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Abstract

Asymmetrictransitionrmetalcatalysis constitutesne of the most powerful strategies to construct

nonracemic chiral molecules.This thesisdeals with enantioselelctive catalysis diiralatmetal
iridium and ruthenium complexes as wellaazhiral monecyclometalated ruthenium complex.

1) Kinetic resdution of racemic epoxides with GOcatalyzed by achiratatmetal
bis-cyclometalatedridium complex wasaccomplished and sfactors between 6.4 and 16.6 were
obtained for overall 2Inonosubstituted epoxide®ntairing diverse functional side chains. Nbig
all reactions wer performed at room temperatyrand nocopolymerization side reactiowhich
occurredoftenin other catalytic systemsasobsened(Chapter 31).

2) Enantioselective intramolecular benzylicHC amination of primary aliphatic azidesaw
achieved by using a chiralatmetal bis(pyridiNHC) ruthenium omplex in combination with
tris(p-fluorophenyl)phosphine (both 1 mol%) provide a vatiety of chirah-aryl pyrrolidineswith
enartioselectivities of up to 99% edn this uniquecase the phosphine serves ascrucial nitrene
transfer cecatalyst and activaes the organic azide through the formation of an intermediate
iminophosphoraneThis methodologyoffers direct access taonracemica-aryl pyrrolidineswhich
are very importanstructual motifs inmanybioactive compoundg¢Chapter 3.2).

3) A chiral cylometalated ruthenium catalyst enabled direct enantioselective hiyndly
diastereoselectivexidative homocoupling oP-acyl imidazoles in the presence of onequivalent
BrCCls;to provide chiralsymmetricl,4-dicarbonyl compounds in 38% yield with 5795% eeOnly
one diastereomer was obtained for all the investigated substrates. Mechanistic experiments support a
unique ruthenium catalyzed tvgbes mechanism. The first step is a ruthem catalyzed bromination
of 2-acyl imidazole generatinga brominated intermediate followed by a ruthenium catalyzed

stereecontrolledradicatenolatereaction providing the final product (Chapter 3.3)



Zusammenfassung

Die asymmetrische Ubergangsmetatalyse stellt eine der effektivsten Methoden zum Aufbau
chiraler Molekie dar. In dieser Arbeit wird sowohl die enantioselektive Katalyse mit atiraétal
Iridium- und Rutheniumkomplexen als auch mit chiralen moydometallierten
Rutheniumkomplexethematisiert.

1) Eine kinetische Racematspaltung von racemischen Epoxiden mikatysiert durch einen
chiralat-metal, biscyclometallierten Iridiumkomplex konnte erfolgreich durchgefihrt werden, wobei
s-Faktoren von 6.4 bis 16.6 fir insgesamt 21 meulostituierte Epoxide mit verschieden
funktionalisierten Seitenketten erreicht werden konnten. Bemerkenswerterweise konnten alle
Reaktionen bei Raumtemperatur durchgefinrt werden. Hierbei wurde keine Copolymerisation als
Nebenreaktion beobachtet, welchairderen katalytischen Systemen héilfig auftrat. (Kapitel 3.1).

2) Die enantioselektive, intramolekulare, benzylischeH-Bminierung von primden,
aliphatischen Aziden wurde durch die Verwendung eines chiraktal,
bis(pyridyFNHC)-Rutheniumkomplexes itKombination mit Trisp-fluorophenyl)phosphin (beidé&
mol%) erfolgreich angewandt, um eine Vielzahl chirdleArylpyrrolidine mit bis zu 99%ee zu
synthetisieren. In diesem einzigartigen Fall dient das Phosphin als entscheidender
Nitren-TransferCokatalysator, der das organische Azid durch Bildung eines intermediden
Iminophosphorans aktiviert. Diese Methodetdiiesomit einen direkten, synthetischen Zugang zu
c h i r aArylpyrrolidihen, die ein wichtiges Strukturmotiv in vielen bioaktiven Wirkstoffen sind
(Kapitel 3.2).

3) Ein chiraler, cyclometallierter Ruthenidiatalysator ermdylichte die direkte, enantitedive
und hochgradig diastereoselektive, oxidative Homokupplung vAoyEmidazolen in Anwesenheit
eines Aquivalents BrCGl um chirale 1,48icarbonylverbindungen mit einer Ausbeute vor7386
und 5795% eezu erhalten. Bemerkenswerterweise wurde narDgastereomer fii alle untersuchten
Substrate  erhalten.  Mechanistische  Untersuchungen unterstiizen einen  einzigartigen
Rutheniumkatalysierten ZwebBtufenMechanismus. Der erste Schritt hierbei ist eine
Rutheniumkatalysierte Bromierung der-Rcylimidazole, welche das bromierte Produkt generiert,
gefolgt von der Rutheniutkatalysierten, stereokontrollierten Radi&atolat Reaktion, die daraufhin

zum finalen Produkt fihrt (Kapitel 3.3).
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Chapter 1. Theoretical Part

Chapter 1: Theoretical Part

1.1 Introduction

The importance ofmolecularchirality has been demonstrated for a long tihhés an essential
objectivefor chemists to discover efficient methodsr construding nonracemicmoleculs.' To date,
different kinds of strategies have been developed to achieve this goal. Asynuaketiisisrepresents
one of the moseconanic method to synthesze enantiopure compounds, which involves thmeen
branchestransitionmetal catalyis, organocatalysi andenzyme cataly$s. The reactivity oftransition
metals can beeasily tured by the ligands around the metal center, thus nkiansitionmetal
catalyss a powerful andlexible tool to synthesize organic moleculda. 2001,the Nobel Prize in
Chemistry was awarded to Knowles, Noyori, and Sharpless for their contributions to the asymmetric
hydrogenation and oxidatigrtherebyrecogniing the prominent rolef asymmetridransitionmetal
catalyss.

The work of this thesis is focused @symmetrictransitionmetal catalysis including three
sections: kinetic resolution of epoxides withO, catalyzed by a chiratiridium complex,
enantioselectivantramolecular €éH amination of aliphatic azides bydual ruthenium and phosphine
catalysis anda rutheniuncatalyzedasymmetricoxidative homocoupling of 2-acyl imidazoles. In the

following, the theoretical part wilhtroduce the background for these three topics.

1.2Kinetic Resolution ofEpoxides with CO;,

The reaction of epoxides with G@ form cyclic carbonates has attracted much attention since
CO, constitutes a sustainable feedstock The reactioris higHy atom econoneal, and the resulting
cyclic carbonates are important synthetic building bldcRéthough many efficient catalysts are
known for the racemic reacti®? the kinetic resolution of racemic epoxides with Qses
significant challenge$The selectivity factor s, which is defined as the rafithe rate constants{
andks) for thereaction with the two individual enantiomersH(&gr/ks), is typically quitelow (s < 10)

The existing catalytic systems for the kinetic resolutinarmaly consist of a chiral Lewis acid
for activation of the epasle in combination with a reversible nucleophile ascatalyst for the

epoxide ring opening (Figure 1)The enantiodifferentiation either already occurs during the
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formation of thke Lewis acidsubstrate complekor in the subsequent reactiaf the formation of the

ring-opened alkoxide intermedialieupon tre addition ofnucleophile

o) co,
v e N\
I
0 QA -
= Q@ o) ‘/O"@

Formation of I or Il is the key step for kinetic resolution.

Figure 1. General mechanism @fbinary catalytic system fahe kinetic resolution ofpoxides with

CO..

1.2.1Metal Catalysts for the Kinetic Resolution of Epoxides with CQ

The earliest studgates back to 1993 Vogt and ceworkersreportedthe kinetic resolution of

epoxides withCO, by chiral titanium orvanadiun-binol complexesproviding s-factors only up t02.6

(Scheme 1)
o (0]
Ti(OiPr)4 (1.0 mol%) )]\
0 (R)-Binol (1.0 mol%) o o
Ph nBugNIl (4.0 mol%) pR"
CO, (5 bar), r.t., 24 h
41% conv.
35% ee
s=26

Schemel. Kinetic resolution otyrene epoxidevith CO, catalyzedy Ti(OiPr)y/binol.

In the following several years,hiral cobalt Schiff baseomplexeshave beerthe most studied
catalysts anghowed themost successfuksuls, which were firstly introduced dyu and ceworkers
in 20047 In presence oD.1 mol% Co" (salen)1in combination withn-butylammonium chloride
(nBusNCl) as co-catalyst sfactors of up t09.0 at 40% conversiowere obtainedor propylene

carbonatgFigure 2a) In their study, the nature of the -@atalysthad greainfluenceon the sfactor.
2
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For examplethe use omBu,;NCl was more beneficial for inmmpving enantiomeriexcessof the
product compared withnBus;NBr and nBu,;NI. The same yeafNguyenand ceworkersreporteda
similar catalyst Co" (salen)2 (0.1 mol% together with (R)-(+)-4-dimethylaminopyridinyl
(pentaphenylcyclopentadienyl)irofdMAP*) as cocatalyst but s-factors of only 5.6 at very low
conversion of 8%were obtainedFigure 2af Further improvement waachievedoy Berkesseland
co-workers with s-factor reacling upto 18.7 by replacing theounterion of theCo" (salen) complex
with trifluoroacetyl Co" (salen)3 and employing bigtriphenylphosphoranylidene)ammonium
fluoride (PPNF) as coatalyst but the reactiomasreactedat-40 € for 5 days(Figure 2a)"°
Encouraged by these results,number ofmodified chiral cobalt Schiff base catalystsere
developed**? Jing andco-workers made great contribatis to this field® For examp, they

employed golymer basedatalystCo"

(salen)4together withn-butylammonium fluorine {Bu;NF)
asco-catalystandobtaineda good sfactor of 10.%or propylene carbonai&igure 2b)* This catalyst
could be recovered and reuded more than ten times witholdss ofactivity andenantioselectivity
In 2012, Lu and cworkers reported the most effective catal@st" (salen. With this particular
catalyst and 200 equivalents of co-catalyst bis-(triphenylphosphoranyliden)ammonium
2,4-dinitrophenoxide (PPNDNP) (for the purpose of suppressingpolymerizatiorside reactio)) the
reactionprovided an impressive kinetic resolutiath an s-factor of 75.8 at25 € butatavery low
conversion of 10% formppylene oxidgFigure 2b)*

Besides Ca" (salen) compless a series ofketoiminatocobalt(ll) compless developed by
Yamada and cworkers also displayed good activities for this transformati8nFor example,
Co''(salenp could catalyzethe kinetic resolution ofN-(2,3-epoxypropyl)diphenylaminavith CO,
providing sfactors of up to43.5 (Figure 2c)*® Unfortunately, this systemsuffered the
copolymerizationas side reactiofor most of the investigated substrates. And $factor was
sensitive to the nature of the epoxi#fer examplethe sfactor dramatically dropped to 2.2 ftne
substrateglycidyl phenyl ether

There are some problems associated tidkinetic resolution of epoxides witBO,in spite of
the encouraging reswdtbased orchiral cobalt Schiff base catalysthe substrate veamainly focused
on propylene epoxideandthe reaction haghoor substrate toleranc&or examplealthough for
propylene epoxide substraf®" (saleny provided an gator of 10.2no kinetic resolutiorcould be

obtained46% conversion with 0% ee)cethesubstrate was changeddiycidyl phenyl ethet'
3
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(@]
(610
105 + A —2> O)LO + \&
R R Cat., Co-cat. )—/ R"

kinetic resolution

=N__ N=
S
tBu O )l( O tBu
tBu tBu
Cat. = Co'(salen)1 (X = OTs) Cat. = Co'(salen)2 (X = CI)
Co-cat. = nBuyNClI Co-cat. = DMAP*
40% conv., 70% ee, s = 9.0 8% conv., 68% ee, s = 5.6
u (2004) Nguyen (2004)

Co-cat. = PPNF
40% conv., 83% ee, s = 18.7
Berkessel (2006)

b) Modified Co'(salen) catalysts

3 =N_ N=
Ny )5
O tBu
Q 0 o’} o X

n
(Y e
O O (X = OCOCCls)

X = 2,4-dinitrophenyloxy

Cat. = Co"l(salen)4 Cat. = Co"'(salen)5
Co-cat. = nBuyNF Co-cat. = PPN-DPN
39% conv., 73% ee, s = 10.2 10% conv., 97% ee, s = 75.8
Jing (2009) Lu (2012)

Cat. = Co'(salen)3 (X = OCOCF3)

: EtOZC—§: cd }COZEt

I
|
Co (sa en)6 O o 0

. - + Ph,N \\‘A
thN\/ﬂ + thN\\\\ CO, (20 bar) JJ 2N

Et,NH (1.0 mol%) P2N 47% yield
95% ee
Yamada (2007) s=435

Figure 2. Kinetic resolution oepoxides with CO, catalyzedy chiral cobalt Schiff base catalysts



Chapter 1. Theoretical Part

In addition to diral cobalt ScHf base catalystsa number of other salenetalcomplexeswere
also explored for this transformation. In 2018&ng and cavorkers reported &i(salen) complex
incorporated within a MOHRgiving very modest gactors of up to 3.2 fothe kinetic resolutionof
propylene epoxidewith CO,.™® Two years later, North ando-workers demonstrated that both
complexesAl(salen) and Cr(salen) could be employed as catalysts fiwe kinetic resolution of
N-(2,3-epoxypropyl)dphenylamine with CO, providing s-factors of up to15.4 (Figure 3)**
Unfortunately, hesesalenmetal catalysts are alswery sensitive to the nature of the epoxidiar

example, the-factor decreased to lemn 5whenglycidyl phenyl ethewasused as substrate

(0]
O N 8 Cat. O)]\O . 8
—
F)hZN\/Q PhZN\\\“ CO,, Co-cat. f PhZN\\\\‘
N
2

=N_ N= =N_ N=
/AI\ /CI'\
tBu e tBu  tBu o’ | Mo tBu
OAGC Cl

tBu tBu tBu Bu
Al(salen) Cr(salen)
Co-cat. = nBuyNBr Co-cat. = PPN-CI
15% conv., 86% ee, s = 15.4 21% conv., 72% ee, s = 7.3
North (2015) North (2015)

Figure 3. Kinetic resolution ofN-(2,3-epoxypropyl)diphenylaminaith CO, catalyzedoy Al (salen)

andCr (salen)

1.22 Organocatalysts for the Kinetic Resolution of Epoxides withCO,

Organocatalysthiaverecentlyalso been investigated ftine kinetic resolution of epoxidewith
CO.."° In 2016, Shirakawa and cworkers designed a bifunctional quaternary phosphotitomine
catalystfor the kinetic resolutiorreaction(the upper reaction in Figure, 4§ andthe co-catalyst was
not needed in this systemdowever, only two substrates with very lowagtors (less than 1.5) were
presented One year later, Ema and ceworkers developed a series othiral macrocyclic
organocatalyst§® which performed well for th&inetic resolution oflisubstituted epoxidesith CO,
providing sfactors of up to 13.Qthe bottom reaction in Figure 4). But for masubstituted epoxides

the sfactors dropped to below 4.5.
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CCL e
PPh;
SOl

A
O (1.0 mol%) - ‘)_/
PhoN. 4= PhoN

CO, (1 bar), 50 °C

59% conv.
13% ee
s=15
HN—\
RO N % O
co >
20
NO,

ey .S o
0 3 0 mol%) OJJ\O

AN >

Ph Ar nBugNI (3.0 mol%), CO, (1 bar), 50°C  pf  “ar

s-factors are up to 13.0

Figure 4. Kinetic resolution ofpoxides with CO, catalyzedy organocatalysts
1.3 Enantioselective ¢sp®)-H Amination s through M etal-Imido Intermediates

C-H amination representm attractivestrategyto activateC-H bonds andonstruct GN bonds.*’
This methodoffers a wayto synthesze nitrogencontaining moleculesvhich constitute a proment
structural motif inmany bioactive compound®.One importantmechanism of C-H amination is the
socalleddC-H insertion catalysidwvhich proceedshrougha metatimido intermediaté™ Generally, the
catalytic process involves the formationametalimido specieghrough reaction between the metal
catalyst and a suitable aminating reagentf asamine,amide, imidoiodinane, organic azided so
on), followed ly a C-H insertion to afford the target product (Figure 5). There are two mechanisms for
the CGH insertionstep one is the direct & insertion (in a concerted waygnothergoes througta
stepwise radical mechanismith H-atom abstractionfollowed by raital recombination Which
mechanismis employedmainly relates to the nature of tb catalyst. However, enantioselective
C(sp’)-H aminatiors through themetalimido intermediateare still underdevelopedn the following,
enantioselectiveinter- or intramokcular C(sp’)-H aminatiors via nitrene insertion catalyzed by

transitionmetal complexes anehzymeswill be reviewed
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t
R
Path a - M==N. R > R
H Direct C-H insertion l“i")<R2 RZ “R!
M RZJ\R‘l
llN RII , M:NR
Aminating reagent l

Metal-nitrenoid RNH
Path b

> (V—NHR + RZR! — o pi
H-atom abstraction

Figure 5. General process of-B amination througimetatimido intermediate.

1.3.1 Catalytic Enantioselective Intranolecular C(sp®)-H Amination

In 2002, Che and cworkers reportedthe first metalloporphyritatalyzed enantioselective
intramoleculabenzylicC-H amination.*® In the presence df.5 mol%chiral ruthenium porphyn and
PhI(OAc), as the oxidantsulfamate esters could teansformed t@yclic sulfamidatesvith up to 87%
ee (the upper reaction in Figure .6)L.ow reaction temperature wasequired forobtairing good
enantioselectivitybut which sacrificed the reaction yield (less than 40% yietddin some casgslLater
in 2008,Blakey and ceworkers developed a ruthenium pybox complex to catalyze #Hea@ination
of sulfamate esters in the presence of P}@Bu),, offering moderate to good £€/5-92%)in good
yields (the middle reaction in Figure).&’ Substratesnvestigatedn this study are broader than @he
report, whichcontain aromatic growg one allylicgroupand everone alkyl group butith very poor
yield of 1®%. In the same yeabu Boisand ceworkersreportedthe enantioselective intramolecular
benzylic or allylic C-H aminationof sulfamate esterby usingthe chiral dirhodium(ll) complex
Rh,(S-nap), as catalyst an@hlO as the oxidar(the bottom reaction iffigure §.2* This catalytic
system displayedinprecedented performanaspecially forsulfamate estergontaining aromatic
groups, and enantioselectivities of up to 99% ee could be obtained in up to 98% gididmoallyl
sulfamateestersubstrateC-H amination product is favoreghdno aziridination produdormedwhen

employingRhy(S-nap), as the catalyst



Chapter 1. Theoretical Part

Che (2002)

o R (1.5mol%) O(__?\S,H
Ar S< N ] Ar
nO// NH, PhI(OAc), (2.0 equiv) (0]
N=1or2 Al,O5 (2.5 equiv) n
0-80 °C, CgHg 5 examplgs
20-77% yield
46-87% ee
Blakey (2008) S
I
O 2 o)
N
, Br, "
To Y
[ 2 ”,
L Br 7
0O o o H
R r?\//S//\NH (5.0 mol%) < O=‘\§’N <
O 2 PhI(O,CtBu), (1.1 equiv) (0]
n=1or2 MgO (2.3 equiv) "
AgOTf (5.0 mol%) 9 examples
229G, CeH 14-93% yield
R = aromatic or allylic group P ee 75-92% ee
Du Bois (2008) 'I's
07N
RA—RA
71 71
0 Rh,(S-nap), (2.0 mol%) Q H
R O/ 2 P)a (<. ° - O=\S’N
N NHy . S R
O PhI=0 (1.2 equiv), CH,Cl, "
n=1or2
13 examples
43-98% yield
R = aromatic or allylic group 12-99% ee

Figure 6. Transitionmetal catalyzedenantioselective intramolecular-€ aminaton of sulfamate

esteran the presence afoichiometricamount ofoxidant

The possible mechanismof above examplesmight be as follows the silfamate ester firstly
reacted withithe oxidantto form animinoiodanespecies (PhI=NR)yhich then reacted witthe metal
catalyst affording thenetatimido intermediate, followed by intramoleculartCinsertion to afford the
product.Stoichiometricamount of oxidant such &hl(OAc), is required inthe above systes) which
is definitely a disadvantage. An obviousay forward is to choose organic azides as starting material

because no additional oxidant is requjradd the only byproductis dinitrogen.ln 2011,Katsukiand
8
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co-workers reportedhat iridium(lll)-salen complexeserveal as efficient catalysts foasynmmetric
intramolecular GH aminatiors of benzenesulfonyl azideproviding high enantioselectivities of up to
93% ee(the upper reaction in Figure).7 This is the firstexampleof a highly enantioselective
intramolecular GH amination stding with organic azides.Most recently,Zhang and cevorkers
reported theenantioselective 1;6-H amination of sulfamoyl azideBy a chiral Co(ll)-porphyrin
complex (the bottom reaction in Figure).? A series ofthe sixmembered cyclisulfamides were
obtainedin high yields(up to 95%)with excellentenantioselectivitiegup to 98% ee)The substrate
scope of this systemvasvery broad consistingof benzylig allylic and propargyic C-H bonds also
electrondeficient GH bonds, and even neactivatedC-H bonds.Mechanistic studies supportéuat

this reaction went throughstepwise radicahechanism.
Katsuki (2011)

L = 4-CH3CgH, (3.0 mol%)
Q\ _0 R'= 4-(tertbutyldiphenylsilyl)phenyl (\)\/,O

2 X S\
RZ_:\ \N3 > R2:_ NH
> 25 °C, toluene, 24 h Z

49-96% yield

79-93% ee
0.0
3 W/
QN; o NN
RZ'\/\N; R 25°C, MTBE, 48 h (A2
R H

up to 95% yield

R2 = benzylic, allylic, propargylic, alkyl or up to 98% ee

electron-deficient groups

Figure 7. Transitionmetal catalyzedenantioselective intraolecular GH amination of sulfonyl

azides
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To avoid usingan oxidant N-tosyloxycarbamatevas also chose asthe starting compound for
intramolecular @4 amination reported byDavies and cavorkers in 2006 (Scheme %).C-H
aminationof N-tosyloxycarbamatevas achieved byhe dirhodium(ll) complexRh,(S-TCPTAD),

providing enantioselectivities of up to 82% ee. In ttése,a tosylategroup serveds the leaving

group.
Cl Cl
Cl 0o
Cl N
o, 0O
RA—RH
o 71 7 H
Rh,(S-TCPTAD), (2. 9 o)
Ph\/\OJLN,OTS 2(S-TC )4 (2.0 molﬁ) YN o
H K,COs (3.0 equiv), CH,Cl o/
72% vyield
82% ee

Davies (2006)

Scheme 2. Enantioseletive intramolecular €H amination of N-tosyloxycarbamatecatalyzed by

Rh,(S-TCPTAD).,.

