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Abstract

Dueto thar high performance in both activity and selectivity, dirhodium catalysts have been
widely employed in syntheses of important bioactive substances or pharmaceaniddisve
been recognized ame ofthe indispensabl®rganomedllic catalystsHowever,rhodium is a
kind of rare and precious metal element on eank, thuscatalysts based on this element are
very expensive.Furthermore,metal contanmation of pharmaceuticals in homogeneous
reactiors isfeasibleowing to theunsdisfactoryhomogeneousatalyst recovery and recycling
Accordingly, the development oheterogeneouslirhodium catalysts which can be ety
separated from a reaction mixture and used meltimes,is considered to be agffective
way to overcome thegatrinsic problems ohomogeneous catalystbhis thesis presents two
differentapproaches to prepare heterogeneous chiral dirhodium cat@yst®pproach is the
immobilization of dirhodium catalysts based on ss$emi@d coordination polymers via
ligand exchangelhe secondipproach is to immobilize dirhodium catakysih mesoparus
silica material SBAL5 viaCu(l)-catalyzed azidalkyne click reaction

1. A facile approach is reported for the preparation of dirhodtoordination polymersia

ligand exchange between dirhodium trifluoroacetate(lRRA), and differently sized chiral
dicarboxylic acids derived fronL-phenylalanineor L-tert-leucine. Multiple techniques
including FFIR, XPS, and soligtate NMR spectroscopy reveal the formation of the
coadination polymers via ligand exchange. Although the quantitdfiveCP MAS NMR
spectra demonstrate incomplete ligand exchange in the resulting coordination polymers, these
dirhodium polymers show excellent catalytic activity te asymmetric cyclopropation
reactionof diazooxindole andryl alkenes SEM images indicate that the dirhodium polymers
possess lamellarstructure XPS datademonstrate that the state of rhodium in the dirhodium
nodes is maintained during the synthesis of the polyneisaticular, the enantioselectivity

of the dirhodium coordination polymenshich were synthesized from aromadiicarboxylic

acids derived fromL-tert-leucine, showedsignificant improvement compared to the
dirhodium polymers carryingicarboxylic acids deried fromL-phenylalaninelmportantly,

the dirhodium polymers can be easily recycled and reused five times without significant
decrease in their catalytic performance.

2. In the second approach novel heterogeneoushiral dirhodium catalysthamely Ry (S
PTTL)3(SPTTL-linker)~SBA-15, has beepreparedsia click reaction of azidéunctionalized
SBA-15 with the dirhodium complex R{&PTTL);(SPTTL-alkyne) containing an alkyne
moiety. During theoreparatiorof this catalyst an analogous chiral ligand syst@wontaining
an alkyne moietf(S-PTTL-alkyne)is employed to exchangee chiral ligand of the parent
Rhy(SPTTL), catalyst, whiclkcould largelypreservehe intrinsic catalytic performance of the
catalyst. Theresultingheterogeneous dirhodiuratalyst is baracterized by FIR and*3C
solid-state NMR to validate the successiuimobilization. The catalytic performance of the
heterogeneous catalyst RBEPTTL)3(SPTTL-linker)~SBA-15 isexplored in the asymmetric
cyclopropanation of -8liazooxindole with diffeent aryl alkenes that formspiro-
cyclopropyloxindoles which servas precursors for pharmaceuticals. The novel catalyst
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shows excellent catalytic activity withigh levels of enantioselectivitieanwhile it can be

readily recovered and reused at lefmiir times without significant loss of its catalytic
performance.
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Zusammenfassung

Aufgrund der hohen Leistustihigkeitsowohl in Bezug auf Aktivitat als auch Selektivitat
sind DirhodiumKatalysatoren in der Synthese wichtiger bioaktiver Substanzen oder
Pharmazeutika weit verbreitet und als unverzichtbare metallorganische Katalysatoren
anerkannt. Rhodium ist jedochlin seltenesEdelmetallelementAus diesem Grund sind
Dirhodiumkatalysatoren haufig sehr teuer. Andererseits stellt Rhodium als
Metallverunrenigung bei der Herstellung voRharmazeutika in homogenen Reaktioeéan
gro3es Problem darDartber hinaus ist die Ardinigung und Ruckgewinnung des
homogenen Katalysatorfiir die mdgliche Wiederverwendung haufig sehr aufwendig.
Dementsprechend wird diEntwicklung von heterogenen Dirhodiumkatalysatoren, die leicht
aus einem Reaktionsgemisch abgetrennt und mehrfach verwendet werden koénnen, als
effektiver Weg angesehen, didsachteilehomogener Katalysatoren zu tberwinden.

Die vorliegende Arbeit prasengrt zwei Ansatze zur Herstellung heterogener chiraler
Dirhodiumkatalysatoren. Ein Ansatz ist die Immobilisierung von Dirhodiumkatalysaimren
selbstorganisierenden Koordinationspolymeren durch Ligandenaustausaweiier Ansatz

ist die Immobilisierungles Dirhodiumkatalysators aA&id-funktionalisiertemmesoporosem
SBA-15 lbereineCu(l)-katalysierte AzidAlkin-Klickreaktion.

1. Ein einfacher Ansatz zur Herstellung von Dirhodikoordinationspolymeren durch
Ligandenaustausch ~ zwischen  Dirhodiumtrificetat RB(TFA); und  chiralen
Dicarbonsauren unterschiedlicher Grol3e, abgeleitetLvBhenylalanin odet-tert-Leucin,
wird beschrieben. Mehrere Techniken einschlieRlichIFET XPS und FestkorpeMMR-
Spektroskopie zeigen die Bildung der Koordinationspolgmdurch Ligandenaustausch.
Obwohl die quantitativen *°F CPMAS NMR Spektren  einen  unvollstandigen
Ligandenaustausch in den resultierenden Koordinationspolymeren zéigsitzendiese
Dirhodiumkoordinationpolymere eine ausgezeichnete katalytische Aldivitin der
asymmetrischen Cyclopropanierung von Diazooxindol und ArylalkeBEM-Aufnahmen
zeigen, dass die Dirhodiumpolymere eine lamellare Struktur besitzeRDARS zeigen, dass
die Dirhodiumknoten wahrend der Synthese der Polymere erhalten bitstodium
Koordinationspolymere, die auk-tert-Leucin abgeleitetn aromatischen Dicarbonsauren
hergestellt wurden zeigten eine signifikante Verbesserunder Enantioselektivitatim
Vergleich zu den DirhodiurRolymeren, die voi-Phenylalanin abgeleitatdicarbonsauren
synthetisiert wurdenDie Dirhodiumpolymerelassen sich einfaclecyceh und kdnnen
mindestensfinfmal wiederverwendet werden, ohne dass iRerformancesignifikant
beeintrachtigt wird.

2. Als zweiter Ansatz zur Immobilisierung eines chiral@irhodiumkatalysators wurde ein
neuartiger immobilisierter  chiraler  Dirhodiumkatalysator, SHPTTL)3(SPTTL-
linker)~SBA-15, Uber einKupferkatalysierteKlickreaktion hergestellt. Dabei reagieren die
Azidgruppendes funktionalisiert& SBA-15 mit dem Dihodiumkomplex RESPTTL)(S
PTTL-Alkin), welchereine Alkineinheitbesitzt Wahrend der Synthes®n Rhy(SPTTL);(S
PTTL-Alkin) wird ein chiraler Ligand des R{&PTTL), Katalysatorsgegen ein analoges
chirales Ligandensystem mit einer Alkineinheit auagstht, wodurch di®erformanceles
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Katalysators weitgehend erhalten bleibt. Der heterogene Dirhodiumkatalysator wird durch
FT-IR und **C-FestkérpeNMR charakterisiert, um die erfolgreiche Immobilisierung zu
validieren. Die katalytische Leistung des hetmmen Katalysators RISPTTL)3(SPTTL-
Linker)~SBA-15 wird in der asymmetrischen Cyclopropanierung veig&ooxindol mit
verschiedenen Arylalkenen untersuctitelche Spiro-Cyclopropyloxindole bilden, die als
Vorstufen fur Pharmazeutika dienen. Der ndgartKatalysator zeigt eine ausgezeichnete
katalytische Aktivitat bei hoher EnantioselektivitiDer Katalysator kann leicht
zurickgewonnen und mindestens viermal wiederverwendet werden, ohne dass seine
katalytischeAktivitat und Enantioselektivitagignifikantabnimmt
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1 Introduction and goals

