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Abstract

Chiral transition-metal catalysts in which the chirality only originates from a stereogenic metal
center have attracted much attention in the past few years as their excellent catalytic performance has
been illustrated through diverse applications in catalytic asymmetric reactions, especially
enantioselective intramolecular C—H amination reactions. This thesis reports the synthesis of a series
of newly modified chiral-at-metal ruthenium catalysts and their applications in challenging
enantioselective intramolecular C—H amination reactions.

1) Synthesis of diverse ruthenium-based chiral catalysts with exclusive metal-centered chirality as
a catalyst tool box was accomplished. Through modifications of the chelating carbene ligand, the
catalyst’s property were changed, thus, behaved differently in catalytic asymmetric transformations.
The newly modified ruthenium catalysts were used in different catalytic asymmetric intramolecular
C—H amination reactions which are reported on chapter 2.1-2.4 of this thesis.

2) An catalytic enantioselective ring-closing C—H amination of 2-azidoacetamides was developed.
A chiral-at-metal ruthenium complex served as the catalyst and provided chiral imidazolidin-4-ones in
31-95% yields, with enantioselectivities up to 95% ee, and catalyst loadings down to 0.1 mol% (740
TON). Mechanistic experiments reveal the importance of the amide group presumably by enabling an
initial bidentate coordination of the 2-azidoacetamides to the catalyst (Chapter 2.1).

3) An application of a new class of chiral-at-metal ruthenium catalysts for enantioselective C-H
amindations was developed. In the catalyst scaffold, ruthenium is cyclometalated by two
7-methyl-1,7-phenanthrolinium  heterocycles, resulting in chelating pyridylidene remote
N-heterocyclic carbene ligands (rNHCs). The non-C,-symmetric chiral-at-ruthenium complexes
displayed unprecedented catalytic activity for the intramolecular C-H amidation of
1,4,2-dioxazol-5-ones and provided chiral y-lactams with up to 98% ee and catalyst loadings down to
0.005 mol% (up to 11200 TON), while the C,-symmetric diastereomer favored an undesired
Curtius-type rearrangement. DFT calculations elucidated the origins of the superior C—H amidation
reactivity displayed by the non-C,-symmetric catalysts compared to related C>-symmetric counterparts
(Chapter 2.2) .

4) An enantioselective intramolecular C—H amination of N-benzoyloxyureas using a
chiral-at-metal ruthenium catalyst was reported, providing chiral 2-imidazolidinones in yields of up to
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99% and with up to 99% ee. Catalyst loadings down to 0.05 mol% were feasible. Control experiments
were performed which support a stepwise nitrene insertion mechanism through hydrogen atom transfer
of a ruthenium nitrenoid intermediate followed by a radical recombination. Chiral imidazolidines are
prevalent in bioactive compounds and can be converted to chiral vicinal diamines in a single step. The
synthetic value of the new method was demonstrated for the synthesis of intermediates of the drugs
levamisole and dexamisole, the bisindole alkaloids topsentine D and spongotine A, and a chiral
organocatalyst. (Chapter 2.3).

5) Chiral B-amino alcohols are important building blocks for the synthesis of drugs, natural
products, chiral auxiliaries, chiral ligands and chiral organocatalysts. The catalytic asymmetric
B-amination of alcohols offers a direct strategy to access this class of synthetic intermediates. In this
part, we report a general intramolecular C—H nitrene insertion method for the synthesis of chiral
oxazolidin-2-ones as precursors of chiral P-amino alcohols was developed. Specifically, the
ring-closing C—H amination of N-benzoyloxycarbamates with just 2 mol% of a chiral ruthenium
catalyst provided cyclic carbamates in up to 99% yield and with up to 99% ee. The method is
applicable to benzylic, allylic, and propargylic C—H bonds and can even be applied to completely
non-activated C—H bonds, although with somewhat reduced yields and stercoselectivities. The
obtained cyclic carbamates can subsequently be hydrolyzed to obtain chiral $-amino alcohols. The
method is highly practical as the catalyst can be easily synthesized in a gram scale and can be recycled
after the reaction for further use. The synthetic value of the new method was demonstrated with the
asymmetric synthesis of chiral oxazolidin-2-one as intermediate for the synthesis of the natural
product (-)-aurantiolavine and chiral 3-amino alcohols that are intermediates for the synthesis of chiral

Box-ligand and the natural products hamacanthin A and dragmacidin A (Chapter 2.4).
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Zusammenfassung

Chirale Ubergangsmetall-Katalysatoren, deren Chiralitit exklusiv auf einem stereogenen
Metallzentrum basiert, haben in den letzten Jahren viel Aufmerksamkeit bekommen, da ihre
hervorragenden katalytischen Eigenschaften durch verschiedene Anwendungen in asymmetrischen
Reaktionen, insbesondere enantioselektiven, intramolekularen C—H Aminierungen, gezeigt wurden.
Diese Arbeit berichtet {iber die Synthese einer Reihe neuer chiral-at-metal Ruthenium-Katalysatoren
sowie deren Anwendung bei herausfordernden, enantioselektiven, intramolekularen C-H
Aminierungen.

1) Synthese verschiedener chiraler Ruthenium-Katalysatoren mit exklusiv metallzentrierter
Chiralitat, die entweder eine A- (linkshdndiger Propeller) oder A- (rechtshidndiger Propeller)
Konfiguration aufweisen. Durch Modifikationen des chelatisierenden Carbenliganden wurden die
elektronischen Eigenschaften des Katalysators verdndert und deren Einfluss in asymmetrischen
Transformationen untersucht. Die neu modifizierten Ruthenium-Katalysatoren wurden in
verschiedenen katalytischen, intramolekularen C—H-Aminierungen verwendet, {iber die in Kapitel
2.1-2.4 berichtet wurde.

2) Eine enantioselektive, ringschlieBende C—H-Aminierung von 2-Azidoacetamiden wird durch
einen chiral-at-metal Rutheniumkomplex katalysiert und liefert chirale Imidazolidin-4-one in 31 bis
95% Ausbeute mit Enantioselektivititen von bis zu 95% ee und Katalysatorbeladungen von bis zu 0.1
mol% (740 TON). Mechanistische Experimente zeigen die Bedeutung der Amid-Gruppe, die
vermutlich eine anféngliche bidentate Koordination der 2-Azidoacetamide an den Katalysator
ermoglicht (Kapitel 2.1).

3) Eine neue Klasse von chiralen Ruthenium-Katalysatoren wird vorgestellt, bei der Ruthenium
durch zwei  7-Methyl-1,7-phenanthrolinium—Heterocyclen  cyclometalliert wird, was zu
chelatisierenden Pyridyliden-Liganden (entfernte N—Heterocyclische Carben-Liganden (rNHCs)) fiihrt.
Diese Arbeit befasst sich mit der Bedeutung der relativen metallzentrierten Stereochemie. Nur die
nicht C,-symmetrischen chiralen Rutheniumkomplexe zeigen eine beispiellose katalytische Aktivitdt
fiir die intramolekulare C-H-Amidierung von 1,4,2-Dioxazol-5-onen, um chirale y-Lactame mit einem

Enantiomerenverhiltnis von bis zu 98% ee bei einer Katalysatorbeladung von bis zu 0.005 mol% (bis-
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zu 11200 TON) zu erhalten. Das C,-symmetrische Diastereomer fiihrt dagegen zu einer
unerwiinschten Umlagerung vom CURTIUS-Typ. Fiir diesen Teil wurden zudem DFT-Berechnungen
durchgefiihrt, die eine Erklarung fiir das {iberlegenere Reaktionsverhalten des nicht C;-symmetrischen
Katalysators gegeniiber den verwandten C,-symmetrischen Komplexen in der C-H-Amidierung
liefern sollen (Kapitel 2.2).

4) Eine enantioselektive intramolekulare C—H-Aminierung von N-Benzoyloxyharnstoff unter
Verwendung eines chiral-at-metal Ruthenium-Katalysators wird berichtet, die chirale
2-Imidazolidinone in Ausbeuten von bis zu 99% und mit bis zu 99% ee liefert. Katalysatorbeladungen
bis zu 0.05mol% sind mdglich. Kontrollexperimente unterstiitzen einen schrittweisen
Nitren-Insertionsmechanismus durch Wasserstoffatomtransfer eines Rutheniumnitrenoid-Intermediats
gefolgt von einer radikalischen Rekombination. Chirale Imidazolidine sind in bioaktiven
Verbindungen weit verbreitet und kdnnen in einem einzigen Schritt in chirale, vicinale Diamine
umgesetzt werden. Die synthetische Bedeutung dieser neuen Methode wird fiir die Darstellung von
Zwischenprodukten der Wirkstoffe Levamisol und Dexamisol, der Bisindolalkaloide Topsentin D und
Spongotin A sowie eines chiralen Organokatalysators demonstriert (Kapitel 2.3).

5) Chirale B-Aminoalkohole sind wichtige Bausteine fiir die Synthese von Arzneimitteln,
Naturstoffen, chiralen Auxiliaren, chiralen Liganden und chiralen Organokatalysatoren. Die
katalytische, asymmetrische B-Aminierung von Alkoholen bietet eine direkte Strategie fiir den Zugang
zu dieser Klasse synthetischer Zwischenprodukte. In diesem Teil berichten wir iiber eine allgemeine
intramolekulare C—H-Nitren-Insertionsmethode zur Synthese von chiralen Oxazolidin-2-onen als
Vorldaufer von chiralen [-Aminoalkoholen. Insbesondere liefert die ringschlieBende
C(sp’)-H-Aminierung von N-Benzoyloxycarbamaten mit nur 2 mol% eines chiralen
Ruthenium-Katalysators cyclische Carbamate mit bis zu 99% Ausbeute und 99% ee. Das Verfahren ist
auf benzylische, allylische und propargylische C-H-Bindungen anwendbar und kann sogar bei
vollstdndig unaktivierten C-H-Bindungen verwendet werden, wenn auch mit verringerten Ausbeuten
und Stereoselektivititen. Die erhaltenen cyclischen Carbamate konnen anschliefend hydrolysiert
werden, um chirale f-Aminoalkohole zu erhalten. Das Verfahren ist sehr praktisch, da der Katalysator
ohne Probleme im Gramm-Malistab synthetisiert und nach der Reaktion zur weiteren Verwendung
wiedergewonnen werden kann. Der synthetische Wert der neuen Methode wird anhand der

asymmetrischen Darstellung von chiralem Oxazolidin-2-on als Intermediat fiir die Synthese des
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Naturstoffs (-)-Aurantiolavin und chiraler B-Aminoalkohole demonstriert, die Zwischenprodukte fiir
die Synthese von chiralen Box-Liganden und den Naturstoffen Hamacanthin A und Dragmacidin A

sind (Kapitel 2.4).
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Chapter 1. Theoretical Part

Chapter 1: Theoretical Part

1.1 Introduction

The prevalence of chiral amines in pharmaceuticals, natural products, fine chemicals,
agrochemicals, and as reagents or chiral ligands of asymmetric catalysts in organic synthesis has
motivated the organic chemist for developing mild, efficient and convenient methodology for the
construction of chiral C-N bonds. The typical conventional synthetic methods rely on functional group
conversions, such as the cross-coupling reaction of aryl- or alkenyl (pseudo)halides with amines under
optimal catalytic systems (Figure 1a).! Recently, the construction of C-N bonds by direct C-H
amination, without the preinstallation of any reactive functional group, has attracted much attention.
Among them, C—H amination via nitrene insertion is one of the most efficient method for building a
chiral C-N bond (Figure 1b). With high motivation for making progress in this field, recently,

different linear and cyclic chiral amines and amides have been synthesized through this methodology.

Catalytic asymmetric amination via nitrene insertion:

M]
"NR" Advantages:
B Atom economical
H . _ H*N'R W High yield of target product
Rzl'ﬂ\ via [M]=NR Rzl'y\ B High catalyst efficiency (TON)
R H = H (® High asymmetric induction

Figure 1. General concept of asymmetric amination via nitrene insertion.

1.2 Asymmetric Intramolecular C—H Aminations

The transition-metal catalyzed ring-closing C—H amination via nitrenoid intermediate is one of
the most powerful tool for the synthesis of chiral nitrogen-containing heterocycles. In one mechanistic
manifold, intermediate transition metal nitrenoid insert a nitrogen atom between C—H bonds to build a
C—N bond in either a stepwise or concerted fashion. As shown in Figure 2, nitrene precursor undergo
the activation of transition-metal catalyst and generate either singlet or triplet metal-nitrenoid
intermediate. Singlet nitrenes undergo a concerted C—H insertion and triplet nitrenes undergo
hydrogen atom transfer (HAT) followed by fast radical recombination, which leads to the formation of
catalyst bound product. Product release and new substrate participation finishes the whole catalytic
cycle. Different functional groups served as nitrene precursors have been developed in the past few
decades' and the intramolecular version of the reaction renders directing groups obsolete, while

exerting high control over the regioselectivity. This methodology has been applied to the catalytic
1



Chapter 1. Theoretical Part

asymmetric synthesis of cyclic sulfamidates, sulfamides, sulfonamides, carbamates, lactams, ureas,
Boc-protected pyrrolidines, and related Boc-protected heterocycles. The following section will briefly

review the asymmetric intramolecular ring-closing C—H amination reactions.

Mechanism of intramolecular C-H amination

concerted [M]=N:\ Y,

C-H insertion Vs
nH »
Il R !

. Mi=n/ singlet
R RY, i/']/q’juﬂ ;N nitrenoid
PG_N X/Y or HN\ /YV [M] +"NR" \
_ - R trlplet
III[M] Product [M]=N, nitrenoid
raclfjigalt' XY HAT
recombination [M]—l}l
H
n R

[M] = Transition-metal catalyst "NR" = Nitrene precursor PG = Protecting group

Figure 1. Mechanism of intramolecular C—H amination via metal-nitrenoid intermediate.
1.2.1 Synthesis of Cyclic Sulfamidates
Chiral cyclic sulfamidates are very useful organic small moleculars as it can be used for further

one step ring-open to the corresponding - or y-amino alcohols which are widely used as intermediates

for the synthesis of durgs, natural products and as chiral ligands used in asymmetric catalysis.?

Qo

- ing-openi NH NH
HN">X ring-opening 2 2
% o) —_— * *
R)\(J;n n=1or2 R)\/OH or R)\/\OH
cyclic sulfamidates B-amino alcohol y-amino alcohol

Figure 3. Ring-opening of chiral cyclic sulfamidates.

In 2002, Chi-Ming Che and co-workers demonstrated for the first time about highly
enantioselective intramolecular ring-closing C—H aminations by detailed investigation of the
ruthenium porphyrin catalyzed asymmetric synthesis of chiral cyclic sulfamidates (Figure 4).° The
ring-closing C—H aminations were of high diastereoselectivity and enantioselectivity which provided
5- or 6-membered chiral cyclic sulfamidates in up to 77% yield and 87% ee. Different functional
groups on the phenyl moiety were well tolerated. Although the yields were only modest, the overall

results were quite impressive.
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&.&.

Af/\HB (;S;NHz [Ru(por*)(CO)] (1.6 mol%) N’S/ 5 examples

Chiming Che (2002)

PhI(OAC), (2.0 equiv.) I\MO 20-772/0 yield
n=1or2 Al,O4 (2.5 equiv.), 0-80 °C, CgHg AT 46-87% ee
H 0 -0 NP =0
N-&Z HN-ST SS HN—S( N—Q
?‘O \o HN”
0
39% yield 35% yield 48% yield 40% yield 31% yield
82% ee 87% ee 84% ee 80% ee 86% ee

Figure 4. Research from the Chi-Ming Che group on the synthesis of chiral cyclic sulfamidates.

In 2008, the Blakey group subsequently reported a simplified ruthenium catalyst system for this
reaction. Such ruthenium(Il)-pybox complexes were readily prepared by using a method developed by
Nishiyama’s group.* For the same transformations of linear sulfamidates to cyclic sulfamidates, this
catalyst system provided much better results with up to 93% yield and 92% ee and in some cases with
excellent diastereoselectivity for the formation of 6-membered cyclic sulfamidates as benzylic C-H

bonds are more active than aliphatic C—H bonds at the stage of C—H insertion (Figure 5).

, B r, '}l u/,
N---F\"u-\-- .,
\\//

Simon Blakey (2008)

R O\ -NH, Ru-pybox (5 mol%) / N 9 examples
n //\\ 14-93% vyiel
PhI(O,CtBu), (1.1 equiv.) J\/(?) 75_82’02 oy d
n=0or1 AgOTf (56 mol%)
R = aromaticor MgO (2.3 equiv.), 22 °C, CgHg n=0or1
allylic group
Selected examples:
N ,/O O\\ & ‘\S/’
§\ / N, HN/ N\, /\)\j / N,
Me” X
ocN
42% yleld 84% y|eId 84% yield 60% vyield 43% yield
75% ee 84% ee 84% ee 89% ee 82% ee

Figure 5. Research from the Simon Blakey group on the synthesis of chiral cyclic sulfamidates.

Almost at the same time, the Du Bois group reported a chiral rhodium carboxamidate catalyzed
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enantioselective ring-closing C—H amination of sulfamidates.> The newly designed dirhodium catalyst
contains a strongly donating carboxamidate ligand instead of carboxylate which increases the capacity
of the dirhodium centers for backbonding to the m-acidic nitrene ligand, thus affording a more stable
and potentially more discriminating oxidant. As shown in Figure 6, Rhy(S-nap)s displays
unprecedented catalytic performance for the enantioselective intramolecular amination of benzylic
C—H bonds with up to 98% yield and 99% ee. The design and development of this unique dirhodium
complex further advance methods on enantioselective intramolecular C—H amination for the synthesis

of chiral cyclic sulfamidates.

Du Bois (2008)

Ts
/N
L)
\
07 >N
|h/_ |h/
7] -
R NH,  Rhy(S 2 mol% )
| ‘,/\: 2 2(S-nap)s (2 mol%) » HN"7O 13 examples
0’0 PhI=0 (1.2 equiv.), CH,Cl, J\,(?) n 43-98% yield
_ R 12-99% ee
n=0or1
R = aromatic or allylic group n=0or1
Selected examples:
Q. Q.0
\\ ’/ Y // N\’ \‘ ’/ \\ ’/
HN/S\O /S\ /S\ e HN/S\O w
g\) /@\) /@\) )fe\) ~
85% yield 50% yield 89% yield 87% yield 55% yield
92% ee 56% ee 83% ee 99% ee 94% ee

Figure 6. Research from the Du Bois group on the synthesis of chiral cyclic sulfamidates.

1.2.2 Synthesis of Cyclic Sulfamides

‘é’o ' NH NH
HN ring-open 2 2
N -R2 ———— * 2 *
R R1J\/NR or R1J\/\NR2
n=1or2 1,2-diamine 1,3-diamine

Figure 7. Ring-open of chiral cyclic sulfamides.

Although the structure of sulfamides are similar with sulfamidates which contain a nitrogen
instead of the oxygen atom, they are different types of useful scaffolds as it can be manipulated for
further one step ring-opening to the corresponding 1,2- or 1,3-diamines which are well-known
synthetic intermediates for drugs, natural products and as chiral ligands used in asymmetric catalysis
(Figure 7).5%

In 2011, the Katsuki group firstly reported the synthesis of chiral cyclic sulfamides by efficient

4
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intramolecular nitrene C-H insertion using sulfonyl azide substrates together with their newly
invented Ir-salen catalyst (Figure 8).° The C-H aminations proceeded smoothly and provided target
5-membered sulfamides in 49% yield and 74% ee for a phenyl substituent and 65% yield with 75% ee
for the para-methoxy substituent. Although they only showed two examples, this pioneering work
showcased that chiral cyclic sulfamides can be synthesized through efficient nitrene C—H insertion

methodology.

Katsuki (2011)

=N_ _N=
N, 7
P P . ZN
Al -S< Ir-salen (3 mol%) HN"N-Et OLO
yw - W O _FR O

Et toluene, 25 °C, 24 h Ar Q O

Ar =Ph 49% vyield, 74% ee
L= 4-CH3CGH4

Ar=PMP  65% yield, 75% ee R = 4-(tertbutyldiphenylsilyl)phenyl
Figure 8. Research from the Katsuki group on the synthesis of chiral cyclic sulfamides.

In 2018, the Peter Zhang group explored the synthesis of 6-membered cyclic chiral sulfamides by
using their unique chiral cobalt porphyrin catalysts (Figure 9).”* The ring-closing C—H aminations
were of high diastereoselectivity as the major products were always forming in 6-membered rings.
This methodology was broadly applicable as they showed it can be applied to efficient benzylic,
propargylic, allylic, electron-deficient and even non-activated aliphatic C—H aminations with 25
examples in up to 95% yield and 98% ee.

After systematic research work on modifications of their chiral porphyrin catalysts, they
successfully invented a novel D,-symmetric chiral amidoporphyrin with alkylbridges across two chiral
amide units on both sides of the porphyrin plane which is constructed in a modular fashion to permit
variation of the bridge length. As showcased with enantioselective intramolecular C—H amination of
sulfamoyl azides, the asymmetric 1,5-C—H amination is not easy for enantiocontrol (as shown in

Figure 8 with two examples in up to 75% ee).
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Zhang (2018) o) H
R? =§—NJKED,Me
Q H “Ph \\S// R2
R(\/\N,si [Co1] (2 mol%) HN"" N
R2 MTBE, 25°C,48h R!

R" = benzylic, propargylic, allylic, aliphatic
and electron-deficient groups

Selected examples:

25 examples
up to 95% yield
up to 98% ee

O\ ,O O\\ ,O Q.0 ,/ \\ ,O \\ ,O
93% yield 88% yield 88% yield 94% yield 92% yield
90% ee 93% ee 93% ee 95% ee 73% ee

Figure 9. Research from the Peter Zhang group on the synthesis of 6-membered chiral cyclic sulfamides.

Zhang (2019)

HN,(‘)/O < [Coa@ma%) g R [co3] 2 mol%) HN,%\//O
—R2 N —pR2
LAY MTBE, rt or40 °C k2 ° MTBE, rt.or40°C 1)\/\‘ R
R™ R
(S) (R)
up to 92% ee up to 98% ee
MeQ tBu
Ar = =
n=2 MeO n=3 tBu
[Co2] [Co3]
Selected examples
\\//O 9//0
HNS, B HN-
* —Bn

(R): 95% yield, 86% ee

(R): 98% vyield, 94% ee
(S): not formed

(S): 75% yield, 88% ee

(R): 88% vyield, 82% ee
(S): 55% yield, 84% ee

(R): 97% vyield, 96% ee
(S): 68% yield, 70% ee

Figure 10. Research from the Peter Zhang group on the synthesis of 5-membered chiral cyclic sulfamides.
With the support of new catalysts, the Zhang group found that ring-closing C—H amination

reactions could also be applied to the highly enantioselective synthesis of 5-membered chiral cyclic

sulfamides. Interestingly, by changing the substituents of the chiral porphyrin ligand, the desired cyclic

sulfamide products were formed with switched absolute configurations between (R) and (S) (Figure
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10). As shown by the authors, the C—H aminations proceeded effectively at benzylic, propargylic,
allylic and also aliphatic C~H bonds with up to 98% yield and 98% ee.”™

Subsequently, the Arnold’s group invented an enzymatic platform for the asymmetric amination
of primary, secondary and tertiary C—H bonds which lead to the formation of corresponding 5- and
6-membered chiral cyclic sulfamides in up to 51400 TTN and 99% ee (Figure 11)%. The
concept “TTN” is a dimensionless number, defined as the ratio of moles of product generated divided
by the moles of biocatalyst used in a reaction.

Arnold (2019)

’\r{/lle N P411 iant Qéf’o
3 i variants -
R1/\(v),n ;/S\: Diane - H%N—Me
00 M9-N buffer (pH = 7.4) ™
n=1,2 r.t.

up to 51400 TTN

R = benzylic, allylic
up to 99% ee

e QAL
R2 ’\l\{ll\ N; P411p;,ne Variants HN’\S\N'Me
YR -
Me OO0 W
r.t. R2
Me
R? = benzylic, alkyl up to 76% vyield

up to 99% ee

Figure 11. Research from the Arnold group on the synthesis of 5- and 6-membered chiral cyclic

sulfamides.
Meggers (2020) |Y|e T (PFG)
— l(l:lil 0 ~Ph
i RuCl (5 mol%) X s AN
N<o-N u mol% - ~y-Bn ‘o —
P e » HN N AR
&% TDCE s5°C.48h ~ P~ Y ﬂ Y,
R Ph N
Applicable for benzylic, allylic, propargylic 24 examples O.N
C-H aminations up to 98% yield 2
up to 96% ee RuCl
Selected examples:
‘R,,o 9\/,0 9‘//0 QP
HN’S\N_Bn HN-S an HN-S an HN-Son-BP
\\‘k/ \\\‘I\)\l \\‘I\)\l

\ 7 N P h\\‘\l\/l
© o @

97% yield, 96% ee 98% yield, 68% ee 76% vyield, 77% ee 46% yield, 20% ee
Figure 12. Research from the Meggers group on the synthesis of 5- and 6-membered chiral cyclic
sulfamides.

In 2020, our group introduced a strategy to increase the utility of chiral pybox metal complexes
for asymmetric catalysis by complementing the pybox ligand with an additional bidentate ligand. Such

chiral ruthenium catalysts could be successfully applied in asymmetric C—H aminations of sulfamoyl
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azides. The C-H aminations could happen at benzylic, propargylic and allylic positions to provide

cyclic sulfamides in up to 98% yield and 96% ee (Figure 12).°
1.2.3 Synthesis of Cyclic Sulfonamides

Since 2011, several groups have reported the enantioselective intramolecular C—H amination of
sulfamoyl azides to chiral cyclic sulfonamides which is an important structure core in several
biological active organic small molecules (Figure 13). The Katsuki group firstly invented this kind of
transformation by using their chiral Ir-salen catalyst in the presence of sulfamoyl azide substrates
providing desired 5-membered ring product in 77% yield and 92% ee which is quite impressive.® Later,
the Arnold group used their unique enzymatic catalyst system for a similar transformation which
achieved up to 89% ee.!” The Fasan group used the same catalyst as Arnold but with some
modification of the reaction conditions and the substrate’s structure finally improved the results to up
to 310 TTN and 91% ee.!! Further progress was reported by the Hartwig group, they used an
Ir(Me)-PIX CYPiy catalyst system, which is a cytochrome P450 enzyme derived from a thermophilic
organism and containing an iridium porphyrin cofactor (Ir(Me)-PIX) in place of the heme to improve

the results to up to 98% yield and 90% ee.'?

a) Katsuki (2011) b) Arnold (2013)
Q.0 0 R 0
\
§L\, Ir-salen 3.0 mo')> N i N, P41eus (01 mol%) ¥
©; toluene, 25 °C, 24 h NADPH. 1t NH
KPi buff H 8.0
Me i buffer (p ) R
77% yleld o
92% ee up to 89% ee
c) Fasan (2014) d) Hartwig (2017)
0
Q.0 0 0
7 P450gus (0.2 mol%) \ Q‘é( Ir(Me)-PIX CYP449 @E‘é;
“Nj > NH
NADPH or Na,S,04, r.t.
1 2924 0.33 mol% 4
F@Q/R KPi buffer (pH 8.0)  R® : Y ( )R HoR!
2
R upto 390 TTN up to 98% yield
up to 91% ee up to 90% ee

Figure 13. Synthesis of chiral sulfonamides via nitrene insertion.

1.2.4 Synthesis of Cyclic Carbamates

Compared with chiral sulfamidates, carbamates have the advantage of a more facile ring-opening
which can proceed smoothly under mild reaction conditions. Besides, the catalytic intramolecular C-H
amination of sulfamidates often lead to the formation of 6-membered cyclic sulfamidates which is not
suitable for synthesizing chiral B-amino alcohols. Thus, it makes more sense to put efforts in finding a

8
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suitable catalyst system for the synthesis of chiral cyclic carbamates via nitrene insertion.

Davies (2006)

R
e

2

o]

0 ; A
R\/\o JLN,OTS ha(S TCPTAD)4 (2 mol /o HN
K,CO3 (3 equiv.), CH20I2 )

4 examples

X X X N~
HB_;D Hr\)l_;) HN \(f

Ph Ad —
Ph
72% yield 75% yield 75% yield 69% yield
82% ee 78% ee 78% ee 43% ee

Figure 14. Research from the Davies group on the synthesis of chiral cyclic carbamates.