In addition totransitionmetal catalystsenzyme have also been investigated farantioselective
intramolecular GH aminatior? The firsthighly activeenzyme catalystaas reported byrnold and

coworkers in 2013%

Serineligated P450s (calledP4119 were empbyed to catalyze the
enantioselectiveC-H amination of sulfamoyl ades, which displayednoderatereactivity with
enantioseletivities of up to 89% egthe upper reaction ifrigure §. One year later, Fasan and
co-workers repodd an alternativeenzymesystem a cysteindigated P450satalyzedintramolecular
C(sp’)-H amination of arylsulfonyl azide providing enantioseletivities of up t091% ee(the middle
reaction inFigure §.°® The catalytic activities of the above two examples originated fronirdhe
porphyrin moieties ofthe enzymea, which reacted with the organic azides to faron(IV)-imido
intermediats. In 2017, Hartwig and co-workers reported thatP450s derived from #hermophilic
organism and containing an iridiuporphyrin cofactor If{(Me) -P1X) could catalyzeenanioselective

intramolecular @H amination of sulfonyl azidesiith up to 98% yield and 90% ee (the bottom

reaction inFigure §.°* This systenpffered not onlybetterchemoselectivitf{C-H amination product

10
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vsredudion of the azidg but alsobroadersubstrate scopeompared with the above two repontkich

employed iron porphyrins containiegzyme as catalysts

Arnold (2013)

o 0
2O P411gy; (0.1 mol%) ‘é”o
\ - )
N, > NH
NADPH, r.t.
e 1. KPibuffer pH8.0) [ R

Q0

Q. o) \éf,

A P450gy3 (0.2 mol%) N
sl YN > R I _NH
R-@ _ R NADPH or Na;S,0y, r.t. s
KPi buffer (pH 8.0) R2R
R? up to 390 TTN

up to 91% ee

Hartwig (2017)

Q.0 Ir(Me)-PIX CYP 9 WO
\S// I'( e)' 119 (033 mol A)) 3l BN S\
R3l NN, > R | NH
T 1 ‘s,
/ R RZR'I
R? up to 98% yield

up to 90% ee

Figure 8. Enantioselective intramoleculari amination ofsulfonyl azidesatdyzed byenzymes.

Due to the highenergy barrierfor C-H activation especially for the C®gH bond,
electrondeficientorganic azides (such aslfonyl azidey aregenerdly used as substrates fibre C-H
amination EnantioselectiveintramolecularC(sp)-H aminatiors of aliphatic azide is only a recent
accomplibment which will be of great significance because it enaldeto directly synthesie
saturated chiraN-heterocyclic compounddn 2017, de Bruin ando-workers reported theonly
example of a calytic enantioselective C(§pH aminationof (4-azidobutyl)benzenby using a chiral
cobalt(ll) porphyrin as catalysaffording 46% ee in22% yield (Scheme B*® Unfortunately, the

enantioselectivity wabw.

11
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Mes

Mes (4.0 mol%) Boc.

ph/\/\/N3 > /’\D
Boc,O (1.2 equiv), 80°C o

22% yield
46% ee

de Bruin (2017)

Scheme3. Enantioselective intramolecular-i€ amination of(4-azidobutyl)benzeneatalyzed bya

chiral cobalt(ll) porphyrin

1.32 Catalytic Enantioselectivelntermolecular C(sp®)-H Amination

Intermolecular Gsp’)-H aminatiors are more challenging than intramolecular versgalthough
the intermolecular ¢sp’)-H aminationwas reported earlieAsymmetric intermolecular benzylic-8
amination of indae catalyzed bya chiral dirhodium(ll) complex was demonstrated ltye Miller
group in 197, butit provided very lonenantigelectivity of only 31% ee (the upper reactiorrigure
9).% In 1999, Che and eworkers reportedhat chiral ruthenium and manganese porphyosid
catalye theenantioglectiveC-H amination ofethylbenzene and ethylnaphthaletessdng to 58% ee
in moderate to good yietdd(the middle reaction irFigure 9.2 Two years later, Katsuki and
coworkers reportedthat a Mn(salen) complex acted as the catalyst for enantioselective ¢
aminatiors resuling in up to 89% ee a0 € (the bottom reaction iffigure 9.2 Not only benzylic
C-H, but alsoallylic C-H bond could be aminateéh their catalytic systemMoreover, dylic C-H

amination occurred in preferenceaniridinationwith respect to cycloalkenes

12
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Miiller (1997)

7 NHNs

(2.0 mol%)
©:> + PhI=NNs >
CH,Cl,

71% yield
31% ee
Che (1999)
10mo|% 1 NHTs
RIR® + Phi=NTs
CH,Cl,, 20 or 40 oc R

up to 58% ee

_N\
R3
j{ i PF6

-40 °C, CI,CHCHCI,, 24 h

Katsuki (2001)

6 0 mol% NHTs
RUR? + Phi=NTs

up to 71% vyield
up to 89% ee
Figure 9. Transitionmetal catalyzed enantioselective immmolecular GH amination with

[N-(p-toluenesulfonyl)iminophenyliodinan€PhINTSs) as the aminating reagent

[N-(p-toluenesulfonyl)imino]phenyliodinan@PhINTs) was seleced as the aminating reagent
all the above examples As introduced in Chaper 1.3.1, organic azides constitute -efiocrent
aminating reagents. In 2003, Katsuki andwarkers demonstrated that intermolecular allylitHC
aminationcould be realized by usimgRu(salen)complex aghe catalystandtosyl azide(TsN;) as the
aminating reagentvhich provideda good enantioseleigity of 80% ee but irapoor yield of 17% (the

upper reaction irFigure 10.”® Ten years later, the same grotgported animproved Risalen)

13
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catalysttogether with2-(trimethylsilyl)ethanesulfonyl azid¢SES)as the aminating reagent could

highly enantie and regioselectivaminatebenzylic and allylic @H bondswith up to 99% ee in up to

98% vyield (the bottom reaction Figure 10.2%

Katsuki (2003)

Qn, o,
CH20|2 NHTs

TsN3 17% yield
80% ee

Katsuki (2013)

AN, R3=2,6-F,CgH; (3.0 mol%) 1
a o} CH,Cl,, -10-0 °C, 2-24 h
NHSES

RZ
SESN,

up to 98% vyield
up to 99% ee

Figure 10. Transitionmetal catalyzed enantioselective imtmolecular GH amiation with

electro-deficientorganic azides as the aminating reagents

In 2017, Arnold and coeworkers repored an ironcontaining enzymatic catalystased on a
cytochrome P450 monooxygenaséor the highly enantioselectivéentermolecular benzylic
aminationby usingtosyl azideas the aminating reagent (Schemé&°4jhe turnover number (TON) of
this biocatalystcould reachup o 1300with very goodenantioselectivitie®f up to >99% eeThis

methodolodycould be used fahesynthesis of a variety @hiral benzylic amines.

14
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NHTs
Cytochrome P411cpya

2 A R2
R R+ ToN, > R1—:<)/k
- Whole cells =

up to 1300 TON
up to >99% ee

Arnold (2017)

Scheme 4. Enantioselective intermolecular benzylicHC amination catalyed by an engineered

iron-haene enzyme.

1.4Asymmetric Oxidative Coupling of Carbonyl Compounds

An oxidative coupling of two carbonydompoundsffers a directand efficientway to construct
moleculescontan 1,4-dicarbonyl moieties® which are important synthetic intermediatéstually,
indirect methods fothe oxidative coupling of two carbonydompoundshave been reportea long
time ago (Figure 11aj® Normally, the first step is to transform thearbonyl compoung to
electronrich enolates or relatedcarbonyl derivatives(like enol silanesand enamings thenundergo
the coupling reaction in the presenceaafoxidant. According to this general scheme, diffelentls
of methods have been developed for the indirgtative coupling of carbonydompoundsncluding
coupling of lithium metal enolates intramolecular oxidative coupling of silyl benol ethes, and
enamine catalysis

There are three kinds of mectisms® for the enolate coupling: radieeddical coupling,
radicalenolate reaction, andy3 reaction (Figure 11bXow to control serecselectivity (diasteree
and enantioselectivitydf these coupling reactis has been a difficult task. Mostnantioselective
oxidative coupling mainly relied onthe use of stoichiometricchiral reagergor substrates containg
achiral auxiliay, catalytic asymmetrizersionshave beewery limited

Idealy, chiral 1,4dicatbonyl compoundscould directly form by oxidative coupling oftwo
nucleophilic carbonys (Figure 11§, althoughthis is very challenging andintil recentlyonly one
example is reported In the following, enantioselective ximlative coupling of two carbony

compoundwill be discussd.
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a) General scheme for oxidative coupling of carbonyl compounds

1 1
H 0 1. Enolization RT O R0
idati ; X + X
X+ R2 2. Oxidative coupling \[NLY \n/\‘)]\y
R’ v > 0 R O R?
o] H .
Indirect coupling syn anti
(Need two steps)
b) Mechanisms for the formation of the coupling product
OM

Y)\./ R®

radical-radical coupling
OM

o AR oM

)\/ , RZ 0O
. R »Y\H)\HLY
Enolization [O] or I, 0 R2

oM
2 2 —] radical-enolate reaction
RS NS

Y
[M] o oM
H /U\rRZ YJ\/RZ /
>y
|

SN2 reaction

c) Ideal way for oxidative coupling of carbonyl compounds

R" O R" O
i 1 e Cat,, [0 X XA
1 X + YJ\/R at, [0] > Y Y
R i O R? 0 R
0 Direct coupling syn anti

Figure 11. a) General scheme for oxidatieeupling of carbonytompound; b) Mechanisms for the

formation of the coupling product; c) Ideal way idativecoupling of carbonytompound.
1.4.1 Indirect Asymmetric Oxidative Coupling of Carbonyl Compounds

The mostpopular strategyof oxidative couplingstartswith lithium metal enolates, and early
example of enantioselective oxidative coupling mainiglied onthe use of substrates contaiimy
chiral auxliaries® For examplen 1993, Porter and eworkers reported the enolization optically
pure butyryloxazolidineby using LDA as the base, then enantioselective oxidative homocoupling
occurredin the presere of CuC}. Almost onlysynproduct was obtained (50% vyield with 97%) ee
(Figure 12a§* Based on thisesult different kinds of chirahuxiliaies have been investigated for the
asymmetric oxidative couplingFigure 12b). Both the diastereoselectivity and enantioselectivity
depend on the chirauxiliaries and reaction conditions. Importantly, tmethodlogy has been

successfullyapplied for the synthesis of natural products. &ample the synthesis of)-hinokinin
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wasreported byKise and ceworkers (Figure 12¢¥

a) Chiral auxiliary-mediated asymmetric synthesis

0 . Et O
1. LDA, THF, -7
Ruj\ s Au\r('\‘)J\Aux
Aux 2. CuCl, (0.5 equiv)
O Et
K X 50% yield
N . P = .
Aux=""N syn: anti = 99: 1
P 97% ee
-
\(\‘
b) Different kinds of chiral auxiliaries
)
(0] Me S
A S\NJ(O
A~ H o &
Ph =
Me PhO,S” Ar \\

c) Application of this methodology for natural product synthesis

o 0 OxAux
0 1. LDA <
Aux ————>
< 2.TiCl, ©O 0
° L
0 Aux” ~O o

S 55% yield
Aux = NJ(O syn: anti =5.7: 1

i lLiOOH
0 <o Os_OH
0 O O o)
o\_ 1. Ac,0 >
o 2. NaBH, HO” 0 O
0
o—

(-)-hinokinin

Figure 12 Chiral auxiliarymediated asymmetric oxidative enolate coupling

In 2001,Schder and ceworkers reported theenartioselective oxidativdhomacouplingby usinga
stoichiometric chiral ligand as additive, instead ofiiral auxiliary, and homocoupling of
3-(2-phenylacetyl)oxazolidi2-onewasachieved with up to 76% ee (Schemé®8)nfortunately, the

anti-product (mesometiproduct)rather thesynproductwas obtained as the major diastereomer.
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N\)

)
>
)
>
E‘U

0O Ph .
1. (1.0 equiv), TiCl4 10eqU|v H
L L G\\ 5 L

Q NN 2. Et3N (1.0 equiv)
3. FeCpQBF4

91% yield
syn: anti = 1:3
76% ee (for the syn product)

Scheme 5Asymmetric oxidative enolate coupling in theesencef stoichiometric amoustof chiral

ligand

Besidesgoing througHithium enolates, a relatazkidative enolate couplingeportedoy Thomson
and ceworkers proceededvia silyl bisenol ethes (Scheme 6% This strategyallowed for the
convergent andtereoskectively assembly ofpolycyclic moleculesthrough crossoupling of chiral

substrates.

R1—5i§ -y LDA, IPFZSICIZ (‘/j\,Pr\ /,Pr/(\’j\/
oy e N =

lCAN, NaHCO,

CH,Cl,

Scheme 60xidative enolate crossouplingvia silyl bis-enol ethers

All the examples described above required using of chiral substrates bigtetric amount of
chiral ligands to achieve enantioselective transformatidhe first report otatalytic enantioselective
oxidative enolatecoupling was disclosed byacMillan and ceworkers in 2007 through enamine
catalysis (Scheme 7J.The enamine generatdyy reactionof the aldehydesubstrate andhe chiral
imidazolidinonecatalystunderwent oxidative bond formatiavith enol silandn the presence aferic

ammonium nitrate (CAN)providing the couplingproducts in high yields (592%) with excellent
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enantioselectivities (866% ee).

/
o) N)_
tBu
Ph\J\:H
(6] 2 0 2
HJ\/R1 . R (20 mol%) HJ\(\n’R

OSiX;  CAN, 2,6-DTBP R' O

55-92% yield
86-96% ee

Scheme 7Catalytic enantioselectivenolateoxidativecouplingvia enamine catalysis
1.4.2 DirectAsymmetric Oxidative Coupling of Carbonyl Compounds

The only exampleof direct asymmetricoxidative coupling oftwo carbonyl compoundswas
reportedvery recently byJargensen and coworketScheme B* The homocoupling ofU-branched
aldehydes with good vyields anmhoderate toexcellent enantioglectivities was achieveih the
presence of 40 mol% chiral amine catalgsid AgCO; as the oxidantDiastereoselectivities and
enantioselectivitiesvere sensitive tothe nature of the substratede@ronpoor aromatic aldehydes
performed better tharelectronrich substratesMechanism studies indicatetat the homocoupling

proceedshrougha radical cation intermediate.

O Al
0 N A (40 mol%) Agde
MGW)LH H » H

A 4-NO,-PhCOOH ME Ar'
r Ag,CO3 (1.5 equiv)

28-79% yield
6-96% ee
1:1-18:1 dr

Scheme8. Direct enantioselective oxidative honoapling of aldehydes

1.5 Conclusions

(1) Thereportedcatalystdor the kinetic resolution of epoxides with g&re mainlySchiff basemetal
complexes Almost all the reported systendssplaypoor substrate tolerance, and general catalytic

system for a variety of different epoxide substrates exststher problenis the reaction suffarfrom
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copolymerization side reactiaspecially vinencobalt Schiff baseised asatalysts Development of

newupdateccatalysts ighereforeof greatinterest.

(2) Both transition metatomplexesand enzyme can catalyzeenantioselegive C(sp’)-H aminatiors
through metatimido intermediate with excellent enantioselectivities usingrganic azides with
electronwithdrawing groups likesulfonyl azids asthe aminating reagent$lowever, @antioselective
C-H aminatiors of primary aliphat organic azideare apparently muchore difficult andonly one
example was recently disclosdulit with low enantioselectivityof only 46% ee.Therefore the
developmenbf new catalytic systegfor highly enantioselective €l aminatiors of primary aliphatic

organic azidsis of high interest.

(3) As one of the mosefficient ways to construct 1,4arbonyl moieies oxidative coupling of
carbonylcompoundsasbeenachievedby different kinds of indirecstrategiessuch aghe oxidative
coupling of lithum enolats. These indirecstrategiegjo through atwo-stepsprocedurethe first step
is the enolization, the second step is an oxidative coupling of the formed ehialatver, the direct
enantioselectivexidative coupling ofcarbonylcompoundswhich provides a more direciccess to
chiral 1,4-carbonylmoleculeshas been much less addresdedill be of great interest to explore new

catalytic systems fahedirect asymmetric coupling @aarbonylcompounds
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As one of the most important straiegto synthesimg nonracemiccompounds, symmetric
catalysisby chiral transition metatatalystshas been extensively studiedtire past several decadés
Typically, the chiral transition metal catalyst contains at least one chiral ligand which is the origin of
the dirality during the catalytic transformation. A nety of chiral ligands, such as heteroatom
(phosphorusnitrogen oxygen sulfur)-containing ligandscarkene ligands, cyclometalated ligands
andcyclopentadienyl ligarg] have been successfully developed applied in asymmetric catalysis.

In a different and more or less neglected stratégy,chiral transition metal complex includes only
achiral ligands, in which the origin of the chirality is solely from the stereogenic metal center
generated upon thesymmetric coordination dhe achiralligands around the central me{&ligure
13).2 Compared with transition metal catalysts with chiral ligatidssewith only achiral ligandsare
muchless studied andnly a recent developmerspecially bythe Meggeas group fiChiral-atmetab

will be used as a term throughout the thesis to describe such complefezsng tochiral metal
complexeswith only achiral ligands in which the chiralitg the exclusive result of a stereogenic metal
center Over the last 5/ears the Meggers group developedseries of chiraht-metal complexes
(include iridium, rhodiumand rutheniumyvhich possesmetatc e n t e (lefi-Handged propeller) or
pconfiguration (righthanded propellederived from thepropellertype arrangem# of the two
bidentate achiral ligand§igure 13)*° Importantly,this novel class ofhirakat-metal complexeshas
beendemonstratedhs efficient catalysts foa variety of transformations (likélichael additions,
FriedelCrafts reactions, cycloadditis asymmetric transfer hydrogenation, ight-activaed
asymmetric transformatios, alkynylation of trifluoromethyl ketoneand so oh with very high

enantioselectivitie$.
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Chiral transition metal catalyst
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Chiral-at-metal catalysts developed by the Meggers group '
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Figure 13 Chiral transition metal catalysts with chiralr achral ligand and represeniee

chiral-atmetal @atalystsdeveloped by the Meggers group.

Aim 1: Expanding the catalytic propertiesof chiral -at-metal iridium catalysts

As mentionedabove the chiralatmetal iridium and rhodium complexes developed bythe
Meggersgroup have been used as powerful Lewis @fiid a variety of transformations. To daigh
erantioselectivity, the substratemployedin the catalyticreactiors such as &cyl imidazoleusually
contain an auxiliary moietyfor two-point binding® There are notable exceptions like an
iridium-catalyzed enantioselective transfer hydrogenation of arylkefolmeshis respect one can
wonder if thereare other types of enantioselective transformatiomisat can be catalyzed bthe
chiralatmetal Lewisacid catalyss without utilizing a bidentate coordination of the substrate. Thus,
the author of this thesis interestedin investigaing new catalytic properes of chiralat-iridium

Lewis acidsusingdifferentcoordinationmodes (Figure 14)
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Investigate asymmetric transformation
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Two-point  binding substrates are
generally needed to get good ee in the

previous reports.

Figure 14. Aim1: Expand the catalytic prop&s of chiralat-metal iridium catalyst

Aim 2: Expanding the catalytic propertiesof chiral-at-metal ruthenium catalyst

In 2017, former group member Yu Zheng synthesized a nchighlat-ruthenium omplex
coordinated by twadN-(2-pyridyl)-subgituted N-heterocyclic carbene (PyNHC) bidentate ligands in
addition to two acetonitrile ligands a C,-symmetric fashionl This rutheniumcomplex displayed
high activity (up to 99%yield) and enantioselectivitfup to >99% ee) for thasymmetricalkynylation
of trifluoromethyl ketonesit is well known that a variety of reactive intermedmtan begeneratd
through ruthenium complexes (like ruthenkaxo, rutheniuramido, rutheniumhydride and so oh
Furtherinvestigaton of the catalytic propeids of thistype of chiratat-rutheniumcatalystswill be of

high interest for our groypvhich is thus my airof work (Figure 15).

4

N

ketones with this catalyst has been

[Alkynylation

reported.

of  trifluoromethy

J

Explore other interesting catalytic
proporties of this Ru complex.

J

Figure 15. Aim 2: Expand the catalytic propérsof chiralatmetal ruthenium catalyst
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Aim 3: Expanding the catalytic propertiesof chiral cyclometalated ruthenium catalysts

The success dfis-cyclometalatedhiralatmetaliridium andrhodiumcomplexesn asymmetric
catalysis encourageds to furtherinvestigate thecatalytic property of other chiralyclometalated
transitionmetal complex, like ruthenium which is less reporft@yclometalated ruthenium compkex
are relatively electrorrich, which may bepotentially good redudng agents But asymmetric redox
reactons catalyzed by cyclometalated ruthenium compkererare. Thus in this part, investigating
the catalytic propeigs of chiral cyclometalated ruthenium compdmespecially forredox reactios

will be my aim of work(Figure16).

Y N

This chiral cyclometalated ruthenium Study the catalytic property of this

complex has been reported for non-redox | [ rythenium complex for redox reaction.
reactions.

