decomposition of the catalyst was observed). In they8le the desired product

23 was obtainedonly in 15% yield and no more cataly$8 could be recovered from reaction
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mixture. This experiment demonstrated that supporting chiral primary amines derived from
cinchona alkaloids reduced deactivation observed under homogeneous caorditiSolid
supported catalyst4 and G1 could be employed for 6 reaction cycles while non supported
catalystsl8 after just threereaction cycles completely lost his acivity.

18 30 mol%
Q PhCOOH O Ph
H)H/ + Ph/\/NOZ HJ§<\/NOZ
toluene
RT, 48 h

23
Tablel16. Recycling experiments of nesupported catalysi8.

. catalyst 18
Cycle Yield (%) ee (%) recovered (%)
1° 85 90 94
2nd 84 90 32
31 15 85 0

After having identifiedthe best catalytic systems the scope of the reaction was investigated
(Scheme 11)P4 promoted in very good yields and ethe reaction of differently substituted
aromatic and aliphatic nitroalkenes whi&lwas not active with aliphatic substrates. Produ2ts
and 28, deriving from differently substituted aldehydes were obtained in goetdg and ee with
both catalysts. Ketones were less reactive than aldehydes and pro#8eisd 30 were obtained

in moderate yields albeit in very high ee.
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Cl

O

‘N
HJ§<\/ 0,

24

P4 G1
99% yield 64% yield
90% ee 95% ee

Z__NO
H)?/\/ 2

28

P4 G1
78% yield 99% yield
2:1dr rd

94% ee 90% ee

/\)J\ + CH3N02
Ph

CF;

O =
‘- _NO
H)k\/ 2
25
P4 G1

78% yield 50% yield
97% ee 95% ee

O Ph

ij/'VNoz

29

P4 G1
78% yield 40% yield
2:1dr 2:1dr
94% ee 97% ee

26

P4
64% yield
97% ee

NO,

30

P4

17% yield
20:1dr
98% ee

Schemell. Scope of the reaction.

O

cat 30 mol% O2N

—_—

Z__NO
H)$///\/ 2
Ph

27

P4 G1
77% yield 70% yield
20:1 dr 1:1dr
82% ee 60% ee

With the same supported catalysts we also explored the possibility of performing reactions
involving a different mechanism of activation in order to demonstrate the general applicability of
our systems.The enantioselective conjugate addition of ndikanes toenones catalyzed by
dnchonaalkaloidderived primary amine, which is known to proceed through iminium ion
activation, was reported in 2013 by Wang andvearkers (Table 17, entry %j.The model
reaction between benzalacetone and nitromethane in the presence of polystyrene supported
catalystP4was carried ouin chloroform at 60 °C and afforded the desired product in 65% yield
and 90% ee (entry 2), slightly lowt#rose obtained withthe nonsupported counterpart. When
PEG supported catalysts was u§ddvas dtained in 65% yield and 57% @mntry 3).

M
solvent Ph

31

Tablel7. Stereoselective conjugate addition of nitroalkanes to enones in batch.

Entry Catalyst Yield (%3} ee (%}

1° 18
2 P4
3¢ G1

67 99
65 90
65 57

c lit; d chcl3 60 grad 72h e neat mw 60g
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Next we investigated the activation @af , -Unsaturated carbonyl compounds through activation

via dienamine.The addition of (E}-nitroacrylates toa ,-Uunsaturated ketones promoted by
aminocinchona alkaloid derivatives in the presence of acidic additives was recently developed in
our laboratories’® The reaction allowed us to obtain highly functionalized cyclohexanones bearing
three contiguous stereogenic centers in excellent diastereand enantioselectivity. As a model
reaction, the addition of (Egthyl 3methyl3-nitroacrylate to benzalacetone in toluene was
performed in the presence of 30 mol% of supported catalyst and 40 moBaligf/lic acid as an
additive. The reaction in the presence of supported cataly®t®r G1 gave products32 in low

yield and moderate ee (Table 18, entries 2 and 3).

cat 30 mol% o COOEt o COOEt
© salicilic acid 40 mol% .
N EtooC/ﬁ/No2 } %02 N

toluene Ph I%h

Ph 40 °C,48 h
32-cis 32-trans

Tablel8. Stereoselectivesynthesis of cyclohexanones in batch.

Entry Catalyst Yield (%) dr® ee (%)

19 18 75 82 97
2 P4 35 31 77
3 G1 28 31 79

We finally focused the attention on a synthetic applicatiohour methodology tadhe preparation
of (§-Warfarin 33 which is ananticoagulantdrug®® Non-supported catalystl8 promoted the
reaction between 4ydroxycoumarin and benzalacetone in the presence of TFA in dioaane
solventin 95% vyield and 93% ee (Table 19, enrti?¥afforded 33 in slightly lower yield rad the
same ee ofhe non-supported catalyst (entry 2). CatalySfiwas less active and ga@Narfarin in
60% yield and 83% ee only(entry 3).

OH cat 30 mol% OH Ph O
N (0] TFA 40 mol% N H
+ _— >
Ph/\)k Dioxane
o~ ~o 25°C, 24 h o "0
33
(S)-Warfarin

Tablel9. Stereoselective synthesis of {&arfarin inbatch.

Entry Catalyst Yield (%) ee (%)

1° 18 95 93
2 P4 83 93
3 Gl 60 83
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Stereoselective reactions under continuous flow conditions

Oncethe activity of the supported catalysts in batch was demonstrateel turned our attention

to their application in continuous flow processeSince P4 showed the best chemical and
stereochemical behavioit was selectedo prepare a packed bed reactor, thatas tested in the
model reaction betweein-butyraldehyde andrans-b-nitrostyrene in the pesence of benzoic acid
as cocatalyst. Supported catalyst4 (0.3 g) was placed into a stainlesgsel HPLC columh 6 cm,

id: 0.4 cm, V: 0.75 mL) and the reagemtere pumped intdhe reactor through a syringe pump at
0.1 mL/h (res time: 4 hours). Tlrtcome of the reactor was collected every 20 hours and the
crude was analyzed in order tietermine reaction yield and ee. Resslof the continuous flow
experiments are reported in Table 20.

: P4
o P h
PhCOOH w~ : N o
toluene
Packed-bed 23
reactor

Table20. Stereoselective continuous flow Michael reaction.

Entry? Operation time (h) yield (%§ ee (%]

1 0-20 b yp

2 20-40 dd yy

3 40-60 dp dn

4 60-80 y C g m

5 80-157 TT do
157-160¢

6 160178 y M dn
180-182¢

7 182200 TN yp

(a) flow rate 0.1 mL/h, res. time = 4h; (b) Isolated yield after chromatography. (c) Enantiomeric excess was
determined by HPLC on chiral stationary phase; (d) A solution of PhCOOH was flushed through the reactor at 0.5 mL/h
before run 1, 6 and run 7.

Compound23 was continuously produced in very good yield and high ee for 160 hours (Table 21,
entries 15). After this time it was necessary to flush a solution of PhCO@tdtatyst in order to
GNBOGAGI GS¢E GKS OFGFfealo ¢ Kbrume 00 hofrdzffdading F 2 &
product23in good yield and ee up to 90% (entries 6 and 7).

We thenemployed another packed bed reactor containing cataB4(0.3 g) for the preparation
of (§-Warfarin33. A mixture of 4hydroxycoumarin and benzalacetone in tipgesence of TFA in
dioxane was flushed through a syringe pump at 0.1 mL/h (res. time 4 h). Pi@8luets obtained

in 90% vyield and 87% ee (Scheme 12).
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P4

oL T [ - OH Ph O
(0] a H
N~ T SR N 90% yield
Ph Dioxane (‘)Mﬁ 87% ee
O O < (e) O
Packed-bed 33
reactor (S)-Warfarin

Schemel2. Stereoselective continuous flowsthesis of §-Warfarin.

In conclusion, chiral primary amines derived from cinchona alkaloids have been supported onto
three materials with different properties. These catalysts were tested in the functionalization of
different carbonyl compounds and the results obtained were comparable to the oh&sned

with the nonsupported catalyst. Polystyrene supported cataly®t proved to be the most
effective and it was more stable in recycling experiments than the homogeneous catigst.
immobilization of the catalyst oa solidsupportreduced the deactivation of the catalytic species
observed in homogeneous conditions. The gahapplicability of the catalyst was demonstrated
and the possibility to develop continuous flow processes for the synthesis of chiral molecules was
studied. FinallyP4was employed for the continuous flow synthesis of anticoagul8aé\arfarin.
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14 Chral Picolinamides

Chiral amines are very important pharmacophore that can be found in several pharmaceuticals
and agrochemical compounds (Figue. 3

Ph

Me
’:{:e . N Hl\j/\\\ MeO . HI;J/\/kPh
R” \n/ \@/'\Me @ H/\/j@ :

R=Et: Rivastigmine

R=H: Miotine Rasagiline NPS R-568 Fendiline

Figureld. Examples of paharmaceutical agrochemical compounds contaiing chiral amines moiety.

Among several available methodologies, the stereoselective reduction of imines with
trichlorosilane (HSig)l catalyzed by chiral lewis bases has been investigated by numerous
academic research groupscluding ours and has proved to be very efficight.

Trichlorosilane is a colorless volatile liquid, supplied by the silicon industry atodteof most
organic solvents. In this purified form, it is the principal precursor to ultrapure silicon in the
semconductor industry and the basic component of purified polysilicons, frequently used also in
the synthesis of silicon containing organic compounds.

Trichlorosilane is a weak Lewis acid thamce coordinated by a Lewis base through ars™h
interaction involving nonbonding electron pairs of the donor and antibonding orbitals of the

I OOSLIi2NE SELIYyRa Ala O22NRAYIGAZ2Y ALKSNB | VK
deactivated by the base lone pair donation; on the contrary, its Lewis acditgreased, due to

the electron density redistribution occurring after the base coordinatidimis resultsin an
increased positive charge on silicon and negative charge on its ligands which can be delivered onto
an electrophilic shstrate, which caror camot on his turn coordinated by silicon atom. In fact, by
virtue of the silicon increased Lewis acidity, a compound featuring a lone pair can be coordinated
and activated towards nucleophilic attack, where the nucleophile can bexéernal species or

just one of the silicon substituents. If this is the case, the reaction proceeds through a cyclic
transition state. Thus, employing an enantiomerically pure Lewis base to activate the-bdised
reactant, it is possible to control the stereochemical oumed of the promoted nucleophilic
reaction in a rather efficient way. Moreover, using the chiral Lewis base in substochiometric
guantities, it is possible to develop stereoselective catalytic strategies (Fi§ure 1

R3
\\\\ »\ R3
L Lo, ‘\:\\CI R? . HiY
*CL + C|/ u/C| (L/ VH — R1/-\R2
H
Lewis Lewis Enhanced
Base Acid Reactivity

Figurels. Activation of HSigby a Lewis base.
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Our research group developed different chiral Lewis bases to be used in combination with HSICI
for the enantioselective reduction of C=N double bofd# particular we developed different
catalystswith a picolinamide moiety aselvis base employing different chiral scaffolds. Examples
of chiral picolinamides developed in our laboratories are reported in Figiire 1

Cl
Oy ./
7 | \jN /Y—N u |
Ar. s
“ N
wNSy N)/ HOON SN
(o) R (0]
» AN =
OH | o |
Ephedrine scaffold Imidazolidinone scaffold Cinchona alkaloids scaffold

Figurel6. Chiralpicolinamides developed in our research group.

Our idea was to deVvep new solid supported chiralelvis bases in order to implement a
continuous flow process for the stereoselective synthesis of chiral amines using. HSitBis
chapter we report the synthesis and application of chiraleWis bases featuring chiral
imidazolidinone (section 1.4.1) and cinchona alkaloids (section 1.4.2) ad®ldc Slica and
polystyrene were employeds supporting material.
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1.4.1 Chiral Imidazolidinone as Scaffold

The stereoselective reduction of imines with HQIGlsing picolinamides with a chiral
imidazolidinone as scaffold has been previously investigated in our laboratdri€siral
picolinamide45I derived from [-phenylalanine promoted the synthesis of chiraline¥8in 88%
yield and 88% e€-10 °Cgcatalystloading of 10 mol%b

_PMP HSICly _PMP
N 451 10 mol% HN , Ph/\HJ\N’Bu
—_— : 88% yield
CH2CI2 ©/\ 88% ee N#'//,
-10°C, 18 h Py/go

48
Schemel3.

We decided to employlJ-Tyrosine toobtain achiral picolinamide catalyst and exploit the phenolic
residue asan handleto anchor the catalyst onto a solid support (Scheme 14).

O O
COOH Fmmmees N-BU Fmmes N-Bu
- ! linker -— ! linker
NH, — e ~ N—L.,, — - N N—7.,,
HO e} /& / O/ o /& '
PY™ Yo Py o
(L)-Tyrosine Chiral picolinamide Solid supported

picolinamide

Schemel4.

Silica supported picolinamides

The synthesis of silica supported picolinamBl&0involved the preparation of picolinamidg5
starting fromthe known compound34.3* The double bond oB4 was then converted into the
corresponding trimethoxysilyl derivative6 that was grafted onto commercially available SiO
(Apex Prepsil Silica Media 8 um) to aff@t0(load 0.25 mmol/g). The loading was determined by
weight difference.
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O (0]

. PyCOCI g, HSiOMe)
NP NEt; N-BY (dep)PtCl, N-BU
HN X N —
\/\O i THF \/\o /&# , toluene (MeO) SI/\/\O N#,l”
0°C to 60 °C Py 80 °C, 24 h s A
o} , Py
34 24h 35 99% o)

59%
36

Sio,
toluene
80 °C,48 h
O
N—/.,
@ o, U
Py o)

$10: Load = 0.25 mmol/g

Schemel5. Synthesis of silica supported catal$it0

We also prepared another silica supported picolinamide which featule&er longer thanthat of
S10between theactive siteand the solid support. Starting from imidazolidinokea click reaction
with 1-(allyloxy}4-(azidomethyl)benzene gave compould that was then converted into the
corresponding picolinamid&8. Platinum catalyzed hydrosilylation with HSi(OM&)llowed by
grafting onto commercially available ${®pex Prepsil Silica Media 8 um) affordgtl(load = 0.3
mmol/qg).

0 cul /@/\N,N o
= Hunig's base “N
HN—.,,, (6} CHCl K/ HN—/.
0 rt, 24 h ¢
2 71% 37

\ PyCOCI

80°C, 24 h 0
99% PY g

_N
/@AN Y o HSi(OMe)s NN o
1) j MN/BU (de)PtC|2 o jN Bu
N
- 2
K/\Si(0|v|e)3 0 ,g\/ olene o N\/
Py o)

39

SiO,
toluene
80 °C,48h

$11: Load = 0.3 mmol/g

Schemel6. Synthesis of sda supported catalys$11

48



Polystyrene supported picolinamides

The synthetic strategy for the preparation of polymer supported picolinamide started from
imidazolidinone 3 that was converted into the corresponding picolinamide by reaction with
picolinic acid and ethylchloroformate in the presenceNafethylmorpholineas base. Monomer

45 was then polymerized by radical copolymerization with divinylbenzene -asoccmmer,in the
presence otoluene and 1dodecanol as porogens and AIBN as initiator (Scheme 15). The loading
of P6was determined by the stoichiometry tife polymerization reaction.

O0°Ctort
24 h Py
66% 45

Picolinic acid N
N-N O Ethyl chloroformate N~ N o
N N gy N-methyl morpholine N ~ _Bu
N~ — N
N—/.
o HN\/,,,, THF, DMF o \/
3 (0]

toluene
1-dodecanol
AIBN
70°C,24 h

@I i
N
k%( N,Bu
o) Nﬁ/
Py/§O

P6: Load = 0.57 mmol/g

\ divinylbenzene

Schemel?. Synthesis of polymer supported catalyd

Stereoselective reactions in batch

The reduction of imines derived from acetophenone with trichlorosilane was chosen as model
reaction to testthe solid supported picolinamides (Table 28510 promoted the reation in
excellent yield and very good ee (entries 1 and 2). The presence of a longer linker in the structure
of catalystS11did not improveneither the yield notthe stereoselectivity of the process (entries 3

and 4). Polystyrene supported picolinamiB® proved to be the best catalytic system affording

the desired products in veryood yields and excellent e@71% entries 5 and 6)

N PG HSICl; PG

| Cat (20 mol%) HIN”
- ~
CH,Cl, ©/\
RT. 18 h
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Table21. Catalyst screening

Entry Catalyst PG Yield (%) ee (%)

1 S10 Ph 97 82
2 S10 PMP 98 86
3 S11 Ph 70 21
4 S11  PMP 95 75
5 P6 Ph 94 97
6 P6 PMP 92 97

(a) Isolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase.

On the basis of theepreliminary resultsP6was employed for further experiments. As reported in
Table 22 the amount of the supported catalyst could be reduced to 1 mol% without any loss in the
chemical or stereochemical activity (Table 22, entry 1). Wtherreaction time vas reducd to 4

hours, a loading of 5 mol% Bbgave chiral amind8in 82% yield and 94% ee.

y-PMP HsiCl, _PMP
| P6 (20 mol%) HN
—» A
CH,Cl, ©/\
RT, 18 h
48i 48

Table22. Catalyst loading screening

Entry P6 (mol%) Yield (%3} ee (%)

1 20 94 97
2 10 94 96
3 5 92 95
4 5° 82 94
5 1 96 94
6 1° 46 91

(a) Isolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase;
(c) reaction time: 4h.

We then studied the scope of the reaction. Different aryl substitutathes were reduced with
HSiG in the presence oP6 (Scheme 16)imines carrying tth electron withdrawing §1-55) and
electron donating groups4, 50, 56) were reduced in very good yields and excellent ee. Notably,
amine 57, which is the precursor of VRstigamine, was obtained in 80% vyield and 95% ee.
Unfortunately, anine 58,precursor of Rasagiline, was obtainealy in 62% yield and 55% ee.

_PG HSICl, PG
N P6 (20 mol%) HN
X ’ AN :
I// CH,Cl, |
A
R RT, 18 h R

50



PMP PMP _.PMP
HN” HN" PMP HN" HN
/@/\ CI/@/\ OZN/@/\
50 51 52

Meo/@/\
49
72% yield 99% vyield 90% vyield 98% yield
95% ee 96% ee 94% ee 93% ee
PMP
PMP .PMP HN”
HN” HN -
o o O
3 Br
53 54 55 56
96% yield 85% yield 98% yield
96% ee 96% ee 97% ee
_PMP
HN

91% yield
95% ee
_PMP
HN
Bno\©j\ i :
58
62% yield
55% ee

57

80% yield
95% ee
Schemel8. Scope othe reaction.

As already obseneewith the homogeneous catalyst5n, the synthesis of fluorinated imines,
which are important pharmaceutical bdihg blocks, was not successfisl adduct$9 and 60 were
60

obtained in very good yields but poor ee (Schemg 17
HSICl, 59
-PMP pg (20 mol%) PN R = Ph R; = Et
I /y\
Ri” CFj3 CHCl, R "CF; 98% yield 88% yield
RT, 4 h 26% ee 15% ee
Schemel9. Reduction of fluorinated ketoimines
a-Amino ester61was obtained in very good yield and moderate enantioselectivity (Scheme 18).
PMP
_PMP -
N HSICl, HN
COOMe (20 mol%) COOMe  96% yield, 65% ee
CH,Cl,
RT,2h
61i 61
Scheme20. Reduction ofa-amino ester.
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b-Amino esters62-64, which are precursors @f-lactams, were obtainedivery good yields and
good ee (Table 23).

HSICl
N-PMP 7 (20 mol%) WINELLE
I > H
R1)VCOOR2 ChaCl, R~ COOR;
RT, 2h

62-64
Table23. Reduction ob-amino esters.

Entry R, R Yield (%) ee (%)
1 GsHs- COOMe 98 84
2 4-CR-GHs- COOMe 98 78
3 4-NO-GHs;- COOEt 87 84

(a) Isolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase.

In order to demonstrate the practical applicability of supported cataR6t we explored the
possibility to recycle the catalysts. When recycling experiment were conducted for 18 hours for
each cycle, amind8 was obtained as racemic mixture already a¢ 19 run. It was necessary to
reduce reaction time to 2 hours to maintain a high level of stereoselectivity (TableJadper
these conditionstiwas possible to ruriour reaction cycls without any loss in the chemical or
stereochemical activity of therpcess (ee up to 95 % the 5" cycle,48 was obtained in very low
yield and reduced ee.tahe 6" cycle the catalysts was completely deactivated.