In 2008, the Davies group reported preliminary results on enantioselective intramolecular C—H
amination for the synthesis of chiral cyclic carbamates.!®* In their report, they provided only four
examples using N-tosyloxycarbamates as nitrene precursor under chiral dirhodium catalysis.
Unfortunately, yields (62-75%) and enantioselectivities (43-82% ee) were only very modest and not of

practical value (Figure 14).
1.2.5 Synthesis of Lactams

Different with the acylnitrenoid intermediate involved in the synthesis of cyclic carbamates,
intramolecular insertion of metal nitrenes into C—H bonds to form y-lactams has traditionally been
hindered by competing isocyanate formation (Curtius rearrangement).'* In 2018, the Chang’s group
solved this problem by optimizing a class of pentamethylcyclopentadienyl iridium(III) catalysts for
suppression of the competing Curtius decomposition pathway. Modulation of the stereoelectronic
properties of the bidentate ligands to be more electron-donating was suggested by density functional

theory calculations to lower the C—H insertion barrier favoring the desired C—H amination.'*
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H
|
i N
R /\/\r)\j\o chiral catalyst R o RN-NCO
O -CO
\< 2 chiral y-lactam Curtius rearrangement
(0] (typical side product)

(standard half-sandwish scaffold)

\5@/ Me—_)—iPr *g’
Cl""||r 0 Cl“'RIU 0 Cl'lu:h-

I
0
7\ S Tol ¢ N\ W Ar 7\
HAN NS HN NS 7N NTN_NPhth
0 0 _
Mes Mes PH Ph Ar
Ar
up to 99:1 e.r. up to 99:1 e.r. up to 99:1 e.r.
TON =19 TON=9 up to TON =100
Chang (2019) Yu (2019) Chen (2019)

Figure 15. Synthesis of chiral lactams via nitrene insertion.

Subsequent research progress of this reaction was reported by the same group as an asymmetric
version.!® By introducing a chiral bidentate ligand, the desired chiral lactam products were formed in
up to 99% yield and 99:1 e.r., despite the TON of this transformation was quite low as only 19. Further
progresses of this transformation were reported by the Yu group and Chen group,'®!’ the results were
further improved to 100 TON. Both of these three reports, the catalysts were similar half-sandwish

structures (Figure 15).
1.2.6 Synthesis of Cyclic Ureas

The asymmetric intramolecular C—H aminations were already reported for several times and have
been illustrated as a powerful tool for the synthesis of chiral nitrogen-containing heterocycles. This
methodology has been applied to the catalytic asymmetric synthesis of cyclic sulfamidates, sulfamides,
sulfonamides, carbamates, and lactams. However, interestingly, urea derivatives as nitrene precursors
leading to the catalytic enantioselective formation of chiral cyclic wureas, specifically
2-imidazolidinones, were not reported yet when the work for this thesis was initiated. The only reports
were from Du Bois on racemic rhodium-catalzyed ring-closing amination of urea derivatives using
PhI(OAc), as the oxidant."® The absence of catalytic enantioselective versions to obtain chiral
imidazolidin-2-ones is unfortunate considering the prevalence of this motif in bioactive compounds

and their use as chiral auxiliaries.
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Bois (2004 & 2006):

0]
HoN_O 19
2 > mol H~ )L —Tces
Rh,(esp), N N
RN O CCl ————
o Phi(OAc),, MgO R

CH,Cl,, 40 °C  cyclic ureas

only in a racemic version 7 examples

up to 93% vyield

Figure 16. Synthesis of cyclic ureas in a racemic version from the Bois group.

Furthermore, chiral 2-imidazolidinones can be converted in a single step to chiral vicinal
diamines which are valuable building blocks for the synthesis of medicinal agents, natural products,
chiral ligands, and chiral catalysts.

1.2.7 Synthesis of Boc-Protected Cyclic Amines

Nitrenes with different substituents

WG
[M]=N'E [MJ=N
more electrophilic less electrophilic
(higher reactivity) (lower reactivity)

Figure 17. Nitrenes with different substituents.

Because of metal-nitrenoid intermediate’s electrophilic nature, such kind of nitrenoid
intermediates with electron withdrawing groups lead to the formation of more electrophilic nitrenes
which exhibit higher reactivity for the C—H amination reactions (Figure 17). In contrast, electron
donating groups as substituents decrease the reactivity of corresponding nitrene intermediates, thus,
the related C—H amination reactions become more difficult.

In 2013, the Betley group firstly reported an iron-catalyzed intramolecular C—H amination of
aliphatic organic azide for the synthesis of Boc-protected cyclic amines namely pyrrolidines and the de
Bruin group introduced a chiral cobalt porphyrin catalyst system which could get a preliminary result
in an enantioselective version as showcased with only one example with 22% yield and 46% ee

(Figure 18)."°

11
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de Bruin (2017)

Mes (4 mol%)  Bocs

N > .
P NN - N 9:> 22% yield,
Boc,O (1.2 equiv.), 80 °C PH 46% ee

Figure 18. Research progress on the synthesis of the chiral Boc-protected pyrrolidine.

1.3 Asymmetric Intermolecular C—H Aminations

As compared with intramolecular C—H aminations, the intermolecular version has its particular
advantages for the synthesis of chiral amines. As discussed in the above chapter 1.2, intramolecular
C-H aminations are more efficient, with high asymmetric induction, but they often need several steps
of additional transformations to achieve the synthesis of final chiral amines. Due to this further
ring-opening step, some functional groups are not well tolerated (Figure 19a). The asymmetric
intermolecular C—H amination via nitrene insertion to the C—H bonds can build a chiral C—N bond
directly, which is much more convenient than the corresponding intramolecular version. The
intermolecular C—H amination reactions also face several challenges, such as low efficiency and
site-selectivity in outer-sphere C—H aminations and the enantioselectivity of the desired amination

products are not as good as related intramolecular C—H aminations (Figure 19b).

a) Intramolecular C-H amination -
Advantages:
M] H.. _R | ® More efficient C-H insertion
H, H IMI|H H Il H~N"'~.‘ ring-open N B High asymmetric induction
y ':N" Vy N J, P — RZ"J\ -
R ... R™ ...~ R 4 H | Disadvantages:
R B Multiple steps needed
"N" = nitrene precursor G Limited Scope
b) Intermolecular C-H amination -
Advantages:
M] link.-=--- M] H<. _.R | ® Rapid synthesis
H (M] H-- T | N W Broad functional group tolerance
R2|m ’,: < . 2 )\’"N\R R2n¢\ -
¢ H "NR" RZI'J\H R Ry, 4 Disadvantages:
R R or R R B Lower site-selectivity
outer-sphere inner-sphere (@ Difficult for asymmetric induction

"NR" = nitrene precursor

Figure 19. Comparison of intra- and intermolecular C—H amination for the synthesis of chiral amines.

Although, the asymmetric intermolecular C-H amination reactions are very challenging, several
successful examples have already been reported in the past few decades. The following section will

12
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briefly review the asymmetric intermolecular C—H amination reactions and category them by different

transition-metal catalyst systems.
1.3.1 Rhodium Catalyst Systems

Among the reported examples of asymmetric intermolecular C—H aminations, rhodium-centered
catalysts were the most frequently used transition metal catalysts. Such as dirhodium paddlewheel
complexes, which feature significant structural rigidity, ease of ligand exchange, facile diaxial
coordination sites, and relatively low oxidation potential, are widely utilized in asymmetric C-H
aminations. Pioneering work by the Miiller group for direct C—H amination of an indane substrate with
dirhodium catalyst provided the desired C—H amination product in 71% yield and 30% ee as a
groundbreaking result.’ The result has been further improved by the Hashimoto group to 82% yield
and 70% ee by modification of the dirhodium catalyst’s bidentate chiral ligand (Figure 20).!

In 2006, the Davies group disclosed an intermolecular benzylic C—H amination system using a
dirhodium(IT) complex as the catalyst, which led to the formation of desired intermolecular C—H

amination products in up to 95% yield and 94% ee (Figure 21)."

©:> dirhodium cat.
—_—_—mm
PhI=NNs

o O o

Ve TR O
O, ,O j: Cl

v \(P/ ?/_ ?/
Ao A

~T

NHNs
*

Miiller (1997) Hashimoto (2002)
Rhy(R-bnp), Rhy(S-TCPTTL),4
71% yield, 31% ee 82% yield, 70% ee

Figure 20. Pioneering work on intermolecular C—H amination of indane substrate.
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Davies (2006) ~ _
H O1Rh
o >
O-+Rh
Cl 0
Cl Cl
L Cl J4
H Rhy(S-TCPTAD), (2 mol%) NHNs
g2+ NsNH; 1™NR2
R" 'R PhI(OAc), (1.5 equiv.) R" R
MgO (2.3 equiv.)
NHNs

Selected examples:
NHNs

NHNs NHNs HN
0
82% yield

86% yield 95% yield 75% vyield
74% ee 94% ee 76% ee 73% ee

Figure 21. Intermolecular C—H amination work from the Davies group.
In 2019, the Dauban group made further modifications of the dirhodium catalysts, combining the

pentafluorobenzyl sulfamate with the chiral rthodium complex Rh,(S-tfptad)s which has led to the

development of a catalytic asymmetric intermolecular C—H amination reaction with a broad scope in

excellent yields and enantioselectivities. The reaction could scale up to gram-scale with equal
efficiency (Figure 22).22

Dauban (2019) F
o
N F
T
7

H
?r\
RF—RK Rh,(S-tfptad
A4 2(S-tfptad),
NHPfbs

H
R! . R2 N O\\S,p [Rh] (0.1 moI%): R! R2
* CgF5 'O”" "NH,PhlI(OPiv), (2 equiv.)
CgHsCF3, -10 °C
PfbsNH, 20 examples
up to 97% yield, up to 84% ee

PfosHN

Selected examples:
NHPfbs NHPfbs /@/Iﬁbes I .

©/'\ N3/©/'\ MeO 0
76% yield 83% yield 62% vyield
919eur. 8713 eur.

82% yield
919eur. 89:11 eur.

Figure 22. Intermolecular C—H amination work from the Dauban group.

\‘\\
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In 2013, the Bach group developed a dual catalysis system, in which the rhodium center is
responsible for activating PftbsNH» substrate to generate rhodium-nitrenoid intermediate, and the
ligand contains a chiral amide functional group which can form hydrogen bond activation with another

substrate, thus, providing high asymmetric induction with up to 74% ee (Figure 23).%

Bach (2013) H-Bonding

dirhodium catalyst

Ar Ar

@f R Q\ép [Rh] (2 mol%) @YNHT%S
+ ~ON R
NSo P& O NHz2 - phio,cR), N"So
H C6H61 r.t. H
Tces

up to 74% ee
Figure 23. Intermolecular C—H amination work from the Bach group.

Besides, chiral rhodium cyclopentadiene complexes have been reported as efficient catalysts used
in asymmetric C—H functionalization reactions. In 2019, the Matsunaga group reported a chiral
carboxylic acid assisted enantioselective intermolecular benzylic C—H amination with 46-99% yield
and up to 88% ee. From their proposed mechanism, the binaphthyl-based chiral carboxylic acid

assisted the enantioselective cleavage of methylene C—H bonds in building a chiral C-N bond (Figure

24).%
Matsunaga (2019)
O R?
] 1
R -H CCA (8 mol%) RN
0,
; N L 0’4 [CP*RACI,]; (4 mol%) . Ny
_ R3 N’ AgSbFg (16 mol%) Z
0,
/Sﬁzc(faso(é ”;Z"h/” 46-99% yields

up to 88% ee

Figure 24. Intermolecular C—H amination work from the Matsunaga group.
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Recently, the Blakey group reported an asymmetric inner-sphere C—H amination reaction (Figure
25). They developed a new planar chiral rthodium indenyl complex for regio- and enantioselective
amination of allylic C—H bonds. The reaction exhibited broad functional group compatibility, provided
an array of enantioenriched allylic amide products from readily available alkene starting materials.
Crystallographic experiments supported the electronic transmission of asymmetry from the planar
chiral indenyl ligand to the m-allyl ligand as a critical intermediate in the catalytic cycle. The overall

results are quite impressive as 24 examples in up to 90% yield and 99:1 e.r.?’

%«Ph
H Me

|/Rh\|
X 2
H O 2 H\ 3
i N~ (2.5 mol%) N R
AN N2+ | 0 7
R R R3J\0>: AgNTf, (40 mol%) R1J\/\R2
R = alkvl | LiOAc (5 mol%) 24 examples
. alkyl or ary LiNTf, (1 equiv.)  up to 90% yield
R“=H or aryl DCE (0.2M), r.t., 48h upto99:1eur.
Via Selected examples:
+ e e
%Ph Me A Me X 0
H Me HN._Me HN
N
RL\'&_-/\R%NYO I T
2 R 69% yield 87% yield ©
>99:1eur. 97:3 eur.

Figure 25. Intermolecular C—H amination work from the Blakey group.

1.3.2 Ruthenium Catalyst Systems

In 1999, the Chi-Ming Che group reported the first example of a ruthenium-centered chiral
catalyst for asymmetric intermolecular C—H aminations (Figure 26). The enantioselective
intermolecular amination at benzylic C—H bonds provided target chiral sulfonylamides in up to 58%

yield as preliminary results.”

Che (1999)

R3 = Q R3 R3
&)

7

H R3 (1.0 mol%) NHTs
)'\ g N
R™SR2  CH,Cly, 20 or 40 °C RT R
up to 58% ee

Figure 26. Intermolecular C—H amination work from the Chi-Ming Che group.
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In 2003, the Katsuki group invented the Ru(salen)(CO) catalyst and successfully applied it in the
asymmetric intermolecular C—H amination of allylic C—H bonds in up to 80% ee. The yield of the
desired product was relatively low. The same group reported an improved result in 2011. They used
the modified substrate SESN3 and catalyst. Finally, the results were improved to 99% ee with broad

substrate scope as shown for 22 examples (Figure 27).7

Katsuki (2003 & 2011)

z
2

~ R
atetets
O Bz O™

17% yield, 80% ee

Ru(salen)(CO) (2 mol%
).ﬂ\ v s ~SONs ( )(CO) ( o)> N*HSES
RTR2 V—m— R =2,6-F,CgH; R" "R?
SES CH,Cly, -10-0 °C, 2-24 h 22 examples
up to 99% ee

Figure 27. Intermolecular C—H amination work from the Katsuki group.

1.3.3 Silver, Manganese, and Iron Catalyst Systems

Transition metals such as silver, manganese, and iron were also reported to be used as catalysts in
this kind of transformations. In 2001, the Katsuki group reported a chiral manganese salen complex
catalyzed intermolecular C—H aminations of benzylic C—H bonds in up to 71% yield and 89% ee
(Figure 28a).28 Later, in 2017, the Arnold group successfully applied their chiral iron-porphyrin based
enzymatic catalyst system in asymmetric intermolecular C—H amination of benzylic C—H bonds. The
desired chiral amides were obtained in up to >99% ee and up to 1300 TON (Figure 28b).%’
Subsequently, in 2020, the same group reported the asymmetric primary C—H aminations at both
benzylic and allylic C—H bonds provided desired chiral amines in up to 3930 TTN and 96% ee (Figure
28¢).*® Recently, the Bach group reported a dual catalytic system in which the chiral ligand forming
hydrogen bonds with substrates and led to high asymmetric induction for the synthesis of desired

amination products in up to 88% yield and 97% ee (Figure 28d).>'
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a) Katsuki (2001)

=N, N=
MR
R® o o R
. PFg )
R R
H NHTs
L, + Phe=NTs (6.0 mol%) >

1 2
R" "R -40°C, TCE, 24 h R' "R
up to 71% yield
up to 89% ee

b) Arnold (2017)

) Cytochrome P411cpya R2
Whole cells
up to 1300 TON
up to >99% ee

c) Arnold (2020)

NH,
+ . , X
ﬁ,\/\R . PiVO/NHs P4118pA variant :'E \/\R
d TfO~ MO-N (pH 7.4) R
up to 3930 TON

up to 96% ee

s 12 mol% s
X o O( mol%) X
v = PhI=NNs (2 equiv.) XY~ “NHNs
” O 10 mol% AgPFg, phen ” 0
4A MS, CH2C|2, r.t. 29-88% yleld

up to 97% ee
Figure 28. Other transition-metals catalyzed asymmetric intermolecular C—H aminations.

1.4 Aim of the Thesis

Chiral-at-metal ruthenium complexes developed in our group are powerful catalysts and can be
applied in efficient asymmetric catalysis as demonstrated for enantioselective alkynylations of
trifluoromethyl ketones.*? Since ruthenium-centered transition-metal complexes were already reported
as effective catalysts for asymmetric C-H amination reactions, we envisioned that our

chiral-at-ruthenium complexes could also catalyze asymmetric C—H amination reactions.
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(&)
A R (PFe) | (PFe) R
» 4
(/\N N ,C,Me Me\C\ N™ N7
J”/ | N’/ \\N | QN
MeSN z/,Ru\\\\ //,IRLi\\\ NI,\\/I/IeS
es
&( | N, A7 | \:h/l)es
N IN\ Me | Me” NN
I
A AT
A-Ru A-Ru
=—R? R?
i)l\ typically 3.0 equiv. HO //
e R
R”NcE. EtaN (0.2 equiv.) RN
®  THF,60°C RT CFs
catalyst loadings  up to 99% yield

down to 0.2 mol% up to >99% ee

Figure 29. Chiral-at-metal ruthenium catalysts for asymmetric alkynylation reactions.

1) Building a chiral-at-ruthenium catalyst toolbox

In previous investigations on the catalytic asymmetric alkynylation of trifluoromethyl ketones,
only two different chiral-at-metal ruthenium complexes were investigated. In this thesis, we aimed to
make further modifications of such chiral-at-metal ruthenium complexes to build a chiral catalyst

toolbox for detailed investigations of asymmetric intramolecular C—H amination reactions.
2) Apply chiral-at-ruthenium catalysts in asymmetric intramolecular C—H aminations

Transition-metal catalyzed asymmetric C—H aminations are a very attractive topic in current
organic synthesis. Despite much efforts were already being put into this area, the intramolecular C—H
amination remained some unsolved problems. To find an efficient asymmetric catalyst system is
always an appealing project in this area. In this thesis, we aimed at achieving efficient asymmetric

intramolecular C—H aminations with judiciously modified chiral-at-ruthenium catalysts and suitable

substrates.
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Chapter 2. Results and Discussion

2.1 Catalytic Enantioselective Intramolecular C—H Amination of 2-Azidoacetamides
2.1.1 Research Background and Reaction Design

Ruthenium catalyzed enantioselective intramolecular C—H amination using aliphatic organic
azides' as nitrene precursors led to the formation of target cyclic Boc-protected pyrrolidine products as
initial ground-breaking results obtained by Jie Qin, who is a former member of the Meggers group
(Figure 30a). The same transformations were reported for several times as racemic versions*. Thus,
the highly enantioselective intramolecular C—H aminations using aliphatic organic azides as nitrene
precursors is an unsolved problem. The author of this thesis started to pursue his doctoral degree in the

Meggers group when Jie Qin needed a partner to help him work together to improve the initial results.

a) Jie Qin's pioneering work using dual catalysis: B R PP E L EEE T .

Bocy & JN, 'i‘ N."C-Me @
A A~~N; _ Catalysts |:> M gsN "'Ru'“\ g
Boc,0, 95°C  Ar' :

up to 84 TON, up to 57% yield
up to 99% ee

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

Selected examples: only in moderate yields (around 50%)

" S W O W W
® O O

51% yield, 95% ee  50% yield, 90% ee  36% yield, 76% ee 57% yield, 96% ee

b) My new designment: D el .
: N TMS (PFe)a
el :

Q Boc., E 7" N"'N° _ Me :
RN _Caalyst NC>=O E Mng"/, |d\\\N"C :
R? Boc,0,85°C RN _ 5 ez\u‘ Fi‘N’c i

up to 720 TON, up to 95% yield < PN e

up to 95% ee : AMMs

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

Figure 30. a) Pioneering work on ruthenium catalyzed intramolecular C—H aminations using aliphatic
organic azides as nitrene precursors by the former group member Jie Qin. b) My new reaction designment.

The author of this thesis helped Jie Qin to improve the results by synthesizing a series of newly
modified chiral ruthenium catalysts and improved the results to 95% ee. As shown in the above figure,
the target chiral pyrrolidine products were always forming in only modest yields of around 50%,’ thus,
the author of this thesis decided to explore a new class of aliphatic organic azides as nitrene precursors

for intramolecular C—H aminations with the purpose of achieving higher yields of the target
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ring-closing C—H amination products in combination with modified chiral-at-ruthenium catalysts

(Figure 30b).6
2.1.2 Synthesis of Modified Chiral-at-Ruthenium Catalysts

The general synthetic route of chiral-at-ruthenium catalysts was established by our previous
group member Yu Zheng. I directly followed his method for the attempts on the synthesis of different
racemic ruthenium catalysts. To our delight, the methodology was generally applicable for
modifications of various substituents on the pyridine moiety (Figure 31). The desired racemic
ruthenium catalysts were obtained in 51-89% yield. It’s noteworthy that the TMS-substituted
ruthenium catalyst was obtained in a low yield of 51% under standard complexation conditions.
Further optimization of the reaction conditions by reducing the temperature from 200 °C to 185 °C

successfully improved the yield to above 70%.

R “1(PFe),
o
E:T) - @’/ | N,,'C'Me
N”Br 1.RuClyxH,0, 200 "g Mes/ u\\;‘
2N 2 AgPF, 60°C es\Q:N(Fl NG
X 51-89% yield S
R Z R
ligand1 (R = H)? rac-Ru1 (R = H)?
ligand2 (R = Ph) rac-Ru2 (R = Ph)
ligand3 (R = 4-tBuPh) rac-Ru3 (R = 4-tBuPh)
ligand4 (R = 4-CFsPh) rac-Ru4 (R = 4-CF3;Ph)
ligand5 (R = 3,5-(tBu),Ph)? rac-Ru5 (R = 3,5-(tBu),Ph)?
ligand6 (R = CF3) rac-Ru6 (R = CF3)
ligand7 (R = TMS) rac-Ru7 (R = TMS)

Figure 21. Attempts on the synthesis of different racemic ruthenium catalysts based on modifications of the

pyridine moiety. [a] Yu Zheng’s reported results. [b] Jie Qin’s reported results.

With isolated analytical pure racemic ruthenium catalysts in hand, next, we performed the
chiral-auxiliary-mediated synthesis of enantiomerically pure A-RuAux1-7 via Yu Zheng’s established
synthetic method. Under the standard 2-steps procedure, the desired enantiomerically pure
A-RuAux1-7 were obtained (Figure 32).

The absolute configuration of standard ruthenium bis-NHC catalyst A-Rul was comfirmed via
single crystal diffraction. As similar structures, we identified the absolute configurations of newly
modified ruthenium catalysts by comparing their CD spectra. As shown in Figure 33, the CD spectra

of the representative ruthenium catalyst A-Ru7 contains a similar trend with the reported A-Rul.
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Synthetic route of A-Ru1-7:

;l(PFe)

“iPr N
MesN J\ l \\\‘N A (/\ \\\o Acid

~ o /,,,
(S)-Auxiliary1 MesN R —>» A-Ru1-7

Mez\“]/,!l \N\\\C\ CH,Cly, Et;N Mez\l:( | \N/ MeCN

o et
iPF
A T\;LR

rac-Ru1-7 A-(S)-RuAux1-7

rac-Ru1 (R = H)? A-(S)-RuAux1 (R = H)?

rac-Ru2 (R = Ph) A-(S)-RuAux2 (R = Ph)

rac-Ru3 (R = 4-tBuPh) A-(S)-RuAux3 (R = 4-tBuPh)
rac-Ru4 (R = 4-CF4Ph) A-(S)-RuAux4 (R = 4-CF3Ph)
rac-Ru5 (R = 3,5-(tBu),Ph)? A-(S)-RuAux5 (R = 3,5-(tBu),Ph)”
rac-Ru6 (R = CF5) A-(S)-RuAux6 (R = CF3)

rac-Ru7 (R = TMS) A-(S)-RuAux7 (R = TMS)

Figure 3. Chiral-auxiliary-mediated synthesis of enantiomerically pure A-RuAux1-7. [a] Yu Zheng’s
reported results. [b] Jie Qin’s reported results.
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Figure 33. CD spectra of A-Ru7 recorded in CH30H (0.2 mM).
2.1.3 Initial Experiments and Reaction Development

During an initial screening of suitable substrates for a ring-closing C—H amination, I followed
exactly the same conditions which Jie Qin used in his system (without phosphine additive instead) and
found that 2-azido-N,N-dibenzylacetamide (la) was converted to  Boc-protected
3-benzyl-2-phenylimidazolidin-4-one (S)-2a in 28% NMR yield and 52% ee using ruthenium catalyst
A-Rul (1 mol%) in the presence of Boc,O (1.2 equiv) in 1,2-dichlorobenzene (1 M) at 95 °C (Table 1,
entry 1). This kind of product is a new structure motif in ring-closing C—H amination area, nobody
have achieved it through nitrene insertion. Thus, it was promising to further optimize the reaction

conditions to improve the preliminary result we obtained. Since I already had a series of newly
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modified ruthenium catalysts in the fridge, I just tested all of them and hoped to get better results.

Table 1. Reaction Conditions Optimization”
R | (PFe2Rut: R=H
AN
/0 Ru2: R = Ph

7 N° N Me ‘R =4-
(:, | WE Ru3: R = 4-tBuPh

0 Ru4: R = 4-CF4Ph
Mes-N Fi Nia. Ru5: R = 3,5-(tBu),Ph
NN, Me  RueR=cF,

0 1mol%RuCat o~ f
Ph/\NJj\/N3 Boc,O (1.2 eq) NJg
1,2-dichlorobenzene Ph N

\

=
[(]
o

Ph™ H heating, 48 h Boc :

1a standard conditions 2a I AR
Entry Catalyst Conditions” T (°C) NMR yield (%)* ee (%)*
1 A-Rul standard 95 28 52(S)
2 A-Ru2 standard 85 68 60 (S)
3 A-Ru3 standard 85 72 73 (S)
4 A-Ru4 standard 85 59 76 (S)
5 A-Ru5 standard 85 83 56 (S)
6 A-Ru6 standard 85 37 86 (S)
7 A-Ru7 standard 85 84 (80)° 91 (S)
8 A-Ru7 standard 85 83 91 (R)
9 A-Ru7 0.2 mol% cat’ 90 718 91 (S)
10 A-Ru7 0.1 mol% cat’ 95 74" 90 (S)
11 A-Ru7 under air 85 58 90 (S)
12 A-Ru7 no Boc,O 85 <1 -
13 A-IrS standard 85 9 n.d’/
14 A-RhS standard 85 <1 -

[a] Standard conditions: 1a (0.2 mmol), Boc,O (0.24 mmol), Ru catalyst (0.002 mmol) in
1,2-dichlorobenzene (0.2 mL) stirred at the indicated temperature for 48 h under N» unless noted
otherwise. [b] Deviations from standard conditions are shown. [¢] Determined by '"H NMR of the
crude products using ClL,CHCHCI, as internal standard. [d] Enantiomeric excess determined by
HPLC analysis of the crude main product on a chiral stationary phase. [e] Isolated yield in
brackets. [f] Reaction time increased to 96 h. [g] 19% starting material left. [h] 14% starting
material left. [i] Product refers to the unprotected amine. [j] Not determined.

As expected, the ruthenium catalyst played an important role in getting different results. A
phenyl-modified catalyst A-Ru2 provided an improved yield of 68% at 85 °C but only 60% ee (entry
2). Different substituents within the phenyl moiety (A-Ru3-Ru5) did not provide satisfactory
enantioselectivities (entries 3—5). Interestingly, the CFs-functionalized catalyst A-Ru6 afforded 86%
ee but only 37% yield (entry 6). The best results were obtained with the bulky trimethylsilyl
(TMS)-functionalized ruthenium complex A-Ru7 which provided 84% NMR yield (80% isolated
yield) and 91% ee (entry 7). In addition, the catalyst A-Ru7 featuring a metal-centered A-configuration
provided the product 2a in the same yield and enantioselectivity, but with opposite absolute

configuration (entry 8). The catalyst loading can be reduced to 0.2 mol% (entry 9) and even 0.1 mol%
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(entry 10) without affecting the enantioselectivity. The reduced reaction rate needs to be compensated
by increasing the reaction temperature and time. Importantly, air atmosphere reduces the yield
significantly (entry 10) while Boc,O is required for this conversion (entry 12). Finally, it is noteworthy
that our previously reported bis-cyclometalated chiral-at-metal catalysts A-IrS and A-RhS are almost

or completely inactive for this transformation (entries 13-14).
2.1.4 Substrate Scope

With the optimized catalyst and reaction conditions in hand, we started to investigate the
substrate scope with respect of 2-azido-N,N-dibenzylacetamides (Figure 34). Methyl groups in para-
or meta-position of the phenyl moiety were well tolerated (imidazolidinones 2b and 2c¢), but the
sterically hindering ortho-methyl group (2d) led to a reduced yield of 52% and 87% ee.
Electron-donating groups appeared to be beneficial cause transition-metal nitrenoid intermediate
prefers electron-rich C—H bonds. For example, a para-methoxy group provided the Boc-protected
imidazolidinone 2e with a higher yield of 95% and 90% ee. Chlorines on the phenyl moiety (2f, 2g)
did not affect the outcome of the reaction whereas strongly electron withdrawing CF3 and fluorine
substituents provided lower yields. Substrates with the heteroaromatic furan (2j) and thiophene (2Kk)
moieties afforded slightly reduced yields and enantioselectivities. Replacing the aryl moiety with an
ester group provided the desired cyclic product (21) with 32% ee. We were not satisfied with the result
of only 32% ee and luckily found that the it can be improved to 70% ee by using A-RuS catalyst
instead. Finally, 2-azidoacetamides with two different substituents could also be employed and
provided the imidazolidinones (2m-20). However, a bulky zert-butyl group at the amide nitrogen lead
to a vastly diminished enantioselectivity of just 23% ee (20). No desired product was obtained for
2-azido-N,N-di(phenethyl)acetamide or 2-azido-N,N-di(allyl)acetamide as the substrates.