The wordficatalysi®, derivedfrom the Greek wordfie U U U & (Blaoseadown, dissolveyvas

first introduced by Berzelius in 1838.The definition:fia catalyst is a substance that changes
the rate of a chemical reaction without itself appearing in the pranwess given by Osvald

in 1895.And acording to IUPAC fia cdalyst isa substance that, being present in small
proportions, increases the rate of attainment of chemical equilibrium without itself undergoing
chemical change™ ® In the past decades, various types of catalysts, such as metals,
organometal compoundsnmetal oxidesand enzymes have played a significant role in
manufacturingpf chemicalsfuelsand pharmaceuticat “*° Nowadays more than 90% of all
industrial chemical productions are produced with theelp of catalysts. Importantly, a
chemical reaction can lmiven by catalysts, either homogeneous or heterogenaoessin a
selected direction to desirgitoducs that our societies ne€dn a homogeneous catalytic
process, the catalyst is ihe same phase with the reactants, and the catalyst is well dispersed
in the reaction mediun®©n the other handgterogeneous catalgsiretypically solids, where

the catalyst is in a different phase frone theactantduring the catalyticprocess: 222
Homogeneous catalystssually showsuperior catalytic performances compared tioeir
heterogeneousounterparté 2> This observation isnost probablyelatedto thehigh degree

of interactionof homogeneous catalysigth reactant molecules since thelyspersewell in

the reaction mixtureln contraryonly active siteslocated atthe surface of heterogeneous
catalysts partipate in heterogesous catalytic reactioa In addition, the multistep
preparation of heterogeneocatalystsprobablychangs the chemical environment afctive
sites andthe solid carrier materiatmaylimit themass transfeduring the catalytic resion.**

2425 However, heterogeneous catalysts aeasily separale from reaction mixturs by
filtration or centrifugationandreusblemultiple timesin a new reaction

Homogeneous organometallic catalysts aidely used in industrial scale production of fine
chemicals, pharmaceuticals and organic materials, owing to their high performance in both
activity and selectivel®?’ In particular,dirhodium complexes are prament examples of
organometallic catalysts. They display excellent catalytic performance in a diverse array of
organic reactions in which-C, GN and GO bonds are formet?®?° However, the difficult
recovery ad recycling and high costof homogeneouslirhodium catalystsare the major
limiting factors for their application in industrial proce=s® ' 3! Especially,according to

the viewpoints of reducingpollution and environmeiad protection based oriiGreen
Chemistry, extensive efforts toward the development of heterogengiolisdium catalysts,

which are easily separable from a reaction mixtare required? 32*3

Remarkable achievements have been m@dbeterogenizelirhodium catalyst§® 3031 343°

however, there still remains a need five development of novel strategies to design
immobilized chiral dirhodium catalyster synthesis of importarfine chemicals, bioactive
substances and pharmaceutiéal$ie maingoal of this thesiss thereforeto further develop a
facile andefficient approach for the fabrication of heterogeneous chiral dirhodium catalysts
with high catalytic performance for asymmetdgclopropanatiorof 3-diazooxindole with

aryl alkenesthat form spiro-cyclopropyloxindoles which are an important group of
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heterocycles with potential application medical research, such as potent HIV inhibitbts
and antitumoagents* **%°

This thesisdescrbestwo routes for the immobilization of chiral dirhodium catalysts. One
route isbased on théinding of dirhodium catalysts in sedssembly coordination polymers
via ligand exchange.Recently, coordination polymers have become a focufor the
immobilization of achiral dirhodium catalystssince the resulting dirhodium coordination
polymers possesshigh density and uniform distribution of active sit€&" More importantly,
the employed syntheticoute to obtain these coordination polymedoes not require
additional solid materials'hus, we further deveped this approach for the immobilization of
chiral dirhodium catalystas coordination polymerdn the first step, various types of chiral
ligands with different sizes derived fromphenylalanineor L-tert-leucine are synthesized.
Next, these ligandsre employed to prepare chiral dirhodium coordination polymers via
ligand exchange between the chiral ligand and(R®A)s;. The aim ofthesestudiesis to
inspectthe effect of ligand size and ligand systems carrying different groups in dirhodium
coordinaton polymers on their catalytic activity and selectiviurthermore the ligand
exchange process between chiral ligands and(TRR), is monitored by multiple
spectroscopi¢echniquesincluding FFIR, XPS and solicstate NMR spectroscop¥inally,
their catalyticactivity and selectivitys studied in thesynthesif spiro-cyclopropyloxindoles
from diazooxindole and aryl alkenes.

Over the past decades, mesoporous silica materials such at5SB#ve become one tfe
prominentcarrier materials fothe immobilizationof catalystsowing totheir uniquephysico
chemical propertiegcluding their relatively high surface area and pore volumdjustable
pore dimensionsand hydrothermal stabilit§® “*** These pasus materialpossess potential
applicatiors asadsorbents for chemisalaschemical sensorsn environmental technologies
and drug delivery® **** In addition, the immobilization of homogeneous chiral andrath
organometallic catalysts in mesoporous silica materials is of particular interest in the area of
catalysis> 1% 2> 33 42 47 Tharefore in the secondapproach we employed SBAL5 as solid
carrier mateal for the immobilization othe chiral dirhodium catalysRh(SPTTL)s, which
is one ofthe mostefficient dirhodiumcatalysts with high enantioselectivin a wide range of
asymmetric transformations of diazocarbonyl compoufitfsDuring thefirst step ofthe
synthesis one chiral ligand of the parent KB-PTTL), catalyst issubstitued with an
analogous chiral ligand systenvhich contairs an alkyne moietyThis syntheticrouteto a
large extentmaintairs the intrinsic catalytic performance of the catalysiext, the resulting
Rhy(SPTTL)3(SPTTL-alkyne containing an alkyne groug reactedin a Cu(l)-catalyzed
azidealkyneclick reaction with an azid&unctionalized SBAL5 materialyielding a triazole
linked heterogeneous dirhodium catalyBhis immobilization proceduris monitored byFT-
IR andsolid-state NMR techniques. Tloatalytic performancef the obtained heterogeneous
dirhodium catalyst isevaluated in the formation afpiro-cyclopropyloxindoles sm 3
diazooxindole and aryl alkendanally, its recyclability and stabilityareexamined exemplary
in recycling and leaching experiments.

The outline of this thesis describe in the following After this short introductionChapter 2
summarizeghe basic background on dirhodium catalystg;luding previousapproachesor
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the immobilization of dirhodium catalysts and the basic techniquesheracterize
heterogeneous dirhodium catalystfiapter 3 and Chapterdclude the accepted manuscripts
on immobilization of chiral dirhodium catalyst® a selfassembly process as coordination
polymers.Chapter Sncludesthe acceptednanuscript onmmobilization of RR(SPTTL), on

SBA-15 via click reaction.This chapter is followed by the summary and a sectiat t
includes the references.



2 Theoretical background

2.1 General aspects omlirhodium catalysts

Among the catalysts, ithodium complexesas prominent examples of transitioretal
catalystshave drawn much attention due their high efficiency for various organic
reactions® 2% °*° Dirhodium complexesre bimetallic compounds with one R bond,
four bridging ligands and two axial sites displayed in a unique lanternliadalewheel
structure™™ °* °®2 The presence of Rh-Rh bond affects the catalytic performance of
dirhodium catalystswhich significantly differs from single metal complexesn organic
synthesigeactions>®* Since 1960wherethe first binuclear dirhodium compourdntaining
four bridgng carboxylate groupsiamelyRhy(OAc), (Figure2.1), was synthesized by heating
rhodium(lll) chloride under rdélux in neat formic acida number ofachiral and chiral
dirhodium catalysts, such as ghPA);, Rh(R-TPCP) as well asRhy(SNTTL),4 (Figure
2.1), have beemrepared by introducing different bridging ligarfds?

Bridging ligands

K

X
Y
| \th/ X=0, Y=0, N or S

Rh | X
_— ]\Y— X=N,Y=0 or N
Axial ligands \l} X R -C-R represent bridging ligands
R
CH; B B B A
. o Ag_{o -1 Fi{h
3C o) o) 4
0 =Rl - 3
| ,,\th I Rh N O—Rh
1{1 O | 0O
~o— —J\ —Rh —Rh C
CH; 4 L _4 L O 4
Rhy(OAc), Rhy(TPA), Rh,y(R-TPCP), Rhy(S-NTTL),

Figure2.1 The structurs of Rhy(OAC)s, Rh(TPA);, Rhy(R-TPCP), and RAR(SNTTL)..

Over the years intensive resear@hdirhodium complegs has proven that they are highly
efficient catalysts for a diverse array of orgamiansformations including GH, SiH
insertions, GH amination, olefin aziridination, cyclopropanation, cyclopropenation &deé y
formation (Figure 2.2f ® "2 Dirhodium complexes havéhus attracted considerable
attention in the syntheses of important organic compounds as active pharmaceutical
ingrediens such a®\dderall, milnacipran, HIV inhibitas and antitumor agesf®3®: 82 9%9°
However,the elementrhodium is one of the raresin earth and the annual production of
rhodium isonly 1% of gold.Therefore, the price of rhodium is extremaigh and thus also

the preparation offirhodium catalysts based on this elenfént® Despite theuniversal



applicability, highlevel of catalytic activity and selectivity of homogeneasral dirhodium
catalysts, thechallengingcatalyst recoveryand recyclingare the primaryestricting factors
for their practical application in industriadhemistry Furthermore, according to metal
contamination of active pharmaceutical ingredients, the residual aoetgdoundshave to be

removed completely from ingredients by efficient processes andechnobgies

56, 97101

Accordingly, it is highly desired to develop simple and efficient methodologieghtor
immobilization ofdirhodium catalystswhich are easily separabi®m a reactiormediavia
filtration or centrifugation to address these intrinsic problems of homogeneataysts* 2°

31, 33, 40, 10203

X-H insertion

R, R, R, X_ H
\"/ Rb,| R X-H Pre
R,
Cyclopropanation
R
R R 3
! 2 |Rny R, = Ry _R,
N, -N, R
2 R
3
Cyclopropenation
R
R, R, R, — 3
\"/ {ha} {ha / — Rl R2
N, N, 1 \
R, R
3
Ylide Formation
. ® R
R R 3
N Rb,| R, X-R3 N
NZ -NZ {ha \ e
R2 Rl Rz

Figure2.2 Typicaldirhodiumcatalyzedorganicreactionsaccording to ref88.