_PMP HSICl, _PMP
N P6 (20 mol%) HN
—_— A
CH,Cl, ©/\
RT,2h
48i 48

Table24. Recycling experiments.

Cycle Yield(%f ee (%)

1° 84 94
2nd 82 95
31 85 95
4 90 95
5 27 81
6th 0 _

(a) Isolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase.

When amine57 was selected as target for recycling experiments better resuts were obtaitd.
promoted the reduction with HSiCof 57i in good yields and very good ee feevenreaction
cycles (Table 25).
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_PMP HSiCl,
N| P6 20 mol%
BnO >
\©)\ CH,Cl,
RT, 2 h

57i

Table25. Recycling experiments.

Cycle Yield (%) ee (%)

1° 80 94
2nd 81 94
31 80 94
4 79 93
5 87 93
6" 84 90
70 76 87

(a) Isolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase.

Stereoselective reactions under continuous flow conditions

Polystyrene supported catalyBtbwas then employed for the preparation of packed bed reactors
for the continuous flow reduction of imines with H3i®6(0.3 g) was placed into a stainlesteel

HPLC column:(6 cm,id: 0.4 cm, V: 0.75 mL). The void volume was determined experimentally
the residence timecalculated. A 0.05 M solution of imine anASIG in CHCL was pumped into

the reactor through a syringe pump at 0.4 mL/h (res time: 1 haumoom temperature. The
outcome of the reactor was collected into a flask containing NaOH 10% solution. After phase
separation and concentration the product was isolated. Every hour the product was collected and
analyzed in order to detenine the conversio and the ee as a function of time.

""""" : » NaOH
PO o
1Y/ = i i
N|/ HSICI [ i
iCl3 6){\3#)
— , D0e —e—
CH,Cl,
48i Packed-bed
reactor
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Table26. Flow synthesis of amind8.

Entry? E;Z”('E? Yield (%) ee (%)
1 02 92 85
2 2.3 94 83
3 34 93 81
4 45 94 77
5 5.6 94 75
6 6-7 94 73

(a) Flow rate: 0.4 mL/h, Residence time: 1 h; (b) Determined by NMR. (c) Enantiomeric excess was determined by
HPLC on chiral stationary phase.

As reported in Table the flow system was stable devenhours, producing chiral aminé8 in
excellent yield and good ee. The stereoselectivity of the process slightly decredtbetime,
probablybecause of partial decomposition of the catalyst. For this reason a second continuous
flow reactor was prepared and the continuous flow process wn at a residence time of 30 min.

As reported in Table 27 an increase in the stereoselectivity of the process was observed, albeit the
chemical yield was lower becausetbé shorter reaction time.

Table27. Flow synthesis ofraine 48.

Entry? tiil:en(r;ri]r?) Yield (%) ee (%
1 0-60 61 87
2 60-90 62 86
3 90-120 62 83
4 120150 65 81
5 150180 63 79

(a) Flow rate: 0.8 mL/h, Residence time: 0.5 h; (b) Determined by NMR. (c) Enantiomeric excess was determined by
HPLC owchiral stationary phase.

Finally we employedP6 for the continuous flow synthesis of chiral amig, precursor of
Rivastigamine (Table 28). The continuous flow process, afforded the desired product in 82% yield
and 83% ee for the first 2.5 hours. Th&8was continuously produced for other 3 hours in 79%
yield and 74% ee.

S : | NaOH !
____I_:G____E H>0 E PMP
N-PMP [ -------- ' HN”
| HSiCl, 50 BnO -
BnO > Y. > >~
e —
CH,Cl, Z
57i Packed-bed 57

reactor
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Table28. Flow synthesis of amingy.

Running . 0 0

Entry? fime (min) Yield (%) ee (%
1 0-150 82 83
2 150330 79 74

(a) Flowrate: 0.8 mL/h, Residence time: 0.5 h; (b) Isolated yield after chromatography. (¢) Enantiomeric excess was
determined by HPLC on chiral stationary phase.

In conclusion a newlass of solid supported chirag¢Wwis bases for theatalytiaeduction of imines

with trichlorosilane was studied. Polystyrene proved to bsupport more effective than silica,
allowingenantioselectivities up to 97%. Polymer supported cata®&showed a broad scope and

a very good recyclabilitgven witha loading of 1 mol% onlf26was used to prepare packed bed
reactors for the continuous flow synthesis of chiral amines under continuous flow conditions. The
flow system was employed for the stereoselective synthesis of antide precursor of
Rivastigamine.
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1.4.2 Cinchona alkalts as Scaffold

In 2014 a new class of chiral lewis bases for the reduction of imines with trichlorosilane has been
developed in collaboratiomvith the group of ProfessoBurke in Evora. These catakyate based

on a chiral scaffold derived fro@inchonaalkaloids and feature a picolinamide moiety as catalytic
active site for the coordination to HSICAs reported in scheme 21 cataly$ promoted the
reduction of imine48iin 98% yield and 81% ee at 0°C.

_Ph HSICl _Ph
N 45110 mol% HY ,
—_ > : 98% yield
CH,Cl, ©/\ 81% ee
0°C, 18h
48i 48

Scheme2l. Stereoselective reduction of iminSi with picolinamide46.

Our strategy to develop a solid supported version of this class of catalysts was based on the
functionalization of the double bond dhe quinuclidine moiety in order to intraluce a linker
necessary to anchor the organic molecule onto a solid support (Scheme 22).

Solid supported
picolinamide

Cinchona Alkaloids Chiral Picolinamides

Scheme22. General strategy for the preparation solid supported Picolinamides.

Silica supportegicolinamides

The synthetic strategy to prepare silica supported picolinamides involved the functionalization of
the double bond of the quinuclidine ring with a trimethoxysilyl derivative, essential to graft onto
commercially available silica nanopatrticles. The synshebicatalystsS12and S13is depicted in
Scheme 23. Primary amine derived from cinchona alkaldiflo 42) were converted into the
corresponding picolinamideby reaction with picolinic acid and isobutyl chloroformate in the
presence of TEA in THF. Tdeuble bond of compoundiO and 43 was then quantitatively
converted into trimethoxysilyl derivative&l and 44 by reaction with trimethoxysilane HSi(Olje
using dcpPtGlas catalyst for the hydrosilylation reaction. Final grafting was performed in the
presence of commercially available S0l y 2 LI NI A Of S& 6! LISE t NBLJAA
at 80 °C for 24 hours. Catalyst loadings were determined by weight difference.
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(MeO),Si

Picolinic acid HSi(OMe)3
iButyl Chloroformate dcpPtCl,
_ > —_—
TEA, THF toluene
0°Cto RT, 18 h 80°C,18h
41: 99%
44: 99%
18: R = OMe 40: 77%
42:R=H 43: 75% SiO; (8 pm)
toluene
80°C,24 h

$12: R = OMe (Load = 0.5 mmol/g)

$13: R = H (Load = 0.4 mmol/g)

Scheme23. Synthesis of silica supported catalySts2and S13

Polystyrene supported picolinamide
For the preparation othe polystyrene supported catalyd?8 an alternative strategy was
employed (Scheme 24): chiral picolinamitiederived from 9amino-epicinchonine was subjected

to thiol-ene coupling (initiated by AIBN) with polymé&7, a polysterene bearing a thiol
functionality>® The loading oP8(0.3 mmol/g) was determined by weight difference.

LN

Picolinic acid

iButyl Chlorof

iButyl Chloroformate AIBN
—_—

TEA, THF

0°C to RT, 18 h CHCly
70°C,24h

85%
9-NH,-epi-cinchonine 46
P8: Load = 0.3 mmol/g

Scheme24. Synthesis of polymer supported catal{?}

CatalystP9 (loading = 0.2 mmol/g) was prepared starting from picolinan#i8dollowing the
same strategy used for the preparation8(Scheme 25).

AIBN
= . H
CHCl,

70°C, 24 h

P7 43
P9: Load = 0.2 mmol/g

Scheme25. Synthesis of polymer supported cataly?Q
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Stereoselective reactions in batch

Solid supported picolinamid812 S13 P8 and P9were tested in the reduction of imind8i
with HSiGlin CHC}L at room temperature for 18 hours. Silica supported catalyiRgave the
corresponding amind8in moderate yield and low ee (Table 29, entry 1). The usgl8fesulted
in a complete conversion of the starting material and the enantioselectivity imprapeth 62%
(entry 2). Gratifingly, upon using polystyrene supported cataB&tthe reaction proceeded in
guantitative yield and 90% ee (entry 3), a result comparable to the one obtained with the
homogeneous catalyst. Lowering the catalyst loading to 1§%ndid not alter the reaction
outcome (entry 4), while using 5 mol% B8 resulted in slightly loweee (entry 5). Using the
pseudaeenantiomeic catalystP9 amine 48 was obtain& in 98% yield and a lower €63%,.entry
6).

PMP  HsSiCl, _PMP
N Cat (20 mol%) HN
—_— >
CH,Cl,
RT, 18 h
48i 48

Table29. Catalyst screening.

Entry Catalyst Yield (%3 ee (%}

1 S12 64 3009
2 S13 95 62 ©
3 P8 98 0 R
4 P8 95 91 R
5 P8 95 79R®
6 P9 95 639

(a) Isolated yield after chromatography. (b) Enantiomeric excess was determined by HPLC on chiral stationary phase.
(c) 10 mol% oP8was used; (d) 5 mol% BBwas used.

Once the best reaction conditionshave beenestablished we tested catalystP8 in the
reduction of different substituted imines with HS(Table 30). Electron poor iming2i was
converted into the corresponding chiral amiB@ with 93% yield and 85% ee (entryl}Flioro
substituted imine and 4rifluoromethyl-substituted imine &orded the coresponding product3
and54in quantitative yield and 87% and 84% ee, respectively (entries 2 and 3). The reactions with
electron rich imines6i afforded amineb6in 96% yeld and 85% ee (entry 4).

_PG HSICly PG
)"1\ P8 (20 mol%) HIY
R R/\
CH,Cl,
RT, 18 h
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Table30. Substrate scope.

Entry R PG Yield (%) ee (%)
1 52:4NO-GHs PMP 93 85
2 53:4-FGH,- PMP 98 87
3  54:4CR-GHs PMP 97 84
4 56:naphtyl PMP 96 85

(a) Isolated yield after chromatography. (b) Enantiomeric excessletasmined by HPLC on chiral stationary phase.

Stereoselective reactions under continuous flow conditions

We next decided to focus our attention on the preparation of catalytic reactors in order to
perform the stereoselective reduction of imines withichlorosilane under continuous flow
conditions. A Omnifit glass columind(= 1 cm] = 10 cm) was filled with catalyB8(170 mg, 0.05
mmol) and was equipped with one fixéeingth endpiece and one adjustaHkength endpiece (bed
length = 1 cm, internlavolume = 0.78 mL). A 0.05 M solution of imb®& and trichlorosilane (5
equiv.) in dry dichloromethane was injected to the reactor through a syringe pump with a flow
rate of 0.02 mL/min (residence time 25 minutes, determined experimentally) at room
temperature. The outcome of the reactor was collected into a flask containing NaOH 10% solution.
After phase separation and concentration the product was isolated with no need for further
purifications. Each 25 minutes the product was collected aralyaed inorder to determine the
conversion and the ee. Results of the continuous flow experiments are reported in Table 31.

[ ! ! NaOH !
:____I_,S____E E H20 E PMP
N PP [ -------- ' HN”
| HSICl3 a0 l
o -y o
201,
02N OZN
52i Packed-bed 52
reactor

Table31. Flow synthesis d32.

Entry? tiil:en(r;rilr?) Yield (%) ee (%
1 0-50 98 47
2 50-75 98 44
3 75100 93 30
4 100125 93 25
5 125150 87 22
6 150175 86 20

(a) Flow rate: 1.2 mL/h, Residence time: 25 min h; (b) Determined by NMR. (c) Enantiomeric excess was determined
by HPLC on chiral stationary phase.
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As eported in Table 31 the continuous flow process was run for 3 hours and chiral agaas
continuously obtained in very high yield. However the enantioselectivity of the process was quite
low and it dropped from 47% (Table 31, entry 1) to 20% (entryh¥gse results demonstrates how

the use of a catalytic reactor can be advantageous in terms of products isolation and unit
operations,but requires further studies in order to increase the stereoselectivity of the process.

In conclusion the synthesis of gbkupported chiral picolinamides derived from cinchona alkaloids
was studied. Polystyrene supported catalysts were more effective than silica supported ones in
terms of enantioselectivity. However they showed a poor recyclability and the application under
continuous flow conditions resulted in very low enantioselectivity.
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CHAPTER 2 MICROREACTOR TECHNOLOGY

2.1 Introduction

By definition flow microreactors are reactors that operate with fluids geometrically constrained
within a reactor volume whicthas the characteristic dimension (typically diameter) smaller than
0.5 mm?>® The intrinsic advantages associate to the use of flow microreactors are determined by
the scaledependent processes of heat and mass trandfer.

Figurel?. Representation of a glass microreactor.

The fluid movement into microfluidic devices with small volumes is characterized by low Reynolds
numbersRe(generally below 250) which determine a strictly laminar flow regime (a flow regime is
considered laminauntil Re <2500) (Figure 8). Generally viscous forces dominate over inertial
ones and the absence of turbulence and baukingmakes mass transfer dependent only by the
diffusion between fluids.

Re= (inertial forces) / (viscous forcesfj<d n / m.

The Reynolds number is a dimensionless number used to quantify the relative importance of
inertial and viscous forces into a fluldeaccounts for characteristics of both the flurddensity;m
dynamic viscosity) and the environment where the fluid flgwfluid velocity;d characteristic
dimension).
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Figure18. 3D plot showing the variation of Reynolds number with the characteristic dimension of the device and the
residence time (flow rate) of the reaction within the device. Thierofluidic regime is characterized by Reynolds
numbers below 250 (blue), the transitional regime is shown in yellow and situations where it is not possible to operate
within a microfluidic regime are show in red.

The small dimension of reactor channelsd the high ratio surface area/volume ensure a rapid
heat transfer from the outer within the fluid. This behavior is determined by dimensionless Peclet
number Pe which describes the ratio between heat transport due to bulk fluid motion and to
diffusion. Typically microfluidic devices have Id®e (generally below 1000) due to the relative
importance of diffusion as diameter channel diminishieiggre 19).

Pe= (advective transport) / (diffusive transporty d @/ k.

r: density of the fluid;d: channel diameter; rfluid velocity; G. fluid specific heat capacity; k:
thermal conductivity.
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Figure19. 3D plot showing the variation of the Péclet number with the characteristic dimension of the device and the

residence tine (flow rate) of the reaction within the device. The microfluidic regime is characterized by Péclet

numbers below 1000 (blue), the transitional regime is shown in yellow and situations where it is not possible to
operate within microfluidic parameters ashow in red.
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The properties described above gimecesso many advantages which have made microreactor
technology extremely attractive for both academia and industry.

The fast heat and mass transfer giver rise to faster reaction compared to batch nutigoially,

the confined environment of a flow microreactor enables the possibility of working above the
boiling point of the solvent and at high pressure. This increases reaction rate and the overall
efficiency of the process.

The control of reaction aalitions can be made with high precision leading to an increase of the
selectivity of the proces®(g.kinetic versus thermodynamic control of the reaction pathway).

The use of small reagents volumes reduces waste and costs and renders the process more
sustainable. In particular when a microreactor is used just for informatics rather than for product
synthesis, it is possible to obtain the same chemical informatiod {@some cases even more) of

a batch process, but with a reduced amount of precious reagents.

Safety is the major advantage related to the use of microfluidic devices: thanks to the small
volumes of reagents the handling of potentially hazardous or tmaterials is limited, and thus

the process is safer for the operator. Moreover, due to the short residence time in the
microreactor it is possible to perform reactions that involve unstable and highly reactive
intermediates that could not be otherwise hdled or stored in traditional batch mode.
Furthermore, the high surfaeareato-volume ratios within the channel allow the rapid transport

of heat during exothermic reactions, avoiding dangerous runaway events.

Microreactors are usually employed for smsdhle synthesis of molecules and in analytic and
diagnostic applications. However micro channels suffer from restricted flow capacity with a high
tendency to pressure drops.

Mesofluidic devices generally have internal diameters ranging from 0.5 mm upeto enm and

are more suitable for large scale synthesis (preparation of multigram to multikilogram
quantities)*® Mesoreactors possess improved flow capacities and suffer from lower pressure
drops compared to microreactors. Additionally these systems caimtegrated into multistep
processes and combined with packkdd reactors (containing solid supported catalysts or
reagents) thanks to their ability to tolerate higher flow rates.

On the contrary, the increase of reactor diameter results in a reduction of heat and mass transfer
capabilities.

In this chapter we deal with micr@and mesereactrs of type Ill and IV (Figurg.4n section 2.2

the continuous flow stereoselective symtbis of APIs intermediates within micro and
mesoreactors will be described. In section 2.3 the reduction of nitro compounds with
trichlorosilane in flow mesoreactors will be presented. In section 2.4 the use giriBizd
mesoreactors for the stereoseleeé synthesis of chiral I-2nino alcohols will be discussed. Our
purpose wasot to study fluid dynamics within micr@and mesereactor channels or investigate
flow processes from an engineering powoftview. We wanted to demonstrated the feasibility of
new continuous flow synthetic processes that have not been reported so far.
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2.2 Stereoselective Flow Synthesis of APIs Intermediates

Recently, the safe manufacturing of organic intermediates and APIs under continuous flow
conditions has been deeply examed in a review by Kappe and-amrkers

The use of organocatalysis to promote continuous flow stereoselective transformations has
recently been explored by different research grodps.

In 2014 our group reported for the first time the use of chiral thioea 66(R,R for the
stereoselective nucleophilic addition of acetyl acetone and diethyl malonatb-ndrostyrene
derivatives under continuous flow conditiofScheme 26§ For the screening of the reaction
conditionsa commercially available Chemtrix Labtrix® Start Standard platform was used. The
system was equipped with two syringe pumps (Chemix Fusion 100) to deliver the reagents through

CFs
ol
FsC N™ONY
H H §
-~ ~N

66 (R,R)

Flow reactor

Thiourea
66 (R,R) :
(10 mol%) Toluene E

Scheme26. Stereoselective Michael addition in flow.

The addition of acetylacetone tb-nitrostyrenewas selected as a model reaction for the initial
optimization study It was found that goodresults were obtained using a short residence time (5

min) anda temperature of 70 °C(91% vyield, 80% ee). This methodology was also carried out
replacing commercially available Chemtrix glass microreactors with less expensive PEEK tubings
generally emplged as HPLC connections. Under the same experimental conditions no loss in
chemical activity or stereoselectivity was observed.

EtOOC._ _COOEt COOH

NO, _ NH,

cl Cl

(R)-Baclofen
Figure20. Synthesis of (RBaclofen.

The methodology was then extended to the use of diethyl malonateéhasnucleophile and
applied to the synthesis of a product of pharmaceutical interest, the GAB@eptor agonist
Baclofen (Figure 20Underthe best conditions the addition of malonate #-chloronitrostyrene

was promotedn 98%yield and 85% ee. This synthetic application was realized using a PTFE tubing
with a total volume of 0.5 mL as flow reactor.
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Glass Microreactor PEEK Microreactor PTFE Microreactor
Chemtrix SOR 3223 - 10 uL HPLC tubing - 10 uL HPLC tubing - S00 uL

Figure21. Different types flow reactors employed.

On the basis of these results we decided to extend the continuous flow methodology to the use of
aliphatic nitroalkenes for the preparation of a precursorn(@tPregabalin (Section 2.2.1). We also
explored the use of a different organocatalyst such @stho-eprquinine for the continuous flow
synthesis othe anticoagulan{§-Warfarin (Section 2.2.2).
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2.2.1 (SPregabalin

(9-Pregabalin, marketed under the trade name Lyrica, is a-&dhainistered anticonvulsant
and antiepileptic drug. As reported in the literature, the stereoselective nucleophilic addition of
diethylmalonate to nitroalkene67 promoted by chiral Takemoto's itburea 66(S,S)could be
considered a suitable strategy for the preparation of chiral intermed&&é>*® Reduction of the
nitro moiety followed by hydrolysis and decarboxylation, affoi§regabalin (Scheme 27).