Next, we investigated azidoacetamides derived from isoindolines. We were delighted to find
isoindolyl-N-(2-azidoacetamide) provided the desired tricyclic ring-closing C—H amination product 2p
smoothly in 74% yield and with 94% ee. An extended aromatic system (2q), electron withdrawing (2r),
and electron donating (2s) moieties were well tolerated. Furthermore, azidoacetamides derived from
1,2,3,4-tetrahydroisoquinoline and 1,2,3,4-tetrahydro-f-carboline provided the desired cyclization
products 2t and 2u, respectively, upon increasing the reaction temperature and reaction time, albeit

with reduced yields (Figure 35).
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Figure 34. Substrate scope. P/A-Ru5 as the catalyst instead. [P/Reaction temperature of 95 °C instead.

o) o)
_ o,
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75% yield, 89% ee 48% vyield, 92% ee 31% vield 89% ee

Figure 35. Synthesis of tri- and tetracyclic structures. [*lReaction temperature of 105 °C for 60 h instead.

2.1.5 Mechanistic Study

The proposed mechanism is shown on Figure 36. The reaction is initiated by ruthenium
coordination to the 2-azidoacetamide in a bidentate fashion through the amide carbonyl group and the

a-nitrogen of the azide (intermediate I). Such coordination modes of organic azides have been
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reported.” A subsequent release of N, generates the chelated ruthenium-imido intermediate II,
followed by dissociation of the amide (III), and a subsequent stereocontrolled insertion of the nitrene
moiety into the C—H bond to provide a ruthenium-coordinated imidazolidinone (IV). Finally, the
released imidazolidinone product is Boc-protected to suppress product inhibition. The Houk group
coordinated to our research by performing Density Functional Theory (DFT) calculations to probe the
validity of this mechanistic proposal. The maximum free energy barrier of this proposed reaction
pathway was calculated to be 22.0 kcal/mol for the major enantiomer (vide infia), with irreversible

C—H insertion and overall highly exergonic formation of the aminated product.

o-Ru
N
N, R1’\NJ\’ MeCN

o A-RUT 2 x MeCN O’[Rlu] -
1
R(\NJj\l ;4; R(\NJJ\/N(?N(?N R" °'N
J N3 RZJ 1

J
RZ 11 VS[Ru]

R2
1 -8.1 -1.1
0.0 - o C-H insertion
R yTmmmmmEmmmssmssss==.

~ o Boc,0, N
R? N’[g N
1 RZH

\ S

Lvia ™ ‘

LERY N R N !

- Ru] | :

98.4 RZJ\N v : R2 -_.;N_ :

Boc ! \fRu] ‘

-62.4 ' '

+CO, + tBUOH + MeCN i\ TS-1+4.4 :

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

Figure 36. Proposed mechanism and DFT free energies (in kcal/mol) calculated with R!= R? = Ph at the
M06-D3/6-311++G(d,p)-SDD, SMD (1,2-dichlorobenzene)//B3LYP-D3/6-31G(d)-LANL2DZ level of
theory. These DFT calculations were performed by Dr. Shuming Chen (Houk group, UCLA).

Our mechanistic experiments support the proposed mechanism. Reaction of the 2-azidoacetamide
1a with equimolar amounts of a racemic ruthenium catalyst (rac-Rul) at room temperature provided
quantitatively the chelated imine complex rac-Ruimine which was characterized by X-ray
crystallography (Figure 37a).

The generation of rac-Ruimine is a strong indication of the intermediate formation of the
proposed chelated azide (I) and subsequent ruthenium-imido complex II (Figure 36), which
tautomerizes to its corresponding imine upon 1,2—H shift. Such tautomerizations of ruthenium-imido
complexes to their imines are well established.® DFT calculations revealed that in this system the
tautomerization is strongly exergonic, with a free energy change of -46.2 kcal/mol. However, at high

temperatures the 1,2—H shift apparently cannot compete with the C—H amination step.
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Changing the position of the amide functionality (1x) or removing it altogether (1y) suppresses
the reaction or leads to very low conversions, respectively, further supporting the important role of the
amide group in the ring-closing C—H amination of 2-azidoacetamides (Figure 37b). In another
important mechanistic control experiment, we found that the bulky substrate 1aMe;, bearing two
additional methyl groups in a-position to the azido group, furnished the ring-closing C—H amination
product 2aMe; in 11% yield in the absence of Boc,O (Figure 37¢). From this we conclude that Boc,O
is not required for the C—H amination step but important for protecting the secondary amine and
preventing its coordination to the catalyst. In 2aMe;, the steric hindrance of the two methyl groups
makes this protection unnecessary. The observed kinetic isotope effects (KIE) are low and indicate
singlet nitrene insertion with concerted N—C and N-H formation rather than stepwise radical reaction
through a triplet nitrene (Figure 37d) as compared with reported literatures.” An internal competition
experiment with a 2-azido-N,N-dibenzylacetamide (1z) which contains one electron-rich and one
electron-deficient benzyl group reveals a preference for electron rich C—H groups and suggests an
electrophilic character of the ruthenium nitrene intermediate (Figure 37e¢). To elucidate the origins of
the asymmetric induction in this reaction, DFT calculations were used to locate the C—H insertion
transition states (Figure 38). TS-1-major, which leads to the observed major enantiomer of the
product, is favored by 2.0 kcal/mol, in excellent agreement with the experimental value of 1.7-1.8
kcal/mol. A variety of functionals were tested, and all gave similar results to those reported in the text.
In TS-1-major, a favorable n-mstacking interaction is observed between the upright Ph ring on the
substrate and the PyNHC ligand. This stabilizing interaction is absent in TS-1-minor. In addition, a
steric clash exists in TS-1-minor between the C—H bond undergoing insertion and the N-Mes group
on the ligand, with a H...H distance of 2.23 A. The steric pocket created by the ligand framework has
a sterically congested bottom half due to the presence of TMS and N-Mes groups. As a result, the
longer and more flexible N-Bn moiety is better accommodated in this part of the steric pocket
(TS-1-major) than the shorter and more rigid Ph moiety (TS-1-minor). The substrate and the catalyst
framework are calculated to be 1.0 and 0.7 kcal/mol less distorted in TS-1-major than in TS-1-minor,
respectively, which also indicates a superior steric fit between the substrate and the catalyst framework

in TS-1-major.
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a) Ru imine complex formation under mild conditions:
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Figure 37. Mechanistic experiments.
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Bn <\’ . \N Bn ?
‘NJg TS-1majpr NN\ TS-1m inor N
ph)\N AAG*=0.0 L AAG*=2.0 ph«'LN
Boc ™S Boc

Figure 38. Calculated transition state structures for the C-H insertion step at the
MO06-D3/6-311++G(d,p)-SDD, SMD (1,2-dichlorobenzene)//B3LYP-D3/6-31G(d)-LANL2DZ level of
theory. Energies are shown in kcal/mol. Interatomic distances are denoted in Angstroms. Calculations
performed by Dr. Shuming Chen (Houk group, UCLA).

2.1.6 Conclusions

In conclusion, we here presented a ruthenium-catalyzed enantioselective ring-closing C—H
amination of 2-azidoacetamides giving rise to chiral imidazolidin-4-ones, which find applications as
auxiliaries for the synthesis of unnatural amino acids,'” as building blocks for the synthesis of natural
products,'' and as asymmetric organocatalysts'?. This work demonstrates the capability of
chiral-at-metal bis(pyridyl-NHC) ruthenium complexes for highly efficient asymmetric intramolecular

C—H aminations.
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2.2 Enantioselective Synthesis of y-Lactams by Intramolecular C—-H Amidation
2.2.1 Research Background and Reaction Design

The group member Yubiao Hong firstly explored the synthetic route of the new ruthenium
complexes A-Ru8 and A-Ru9 starting from heterocyclic 7-methyl-3-phenyl-1,7-phenanthrolinium
hexafluorophosphate as the ligand of choice (Figure 39). It’s no doubt that his pioneering exploration
provided us the initial inspiration. But there were several specific issues that remained unsolved,
which were very important for making further progress. The synthetic route needed some further
modifications for getting higher yields, and the enantioselectivity of the final catalyst was not
sufficient for using it in asymmetric catalysis. During that time, Yubiao Hong was busy making
progress on his very promising chiral-at-iron catalyst project and decided not to pursue this catalyst
anymore. Therefore, the author of this thesis decided to investigate further this new class of

chiral-at-ruthenium complexes and apply them to new enantioselective C-H amination reactions.

Yubiao Hong's initial pioneering exploration of new ruthenium catalysts

X R Me\N
RuCl;xH,0O ili
Me. " P Cu ds>t< 2>g\uxmary >
onditions diti
— (PFo) onditions
ligand8: R = H
ligand9: R = Ph

A-(S)-RuAux8: R =H
A-(S)-RuAux9: R = Ph A-Ru9: R =Ph

Figure 39. Yubiao Hong’s pioneering exploration of new ruthenium complexes.

As shown in Figure 39, the main difference between the previous ruthenium scaffold and the new
one are the different NHC ligands. The previous ruthenium scaffold contains normal NHC ligands,
which are less electron-donating compared with the new scaffold, which contains remote NHC
ligands.! Thus, the ruthenium center of the new platform is more electron-rich than the previous
ruthenium scaffold. After understanding the most significant differences between these ruthenium
catalysts, the author of this thesis had a feeling that we should explore reactions which need an

especially electron-rich ruthenium metal center for catalysis.
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Previous Ru scaffold New Ru scaffold

X " 1(PFe)2

\\\\\\ N VS

(Less electron-donating NHC ) (More electron-donating NHC )

Figure 39. Main difference between previous ruthenium scaffold and the new one.

In 2018, the Chang group reported a streamlined synthetic methodology for y-lactams via nitrene
insertion catalyzed by electron-rich iridium catalysts (Figure 40). Modulation of the sterecoelectronic
properties of the auxiliary bidentate ligands to be more electron-donating was suggested by density

functional theory calculations to lower the C—H insertion barrier favoring the desired reaction.?

Chang (2018): Electron rich iridium complex catalyzed intramolecular C-H amidation

H =
! I
- N Clllu
. Iridium cat R o) AN Ir
R/\/\or/NO T \<j * R NCO Meoc-N/ \L\‘ N
% 2 y-lactam Curtius rearrangement _
@] (typical side product)
OMe

Figure 40. Intramolecular C-H amidation catalyzed by electron rich iridium complex from Chang’s group.

After checking their supplementary files, the author of this thesis found that some ruthenium
complexes (such as ruthenium porphyrin catalysts) could also catalyze this transformation and provide
Curtius rearrangement products as major products. Thus, the author of this thesis thought the
chiral-at-ruthenium catalysts could also catalyze the same transformation to afford the desired C-H

insertion products (Figure 41).

Idea of trying intramolecular C-H amidation reactions R' ~ |(BF.),
H ,C,Rz
Ru cat * N wN=
R/\/\r)‘~ > R\<_/\¢O + RONNNGO
O -CO, NS
0 Chiral Curtius rearrangement ‘C\Rz
y-lactam (typical side product)

Figure 41. Idea of applying our new ruthenium catalyst scaffold in asymmetric intramolecular C-H
amidation reactions.
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2.2.2. Synthesis of Chiral-at-Ruthenium Catalysts

According to Yubiao Hong’s synthetic route with slight modifications, we chose the heterocycle
7-methyl-3-phenyl-1,7-phenanthrolinium hexafluorophosphate (ligand9) as our ligand of choice.
Reaction of RuCl; hydrate with ligand9 in 2-ethoxyethanol:water (4:1) at 125 °C afforded the racemic
chloro-bridged dimer complex rac-Rudimer2 (88% yield). Each ruthenium is cyclometalated by two
1,7-phenanthroline ligands, which are electronically best described as chelating pyridyl pyridylidene
ligands. The racemic mixture was next reacted with (R)- or (5)-N-benzoyl-tert-butanesulfinamide in
the presence of K»COs to provide the complexes A-(S)-RuAux9 or A-(R)-RuAux9 as single
stereoisomers in 46% and 44% yield, respectively. Interestingly, in the course of the formation of the
N-sulfinylcarboximidate complexes, an unexpected but important isomerization of the chelating
pyridylidene ligands occurred (this step is the crucial step for getting non-C,-symmetric catalyst’s
structure, namely, auxiliary induced isomerization). The non-C,-symmetric structure and
corresponding absolute configuration of this ruthenium auxiliary complex are confirmed by the X-ray

diffraction study of a simplified auxiliary complex A-(S)-RuAux8 conducted by Yubiao Hong.

Ph
M(PFG) N RuClgxH,0  Mesy T/ | N-Me
e-, < EtOC,H,OH:H,0 (4:1)
N N 2o 4 2 NS /"'/, . wClyy , ‘\\\\\\
D 125°C, 40 h, 8% _ Ru_ R
ligand9 i I cl | =
Me N | NS | NS N‘Me
P php
rac-Rudimer2
ji Q, |KCOs K,COs| 9 ji
P N~ Sigy | EtOC2H4OH EtOC,H,OH |15 :Ss\~ ph
H 100 °C 100 °C H
(R)-Auxiliary2 §46% 44%y (S)-Auxiliary2

A-(S)-RuAux9 A-(R)-RuAux9

Figure 42. My modified synthetic routes of the ruthenium complexes.

After having the auxiliary complexes, we started the investigation of how to remove the chiral
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auxiliaries. At the beginning, the author of this thesis directly used Yubiao Hong’s standard reaction
conditions with overnight as reaction time instead. Accidently, the author of this thesis found the final
catalyst completely racemized. To judge the catalyst’s enantio-purity, the author of this thesis
performed an indirect way as using the result of the intramolecular C-H amidation reaction (it was due
to the dicationic complex that couldn’t be separated well by HPLC conditions). As shown in Figure 43,
A-(S)-RuAux9 under acid promoted acetonitrile substitution of the bidentate ligand led to the
formation of the final ruthenium catalyst. When the author of this thesis used Yubiao Hong’s
synthesized ruthenium catalyst, we got 45% ee of the target product, but with my newly synthesized
one, 0% ee was obtained. It was quite unfortunate to get this result, but it also meant that the removal

of auxiliary played an important role in getting highly enantiomeric pure final ruthenium catalysts.

Ph~ | (PFe)

N
| +&sBu 1) TFA, MeCN, 80 °C

i N >
2 {\I/ \O)\Ph 2) NH4PFg, MeCN P
NS

time instead

(overnight as reaction)

Me
A-(S)-RuAux9 A-Ru Catalyst

1 mol% Ru Cat H

[
N. 0.2 M CH,ClI, as solvent, r.t.,, 16 h Ph Ne_o

Ph =N »
5 s
-CO, .
0O chiral y-lactam

Using my catalyst: 80% yield, 0% ee
Using Yubiao synthesized catalyst: 76% yield, 45% ee

Figure 43. Comparison of catalytic results by using different ruthenium catalysts.

The author of this thesis thought maybe TFA is too acidic and led to the racemization of the
ruthenium catalyst. The longer the reaction time, the more racemization occurred. So the author of this
thesis decided to perform the auxiliary removal step in a shorter time as 30 mins. To our delight, the
result further improved to 60% ee. The author of this thesis also tried different reaction solvents and
finally found 1,2-dichlorobenzene was the solvent of choice, which led to 66% ee by using the same
batch of ruthenium catalysts. Next, using NH4PF¢ instead of TFA for the same transformation was
performed in order to get higher ee values. Surprisingly, the result further improved to 84% ee. Due to

NH4PFs is a weak acid, the reaction needed 100 °C as the reaction temperature (Figure 44).
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Ph™ | (PFe)
Me\N -0 Me-.
b, | 584U NH4PFg, MeCN, 100 °C
e ) WIS .
Ph Ru_ | Ph
o ph

(NH,,PFG as a weak acidJ

N 100 °C is required
Me
A-(S)-RuAux9 A-Ru Catalyst
1 mol% Ru Cat K
0.2 M 1,2-dichlorobenz., r.t., 16 h N
Ph/\/\rJ\“ - tho
O‘(O -CO, ,
'e) chiral y-lactam

Previous result: 89% yield, 66% ee
New result: 90% Yield, 84% ee

Figure 44. New results by performing the reaction using NH4PF; as source of acid in 100 °C.

In order to further improve the result to around 90% ee, the author of this thesis tested some other

acids and different reaction temperatures and finally found by performing the reaction with NH4BF; as

acid of choice in 75 °C could provide the best result (Figure 45). However, the removal of auxiliary

step couldn’t achieve full conversion.

Ph™ ] (PFe) Ph T](X),
Me-. Me.
N 0 N .
i, | \:\é:'sBu NH,BF4, MeCN, Temp. i, | N Me
IRu\ I Ph u\
P N7 o™ eh ZINT | SN
X o ( NH,BF, as acid ) X ® Me
N N
Me Me
A-(S)-RuAux9 A-Ru Catalyst
0.5 mol% Ru Cat '?'
Ph/\/\r)\l\ 0.5 M 1,2-dichlorobenz., r.t., 5h> Ph*(i\fo
0*\{3 -CO, .
o) chiral y-lactam
Cond A: 30 eq NH,4PFg, 100 °C, 16 h 91% yield 84% ee
Cond B: 30 eq NH,4BF,4, 100 °C, 12 h 92% yield 84% ee
Cond C: 30 eq NH,BF,, 90°C, 16 h n.d. 87% ee
Cond D: 30 eq NH,BF,, 75°C, 16 h n.d. 89% ee
Cond E: 30 eq NH4BF,4, 60 °C, 24 h n.d. 89% ee

Figure 45. New results by performing the reaction using NH4BF4 as source of acid in different conditions.

X= PF6 or BF4.

Since 30 equiv. of NH4BF4 didn’t dissolve in acetonitrile very well, the author of this thesis

decided to use a solvent mixture (acetonitrile:H,O = 3:1) instead, in order to achieve higher reactivity

for the removal of auxiliary. To our delight, the reaction proceeded smoothly and got full conversion,
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the desired ruthenium catalyst was isolated in 95% yield. By performing further modification of
coordinated acetonitrile ligands to isobutylnitrile we got the final catalyst. The absolute configuration
of this catalyst was confirmed by the X-ray diffraction study of a simplified ruthenium catalyst as

A-configuration.

Ph~ | (PFg)

Me- N -0 .
S:tBU NH4BF,4 (30 equw.)>
O)N\Ph MeCN:H,0 = 3:1
75 °C
A-(S)-RuAux10 A-Ru Catalyst

95% yield

Figure 46. New results by performing the reaction using NH4BF4 as source of acid in different conditions.
X = PF¢ or BF4. water acetonitrile solvent mixture and further modification of catalyst.

2.2.3 Initial Experiments and Reaction Development

We firstly investigated the catalytic properties of the new chiral-at-ruthenium complexes and
found that A-Rul0 displayed excellent catalytic activity for the intramolecular C—H amidation of
1,4,2-dioxazol-5-ones. For example, using just 0.5 mol% of A-Rul0 at room temperature catalyzed
the conversion of 3a to the y-lactam (S)-4a in 92% yield and with 90% ee (Table 1, entry 1). The
related catalysts A-Rull (acetonitriles instead of pivalonitriles) and A-Rul2 (devoid of phenyl groups
and acetonitriles instead of pivalonitriles) provided lower yields and enantioselectivities for this
conversion and higher yields of side product isocyanate formation (entries 2 and 3). Importantly, as a
comparison, our previous chiral-at-ruthenium complexes Rul and Ru6-7, which were demonstrated to
be very suitable catalysts for enantioselective C—H aminations of aliphatic azides, did not afford any
detectable amounts of the C—H amidation product but instead quantitatively provided the isocyanate
compound 5 (entries 4-6). Thus, A-Rul0 has very distinct catalytic properties. The yield and
enantioselectivity of A-Rul0-catalyzed conversion 3a—(S)-4a could be further improved to 95%
yield and 92% ee by performing the reaction at 4 °C. To demonstrate the exceptional catalytic activity
of A-Rul0, catalyst loading was further reduced (entries 7-9). At a catalyst loading of just 0.05 mol%

the intramolecular C—H amidation still occured with 93% yield and 90% ee.
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Table 2. Comparison of different ruthenium catalysts”

g :

N 1PFo)

| ;

/NN _~-Me
N, | N

'I\\ﬂllgSN RU\
Q\:N( I!l\ N\\\C‘Me

=

3
: Previous Ru catail?yst design
i A-Ru10:R'=Ph, R? = Bu A-Ru1: R®=H
! A-Ru11:R'=Ph, R? = Me A-Rué: R® = CF;
LARWZRIH RO =Me MRUTROSTMS
0
P"/\/\g{\%‘o Rucat. PhaeN\-0 . P~ NCO
3§y 0% (S)-4a 5
loading yield (%)°
entry catalyst (mol %) T (°C) 3a 5 ee (%)°
1 A-Rul0 0.5 rt. 93 (92)¢ 6 90
2 A-Rull 0.5 r.t. 92 (91)? 7 89
3 A-Rul2 0.5 rt. 84 (82)7 15 84
4 A-Rul 0.5 r.t. - >99 -
5 A-Ru6 0.5 r.t. - >99 -
6 A-Ru7 0.5 r.t. - >99 -
7 A-Rul0 0.5 4 95 (95)° 5 92
8¢ A-Rul0 0.1 4 95 (95)¢ 5 92
9 A-Rul0 0.05 4 93 (93)* 7 90

“Standard conditions: 3a (0.2 mmol) and Ru catalyst (0.05-0.5 mol%) in 1,2-dichlorobenzene
(0.4 mL) stirred at the indicated temperature for 8 h under an atmosphere of nitrogen. “Yields
based on 'H NMR analysis. “Enantiomeric ratio of the crude product determined by HPLC
analysis on a chiral stationary phase. “Isolated yields in brackets. “Reaction time of 30 h instead.
/Reaction time of 48 h instead.

2.2.4 Substrate Scope

With the optimized catalyst and reaction conditions in hand, we performed a substrate scope
(Figure 47). A methyl group in para-position of the phenyl moiety was well tolerated and provided
96% yield with 90% ee (4b). An electron-donating methoxy group in the para-position of the phenyl
moiety provided an almost quantitative yield but with a reduced enantioselectivity (4¢). An
electron-withdrawing nitro substituent at the para-position of the phenyl moiety gave 84% yield with

90% ee (4d). Halogen substituents at the para-position of the phenyl moiety were also well tolerated
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and provided high yields and good enantioselectivities (4e, 4f). Of note, both the brominated (4e) and
iodinated (4f) y-lactam products were improved to 98% ee after a single recrystallization in ethyl
acetate. Replacing the phenyl moiety with a sterically more demanding naphthyl moiety provided the
desired lactam product (4g) with 95% yield and 84% ee. A substrate with the heteroaromatic thiophene

(4h) afforded a lower yield with 88% ee.

H
[
N, A-Ru10 (0.1 mol% N
R/\/\g 0 ( 0)> Rvo
*« 1,2-dichlorobenzene
3b-q 0O 4°C,30h (S)-4b-q
ROVEER S WS G U o
Me OMe NO, Br
4b? 4c 4d 4e°
96% yield 99% yield 84% yield 96% vyield
90% ee Z\Zﬂ% ee 90% ee 86% ee
& S &
o, O v N
4f2 4q 4i
92% yield 95% yield 66% yleld 61% yield
84% ee 84% e 88% ee 86% ee
e P p
X A N
\Ph \PMP \TMS
4j F 4] 4m
78% yield 74% yleld 81% yield 70% yield
90% ee 90% ee 80% ee 88% ee
0 H
- N
N NH
Ph
4n 4p 4q
42% yield 4% yleld 54% vyield 92% yield
60% ee 92% ee 42% ee 80% ee
>20:1 d.r.

Figure 4. Substrate scope.

Next, we performed reactions of 1,4,2-dioxazol-5-ones with alkynyl substituents adjacent to the
y-C—H group which afforded chiral y-alkynyl lactams in 61-81% yield and with up to 90% ee (4i-m).
It is noteworthy that a terminal alkyne (y-lactam 4i) and TMS-functionalized alkyne (y-lactam 4m)
were not included in previous reports on the direct enantioselective C—H amidation using
1,4,2-dioxazol-5-ones. Finally, with respect to substrate scope, a vinyl group next to the y-C—H
afforded the y-vinyl lactam 4n with modest 42% yield and 60% ee. If the y-C—H is not activated by a
n-system, the yields are low as shown for the adamantyl product 40. The synthesis of a chiral
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isoindolinone (4p) and a desymmetrization generating two stereocenters (4q) are also shown in the

substrate scope.
2.2.5 Synthetic Applications

The practical value of our developed C—H amidation catalyst was demonstrated in a gram-scale
synthesis of (S)-4e with a catalyst loading of 0.02 mol% (Figure 48a). Interestingly, the isolation of
the desired C—H amidation product was performed without column chromatography by only
precipitation and crystallization in 74% yield and with 98% ee. It is noteworthy that the catalyst
loading can be further reduced to merely 0.005 mol% to provide (5)-4e with 56% yield and 98% ee
(TON number = 11200) at the same reaction scale. We believe this is the highest TON number
reported for asymmetric transition-metal complex catalyzed ring-closing C—H nitrogenations. A
gram-scale synthesis was also demonstrated for the terminal alkyne-functionalized y-lactam (S)-4i and
obtained in 60% yield with 84% ee. Chiral y-lactams are useful intermediates for the synthesis of
bioactive molecules such as natural products and drugs. For example, the y-lactam (R)-4e has been
reported as an intermediate for the synthesis of a compound for the treatment of inflammatory
disorders and a hydroxamate-based inhibitor of deacetylases B. Chiral y-lactam (S)-4i, containing a
terminal alkyne, was reported as a synthetic intermediate used in the total syntheses of the natural
products (-)-isoretronecanol, (-)-Heliotridane,*® and the GABA aminotransferase and glutamic acid
decarboxylase inhibitor (S)-(+)-4-amino-5-Hexynoic acid® (Figure 48b). (S)-4i was previously

synthesized in multiple steps starting from chiral amino acids or amino ester.
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(a) Gram-scale synthesis of (S)-10e and (S)-10i:
3e A-Ru10 (x mol%)
4 mmol (1.13 g) acetonitrile \©\<j
no chromatography required (S)-de

Cond. A: 0.02 mol% cat. atr.t. 98% ee, 74% yield
Cond. B: 0.005 mol% cat. at 40 °C 98% ee, 56% yield

3i A-Ru10 (0.1 mol%)

6.5 mmol (0.99 g) 1 2. dlchlorobenzene \v

4°
(S)-4i
84% ee, 60% yield

(b) Product transformations of (S)-10i:
OH

H Me H
SR clre s
—

N N

(-)-Isoretronecanol (-)-Heliotridane

(S)-4i =
L HO Y

ref.3b NH,
(S)-4-amino-5-hexenoic acid

N

w\

ZT

Q{/
|

Figure 48. Gram-scale reaction with low catalyst loading and further transformations. (a) Gram-scale
synthesis of (S)-4e and (S)-4i. (b) Synthetic applications of (S5)-4i.

2.2.6 Mechanistic Study

The proposed mechanism is shown in Figure 49. The reaction is initiated by ruthenium
coordination to the 1,4,2-dioxazol-5-one (intermediate II). A subsequent fragmentation and release of
CO; gas generates the ruthenium-imido intermediate II1, followed by stereocontrolled insertion of the
nitrene moiety into the C—H bonds (IV) and subsequent release of the lactam product finish the whole

catalytic cycle.

