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Introduction

A. Introduction

Catalysis is one of the key components sfistainable organic chemistry. While
homogeneous catalysts (often transition metaimplexes) can be highly active, they need to

be separated from the solution after the reaction. Especially on larger scale sgateasin
pharmaceutical applications), the cleaeparation of the product from a soluble catalyst as
well as other reactants is essential, to avoid (metal) contamination and maintain health and
safety standard§! Although common separation techniquedike, e.g. column
chromatography or extractiomre often effective, they araisually mither very economic

nor ecologicatue to generation ofwaste solvers and chemicalsAs a result, rany efforts

have been dedicated tanprove catalyst recycling and product isolation. One approach is
the use of leterogeneous catalysts usirsplid suppors. Theirmain advantageompared to
homogeneous catalysts is the grafting of the catalysts onto insoluble resins. Notable
materialsused as supportare, e.g.based on silica opolymeric resingWang orMerrifield
resind). However, these materials usually have a limiiégtime because of their structural
lability, as theytend to get damaged easily by mechanic stresses suaiegsetic stirring or
during the recycling procesd-urthermore, only the sites in the surface of the porous
material are active, thus reducing the overall catalytic act®ityA way to circumvent these
issues is th use ofnanoparticle chemistrylt combines the advantages of homogeneous and
heterogeneous catalysis asc Wi 8 KS R2YIFAY 2F yIy2L) NIAOtf Sa
2NI K232yt adNIGS3IASas KSyOS KINDNeE OISR o0& ¢
Thear small size (nammeter scalg provides an excellent surface to volume ratiovhich
enables high catalyst loadingad, therefore,good interactionof the active sites This
resultsin high reaction ratesevencomparable to those of convénnal catalystsin order to
make NPs suable for chemical applications, they need to be inert under the applied
conditions (as their low size makes them susceptible.tp oxidation, high temperatures).
Moreover, NPs agglomerate to bulk materials without the aid of any stabilajegts going
hand in hand with a drop in activit{. The lattercan be achieved tlmugh various stabilizing
supports:polymers?,; silicd”, zeolite®!, carbort”, graphen&® or carbon nanotube&¥ An
especially interesting subclass areagmetic nangarticles: hese can be conveniently
separated withina few secadsusingan external magnet and the supernatant solutican

then be simpy decanted*>*?Thus, product contaminatiois avoided and the immobilized
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catalyst can be reuseid further reactiors. As above mentionedhagnetic NPssoneed to

be chemically stablainder the applied reaction conditions. This can be achieved through
passivation/protection/etc. usinga core-shell approac® The core provides magnetic
properties required for the recycling whiléehe surrounding shell allows easy chemical
functionalizationto immobilize the desired catalytic system as well as creates a chemical
inert environment Furthermore, undesired metal leaching from the core into reaction
solution can be avoided to a certain degree.

In the next chapters, different magnetic nanobeads, as well as strategies regarding their
surface functionalization, will be descrihaggardinghe key features of uncoated magnetic
supports just as those surrounded by protective layers. Special emphasis will be put on
carboncoatedcobaltnanoparticlesas theyhave been useéxtensivelyin thisthesis. Various
approaches to achieve theifunctionalization, leading to good dispdrgity in various
solvents and applicatianin a variety of transition metatatalyzed reactionswill be

highlighted

1. Magnetic ranoparticles: materials and functionalization

A variety of different magnetic nanamterials have been studied over the years: NPs from
elemental metals (e.g. Fe, Co, Ni), alloys (e.g. FePt, CoPt), iron oxides {Pe(dt,), or
ferrites MFeO, (M = Co, Mn, Cu, Zn) have been investig&t8d.ypically, magnetic NPs are
synthesizedvia a bottomup approach from metal salts or other molecular precursors.
Depending on the desired catalytic application, either the naked metal nanoparticle itself
acts as the catalyst or it acts asarier for an immobilized catalyst. However, using naked
nanoparticles leads to several disadvantagas agglomeration. This can be circumvented,
by encapsulating the magnetic metal core in a protective shell, which is then used to
immobilize the actubcatalyst® Synhesis of these encapsulated NPs is usually carried out
using the coreshell approach, which was first developed for the generation of Acg0dids

in the 19904 This method could then be transferred to the functionalization of magnetic
NPs, in prticular with the most commonly used magnetitEe0,)®™ and Cebased NPs.
Magnetite NPs have been widely employed because of theadgavailability and low
toxicity. Additionally, because of their superparamagnetic properties, they have a low level

of agglomeration as they possess no magnetic properties at all in absence of a magnetic
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field, but are readily magnetized by an externalgnatic field. Preparation of magnetite NPs

in a narrow size distribution €20nm) can be achieved in a simple and reliatdshion
preparation through highemperature synthesis (26%C) of iron (lll) acetylacetoacetate in
phenyl ether in the presence oflcohol, oleic acid and oleylamiff€ Using the
aforementional coreshell methodology, a variety of surface functionalizations is possible.
Linet al.described the direct immobilization of a RuU@BINAPphosphonic acid on magnetite
particles catalys®. ") The catalyst system was then used for the asymmetric hydrogenation
of l-acetonaphthone 1, scheme 1) and exhibited high catalytic activity, excellent
enantioselectivity and showed great recycling capabilities by magnetic decantation via an

external magnetic field.
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(01 mol%) - conversion: >99%
> - 299%
OO H,, 700 psi OO o | ee: 97-98%
KO™Bu (1 mol%) cycles
3

20 h,25°C

Scheme 1: Magnetite supported Ru(Il}BINAPphosphoric acid catalyst 2 for asymmetric hydrogenation of -1
acetonaphthonel exhibiting high catalytic activity (up to H(DNh'l).

Another more efficient approach is the silanization of the iron oxide surface achieved using
the Stober method™® The protective silica shell was introducei hydrolysis of a segel
precursor (tetraethoxysilane) yielding shells with 2 to H@® thickness. This leads the
surface being terminated by silanol groups, which enables covalent attachment of linkers,
ligands, metals, etc.. Moreover this protective silica shell shields the metal oxide core
effectively against its surrounding environment. Hence, stmated magnetic nanoparticles

are among the most versatile scaffoldsConnonet al. were the first to synthesize an
organocatalyst immobilized on &@SiQ 5 (scheme 2) and used it in the acetylation of

phenylethanol by acetic anhydrid€? The material was shown to be active, even at loadings
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as low as 0.Mol% and showed excellent catalytic activity (80% conversion after 30 iterative

cycles).
(Et0)sSi” > N7
1 A
»
N~ 6
sodium silicate N N
[Me4N]JOH 5q) THF, 50 °C, 24 h
(E)-stilbene
4 5 2. (OMe),Si"Pr

toluene, 50 °C, 3 h
Scheme 2First organocatalyst immobilized on silicaated magnetite nanoparticles

In contrast to magnetite (R@s: Mspu?X, €mu/g), pure metals and their alloys possess by
far a much higher saturation magnetization (Cosdk XX Mewg; Fe: Mpuk XK
222emu/g)?% but are highly sensitive to air and other exterior influences. Therefore, a
suitable coating is required to protect the metal céteHowever, the depositin of silica is
more challenging due to a lack of ©gfoups on the metal surface. Moreover, covalent
bonds on silica can be quite labile due to hylgsts and though is a limitirfgctor regarding
catalytic applications. To tackle these issues, differangre stable functionalization
approaches have been invented which will be described in the following chapter. A special

focus was put on the contributions of the Reiser group to the field of NPs.

2. Carboncoated cobalt nanoparticles

As aforementioned, thesaturation magnetization (Myu) of nanoparticles derived from
pure metals (Fe, Co) exceed the saturation magnetizatiore.g9f magnetite. As highly
functionalized NPs tend to have a reduced overall magnetization, higher initial
magnetization values are@lesirable to ensure the complete recovery of the magnetic
material. However, unprotected pure metal nanoparticles are highlysemsitive, thus
requiring a strong protective shéil.

Pioneering work in stabilizing Co NPs was done by Pericas amorkers through the usef

fatty acids in combination with a functionalized oleic ad@jilqd NR& y 3 -athid aicbhbls |

(scheme 3?4
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Co,(CO)sg, (1.0 equiv.)

E:/\/\\/\COONa oleic acid (0.5 equiv.)
NH TOPO (0.2 equiv.)

O-C6H4C|2, 180 0C, 1h
Ph)\AOMe

O
T

8 9
9 (6 mol%)
O RuCl,(p-cymene), OH
(3 mol%) conversion: 96% (1st run)
. > ee: 77%
'PrOH, KOH conversion: 61% (2nd run)
22 h,25°C ee: 26%

Scheme 3Cobalt NPs functionalized by chiral amino alcéhfor Rucatalyzed transfer hydrogenation of acetophendi®

Good loadings of 1./hmol/g of amino alcohoB could be achieved with an average particle
size of 13 im. The so obtained NPs then served as ligands for theaRilyzed transfer
hydrogenation (TH) of acetophenod® and showed increased activity as wadl selectivity
compared to the free amino alcohol caused by the concave active site formed on the surface
of the nanocatalyst! Unfortunately, ecycling proved to be less successful as both,
conversion and selectivity decreased already in the second run. The cause for this was
believed to be the irreversible reduction of the catalytically active Ru(ll) by leached Co(0). To
prevent such redox prosses from happening, alternative protective shells needed to be
developed which prevent leaching of the core metal. One promising approach was the
encapsulation of the core metal with graphene lay@ts.

Starket al.devdoped the first, reliable largscale synthesis (> 3fih) of such carbon coated
metal nanoparticles through flame spray pyrolysia reduction of metal carboxylates in
nitrogen filled glove boxe’$? These NPs possess an average diameter of abontrb@nd

are coated l§ approximately 24 carbon layers. Furthermore, the material shows a
remarkable chemical stability against acids and bases as well as a high thermal stability. At
the same time, the carbon shell prevents the labile cobalt core from oxidation.

Functionalizdon can then be achieved either covalently (using surface modification) or non
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O201 t Syidte o8& dzi-stdcking tapabilitiésroSthe raphand dyriady.
aromatic compounds.

This interaction is especially strong in polar solvents, preventing undesired dissociation of
the immobilized compounds. Controlled dissociation can be achieie@ catchrelease
strategy®® This methodology was used by Reisar al. for noncovalently grafting a
palladiun complex to Co/@Ps13 trough pyrene tags and used the resulting material for
the hydroxycarbonylation of aryl halides in wate¥.The noncovalently attached palladium
complex14 could be readily released into solution by applying high temperatures, thus the
catalyst became homogeneous during the reaction at 100°C. Once the reaction was finished
the mixture was then cooled down tmom tempeature, leading to rabsoption of the

pyrene moieties on the graphene layer anllus, recovery of the catalystoseme 4).

SN NN
13
H,0, 25 °C
H,0, 100 °C
heterogeneous homogeneous
12 14

Scheme 4Non-covalent functionalization of Co/C nanobeakwith pyrenetagged palladium compk14@A ¥ & i O1 Ay 3
interactions.

The catalyst could then be easily recovexg@magnetic decantation and reused for at least

16 times, showing only a negligible palladium leaching. Another example fecavatent
functionalization was the direct deposition of palladium NPs on the graphene surface of
carboncoated cobalt nanobeads bReiseret al. applying microwave condition&* The

latter was used for reduction of the palladium precursor to the desired NPs. The so obtained
catalyst 15 (scheme 5) could be utilized ithe hydrogenation of a variety of alkenes,
displaying an impressive catalytic activity (TOF's up to 14096r hydrogenation otrans-
stilbene). The catalyst could be easily separated &ithexternal magnet and then reused

for at least six consecutiveins with almost no loss in activit/!
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szdba3 . CHC|3

MW, tolueneyyy), 110 °C, 2 min

13

Scheme 5Pd nanoparticles deposited on Co/C nanobeb8lgia microwave irradiation for alkene hydrogenation.

The graphene layers can also be covalently functionalized for the attachment of ligand
backbonesvia GGbond formation. Stark and Reiser reported the covalent attachment of

aryl compoundsl6 on the graphene surface by decomposition of a diazonium prectsor
following literature precedent developed for the grafting of diazonium salts on carbon
surfaces (scheme '6}. Subsequently, an alkyragged TEMPO derivatiid was attached

to the arykpolymer17viad Of A O1 ¢ NBIF OGA2Y GHKAOK g 20 0KSYyY
for the chemoselective oxidation of primary and secondary alcohols to the corresponding
aldehydes. The NP cataly® could be easily recovereda an external magnetrad used in

at least 14 iterative cycles with almost no loss in catalgtitivity!?®’ The absence of
significant Co leaching underlines the stability and inertness of the graphene layer support

against oxidative conditions.

NaNO,, HCI
H,O
20 °C, 15 min
sonication
13 16 17
Il HN,
DEAD toluene,
o PPh '125°C, 24 h
>ﬁj< |
N \)
(e 19

Cul (20 mol%)
NEts;, 20 °C,
toluene, 36 h

N\
20 O. 18

Scheme 6Co/C nanobads13 functionalized via diazonium chemistry and further tagged by TEMB®DA | 4 Of A O1 ¢ NXBI

10
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However, all of the abovenentioned nanopatrticles so far face the same problem of limited
loading capacity (0-0.2 mmol/g)®?® This can be increased by covalently attaching polymers
or dendimers onto the surfaceria GC bond formation, followed by functionalization with
the desired catalyst! Furthermore, this also prevents the nanomagnets from agglomeration
and improves their dispersibility in various organic solvéit©endrimers can be covalently
attached to the NPs using two different approash direct synthesis on the NP after the
introduction of a linker or the grafting of a presynthesized dendrimer onto the desired
NPs?% Both methods lead to materials with a high functional group density. Reiset.
used the grafting strategy for the functionalization of Co/C nanobeads witlyepter
dendrons based on 2,is(hydroxymethyl) propionic acidStarting from the previously
mentioned azide functionalized Co/C beal dendrons bearing alkynes on the one side
and either hydroxyl or ammonium groups on the other side were again added Of A O ¢
reaction. This shell led to highly faionalized NPs which formed stable particle dispersions
in water ) However,synthesis of these materials can be quite complicated.
Polymerfunctionalized nanoparticles, in contrast, are easier to synthesize than their
dendrimeric analogues. Polymeric shells, which are covalently bound to cadaded
magnetic nanobeads, can be introduced usmg, free radical polymerization. ¢heme 7).

1) Diazonium chemistry

2) Radical polymerization

13

21

Scheme 7Preparation of polymecoated NPs via radical polymerization.

Starket al. reported a grafting polymerization of-éhloromethylstyrene on the surface of
vinyHunctionalized Co/C particlé8 with high Gloadings up to 3nmol/g. The resulting
chloro-polystyrenecoated NPs21 gave access toe.g. an immobilized variant of the
JorgenserHayashi organocataly$t or various palladium NHC compleX& Furthermore,
also magetic amine, borohydrideexchange and Wangaldehyde resins were amenable

from magnetic poly(benzyl chloride) NPE*Y Reiseret al. used21 for the immobilization of

11



Introduction

a Noyoritype ruthenium complex on Co/C nanobeads which was built up by radical
copolymerization of Co/C nanoparticles bearing a polystyrene ma2&ith divinylbenzene

23 and chiraldiamine ligand26. This resulted in cataly&5 which gave excellent results in
the asymmetric transfer hydrogenation of various aryl ketones1(8% vyield; 9D9%ee¢).

The catalys5 was, furthermore, recyclable for 10 consecutive runs with low Pdhiegd<

10 ppm) and almosto loss in catalytiactivity (scheme &§2

= AIBN, DMF
Oh - Y + O o
— 100 °C, 20 h

25

Scheme 8immobilization of a Noyotype Rucatalyst via radical copolymerization for asymmetric transfer hydrogenation

of aryl ketones.

An alternative approach for the synthesis of polyrgeated NPs is the use of $aee-

initiated ring opening medthesis polymerization (ROMP). A versatile strategy was developed

by introducing norbonene tags on the surface of Co/C Nscheme 95>

1) Diazonium chemistry ROMP

2) "Click" chemistry . e}
n
13 27 © N ©
"
'\\lx’\ 0O
N=N O/‘HL

. O

Scheme 9Preparation of polymecoated NPs via ROMP.

12
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Reiser and Hanson extended this method to the synthesis of high loading, \effaciflating
agents for primary and secondary amines giving high yields and good recyclability. As key
step for the NP preparation, norbonene tags were introducgal ROMP strategy to the
surface of Co/C nanoparticles and further activated using a Grubbsnd generation
catalystderivative®*!

Reiseret al. also employed the ROMP strategy for the direct covalent synthesis of a PEI
(polyethylene imine) polymer on the Cof(anoparticleé?’S] The method was adapted from

Liu et al., who developed the synthesis of polyethylminegrafted carbon nanotubes
(CNT). The latter were obtained pgrforming a cationic polymerization of aziridine in the
presence of amindunctionalized multiwalledCNTS%®! This approach was used during
several synthetic studies for NP functionalization with different functional groups including
hydroxyl, anne and ammonium terminal groups in evaluation of their watipersibilty>*!