XN NO, Thiourea Etooc\_/COOEt :/COOH
66(S,S) = NO NH,
+ EtOOC___COOEt "7 /(V 2 /(\/
67 68 (S)-Pregabalin

Scheme27. General strategy for the preparation of chiral intermediét

In our initial experiments we employed a PEEK microreactor with a total volumenaf(iD 0.127

mm, I: 79 cm)in order to demonstrate the compatibility of the organocatalytic methodology with
continuous flow processes. A syringe pump equipped with two syringes was used to feed the
microreactor with the reagents through ajinction. In one syringe the aliphatictralkene 67

ga OKINHSRX ¢gKAES Ay | aSO02yR aeé Nsbwerdoadedh S Ke
(Scheme 28)The microreactor was coiled in a bundle and immersed in a preheated oil bath. After

a screening of reagent concentrations and temperatu(Table 32) it was found that produg8

was formed in 36% yield and 79% enantiomeric excess using a residence time of 5 min and a
temperature of 60 °GTable32, entry 3). By increasing reaction temperaturediethyl malonate
equivalents namprovemerts in the conversion werebserved. This was attributed to the lew
reactivity of aliphatic nitroalkene compared to aromatic ones.

__________________________

Thiourea
66(S,S) Tol
(10 mol%) oluene

Res. Time: 5 min

| NO, .
i /K\/ 67 i Flow reactor
! ! (PEEK 10 pL) 68

Scheme28. Flow synthesis of§-Pregabalin intermediaté8.
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Table32. Screening of reaction conditions.

Entry T (°C) Yield (%} ee (%)
1° Hp n -

2¢ cn op TT
3° mMnJs  HY T M
4 cn oc T
59 yn on TC
6° cn Hp TT
7° yp H N TO

(a) Determined by HNMR using phenantrene as internal standdftt). Enantiomeric excess was determined by HPLC
on chiral stationary phase. (c) 2 equiv. of diethyl malonate were used. (d) 3 equiv. of diethyl malonate were used. (e)
diethyl malonate was used neat.

After initial experiments into a 1&L microreactor, wescaled up the process by using a 580
reactor made of PTFE tubirfgl: 0.58 mm,l: 189 cm) Using the same experimental set up as
before, the reagents were pumped to theactor (Scheme 29) at different flow rates (Table 33).
Best results were obtainedith a residence time of 2 mirgs product 68 was produced in 37%
yield and 80% ee.

O

Flow reactor
(PTFE 0.5 mL)

Thiourea
66(S,S)
(10 mol%)

60 °C

Toluene

5 NO
: /K\V 2 67

Scheme?9. . Flow synthesis of§-Pregabalin intermediaté8.

Table33. Screening of reaction conditions.

Flow Rate Res. Time

Entry (umin)  (min) Yield (%) ee (%)
1 H on pp TC
2 n M p pc TC
3 c M N1 nn T ¢
4 M H p 0T TO
5 on H oT y n

(a) Determined by HNMR using phenantrene as internal standard. (b) Enantiomeric exeessletermined by HPLC
on chiral stationary phase
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Working on al0 mmolscaleit was possible to continuously produce 1 g/hG&in 80% ee. The
main limitation of this methodology is represented by the low chemical conversion. However this

issue can be edg overcome by distillation of the crude mixture which allows a recycle of
unreacted reagents.
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2.2.2 (SWarfarin

(9-Warfarin, knownwith the brand nameCoumadin or Jantoves, is an doédod anticoagulant
Since it can be prepared througtiifferent organocatalytic strategi€é* we identified the
nucleophilic addition of 4ydroxycoumarin to benzalacetone catalyzed by cinchaoeaived
primary aminel8* as the most straightforward methodology compatible with flow microreactors.

In our inital experiments we employed a PEEK microreactor with a total volumerdf (€ 0.127

mm, |I: 79 cm)in order to demonstrate the compatibility of the organocatalytic methodology with
continuous flow processes. A syringe pump equipped with two syringesused to feed the
microreactor with the reagents through ajlnction. In one syringe -Aydroxycoumarin was
charged, while in a second syringe benzalacetone and attinegere loaded (Scheme 30)he
microreactor was coiled in a bundle amimersed in goreheated oil bath. After a screening of
reagent concentrations and temperatures (Table B4yas found that producB3 was formed in

61% yield and 93% enantiomeric excess using a residence time of 10 min and a temperature of 75
°C (Table 34, entry 5).

OH Ph O

o +0— oo
B o :
B | 0" No
| X - Flow reactor
(PEEK 10 pL) 33
(S)-Warfarin

Dioxane

1

1

:

1 . .

' 9-amino-epi-
1

1

1

1

Res. Time: 10 min
quinidine 18 TFA 1 pL/min
(10 mol%)

Scheme30. Flow synthesis of§-Warfarin33.

Table34. Screening of reaction conditions.

Entry T (°C) Yield (%} ee (%)

1 nn oy dp
2 pn p M hp
3 cn pp dp
4 TP CM do

S b n cp b n
(a) Determined by HNMR.(b) Determined by HPLC on chiral stationary phase.

69



After preliminary screening of reaction conditions we explored the possibility to scale up the
reaction by using a 50@L microreactolid: 0.58 mm|/: 189 cm)made ofPTFE (Scheme 31).

OH Ph O

e, (0~ oo
o~ }

(PTFE 0.5 mL) 33

Dioxane i (S)-Warfarin
9-amino-epi- i 75°C
quinidine 18 TFA !
(10 mol%) !

Scheme31. Flow synthesis of§-Warfarin33.

However when a residence time of 10 minutes and a temperature of 75 °C were used, @8duct
was obtained inonly 29% vyield (Table 35, entry 1). Attempts to increase the residéince
resulted in lower yields and ee (entries 2 and 3). These results can be attributed to a worse mixing
and heat transfer within PTFE microreactor (520id 0.58 mm) compared to PEEK roieactor
(20ni,id 0.13 mm) caused by different reactor diameters.

Table35. Screening of reaction conditions.

Flow Rate Res. Time

Entry mumin)  (min) Yield (%) ee (%)
1 pn M /1 H o hp
2 M T o H N y C
3 y cn H N y M

(a) Determinedby HNMR.(b) Determined by HPLC on chiral stationary phase.

In order to overcome thesedrawbacls we explored a numbering umpproach: 4 PEEK
microreactors ofl0 ni (id: 0.127 mm|/: 79 cm)were connected in parallel and placed into an oil
bath heated at75 °C. The reagents were pumped through a syringe pump and were directed to a
valve (2 inlets and 4 outlets) that split the stream into theedctors. Reaction outcome was
collected into a flask and analyzed in order to determine yield and ee (SchemBwBg#)ing the

flow reaction with a residence time of 10 minutes, prod@8twas obtained in 3% yield and 91%

ee.
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oo 7 OH Ph O
Dioxane — H
' ) N
,,,,,,,,,,,,,,,,,,,,,,,,, o
B o) 3 0o
! 67 . A
X 3 33
bioxane ' @ (S)-Warfarin
9-amino-epi- } \ C 36% yield
quinidine 18 TFA 91% ee
(10 mol%) ! 4 Flow reactors
. ; (PTFE 0.5 mL)
75°C

Scheme32. Flow synthesis of§-Warfarin33 using numbering up approach.

In conclusion we demonstratethe possibility to prepare §-Warfarin under continuous flow
conditions through a stereoselective organocatalytic methodology. However this system suffers
from scarce reproducibility. In addition when scale or numbering up gproaches were explored
poor results in terms of chemical yields were obtained.
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2.3 Continuous Flow Reduction of Nitro Compounds

The reduction of nitro compounds to amines is a fundamental transformation in organic synthesis.
Among the different availdle methodologies for the reduction of nitro compountgur research
group has recently reported a very convenient, mild, méte¢ and inexpensive procedure, of
wide applicability’® The simple combination of trichlorosilane (HSiGind a tertiary amine
generates in situ a dichlorosilylene species which is the actual redagerg (Figure 22*°

V02 , DIPEA - Ve
| R =1 R
P MeCN, 0°Ctort, 18h S\~

1 1
: Cl cl cl ..-H C|35| :
: +R3N = CI:Sl N-R == Cl_s'“l\:l—R = tg =T f Si(ll) species !
. R Cl R R R3NH R3NHCI '
1 1

Figure22. Reduction of nitro compounds with HSICl

Even though nitro derivatives are fundamental building blocks in organic synthesis, their
application on a large scale is still quite limited because they are dangerous and potentially
explosive chemicals. Flow chemistry has recently emerged as a powesfwiology in synthetic
chemistrythat can reduce risks associated to the use of hazardous chemicals and favors reaction
scale up. The possibility to efficiently perform nitro reduction continuo would make the
transformation safer and more appealingurew of an industrial application and a possible scale
up of the process.
For these reasons we decided to explore the métad reduction of both aromatic and aliphatic
nitro derivatives to amines with HSi@hder continuous flow conditions.
Typically, he transformation of nitro compounds to amines under continuous flow conditions is
performed through the metatatalyzed hydrogenatiofiwith ThalesNano #Cube®, which exploit
H, generated imsitu by water electrolysist The procedure involves relatively Ichireaction
conditions, but the presence of noble metal catalysts, packed into disposable cartridges, suffers
from functional group compatibility and catalyst poisoning during time.
In 2012the Kappe research group reported the microweassisted continuas flow synthesis of
anilines from nitroarenes using hydrazine as reducing agent and Iron oxide nanocrystals as
catalyst>® This methodology ensured fast transformations (2 to 8 minutesa wide number of
substrates and was extended to large scale prefiamaof pharmaceutically relevant aniling.
However this procedure required harsh reaction conditions (T = 15@v&S)imited to aromatic
substrates and could not be applied to compounds bearing ketones or aldehydes as functional
groups.
With our methodlogy we provide an alternative continuous flow mefiae methodology for the
synthesis of both aliphatic and aromatic amines, which requires inexpensive reagents, mild and
fast reaction conditions (25 °C, 5 minutes), and a very simple and user frieadtjon setup.
A nitro derivative is reacted with commercially available H$1he presence of a tertiary base
GeLIAOrtfte 1dzyA3aQa o6lasSo Ay Ly 2NBFEYAO azf
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nitrobenzophenonet9a was chosen as model reaction. A syringe pump equipped with two gas
tight 2.5 mL syringes was used to feed the reagents into a 0.5 mL PTFE neabté8(mm,l: 189

cm) through a Junction (Syringe A: 0.8 M HSi€blution in ChIChb; Syringe B: 0.2 M9a solution
iNCHCLZ | dzy A 3Q&.).(8dheém633). Sj dzA @

25°C

E ' Flow reactor 69
! ; (PTFE 0.5 mL)
5 NO, |

Hunig's base
(6 equiv.)

Scheme33. Continuous flow reduction of-ditrobenzophenone using a 0.5 mL PTFE flow reactor.

The outcome of the reactor was collected into a flask containing 10% NaOH solution in order to
quench the reaction; after phase separation the crude reaction mixture was analyZetiNgyIR

to determine the conversion. When the reaction reached a full cosiva (>98%) no further
purification step was required and the aniline was recovered as a clean product after simple
concentration of the organic phase and extraction with ethyl acetate. A screening of flow rates
was initially performed and the results areportedin Table 36Thedata showthat the reaction is

very fast and a complete conversion to anil@was achieved for very short residence times (10,

5 and 2.5 min, entries-3). With a 1.2 minutes residence time, 91% conversion was reached.
Having demonstrated that the flow transformation is very fast we next explored reaction scale up
employing aargerflow reactor (5 mL PTFE reactat, 2.54 mm,l: 100 cm), in order to increase

the productivity of the process.

Using the same reaction sap illustrated in Scheme 34 residence time of 50 minutes was
necessary to reach a full conversion of the starting material (entry 5). This is mainly due to the
wider internal diameter of the reactor (2.54 mm vs 0.58 mm) whatfects the mixing of the
reagents>* Lowering the residence time resulted in minor yields (entry 7, 25 min residence time,
82% vyield)TEA, @OK S LISNJ o6 &S {idéuidyalsd effattively pmote Ith@ Bduction
with only marginally lower conversiolentry 6 vs entry 5).
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Table36. Screening of reaction conditions.

Flow rate Res.time

i 0)
Entry? (mUmin)  (min) Conversion (%)
1 0.05 10 98 (96)
2 nom p 98 (96)
3 noH H®p 98 (93)
4 non M P H 91 (85)
5°¢ nowm pn BT
6 nom p N y T
7° 0.2 25 82

(a) Reaction performed using 0.2 M solution ofX®, (0.6 mmol) in CkCh, HSIGIo ' SIj dzA G0 X | dzy A 3 Q& ¢
room temperature;(b) reaction conversion determined by NMR of the crude; isolated yields in brackgtseaction
performed into 5 mL PTFE react@) reaction performed using Efhs a base.

We next focused on expanding the scope of the reaction and pitegEneral applicability. Using
both 0.5 mL and 5 mL reactors, under the best reaction condititvescontinuous flow reduction
of different nitroarenes was studied (Scheme 35).

"""""""""""""" i+ NaOH
' I H,O0

- HSICls CH,Cl, SR

(4 equiv.) i NH
__________________________ ' S 2
-------------------------- . m’ T |/
B - R
: NO :
E | X 2 | Flow reactor 69-74
: R/ % 5 25°C
i ' 0.1 mL/min
' Hunig's base '

(6 equiv.) CHACl> !

Scheme34. Continuous flow reduction of aromatic nitrocompounds.

Table37. Scope of theeaction.

0.5 mL Reactd? 5 mL Reactdl

a]
Entry R Yield (% Yield (94!
4-NOy-
1 benzophen69 98 (96) ®T
2 na St n by O dc hy
3 n-. NJwm by O H dy
4 HXnfT H by O H dH
5 n-CTt o by O dn dhwm
6 / h hatSn by O dp hy

(a)Reaction performed using 0.2 M solution ofM®,in CHCL, HSiGIo n SljdzA @d0 =X | dzy A3 Qa o6 &S
temperature;(b) Residence time=5 miif¢) Reaction conversion determined by NMR of the crude; isolated yield in
brackets;(d) Residence time=bmirt (e)Determined by NMR of the crude.
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As already demonstrated for the batch procedure, the reaction in continuo tolerates a large a
variety of functional groups: aromatic nitro groups are selectively reduced in quantitative yields in
the presence oketones (Table 3&ntry 1), halogens (entries%) and esters (entry 6).

The methodology was also extended to aliphatic nitro compounds (Scheme 36). These substrates
are less reactive than aromatic ones and typically require higher hydrogen pressuescton
temperatures to be completely reduced to the corresponding aliphatic amines.

‘A . :
! . I i+ H0
: HSIC.|3 CH,Cl, | '._____2 ......
| (4 equiv.) ' l NH, o
R @@4._. RN ©N =
B | © ks
' R’NOZ ; Flow reactor 75 76

Hunig's base , (PTFE 0.5 ml) 91% 93%

(6 equiv.) CHCl 25°C

TrTTtmssssssssosooooooood 0.05 mL/min
res. time: 10 min

Scheme35. Continuous flow reduction of aliphatic nitrocompounds.

By employing our metdree methodology, at 2 °Cand witha 0.5 mL reactoifull conversion was
observed by using a residence time of 10 minutes only alighatic amines2g and 2h were
isolatedin 91% and 93%ields respectively.

We then applied the trichlorosilanmediated continuous flow nitro reduction to the synthesis of
advanced precursors of molecules of pharmaceutical interest. The reduction of nitro compound
77a afforded 2(4'-chlorophenyBaniline 77, direct precursor of e fungicide Boscalid (Scheme
37). Under the best reaction conditions in 5 mL PTFE reactor (flow rate 0.1 mL/min, 50 min
residence time), the desired amin& was recovered in quantitative yield as a clean product with
no need for purification.

5 mL flow reactor ‘
HSICl3 ‘ .
O - — Os_NH cl
NO Hunig's base
2 Cl NH, Cl Cl

CH,Cl,

77a 77 Ne |

Boscalid

Scheme36. Synthesis of & Fclirophenylaniline 4 with 5 mL flow reactor.

We also investigated the continuous flow reduction of nitro est8g, that can be conveniently
prepared in one step through therganocatalyzed addition of diethyl malonate to trams
nitrostyrene promoted by a chiral thiouréd The corresponding amid#8is a direct precursors of
the GABA receptor agoniBiaclofen (Scheme 38).
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O
EtOOC. _COOEt 5 mL flow reactor F100¢ NH woor
Hunig's base
ol CH,Cl, Cl c
78a 78 Baclofen

Scheme37. Synthesis of intermediates 6 direct precursors of drug Baclofen.

Nitro compound78a was continuously reduced into a 5 mL reactor and, after wgrkunder
neutral conditions, chiral lactam8was isolated in 55% vyield.

Finally we explored the possibility of performing a reaction seape followed by an idine
extraction in order to obtain a full continuous process with no need for intermediate operations. A
syringe pump equipped with two 25 mL syringes was used to feed tlgengsinto a 5 mL PTFE
reactor through a qunction (Syringe A: 24 mmol HSi@l 15 mL C§Ch.; Syringe B: substra@Sa

c YY2ft3 1 dzyA3aQa ol L¥with & flowrdte éf 0.7 nyL/mim gresiddnce tinhe 50
min). The outcome of the reactor wasllected into a separatory funnel containing NaOH 10%
solution (10 mL) and GEL (10 mL) (Scheme 39). The biphasic system was kept under stirring and
the organic layer was continuously collected into a flask. Concentration &Gjdve pure amino
compouwnd 69 in 94% vyield. This system allowed to obtain almost 1 g of pure compound in about 4
hours.

| ) ! Flow In-line
1 HSICl3 ! Reduction Extraction

1 1

' '

: ' Flow reactor

, , (PTFE 5 mL)

i NO,: flow rate = 0.1 mL/min

! ! NH,

------------------ - 94%
5 mmol scale

Scheme38. Continuous flow reduction of 1a andline extraction.

In conclusion, a very convenientjild, metatfree reduction of aliphatic and aromatic nitro
derivatives under continuous flow conditions has been successfully developed. The general
applicability to differently substituted compounds and the possibility to scale up the process have
been danonstrated. The use of extremely inexpensive and not hazardous chemicals, the very high
chemoselectivity and the possibility to realize a completely automated reduction/work
up/isolation process are distinctive features that make the protocol suitabléhoreduction of a

large variety of products and attractive also for future industrial applications.
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2.4 Synthesis of Chiral 1Amino Alcohols using 3printed Reactors

Chiral 1,2amino alcohols are very important structures in many biologically active natural
products, pharmaceuticals and chiral ligands.

The aim of our project was thdevelopment of astereoselective synthesis of chiral gfhino
alcohols under continugs flow conditions? Four different targets displaying biological activities
were identified Figure 23).Metaraminol and Methoxamine are used in the prevention and
treatment of hypotension, Norephedrine is used as a stimulant, decongestant, and anorectic
agent, Levonordefrin is used as topical nasal decongestant and vasoconstrictor in dentistry.

OMe OH
Metaraminol Norephedrine Methoxamine Levonordefrin

Figure23. Chiral 1,2amino alcohols target.

As synthetic strategy we chose a tstep sequence invoing a stereoselective coppeatalyzed
Henry reaction between aromatic aldehydes and nitroethane followed by a palladium catalyzed
hydrogenation of nitro groups to primagmines (Scheme 40).

OH

X CHO Henry Reaction Hydrogenatlon
R_'O/ + \/ N02
|
_ X 02 H2/Pd R H,

Scheme39. Synthetic pathway chosen: Henry reaction followed by pallaetaitalyzed reduction.

Zin

The stereoselective Henry reaction was performed in the presence of a copper catalyst and
camphorderived aminopyridine ligands. The continuous flow reaction wasimton home-made

3D printed flow reactorebtained in variougpolymeric materials having different sizes and shapes
(Scheme 41).

5 CHO 5

. X 1 OH

' R—: + EtNOp,

| -z DIPEA ! N

i i L~ NO,
X Copper cat. EtOH

i Chiral ligand : 3D-printed

----------------------------- : Flow reactor

Scheme40. Continuous flow HenriReaction.

The continuous flonhydrogenation of resulting nitroalcohols to aminoalcohols was performed
using Thalenano 48ube Mini’ (continuous flow hydrogenator) which generates molecular
hydrogen by water electrolysiS¢heme 42)n this case the flownethodology forthe reductionof
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nitrocompoundswith trichlorosilane was not suitable for X#itroalcohols becaused it caused the
epimerizdion of the stereogenic centers of the substrates.