Until now, variousresearctgroups have focused dhe development of heterogene@ahiral
and chiral dirhodium catalystsand various strategies were propoded handling the
dirhodium catalyst recovery probleth 3> 4% 73. 9. 1807 These strategies mainly concentrated
on the immobilization of dirhodium catalysééd can be divided into twalasses, (ijxial
binding at axialrhodium sites and (ii) exchangeof bridging ligand at equatorial positions
including the binding of dirhodiuncatalysts in selassembly coordination polymers.



2.2 Immobilization of dirhodium catalysts

2.2.1 Axial binding

Davies and cavorkers®®** firstly reported an efficienand universastrategyto immobilize
dirhodium catalysts via axial binding. Htheir studes a pyridinyl groupfunctionalized
ArgoPore resin was selected as carrier material since it is a highlylioless macroporous
polystyrene and readilyseableogether with organic solventa. large vaiety of dirhodium
catalysts have been successfully immobilized on ArgoPore resin via axial binding, such as
Rhp(TPA),, Rhy(Oct), Ri(SMEPY)s, Rh(R-BNP), Rh(SDOSP), Rh(SPTTL), and so

on (Figure2.3).

Ther obtained heterogeneous dirhodium cataslydisplayed excellent catalytic performance
in organic reactions, such as intermoleculat Gactivation and cyclopropanatidff*'*
Importantly, some of the resulting heterogeneous dirhodium catalystd be reycled and
reused over 15 times without a significant decrease in catalytic perforfiamteés approach
for the immobilization of dirhodium catalysts offers advantages includmgle operation
and easy monitarg of the successful immobilization of dirhodium catalyststloa carrier
material via pyridine As visual effect of the coordinationthe color of the dirhodium
complexeshangsfrom green to purple.

o1 xo
' S 1
()/f J
0 Dirhodium complexes Q 0 U\\R{h/-"
O O R X ‘l{
R
O—TRh
oK o
O—Rh <
O O——Rh
L 4 4
Rh,(TPA), Rhy(Oct),
i O ] v otrn ]
O—Rh O 0. oL N OfRh
| ) N OO 0/ O-—+Rh | 5 N /()__[fh
CO,Me ' L
2MEy B 4 Colle |y 7{*0 Rh
‘ - L 14
Rh,(S-MEPY), Rh,(R-BNP), Rh,(S-DOSP), Rhy(S-PTTL),

Figure2.3 Anchoring chiral dirhodium catalysts suchRis(TPA),, Rhy(Oct),, Rh(S
MEPY);, Rn(R-BNP),, Rh(SDOSP) and RR(SPTTL),) on ArgoPbre resin via axial
bindingaccording to refsl08111



Wang and coeworkers®? further develped this strategy toimmobilize Rhy(esp} with a
Merrifield resin functionalizedwith a pyridine groupfor the allylic oxidation ofsteroids
However, thebondbetween pyridinend rhodiunmay be brokem EtOAc mixedwith HCI
solutionas illustrated inFigure 2.4. Theseresults illustrate that they are both operationally
simple for anchoring dirhodium complexes ygridinyl grougs, however the probabilitpf
degradations high when performing catalytic reactions in specific reaction media.

HCl aq

EtOAc Rhl(esp)l

Merrifield-pyridine-Rh,(esp), complex

Rh,(esp),

Figure2.4 Process oRmy(esp) grafing and releaisg on Merrifield-pyridineaccording to ref.
112

Besides of polystyrenéunctiorelized with a pyridine grougor immobilizing dirhodium
catalysts, Petrukhinat af® developedan approach tayraft dirhodium complexes inside
nanoporous silica via amine groups that serve as anchor sites (Bigur@he resulting
heterogeneous catalysts showed good vyields and selectivity in intermolecular
cyclopropanation reactionsompaablewith the correspondindgpomogeneous ones.

~ ST ; — Sl S1 .
o si—0 ~o—— -0 0o
O ) \ /,
~_7 TN / N
_-N T 0— PR ,0
L .
o In'/o\/ 0—Rh—|0 O—Rh—|0
™~ TRh__/ / \ _— ANrE
T — o o
\\ O/ l‘ ({”)- \\ (I) \/ >__ \O‘ \/ —
/ | — — —Rh—
Df“ RI1/ ’\\ O\ }{h © | ©
’I‘O' ~0” . o / o]
pd / /

Figure2.5 Schematic representation of th@noporougatalystbased on SBAL5. The
channelis covered witldirhodiumcatalysts bound via amine functions. (illustration
according ¢ ref.33)



Subsequently, some of us reported an efficient route forntiheobilization of dirhodum
catalysts such as RTFA), and RR(OAc), on the surface of SBAS5 via amine or amine and
carboxyl group$® *®>The binding between rhodium, amine and carboxyl grovass verified
by means of multinuclear sdistate NMR techniques™C, N and *F NMR). Three
different binding geometriesvere obtained as presented in Figure.6. Recently, the
mechanism behind this immobilization strategy was investigated fhenthermodynamic
point of viewsuggesting diffenet reaction pathways to obtain the identified binding Sités

COoH

P

Figure2.6 Three reasonable combinations of bindingshttween rhodiurandamineor
carboxyl groupsccording to ref30.

2.2.2 Binding at equatorial positions

Dirhodium complexes have four bridging ligands eafuatorial positions Thus another
possibleapproachor the immobilization of dirhodium catalysts g the exchange ofhese
bridging ligand. Among the dirhodium (1) catalysts, KB-PTTL),, which incorporates four
N-phthaloytL-tert-leucinate &PTTL) asbridgingligands is one of thanostimportantchiral
dirhodiumcatalysts that was firstiseporedat the beginning of th@0sby Hashimoto and co
workers'***® This catalyshas been manifested reachhigh levels ofenantioselectivityor

a large numbeof asymmetric transformations of diazocarbonyl compounds, including dipolar
cycloaddition®® **’ intermolecular €H insertions*® '8 cyclopropanatio®*® as well as
[2,3]-sigmatropic rearrangementsThis broad varietyof organicreactions gives rise to use
Rhy(SPTTL), as an efficientransitionmetal catalysin syntheses admportant fine chemicals,
bioactive substancesand pharmaceutical®® 3% 3%° For example, the spiro-
cyclopropyloxindolesan be synthesized by cyclopropanation of diazooxindoles with olefins
employing RR(SPTTL), with potential application as potent HIV inhibitor and antitumor
agens.® M 19substituted indanone, which is a key intermediate in the synthesfie abn
competitive NMDA receptor antagonist FR115427, can be prepared by intramoleddlar C
insertion ofU-diazob-ketoesteemploying RR(S-PTTL), as catalyst?®*??

The heterogenization of RI&PTTL), via covalent briding at equatorial positiowas
proposed byHashimoto and cworkers'?! They describedraapproactwhereonly one chiral
ligand of RRB(SPTTL), was exchanged bynaanalogous functional ligandor the
heterogenizatio of R(SPTTL)s. The resulting vinyfunctionalized Rm(SPTTL), was
employedin a copolymerization reactiaio heterogenizéhe dirhodium catalyst (Figur@.7).
The catalytic performance of the obtained heterogeneous catealgsihen inspected for the
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asymmetric €H insertionof U-diazoester, the C-H insertion of aryldiazoacetateandthe C-H
insertion of U-diazob-ketoester showing almost similar yields andenantioselectivities
compared to R{S-PTTL),.** This illustrates that thér obtained heterogeneous catalyst is an
efficient chiral dirhodium catalyst withigh enantioselectivity. Importantly, it can be reley
and reused at least 100 times without significant decrease in yielehantoselectity and
with low leaching level* This also demonstrate that @valent binding at equatorial

positionsis an efficient method for immobilizing dirhodium catalysts.

“ N gg
Agﬁo_zj_z ’(g Ao - gg 0
5% .

AIBN

H-0/chlorobenzene
Acacia gum. NaCl
75 °C. 24h

Figure2.7 Reactionschemdor the preparatiorof a polymersupportecthiral rhodum(ll)
complexaccordingo ref. 121

Subsequently, they reported tlmmobilization of dirhodium catalysts including R{&
TCPTTL), and RR(STFPTTL) via a similar route based on polymer§?'% First, the
corresponding vinyl-functionalized dirhodium monomes were synthesized via ligand
exchange as shown inFigure 2.8 Then, the monomers were employed to prepare the
polymersupported chiral dirhodium catalysts accordingtite sameapproachused fothe
immobilization of RR(SPTTL),. The resulting heterogeneous dirhodium catalysts
employed intheasymmetric amination of silyl enol ethers anatarbonylylide cycloaddition
reactions respectively showng excellent catattic activity with high levels of asymmetric
induction Finally, ther heterogeneous catalgstould be recycled up to 20 timesithout
significant loss in catalytic performant® This furtherillustrates that suppoihg chiral
dirhodium catalystvia ligand exbangeon polymerss an efficient and universal method for
the immobilization of dirhodium catalysts.
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Figure2.8 Preparatiorof dirhodium(ll}-complees containingavinyl groupaccordingto refs.