The PEI polymer was synthesized by direct cationic ring opening polymerization of covalently

aminofunctionalized Co/C particle28 with an excess of aziridin@9, which led to an

outstanding high loading of mol/g on amino functionalities ¢heme 10).

NH
Hszg H
N
N 1
’ HCI, DCE, N/ NH;
80°C, 24 h
@ O, - L= (@O
? — A\—NHZ
28 29 30 H,oN

Scheme 10Synthesis of the PEI particlﬁ@lss]

The Co/@EI NPS0 proved to be highly effective Hscavemers for the treatment of
wastewaters, which could be effectively demonstrated on al2€cale requiring only g of
material 30. The decontamination level proved to be accdpé for drinking water
(< 30ppb) and the system was further recyclable for at leastsixsecutive run§” In the
following chaptersthe Co/GCPEI NPs will be highlighted in a@pability of encapsulating Pd
nanoparticles and the resulting excellent catalytic activity in a taref Pdcatalyzed

reactions.

13
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B. Main part

1. Pd(O)nanoparcticlesstabilized by PEI supported Co/C ndrmemads asarecyclable
nanocatalyst for hydrogenations of olefins in water

A highly efficient and sustainable alternative to hydrogenate various atkenwater with a
recyclable catalyst is reported. Therefore, a poly(ethylene imine) supported Co/C hybrid
material (Co/@EIl 30) showed a high capability to incorporate and stabilize metal
nanoparticles, like palladium. The new nanocatalyst (Pd@€&I32) is highly water
dispersible, easily retrievable via an external magnet and thus an effective and green
alternative to conventional and commerciavalable Pd/C. Its syntheticanportance is
highlighted by the facile synthesis of cyclopenten@4ewhich acts as an important building
block in organic synthesis. Therefore the hydrogenation of the model substrate 4
hydroxycyclopentenon&1 to 4-hydroxycyclopentanon83in water was conducted and the
magnetic catalyst was even efficient to be reused fewven consecutive runs without any

significant loss in activity.¢gseme 11).

O
Pd@Co/C-PEI 32 Amberlyst 15
H,O, r.t., 1ath2 70°C,4h
OH
31 33 34
Scheme 11Hydrogenation oB1to 33 applying Pd@CoM2EI32 and further reaction to cyclopentenoris.
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1.1 Introduction

The catalytic hydrogenation of organic molecules is one of the mktly usedmethodsto

get access to reduced compoundmth, in academic and industrial applicatiorisspecially
with regards to green and sustainable chemistryditogenation reactionsvith the use of
molecular hydrogen and a recyclable catalgatned a lge interest in the last decad8
Magnetic nancatalystsrender thenselvesas excellent supports for hydrogenation catalysts
due to theirhigh surfaceo-volume ratio andthe facile recyclingyia magnetic decantation.
To point out only one examplein the field of magnetic nanoparticle NP based
hydrogenation catalystsin 2014, Reiseret al. grafted the surface ofmagnetic Co/C
nanobeads directly with Pd napatrticles which showed exceptionally high catalytic activity
in the hydrogenation of several alkenesthin short reaction times. The magnetic catalyst
(Pd@Co/C) was furthermore easily retrievable within few secomasn external magnet
and showed quit low Pd leaching &ppm per cyte) into the reaction solutioff’

In regard togreen chemistrythe use of water aa solvent for organic reactions has gained
more and mae interest in recentesearch® To combine the strategy of using magnetic NPs
with water asa green solventa catalyst needs to beapable to avoidagglomeration, thus
deactivation is reduced andifthermore it needs tdorm stable dispersiont guarantee a
good reactivity The abovementioned nanoparticlan-nanoparticle catalyst (Pd@Co/C),
however, showed relatively poor dispersibility in water and is therefore not suitable for
hydrogenations in ater. In principal hydrogenatiomeactionsin water are common for
years however, they focused orransfer hydrogenatiof! or hydrogenatbns in biphasic
systemd® Often additives like small quantities of methanol or ethanol asawent” or
silane$’ are needed due to solvation problemsAs an exceptional cas&hanget al.
reported an aqueous phase hydrogenation ehydroxy2-cyclopentenone during studies
towards the selective synthesis of icgclopentanediol® The hydrogenation of fiydroxy
2-cyclopentenone could be performed at anmimol scale (0.9) applying 0. catalyst
(RaneyNickel, Ru/C, Pd/C) at MPa H pressure in 4@ HO. At room temperature
subsequently 80% of-Hydroxycyclopentaone after 1h reaction time could be obtained. At
higher temperatures dehydration to cyclopentenone and further hydrogenation to

cyclopentanone (60%) and cyclopentanol was obserWith this publication in mingdthe
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focus turned to mild hydrogenation cditions at ambient pressure without anyurther
additives as an efficient and green alternative to Pd/C.

Furthermore, as model substrate/droxycyclopentenone was chosen, gntis not only a
highly watersoluble substrate and fits into the concept of green chemistry, but is also
valuable intermediate for the synthesis of natural products andlogues®*® 4-hydroxy-2-
cyclopentenone 31 is generallyaccessiblevia furfuryl alcohol 35 (scheme 12) under
conventional heating in aqueous media for-22h. Reiseret al. developed in 2010 a
microwaveassisted synthesis ofdydroxy-2-cyclopatenone 31 out of furfuryl alcohol35in
water within minutes (20210°C, 1%ar) and was further able to transform this synthesis
to a microreactor in a continuous flow setup, hence, making it amenabldafgescale

synthesis inndustry*!

0
0
@/\OH —
35 31 OH

O@ H,0 /(.\j/OH
z —_
O e S

36 37
Scheme 12Conversion of furfuryl alcoh@5to 4-hydroxy-2-cyclopetenone31.

In 2014 a general ongot synthesis of 4ydroxy2-cyclopentenone out of simple furanes
has beerreported. Noteworthy the complete synthesis was accomplished in water applying
the green oxidant singlet oxygen as additive™ One possible application ofHydroxy-2-
cyclopaentenone 31is its conversion to cyclopentenor3d, being an intermediate used am
industrial scalee.g in fragranceproduction. Since, as already mentionedhydroxy2-
cyclopentenone3l is synthesized and highly soluble in water the aim was to develop
magnetically supported catalysts that would be amenable for hydrogenations in this

medium.
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1.2 Results and discussion

Owr the last decades, carbon coated nanobeads have proven themselves as excellent
scavengers, reagents, aedtalysts™® Especially noteworthy is their high potential to act as
recyclable catalysts for hydrogenation reactiéfisin order to generate ahighly water
dispersible and green catalyst for hydrogenation reactions in water, the PEI polymer was
attached to the Co/C nanobeads, which already showed a great capacity to catdbrisgn
water** Basedon this previous investigations, Pd nanoparticles were incorporated into this
system following an establishgatoceduré™ modified by Reiseet al*®, wherebythe PEI
polymer should stabilize the NPs from aggloatem and ensure a good dispdrsity in
water. The synthesis was accomplishedthin three steps(scheme 13 First Co/C
nanobeadsl3 were covalently functionalizedia diazonium chemistrglispersing them with
4-(2-aminoethyl)aniline36 and HCI in waterAdding a precooled solution of sodium nitrite,

the in situ formed aryl radical could be covalently grafted to the graphene layer of the cobalt
nanobeads, yielding amiraagged particle28 with an amine loading of 0.0&imol per g.
bsequently these NP8 were exposedto a surfacenitiated cationic polymerization of
aziridine 29 to obtain PEI functionalized nanoparticl& with a high amino loding of
8.5mmol/g. The latter was performed in DCM asolvent applying reflux conditions. After

24 h of reaction time the polymeric NPs were stuck to the glass wall of the flask indicating
the polymerization to be completelhis hybrid material forms stable dispersions in water

without any sign of precipitation.
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H
N /HCI

@ C VAN
NH, DCM, reflux

13 28

90% based on (4-(2-aminoethyl)aniline)

NH
e NH
HoN 2 H HZN_/_ 2 H
N
/—/N_/_ I NI
N NH; NanCI4 NH,
O SUSEEN oo o Q O
— _\—NH2 Ly ,
H,oN
30 32
loading N: 8.53 mmol/g (59% based on monomer) loading: 0.8 mmol/g Pd

Scheme 13$/nthesis of the NP cataly82; Reaction conditions: 1)d13, 1mmol (132uL) 4(2-aminoethyl)phenylaniline
36 in 15mL HO, HGly. (1mL), add inmol (103.5mg) NaN@in 15mL HO; 2) 25amg 28, 0.18umol (15uL) HGhoo

15mmol (778uL) aziridine29 in 12mL DCM heating at 5@ for 24n; 3) 50mg 30, 50pL HCl (1M), 0.04mmol (5mL)
Na,PdC] solution in 2mL HO, adding 0.24nmol (8.9mg) NaBHin 2.5mL HO.

The Pd(0) NPsvere obtainedadapting the method of Amaét al. by reduction of a Pd(ll)
precursor (NagPdCl) and simultaneouslyembedding theminto the PEI polymel*® Pd(0)
nanoparticles are common for hydrogenations and in general accessadRel(0) precursors

like Pddba or reduction of Pd(ll) reagents like Pd(QAofy NaPdC] via microwave
irradiation? In this work NaPdCl was chosen due to the structure of the applied NP
polymer: AtpH=6, the free amines of the REbated NPs30 can entrap Pdglions via
positively charged ammonium groups. These are then selectively reduced by sodium
borohydride producing Pd(0) NPs. Usingnb of NaPdCJ (0.0094M) and 50mg of Co/GPEI

30 (8.5mmol/g) led to an excellent incorporation of 91%. The Pd loading was determined by
ICROES as 0@mol/g (8.5wt%). The TEM picture @ure 1) verifies the formation of small

Pd nanopatrticles (visible as black dots) with an average sizaraf $hey are embedded in

the PEI polymer (greyish structure) which surrounds2Bé0nm sizedCo/C NPs (big black
dots).
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Figure 1 TEM picture de@C/GDEISZ. -

XPS studies have been done for confirming the oxidation state of the Pd nanoparticles
(figure 2). Theollowing spectrumshowsthe 3d;, andthe 3ds/, binding energypresumably,
for Pd(0) However,the intensity is relatively lovand the binding energies for Pd(0) and

Pd(Il) are not differing a lot, henaécannot be proven that only Pd(0) is present.

Intensity
w
©
o
o
|

325 330 335 340 345 350
Binding energy (eV)

Figure 2 XPS spectrum of PA@Ce?EI32.
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As beforementioned the aim was to use this novel hybrid systg?for the hydrogenaibn

of the model substrate 4hydroxy2-cyclopentenone3l, which is obtained from Piancatelli
rearrangement in water. Benchmarking, the Pd@CBEI catalyst32 first in the
hydrogenation of31 at ambient H pressure, room terperature and water as solvent
(tablel) showed full conversion after I2 of reaction time by applying 0&1mol% of
Pd@Co/€PEI32. Even with a low Pd loading of 0.68bI% (entry 4), full conversion of the
starting material could be achieved after a prolonged reaction time df. Ahus
extraordinary high TONs up t®800 compared to conventional Pd/C were reached.
Furthermore, applying 0.0hol% of the catalyst went hand in hand with an upscale of the
hydrogenation reaction from O0.81mol to 20mmol. Hence, high amounts of
4-hydroxycyclopatanone 33 (2 g) were accessible with relatively low amount of Pd (Bdb
Pd@Co/PERY).

It turned out that water was an excellent medium for the reduction ohyflroxy2-
cyclopentenone3l, indeed, while the conversion was significantlyvéos using common
solvents for hydrogenations like ethanol (88% comsi@r after 2h, entry 5) Notablycontrol
experiments were carried out to verify PA@C4?€EI32 as the catalytic active species. The
reaction showed neither conversion when solely GBEE30 was applied (entry 6), nor in
the absence of any catalyst (entry 7). The achieved results were then compared with the
reaction catalyzed by conventional Pd/C which is usuelgdfor hydrogenations of organic
compounds (entry 8). The latter not orghhowed less activity (53% vyield after A but also

had the problems of forming cyclopentanoneasyproduct.
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Table 1 Hydrogenation studies of+hydroxy2-cyclopentenoneemployingPd@ Co/€PEI32.

O @)
1 atm Hy, r.t., H,O
i? Pd@Co/C-PEI . i?
OH OH
31 33
entry catalyst t[h] Pd [mol%] yield [%] TOF [H]
1 Pd@Co/ePEl 2 0.5 97 97
2 Pd@Co/ePEl 2 0.2 95 238
3 Pd@Co/ePEl 2 0.1 96 480
4 Pd@Co/€ePEl 4 0.01 98 2450
5% Pd@Co/ePEl 2 0.5 88 88
6 Co/GPEI 2 - - -
7 - 2 - - -
8 Pd/C 18 0.1 53 21

Reaction conditions: 0.mmol 4hydroxy2-cyclopentenone3l, latm H, r.t., 5mL HO, 0.8mmol/g Pd@Co/@PEI
(0.5mol%0.1mol%); 20mmol 4hydroxy2-cyclopentenone3l, latm H, r.t., 8.5mL HO, 0.8mmol/g Pd@Co/®EI
(2.5mg, 0.0JmoI%);a)reaction in EtOH as solvent.

In order to study recycling of the catalyst and investigate the metal leaching into the
product, the reaction was performed at large scale if2®ol). The hydrogenations were
then carried out with 0.0Inol% palladium catalyst2 and after achieving full carersion the
catalyst was recycled by an external magnet and subsequently reused for a second run.
Thus, seven consecutive runs were performed with no significant decrease in activity (98% to
92%) and a low palladium contamination in the isolateddoct, ramely 3ppm in average
(table 2). In summary, 19% of the initial palladium was lost in total over the seven runs,

however, no significant effect on the catalytic activity could be observed.
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Table 2 Recycling studies on the hydrogenation reactiolbapplying Pd@Co/eEI32.

0 0
1atm H,, r.t.,, H,O
E§ Pd@Co/C-PEI ] i?
OH OH
31 33
entry yield [%] leaching Pd [ppm] Pd loss [%] leaching Co [ppm]

1 98 0.2 0.2 7
2 98 0.6 0.6 14
3 99 0.8 0.8 16
4 97 2.8 2.6 18
5 98 3.9 3.7 31
6 96 4.5 4.2 58
7 92 8.1 7.6 60

Reactionconditions: 20mmol 4hydroxy2-cyclopentenone3l, 1atm H, r.t.,, 8.5mL HBO, 4h, 0.4mmol/g Pd@Co/¢El
(5mg, 0.01mol%).

By contrast to the abovementioned low palladium leachitige contamination regarding
leached cobalt is significantly higher. An explanation for this observation can be found in the
variation of graphene layers in the applied batch of nanoparticles received from the ETH
Zurich. Small imperfections in the thiryreounding graphene layers no longer provide the
cobalt in the metal core from oxidation or the employed reaction conditions. ,Tthnes
cobalt content in the isolated products is a lot higher than normally observed for reaction
applying Co/CFigure 3shows a graphical representation of the obtained conversion-of 4
hydroxy-2-cyclopentenone3l in the seven following runs. The recycling experiments were

performed three times each to give better evidence (represented in the error bars).
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Figure 3 Recyling regarding the hydrogenation oflydroxy-2-cyclopetenone graphically represented.

Having shown the excellent catalytic actiatyd recyclingf the hybrid system Pd@CcREI

32, the model substrate hydroxy2-cyclopentenone3l and the correspondingilkane 4
hydroxycyclopatanone 33 were further converted to cyclopgenone 34. As already
mentioned 34 is a valuable building block in pharmaceutical products and further an
intermediate being used on industrial scale. This transformationld give a solution to the
problem of energyand timeconsuming water removal before its further us#t is water
insoluble in contrast to its prearsors,and thuseasily accessibleia simple extraction with
organic solvent§” 4-hydroxy-2-cyclopentenone31 is obtained from furfuryl alcohd5 via
Piancatelli rearrangement’ and is converted by hydrogenation reaction to its
corresponding alkane83 by applying the hybrid system Pd@CePEI32 quantitatively.
Noteworthy, this reaction was carried out on a &imol scalepy using0.01 mol% Pd@Co/C
PEI32. After magnetic decantation of the catalyst, the latter is further treated with an acidic
ion exchanger, Amberlyst 15t high temperatures of 70C to eliminate thdwydroxy moiety
(scheme 14). This gave the product cyclopenten@#ein high yields.Thereby, the ion
exchanger caralso be removed easilyvia decartation and the watefinsoluble 34 can be
extracted(with ethyl acetate)followed by distillation to yield tl isolated productSince all
these reactions can be performed in aqueous megliat with the aid of a catalyst, only
water as byproduct is formed which renders the process attractive from an ecological point

of view.
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Amberlyst 15
70 °C,4h

33 34

Scheme 14Elimination of the hydroxyl moiety; Reaction conditions: ol (20mmol) 4hydroxy2-cyclopentanone3d3,
30mg (255mg) Amberlyst 15 with ¢ = 3fig/mL, 1ImL (8.5mL) HO, 70°C, 4h.