OH Ha OH
: Pd/C :
R b R b
A NO EtOH ~ NH,

H-CUBE Mini
Flow Hydrogenator

Schemetl. General flow Patatalyzedeaction using HCube Mini.
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2.4.1 3DPrintingof flow reactors

Threedimensional (3D) printing has the capability to transform scientific ideas in bespoke and low
cost devices that previously required expensive and dedicate facilities to make. By a simply
additive manufacturing process, these appliances could bezezhlon a layeby-layer basis
through a series of crossectional slices. The desired object is mathematically described as a
virtual design realized with a CAD (Computer Aided Design) program and stored in a virtual file
with StereoLithography format{generally with .STL extension) that could be interpreted -aode

bythe 3BLINA Y 1 SNJ G KNRdzZAK | Gaf AOSNE OCAIdzNBE HnoL P
I = — i
i i G-cod :
(Comsizrp,&?dgggrgesign) \.flrtu?lsg?mgn (cross secct?onelayerg 3D-Printer 3?2’&2“

Figure24. Steps to print an object.

The definition of the process is hard to find, since many types of 3D pimegolving different
technologies to realize finals objects are known. The first method involves the use of a melting
material to produce the layers and it is indicated with FDM (Fused Deposition Modeling) or FFF
(Fused Filament Fabrication) acronym. Wihis approach, a plastic flament or metal wire is
unwound from a coil, heated to melt and fed in a nozzle that can be moved both in horizontal and
vertical direction by a numerically controlled mechanism to realize objects according the virtual
design.This technology was developed and patented by S. Scott Crump in the late’®1880s
remain an expensive market niche until the expiration of the patents. Since then, a large open
source development community started to develop and support new and lessnskge
equipment and now, 3fprinters (based on this technology) are accessible with low costs and are
commonly available in many stores. Others types of 3D printers are based on stereolithography
technology (SLA), hypothesized by D. Jones in°1@ml further developed by W. K. Swain§®n

and C. W. Hftt.

Among all these technologies, and due to the patent expiration, only FDM is actually
available at lower cost thanks also to the strong interest of the epmurce development
community in this field. FDMD-printers are now commercially available in many informatics
stores, and some kits could be purchase for less than 500%uro.

The development of 3printing devices and technologies has been associated to the new
industrial revolution permitting theNB I f AT F G A AV S2 h o@D ¢ Tl 4G SNE
importantly, ondemand. This is a virtuous industrial revolution, in which, instead of building many
machines to produce multiple copies of a single type of object, we are realizing a singl@enachi
that can create endless different objects, with high accuracy. As computers allowing to "virtualize"
the physical elements surround us, 3D printing follows the opposite path, offering the opportunity
to bring in the physical world virtual objects.
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The aesign files could be shared online or as part of the publication process, so that technology
can be shared between laboratories in a reproducible manner. Source of cost effectiveness
includes also the absence of costly tools, molds or punches as the a&bstnulling or sanding
procedure at the end of the printed process. Due to the kagitomated manufacturing, designs
could be easily shared with all the internet community. A single user could produce directly the
object using a desktop 3printer with high level of precision and conformity to the original
design, often around onenth of a millimeter. Furthermore due to the low cost of modifying
prototypes, and the growing development of different materials that could be printed (as plastics,
resins, meals, ceramic and polymers) marketers can easily replicate, modify or create many
different manufactured version based on a customer feedback.

A further implementation of 3Erinters in chemical laboratory was the building of research
equipment®® often shaed on free and open repository as Thingiverse (www.thingiverse.com).
There are many examples of vial racks, Buchner funnels, microtiter plates, customizable filter
wheel, filter bracket, holders, lab jack and so®n.

However, according to the words of Cronin, one of a pioneer in 3D printing of inorganic cluster
Y2fSOdzZ SaY aL R2y Qi ¢lyid OKSYAaiuNEB NBRAdz-OSR :
result of use of ubiquitous-8 LINA Y G Ay 3 | y R®°magyfotiedajplicatich ftaftsba Iy ¢ =
reported in the last few years. 3printed devices has been utilized for realize portable cell lysis
device for DNA extraction, printable rotor for centrifuging standard microcentrifuge tubes,
miniprep column and orbital shaker. More recently, J. M.rBeaeported a new opesource 3D
printed syringe pump using an opaource Raspberry Pi computer as a wireless control device
and a 3D printer, obtaining performances comparable with most of the syringe pumps
commercially available but in lower pri€&3D-printing and liquid handling with a syringe pump
could also be combined to produce udeendly reactionware for chemical synthesis and
purification®’ continuous parallel E®IS analysis of metal complexes formatf§&D printed flow
plates have been successfully employed also for the electrolysis of Waaed for continuous

flow organic chemistry as the imine syntheses and imine reductions proc€skeshe latter
example,Cronin and cavorkers has reported the ragtive amination of different anilines with
benzaldehydeScheme 4R A twostep process has been developed: in the first 3D printed reactor
R1 (made of polypropylenghe condensation between amine and benzaldehyde in methanol was
performed with a residece time of 14 minutes; the formation of imine occurred in quantitative
yield and was followed inline using Mettler Toledo ReactlR instrument monitoring the
disappearance of the peak of aldehyde at 1705'cffihe resulting imine intermediates were not
isolaed, but directed into the second 3D printed reactor R2 (made of polypropylene) which was
fed with a stream of NaB}N. Also the second strep was monitored inline through ReactIR
instrument: complete disappearance of imine peak at 1630" evas registeredafter 14 minutes

of residence time. At the end of the multistep flow process, benzylanilines were obtained in very
good yields (789%).
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Schemed2. Reductive amination in flow with 3D printed reactors.

Other examples involvesi¢ use of 3D printed devices as reusable electrodes for electrochemical
detection*

3D printed devices have been utilized for application in the biomedical fiélds, three
dimensional polymer composite scaffolds for biodegradable tiséliessing starckbased
polymers*and for the realization of bones tisst@and cell culture mediun®

Furthermore, the potential of 3D printing technology had a significantly impact in the field of
microfluidics device§’ that could incorporate also membranes in order to study drug transport
and effect through the cellul& or could quantitatively investigate the properties of stored red
blood cells for transfusion in medicirfé.Recently, more complexes devices has besalized by
Filippini where with a commercial micgiereo lithography 3D printer realized conventional PDMS
(polydimethylsiloxane) glass kaim-a-chip devices for glucose concentration diagnosifcs.

In this thesis work we decided to explore the preparataf 3D printed reactors made of different
materials (Poly Lactic Acid, High Impact Polystyrene or Nylon) and with different dimensions,
channel sized and shapes in order to perform a stereoselective continuous flow Henry reaction.
The advantage of usingD3printed reactors is represented by the ease with which they can be
prepared and by the fact that the reactors can be desigmethoc in accordance to the
characteristics required by the synthetic process.
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2.4.2 Continuous Flow Henry Reaction

The addiion of nitroalkanes to aldehydes, the-salled Henry reaction, is a powerful and efficient
method for the construction of carbeoarbon bond® | yR NB &adzZ Ga Ay -GKS
nitroalcohols. The catalytic asymmetric procedure for Henry reaction has dyguaeticular
attention due to the great importance of these compounds. The first asymmetric version of the
Henry reaction was reported by Shibasaki in 1898ince then, interest in this area has been
expanded and numerous reports have appeared in theditee on development of various
metaf® and nonmetaf* based catalysts.

During the Henry reaction, up to two stereogenic centers can be formed in one step. Therefore,
control of the stereochemistry is an important issue. This control, however, is maderidiffy the
reversibility of the reaction and easy epimerization at the n#udbstituted carbon atom. Thus,
many of the reported experimental procedures for this reaction yield mixtures of diastereomers
and enantiomers, hence limiting their synthetic dipption.

Among the metabased procedures, those using copper complexes as catalysts have held a
prominent position in the development @fn enantioselective Henry reactidfi.The first example

of an enantioselective coppearatalyzed Henry reaction was reped by the group of Jgrgensen.
They described the reaction between nitromethane an#teto esters using copper(ll) complexes
with bisoxazoline ligands in the presence of triethylamine to give the corresporadimgdroxyb-

nitro esters with good yieldand enantioselectivitiegScheme 43%°

Cu(OTf), 20 mol% 5 0 0 :

0 BOX 22 mol% on NO2 : /A J :
g + CHaNO, -~ e : N N/ !
R™ "COOEt EtN3 20 mol% R” “COOEt L tBU Bu
5 BOX ligand 1 5

68-97% vyield
57-94% ee

Schemed3. Coppercatalyzed Henry reaction with boxazoline ligands, reported by Jargensen.

Later, Evanset al. reported the first enantioselective coppeatalyzed Henry reaction with
aldehydes using BOX ligands with copper(ll) acetate in EtOH. The best result was obtained with a
BOX ligand derived from elsaminoindan2-ol (Scheme 4%®" An important feature of his
reaction is that the acetate ion acts as an internal base to favor the formation of the required
nitronate; therefore, the use of an additional base, such as triethylamine, is not required.

Cu(OAc),"H,0 13.5mol% o, 5 \& R :

j\ chn,  BOX 18 mol% )\/No ! N N i
+ 1 N I

R™ O H 3N R 2 : S !
EtOH ! :

66-95% yield .
87-94% ee ... BOXligand2 !

Schemet4. First enantioselective coppaatalyzed Henry reaction with aldehydes, reported by Evans.
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Comparing with the wellleveloped Henry reaction of aldehydes with nitromethane, the Henry
reaction with other nitroalkanes is more challengiagoften suffeing from low reactivity and

poor stereoselectivity. The simultaneous control of diasterecand enantioselectivity of
nitroalkanes has been a formidable challenge, and only a limited humber of asymmetric catalysts
have been identified.

In 2008 Pedret al.reported a highly enantioand diastereoselective Gatalyzed Henry reaction
between aldehydes and nitroalkanes using a new family of aminopyridine complexes derived from
camphor as chirdigands (Scheme 38

_________________________

o Cu(OAc),*H,0 5 mol% OH OH 5 w H NZ | ;

, A 5 mol% : R + /:\/R' | <N S E

R)J\H + RCH,NO, — R/\‘/ R I E 3(R) :
DIPEA NO, NO, . A '

EtOH anti syn !

yield up to 99%
anti:syn 4:1
ee up to 95%
Schemedb. Cucatalyzed Henry reaction between aldehydes and nitroalkanes using camphor derived

complexes.

The aninopyridine ligand coordinatéise copper ion with a strongly basic amine nitrogen®smd

a weakly basic pyridine nitrogeisp’) to form a complex in which both equatorial coordination
positions of the hypothetical square planar complex would be electronically differentiated.
Furthermore, the possibility of rotation around the carboitrogen bond would allow better
accommodaibn of the camphor skeleton in the metal complex compared to the one obtained
with previously reported iminopyridine ligandzigure 25%.

ngd, flexible
structure
. stmctlure
III ./J- ) Ili -\\\
L = S | =
“Thiral M- N #chiral “—N-. N
chiral . N . Nl
Qcaﬂ‘old 7 e N v scaffold o Y
i /M\: ek M
iminopyridine A 1 aminopyridine 1 T
ligand | ligand )
poor electronic larger elecironic
differentiation differentiation

Figure25. Different properties of aminoand iminepyridine ligands.

On the basis of preous works in our research grouhe stereoselective Henry reaction between
aromatic aldehydes and nitroethane was performed in the presence of Cuy(@8\catalyst and
aminopyridines81 and 83 as chiral ligandEven if chiral aminopyridine®l and 83 do not show
great selectivity in terms anti/synratio compared to other chiral ligands they represent a good
compromise in terms of availability of and ease in the chemical synthesis.

As illustrated in Scheme 46 the synthesisBafinvolved a twestep fquence starting from the
natural enantiomer of camphor, according to a published procedlitdésing the same strategy we
also prepared enantiome$3 starting from nonnatural ()(-)camphor (Scheme 46).
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N/
H
(o) . = | BF3 Et,O \/Q NaBH,, NiCl, N\/@
' SN toluene T MeoH '

NH; reflux, 18h -30°C, 3h

(R)(+)-Camphor 79 81: (R,R)
(L)(-)-Camphor 82 (S) 83:(S,S)

Schemed6. Synthesis of chiral ligan@d and83.

Initially a batch reaction between-®enzyloxy)benzaldehyde and nitroethane was performed in
order to evaluate the activity of the catalytisystem (Scheme 47Rroduct 84 representsa
precursor of Metaraminol.

Cu(OAc); 20 mol% OH
BnO cHo 81 or 83 20 mol% BnO
+ NO, -
DIPEA, iPrOH NO,
6 h
84

Schemed7. Batch synthesis @4.

Cu(OAg)and chiral ligand were dissolvedilPrOH and stirred for 10 minutes in order to form the
chiral complex. Then-@enzyloxy)benzaldehyde was added to the reaction mixture that was
stirred for other 30 minutes. The mixture was then cooled to the indicated temperature and DIPEA
and nitroethanewere added. The reaction was allowed to stir for 6 hours then was quenched
with 10% aqueous HCHfter extraction with AcOEt the product wasolated by column
chromatography on silica gel. Results of the preliminary screening in batch are reporteden Tab
38.

Table38. Screening of reaction conditions.

entry Aminopyridine T (°C) yield (%) dr (anti/syn)® eean (%j’

1 81 0 94 1/1 51(S,R
2 83 0 08 1/1 36(SR)
3 81 45 89 7/3 84 R,S
4 83 -45 90 7/3 86 (R,$
5¢ 83 -45 01 65/35 92(R,3

3Determined by HNMR of the crude®determined by HPLC on chiral stationary phdE&DH as solvent.

Running the reaction in the presence of aminopyriddieor 83 at 0 °C resulted in the formation of
the corresponding producd in very good yield but poor diastereand enantioselectivitfTable
38, entries 1 and 2). Lowering the reaction temperature45 °C did not altered significantly the
yield but significantly improved the stereoselectivity in favor of the desaetilisomer with good
stereoselectivity 84% ee using ligar&il and 86% using ligarB.

We next moved to continuous flow experiments. In order to find best reaction conditions we

chose the addition of nitroethane to-@®enzyloxy)benzaldehyde as model reactios.cAntinuous
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a flow reactor a 1 mL 3D printed reactor made of High Impact Poly Styrene (HIBSIzt NB R
OKIyy St Y ™ Pwas selectedOn the badisyof preliminary experiment in flow EtOH was
identified as solvent in place of iPrOH due to solubfityblems into reactor channels. The sgi

of the continuous flow experiment is illustrated in Scheme 48.

OH

! : T (°C)

R EtOH ; @@7 BnO X
______________________ o— -
i ; \©/\r‘\1;

| ! 3D printed reactor 84
i EtOH ! 1 mL, HIPS

Scheme48. Continuous flow synthesis 8#.

Syringel was charged with a preformed mixture 8f(benzyloxy)benzaldehyde (0.25 mma@},
(0.0625 mmoljand Cu(OAg)(0.05 mmol) in EtOH (1 mL, 0.250 yringell was charged with
nitroethane (2.5 mmol), DIPEA (0.25 mmol) and EtOH (750 pL). The two syringesoweected

to a syringe pump and the reagents directed to the flow reactor at the indicated flow rate and
temperature. The outcome of the reactor was collected into a cooled ba® {C) in order to
guench the reaction. At the end of the process the @pdoductwas treated withHCI 10%. After
extraction with AcOEt the product was isolated by column chromatography on silica gel. Results of
continuous flow experiments are reported in Table 39.

Table39. Screening of reactiooonditions.

Flow rate Res. time

i 0 i a (0
mUmin)  (miny Y€1 (%) dr @@ntifsyn)? e (%5

entry T (°C)

1 25 0.2 5 61 6/4 70
2 25 0.1 10 87 1/1 49
3 0 0.1 10 73 65/35 85
4 0 0.05 20 91 63/37 78
5 -20 0.1 10 20 75/25 81
6 -20 0.033 30 72 73/27 87
7° -20 0.033 30 75 71/29 86"

aDetermined by FNMR of the crude® determined by HPLC on chiral stationary phd§&) enantiomer;®
83as chiral ligand! (RS enantiomer.

Running the reaction at 25 °C using a residence time of 5 minutes resulted in the forma8én of
in 61% yield, 6 to 4nixture of isomersn favor ofanti isomer and 70% ee (Table 39, entry 1).
Increasing the residence time to 10 minutes gave the produbigher yield but pooee (entry 2).
Whenthe reaction temperature was lowered to 0 °C an improvement in the stereoselectivity of
the process was observed (entries 3 and 4).-Z& °C and 10 minutes of residence tirasti
nitroalcohol 84 was obtained in & dr and 81% ee (entry 5). Running the reaction-20 °C
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employing a residence time of 30 minutes gave best resBftsvas obtained in 72% yield, 73/27

dr and 87% ee o&nti isomer R,Sconfiguration)(entry 6). Using chiral ligad3 in place of81
under the same reaction conditions afforded prod@ztin comparable results: 75% yield, 71/29

dr and 86% ee oanti isomer §,Rconfiguration)(entry 7). This demonstrated that chiral ligaBds

and 83 performed similarly, affording the opposite enantiomef product 84. Since ligand1
derives fromthe natural enantiomer of camphor the following experiments were conducted with
81for costs reasons.

Having identifiedhe best reaction conditions in terms of temperatur@ °C) and residence time
(30 min)we explored the use of different type of flow reactors (Scheme 49) employing the same
experimental seup described in Scheme 48.

OH

E 20 °C
Lo B (T ey
| DIPEA  ~_NO; ! NO,

' Flow reactor 84
Il EtOH ! Res. time 30 min

Scheme49. Continuous flow synthesis 8#.

Using a 1 mBD-printed reactor made of PolyacticAcid (PLA) & |j dAKNE/y St Y mdnm E
YAGNR lyimQ28K2Z0GF AYSR Ay @SNE 3J22R TeNF{yEK EEWENDI >
6¢-ofS nnX SYGNBE wmMO® ¢KS dzasS 27F | O2-¥YSND
¢CSGNI Ctd2NROGKEE Sy SAY t MaTmyy 6 VX ND dzt & NIOS K K ¥ y 82 ¥za

A A s~

AAYALE NI NBadzE Ga Ay G SNYSEF T2070 BPGYONBA OH 0 d | YR a i SN

Table40. Continuous flow synthesis 8#.

entry Flowreactor yield (%) dr (@nti/syn)® eesn (%
OBLINAYUBRY|
(squared channel: 1.41 x 1.41mr
PTFE coiled tub@5 mL
(circular channelid: 0.58 mm)

87 65/35 79

90 70/30 80

*Determined by FNMR of the crude’determined by HPLC on chisthtionary phase.

The comparison of continuous flow experiments reported in Tables 39 and 40 highlighted that 3D
printed reactor made of HIPS gave better results in terms of stereoselectivity than the reactor
made of PLA (Table 40 entryw$.Table 3 entryl). However HIPS as material gave some problems
in terms of compatibility with organic solvents and after a few experiments the reactor started to
decompose. For this reason the following experiments were conducted ushupgildied reactors
made of PLA wibh is more robust and less sensitive to decomposition by organic solvents. It could
also be underlined that therare no big advantages in terms of chemical yield and ee using a 3D
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printed reactor instead of a commercially available one (Table 40 ertries 2). However 3D
printed reactors are extremely cheap and can be desigaeedocby the operator.

Next we focused our attention on the preparation of intermedi8& precursor of norephedrine.

Cu(OAc), 20 mol% OH
cHo 81 20 mol% : 85% yield
* NO; anti/syn=3/1
DIPEA, EtOH NO, 88% ee
-20 °C, 6h
85

Schemes0. Batch synthesis of 85.

The batch reaction between benzaldehyde and nitroethane in the presence of 20 mol% of
Cu(OAcg)and chiral ligandB1 afforded nitroalcohol85 in 85% vyield, 3/1dr and 88% edor the
major isomer (Scheme 39

On the basis of the results obtained for the flow synthesis of nitroalc8d4ale explored the
continuous flow synthesis of intermedia85 (Scheme 50).

OH

, : -20 °C

. 1 EtOH ; :
___________________________________________ — - ©/Y
! DIPEA NO;

H i Flow reactor 85
I EtOH ' Res. time 30 min

Schemes1. Continuous flow synthesis 8b.