We started our mechanistic study by investigating the influence of the relative stereochemistry of
the new ruthenium catalyst scaffold on promoting C—H amidation reactivity. The complex RulQ
features non-C,-symmetry, whereas all catalysts previously developed in our group for asymmetric
C-H aminations (Rul and Ru6-7) display C>-symmetry, but only provide the undesired Curtius-type
rearrangement products (Table 2, entries 4-6). To evaluate the importance of the relative
stereochemistry around the metal center, and the potential electronic role of the rNHC ligands, we
synthesized the C,-symmetric diastercomer of Rul0 (C,-rNHCRu) and subjected it to standard
reaction conditions with dioxazolone Rul0. Revealingly, the Curtius-type rearrangement product 11

was formed as the major reaction product in 60% yield with only 38% C—H amidation, demonstrating
4
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that the relative stereochemistry of Rul0 has a significant effect on the reaction outcome (Figrue

50a).

H

¢}
-71.3 [Ru] «o
|
0 0.0
E 0 O
[Ru]=l\.f\\ [Ru]—N':g 1.9
H™™ .
v R
C-H amidation _ R
TS: 8.4 [RUFEN_o
19.8 M CO,
Curtius rearrangement : R
TS:-7.0 V

R/\/\NCO -63.3

Figure 5. Proposed mechanism. Dr. Shuming Chen from the Houk group at UCLA performed the DFT

calculations.

An intermolecular KIE value of 1.2 was determined by measuring initial C—H amidation rates of
non-deuterated and bis-deuterated substrates (Figure 50b). The C-H amidations with substrate
bearing a benzylic-CHD stereocenter were tested by using different Rul0 catalysts. Both A- or A-
Rul0 gave a KIE value of 1.1, while C2-rNHCRu, the C>-symmetric diastereomer of Rul0, afforded
a KIE value of 1.3. Low KIE values were also obtained in related work by Chang, Yu, and Chen using
dioxazolones as nitrene precursors.*>® These results indicate a singlet nitrene insertion with a
concerted N-C and N-H formation pathway,” although a stepwise radical reaction through a triplet
nitrene cannot be totally excluded. We also tested the stereochemistry of the reaction by subjecting the
non-racemic (98% ee) chiral substrate (R)-3a-Me to the C—H amidation conditions. As a result,
(S)-4a-Me with retention of configuration at the reacted carbon was obtained as the major product
with both A- and A-Rul0, but the A-catalyst reacts significantly faster with higher yield and affords
the y-lactam with a higher enantiomeric excess, thus revealing a high stereochemical discrimination
between the two enantiotopic C—H bonds (Figure 50c¢).

Transition metal nitrenoids have been reported to transfer the nitrene fragment to phosphines to
furnish iminophosphoranes.®!° To gain experimental evidence for the formation of an intermediate
ruthenium nitrenoid in our catalytic system, we performed a trapping experiment with PPh; using a

dioxazolone substrate (3t) that is not capable of undergoing an intramolecular 5-C—H insertion (Figure
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50d). As a result, the expected iminophosphorane 4t was formed in 81% yield under our standard
reaction conditions which is consistent with our assumption that the ruthenium-catalyzed reaction

proceeds through an intermediate ruthenium nitrenoid.

a) Control experiment with C,-symmetric rNHCRu:

H . \

C2-rNHCRu Ph\wo 5 P~ ANCO 5

% tandard d. i 60% (5) :
Stanaard cond. 38% (4a) i Curtius rearrangement ;

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

b) Kinetic isotope effects:

standard cond. ' D,
MK kKo '<_/V/ or Ph'g

4a-d,-1
3a(X= H)°r3a'd2' (X =D) A-Ru10. KIE=12
D
standard cond. /,
‘ ————>» Ph
D O ke/Kp
(0]
3a-d,-2 4a-d2-2 4a-d2-3

A-and A-Ru10: KIE=1.1

. . C,-rNHCRu: KIE=1.3
c) Probing the stereochemistry:

I\=/Ie

H
2 standard cond. Me, N
\ > % 0]
M o Ph ,<j
'e) (S)-4a-Me
(R)-3a-Me (98% ee) A-Ru10 54% yield, >98% ee

A-Ru10: 9% vyield, 92% ee
d) Trapping of Ru-nitrenoid intermediate:

Ph N, standard 0
\/\r I h/\)LN—PPhs

conditions
O~< R™ "N=[Ru] (2 eq)

proposed Ru-nitrenoid 81 % yleld
Figure 50. Control experiments for elucidating the mechanism.

Calculated structures of ruthenium N-acylnitrenes (a—c) formed with the three model catalysts
Rul2, its C>-symmetric diastereomer, and Rul, are shown in Figure 51. Both Rul2 and C;-Rul2
bear INHC ligands, while Rul has normal NHC (nNHC) ligands. Hirshfeld charge analysis shows that
rNHC-bearing a (from Rul2) and b (from C;-Rul2) have more electron-rich nitrene fragments
(highlighted in green) than ¢.!! This is consistent with the expected higher 6-donating ability of INHC
over nNHC ligands.!”? The calculated structures also reveal another factor that influences the
electron-richness of the nitrenes, namely NCH---O=C hydrogen bonds between the carbonyl group of
the acylnitrene and the polarized C—H bond in 2-position of the closeby pyridyl ligand. This

NCH---O=C hydrogen bond is significantly stronger in b (2.17 A) and ¢ (2.05 A), which are both
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derived from C,-symmetric catalysts, than in a (2.30 A) derived from a non-Cs-symmetric catalyst. In
a, the metal’s coordination bond to one of the pyridine nitrogens is lengthened (2.24 A, versus 2.15 A
in b and c¢) due to being positioned trans to the strongly c-donating rNHC carbene carbon.!* The
longer Ru—N(pyridine) bond leads to a more electron-rich pyridine nitrogen and a less acidic a-CH
bond which consequently weakens the NCH---O=C hydrogen bond in a over b and ¢. Both Hirshfeld
charges and orbital energies (see Figure 51) show that the overall nucleophilicity of the nitrene
fragment decreases in the order of a>b>c, predicting that rNHC-bearing, non-C>-symmetric catalysts

should be the most selective for C—H amidation, in agreement with the experimental results (Table 2,

entries 1-3)
L)
ey,
MesN—"-. | N0
Mes”fﬁ“‘“m—{
YN M
=
a e c
rNHC (strong o-donation) rNHC (strong o-donation) nNHC (weak o-donation)

weak NCH...O=C H-bond strong NCH...0=C H-bond strong NCH...0=C H-bond

HOMO: -10.57 eV HOMO: -10.64 eV HOMC. ..

LUMO: -8.19 eV LUMO: -8.28 eV LUMO: 8.75 eV
Total -0.12 -0.11 -0.06
Hirshfeld
Charge
of Nitrene
Fragment nucleophilic nitrene electrophilic nitrene
(favors C—-H amidation) (favors Curtius rearrangement)

Figure 51. Calculated structures of ruthenium nitrene complexes at the B3LYP-D3/6-31G(d)-LANL2DZ
(Ru) level of theory. Interatomic distances are in Angstroms (A). Bolded numbers in orange indicate
hirshfeld charges on individual atoms. Calculations performed by Dr. Shuming Chen (Houk group, UCLA).

Figure 52 shows the calculated transition states for the C-H amidation and Curtius
rearrangement with substrate 3a and the catalysts Rull (non-C>-symmetry) and Rul (C-symmetry).
For Rull, C-H amidation proceeds with a barrier of 11.4 kcal/mol, 1.4 kcal/mol lower than for the
Curtius rearrangement pathway. This result is in excellent agreement with the experimentally observed
product ratio (4a:5 = 92:7, AAG* = 1.6 kcal/mol). For Rul, Curtius rearrangement is more facile with
a barrier of 10.5 kcal/mol, while the C—H amidation barrier increases to 15.1 kcal/mol. The large AAG*

of 4.6 kcal/mol is consistent with the experimental observation that Rul leads exclusively to the
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Curtius rearrangement product.

Aside from higher nitrene electrophilicity, we hypothesized that steric factors may also play a role.
In Rul two mesityl groups are in close vicinity to the active site and may disfavor C—H amidation
because of the more sterically demanding transition state, in which the nitrene alkyl chain must fold

into a particular conformation in order to cyclize.

| | \
Me_rL \T ‘ Me.N \N M —r
G WN" o x WN"g \
Ph__z N’Ru‘\-ry‘ Ph 2 N’Ru‘\-N’_”‘ J o~
9 R g T\_Ph
| I

C-H Amidation TS

AG¥=11.4
(AAGT = 0.0)

Curtius Rearrangement TS

AGH=128 TS-2
(AAGT = 1.4)
Experimental AAG* = 1.¢

MeCN, CO, ‘/i
—d
<

MeCN, CO, ‘/i

/N" N M /NT TN I
MesN = MesN Sy
<\:f| X &YI N
N NG H- NN Ph
g ]

C-H Amidation TS Curtius Rearrangement TS

AGY =15.1 18-3 : AGF=10.5
(AAGH = 4.6) : (AAG* = 0.0)
Experimental AAGY > 2.5 i

Figure 52. Calculated C-H amidation and Curtius rearrangement transition states at the
M06-D3/6-311++G(d,p)-SDD (Ru), SMD (1,2-dichlorobenzene) // B3LYP-D3/6-31G(d)-LANL2DZ (Ru)
level of theory. Interatomic distances are in dngstrdms (A). Energies are in kcal/mol. Activation barriers are
calculated with respect to the lowest-energy conformers of Ru nitrene intermediate III. Calculations
performed by Dr. Shuming Chen (Houk group, UCLA).

Finally, the Houk group helped us for calculating C—H amidation transition states for the reaction
3a—4a catalyzed by A-Rull, leading to different enantiomers of the lactam product. TS-1, which
leads to the major enantiomer (S)-4a, is favored by 1.9 kcal/mol, in good agreement with the observed
e.r. of 94:6 (AAG* = 1.6 kcal/mol). A stabilizing n-n stacking interaction exists between the nitrene
phenyl group and the tfNHC ligand. In TS-1-ent, the cyclizing nitrene fragment is oriented quite
differently, with two weaker n-r stacking interactions between the nitrene phenyl group and the phenyl
substituents on the INHC ligands (Figure 53).

The calculations also established the energetic feasibility of the proposed catalytic cycle (Figure

3). After coordination of the substrate to the Ru center, extrusion of CO; to furnish Il is exergonic
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(-17.9 kcal/mol for Rull and 3a). Both C—H amidation and Curtius rearrangement pathways have low
barriers, consistent with the observation that the reactions generally proceed at room temperature or

below.

n'.!Nn r\(\ w e r’\l"\'

g
I
©-H Amidation TS (Major) ars f ,f EctiAncett I o) H"(’ "t
: TS-1 ry 4Gt =132 TS-1-emt 4 r
AG* =114 ' 4 (BAGH = 1.8)
(AAGH = 0.0) — -
Experimental AAGT =

Figure 53. Calculated C—H amidation transition states leading to major and minor lactam enantiomers. at
the M06-D3/6-311++G(d,p)-SDD (Ru), SMD (1,2-dichlorobenzene) // B3LYP-D3/6-31G(d)-LANL2DZ
(Ru) level of theory. Interatomic distances are in dngstrdms (A). Energies are in kcal/mol. Activation
barriers are calculated with respect to the lowest-energy conformer of Ru nitrene intermediate III.
Calculations performed by Dr. Shuming Chen (Houk group, UCLA).

2.2.7 Conclusions

In conclusion, we explored the applications of a new class of chiral ruthenium catalysts Rul0.
The new ruthenium catalysts exhibited an exceptional catalytic activity for the enantioselective C—H
amidation of 1,4,2-dioxazol-5-ones to chiral y-lactams, reaching TON of up to 11200 (0.005 mol%
catalyst loading). We believe that such a low catalyst loading are unprecedented for enantioselective
C—H nitrogenations with non-enzymatic catalysts. Interestingly, the C,-symmetric diastereomer of
Rul0, as well as previously reported C>-symmetric ruthenium catalysts suitable for enantioselective
C—H aminations, provided instead an undesired Curtius-type rearrangement as the main product. In
this catalyst architecture, the relative metal-centered stercochemistry (non-C vs. C>-symmetry) is
therefore crucial for the reactivity and fate of the catalyzed reaction, while the absolute metal-centered
stereochemistry (A vs. A) determines the absolute configuration of the C—H amidation product. Thus,
whereas C,-symmetric chiral transition metal catalysts are typically desirable for reducing the number
of competing processes and transition states, in this catalyst architecture only the diastercomer with

lower symmetry provides the desired catalytic activity.
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2.3 Enantioselective Synthesis of 2-Imidazolidinones by Intramolecular C—-H Amidations
2.3.1 Research Background and Reaction Design

As has been described in the previous chapters, the direct catalytic asymmetric conversion of
prochiral C(sp®)-H into C-N bonds offers an efficient synthetic route to non-racemic chiral

nitrogen-containing molecules. This has been applied to the catalytic asymmetric synthesis of cyclic

11-12 13-16

sulfamidates,'?  sulfamides,*® sulfonamides,””'® carbamates, lactams, Boc-protected
pyrrolidines,'”!® and related Boc-protected heterocycles (Figure 54).!° However, interestingly, urea
derivatives as nitrene precursors leading to chiral cyclic urea, specifically 2-imidazolidinones, are
absent from this list. This is unfortunate considering the prevalence of chiral 2-imidazolidinones in
bioactive compounds and their use as chiral auxiliaries.?>*! Furthermore, chiral 2-imidazolidinones can
be converted in a single step to chiral vicinal diamines which are valuable building blocks for the

synthesis of medicinal agents, natural products, chiral ligands, and chiral catalysts.?*>* It was thus the

goal to fill this gap and develop an enantioselective intramolecular C-H amination of urea derivatives.

(a) Chiral azacycles via intramolecular nitrene insertion

(ONp @) Q.0 | Q.0
H]\l\,i\j H‘N’S‘N’R H]\l\,;s;@
R, R)\M# R,

n=0,1 n=0,1 n=0,1

sulfamidates sulfamides sulfonamides
Che, Blakey, Du Bois Katsuki, Zhang, Katsuki, Arnold, Hartwig,
(2002-2008) Arnold (2011-2019) Zhang (2011-2019)
1 %O .
H\N O H\N BOC\N
R R R
carbamates lactams Boc-amines
Davies Chang, Chen, Yu, de Bruin, Meggers
(2006) Meggers (2019) (2017-2019)

(b) Synthesis of cyclic ureas via intramolecular nitrene insertion

0

Ru C-H .
H H [Rulf H H [ Il ] insertion H\NJLN’R' HoN  NHR
>( I:NII >( N ..-> \l /
R™ ... . R™ ... e 3\_/ R
R urea chiral 1,2-diamines

"N" = nitrene precursor

Figure 54. Enantioselective intramolecular amination of prochiral C(sp*)-H bonds. (a) Chiral heterocycles

accessible by this strategy. (b) Reaction design.

As described in chapter 2.3, our ruthenium complexes were very efficient catalysts for activating

1,4,2-dioxazolone substrates for intramolecular C-H aminations providing chiral cyclic
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nitrogen-containing heterocycles. Thus, we envisioned to use similar substrates for the synthesis of
cyclic ureas but no synthetic methods are currently available for their synthesis. During that time, the
previous group member Yuqi Tan found that the N-benzoyloxycarbamates can serve as nitrene
precursors together with chiral-at-ruthenium catalysts to afford cyclic carbamates. The author of this
thesis therefore decided to investigate related N-benzoyloxyureas as nitrene precursors of

intramolecular C—H aminations to synthesize chiral cyclic ureas (Figure 55).

(a) Initial idea on the synthesis of cyclic ureas via intramolecular nitrene insertion

* 0
o]
HN)LN’R
R’ =4
cyclic ureas

RI
l
RN
O release CO,, r.t.

O

Reason for not persue of the reaction:
currently no synthetic method available for substrate synthesis

Ru catalyst

(b) Yugi Tan's exploration on using N-benzoyloxycarbamate as nitrene precursor

E
R/\O/ﬁ\NzRu (Intramolecular nitrene transfer)

(c) Idea of using N-benzoyloxyurea as nitrene precursor for intramolecular amination

S 0]

PN

HN™ N-R

Ru catalyst

base, r.t.

R cyclic ureas

(Intramolecular C-H amination)

Figure 55. (a) Initial idea on the synthesis of cyclic ureas via intramolecular C—H amination. (b) Yuqi Tan’s
pioneering exploration on using N-benzoyloxycarbamates as nitrene precursors for intramolecular nitrene

transfer reactions. (¢) My idea of reaction design for the synthesis of chiral cyclic ureas.

2.3.2 Initial Experiments and Reaction Development

In chapters 2.1 and 2.2 we disclosed enantioselective nitrene insertion chemistry of organic azides
and 1,4,2-dioxazol-5-ones using “chiral-at-metal” ruthenium catalysts with exclusive metal-centered
chirality (only achiral ligands). We anticipated that this novel class of catalysts would allow us to
address the challenge of accessing chiral 2-imidazolidinones by enantioselective C(sp*)-H amination
from judiciously chosen urea derivatives. We initiated our study with the N-benzoyloxyurea 6aa and
envisioned that after release of the benzoate leaving group, an intermediate ruthenium nitrenoid would
form and engage in an intramolecular C—H amination. Indeed, in the presence of 1 mol% Rul and

K»COs (3 equiv.) in CH,Cl, at room temperature for 16 hours, the 2-imidazolidinone 7a was formed in
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quantitative yield and with 86% ee (Table 3, entry 1).
Table 3. Evaluation of the C—H amination reaction’

R T1(PFe),
N° _Me Rul:R=H
| W€ Ru4:R=4-CFsph

Me Iy RuS: R = 3,5-1BU,Ph
077 | N Rus:R=CF,

7N

NENj\ Me  Ru7: R = SiMe,
~
R
0 Ru cat (1 mol%) 0
2 steps K>CO; (3 equiv.
Phayyy 23188 Pho Ao X _KeCOs B equiv) H\NJLN,MG
e Me H CHoCly, r.t., 16 h )
starting material 6aa-ad standard conditions PhH 7a
OMe CF,
O_Ph O _-Bu
x= XU x/om) @ x/ow(@( U
o] o] o] O
6aa 6ab 6ac 6ad
entry catalysts X conditions” yield (%)° ee (%)*
1 A-Rul 6aa standard quant. 86
2 A-Rud 6aa standard quant. 94
3 A-Ru5 6aa standard quant. 95
4 A-Ru6 6aa standard quant. 94
5 A-Ru7 6aa standard quant. (99) 95
6 A-Ru7 6ab standard quant. 94
7 A-Ru7 6ac standard quant 94
8 A-Ru7 6ad standard 27 91
9 A-Ru7 6aa 0.5 mol% cat. quant. 94
10 A-Ru7 6aa 0.1 mol% cat.® quant. 94
11 A-Ru7 6aa 0.05 mol% cat.® 66 93
12 A-Ru7 6aa no base” quant. 94

“Standard conditions: Substrate 6aa-6ad (0.2 mmol), KoCOs3 (0.6 mmol), Ru catalyst (0.002 mmol) in CH>Cl»
(2 mL) stirred at the indicated temperature for 16 h under N unless noted otherwise. Deviations from
standard conditions are shown. “Determined by '"H NMR of the crude products using ClL,CHCHCI; as internal
standard. “Enantiomeric excess determined by HPLC analysis of the crude main product on a chiral stationary

phase. /Isolated yield in brackets. éReaction executed at 40 °C for 24 h. "Increased reaction time of 48 h.

Optimization of the chiral-at-metal ruthenium catalyst (Ru4-Ru7, entries 2-5) improved the

enantioselectivity to 95% ee wusing the trimethylsilyl-modified ruthenium catalyst Ru7.
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Functionalization of the benzoate leaving group with an electron-donating methoxy (6ab) (entry 6) or
electron-withdrawing CFs-group (6ac) (entry 7) slightly affected the enantioselectivity. A pivaloate
leaving group (6ad) only provided the 2-imidazolidinone in 27% yield with 91% ee (entry 8).
Interestingly, the catalyst loading can be reduced down to 0.05 mol% upon increasing the reaction
time to 24 hours and the temperature to 40 °C. (entries 9-11). The addition of a base is not required but

increases the rate of reaction (entry 12).
2.3.3 Substrate scope

To explore the scope of this new method, we applied the reaction conditions to a variety of
N-benzoyloxyurea as shown in Figure 56. Benzylic C(sp*)-H aminations to chiral 2-imidazolidinones
occured with high yields and high enantioselectivities. For example, a para-, meta-, and even a
sterically very hindering ortho-methyl group in the phenyl moiety are well tolerated (products 7d-f,
92-99% yield, 94-97% ee), as well as an electron-withdrawing fluorine (7g) and chlorine substituent
(7h), and an electron-donating methoxy group (7i). A 1-naphthyl group provided the cyclic urea 7j
with 99% yield and 99% ee, while a 2-naphthyl group afforded the cyclic urea 7k with 97% yield and
90% ee. The smaller 2-thiophene moiety provided the cyclic urea 71 with 99% yield but a somewhat
reduced 88% ee. 2-Imidazolidinone 7m with stereocenters in the 4- and 5-position was obtained in
sluggish 29% yield but 89% ee by desymmetrization of an indane substrate using the ruthenium
catalyst A-Ru6 instead of A-Ru7. However, the desymmetrization of a N-benzoyloxyurea derived
from 1,3-diphenyl-2-propanamine provided the 4,5-difunctionalized 2-imidazolidinones 7n with two
adjacent stereocenters as a single diastereomer in 93% yield with 94% ee. Besides C(sp*)-H
aminations at benzylic and allylic positions, ring-closing C(sp*)-H amination is also possible at a
propargylic position in 89% yield and with 87% ee (70). The ring-closing C(sp*)-H amination to
2-imidazolidinones tolerates different N-alkyl substituents as shown in Figure 57. Ethyl, n-butyl,
isobutyl, and phenethyl substituents are well tolerated providing the corresponding N-alkylated
2-imidazolidinones 7p-s in 68-99% yield and with 92-95% ee. However, a benzyl substituents results
in reduced yields of 37% yield for 7t (93% ee). Importantly, the ring-closing C(sp*)-H amination is
applicable to non-alkylated substrates as demonstrated with the product 7u containing two N—H
groups which was afforded in 91% yield and 91% ee. It’s worth noting that a substrate bearing a
N-phenyl substituent (6v) only provided the corresponding C(sp?)-H amination product (7v), which is

not desired in this context but by itself a useful transformation.
52



Chapter 2. Results and Discussion

o o
A-Ru7 (1 mol%)
R\/\NJLN,OBZ g H\NJI\N,Me
l\'/Ie H K,CO3 (3 eq) R
CH,Cl,, r.t., 16 h R
6d-o 7d-o
0 0 0 O
H~ )l\ -M
H\NJI\N,Me H\N)LNIMG H\NJI\NIMe N N €

2

Me

l,'
@",
@:

-n
~ @a

7d 7e
92% yield, 95% ee  99% yield, 96% ee  96% yield, 97% ee  90% yieldg,] 93% ee
0] 0] O 0]
H\NJI\N,Me H\NJI\N,Me H\N N-Me H\N)I\N,Me

QL

/,,'
9
i’ﬂ

Cl 7h MeO 7K
93% yield, 90% ee 99% yleld 92% ee 99Y, yleld 09% ee 97% yield, 90% ee

O o]
P X

H\NJI\NIMe H‘N’4 H\NJLN—ME H\N N,Me

e ] L)
S Bn
& O W 4
X Ph/

a

- Tm@ 7n o
99% yield, 88% ee 29% yield, 89% ee  93% yield, 94% ee  89% yield, 87% ee

't

%,
%
s,

Figure 56. Scope with respect to synthesis of N-methyl cyclic ureas. “A-Rué was used as the catalyst

instead.

_ o
Ph\/\N/l?\N,OBz ARUT (1 mole) H\Nj\N,R

R H K,COs3 (3 eq)
CH,Cl,, rt. 16 0r40 h PR
6p-u 7p-u
X X X X
H< H~, H~ H~
N~ "N\ N” N N” N N~ N"\_-Ph
U LA Oy Y
PR PH Ph° PR
7pa 7qa a 7 a
99% yield, 93% ee  82% yield, 93% ee 68% yneld 95% ee  90% yield, 92% ee
)OI\ )OI\ S Ph
) o iPha -~~~y -OBZ '& 5
PR _., PR ; NN @[ 0 i
Tt 7ub : Ph N :
37% yield, 93% ee  91% yield, 91% ee | H :
: 6v 7v, 79%

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

Figure 57. Substrate scope. Products 7p-r formed with regioisomeric ratios of more than 20:1. “40 h

reaction time. ”16 hour reaction time.

2.3.4 Mechanistic Study

The proposed mechanism is shown in Figure 58. Upon release of benzoic acid from the
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N-benzoyloxyurea, the ruthenium catalyst forms a ruthenium nitrenoid intermediate (I). The ruthenium
nitrenoid from its triplet state subsequently performs a 1,5-Hydrogen atom transfer (HAT) to provide
the radical intermediate II. This is followed by C-N bond formation through radical-radical
recombination to provide the ruthenium-coordinated product (III), which is released to regenerate the
active catalyst for a new catalytic cycle.

The radical mechanism is supported by a significant kinetic isotope effect (KIE) of 4.35, which
was determined with an intramolecular competition experiment using the deuterated substrate 6aa' to
provide the cyclized products 7a' and 7a'" with a ratio of 4.35:1 (Figure 59a). The high KIE value
obtained is a strong indication for the formation of a triplet nitrene intermediate which then engages in
radical chemistry. This is in contrast to our previous work on nitrene insertion of 2-azidoacetamides in
which a KIE value of 1.5 was determined by an analogous intramolecular competition experiment.
That the mechanism proceeds through intermediate radicals is further indicated by an experiment
performed with the diastereomeric substrates (Z£)-6b and (E)-6b (Figure 59b). While (E)-6b formed
(E)-7b under complete retention of the alkene configuration (80% yield, 76% ee), (£)-6b (Z/E ratio >
20:1) was converted to (Z/E)-7b with an eroded Z/E diastereomeric ratio of just 4.4:1 (73% yield, 91%
ee). This can be rationalized with an isomerization from the thermodynamically less stable Z-isomer to
the preferred E-isomer in the course of the C—H amination at the stage of the allyl radical intermediate.
However, the radical is apparently short-lived so that no complete isomerization can occur. As
expected, the Z/E-ratio is temperature dependent with a higher Z/E-ratio at lower temperature (5.1:1 at
4 °C) and a lower Z/E-ratio at higher temperature (2.9:1 at 40 °C). Finally, a radical mechanism is also
supported by the ring-closing C—H amination of the chiral non-racemic substrate (S)-6¢ (89% ee) to
provide (S)-7c¢ under retention of configuration for both catalyst enantiomers (Figure 59¢). However,
while the A-catalyst provides (S)-7¢ with only slightly decreased enantioselectivity (85% ee), the
mismatched A-catalyst leads to a strong erosion of the enantiomeric excess of (5)-7¢ (40% ee). This
erosion in enantiomeric excess is not consistent with a concerted C—H insertion mechanism but rather
indicates a radical pathway in which the A-catalyst matches the S-configuration of the chiral substrate
while the A-catalyst constitutes a mismatch, thus resulting in a slower radical recombination and

subsequent partial racemization.