All in all, afast and energy saving procedure for the synthesighef technical product
cyclopentenone34 could be developed (figure 4. Key step is the hydrogenation of 4
hydroxy2-cyclopentenone3l1 in water applying our new hybrid system Pd@GCB&l32
which is reusable without any loss in activity and relatively loedpct contaminatiorfor at

least seven consecutive runs

(0]
rearrangement
o e | D

35 OH Amberlyst 15 7
31 é - b
OH
33 34

Figure 4 Cycle for transformation of-Aydroxy2-cyclopentenone31to the water insoluble cyclopentenorgd.

In order tofurther validate the catalytic activity of the new hybrid material Pd@ G@eKI32
and its efficiency of hydrogenating various olefiting substrate scop&as expande@nd by
using thesameconditions as before (ambient;hressure, r.t., D, 0.5mol% Pd@o/GPEI
32) (table 3).
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Table 3 Pd@Co/EPEI32 catalyzed hydrogenation reactions with various substrates.

entry substrate product t [h] yield [%)]
0 0
, f? f? 2 o
OH OH
31 33
0 0
: o O : .
34 38
Z>COOCH,4 - COOCH,4
3 4 98
39 40
4 )\COOCH3 )\COOCH3 ) 96
41 42
NN o
5 COOCH, COOCH, ) 08
43 44
6 \)\COOCH3 \)\COOCH3 4 97
45 46
OH
N HO OH
; \ R 2 51
OH 48
47
OH
OH 49
47
50 49

Reaction conditions: 0mmol substrate 1atm H, r.t., 5mL BO, 0.8mmol/g Pd@Co/®EIl 4 mg, 0.5mol%); yields are
isolated yields.
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Di-or trisubstituted olefins were ydrogended in excellent yields (entry 4,5,8\Noteworthy,
especially trisubstituted olefingentry 6) which are in general difficult to hydrogenate were
completely converted in relatively short reaction timgsh) to the corresponding alkanes by
the described catalytic systergielding good TOFs up to BO. However higher substituted
alkenes41 and 43 were easier taeducethan primary alkenes39 (entry 4,5 compared with
entry 3. Evenlhe electron withdrawing ester group had no negative effect on the activity of
the catalyst thus the corresponding productdO, 42, 44, 46 could be obtained almost
guantitative within only 24 hours Furthermore, Pd@Co/€PEI32 was able toselectively
hydrogenatethe alkyne47 to its corresponding alkene by time selecti@@ntry 7). After 2h
only the alkene was obtaineavhereby a prolonged reaction time td h exclusively yielded
the corresponding alkangentry 8. In the case of entry 2, furtheetectivity ofthe preferred
GC bond reduction ovethe GO bond reductionwas observed The reported catalytic
system could reduce the-C bond of cyclopentenon@4 in the presence of aarbonyl group.
Worth to mention that by applyingommercialPd/C the @ double bondas well as the €

bond, were completelyreducedafter 2 h of reaction time

1.3Conclusion

The catalytic activity and the suitability of the new synthesized hybrid system Pd@E€ob/C
32 was tested for the hydrogenation of various alkenes, especiallyyd4oxy2-
cyclopentenone3l, in aqueais media The NP catalyst gave excellent results foresdted
substrates (df tri-substituted alkenes, alkynes) and was easily recyclable for seven iterative
cycles wih consistent catalytic activityNotably, the hydrogenation and further conversion
to cyclopentenone34 could be performed on large scale (&®nol) with low amounts of
nanoparticle catalyst resultingnihigh turnover numbers of 9800~urthermore it gives a
green approach for this transformation to watarsoluble cyclopentenon&4 in aqueous
media forming only wadr as a byproduct, but alsavoids the higlenergy consuming work
by evaporating the solvent. The active sites of Pd@@®&&C32 showed high stability
grounding in low Pd leaching into the desired product (belopp®). To sum up, with
Pd@Co/€PEI32, a catalytic system was found foing stable dispersions in water and thus

being a promising alternative towards conventional Pd/C.
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2. Pd(0) supported coupling reactions catalyzeih Pd@ Co/GPEI nanoparticles

The previous chapter dealt with the outstanding properties of the newly symbdshybrid
material PA@Co/MPEI32 regarding its excellent stability ardispersbility in water, making

it highly desirablefor water-mediated hydrogenations of various alkenes/alkynes. While
these reactions were all performed in water as green solvéms, catalyst is not limited to
only hydrogenate doubleand triplebonds, but also finds its application in furthevell-
known Pd (0) catalyzed reactions. Therefore, Heck coupling reactions and Pd(0) catalyzed
allylations were selected as model reactidos evaluating the catalytic activity of Pd@Ce/C
PEI32 in GGcoupling reactions. Notablythe catalyst not only showed highspersibility in
agueous medidut also forms stable dispersions in a variety of polar solvents due to their
high density of amingroups. The results showed a high catalytic activity in the selected C
coupling reactions whereby also in this case, the nanocatd8¥showed good reastability

for at least five iterative runsThe catalytic activity showed megnificant decrease anithe

Pd leaching into the reaction solutionudd be kept at a low level. Irtkeme 15 an overview

over the accomplished reactions and substrate scopeyapplPd@Co/PEI32is shown.

MW, 120 °C / R?
s+ e
R?  MeCN, NEt,

Pd@Co/C-PEI
51 52 53a-d
51aa: R' = CH,, X = | 52a: R? = CO,Et 53a: R! = CHj, R? = CO,Et
51ab: R" = CHs, X = Br 52b: R2 = CgHs 53b: R' = CH,, R2 = CgHs
51ac: R' = CH;, X = ClI 53c: R' = H, R? = CO,Et
53d: R' = H, R? = C¢H;5
51ba: R'=H, X = |
51bb: R'=H, X =Br
.pl = —
51bc: R'=H, X =Cl R=Ac
0 0
Pd@Co/C-PEI |
+ NuH DCM + ROH
OR Nu
R = Boc, Cs,C0O;5
54a (R = Ac) 55a: phenol 56a-d
54b (R = Boc) 55b: p-methoxyphenol

55c: phthalimide
55d: p-bromo benzoic acid

Scheme 150verview over the chosen Ritalyzed coupling reactions applying Pd@ CRHEI32.
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2.1 Heck reactions
2.1.1 Introduction

Pd catalyzed coupling reactions are still among the most useful ogaat organic synthesis

for selective &€ bond formation and insertion of aryl units which are common substructures
for the drug skeletond!™ In 2010, the significance of this new strategies to conne& C
bonds was rewarded with the Nobel Prize in chemistriRichard F. HecEtichi Negishand

Akira Suzukfor their pioneering work on palladiurnatalyzed crossoupling reactios. In

the 1960s, first investigeons were made on this field, estabiliag the fundamental
research. In particular,he Heckcoupling reactionis extensively utilized due to its high
efficiency in the synthesis of arylated olefins and the resulting vaiceesdapplications™® In

1974, Heclet al*® announcedpalladium acetate in combination with triphenylphosphine to
efficiently catalyze the arylation and vinylation of aryl and vinylic iodides lromides,
respectively. Especially in the case of bromide reagents, the reaction rate could be increased
a lot bythe use of triphenylphosphineSince that time, a lot of effort to investigate and
optimize these reactions was done. Extensive mechanistic studies opened up various
catalyticcycle&°?Y whereby recent pulitations claim a number of catalytic active species,
including PANP$? and Pd clusters ocolloids***® However, after the performed Heck
reaction the Pd species are known to aggregatecipitation of inactive Pd blackhdthus,

the catalytic activity oPd catalysts idecreased?”*® Furthermore, they suffer from the lack

of an efficient separation or recycling strategy. Therefore, especially the design of
heterogeneous alternatives was oneain focus, including the development of new
stabilizingligands®® One widely applied heterogeneous strategy to provide the Pd species
from agglomeration is the use of phosphifnctionalized magnetic nanoparticles
(PFMN)*® Panahiet al. reported one of the most efficient catalytic systems which is based
on a readily synthesized nanoparticechored PFMNPd(OAg)complex®” The catalyst was

able to perform the Heck reaction of chlorobenzene with ethyl acrylate in 93% yiplyiragp

1 mol% Pd in the presence of®Q in DMF at 120C. Notewory, the leaching of Pd was
found to be less than 1% in total (determined by ICP analysis) and the system was recyclable
for at least four consecutive runs with sustained selectivity and activity. Apart from
phosphinebased ligands, other chelating fragmeras well as magnetic nanocomposites like

ionic liguidmodified magnetic NPs could be applied to avoid undesired aggregation and
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deactivation of Pd NPs.g oleic acid functionalized &, NPsaiming to catalyze Heck
reactionst®Y The amine functionalized NP syst&d@Co/ePEI32 showed that it can act as
stabilizing suport for the Pd species withouhhibiting catalytic activityand suppressing the
desired properties of the NPs themselves (see chapter 1). In addition, it combines the
advantage of weltlistributedand highly stabilized NPs with an easy recycling strategy due to
the magnetic core of the Co/C support. Thus, the Pd@REd/systerB2was used as catalyst

in Heck reactions to enable a feasible separation and reusability and further benchmarking
its cataytic activity for the in general mre challengingaryl bromides and chlorides.
Moreover, these investigations were mainly motivated by the aim of achieving high turn
over frequencies, through short reaction times and low catalyst loadings resulting glg hi
recyclable catalytic system which would further suppress the formation of any aggregated

Pd during the reaction.

2.1.2 Results and discussion

In this section the catalytic potency of Pd@CGREI32 regarding its activity in Heck
reactions was evaluated. Adapting the reaction conditions from Detoal. first
investigations were conducted wiftiodotoluene and ethyl acrylate as model substrates. In
2011, Diao and coworkers reported a magnetigdzebased carbon nanocomposite with
deposited Pd NPs am efficient and recyclable catalyst f&uzuki and Heck couplifg.
However, magnetite (R®,) in general has the drawbacks of a labile covalent bond
formation under hydrolytic conditions which results in lower overall stability of the catalytic
system.Moreover,the saturation magnetization of the, in this work highlighted graphene
coatedcobaltnanobeads (Mo Memy/g) exceed by far the magnetization of magnetite
(Mspuk XX emu/g)B¥ As highly functionalized NPs tend to have a reduced overall
magnetization, higher initial magnetization values are desirable to ensure the complete
recovery of the magnetic materidDue to the graphendike carbon shell, a stable@©bond
formation is possiblefor examplevia diazonium chemist§/*, which opens up aariety of
functional groups®

With these advantages of Co/C NPs in mind, the Pd@BBIGanobead832, which were
already successfully applied as hydrogenation catalyst in chapter 1, wererfurtamined

regarding their activity in Heck reactions. Therefore, the reaction conditions reported by
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Diao and ceworkers were used for the initial studies:efjuiv. aryl halide, 2quiv. alkene,

4 equiv. KCQ in DMF at 120°C apying 0.3mol% Pd. Howewe using Imol%Pd@ Co/ePEl

32 with p-iodotoluene5laaand ethyl acrylatéb2a as model substrates at 12C only led to
comparably low TOFs. In order to improve the throughput capacity, microwave conditions
were tested, since the Co/C nanobeads are aethwn to positively contribute to the
microwave heating due to their potency to absorb andergit the radiation® The

optimization studies are repsented in the following table &ble 4).

Table 4 Optimization studies regarding the reactionmfodotoluene 5haand ethyl acrylaté2a.

MW, 120 °C ) COEt
HsC I+ =\ - H3C©J
CO,Et solvent, base

Pd@Co/C-PEI
51aa 52a 53a

entry catalyst solvent base Pd[mol%] time[h] yield [%] TOF [H]

1% 32 DMF K:CQ 0.3 24 30 4
2% 32 DMF K:CQ 1 24 94 4
3 32 DMF K.CQ 0.5 1 65 130
4 32 MeCN  K.CQ 0.5 24 97°) 8
5 32 MeCN NE% 0.5 24 og” 8
6 32 MeCN  NEg 0.5 1 99 198
7 32 MeCN  NEg 0.2 1 96 480
8 32 MeCN  NEg 0.1 1 98 980
9 32 MeCN  NEg 0.01° 4 36 900
10 Co/GPEI  MeCN  NEg - 1 - -
11 - MeCN  NEg - 1 - -

Reaction conditions: 0.5, mol p-iodotoluene 51aa, 0.6mmol ethyl acrylate52a, 0.6mmol basein 2mL solvent, 120°C
MW, 0.8 mmol/g Pd@Co/®H 32:%0.5mmol p-iodotoluene5laa, 1mmol ethyl acrylates2a, 2mmol KCQ in 2mL DMF,
120°C;”conventional heating (acetonitrile, reflu>820 mmol p-iodotoluene.

As above mentioned, the Heck coupling applying the conditions adapted fromeDial
gave unfruitful results (etry 1 and2). Switching from conventional heating to microwave
heating showed an improvement regarding the product per time ratio (entry 3). Changing

the solvent from DMF to acetonitrile resulted in even better results (entry 4) especially using

32



Main part

microwave irradiatn (entry 6).Here increasingthe temperature to 120C (boiling point
80°C) went hand in hand with an increase pressure (80bar) which enhanced the
catalytic activity Toachieve the same effect witbMFas solventthe appliedtemperature
should beover 150°C. Howeverundesired leaching of palladium black (Romagnetic
precipitate) was discovered when temperatures @&o0150°C were reached.Thus,
acetonitrile was the solvent of choicdhe base was further changed fromGQ to
trimethylamine dueto solubility issue®ut had no effect on catalytic activity (entry &)sing
acetonitrile as solvenand microwave conditionsthe reported catalytic system showed an
excellent activity allowing catalyst loadings down to ®dl% (entry 8), which corresponds

to high TOFs up to 980". Further reduction to 0.0inol% correlated with a decrease in the
catalytic activity by 10% (et 9), however, therefore also an upscaling torgthol (4g) was
necessaryControl experiments (entry 10 antll) verified Pd@COoH2EI32 as the catalytic
active speciessinceno converon was observedneither without any support nor with
solelyCo/GPH 30.

Next, the recyclability of the reported system was investigated, using ggemidotoluene
5laa and ethyl acrylate52a as model substrates with Orhol% Pd catalysB2. Thereby,
special attention was paid to the metal leaching into the desired product. The five iterative
Heck reactions were all stopped after one hour reaction time by separating the magnetic
nanocatalystvia an external magnet, decanting and washing #wodution and, after drying,
directly reusing the NPs for the following run. Thus, five consecutive cycles could be
performed without any significant loss in activity (99% to 95% yield). Furthermore, the
product contamination due to the metal leaching wastefrminedvia ICROES, detecting an
averagely low level of 30pm Pd (table 5). This corrempds to an overall Pd loss of %7
which, however, did not have an observable negative impact regarding the product

formation.
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Table 5 Recycling studies ragding the reaction op-iodotoluene5laaand ethyl acrylaté&2a.

MW, 120 °C —COoEt
HsC I+ =\ - H3C©J
COyEt MeCN, NEt;,
Pd@Co/C-PEI
51aa 52a 53a
entry yield [%] leaching Pd [ppm] Pd loss [%] leaching Co [ppm]

1 99 19 4 9
2 96 22 4 8
3 98 27 5 18
4 95 39 7 19
5 98 37 7 18

Reaction conditions: ihmol iodotoluene5laa, 1.2mmol ethyl acrylate52a, 1.2mmol triethylaminein 3mL acetonitrile,
1h, 120°C, 0.46nmol/g Pd@Co/@PEI32 (2 mg, 0.1mol%).

Figure 5shows a graphical representation of the obtained conversion of ghesented

reaction in the five following runs.

yield [%]
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Figure 5 Recycling regarding the Heck reactiop@bdotuluene5laaand ethyl acrylaté2a graphically represented.

Next, the catalytic activity of the nanocataly32 was further benchmarked regarding its

capability to catalyze more challenging substrates like aryl bromides and aryl chlorides,

which own a higher activation barrier. In table 6 an overview over the various tested aryl

halides and ethyl acrylatg2a or styrene52b is given
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Table 6 Various Heck reactiorepplying Pd@Co/REI32.

MW, 120 °C y. R?
Oy - e BB S
R2  MeCN, NEt;

Pd@Co/C-PEI
51 52 53a-d

entry R X R t [h] Pd [mol%] vyield [%]
1 H | CQEt 1 0.1 99
2 | GsHs 1 0.1 98
3 CH | CQEt 1 0.1 98
4 CH | GsHs 1 0.1 98
5 Br CQEt 2 0.1 97
6 Br GsHs 2 0.1 97
7 CH Br CQEt 2 0.1 97
8 CH Br GsHs 2 0.1 96
9 Cl CQEt 4 0.1 22
10 H Cl GsHs 4 0.1 20
11 CH Cl CQEt 4 0.1 29
12 CH Cl CQEt 4 0.5 30

13 CH Cl CQEt 4 0.1 -
14 CH Cl CQEt 8 0.1 28
15 CH Cl GsHs 4 0.1 23
16 CH Cl CsHs 4 0.5 25

179 CH Cl CsHs 4 0.1 -
18 CH Cl GsHs 8 0.1 24

Reactionconditions: 0.5mmol aryl halide51, 0.6mmol alkene52, 0.6mmol triethylamine in 2nL acetonitrile, 120°C,
0.8mmol/g Pd@Co/PEI32; 3150°C.