Syringd was charged with a preformed mixture lbénzaldehyde (0.25 mmol, 25.4 p8},(0.0625
mmol) and Cu(OAg£)X0.05 mmol) in EtOH (0.975 mL, 0.250 Myringell was charged with
nitroethane (2.5 mmol), DIPEA (0.25 wiinand EtOH (0.750nL). The two syringes were
connected to a syringe pump and the reagentsrged ito the flow reactor at-20 °C for a
residence time of 30 minutes.. The outcome of the reactor was collected into a cooled-Bath (
°C) in order to quench the reaction. At the end of the process the crude was treateti@ith0%.
After extraction with Ac@t the product was isolated by column chromatography on silica gel.
Results of the continuous flow experiments are reported in Table 41.
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Table4l. Screening of different flow reactors.

entry Flow reactor conversion (%) dr (anti/syn)® eean (%f
ETFE coiled j[ukm:S mL 98 67-33 81
(circular channelid: 0.58 mm)
2 0SLINRYUBRYI 96 67:33 79
(squared channel: 1.41 x 1.41mr '
3 0 SLNR Y U Sk b 97 68:32 80
(squared channel: 1.41 x 1.41mr
4 O SLINAYUBRYL 98 67:33 84
(circular channelid: 1.59 mm) '
0 SLINAy U@ RYL 08 67:33 80

(squared channel: 1.0 x 1.0mm’
OSLINAYIBR VY] 96
(squared channel: 2.65 x 2.65mr (78 isolated)
3Determined by HNMR of the crude®determined by HPLC arhiral stationary phase.

74:26 89

PAAY3 | noep Y[ O2Af SR (dBAR wNORS BWO t ¢ 90 YO ANy
A @S YA YNRA T 2K 202 Yy @ RMBYAR2 ov tcyidk8o202 §NJ 0 ¢l 6f S nw
wdzy Yy AY 3 (KS aid NER2XAES2500MyASR IMYWE o5 LINAY ISR
OKIFIyyStyY modnm E mMdnmYYO0 2NJ b, [hb o6aljdd NBR OKI
2F (GKS NBIFOUGA2Y O6SYUNARSAE H YR o0® 9@Sy OKLIy:
YIR 2F t[V203¢zAFR Oyl OKIy3aS Ay GKS FqarG2YS
200FAYSR Ay O@OSNE 3I22RNIYVRY AZRIRA 25/55 6 SNEIFNA2SyAl orf
LISNF2NXYSR | NBIOGAZ2Y -LINAWIIS RdzINS diz® Niaf Bz MIBHRE OKE v
HdPcp E HDcpBREY tifKSF NByF DA 2y 6 a y @3 NF 2NMS R ySy
GSNE IAF2MRKRMAVSR Ry g’z SS> KAIKSNI GKIFY ¢KSYy LISNF2I
The third target identified was nitroalcoh@6, precursor of Methoxamine. The batch reaction

between 2,5dimethoxy benzaldehyde and nitroethane in the presence of DIPEA, chiral

aminopyridine81 and Cu(OAg)n EtOH at20 °C afforded the corresponding product in 72% vyield,
3/1 drand 91% ee (Scheme)1

OMe

Cu(OAc), 20 mol% OMe OH
cHo . 81 20 mol% : 72% yield
’ NO; > anti/syn=3/1
DIPEA, EtOH NO, 91% ee
OMe 6h
OMe
86

Schemeb2. Batch synthesis @6.

Then we explored the synthesis of intermedi&® under continuous flow conditions using the
same experimental saip described above (Scheme)5 The experiments were conducted in
accordanceo the best reaction condition§l' =20 °C, res. time 30 min).
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OMe OH

: : -20°C
¥ EtOH 5
LI e -
| DIPEA ! NO,

Flow reactor

: : _ _ OMe
o El‘OH ________ ‘. Res. time 30 min 86

Schemeb3. Continuous flow synthesis 86.

The use otwo different flow reactors wa explored (Table 42). When a 1 mL 3D printed reactor
mad of PLA(squared channel: 1.41 x 1.41mm) was used, nitroa@dhals obtained in 89% yield,
73/27 dr and 85% edor the anti isomer (Table 42, entry 1). Using a 0.5 mL PTFE c¢abed

60 OANDdzf AN ORPpYYSVYEZ (GKS LINRPRdAzOG 61 & RNIIRAWSSER
O6SYUNE HOO®

Table42. Continuous flow synthesis 86.

entry Flow reactor yield (%) dr (@nti/syn)® eeani (%)
OSLINARYUBRYL g9 73127 85
(squared channel: 1.41 x 1.41mr
PTFE coiled tub@5 mL 67 20/30 g2

(circular channelid: 0.58 mm)

*Determined by FNMR of the crude’determined by HPLC on chiral stationary phase

The last targestudiedwas chiral aminoalcohd7, precursor of Levonordefrin. The stereoselective
Henry reaction between 3;Bis(benzyloxy)benzaldehyde and nitroethane in the presence of
DIPEA, chiral aminopyridir8d and Cu(OAg)n EtOH/THixture as solvent at20 °C afforded the
corresponding prodct in 53% vyield, 65/38r and 84% ee (Schemd)5

OH
Cu(OAc), 20 mol% :

BnO CHO PN 81 20 mol% BnO - 53% yield
+ NO, NO anti/syn=65/35
BnO DIPEA, BnO 2 84% ee
EtOH/THF 1/1

6h 87
Schemeb4. Batch synthesis @7.

In this case the addition of THF assadvent was crucial because of the poor solubility of aldehyde
87in EtOH
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E BnO CHO 81 i
' Cu(OAc),
BnO ;

20 °C OH

L EIOHITHF BnO :
_____________________ o— - j@AK
: i NO
' DIPEA  ~_NO, | BnO 2
: ' 0.5 mL PTFE reactor 87
'_!’______{:__t_o_l:l ________ H Res. time 30 min

Schemess. Continuous flow synthesis 8f.

Also in this case wavestigated theflow processs (Scheme 55Running the reaction using 1 ®p

Y[ O2Aft SR (dzoS YIRS A ntdp@9 YOrOA NIrdziO2N0 (1 QA K/ 1dzR2 yi &
ymAy ¢T3 @ASEtRI cmMkod RNI YR 1m: SSo | yF2NIdzy
GKS LINBOALMAGFGOAR2Y 2F GKS aGFNIAY3I YIFIGSNRFE Ay
GKS INB4FA@Yy 3 05 LINAYGSR NBIOG2NERO®
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2.4.3 Continuous flow Hydrogenation

In order to obtain the desired chiral amino alcohols, the nitroaldol prod84{85 and 86 prepared
through the stereoselective Henry reaction were subjected to a continuous flow hydrogenation
with Thalenano HCube Mini equipped with a cartridge of Pd/C 1@%bas catalyst.

A rapid screening of reaction conditions was performed using nitroalc@®which is the direct
precursor ofNorephedrine (Scheme 56).

1 mL/min
85 25h 89

Schemes6. Continuous flow synthesis 88.

A 0.1 M solution of nitroalcohol in MeOH was prepared and pumip¢al the HCUBE Mini.
Temperature and pressure were set at the indicated value and the continuous flow reduction was
started at a flow rate of 1 mL/min. The outcome of the reactor was recirculated for a reaction time
of 2.5 hours. After preliminary experime\cOH was found to be essential to promote the
reaction, otherwise onlythe unreacted starting material was recovered. The progress of the
reaction was monitored by TLC.

Table43. Screening of reaction conditions.

entry Solvent [M] T (°C) P H (bar) conversion (%)
1 MeOH (0.1) 25 10 90
2 MeOH (0.1) 30 15 98
3 EtOH (0.1) 30 15 80
4 EtOH (0.03) 30 15 98
5 AcOEt (0.1) 30 15 10
6 AcCOEt/EtOH 1/1 (0.1 30 15 40

As first attempt the reaction was performed in MeOH at 25°C and 10fidy. The desired amino
alcohol89 (in its acetate salt form) was obtained in 90% conversion (determined-KiIR after
solventevaporation)Table 43 entry 1). Increasinghe reaction temperature to 30 °C artie H,
pressure to 15 bar resulted in a coraf@ conversion of the starting material in&9 (entry 2). In

view of a multistep process we also investigated the use of EtOH and AcOEt as solvents. A 0.1 M
solution of85 in EtOH was reduced with a conversion of 80% after 2.5 hours of reaction at 30°C
and 15 bar (entry 3). In order to reach a full conversion a dilution to 0.03 M was necessary (entry
4). AcOEt proved to be a bad solvent for continuous flow hydrogenation with H Cube (entries 5
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and 6). It also caused the precipitation&§ into reactor chanels dueto its poor solubility in the
solvent

In order to increasehe reaction conversion from 80% to 98% it was necessary to dihge
reaction mixture from 0.1o 0.03M (entry 3vs.entry 4). Amino alcohdB9 was obtained in its
neutral form after a simple treatment with NB®H with no need for further purification. In all
cases no erosion of the stereochemical integrity of the process was observed (ee determined after
derivatization of norephedrine its bisacetylamide

Having identifiedhe best reaction conditions we explored the reduction of nitroalcod@for the
synthesis ofMethoxamine §cheme 5y The continuous flow hydrogenation with-CGUBE Mini
was performed at 30 °C and 15 barkf for 2.5 hours.A complete conversion of the starting
material into amino alcohd®Q(in its acetate salt form) was observed. Also in this case no erosion
of stereochemical integrity was observed (ee determined after derivatization of methoxamine
onto the corresponding biacetylamidg. Amino alcoho®0 was obtained in its neutral form after

a simple treatment with NH¥DH with no need for further purification.

98%
Schemes7. Continuous flow synthesis 88.

In order to obtain Metaraminol, nitroalcoh@4 had to be subjected to a nitro group reduction and
O-debenzylation. We identified the continuous flow hydrogenation in the presence of Pd/C as
catalyst as a possible synthetic strategy to perfdroth reactions in one step§cheme 58

} H-CUBE
! 50°C |
! 50 bar
: H, ;

OH L1120, ; OH

H ' T ' HO ~
R0 1R
! ® 1 o NH3

15h 88
84 98%

Schemeb8. Continuous flow synthesis 88.

A 0.1 M solution o84 in EtOH in the presence of 30 equivalents of AcOH laaded in theH-
CUBE Mini at 1 mL/min. After 2ioursof recirculating process at 50 °C and 50 bar paidino
alcohol 88 (in its acetate salt form) was obtained with a complete conversion. The enantiomeric
excess was maintained during the reaction (ee determined by HPLC on chiral stationary phase).
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2.4.4 Multistep Process

After proving the feasibility of the twstep sequence for the synthesis of chiral-ar@ino alcohols

we explored the possibility of simulating a continuous flow multistep process without the need for
isolation and purification othe nitroalcohol intermediate or solvergwitching (Schemé&9). This
procedure would be appealing for the stereoselective synthesis of chirari2o alcohols on a
preparative scale.

: OH !
: : frmm e
3 R A | H-CUBE
_____________________ P o NO, | T(C) !
‘ | P (bar) :

1 CHO . not isolated | b
| R o L | '\ INaOH
3 CU(OAC)ZE . 3 2 v H,0 |

H
, 1/20, |PdiC e OH
I EtoH WLNE | ) 1 :
---------------------- | 63 ' 1
oo [T ~WORKUP| ’ S11¢)| | ' NH,
't DIPEA  ~_NOy |

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

Flow reactor

catalyst/ligand
removal

Schemeb9. Multistep synthesis odmino alcohols.

After the initial stereoselective Henry reaction performed into 3D printed flow reactor, the key
step was the removal of Cu catalyst and chiral ligand in order to not interfere with the continuous
flow hydrogenation which involved the use of Palladium asalgst. The reaction between
benzaldehyde and nitroethane was chosen as model reaction to develop a multistep flow process
for the synthesis of 1;2mino alcohoB9 (Schemeb9).

At first we tried to remove Cu/ligand complex of Henry reaction through adi@evork up using

HCI 10%wt. followed by extraction with AcOEt. Unfortunately this strategy was not successful
because large quantities of AcOEt were necessary to completely extract nitroal&8hol
Additionally AcOEt proved to be a nsnitable solventor the continuous flow hydrogenation step
(Table43, entries 5 and 6).

As alternative approach to remove Cu/ligand complex of Henry from the crude reaction mixture
we identified a filtration on a short pad of silica followed byten with EtOH. In thisvay no
solvent switching is necessary. The compatibility of EtOH as solvent for the continuous flow
hydrogenation step was already proved above (Ta3eentry 4). Additionally the precious chiral
ligand can be easily recycled by simple treatment afssivithan HCI solution in EtOH.
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N s e
— -20 °C 3 ! 1/20, |PdIiC

| 1 EtOH 5 3 E _—— '
S ‘ o -4 G J: —»m
; ' 0.125 M T ' : 2

¢ DIPEA ~_NO; | EtoH 2|l 89

L ol 3D-printed | ACOH | 90% yield

PR Flow reactor | MeOH | 713 anti/syn
[ 78% ee

Schemes0. Multistep synthesis o89.

Syringel was charged with a preformed mixture of benzaldehy8te(0.375mmol)and Cu(OAg)X

0.075 mmol) in EtOH (1.5 mL, 0.250 M). Syrihgeas charged with nitroethane (0.270 mL, 3.75
mmol), DIPEA (65 pL, 0.375 mmol) and EtOH (1.26 mL). The two syringes were connected to a
syringe pump and the reagents directed to the flow reactor2fi °Cfor a residence time of 30
minutes. The outcome of the reactor (dark blue solution, 3 mL) was filtered over a short pad of
silica f: 1 cm,d: 2 cm)by elutionwith EtOH (6 mL). To the resulting mixture (light yellow) 30
equivalents of AcOH were added attie resulting mixturewas subjected to continuous flow
hydrogenation with H CUBE (T: 30 °C, P: 1 bar, flow rate 1 mL/min, t: Zt&eIgolvent washen
evaporated, treated with NMOH 33% wt. and extracted five times with AcCOEt. Amino ald@hol
was obtaned in 90% yield (over 2 steps), fiBand 78% ee aa pure withe solid @r and ee were
determined after derivatization @5 into the corresponding biacetybmide).
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In conclusion, a new continuous flow process for the stereoselestménesis of chiral 1;amino
alcohols has been developed. Three targets displaying biological activities (Norephedrine,
Metaraminol and Methoxamine) have been prepared through a-siep sequence:

- the first step consisted of a stereoselective Henry tieacpromoted by a coppecomplex ofa

chiral aminopyridine ligand derived from camphor. The reaction was performed into 1 mL 3D
printed flow reactors made of different materials (PLA, HIPS, NYLON). The use of 3D printed
reactors allowed for a rapid scremg of reactors with different sizes, shapes and channel
dimensions. The process afforded the desired products in very good vyields, moderate
diastereoselectivity and enantiomeric excesses up to 89%. The use of a 10 mL 3D printed reactor
for the scale up othe process has also been demonstrated.

- the second step involved a continuous flow hydrogenation with Thalesnano H CUBE Mini in the
presence of Pd/C as catalyst. This process allowed to obtain pure 1,2 amino alcohols with no need
for further purificaton.

Finally, in view of a possible industrial application, a multistep continuous flow process for the
synthesis of Norephedrine has been demonstrated: using optimal reaction conditions the final
product was isolated without any reaction intermediates figdation or solvent switching
operation.

In principle a fully automated continuous flow process for the stereoselective synthesis of chiral
1,2 amino alcohols can be developed.
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CHAPTER 3 PHOTOREDOX CATALYSIS

3.1 Introduction

The use of visible light in organic synthesis is not a newhdgag been pioneeretly the Italian
OKSYAald DAIFO2Y2 [ AFYAOALY AY wMdMHThesft@e of KS
LK 2 i 2 OK.B Me\saggesteddeveloping novel technologies thatasih the direct harvesting

of energy from sunlight and converting it into chemicals or fuels. The society at that time was not
ready for such ideas and it took until recently for concepts as renewable energy and sustainable
use of natural resources to be mowidely accepted and implemented. While the conversion of
light into electrical energy by photovoltaics is already highly developed and commercialized, the
methods using visible light in chemical synthesis are still quite limited. However, there aralseve
advantages related to the use of visible light: most organic compounds are not colored and absorb
light with a wavelength shorter thad00 nm. Visible light is abundant and it is the most intensive
part of the sunlight spectrum, but only in some caseswill consider to do chemical synthesis in

the sunlight as irradiation is not constant and weather dependent. The development of high
power light emitting diodes (LED) allows the efficient and simple generation of visible light of high
intensity and ina small wavelength range. Last, but not least, visible light is safe to use. However,
we also have to consider the limitations of the energy source: Visible light is not high in energy. A
blue photon (440 nm) contains approximately the energy of a cagiodine bond. If we use only
visible light for initiating chemical reactions, we must employ starting materials that are already
high in energy or contain weak chemical bonds.

Photoredox catalysis, based on the exploitation of an abundant and renewabiteesas
light, has attracted more and more attention in the last yearaagmerging strategy requiring
mild conditions In this catalytic methodologylight absorbing compoundgé.e. photoredox
catalysts) are employed in substoichiometricamounts to activate substrates through
photoinducedsingleelectron transfes (SET)Ihus,activated species are formed without the need
for radical initiators or stoichiometric oxidants reductants and otherwise difficult or impossible
reaction pathways are aessed. Light irradiation converts photocatalysts into their photoexcited
states which are chemically more reactive because of the significantly altered electronic
distribution. Photoredox catalysis rely on the general property of excited states to benhaité
SIaate NBRdAzZOSR 6aNBRdAzOGAQPS LI GKgl &e0 a ¢Stf
their corresponding ground state; in this way the photocatalyst can serve either as an electron
donor or an electron acceptor to be regenerated in theatgic cycle (Figur26).
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Photocatalyst * Q

Q (excited state) /...
e e+
: ! 'Q !
L Q SET SET RUR '
o *—
OXIDATIVE Photocatalyst I Photocatalyst REDUCTIVE
PATHWAY (radical cation) L_J hv (radical anion) PATHWAY
D SET SET A
Photocatalyst
;s ) (ground state) e .
' o ;e —"
D CA

Figure26: photoredox catalytic cycles: oxidative pathway (on the left) and reductive pathway (on the right).
Q = quencher; D = donor; A = acceptor; SET = Single Ekeatrsiier.

As depicted in Figur@6, for each pathway the photocatalyst undergoes two distinct single
electron transfer steps; both the quenching and the regenerative electron transfers can be
productive with respect to a desired chemical transformatitaeally, the two electron transfer
processes are connected by substrates or intermediates of the photocatalyzed reactidan(

A® in the reductive pathway, © D”®in the oxidative pathway) and therefore any sacrificial
electron donor or acceptor is geired.

The seformed electronically excited molecules can be considered as completely new entities in
comparison with lheir ground state precursorshey showtheir own chemicabehavior and give
access to unconventional reaction pathways otherwise dilfffior impossible to reach by
thermochemical or electrochemical activation, affording complex molecular structfires.

Despite several advantages offered by photochemical transformations, the implementation of this
energy source in largscale production othemicals has been largely disregarded. Indeed sgale
process of traditional batch photochemical reactions has generally found to be detrimental and
poorly effective, often resulting in product decomposition due to oweadiation. These
shortcomings dse from thelogarithmic decrease with phtlength of the transmission dight
through a liquid medium dBeerLambert Lawg). In this way, the noinomogeneous light
distribution within the entire reaction mixture prevents a uniform irradiation whrelsults in a

loss of efficiency.

T=1/h=10"€)
where T: light transmissionp:lintensity of the light striking a substancel: intensity of light

transmitted through the substanges the absorption coefficient of the substance; I: the distance that
light travels through the substance.
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Figure27. BeerLambert law.

These drawbacks associated with batch photochemical reactors could be overcome by
using continuous flow microreactor technolod3erforming photochemical reactions in miemr
mesoflow systems is significantly more efficient than when developed in battbed the narrow
width of flow reactor coils ensusan excellent anduniform distribution of ight within the entire
reactionmixture, resulting in higher reaction selectivity, shorter reaction times and lower catalyst
loadings. The scalgp of a photoctalyzed reaction in flow would become easier as many flow
photoreactors could be connected in parallel and the level of efficiency waanrthin high. In
addition, the irradiation of smaller volumes of flammable solvents would also reduce safety
concerns wth respect to batch photochemical reactiofs.

For all these reasons the development of novel continuous flow photoredox -catalyzed
transformations would be highly desirable from an industrial point of view.