102-103
3 Rh—Rh R11/>/
~—
HOOC. + —cooH FiC OO)\? /5{}{\/}\
0. | ;Rll.
Rh7 | o
| 975, HOOC _
HOOC _ “CHO © “CHO
&R, %cacoo
§
HOOC — COOH \ l—R} >
R_l_/
CF3;COOH \ /OO on CNC
HOOC— HOOC—
COOH COOH

Cellulose Nanocrystals (CNC)

Figure2.9 Schematic illustration of the preparation of GIR&, according to ref31.

In another approachome of ushavedescrbeda heterogeneous dirhodium catalyst based on
environmentally benign and biocompatilgiellulose nanocryals as support materigFigure
2.9)3! This heterogeneous dirhodium catalysassynthesizediia ligand exchange between
Rh,(OOCCE),4 at equatorialposition and carboxyl groups on CNC surfac&he succesof
ligand exchange between ROOCCE), and carboxyl groups othe CNC surfacewas
confirmed by soliestate NMR spectroscopy¥he obtained hetegeneous catalyst performed
well in the cyclopropanation reactioaf styrene with diazoacetateshere theyields almost
stayedconstangfter three runwith low Rh leaching.
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Davies and cavorkers®” further developedn approactio exchange one dhe ligands for
the immobilization of RE(SDOSP), which is the maseffective chiral dirhodium catalysbr
transformations including donor/acceptor carbenoid intermedialest strategywas based
on the design o similarfunctionalizedchiral ligand as the parent ligandstbé dirhodium
catalyst This is importansince it minimizechanges othe chiral microenvironmerdround
theimmobilized catalystTheir approacistarted from a Suzuki coupling reaction(8f-1-((4-
bromophenyl)sulfonyl)pyrrolidin@-carboxylic acid with 4-vinylphenylboronic acid to
provide N-(arylsulfonyl)prolinate Then, the N-(arylsulfonyl)prolinate was subjected to
exchange one of the chiral ligantlsRh(SDOSB, to obtainRhy(SDOSP}(S-SP) (Figure
2.10). Finally, the obtaine®Rh,(SDOSP}(SSP)complexwas grafted to functionalized silica
through AIBN -initiated radical coupling resulting in a heterogeneous chiral dirhodium
catalyst.The Rh loading was determined to be 0.06 mmol/g.

QCOOH
| O-TRh—0O,
o § Bl Y
2 QCOOH Q—<’ | > """" N
\ | | OTRh—O |
5 mol% S0, RhyS-DOSP), | &g SO,
Br Pd(dppf)Cl, PhCI, 160 °C ’
Gt Y mausce <
—
+ THF:H,0
pow, ¢ 0 ot ¢
2 0,
96% C Rhy(S-DOSP)5(S-SP) OTRh—0,
. oLTTH0
~ AIBN |  OTRh—0 |
=+ Toluene, 80 °C SO, 502
Q
= CipHys 3 O
o Silica
Si
4

Figure2.10 Synthesis o Rhy(S DOSP), derivativeandits immobilizationon functionalized
silica accordingo ref.107.

The catalyticperformance of the resulting heterogeneous catalysttheasinvestigatedin
various reactions including cyclopropenation, cyclopropanatytide formation and GH
functionalization'®” The products of theseansformations under catalytimnditionswere
received in high yields with excellent levels of enantiagei#y almost equal to the
homogeneous R{SDOSP), catalyst Furthermore,such heterogeneous dirhodium catalyst
could berecycled and reusedt leastfive times without significant loss in botbatalytic
activity and enantioselectivity in each consecetieaction®’ This studyfurtherdescribedhe
efficiency toonly exchangene ligandfor immobilization of a dirhodium catalyst on a silica
support.Next to this workthey reportedhatthis heterogeneous dirhodium catalystuld be
incorporated into a hollow fibeand usedn flow reactors for heterogeneouslytalgzed
reactions in organic synthe<fs.

Very recetly, Jonesand co-workers® descrbed two pathways to immobilize thRhy(Sp-
Br/PhTPCP) on silica (Figure2.11). Via pathway 1 the mixed liganddirhodium silanewas
synthesized viaCu(l)-catalyzed azidalkyne click reaction between Rhy(Sp-Br/Ph
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TPCP}(Sp-AkyneTPCP)and 3-azidopropyltrimethoxysilanerhen, he obtained dirhodium
silanecomplexwas anchored on the silisupportvia postgrafting methodVia pathway 2,
the azidesilane (N silane) was grafted on the siliza the first step Next, the dirhodium
catalyst,Rhy(Sp-Br/PhrTPCP)}(Sp-AkyneTPCP) was immobilized orthe surface ofzide
functionalized silica viaCu(l)-catalyzed azidalkyne clck reactionyielding a triazole linked
heterogeneoudirhodiumcatalyst

N;
Cl N;

OH OH OH (|)H
NaNj Silica 5i—OMe
S_/0— _— O0— \
o 1\0 DMF _O/SI\O Toluene ?H ‘|) (I) ‘|)H
/ 100 °C, 24 h / 90 °C,24 h Silica

Pathway 1 Pathway 2

OH OH OH OH

Silica

Toluene
90°C,72h

Figure2.11 Immobilization of RR(S-p-Br/Ph-TPCP}(Sp-AkyneTPCP)catalyst on silica
embedded hollow fiberia two pathways according to r&b.

The heterogeneous catalysts that were prepared by pathway 1 and pathway 2 both showed
excellent catalytiperformanceyield and ee) in €4 functionalizationreaction®® While the
heterogeneous catalyst prepared by pathway 1 displayed a similar yield butla leligét ee
compared tdhe corresponding homogeoes dirhodium catalysthe heterogeneous catalyst

that was prepared by pathway 2 exhibitad almost similar yield and ee in ¢l
functionalization compared tthe homogeneous one. The authors inferred that the prepared

12



heterogeneous catalysts showed ghdlly different catalytic activiy probably due to the
structure of the dirhodium catalysthich seems to baffected during the immobilization
procedure in pathway *. Someligands of the dirhodium catalyst that was prepared by
pathway 1 might be relocated or leached out at®Mowever, this is only apeculaibn
since the authors did nptovidestructual evidencefor this hypothesisFinally, the cadlytic
performance of theheterogeneous catalysts stdyntact over multipleeactioncycles.They
also mentioned that the process may have potential to be spalby stacking multiple fibers

in a reactor modul@&.

—Rh—0Q @ " < ‘ >‘
‘ > A\ )+—Rh—0

R-Me or H \ | | | R-MecorH R-MecorH | \
Si0, Si0, Si0;

Figure 2.12 Rhy(S-0-CITPCP), derivative catalystsanmobilizedvia A, B, and C positions on
a silica supporaccording to refl04.

Subsequently, they noticed that the modifioataf the identity and location of functional
groups on the aryl rings may have an effect on the symmetry and selectivity of the
Rhy(TPCP), catalyst® Therefore,they choseRh(So-CITPCP) as model catalyst and
analyzedhe effect of the locatin of linker forthe catalyst immobilization. In their work, they
synthesized three different derivatives of,@&o-CITPCP), with an ethynyl substituent on

one of thearyl rings They abbreviatecthe aryl ringswith A, B and C, respectivelyThe
approprige Rhp(S-0-CITPCP), derivativeswere thengrafted on silica via click chemistras
illustrated in Figure 2.12'%* Comparison ofthe catalytic performance of the three
heterogeneous dirhodium catalysteowedthat those linked via arylB or C resulted inthe
higher yield, regioselectivig and enantiomeric excesompared tahe one linked via aryl
A.2%* The active site of the catalyst that was grafted on ring A would open toward the silica
supportas illustratedn Figure 2.12 (l) theefore, the active site dlis catalyst might interact

with the surface of silica support or the surface hisitiee substrate toward the active sites.
Theseresults illustrate that the location of the linker deemificantly affect the catalytic

performance’®*
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2.2.3 Coordination polymers

A specialcaseof ligand exchange is based on the binding of dirhodiuralysds in sel
assembly coordination polymer metal organic materialdn this procedure, the four
bridging ligands of parent dirhodium complexa® replaced during théormation of the
coordination polymer®® Compared to other heterogeneous catalyste, formation of
coordination polymers is a feasildtrategy to heterogenize dirhodium catalgstee itoffers
further advantages including high density, uniform distribution, and good duligssf their
active sitesFurthermore thisynthetic approach ilatively simple since it does not require
multiple steps and additional solid materidis.

Osph— "0 Ogp 0
|\()—O—\CH MeOH C|) ,—O—'\.
0\( 3 100 °C

+
R-COOH

=

Figure2.13 Schematic drawing of the synthesisdfiT-82 and DUTF83 via a solvothermal
routeaccording to refl24. Note Redcircles refer to oxygen atonasd black circles refer to
carbon atoms

Kaskel and cavorkers?® reported two new coordination polymers, namely B&T and
DUT-83, which they synthesizedvia selfassemblyof Rh,(OAc), and trimesic acidor
4,4840-benzenel,3,5triyltris(benzoic acid), respectivelfrigure2.13). The catalytic activity
of the obtained dirhodium polymers were tested usirgghydrogenation of styrene. The
DUT-82 could be readily reused at least ten tim&sowing the dirhodium coordination
polymers possessed good stabitft.