Pd@Co/ePEI32 showed excellent activity ithe Heck reactions of aryl iodidéslaa and
51bawith both, ethyl acrylateb2a and styrenes2b, within one hour(entry 1-4). By doubling
the reaction time to two hours, the more challenging aryl bromi@&aband 51bb could be

successfully converted to its corresponding coupling prodwsigy 58).
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However, aryl chloride®lac and 51bc could only be coupled to some extentith the
corresponding alkene, resulting in barely moderate yields (in average 20% vyield and
conversion, atry 9, 10, 11, 15). Surprisingly, the conversion could not be improved, neither
by increasing the catalyst amount (entry 12, 16), nor by prolonged reaction times (entry 14,
18 Thisindicates some kind of catalyst poisoning which already has been expfot aryl
chlorides®® An increase in the reaction temperature even led to a decomposition of the NP
catalyst system as described above (entry 13, 17). Nevertheless, Pd®EBZvas able to
successfully convert aryl iodides amehat isevenmore interesting also aryl bromids with
arelatively low amount of catalyst within short reaction times2h), resulting in high TOFs
from 480980h™.

In summary, Pd@Co/REI32 was examined to be a suitable catalyst for Heck reactions
regarding aryl iodides,rgl bromides, and to som extentfor aryl chlorides. The catalytic
system could successfully catalyze these substrates \eith catalyst loadings within
relatively short reaction times using microwave irradiation. Furthermore, Pd@REBIG2
showed again a great recyclability amas successfully reused for five iterative Heck cycles
with consistent catalytic activity. Unfortunately, applying these relatively harsh reaction
conditions, 28% of the overall Pd was lost in total, resulting in moderate contamination
values for Pd anddC Another drawback is the struggling with regard to aryl chlorides in
relatively low yields. In the course of this warkone of the tested attempts led to any

significant improvements.

2.2TsujiTrost allylations

2.2.1 Introduction

In contrast to a huge number of publications for the Suzuki, Sonogashira and Heck coupling
reactions, the field of Tsujirost coupling reactions is less discussed in the recent
literature B However, this does not reduce its scientific importance. The -Tsojit

reaction has emerged aspowerful tool for thecontrolled introduction of various carben

carbon and carboiheteroatom bonds catalyzed by a variety of transition metal complexes.

2 A0KAY (KSasS NBIFOGAz2zyYy (& Liabylmetal Kdnplek S/Bich A y i SN
undergoes a nucleophilaisplacement, ths, a focused introduction of an allyl group into an

organic compound ipossible®®® Therefore, the same Pd catalysts are commonly used than
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for Heck reactions, mainly phdsipe ligand based complexes like Pd(JP great variety

of homogeneou$™*" and heterogeneous Pd catalgét*” are reported for the TsujiTrost
allylation, however, heterogeneous alternatives offer the best option due to separation
issued?® Thus, the focus of recent resefr turned to the investigation of Pd NPs
immobilized on varioussupportst*?°*®l |n the following one selected heterogeneous
catalyst for Tsujifrost reactions is going to be highlighted due to its almost unique
bifunctional catalytic system: Baled al. published a catalytic system of tertiary amines and
a diaminopalladium complex, both covalently grafted onto the same silica surface
(SiQ/diamine/Pd/NE).*! Thus this catalyst is not only able to @dyze the reactiorbut

also serves as an internal base. The idea bethiisdvas to avoidany selfquenching of the
base in the presece of a Lewis acid metal centréhich ispreventedin this approach as

both catalysts are anched on the same surfacéigure 6)>>°

SiO, surface
Figure6: Surface structure of the synergistic catalystic sys&@/diamine/Pd/NE}.

The synergistic system Si@lamine/Pd/NE} turned out to be active and selective for the
TsujiTrost allylation of various nucleophiles (phenols,-diGrbonyls, carboxylic acids) in
THF as solvent with allyl methyl carbonate and allyl acetates. Furthermore, this bifunctional
catalyst system wareusable for four times without any significant loss in both, activity and
selectivity. This publication led to the idea of applying the sstltied Pd@Co/MPEI system

32, which possesses a basic character due to the high density of amine groups, as

recydable heterogeneous catalyst including an internal basic system
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2.2.2 Results and discussion

Based on the work of Baba and-workers regarding Pd catalyzed Tsijost allylations, the
idea was to test the PA@CGREI nanoparticle82 as bfunctional palladium catalyst. As
stated above, lte high density of the amine groups may serve as an internal. Gasg the
use of an external base should be avoidedhe allylic alkylationsAt the same time, the
palladium nanoparticles bared inside the PEI pwy catalyze the coupling of various
nucleophiles with allylic compounds. In addition, the simplicity in thislysis may be the
main benefit. The Pd@CoMREI NP82 enable the use of low catalytic amounts due to their
high loading on amino groups (&fmol/g), but also the outstanding high Pd content
(0.8mmol/g). In order to evaluate the catalytic activity of Pd@CBEI, the allylation of
ethyl-3-oxobutanate 58 with allyl acetate57 was chosenas model reaction. Therefore,
1.0 equiv.ethyl-3-oxobutanat 58, 2.5equiv. allyl acetat&7 and 2mol% Pd catalys32 were
dissolved in THF and heated to 0 for 2(h, yielding the desired product with 97%.
Consequently, the catalyst amount was furtleduced to 0.5mol% without any decrease in

activity (£henme 16).

o o
o o Pd@Co/C-PEI (2-0.5 mol%)
/\/OAC + > O/\
= MO/\ THF, 70 °C, 20 h
57 58 59

Scheme 16Pd@Co/@El catalyzed reaction of etidoxobutanate58 with allyl acetates57; Reaction conditions: 2/mol
allyl acetate57, 1.mmol ethyt3-oxobutante58in 4mL THF20h, 70°C, 0.44nmol/g Pd@Co/®EIR2 (2 mol%0.5mol%).

Worth to mention is that no additional base was necessary to efficiently perform this
reaction. This result suggesthat the tertiary amines of the PEI polymer are potent to
replace the base. Bm a mechanistic point of vieva plausible reaction cycle including the

catalyst as bifunctiorliasystem is proposed in figure 7
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Figure 7 Proposed reaction mechanism for the nucleophilic alkylation of etoobutanate58 with allyl acetate57
applying Pd@CoH/EI32.

The mechanism shows @oposedmechanism for the Pd catalyzed Tshjost reaction of

allyl acetate 57 and ethyl-3-oxobuanate 58 involving the four fundamental steps:
complexation, ionizatiomncluding thecationic6 -allyl)metal complexnucleophiic addition,

and decomplexatiort®® In figure 7, the bifunctional system Pd@CeREI32 is represented

by one exemplary part of the amine polymer, including partial coordination to the Pd.

Having shown that PA@CGeREI32 can successfully act as synergistic systemaftylation
reactions, the catalyst was further benchmarked regarding its efficiency towards various
substrates. In chapter 1, the synthesis chyblroxy2-cyclopentenone in flow is shortly
presented and its accessibilifyom renewable resourcesThe furctionalizationvia Tsujt
Trost reaction with a great variety of nucleophiles renders it a versatile platform chemical in
organic synthesis. Thus, protecteehydroxy2-cyclopentenonesb4a and 54b were chosen

as model substrates for thdollowing performed allylations. The first approaches were
started from the corresponding acetates a@Bocderivatives withp-methoxyphenol55b

as nucleophileemploying the conditions described by Baéaal. However, no product
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formation could be obswed, which may be a problem due to the applied solvent, but could
also result from the reaction temperaturef 70°C (table 7, entry 1). Hence, another
approach was carried out due to thegviouswork of the Reiser group regarding the Tsuiji
Trost reactio with protected 4-hydroxy-2-cyclopentenons 54a and 54b, p-methoxyphenol
55b and Pd@Co/EPER2in DCM as solvent at oC (table 75°2

Table 7 Optimization studies regarding the reaction pfotected 4hydroxy2-cyclopentenons 54a and 54b with
p-methoxyphenob5h applying PA@Co/REI32.

O

(@)
Pd@Co/C-PEI
DCM, 0 °C
OR O
OMe

54a (R = Ac) 55b 56b
54b (R = Boc)
entry R reaction time [h] Pd [mol%] additives yield [%] TOF [H]

19 Ac 20 1 - - -
2 Ac 1 1 - 40 40
3 Ac 2 1 - 82 41
4 Ac 4 1 - 98 25
5 Ac 4 0.2 - 92 115
6 Ac 4 - - - -
7 Ac 4 0.1 - 46 115
8 Boc 2.5 0.2 - - -
9 Boc 2.5 - - - -
10 Boc 2.5 0.2 CsCQ 90 180

Reaction conditions: 2.Bmol protected4-hydroxy2-cyclopentenons 54a and54b, 1.mmol p-methoxyphenob5b in 4 mL
DCM, C°C, 0.44mmol/g Pd@Co/@EI32 (1 mol%0.2mol%) when R = Ac or 0.68nol/g Pd@Co/@EI32 (0.2mol%),
0.3equiv. (97mg) Cs«CQwhen R = Bo®in 4mL THF20h, 70°C, 0.44mmol/g Pd@Co/@PEI32 (1 mol%).

Applying these conditions, product formation with the acetaterivative 54a as starting
material was observed after i reaction time (entry 2). Full conversion was obtained when
the reaction time was ineased to 4 (entry 4). The amount of catalyst Pd@G&EI32
could be further reduced to 0.20l% which even resulted in higher reactivity (entry 5).

When lower amounts of Pd were useat significant change regarding the TOF was noticed,
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however, no fll conversioncould be reached witin the 4h reaction time(entry 7). In
contrast, theO-Bocderivative54b only gave any product when additional,C& was added
(entry 8 and10). This may give a hint thato@8protected reactants are among more
challenging substrates. These results match with those already observed in our group, which
showed improvement in conversion and yield when adding catalytic amounts,G{QCt®

the TsujTrost reaction of Bcprotected 4hydroxycyclopentenone 54b and
p-methoxyphenol 55b.% Furthermore, control experiments were conducted to verify
Pd@Co/ePEI32 as the ctalytic active species (entry 6 a)l.

After the best reaction conditions were found, the recyclability had to be tested fidd.
consecutive Tsujlrost cycles were carried out on ariimol scaleemploying again protected
4-hydroxy-2-cyclopeitenones 54a and 54b and p-methoxyphenol55b as model reagents,
with regardto the metal leaching into the desired produdtiotably,the O-Boc derivative
needed the addition of 0.8quiv. CZCQ. After 4h (R=Ac) or 2.5h (R=Boc) respectively,

the TsujTrost reactions were stoppetly separating the magnetic nanocatalyga an
external magnet, decanting and washing the solution and, after drying, directly reusing the
NPs for the following rurMoreover, the basic amine system wasgenerated with the help

of 1M KCQ solution to againdeprotonat the tertiary amino groupsThus, five iterative
cycles were performed and thproduct contamination due to the metal leachingas
analyzedvia ICROES, determined as 3% total Pd loss over in each separateahie 8)
Thereby,the yield slowly decreased after each run due to the lower catalytic activity of
Pd@Co/ePEI32. Analyzing the Pd leaching into the reaction solution, this could not be
identified as deactivation factor since it was kept at a low level in both cadasnd 54b.
However, in general PA@CoREI32 is an effective bifunctional catalyst for TsUjiost
allylations, easily recyclablgia an external magnet and can be reuset least for five

consecutive runs.
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Table 8 Recycling studies regarding the reaction mftected 4hydroxy2-cyclopentenons 54a and 54b with p-
methoxyphenob5b applying Pd@Co/2H 32.

R=Ac,t=4h

o OH
0.2 mol%Pd@Co/C-PE
$ O e ) o
OR OMe O\Q\
R = Boc, Cs,CO4, t=2.5h OMe

54a (R = Ac) 55b 56b
54b (R = Boc)
yield [%0] leaching Pdppm] leaching Co [ppm]
enty R=Ac R=Boc R=Ac R=Boc R=Ac R=Boc
1 92 90 2 2 1 1
2 90 89 3 2 2 1
3 89 88 5 3 12 2
4 82 82 7 13 4 2
5 79 78 10 13 3 1

Reaction conditions: 2.mmol protected 4hydroxy2-cyclopentenons 54a and 54b, 1.mmol p-methoxyphenol55b,
0.3equiv (97mg) CsCQ in 4mL DCM, 0C, 0.44nmol/g Pd@Co/€PEl (5ng, 0.2mol%) when R = Ac or 0.68nol/g
Pd@Co/ePEI32 (3 mg, 0.2mol%) when R = Boc.

The following figure 8epresents theobtaineddatafor all five runan agraphical way.
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Figure 8 Recycling regarding the reaction protectetiydroxy-2-cyclopentenone 54a and 54b and p-methoxyphenob5b,
graphically represented.
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Now having proven the suitability of Pd@ Cd?€I32 for the recyclable Tsujirost reaction
of p-methoxyphenol55b with protected 4hydroxy2-cyclopentenone$4a and 54b several

nucleophiles were tested to extend the substrate scope (table 9).

Table 9 TsujiTrost reaction oprotected 4hydroxy-2-cyclopentenons 54a and 54bwith variousnucleophiles

o PJd@Co/C-PEI 0
i: (0.2 mol%)
+ NuH > + ROH
DCM, T é
OR Nu
54a (R = Ac) 55a: phenol 56a-d

54b (R = Boc) 55b: p-methoxyphenol
55c: phthalimide
55d: p-bromo benzoic acid

entry R NuH T[°C] t [h] additives  yield [%]

1 Ac 55a r.t. 2.5 - 77
2 Ac 55a r.t. 4 - 89
3 Ac 55b 0 4 - 92
4 Ac 55¢c r.t. 18 - 80
5 Ac 55¢c r.t. 24 - 91
6 Ac 55d 0 1 - 0

7 Boc 55a 0 2.5 CsCQ 82
8 Boc 55a 0 4 CsCQ 95
9 Boc 55a 0 2.5 - 0

10 Boc 55b 0 2.5 CsCQ 90
11 Boc 55¢c r.t. 18 CsCQ 87
12 Boc 55¢ r.t. 24 CsCQ 94

Reaction conditions: 2/mol protected4-hydroxy2-cyclopentenones4a and 54b, 1.mmol nucleophile55, 0.3equiv.
(97mg) CsLCQin 4mL DCM, 0.68mol/g Pd@Co/@EI32 (3 mg, 0.2mol%).

Adapting the reaction conditions from the Reiser group regarding-Tsogit allylations with
the acetyt and theO-Bocderivative, phenob5a, phthalimide55c and p-bromo benzoic acid
55d were the nucleophiles ofchoicel® All reactions were carried out with 0r201% of
Pd@Co/ePEI32 and gave full conversion. Phengba was easily attached to the starting
materials54a and 54b in excellent jelds (entry 2 and®). Phthalimideb5c also turned out to
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be an excellent nucleophile for the Tsiljiost allylation as it could be introduced in good
yields by prolonged reaction times of B4(entry 5and 12). However, the Boc group could
only be substituted in the presence of @®8uiv. C&LQ (entry 7-9), which renders the
O-Bocderivative 54b among the more challenging substrates. A&Rrception here was
p-bromo benzoic aci®5d due to the reaction of the carboxylic acid group with the amine
functionalities of the PEI polymer (entry 6). Thitlsvasno longer available for the desired

TsujiTrost reaction.

2.3Conclusion

To sum upthe results achieved in this chapter, PA@CB&EI32 was not only proven to be a
suitable catafst for hydrogenation chemistrjput is furthermore capable to successfully
catalyze Peupported Heck and Tsujrost coupling reactions in excellent yielttsthe Heck
reactions,aryl iodides $1laa and 51ba) and aryl bromides5{ab and 51bb) were converted
guantitatively, whereas arghlorides $lacand51bc) still emerged as challenging substrates
and just led to 2680% of the coupled product. Nevertheless, the catalyst was easily
recyclable with an external magnet and could be reused for at least five consecutive runs
with low catayst leaching into the product. Tsdjrost allylations were performed with
various nucleophileS5 and protected hydroxyP-cyclopentenone 54a and54bin excellent
yields. Notably the catalyst here acteds both,base and palladium catalyst, however, in
case ofBoc-protected substrates additional €3Q was neededin catalytic amounts to
achieveany conversion. The Pd@CdPEI catalysB2 could easily be recycled with an
external magnetic field and reused for at least five iterative allylation reactions.