54



Chapter 2. Results and Discussion

O R~ ,OBz
H\N N-R2 2
[Ru] H*, PhCO,-
R1
_ [RU]=N
[Ru] N\) H
& | R

\ R2 putative triplet
%_ { Ru-nitrenoid
[RuFN* C:é
H
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2.3.5 Synthetic Applications

Chiral 2-imidazolidinones are highly valuable building blocks for the synthesis of bioactive
compounds such as  medicinal agents and natural products. For  example,
(S)-4-phenyl-2-imidazolidinone ((S)-7u) can be obtained from the N-benzoyloxyurea 6u and just 0.2
mol% A-Ru7 in a yield of 74% with almost perfect enantioselectivity of 99.6% ee after a single
recrystallization step (Figure 60a). According to reported procedures, this enantiomerically pure
2-imidazolidine (S)-7u can be converted to the the drug levamisole?* by first thiation of the urea with

t25

Lawesson’s reagent® followed by cycloalkylation with 1,2-dibromoethane.?®?” Analogously, the drug

28 can be synthesized from (R)-7u which was

dexamisole, which is the enantiomer of levamisole,
obtained from 6u using A-Ru7 instead of A-Ru7.2%!
A second example provides a concise route to the bisindole alkaloids topsentine D and spongotine
A (Figure 60b). Accordingly, ring-closing C(sp*)-H amination of the indole-containing substrates 6w
and 6x provided under standard conditions the 4-indolyl-2-imidazolidinones 7w and 7x, respectively,
in high yields and with high ee. These 2-imidazolidinones can be hydrolyzed with concentrated HCI in
AcOH at 85 °C under microwave conditions®? for 10 min to the respective vicinal diamines 8a and 8b
with almost unchanged enantiomeric excess, and constitute intermediates of the natural products
topsentine D** and spongotine A,** respectively. A third example provides access to the

mono-N-methylated 1,2-diamine 8¢ which was reported as an intermediate for the synthesis of a chiral

organocatalyst (Figure 60c¢).*
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(a) Application to chiral 2-imidazolidinones

A-Ru7 )ol\
(0.2 mol%) H-\y" SN-H  ref.25-27 Ne-S
—— l A » ph....q \)
PR (5)-7u Levamisole
0, 1 0,
6u — standard conditions? 74% yield, 99.6% ee

0]

IN

Hen” “n-H
N™ N ref.25-27 NS,
I S U M ot » ph— 1
A-Ru7 Ph)‘ i

(0.2 mol%) (R)-Tu Dexamisole

72% yield, 99.9% ee

(b) Application to natural product synthesis

"I,“'
Ar= X N\ A-Ru7 ﬁ\ +2 Cl; X o
(1.0 mol%) H~ -H HCI
/l?\ +S e N\_/N —_— HsN NH3 ref%3.'3.4.> N~ z
standard N MwW S HN
A~ SNOBZ conditions  Af Ar HN~Z Q/NH
H H 7w (X = H): 8a (X = H): Topsentine D (X = H)
6w (X = H) 95% yield, 96% ee 94% yield, 95% ee Spongotine A (X = Br)
7x (X = Br): 8b (X = Br):

6x (X = Br) 96% yield, 95% ee  98% yield, 94% ee

(c) Application to chiral catalyst synthesis

JOL +2 Cl i Me, Me
H~\" SN-Me H_CI> H3N\_/NH2Me ref.35 N\“/§|/N
& MW & $/N N\_)
PR Ph oF 2
(S)-7a (S)-8¢ PR~ o Ph
95% ee 99% vyield, 93% ee chiral organocatalyst

Figure 60. Applications to the synthesis of medicinal agents, natural products, and a chiral organocatalyst.

“Standard conditions followed by recrystallization in EtOAc/n—Hexane. MW = microwave.

2.3.6 Conclusions

To conclude, we here reported the first example of a ring-closing C(sp®)-H amination of urea
substrates to chiral 2-imidazolidinones in a catalytic enantioselective fashion. Starting from abundant
primary or secondary amines, N-benzoyloxyurea can be synthesized in just 2 steps and
enantioselectively cyclized to cyclic urea under mild reaction conditions and using low loadings of a
chiral-at-metal ruthenium catalyst. This method will be of significant synthetic interest for future
researches since the furnished chiral 2-imidazolidinones and their corresponding chiral 1,2-diamines,

obtained through efficient hydrolysis with HCI, are highly valuable chiral building blocks.
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2.4 Enantioselective Synthesis of Cyclic Carbamates by Nitrene Insertion
2.4.1 Research Background and Reaction Design

Chiral vicinal amino alcohols are indispensable synthetic building blocks. For example, they are
frequently used for the synthesis of bioactive compounds'? and are substrates for the synthesis of
chiral oxazolines, which represent one of the most frequently used class of chiral ligands in
asymmetric transition metal catalysis.* Enantiomerically pure chiral B-amino alcohols are typically
synthesized by accessing the chiral pool, using chiral auxiliaries, or by applying catalytic asymmetric
methods (Figure 61a). However, all these standard methods face significant limitations and
drawbacks. The reduction of a-amino acids is only attractive for naturally occurring amino acid side
chains and the L-stereochemistry.® Chiral auxiliaries, such as Ellman’s sulfinamide,® have to be
employed in uneconomic equimolar amounts, and catalytic asymmetric aminooxygenations of alkenes
often lack a high degree of regioselectivity, and entail other drawbacks such as the use of toxic
osmium in the case of the Sharpless aminohydroxylation.” Biocatalytic approaches have also been
reported but rely on substrates and reaction conditions that are compatible with enzymes.®

An appealing strategy for the asymmetric synthesis of chiral B-amino alcohols starts from
ubiquitous alcohols and builds a C(sp*)-N bond including a stereocenter in a single step through regio-
and enantioselective ring-closing C—H amination chemistry. The Nagib group recently introduced an
impressive method to accomplish this task through a photoredox radical protocol.” However, the
method requires a complicated cocktail out of iridium photocatalyst and chiral copper catalyst, the use
of expensive BARF counterions, in addition to 25 mol% camphoric acid. We envisioned to provide a
stereocontrolled and regioselective B-C(sp’)-H amination of alcohols by exploiting catalytic
asymmetric nitrene insertion (Figure 61b). Great progress has been made for the catalytic asymmetric
synthesis of chiral amines using transition metal nitrenoid chemistry under typically very mild reaction
conditions.'™!> However, a general access to chiral B-amino alcohols in high yields and with high
enantioselectivity through enantioselective nitrene insertion remains an unsolved problem. Sulfamate
esters have been demonstrated to undergo intramolecular ring closing C—H aminations in the presence
of hypervalent iodine reagents to provide cyclic sulfamidates,''® but are difficult to hydrolyze and
would preferably provide y-amino alcohols. The formation of cyclic carbamates through ring-closing
C(sp’)-H amination would be advantageous. Davies provided four examples using

N-tosyloxycarbamates under chiral dirhodium catalysis.!” Unfortunately, yields (62-75%) and
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enantioselectivities (43-82% ee) were only very modest and not of practical value.

a) Overview of representative methods for the synthesis of chiral f-amino alcohols
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Figure 61. (a) Overview of representative methods for the synthesis of chiral f-amino alcohol. (b) Strategy
to chiral b-amino alcohols via transition-metal nitrenoid intermediates. (c) Preliminary results obtained by

the previous group member Y. Tan. (d) My improved results.

The previous group member Yuqi Tan obtained the preliminary result of the ring-closing C-H
amination reaction, which lead to the formation of carbamate product in 98% yield and 82% ee using
our standard chiral-at-Ru catalyst (Figure 61c). We were not satisfied with the obtained
enantioselectivity. The author of this thesis thought if we modified the catalyst and also the leaving

group of the substrate, maybe we could improve the enantioselectivity to above 90% ee (Figure 61d).
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Although, the reaction has been reported with preliminary results, the synthetic utility of this reaction
has not been illustrated. There is still no report for using ring-closing C—H amination methodology to

synthesize chiral 1,2-amino alcohol via nitrene insertion.
2.4.2 Synthesis of New Chiral-at-Ruthenium Catalyst

As the previous group member Yuqi Tan already screened different reaction conditions in the
purpose of getting above 90% ee of the desired carbamate product but often failed. The author of this
thesis decided to start to modify the ruthenium catalyst’s structure. As shown in Figure 62, starting
from ligand10 under standard complexation conditions, the desired rac-Rul3 was obtained in 81%
yield (Figure 62). The catalyst structure of the newly modified rac-Rul3 has been proved by the

single crystal X-ray diffraction study.

Synthesis of rac-Ru13:
o, i
o Q!
N 1) RuCls, HOC,H,OH, 200 °C, 6 h /N’\ | /
2, Mes

F—I (PFe)2

: ot
y Ngr 2) AgPFs, MeCN, 60 °C, 16 h MeS\N\( | NSC'Me
es N N\
ligand10 U
CFs
rac-Ru13
81% yield

Figure 62. Attempts on the synthesis of 7ac-Rul3 based on modification of the NHC moiety.

A-RuAux10 was obtained through the chiral-auxiliary-mediated synthesis. It’s noteworthy that
A-RuAux10 couldn’t be synthesized through the standard auxiliary-mediated synthetic route (the
intermediate auxiliary complexes couldn’t be isolated well by flash column as the two diastercomers
were of the same Ry value), thus, we explored a slightly modified synthetic route which usesd a new

(S)-Auxiliary3 instead of the old one for getting enantiomeric pure A-Rul3 (Figure 63).

Synthetic route of A-Ru13:
CF—l(PFe) (PFe)

CF;
Q Q_Q “jp JI\/)/
iPr
7 N N
\\\N’ (\

MesN (S) Auxmary3 MesN o,, \\\O Acid | A-RU13

MeSN\I/ | \ \C\ CH,Cly, Et;N MeZ“:( I \N/ MeCN
> or !

rac-Ru13 A-(S)-RuAux10

Figure 63. Chiral-auxiliary-mediated synthesis of enantiomerically pure A-Rul3.
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2.4.3 Initial Experiments and Reaction Development

Azidoformates are well-established precursors of alkoxylcarbonylnitrenes upon release of
dinitrogen. However, no reaction occured with phenethyl azidoformate 9aa at room temperature in the
presence of chiral-at-Ru catalyst A-Ru6 (2.0 mol%) (entry 1). Likewise, sulfonyloxycarbamates did
not provide satisfactory results. For example, the N-toluenesulfonyloxycarbamate 9ab afforded
(5)-10ya in 69% NMR yield with just 68% ee (entry 2). The related N-methylsulfonyloxycarbamate
9ac afforded (5)-10a in a higher NMR yield of 94% but with a reduced enantioselectivity of just 62%
ee (entry 3). We next turned our attention to N-benzoyloxycarbamates. Previous work from our
laboratory on intramolecular C—H oxygenations and amino-oxgenations revealed that our chiral-at-Ru
catalysts efficiently generate ruthenium nitrenoid intermediates from N-benzoyloxycarbamates. In fact,
in recent preliminary results we were able to convert the N-benzoyloxycarbamate 9ad to (S)-10a in
88% yield and with 78% ee (entry 4). Using carbamate 9ad we next screened solvents and found that
1,2-dichlorobenzene is the solvent of choice and provided almost quantitative NMR yields (98%) with
improved 82% ee (entry 5). Since we were not able to further improve the enantioselectivity by
modifying the reaction conditions we turned our attention to use modified ruthnium catalyst and
discovered that the newly modified ruthenium catalyst (Rul3) provided an improved enantiomeric
excess of 86% ee under otherwise identical reaction conditions (entry 6). Final improvements were
accomplished by functionalizing the benzoate leaving group. Best results were obtained with
3,4,5-trimethoxybenzoate (9ae) (entry 7) and 2,4-difluorobenzoate (9af) (entry 8) which both afforded
the cyclic carbamate (S)-10a with 90% ee. The 2,4-difluorobenzoyloxycarbamate appears slightly
more suitable due to a somewhat higher reactivity. Finally, without base the reaction proceeded very

sluggish (entry 9) or performing the reaction under air resulted in a slightly reduced yield (entry 10).
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Table 4. Initial experiments and optimization.”

ﬁCF—I (PFe)2 I Q CF—3I (PFs)2
/ N™ "N oM Q\N N Me
H _N //, | N' ¢ NJ ", | N,'C
A~O N 2 mol% [Ru] Mes™ gt Mes™ RS
N —_— 3 HN < N~
al \g/ R\ 2-dichlorobenz. \_P Mes- C/ Fi Ty Mes N,
K,CO; (3 equiv) PR N © NN ©
9aa-9af 0.05M,30°C,20h (S)-10a U | oF
iti 3
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previous catalyst improved catalyst
sé\ Ts 0 (0] O F
9ab
N /ﬁ\o/\/Ph g- © 0 f \o)J\Q o OMe £ \OJ@
3
9aa $ ~oMs 9ac 9ad 9ae OMe 9af F
OMe
Entry Substrate Catalyst Conditions” NMR yield (%) ee (%)°
1 9aa A-Ru6 CH,Cl; at 25 °C without base 0 n.d.
2 9ab A-Ru6 CHxClyat 25 °C 69 68
3 9ac A-Ru6 CHxClyat 25 °C 94 62
& 9ad A-Ru6 CHClz at 25 °C 88 78
5 9ad A-Ru6 standard 98 82
6 9ad A-Rul3 standard 95 86
7 9ae A-Rul3 40 °C instead 97 90
8 9af A-Rul3 standard quant. (99)% 90
9 9af A-Rul3 no base <5 n.d.
10 9af A-Rul3 under air 92 90

“Standard conditions: 9aa (0.2 mmol), K,COs (0.6 mmol), Ru catalyst (0.002 mmol) in
1,2-dichlorobenzene (4 mL) stirred at the 30 °C for 20 h under N, unless noted otherwise. “Deviations
from standard conditions are shown. ‘Conversion. “Determined by 'H NMR of the crude products using
CLL,CHCHCI; as internal standard. “Enantiomeric excess determined by HPLC analysis of the crude main

product on a chiral stationary phase. "Taken from ref. 27. ¢Isolated yield in brackets.

2.4.4 Substrate Scope

With the optimized reaction conditons in hand we investigated the substrate scope.
N-Benzoyloxycarbamates bearing different aryl substituents at the p-position were tested first. As
shown in Figure 64, oxazolidin-2-ones with electron donating methoxy substituents in para- (10b),
meta- (10c¢) or ortho- (10d) positions of the phenyl moiety were obtained in almost quantitative yields
and with excellent enantioselectivities (90-92% ee). A substrate bearing a sterically very hindering
ortho-methyl substituent (10e) was also well tolerated and provided 99% yield and 92% ee. A
4-phenyl substituent on the phenyl moiety (10f) provided almost quantitative yield together with an

excellent enantioselectivity of 98% ee. Different electron-withdrawing groups are also accommodated
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in para-position as demonstrated for an electron-withdrawing fluorine (10g, 99% vyield, 91% ee),
chlorine (10h, 92% yield, 88% ee), or bromine (10i, 99% yield, 90% ee). A 1-naphthyl group provided
the cyclic carbamate 10j with 99% yield and 93% ee, while a 2-naphthyl group afforded the cyclic
carbamate 10k with 97% yield and 92% ee. A tryptophol-derived substrate provided oxazolidin-2-one
in 66% yield and 85% ee (101). The smaller 3-thiophene moiety provided the cyclic carabamate 10m
with 77% yield and 93% ee. Oxazolidin-2-one 10n with stereocenters in the 4- and 5-positions was
in 99% indane substrate. A

obtained ee by desymmetrization of an

yield and 95%
N-benzoyloxycarbamate derived from 1,3-diphenyl-2-propanol provided the 4,5-difunctionalized
oxazolidin-2-one 100 with two adjacent stereocenters as a 1.8:1 trans/cis mixture with respective 92%
and 97% ee in overall 83% yield.
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Figure 64. Substrate scope with respect to benzylic C—H aminations. Ar = 2,4-difluorophenyl unless noted

otherwise. “Modified substrate and reaction conditions: Ar = 3,4,5-trimethoxyphenyl and reacted at 40 °C.

Non-benzylic C—H amination reactions are of particular interest since they are more difficult to
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achieve in high yields and with high enantioselectivities. In fact, previous reported ruthenium
catalyzed enantioselective intramolecular C—H aminations at non-benzylic positions from our group
often failed to get satisfactory results. As shown in Figure 64, we investigated propargylic C—H
aminations first and encouragingly found the product 10p was formed in 91% yield and 91% ee under
standard reaction conditions. An electron-donating methoxy substituent on the phenyl moiety provided
cyclic carbamate 10q with 91% yield and 94% ee while an electron-withdrawing fluorine substituent
provided cyclic carbamate 10r with slightly reduced 85% yield and 90% ee. Replacement of the
phenyl moiety with an alkyl group is also accommodated as shown by the alkyne product 10s (84%
yield and 90% ee). The aminated C(sp®)-H bond can also be flanked by an alkenyl group. While
(E)-9t converted to (E)- 10t under complete retention of the alkene configuration (88% yield, 63% ee),
(2)-9t (Z/E ratio > 20:1) was converted to (Z/E)- 10t with an eroded Z/E diastereomeric ratio of 10.3:1
(56% yield, 45% ee). This can be explained with an isomerization from the thermodynamically less
stable Z-isomer to the preferred E-isomer in the course of the C—H amination through an intermediate
allyl radical. However, the radical is apparently not long-lived enough to furnish complete
isomerization. We were delighted to find that a cyclohexene substitutent provided cyclic carbamate
10u in 96% yield and 92% ee. It is noteworthy that the late-stage functionalization of (R)-nopol
provided cyclic carbamate 10v in 87% yield with 96:4 d.r.. In this example, the stereoselectivity of the
C-N bond formation was controlled only by chiral ruthenium catalyst since the racemic ruthenium
catalyst lead to the formation of 10v with only 1:1 d.r.. In addition, C—H amination next to a small
isopropenyl substituent, provided the product 10w in 79% yield with 61% ee. Beside C(sp’)-H
aminations at propargylic and allylic positions, ring-closing C—H amination was also possible at
aliphatic methylene groups without any adjacent activating group. The adamantyl substituted cyclic
carbamate 10x was formed in 99% yield with 99% ee. The n-butyl substituted oxazolidin-2-one 10y
was formed in 53% yield with 80% ee. The late-stage functionalization of 10-undecen-1-ol provided
10z in 41% yield and 79% ee. Finally, a substrate bearing an adjacent chiral center was also employed,
which is the late-stage functionalization of (S)-catronnellol, providing 10za in 18% yield and > 20:1

d.r. as determined by '"H NMR.
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Figure 65. Substrate scope with respect to non-benzylic C—H aminations. Ar = 2,4-difluorophenyl unless
noted otherwise. “Ar = Ph.

2.4.5 Synthetic Applications

For practical purposes it is important to note that the catalytic intramolecular C—H amination of
substrate 9af was tested on a gram scale and proceeded smoothly under standard reaction conditions to
provide (S)-10a in 99% yield with 90% ee (Figure 66a). Upon a following simple recrystallization
step, (S)-10a could even be obtained with > 99% ee. Furthermore, upon addition of the auxiliary after
the reaction, the chiral-at-Ru catalyst was recycled in 78% yield and with >99:1 d.r. as the auxiliary
complex A-(S)-RuAux10. We also investigated follow-up conversions of the carbamate products.
Accordingly, the oxazolidin-2-one (S)-10a (recrystallized with > 99% ee) was converted to the
Boc-protected B-amino alcohol (S)-11 without any loss of enantiomeric excess (Figure 66b, method
A). The aminoalcohol (S)-11 was reported as a valuable synthetic intermediate for the synthesis of
chiral 1,2-diamine®® and also the chiral o-amino acid®!. In another follow-up chemistry using
bis(2-aminoethyl)amine as the ring-opening reagent, the oxazolidin-2-one 10n, bearing two vicinal
stereochenters, was converted to the corresponding chiral amino alcohol (/S,2R)-12 which is a

building block for the frequently used chiral Box-ligand (Figure 66b, method B).*
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(a) Gram-scale synthesis of (S)-16a and catalyst recovery:

standard conditions

9af > HN
3 mmol, 963 mg 2) \_P + A-(S)-RuAux10
Q—( :I o 78% yield, > 99:1 d.r.
“iPr(S)-10a, 482.5 mg
99% yield, 90% ee
(recrystalization)

76% vyield, > 99% ee

chlral auxmary

(b) Synthesis of chiral B-amino alcohol and further transformations:

Method A: Ref.20 BocHN NH,
'

PR

1) Boc,O, EtsN, DMAP . L
chiral 1,2-diamine

(S)-10a __CH)Cly, rt., 16 h » BocHN  OH

> 99% ee 2 Cs,C0O,, MeOH, r.t., 2 h o
BocHN OH
(S)-11 > \
94% yield, > 99% ee Ref.21 PR O
chiral B-amino alcohol chiral a-amino acid
Method B:

HaN o~ NH2 NH,

(S)-10n H (4 equiv) O Ref.22 w,

95% ee 140 °C, 30 h "’

(1S,2R)-12

88% yield, 95% ee chiral Box-ligand

chiral B-amino alcohol

Figure 66. Gram-scale reaction and ring opening of chiral cyclic carbamates.

The utility of our new method for the straightforward synthesis of natural products is shown in
Figure 67. Substrate 9zb undergoes an intramolecular enantioselective cyclization to provide in 92%
yield and with 91% ee (S)-10zb which was reported as an intermediate for the synthesis of the natural
product (-)-aurantioclavine (Figure 67a).>* A second example provides a concise route to the bisindole
alkaloids hamacanthin A and dragmacidin A. Accordingly, ring-closing C—H amination of the indole
containing substrate 9zc¢ provided under standard conditions the cyclic carbamate intermediate
(5)-10zc in 74% yield and 94% ee. Further ring-opening provided the chiral B-amino alcohol 13 in
88% yield with 94% ee which was reported as an intermediate for the synthesis of natural products

hamacanthin A and dragmacidin A (Figure 67b).>
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(a) Synthesis of (-)-Aurantioclavine:
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Figure 67. Synthetic application to natural products.
2.4.6 Conclusions

In summary, we here reported an economic and practical method to chiral oxazolidin-2-ones and
corresponding -amino alcohols, both of which are highly valuable chiral building blocks. The method
is based on a ring-closing C(sp’)-H amination of N-benzoyloxycarbamates using a new
benzimidazol-2-ylidene  carbene  chiral-at-ruthenium  catalyst.  2,4-Difluorobenzoate  and
3,4,5-trimethoxy benzoate leaving groups afford for most substrates the best results. The
intramolecular C—H amination provides cyclic carbamates in up to 99% yield and with up to 99% ee
for benzylic, allylic, and propargylic C-H bonds. Completely non-activated C(sp®)-H bonds provide
somewhat reduced yields and enantioselectivities. We demonstrated the synthetic value of this new
method with the catalytic enantioselective synthesis of chiral oxazolidin-2-ones as intermediates of the
natural products aurantiolavine, hamacanthin A and dragmacidin A, a chiral amino acids, and a chiral

Box ligand.
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Chapter 3: Summary and Outlook

3.1 Summary

The synthetic access to a variety of newly modified chiral-at-ruthenium asymmetric catalysts has
been accomplished through a chiral-auxiliary-mediated synthetic strategy. These ruthenium catalysts
are composed of two chelating inert NHC ligands, which generate metal-centered chirality, and two
nitrile ligands. The dicationic complexes are complemented by two hexafluorophosphate or
tetrafluoroborate anions.

Asymmetric Intramolecular C-H Aminations
with Chiral-at-Ru complexes

R2. R’ P
. 58
Boc N A0 R
21 examples, up to 95% yield 17 examples, up to 99% yield
up to 95% ee up to 98% ee
fAngew. Chem. Int. Ed. J. Am. Chem. Soc. %
2019, 58, 1088. 2019, 741, 19048.
chiral cyclic Boc-amines | Chiral-at-Ru chiral lactams
Asymmetric
chiral cyclic ureas Catalysts chiral cyclic carbamates
¢ Chem just submitted ¢
2020, 6, 2024.
] /[2
HN HN
h N—R2 p
R1J\/ R)\P
27 examples, up to 99% yield 29 examples, up to 99% yield

up to >99% ee up to 99% ee

Figure 68. An overview of this thesis.

The excellent catalytic activity of these chiral ruthenium catalysts has been demonstrated through
diverse asymmetric intramolecular C—H amination reactions. Accordingly, the efficient asymmetric
intramolecular C—H aminations have been applied into the construction of chiral cyclic Boc-amines,
lactams, cyclic ureas, and carbamates in high yields and excellent enantioselectivities. Further
manipulation of these chiral nitrogen-containing heterocycles by performing the one-step ring-open
transformations given rise to the formation of intermediates for the synthesis of drugs, natural products,

chiral ligands, and chiral catalysts.
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1) Catalytic enantioselective intramolecular C—-H amination of 2-azidoacetamides

Asymmetric intramolecular C—H amination of 2-azidoacetamides was catalyzed by a newly
modified ruthenium catalyst Ru7. The desired imidazolidin-4-one products were formed in excellent
yields and enantioselectivities with up to 95% yield and 95% ee (4&i=!FKFKEI5I HIE. ). This work
demonstrated our chiral-at-ruthenium asymmetric catalysts could be applied in challenging

intramolecular C—H amination reactions.
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Figure 69. Catalytic enantioselective intramolecular C—H amination of 2-azidoacetamides.

2) Enantioselective synthesis of y-lactams by intramolecular C—H amidation

The exploration of the catalytic property of the non-C,-symmetric ruthenium catalyst Rul0,
which was first synthesized by the group member Yubiao Hong, has been accomplished. The
non-C-symmetric chiral-at-ruthenium catalyst was applied in highly efficient enantioselective
intramolecular C(sp’)-H amidation for the synthesis of chiral y-lactams. Due to the strong
electron-donating effect of the rNHC ligands, the metal center of the new ruthenium catalyst is more
electron-rich compared with our previous chiral-at-ruthenium catalysts, which instead exhibited

Curtius decomposition via transition-metal acyl-nitrenoid intermediates (Figure 70).
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Figure 70. Enantioselective synthesis of y-lactams by intramolecular C—H amidation.

3) Enantioselective synthesis of 2-imidazolidinones by intramolecular C—H amidation

The enantioselective synthesis of 2-imidazolidinones was accomplished by a chiral-at-metal
ruthenium catalyst Ru7. It has been demonstrated for the first time on the synthesis of chiral cyclic
ureas via ring-closing C—H aminations. The reaction proceeded smoothly and the target chiral cyclic
ureas were formed in up to 99% yield and 99% ee (4&1R!AIEI5|FJR. ). Further ring-opening of
cyclic ureas provided different chiral 1,2-diamines which were already been reported as intermediates

for the synthesis of natural products, and a chiral organo-catalyst.
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Figure 71. Enantioselective synthesis of cyclic ureas by intramolecular C—H amidation.

4) Enantioselective synthesis of f-amino alcohols by nitrene insertion

The enantioselective synthesis of chiral cyclic carbamates was accomplished by a newly modified

ruthenium catalyst Rul3 catalyzed intramolecular C—H amination of N-benzoyloxycarbamates. The
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desired chiral cyclic carbamates were obtained in up to 99% yield and 99% ee with broad substrate
scope. It can be applied in the amination of benzylic, propargylic, allylic and even non-activated
aliphatic C—H bonds. Further ring-opening of cyclic carbamates provided chiral B-amino alcohols as

intermediates for the synthesis of natural products and chiral ligand used in asymmetric catalysis

(Figure 72).
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RW/\O)LN/LG 20 m0|% [RU] »H\NJL§) MeSNJ,"'. \\\\\N,

H H K,CO3 ( 3 equiv) g esN\( \NSC
LG = leaving group up to 99% yield & 99% ee cyclic N IN\ ‘Me
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Figure 72. Enantioselective synthesis of cyclic carbamates by intramolecular C—H amidation.

3.2 Outlook

Considering the diverse synthetic applications of C—H amination products to drugs, natural
products, chiral ligands, and chiral catalysts. Therefore, it should be of high synthetic value for further

investigations on new types of C—H amination reactions.

1) Synthesis of new chiral N-heterocycles by asymmetric intramolecular C—-H aminations: This
thesis showed the synthesis of four different chiral N-heterocycles by asymmetric intramolecular C—-H
aminations, there are still some untapped structure motifs' which could be constructed through
ruthenium catalyzed asymmetric intramolecular C—H amiantions, such as the structures shown in

Figure 73.

74



Chapter 3. Summary and Outlook

R Ru] R

IINII N—RU HN N’R

nltrene precursor

GP. fP
[Ru]
R R\/\o N=Ru HN O
nitrene precursor

Figure 73. Synthesis of new chiral N-heterocycles via asymmetric intramolecular C—H amiantions.
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2) Exploit asymmetric intermolecular C—H amination reactions: Compared with intramolecular
C-H amination reactions, the intermolecular version is more direct for the synthesis of chiral amines.
Cyclic N-heterocycles synthesized via asymmetric intramolecular C—H aminations need further
ring-opening to get final amine products. Thus, some functional groups are not well tolerated. The
intermolecular version has it’s special advantages on the direct and rapid synthesis of chiral amines.
Our ruthenium catalysts have been proved for asymmetric intramolecular C—H aminations, and the

next stage should be asymmetric intermolecular C—H aminations®?
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4.1 Materials and Methods

All reactions were carried out under an atmosphere of nitrogen with magnetic stirring. The catalysis

reactions were performed using standard Schlenk glassware techniques.

Solvents and Reagents

Solvents were distilled under nitrogen from calcium hydride (CH.Cl,, CH3CN) or
sodium/benzophenone (Et,O, THF and toluene). Super-dry solvents, such as 1,2-dichlorobenzene
(from Acros) and DMF (from Sigma Aldrich) were perchased from commercial available source and
used directly without further drying. All reagents purchased from Acros, Alfa Aesar, Sigma Aldrich,

TCI, ChemPur, Merck and Fluorochem were used without any further purifications.