Subsequently, Su and -werkers® % 1% described asefes of lanterntype dirhodium
coordinationmaterials (etatorganic materials MOMSs)) that were synthesizedvia self
assembly of Ry(OAc), and the rigid diacisl Hopbeddb, 4 , 4 €§1,3%&-bedzenetriyltris
(carbonylimino)]tristribenzoic acigHsbtctb), or tetrakis(4carboxyphenyl)porphyrifTCPP)
(Figure 2.14), respectively.Their results demonstrated that the formation of dirhodium
coordination polymers is an efficient route for the immobilizawddirhodium catalysts.
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Figure2.15 Representation ohedirhodiumbdc framework including defect sitascording
to ref.41. Note Redcircles refer to oxygen atasn

Recently, some of us dedwed the synthesis oflirhodium coordination polymers from
benzenel,4-dicarboxylic acidand RRB(TFA), or Rh(OAcC), via ligand exchangdFigure
2.15).*" In this work, '*C CP MAS NMR was employetb confirm the successful ligand
exchange between benzehd-dicarboxylic acid(bdc) and RR(TFA),; or Rip(OAcC)s. The
dirhodium unit did not undergo chargy@uring the ligancexchange process demonstrate
by DR-UV-vis and XPS.In the case othe dirhodium coordination polymer that was
synthesized fronbdc and RR(TFA),, the TFA groups of RI(TFA), were not completely
exchanged bydc This resultedn different defect sitess verifiedby '°F CP MAS NMR.
The asobtained dirhodium coordination polymers displayed high catalytic actwitl
negligible Rh leaching, andould be reused several timagithout significant decrease in
activity in the cyclopropanation of styreaedethyl diazoacetat&

Next to this work,some of uscontinuel researchon dirhodium coordination polymers that
were synthesized from a ses of bitopic ligands containing either ether side chains or ester
side chains, namely #n (n=1-7) (Figure2.16).*° This studyclearly illustrated the role of

side chains in the obtained dirhodiwnordination polymersThe catalytic performance of
thesedirhodium coordination polymers could be improved by reducing interactions between
the dirhodium units and oxygsiof the ether side chains or ester side chaiffsese results
clearly demonstratedhat the ligand systenhas a significant influence on the catalytic
performance of coordination polyméfs.
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Figure2.16 Ditopic ligand systems employed for the synthesis of novel dirhodium
coorination polymersccording to ref40.

2.3 Basic techniques for catalyst lsaracterization
2.3.1 Thermogravimetric (TG) and elementalanalyss

Thermogravimetric (TG) analisisan efficient techigue for exploring the thermal stability

of solid materials. The measurementasried out undeeitheroxygen(or air) atmospherer

an inert atmosphere. A high sensitive microbalance is employmédselymonitor the mass
change of the sample in artmlled thermal environment as a function of temperature or
time }#>*2® For the obtained dirhodium coordination polymers, the decomposition of organic
species between 300 to 4b0under air atmosphere leads to weight I¢&3em this lossthe

Rh loadingsfor coordination polymergan be calculated by the amount of residue of the
sample inTG analysis according to theethod reported by Kasket al'?* The residue of
rhodium species is metallic rhodium below around 50 RhO3; betweer650 and 70N .

2.3.2 Infrared spectroscopy(IR)

Fouriertrarsform infrared spectroscopy (FTIRY an analysis technique that deals with the
infrared region of the electromagnetic spectrdirhis techniqueplays an importantrole in
investigatingthe functional groups or chemical substances in solid or liquid nlatelfi&
spectroscopyexploits a sensitive radiation, whicleads to vibrational transitions upon
interaction with matter This encods characteristis of structure moieties and thus the
molecular structure*?’ Functional groupspossess specific vibrational frequencies in the
infrared range between 400 and 4000 ‘cniccordingly, by examining thedifferent
vibrations, information on the molecular structure of the sampleigded**®

2.3.3Scanning electron microscopy (SEM)

Electron microscopyis one of the most versatiteechniqueto explore the morphology,
particle size and distribution of samplé®'?° By scanning with a primary electrons beam
specimen interactianresult in images ahe sampleof interest Secondary electrons (SE),
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backscattered electrons (BSE), characteristigda)s and other electrons such as Auger
electronsor photon emission are generat@¢hen primary electrons interact with the
samplet®® Among these electronssecondary electrons (SEyvhich are cause by the
ionization of specimen atomspntain important structural informatioBecause SE are of
low energy,they can escapeonly from a region within a few nanometecs the sample
surface. Thus, the SE careciselylabelthe position of the beam andopide high-resolution
images of the sample surfat® In this thesis, the SEM was employeditwestigatethe
morphologies of the obtained dirhodium coordination polymers.

2.3.4X-ray powder diffraction (XRD)

X-ray powder diffaction (XRD)is a powerful tool for the characteation of crystalline
materials andohase identificatioh?® In such experiments typicalljpmonochromaticCu Ka
radiationis utilized™*° The angle btween the incident Xay beamand the lattice planes is
calledd. In an X-ray diffraction pattern, the intensity of diffraction iecordedas a function
of the resultingdiffraction angle2d while the detetor moves in a circle around the sample
(Figure 2.17)% ! XRD was employedn this thesisto study thecrystallinity of the
dirhodium coordinatiomolymers

Figure 2.17Schematic illustration of Xay diffractionaccording to refl3L1.
2.3.5 Solid-state NMR

Solid-state $NMR) spectroscopy is a local technigueeexplorethe chemical structure and
dynamics ofmolecules and solid materidf€ Compared to solutiostate NMR, soliestate

NMR is more complexsinceorientationdependent interactiortannotbe average outiue to
restricted motions These interactions include valuable information on the chemical
environment of ndear spins in the solid material (chemical shift interaction), on distances
between nuclear spins (dipolar interaction) or on the local symmetry around nuclear spins
(quadrupolar interaction)/arious techniques have beegevelopedo promote the resolution
andsensitivity of sSNMR>

Anisotropic interactions can be averaged outMgic Angle SpinnindMAS) where the
sample is oriented witrespect to the external field at an angkb4.74°, the saalled magic
angle, and spun at frequencies of several thousand Hertz. This technique allows an averaging
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of all interactions which have an angular dependence including thestaing + p which
becomes zero fag=54.74°. This is for example the case for the dipolar interaction, chemical
shift anisotropy and the first order quadrupolar interactfSn-**Employing this technique it

is feasible to increase thresolution of the spectra by separating isotropic from anisotropic
contributions.

Since the sensitivity of solidtate NMR is typically small, due to the thermal polarization of
nuclear spins, special pulse sequences can be used to enlarge polarizatiomodt
prominent technique is th@éross Polarization (CP). This technique is applied to improve the
sensitivity of nuclei with low sensitivity such d3C or **N. In the CP experiment, the
polarization is transferred from a spin system with high polaoizatuch asH or *°F to the
lower one. For an efficient polarization transfer thecalled Hartmann Hahn condition
(911 - B1n = 913¢ - B1sd) has to be fulfilled?® ***The optimal condition ispractically achieved

by forcing the proton and carbon magnetizations to nutate at the same rotatiomspeed (
¥130). Application of this technique results in a significant signal enhanceraedtshorter
repetition delays are requirétf.In this thesis*C CP MAS NMR isutilized to reveal the
formation of dirhodium coordination polymers amal validate the immobilization of a
dirhodium catalyst on SBAS5 viaazidealkyne click reactionFurthermore*F MAS NMR

is utilized to quantifythe degree of ligand exchange of the obtained dirhodium coordination
polymers.