Figure 16. Aim 3: Expand the catalytic propésof chiral cyclometalateduthenium catalyst
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3.1 Kinetic Resolution of Epoxides with CQ Catalyzed by a Chiralat-Iridium Complex

3.1.1 Project Designand ResearchBackground

The Meggergroup recently introducechiralatmetalbis-cyclometalated iridium(l1) and
rhodium(l11)> complexesas a novel class of Lewis acidghese complexes contain only achiral
ligands with the metal semy as the formal stereocenter (chia#imetal compley, which
represent anew type of caalysts for many transformations providing excellent
enantiosedctivities with high activities® For exampleboth the chiralatmetal iridium complegs
s/plrO and the rhodium complex s/q@RhO could catalyzethe FriedelCrafts alkylation of
U ,-umsaturated -acyl imidazoles with higlyields and enantioselectivitiesFigure 174." In most of
the previous studiesubstratesvith two-point bindinglike 2-acyl imidazoles are necessary to obtain
good asymmetric indtion.® Therearealso exceptiom For examples /pIrS has been demonstrated
as an excellent catalyst for asymmetric transfer hydrogenations of ketprmsding high
enantioselectivitiesf up to 99% eeat low catalyst loadings down to 0.002 mol% in the presence of
pyrazole cdigand (Figure 17b).> In this case, only simple ketonese used as substrates, aad
iridium-hydride is proposedo bethe key intermediatdt will be of high interest for our group to
develop otheasymmetridransformations without the need taro-point bindingsubstrateswith this
expectation my coworker Dr. Vladimir Larionov found that a modified chirahtiridium
complexL-IrO(Carb) could serve aghe catalyst forthe kinetic resolution of epoxides with
CO, to afford cyclic carbonatevith a moderateconversion of 23% andnantioselectivityof

71% ee(Figurel7c). This reflects an-$actor of 7.3.
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a) Enantioselective Friedel-Crafts alkylation: One example that two-point binding substrate is employed
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c) Kinetic resolution of epoxide with CO, developed by Dr. Vladimir Larionov
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As described in Chapter 1.2etkinetic resolution oépoxides with CO, is of greatinterest
becauseit features a perfect atoraconomy Moreover, chiralcyclic carbonatesare important
synthetic intermediatés However, the kinetic resolution of epoxides with CO, is still
underdeveloped to dafd.ow sfactors (s < 10)aretypical in most of the reported catalytic systems.
Another problem ighe poor substratetolerance. Almost all the reported catalytic systems are very
sensitive to the nature of the substrate.

In theory, there is realpossibility to get good $actorsfor this kinetic resolution reaction
with the chiralatmetaliridium or rhodium catalystsif the coordination of thepoxideand later
ring openingoccur around the metal cent&he primary dactor of 7.3 obtained bBr. Viadimir
Larionovis comparable with other reported Lewis acid cataf&t&ncouraginglythe author of tls
thesisdecidel to furtherinvestigatethis kinetic resolutiorreactiorwith the chiralat-metalcomplexes

ascatalystgo improve the gactor.

3.1.2Initial Experiments and Optimization of ReactionConditions

The investigation wastarted by testing a number of {fmgclometalated chiraht-iridium
and chiralatrhodium Lewis acid complexe$or the kinetic resolution of racemic glycidyl
benzylether @a) with CO,. All reactions shown in Table 1 were performed at 25 € with,CO
pressure of 20 bar in the presence of 1 mol% chiral Lewis acid catalyst. Using the benzoxazole
rhodium catalystL-RhO together withnBu,NBr as the cecatalyst provided the cyclic
carbonatéba with 8% conversion and 47% ee, which relates to-tac®r of 2.9 (entry 1). The
related benzothiazole rhodium catalysiRhS displayed a higher catalytic activityith 26%
conversion after 24 hours but an unchangei@csor (entry 2). The analogous iridium
complexesL-IrO and L-IrS provided better results (entries 3 and 4). EspecibHir O
provided an dactor of 6.0 (entry 3). A further slight improvement was iagbd with the
iridium catalytsL-IrO(Carb) functionalized with two carbazole moieties which provided an
s-factor of 6.3 (entry 5). The role of the carbazole moiety is undiarever,our group® and
indepenently the Kang grouf® found that for related bisyclometalated catalysts the
functionalization of the phenyl moiety at this position with an aryl moiety can sometimes have

a positive effect on the stereocaitr
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Catalyst L-IrO(Carb) was used to optimize the reaction conditiomsxt First the
co-catalyst was optimized (entriesl1®), and it was found that bromide was optimal as a
nucleophile in combination with tetraethylammonium cation to provide -tacter of 7.6

(entry 11). This was different from the result dhe Co"

(salen) complexsystem which
provided better-$actor with co-catalystbearing bulky catio® With respect to the amount of

the nucleophilic cecatalyst EXNBr (entries 1316), the highest-factor of 8.7 (entry 15yvas
observedat a catalyst loading of 1.5 mol%. should be noted here that there is totally no
catalytic activity in the presence df0 mol% co-catalyst (entry 16). Under solvenfree
conditions the gactor decreased to 5.4 (entry 17), but testing some other solvents (entries
18-21) revealed that 1;dioxanewasthe solvent of choice providing arfactor of 10.8 (entry

21). It is noteworthy that doubling the loadings of catalysd accatalyst leads to a higher
conversion but also decreases the enantiomeric excess of the cyclic carbonate and reduces the
sfactor (entry 22). Finally, control experiments verified that neither the Lewis acids nor
Et,NBr alone can catalyze this trapngiation (entries 23 and 2N otably, selectivities for the

cyclic carbonate produatere perfect in all cases, and no copolymerization side reaction was

observed, which is often encountered for the chiral cobalt Schiff base ca?%f‘?ysts.
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Table 1Initial experimentof kinetic resolution of glycidyl phenyl ethe4d) with CO,?

PR X/thB:HY_
o 5 S Cat. M X Y R
oo _ oo 2§ (| RS RS RE
o O I, - O It O PRy H
20 bar CO,, rt., | | \NS IrS r s PF6 H
4a Solvent(35M)  5a OBn: @g}‘ “Me  o(Carb) I © OTf N-carbazolyl
R X‘@ﬂBu
entry  cat (mol%) co-cat (mol%) solvent conv.(%)° ee(%)° ¢
1 L-RhO (1.0) nBusNBr (2.0) Tol 8 47 2.9
2 L-RhS(1.0) nBu;NBr (2.0) Tol 26 43 2.9
3 L-IrO (1.0) nBu;NBr (2.0) Tol 16 68 6.0
4 L-IrS (1.0) nBu;NBr (2.0) Tol 20 50 3.4
5 L-IrO(Carb) (1.0) nBusNBr (2.0) Tol 14 70 6.3
6 L-IrO(Carb) (1.0) nBuNI (2.0) Tol 26 43 2.9
7 L-IrO(Carb) (1.0) nBusNCI (2.0) Tol 70 6.0
8 L-IrO(Carb) (1.0) nBu,;NDNP (2.0¥ Tol - -
9 L-IrO(Carb) (1.0) nBu;NOBz(2.0) Tol - -
10 L-IrO(Carb) (1.0) nOctyl,NBr (2.0) Tol 13 63 4.9
11 L-IrO(Carb) (1.0) E4NBr (2.0) Tol 15 74 7.6
12 L-Ir O(Carb) (1.0) Me4NBr (2.0) Tol trace - -
13 L-IrO(Carb) (1.0) E4NBr (4.0) Tol 18 73 7.5
14 L-IrO(Carb) (1.0) E4NBr (8.0) Tol 22 65 5.6
15 L-IrO(Carb) (1.0) E4NBr (1.5) Tol 14 77 8.7
16 L-IrO(Carb) (1.0) EtNBr (1.0) Tol trace - -
17 L-IrO(Carb) (1.0) EtNBr (1.5) no solvent 21 64 5.4
18 L-IrO(Carb) (1.0) E4NBr (1.5) DCE 9 63 4.7
19 L-IrO(Carb) (1.0) E4NBr (1.5) THF 14 71 6.6
20 L-IrO(Carb) (1.0) E4NBr (1.5) nBu,O 13 77 8.6
21 L-IrO(Carb) (1.0) E4NBr (1.5) 1,4-dioxane 14 81 10.8
22 L-IrO(C arb) (2.0) EuNBr (3.0) 1,4-dioxane 28 71 7.5
23 L-IrO(Carb) (1.0) no cocat. 1,4-dioxane O - -
24 no cat. Et,NBr (1.5) 1,4-dioxane <1 - -

®Reaction conditions4a (32.8 mg,0.2 mmol), catalystand cocatalystin theindicated solvent
(57 |L) werestirred at25 € at 20 bar CQ for 24 h "Determined by*H NMR. No other
products formed°Determined by HPLC on chiral stationary phd&alculated as (In[ c(1 +

eg)])/(In[1 - c(1 - eg]) wherec is the conversion andeis theenantiomeric excess thecyclic

carbonate productDNP =2,4-dinitrophenoxide’Reaction time waso h.
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3.13 Substrate Scope

Using the optimized conditions with the chiral Lewis atidrO(Carb) at 1 mol% and the
co-catalyst ENBr at 1.5 mol% in 1,4lioxane at room temperagumwith 20 bar CQ the substrate
scopewasnext investigatedtarting with a variety of glycidyl ethers (Figut8). Glycidyl phenylether
gave the carbonath with 20% conversion and 82% ee (s = 12/8romparable $actor of 10.7 at a
conversion of 43%vas obt ai ne d-fumctionatized.Qo@aden) lsampl&Methyl groups
in para- andmetaposition did not affect the outcomgc(and5d) but a methyl group inrtho-position
of the phenyl moiety somewhdecreased the conversiobe). Glycidyl phenylethers with electron
donating and electron accepting groups in the phenyl moiety were well tolerated (cyclic carbonates
5f-h) with sfactors of 10.111.5. Glycidyl (2naphthyl)ether afforded the carbondiewith 22%
conversion and 80% ee (s = 11.2). A variety of other glycidyl ethers provided the cyclic carbonates
5/-m with s = 7.511.8.For dycidyl ethes, ourchiralatmetalcatalystprovided much higér s-factors
compared withmost of other catalytic systas®'*'* To further evaluate effect of theature of
epoxideside chairon thes-factor, substratedn-t were testedReplacingthe etherside chainwith an
ester group gave tlearbonatén with 15% conversion and@4% ee (s =7.6), for which only a dactor
of 2.1 wasobtainedwith the ketoiminatocobalt(ll)catalytic systeni® A phenylethyl side chain lei a
decreased conversion with ssfiactorof 9.0 (50), while a butyl side chain provided carbondie with
an sfactor of 8.5, and an ethyl side chain provided the carboigtavith an sfactor of 6.4.For
substratelq, Luds cat al ys gcydliscarbonateg with anrsfactop af 31\6F T dun
delight, a benzyl substituentafforded the carbonatér with 21% conversion and @6 ee which
reflected ars-factor of 6.6 and ap-methoxybenzyl substiant the cyclic carbonatss with 80% ee at
40% conversion (s 15.3).A chloromethylgroup gave a better conversion of 40% but a decreased
s-factor of 8.9 (cyclic carbonatést). For this chloromethyl cyclic carbonaf most studies reported
moderate to v s-factors below ®, except f ohich fravides anségctort o€ 18.2 &t a
conversion of 4198° An epoxide with a quartenary carbon cerferdid not show any reactivity
Finally, styrene oxide4v afforded the cyclic carbonatev with an sfactor of 7.3, compared to an
sfactorof54i n Lu6s c¢ a? lashopltl bemotesl yhaict deteatable signal of polycarbonate
side productvas observed in théH NMR spectrumsor all presented substrateEhis is consistent

with determined mass balances>8B% for several reactior{for 4b, 4g and4i).
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Figure 18. Asymmetriccoupling of various epoxides with GGMB = mass balance "Reactio time

was70 h.°2 mol%nBu,NBr, 1 mol%D-IrO(Carb) and 45 hwere used instead.
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To give a better indication of the performance tbfe chiralatiridium catalyst for this kinetic
resolution of epoxidessfactors of selected substratedb-{d, 4g) were detemined at higer
conversions(around 40% resuling in slightly reduced $actors (Table 2). For an example, the
sfactor of dycidyl phenyletherdb decreased from 12.3 (at 20% conversion) to 10.5 (at 41%

conversion).

Table 2. Catalyticresults of selectbepoxides at high conversiéns

entry epoxides conversion (%)  ee(%)° &

1 4b 41 73 10.5
2 4c 40 73 10.3
3 4d 39 74 10.6
4 4g 45 70 10.0

®Reaction conditionsEpoxides(0.3 mmol),nBusNBr (1.9 mg,0.006 mmol, 2 mol%)D-IrO(Carb)
(3.8 mg,0.003 mmo] 1 mol%)in 1,4dioxane (86 |L, 3.5 M) were stirred at room temperature a
bar CQ for 50 h.°Determined by'H NMR. Selectivity for the cyclic carbonatproduct were
all >99% °Determined by HPLC on chiral stationary phd&alculated as (In[t c(1 + ee)])/(In[1-
c(1 - ee)]) wherec is the conversion and égtheenantiomeric excess the cyclic carbonate product

3.1.4 Additional Experiments

Next, a few mechanistic experimentwere performed. To verify that thereis a
stereochemical match and mmatch between the metaéntered configuration of the iridium
catalyst and the stereochemistry of the chiral epoxide, the enantiomericallySpagtgcidyl
phenyl ether (>99% ee) was used as substrate in thec@ling reaction catalyzed by the
individual enantiomeric catalysts-IrO(Carb) and D-IrO(Carb) (Figure 19a). As a result,
after 20 hours at room temperature a conversion of 20% was observed for catalyst
L-IrO(Carb) , while under the same conditioslrO(Carb) only provided a conversion of
2%, this demonstrating a strong preference 94b for L-IrO(Carb) over D-IrO(Carb) .
Furthermore, the cyclic carbonate produR}-$b was formed under complete retention of the
configuration, which is in accordance to the established mechahBigure 19 features the
correlation between conversion and enantiomeric excess of the formed cyclic carbonate. As
expected, with a progress in conversion the enantiomeric excess declines. However, it is
surprising that the -factor also decreases gradually with increasing conversidre

explanation for this unusal effect unclear at this stagdut it is possiblethat the formed
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cyclic carbonate interferes with the catalysis of just increases the overall polarity ofuéetsol
Finally, the direct reaction ofiBus;NBr with the catalystwas investigated(Figure 19c). An
immediate color change from yellow to orange was observed when mixing the catalyst
L-IrO(Carb) with one equivalent ohBus;NBr with a disappe@nce of an acetitrile signal

which indicatesthat the bromide replaced one acetonitrile ligand by directly coordinating to
the iridium and providing a neutral complex. This explains why a slight excessaattalyst

over the iridium complex is necessary for obsenaatalytic activity.

a) 1.0 mol% cat 0
. . = A_ . 0
o /Oph 1.5 mol% Et;NBr cat.= A-IrO(Carb): 20°A> conv.
> —> oPh 99% ee
(S)-4b 20 bar CO, \)"u/
N 1,4-dioxane (3.5 M) cat.= A-IrO(Carb): 2% conv.
(>99% ee)  rt.20h (R)-sb (Carb): 2%
b) 10
80 R o s-factor
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76 - A 9
A
o o
72 4 o o N s
& 68 S
g .
o o F7 @
64
I
60 | 6
(o]
A
56 ~
T T T T T T T T T 5
5 10 15 20 25 30 35 40 45 50
conversion (%)
c) T+ OTf
Ar 0 tBu Ar oQtBu
S
N NS
I '/C’Me | c-Me
“n,, | N7 CD,CI | z
' + nBuyNBr ——222 3 e, ‘\\\“‘N

\ ) rt.,1h |I'\
q:gl 10UV gy,NOT | Br
N
Ced
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Figure 19. Additional experiments. a) Investigation of match and mismatch of chiral catalyst
and epoxide substrate. b) Dependence of enantioselectivity -fatdos on the conversion.
Reaction conditions: glycidyltkeer4b (0.2 mmol) withL-IrO(Carb) (2.0 mol%), EiNBr (3.0
mol%) in 1,4dioxane B7 [L) at room temperature under 20 bar £©) Stoichiometric

reaction ofL-IrO(Carb) with nBuyNBr.

38



Chapter 3. Results and Discussion

Based on previous repottandour mechanistic experimentthe catalyticcycle shown in Figure
20 is proposedThe catalysL -IrO(Carb) first reacts with one equivalenBu,NBr to replace one
MeCN ligand with bromide and to form the neutral iridium comgleReplacement of the second
MeCN ligand with the epoxide substratertieads to complel . The observed enantiodifferentiation
either already occurs during the formation of this iridisubstrate compleX or the subsequent
reaction with bromide toofm the ringopened alkoxide intermediatl . The nucleophilic alkoxide
then reacts with C&£xo form the shortived carbonate intermediabé which undergoes a ringosing
intramolecular §2 reaction to generate the catalyst bound cyclic carbonate product. Dissociation of
the product and new coordination of substrate finailjates a new catalytic cycle.

N
. ‘\‘\\\ Br

Cy,
‘. CcO 2
\R

Br~ /llr\o R
YR

| C.)

N —|+ OTf" ( N . ?>—R C”’l, \\\\Br C//,,III‘\‘\\\BF R
C/””'||“\‘“NCCH3 + nBuyNBr 3|I’<r - e C/llr\o R C/Ilr\o R
I —_— —~—
_ C
(JL\NCCHg nBu NOTF \)ll NCCHs O ) V4 NoJ\o‘ Br
I " v
Cl"l I \\\\Br R -
product 2IrS - Br
C/|\0/>
substrate N d
O
\"

Figure 20. Proposed mechanisfor thekinetic resolution oepoxideswith CO..

3.1.5 Conclusiors

In summary, bigyclometalated iridium complexese demonstratedo be a new and promising
class of chial catalysts for the kinetic resolution of racemic epoxides with. Si@nificant sfactors
of up to 16.6 are achieved for a variety of monosubstituted epaxideslingepoxides with aliphatic
side chainsglycidyl ethers,sstyrene epoxide, and a glycldgster.It is noteworthy that all reactions

were performed at room temperature and no polymerization side reaction was detected.
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3.2 Enantioselective Intramolecular GH Amination of Aliphatic Azides by Dual

Ruthenium and PhosphineCatalysis

3.2.1 Project Designand Resarch Background

As discussed in Chapter 3.1, the Meggers group developeoisthgclometalated iridium(lll)
and rhodium(lll) complexes as a novel class of chiral Lewis acisich showed excellent
asymmetric inductiofor avariety of transformations.Most recently, former groumemberYu Zheng
synthesizeda new class of chiratmetal ruthenium catalystsvhich displayedhigh activity (up to
99% vyield) and enargselectivity (up to 99% edlpr the alkynylation of trifluoromethyl ketones
(Scheme 9). Ruthenium complexes are well knownexhibit diverse reactivities, especially
generating a variety of highly reactivatheniumboundintermediates. fie author of tls thesis holds

a great interest in investigating new catalytic properties of this clashimaiat-metal ruthenium

catalysts
NR 12+ 2 PFg
! .Me
o F3C OH : (/\J N
I __ _, A-Rucat (0.5mol%) RM"\ P MesN m,,,R -
1 + =R > | Mes u
Reh NEts (0.2 equiv), g | 7 | N
THF, 60 °C up to 99% yield | NNy M
'

e
| &
R

R = 3,5-Me,Ph

up to >99% ee

Scheme 9Enantioselective alkynylation of trifluoromethyl ketones catalyzed by eatraletal

ruthenium cmplex.