Conspicuously, the Pd leaching was significantiywiath a total Pd loss ainly 3%.
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3. Asymmetric allylic substitutions of protectedac-4-hydroxycyclopentenones
catalyzed by ahiral, magnetically recyclabl&@rosttype Pd complex

Previous chapters dealt with Pd@Cd?E132 as a novel hybrid system for Pd catalyzed
hydrogenation reactions as well as its suitability for both Heck altgation coupling
reactions. In this last chaptethe before mentioned allylations shouloe carried outin a
chiral approach with a Trogype ligand covalently bound tthe magnetic Co/C nanobeads.

As nanopatrticle precursor CeRSCl nanobead®1 were chosen to attach the Trost type
ligandvia nucleophilic substitution. The use of these polymeric nanobeads should enhance
the loading capacity and further prevent the catalytic system from agglomeration. Thus a
recyclable serdneterogeneous version foa TsujiTrost type catalyst60 for the chiral
resolution of Bocprotected (z)-4-hydroxy-2-cyclopentenones4b with various nucleophiles
55was established ¢heme 17).

NP catalyst 60 (0.6 mol%)

- g

NuH 55, DCM, Cs,CO5

Z\\\ @

OBoc OBoc
54b (S)-56a-d  (R)-54b N
55a: phenol 0 \ {
55b: p-methoxyphenol N\\“‘ N
55c: phthalimide H H
55d: p-bromo benzoic acid
PPh, PhyP
“pq
60

Scheme 17Chiral resolution of protectedtf-4-hydroxy-2-cyclopentenone54 with various nucleophile&5 applying NP
catalyst60.

The established catalytic system was ablestmcessfully catalyze the coupling of various
nucleophiles in good to excellent enantioselectivities and thus, achieved an excellent chiral

resolution on the background of the work already publishedim group®™ The catalyst

"Previous work on this project done by Chayan Charoenpakee during his internship in Regensburg 2016.
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was furthermore recylable for five iterative catalyst cycles without any significant loss in
both, catalytic ativity and enantioselectivity. Moreoverhé polymeric particles turned out
as an excellent environment for the attached Pd complex as the Pd leaching was kept at lo

leaching value.

3.1Introduction

The previous chapter already moned the TsujiTrost allylation as powerful and versatile
tool for the formation of @C/Gheteroatom bondsvia palladium catalysis. A unique feae

of this reaction isif an appropriate atalyst is usedits capability of introducing chirality,
thus converting molecules of any symmetry type into enantiomerically porepounds?®!
Hence, the focus dhis chapter lied on induced stereochemistry in allylic alkylations. First
examples to introduce asymmetry at the allylic fragment were accomplished in k@77
Strege et al.’®¥ Since thesepioneering efforts the asymmetric allylic alkylation has
undergone a huge progress in research involving pattbroad range of substrates and
nucleophiles®® A key role in the development of the asymmetric allylic alkylation (AAA)
played the design and screening of various chigands.. Those can be classified into four
major groups: 1) chiral phosphines, 2) dinitrogen ligands, 3) P,N chelate ligands and 4) mixed
chelate ligands. The most prominent example among those ligands might hieltdssical
TsujiTrost ligand 61 (figure 9), which is based on readily available- 2
(diphenylphosphino)benzoic aqiBPPBA) anchiral diamine®®!

o o)
NH  HN

PPh, Ph,P

61
Figure 9 Design ofi K § Gt ¢l -Atadkdganksl.

Despite the huge amount of chiral ligandke turnover numbers of these systems are
general quitelow and further both ligand and palladiumare quite expensiveThus, their
separation from the reaction media is one of the major drawbacks in the homogeneous
catalysis,which can be elegantly circumvented by heterogeneous versiNasoparticles
serve as unique support as they bridge both homogeneous and heterogsrespects due

to their high surfacdo-volume ratio, high catalytic efficiency and easy separat®rirst
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example forasymmetric € coupling reaction catalyzed by nanopartidkegpresented by
Claudretet al. in 2004 who used Pd nanoparticles stabéitz by asymmetric diphosphite
ligands leading ta high enantioselectivity in the kinetic resolution odc-3-acetoxyl,3
diphenyt1- propene®® In 2002,Hanet al. publishedthe immobilization of an analogue of
ligand 61 on a polystyrenébased resin for Pdatalyzed asymmetridesymmetrization$>>

This heterogeneous analogue was reported to show excellent activity and enantioselectivity
Due to its structure it served as inspiration for the development ofmavel magetic NP
version ofthe Trosttype ligand reported irthis chapter and as a further application for the
kinetic resolution of protectedac-4-hydroxy2-cyclopentenone Enantiopure 4hydroxy-2-
cyclopentenone is a versatile chifatermediaté®® for various natural products as well as
pharmaceutical drugs, e.g. prostaglandin PGiethyl ester®” Racemic <ydroxy2-
cyclopentenone is achieveda transformation of furfuryl alcohol under acidic conditions in
aqueous media, the Piancateliarrangement>® One approach to obtain chiratdydroxy
2-cyclopentenone would be a kinetic resolution, here achieved due to the reaction with

various nuclephiles and a Trogype ligand which was accomplished in this chapter.

3.2Results and discussion

At first the above mentioned Tro$ype ligand, developed by Haet al., had to be pre
synthesized and was thegrafted onto an appropriate type of Co/C nanobeads. Therefore,
Co/GPSCI nanobead®21 were chosen since thegrant not only a superior degree of
functionalization due to covalent attachment of the polymer, but also a satisfying saturation
magnetization(33 emu/g)*® The polymeic shell further provides lonterm stability under
harsh conditions and due to the resinly high functional group loadings, it can overcome
the in general low turnovers of known Tstijiost catalysts. Moreoveg Trosttype ligand
could easilype immobilized onto the nanobeadsa nucleophilic substitutiorof the chloride
Hence, this hybridnaterial was chosen as magnetic support foe tdevelopment of a
magnetic NFbasedrecyclable Tsujirost catalyst. CoM2SCIl21 were synthesized according
to a procedure developed tarket al.*® starting from commercially available Col@and
functionalizing them with styrene moieties adapting diazonium chemistry/ecosgpling
reactions. Further modificationswere achieved via grafting polymerization of 4-
chloromethylstyrene64 with the vinyHunctionalized Co/C particle22. Moreover, the

content of surfacebound polymer can be controlled by varying the concentration of AIBN.
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Thus, applying higher amounts @&iBN (3nol% with respect to 4hlorostyrene) high
loadings of chlorine of Bimol/g were achieved. Hence, a stable nanoparticle/polymer

hybrid was formed (schemes)®!

62

NaNO,, HCI cl
H,0, ultrasound, ) \/@/\
r.t., 30 min / 64

@ AIBN, DMF, 100 °C, 12 h
\/©/B(OH)2 2\
X 63

13 22
Pd(OAc),, PPhg,

Na2Q03 loading (Cl): 3.09 mmol/g
H,O/'PrOH
65°C, 16 h

Scheme 18Synthesis of Co/2SCI21 out of unfunctionalized Co/C nanobeatia

21

With the suitable nanoparticle1 in hand the approach of Haret al. was taken into
account forpre-synthesiing the desiredTrosttype ligand65 (figure 10.°% Thefree amine
group of the Trostnalogue 65 should easily replace the Idride via nucleophilic

substitution and thusbeing ancheed in the stable polymeric structure of the nanobe&ds

H
&

N ‘N
H H
PPh, Ph,P
65

Figure 10 Trost type ligan&5for chiral resolution ofac-4-hydroxy2-cyclopentenones4.

This synthesis of 65 was achieved starting from enantiopur€S49-tert-butyl 3,4
diazidopyrrolidinel-carboxylate 66 6 6 $-88.2 ¢ 1, CHG)) in four reaction steps
(scheme 19).
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Boc Boc
l{l 5 bar H, ,{l DPPBA, DCC

10% Pd/C DMAP
—_— —_—

Z

N3 N3 rt,20h HoN /NH2 rt., 24 h

92 % 97 %
66 67
I?oc Y
N N

_BFyEtO.

NH HN NH HN
CH;COOH

PPh,Ph,P rt,1h PPh,Ph,P

Scheme 19Reaction pathway for the synthesis of Trost type ligdReaction conditions: thmol 66, 10wt% (25mg) Pd,
5mL MeOH; 0.5nmol 67, 1mmol DPPBA, 0&quiv DMAP (12.2 mg), lefuiv. DCC (113r8g) in overall 10mL DCM,;
0.5mmol 68, 3equiv. (0.2mL) BE*Et,O in 2mL acetic acid, poured ontoglNaOAc in &L ice water.

The starting materiab6 was subjected to an autoclave abar for complete hydrogenation

of the azide moieties to the corresponding amines of the compo@W applying
conventional palladium on charcoal as catalytic species. The second step impliesiamidat
of the diamino functionalities witldiphenylphosphino benzoic aci@PPBA). The synthesis
of this bisamide ligan®8 needed the addition of DMAP in catalytic amounts and DCC as
coupling reagent (Steglich conditions). Thereby, the byproduct dicyclalveaylwas
removedvia simple filtration through a plug of celite before further purification of the crude
reaction productvia column cliomatography was performed. In tHast step, the Bogroup

was cleaved by treatment @8 with an excess of freshly dikéd boron trifluoride diethyl
etherate. After maintaining the reaction mixture at room temperature forr8i, the crude

was neutralized with sodium acetate to achieve the crude deprotected -Typst ligand
65.°% The catalytic active species was finally formed by encapsulating Pd(0) using the ligand
exchange method.Therefore, the unprotected Trost analogue was stirred without further
purification in a solution of Rdbas in DCM until the initial purple solution turned yellew
brown. Afterwards, the solvent was removeda nitrogen flow followed by addition of
50mg Co/GPSCI nanobead21in DMF. The reaction mixture was heated forl2at 100°C
yielding the desired nanapticle-based Trostype complex60 (scheme 20). Hence, the

readily formed comple®5was anchored onto the Co/BSCI bead1.
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H
N
1) Pd,dbas, DCM
o) o
NH HN 2) DMF, 100°C, 21h
PPh,Ph,P
cl

65 21

60
o) \ o)
N N
H H
PPh, PhyP

Scheme 20Immobilization of the Trost analogugs onto Co/GPSCI nanobead®1; Reactionconditions: 0.048nmol
(33mg) ligand, 0.012hmol (11mg) Pddbagin 10mL DCM; 5@ng Co/GPSCI, 5mL DMF, 100C, 21h.

The formation of the plladium complex before beingmmobilized onto the nanobeads
avoids the coordination of any palladium onto tlggaphene shell and guarantees the
palladium solely being coordinated by the Trogte ligand. The latter was verifiada both,
elemental analysis (0.1®@mol/g ligand) and IGRES (0.15mol/g Pd). The NP version of
the Trost ligand60 was furthermore chracterized using IR spectroscopy. Reliable
information can be obtained by monitoring the appearing C=0 band at &62(&s well as
the N-H band at 3300 cthcompared toCo/GPSCI21(figure 1J).
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— 21
— 60

rel. intensity
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4000 3500 3000 2500 2000 1500 1000
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Figure 11 IR spectra of CoAtnmobilized Trost compleO.

To validate the catalytic activity of the immobilized Troatalyst it had to be tested in
appropriate test reactions. As model reaction, the kinetic resolution of protecteed-
hydroxy2-cyclopentenoe 54 was chosen due to its easy accessibility and versatile
amenable applications in organic synthesis. Former colleagues in our group already explored
the chiral resolution of protected -Aydroxy2-cyclopentenone54 via chiral TsupTrost
reaction applyid ( KS & Of Trash ligaht el éPgdbag idzBGM as solventlow
catalyst loading (1-2 mol% Pd, 21 mol%61) led to a successful synthesis of various optically
active 4substituted2-cyclopentenones andheir further processingfor natural products
and biologically active -2yclopentenones such asigianes, and pseudoguaianolides, was
accomplished® Thus, several TsHjirost reactions with0.5mmol Bocprotected 4
hydroxycyclopentenoneé4b as model substrate an@ variety of nucleophiles55 were
performed with low catalyst loadings of 0n6ol1%.The following table sums up the achieved
results with the NP version of a Tragpe ligand60 in DCM (Table 10AIl reactions were

carried out under nitrogen to avoid any undesired oxidation of thegphine ligand.
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Table 10Kinetic resolution oBocprotectedrac-4-hydroxy2-cyclopentenones4bwith various nucleophileSs.

NP catalyst 60 (0.6 mol% :[{/
NuH 55, DCM, Cs,CO4
OBoc OBoc
54b (S)-56a-d  (R)-54b

55a: phenol

55b: p-methoxyphenol
55c: phthalimide

55d: p-bromo benzoic acid

entry NuH T[°C] t[h] Yield57[%] ee[%] Yield55b[%] ee[%]
1 55a 0 1 30 80 37 >99
2 550 0 2.5 37 n.d. 45 >99
3 55¢c r.t. 18 39 81 47 >99
4 55d 0 1 40 91 38 >909

Reaction conditions: 0.mmol protected 4hydroxycyclopentenoneés4b, 0.24mmol nucleophile 55, 0.3equiv. (23mg)
CsCQ (based on nucleophile) infAL DCM, 0.1:mol/g NP catalyss0(10mg, 0.6mol% based on nucleophile).

In the described approaches for Tstjost reactions stoichiometric quantities of nucleophile
were employed, which had been already proven to achiewdymamic kinetic resolution
regarding hydroxybutenolide or relategubstrates®” Moreover, it is already known in
literature that higher optical purities are achieved when 8duiv. or even less of the
nucleophileare usedin the case of the Beprotected substrate.Thus 0.24quiv. of the
tested nucleophiles were subsequently empldyéhe carboxylic acid derivative (entry 4)
gave excellent enantioseleciiies among theperformed Tsy-Trost reactions which match
with the reported literature:phenol 55a and carboxylic acids are reported to be suitable
nucleophiles as they provide Higselectivity®™ Phenol55a also proved to be a suitable
nucleophile as it gave good enantioselectivity at’O within 1h (entry 1).The successful
enantioselective induction of phthalimidg5cinto the cyclopentenone moiety would even
give access to carbgxlic nucleosides.This was successfully accomplished at room
temperature after a reaction time of 18 (entry 3).No prediction could be made in the case

of p-methoxyphenol (entry 2)sincethe two possible enantiomers could not be separated

"o 8=-3.9 €1, CHG); literature value:[ §°=-8.6(c1, CHG);
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with the appliedHPLGsetup, however, the optical rotation indicated no successful kinetic
resolution.

All'in all,the nucleophilesb5a, 55c¢, 55¢ieldedrelativelyhigh enantioselectivities regarding
the substituted products6a, 56c, 56ccompared to the classical Tsijiost ligand61.>"
Furthermore the enantiopure starting material®¢(54b could be successfullg-isolated no
matter which nucleophile was applied. RemarkallBgCQ seemed to be an essential
additive, since no conversion was observed without adding catalytic amounts@RCs

After successful approacheshe focus turned to the studies towards iterative Trost
reactions applying the enantioselective fd&alyst60. The kinetic resolution of th&-Boc
derivative 54b with phenol55a as nucleophile was carried out applying t61% catalyst.
After 1h reactin time, the supernatant was decanted and the nanoparticles subjected to

the next run (Table 11).
Table 11 Recycling studies towards the kinetic resolutiorboéprotectedrac-4-hydroxy2-cyclopentenones4b.

O @]
NP catalyst 60 (0.6 mol%)
> +
@OH ,DCM, 0°C, 1h Ezf
OBoc b\© OBoc

54b (S)-56a (R)-54b
Yield(S- Yield B- leaching  leaching
entry ee[%] ee[%]
56a [%] 54b[%] Pd [ppm] Co [ppm]
1 43 84 48 >99 18 23
2 40 87 46 >09 8 8
3 42 86 44 >99 13 20
4 38 86 48 >09 6 12
5 40 85 44 >99 11 29

Reaction conditions: 0.mmol protected 4hydroxy2-cyclopentenones4b, 0.24mmol nucleophile55a, 0.3equiv. (23mg)
CsCQ (based on nucleophile) infAL DCM, 0.15mol/g NP catalyss0 (10 mg, 0.6mol% based on nucleophile).

Thus, five consecutive cycles without significant loss in activity were performed. Outstanding
is the constant level in enantioselectivity. Furthermore, the product contamination due to Pd

leaching, analyzedia ICROES was kept at low ppm values correspiog to an overall

53



Main part

palladium loss of 3%. Overall, the i&talyst60 is not only highly enantioselective and has
great recycling capabilities, but is further extremely stable towards the applied conditions in
the performed Tsuji Trost reactions.

As the transformation of the O-Bocderivatives gave promising results regarding their
nucleophilic substitutions, also one reaction with the acelgtivative 54a applying phenol

55a asmodelnucleophile, was performed under the known reaction conditions (DCN, O
1h) (xheme 21).

0O 0 O
NP catalyst 60 (0.6 mol%)
> +
@OH ,DCM, 0 °C Iif
OAc b@ OAc

54a (S)-56a (R)-54a
Scheme 21 Kinetic resolution regarding Awotected 4hydroxy2-cyclopentenone54a; Reaction conditions: Ofmmol

protected 4hydroxy2-cyclopentenones4a, 0.24mmol nucleophile55ain 2mL DCM, 0.15mol/g NP catalys60 (10mg,
0.6mol% based on nucleophile).