Chromatographic Methods
The course of the reactions and the column chromatographic elution were monitored by thin layer

chromatography (TLC) [Macherey-Nagel (ALUGRAM®Xtra Sil G/UV254)]. Flash column

chromatography was performed with silica gel from Merck (particle size 0.040-0.063 mm).

Nuclear Magnetic Resonance Spectroscopy (NMR)

"H NMR, proton decoupled *C NMR, and proton coupled "’F NMR spectra were recorded on Bruker
Avance 300 system ('"H NMR: 300 MHz and 500 MHz, '*C NMR: 75 MHz and 125 MHz, '°F NMR:
282 MHz) spectrometers at ambient temperature. Chemical shifts are given in ppm on the Jscale, and
were determined after calibration to the residual signals of the solvents, which were used as an internal
standard. NMR standards were used are as follows: '"H NMR spectroscopy: 6= 7.26 ppm (CDCls), 6=
5.32 ppm (CD,Cl,), 6= 2.50 ppm (DMSO-d6), 5= 3.31 ppm (CD;OD); 3C-NMR spectroscopy: & =
77.0 ppm (CDCl3), 6 = 53.8 ppm (CD:Cly), 6 = 118.26, 1.32 ppm (CD3;CN), & = 206.26, 6 = 39.52
ppm (DMSO-d6), § = 49.0 ppm (CD;OD). “YF NMR spectroscopy: & = 0 ppm (CFCl3). The
characteristic signals were specified from the low field to high field with the chemical shifts (J in
ppm). 'H NMR spectra peak multiplicities indicated as singlet (s), doublet (d), doublet of doublet (dd),
doublet of doublet of doublet (ddd), triplet (t), doublet of triplet (dt), quartet (q), multiplet (m). The
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coupling constant J indicated in hertz (Hz).

High-Performance Liquid Chromatography (HPLC)
Chiral HPLC was performed with an Agilent 1200 Series, Agilent 1260 Series HPLC System or
Shimadzu Lc-2030c. All the HPLC conditions were detailed in the individual procedures. The type of

the columns, mobile phase and the flow rate were specified in the individual procedures.

Infrared Spectroscopy (IR)
IR measurements were recorded on a Bruker Alpha-P FT-IR spectrometer. The absorption bands were

indicated a wave numbers v (cm™). All substances were measured as films or solids.

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

natural abundance.

Circular Dichroism Spectroscopy (CD)

CD spectra were recorded on a JASCO J-810 CD spectropolarimeter. The parameters we used as
follows: from 600 nm to 200 nm; data pitch (0.5 nm); band with (1 nm); response (1 second);
sensitivity (standard); scanning speed (50 nm/min); accumulation (5 times). The concentration of the

compounds for the measurements was 0.2 mM. The formula for converting 6 to € is shown as below.

B Olmdeg]
32980x c¢(mol/ L)xL(cm)

Ag

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

Crystal Structure Analysis

Crystal X-ray measurements and the crystal structure analysis were carried out by Dr. Klaus Harms
(Chemistry Department, Philipps University of Marburg) and Sergei Ivlev (Chemistry Department,
Philipps University of Marburg). X-ray data were collected with a Bruker 3 circuit D8 Quest

diffractometer with MoKa radiation (microfocus tube with multilayer optics) and Photon 100 CMOS
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detector. Scaling and absorption 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 SHELXL-2013 or SHELXL-2014. The Flack parameter is a factor used to
estimate the absolute configuration of the coumounds. Disorder of PFs ions, solvent molecules 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 Kriiss P8000-T or Perkin-Elmer 241 polarimeter with [a]p?® or

[a]p® values reported in degrees with concentrations reported in g/100 mL.

78



Chapter 4. Experimental Part

4.2 Catalytic Enantioselective Intramolecular C—H Amination of 2-Azidoacetamides
4.2.1 Synthetic of the Ruthenium Catalysts

1) Synthesis of Racemic Ruthenium Catalysts:

~-R “1(PF¢),
Mes |
N 7 N° N -Me
0.y . {Q\J | W€
N"Br 1. RuClyxH;0, 200 1 Mes” ""Ru\\i
Mes~, S
2\ 2. AgPFe, 60 °C {i:f | NCe
N 51-89% yield N | Ny
i =
ligand2 (R = Ph) rac-Ru2 (R = Ph)
ligand3 (R = 4-tBuPh) rac-Ru3 (R = 4-tBuPh)
ligand4 (R = 4-CF;Ph) rac-Ru4 (R = 4-CF;Ph)
ligand6 (R = CF3) rac-Rué (R = CFj)
ligand7 (R = TMS) rac-Ru7 (R = TMS)

General procedure of racemic ruthenium catalysts synthesis: A solution of RuCl;*xH>O (1 equiv,
0.24 mmol) and ligand (2 equiv, 0.48 mmol) in ethylene glycol (2.4 mL) was heated at 200 °C for 6 h.
The reaction mixture was treated with saturated aqueous NH4PF¢ after cooling down to room
temperature. A yellow precipitate was formed, which was dissolved and extracted with CH>Cl, for
three times. The combined organic layers were washed with water and concentrated under reduced
pressure to obtain an orange solid, which was dissolved in CH3CN (3 mL) followed by adding AgPFs
(76 mg, 0.3 mmol). The mixture was stirred at 60 °C overnight. After cooling to room temperature, the
mixture was filtered, and the filtrate was collected, evaporated to dryness and purified by column
chromatography on silica gel (CH>CL:CH3CN = 200:1 to 20:1) to give pure racemic ruthenium

catalyst.

rac-Ru2: pale yellow solid (204 mg, 74% yield) was obtained. "H NMR (300 MHz, CD,Cl,) ¢ 8.53
(d, J=2.0 Hz, 2H), 8.08 (dd, J = 8.6, 2.1 Hz, 2H), 8.02 (d, J = 2.3 Hz, 2H), 7.65-7.52 (m, 12H), 6.93
(d, J=2.3 Hz, 2H), 6.60 (d, J = 6.3 Hz, 4H), 2.31 (s, 6H), 2.01 (s, 6H), 1.97 (s, 6H), 1.52 (s, 6H). *C
NMR (75 MHz, CD,Cl;) 6 189.6, 152.4, 149.2, 140.6, 137.1, 135.6, 135.3, 135.1, 134.3, 134.2, 130.2,
130.2, 129.8, 129.6, 127.0, 126.0, 125.0, 118.0, 111.8, 21.1, 17.7, 17.5, 4.0. ’F NMR (282 MHz,
CD:ClLy) 6 -71.32, -73.84. IR (film): v (cm™") 2922, 2852, 1511, 1483, 1453, 1422, 1290, 1247, 1142,

1081, 1036, 952, 930, 835, 764, 745, 696, 678, 620, 591, 556, 542, 488, 457, 434, 388.

rac-Ru3: pale yellow solid (212 mg, 0.17 mmol, 56% yield) was obtained from ligand 3 (0.6 mmol).

'H NMR (300 MHz, CD,Cl) § 8.51 (d, J = 1.9 Hz, 2H), 8.07 (dd, J = 8.6, 2.1 Hz, 2H), 8.02 (d, J =
79



Chapter 4. Experimental Part

2.3 Hz, 2H), 7.68-7.52 (m, 10H), 6.93 (d, J= 2.3 Hz, 2H), 6.60 (s, 4H), 2.31 (s, 6H), 2.03 (s, 6H), 1.95
(s, 6H), 1.51 (s, 6H), 1.41 (s, 18H). 1*C NMR (75 MHz, CD,Cl,) 5 189.3, 153.0, 151.9, 148.7, 140.3,
136.5, 135.2, 135.0, 134.0, 134.0, 131.9, 130.0, 129.4, 127.0, 126.4, 125.6, 124.7, 117.8, 111.7, 35.1,
31.4,20.8, 17.5, 17.2, 3.7. ®F NMR (282 MHz, CD,CL) 6 -72.21, -74.73. IR (film): v (cm™") 3138,

2959, 1611, 1490, 1425, 1373, 1309, 1258, 1103, 1033, 932, 834, 738, 629, 588, 554, 434.

rac-Rud: pale yellow solid (348 mg, 89% yield) was obtained from ligand 4 (0.6 mmol). 'H NMR
(300 MHz, CD:CL,) 6 8.57 (d, J=1.9 Hz, 2H), 8.10 (dd, /= 8.7, 2.1 Hz, 2H), 8.03 (d, J = 2.3 Hz, 2H),
7.89 (d, J = 8.3 Hz, 4H), 7.78 (d, J = 8.2 Hz, 4H), 7.67 (d, J = 8.6 Hz, 2H), 6.93 (d, J = 2.3 Hz, 2H),
6.64 (s, 2H), 6.57 (s, 2H), 2.31 (s, 6H), 2.00 (s, 12H), 1.52 (s, 6H). *C NMR (75 MHz, CD:Cl,) ¢
189.7, 152.9, 149.4, 140.4, 138.6, 137.3, 135.2, 134.2, 134.1, 134.0, 131.6, 131.1, 130.2, 129.3, 127.5,
127.1, 127.0, 127.0, 126.9, 126.3, 126.0, 125.2, 122.7, 117.9, 111.9, 21.0, 17.5, 17.3, 3.7. F NMR
(282 MHz, CD,Cl) § -62.90, -71.13, -73.65. IR (film): v (cm™) 1612, 1492, 1426, 1322, 1255, 1166,
1117, 1069, 823, 689, 552.

rac-Ru6: pale yellow solid (246 mg, 72% yield) was obtained from ligand 6 (0.6 mmol). 'H NMR
(300 MHz, CDCL) ¢ 8.55 (s, 2H), 8.21-7.93 (m, 4H), 7.79 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 2.2 Hz,
2H), 6.76 (s, 2H), 6.64 (s, 2H), 2.32 (s, 6H), 2.19 (s, 6H), 2.00 (s, 6H), 1.47 (s, 6H). *C NMR (75
MHz, CD,Cly) 6 189.9, 155.8, 148.6, 141.0, 136.6, 135.1, 134.0, 133.6, 130.2, 126.5, 125.8, 118.6,
112.5,20.8, 17.3, 17.3, 3.9. YF NMR (235 MHz, CD>Cl,)  -62.73, -71.10, -74.12. IR (film): v (cm™")
3144, 2926, 2174, 1620, 1505, 1427, 1382, 1325, 1256, 1174, 1139, 1073, 1039, 929, 830, 736, 708,

626, 583, 554, 506, 463, 435.

rac-Ru7: pale yellow solid (175 mg, 51% yield) was obtained from ligand 7 (0.6 mmol). 'H NMR
(300 MHz, CD:Cl) ¢ 8.43 (s, 2H), 7.97 (s, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H),
6.86 (d, J= 1.8 Hz, 2H), 6.63 (d, J= 6.5 Hz, 4H), 2.31 (s, 6H), 2.17 (s, 6H), 1.98 (s, 6H), 1.49 (s, 6H),
0.40 (s, 18H). 3C NMR (75 MHz, CD,Cl,) 6 190.0, 154.7, 153.6, 143.8, 140.1, 135.0, 134.2, 134.0,
129.9, 129.7, 125.8, 124.6, 117.7, 111.0, 21.3, 17.6, 17.5, 3.6, -1.4. F NMR (235 MHz, CD,Cl,) §
-71.14, -74.16. IR (film): v (cm™) 2955, 2156, 2090, 2054, 2010, 1982, 1948, 1685, 1634, 1595, 1491,

1421, 1327, 1304, 1252, 1194, 1143, 1089, 1035, 931, 833, 760, 694, 627, 590, 553, 429.
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2) Intermediate Ruthenium Auxiliary Complexes:

R T 0 ~R1PFo)
1] (PFe) N | _
P 6/2 N~
Pr N
NN N
(/:\ | e OH @ |
Mes™ N H N (S)-Auxiliaryl _ pes~N O
u —
MesN—""| “Nig.  EGN, CH,Ch, 60°C VSSN~p” | N0
\\,N\(Nj\ Me NN NP
| L
rac-Ru2 (R = Ph) A-(S)-RuAux2 (R = Ph)
rac-Ru3 (R = 4-tBuPh) A~(S)-RuAux3 (R = 4-tBuPh)
rac-Ru4 (R = 4-CF,Ph) A-(S)-RuAux4 (R = 4-CF4Ph)
rac-Ru6 (R = CF5) A-(S)-RuAux6 (R = CF;)
rac-Ru7 (R = TMS) A-(S)-RuAux7 (R = TMS)

General procedure of chiral ruthenium catalysts synthesis: A mixture of racemic ruthenium
catalyst (1 equiv, 0.11 mmol), chiral auxiliary (S)-Auxiliaryl (2 equiv, 62.2 mg, 0.22 mmol) and
triethylamine (3 equiv, 50 puL, 0.33 mmol) in CH>Cl, (3.6 mL) was heated at 60 °C for 18 h. The
reaction mixture was cooled to room temperature and concentrated to dryness. The residue was
subjected to flash silica gel chromatography (CH3CN:CH>Cl= 1:600 to 1:50) to isolate the first
diastereomer which was assigned as A-(S)-RuAux2-4,6-7. The absolute configuration of ruthenium
auxiliary complexes were assigned as A-(S)-configurataion, due to the auxiliary complexes after
removal of auxiliary and got the final ruthenium catalyst’s absolute configuration was
A-configurataion (see assignment of catalyst’s absolute configuration as A-configurataion on chapter
2.1.2, the catalyst’s configuration was assigned by comparing the CD spectra with previous reported

one), thus we assigned here the ruthenium auxiliary complexes as A-(S)-configurataion.

A-(S)-RuAux2: orange solid (33.8 mg, 28% yield). '"H NMR (500 MHz, CD,Cl,) J 8.74 (d, J = 2.0
Hz, 1H), 8.19 (d, J = 2.0 Hz, 1H), 7.95 (d, J= 2.3 Hz, 1H), 7.92 (dd, J = 8.6, 2.2 Hz, 1H), 7.87 (d, J =
2.3 Hz, 1H), 7.74 (dd, J = 8.6, 2.2 Hz, 1H), 7.54-7.43 (m, 7H), 7.42-7.38 (m, 3H), 7.37-7.31 (m, 3H),
7.00 (ddd, J=8.7, 6.9, 1.9 Hz, 1H), 6.89 (d, J = 2.3 Hz, 1H), 6.84 (d, J = 2.2 Hz, 1H), 6.56 (s, 1H),
6.51 (s, 1H), 6.50-6.45 (m, 3H), 6.24-6.18 (m, 1H), 4.29 (dd, J= 9.3, 3.2 Hz, 1H), 4.12 (t, J= 9.1 Hz,
1H), 3.91 (dt, J = 8.9, 3.1 Hz, 1H), 2.28 (s, 3H), 2.05 (s, 3H), 2.00 (s, 3H), 1.95 (s, 3H), 1.61 (s, 3H),
1.42 (s, 3H), 0.55 (d, J = 7.0 Hz, 3H), 0.30-0.19 (m, 1H), -0.03 (d, J = 6.8 Hz, 3H). 3C NMR (126
MHz, CD,CL) 6 197.5, 196.2, 172.0, 165.2, 153.0, 152.9, 148.5, 148.0, 139.5, 137.3, 135.8, 135.4,
135.1, 135.0, 134.7, 134.4, 134.2, 133.9, 133.9, 133.6, 133.4, 130.2, 129.8, 129.6, 129.4, 129.4, 129.1,

129.0, 126.4, 125.6, 125.1, 123.8, 116.6, 115.9, 112.7, 110.8, 110.5, 110.0, 74.9, 66.6, 30.1, 30.0, 20.9,
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20.9, 18.8, 18.5, 17.9, 17.9, 17.4, 13.5. ’F NMR (282 MHz, CD,Cl;)  -71.73, -74.25. HRMS (ESI,
m/z) caled. for CssHseRuN7O, [M-PFs]": 984.3533, found: 984.3565. IR (film): v (cm™") 1605, 1537,

1507, 1471, 1413, 1355, 1322, 1250, 1222, 1067, 969, 921, 836, 756, 685, 580, 553.

A-(S)-RuAux3: orange solid (45.9 mg, yield: 34%). 'H NMR (300 MHz, CD,Cl,) §8.73 (d, J = 2.0
Hz, 1H), 8.20 (d, /= 1.9 Hz, 1H), 7.95-7.82 (m, 3H), 7.75 (dd, J = 8.6, 2.1 Hz, 1H), 7.49 (dt, J = 20.9,
9.3 Hz, 6H), 7.40-7.22 (m, 5H), 6.99 (ddd, J = 8.7, 6.9, 1.9 Hz, 1H), 6.87 (dd, J= 13.1, 2.3 Hz, 2H),
6.61-6.37 (m, 5H), 6.22 (t, J = 7.1 Hz, 1H), 4.29 (dd, J=9.2, 3.2 Hz, 1H), 4.15 (t, J = 9.0 Hz, 1H),
3.96-3.87 (m, 1H), 2.28 (s, 3H), 2.06 (s, 3H), 1.99 (s, 3H), 1.93 (s, 3H), 1.60 (s, 3H), 1.42 (s, 3H), 1.39
(s, 9H), 1.35 (s, 9H), 0.55 (d, J = 6.9 Hz, 3H), 0.33-0.16 (m, 1H), -0.03 (d, J = 6.8 Hz, 3H). *C NMR
(75 MHz, CD:Cly) 6 197.1, 195.9, 171.7, 165.0, 152.7, 152.7, 152.4, 152.3, 148.1, 147.7, 139.5, 139.5,
137.2,135.0, 134.9, 134.7, 134.3, 134.1, 133.9, 133.8, 133.4, 133.3, 132.6, 132.4, 130.1, 129.7, 129.4,
129.4, 129.0, 126.8, 126.5, 126.0, 126.0, 125.5, 125.0, 123.8, 116.6, 115.8, 112.6, 110.8, 110.5, 109.9,
74.9, 66.5, 35.0, 34.9, 31.4, 31.3, 30.0, 20.9, 20.8, 18.8, 18.5, 17.9, 17.9, 17.4, 13.5. ¥F NMR (282
MHz, CD:Cl,) J -71.68, -74.19. IR (film): v (cm™) 2958, 1607, 1486, 1420, 1372, 1320, 1251, 1151,
1068, 1032, 926, 836, 747, 688, 553. HRMS (ESI, m/z) calcd. for CssH72RuN;O, [M-PFe]":

1096.4786, found: 1096.4824.

A-(S)-RuAux4: orange solid (56.7 mg, yield: 41%). '"H NMR (300 MHz, CD,Cl,) 6 8.78 (d, J=2.2
Hz, 1H), 8.22-8.17 (m, 1H), 8.02-7.99 (m, 1H), 7.97 (dd, J = 8.6, 1.9 Hz, 1H), 7.93-7.89 (m, 1H),
7.82-7.76 (m, 3H), 7.73 (s, 1H), 7.71 (s, 1H), 7.58 (d, J = 8.7 Hz, 1H), 7.53-7.41 (m, 6H), 7.05-6.97
(m, 1H), 6.91 (d, J = 2.3 Hz, 1H), 6.86 (d, J = 2.3 Hz, 1H), 6.58 (s, 1H), 6.54 (s, 1H), 6.51-6.44 (m,
3H), 6.28-6.22 (m, 1H), 4.33-4.27 (m, 1H), 4.10 (t, J = 9.1 Hz, 1H), 3.92-3.85 (m, 1H), 2.27 (s, 3H),
2.04 (s, 3H), 2.02 (s, 3H), 1.96 (s, 3H), 1.61 (s, 3H), 1.43 (s, 3H), 0.55 (d, J = 7.0 Hz, 3H), 0.27-0.15
(m, 1H), —0.04 (d, J = 6.9 Hz, 3H). 3C NMR (75 MHz, CD,Cl,) 6 197.5, 196.12 172.0, 165.3, 153.8,
153.6, 148.7, 148.2, 139.6, 139.5, 139.0, 137.2, 135.2, 134.9, 134.7, 134.7, 134.5, 134.4, 134.1, 134.0,
132.1, 131.8, 130.9, 130.8, 130.7, 130.5, 130.1, 129.9, 129.6, 129.2, 128.8, 126.9, 126.8, 126.8, 126.6,
126.6, 126.6, 126.5, 125.75, 125.56, 125.54, 125.34, 123.79, 123.40, 123.38, 116.84, 116.13, 112.87,
110.82, 110.32, 74.8, 66.6, 30.1, 20.9, 20.9, 18.8, 18.5, 17.9, 17.8, 17.4, 13.5. ’F NMR (282 MHz,
CD,CL) ¢ -63.02, -63.04, -71.64, -74.16. IR (film): v (cm™) 2925, 1608, 1531, 1489, 1422, 1379,

1322, 1285, 1251, 1166, 1117, 1068, 1018, 925, 836, 757, 686, 596, 553, 507, 458, 429. HRMS (ESI,
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m/z) calcd. for CeoHssRuFsN;O, [M-PFs]": 1120.3281, found: 1120.3317.

A-(S)-RuAux6: orange solid (39.2 mg, yield: 32%). "H NMR (300 MHz, CD:Cl,) J 8.93 (s, 1H),
8.15 (s, 1H), 8.06 (d, J = 2.4 Hz, 1H), 7.91 (dt, J = 5.3, 2.4 Hz, 2H), 7.73 (dd, J = 8.6, 1.7 Hz, 1H),
7.66 (d, J = 8.7 Hz, 1H), 7.45 (d, J= 8.7 Hz, 1H), 7.38 (dd, J = 8.1, 1.8 Hz, 1H), 6.93 (ddd, J = 8.7,
6.3, 2.6 Hz, 2H), 6.86 (d, J=2.3 Hz, 1H), 6.73 (d, J= 5.3 Hz, 2H), 6.62 (s, 1H), 6.50 (s, 1H), 6.33 (dd,
J=28.6,0.9 Hz, 1H), 6.23 (ddd, /=8.0, 6.9, 1.1 Hz, 1H), 4.29 (dd, J=9.4, 3.3 Hz, 1H), 4.14 (t, J=9.1
Hz, 1H), 3.67 (dt, J = 8.7, 3.1 Hz, 1H), 2.25 (s, 3H), 2.19 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 1.57 (s,
3H), 1.36 (s, 3H), 0.50 (d, J = 7.0 Hz, 3H), 0.06 (d, J = 6.8 Hz, 3H), -0.11-0.31 (m, 1H)."*C NMR (75
MHz, CD,CL) ¢ 172.2, 171.9, 165.6, 156.2, 155.7, 147.8, 147.4, 139.8, 137.0, 136.8, 134.5, 134.2,
134.1, 133.9, 133.9, 133.6, 133.5, 133.4, 130.0, 129.7, 129.4, 129.2, 125.9, 125.6, 122.9, 116.6, 116.2,
114.6, 113.0, 110.5, 110.3, 110.0, 74.1, 66.4, 30.0, 20.4, 20.3, 18.4, 17.8, 17.4, 17.2, 17.0, 16.9, 13.1.
F NMR (235 MHz, CD,Cl,) § -62.73, -71.10, -74.12. IR (film): v (cm™") 3141, 2965, 2924, 2868,
2120, 2083, 2050, 1976, 1928, 1608, 1536, 1500, 1472, 1421, 1381, 1321, 1253, 1225, 1170, 1134,
1066, 1035, 925, 834, 757, 706, 688, 627, 582, 555, 531, 504, 463, 435, 391. HRMS (ESI, m/z) calcd.

for C48H46F6RUN702 [M-PF6]+Z 968.2655, found: 968.2665.

A~(S)-RuAux7: orange solid (44.4 mg, yield: 36%). 'H NMR (300 MHz, CD,CL) J 8.53 (s, 1H), 8.05
(s, 1H), 7.90 (d, J = 2.3 Hz, 1H), 7.82 (d, J= 2.2 Hz, 1H), 7.70 (dd, J= 8.1, 1.3 Hz, 1H), 7.60 (dd, J =
8.1, 1.3 Hz, 1H), 7.45 (dd, J = 8.0, 1.6 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.26 (d, J = 8.1 Hz, 1H),
7.02-6.91 (m, 1H), 6.85 (d, J= 2.3 Hz, 1H), 6.78 (d, J= 2.2 Hz, 1H), 6.57 (t, J= 9.2 Hz, 4H), 6.36 (d,
J=28.4Hz, 1H), 6.17 (d, J = 6.8 Hz, 1H), 4.26 (dd, J = 9.2, 3.2 Hz, 1H), 4.11 (dd, J = 11.3, 6.8 Hz,
1H), 3.88 (d, J = 8.5 Hz, 1H), 2.24 (s, 3H), 1.60 (s, 3H), 1.41 (s, 3H), 0.50 (d, J = 6.8 Hz, 3H), 0.22 (s,
9H), 0.17 (s, 9H), 0.02 (dd, J = 14.3, 7.9 Hz, 1H), -0.09 (d, J = 6.6 Hz, 3H). *C NMR (75 MHz,
CD,CL) 6 154.5, 154.5, 154.4, 1543, 141.3, 141.1, 139.3, 139.2, 137.4, 135.2, 135.0, 134.9, 134.4,
134.0, 133.7, 132.5, 131.9, 130.1, 129.9, 129.6, 129.4, 129.2, 125.4, 125.0, 123.8, 116.6, 115.8, 110.0,
109.4, 74.9, 66.4, 30.0, 21.2, 21.1, 18.9, 18.7, 182, 17.9, 17.6, 13.7, -1.3, -1.4. HRMS (ESI, m/z)
caled. for Cs:HesRuN-02Si> [M-PFe]™: 976.3698, found: 978.3719. IR (film): v (cm™') 2953, 2158,
2117, 2024, 1605, 1537, 1487, 1415, 1379, 1353, 1321, 1249, 1142, 1064, 1035, 960, 924, 836, 754,

687, 622, 584, 554, 505, 413.
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3) Enantiopure Ruthenium Catalysts:

R | (PFg) R | (PFe)

AN
iy oy
N / N~ °N ,Me
N, o TFA NHPFe  pros N, |
Mes Rut T —
| \ CH4CN, r.t. MeS‘N\( |

Mes~N
N\_N ipr U
]l/\)\ Z R

R
A-(S)-RuAux2 (R = Ph) A-Ru2 (R = Ph)
A-(S)-RuAux3 (R = 4-tBuPh) A-Ru3 (R = 4-tBuPh)
A-(S)-RuAux4 (R = 4-CF4Ph) A-Ru4 (R = 4-CF;Ph)
A-(S)-RuAux6 (R = CFj3) A-Ru6 (R = CFjy)
A-(S)-RuAux7 (R = TMS) A-Ru7 (R = TMS)

General Procedure: To a mixture of single ruthenium auxiliary complex (0.044 mmol) in CH3CN
(4.4 mL) was added CF3;COOH (0.44 mmol). The reaction mixture was stirred at room temperature for
5 min, then concentrated under reduced pressure. The residue was subjected to flash silica gel
chromatography (CH3CN:CH,Cl, = 1:100 to 1:10) and added 2 g NH4PFs above the seasand band (to
change the counter anion on the column) to afford chiral ruthenium catalyst as pale yellow solid. The
counter anion exchange will lead to two yellow bands on the column but they are the same compound.

It should be purified within 30 min (It should be eluted fast!).

A-Ru2: pale yellow solid (44.8 mg, 88% yield) All other spectroscopic data of enantiopure ruthenium
catalyst A-Ru2 were in agreement with the racemic catalyst rac-Ru2.

A-Ru3: pale yellow solid (46 mg, yield: 82%). All other spectroscopic data of enantiopure ruthenium
catalyst A-Ru3 were in agreement with the racemic catalyst rac-Ru3.

A-Ru4: pale yellow solid (54 mg, yield: 95%). All other spectroscopic data of enantiopure ruthenium
catalyst A-Ru4 were in agreement with the one of racemic catalyst rac-Ru4.

A-Ru6: pale yellow solid (43.8 mg, 87% yield). All other spectroscopic data of enantiopure ruthenium
catalyst A-Ru6 were in agreement with the racemic catalyst rac-Ru6.