In this chapter we will describe the development @ new visible light photoredox synthetic
methodology. Its application under continuous flow conditions and a direct comparsion with the
batch procedure will also be examined.
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3.2 Reductive Coupling of Imines with Olefins

The development of new straggesfor the umpolung of carbonyl compounds has been of great
interest over the past years, asnbuld opennew retrosynthetic opportunities for the syhesis of
complex moleculesEven though theumpolung of aldehydes and ketones has beeitely
studied the number ofeffective proceduregor the umpolung of iminess still quitelimited. A
generalstrategy is the deprotonation of imines to formazaallyl anions. These intermediates can
be used in organocatalyzed or metatalyzed crossoupling processs, yielding alkylated ro
arylated umpolung product® A major shortcoming of this strategy is the need for strong bases
and biased substrates to ensure regioselectivity in the functionalization of theadllyl anion.
Another strategy is the onelectronreduction of an imine to give a free amino radical anion or a
3-membered metdhcycle depending on theature of thereductantemployed? However, direct
electrontransfer is difficult due to the high reduction potentials of imineg (Ed =¢ 1.98 V vs
SCE for Noenzylideneaniliney! and either ad-hoc designed substrates with loweduction
potentials or overstoichiometric amounts of highly reducing metals salts based on titanium,
zirconium or samarium anesually needed

The umpolung of imines usingsible light photoredox catalysis has recently been demonstrated
by a few works that involve both intramolecular and intermolecular functionalization using
different reaction partners®

Rueping and cavorkers recently demonstratethat visible lightinduB R NB RdzOU A2y 2 F
amino radicals using photocatalysts with low ground state reduction potentials was possible by a
strategicchoice of the reductive quenché?.Tributylamine acted both as an electraionor for

the catalyst and as a hydrogdrond donor for the substrateenablinga proton-coupled electron
transfer as key step, which would be strongly eedjonic otherwise. Theesulting radical then
underwent dimerization to give symmetrical aromatic diamines (Schehhe

Photocatalyst

: : Bn.
N B NBu3 ! B NH
— = | — Ar
P light 450 nm ! P! ! — Ar
Ar CH4CN E Ar ' HN.
RT, 15 h . Bn

a-amino radical
intermediate

Schemebl Photoredox pinacol coupling of imines.

Exploiting the strategy for the formation dai-amino radical intermediate we explored the
possibility to perform a unprecedentedcrosscoupling readon between imines andlefins
promoted by visible light photoredox cataly$ls.

Based on previous works on the functionalization of imines we hypothesized a plausible reaction
mechanism for this transformatio(Gcheme 62)upon excitation by visible light, the photocatalyst
(PC) becomes highly oxidizindPC) and is reduced by tributylamindNBw) to give the
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corresponding radical catio, which rapidly undergoes &,2-hydrogen shift to form the h-
ammonium radicaBH'". This intermediate activates the imig€) for a subsequentpton-coupled
St SOGUNRY GNIYATFTSN 6KAOK NB I-&ni MNddidad @long withB. O § I |
Crosscoupling between these two nucleophilic radicals is disfavored in the presence of electron
deficient olefins94, onto whichD readily adds in accordance with the polar effect. The resulting
electrophilic radicalE undergoes hydrogen atom transfer frof to give F and the expected
saturated produc5 (the formation ofFwas detected by°*GNMR analysis of the crudeaction
mixture: resonance atic= 97.0 ppn. Thus, theadditive plays here a triple role: reduction of the
excitedstate catalyst, hydrogebonding to render the reduction of the imine less @edgonic,
and finally hydrogeratom donation.Notably, such a reaction manifold avoids srm@actions
typically observed when using trialkylamines as reductive quenchers, such as reducbdoy of
HAT from tributylamine oB and radical addition ob onto F.
/\/\N,Bu
|
Bu

hv PC* Reductive
N quenching [1,2]-H shift Bu
o .
SNSN-BY . NN Bu
|
PC

A Bu BH* H

k/PC_ / o
N
J
Proton-coupled R 93
electron transfer Bu

R . N, .Bu
l—ﬂ\l . /\/\N,Bu /\/\’}h
. ! H,
R Bu N R
D B J
R
P
‘/ EWG /\/\N’Bu c
94 !
F Bu
_R' _R'
HN HN
R)\/\EWG HAT R)\/\EWG
E 95

Schemeb2. Postulated reaction mechanism.

Based orprevious studie®f the group we started our investigation on the photoredoatalyzed
reductive crossoupling of imines with olefins by irradiating a mixture of imine, tributylamine and
methyl acrylate in DMF, usindfCR)ppy]l2(bpy)PE IrA or Ir(ppy)2(dtbbpy)Pk IrB as photoredox
catalyst (see Figure 1 for the structure of the catalydits contrast with many otheN-protected
substrates,N-benzylideneanilinggave little to no iminepinacol coupling and selectively coupled
with the olefin in59% and57% vyield respectively. Further optimisation showed that no additives
other than tributylamine were needed, and that the use of ethanol as a sustainable alternative to
DMF greatly enhancethe yield. Under the optimal conditionsN-benzylideneanilineéd3a was
dissolved in ethanol in the presence of 3 equivalents of methyl acrylafeeduivalents of
tributylamine and 2 mol% dfA and irradiated at 80 nm with blue LEDs for 24 hours to gike

expected producB5aain 84% yield (Tablé4, entry 1). Slightly higher yields could be obtained by
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letting the reaction proceedor 24 additional hours. Concentrating the reaction medium was
detrimental, giving the product in only 52% yield. Lower loadindgrAfor use of commercially
available catalysirB still gave the product in reasonable yields, providing alternative conditions t
non-specialists (entries 4 and 5). No conversion was observed in absence of tributylamine or
photocatalyst, in the dark, or under air atmosphere. Addition of catalytic amounts of bases
completely inhibited the reaction, confirming a prot@oupled electon transfer aghe key step

(entry 10).
/@ IrA (2 mol%) ©\
N NBuj3 (1.5 equiv.) NH

0
/ N
! - Y EtOH
o [0.1M], Ar, o
blue LEDs, 30 °C, 24 h

"standard" conditions ©
93a 94a 95aa
Table44. Screening of reaction conditions.
Entry Modification from Yield (%)
"standard" conditions
1 None 84
2 48 h 89
3 [0.3 M] 52
4 1 mol% of photocatalydtA 61
5 2 mol% of photocatalydtB 59
6 Without NBy 0
7 In the dark 0
8 Without photocatalyst 0
9 Under air atmosphere 0
10  With 20 mol% of K2CO3 or K3P 0

%|solated yields.

The reduction potential 003a is ¢1.98 Vvs SCE, compared to the reduction potential of the
catalystlrA of ¢1.29 VWsSCE. Thus, the imine is not likely to be reduced without protonafion.
add experimental evidence to our thermodynamic rationalization, we performed the reaction in
presence of adic or basic additives (Tab#®): acidic additives did not influence the yield, but no
product was observed an@Ba was recovered when using basic additives.

Ir[F(CF3)ppylo(bpy)PFg IrA (2 mol%)
NBuj3 (1.5 equiv.)
additive (20 mol%) NH

N (@]
+
| \)J\O/ EtOH [0.1M], Ar, SN
blue LEDs,
30°C,8h o
95aa

93a 94a
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Table45. Screening of additives.

Entry? Additive Yield(%)
1 y2YyS P H
2 I h pn
3 / & hhi p H
4 hElFfAO pcC
5 B5ALKSyeflL or
6° Y/ R n
7° Yot R n

3isolated yields” 24 h reaction time® 93arecovered

In order to demonstrate that the couplingetween radical88 andD is disfavored due to the polar
effect, we screened the amount of olefga (Table 49 andwe observed thaB5aawas obtained in
very good yield wher8 (or more) equivalents oB4a were used. The use of a stoichiometric
amount of 94aresulted in a decreaskyield of 95aa and in the formation of 4pyoducts97 and
98. Running the reaction in the absence9fafavoured the formation oB7, in accordance with
our previous results on the photoredaatalyzed imingpinacol coupling99 was not detected in
any d our control experiments. Thus, pinacol coupling or reduction by hydragem transfer are
favored over radical crossoupling.

1a (2 mol%) _Ph Ph
N'Ph NBuj3 (1.5 equiv.) Ph NH HN on HN’Ph HN
| + COOMe ————————» + + +
o A2 EtOH [0.1M], Ar, o ~com Ph)\f J Ph
blue LEDs, Me prNH Ph NBu,
30°C, 24 h
93a 94a 95aa 97 98 99

Table46. Screening o94aequivalents.

Entry 94a (equiv.) 95aa(%) 97(%) 98(%F 99
1 3 yn OGN} GNJ} b23G RS
2 1 pp My c b2G RS
30e 0 n cn wmn b2d RS

%isolated yield;sb reaction performed usingfA as catalyst® full conversion oB3aobserved

As already stated,ributylamine plays a tripleole necessary for the formation of the desired
product: reductive quenching, activation by proteoupled electron transfer (PCET) and hydrogen
atom transfer (HAT)

Tributylamine is a welstablished reductive quencher of ruthenium and iricibased
photocatalysts. As mentioned abovbyproduct F was observed in the crude reaction mixture,
thus strongly supporting the intermediacy 8fand its involvement in a HAT. Additionally, we
investigated the impact of reductive quenchers with different chemical properties to demonstrate
how all three features are essential.
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Trialkyl amines (linear, branched or cyclic) can both activate the ibyrlRCET and undergo HAT,

and all gavé®5aain highyields (Tabl&7, entries 1, 2 and 3).

Triphenylamine and tristhromophenyl)amine cannot undergo a 1,2 hydrogen shift after
oxidation, and thus cannot activate the imine through PCET. Using these aasnesiuctive
guenchers93awas recovered and no product was obtained (entries 4 and 5).

Tribenzylamine, similarly to trialkyl amines, dake parthboth PCET and HAT events. In this case
however, although imin®3awas fully consumedalidatng the PCE&vent no product95aawas

2001 AYSR O0SYyiGNE cOoOd ! O2YLX SE YA E adziNdradeaf of LIN2 R
tribenzylamine has a structure similar to radical intermedi@teand thus is able to undergo
competitive crossoupling and crossanino-pinacol.

In contrast to the previous entry, using Hantzsch ester gave the product in good yield since it can
FOGA@IGS GKS AYAYyS o0& t/9¢ |yR R2yIFGS 'y KeR
amino radicals (entry 7).

Finally, alternativereductive quenchers such as sodium dithionite and sodium ascorbate have
oxidation potentials accessible by the catalyst, but canndéivate the imine through PCEWith

these quencher83awas recovered and no product was obtained (entries 8 and 9).

@ IF[F(CF3)ppyl(bpy)PFs 1a (2 mol%) @
N e} Reductive quencher (1.5 equiv.) NH

+
l \)J\o/ EtOH [0.1M], A, o
blue LEDs,
30°C, 24 h o

95aa

Table47. Screening of reductive quenchers.

(0):4
Entry* Reductive quencher El(’i/ v(sQé%wI;)) Yield(%f Remarks
1 b . dz bndtry yn CdzZ f O2
2 | dzy A 3 Qa bndcy Ty CdzZf f O2
3 b-aSiKeNNP bndcy Tp CdzZ f O2
4° b t K bnddr n hoNB O2 g
5bd b &-.LNJ O bM®HE N hoNB O2 g
6° b.o bMOMT N Cdz f O2
7° | yGl a0K bnodte cy Cdzf O2
8° b k{uhn bnodti1 N hoMBE 02 @
9° Na-ascorbate bndoc n hoMBE 02 O

% isolated yieldsb because of the higher oxidation potential the reaction was performed using the more oxidizing
Iridium catalystlc; reaction performed usindyB as catalyst‘,j DMSO was used as solvent

With the optimal conditions in hand, we explored the scope of ris@ction Scheme 638 First,
we established that not only acrylates, but atsthier electron poor alkenesuch as acrylonitrile,
acrylamides as well as vinyl sulfones can be coupled9@#hn good yields. Next, we showed that
acrylates with sidechains of various size and lipophilicity gave the corresponding products in very
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good yields. A free hydroxy grou@5ah) as well as a trialkyl amin®%ai) were tolerated, without
signs of oxidatin under the reaction conditions. A bromigentaining acrylate derivative
smoothly reacted to give produ@5al, even though reduction of alkyl bromides by photoredox
catalysis has previously been report&€dMethacrylate and itaconate derivatives gave the
expected products9baj, 95am respectively) in good yields and selectivities, while using methyl 2
acetamidoacrylate as acceptor gave the highly valuabdninobutyric amino acid derivative
95am in high yield and moderate selectivity. Conjugated dienesevadso competent substrates,
as using methyl 4nethylpentadien2,4-oate as accepto®5ao was obtained as the only product in
good yield.

/@ 1a (2 mol%) @\
‘N . R’ NBuj3 (1.5 equiv.) NH R'
}\Rz EtOH [0.1M], Ar,
blue LEDs, 30 °C, 24 h

93a 94b-m

RZ

k:

95ab-am

QL a, . Q, QL
@MCN mm @Aﬂds\,\gh o mOK

95ab, 81% 95ac, 57%° 95ad, 43%? 95ae, 80% 95af, 74%

i “NH FF : “NH : “NH NH : “NH
o@*i O~ O~y oL o._Ph
o F o o ! o 0

95aj, 72% 95ak, 62%
dr3:1 dr3:1

. g O e QL
NH NH NHAc NH o COMe NH
O~g, o o § o
o) o) o) o)

95al, 67% 95am, 86% 95an, 89%
dr4:1 dr2:1 dr3:2

%9

95ag, 80% 95ah, 57% 95ai, 69%

95a0, 61%
Schemeb3. Substrate scope.

Next, we decided to investigate the substrate scope regarding infesemes3). While trying to
broaden the scope of the nitrogen protecting group, we found that several imines underwent
decomposition, pinacol coupling, reduction, or simply did not reactll under the standard
reactions conditionsN-arylimineshowever were robust and cleanly afforded the desired products
in most cases. Electremch as well as electron deficient groups were tolerated, and once again, no
dehalogenation was observe@3ea95a). The synthetically valuable produ@§ja and 95kawere
obtained in moderate yields.
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1a (2 mol%) R?
ﬁ‘ « On NBus(15equiv) “NH
o EtOH [0.1M], Ar, R1J\/\

1
R blue LEDs, 30 °C, 24 h COMe

93b-93j 94a 95ba-95a

oW oW N . W
MeO OMe F [¢]]

95ba, 64% 95ca, 50% 95da, 51% 95ea, 61% 95fa, 56%

< Ve o W s W &
NH NH NH NH NH
/@)\/\Cone ©)\/\002Me ©)\/\002Me ©)\/\002Me @)\/\COZMS
Br

95ga, 57% 95ha, 56% 95ia, 56% 95ja, 46% 95ka, 35%

Schemeb4. Substrate scope.

Asillustrated in Schem@é4, the conversion of -aminobutyric ester derivative85ag 95aj, 95am

and 95anto the corresponding -lactams proceeded almost quantitatively by heating the starting
materials in toluene in the presence of catalytic amountgafatoluenesulfonic acid (Scheme

4a). Additionally, the reaction was not only limited to reductive alkylation but could also be
extended to reductive allylation of imines by using appropriate allyl sulfone derivatives as coupling
partners, resulting in the formation of producgband95c

a) Synthesis of y-lactams

H o (@) R R = H; 96aa, 86%
Ph/chone PTSA (10 mol%). R = CHy; 96aj, 92%
N - .
Ph R toluene, 120 °C, 5 h Ph” R = NHAc; 96am, 82%
Ph R = CH,CO,Me; 96an, 75%

b) Reductive allylation of imines for the synthesis of pyrrolidine precursors

IrA (2 mol%) Ph

_Ph .
NTOR NBu3 (1.5 equiv.) NH R = CO,Et; 95b, 61%
B /I\/Ts EtOH [0.1M], Ar, /K)J\ R = 4-'BuPh; 95c¢, 38%
Ph blue LEDs, 30 °C, 24 h Ph R

Schemes5. Products derivatization.

Finally, we investigated the outcome of the reaction under continuous flow condi{idaseme

66). A PTFE tubingd(= 0.8 mm) = 10 m,V; = 5 mL) was wrapped around a glass beaikler @ cm,

h =5 cm) and placed into a dewar flask where 2 rows of 11W blue LEDs strips were previously
fixed. One end of the tubing was connected to a steel needle and the other placed into a receiving
flask. Tle reaction mixture waprepared under argon atmosphere atwhded into a 5 mL plastic
syringe, pumped into the flow reactor through a syringe pump at the indicated flow rate and
irradiated with blue LEDs. Afterwards the reactor was washed with 5 mL ofsksh&tOH at the
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same flow rate under continuous light irradiation. The output of the reactor was collected into a
round bottom flask, concentratedin vacug and the residue was purified by column
chromatography on silica gel.

BLUE LEDs

S R RNEE
I N COMe | Ph
' Ph : “NH
| 3 equiv. :—@— )\/\

IrA (1 mol%) Ph COMe

NBuj3 (1.5 equiv) ! 95aa

EtOH [0.1 M] | _

e ’ Flow Microreactor
PTFE tubing V; = 5mL
Schemeb6. Continuous flow reaction.
Table48. Screening of reaction conditions in flow.
M Residence Flow rate  IrA .
Entry? . Yield(%)
(mol/L) time (h) (mL/h)  (mol%)

1 non n M®H[ H TT

2 nom n M®PH[ H T

3 nom H H®pJ H CH

4 nom n MPH[ M TN

5°¢ nowm M MOPH[ M y n

#Reaction performed according to continuefisw method using3a (0.3 mmol, 54.3 mgR4a (0.9 mmol,
81nL),IrA (as indicated), NBY0.45 mmol, 111i) and degased EtOH (3.0 niigolated yields¢reaction
performedon 0.5 mmol scale.

From the resultgeported inTable 48, it is clear that the reaction under flow condition is much
faster than the one in batch: using a residence time of 4 hours (instead of 24 required in batch),
95aawas obtained in 79% yield. A further decrease in the reaction time resulted in a lower yield of
62%. Notably, under flow conditions, catalyst loading could be reduced to 1 mol%, affording the
desired product in 74% yield. Finally performing the reactn 0.5 mmol scale with 1 mol% of
IrA, product95aawas obtained on 80% yield.

Once best reaction conditions were identified we evaluated the scope of the reaatider flow
conditions(Scheme 8). By using 1 mol% dfA and with a retention time of 4 hours the products
were obtained in good yields and moderate selectivity, totally comparable to the ones obtained in
batch.
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FLOW REACTOR

N A7 R 1a (1 mol%), NBu, AWM R
J * }\Rz EtOH, Ar, Ar R?
Ar blue LEDs, r
93 94 30°C,4h 95
Ph. Ph. N
Phoy /’t)\ NH  NHAG PhMCOZMe
Ph)\/\R Ph CO,Me PhMCO2Me Ph CO,Me
R = CN: 95ab, 73% 95aj, 69% 95am, 84% 95an, 84%
R = CONMe,: 95ac, 62% dr3:1 dr3:2 dr2:1
Ph< Ph<
Ph. Ph. NH NH
CO,Me CO,M
Ph XcoMe Ph CO,Me 2 /@Aﬂ 2Me
MeO’
95a0, 569 95b, 549
a0, 56% 54% 95ba, 60% 95da, 51%
Ph. cl MeO
4 Q0 “0)

cl F Ph)\/\COZMe Ph)\/\COZMe

95fa, 57% 95ea, 58% 95ia, 52% 95ka, 38%

Schemeb7. Scope of the reaction in flow.

The integration of inline analytical devices into the flow stream of a synthetic methodology
improves process automation and also reduces risks associated to handling and isolation of
intermediates. In particular, IR flow cells have recently proved teffective tools for reaction
monitoring, mechanistic investigations as well as quantitative measurements in multistep
processes and setfptimization studies? In order to have a better understanding of the reaction
rate we next decided to monitor the reton profile during time using a FlowIR instrument
equipped with DiComp ATR (diameodmposite attenuated total reflectionprobe &heme68).

For inline analysis we identified signalsrat 1633 crit and n = 1607 cm' corresponding to
starting imine93a and product95aa, respectively. Monitoring the flow photoredox coupling of
93a and 94a under optimal conditions at different reaction times, substrate consumption and
product formation could be readigetermined (Figure &).

BLUE LEDs
' N’P
1 J . COOMe
; Ph FLOW-IR [
; 93a COOMe
} IrA (2 mol %)
; nBusN, EtOH 95aa
§
"""""""""""""" Flow Microreactor IN-LINE
PTFE Tubing ANALYSIS

id: 0.8 mm, I: 10 m, V 5mL

Schemes8. Continuous flow idine analysis.
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Figure28. Reaction progress monitored byline IR analysis.

Asdepicted inFigure 29 the comparison between batch and continuous flow conditions clearly
demonstrates how both processes have a similar reaction profile, but light irradiation in flow
microreactor ensures a faster transformation, whigach completion after 4 hours onlgnd a

half amount of catalyst.
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Figure29. Reaction profile in batch and flow.