The allylic substitution with substrateda yielded 20% of the desired produ@-{6awith a
rather low enantioselectivity of 5%ee The enantioselectivity is certainly hgy than
reported for the TsujiTrost ligands1 (26 Y%eeafter 18h reaction timelY, however, also the

NP version did notompletely suceed in the kinetic resolution dd4a. This substrate is
known to be not suitable for this kind of transformation due to a deactivation of the allyl
acetate moiety by the conjugated carbongtoup® Though, no further investigations

regarding Agprotected 4hydroxy-2-cyclopentenonés4a have been done.
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3.3Cmclusion

In summary, a Trogype ligand65 was successfully synthesized and grafted onto polymeric
nanoparticles (Co/PSCI21) via nucleophilic substitution. Furthermore, it was tested in the
kinetic resolution of Bocprotected 4hydroxy2-cyclopentenone 54b showing great
selectivity in both substituted products and recovered starting material. Notably, the
reactions were carried outpplying relatively low catalyst amounts (0®I%) for the
included nucleophiles: phenol§5a, 55k carboxylic acid$5d and nitrogencontaining
heterocycles 55c. To the best of our knowledgeit is by far the first reported,
enantioselective Trodlype atalyst bound onto magnetic nanoparticles. Furthermore, the
developed hybrid material turned out to be highly recyclable with an external magnetic field
showing not only constant catalyticc@vity but also constant high enantioselectivity.
Remarkably, theatalyst showed high chemical and mechanic stability, due to the polymeric

character resulting in an overall Pd loss of below 3%.
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C.Summary

In this thesis various polymers were introduced to Co/C nanopartidielowed by the
immobilization of Pd nanmarticles or chelating ligands. They were employed in a great
variety of Pdcatalzed hydrogenatia) as well as € or Gheteroatom coupling reactions.
Thereby, the excellent magnetization of unfunctionalized Co/C NPPalowed a fast and
easy separation of the introduced hybrid materialsdnyexternal magnetic field'he use of
the polymers, additionly, enabled not only high Pd loadings, but adsgood dispersibility
especialy in polar solvents.

The first chapter highlighted REbated Co/C nanobead®® as excellent supports for RdPs,
resulting ina high Pd loading of 0.&mol/g (8.5wt%). This material showed excellent
catalytic activity in the hydrogenation of-fliri -substituted alkenesespecially ydroxy-2-
cyclopentenone3l, and alkynes in waterand was easily recyclable for seveonsecutive
cycles showing consistent catalytic activiyorth to mention, @C double bonds could be
selectively reduced in the presence of éDQdouble bond. Further, the hydrogenation of
alkynes to the corresponding alkenes could be controlled by time seledtiotaly, the
hydrogenation of 4ydroxy2-cycbpentenone 31 and transformation to wateinsoluble
cyclopentenone34 in agueous media could be performed at large scaplynga low Pd

amountof 0.01mol% forming only water as byproduct.

2
RZ 1/\/R
RS Pd@Co/C-PEI 32/

H,, 1 atm, H,O \ 2 2
2, 1 atm, My R1/\/R and/or R1/\/R

0.5-0.01 mol% 32
8 examples
up to 7 runs

Scheme 22Hydrogenatiorreactionsby the use of PA@Co/REI32in water.
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Chapter 2extended the reaction scope, regarding the Pd@G®HET systenB82, to Pd
catalyzedHeck coupling and Tsdjrost allylation reactionsThe Heck couplingwith aryl
iodides blaa and 51ba and aryl bromides %lab and 51bb) could be performed
guantitativelywith 0.1mol% Pd whereas aryl chloride{acand 51bg emerged asnore
challenging substrates (20-30%). The TsujiTrost reactionswith protected 4hydroxy2-
cyclopenenones 54a and 54b and various nucleophiles5 were catalyzedn excellent yields
without any external base being requiredExceptionally, theO-Bocderivative needed
additional CgCQ in catalytic amounts forany conversion. Pd@Co/BEI32 was easily
recyclable in both regtion types for at least five iterative cycles without significeahainges

in catalytic activity.

Pd@Co/C-PEI (0.1 mol%) y. R?
O+ w O
R?  MeCN, NEts, MW, 120 °C

51 52 53a-d

X=1,Br: 96-99 %
X=Cl: 20-29 %
6 examples
up to 5 runs

o o)
Pd@Co/C-PEI (0.2 mol%)
+ NuH > + ROH
DCM, T, (Cs,CO5)
OR Nu
54 56a-d

R =Ac 4 diffeirent nucleophiles
R = Boc 89-95%
up to 5 runs
Scheme 23GC/G heteroatom coupling reactions by the use of Pd@ GBEI32.
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In the last chaptera Trosttype ligand65 was immobilized nto polystyrenecoated Co/C
NPs 21 and successfully ude in the kinetic resolution of Bagrotected
4-hydroxycyclopentenoné&4b. Though, € O, and N heteroatoms were introduced with
good enantioselectivitiesvith a low Pd loading of 6.mol% Finally, he recyclingof the
applied hybrid systemwvas studied revealingonsistent activity and enantioselectivity for

five consecutive runs.

NP catalyst 60 (0.6 mol% :/{/ n
NuH 55, DCM, CSZCO3 O

OBoc OBoc
54b (S)-56a-d  (R)-54b N
4 different nucleophiles 2 & o
(S)-56: 80-91% ee; (R)-54b: >99% ee N N
up to 5 runs
PPhy  PhyP
“pd’
60

Scheme 24Kinetic resolution ofac-54bby a NPsupported Trostype catalysi60.
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Zusammenfassung

D.Zusammenfassung

Diese Doktorarbeit beschaftigt sich mit der Immobilisierwmyp Palladium Nanopartikeln
oder chelatisierenden Liganden auf graphenbeschichteten Kobaltnanopartikeln, welche
zusatzlich mit verschikensten Polymeren ummantelt wurden. Diese wurden dann in einer
Reihe von Palladium katalysierten Reaktionen, wie ldydingen, &C und EHeteroatom
Kuwplungen, als Katalysator verwendet. Die exzellente Magnetisierung unfunktionalisierter
Co/CNanopatrtikelerlaubte hierbei eine schnelle und einfache Abtrennung der vorgestellten
Hybridmaterialien durch die Anlegung eines externen Magnetfeldes. Die Verwendung von
Polymeren auf der Oberflache der Partikel erméglichte zusatzlich hohe
Palladiumbeladungersowie eine gute Dispersionsstabilitdt in polaren Losungsmitt€las
erste Kapitel hebt polyethylenimibeschichtete Co/@lanopartikel und derererstklassige
Eignung als Tragermaterial fur Palladium Nanopartikeervor, wodurch hohe
Palladiumbeladungen von OrBmol/g (8.5wt%) ermdglicht wurdenDieses Material zeigte
ausgezeichnete katalytische Aktivitat in der Hydrierungbaw. trisubstituierter Alkene,
vornehmlich 4hydroxy2-cyclopentenone3l, sowie der Hgrierung von Alkinen in Wasser.
Des Weiteren war dieses Material leicht wiederverwendbar fur sieben fortlaufende
Hydrierzyklen, ohne Abnahme an katalytischer AktiviBésonders erwahnenswert war
hierbei die selektive Reduktion von&in Gegenwart von ©-Doppelbindungen. Ebenso
konnten Alkine selektiv zu ihren entsprechenden Alkenen durch Regulierung der
Reaktionszeit hydriert werden. Insbesondere konnten die Hydrierung vbgdroxy2-
cyclopentenor3l und dessen weitere Verarbeitung zu wasserunlosheloyclopentenor84

in groRem MafRstab und in wassriger Lésung durchgefuhrt werden. Fir diese quantitative
Transformation wurden nur 0.0hol% an P«&Katalysatorbenétigt und Wasser als einziges
Abfallprodukt gebildet.

Kapitel 2 erweiterte die Bandbreite adurch Pd@Co/PEI zuganglicheReaktionenzu Pd
katalysierten Heck Kupplungen und T4ujpst AllylierungenDie Heck Reaktionen mit den
lod- und Bromsubstituierten AryDerivaten konnten quantitativ, mit einem geringen-Pd
Anteil von 0.1mol%, durchgeftirt werden, wohingegen Chlgkryle sich als schwerer
zuganglich erwiesen. In den Tsljost Reaktionen mit geschitzten-hgdroxy2-
cyclopentenonen54a und 54b und verschiedensten Nukleophilesb konnten exzellente

Ausbeuten ohnalen Zusatziner externe Base erreicht wrden. Eine Ausnahme bildeten
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hierbei die O-BocDerivate, welche zusatzlich katalytische Mengen asCQsbendtigten,
damit Gberhaupt ein Umsatz beobachtet werden konreel@ Co/€PEI32 konnte jedoch in
beiden Reaktionstypen leicht in fiinf aufeinanderfolgenden Zyklen wiederverwendet
werden, ohne dabei eine Anderung in der katalytischen Aktivitat zu zeigen.

Im letzten Kapitel wurde eine Variante des Trbgjanden auf polystyrdieschicteten
Co/CGNanopartikeln immobilisiert und erfolgreich in der kinetischen Racematspaltung von
racemischem, Begeschutztem ydroxy2-cyclopentenonb4b eingesetzt. Auf diese Weise
konnten G, O und N Nukleophile in guten Enantioselektivitditen mit einegaringen Pd
Gehalt von 0.6n0ol% eingefiihrt werden. Letztendlich wurde die Wiederverwendbarkeit des
Systems getestet. Das genutzte Hybridmaterial zeigte hierbei gute Wiederverwendbarkeit in

funf folgenden Reaktionszyklen bei gleichbleibender ReaktivitatEmahtioselektivitat.
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E. Experimental Part

1. General Information

Commercially available reagents were used as received. Carbon coated nanoparices

donated from Prof. W. J. Stark (ETH Zurich). They were dispersed with the help of an
ultrasonic bath (Somex RK 255 4R, Bandelin) and recovered with the aid of a neodymium

based magnet (N48, W2-N, Webcraft GmbH, side length 12 mm) unless otherwise

indicated.

IH-NMR

'H NMR spectra were recorded on a Bruker Avance 300 spectrometer (300 MHz) and a

Bruker Avace 400 spectrometer (400 MHz). All measurements were performed at ambient

GSYLISNI GdzNBEd / KSYAOFEt &aKATGa + | NB NBLRZNISR

signals as internal standard: CP€T.26ppm, CROD=3.31ppm, (CRQ),SO=2.50ppm,

DO =4.79ppm. Spectra were evaluated in first order and coupling constdate given in

Hertz [Hz]. 1H NMR splitting patterns are designated as singlet (s), doublet (d), triplet (t),

guartet (q), quintet (quint) or doublet of doublets (dd). Splittipgtterns that could not be

interpreted are designated as multiplet (m).

BGNMR
3GNMR spectra were recorded on a Bruker Avance 300 (W515) and a Bruker Avance

400 (101MHz) spectrometer at ambiertemperature The spectra were recorded in CECI

CROD, (CR,SOandfh @ / KSYAOIf aKAFTGA | NB NBLIZ2NILSR

to the center of the residual solvent signals: GD€I77.16ppm, CROD = 49.0ppm,
(CDR),SO = 39.52 ppm.

P NMR
3IP.NMR spectra were recorded on a Bruker Avance 400 [1i2) spectrometer at ambient
temperature The spectra were recordedin @ h® / KSYA Ol f AaAKA Tl a

per million (ppm).

Chiralhigh-performanceliquid chromatography (chiral HPLC)
Chiral HPLC was performed on a Variat9QZ Liquid Chromatograph using hit@lcel OH
column (4.6 x 25thm, 10> Y0 = I a& Phér®menex Lux Cellulas€4.6 x 250mm,
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5> Y. he absoluteconfiguration of the product was determined through comparisath

literature values.

Column chromatography
(Flash) Column chromatography was performedsimg Merck Gerduran 60 (0.063
0.200mm) or Merck flash (0.04®.063mm) silica gel.

Infrared spectroscopy (IR)
Infrared spectra were recorded omagilent Cary 80 FFIR spectrometerAll compounds

were measured neat. The wavenumbers are reported as.cm

Mass spectrometry (MS)

Mass spectrometry was performed in the Analytical Department of the University of
wS3IASYyaodz2NB 0a%SYGNI S | yla Rnididah MAT S3Q 710 A, WS 2 €
Finnigan ThermoQuest TSQ 7000 and an Agilend® 6540 UHD.

Thin layer chromatography (TLC)

Thin layer chromatography was performed on silica gel coated aluminium plates (Merck
silica gel 60 &4 and MachereyNagel ALUGRAMGIrx SIL G/U),4. Visualization was
FOO02YLX AaKSR ¢ A (Knm) and thraughk the ude<of TLC stairesg.

vanillin/sulfuric acid, followed by heating.

Optical rotation
Optical rotation values were determined using a Perkin Elmer 241 polarinstea
wavelength of 58%m (sodiumd-line) in a 1.@m cell with an inner volume of

approximately ImL.

Elemental analysis
Elemental analysis was done by the microanalytical laboratory of the University of

Regensburg on Vario EL 1l for checking the sscgkreactions on magnetic nanopatrticles.

ICROES
ICROES (inductively coupled plasma optical emission spectrometry) was measured on a

SpectroFlame EOP (Spectro) in 3§sa regiasolution (v/v).
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XPS
XPS (X ray photoelectron spectroscopy) was measumeai PerkirElmer Physical Electronics
PHI5700 ESCA System (Department of Physics, University of Regensburg) for verifying the

oxidation state of the grafted metals.

TEM
Transmission electron microscopy (TEM) was performed on a FEI TecnaiF30 usingl standar
TEM plates (carbon film on 400 mesh grids copper) with 3.05 mm diameter at the

Department of Physics of the University of Regensburg

2. NP-catalyzed hydrogenation reactions in water

General procedurdor washing Co/C nanopatrticles (13) prior use

Carbon coated cobalt nanoparticles Col3 (1g) were obtained from Turbobeads Llc,
Switzerland. Prior usage they were washed in a millipof®/HClonc (20mL; 1/1) with a
mechanical stirrer. The suspension was stirred forh24t ambient temperature. The
washing solution was removed by magnetic decantation and the procedure repeated 5
times. To remove residual acid the particles were subsequently washed with millipbre H
(5mL) for 1h followed by recovery of the particles with the aid of a magnet. Thshing
procedure was repeated until the pH of the washing solution was neutral. The NPs were
washed with acetone (3x L) and diethylether (2x ®L) before being driedh vacuoto
obtain 900mg of washed carbon coated cobalt nanopatrticles.

elementalmicroanalysig%]: C, 7.12; H, 0.04; N, 0.

4-(2-Aminoethyl)phenyl functionalized Co/C nanoparticle (28)

To a mixture of Co/C nanoparticled3 (1.0g, 0.1lmmol, 1.0equiv.) and 42-
Aminoethyl)phenylaniline86 (132uL, 1Immol, 10equiv.) in millipore KO @5mL), HGhnc
(1 mL) was added to adjust a pH of 1, and then dispersed in an ultrasonic bath rfi@n15
While stirring in an ice bath NaN@.03.5mg, 1.5mmol, 15equiv.) in millipore KD (15mL)
was added dropwise. Furthermore the suspension was dégae another 30nin in an
ultrasonic bath. Afterwards the nanoparticles were collecigalan external magnet and the
solvent was decanted. The NPs were washed with 1M NaOH rf8%,5millipore HO (3x
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5mL), acetone (3x BL), diethylether (3x L) befoe being driedn vacuoto obtain 1.01g
of Co/CNH..
elemental microanalysi$%]: C, 10.27; H, 0.15; N, 0.9%®adingN 0.06mmol/g.

Poly(ethylenimine) functionalized Co/C nanoparticle (30)

4-(2-Aminoethyl)phenyl functionalized Co/C nanoparti&{250mg, 0.015mmol, 1equiv.)

were predespersed in DCM (fd) in an ultrasonic bath before adding aziridit8(778pL,
15mmol, 1000equiv.) and HEJnc (15puL, 0.18umol, 0.012equiv.). The mixture was then
heated while stirring to 50C fo 2. Afterwards the particles were collecteda an external
magnet and the solvent was decanted. Furthermore the NPs were washed with DCM (3x
5mL), millipore KO (3x 5mL), DCM (3x BIL) before being drieth vacuoto obtain 276mg

of PEI functionalized NPs.

elemental microanalysi$%]: C, 27.42; H, 5.83; N, 11®®adingN 8.53mmol/g.

Pd@Co/GPEI (32)

PEI functionalized Co/C NB&(50mg, 0.43mmol, 1equiv) were dispersed in &l Millipore
water by sonication for 10 min. After the pH was adjusted toy61M HCI (5QuL), sodium
tetrachloropalladate solution (L, 0.047mmol, 0.11equiv.,0.0094M in millipore water)
was added dropwise followed by magnetic stirring fdn. IThe reduction of Pd(Il) to Pd(0)
was completed by adding a solution of NaBB.9 mg, 0.24mmol, 0.56equiv.)in 2.5mL
water (0.094M) and further stirring for 3@nin. The synthesized Pd@CdPElI were
collected by an external magnet and washed witlilipore HO (5x 5mL) andiPrOH (2x
5 mL) before being drieth vacuato obtain 56mg of Pd@ Co/E&PEl.