2.3.6 Diffuse reflection ultraviolet-visible spectra (DRUV-vis)

The diffuse reflection ultravioletisible spectroscopyDR-UV-vis) is a useful technique to
characterize the electronic structure of molecudssyell aghe coordination environment of
metal ions=**3" The electrons are transferred from a lower energy level to a higher one when
the materials irradiated with light in the range of 20800nm. d-d transitions and ligantb-

metal or metato-ligand chargetransfer transitionamay take place irtransition metal
complexes whi |l e nY”* tn dypisallytoccorimsorganic molecules.To
analyze the charge transfer traimhs betweerrhodium atoms and ligands, the obtained
dirhodium polymers were inspected by I¥-vis in this thesis

2.3.7 X-ray photoelectron spe&troscopy (XPS)

X-ray photoel ectr gn ad peoc tkrnoosamcno pays (EXPeX)t r on S
Analysis (ESCAk,eyi ¢ ecdagnamgdied faog i nvestigat
of surfaces as well a$*®iWiexRH dmi kdlnesti @t ees
phot oeliesctdrebtyescitrerdads amp K¢ awWh é hXdshae constan
enehgwWhean aatbossmsrudf f i ci ent -reypwepiglpMaphotomelXect |
with a kikeéesi ej®heednl an hea nidhkeiveemiec g heo f

phot oefkest goBgehnEaB 3Blereis the spectromBter w
i's the bindhealge cetirdomygytl @adds r el ati vihet i tnlkde n
energy is the energy differ enc ephboettoweel eenc ttrhoe
|l eft therhatahbd ehaen e mp| oyiedde ndtm feyl e mentei asd e
chemicalt hsepeacdiBmenm.di t hedi um units as ttohhe c af
catalytidhgrepteromiec, sutnattelse dd brthdidn eudn coor
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pol ymers were investigated XPS.

by

2.3.8 N, adsorption-desorption

N, adsorptiordesorption is a widely accepted approach to explore the pore diameter, the
specific surfacearea, the pore volume and pore shapesalid materials. The adsorption
behavior of materials is affected by the pore size. According to the IUPAC, porous solids are
divided into micropores (d 2 nm), mesopores (d =30 nm) and macropores{(d0 nm) .In
addition, the shape of thadsorptiordesaption isotherms provides information about the
porosity of thematerialsand can be classified into six types according to IURRGure 2.18
(A)).1?% % Type | is typical for micropas, types II, 1ll, and VI for nonporous and
microporous materialsTypes IV and Vwhich include a hysteress loop are typical for
mesoporous materials. Information about the pore system can be derived from thisibysteres
loop. Four types ofiystereks loops are suggested yPAC (Figure 2.18 (B) §*° Type H1
represents a uniform size distribution of wadfined cylindrical pores, whileéype H2
represents certain size distribution afylindrical poresTypesH3 and H4 argepresentiave

for loose aggregated plali&e particles and narrow slitke pores, respectively.
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Figure 2.18 The adsorptiatesorption isotherntypes(A), andhysteresidoop typesin
isotherm IV(B) according to refl40.

The specific surface areaf a materialcan bedetermined by the Brunauer Emmett Teller
(BET) method based on the adsorption isotherm. BIET equation is

— — . In this equation,p/p, is the relative pressur€ is the BET constaniV, is the
adsorbed volume gi/p,, while V, is the adsorbed volume of a monolayer. The BET surface
126140141 are m is the

weight of sample.Na represents Avogadée constantand s represents the ideal cross
sectional area aineadsorbed molecule.

areacan becalculatedaccording to the equatio
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The pore sizedistribution can bebtainedby analyzing the adsorptieshesorption isotherms
in the p/p range between 0.01 and 0.95 usBarrettJoynerHalenda (BJH)calculations
combined with noflocal density functional theory (NLDFTgsults

In this thesis, adsorptietiesorption measurements were perforneeshonitor changes othe
surface areapore diameterand volume between azid®BA-15 and after the dirhodium
catalystwasimmobilized onazide~SBA15. Theseresultshelpedto andyze the distribution
of dirhodium catalyst on the SB25 material.
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Dirhodium Coordination Polymers for Asymmetric
Cyclopropanation of Diazooxindoles with Olefins: Synthesis

and Spectroscopic Analysis

Zhenzhong Li,”’ Lorenz Résler,” Kevin Herr,” Martin Brodrecht,”” Hergen Breitzke,”
Kathrin Hofmann, Hans-Heinrich Limbach,™ Torsten Gutmann,*® and

Gerd Buntkowsky*®

A facile approach is reported for the preparation of dirhodium
coordination polymers [Rh,(L1),], (Rh,-L1) and [Rh,(L2),], (Rh,-
L2; L1=N,N~(pyromellitoyl)-bis-L-phenylalanine diacid anion,
L2 = bis-N,N-(L-phenylalanyl) naphthalene-1,4,5,8-tetracarboxy-
late diimide) from chiral dicarboxylic acids by ligand exchange.
Multiple techniques including FTIR, XPS, and 'H—"C CP MAS
NMR spectroscopy reveal the formation of the coordination
polymers. ®F MAS NMR was utilized to investigate the
remaining TFA groups in the obtained coordination polymers,

Introduction

Homogeneous chiral dirhodium (Il) complexes are important
organometallic catalysts that have drawn much attention for
asymmetric catalysis."'? In particular, chiral dirhodium (II)
catalysts are highly efficient catalysts for asymmetric trans-
formations, including C—H activation, cyclopropanation, dipolar
cycloaddition, X—H insertion, and ylide formation.">**' Recently,
they have also emerged as catalysts in C—H amination and
olefin aziridination.">*” This variety of reactions makes chiral
dirhodium catalysts especially attractive for synthesis of
pharmaceuticals or biological active substances. For example,
spiro-cyclopropyloxindole compounds can be synthesized by
cyclopropanation of diazooxindoles with olefins employing
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and demonstrated near-quantitative ligand exchange. DR-UV-
vis and XPS confirm the oxidation state of the Rh center and
that the Rh-single bond in the dirhodium node is maintained in
the synthesis of Rh,-L1 and Rh,-L2. Both coordination polymers
exhibit excellent catalytic performance in the asymmetric cyclo-
propanation reaction between styrene and diazooxindole. The
catalysts can be easily recycled and reused without significant
reduction in their catalytic efficiency.

chiral dirhodium catalysts.**>? Such spiro cyclopropyloxindoles
constitute an important group of heterocycles with potential
application in medical research, including the use as potent HIV
inhibitor“**? and antitumor agent.***!

Despite their high activity and selectivity, the unsatisfactory
catalyst recovery and recycling of the costly manufactured
chiral dirhodium catalysts is the primary limiting factor for their
application in chemical industry. Thus, several approaches have
been proposed to handle the catalyst recovery as reviewed by
Gois and co-workers.”” Heterogenized chiral dirhodium cata-
lysts, which are easily separable from reaction media via
filtration or can be implemented in continuous flow reactors
have the potential to overcome these issues, as they preserve
the expensive catalysts. Accordingly, the synthesis and hetero-
genization of chiral dirhodium (Il) complexes is currently a very
active research field. A number of strategies for the heterogeni-
zation of chiral dirhodium catalysts such as forming covalent
bonds via bidentate®*? or axial®***® binding were proposed.
These heterogeneous catalysts were then successfully used in
various asymmetric reactions. For example, Hashimoto
et al.*’~** developed a novel approach for immobilizing chiral
dirhodium catalysts such as Rh,(S-PTTL), and Rh,(S-TFPTTL),, by
ligand exchange with bidentate ligands. Subsequent copoly-
merization then led to solid coordination polymers. Davies
et al”™ described a similar approach for immobilizing Rh,(S-
DOSP), with a ligand that can be grafted to a solid support.
They also reported that the immobilization of Rh,(S-MEPY), by
anchoring the catalyst via axial binding to cross-linked macro-
porous polystyrene (Argopore) resin via a benzyloxymeth-
ylpyridine linker is feasible.* These examples clearly illustrate
that significant progress has been made in immobilizing chiral
dirhodium catalysts on solid carrier materials.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Despite these remarkable achievements, however, there still
remains a need for development of novel strategies to design
heterogenized chiral dirhodium (ll) catalysts that do not require
additional solid carrier materials that may influence the activity
and selectivity of the chiral dirhodium (ll) catalyst.

The formation of coordination polymers is a feasible
strategy to heterogenize dirhodium catalysts (Il) as demon-
strated by several works.** Very recently, some of us have
achieved the heterogenization of dirhodium catalysts by ligand
exchange employing ditopic ligands to synthesize dirhodium
coordination polymers.*” The structures of these as-obtained
2D coordination polymers were determined by a combination
of SEM, XRD and "*C and '°F solid-state NMR techniques. These
novel dirhodium coordination polymers exhibited an excellent
catalytic efficiency in the cyclopropanation between styrene
and diazoacetate. Next to these works, a series of chiral metallic
coordination polymers, such as Z,M,-110A,®
{[Ln,(MnLCl),(NO;),(dmf)4(H,0),] xH,0}, [Ln=Pr, Nd, Sm, and
Gd]® and [Co(cpfa)(bimb)]EtOHH,0,”” were proposed and
used as catalysts for various organic reactions. This illustrates
that forming a coordination polymer is a suitable way to
heterogenize chiral metal containing catalysts.

However, to the best of our knowledge the synthesis and
application of chiral dirhodium (Il) coordination polymers by
ligand substitution has not been described so far. Thus, in the
present work, we report a novel and efficient approach to

synthesize chiral dirhodium coordination polymer catalysts
[Rh,(L1),], and [Rhy(L2),],, abbreviated as Rh,-L1 and Rh,-L2,
using Rh,(TFA), and chiral dicarboxylic acids as precursors. The
latter are synthesized from aromatic tetracarboxylic acids with
L-phenylalanine. The dirhodium units in these novel catalysts
are connected via N,N*-(pyromellitoyl)-bis-L-phenylalanine diacid
(H,L1) or bis-N,N-(L-phenylalanyl) naphthalene-1,4,5,8-tetracar-
boxylic diimide (H,L2) ligands, respectively, depicted in
Scheme 1. The as-prepared chiral dirhodium coordination
polymers are characterized by a combination of different
techniques such as solid-state NMR spectroscopy, FTIR, DR-UV-
vis and XPS. Their catalytic activity, selectivity, stability and
reusability are studied employing the formation of spiro-cyclo-
propyloxindole from diazooxindole and styrene as model
reaction.