At the onset of the studype author of ths thesisfocused on transformations involvimgthenium
imido intermediates which lva been well demonstrated in thiterature® A number of interesting
transbrmations like aziridination and <€ amination had been realized througa risactive ruthenium
imido intermediate (Figur@1).* In particular,C-H aminationrepresentsne of the moseffective
methodologiego construct nitrogerontaining molecule3 Organic azidewas chosen as the testing
substrate becaesit has been well reported to react with ruthenium coneglérming ruthenium
imido intermediate® Furthermore organic azidesare attractive functionalitiefor C-H amination

because no additional oxidant is required and molecular nitisgaa only byproduct®
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Figure 21. Transformationwia theruthenium imido intermediate

With the above idea in mind, the literatw& C-H aminatiors of organic azids was reviewed
carefully As introduced in Chapter 1.8)e amination of saturated C{#1 bonds wih aryl, sulfonyl,
acyl and mosphoryl azidebas been well establishéthut the use of nomctivated, aliphatic azides is
only a recent accomplishmefif*>*8 In addition totheir lower reactivity, amajor pitfall for C(sp))-H
aminationsof primary aliphatic azidesonstitutesa conpeting unproductivel,2-hydride shift of the
intermediatealkyl nitrenoid intermediatéeading to tharreversibleformation of undesirablamines
(Figure 22a)°'° Betley and coeworkers introduced an elegant dipyrrinaitmn(ll)-catalyzed
ring-closing C(sp)-H amination of aliphatic azides but the reported turnover numbers were modest
with TON < 10 (Figure22b).***? This protocol® offers a direct access tsaturateccyclic amines:’
Subsequently reported M&Bnctionalized Fe(IBb-diketiminate'®iron(lll) -coordinated redoactive
pyridine-aminophenot? and cobalt(ll) porphyrill catalysts by Lin, van der IMgt, and de Bruin,
respectively, provided improved catalytic performances for this challengingamasation. Finally,
Che and co-workers very recentlyeportedan N-heterocyclic carbene iron(lll) porphyrin complex
exhibiting high activity for this trarfermation under microwave conditiaffsHowever, cyclic amines
like pyrrolidines as part of bioactive compounds are typically chiral but only a single example of a
catalytic enantioselective reaction has begomed using a chiral cobalt(ll) porphyrin achieving low
yields and very low enantiomeric excess (Fig®e).!"*® Apparently it is difficult to get both high

enanioselectivity and good catalyttarnover number
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a) Undesirable 1,2-H shift of intermediate nitrenoid

H
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b) Racemic studies
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XY NN MGWMG
SN et D
Adgoy % Ad I\I/Ie
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de Bruin & van der Vlugt (2017)  Che (2018)
TON < 620 TON =9

c) Low enantioselectivity (de Bruin, 2017)
Mes

22% vyield, 46% ee

Figure 22. Previous worlon ring-closing C(sp)-H aminations oprimaryaliphatic azides

Ruthenium complexes are weltablished for catalyzing C@gH aminations of organic azides
such as aryl, acyl, and sulfonyl azidebut applying simple primary aliphatic azides has remained
elusive and this has been attributed at least in parts to a very efficiemydtgyen shift of the
intermedia¢ Ruimido complexes And this reactivity was also reported for other metal complexes
when encounteringCHfi phatic azide with U

Intrigued by these studies, theathor of this thesisvondeedif the chiralat-ruthenium complex
with suitable ligand environments capable of activating primary aliphatic azides like
(4-azidobutyl)benzene for intramolecular-HC amination instead of 1-;Rydride shift. Another

expectabn was that asymmetric induction whicts challenging to date aiy be realized bythe
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chiralatmetal ruthenium catysts if the ringclosing stepoccuss in the coordination sphere of the

metal cergr*

3.2.2 Initial Optimization

The study was initiated by investigating the intramolecular -i& amination of
4-azidobutylbenzene9§) to Bocprotected Zphenylpyrrolidine 10a) with rac-Rul as the catalyst
The reaction highly depends on the solvent (Table 3, ent@sTbluene gave the best yield of 22%
at aconversion of 52%n the presence of orequivalentof Boc,O at 85€C . At the same time, the
Boc-protected amindl was detected as a sifjeoduct in9% NMR yield. Temperaturavas optimized
next(entries7-10), and it was found th&5 € was optimal The substrata waskept intact at 6@
after 40 hoursFurtheroptimizationof the amount oBoc,O andthe concentration of the reaction did

not obviously improve the yield di0a (entries11-15).
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Table 3. Initial optimization of the intramolecular-8 amination of4-azidobutylbenzenga) *

/@R—I(PFe)z
H rac-Ru1 Boc. (/:';\f T N’,,C'Me
Ph/l\/\/N3 —Boc0 o )N:> Mesi N ”'"’Rd‘:
9a Solvent Ph es=N | N
Temperature 10a Q\,N Ny Me
I
Ph/\;\/H\Boc \R_)\R.
1 rac-Ru1 (R = 3,5-ditBuPh)
Entry Solvent Temperature Boc,0O Conversion Yield of 10a Yield of 11
(©) (equiv) (%) %)° %)°

1 DMF 85 1.0 0 0 0
2 1,4dioxane 85 1.0 49 18 8
3 Toluene 85 1.0 52 22 9
4 DCE 85 1.0 48 15 12
5 iPrOH 85 1.0 43 0 20
6 3-Pentanone 85 1.0 48 9 24
7 Toluene 60 1.0 0

8 Toluene 75 1.0 17

9 Toluene 95 1.0 57 26 14
10 Toluene 105 1.0 59 25 15
11 Toluene 95 1.2 58 25 15
12 Toluene 95 2.0 57 20 18
13 Toluene 95 4.0 65 16 21
14 Toluere 95 1.0 22 10 6
15 Toluene 95 1.0 65 27 18

®Reaction conditions9a (17.5 mg,0.1 mmo] 1 equiy, rac-Rul catalyst 2.8 mg,0.002 mmol, 2
mol%) and BogO in indicated solvent (0.25 mL, 0.4 M) were stirred at indicated temperature fo
under an atmephere of nitrogerfDetermined by'H NMR of the crude products using,CHCHCL,

as internal standard0.4 mL toluene (0.25 M) was used inste8d1 mL toluene (1.0 M) was use
instead.

To our surprise, the reaction was fastly improved when performdikipresence of catalytic
amounts of PPh providing 10a in 44% yield with 79% conversiorméble 4,entry 1). Even slightly
better yields were obtained with tris{idiorophenyl)phosphine, while other phosphiresl [yridine

provided inferior resultéenties 29).
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Table 4. Survey of additivesor theintramolecular @H amination of4-azidobutylbenzenga)

/L/TR—I(PFG)z
|

rac-Ru1 (/\N N -Me

Boc,0 (1 equw: BOC\N E N, | N7 i
Ph/\/\/N Toluene (0.4 M) ):> img;N{ | \N\
% 95 °C, Additive 10a
Ph/\/n\/ "BOC ! 6-Ru1 (R = 3,5-ditBuPh)

Entry Additive Conversion (%)  Yield of 10a (%)° Yield of 11 (%)°
1 P(Ph} 79 44 17
2 P(OPh) 65 15 10
3 P(cy) 58 20 11
4 P(4MeO-Ph) 64 18 15
5 P(4F-Ph) 81 46 18
6 P(Pentafluoropheny) 77 31 16
7 P(4CFs-Ph) 78 35 17
8 P(2Me-Ph), 60 20 15
9 Pyridine 39 8 5

®Reaction conditions9a (17.5 mg,0.1 mmo] 1 equiy, rac-Rul catalyst 2.8 mg,0.002 mmol, 2
mol%), indcated additive (0.002 mmol, 2 mol%) and Boq23 uL, 0.1 mmol, 1 equiv) in toluen
(0.25 mL, 0.4 M) were stirred for 40 h at®5under an atmosphere of nitrogébetermined byH
NMR of the crude products using,CHCHC}, as internal standard.

With this result in hand he amount of th@hosphinevasfurtherinvestigated, and it wa®und
that 1 mab provided the optimal resulfTable 5, entries -#1). In addition, @dcrease the catalyst
loading from 2 mol% to 1 mol% almost did not affect the yield @ (entry 5vs 2), but increase the
catalyst loading to 4 mol% led to worse result (entrylitthas to be noted that none of the reactions
proceed to full conversioriTo understand ithis is due tothe catalyst deactivatignexperiments in
which the fresh catalyst and optionally also additionathosphineligand was addedafter a reaction

time of 30 lours were performed bdid only slightly improve the yieklentries 710).
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Table 5. Survey ofthe amount ofP(4F-Ph)andcatalystoading'

Entry rac-Rul P(4F-Ph) Conversion Yield of 10a  Yield of 11
(mol %) (mol %) (%)° (%)° (%)°
1 2 0.5 75 40 16
2 2 1 80 47 17
3 2 2 81 46 18
4 2 5 89 40 17
5 1 1 81 46 18
6 4 1 75 40 19
7 1 1 79 46 15
g°d 2 1 83 48 17
g°e 1 2 84 43 16
10°f 2 2 82 48 17

®Reation conditions9a (17.5 mg,0.1 mmo| 1 equiy, rac-Rul catalyst, P(4-Ph); and BogO (23
pL, 0.1 mmol, 1 equiv) in toluene (0.25 mL, 0.4 M) were stirred & 9fr 40 h under ar
atmosphere of nitrogefDetermined by'H NMR of the crude products uginCLCHCHC} as
internal standard1,2-dichlorobenzene as the solvetit.mol% Ru catalyst was added initially, a
another 1 mol% catalyst was added after 30 h of the reaction. The new mixture was sti
another 20 1 mol% P(4F-Ph) was added itially, and another 1 mol% P{B-Ph); was addec
after 30 h of the reaction. The new mixture was stirred for another 20nol% Ru catalyst an
P(4F-Ph) were added initially, and another 1 mol% Ru catalyst aned=F{A); were added after 3
h of the eaction. The new mixture was stirred for another 20 h.

Although the yieldwas only modest, aencouraging enantioselectivity 02% eewas obtained
with L-Rul as the catalyqfTable 6, entry 1)Next, the optimization ofthe ruthenium atalyst for this
transformationwas performedto improve the enantioselectivitfNote: 1,2-dichlorobenzenewnas
finally used aghe solvent for this reactiodue tothe solubility problem of theutheniumcatalyst.
Some of the Ricatalysts (e.gRu2-4 and Ru7) werelater faund soluble in1,2-dichlorobenzenéut
not in toluene, and the reactiviwas similar in both solventsTheinitial experiments werearried out
with the chiralatruthenium catalyst -Rul which bears two very bulky 3di(tert-butyl)phenyl
substituents ta the coordinating pyridine ligands. Interestingly,-Ru2 with less bulky
3,5 (dimethyl)phenyl substituents at the pyridyl moieties provided an even higher enantioselectivity of
89% ee (entry2). The phenyimodified catalystL-Ru3 afforded a further slight increased
enantioselectivity oP0% ee (entry3), whereas the plain catalyst devoid of additional substituents

(L-Ru4) yielded the Bogrotected pyrrolidine with reduced 87% ee (end)y Furthermore, a
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trimethylsilyl (TMS)functionalized ruthenium congx L-Ru5 did not provide better results here
(entry 5). Adding a tBu-moiety at the 4osition of the phenyl groupd {Ru6) decreased the
enantioselectivity to 80% ee (entB). However, the best result was obtained with-gCHBs;)Ph
modification € -Ru7) which afforded R)-10ain 54% NMR vyield at 77% conversion and with 95% ee
(entry 7). Interestingly, even at aatalyst loading of just 0.5 nfdl, the Boeprotected pyrrolidine
(R)-10a was still formed with 42% yield (65% conversion) and 94% ee, reflectingnavter number

of 84 (entry8). Thus, a careful optimization of steric and electronic effects provided a ruthenium
catalyst [-Ru7) which, in the presence of tristiorophenyl)phosphine, effectively discriminates
between the two benzylic-B bonds of 4azidobutylbenzene to provide the corresponding chiral
pyrrolidine with outstanding enantioselectivity.

Control experiments revealed that trisidorophenyl)phosphine is crucial for obtaining a
satisfactory yield. In its absence, the yield diminished teelneli2% even after an extended reaction
time, while the enantioselectivity was not affected, thus implying that the phosphine is not involved in
the stereocontrolling step (ent®. Finally, BogO is also required for this reaction to proceed (entry

10).
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Table 6. Optimization of rutheniunsatalyst forenantioselectivintramoleculaiC-H aminationof 9a°

(/\JN —| (PFo); Q—Q E—Q

Ru-cat (1 mol%) Boc
/\/\/N3 . N
Ph >
MesN

]
]
]
)
i
P(4-F-Ph); (1 mol%)  pp i
. ]
Bot_:zo (1 equiv) (R)>-10a i Mesy \
; ‘( l
:
]
)

9a A-Rul  A-Ru2 A-Ru3  A-Ru4
1,2-d|ch9Igr?genzene . Ny «\’ \Me E_SiMes E tBUE o,
Ph/\/n\/N\BOC \L)‘® A-Ru5 A-Rué A-Ru7
Entry Catalyst Additive Conv. (%% NMR yield (% ee (%
10a 11
1¢ L-Rul P(4F-Ph) 81 46 18 82
2 L-Ru2 P(4F-Ph) 77 46 18 89
3 L-Ru3 P(4F-Ph) 79 44 16 90
4 L-Ru4 P(4F-Ph) 75 44 20 87
5 L-Ru5 P(4F-Ph) 70 43 17 89
6 L-Ru6 P(4F-Ph) 65 23 18 80
7 L-Ru7 P(4F-Ph) 77 54 (51% 18 95
8 L-Ru7' P(4F-Ph) 65 42 16 94
9 L-Ru7 no 45 12 14 95
10° L-Ru7 P(4F-Ph) <3 o" o n.a'

®Standad conditions:9a (35 mg,0.2 mmo] 1 equiy), BocO (46 pL, 0.2 mmol, 1 equiv), cataly
(0.002 mmo| 1 moPkb), and additive (0.002 mmal moPkso) in 1,2dichlorobenzene (0.5 mL) at 4
for 60 h under N unless otherwise notedDetermined by'H NMR of crude products usin
CI,CHCHC}, as internal standartDetermined by HPLC of crude main product on a chiral statit
phase‘Reaction time wad0 h ®Isolated yield in parenthesé8.5 mol%L -Ru7 was used®Without
Boc,0O. "Refers to cpds without Bgarotectbn.'n.a. = not applicable.

At last to understand ifthese chirahtmetal ruthenium complexesare uniquefor this
transformation several commercially available ruthenium complexes were tested. However, none of
them @n catalyze thigransformationproviding Bocprotected pyrrolidine produgio matter in the
presence or absence tfis(4-fluorophenyl)phosphingTable 7). This suggets that the ligand

environment of ruthenium complégvery important for the success thfe C-H amination.
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Table 7. Survey of different ruthenium catalysfer theintramoleculaiC-H amination oa®

Entry Catlyst P(4F-Ph) Conversion Yield of
(2 mol%) (2 mol%) (%)° 10a (%)"
RUCL(PPh) no 87 0

1 u

: yes 80 0
[Ru( Gl no 80 0
2 u(p-cymene
i ? yes 85 0
no 0
3 [RuCp*(CH,CN);]PFs
yes 0
no <5 0
4 Cp*RuCl(cod)
yes <5 0
o ) no 0 0
5 CpRuCl[bis(diphenylphosphino)methane]
yes 0 0

®Reaction condition®a (35.0 mg,0.2 mmol, 1 equiy, 2 mol% Ru catalyst, P{B-Ph) (1.3 mg,0.004
mmol, 2 mol%) and BogO (46 yL, 0.2 mmol, 1 equiv) in 1,2dichlorobenzene (0.5 mL, 0.4 M) we
stirred at 98 for 20 h under an atmosphere of nitrogéetermined by'H NMR of the crude
products using GCHCHCL, as internal standard.

3.2.3 Scopelnvestigations

With the optimized catalydt-Ru7 and reaction conditions in haiftl equiv BogO and1 mol%
P(4F-Ph) in 1,2dichlorobenzene at 95 I, the substrate scopef this transformationwas
investigatedAs shown in Figure 2 methyl groups ipara or metaposition of the benzene moiety are
well tolerated (pyrrolidineslOb,c), but a sterically demandingrtho-methyl group ¢ads to vastly
diminished yieldof 15%. Electrordonating groups appear to be beneficial (pyrrolidib@si). For
example, gpara-methoxy functionalized benzene providkee Boeprotected pyrrolidine in 53% yield
and with excellent 99% etnterestingly, potentially coordinating group on the benzene mdiétyij
do not affect the formation gdyrrolidine product. A bulky phosphitsubstituent{10j) and benzoxy
group (LOk) with active GH lead to a decreased yield but still with good enantioselectivities of 92%
ee.In contrary,electronwithdrawing grougs like fluorine substituent leads to a decreased yield of 40%
with 94% ee (productd) and a chlorine to a yield of 45%ittv 95% ee (productOm). The phenly
moiety can also be replaced by a naphthyl (pyrrolidie) and by heteroaromatic moieties
(pyrrolidines10o-s). For example, a carbazole moiety provides the-gotected pyrrolidinelOs in
52% vyield and 93% eeFurthe substrates including aryl moieties in the bridgeuld also be

51



Chapter 3. Results and Discussion

transformed tgyrrolidine productg(10t,u) with 80%and94% eerespectively

A-Ru7 (1 mol%) Boc

-F- 0,
Ar/\/\/N3 P(4-F-Ph)s (1 mol/o)> I\D
1,2-dichlorobenzene (0.4 M) AP
9b-u Boc,0 (1 equiv) 10b-u
________________________________ 9°C e
JoT 2, Q o
he %
10b 10c 10d 10e
52% yield (19%) 50% vyield (21%) 15% vyield (57%) 53% yield (24%)
93% ee 91% ee 90% ee 99% ee
I
% P oMe %
10f 10g 10h 10i
50% vyield (17%) 51% yield (11%) 51% yield (21%) 55% yield (19%)
94% ee 94% ee 94% ee 77% ee
O« // F Cl
Sd O O T
10j 10k 101 'ZQ 10m
32% yield (45%) 42% vyield (35%) 40% yield (27%) 45% yield (24%)
92% ee 92% ee 94% ee 95% ee
L0 Ly e,
10n 100 10p 10q
57% vyield (19%) 49% vyield (22%) 51% yield (20%) 50% yield (23%)
96% ee 95% ee 80% ee 90% ee
L Py o
Qe T
10r 10s 5 10t 10ub :
36% yield (45%)  52% yield (21%) :47% yield (29%) 45% yield (26%) .
76% ee 93% ee : 80% ee 94% ee .

Figure 23. Substrate scopfr the enantioselectivimtramolecularC-H aminationof aliphatic azide
with isolaed vyield “Recovered starting matals were showed in parenthese®.1 M

1,2-dichlorobenzenand85 € were used instead.

However, replacing the aryl group with alkytoup (9v) totally suppresses the-B amination
reactioneven after an increased reactitemperature to 105 (Table8, enty 1). Further variation of
9w with an alkynyl group only provided <5% vyield of the product under the standard reaction
conditions (entry 2). Substrax with an alkenyl group was also tested, but it totally decomplose

evenat 85 € (entry 3).Finally, a racemic substrate with a tertiaryHCgroup only provided a very
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modest kinetic resolutiofentry4).

Table 8. Other substrates tested for the intramoleculit &@minatiorfd

Entry Substrate Product Yield® ee®
poc
19 Ph\/\/\/\N N Ph
3 li)_/_ 0% n.a.
9v
10v
Boc
2 Ph\/\/\ N
N D%Ph <5% n.a.
9w 10w
;300
Ph
3° Ph\é\/\/\N3 EN)_//_ 0% n.a.
9x 10x
;30c
f Ph
4 j/\/\N3 EN)',Ph 22% 46%
I,I,
9y 10y

®Reaction conditions: Organic azide swate (0.2 mmol),L-Ru7 (0.002 mmol, 1 mol%), P¢&-Ph)

(0.002 mmol, 1 mol%) and Beg® (0.2 mmol, 1 equiv) in 1;8ichlorobenzene (0.5 mL, 0.4 M) we
stirred at 9& for 60 h under an atmosphere of nitrog#MR vyield with CLCHCHCL, as internal
standad. “Determined by HPLC of crude main product on a chiral stationary phasesubstratédv

waskept infact even at BL for 10 h. *Organic azidéx is not stable at 5, which is decomposec
under the reaction conditioriReaction time was 35 h.a. =not applicable.

Overall, enantioselectivities of 7% ee were observed and isolated yields e671%. However
it has to be noted that none of the reactions proceed to full conversion and thus allow to reisolated
unreacted starting materials (Figui®.2Nevertheless, it is remarkable that within this substrate scope,
chiral U-aryl pyrrolidines withenantioselectivities of up to 99% ee can be obtaimeplortantly, diral
U-aryl pyrrolidines argrominentstructural motifs in bioactive compountfd=or example, pyrrolidine
10g can k& convertedto the antitumor alkaloid R)-(+)-crispine A in 4 steps using a Pummerer

cyclization(Figure 24.%®

MeO.
4 steps

(R)-10g N

ref. 20a MeO '( 7

(R)-(+)-crispine A

Figure 24. Synthesis oaintrtumor alkaloid R)-(+)-crispineA from pyrrolidine [R)-10g
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3.2.4 Mechanism Study

Some experimentsvere performedto gain insight into thenechaism and started with the
unusual function of the phosphinkne role of phosphine as-catalyst to activate the organic azide is
advocated by the wedistablished reactivity foorganic azides towards phosphingsindeed,
P(4F-Ph) starts to react with (dzidobutyl)benzene already at room temperature and full conversion
is obtained at 95 € for2 hours to form the corresponding mephosphorané2 (Figure 25a). The
iminophosphoran&2 wasalso confirmed catalytically competdny itself (Figure25b). Interestingly,
although such a role of phosphines in the activation of organic azides towhtrdsnihation has not
been reported tous knowledge, the opposite reaction namely the phosphiheed extraction of a
nitrene from a metal imido complex was disclosed independently by McBihite® and
Sundermeyef®

Next, experiments ofcomparing (4azidobutyl)benzene and benzyl azide as substrates at a
temperature where-8 amination does not yet ocowas performeda gain insight into the competing
1,2-hydride shift. As a result, only benzyl agighrovided significant amounts of the imine product
which can be traced back to the higher activity of the benzylit lidnd in the ruthenium imido
intermediate towards 12 shift (Figure 25¢). This is consistent with a recent report Bgrk who
showed tht the degree of 18 shift correlates with the nature of theC-H bond?

To understand the reactivity of ruthenium nitremdgtial C-H amination rate®f electronically
distinct substrateS8e and9l were de¢rmined. Reaction rate of electrdnh 9eis 1.7 times faster than
electrondeficient9l suggesting the electrophilic nature of the ruthenium nit(Eigure 25d. Thisis
in consistent with the substrate scope that elegintnsubstrateprovidebetteryields compared with
electrondeficient substratesSThe GH amination with monaleuterated substra@a’ using racemic
catalyst provided an intramolecular kinetic isotope effect (KIE) of(Eiure 25¢), which is much
lower than the value reported fooit>'° and cobalt’ catalytic systemsThis might suggest that the
C-H amination appears to occur by a conceitsgrton mechanism or a hydrogen abstraction
mechanism with fast radical recombinati8tdowever, the interpretation of the intramolecular KIE is
complicated by the fact that the ruthenium catalyst is intrinsically chiral, although used as a racemic
mixture forthis experiment, and the monodeuterated subs®eatas well. Indeed the cyclization of

the chiral substrateRj-9y to (R)-10y but not §-9y to (§-10y demonstrates the high stereospecificity
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of the GH amination(Figure 25f). Finally, a pronounced (n@mompetitive) intermolecular KIE value
of 3.1 was determinedby measuringinitial C-H amination rates of nedeuterated 9a) and
bis-deuterated9a") substrates (Figurg5e). Using alternatively a 1:1 mixture of naleuterated9a)
and bisdeuterated sulistte @a") provides a (competitive)intermolecular KIE 0f3.9 (seethe

Experimental Parb.34). An observation of a significant intermolecular KIE reveals that thHd C

amination is the rate limiting step in the overall process
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a) Formation of iminophosphorane

N, PU-F-Ph) N
P NN 3 b ™ (4-F-Ph),
%a 95°C,2h 12

quantitative
b) Iminophosphorane as co-catalyst
12 (1 mol%) B
instead of P(4-F-Ph); ~°%N
- O

standard conditions  pp™
9a 10a

40% NMR vyield, 94% ee
c) Reactivity of 1,2-hydride shift

ph/\/\/N3

rac-Ru1 (15 mol%)
o~ ~Ns P(E-F-Ph); (2 mol%) o A~ ~NH

9a 50°C, DCM
(sealed Schlenk)

0% conv.

rac-Ru1 (15 mol%)
Pho Ny PUF-Ph); 2molk) op, i

50°C, DCM
(sealed Schlenk) 15% conv.

d) Reaction rate of electronically distinct substrates

standard Boc.
condltlons N
rac-Ru1
R
/©/\/\/ koelkgi= 1.7 10e or 10l

e) Kinetic isotope effects

KIE = 1. 3
)\/\/
Boc\

rac-Ru7 under BOC\ iy
standard conditions | > . an "
X X Ph“‘ or Ph“
phMN3

9a" (X =D)or9a (X =H)
KIE = kga/kgqa" = 3.1

10a(D) 10a

f) Stereospecificity

Me Boc.

standard conditions N
Ph)\/\/ Ns > p

Phv
Me
(R)-9y (94% ee) (R)-10y: 22% NMR yield, 96% ee
(S)-9y (97% ee) (S)-10y: <5% NMR vyield, 94% ee

Figure 25. Mechanism stdies for the enantioselectiventramolecularC-H aminationof aliphatic

azide

56



Chapter 3. Results and Discussion

1517 andall

Based on previous work on the rinpsing GH amination of (4azidobutyl)arene:
the mechanisnstudes the followingcatalytic cycleis proposed (Figur@6). P(4F-Ph) activates the
organic azide to form an intermediate iminophosphorahehfough the welknown Staudinger
reacton, which then transfers a nitrene to the ruthenium center to afford a ruthenium imido complex
(intermediatdl ), followed by a stereoontrolled insertion of the nitrene moiety into th€-H bond
(transition statdll ) to provide a rutheniumoordinatedpyrrolidine (intermediatdV). However, a

stepwise process throughatom transfer cannot lietally excluded at this point. Finally, the product

is released after Beggrotection.