A-Ru7: pale yellow solid (41.6 mg, 82% yield). All other spectroscopic data of enantiopure ruthenium

catalyst A-Ru7 were in agreement with the racemic catalyst rac-Ru7.
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4.2.2 Synthesis of Substrates

J
Br
Br Q
R™SNH L EtN, CHyCly, it Rr\NJ\/Ns
2) NaN, DMF, 50 °C

R2 R2

1a-u
General procedure for the preparation 2-azidoacetamides. To a solution of amines (1.0 equiv, 5
mmol) and EtN (1.0 equiv, 5 mmol) in fresh distilled CH>Cl, (10 mL) was added
bromoacetylbromide (1.05 equiv, 5.25 mmol) in CH>Cl, (2 mL) dropwise at 0 °C. The resulting
mixture was then reacted at room temperature for 4 h. After that, the reaction was quenched by
saturated aqueous NaHCOs3 (10 mL) at 0 °C. The aqueous phase was extracted three times with diethyl
ether. The combined organic phases were washed with brine, dried over Na>SQa. After removal of the

solvent under reduced pressure, the crude mixture was used without any further purification.

To a solution of the above 2-bromoacetamide in DMF (10 mL, 0.5 M) was added sodium azide (650.1
mg, 2.0 equiv). The resulting solution was stirred at 50 °C overnight (14 h to 16 h, monitored by TLC).
After that, a 1:1 mixture of H>O with diethyl ether were added to the reaction mixture, and the aqueous
phase was extracted three times with 10 mL diethyl ether. The combined organic phases were washed
several times (5-8 times) with 10 mL H>O (deionized) to remove DMF. Then it was washed with brine,
and dried over anhydrous Na,SQOs. After removal of the solvent under reduced pressure, the crude
mixture was purified by flash column chromatography on a silica gel column (n—hexane:EtOAc = 1:5

to 1:3, Rr value = 0.4 to 0.6) which resulted in the analytical pure azides.

Compound 1a

0
Ph/\NJ\/N?’
Ph)
1a: white solid. Yield: 95%. "H NMR (300 MHz, CDCL) & 7.34 (m, 8H), 7.17 (m, 2H), 4.68 (s, 2H),
4.41 (s, 2H), 4.01 (s, 2H). 3C NMR (75 MHz, CDCl;) § 168.1, 136.6, 135.6, 129.3, 128.9, 128.6,
128.1, 127.9, 126.4, 50.8, 49.6, 49.1. IR (film): v (cm™) 3028, 2907, 2229, 2169, 2110, 1649, 1492,

1423, 1359, 1290, 1271, 1208, 1168, 1077, 1026, 993, 949, 816, 746, 697, 622, 570, 509, 456.
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Compound 1b

0
/@ANJ\/ N
Me

Me
1b: white solid. Yield: 88%. "H NMR (300 MHz, CDCl3) § 7.31-7.17 (m, 2H), 7.07 (dd, J = 17.3,
11.3 Hz, 4H), 6.93 (d, J = 6.6 Hz, 2H), 4.62 (s, 2H), 4.34 (s, 2H), 3.97 (s, 2H), 2.35 (s, 6H). 3*C NMR
(75 MHz, CDCl;) 6 168.1, 139.2, 138.7, 136.6, 135.7, 129.4, 129.2, 128.9, 128.7, 127.0, 125.7, 123.5,
50.9, 49.6, 49.2, 21.5. IR (film): v (cm™) 3308, 2944, 2099, 1923, 1654, 1619, 1545, 1510, 1474,
1416, 1364, 1321, 1221, 1162, 1115, 1060, 1014, 974, 937, 816, 755, 711, 662, 632, 586, 549, 525,

490, 432, 392.
Compound 1c

0]
@ANJ\/ Ns

Me

1c: white solid. Yield: 79%. "TH NMR (300 MHz, CDCl3) § 7.23-7.09 (m, 6H), 7.01 (d, J = 7.7 Hz,

Me

2H), 4.59 (s, 2H), 4.31 (s, 2H), 3.96 (s, 2H), 2.35 (s, 6H). 3C NMR (75 MHz, CDCL) 5 170.0, 137.0,
137.7, 133.7, 132.6, 130.0, 129.6, 128.7, 126.4, 50.1, 49.2, 48.7, 21.2. IR (film): v (cm™') 2926, 2201,
2098, 1889, 1659, 1485, 1446, 1404, 1343, 1282, 1211, 1163, 1085, 1012, 981, 930, 833, 800, 717,

662, 613, 569, 547, 477, 445, 409.

Compound 1d
Me
NJI\/NS

Me

1d: white solid. Yield: 93%. '"H NMR (300 MHz, CDCL3) § 7.16 (t, J = 26.0 Hz, 8H), 4.72 (s, 2H),
429 (s, 2H), 3.95 (s, 2H), 2.17 (d, J = 28.2 Hz, 6H). ¥C NMR (75 MHz, CDCL;) § 168.3, 136.9,

135.5, 134.0, 133.3, 130.8, 128.4, 127.9, 126.9, 126.4, 124.5, 50.8, 46.9, 19.0. IR (film): v (cm™)
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3024, 2919, 2100, 1656, 1608, 1420, 1349, 1277, 1210, 1175, 1093, 1038, 985, 949, 889, 822, 777,

741, 696, 644, 583, 550, 518, 476, 429.

Compound 1le

Q
PMP/\NJ\/ Ns
PMP)
1e: white solid. Yield: 90%. 'H NMR (300 MHz, CDCls) § 7.17 (d, J = 8.0 Hz, 2H), 7.04 (d, J = 8.0
Hz, 2H), 6.96-6.73 (m, 4H), 4.54 (s, 2H), 4.28 (s, 2H), 3.96 (s, 2H), 3.80 (s, 6H). *C NMR (75 MHz,
CDCls) 6 167.8, 159.4, 159.3, 130.0, 128.7, 127.7, 127.4, 114.6, 114.2, 55.4, 50.8, 48.8, 48.1. IR
(film): v (cm™) 2998, 2925, 2835, 2170, 2098, 1646, 1610, 1583, 1505, 1457, 1418, 1357, 1294, 1237,

1170, 1107, 1026, 926, 835, 808, 755, 709, 631, 598,515, 474, 439, 395.

Compound 1f

Oy

Cl
1f: white solid. Yield: 91%. '"H NMR (300 MHz, CDCly) § 7.32 (dd, J = 15.9, 8.0 Hz, 4H), 7.16 (d, J
= 7.9 Hz, 2H), 7.06 (d, J = 7.8 Hz, 2H), 4.56 (s, 2H), 4.33 (s, 2H), 3.96 (s, 2H). *C NMR (75 MHz,
CDCLy) 5 168.0, 134.9, 134.2, 133.9, 130.0, 129.6, 129.1, 127.9, 50.9, 49.2, 48.4. IR (film): v (cm™)
3119, 2923, 2101, 1657, 1503, 1450, 1421, 1387, 1348, 1282, 1249, 1188, 1148, 1075, 1010, 940, 884,

813, 733, 636, 596, 552, 508, 416.

Compound 1g
0]
O/\NJI\/ N3

Cl

Cl

1g: white solid. Yield: 90%. 'H NMR (300 MHz, CDCl;) § 7.35-6.84 (m, 8H), 4.51 (s, 2H), 4.28 (s,
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2H), 3.90 (s, 2H). “C NMR (75 MHz, CD:ClL,) & 168.4, 139.2, 138.2, 135.4, 134.9, 130.9, 130.5,
128.7, 128.6, 128.3, 127.0, 125.1, 51.0, 49.8, 49.2. IR (film): v (cm™") 3066, 3042, 2923, 2217, 2098,
1647, 1603, 1505, 1460, 1417, 1353, 1279, 1210, 1154, 1097, 1022, 985, 928, 849, 816, 768, 709, 631,

583, 549,519, 489, 423, 400.

Compound 1h

(0]
O
3

FsC

1h: white solid. Yield: 79%. '"H NMR (300 MHz, CDCLs) § 7.62 (dd, J = 17.3, 7.9 Hz, 4H), 7.34 (d, J
= 7.7 Hz, 2H), 7.26 (d, J = 7.6 Hz, 2H), 4.68 (s, 2H), 4.46 (s, 2H), 4.00 (s, 2H). *C NMR (75 MHz,
CDCL) § 168.2, 140.3, 139.4, 128.8, 126.8, 126.4, 125.9, 50.9, 49.8, 48.9. ¥F NMR (235 MHz,
CD,Cly) & -62.90, -62.97. IR (film): v (cm™") 3013, 2921, 2860, 2227, 2193, 2097, 1653, 1510, 1446,

1414, 1353, 1269, 1201, 1167, 1108, 1032, 983, 926, 798, 749, 697, 617, 591, 554, 527, 477, 417, 391.

Compound 1i

Oy

F
1i: white solid. Yield: 93%. '"H NMR (300 MHz, CDCl3) § 7.32-6.87 (m, 8H), 4.56 (s, 2H), 4.34 (s,
2H), 3.97 (s, 2H). 3C NMR (75 MHz, CDCl) & 167.9, 164.1, 160.8, 132.3, 131.1, 130.4, 130.3,
128.2, 128.1, 116.4, 116.1, 115.9, 115.6, 50.8, 49.0, 48.2. F NMR (235 MHz, CD,Cl,) & -115.06,
-115.44. IR (film): v (cm™) 3023, 2944, 2912, 2183, 2099, 1649, 1606, 1450, 1352, 1284, 1215, 1105,

1049, 1024, 990, 948, 934, 875, 838, 811, 747, 713, 639, 583, 547, 512, 483, 435, 408.
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Compound 1j

0]

@/\ Jl\/Nii
\ N

0]

d
1j: colorless oil. Yield: 88%. "H NMR (300 MHz, CDCL) & 7.33 (d, J = 6.7 Hz, 2H), 6.29 (s, 2H),
6.23 (d,J= 19.5 Hz, 2H), 4.56 (s, 2H), 4.32 (s, 2H), 4.09 (s, 2H). *C NMR (75 MHz, CDCl;) 5 167.3,
150.0, 149.0, 143.0, 142.5, 110.5, 109.2, 108.8, 50.4, 43.0, 41.3. IR (film): v (cm™') 3103, 2921, 2100,

1653, 1536, 1446, 1421, 1367, 1331, 1280, 1239, 1203, 1152, 1077, 1041, 983, 934, 844, 825, 697,

586, 551, 514, 463, 408.

Compound 1k

0]
N Jl\/Na
\ N
S
NS
1k: colorless oil. Yield: 82%. '"H NMR (300 MHz, CDCls) § 7.28-6.88 (m, 8H), 4.56 (s, 2H), 4.34 (s,
2H), 3.97 (s, 2H). C NMR (75 MHz, CDCl3) § 167.1, 138.6, 127.7, 127.3, 126.8, 126.3, 126.1,

125.9, 44.9, 43.3. IR (film): v (cm™) 2986, 2105, 1738, 1669, 1459, 1412, 1375, 1347, 1292, 1184,
1100, 1057, 1022, 966, 930, 867, 828, 736, 632, 556, 522, 436, 400.

Compound 11

0]
EtOOC/\NJ\/ Ns
EtOOC
11: colorless oil. Yield: 64%. '"H NMR (300 MHz, CDCl;) § 4.18 (m, 6H), 4.05 (s, 2H), 3.93 (s, 2H),
1.25 (q, J = 7.0 Hz, 6H). ®C NMR (75 MHz, CDCL3) § 168.7, 168.4, 168.1, 62.1, 61.6, 50.5, 49.7,
48.4, 14.2. IR (film): v (cm™) 3061, 3027, 2923, 2853, 2196, 2150, 2098, 1951, 1700, 1644, 1485,
1449, 1419, 1369, 1263, 1223, 1180, 1150, 1080, 1030, 989, 920, 826, 792, 747, 699, 627, 598, 550,

496, 421.

&9



Chapter 4. Experimental Part

Compound 1m
0
Ph/\[}le\/N3
Me
1m: colorless oil. Yield: 86%. '"H NMR (300 MHz, CDCl3) § 7.33 (m, 5H), 4.63 (s, 2H), 3.99 (s, 2H),
2.88 (s, 3H). with rotation ratio: 1.5:1. '3C NMR (75 MHz, CDCL) & 167.8, 167.4, 136.6, 135.7,
129.3, 128.9, 128.4, 128.2, 127.9, 126.4, 53.0, 51.4, 50.8, 50.7, 34.5, 34.0. IR (film): v (cm™") 3047,

2956, 2919, 2860, 2283, 2196, 2152, 2099, 1727, 1648, 1418, 1353, 1320, 1272, 1227, 1172, 1147,

1087, 1010, 943, 912, 835, 797, 743, 649, 591, 559, 514, 419.

Compound 1In

o]
/@/\NJ]\/NS
[}
M
MeO ©

1n: colorless oil. Yield: 95%. '"H NMR (300 MHz, CDCl3) § 7.17 (d, J = 8.6 Hz, 2H), 6.84 (d, J= 8.6
Hz, 2H), 4.51 (s, 2H), 3.93 (s, 2H), 3.77 (s, 3H), 2.82 (s, 3H). With rotation ratio = 1.6:1. *C NMR
(75 MHz, CDCL) 6 167.6, 167.2, 159.4, 159.2, 129.7, 128.7, 127.7, 127.5, 114.6, 114.1, 55.4, 55.3,
52.3,50.7, 50.6, 34.1, 33.7. IR (film): v (cm™") 3069, 3002, 2939, 2862, 2192, 2160, 2106, 2026, 1666,
1614, 1509, 1445, 1418, 1341, 1300, 1262, 1223, 1190, 1165, 1100, 1031, 994, 916, 864, 843, 774,
731, 646, 557, 505, 481, 391.

Compound 10

0]
©/\'}IJ\/N3
Bu
1o: white solid. Yield: 94%. '"H NMR (300 MHz, CDCls) & 7.30 (dd, J = 10.0, 4.6 Hz, 2H), 7.20 (dd,
J=92,53Hz 1H), 7.11 (d, J = 7.1 Hz, 2H), 4.44 (s, 2H), 3.73 (s, 2H), 1.40 (s, 9H). *C NMR (75
MHz, CDCL) § 168.6, 138.3, 129.2, 127.6, 125.4, 58.9, 52.6, 48.0, 28.6. IR (film): v (cm™) 3099,

3027, 2928, 2902, 2854, 2225, 2176, 2147, 2103, 1744, 1659, 1573, 1439, 1416, 1339, 1253, 1183,

1153, 1114, 994, 932, 908, 867, 841, 816, 749, 693, 663, 634, 560, 488, 429.
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Compound 1p

o
&

1p: white solid. Yield: 74%. 'TH NMR (300 MHz, CD,Cl) 5 7.31 (m, 4H), 4.81 (s, 2H), 4.73 (s, 2H),
3.94 (s, 2H). *C NMR (75 MHz, CD,Cl,) & 166.3, 136.4, 136.6, 128.4, 128.0, 123.4, 123.1, 52.8,
52.1, 51.2. IR (film): v (cm™") 3062, 3014, 2959, 2920, 2857, 2262, 2185, 2104, 1765, 1652, 1502,

1431, 1339, 1312, 1270, 1235, 1171, 993, 911, 873, 836, 775, 747, 639, 576, 541, 478, 454, 395.

Compound 1q
0]
NJ\/ Ns
as
1q: white solid. Yield: 61%. '"H NMR (300 MHz, CD,Cl,) 8 7.90-7.81 (m, 2H), 7.78 (s, 1H), 7.74 (s,
1H), 7.53-7.43 (m, 2H), 4.96 (s, 2H), 4.87 (s, 2H), 3.99 (s, 2H). *C NMR (75 MHz, CD,Cl,) § 166.4,
135.2, 135.0, 133.8, 133.5, 128.2, 128.1, 126.5, 126.4, 121.9, 121.7, 52.3, 51.5, 51.3. IR (film): v

(cm™) 3062, 3030, 2925, 2100, 1652, 1486, 1447, 1406, 1355, 1265, 1216, 1111, 1025, 990, 948, 920,
817, 736, 699, 619, 583, 550, 514, 458, 398.

Compound 1r

0
N)l\/ Ns
Cl
Cl
1r: white solid. Yield: 81%. '"H NMR (300 MHz, CDCL3) § 7.42 (s, 1H), 7.35 (s, 1H), 4.80 (s, 2H),
4.73 (s, 2H), 3.95 (s, 2H). BC NMR (75 MHz, CDCl) § 166.2, 136.1, 135.8, 132.7, 132.3, 125.2,
124.8, 52.1, 51.2, 51.1. IR (film): v (cm™) 3002, 2931, 2838, 2101, 1652, 1611, 1509, 1461, 1407,

1354, 1242, 1176, 1112, 1030, 989, 928, 812, 756, 693, 587, 550, 516, 444, 397.
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Compound 1s

O
NJJ\/NS
MeO

MeO
1s: white solid. Yield: 82%. '"H NMR (300 MHz, CDCLs) § 6.79 (s, 1H), 6.73 (s, 1H), 4.77 (s, 2H),
4.69 (s, 2H), 3.95 (s, 2H), 3.88 (s, 3H), 3.86 (s, 3H). 3C NMR (75 MHz, CDCl;) § 166.1, 149.8,
149.5, 127.7, 127.0, 105.9, 105.6, 56.3, 56.3, 52.7, 52.0, 51.0. IR (film): v (cm™") 2987, 2947, 2900,
2838, 2149, 2103, 1650, 1607, 1515, 1454, 1363, 1335, 1281, 1250, 1201, 1107, 1060, 1014, 965, 912,

850, 821, 787, 747, 683, 606, 550, 484, 444, 402.

Compound 1t

0
MeOmJI\/NS
MeO
1t: white solid. Yield: 92%. "H NMR (300 MHz, CDCly) 8 6.61 (m, 2H), 4.65 (s, 2H), 3.99 (s, 2H),
3.87-3.77 (m, 6H), 3.56 (t, ] = 5.9 Hz, 2H), 2.86-2.70 (m, 2H). With rotation ratio = 4:3. 13C NMR (75
MHz, CDCL) 6 166.2, 148.3, 148.2, 126.9, 125.7, 124.9, 123.5, 112.0, 111.5, 109.7, 109.2, 56.2, 51.2,
46.6,44.4,43.1,40.4, 29.0, 28.1. IR (film): v (cm™) 2985, 2949, 2900, 2838, 2205, 2162, 2105, 1651,

1607, 1515, 1454, 1362, 1337, 1282, 1251, 1201, 1106, 1060, 1015, 966, 913, 851, 821, 787, 747, 684,

606, 550, 486, 443, 401.

Compound 1u

0]
H:I[ :N)j\/Ns

1u: white solid. Yield: 73%. 'H NMR (300 MHz, CD,Cl») & 8.08 (d, J = 61.5 Hz, 1H), 7.48 (t, J=7.5
Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.12 (ddd, J = 14.8, 13.8, 6.9 Hz, 2H), 4.71 (d, J = 78.7 Hz, 2H),
4.15-3.99 (m, 2H), 3.98-3.57 (m, 2H), 2.86 (dd, J= 11.5, 5.9 Hz, 2H). *C NMR (75 MHz, CD,Cl,) §
166.8, 136.7, 130.3, 127.2, 122.2, 120.0, 118.2, 111.4, 108.2, 51.3, 43.8, 41.2, 22.3. IR (film): v (cm™")
3292, 3058, 2914, 2846, 2099, 1642, 1446, 1375, 1277, 1215, 1163, 1051, 985, 950, 919, 894, 848,

787,735, 682, 656, 613, 577, 550, 499, 470, 429.
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Compound 1a-d2-1

Ph)D\Nj)\/ Ns
PN

1a-d2-1: colorless oil. Yield: 87%.'H NMR (300 MHz, CD:Cl,) & 7.45-7.29 (m, 6H), 7.25 (d, J= 7.2

Ph D

Hz, 2H), 7.16 (d, J = 7.1 Hz, 2H), 4.61 (s, 1H), 4.36 (s, 1H), 3.97 (s, 2H). *C NMR (75 MHz, CD,CL,)
§ 168.3, 137.2, 136.1, 129.5, 129.1, 128.7, 128.3, 128.0, 126.9, 51.0, 50.0, 49.7, 49.4, 49.1, 48.9. IR
(film): v (cm™") 3060, 3031, 2915, 2099, 1653, 1492, 1443, 1415, 1358, 1266, 1211, 1079, 1020, 981,

920, 837, 814, 726, 699, 612, 553, 502, 454, 396.

Compound 1a-d2-2

0
Ph/\NJ\/ Ns
Ph)r P

D
1a-d2-2: colorless oil. Yield: 91%.™H NMR (300 MHz, CDCl;) & 7.34-7.20 (m, 6H), 7.16 (d, J = 5.2

Hz, 2H), 7.05 (d, J = 6.9 Hz, 2H), 4.56 (s, 1H), 4.28 (s, 1H), 3.89 (s, 2H). *C NMR (75 MHz, CDCls)
6 168.0, 136.6, 135.6, 135.5, 129.3, 128.9, 128.6, 128.1, 127.9, 126.4, 50.8, 49.5, 49.0. IR (film): v
(cm™) 3061, 3029, 2917, 2101, 1653, 1493, 1441, 1414, 1357, 1267, 1211, 1077, 1018, 982, 921, 834,

811, 730, 696, 609, 551, 500, 452, 399.

Compound 1aMe;

0
Ph/\NJ)( Na
Ph)

Me Me

1aMe,: white solid. Yield: 87% "H NMR (300 MHz, CDCL) & 7.57-6.96 (m, 10H), 4.88 (s, 2H), 4.54
(s, 2H), 1.64 (s, 6H). 3C NMR (75 MHz, CDCls) § 172.1, 136.9, 128.9, 128.2, 127.6, 127.1, 64.3,
50.8, 48.9, 25.7. IR (film): v (cm™') 3062, 3033 2978, 2925, 2857, 2469, 2100, 1629, 1494, 1444,
1416, 1361, 1315, 1245, 1172, 1144, 1077, 1025, 944, 896, 849, 816, 739, 696, 615, 589, 555, 508,

470, 429, 413.
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4.2.3 Catalytic Asymmetric Intramolecular C—H Aminations

General procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube
was charged with azides 1a-v (0.2 mmol) and A-Ru7 (2.3 mg, 0.002 mmol, 1 mol%) under N»
atmosphere. Boc,O (55 uL, 0.24 mmol) and super dried 1,2-dichlorobenzene (0.2 mL, 1.0 M) bought
from “Acros” was added via syringe in sequence. The reaction mixture was stirred at the indicated
temperature for the indicated time under N, atmosphere. Afterwards, the mixture was directly
transferred to a column and purified by flash chromatography on silica gel (r—Hexane/EtOAc= 10:1 to
3:1) to afford the analytically pure products 2a-l, 2n-v, and 2a’. Enantiomeric excess was determined
by HPLC analysis on chiral stationary phase. The absolute configuration of the product 2f was

measured by single-crystal X-ray analysis as S-configuration.

Additional experimental informations:
Is the solvent 1,2-dichlorobenzene special? It can be replaced by other solvents with little bit drop of

the catalytic performance.

2+2 PFg
N Twis | 6
P
1 mol% Ru Cat o 7 N" "N .Me
ﬁ\/ Boc,0 (12eq)  BMy (N:’//,,, | N
PN N Mes™ N )
; Uy
1,2-dichlorobenzene PH N Mes~N\(|ﬁ Ng
P H heating, 48 h Boc QNN "Me
6a standard conditions 7a | ~
Z TS
entry catalyst conditions® T(°C) NMRyield (%) ee (%)!
1 A-Ru7 standard 85 84 (80)° 91
2 A-Ru7 Dioxane as Sol. 85 82 90
3 A-Ru7 Chlorobenzene as Sol. 85 79 91

aStandard reaction conditions: 6a (0.2 mmol), BocoO (0.24 mmol), Ruthenium catalyst
(0.002 mmol) in 1,2-dichlorobenzene (0.2 mL) stirred at 85 °C for 48 h under N> unless
noted otherwise. "Deviations from standard conditions are shown. “Determined by 'H
NMR of the crude products using CLLCHCHCI, as internal standard. ‘Enantiomeric
excess determined by HPLC analysis of the crude main product on a chiral stationary
phase. “Isolated yield in the brackets.

How was the reaction executed? All catalytic reactions were carried with a 10 mL Schlenk tube
made by “Synthware” and the vial was sealed under N, atmosphere (see following picture on the left).

94



Chapter 4. Experimental Part

TLC of the reaction involved with standard substrate 1a was monitored after 24 h (n-hexane:EtOAc =
3:1, Product Ry = 0.45, see following picture on the right). When the reaction time was 48 h, the

starting material was fully consumed (>99% conversion).

Compound 2a

Boc.

D=0

W N
\

Starting from 1a (56.0 mg, 0.20 mmol) according to the general procedure to provide 2a as a white
solid (56.2 mg, 80% yield). Enantiomeric excess was established by HPLC analysis as 91% ee
(column: Daicel Chiralpak IG column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 85:15, flow rate 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 19.7 min, t; (minor) = 15.3 min). [a]p?* = +21.6° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz,
CD:CL) 6 7.44-7.36 (m, J = 6.2, 3.6 Hz, 3H), 7.34-7.19 (m, 5H), 7.18-7.09 (m, 2H), 5.62 (br, m, 1H),
5.00 (br, m, 1H), 4.17 (s, 2H), 3.39 (br, m, 1H), 1.42-0.96 (br, m, 9H). *C NMR (75 MHz, CD,CL,) ¢
167.4, 148.2, 138.3, 135.6, 129.3, 128.7, 128.4, 127.8, 127.4, 80.8, 74.7, 48.9, 48.4, 43.2, 27.9, 27.7.

HRMS (ESI, m/z) calcd. for C21H24N>O3Na[M+Na]": 375.1679, found: 375.1687.

Compound 2b

Boc.

BOASoW

Starting from 1b (61.7 mg, 0.20 mmol) according to the general procedure to provide 2b as a colorless
oil (61.4 mg, 81% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(Enantiomeric excess was established by HPLC analysis as 91% ee (column: Daicel Chiralpak ASH
column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10, flow
rate 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 14.9 min, t; (minor) = 36.4
min). [a]p** = +78.6° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CD:Cly) § 7.31-7.15 (m, 3H), 7.13-6.97
(m, 3H), 6.93 (d, J = 6.2 Hz, 2H), 5.57 (br, m, 1H), 4.92 (br, m, 1H), 4.16 (s, 2H), 3.36 (br, m, 1H),
2.35(s, 3H), 2.32 (s, 3H), 1.27 (br, m, 9H). *C NMR (75 MHz, CD;ClL;) 6 167.7, 152.7, 139.0, 135.9,
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130.4, 129.5, 128.9, 128.4, 125.9, 125.1, 81.2, 75.3, 49.5, 48.8, 43.7, 28.4, 28.2, 21.5. HRMS (ESI,

m/z) calcd. for C23H2sN2O3Na[M+Na]™: 403.1992, found: 403.2004.

Compound 2¢

Boc.

Y

Starting from 1¢ (61.7 mg, 0.20 mmol) according to the general procedure to provide 2¢ as a white
solid (63.8 mg, 84% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 70:30, flow rate 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 8.0 min, t; (minor) = 22.0 min). [a]p?? = +86.6° (¢ = 1.0, CH,CL,). 'H NMR (300 MHz,
CD:Cly) 6 7.12 (d, J= 7.8 Hz, 2H), 7.05 (d, J = 7.9 Hz, 4H), 6.94 (d, J = 8.0 Hz, 2H), 5.47 (br, m, 1H),
4.90 (br, m, 1H), 4.02 (s, 2H), 3.21 (br, m, 1H), 2.28 (s, 3H), 2.25 (s, 3H), 1.33-0.97 (br, m, 9H). *C
NMR (75 MHz, CD:ClL,) 6 167.7, 152.7, 139.7, 138.1, 135.6, 135.3, 133.0, 129.8, 128.8, 127.8, 81.1,
74.9, 74.7, 49.4, 48.9, 43.3, 28.2, 21.4, 21.3. HRMS (ESI, m/z) calcd. for C23H2sN2O3Na[M+Na]':

403.1992, found: 403.2006.

Compound 2d

Boc.
GO
Me

Starting from 1d (61.7 mg, 0.20 mmol) according to the general procedure to provide 2d as a white
solid (39.6 mg, 52% yield). Enantiomeric excess was established by HPLC analysis as 87% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 85:15, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 13.9 min, t; (minor) = 20.9 min). [a]p** = +88.4° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,

CD;CLy) § 7.27-7.08 (m, 7H), 6.88 (m, 1H), 5.83 (s, 1H), 5.09-4.88 (br, m, 1H), 4.20 (s, 2H), 3.38 (br,

m, 1H), 2.10-1.92 (m, 6H), 1.48-0.96 (br, m, 9H). *C NMR (75 MHz, CD,CL) ¢ 168.0, 153.0, 137.2,
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136.1, 133.3, 131.3, 131.0, 130.7, 129.4, 128.3, 127.8, 126.9, 126.5, 81.3, 72.2, 49.5, 49.3, 41.6, 28.4,

28.3, 19.2, 18.6. HRMS (ESI, m/z) calcd. for C23H2sN>O3Na[M+Na]': 403.1992, found: 403.2003.