Results and Discussion
Synthesis and basic characterization

The synthesis of Rh,-L1 and Rh,-L2 is schematically depicted in
Scheme 1. The chiral ligands are synthesized starting from
pyromellitic dianhydride or 1,4,5,8-naphthalene dianhydride,
respectively. We chose these two anhydrides owing to their
high electron affinity, excellent thermal stability and feasibility

H,L1

(a)
CFy h
|,R'p—~_C—Rh
FyC /\ Rhe Ri-
LT >k
Ll
CF;
CFs polymerization
> _CRI_'}-“‘; ~—C'l,'_“‘
+ -CF3COOH e
HOOC—Mg—Cco0oH
{R'_,;I.{h.jﬁ{jkh
Y
(b)
o-Lgiy COOH
Q ¢ =
N O+Rh
O
4

Rhy(S-PTPA),

! -
ChoR O~ 3L coon
i@
HOOC
o (o)

H,L2

Scheme 1. (a) Synthesis of chiral dirhodium coordination polymers and possible remaining TFA containing sites. H,L1 = N,N-(pyromellitoyl)-bis-L-phenylalanine
diacid, H,L2 = bis-N,N-(L-phenylalanyl) naphthalene-1,4,5,8-tetracarboxylic diimide. Note: blue circles refer to oxygen atoms. (b) Structure of the homogeneous

Rh,(S-PTPA), catalyst.
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to functionalize them through the anhydride position with
arylamino or alkylamino groups.””” Then, the coordination
polymers were obtained by ligand exchange from the precursor
Rh,(TFA), and H,L1 or H,L2, respectively (Scheme 1).

The Rh contents of the coordination polymers Rh,-L1 and
Rh,-L2 were determined by TG analysis following the procedure
of Kaskel et al.® (ESI Scheme S1). The nitrogen, hydrogen and
carbon contents were calculated from elemental analyses. As
listed in Table 1, the Rh, contents of catalysts Rh,-L1 and Rh,-L2
are 0.81 mmol and 0.76 mmol per gram catalyst, respectively.
These experimental Rh, contents are almost equal to the
predicted theoretical values 0.82 mmol and 0.75 mmol, respec-
tively. The weight percentages (wt%) of C and N (Table 1)
obtained from elemental analysis for Rh,-L1 and Rh,-L2 are
51.70 wt% or 55.66 wt% and 4.09 wt% or 4.33 wt%, respec-
tively. These experimental contents show deviations from the
theoretical contents especially for C (54.83 vs. 51.70 wt% and
55.66 wt% vs. 57.93 wt%). The higher theoretical values may be
explained by the presence of trifluoroacetate groups in Rh,-L1
and Rh,-L2 that have not been substituted by chiral ligands
when the coordination polymers are formed. This assumption is
corroborated by the '"F MAS NMR spectra of the samples
(Figure 4), which display fluorine signals in Rh,-L1 and Rh,-L2.

A detailed analysis of these spectra is given in the section
on 'H—'>C CP MAS and '>F MAS NMR. In addition, the hydrogen
contents of the samples are about 0.5 wt% higher than the
theoretical values (Table 1). This is an indication of the presence
of additional hydrogen sources. This hypothesis is underlined
by the TG measurements of Rh,-L1 and Rh,-L2 (Figure S1 in the
Supporting Information) that show a small decrease of mass at
100°C. There are two probable candidates for hydrogen
sources, namely the solvent ethyl acetate and water molecules.

Table 1. Compositions of Rh,-L1 and Rh,-L2 catalysts.

Sample  Content®” C[wt%] Hwt%] Nwt%] Rh, [mmol/g]

Rh,-L1 Experimental  51.70 3.538 4.09 0.81
Theoretical 54.83 2958 457 0.82

Rh,-L2 Experimental  55.66 3.573 433 0.76
Theoretical 57.93 3.039 422 0.75

[a] Experimental contents were determined by elemental analysis (C, H, N)
or TG analysis (Rh,). [b] Theoretical contents were calculated for the ideal
framework of dirhodium units, which are connected with two chiral H,L1 or
H,L2 groups.

b
-
[ S—

500 nm

Figure 1. SEM images of (a) Rh,-L1, (b) Rh,-L2.
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Figure 2. FT-IR spectra in the range between 1900-1300 cm ' of (a)
Rh,(TFA),, (b) H,L1 and (c) Rh,-L1.

The morphologies of the catalysts were investigated by
SEM. The SEM images in Figure 1 show that both catalysts
exhibit 2D layers that are arranged as little plates/flakes in a
disordered manner. Additionally, the XRD data (Figure S2 in the
Supporting Information) only show very broad background
signals suggesting a disordered arrangement of these layers for
both catalysts.

FT-IR characterization

The FT-IR spectra of Rh,(TFA), H,-L1 and Rh,-L1 are shown in
Figure 2. In the spectra of H,L1 and Rh,-L1 (Figure 2b, ¢) the
signals at around 1775 and 1718 cm™' are attributed to the
absorption peaks of C=0 asymmetric and symmetric vibration
on imide moiety. The peaks around 1695 and 1605 cm™' are
assigned to the C=O stretching vibrations of the carboxyl/
carboxylate groups of H,L1 and Rh,-L1.7*7 In addition, the
absorption peaks around 1495 and 1455 cm ' are assigned to
the breathing vibrations of C=C bonds in aromatic rings. The
peak around 1378 cm ™' is attributed to the stretching vibrations
of C—N bonds.

In the spectrum of Rh,(TFA), (Figure 2a), the absorption
peaks at around 1637 and 1463 cm ™' are assigned to the C=0

500 nm
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stretching vibrations of the trifluoroacetate group,” which
have disappeared in the obtained Rh,-L1 spectrum (Figure 2c).
This is a strong indication of the success of the ligand exchange
and formation of Rh,-L1. Similar results are also obtained from
the FT-IR spectra (Figure S3 in the Supporting Information) of
the Rh,-L2 catalyst.

'H—"C CP MAS and '’F MAS NMR characterization

The 'H—"C CP MAS NMR spectra of Rh,(TFA),, H,L1 and Rh,-L1
are compared in Figure 3(l). The '"H—">C CP MAS spectrum of
Rh,-L1 (Figure 3(l)c) displays three distinct resonance peaks in
the range between 117 and 138 ppm, which correspond to
aromatic carbons. The two small peaks around 33 and 56 ppm
are assigned to the two carbon atoms C, and C; of the
~N-CHR-CH,Ph (R=-COOH) groups of the ligand system.
These signals are located almost at the same position as for the
ligand H,L1 (Figure 3 Ib).

The signal around 177 ppm in the spectrum of H,L1
(Figure 3 Ib) is characteristic for the carbon atom C, of
carboxylate groups. This signal has disappeared and a signal at
188 ppm has appeared in the spectrum of Rh,-L1 (Figure 3 Ic). A
similar shift is obtained comparing the spectra of H,L2 and Rh,-
L2 (Figure 3 llb, c). Here, the peak around 177 ppm (C';) has
disappeared and a new one at 188 ppm has appeared in the
obtained spectrum of Rh,-L2. Similar spectral changes were also
reported in our previous works.")

These spectral changes strongly indicate that the carbox-
ylate groups of H,Ln have displaced the trifluoroacetate groups
of Rh,(TFA), and have coordinated with the dirhodium unit in
Rh,-L1 and Rh,-L2.

Finally, two single peaks at around 163 and 165 ppm are
visible in the spectra of H,L1, Rh,-L1 and H,L2, Rh,-L2,

(b)

65 -67 -69 -71 -73 -75 77 -79 -81 -83
"F NMR Chemical Shift (ppm)

Figure 4. '°F MAS NMR spectrum of (a) Rh,-L1 and (b) Rh,-L2.

respectively, which most probably refer to the carbon atoms C,
and C'; of imide groups.

For comparison, the Rh,(TFA), precursor was investigated. In
Figure 3 la and lla, a significant signal at 23 ppm is observed
next to the signals at 178 and 111 ppm (from trifluoroacetate),
which indicates acetate groups present in the Rh,(TFA),
precursor leading to a composition of the type Rh,(TFA),_,
(OAC),. Finally, the signal at 200 ppm is assigned to COO~ of the
acetate group in Rh,(TFA), ,(OAc).*®" These signals have
disappeared in the spectra of Rh,-L1 (Figure 3 Ic) and Rh,-L2
(Figure 3 lle).

While the results described above suggest the successful
formation of the coordination polymers, they do not provide
information on the quantity of the formation process. Thus, a
detailed analysis of ""F MAS NMR (Figure 4) spectra was
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Figure 3. '"H—"C CP MAS NMR spectra of (I) (a) Rh,(TFA),, (b) H,L1 and (c) Rh,-L1, and (Il) (a) Rh,(TFA),, (b) H,L2 and (c) Rh,-L2. Note: Signals marked with * are
spinning side bands of the signal at 127 ppm referring to carbon atoms in aromatic rings.
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performed to provide information on the TFA containing sites
occurring in the dirhodium coordination polymers. For Rh-L1
and Rh,-L2, a '°F signal is observed at around —73.9 ppm. This
signal demonstrates the existence of trifluoroacetate groups in
the dirhodium polymers. The amounts of fluorine in Rh,-L1 and
Rh,-L2 were determined from quantitative '*F MAS NMR to be
0.24 and 0.53 mmol/g, respectively (for details, see the Support-
ing Information). Taking the Rh, fraction into consideration, the
Rh,/TFA ratio for Rh,-L1 is 10.1, while for Rh,-L2 it is 4.2. These
results demonstrate that 98% respectively 94% of the overall
TFA groups are replaced during the formation process of the
coordination polymers Rhy-L1 and Rh,-L2 (see the Supporting
Information for details) and thus the exchange was almost
quantitative.