N>
Ar/\/\/N3
Boc—N<:| AN \pAr
A [Ru]
PAr3
Boc,O
[RU]—N [Ru=N
v Ar \ / \>
[Ru]—--N

H’ %
m Ar

Figure 26. Proposedmechanismfor the enantioselectiveintramolecularC-H aminationof aliphatic

azide
3.2.5 Conclusions

In summary, ahighly enantioselective catalytic rirgosing benzylic C(sp-H amination of
primary aliphatic azides to provide chirab®yl pyrrolidines by combining of chil-atmetal transition
metal catalysis with nucleophilic phosphine catalysipresented herdn this unique dual catalysis
system, the phosphine activates the organic azide and transfers a nitrene to the ruthenium complex,
which then executes the enasilective €H amination. This combination of ruthenium catalysis and
Staudinger reaction introduces a novel direction fad @mination of unactivated aliphatic azides

which are very desirable but challenging substrates for this transformation.
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3.3 Ruthenium CatalyzedAsymmetric Oxidative Homocoupling of 2-Acyl Imidazoles

3.3.1Project Designand Research Background

Bis-cyclomedalated chiralatmetal iridium and rhodium complexes have been successfully
employal as catalysts for a variety of transfmtions bythe Meggergroup; especially lightinduced
enantioselective reactioAg he efficiency of this kind of catalysts atributed at least in parts the
strongll donating effect of theyclometalated ligands, which makes the ligand exchange fast in the
overall catalyticprocess The author of tlis thesisis quite interestedin the asymmetric catalysis of
chiral cyclometalated ruthenium compks Compared withiridium and rhodium complexes
bis-cyclometalatedutheniumcomplexes are lessreportedfor catalysis, maybebecausghey aretoo
electronrich to be stableAfter a literature researcht was found that Nishiyama and ewsorkers
reported achiral monecyclometalated ruthenium compf@xhich contains one chiral cyclometalated
bis-oxazolinyl ligand, ondidentate acgtacetonato liganéh addition to oneCO ligand This complex
has been demonstrated to be stabiderair. Furthermorejt has been appliedor the asymmetric
hydrogenation of keton&s and asymmetric alkynylabn of aldehyde$ providing excellent

enantioselectivities (Figure 27)

Me Me
o)
0
N ! N
NS =
Ph g LYco Ph
0
' ]
Me Me
fl\ Phebox-Ru1 (1.0 mol%) JO\H
R1 R2 > R1 R2

NaOMe (20.0 mol%)
H, (30 atm), 40 °C, iPrOH up to 99% conv.
up to 90% ee

OH

ﬁ\ Phebox-Ru1 (5.0 mol%)
R"SH * =—R? » R \\

NaOAc (10.0 mol%)
iPrOH, 60 °C

R2
up to 98% yield
up to 95% ee

Figure 27. Asymmetric transformationscatalyzed by kiral cyclometalated ruthenium complex
(PheboxRul).
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Both thebis-cyclometalatedhiralatmetaliridium and rhodiuncomplexes have beemployed
as single electronreductants in lighinduced photoredox transformatici$*' For example,a
chiralatmetaliridium (Ir S) caalyzedenantioselective trichloromethylation ofa2yl imidazoles and
2-acyl pyridines withenantioselectivities f ~ Oeke®@a¥reportedin 2015 (Scheme 13).The author
of this thesis wondered if thyclometalateduthenium complexould also serve as a single electron
reductant.The study was initiated with testing thecatalytic performance ofmono-cyclometalated

ruthenium comple®heboxRul for thetrichloromethylation of Zacyl imidazoles

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

i A-IFS (2-4 mol%) Nj)J\r ©iH \‘N/\N_Ph :

1 = - o 1y, N H

N\\,)J\/ R'+ Brecl, > : ' R !
<\/N . visible light, r.t., N~ CC|3 :
*Ph (6equiv)  NaHCO, (1.1 equiv) ' ;

up to 96% yield : : s{ftBu

up to >99% ee

Key intermediate

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

Scheme 10. Visible-light-activated enantioselective richloromethylation of 2-acyl imidazoles

catalyzed by -Ir S.

3.3.2 ReactionDevelopmentand Initial Experiments

Under the stablished reaction conditior the abovereportfrom the Meggers groy$} only
10% of thetrichloromethylationproduct14 with 74% ee was obtained after 18uls in the presence
of 2 mol% of PheboxRul (Table 8, entry 3. Control experiment indicated thaght was not
necessary for the formation of the prod(entry 2. Interestinglythe homocoupling produci5cwas
isolated as the major product in 55% yiel@hn93% ee when the reaction was performed atCl0
(entry 3. This surprisinghomocoupling product has never been observethéntransformations
catalyzed by thechiralatmetal iridium (IrS) complex Furthermore, the produatontaning a
1,4-dicarbonylmotif is animportant synthetiduilding block and the directox i d a tcoupliagofU
carbonyl compoundsconstitutesa direct way to constructl,4-dicarbonyl moiety which has been

reportedrardy.
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Table 8. Initial study ofthe catalytic property oPheboxRu1®

Me Me
0 0
,J?(@
N\R —N
PR & 1~co Ph
0

)
)

o e e i [Nph o OO
Phebox-Ru1 20mo|% N\Hl\‘/ | N
N Ph N :
<\j)j\/ + BI"CC|3 <’N CC|3 + N E\l]
"Ph N

Yen 3000 s IO axs
13¢c 14 15¢
Entry Light T (°C) Yield G6) ee (%)
14 15¢ 14 15c¢
1 CFL (20W) 25 10 0 74 n.a.
2 No 25 10 0 73 n.a.
3 No 40 trace 55 n.a 93

Standard conditionst3c (26.2 mg,0.1 mmol, 1 equiy, NaHCG; (9.2 mg,0.11 mmoj 1.1 equiy,
PheboxRul (1.3 mg, 0.002 mmoR mol%) and BrCl; (29.4uL, 0.3 mmol, 3 equiy in MeOHTHF
(0.2 mL, the volume ratio of MeOH and THIE 3: 1) were stirred aindicatedtemperaturaindel
nitrogen for19 h. "Isolated yield “Determined by HPLC of crude main product on a chiral static
phase. n.a. =at applicable.

As introduced in Chapter 1.4, although different indirect metlibgire 289, like the coupling
of preformed lithium enolats, have been developed for thex i d a t-doupleag ofJ carbonyl
compounds catalytic asymmetric versionsire very limited® The deal way to construct chiral
1,4-dicarbonyl compoundss the directasymmetricoxidative U-coupling of carbonyl compounds
which is only a recent aaamplishment.Jagensen and coworkersported the direct enantioselective
oxidative homocoupling ofU-branched aldehydes with good yield88-79%) and excellent
enantioselectivities (86% ee)in the presence of 40 mol% chiral amine cata{fE&ture 28b).” All
these facts give necessary impetus for the author of this thesis to fiastbstigatethis catalytic

asymmetridransformation.
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a) General reaction of oxidative homocoupling of carbonyl compounds

0]

i. Enolization RN
2 L 1
1”\/R - R
R ii. Oxidative coupling O R2

two steps

b) Previous report of direct asymmetric oxidative homocoupling

0O 1
0 " N A (40 mol%) Ar :'V'eH
HJ\( © > H
4-NO,-PhCOOH

M& Ar' O

Ar' .
Ag2C0s (15 equlv) 58 799, yield
6-96% ee
Jorgensen (2018) 1:1-18:1 dr

Figure 28. a) Generastrategyfor oxidativehomacoupling of carbonyl compoundb) Previous report

on directasymmetricoxidativehomacoupling of carbonyl compounds

The gtimization of the reaction conditions is performed in the presence of 2 maiB&nium
catalystand started with testing the substratethwvdifferentimidazole moieties Both the yield and
enantioselectivitywere improved to73% and 94% respectively vaen increasing theize of the
substituentérom methyl to pheny{Table9, entries 13). Interestingly, the reaction is vesgnsitiveto
the solvent None of the otheinvestigatedsolvents (THF, DMF, CH;CN, and CH,Cl,) except
methanolcould givethe homocouplingproduct éntries4-8). Next, the base was optimized. Using
other bases instead aidium bicarbonatéNaHCQ;) provided decreased Viks, even totally supressed
the reaction in some cas@ntries9-13). Increase the reaction temperatur&@oor 60°C led to worse
results éntries14,15vs 3). In addition, screening the amountByCCl; indicated that one equivalent
providedthe bestesult(entries16,17vs 3). Finally, usingPheboxRu2 with isopropyl group as the
catalystinstead ofPheboxRul led to a decreased yield and(eatry 18).

Control experiments confired that rutheniumcatalyst, base as well as BrG@re all essential
for this coupling reaction(entries »-21). Furthermore, air could obviously supprdabe product
formation (entry 22). For comparisonthe chiralatmetal complexes -RhS andL-IrS which have
been known taactivate2-acyl imidazolecould not catalyze thigansformation(entries2324). It is

noteworthy that onlgynproduct can beobservedn all cases
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Table 9. Optimizationof the ruthenium:atalyzedlomocoupling oR-acyl imidazols?

Ru cat. ’
\’)J\/ BFCC|3 E Ph R g/N
& Base, T(°C) PH ] O/RL*. ‘CO R2
Solvent 0

13a: R1 Me 150: RI = Me M
13b: R' = iPr 15b:R' = iPr Phebox-Ru1: R2 = Ph
13¢:R' = Ph 15¢:R" = Ph Phebox-Ru2: R2 = iPr
Entry Base BrCCl; T (°C) Solvent cpd13 Yield ee
(1.1equiv)  (equiv) (%)° (%)°
1 NaHCQ, 1.0 40 MeOH/THF 13a 47 45
2 NaHCQ, 1.0 40 MeOH/THF 13b 41 67
3 NaHCQ, 1.0 40 MeOH/THF 13c 73 94
4 NaHCQ, 1.0 40 MeOH 13c 62 93
5 NaHCQ, 1.0 40 THF 13c 0 -
6 NaHCQ, 1.0 40 DMF 13c 0 -
7 NaHCQ, 1.0 40 CH:CN 13c 15 n.d.
8 NaHCO; 1.0 40 CH.CI, 13c 0 -
9 NaHPO, 1.0 40 MeOH/THF 13c trace n.a.
10 K3sPOy, 1.0 40 MeOH/THF 13c 62 90
11 Et;N 1.0 40 MeOH/THF 13c trace n.a.
12 Lutidine 1.0 40 MeOH/THF 13c 32 n.d.
13 KoHPO, 1.0 40 MeOH/THF 13c trace n.a.
14 NaHCG 1.0 50 MeOH/THF 13c 63 86
15 NaHCQ, 1.0 60 MeOH/THF 13c 43 86
16 NaHCG 0.5 40 MeOH/THF 13c 52 90
17 NaHCG 2.0 40 MeOH/THF 13c 47 86
18 NaHCG 1.0 40 MeOH/THF 13c 69 92
19 - 1.0 40 MeOH/THF 13c 0 -
20 NaHCG 1.0 40 MeOH/THF 13c 0 -
219 NaHCG 1.0 40 MeOH/THF 13c 0 -
22" NaHCG 1.0 40 MeOH/THF 13c 7 n.d.
23 NaHCG 1.0 40 MeOH/THF 13c 0 -
24 NaHCG 1.0 40 MeOH/THF 13c 7 n.d.

®Reaction conditionst3a-c (0.1 mmol),basg(1.1 equiy, PheboxRul (1.3 mg, 0.002 mmoR mol%)

and BrCClin indicated solventQ.2 M) werestirred atindicated temperatungnder nitrogerfor 45h.

®\When MeOH/THF was used asolvent the vdume ratio of MeOH and THF was, 4. ®Isolated
yields. “Determined by HPLC on chiral stationary phase. n.d. = not deternfirleeboxRu2 was
used ashe catalyst'Without PheboxRul. *Without BrCCk "In the air.'L-IrS was used instead ¢
PheboxRul. L -RhSwas used instead &heboxRul.
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To obtain the absolute configuration of the homocoupling produdic was transformed to
2,3-diphenylbutanel,4-diol (19) in two stepgScheme 11)The optical rotation 019 is determined as
[a]p®° = -45.8 (c = 1.0, CHCI,), which indicated that the produst(2R,3R)-19{Lit. 8 [a]p?°= +47 (c
= 0.5, CHCL) for (2539-19}. This suggests that the homocouplimgduct is(2R,3R)-15c¢

3 O
li o 0
N @ 1. CH4CN, 4 AMS @ HO \
| 4, N . EtO N . $

N Y N 2. CH30Tf, 0 °C 3 LiAIH, 3

s 7 ] : $ ogt > N OH
@ J \ 3. CHyCH,OH, DBU @ 4 @

PH

(with 93% ee) 18 19

15¢ 51% yield 85% yield

92% ee

Schemell. Determination of the absolute configuration of the homocoupling product.

3.3.3 Substrate Scope

With the optimized reaction conditions in hangle investigated the scope of thighenium
catalyzedhomacoupling transformation(Figure 29) Substrate with a methyl group at theneta or
para-positionof the phenylmoiety were successfully transformed tbe homacouplingproducs with
good yields and enantioselectivities5¢,e), but a sterically demandingrtho-methyl grouptotally
suppressd the reactionElectronicpropertyof the phenyl groughas great influence dboth of the
yield and enantioselectivity of igtransformationTypically, substrate with electrondonating groug
(13g,i)) gave higher enarioselectivities but lower yields compared with substrate with
electronwithdrawing group (13-). For examplegnantioselectivityof 94% ee witha low yield of
35% was obtained fol3 with a methoxy group, while a good yield of 72% with a decreased
enantioselectivityof 75% ee was provided fat3 containinga chlorine. Finally, ppenyl canalsobe
replaced with other aromatic groupdike naphthyl {3n) or thiophenyl (130). Importantly,
diastereoselectivitiesvere extremely high for all presentedsubstrées, and onlysynproductswere

detected in th&H NMR specta of the crude reaction mixtuse
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Ph

Phebox-Ru1 (2.0 mol%)
0 BrCCl3 (1.0 equiv)

1
N >
(Aux = [N/>—§) An R NaHCO5 (1.1 equiv), 40 °C

MeOH/THF (0.2 M, 4:1)

15d
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>20:1 dr, 93% ee
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o
Ph
15h

72 h, 65% yield,
>20:1 dr, 90% ee

Cl

» O

Aux

Aux

ot
Cl

151
45 h, 72% yield,
>20:1 dr, 75% ee

Me 15e
72 h, 50% vyield,
>20:1 dr, 87% ee

15f
48 h, 0% yield

OMe F
O 2O
Aux R Aux N
Aux N Aux
IO
MeO F
15i 15j

50 h, 38% vyield,
>20:1 dr, 94% ee

48 h, 68% yield,
>20:1 dr, 82% ee

@
O e O
Aux N Aux S
$ Aux $ Aux
QI
W,
15m 15n

72 h, 55% yield,
>20:1 dr, 57% ee

65 h, 75% vyield,
>20:1 dr, 80% ee

Me 15g
45 h, 60% yield,
>20:1 dr, 92% ee

Br

Aux

O

15k
48 h, 72% yield,
>20:1 dr, 58% ee

Aux

150
48 h, 54% yield,
>20:1 dr, 75% ee

Figure 29. Substrate scope ofrdct asymmetricoxidative homacoupling of 2-acyl imidazole with

isolated yield.

3.3.4 Mechanign Study

A number of experiments were performed to understand the mechanism. Firstly, ruthenium

enolate 16 which was proposed to be the key intermediate was isolated in 70% yield after the

stoichiometricreaction ofPheboxRul and2-acyl imidazolel3l (Figure30a) The accuratestructure

of 16 was also demonstrated bingle crystal X-ray diffraction. Moreover, tle chiral ruthenium

enolatel6 wasconfirmedcatalytically competerty itself for the homocoupling reactiofigure 30b).

Thus, the chiral ruthenium enolatd6 is a key intermediate which provides the crucial asymmetric
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induction in the reactian

a) Preparation of the chiral ruthenium enolate intermediate

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

. ~ \]/
o) 0 N o \,/'\_
N O N‘ . ,-—‘N . /—‘\J\I/\/

N . T " s . e N é
[N>_<—©7(;| Phebox-Ru1 (1 equiv)  pyd N'/RQ “~Cco Ph : ///D\/ t\ i'\, \\ :
- o) : EATAV '

Ph CHCls, 60 °C, 24 h [_‘ 8 4 \J\? o

131 N \
Ij:‘h ; an

16 cl \_/

70% yield : crystal structure

b) The chiral ruthenium enolate 16 as catalyst for the homocoupling

Cl

e O
N 0]
NGO [ \
[ N\ Standard conditions N
N cl ol § 7 )
Ph 16 (2 mol%) instead of g N
131 Phebox-Ru1 =]
Ch s

Za

=

65% yield
75% ee

Phebox-Ru1 as cat. : 72% yield
75% ee
Figure 30. a) Preparation of the chiral ruthenium enolate intermediate; b) The chiral ruthenium enolate

intermediate as the catalyst for the homocouplint3hf

Next, monitoring the reaction bH NMR indicated that a new species was formed initially and
disappeared at the end of the reaction, which desonstratedo be the brominated compoudd
(Figure 313). This suggests that the brominatemmpoundl7 is the reaction intermediate. Further
verification was offered by the crosscoupling reaction betwleeand 2-acyl imidazolel3cin the
absence oBrCCl;, providing the coupling product15c in 54% yield with 94% ee(Figure 31b).
Interestingly, three coupling prodscwere obtainedn 56% yieldwhen 2-acyl imidazole13d was
used instead of3cunder the same reaction conditiqiisgure 31b). This could be explained by the
bromide-transfer reaction between the bromidentaining compound with the ruthenium enolate

intermediatgsee the proposed mechanism below).
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a) Monitor the reaction by 'TH NMR
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b) Heterocoupling of 17 with 13c or 13d

Standard A O bh
4?—Aux Aux—(_ Condltlons ux N
Ph Ph NoBrecly PR Aux
O
17 13c 15¢
56% yield
94% ee
Ph
Q Standard AUX Aux A
Aux Aux condltlons ux
Ph Ph o *
+
Br No BrCCI3 15c
17 15¢cd

yield (three products): 56%
15cd: 15¢: 156d =2.0: 1.0 :1.3

Figure 31. a) Monitor the reation bjH NMR; b) Heterocoupling of 7 with 13c or 13d.

When thestandard catalyticeaction was monitored by electron paramagnetic resonance (EPR)
using 5,5dimethyl1-pyrroline N-oxide (DMPO) as a free radical spirapping agentpne radical
signal was clearly observed(Figure 323 The exact same signal was also observed for the reaction
between17 and 13¢, which was proposedto be U-carbonyl carbon radicalgenerated fromil7.
Furthermore the catalytic reaction usind7 asthe substratein the absence dBrCCl; afforded the
homocoupling product5cin 12% vyield (Figure 32b). This alsoimplies that radical species can be

formed from17in the presence of thethenium comple®heboxRul.
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a) EPR experiment

Ru (2 mol%)
] EN—@ NaHCO4 (11eq
MeOH/THF (0.4 M, 3:1)

1h,40°C

Ru (2 mol%)
B » ['\?_K_@ NaHCO; 11eq
MeOH/THF (0.4 M, 3:1)
1h,40°C
1:1

Laget ﬂ‘ln' \["‘“‘“’VW

322 324 326 328 330
magnetic induction/mT

b) Catalytic reaction with 17 as the substrate

o) Standard Q  Ph
o A
4?—Aux conditions AUX)W ux
Ph No BrCCl, Ph O
Br
17 15¢
12% yield

Figure 32. a) EPR experiment; b) Catalytic reaction wifhas the substrate

Based on all the observations and previous repatts, following radicatenolae reaction
mechanism is propos€Bigure33). The ruthenium catalyst initially reacts with the substrate affording
the electronrich ruthenium enolatd, followed by reaction with BrC@lproviding brominated
intermediatel?7, which is the key to form the ée radicalll . This radical species(ll ) reacts with
ruthenium enolaté in a stereecontrolled manner providingntermediatel Il , which can be further
oxidized by brominatedintermediatel?7 to afford the produetoordinded ruthenium speciebV.
Finally, the product is released together with regenerating the catalystever,the radicatradical

couplingmechanism carot be totally excluded at this stage.
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Figure 33. Proposed mechanism for the homagang of 2-acyl imidazols.