In conclusion, a new synthetimethodology based on the functionalization of imines through
visiblelight photoredox catalysis has been developadd its general applicability has been
studied The application under continuous flow conditions has been investigated and the
advantages related to the use of photoflow reactorydbheen demonstrated.
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CHAPTER EXPERIMENTAL SECTION

4.1 SupportedOrganocatalysts

4.1.1 Chiral Imidazolidinones

Silicasupported imidazolidinones

Synthesis of catalys&tS4

(@]
* SiO,
/@/\')J\N,Bu - MN/BU
toluene
HN—/.,
(MeO);Si” >0 HN#’W 80 °C, 48 h @/\/\o # "
1 S1-S4

Compound?' (0.57 g,1.3 mmol) was suspended in dry toluene (15 mL) and @2 below for
details) was added. The mixture was gently stirred at 80 °C for 48 hours under nitrogen
atmosphere. After reaction time the solid was filtered, washidhloromethane/methanol9:1
mixture and dried under high vacuum at 40 °C for 3 hours.ldading (mmol/g) of the supported
catalysts was determined by weight difference.

S161 & LINBLI NBR dzaAy3 ! LISE t NBLBEAAE {AfAOF aSRAL
S261 & LINBLI NBR dzaAy3 ! LISE t NBLBEAAE {AfAOF aSRAL
S3¢ a4 LINBLI NBR dzaAy3d ! LISE t NBLAAE {AfAOF aSRAL
S46 a LINBLI NBR dzaAy3d [dzyl {AftAOF mn >Y 6mdnn 3
Synthesis ofatalystsS5
(0] Cul
|| Bu Hunlgsbase
N3 v /\§A
HN—.,,, CHCI HN
© # © 24n ®/\/\ N=N \{
2

CatalystS5(loading = 0.4 mmol/gjs alreadyknown and was prepared according to a procedure
previously published in our research grdup.

'A. Puglisi, M. Benaglia, R. Annunziata, V. Chiroli, R. Porta, A. GediaBiigjChem 2013 78, 11326.
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Characterization

The supported catalystsvere characterized by performing crepslarization (CP) and direct
polarization (DP) magic angle spinning (MAS) and**Si NMR experiment& order to obtain
evidence for the presence of the organic moieties in the siliceous materials and confirm their
chemical structure.

“C CPMAS NMR.

The *C spectra of the prepared catalysts demonstrated that the materials were indeed
functionalized as expected and the organic residues were stably bound to the inorganic material
(see the chemical shifts ofCand G3 carbons). As a comparison, we report {fié resonances of
catalystS1, in which the imidazolidinone moiety is directly linked to the silica surface, and catalyst
S5 bearing a triazole spacer between the imidazolidinone and the silica surface*The
resonances reported in Table 1 are assigbaded on the chemical shifts found in the solution
spectra of organic precursors.

As expected based on previous experiment¥& spectrum of catalysS5 synthesizedby
cycloaddition of imidazolidinon@ with the supported aziderevealed about 25% afnreacted
azide starting material. The ratio between the two organic moieties (the azide and the
imidazolidinone) can be calculated by integrating the signal of carbon atem@®© ppm) and C

10 (13.0 ppm). (The data should be considered within the birihe analytic technique).

(0]
13 A LA 7 9
17 8
2 NW 14 46 NN
@/\/\ \ S HN7/,,,”
N=N
S5

Cat C1 C2 C3 C4 C5/ p C6 C7 C8 C9 C10 C11 C12 C13 Ci14 C15 Cl16

S1 76 221 69 175 59 39 76 51 31 20 12 130 130 114 158
S5 9 23 52 174 58 40 76 50 28 20 13 129 129 114 157 62 143

%C NMR resonances (ppm) in the solid state spectra of cat&{sisd S5.
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2%Si DP and CPMAS NMR.

The?’Si NMR spectra of siliceous materials are extensively used to determine the functionalization
degree of the materials as well as to give insighib®ut the substitution of the surface silicon
atoms.lIt is well recognized that a given surface silicon atom bearing a functional group can have a
variable number n of 8D-Si bonds, leading to smalled T, T,, and E substructures. The bonding
schemes, dr these hybrid materials containing organic functionalities, lead to very different
geometries on the surface, as illustrated in Figure 2.*f8espectra gives also information about
the bulk surface species;(ISiO) Si] and protorrich Q, sites: Q [(SiO} SiOH], Q[(SiO) Si(OHy

and Q [(SiO) Si(OHl) Knowledge of the surface incorporation patterns and the conformations of
functional groups for such materials is an essential step toward developing efficient functional
substrates.

u &
R T
o 0 g xof R T
/
O v, 07\ T AL g ox O _ 0 O o_g—0x
si O, ZN 1 Si i N
/ A SI/O O A /S\| OX
O O /\ O O O O
L 90 == ]
11 AL
X=H or Et

R'= organic residue of catalysts 1-4

2%Si DP/MAS experiments, carried out according to previously described méthodse
performed in this study for the prepared catalysts. As expected,’¥8é solid state spectra are
dominated by resonance lines t13,-103 and- 96 ppm representing silicon sites,@s;and Q,
respectively. On the other hand, different patterns were found in the spectra of the catalysts as
concerns the functionalized, Bpecies, where the silicon atoms are directly bound to at least one
organic moiety.

The presence of peaks assigned tp T, and T confirmed that the organic groups are indeed
covalently bound to the surface. Quantitative measurement3,aind Q silicon groupsould be
properly achieved by°Si DP/MAS experiments, esported previously in order to determineT,

and Q relative concentrations, surface coverage andlar concentrations of organic moietie&s

a comparison, in Table 2 we report the data of cata§stin which the imidazolidinone moiety is
directly linked to the silica surface, and catalyS§ bearing a triazole spacer between the
imidazolidinone and the silica surface.

" a) S. Huh, J. W. Wiench, Y-@¥ul, M. Pruski, V.-8. LinChem. Mater.2003 15, 4247. b) S. Huh, H. T. Chen, J. W.
Wiench, M. Pruski, V.-8. LinAngew.Chem., Int. E¢2005 44, 1826.
"a)A. Puglisi, R. Annunziata, Benaglia, F. Cozzi, A. Gervasini, V. Bertacche, M. CA@al&ynth. Catal2009,351,
219; b) A. Puglisi, M. Benaglia, R. Annunziata, V. Chiroli, R. Porta, A. Gén@asiniChem2013 78, 11326.
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T1% T,% T3 % Q% Q% Q%

Cat SC (%, MC (mmol/
-54 ppm -60 ppm -68 ppm -96 ppm -103 ppm -113 ppm . ( 9

S1 - 2.5 2.8 0 22.5 72.2 19.1 0.67

S5 - 4.1 13.0 4.4 30.5 48.0 33.0 1.43

#si DP/MAS NMR Chemical Shifts, relative concentrationsamidlQ silicon groups (in %), surface
coverage (SC, in %) and molar concentrations of organic moieties (MC, in mmol/g) of catdystS5
Yoverall (catalyst + azide)

As it can be noted, catalySShas a larger surface coveragstimated as SC =L+ k) / (& +

Q& + T+ T+ T), due the structure of the siliceous material, in which the organic moiety can cover
the interior wall of the mesopores. CatalyStl, derived from grafting of a trialcoxysilane to a
commercially available silica, presents smallearid E values, leadig to a smaller SC. In the case

of S], the calculated loading (MC) is in good agreement with that obtained by weight difference of
a silica sample before and after functionalization (0v&80.53 mmol/g); the MC o085 on the
other hand, is overestimated (@5 vs 0.40 mmol/g). Even if inhe quantification of organic
residues on silica matrigome discrepancies among different analytical techniques akiB&S

NMR remains a powerful method for the characterization of functionalized siliceous materials
since it can be used not only to studgifferent surface incorporation patterns but also to
determine the ratio between two different organic residues.

Morphological properties

The morphological examination of the sample particles was performed by collecting images of the
surfaces by SEM analysis. The images of the surfaces of all the inooggaiic hybrid materials
compared with those of bare silica showed a variety of phletishapes and sizes densely
agglomerated.
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Figure31. SEM images of a sample of catal@&at 2000 X (left) and 50000 X (right).

Figure ® represents the SEM image of catalyS& the micrograph clearly shows some
aggregation of the material; this particles aggregation can explain the experimental observation
that, after a prolonged fluxing of the column (six volumes of column), no reagernpsoducts,
presumably retained inside the column, were detected at the exit (see below for catalytic
experiments).

Figure31 shows the micrographs of catalySbat two different magnification: as expected, rod
shaped particles of different lengths andatheters (ca. 0.4 pum in length and 500 nm in diameter),
with curved hexagonashaped tubular morphology, completely cover irregular polyhedraped
grains which can be associated with the silica morphology.

SEM image of cataly§1 (Figure32) shows aregular distribution of particles size and confirms
that no mechanical degradation occurred after functionalization of the siliceous material.

B Mag = 10.00 K'X it
B Date :22 Feb 2013 [l

Figure32. SEM image of a sample of catal{t.
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Pdymer supported imidazolidinone

Synthesis of monomé&r

o cul \/@/\N’N\ o
Hunig's base N
Il N-BU \/O/\Ns funigsbase N =~ N-BU
HN#'/ S CHC|3 HN#
0 " 0
2 3

rt, 24 h

Compound?2' (1.5 mmol, 0.47 g) was dissolved in dry chloroform (15 mL) under nitrogen
atmosphere then @zL o6 ndny YY2tf0 FyR |1 dzyA3dQa o6lFasS onop
stirred at rt for 15 minutes, then a solution ofaZzidomethylstyrene (1.9 mmol) in dry chloroform

(3 mL)was slowly added. The mixture was stirred for 24 hours at rt thepgO¥H(5 ml33 wt%

solution) was added. The organic layer was washed twicgONH5 ml 33 wt% solution), once

with brine (8 mL)dried with sodium sulfate and concentratéa vacuoyielding to a brownish oil.
Theresiduewas purified by column chromatography on siligel eluting withethyl acetateto
afford 3 as yellowishoil (1.29 mmol, 0.61 g, 86% yield).

'H NMR(600 MHz, CDgil 1 .50 (s, 1H), 7.40 (d= 8.0 Hz, 2H), 7.23 (d= 8.0 Hz, 2H), 7.12 (d,

= 8.4 Hz, 2H), 6.87 (d= 8.6 Hz, 2H), 6.69 (dd= 17.6, 10.9 Hz, 1H), 5:83%68 (m, 1H), 5.50 (s,

2H), 5.265.30 (m, 1H), 5.13 (s, 2H), 3.7Q)&,5.3 Hz, 1H), 3.28 (ddit 14.3, 9.8, 6.0 Hz, 1H), 3.04
(dd,J= 14.3, 5.8 Hz, 1H), 2.99 (did; 14.3, 4.8 Hz, 1H), 2.88 (ddd; 14.5, 9.8, 5.6 Hz, JHL.62

(bs, 1H), 1.3@.54 (m, 2H), 125-1.30 (m, 2H), 1.24 (s, 3H), 1.13 (s, 3H), 0.90<t7.4 Hz, 3H) ppm;

¥C NMR(151 MHz, CDGll + mMTo®dy X MpT®MI MAnAndpI Moy dMI MO
122.6, 114.9, 114.7, 76.0, 62.0, 58.8, 53®2, 35.9, 31.4, 28.0, 26.5, 20.3, 13.7 pptlRMSESI):

calc. for [GagHasNsO,] " 474.2871, measured 474.2874.
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Synthesis ofatalystsP1

divinylbenzene
N’N NN,

toluene
\\( /Bu 1-dodecanol \\( /Bu
B —
HN‘/ . HN‘/

70°C, 24 h

A mixture of compoun@® (0.29g, 0.61 mmol10.5wt%), AIBN (0.17 mmol, 1 wtdjvinylbenzene

(6.9 mmol, 32.5 wt%)toluene (4.3 mmol, 14.5 wt%) anddbdecanol (6.2 mmol, 41.5 wt%) was
prepared under nitrogen atmosphere. The mixture was transferred into a sealed vial and heated
into an oil bath at 70 °C for 24 hourAfter reactiontime the polymer was removeftom the
vessel anccrushedinto a mortar. The fine powder obtained wasspended in methanol (15 mL)
and stirred for 10 minutes at. The solid wathen isolated byfiltration and washed methanol (15
mL)and dichloromethanelc mL) The solid was recovered and dried under high vacuum at 40 °C
for 3 hours.

The loadingof catalystP1 (0.5 mmol/g) wagdetermined by the stoichiometry of reagents in the
polymerization mixture.The polymerization occurred with a full conversion as/ trace of
monomer 3 was recovered from the organilayer used to wash thesolid (toluene and 4
dodecanol were fully recovered).

FEIR(KB pellethma3020, 2927, 2869, 1695, 1605, 1512, 1448, 1245, 905, 830, 798, 710 cm
BET Surface ared85 nfg™.

Synthesis of monolithic reactivfl

Monolith M1 was prepared following the same procedure used for the preparation of cat@llyst
The mixture of reagents wasured irto a stainless steel HPLC colufhd. = 0.4 cm) =12.5 cm)
sealed atthe bottom end paying attention to fill completely the available volume. The top end
was sealed and the column was weighed in order to determine the exact amount of the feed
mixture. The column was then placed vertically into an oil batch and heated at 70 °C for 24 hou
After cooling to rtthe seals were replaced by metal frits and the soluble components were
removed by flghing the column witiftHH150 mL) using a syringe pump (0.3 mL/min)

The loadingof monolithic reactorM1 (0.5 mmol/g) wasdetermined by the staihiometry of
reagents in the polymerization mixtur&he polymerization occurred with a full conversionaay
trace of monomer3 was recovered from the organiayerused to wash thesolid (toluene and 1
dodecanol were fully recovered).
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Characterization

The supported catalyg?1was characterized by performitgdRMAS NMR (High Resolution Magic
Angle Spinning Nuclear Magnetic Resonareg)erimentsin order to obtain evidence for the
presence of the organic moietieenchored on the polymeri backbone and confirm catalysts
structure. The polymer was swelled in DMIF.

1 2 22 3 4 5 6 7 8 9 10 11
TH 71 74 3.5 3.9 71 74 2.9
BC 112 128 137 59.4 124 143 62 157.6114.9 130.7 124 40

12 13 14 14" 15 16 17 18 9 10 11
Al N 'TH 3.2 15 34322 16 14 14 74 2.9
° 3C 59.4173.8 76.1 28 37.4 31.7 20.3 13.7 130.7 124 40
P1 6
o 2) Sistema AB
{ . Polymer Backbone
9 L] 1]
10 o] p1/ p1 p2/p2
1.5 1.1
1 13 15
12 N 17 15.5 15.5
Yy SQUTET)
18
r
1 |
H ||
am
|‘| TR
1|
||| Iy (N
Noa N Illl'l/./'I |LI II I'-A'I I"., |
SV - AV ~-
8.5 2.0 7.5 ?'.ID 6.5 6.0 5.5 SDfl f4.l ]40 3.5 3‘0 2‘.5 ZID 1I5 1.0 0.5
ppm
13C
) N
) | \l M A
1;0 léD léD l‘:}D léU 1‘20 1]r_D 160 9‘0 SID 7‘0 GrD 5‘0 4‘0 3‘0 2‘0

f1 (ppm)
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StereoselectiveDielsAlder cycloadditions

supp. cat. (30 mol%)

HX (30 mol%) {/ a + f/ 3
PhAano + L) - Lo e

CH5;CN/H,0

rt, 48 h endo 4 exo

General procedure for batch reaction

Thesupported catalyst (0.1 mmol) was placed into a vial and suspended in acetonitrile/water 95:5
mixture (2 mL). HX (TFA or HB®1 mmol) was added and the mixture was stirred for 5 minutes
at rt. Thentrans-cinnamaldehyde (0.3 mmol) and freshly distillegtlopentadiene (1.5 mmol)
were added and the mixture was stirred gtfor 48 hours. After reaction time the solid was
filtered, washed with ethyl acetate (3 mL) and concentratesdacuo The residue was purified by
column chromatography on silica gé&he enantiomeric excess of thgroduct was determined by
HPLC on chiral stationary phase after conversion to the corresponding alcohol (reduction with
NaBH, 3 equiv., in MeOH 0.1 M for 30 min at rt).

General procedure for continuous flow reaction

Preparation of packeebed reactos

A stainless steel HPLC colurfual. = 0.4 cm] =125 cm)was filled with silicassupported catalysts
(SESH or polymersupported catalysP1(approx. 10 g) and it was sealed at both ends with metal
frits. The reactor was washealith 5 mL of HX (TFA or HBBolution (0.2 M in C¥N/HO 95:5
mixture) using a syringe pump (flow rate = 0.3 mL/h). Afterwards the reactor was washed with 2
mL of CRCN/HO 95:5 mixture to remove acid excess (flow rate = 0.3 mL/h).

flow reactor
HX
[/JE / L&/ /\cHo
R\/\CHO + @ ,R + |
CHO R

CH5CN/H,0
rt endo 4-6 exo

A mixture oftrans-cinnamaldehyde (0.2 M in GEN/HO 95:5 mixture) and freshly distilled
cyclopentadiene (1.0 M in GEIN/HO 95:5 mixture) was prepared and it was pumped into the
reactor (packeebed or monolithic) with a syringe pump at thedicated flow rate at rt. The
outcome of the reactor was collected at predefined intervals of time. The cnadeconcentrated

in vacuoand the residue was purified by column chromatographyeenantiomeric excess of the
product was determined biAPLC owrhiral stationary phase after conversion to the corresponding
alcohol (reduction with NaB3 equiv., in MeOH 0.1 M for 30 min at rt).
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3-phenylbicyclo[2.2.1]hepi5-ene-2-carbaldehyde4

Prepared according to the general procedure. The crude mixture

Lb ﬁb was purified by column chromatography on silica gel eluting with
7 +Ph CHO

tho + Fl,h hexane/ethyl acetate 9:1at afford the title product asolorless

oil. All analytical data are in agreement with literattire.
endo exo

IH-NMR (300 MHz, CD§lendo ! 9.61 (d, 1H), 7.12.34 (m,
5H), 6.43 (dd, 1H), 6.18 (dd, 1H), 3.34 (m, 1H), 3.14 (hs318 (d, 1H), 2.99 (dd, }H..82 (d,
1H), 1.611.64 (m, 1H) ppm>GNMR (75 MHz, CDglendo ¢203.5, 143.5, 139.2, 133.7,128.5,
127.3, 126.3, 60.8, 48.3, 47.1, 45.6, 45.1 ppm;

'H-NMR (300 MHz, CDglexot 9.93 (d, 1H), 7.14.34 (m, 5H), 6.34 (dd, 1H), 6.08 (dd, 1H), 3.73

(m, 1H), 3.23 (m, 2t2.60 (d, 1H), 1.61.64 (dd, 2Hppm; *GNMR (75 MHz, CDg)lexot ¢202.7,

142.5, 136.5, 136.2, 128.1, 127.8, 126.1, 59.4, 48.4, 47.5, 45.4, 45.3 ppm.

The enantiomeric excess was determined after reduction to the corresponding alcohol by HPLC on
chiral gationary phase with Daicel Chiralcel-@&olumn: eluent hexand?rOH = 7/3, flow rate 0.8

YL KYAYZ <n‘|-i'ndr‘!e|l\ﬂoj:II Yivi B rlna.jor,Xr.lJéry 2H O @ rlninor,é&.oxI Y D N D Tajor o YE8
min.

3-(2-nitrophenyl)bicyclo[2.2.1]hept5-ene-2-carbaldehydeb

Prepared according to the general procedure. The crude mixture
ﬁblAr . 7 LeHo was purified by column chromatography on silica gel eluting wit
CHO Ar pentane/diethyl ether 9:1 to afford the title product as a
endo exo yellowish oil. All analytical data are in agreement with literature.

'H-NMR (300 MHz, CDglendoty 9.78 (d, 1H), 7.69 (d, 1H),
7.507.57 (m, 1H), 7.2.43 (m, 1H), 7.12.16 (d, 1H), 6.46.48
(dd, 1H), 5.99 (dd, 1H), 4.06 (m, 1H), 3.54 (m), 226 (d, 1H), 2.59 (m, JHL.63-1.65 (d, 1H),
1.55 (m, 1H) ppm;

'H-NMR (300 MHz CDG) exot 4 9.37 (d, 1H), 7.79 (d, 1H), 7:3%67 (m, 1H), 7.2Z.43 (m, 2H),
6.44-6.48 (m, 1H), 6.19 (dd, 1H), 3.41 (d, 1H), 3.30 (), 3LkD (d, 1H), 2.93 (m, JH..81 (m, 1H),
1.63 (m, 1H) ppm;

The enantiomeric excess was determined after reduncto the corresponding alcohol by HPLC on
chiral stationary phase with Daicel Chiralcel AD column: eluent hed@n@dA = 95/5, flow rate 0.8

Y[ KYAY X <nr|-i'ndr!erfao':|I ¥i XD dﬂajor,gnc?éry MT. O Qninor,&oxI Y MYy D Pajor o ¥21

min.