DR-UV-vis and XPS

To further analyze the chemical environment in the obtained
chiral dirhodium coordination polymers, diffuse reflectance
ultraviolet-visible (DR-UV-vis) spectra of Rh,(TFA), Rh,-L1 and
Rh,-L2 were recorded. In Figure 5, the DR-UV-vis spectra of
Rh,(TFA), and the coordination polymers Rh,-L1 and Rh,-L2 are
compared. All spectra display a broad band which is centered
at around 450 nm (band lI). In addition, a second band (band I)
is obtained at different wave lengths at ca. 596, 620 or 626 nm,
respectively. While band | is assigned to Rh—Rh w*—Rh—Rh o*
transitions, band Il is attributed to Rh—Rh a*—Rh-O o*
transitions.”” ™ These results clearly indicate that the dirhodium
unit is preserved during the synthesis of the chiral dirhodium
coordination polymers. Importantly, Rh,(TFA), shows a signifi-
cantly different position of band | compared to Rh,-L1 and Rh,-
L2. This refers to the electronic structure of the chiral ligand
systems, which is significantly different from the TFA ligand.
This underlines the successful exchange of TFA ligands by the
chiral ligands for both catalyst systems.

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5. DR-UV-vis spectra of (a) Rhy(TFA),, (b} Rh,-L1 and (c) Rh,-L2.
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Furthermore, the electronic states of rhodium in Rhy-L1 and
Rh,-L2 were inspected by using X-ray photoelectron spectro-
scopy (XPS). As illustrated in Figure 6b and ¢, the XPS spectra
reveal that all Rh species in Rh,-L1 and Rh,-L2 are present in the
oxidation state +2, according to the binding energies 308.3
respectively 313.2eV of the Rh 3ds, and 3d,, levels.” In
comparison, the parent Rh,(TFA), exhibits significantly different
binding energies of 309.4 and 314.9 eV. Moreover, a signal
around 688 eV is observed in the wide range scan of Rh,(TFA),,
which is attributed to the binding energy of F 1s. This signal
has almost disappeared and a signal at 399eV (N 1s) has
appeared in the wide range scan of Rh,-L1 and RhyL2
(Figure S3 in the Supperting Information). This change of
binding energies between Rh,(TFA), and the coordination
polymers Rh,-L1 and Rh,-L2 further corroborates the ligand
substitution and reveals that the chemical environment of the
dirhodium unit is strongly affected by the chiral ligand in the
dirhodium coordination polymers. Together with the FT-IR, *C
CP MAS NMR and DR-UV-vis described above, these observa-
tions further confirm the success of the ligand exchange.

Catalytic tests

The catalytic performance of the Rh,-L1 and Rh,-L2 catalysts
was tested in the asymmetric cyclopropanation reaction of
diazooxindole and styrene, a model reaction to prepare spiro-
cyclopropyloxindoles. Typically, in this reaction the four isomers
(see scheme in Table 2) are formed, where the R,.R and 5,5 spiro-
cyclopropyloxindole (cis-cyclopropyloxindole) as well as R,S and
S,R spiro-cyclopropyloxindole (trans-cyclopropyloxindole) are
each pairs of enantiomers that cannot be distinguished by 'H
NMR, while trans and cis-cyclopropyloxindoles are diastereo-
meric to each other.

Both Rh,-L1 and Rh,-L2 exhibit high catalytic performance
in the formation of spiro-cyclopropyloxindoles, with yields of
96% employing Rh,-L1 and 82% for Rh,-L2 under the same
reaction conditions (0°C, DCM as solvent, 2.5 h reaction time)

309.4

Rh 3d

Intensity(a.u.)

306 308 310 312 314 316 318 320
Binding Energy (eV)

Figure 6. XPS spectra of (a) Rhy(TFA),, (b) Rh,-L1 and (c) Rh,L2.
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Table 2. Asymmetric Cyclopropanation of Diazooxindole with Styrene.

e N\ N
(rR)\Ph (R!‘Ph
H H
- z
(S) o (R) =0
N
N2 H H
X pmol Rhy-L1 or Rhy-L2 + + +
o * PN > (s),Ph s)H
N solvent, 3h ~Ph
H w5
o
N
H
cis
\ A
Entry Catalyst X [umol] Solvent Temp. [°C] Llyield [%] lgy g [9]
1 Rh,-L2 375 DCM 0 82 83:17 7
2 Rh,-L1 375 DCM 0 96 85:15 8
3 Rh,-L1 375 Toluene 0 65 60:40 10
4 Rh,-L1 375 DCE ] 95 88:12 13
5 Rh,-L1 1.50 DCE 0 86 86:14 11
6 Rh,(5-PTPA), 150 DCE 0 96 96:4 26

[a] Overall yields of spiro-cyclopropyloxindoles. [b] The diastereomeric ratio (trans:cis) dr was determined by 'H NMR of the crude reaction mixture. [c] The
[ee] was analyzed for the dominating trans-enantiomers. It was calculated from data determined by chiral HPLC analysis. Reaction conditions: styrene
(0.75 mmol) and diazooxindole (0.15 mmol) in DCE (3 mL) were added to a two-necked round-bottom flask containing a magnetic stir bar under Ar
atmosphere at 0°C, followed by addition of the chiral dirhodium catalyst and then stirred for 3 h.

(entries 1-2). Employing an excess of the substrate styrene, as
major spiro-cyclopropyloxindol products the trans-cyclopropy-
loxindole enantiomers are formed.

To identify the parameters that influence the yield and
selectivity, in the next step, the reaction was performed with
Rh,-L1 as catalyst varying the solvent (DCM, toluene, DCE). This
study reveals that 1,2-dichloroethane (DCE) is a more attractive
solvent for this transformation in terms of both spiro-cyclo-
propyloxindole yield and selectivity towards the isomers.

Among the solvents tested, toluene (entry3) has the
strongest negative effect on the yield, which is significantly
lowered compared to the reaction performed in DCM or DCE
(entries 2, 4). The comparison of DCM with DCE shows similar
yield and diastereomeric ratio, however the enantio-selectivity
is lower in DCM compared to DCE (entries 2, 4).

In the next step, the influence of different amounts of
catalyst is inspected. A slightly higher yield of 95% is obtained
when 3.75 pmol of Rh,-L1 is used compared to 86% when
1.50 pmol is used (entries 4-5). As expected, the diastereoselec-
tivity and the enantioselectivity with respect to the trans-
enantiomers are practically independent on the variation of the
amount of catalyst.

Finally, the efficiencies of Rh,-L1 and the homogeneous
catalyst Rh,(S-PTPA), in the asymmetric cyclopropanation of
styrene with diazooxindole were compared. Under similar
reaction conditions, Rh,(S-PTPA), catalyzes the reaction to give
the spiro-cyclopropyloxindoles in 96% yield with 96:4 diaster-
eoselectivity and 26% enantioselectivity with respect to the
trans-cyclopropyloxindole enantiomers (entry 6). In comparison
with the homogeneous Rh,(S-PTPA),, the Rh,-L1 coordination
polymer (entry 5) shows only a slightly lower diastereoselectiv-
ity and enantioselectivity.
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The slightly lower yield and selectivity of the coordination
polymer compared to the homogeneous catalyst may refer to
different factors. () On the one hand, the accessibility of
catalytic sites in the coordination polymer may be limited due
to mass transport, which leads to a lower yield for the Rh,-L1
coordination polymer. (i) On the other hand, ca. 2% of
trifluoroacetate groups of Rh,(TFA), are not exchanged by chiral
ligands when the Rh,-L1 polymer is synthesized, which yield
defect sites. These defect sites are most probably responsible
for the obtained selectivity of the coordination polymer. A
detailed analysis whether they increase or decrease the
selectivity is beyond the scope of the present work.

The obtained enantioselectivity of the investigated catalyst
systems further refers to the employed ligand system. Espe-
cially, the bulkiness of the functional groups in the ligand
system as well as the complexity of the ligand system itself
strongly act on the enantioselectivity in cyclopropanation
reactions as reviewed by Adly et al.” In future, to obtain higher
enantioselectivity phenyl may be replaced by tert-butyl in the
ligand system as shown by the works of Hashimoto and co-
workers who applied the homogenous Rh,(5-PTTL), as highly
enantioselective catalyst in asymmetric cyclopropanation.®®"
Furthermore, approaches as proposed by Ball and co-workers
using complex peptidic ligand systems could be included in the
synthesis of coordination polymers to obtain higher
selectivities.®®

Recyclability and Leaching test

To test the stability and reusability of the novel dirhodium
coordination polymers, the Rh,-L1 catalyst was investigated in

© 2020 The Authors. Published by Wiley-VCH GmbH

28



29




























































































































































































































































































































