3.3.5 Conclusions

In conclusion, the first ruthenium catalyzasymmetricdirect oxidative homocoupling of-&cyl
imidazole providing 1,4dicarbonyl compoundsin good yields with moderate to high
enantioselectivitiesvas reported herdo be noted, only one diaseomer idormedfor all presented
substrates. Moreover, mechanism gadupport a twesteps catalytic process, first the bromination of
the 2acyl imidazole followed by ruthenium catalyzed radigaiolate coupling to afford the final
product. Thismethodologyrepresents a rare exampletio¢ catalytically direct synthesis gymmetric

chiral 1,4dicarbonyl compounds.
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Chapter 4: Summary and Outlook

4.1 Summary

1) Kinetic resolution ofepoxides with CO, catalyzed by achiral -at-iridium complex

Chiralatmetal biscyclometalated iridium(lll) complexesvere introduced as a new class of
catalysts for the reaction of epoxides with 4@ form cyclic carbonates under conditions of kinetic
resolution(Figure 31). Reactionsveretypically performed at room temperature in the presence of 1
mol% iridium catalystand 1.5 mol% tetraethylammonium bromide as the nucleophimatalyst to
provide selectivity factors of up to 16.6ompared with reported catalytic systentss system is
tolerant of avariety of monosubstituted epoxides including styrene epoxide, epoxides with aliphatic
side chains, glycidyethers, and a glycidyl esteandno polymerization side reactiomasobserved for
any of the investigated substratB®reover, only samplepoxidesvereused as substrates in this case.
This isdifferent from most obur grouds previous reports in which twpoint binding substrates are

necessary to obtain good asymmetric induction.

chiral-at-Ir cat (1.0 mol%)
Et4NBr (1.5 mol%) 0

|
co, i | Ny,
A T 3PN
R : O@tBU

s-factorupto 16.6 R ' R

',C'M e

“ | N~
7, \
% IR

1+ OTf"
R cy@*tBu
>y

Selected examples

O, O, O,
oM
oy, i I
A, Oupp \A_Ph
20% conv. 21% conv. 40% conv.
82% ee 86% ee 80% ee
s=123 s=16.6 s=15.3

O>L o\>- Q
0 0 0
SS S A~ K0

40% conv. 25% conv. 24% conv. Br
70% ee 74% ee 80% ee
s=8.9 s=85 s=115

Figure 34. Kinetic resolution ofepoxides with CQ catalyzed by -IrO(Carb) .
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2) Enantioselectiveintramolecular C(sp®)-H amination of aliphatic azides by dual ruthenium

and phosphinecatalysis

The previously elusive catalytic enantioselective «tasing C(sp)-H amination of unactivated
aliphatic azides affording chiral pyrrolidines has been achieved through dual catalysis with a
chiralat-metal bis(pyridyyNHC) ruthenium catalyst in combination with
tris(p-fluorophenyl)phosphine (both 1 mol%) poovide enatioselectivities of up to 99% ggigure
35). A number of experiments have been performed, which support a unique catalyticTtyle.
phosphine activates the organic azide to form an intermediate iminophosmhdhaough the
well-known Staudinger reactiomvhich then transfers a nitrerte the ruthenium center to afford a
ruthenium imido complex, followed lipe stereecontrolledC-H amination

The application of chirahtruthenium complexes in enantioselecti@(sp)-H activation
demonstrates its interesting reactivithe high enantgelectivity obtained for this transformation also
indicated that the configuration of the chieddruthenium complex is stable everadtigh temperature.
This methodologys of significant synthetic value due to the importance of ctikatyl pyrrolidines

as structural motifs in bioactive compounds.
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3) Ruthenium catalyzedasymmetric direct oxidative homocoupling of 2-acyl imidazoles

Enantioselective direct oxidative homocouplin@aicyl imidazolsis achieved in the presence of
2 mol% of a monocyclometalated ruthenium complex and awivalentBrCCl; as the oxidant,
providing moderate to excellent enantioselectivit{€gure ¥). Furthermore, almost only one
diastereomemas obtained for all of the investigated substrates, which is difficult for most of the
reported catalytic systemmterestingly, a unique twsteps mechanisis proposedor this catalytic
transformation. Firsts the ruthenium catalyzed bromination cB&yl imidazoleaffording the key
intermediate brominated productfollowed by the ruthenium catalyzed stemmtrolled
radicalenolate reaction to provide the dinproduct.This methodology represeragare examples of

catalytically synthesizing chiral X-dicarbonyl molecules from carbonyl compounds.
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iridium and ruthenium complexes aral cyclometalated rutheniuncomplex In particular, the
enantioselective intramolecularkC amination of aliphatic azides demonstsatiee attractive catalytic
property of ourchiralatruthenium complex. Accordinglyufther investigationss follows can be

considered irthefuture:

1) Develofgng new ruthenium complexeswith other types of ligands instead ofpyridyl -NHC:
The chiralatmetal bis(pyridyifNHC) ruthenium catalyst displayed high activity and excellent
stereocontrol for intramolecular -l& amination of aliphatic azides, but it could not activate
electredeficient organic zides.The dudy in this thesis alsindicated that yands surrounding the
metal center had great influence on the catalytic activity of the ruthenium complex. Therafase
supposed thatuthenium compleas containing other typeof ligands(like cyclometalated ligars)
which make the metal center moskectronrich is wortty of further developmentNew ruthenium
complexes offer the opportunity to catalyzeHGaminatiors of other typs of organic azides or other
precursors, thus making this strategy more general to constiNdbdhds. The pecise desig of the
ligand is necessary when synthesizing eleeticm ruthenium complexes because of the stability

problem. Both the steric and electronic eféamt the ligand should be considered.

2) Develogng new transformations based on nitrene orcarbene insertion catalysis: Ruthenium
imido complexs are the key intermediate in our catalytic enantioselectivel @nimatiors. The
formation of the ruthenium imidimtermediatedepends on the nature of the ruthenium catalyst and the
nitrene precursoremployed.The C-H amination of dphatic azides presented in this thesias
limited to the activation othe benzylic GH bond. It will be of high significance to achieve e
aminationof saturatedand completely unactivate@d-H bonds. Exceptfor the developmenif new
catalysts, testing other aminating reagents is an alternative, for an exangnheg
N-tosyloxycarbamatesin addition to the nitrene insertion,-KC functionalization througtcarkene
insertion using our chiratmetal ruthenium catalysts also ineresting. Analogously, different kinds

of carkeneprecursors should be carefully screened to achieve the transformation.
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Chapter 5: Experimental Part

5.1 Materials and Methods

All reactions were carried out undan atmospheref nitrogenwith magnetic string unless indicated

ortherwise The cataltic reactions were performday usingstandard Schlenk glassware techniques.

Solvents and Reagents

Solvents weredistilled under nitrogen from calcium hydride (CHCICH,Cl, and CH;CN) or
sodium/benzophenoneEttO and THF) or sodium {oluene) Extra dry DMF, 1,4-dioxane and
1,2-dichlorobenzea were purchased from AcroBlPLC grade solvents, such asrmthoxyethangl
methanoland ethanolwere used directly without furthedrying. All reagents were purchased from
Acros, Alfa Aesar, Sigma AldrichTCI, ChemPurand Fluorochemand used without further

purification.

Chromatographic Methods
The course of the reactions and the column chromatographic elution were monitdred layer
chromatography (TLC) [Macherdyagel (ALUGRAM®Xtra Sil G/UV254)]. Flash column

chromatography was performed with silica gel from Merck (particle size @083 mm).

Nuclear Magnetic Resonance Spectroscopy (NMR)

'H NMR, proton decouplefC NMR, and proton coupleiF NMR spectra wereecorded on Bruker
Avance 300 systentl NMR: 300 MHz,**C NMR: 75 MHz "F NMR: 282 MH2 spectrometersr
Bruker AM (*H NMR: 500 MHz) spectrometeks ambient temperatur€hemical shifts are given
in ppm on thed scale, and were determined after caliloratio the residual signals of the solvents,
which were used as an internal standa¥/R standards were used are as follolid: NMR
spectroscopyd= 7.26 ppm(CDCls), d= 5.32 ppm (CD,Cl,), d= 1.96ppm (CDsCN), d= 7.16 ppm
(CsDe); *C-NMR spectroscopyd’= 770 ppm(CDCLy), d=53.8 ppm(CD,Cl,), d= 118.26 1.32 ppm
(CDsCN), d = 206.26,d = 128.06 ppm (CsDe). *°F NMR spectroscopyd = 0 ppm (CFCly). The
characteristic signals were specified from the low field to tiglhl with the chemicakhifts @ in

ppm).*H NMR spectra peak multiplicities indicated as singlet (s), do})etioublet of doublet (dd),
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doublet of doublet of doublet (ddd), triplet (t), doublettrilet (dt), quartet (q), multiplet (m). The

coupling constand indicated inHertz(Hz).

High-Performance Liquid Chromatography (HPLC)
Chiral HPLC was performed with an Agilent 1200 Seriggilent 1260 Series HPLC Systeror
Shimadzu Le2030c All the HPLC conditionswveredetailedin the individual procedures. The type of

the columnsmobile phase and the flow rate were specified in the individual procedures.

GasChromatography (GC)
Chiral GC chromatography was performed with an Agilé890BGC systemAll the GC conditions

weredetailedin the individual procedures.

Infrared Spectroscopy (IR)
IR measurements were recorded on a Bruker ARIREFIR spectrometer. Thabsorption bands were

indicated a wave numbevgcni ). All substances wemmeasured as films or solids.

Mass Spectrometry (MS)
High-resolution mass spectra were recorde a Bruker En Apex Ultra 7.0FT-MS instrument using
ESI or APCI or FD technique. lonic masses are given in units of m/z for the isotopes with the highest

natural abundance.

Electron ParamagneticResonancgEPR)
The EPR spectrometer is from Bruker (rabdsp300), with a modified Variaactangular Xband

cavity and the modulation frequency was set to 100 kHz, the modudatiplitude was 0.1 mT.

Circular Dichroism Spectroscopy (CD)

CD spectra were recorded on a JASGB10 CD spectropolarimeter. Therpmeterswe used as
follows: from 600 nm to 200 nm; data pitch (0.5 nm); band with (1 megponse (1 second);
sensitivity (standard); scanning speed (50 nm/nmangumulation (5 times). The concentration of the

compounds for the measuremenwes 02 mM. Thef or mul a f or convasbelowng d
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- qlmdeg]
3298G c(mol/ L) L(cm)

C = concentrationf the sample; L = thickness of the measurement vessel

Crystal Structure Analysis

Crystal Xray measurements and the crystal structure analysis were cartibgl Dr. Klaus Harms
(Chemistry Department, Philipps University of Marburg}ray data were collected with a Bruker 3

circuit D8 Quest diffractometer with MoKa radiation (microfocus tube with multilayer optics) and
Photon 100 CMOS detector. Scaling abda@ption correction was performed by using the SADABS
software package of Bruker. Structures were solved using direct methods in SHELXS and refined
using the full matrix least squares procedure in SHERZRL3 or SHELXL-2014. The Flack
parameter is a faataised to estimate the absolute configuration of the coumounds. The hydrogen
atoms were placed in calculated positions and refined as riding on their respective C atom, and Uiso(H)
was set at 1.2 Ueq(C9pand 1.5 Ueq(CsSp Disorder of PEions, solvent ralecules or methylene

groups was refined using restraints for both the geometry and the anisotropic displacement factors.
Optical Rotation Polarimeter

Optical rotations were measured on a Kriss P800 PerkinElmer 241 polarimeter with &],2° or

[a]p® values reported in degrees with concentrations reported in g/100 mL.
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5.2Kinetic Resolution of Epoxides with CQ Catalyzed by a Chiratat-Iridium Complex
5.2.1Synthesis ofiridium CatalystsL -IrO(Carb) and D-IrO(Carb)

a) Synthesis ofligand

©CHO W e ™ éﬁp‘é

1

A solution of 2amino-4-tert-butylphenol (0.43 g, 2.58 mmol) and(@H-carbazol9-yl)benzaldehyde
(0.7 g, 2.58 mmol) inmxylene (9 mL) was stirred at 120 € fofl h. After cooling tor.t.,
4-methoxy TEMPO (24.0 mg0.13mmol) was added to the mixe which was then stirred at 120 €
overnightunderanoxygen atmosphere (1 atm @as in a balloon). After cooling toom temperature
all volatiles were removed in vacuthe esiduewas purified by flash chromatography on silica gel
(n-hexanéEtOAc 201) to afford the desired produt(1.02 g,2.45mmol, 95%) as a white solid.

'H NMR (300 MHz, CDCly) 118.5 (dd,J = 7.6, 1.8 Hz, 1H), 8.28.15 (m, 2H), 7.82.68 (m, 2H),
7.67-7.5 (m, 2H), 7.3-7.21(m, 4H), 7.267.08 (m, 3H), 6.® (d, J= 8.7 Hz, 1H), 1.8 (s, 9H).

%C NMR (75 MHz, CDCls) 11161.2, 1488, 147. 9, 142.0, 141.2, 126.132. 6, 12.0, 130.9, 12.0,
126.9, 1261, 1237, 123.0, 12@B, 119.8, 116.5, 1094109.61,34.9, 31.8.

IR (film): 3 (cm™*) 3056, 2959, 2869, 1591, 1544, 1452, 1315, 1270, 1229, 1197, 1118, 1065, 1029,
908, 842, 812, 720, 640, 425.

HRMS (ESI, m/2) calcd. for GgH,.N,ONa [M+NaJ: 439.1786, found: 439.1781.

b) Synthesis ofiridium dimer complex

N 0 r\[i] T '\
;) < IrCls Cin,, | wCla / —~ N 4
©/‘\\N EtOCH,CH,OH i"I\ \U &\ = é/(:Q\é
2 2 ’ ¥

N,, 130 °C

1 Ir-dimer2

A solution ofcompoundl (500 mg, 1.2 mmol) andiridium chloride hydrate (254 mg, 0.72 mmai)
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2-ethoxyethanol (24 mL) wasurged with nitrogen gas for 15imand therstirred at 130 € for 24 h
under nitrogen atmosphere. After coolingremm temperatuteall volatiles were removed in vacuo
and the residue was purified by flash chromatography on silicendxane/CHCl, 1:4 to CH,Cl,)

to afford the desii productlr -dimer2 (553 mg, ®6 mmol, 87%) as a yellow solid.

'H NMR (300 MHz, CD,Cl,) i 8.278.13 (m, 12H), 7.57.41 (m, 8H), 7.3§.31 (m, 4H), 7.247.14
(m, 4H), 7.127.06 (m, 4H), 7.0%.94 (m, 8H), 6.7%.72 (m, 4H), 6.65.58 (m, 4H), 6.35.20 (m
8H), 0.62 (s, 36H).

*C NMR could not be measured becao$¢helow solubility.

IR (film): 3 (cm') 3055, 2962, 2869, 2034, 1573, 1481, 1453, 1424, 1364, 1314, 1275, 1231, 1193,
1147, 1109, 965, 929, 888, 808, 749, 719, 646, 425.

HRMS (LIFDI, m/z) cdcd. for GdHg,CloIr,NgO,: 2116.5887, found: 2116.5921.

c) Synthesis ofiridium auxiliary complex

S
Al
(N N N""jpr O O
C,, | wCly, | 4C OH Cn, Re o,,, \\\\C N
e LIS O R

M| Ir,,, _ O
c” |\CI | “c & N = 4
N N AgOTf, Na,COjy : | N N
EtO(CH,),0H "ips =C
Ir-dimer2 80°C, N, A~(S)-Ir3 A-(S)-Ilr3

40% 30%

A mixture of dimer complexr-dimer2 (0.5 g, 0.2 mmol), the chiral auxilianyAux4a (125.4 mg,
0.57 mmol), AgOTf (146 mg, 0.57 mmol) and 8&; (375 mg, 3.54 mmol) iR-ethoxyethano(15

mL) was stirred at 86C for 20 hunder nitrogen atmospherafter cooling toroom temperatureall
volatiles were removeth vacuo. The residue was dissolveddhl,Cl,and filtered through celite to
removeall unsoluble solid Thefiltrate wasthenconcentrated under reduced pressure and purified by
flash chromatography asilica gel(n-hexane/CHCI, 4:1 to 21) to getthe two diastereomers. The first
eluting diastereomer286 mg, 0.19 mmol, 40%) was assignegs s -(S-Ir3 and the second eluting

diastereomer ap(9-1r3 (174mg,0.14mmol, 30%).

S-(9-Ir3:
'H NMR (300 MHz, CD,Cl,) 1 8.358.15 (m, 4H), 7.92 (s, 1H), 7.50.21 (m, 16H), 7.20°.05 (m,
5H), 6.996.86 (m, 3H), 6.82 (d] = 8.7 Hz, 1H), 6.71 (d) = 7.5 Hz, 1H), 6.396.27 (m, 1H), 4.97 (d,
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J = 8.7 Hz, 1H), 3.46 (t) = 10.8 Hz, 1H), 3.09 (dJ = 12.5 Hz, 1H), 1.39 (s, 9H), 1.11 (s, 9H),
0.800.65 (m, 1H), 0.48 (d] = 6.7 Hz, 3H), 0.02 (d] = 6.6 Hz, 3H).

3C NMR (75 MHz, CD.Cl,) 1i 176.8, 176.4, 168,9167.7, 154.7, 154.0, 150.8, 150.5, 148.7, 148.3,
143.0, 142.4, 142.3, 142.2, 138.6, 138.3, 136.5, 136.0, 135.8, 134.1, 133.9, 133.1, 132.4, 131.8, 130.4,
129.8, 126.7, 126.5, 126.4, 126.3, 124.9, 124.4, 124.3, 124.03, 123.96, 123.8, 123.6, 122.9, 121.9,
121.0, 120.9, 120.7, 120.6, 120.4, 120.3, 120.3, 119.2, 118.6, 115.2, 114.0, 113.1, 111.1, 110.8, 110.7,
110.6, 110.4, 85.6, 35.9, 35.5, 32.2, 31.8, 31.7, 28.4, 19.8, 14.2.

IR (film): 3 (cm'™) 2960, 2869, 1562, 1522, 1452, 1362, 1273, 1232, 1194, 1151, 1013, 965, 930, 846,
814, 749, 647.

HRMS (ESI, m/2) calcd. for GoHeilrNsOsS [M+H]": 1244.4124, found: 1244.4124.

CD (MeOH): &, n flem{) 40 ¢ 4), BB1 (+19), 357 (+21), 330 (+BRI7 ¢ 22), 275 (+4),

263 (1).

p(9-Ir3:
'H NMR (300 MHz, CD.Cl,) 118.31-:8.18 (m, 4H), 7.89 (d] 1.7 Hz, 1H), 7.4%.01 (m, 22H), 6.92 (d,

J 8.9 Hz, 1H), 6.80 (dd] 7.7, 5.5 Hz, 2H), 6.62 (dl 7.8 Hz, 1H), 6.29 (t) 6.9 Hz, 1H), 3.64 (dJ

10.0 Hz,1H), 2.93 (dd,J 11.3, 2.2 Hz, 1H), 2.57 (8 10.6 Hz, 1H), 2.38.22 (m, 1H), 1.15 (s, 9H),

1.08 (s, 9H), 1.05 (d} 6.9 Hz, 3H), 0.35 (d] 7.0 Hz, 3H).

%C NMR (75 MHz, CD.Cl,) t1177.3, 177.1, 168.3, 167.6, 154.9, 154.0, 151.0, 149.9, 148.9, 148.3,
142.9, 142.8, 142.2, 142.2, 139.0, 137.9, 136.5, 136.1, 133.7, 132.8, 132.8, 132.6, 132.4, 129.8, 129.3,
126.6, 126.6, 126.4, 126.3, 124.5, 124.4, 124.2, 124.1, 123.9, 123.9, 123.7, 122.8, 122.1, 121.0, 120.9,
120.8, 120.7, 120.4, 120.3, 120.2, 119.9, 118191, 113.7, 110.9, 110.5, 110.3, 83.1, 35.6, 35.4,
32.2,32.0, 31.6, 30.1, 20.8, 17.1.

IR (film): 3 (cmY) 2954, 2922, 2856, 1593, 1563, 1450, 1419, 1359, 1339, 1312, 1274, 1231, 1194,
1146, 928, 813, 746, 718, 640

HRMS (ESI, m/2) calcd. for GoHs1IrNsOsS [M+H]": 1244.4121, found: 1244.4121.

CD (MeOH): o, n tlemY) 430 (+10M424 (+1), 412 8), 387 (5), 378 (3), 331 (41), 299

(+40), 274 (+9), 238-87), 215 (+42).

d) Synthesis ofenantiopure iridium complex
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A-(S)-Ir3 A-(S)-Ir3

TfOH (3 equiv), CH3CN

r.t, N2
T1+oTf Y T+ OTf
Ar O tBu tBu o Ar
S -
N . C’Me Me\C\ N
", \\\\N/’ <N n, o
r ) I,’Ir“‘
|\N\\C C/éN/ |
_N “Me Me” I\
Ar O@tBu tBu@o Ar
Ar= N-carbozyl Ar= N-carbozyl
A-IrO(Carb) A-IrO(Carb)

A round flask was charged with-(S-1r3 (142 mg, 0.11 mmol), then evacuated and purged with
nitrogen @s, and CKCN (6 mL) was added. After stirring for 5 mitrifluoromethanesulfonic acid
(29 1, 0.33 mmol) was added. The resulting mixture was stirred for 1rboat temperaturender
nitrogen atmosphere. Then all volatiles were removed in vacuo amdsidee was purified by flash
chromatography osilica gel(CH,CIl,/CH;CN 20:1 to 3:1) to give catalyst-IrO(Carb) (125.4 mg,
0.099 mmol, 90%) as a yellow solid. According to the same procedure, cagtdig3Carb) (121.6

mg, 0.097 mmol, 88%as got ag yellow solid.

s -IrO(Carb) :

'H NMR (300 MHz, CD5CN) 11 8.30 (d,J = 7.5 Hz, 4H), 7.92 (d) = 1.7 Hz, M), 7.55 (dd,J = 8.9,

1.9 Hz, 2H), 7.467.15 (m, 14H), 7.01 (d] = 8.9 Hz, 2H), 6.90 (dJ = 7.1 Hz, 2H), 6.64 (dd] = 7.4,

1.1 Hz, 2H), 2.39 (s, 6H), 1.40 (s, 18H).

3C NMR (75 MHz, CD,Cl,) ti 175.5, 151.5, 148.6, 145.3, 142.5, 142.1, 137.7, 136.48,1832.9,
128.6, 126.6, 126.5, 125.4, 124.8, 124.3, 124.2, 121.7, 121.0, 121.0, 120.7, 120.6, 113.0, 111.9, 110.2,
110.1, 35.8, 31.9, 4.4.