ICROES: loadingrd :0.8mmol/g (91%; 8.3vt%);
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General procedure for hydrogenation reactions with Pd@Cd?€l (32)
Pd@Co/ePEI nanoparticle82 (0.50.1mol% Pd, 0.2.5umol) and substrate (0.61mol) in

millipore water (5mL) wee added in a Schlenk tube and further dispersed by sonication for
10min (pH of the solution: pH 6). The Schlenk was evaporated and flushed widin tén
times before being stirred under dtm H (balloon) for a certain time. Afterwards, the
catalyst wa recovered via an external magnet and the product isolated as described in the
following.

3-hydroxycyclopentanone (33)After a reaction time of & the starting material was
completely hydrogenated. The product was isolatea solvent evaporation under reduced
pressure. The product was obtained in 97% yieldni@® ‘H-NMR (400MHz, Bh 0 ¥1.90
2.48 (m, 7H), 4.48 (s, IHJCNMR(101MHz, CD@b Y=32.0, 35.6, 47.7, 69.7, 217.6.
Cyclopentanone (38)After a reaction time of & the starting material was completely
hydrogenated. The product was isolatei extraction with ethyl acetate (2x L) followed

by distillation at 110C oil bath temperature (bp: 13@) for solvent removal. The product
was dtained in 95% vyield (4Gg); *H-NMR (300MHz, CD@b Y=1.81-2.04 (m, 2H), 2.07
2.29 (m, 2H)**GNMR(75MHz, CD@b Y=23.2, 38.4, 218.9.

methyl propionate (40):After a reaction time of 4 the starting material was completely
hydrogenated. The pituct was extracted with diethyl ether (2xn2L) followed by solvent
evaporation under reduced pressure (bp: €0). The product was obtained in 98% yield
(43mg); *H-NMR (400MHz, CD@b Y=1.07 (t, 3HJ=7.6Hz), 2.27 (q, 2H]=7.6Hz), 3.60
(s, 3H) >*GNMR(101MHz, CD@b Y=9.0, 27.4, 51.5, 175.0.

methyl isobutyrate (42):After a reaction time of A the starting material was completely
hydrogenated. The product was extracted with diethyl ether (2rl3 followed by solvent
evaporation under rduced pressure (bp: 9C). The product was obtained in 96% yield
(49mg);, *H-NMR (400MHz, CD@b Y=144 (s, 3H), 1.16 (s, 3H), 2.54 (hept, 1£7.0Hz),
3.65 (s, 3H)*GNMR(101MHz, CD@b Y=19.0, 33.9, 51.6, 177.6.

methyl butyrate (44): After a reaction time of 2 the starting material was completely
hydrogenated. The product was extracted with diethyl ether (2rL3 followed by solvent
evaporation under reduced pressure (bp: 1@). The product was obtained in 98% yield
(50mg) *H-NMR(400a | 1 £ a SH084)(ty3HJ=7.4Hz), 1.551.70 (m, 2H), 2.29 (t, 2H,
J=7.3Hz), 3.65 (s, 3HGNMR(101a | T £ a $H55) 38.0,135.3, 50.5, 174.5.
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methyl 2-methylbutanoate (46): After a reaction time of 4 the starting material was
completely hydrogenated. The product was extracted with diethyl ether (@t Rfollowed

by solvent evaporation under reduced pressure (bp: Q8 The product was obtained in
97% vyield (56ng); *H-NMR (400a | 1 £ a S$H038B9 {, 3H,J=7.4Hz), 1.12(d, 3H,
J=7.0Hz), 1.201.75 (m, 2H), 2.22.50 (m, 1H), 3.66 (s, IH}{CNMR (101MHz, MeOD):

1 =10.5, 15.6, 26.5, 40.8, 50.6, 177.5.

(D-but-2-ene-1,4-diol (48): After a reaction time of & the triple bond got selectively
reduced to the double bondThe solvent was removed via evaporation under reduced
pressure. The mixture {Butyne-1,4-diol and 2butene-1,4-diol) was recrystallized from
PE/EE mixture resulting in the prodteintaining supernatant and the precipitated starting
material. The pure mduct was obtained via solvent evaporation of the supernatant under
reduced pressure yielding 51%bAtene-1,4-diol 48 (22mg). After a reaction time of i the
starting material was completely hydrogenated to its corresponding alkéna 97% yield
(44mg); *H-NMR (300MHz, CD@b Y=248 (s, 2H), 4.22 (d, 4B=5.1Hz), 5.78 (ddd, 2H,
J=5.0Hz, 3.8H2);'*CNMR(101MHz, CD@b Y=58.3, 131.0.

butane-1,4-diol (49): After a reaction time of 4 the starting material was completely
hydrogenated. Té product was isolated via solvent evaporation under reduced pressure.
The product was obtained in 96% vyield (48);, *H-NMR (400MHz, CD@b Y=1601.71 (m,
4H), 3.18 (s, 2H), 3.8.71 (m, 4H)**GNMR(101MHz, CD@b Y=29.8, 62.6.

Hydrogenation reaction o#i-hydroxy-2-cyclopentenoneg(31) with PA@Co/@PEIl (32) on 8
scale

Pd@Co/€PEI nanoparticle82 (0.01mol% Pd; 2umol) and 4hydroxy2-cyclopentenone3l
(20mmol) in millipore water (8.5L) were added in a Schlenk tube and furtdespersed by
sonication for 10min (pH of the solution: pH 6). The Schlenk was evaporated and flushed
with H, for ten times before being stirred underatm H, (balloon) for 4h. Afterwards, the
catalyst was recovered via an external magnet and the stlegaporated under reduced
pressure. This afforded the produB3 in 98% yield (1.9). The spectroscopic data was

according to literature.
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Recycling experiments

For the recycling procedure the recovered Pd@@®KETL nanoparticle32 were subjected to
the next run by simply adding the new substrate (@thol 4hydroxy2-cyclopentenone31l

as model substrate) in 8L water following the general procedure for hydrogenation on
large scale described above. Thus seven consecutive runs applyingndl%lof atalyst

could be performed with almost any loss in activity.

Analysis of Pd leaching during recycling

The palladium leaching was determined in the catalytic hydrogenation-toyddoxy-2-
cyclopentenone31 using 0.0Imol% of Pd@CoM2EI32 on large scaleAfter each run the
solution was removed via magnetic decantation and completely evaporated. The residue
was taken up by a defined amount of aqua regia 32% (v/v), filtered through a syringe filter
and analyzed via IGPES. The data are given as ppm vallefined as pg palladium per

gramm obtained product.

Hydrogenation of 4hydroxy-2-cyclopentenone (31) and further reaction to 2
cyclopentenone(34)

3-hydroxycyclopentanon@&3 is synthesized following the general hydrogenation procedure
on large scal@escribed above. After magnetic removal of the catalyst the product solution
was treated with the acidicon exchanger Amberlyst 15 (28%); c=30mg/mL) for
elimination of the hydroxyl moiety. The resulted solution was heated for a 70°C.
Afterwards the aqueous phase wastected with ethyl acetate (2x B1L). The combined
organic layers were dried over Mggsand the solventafterwards removed byistillation

(bp: 150°C) This afforded the pure produB4in 97% yield (1.6)).

H-NMR (300MHz, CDRY Y=2.082.19 (m, 2H), 2.52 (ddd, 2H8=7.0Hz, 4.MHz, 2.3Hz),
5.99 (dt, 1HJ=5.7Hz, 2.2Hz), 7.58 (dt, 1H]=5.5Hz, 2.7Hz);"*GNMR (101MHz, CDG):

1 =29.0, 34.0, 134.6, 164.8, 210.9.
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3. NP-catalyzed Heck reactions
General procedurdor Heck reactions applying Pd@CoREI (32)
Aryl halide51 (0.5mmol, 1equiv.) in acetonitrile (2nl), alkene52 (0.6 mmol, 1.2equiv.) and

triethylamine (83ul, 0.6mmol, 1.2equiv.) were introduced to a microwave vessel. Palladium
catalyst32 (0.50.1mol% Pd, 0.2.5umol) was added, the reaction mixture dispersed via an
ultrasonic bath for 10nin and then heated in a focused microwave oven to IQ0or a
certain time, depending on the aryl halide. Afterwards, watem({l was added to the
reaction mkture followed by extraction via diethylether (3xn#). The combined organic
layers were dried over MgQoefore evaporating the solvent. The crude product was
purified by column chromatography and the products eluted by an appropriate
hexanes/EtOAC mixte.

(B)-ethyl 3-(p-tolyl)acrylate (53a):R =0.7 (hexanes:EtOA8:2); 'H-NMR (300MHz, CDG):

1 =1.33 (t, 3HJ=7.1Hz), 2.36 (s, 3H), 4.26 (g, 24;7.1Hz), 6.39 (d, 1HI=16.0Hz), 7.18
(d, 2H,J=8.0Hz), 7.41 (d, 2H)=8.1Hz), 7.66 (d, 1HJ=16.0Hz); *GNMR (101MHz,
CDGU Y=14.4,215,60.4,117.2,128.1, 129.6, 131.8, 140.6, 144.6, 167.2.

ethyl cinnamate (53c)R =0.5 (hexanes:EtOAE:3); *H-NMR (400MHz, CDGb Y=1.84 (t,
3H,J=7.1Hz) ), 4.27 (q, 2H=7.1Hz), 6.44 (d, 1H=16.0Hz), 7.317.41 (m, 3H), 7.48.51
(m, 2H), 7.69 (d, 1H=16.0);"* GNMR(101MHz, CD@b Y=14.4, 60.5, 118.3, 128.1, 128.9,
130.2, 134.5, 144.6, 167.0.

(B-1,2-diphenylethene (53d): R =0.7 (hexanes:EtOA®:2); 'H-NMR (400MHz, CDG):

1 =7.13 (s, 2H), 7.24.32 (m, 2H), 7.32.42 (m, 4H), 7.49.58 (m, 4H)**GNMR (101MHz,
CDGU Y=126.6, 127.7, 128.8, 137.4.

(B)-1-methyl-4-styrylbenzene (53b)R =0.6 (hexanes:EtOAL3); '*H-NMR (400MHz, CDG):

1 =2.37 (s, 3H), 7.08 (d, 2B 2.3Hz), 7.18 (d, 2H=7.9Hz), 7.227.29 (m, 1H), 7.36 (t, 2H,
J=7.6Hz), 7.42 (d, 2HJ=2.0Hz), 7.51 (d, 2HJ)=7.5Hz); > GNMR (101MHz, CDG):

1 =20.8,126.3, 126.4, 127.4, 127.8, 128.7, 129.4, 134.4, 137.5

Recycling experiments
For the recycling procedure the recovered Pd@G®RT nanoparticle32 were subjected to
the next run by introducing new reagents (reaction of iodotolu&iaawith ethyl acrylate

52aon 1mmol scale was chosen for these experiments) to the microwave vial following the
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general procedure described above. Thus five consecutive runs applyingo@4d catalyst

were performed. Recovery of the catalyst was achieved via an external magnet.

Analysis of Pd leaching during recycling

The palladium leaching was determined in the reaction of iodotolugleaon 1 mmol scale

with ethyl acrylate52a using 0.1mol% of Pd@CoHM2EI. After each run the solution was
removed via magnetic decantation asdmpletely evaporated. The residue was taken up by

a defined amount of aqua regia 32% (v/v), filtered through a syringe filter and anahaed
ICROES. The data are given as ppm values defined as pug palladium per gramm obtained

product.

4. NP-catalyzed TsujTrost reactions

Ethyl 2acetylpent4-enoate (59)

In a flame dried Schlenk flask Pd@CB nanoparticle82 (0.5mol% Pd, fumol)) were
added under nitrogen atmosphere and further dispersed by sonication in THIE)(4or
10min. Afterwards ethyl 3-oxybutanoate58 (130.14mg, 1.0mmol, 1.0equiv.) and allyl
acetate57 (250.29mg, 2.5mmol, 2.5equiv.) were added and the resulting suspension was
heated under vigorous stirring to PC. After 2(h the reaction was complete and after
evaporatirg the solvent the product was afforded as colourless oil (0265 0.97mmol,
97%).

'HNMR(300MHz, CD@b =4.20 (t, 3H, 37.1Hz), 2.17 (s, 3H), 2.52 (t, 2k W0Hz), 3.45
(t, 1H, X7.4Hz), 4.13 (g, 2H,7.1Hz), 4.8%.13 (m, 2H), 5.67 (dd1H, F17.0Hz,
10.1Hz, 6.8Hz).

4-(4-methoxyphenoxy)cyclopenf-enone (56b)

In a flame dried Schlenk flask Pd@CPB nanoparticle82 (1-0.2mol% Pd, 12 pmol)
were added under nitrogen atmosphere and further dispersed by sonication in D@)(4
for 10min. Afterwards 4-methoxyphenol55b (124.14mg, 1.0mmol, 1.0equiv.) and 4
oxocyclopeni2-en-1-yl acetate 54a (350.35mg, 2.5mmol, 2.5equiv.) or tert-butyl (4
oxocyclopen2-en-1-yl) carbonate54b (495.54mg, 2.5mmol, 2.5equiv.) were added and
the resulting suspension was stirred folh4or 2.5h at 0°C. Notablewhen tert-butyl (4
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oxocyclopeni2-en-1-yl) carbonate54b was used, &£CQ (97 mg, 0.3mmol, 0.3equiv.) had
to be added. After magnetic decantatigime solvent was evaporated and the crude product
purified by column chromatography (hexanes:EtOAc 5:1).

R =0.3 (hexanes/EtOAc 5:1; stains brown with vanilthiNMR (400MHz, CDGQb =2.45
(dd, 1HJ=18.4Hz, 2.1Hz), 2.84 (dd, 1H=18.4Hz, 6.0Hz), 3.77 (s, 3H), 5.543 (m, 1H),
6.34 (dd, 1H)=5.7Hz, 1.1Hz), 6.79%.92 (m, 4H), 7.69 (dd, 1B 5.7 Hz, 2.3Hz);"*GNMR
(101MHz, CD@ =41.9,55.7,76.1, 114.9, 116.7, 136.4, 151.3, 154.6, 161.5, 205.3.

Recycling experiments (Synthesis o{4methoxyphenoxy)cyclopen2-enone (56b))

For the recycling procedure the recovered Pd@@®KETL nanoparticle32 were subjected to

the next rin by simply adding new reagents:-ofocyclopemn2-en-1-yl acetate 54a
(350.35mg, 2.5mmol, 2.5equiv.) and 4methoxyphenol 55b (124.14mg, 1.0mmol,
1.0equiv.) ortert-butyl (4oxocycloper2-en-1-yl) carbonate54b, 4-methoxyphenol55b
(124.14mg, 1.0mmol, 1.0equiv.) and GE£€Q (97 mg, 0.3mmol, 0.3equiv.) in 4mL DCM
under nitrogen atmosphere. Then the procedure described above was followeéivio
consecutive runs. Notabléhe recovery of the NP base was achieved by stirring the NP in a

Ko.CQ solution (1M) after each recycling step.

Analysis of Pd leaching during recycling

The palladium leaching was determined in both the T8toist reaction of 4nethoxyphenol

55b with 4-oxocyclopeni2-en-1-yl acetate 54a and the TsujiTrost reaction of 4
methoxyphenol55bwith tert-butyl (4oxocycloperi2-en-1-yl) carbonateb4b. After each run

the solution was removetia magnetic decantation and completely evaporated. The residue
was taken up by a defined amount of aqua regia 32% (v/v), filtered through a eytlireg

and analyzedrsia ICROES. The data are given as ppm values defined as ug palladium per

gramm obtained product.

4-phenoxycycloper2-enone (56a)
In a flame dried Schlenk flask Pd@CBI nanoparticles (0rol% Pd, 2umol) were added
under nitroggn atmosphere and further dispersed by sonication in DCRALOH for 10min.

Afterwards phenol 55a (94.12mg, 1.0mmol, 1.0equiv.) and 4oxocycloper2-en-1-yl
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acetate 54a (350.35mg, 2.5mmol, 2.5equiv) or tert-butyl (4-oxocyclopeni2-en-1-yl)
carbonate54b (495.54mg, 2.5mmol, 2.5equiv) were added and the resulting suspension
was stirred for 4 at room temperature or 4 at 0°C. Notable when tert-butyl (4
oxocyclopeni2-en-1-yl) carbonate54b was used, GEQ (97 mg, 0.3mmol, 0.3equiv) had
to be added. After magnetic decantation the solvent was evaporatetithe crude product
purified bycolumn chromatography (hexanes:EtOAc 9:2).

R =0.3 (hexanes:EtOAc 9:2; stains brown with vanillin); spectrosagi® according to
literature.