Ar = 0-NO,-Ph
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3-methylbicyclo[2.2.1]hept5-ene-2-carbaldehyde6

Prepared according to the general procedure. The crude
ij 7 ?zCHO mixture was purified by column chromatography on silica gel
e . . . .
(l: HO * I\Iﬂe eluting with pentane/diethyl ether 9:1 to afford the title
product as a colorless oil. All analytical data are in agreement
endo exo T i
with literature.
'HNMR (300 MH;, CDG) endot 19.37 (d, 1H), 6.29 (dd, 1H), 6.05 (dd, 1H), 3.13 (bs, 1H), 2.56 (bs,
1H),2.33 (dd, 1H), 1.82 (m, JH.57 (m, 1H), 1.48 (m, 1H), 1.17 (d, 3H) ppm;
'HNMR (300 MHz, CDglexot 4 9.78 (d, 1H), 6.24 (dd, 1H), 6.16 (dd, 1H), 3.01 (bs21F9,(bs,
1H), 2.40-2.50 (dd, 1H), 1.74.80 (m, 1h} 1.40-1.50 (m, 2H), 0.90 (d, 3H) ppm.
The enantiomeric excess was determined on the aldehyde by GC on chiral stationary phase with
HE: LIS NI S icyclddextriieSdRlumin: oven temperature = 75°C, Wevf= 2 mL/min,
pressure = 2 balmajorexol € T @ Minordioh Y E Y P Mhinoradl'Y ZT H_ P Major, b=Y7E 7 min.
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Stereo®lective a-alkylation of aldehydes

1)supp. cat. (30 mol%)
HBF, (30 mol%)

NaH2P04*H20
Electrophile > CHO
~_-CHO il CHaCN:H,0 1:1 Y
ft, 16 h E
2) NaBH, MeOH
0°C toRT

, BFy

+
S - _
\y BF " BF
Me2N NMe2
7 8 9

General procedure for batch reaction

The supported catalyst (0.04 mmol) was placed into a vial and suspendéfHCN/HO 1:1
mixture (2 mL). HEBR0.4 mmol) was added and the mixture was stirred for 5 minutes at rt. Then
electrophile (0.12 mmol), NaRQ*H,O (0.12 mmol) and freshly distillggropanal (0.36 mmol)
were added and the mixture was stirred at rt for hi6urs. After reaction timethe crude nixture
was diluted withEtO (3 mL) the sipported catalyst was filtered and washed with,&t(2 mL) The
organic layer was separated and the aqus phase was extracted twice with,@t(1 mL) The
combined organic layers were dried with J$& and diluted withMeOH (3 mL)ThenNaBH (0.6
mmol) was slowly addea@t 0 °C andhe mixturewas stirred at 0 °@r 1 hour. The reaction was
guenched withH,O (3 mL)and AcOE{5 mL)wasadded. The organic layer was separated and the
agueous phase was extracted twice with Ac(3thL) The organic layers were recovered, washed
with brine and dried with Ng&5Q and concentratedn vacuo Theresiduewas purifed by flash
column chromatography on silica g&heenantiomeric excess of thgroduct was determined by
HPLC on chiral stationary phase.

General procedure for continuous flow reaction

Preparation of packedbed reactos

A stainless steel HPLC colurud. = 0.4 cm] = 6cm)was filled withSL (0.37 g, 0.15 mmol) dP1

(0.22 g, 0.11 mmol) and it was sealed at both ends with metal frits. The reactor was washed with 2
mL of CBHCN/HO 7:3 mixture using a syringe pump (flow rate = 0.2 mL/h).

. flow reactor

S _  HBF, s, CHO
R_CHO 4 @[\> BF, ®E>.<
S NaH2PO4*H20 S R

CH3CN:H,0 7:3
rt
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1,3-benzodithiolylium tetrafluoroborate (@. mmol whenS1was used0.22 mmol whenP1was
used, aldehyde (3 equiv.) and NgMO*H,O (1 equiv.) were dissolved in £LMH/HO 95:5 mixture

(2 mL) and the mixture was pumped anthe reactor with a syringe pump at the indicated flow
rate at rt. Subsequently the flow reactor was washed with@¥HO 95:5 mixture (2 mL). The
output of the reactor was collected at 0 °C in an ice bath and was diluted with (B8tmL), the
supportedcatalyst was filtered and washed with,©t(2 mL). The organic layer was separated and
the aqueous phase was extracted twice with@(1 mL). The combined organic layers were dried
with N&SQ and diluted with MeOH (3 mL). Then Nag6i6 mmol) was slowlgdded at O °C and

the mixture was stirred at 0 °C for 1 hour. The reaction was quenched w@h3mL) and AcOEt

(5 mL) was added. The organic layer was separated and the aqueous phase was extracted twice
with AcOEt (5 mL). The organic layers were reaewashed with brine and dried with b8Q

and concentratedn vacuo The residue was purified by flash column chromatography on silica gel.
The enantiomeric excess of the product was determined by HPLC on chiral stationary phase.

(9-2-(benzo[d][1,3]dithiol-2-yl)propanal 10

e purified by column chromatography on silica gel eluting with
hexane/ethyl @etate 9:1 to afford the title product as a colorless oil. All

analytical data are in agreement with literatute.

'"H-NMR (300 MHz, CD§il y 7.21 (dd, 2H), 7.02 (dd, 2H), 5.13 (d, 1H), 3.70 (d, 2H)22097(m,

1H), 1.06 (d, 3H) ppm*GNMR(75 MHz, CD@ll ¢ 137.7 (2C), 125.4 (2C), 122.0, 121.9, 64.8, 56.5,

43.6, 13.2 ppm.

The enantiomeric excess was determined by HPLC on chiral stationary phase with Daicel Chiralcel

ODH column: eluenthexand@ Nh1 T dkmMZ Ft 26 NI ST nyPP dnYoEA WA y 3

10.5 min.

©:S CH,OH Prepared according to the general procedure. The crude mixture was

S

Y A. Gualandi, E. Emer,M. G. Capdevila, P. G. CogeivAChem. Int. E®011, 50, 7842.
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(R-2-(cyclohepta2,4,6trien-1-yl)propan1-ol 11

purified by column chromatography on silica gel eluting with exane/ethyl
acetate 8:2 to afford the title product as a colorless oil. All analytiag d
are in agreement with literatur&.
'H-NMR (300 MHz, CDil 1 8.69 (m, 2H), 6.25 (m, 2H), 5.33 (m, 2H), 3.81 (dd, 2H), 3.64 (dd, 2H),
2.05 (m, 1H), 1.55 (m, 2H), 1.41 (bs, 1H), 1.11 (d, 3H) PENMR (75 MHz, CDgli ¢ %30.8 (2C),
125.0, 124.9, 124.0, 123.2, 66.5, 41.4, 37.3, 14.5 ppm.
The enantiomeric excess wdstermined by HPLC on chiral stationary phase with Daicel Chiralcel
OJH column: eluenthexan& Nh1 T gpkpZ Ff 26 NInded MY EAWEAY
11.0 min.

@ CH,OH Prepared according to the general procedure. The crude mixture was
(NN

(R)-3,3-bis(4(dimethylamino)phenyl}2-methylpropan-1-ol 12

CH,OH Prepared accordigpto the general procedure. The crude mixture
was purified by column chromatography on silica gel eluting
O O with dichloromethane/methanol 98:2 to afford the title product
Me,N NMe, as a colorless oil. All analytical data are in agreement with
literature "
'H-NMR (300 MHz, CD§l y 7.18 (m, 4H), 6.69 (m, 4H), 3.92 (d, 1H), 3.61 (dd, 1H), 3.58 (d, 1H),
3.51 (dd, 1H), 2.91 (s, 6H), 2.90 (s, 6H), 2.48 (m, 1H) 0.97 (d, SHY@MNMR (75 MHz, CD@ ¢ !
149.0, 149.9 138 (2C), 128.6 (2C), 128.3 (2C), 113.1 (2C), 113.0 (2C), 67.2, 53.7, 40.8 (4C), 39.6,
16.4 ppm.
The enantiomeric excess was determined by HPLC on chiral stationary phase with Daicel Chiralcel

ODH column: eluenthexan&/ Nh 1 I' bk MZ Tt 28 p NI KLIFE NdYy O b KA Y 3
=31.7 min.

(9-2-(benzo[d][1,3]dithiol-2-yl)octan-1-0l 13

s CH,OH Prepared according to the general procedure. The crude mixture was
©: >. purified by column chromatography on silica gel eluting with exane/ethyl

S 3)5 acetate 9:1 to afford the title product as a colorless oil. All analytiatd d

are in agreement with literaturé.

'H-NMR (300 MHz, CD§  2.23 (dd, 2H), 7.02 (dd, 2H), 5.20 (d, 1H), 3.85 (dd, 1H), 3.79 (dd, 2H),
1.94 (m, 1H), 1.30 (m, 10H), 0.89 (t, 3H) ppi&:NMR (75 MHz, CD@i ¢ 437.7, 137.6, 125.4,
125.3, 122.0 (2C), 62.4, 56.6, 47.6, 31.6, 29.3, 28.1, 27.1, 22.5, 14.0 ppm.
The enanibmeric excess was determined by HPLC on chiral stationary phase with Daicel Chiralcel
ODH column: eluent hexan& Nh1 I cdhpkpX Ff26 NI §iS=10FyminY[ K Y
_major= 15.1 min.
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(9-2-(benzo[d][1,3]dithiol-2-yl)-2-phenylethan1-0l 14

Prepared according to the general procedure. The crude mixture was

©:S>""<CHZOH purified by column chromatography on silica gel eluting with exane/ethyl
Ph acetate 9:1 to afford the title product as alorless oil. All analytical data

are in agreement with literatur.
'H-NMR (300 MHz, CD§ll ; 7.347.27 (m, 5H), 7.20 (m, 1H), 7.13 (m, 1H), 7.02 (m, 2H), 5.34 (d,
1H), 4.05 (m, 2H), 3.3%.30 (m, 1H) ppm:*GNMR (75 MHz, CD@i ¢ 139.1, 137.2, 128.8 (2C),
128.6, 128.4, 127.7 (2C), 125.6, 125.4, 122.3, 122.2, 64.4, 56.2, 54.9 ppm.
The enantiomec excess was determined by HPLC on chiral stationary phase with Daicel Chiralcel
ODH column: eluenthexan& Nh 1 ' pk MmZ Ft 28 NI finST NP DN XN K Y 3
= 23.5 min.
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4.1.2 Chiral Primary Amines derived from Cinchona Alkaloids

Polymersupported cinchona primary amine

- Vﬁi\
Hunlg s base
CHC@

RT, 24 h

Synthesis of compouricb

16

Compoundl5’ (1.87 mmol, 0.6 g) was dissolved in dry GKIE mL) under nitrogen atmpsphere,
then copper (I) iodide (0.09 mmol) addzy” A 3 (8.4 nontol \Bere added. The solution was
stirred for 15 minutes, then a solution dfazidomethylstyrene (2.43 mmol) in dGHG (3 mL)

was slowly addedThe mixture was stirred for 24 hours at rt then JIHH (5 miI33 wt% solution)

was added. The organiayer was washed twice NBH (5 mI33 wt%solution), once withorine (8
mL),dried with sodium sulfate and concentrated vacuoyielding to a brownish oilTheresidue

was purified by column chromatography on silica gel eluting with dichloromethane/methanol 9:1
to 7:3 to afford16 aswithe-off solid (1.76 mmol, 94% yield).

'H-NMR (300 MHz, CD§M1 ; 8.66 (d, 34.3 Hz, 1H), 7.95 (d, 1H), 7.53 (d,, 7H33 (d, 37.8 Hz,
2H), 7.30 (dd, 99.1 Hz, 1H)7.23 (d, J0.89 Hz, 1H)7.11(d, 2H), 7.09 (d, 1H), 6.70 (dd, 1B)79

(d, ¥17.6 Hz, 1H), 5.73 (b, 1H), 5.37 (s, 832 (d, 310.9 Hz, 1H), 3.87 (s, 30)68 (m, 1H), 3.39
(m, 2H), 3.06 (m, 1H2.79 (m, 1H), 2.11 (b&H) 1.89 (m, 1H), 1.79 (m, 1H), 1.66 (m, 1H), 1.39 (m,
1H) ppm; *GNMR (75 MHz, CD§)li ¢ 157.9, 150.4, 147.4, 146.7, 144.2, 138.1, 135.9, 133.9,
131.5, 128.2, 126.8, 126.5, 121.7, 120.3, 11854.9 101.2, 70.8, 59.71, 55.9, 53.8, 43.4, 32.9,
27.8, 268, 21.5ppm; HRMS(ESI+) m/z calculated fopdBNsO,(+1): 482.2551; found 482.2549
&% =-92 (c: 0.30 CHgJI

Y K.M. Kacprzak, W. Lindner, N.M. Maiehiralty 2008 20, 441.
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Synthesis of monomér7

/N\\N

N
=N 1) MsCl, TEA,
L\, OH THF
H W B

—_—
2) NaN3 DMF \
3) PPh; THF

16

Compoundl6 (1.76 mmol) was dissolved in dry THF (17mL) under nitrogen atmosphere, then dry
triethylamine (8.8 mmol) was added. The solution was cooled to 0 °Cawitbewater bath and

after 10 minutes of stirring, methanesulfonyl chloride (5.3 mmol) was added disp. After 5
minutes the mixture was warmed to room temperature and it was stirred for 5 hours. The reaction
was monitored by TL&(= 0.56, CLCL/MeOH = 9/1). After reaction time NaHC@5 m|, s.s) was
added. The organic layer was separated, anchttlee aqueous phase was extracted three times
with dichloromethane (12 mL). The combined organic layers were dried with anhybi@6£),
concentratedin vacuoand used without further purification. The pale yellow solid obtained was
dissolved irDMF(15 i) and therNaN; (2.8 mmol) was added. The mixture was stirred at 70 °C
for 18 hours; the reaction was monitored by TIEE< 0.48, CbCL/MeOH = 9/1).After reaction

time the solvent was removed under vacuum. The crude product was dissolved in
dichloromethane (15 ml) and water was added (8 ml). The organic layer was separated and the
agueous phase was extracted twice with dichloromethane (8ml). The combined organic layers
were dried with anhydrou®aSQ and concentratedn vacuoaffording a brownish solid that was
used without further purificationlt was dissolved in dry THF (12 ml) under nitrogen atmosphere
and heated to 50 °C. A solution of triphenylphosphine (2.1 mmol) in dry THF (3 ml) was slowly
added and the mixture wagiged at 50 °C for 4 hours. After reaction time the mixture was cooled

to room temperature and distilled water (1 ml) was added. After 15 hours of stirring, the solvent
wasremovedin vacug the crude product was diluted in dichloromethane (12 ml) and (B@hL,

10 % wt solution) was added up to pH 2. The organic layer was washed twice with
dichloromethane (8 ml) then NJ@H (3 ml, 33 %wt solution) was added up to pH 8. The organic
phase was extracetd three times with dichloromethane (15 ml), then the coseborganidayers

were washed with brinedried with anhydrousNaSQ and concentratedin vacuoaffording a
yellowish solid. Theesidue vas purified by column chromatography on silica gel eluting with
CHCL/MeOH/NH,OH98:2:1 to 955.1 yielding tol7 asa white-off solid (1.12 mmol, 64%ield).

'H-NMR (300 MHz, CD§i1 4 8.71 (d, 34.6 Hz, 1H), 8.02 (d, 1H), 7.64 (b,, TH)1 (d, 1H), 7.40 (d,

2H), 7.38 (d, 99.2 Hz, 1H)7.18 (d, 98.6 Hz, 2HY.17 (s, 1H), 6.72 (dd, 1H5.82 (d, 317.6 Hz, 1H),

5.46(s, 2H) 5.33 (d, 311.4 Hz, 1H), 4.62 (bs, 1H), 3.99 (s, 3H), 3.54 (dd3.4BI dd, 1H), 3.32 (m,

1H), 3.30 (m, 1H 3.08 (m, 1H), 2.93 (m, 1H)92 (bs, 1H), 1.67 (m, 2H), 1.32 (m, 1H), 0.76 (m, 1H)
ppm; *GNMR (75 MHz, CD§)l 1 ¢ 157.7, 151.3, 147, 146.8, 144.7, 138.1, 135834.1, 131.8,

128.8, 128.2, 126.8, 121.2, 120.2, 119.9, 115.0, 102.0, 61.6, 55.8, 55.6, 53.8, 41.1, 33.2, 27.9, 27.7,
26.0 ppm; HRMS(ESI+) m/z calculated fordBisNsOi(+1): 481.2710; found 481.2716 5?2 =

+129 (c: 0.22 CH{Ll
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Synthesis of catalysB2-P4

divinylbenzene
toluene
1-dodecanol
—_—

AIBN

70°C, 24 h @

P2-P4

A mixture of monomerl7, AIBN divinylbenzene, toluene and-dodecanol was prepared under
nitrogen atmosphere (see below for the composition of polymerizanamtures). The mixture
was transferred into a sealed vial and heated into an oil bath at 70 °C for 24 Adignsreaction
time the polymer was removedrom the vessel andrushedinto a mortar. The fine powder
obtained was suspended in methanol (&) and stirred for 10 minutes att. The solid wathen
isolated byfiltration and washed methanol (1L)and dichloromethane (10 mLJhe solid was
recovered and dried under high vacuum at 40 °C for 3 hours.

Catalysts loadings (mmol/gyvere determined by the stoichiometry of reagentsin the
polymerization mixture. The polymerization occurred with a full conversiamggrace ofL7 was
recovered from the organitayer used to wash thesolid (toluene and ‘Hodecanol were fully
recovered).

P2:loading = 0.35nmol/g.
Preparedusingmonomer 17 (0.4 mmol, 11 wt%), dinylbenzene (4.47 mmol, 32 wt%hluene
(2.77 mmol, 14 wt%),-lodecanol (4.16 mmol, 42 wt%) and AIBN ( 0.11 mmwt24);

P3:loading = 0.3nmol/g.

Prepared usingmonomer 17 (0.08 mmol, 6 wt%), stgne (0.56 mmol, 9 wt%as cemonomer),
divinylbenzene (1.35 mmol, 27 wt%), toluene (2.23 mmol, 32 wtddhdecanol (0.88 mmol, 25
wt%) and AIBN (0.04 mmol, 1 wt%);

P4:loading = 0.7/mmol/g.
Preparedusingmonomer 17 (0.68 mmol, 11 wt%), divinylbenzene (5.00 myi2 wt%)toluene
(20.28 mmol, 32 wt%),-dodecanol (5.38 mmol, 34 wt%) and AIBN (0.17 mmol, 1 wt%);
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Synthesis of catalysi

divinylbenzene
toluene
1-dodecanol

AIBN
70°C,24 h

CatalystP4 was prepared starting froni8 according to the procedure described above for the
synthesis of catalyst®-P4.

P5: loading = 0.8nmol/g.

Prepared using monomer 9-amino-epiquinine” 18 (0.78 mmol, 11 wt%), divinylbenzene (3.88
mmol, 22 wt%), toluene (7.9i%mol, 32 wt%), ddodecanol (4.19 mmol, 34 wt%) and AIBN (0.14
mmol, 1 wt%);

0.26 mmol of monometi8recovered from the organic phase.

Y"H. Brunner, J. Bugler, B. Nub®etrahedon: Asymmetry1995 6, 1699.
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Characterization

P4 was studied by*G CP and DP MAS NMR. As a consequence of the highlinkiisg degree,

both techniques gave spectra with broad signals, as expected on the basis of lit€fauiaea
showing that in the polymer the lin@idth is proportional to the degree of crodéisking.
Moreover, the presence of several aromatic rings could give rise tdhagagking of the polymer
chains, favoured by AAr interactions leading to a very rigid system with difficult relaxation
modes!”! The G DPMAS NMR experiments afforded spectra resolved enough, with sharper
signals, but unfortunately it was impossilite eliminate the side bands, working both on rotation
rate and temperaturd'® On the contrary, thé*G CPMAS NMR spectra showed broader signals
but no side bands; nevertheless, by comparing the results arising from both techniques and by
comparison wih the solution spectra of the monomer, it was possible to elucidate the structure
and confirm the incorporation of the quinine moietyto the poly(styrene) backbone.

/ 5t baf{
[ J ° ° Y o O ..
MO
/ /I t bayw
e Side bands
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