IR (film): V (cm™) 3053, 2961, 2871, 1575, 1453, 1423, 1366, 1313, 1266, 1230, 1195, 1181, 102
969, 930, 817, 747, 636, 571, 518, 423.

HRMS (LIFDI, m/2) calcd. for GHsIrN¢O,[M] *: 1105.3776, found: 1105.3780.

CD (MeOH): &, n Tem’) 4p8)(6), 388 (+31), 412 (+3), 29346), 235 (+54), 217-11), 207
(+39).
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glrO(Carb) :
CD (MeOH): &, n Tem?) 498 (+6), BB8B1), 412 (3), 293 (+46), 235-64), 217 (+11), 207
(-39).

All other spectroscopic data gflrO( Carb) were in agreement with-IrO(Carb) .

5.2.2Synthesis ofEpoxides

Procedure A:

Cl 40% NaOH aqueous OR
Q>—/" + ROH - = o
nBuyNBr

To a solution ofROH (1 eaiiv), 40% NaOH aqueous (1&quiy) andnBu,NBr (0.05equiy) in water
(0.6 M) was added2-(chloromethyl)oxirane(4 equiV) in a flask After being stirred at room
temperature for £ hours the reactionmixture was extracted three times with diethyl ethEhe
combined organic phases were dried ovepS®a After removal of the solvent under reduced
pressure, the crude mixture wasrified by flash column chromatography on silica gel column
resulted in the desirezboxides

Procedure B:

H,0,, KHCO,
AR —— % D=

To a solution ofalkene(1.0equiv) in CHsCN/CH;CH,OH (2.1 M, volume ratie= 1: 5), HO, solution
(2.0 equiy) containing KHCQ (0.3 equiy) was addedslowly. The resulting mixturavas stirred at
room temperature for4&2hours Another portion of HO, solution (0.5equiy) was added and the
resulting mixturevasstirred at room temperature fanother24 hours.The reaction waquenchedy
saturated N#5,0; solution slowly, and the product wastracted three times with diethyl eth€he
combined organic phases were dried overS{Ip After removal of the solvent under reduced
pressure, the crude mixture was purified by flash colummnsatography on silica gel column

resulted in the desirezboxides
2-((Benzyloxy)methyl)oxirane(4a)

Ph
o—

<l>>_/
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Compound4a (985 mg, 6.0 mmol\was synthesizedrom phenylmethanol(1.08 g, 10 mmol)
according to the aboverocedure A and obtained a colorless ailYield: 60%. *H NMR (300 MHz,
CDCls) 11 7.42-7.27(m, 5H), 4.694.50 (m, 2H), 3.77 (dd] = 11.4, 3.1 Hz, 1H), 3.45 (dd= 11.4, 5.8
Hz, 1H), 3.19 (ddd) = 7.0, 5.8, 2.9 Hz, 1H), 2.8875 (m, 1H), 2.62 (dd] = 5.0, 2.7 Hz, 1H)

2-((p-Tolyloxy)methyl)oxirane (4c)
o—< :>—
?>—/

Compaind4c (969 mg, 5.9 mmolyas synthesizettom p-cresol(1.08 g, 10 mmolaccording to the
aboveProcedure A and obtained as a colorlessYadld: 59%. *H NMR (300 MHz, CDCls) 1 7.08 (d,
J=8.4 Hz, 2H), 6.82 (d] = 8.4 Hz, 2H), 4.18 (dd] = 11.0, 3.2Hz, 1H), 3.95 (ddJ = 11.0, 5.5 Hz,
1H), 3.35 (s, 1H), 2.90 (8,= 4.5 Hz, 1H), 2.75 (dd] = 4.9, 2.6 Hz, 1H), 2.29 (s, 3H).

2-((m-Tolyloxy)methyl)oxirane (4d)

(|)>—/O©

Compound4d (903 mg, 5.5 mmoljvas synthesizeftom m-cresol(1.08 g, 10mmol) according to the
aboveProcedure A and obtained as a colorlessYdld: 55%. *"H NMR (300 MHz, CDCl3) 417.17 (t,
J=7.7 Hz, 1H), 6.76 (dd] = 17.8, 8.0 Hz, 3H), 4.19 (dd= 11.0, 3.3 Hz, 1H), 3.97 (dd= 11.0, 5.5
Hz, 1H), 3.35 (dddj = 8.7, 5.8, 3.3 Hz, 1H), 2.95.84 (m, 1H), 2.75 (ddl = 5.0, 2.6 Hz, 1H), 2.33 (s,
3H).

2-((o-Tolyloxy)methyl)oxir ane (4€)

Opf@

Compound4e (969 mg, 5.9 mmolyas synthesizettom o-cresol(1.08 g, 10 mmolaccording to the

above Procedure A and obtained as a colorless Yigld: 59%. '"H NMR (250 MHz, CDCly) U
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7.227.08 (m, 2H), 6.9%.75 (m, 2H), 4.3 (dd,J = 11.1, 3.1 Hz, 1H), 3.99 (dd= 11.1, 5.4 Hz, 1H),
3.38 (ddtJ = 5.6, 4.1, 3.0 Hz, 1H), 2.98.85 (m, 1H), 2.79 (ddl = 5.0, 2.7 Hz, 1H), 2.26 (s, 3H).

2-((4-M ethoxyphenoxy)methyl)oxirane(4f)
o O—@—OMe

Compound4f (1.17g, 6.5 mmé was synthesizeftom 4-methoxypheno(1.24 g, 10 mmolaccording
to the aboveProcedure A and obtained as a colorlessYodld: 65%. *H NMR (250 MHz, CDCl5) i
6.97-6.73 (M, 4H), 4.17 (dd) = 11.1, 3.3 Hz, 1H), 3.92 (dd, = 11.1, 5.6 Hz, 1H), 3.77 (s, 3H),
3.423.27 (m, 1H), 2.9€.83 (m, 1H), 2.74 (ddl = 5.0, 2.7 Hz, 1H).

2-((4-Bromophenoxy)methyl)oxirane(4j)
o <

Compounddj (1.40g, 6.1mmol) was synthesizettom 4-bromahenol(1.73 g, 10 mmolgaccording
to the abovéProcedure A and obtained as a colorlessYoéld: 61%. 'H NMR (250 MHz, CDCly) U
7.467.30 (m, 2H), 6.9%.73 (m, 2H), 4.21 (dd] = 11.0, 3.0 Hz, 1H), 3.91 (dd,= 11.0,5.7 Hz, 1H),
3.34 (ddtJ=5.7, 4.1, 2.9 Hz, 1H), 2.92.83 (m, 1H), 2.75 (ddl = 4.9, 2.6 Hz, 1H).

2-((4-Chlorophenoxy)methyl)oxirane (4h)

Compound4h (1.09g, 5.9 mmol)was synthesizettom 4-chlorgphenol(1.29 g, 10 mmolpaccordiry
to the abovéProcedure A and obtained as a colorlessYoéld: 5%. 'H NMR (300 MHz, CDCl5) U
7.367.16 (m, 2H), 6.9%.80 (M, 2H), 4.23 (dd] = 11.0, 3.0 Hz, 1H), 3.94 (dd= 11.0, 5.7 Hz, 1H),
3.36 (dddJ=6.9, 5.8, 2.9 Hz, 1H), 2.93 (t= 4.5 Hz, 1H), 2.77 (dd1 = 4.9, 2.6 Hz, 1H).

2-((Naphthalen-2-yloxy)methyl)oxirane (4i)
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<I>>_/O

Compound4i (981 mg, 4.9 mmolyvas synthesizeftom naphthaler2-ol (1.44 g, 10 mmolaccording
to the abovéProcedure A and obtained as a colorlessYoéld: 49%. 'H NMR (300 MHz, CDCl5) U
7.857.66 (m, 3H), 7.44 (dd] = 11.0, 4.1 Hz, 1H), 35 (t,J = 6.9 Hz, 1H), 7.2.12 (m, 2H), 4.35
(dd,J = 11.0, 3.2 Hz, 1H), 4.09 (dd= 11.0, 5.7 Hz, 1H), 3.43 (dl,= 9.8, 3.0 Hz, 1H), 3.612.91 (m,
1H), 2.82 (dd,) = 4.9, 2.7 Hz, 1H).

2-(Phenethoxymethyl)oxirane(4j)

5 O_/—Ph
|>_/

Compound4j (1.16 g, 6.5 mmol)\was synthesizedrom 2-phenyletharil-ol (1.22 g, 10 mmol)
according to the aboverocedure A and obtained as a colorlessYgild: 65%. *H NMR (250 MHz,
CDCl3) 11 7.387.26 (m, 2H), 7.25.15 (m, 3H), 3.02.91 (m, 1H), 2.92.66 (m, 3H), 2.48 (dd] =

5.0, 2.7 Hz, 1H), 2.01.73 (m, 2H).
2-((Benzhydryloxy)methyl)oxirane (4k)

Ph

?)—/O_<Ph

Compound4k (1.44 g, 6.0 mmol)was synthesizedrom diphenylmethanol(1.84 g, 10 mmol)
according to the aboverocedure A and obtained asvhite solid Yield: 60%. 'H NMR (300 MHz,
CDCl3) 0 7.477.20 (m, 10H), 5.48 (s, 1H), 3.76 (dtk 11.4, 3.1 Hz, 1H), 3.49 (dd,= 11.4, 5.7 Hz,

1H), 3.24 (ddt,) = 5.7, 4.0, 3.0 HZ1H), 2.81 (dd,) = 5.0, 4.2 Hz, 1H), 2.63 (dd,= 5.1, 2.7 Hz, 1H)

2-((Oxiran-2-ylmethoxy)methyl)furan (4!)
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Compound4l (693 mg, 4.5 mmolwas synthesizedrom furan-2-ylmethanol(981 mg, 10 mmol)
according to the aboverocedure Aad obtained as a colorless.offield: 45%. *H NMR (300 MHz,
CDCls) 11 7.547.31 (m, 1H), 6.34 (s, 2H), 4.6%38 (m, 2H), 3.75 (ddl = 11.5, 3.1 Hz, 1H), 3.44 (dd,
J=11.5,5.8 Hz, 1H), 3.16 (ddd= 7.0, 5.9, 3.0 Hz, 1H), 2.9B.71 (m, 1H), 2.61 (dd] = 5.0, 2.7 Hz,
1H).

2-((Thiophen-2-yImethoxy)methyl)oxirane (4m)

Compounddm (953 mg, 5.6 mmolvas synthesizettom thiophen2-ylmethanol(1.14 g, 10 mmol)
according to the abowrocedure A and obtained as a colorlessYoild: 56%. *H NMR (250 MHz,
CDCl3) 11 7.30 (dd,J = 5.0, 1.3 Hz, 1H), 7.00 @i, J = 8.4, 3.9, 2.0 Hz, 2H), 4.84.61 (m, 2H), 3.77
(dd, J = 11.4, 3.1 Hz, 1H), 3.45 (dd, = 11.4, 5.8 Hz, 1H), 3.18 (dd§, = 5.8, 4.1, 2.9 Hz, 1H),
2.892.76 (m, 1H), 2.62 (dd] = 5.0, 2.7 Hz, 1H).

2-Phenethyloxirane (40)

(l)>_/—F’h

Compound 40 (934 mg, 6.3 mmol) was synthesizeffom but3-en-1-ylbenzene(1.32 g, 10 mmol)
according to the abowRrocedureéB and obtained as a colorless. dleld: 63%. *H NMR (250 MHz,
CDCls) 117.38.26 (m, 2H), 7.2&.15 (m, 3H), 3.02.91 (m, 1H), 2.92.66 (m, 3H), 2.48 (dd] = 5.0,
2.7 Hz, 1H), 2.041.73 (m, 2H).

2-Benzyloxirane (4r)
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o Ph
Compounddr (671 mg, 5.0 mmoljvas synthesizeftom allylbenzeng1.18 g, 10 mmolacording to
the aboveProcedureB and obtained as a colorless. difeld: 50%. *H NMR (250 MHz, CDCl,) U
7.387.20 (m, 5H), 3.17 (tdd] = 5.5, 3.9, 2.7 Hz, 1H), 3.62.76 (m, 3H), 2.56 (dd] = 5.0, 2.7 Hz,
1H).

2-(4-M ethoxybenzyl)oxirane(4s)

OMe

Compound4s (969 mg, 5.9 mmoljvas synthesizeftom 1-allyl-4-methoxybenzengl.48 g, 10 mmol)
according to the abovRrocedureB and obtained as a colorless. dleld: 59%. 'H NMR (250 MHz,
CDCly) U 7.237.11 (m, 2H), 6.9%.79 (m, 2H), 3.80 (s3H), 3.12 (tddJ = 5.5, 3.9, 2.7 Hz, 1H),
2.962.70 (m, 3H), 2.53 (dd] = 5.0, 2.7 Hz, 1H).

5.2.3Ir -CatalyzedKinetic Resolution of Epoxides with CO,

A 1.5 mL glass vial with stirrer bawas charged with the JMBr (0.9 mg, 0.0045 mmol, 1.5
mol%), s -IrO (Carb) (3.8 mg, 0.003 mmol, 1.0 mol%), the corresponding epoxide (0.3 mmol, 1.0
equiv) and 1,4ioxane (86 L, 3.5 M). Theylass vialwas placed into 800 mL stainless steel
autoclave with suitable stainless steel module. The autoclave was closed asdbjkeeted to three
cycles of pressurization and depressurization with carbon dioxide, before final stabilization of the
pressure to 20 bar. The autoclave was left stirring at room temperature for 30 hours. At the end of the
reaction an aliquot of the rdsng mixture was taken and the conversion was determined by means of
'H NMR spectroscopy using CDCs the solvent. The analytically pure cyclic carbonate product was
isolated by column chromatography, and then analysed by chiral HPLC or chiral GErtoidetthe

enantiomeric excess.

(R)-4-((Benzyloxy)methyl)-1,3-dioxolan-2-one Ga)*?
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Starting from4a (49.2 mg, 0.3 mmol) according to the general procedure to Savin 14%

conversionEnantiomeric excess was determined by HPLC arsatysia chiral stationary phase =

81%. HPLC conditions:ChiralpakOD-H colum (4.6 3 250 mm) UV detection at 26 nm, mobile

phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €(minor) = 17.3

min, t (major) =22.3min.

'H NMR (300 MHz, CDCl3) i 7.427.27 (m, 5H), 4.861.76 (m, 1H), 4.62 (d] = 12.0 Hz, 1H), 4.56
(d,J= 12.0 Hz, 1H), 4.48 () = 8.3 Hz, 1H), 4.38 (ddJ = 8.3, 6.1 Hz, 1H), 3.71 (dd,= 10.9, 4.0
Hz, 1H), 3.71 (ddJ = 10.9, 3.8 Hz, 1H) ppm.

3C NMR (75 MHz, CDCl3) 11155.0,137.2, 128.7, 128.2, 127.9, 75.1, 73.9, 69.0, 66.4 ppm.

(R)-4-(Phenoxymethyl)-1,3-dioxolan-2-one Gb)*

Q
0
o _J., 0

Starting from4b (45.0 mg, 0.3 mmol) according to the general procedure to Sivén 20%
conversionEnantiomeric excess was detémad by HPLC analysis on a chiral stationary phase=
82%. HPLC conditions:ChiralpakOD-H columm (4.6 3 250 mm) UV detection at 26 nm, mobile
phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €(minor) =24.0
min, t, (major) =31.8min.

'H NMR (300 MHz, CDCl3) i 7.357.26 (m, 2H), 7.02 (t) = 7.4 Hz, 1H), 6.91 (dJ = 7.8 Hz,2H),
5.07-4.97 (m, 1H), 4.6%.57 (m, 1H), 4.561.49 (m, 1H), 4.24 (dd] = 10.6, 4.2 Hz, 1H), 4.14 (dd,
= 10.6, 3.6 Hz, 1H) ppm.

*C NMR (75 MHz, CDCl;) 1157.9, 154.8, 129.8, 122.1, 114.8, 74.3, 67.1, 66.4 ppm.

(R)-4-((p-Tolyloxy)methyl)-1,3-dioxolan-2-one 6¢)™

o)
Yo
o\),,,, O

Me
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Starting fromdc (49.2 mg, 0.3 mmol) according to the general procedure tdbgiire20% conversion.
Enantomeric excess was determined by HPLC analysis on a chiral stationary gha82%. HPLC
conditions: Chiralpak OD-H colunm (4.6 3 250 mm) UV detection at 26 nm, mobile phase
n-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = Z§ £, (minor) = 16.1min,
t, (major) =29.6min.

'H NMR (300 MHz, CDCly) i 7.157.05 (m, 2H), 6.8%.77 (m, 2H), 5.081.95 (m, 1H), 4.65!.48
(m, 2H), 4.22 (ddJ = 10.6, 4.3 Hz, 1H), 4.12 (dd,= 10.6, 3.7 Hz, 1H), 2.29 (s, 3H).

¥C NMR (75 MHz, CDCls) 11155.9, 154.8, 131.5, 130.3, 114.7, 74.3, 67.3, 66.4, 20.6.

(R)-4-((m-Tolyloxy)methyl)-1,3-dioxolan-2-one 6d)%

Q
O\)O "'//O\©/ Me

Starting from4d (49.2 mg, 0.3 mmol) according to the general procedure to Sivén 20%
conversionEnantiomeric excess was determined by HPLC analysis on a chiral stationaryeghase
82%. HPLC conditions:ChiralpakOD-H column (4.6 3 250 mm) UV detection at 26 nm, mobile
phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €(minor) = 18.2
min, t (major) =28.1min.

'H NMR (300 MHz, CDCl3) 11 7.18 (t,J = 7.8 Hz, 1H), 6.83 (dJ = 7.5 Hz, 1H), 6.76.67 (m, 2H),
5.064.95 (m, 1H), 4.64.48 (m, 2H), 4.21 (dd] = 10.7, 4.2 Hz, 1H), 4.12 (dd,= 10.7, 3.7 Hz, 1H),
2.33 (s, 3H) ppm.

%C NMR (75 MHz, CDCls) 11157.9, 154.8, 140.0, 129.5, 122195.7, 111.5, 74.3, 67.0, 66.4, 21.6

ppm.

(R)-4-((o-Tolyloxy)methyl)-1,3-dioxolan-2-one Ge)®

O}—O Me
Eaae

Starting fromde (49.2 mg, 0.3 mmol) according to the general procedure tdbgire12% conversion.

Enantiomeric excess was determinedHBLC analysis on a chiral stationary phase =80%. HPLC
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conditions: Chiralpak OD-H colunm (4.6 3 250 mm) UV detection at 26 nm, mobile phase
n-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €£(minor) =22.5min,

t, (major) =24.2min.

'H NMR (300 MHz, CDCl3) U 7.21-7.12 (m, 2H), 6.92 (t) = 7.5 Hz, 1H), 6.8%6.75 (m, 1H),
5.095.00 (m, 1H), 4.6/4.52 (m, 2H), 4.26 (ddl = 10.7, 3.6 Hz, 1H), 4.13 (dd,= 10.7, 3.1 Hz, 1H),
2.22 (s, 3H) ppm.

%C NMR (75 MHz, CDCls) 11155.9, 154.9, 131.2, 127.3, 127.0, 121.8, 111.1, 74.3, 67.2, 66.4, 16.1.

(R)-4-((4-M ethoxyphenoxy)methyl}1,3-dioxolan-2-one 6f)%

Q
o
o_J., 0

OMe

Starting fromdf (54.0 mg, 0.3 mmol) according to the general procedure tdbfivel 7% conversion
Enantiomeric excess was determined by HPLC analysis on a chiral stationary gdha$8%. HPLC
conditions: Chiralpak OD-H colunm (4.6 3 250 mm) UV detection at 26 nm, mobile phase
n-hexane/isopropanol #0:30, flow rate 1.0 mL/min, column temperature =@5 t, (minor) = 15.1 min,
t, (major) =27.0min.

'H NMR (300 MHz, CDCls) 116.906.78 (m, 4H), 5.04:.93 (m, 1H), 4.63.47 (m, 2H), 4.18 (dd] =
10.7, 4.1 Hz, 1H), 4.09 (dd,= 10.7, 3.6 Hz, 1H), 3.76 (s, 3H) ppm.

*C NMR (75 MHz, CDCl3) 1154.9, 1548, 152.1, 116.0, 114.9, 74.4, 68.0, 66.3, 55.8 ppm.

(R)-4-((4-Bromophenoxy)methyl)-1,3-dioxolan-2-one 6g)*

0,

0
O I, O

Br

Starting from4g (68.7 mg, 0.3 mmol) according to the general procedure to Sjvin 24%
conversionEnantiomeric excess wasgtérmined by HPLC analysis on a chiral stationary phese
80%. HPLC conditions:ChiralpakOD-H column (4.6 3 250 mm) UV detection at 26 nm, mobile
phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 (minor) = 19.4

min, t (major) =24.0min.
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'H NMR (300 MHz, CDCly) Ui 7.47-7.34 (m, 2H), 6.8%.75 (m, 2H), 5.07.96 (m, 1H), 4.62 (t) =
8.5 Hz, 1H), 4.51 (dd] = 8.6, 5.9 Hz, 1H), 4.21 (dd,= 10.6, 4.1 Hz, 1H), 4.11 (dd,= 10.6, 3.6 Hz,
1H) ppm.

%C NMR (75 MHz, CDCl;) 1= 157.0, 154.6, 132.7, 116.6, 114.5, 74.1, 67.4, 66.2 ppm.

(R)-4-((4-Chlorophenoxy)methyl)-1,3-dioxolan-2-one Gh)*

O,

0
o\),,,/ _O

Cl

Starting from4h (55.4 mg, 0.3 mmol) according to the general procedure to Sivéen 23%
conversionEnantomeric excess was determined by HPLC analysis on a chiral stationary gdase
78%. HPLC conditions:ChiralpakOD-H colum (4.6 3 250 mm) UV detection at 26 nm, mobile
phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 € (minor) = 18.6
min, t (major) =22.5min.