'H-NMR (300MHz, CD@) =2.44 (dd, 1HJ=18.4Hz, 2.1Hz), 2.89 (dd, 1H])=18.4Hz,
6.0Hz), 5.45 (ddd, 1Hl=5.8Hz, 3.8Hz, 2.2Hz), 6.36 (dd, 1HI=5.7Hz, 1.3Hz), 6.876.96
(m, 2H), 6.967.06 (m, 1H), 7.26.40 (m, 2H), 7.70 (dd, 1B55.7Hz, 2.4Hz).

2-(4-oxocyclopent2-en-1-yl)isoindoline-1,3-dione (56c¢)

In a flame dried Schlenk flask Pd@CB nanoparticle82 0.2mol% Pd, 2umol) were
added under nitrogen atmosphere and further dispersed by sonication in DGM._)4or
10min. Afterwards isoindolinel,3-dione 55c (147.14mg, 1.0mmol, 1.0equiv.) and 4
oxocyclopeni2-en-1-yl acetate 54a (350.35mg, 2.5mmol, 2.5equiv.) or tert-butyl @-
oxocyclopeni2-en-1-yl) carbonate54b (495.54mg, 2.5mmol, 2.5equiv) were added and
the resulting suspension was stirred for 24t room temperature. Notable whetert-butyl
(4-oxocyclopeni2-en-1-yl) carbonate54b was used, GEQ (97 mg, 0.3mmol, 0.3equiv)
had to be added. After magnetic decantation the solvent was evaporatedtla@ crude
product purified bycolumn chromatography (hexanes:EtOAc 9:2).

R =0.15 (hexanes:EtOAc 9:2; stains brown with vanillin); spectroscopic data according to
literature.

'HNMR(400MHz, CD@b =2.75 (dd, 1HJ=18.3Hz, 3.4Hz), 2.85 (dd, 1H=18.3Hz,
6.9Hz), 5.49%.58 (m, 1H), 6.44 (d, 1B55.7Hz, 2.2Hz), 7.52 (dd,1H,35.7 Hz, 2.4Hz),
7.70:7.80 (m, 2H), 7.83.91 (m, 2H).
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5. NP-catalyzed kinetic resolution of protectedac-4-hydroxy-2-cyclopentenone
Synthesis of (B 4R)-tert-butyl 3,4-diaminopyrrolidine-1-carboxylate (67)

(3R4R)-tert-butyl 3,4diazidopyrrolidinel-carboxylate 66 (253.26mg, 1mmol) was
dissolved in MeOH5ml) in an autoclave vessel. After adding Pd/Cwi%, 25mg), the
reaction mixture was stirred under lfar H pressure for 2t in an autoclave. After
completion the mixture was filtered and washed with methanol. The solvent was removed
under reduced pessure to obtain the pure product as yellow di86 mg,92%).

HNMR(400a | 1 £ a $HBH(s, OH), 1.56 (dd, 2B 16.3Hz, 6.8Hz), 1.721.93 (m,

4H), 2.18 (d, 2H}=7.4Hz); );>CNMR (101a | T £ a $RB®3)51.0, 51.4, 57.0, 57.5,
79.5, B5.1; 0nB=-54.6 € 1, CHG); LRMS (ESI):m/z=202.1549 [MH]; calc. for
[GothgN3O,] " = 201.15.

Synthesis of (B 4R)-tert-butyl 3,4-bis(2-(diphenylphosphino)benzamido)pyrrolidind.-
carboxylate (68)

In a flame dried Schlenk flask amino ligaéid (100.36mg, 0.5mmol, lequiv.), DPPBA
(306.29mg, 1mmol, 2equiv.) and DMAP (12r8g, 0.1mmol, 0.2equiv.) were dissolved in
dry DCM (8nl) under nitrogen atmosphere. TheBCC (113.5g, 0.55mmol, 1.1equiv.) in
2ml DCM was added dropwise under stig and ice cooling. Afterwardshe reaction
mixture was stirred for another 24 at room temperature. The precipitated white solid was
filtered off and the solvent further evaporated to get a sligiedlow solidcompound which
was purified bycolumn chomatography (hexanes:EtOAc 7:1 to 1:1). The pure product was
isolated as white solid (38tg, 0.48mmol, 97%).

HNMR (400a | 1 £ 5 a={.810(s, OH), 2.98.38 (m, 4H), 4.31 (s, 2H), 7-0B9 (m,
28H), 8.63 (d, 2HI=6.8Hz);:*'P-NMR (1211 T = 5 a={926;w ?8= 27.52c 1, DCN};
LRMSESI)m/z =778.2962 [MH]; calc. for [GHisNsO4P5] " =777.29.

Synthesis oN,N'-((3R 4R)-pyrrolidine-3,4-diyl)bis(2-(diphenylphosphino)benzamide) (65)

In a flame dried Schlenk flask R38R-tert-butyl 3,4bis(2(diphenylphosphino)
benzamido)pyrrolidinel-carboxylate68 (388.91mmol, 0.5mmol, 1equiv.) was dissolved in
acetic acid (2nL). Then BR*Et;O (0.2mL, 1.5mmol, 3equiv.) was added followed by

vigorous stirring for 3@nin at room tempeature. Afterwardsthe solution was poured onto
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a solution of NaOAc (@) in ice water (3nL). The precipitate was washed with ice water (5x
3 mL) and diethylether (5x BIL) and dried over®s in vacuoto obtain the TsujiTrost type
ligand. This was usedvithout further purification for coupling with the Cof2SCI

nanobeads.

TsujiTrost ligand functionalized CoARSCI nanopatrticles (60)

In aflame dried Schlenk flask Tretse ligand65 (33 mg, 0.048nmol) and Pgdbas (11 mg,
0.012mmol) in dry DCM (161L) were added under nitrogen atmosphere and stirred until
the purple solution turned yellovorown. Thenthe DCM was removed under a constant
flow of nitrogen. In the next step CofSCI21 (50mg) dispersed in DMF (BL) with the aid

of an ultrasonic bath for 1fhin. Then the suspension was stirred for Zlat 100°C.
Afterwards the nanoparticles were collectedia an external magnet and the solvent was
decanted. The NPs were washed with DMF (&% and DCM (3xrBL) before being dried
in vacuaoto obtain 56mg of functionalized nanoparticles.

elemental microanalysi$%]: C, 44.43; H, 3.73; N, 0.8®adingligand 0.19mmol/g.

ICROES: loadingpd :0.15mmol/g.

Kinetic resolution of tert-butyl (4-oxocyclopent2-en-1-yl) carbonate (54b) applying
nanoparticle catalyst (60)

Under nitrogen atmosphere to a solution wrt-butyl (4oxocyclopeni2-en-1-yl) carbonate

54b (99.11mg, 0.5mmol, 2.1equiv.), nucleophile55 (0.24mmol, lequiv.) and GE£Q
(23mg, 0.3equiv.) in dry DCM (@&L) in a flame dried Schlenk flask was added the
nanoparticle catalys0 bearing a Tsujirost type ligand (0.60l% Pd, 1.4tamol). The
suspension was allowed to stir for a certain time at a certain temperature untitaeyst

was recovered via an external magnet. The decanted solution was further filtered to remove
the CsCQ and the solvent evaporated. The crudeaction mixture was purified bgolumn

chromatography and the products eluted by an appropriate hexart€@#E mixture.
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4-methoxyphenol (55b): 2.5h at 0°C; R((9-4-(4-methoxyphenoxy)cyclopent-
enone)=0.3 (hexanes:EtOAc 5:1; stains brown with vanilil}NMR (400MHz, CDG)

L =2.45 (dd, 1H)=18.4Hz, 2.1Hz), 2.84 (dd, 1H)=18.4Hz, 6.0Hz),3.77 (s, 3H), 5.23.43
(m, 1H), 6.34 (dd, 1H=5.7Hz, 1.1Hz), 6.79.92 (m, 4H), 7.69 (dd, 18=5.7Hz, 2.3Hz);
BGNMR (101MHz, CD@ =41.9, 55.7, 76.1, 114.9, 116.7, 136.4, 151.3, 154.6, 161.5,
205.3; chiral HPLC analysi€Chiracel OBH, nheptaneiPrOH 9:1, 0.\l/min, 220nm):):

tr =28.5, t =30.9 (literature values; not separabld¥((R)-tert-butyl (4-oxocyclopent2-en-
1-yl) carbonate)=0.5 (hexanes:EtOAc 5:1; stains dark brown with vanilftNMR
(400MHz, CD@b =14.50 (s, 9H), 2.40 (dd, 18 18.7Hz, 2.2Hz), 2.83 (dd, 1H=18.7Hz,
6.4Hz), 5.615.79 (m, 1H), 6.33 (dd, 18=5.7Hz, 1.2Hz), 7.59 (dd, 1HI=5.7Hz, 2.4Hz);
“GNMR(101MHz, CD@b =27.7, 41.0, 74.2, 83.3, 137.2, 152.3, 158(3.2; chiral HPLC
analysis (Chiracel OB, nheptane/iPrOH 99:1, 1.thl/min, 215nm): timajor=13.2min,
>99%¢ee.

phenol (55a):1h at 0°C; R((S-4-phenoxycyclopeni2-enone)=0.3 (hexanes:EtOAc 9:2;
stains brown with vanillin);'H-NMR (400MHz, CD@b =2.46 (dd, 1H,J=18.4Hz,
2.1Hz),2.89 (dd, 1H,5)18.4Hz, 6.0Hz), 5.3%.56 (m,1H), 6.37 (dd, 1H=5.7Hz, 1.1HZ),
6.93 (dd, 2HJ=8.7Hz, 0.9Hz), 7.01 (t, 1HJ=7.4Hz), 7.267.37 (m, 2H), 7.71 (dd, 1H,
J=5.7Hz, 2.3Hz); '*GNMR (101 MHz, CD@b =141.9, 75.1, 115.3, 121.8, 129.8, 136.6,
157.3, 159.7, 205.1¢hiral HPLC analysi®henomenex Lux Cellulege nheptanefiPrOH
90:10, 1.0ml/min, 215nm): tmajor=13.93min, tminor=12.78min, 80 %e; R((R)-tert-
butyl (4-oxocyclopent2-en-1-yl) carbonate)=0.5 (hexanes:EtOAc 9:2; stains dark brown
with vanillin); spectroscopic data in accordance to literatuahiral HPLC analys{€hiracel
OJH, nheptane/iPrOH 99:1, 1.enl/min, 215nm): tmajor=11.4min, >99 %e.
isoindoline-1,3-dione (55c): 18h at room temperature;R((9-2-(4-oxocyclopent2-en-1-
ylisoindoline-1,3-dione) = (hexanes:EtOAc 9:2)0.15; *H-NMR (400MHz, CD@b =2.75
(dd, 1H,J=18.3Hz, 3.4Hz), 2.85 (dd, 1H=18.3Hz, 6.9Hz), 5.4%.59 (m,1H), 6.44 (dd, 1H,
J=5.7Hz, 2.2Hz), 7.52 (dd, 1HI=5.7Hz, 2.4Hz), 7.727.78 (m, 2H), 7.83.89 (m, 2H)>*G
NMR (101MHz, CD@b =89.6, 49.4, 123.6, 131.4, 134.4, 136.2, 159.6, 167.2, 20bigl
HPLC analysi(Phenomenex Lux CelluledenheptaneiPrOH 90:10, 1.l/min, 215nm):
trmajor=20.71min, tminor=22.21min, 81 %e; R((R-tert-butyl (4-oxocyclopent2-en-1-

yl) carbonate)=0.4 (hexanes:EtOAc 9:2; stains brown with vanilpgctroscopic data in
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accordance to literature chiral HPLC analysi¢Chiracel OB, nheptane/iPrOH 99:1,
1.0ml/min, 215nm): tmajor=11.4min, >99 %e.

4-bromobenzoic acid (55d)1 h at 0°C; R((9-4-bromophenyl (4oxocyclopent2-en-1-yl)
carbonate)=0.2 (hexanes:EtOAc 9:2)H-NMR (400MHz, CD@b =2.48 (dd, 1H,
J=18.8Hz, 2.2Hz), 2.94 (dd, 1H=18.8Hz, 6.4Hz), 6.10 (ddd, 1H=6.1Hz, 3.5Hz, 2.2Hz),
6.41 (dd, 1HJ=5.7Hz, 1.2Hz), 7.567.63 (m, 2H), 7.68 (dd, 1B&5.7Hz, 2.4Hz), 7.847.93
(m,2H) )®*CNMR (101MHz, CD@b =41.1, 72.7, 128.1, 128.7, 131.3, 131.9, 137.4, 158.7,
166.8, 204.3;chiral HPLC analysi@henomenex Lux Cellulege nheptanefiPrOH 70:30,
0.5ml/min, 254nm): timajor=20.95min, tminor=24.60min, 91 %e R((R-tert-butyl (4-
oxocyclopent2-en-1-yl) carbonate)=0.3 (hexanes:EtOAc 9:2; stains brown with vanillin);
spectroscopic data in accordance to literaturehiral HPLC analysi¢Chiracel OH,
nheptane/iPrOH 99:1, 1.énl/min, 215nm):t;major=13.6min, >99 %e.

Analysis of Pd leaching during recycling

The palladium leaching was determined in the Kkinetic resolution text-butyl (4
oxocyclopeni2-en-1-yl) carbonate54b applying phenob5a as nucleophile and g8Q as
additive as desdoed in the general procedure above. After each run the solution was
removed via magnetic decantation and completely evaporated. Thiedpict mixture was
separated bycolumn chromatography and both conversion and enantioselectivity were
evaluated. The resite (of both reaction products) was taken up by a defined amount of
aqua regia 32% (v/v), filtered through a syringe filter and analyrtCROES. The data are

given as ppm values defined as pg palladium per gramm obtained product.
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F. Appendix
1. NMR speata

'H NMR spectra

13C NMR spectra

upper image

lower image

Frequency, solvent and temperature (if not ambient) are noted at the top of the spectra.
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'H-NMR(300MHz, CDG)-38
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'HNMR(400MHz, CDG)}-40

~">COOCH;
r [
I
L |
E) T z
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 0.5
f1 (ppm)
13
GNMR(101MHz, CDG)
Frem Ll ._.Y | L‘ ™
230 220 210 200 190 180 170 160 150 140 130 120 “ %10 N 100 90 80 70 60 50 40 30 20 10 0
ppm

81



Appendix

'HNMR(400MHz, CDG}-42
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'HNMR(400MHz, MeODY4
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'H-NMR (400MHz, MeODX6
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'HNMR(300MHz, CDG)}-48
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'HNMR(400MHz, CDG)}-49
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'HNMR(300MHz, CDG)-34
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'H-NMR(300MHz, CDG}-53a
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'H-NMR (400MHz, CDG}53c

0]
OEt
L i
524 £y £y i
Sad 2 < "
T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.(
f1 (ppm)
13
GNMR(101MHz, CDG)
)
T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 fl%ln ) 100 90 80 70 60 50 40 30 20 10
ppm

230 220 210

89



Appendix

'H-NMR (400MHz, CDG}53d
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'H-NMR (400MHz, CDG}53b
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'H-NMR(300MHz, CDG}-59
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1H-NMR(4OO MHz, CDG}-56b
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'HNMR (400MHz, MeODp7
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'HNMR(400MHz, DMSQB8
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'H-NMR (400MHz, CDG}(S-56b
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'HNMR(400MHz, CDG}(9-56a
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'HNMR(400MHz, CDG}(S-56¢
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'HNMR (400MHz, CDG}(S-56d
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Appendix

'HNMR(400MHz, CDG}H(R-54a
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Appendix

2. HPLQhromatograms

Table 10entry 1-(S-4-phenoxycyclopent2-enone (§-56a)
BK172_2 2 DATA - PDA detector Absorbance Analog Channel 1
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=2
E 400,
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20(2
g

ML

o

01234567289 101112131415161?’18192021222324252627282930

Min
Peak Results :
Index | Name Time | Cuantity Height Area| Area %
[Min] | [% Areal [mAU]  [mAU Minl [%0] |
1 UNKENOWN | 12,78 957 1040 30.1 9573

2 | UNKNOWN | 13.93 9043 | 8819 2839| 90427

Taotal 100.00 | 9859 314.0| 100,000

Table 10entry 1-(R)-tert-butyl (4-oxocyclopent2-en-1-yl) carbonate (R))-54b)
BK180-1_F1.DATA - PDA detector Absorbance Analog Channel 1
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01 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27
Min
Peak Results :
Index | Name Time | Quantity Height Area| Area%
[Min] | [% Areal [mAU] [mAU Min] [%]
1 UMENOWM | 11.36 100,00 | 4150 3236 100,000
Total 100,00 | 4150 32361 100,000
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Appendix

Table 10entry 2-(9-4-(4-methoxyphenoxy)cyclopen-enone (§-56b)
rac-4-(4-methoxyphenoxy)cyclopen-enone (56b)

Tablel0-entry 2-(R)-tert-butyl (4-oxocyclopent2-en-1-yl) carbonate (R))-54b)
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