'H NMR (300 MHz, CDCly) 11 7.30:7.22 (m, 2H), 6.8%.80 (m, 2H), 5.081.97 (m, 1H), 4.61 (t) =
8.5 Hz, 1H), 4.51 (dd] = 8.6, 5.9 Hz, 1H), 4.21 (dd,= 10.6, 4.0 Hz, 1H), 4.11 (dd,= 10.6, 3.6 Hz,
1H) ppm.

*C NMR (75 MHz, CDCl;) 1156.5, 154.6, 129.8, 127.2, 116.1, 747.5666.2

(R)-4-((Naphthalen-2-yloxy)methyl)-1,3-dioxolan-2-one 6i)®

O}-o

Starting fromdi (60.0 mg, 0.3 mmol) according to the general procedure tobgine22% conversion.
Enantiomeric excess was determined by HPLC analysis ona stationary phasee =80%. HPLC
conditions: Chiralpak IG colum (4.6 3 250 mm) UV detection at 34 nm, mobile phase
n-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €(minor) =20.1min,
t, (major) =21.3min.

'H NMR (300 MHz, CDCly) Ui 7.857.68 (m, 3H), 7.5%7.43 (m, 1H), 7.4%.34 (m,1H), 7.267.10

(m, 2H), 5.155.04 (m, 1H), 4.74.54 (m,2H), 4.36 (dd,J = 10.6, 4.3 Hz, 1H), 4.27 (dd,= 10.6, 3.7
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Hz, 1H) ppm.
*C NMR (75 MHz, CDCls) i 155.9, 154.7, 134.4, 130.029.7, 127.9, 127.0, 126.9, 124.5, 118.5,
107.3, 74.2, 67.1, 66.4 ppm

(R)-4-(Phenethoxymethyl}1,3-dioxolan-2-one &)
Q

0
0\)',,,/0\/\Ph

Starting from4j (53.4 mg, 0.3 mmol) according to the general proce@@ehwas used insteadd

give 5 in 16% camversion. Enantiomeric excess was determined by HPLC analysis on a chiral
stationary phasee =82%. HPLC conditionsChiralpakOD-H colum (4.63 250 mm) UV detection

at 216 nm, mobile phasen-hexanel/isopropanol 80:2Q flow rate 1.0 mL/min, column teperature =

25 €, t. (minor) = 15.4min,  (major) =19.7min.

'H NMR (300 MHz, CDCl,) {i 7.347.26 (m, 2H), 7.25.17 (m, 3H), 4.84.70 (m, 1H), 4.42 (t) =

8.3 Hz, 1H), 4.29 (dd] = 8.3, 6.1 Hz, 1H), 3.88.64 (m, 3H), 3.58 (dd] = 11.0, 3.6 Hz, 1H)2.89 (t,
J=6.8 Hz, H) ppm.

%C NMR (75 MHz, CDCls) 1155.0, 138.6, 129.0, 128.5, 126.5, 75.1, 72.9, 69.9, 66.3, 36.3 ppm.

IR (film): 3 (cm'™Y) 2922, 2863, 1787, 1486, 1455, 1393, 1362, 1167, 1128, 1105, 1045, 749, 701, 576,
499

HRMS (ESI, m/2) calcd for C;H1,0,Na [M+Na]': 245.0784, found: 245.0780.

(R)-4-((Benzhydryloxy)methyl)-1,3-dioxolan-2-one 6Kk)

Q
73 Ph
oI, /OY

Ph

Starting from4k (72.2 mg, 0.3 mmol) according to the general proce(i®ehwas used insteadd

give 5k in 12% conversionEnantiomeric excess was determined by HPLC analysis on a chiral
stationary phasee =82%. HPLC conditionsChiralpakOD-H colum (4.63 250 mm) UV detection

at 216 nm, mobile phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature =

25C, t. (minor) =24.2min, t (major) =35.9min.
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'H NMR (300 MHz, CDCls) i 7.387.25 (m, 10H), 5.42 (s}H), 4.964.78 (m, 1H), 4.5%.39 (m,

2H), 3.74 (dd,J = 10.9, 3.9 Hz, 1H), 3.61 (dd,= 10.8, 3.6 Hz, 1H) ppm.

¥C NMR (75 MHz, CDCl) U 155.0, 1413, 141.2, 128.8, 128.7, 128.1, 128.0, 127.1, 127.0, 84.6,
75.1, 68.0, 66.5 ppm.

IR (film): 3 (cm™) 2925, 2873, 1779, 1486, 1452, 1393, 1331, 1168, 1124, 1097, 1033, 973, 919, 845,
793, 747, 696, 656, 625, 593, 524, 469

HRMS (ESI, m/2) calcd. for G/H60,Na[M+ NaJ: 307.0941, found: 307.0934.

(R)-4-((Furan-2-ylmethoxy)methyl)-1,3-dioxolan-2-one 6l)*
Q

5.0 0

o\)"/l/o =

Starting fromdl (46.2 mg, 0.3 mmol) according to the general procedure toblinvel 3% conversion.
Enantiomeric excess was deteraidnby HPLC analysis on a chiral stationary phase=74%. HPLC
conditions: Chiralpak OD-H colunm (4.6 3 250 mm) UV detection at 26 nm, mobile phase
n-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €£(minor) = 14.7 min,
t, (major) =15.8min.

'H NMR (300 MHz, CDCly) ti 7.47:7.38 (m, 1H), 6.45.30 (m, 2H), 4.84.73 (m, 1H), 4.64.42
(m, 3H), 4.34 (ddJ = 8.4, 6.2 Hz, 1H), 3.70 (dd,= 10.9, 4.4 Hz, 1H), 3.64 (dd,= 10.9, 3.9 Hz, 1H)
ppm.

¥C NMR (75 MHz, CDCls) 11549, 150.8, 143.3, 110.5, 110.2, 75.0, 68.6, 66.4, 65.4 ppm.

(R)-4-((T hiophen-2-ylmethoxy)methyl)-1,3-dioxolan-2-one (5m)
Q

5, 0

o\)"/l/o =

Starting from4m (51.0 mg, 0.3 mmol) according to the general procedure to Fnavan 11%
conversionEnantiomericexcess was determined by HPLC analysis on a chiral stationary, pease
76%. HPLC conditions:ChiralpakOD-H columm (4.6 3 250 mm) UV detection at 26 nm, mobile
phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €(minor) =19.4
min, t (major) =22.3min.
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'H NMR (300 MHz, CDCly) i1 7.32 (dd,J = 4.9, 1.4 Hz, 1H), 7.06.95 (m, 2H), 4.88.68 (m, 3H),
4.47 (t,J = 8.3 Hz, 1H), 4.36 (dd] = 8.4, 6.1 Hz, 1H), 3.70 (dd,= 10.8, 4.2 Hz, 1H), 3.63 (dd,=
10.8, 3.8 Hz1H) ppm.

%C NMR (75 MHz, CDCls) 11154.9, 139.7, 127.3, 127.0, 126.6, 75.0, 68.4, 68.1, 66.4 ppm.

IR (film): 3 (cm') 2918, 2857, 1786, 1392, 1360, 1166, 1098, 1040, 845, 771, 710

HRMS (ESI, m/2) calcd. for GH100,SNa [M+Na]: 237.0192, found: 237.0149

(R)-(2-Oxo-1,3-dioxolan-4-yl)methyl benzoate 6n)*

Q
23 Ph
oI, /om/

o

Starting from4n (53.4 mg, 0.3 mmol) according to the general procedure to Hivéen 15%
conversionEnantiomeric excess was determined by HPLC analysis on a chiral stationaryeghase
74%. HPLC conditions:ChiralpakOD-H columm (4.6 3 250 mm) UV detection at 26 nm, mobile
phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature = 25 €(minor) =17.2
min, t (major) =19.1min.

'H NMR (300 MHz, CDCly) Ui 8.067.98 (m, 2H), 7.64.56 (m, 1H), 7.5%7.42 (m, 2H), 5.15.00
(m, 1H), 4.674.55 (m, 2H), 4.51 (dd] = 12.6, 3.9 Hz, 1H), 4.42 (dd,= 8.8, 5.7 Hz, 1H) ppm.

*C NMR (75 MHz, CDCl;) 1166.1, 154.6, 133.9, 129.9, 128.9, 128.8, 74.0, 66.2, 63.8 ppm

(R)-4-Phenethyt1,3-dioxolan-2-one 60)*

Q

Dae

O ~pn

Starting from4o (29.6 mg, 0.2 mmol) according to the general proced@ac(ion time is70 h to

give 50 in 12% conversionEnantiomeric excess was determined by HPLC analysis on a chiral
stationary phaseee =78%. HPLC conditionsChiralpakOD-H columm (4.63 250 mm) UV detection

at 216 nm, mobile phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column temperature =
25 €, t. (minor) =21.5min,  (major) =24.2min.

'H NMR (300 MHz, CDCl3) Ui 7.367.16 (m, 5H), 4.731.62 (m, 1H), 4.47 () = 8.1 Hz, 1H), 4.04
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(dd,J = 8.4, 7.2 Hz, 1H), 2.92.81 (m, 1H), 2.8@.68 (m, 1H), 2.22.09(m, 1H), 2.051.91 (m, 1H)

ppm.
13C NMR (75 MHz, CDCl,) i 155.0, 139.8, 128.9, 128.6, 126.7, 769.4, 35.8, 31.0 ppm.

(S)-4-Butyl-1,3-dioxolan-2-one Ep)?

>

O\/o\\/\/'\/'e

Starting fromdp (21.5 |L, 0.2 mmol) according to the general procedure (1 mbi@(Carb) , 2
mol% nBu;NBr and 45 hwere used instead) to gisp in 25% conversionEnantiongeric excess was
determined bysC analysi®n a chiral stationary phasse =74%. GC conditionsBGB columm (30 m

3 0.25 mm) columntemperaturd.15 C, isothermal}, (minor) =12.1min, t, (major) =12.4min.

'H NMR (300 MHz, CDCl,) i 4.70 (ddd,) = 14.8, 7.4, 5.5 Hz, 1H), 4.52 (= 8.1 Hz, 1H), 4.07 (dd,
J=8.3,7.2 Hz, 1H), 1.90.60 (m, 2H), 1.5€..29 (m, 4H), 0.93 (dd] = 8.8, 5.3 Hz, 3H) ppm.

13C NMR (75 MHz, CDCl) i 155.2, 69.5, 33.8, 26.6, 22.4, 13.9 ppm.

(S)-4-Ethyl-1,3-dioxolan-2-one (5q)*

Q

Oy\\/(‘)\,Me

Starting from4q (26.1 L, 0.3 mmol) according to the general procedure (1 mbi@(Carb) , 2
mol% nBu,NBr and 45 hwere used instead) to gigg in 23% conversionEnantiomeric excess was
determined byGC analgison a chiral stationary phasse =68%. GC conditionsBGB columm (30 m

3 0.25 mm) columntemperaturd10 C, isothermalt, (minor) = 5.6 mint, (major) = 5.7 min

'H NMR (300 MHz, CDCls) i 4.65 (dt,J = 13.5, 7.0 Hz, 1H), 4.51 (§,= 8.1 Hz, 1H), 4.07 (dd] =
8.3, 7.0 Hz, 1H), 1.88.67 (m, 2H), 1.02 (] = 7.4 Hz, 3H)ppm.

%C NMR (75 MHz, CDCls) 11155.2, 78.1, 69.1, 27.1, 8pm.

(S)-4-Benzyt1,3-dioxolan-2-one 6r)?*
Q

O\)O\,Ph
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Starting from4q (26.8 mg, 0.2 mmol) according to the general procedure (1 rele@(Carb) , 2
mol% nBu,;NBr and 45 hwere used instead) to gi%g in 21% conversionEnantiomeric excess was
determined by HPLC analysis on a chiral stationary phese 86%. HPLC conditions:Chiralpak
OD-H colum (4.63 250 mm) UV detection at 26 nm, mobile phasear-hexane/isopropanol 80:2Q
flow rate 1.0 mL/min, column temperature = 25 €(minor) =18.7min, t (major) =20.1min.

'H NMR (300 MHz, CDCls,) Ui 7.41-7.27 (m, 3H), 7.25.19 (dd,J = 7.6, 1.7 Hz, 2H), 4.93 (td, =
13.5, 6.7 Hz, 1H), 4.5@.39 (m, 1H), 4.17 (dd] = 8.6, 6.9 Hz, 1H), 3.17 (dd,= 14.2, 6.2 Hz, 1H),
2.99 (ddJ = 14.2, 6.7 Hz, 1H) ppm.

3C NMR (75 MHz, CDCl3) 11154.9, 134.0, 128, 1292, 127.8, 77.0, 68.6, 39.8 ppm.

(9)-4-(4-Methoxybenzyl)}-1,3-dioxolan-2-one (5s)

O,

Starting from4s (32.8 mg, 0.2 mmol) according to the general procedidranol% D-IrO(Carb) , 2
mol% nBu,;NBr and 45 hwere used insteadd give 5sin 40% conversionEnantiomeric excess was
determined by HPLC analysis on a chiral stationary phese-80%. HPLC conditions:Chiralpak
OD-H colum (4.63 250 mm) UV detection at 26 nm, mobile phasa-hexane/isopropanol 80:2Q
flow rate 1.0 mL/min, alumn temperature = 25 &, (minor) =15.7min, t (major) =18.0min.

'H NMR (300 MHz, CDCls) 11 7.13 (d,J = 8.5 Hz, 2H), 6.87 (d] = 8.6 Hz, 2H), 4.981.81 (m, 1H),
4.42 (t,J = 8.2 Hz, 1H), 4.15 (dd] = 8.5, 7.0 Hz, 1H), 3.79 (s, 3H), 3.08 (dd; 14.3, 6.0 Hz, 1H),
2.93 (ddJ = 14.3, 6.6 Hz, 1Hppm.

¥C NMR (75 MHz, CDCls) 1159.2, 154.9, 136, 125.8, 114. 6, 71, 68.5, 55.4, 38.8pm.

HRMS (ESI, m/z) calcd. for G;H;,0,Na [M+Na]": 231.0628 found: 23.0625.
(R)-4-(Chloromethyl)-1,3-dioxolan-2-one &t)*
Q,
Yo
NP

Starting from4r (23.6 (L, 0.3 mmol) according to the general procedure (1 mbiO(Carb) , 2
mol% nBu,;NBr and 45 hwere used instead) to gi¥e in 40% conversionEnantiomeric excess was
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determined bycC analysi®n a chial stationary phasee =70%. GC conditionsBGB columm (30 m
3 0.25 mm) columntemperaturd 10 C, isothermalf, (minor) = 12.8 mint, (major) = 13.0 min

'H NMR (300 MHz, CDCl5) 11 4.96 (dtd,J = 8.2, 5.6, 4.3 Hz, 1H), 4.59 (= 8.5 Hz, 1H), 4.41 (dd,
J=8.9, 5.8 Hz, 1H), 3.88.67 (m, 2H) ppm

%C NMR (75 MHz, CDCl3) i 154.2, 74.3, 67.1, 43.7 ppm

(R)-4-Phenyl-1,3-dioxolan-2-one Gv)*

by
“'Ph

Starting from4v (24.0 mg, 0.20 mmol) according to the general proce(haction timewvas70 h to

give 5v as a white solid in 10% conversidanantiomeric excess was determined by HPLC analysis

on a chiral stationary phasee =74%. HPLC conditions:ChiralpakOD-H columm (4.63 250 mm)

UV detection at 26 nm, mobile phasen-hexane/isopropanol 80:2Q flow rate 1.0 mL/min, column

temperature = 25 Ct, (minor) =13.0min, t (major) =15.7min.

'H NMR (300 MHz, CDCl3) 1i7.487.41 (m, 3H), 7.47.33 (m, 2H), 5.67 () = 8.0 Hz, 1H), 4.80 (t,

J=8.4Hz, 1H), 4.384.30 (m, 1H) ppm.

*C NMR (75 MHz, CDCl;) 1154.9, 136.0, 129.9, 129.4, 126.0, 78.1, 71.3 ppm.

5.24 Reaction ofnBusNBr with Iridium Catalyst s -IrO(Carb)

T+ OTf
Ar 0O Bu Ar OQtBU
S

N C,Me ,Me
I wN? CD,CI ", I zC

o + nBuNBr ——2225 “n,, | N
~ . rt,1h lr\
| N 1 equiv | Br
N <C. - nBuy;NOTf

_ Me _N

Ar O
' OtB“ Ar= N-carbazoly! Ar OOtBU

A NMR tube was charged with iridium catalygstirO(Carb) (20 mg, 0.016 mmolBus;NBr (5.2 mg,
0.016 mmal 1 equiv) and CDCI;, (0.5 mL). Themixture was left at room temperature for 1 h, and
then analyzed byH NMR. See the change of tl®rresponding spectrum below. Free acetonitrile

signal could be clearly observed after miximiglium catalysts -IrO(Carb) andnBu,NBr, which
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might result from the&oordination obromide to the iridium metal center.

IrO(Carb) \ \
o T N A

"Bu,NBr ' H ! ‘ |

Free acetonitrile
Coordinated acetonitrile
"Bu,NBr + IrO(Carb)

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

5.25 Single Crystal X-Ray Diffracti on Study of D-IrO(Carb)

Crystals ofD-IrO(Carb) was obtained by slow diffusion from a solutiontoé compoundn CH,CI,

layered withn-hexaneatroomtemperature for several days

Crystal data and details of the structure determination are presentebléri@aData was collected

with an STOE STADIVARI diffractometer equipped with with Cutadiation, a graded multilayer
mirror monochromatorl = 1.54178 A) and a DECTRIS PILATUS 300K detector using acadted
shockcooled crystal at 100(2) K. Absorptio effects were corrected sestnpirical using
multiscanned reflexions (STOE LANA, absorption correction by scaling of reflection intensities.).
Cell constants were refined using 522626 of observed reflections of the data collection. The structure
was solve by direct methods by using the program XT V2014/1 (Bruker AXS Inc., 2014) and refined
by full matrix least squares procedures oh using SHELXI-2018/3 (Sheldrick, 2018). The
nonhydrogen atoms have been refined anisotropically, carbon bonded hydrogenvegre included

at calculated positions and refined wusing the

times (for CH groups 1.5 times) that of the preceding carbon atom.gédips were allowed to rotate
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about the bond to their next atam fit the electron density. Nitrogen or oxygen bonded hydrogen

atoms were located and allowed to refine isotropically.

Figure 37. Crystal structure db-IrO(Carb) . ORTEP drawing with 50% probability thermal ellipsoids.
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Table 10 Crystal data and detaitd the structure determinatiari D-IrO(Carb) .

Empiric formula

CsHsoClgF3IrNgOsS

Formula weight

1594.07

Crystal system, space group

Tetragonal, P4

a, b, c(h) 27.8771(1), 27.8771), 38.0822(2)
Ub,o(y 90, 90, 90
V (A3 29594.9(3)
z 16

Crystd size (mm)

0.30 x 0.20 x 0.10

Data collection software

X-Area Pilatus3_SV 1.31.127.0 (STOE, 20'16)

Cell refinement software

X-Area Recipe 1.33.0.0 (STOE, 2015)

Data reduction software

X-Area Integrate 1.71.0.0 (STOE, 2016)
X-Area LANA 1.68.2.0 (STOE2016¥

Tmax; Tmin

0.2441, 0.0522

No. of measured, independent and

observed|[> 2(1)] reflections

503295, 60310, 57821

Rint

0.0436

R[F?> 2 (F)], wRF?), S

0.0579, 0.1582, 1.054

No. of used reflections 60310
No. of parameters 3459
No. of restraiis 2130
F max I min (€ A) 4.366,-1.393
Absolute structure parameter 0.012(4f

Programs used

XT V2014/1 (Bruker AXS Inc., 2014)
SHELXL-2018/3 (Sheldrick, 2018)
DIAMOND (Crystal Impact)’

ShelXle (Hibschle, Sheldrick, Dittrich, 2014)

CCDC

1864089
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5.3 Enantioselective Intramolecular GH Amination of Aliphatic Azides by Dual

Ruthenium and Phosphine Catalysis

5.3.1Synthesis ofRuthenium Catalysts

1) Synthesis of imidazolium ligands

Compound?b was synthesized by following a published procedure

Compound7a was synthesized according to the published procedure with slight modifisaf
mixture of 2broma5-iodopyridine (1.42 g, 5 mmol), (3@i(tert-butyl)phenyl)boronic acid1.17 g, 5
mmd), Pd(PPh); (289 mg, 0.25 mmol) and KX0O; ( 2.07 g, 15 mmol) in THF (8.6 mL) and water
(4.3 mL) in a round bottomed flask was allowed to heat at 70 € foayl After cooling to room
temperature, the layers were separated and aqueous layer was ewtithc@d,Cl, (3XL5 mL). The
combined organic layers were washed with water, dried wits@®aand concentrated under reduced
pressure. The crude mixture was purified by flash column chromatography on a silica gel column
resultedn the compounda (693 mg,2.0 mmol, 40% yield) as a white solid.

'H NMR (300 MHz, CDCly) 118.57 (d,J = 2.2 Hz, 1H), 7.73 (dd] = 8.2, 2.6 Hz, 1H), 7.54 (d,=

8.2 Hz, 1H), 7.51 () = 1.8 Hz, 1H), 7.34 (d] = 1.8 Hz, 2H), 1.38 (s, 18H)

¥C NMR (75 MHz, CDCls) U 152.0,148.9, 140.7, 137.4, 137.4, 136.1, 128.0, 122.8, 121.6, 35.2,
31.6.

IR (film) : 3 (cm'*) 3050, 2956, 2866, 1593, 1553, 1456, 1426, 1391, 1358, 1249, 1203, 1126, 1093,
1068, 1017, 929, 900, 869, 828, 799, 738, 705, 639, 615, 568, 541, 493, 403

HRMS (ESI, m/2) calcd. for GoHsNBr [M+H]": 346.1165, 348.1146, found: 346.11348.1154.

Following the above proceduregmpoundrc (606 mg, 2.1 mmol, 41% yield) was obtained as a white
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