Compound 2e
Boc.

D=0

N

)
MeO \\©\OMG

Starting from 1e (68.1 mg, 0.20 mmol) according to the general procedure to provide 2e as a colorless
oil (78.3 mg, 95% yield). Enantiomeric excess was established by HPLC analysis as 90% ee (column:
Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 50:50, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t;
(major) = 10.0 min, t; (minor) = 14.0 min). [a]p** = +22.4° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CD:Cly) 8 7.16 (s, 2H), 7.09-7.00 (m, 2H), 6.91 (d, J = 8.6 Hz, 2H), 6.86 (dd, J = 6.7, 4.8 Hz, 2H),
5.55 (br, m, 1H), 4.93 (br, m, 1H), 4.13 (s, 2H), 3.83 (s, 3H), 3.78 (s, 3H), 3.32 (br, m, 1H), 1.44-0.99
(br, m, 9H). *C NMR (75 MHz, CD:Cl,) J 167.5, 160.8, 159.8, 152.8, 130.2, 129.2, 128.0, 114.5,
81.1, 74.7, 55.7, 55.7, 49.4, 48.9, 43.0, 28.3. HRMS (ESI, m/z) calcd. for C»3H2sN>OsNa[M+Na]":

435.1890, found: 435.1901.

Compound 2f
N
Cl \\Q\C'

Starting from 1f (69.6 mg, 0.20 mmol) according to the general procedure to provide 2f as a white

Boc.

solid (65.5 mg, 78% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 70:30, flow rate 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 8.9 min, t; (minor) = 12.9 min). [a]p??* = +4.2° (¢ = 1.0, CH,CL,). "H NMR (300 MHz,
CD:Cly) & 7.43-7.34 (m, 2H), 7.30 (d, J = 8.4 Hz, 2H), 7.17 (s, 2H), 7.07 (d, J = 8.4 Hz, 2H),

5.74-5.38 (br, m, 1H), 4.97-4.81 (br, m, 1H), 4.16 (s, 2H), 3.56-3.20 (br, m, 1H), 1.47-1.04 (br, m, 9H).
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3C NMR (75 MHz, CD;Cl,) § 167.8, 152.9, 146.5, 137.1, 135.5, 134.4, 134.1, 130.3, 129.4, 129.3,
81.6, 74.5, 48.7, 43.2, 28.2. HRMS (ESI, m/z) calcd. for C21H2:N203Cl,[M+Na]": 443.0900, found:

443.0911.

Compound 2g

Boc\N

Starting from 1g (69.6 mg, 0.20 mmol) according to the general procedure to provide 2g as a white
solid (68.8 mg, 82% yield). Enantiomeric excess was established by HPLC analysis as 91% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 75:25, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t;
(major) = 10.1 min, t; (minor) = 12.2 min). [a]p** = +6.2° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz,
CD:CL) 6 7.43-7.07 (m, 7H), 7.03 (d, J = 3.9 Hz, 1H), 5.74-5.46 (br, m, 1H), 4.98-4.74 (br, m, 1H),
4.18 (s, 2H), 3.73-3.34 (br, m, 1H), 1.56-1.05 (br, m, 9H). *C NMR (75 MHz, CD:Cl,) 3 167.8,
153.0, 152.4, 140.7, 137.9, 134.9, 130.5, 130.0, 128.8, 128.5, 128.1, 127.0, 126.2, 81.7, 74.8, 49.2,

48.6,43.5,28.2. HRMS (ESI, m/z) calcd. for C21H22N>03Cl:[M+Na]': 443.0900, found: 443.0910.

Compound 2h

Boc.

Starting from 1h (83.2 mg, 0.20 mmol) according to the general procedure to provide 2h as a white
solid (49.8 mg, 51% yield). Enantiomeric excess was established by HPLC analysis as 94% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 70:30, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 4.9 min, t; (minor) = 6.4 min). [a]p??> = +18.4° (¢ = 1.0, CH,Cl,). "H NMR (300 MHz,
CD:Cly) 6 7.64 (d, J = 8.1 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.36 (s, 2H), 7.24 (d, J = 8.0 Hz, 2H),

5.82-5.51 (br, m, 1H), 5.01-4.78 (br, m, 1H), 4.22 (s, 2H), 3.81-3.55 (br, m, 1H), 1.50-0.97 (br, m, 9H).
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3C NMR (75 MHz, CD:Cly) 6 168.0, 153.0, 152.4, 142.7, 142.2, 140.1, 132.05, 131.3, 130.6,
130.4-129.6 (m), 129.2, 128.4, 126.7-125.6 (m), 122.7 (d, J = 13.4 Hz), 81.9, 74.9, 60.7, 49.1, 48.6,
437, 282. YF NMR (235 MHz, CD,CL) & -63.01, -63.08. HRMS (ESI, m/7) calcd. for

C23H22N203F6Na[M+Na]*: 511. 1427, found: 511.1441.

Compound 2i
Boc.

=0

W N

2.

Starting from 1i (63.2 mg, 0.20 mmol) according to the general procedure to provide 2i as a white
solid (56.5 mg, 73% yield). Enantiomeric excess was established by HPLC analysis as 91% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 70:30, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 8.4 min, t; (minor) = 11.4 min). [a]p? = +29.2° (¢ = 1.0, CH,CL,). '"H NMR (300 MHz,
CD:Cl) & 7.38-6.82 (m, 8H), 5.79-5.43 (br, m, 1H), 5.02-4.78 (br, m, 1H), 4.16 (s, 2H), 3.59-3.28 (br,
m, 1H), 1.43-1.00 (br, m, 9H). *C NMR (75 MHz, CD,ClL;) § 167.8, 165.3, 164.5, 162.0, 161.2,
152.6, 134.5, 131.8, 130.7, 130.6, 129.9, 129.8, 116.2, 116.1, 115.9, 115.8, 81.5, 74.6, 49.2, 48.7, 41.6,
43.1, 28.3. ¥F NMR (235 MHz, CD,Cl) & -112.77, -115.06. HRMS (ESI, m/z) calced. for

C21H2:F2N,O3Na[M+Na]™: 411.1491, found: 411.1491.

Compound 2j

L
o

Starting from 1j (52.0 mg, 0.20 mmol) according to the general procedure to provide 2j as a colorless

Boc.

0
0
./

oil (42.5 mg, 64% yield). Enantiomeric excess was established by HPLC analysis as 88% ee (column:
Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 70:30, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 8.6 min, t; (minor) = 18.3 min). [a]p?? = +18.6° (¢ = 1.0, CH,CL,). 'H NMR (300 MHz,
CD:Cly) 6 7.41 (dd, J=12.8, 1.0 Hz, 2H), 6.49 (d, J=15.0 Hz, 1H), 6.37 (ddd, J=20.3, 3.1, 1.8 Hz,

99



Chapter 4. Experimental Part

2H), 6.21 (d, J = 3.2 Hz, 1H), 5.98-5.69 (br, m, 1H), 4.99-4.75 (br, m, 1H), 4.17-3.94 (br, m, 2H),
3.76-3.56 (br, m, 1H), 1.45-1.20 (br, m, 9H). ¥C NMR (75 MHz, CD,CL)  167.8, 150.0, 149.5,
143.7, 143.2, 110.8, 110.8, 109.4, 81.4, 68.6, 63.4, 48.8, 48.1, 36.6, 28.3. HRMS (ESI, m/z) calcd. for

C17H20N205Na[M+Na]*: 355.1264, found: 355.1274.

Compound 2k

NG

Starting from 1k (58.4 mg, 0.20 mmol) according to the general procedure to provide 2k as a white

Boc.

solid (54.6 mg, 75% yield). Enantiomeric excess was established by HPLC analysis as 82% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 60:40, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t;
(major) = 6.4 min, t, (minor) = 15.1 min). [a]p?? = +71.6° (¢ = 1.0, CH,CL,). 'H NMR (300 MHz,
CD:Cly) 6 7.40 (d, J= 5.0 Hz, 1H), 7.29 (dd, J= 5.1, 1.0 Hz, 1H), 7.17 (s, 1H), 7.03 (dd, J = 5.0, 3.5
Hz, 1H), 6.97 (dd, J= 5.1, 3.5 Hz, 1H), 6.92 (d, J = 3.4 Hz, 1H), 6.18-5.90 (br, m, 1H), 5.16-5.00 (br,
m, 1H), 4.15-3.98 (br, m, 2H), 3.93-3.75 (br, m, 1H), 1.45-1.19 (br, m, 9H). ®C NMR (75 MHz,
CD:Cly) 0 167.1, 152.6, 142.6, 138.1, 128.4, 127.9, 127.4, 127.2, 126.4, 81.6, 70.3, 48.6, 48.1, 38.1,

28.3. HRMS (ESI, m/z) calcd. for C17H20N205S,Na[M+Na]*: 387.0808, found: 387.0818.

Compound 21

=0

etooc” N
ookt

Boc.

Starting from 11 (54.4 mg, 0.20 mmol) according to the general procedure to provide 21 as a colorless
oil (50.3 mg, 73% yield, 32% ee). It’s noteworthy that when treated with A-RuS5 instead under general
procedure provided 21 (49.0 mg, 71% yield, 70% ee). Enantiomeric excess was established by HPLC
analysis (column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 70:30, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 9.76 min, t, (minor) = 15.78 min). [a]p?? = +7.6° (¢ = 1.0, CH,Cl,).'"H NMR (300 MHz,

CDCl) 6 5.43-5.31 (m, 1H), 4.43-4.32 (m, 1H), 4.32-4.15 (m, 4H), 4.12-4.00 (m, 2H), 3.95-3.76 (m,
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1H), 1.52-1.38 (m, 9H), 1.35-1.21 (m, 6H). *C NMR (75 MHz, CD,Cl,) & 169.2, 168.9, 167.9, 82.1,
72.6, 62.7, 62.2, 62.1, 61.8, 50.0, 49.1, 42.3, 30.1, 28.4, 28.3, 14.3. HRMS (ESL, m/z) calcd. for

CisH24N2,07Na[M+Na]": 367.1476, found: 367.1485.

Compound 2m

Boc.

=0

<N
© Me

Starting from 1m (40.8 mg, 0.20 mmol) according to the general procedure to provide 2m as a
colorless oil (28.2 mg, 51% yield). Enantiomeric excess was established by HPLC as 95% ee (column:
Daicel Chiralpak TA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 9.3 min, t, (minor) = 10.9 min). [a]p** = +46.2° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz,
CD:CL) 6 7.50-7.17 (m, 5H), 5.90-5.55 (br, m, 1H), 4.09 (s, 2H), 2.60 (s, 3H), 1.55-1.06 (br, m, 9H).
3C NMR (75 MHz, CD;ClL;) § 167.7, 152.9, 138.8, 129.6, 129.1, 127.6, 81.3, 77.4, 49.2, 48.7, 28.3,

26.7. HRMS (ESI, m/z) calcd. for CisH2N>OsNa[M+Na]": 299.1366, found: 299.1366.

Compound 2n

Boc.
N

Starting from 1n (46.8 mg, 0.20 mmol) according to the general procedure to provide 2n as a colorless
oil (39.1 mg, 64% yield). Enantiomeric excess was established by HPLC analysis as 94% ee (column:
Daicel Chiralpak TA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 10.0 min, t, (minor) = 13.0 min). [a]p?? = +52° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CD:CL) 6 7.23 (s, 2H), 6.91 (d, J = 8.7 Hz, 2H), 5.81-5.53 (br, m, 1H), 4.06 (s, 2H), 3.81 (s, 3H), 2.59
(s, 3H), 1.51-1.10 (br, m, 9H). *C NMR (75 MHz, CD:Cl,) J 167.6, 160.8, 152.9, 130.6, 128.9, 114.4,
81.1, 77.0, 55.7, 49.1, 48.6, 28.4, 26.7. HRMS (ESI, m/z) calcd. for CisHN>OsNa[M+Na]":

329.1472, found: 329.1481.
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Compound 20

Boc.

=0

W N
\
@ tBu

Starting from 1o (49.2 mg, 0.20 mmol) according to the general procedure to provide 20 as a white
solid (51.5 mg, 81% yield). Enantiomeric excess was established by HPLC analysis as 23% ee
(column: Daicel Chiralpak ADH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 98:2 flow rate 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 17.0 min, t, (minor) = 20.8 min). [a]p** = +11.0° (¢ = 1.0, CH>CL,). '"H NMR (300 MHz,
CDCL) ¢ 7.38 (d, J = 11.8 Hz, 5H), 6.26-5.90 (br, m, 1H), 4.12-3.84 (br, m, 2H), 1.42-1.32 (br, m,
9H), 1.30 (s, 9H). *C NMR (75 MHz, CD:Cl) J 169.3, 169.0, 152.4, 152.0, 141.3, 129.1, 128.8,
127.7, 127.5, 81.3, 81.0, 75.3, 74.9, 55.7, 49.6, 49.1, 28.4, 28.1. HRMS (ESI, m/z) calcd. for

CisH26N203Na[M+Na]'": 341.1836, found: 341.1836.

Compound 2p

(0]
C@g
N
\
Boc

Starting from 1p (40.4 mg, 0.20 mmol) according to the general procedure to provide 2p as a white
solid (40.5 mg, 74% yield). Enantiomeric excess was established by HPLC analysis as 94% ee
(column: Daicel Chiralpak OJH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 95:5, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t:
(major) = 16.9 min, t, (minor) = 19.2 min). [a]p?* = +123.4° (¢ = 1.0, CH,Cl,). 'H NMR (300 MHz,
CD:ClL,) 6 7.77 (s, 1H), 7.42-7.11 (m, 3H), 6.41 (s, 1H), 5.03-4.93 (br, m, 1H), 4.32-4.12 (br, m, 2H),
3.89-3.59 (br, m, 1H), 1.70-1.44 (br, m, 9H). 3C NMR (75 MHz, CD,Cl,) ¢ 174.1, 154.7, 140.3,
139.6, 129.4, 128.4, 128.0, 123.3, 79.6, 50.7, 49.5, 28.6, 28.4, 28.3. HRMS (ESI, m/z) calcd. for

CisHisN>O3Na[M+Na]": 297.1210, found: 297.1221.
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Compound 2q

4
S

Starting from 1q (50.4 mg, 0.20 mmol) according to the general procedure to provide 2q as a white
solid (42.5 mg, 66% yield). Enantiomeric excess was established by HPLC analysis as 88% ee
(column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 60:40, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t;
(major) = 7.3 min, t, (minor) = 5.7 min). [a]p** = +193.8° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz,
CD:CL) 6 8.43-8.03 (m, 1H), 7.98-7.80 (m, 2H), 7.73 (s, 1H), 7.62 -7.38 (m, 2H), 6.55 (br, s, 1H),
5.25-5.11 (br, m, 1H), 4.45-4.14 (br, m, 2H), 3.89-3.65 (br, m, 1H), 1.78-1.47 (br, m, 9H). *C NMR
(75 MHz, CD:Cly) 0 173.7, 138.6, 137.5, 134.2, 133.7, 128.9, 128.2, 127.0, 126.5, 124.3, 121.9, 81.7,
79.0, 50.8, 48.8, 28.6. HRMS (ESI, m/z) calcd. for Ci9H20N>OsNa[M+Na]": 347.1366, found:

347.1379.

Compound 2r

0O

o

Cl N
Boc

Cl

Starting from 1r (54.0 mg, 0.20 mmol) according to the general procedure to provide 2r as a white
solid (39.0 mg, 57% yield). Enantiomeric excess was established by HPLC analysis as 94% ee
(column: Daicel Chiralpak IB column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 10.6 min, t; (minor) = 8.6 min). [a]p** = +62.0° (¢ = 1.0, CH>Cl,). "H NMR (300 MHz,
CD:CL) 8 7.99-7.66 (m, 1H), 7.39 (s, 1H), 6.44-6.20 (br, m, 1H), 5.03-4.86 (br, m, 1H), 4.35-4.04 (br,
m, 2H), 3.89-3.60 (br, m, 1H), 1.70-1.47 (br, m, 9H). *C NMR (75 MHz, CD:Cl,) J 173.8, 154.8,
140.5, 139.6, 133.5, 132.4, 127.3, 126.4, 125.2, 100.5, 82.1, 78.8, 50.6, 48.9, 28.5, 28.4, 28.3. HRMS

(ESI, m/z) calcd. for Ci1sHi7N203CL,[M+H]": 343.0611, found: 343.0624.
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Compound 2s

0O

o

MeO N
Boc

MeO

Starting from 1s (52.4 mg, 0.20 mmol) according to the general procedure to provide 2s as a white
solid (50.4 mg, 75% yield). Enantiomeric excess was established by HPLC analysis as 89% ee
(column: Daicel Chiralpak [A column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t;
(major) = 11.7 min, t, (minor) = 10.7 min). [a]p** = +199.6° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz,
CDCL) 6 7.25 (d, J=49.2 Hz, 1H), 6.76 (s, 1H), 6.33 (s, 1H), 5.04-4.83 (br, m, 1H), 4.31-4.01 (br, m,
2H), 3.91-3.57 (m, 7H), 1.69-1.40 (br, m, 9H). “C NMR (75 MHz, CD,Cl) § 174.2, 150.9, 149.9,
132.0, 131.4, 108.3, 107.1, 106.1, 81.6, 79.8, 56.4, 56.4, 50.7, 50.4, 49.6, 28.7. HRMS (ESI, m/z)

calcd. for C7H2N,Os[M+H]": 335.1601, found: 335.1613.

Compound 2t

MeO
I :[ :N
MeO fo
N
Boc’

Starting from 1t (55.2 mg, 0.20 mmol) according to the general procedure to provide 2t as a white
powder (33.4 mg, 48% yield). Enantiomeric excess was established by HPLC analysis as 92% ee
(column: Daicel Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, column temperature: 40 °C, retention times: t;
(major) = 11.9 min, t (minor) = 15.3 min). [a]p?? = +56.4° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CDyCly) & 7.36-6.84 (m, 1H), 6.67-6.55 (m, 1H), 6.21 (s, 1H), 4.33-4.04 (m, 2H), 3.80 (s, 7H),
3.72-3.51 (m, 1H), 3.39-3.13 (m, 1H), 3.08-2.89 (m, 1H), 2.73-2.57 (m, 1H), 1.54 (s, 9H). *C NMR
(75 MHz, CD:Cl») 6 168.9, 149.5, 148.5, 128.8, 126.9, 111.8, 110.1, 109.5, 81.6, 71.1, 56.2, 56.1, 49.4,

38.3, 28.5,27.0. HRMS (ESI, m/z) calcd. for CisH24N>OsNa[M+Na]*: 371.1577, found: 371.1588
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Compound 2u

0
:.<N-f
N
N N
H ]

Boc

Starting from 1u (51.0 mg, 0.20 mmol) according to the general procedure to provide 2u as a white
solid (20.2 mg, 31% yield). Enantiomeric excess was established by HPLC analysis as 89% ee
(column: Daicel Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t;
(major) = 7.7 min, t; (minor) = 8.7 min). [a]p?? = +43.0° (¢ = 1.0, CH.Cl). "H NMR (300 MHz,
CDCl) 6 9.36 (s, 1H), 7.50 (d, J= 7.7 Hz, 1H), 7.39 (d, /= 8.1 Hz, 1H), 7.25-7.17 (m, 1H), 7.12 (t, J
=7.0 Hz, 1H), 6.36 (s, 1H), 4.62 (dd, J=13.2, 5.3 Hz, 1H), 4.19-4.05 (m, 1H), 3.92 (dd, J=15.8, 2.0
Hz, 1H), 3.19 (td, J = 12.2, 4.6 Hz, 1H), 3.08-2.90 (m, 1H), 2.80 (dd, J = 15.3, 4.8 Hz, 1H), 1.55 (s,
9H). *C NMR (75 MHz, CDCl3) J 167.6, 155.2, 136.1, 126.1, 123.1, 119.9, 118.9, 111.7, 109.6, 82.4,
68.6, 49.3, 38.7, 28.4, 20.8. HRMS (ESI, m/z) calcd. for CisH21N303Na[M+Na]™: 350.1475, found:

350.1475.

Compound 2a’

Starting from 1a (56.0 mg, 0.20 mmol) according to the general procedure using Cbz,O instead of
Boc,0 to provide 2a’ as a white solid (45.6 mg, 59% yield). Enantiomeric excess was established by
HPLC analysis as 91% ee (column: Daicel Chiralpak ASH column 250 x 4.6 mm, absorption: A = 220
nm, mobile phase: n—Hexane/isopropanol = 40:60, flow rate 1.0 mL/min, column temperature: 30 °C,
retention times: t, (major) = 11.6 min, t, (minor) = 40.8 min). [a]p?*> = +30.6° (¢ = 1.0, CHCL,). 'H
NMR (300 MHz, CDCl,) 6 7.53-7.08 (m, 14H), 6.88 (s, 1H), 5.89-5.57 (m, 1H), 5.19-4.79 (m, 3H),
4.26 (s, 2H), 3.52-3.27 (m, 1H). C NMR (75 MHz, CD,Cl,) ¢ 167.5, 153.5, 137.7, 136.7, 135.8,
131.0, 129.9, 129.3, 129.2, 128.8, 128.6, 128.6, 128.3, 128.0, 75.1, 67.7, 49.0, 43.7. HRMS (ESI, m/z)

calcd. for C24H»N>O3Na[M+Na]™: 409.1523, found: 409.1519.
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4.2.4 Mechanistic Studies

a) Ru-imine complex formation under mild conditions

N PF N (PF
Jl/j (PFe)2 OH(Oe)z

/"N"N” H 7N NT |
taut. MesNJ,"'l NS . (N\Jz,,,l /NQ/U\N/\Ph

rac-Rut + 1a —» e R _ Ru
P Mes
S{{':( | S N"Ph N | Ph
NN, I\ N Ny
@ Ph |
rac-Ruimine rac-Ruimine
cis-imine trans-imine

Reaction at room temperature: To a solution of rac-Rul (50.1 mg, 0.05 mmol) in 0.5 mL mixed
solvent (CH,Cl,:1,2-dichlorobenzene = 1:1) was added 1a (28.0 mg, 0.05 mmol). After stirring at
room temperature for 24 h, the above solution was concentrated under reduced pressure and
subsequently purified by fast flash column (CH>CL:EtOAc = 2:1) to afford rac-Ruimine (58.7 mg,
quantitative yield). The '"H NMR analysis of the crude reaction solution showed only cis-imine
formation. Spectrum analysis of rac-Ruimine: 'H NMR (300 MHz, CD>Cl») & 12.09 (d, J = 11.7 Hz,
1H), 8.99 (d, J=11.7 Hz, 1H), 8.00 (d, J = 2.3 Hz, 1H), 7.90 (d, J = 2.3 Hz, 1H), 7.86-7.70 (m, 2H),
7.54 (dd, J = 18.1, 5.0 Hz, 3H), 7.44 -7.31 (m, 4H), 7.18-7.02 (m, 5H), 6.92 (td, /= 5.5, 2.9 Hz, 4H),
6.75 (d, J= 7.3 Hz, 2H), 6.65 (d, J= 5.3 Hz, 2H), 6.52 (d, J= 7.0 Hz, 2H), 5.00-4.77 (m, 3H), 4.43 (d,
J =149 Hz, 1H), 2.16 (d, J = 5.9 Hz, 6H), 2.02 (s, 3H), 1.89 (s, 3H), 1.51 (s, 3H), 1.47 (s, 3H). °C
NMR (75 MHz, CD,Cl) 6 192.2, 190.8, 169.5, 163.8, 153.4, 153.1, 151.6, 149.6, 140.3, 138.5, 138.1,
135.8, 135.6, 134.6, 134.4, 134.2, 134.1, 134.0, 133.7, 132.8, 130.2, 130.1, 129.6, 129.6, 128.7, 127.7,
127.6, 125.9, 125.7, 123.2, 122.7, 117.5, 117.1, 111.4, 110.7, 52.2, 21.0, 20.9, 17.8, 17.5, 17.2, 17.1.
F NMR (282 MHz, CD>Cl,) 6 -71.97, -74.50. HRMS (ESI, m/z) calcd. for CsoHsoNsOPFs[M-PF¢]":
1025.2787, found: 1025.2823. IR (film): v (cm™') 3670, 3294, 2921, 2249, 2178, 2096, 2012, 1650,
1609, 1484, 1451, 1421, 1376, 1330, 1301, 1255, 1158, 1130, 1081, 1030, 931, 831, 766, 741, 698,

587, 554, 500, 453, 411.

Reaction at 85 °C: To a solution of rac-Rul (50.1 mg, 0.05 mmol) in 0.5 mL 1,2-dichlorobenzene
was added 1a (28.0 mg, 0.1 mmol). After stirring at 85 °C for 1 h the reaction was complete. 'H NMR
analysis showed a ratio of cis-imine to trans-imine at 1:1.5 (trans-imine is not stable enough to be
purified). Thus, this indicates that the amide group dissociates at high temperature which is in

consistent with our mechanistic proposal.
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@ 1 (PFg), COOEt

(\ | Jj\/ Boc,O (12 eq) AKO Bn‘N P
N 0C2 eq _f
Bo

MesN\( 1,2- dlchlorobenzene
O Et0OC 85°C, 48 h c Boc

‘\
w Ph 11 (9 eq) 2 2a

(detected) (not detected)
rac-Ruimine (1 eq) 23% NMR yield

To a solution of rac-Ruimine (11.7 mg, 0.01 mmol) in 0.5 mL 1,2-dichlorobenzene was added 11 (24.5
mg, 0.18 mmol). After stirring at 85 °C for 48 h only 21 was detected from 'HNMR. It was noteworthy

that 2a was not detected which indicates that the Ru-nitrene—imine tautomerization is irreversible.

b) Probing presence and position of the amide group

standard AC\N
N conditions
PN ————— Ph/QN_> + >90% RSM
rac-Ru7 instead )
0 No chelating effect Boc

2x
not detected

1x

1x (43.6 mg, 0.2 mmol) and rac-Ru7 (2.3 mg, 0.002 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 85 °C under N, atmosphere for 24 h. To the resulting solution was added CL,CHCHCI, as

internal standard. The 'H NMR analysis of the above solution showed >90% remaining starting

material.
standard
P~ Ns conditions h/O
_——
1y rac-Ru7 instead P N
No chelating effect éoc

<5% 2y
ly (35.1 mg, 0.2 mmol) and rac-Ru7 (2.3 mg, 0.002 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 85 °C under N, atmosphere for 24 h. To the resulting solution was added Cl,CHCHCI, as
internal standard. The '"H NMR analysis of the above solution showed <5% formation of 2y and >90%

remained starting material.

¢) Isolated C—H amination product without Boc,O

Bn,

10 mol% rac-Ru7

Ph/\Nj><N3

) M Me 0.5M1,2- dlchlorobenzene Ph/<
Ph 120 °C, 48 h

1aMe, No Boc,O 2aMe2
11% yield
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1aMe; (30.8 mg, 0.1 mmol) and rac-Ru7 (11.5 mg, 0.01 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 120 °C under N, atmosphere for 48 h. The above solution was transformed to a flash silica
gel column and purified (n—hexane:EtOAc:EtsN = 1:1:0.001) to afford 2aMe; (3.1 mg, 11% yield).
2aMe; : '"H NMR (300 MHz, CDCl3) & 7.44-7.37 (m, 3H), 7.30-7.26 (m, 1H), 7.25-7.20 (m, 4H),
7.06-6.94 (m, 2H), 5.05 (s, 1H), 5.01 (d, J = 14.5 Hz, 1H), 3.53 (d, J = 14.5 Hz, 1H), 1.82 (s, br, 1H),
1.46 (s, 3H), 1.28 (s, 3H). *C NMR (75 MHz, CDCl;) & 178.2, 138.2, 136.0, 129.5, 129.1, 128.6,
128.4, 127.7, 127.4, 73.2, 59.5, 44.5, 25.7, 24.5. HRMS (ESI, m/z) calcd. for CisH2i1N>O [M+H]":

281.1648, found: 281.1657.

d) Kinetic isotope effects

0 standard Ph3<H 0 ph—3< H 0O
JI\/N condlitions N N
PR "N 3 + ,,(
P Ph PhT N
!

KIE=1.3 N
H
P D DL Boc
1a-d2-1 2a-d2-1 1.3:1 2a-d1-1

la-d2-1 (56.0 mg, 0.2 mmol) and rac-Ru7 (2.3 mg, 0.002 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 85 °C under N, atmosphere for 48 h (standard conditions). The "H NMR analysis of the
above solution showed a ratio of 2a-d2-1:2a-d1-1 = 1.3:1. The peaks from 5.5 to 5.7 ppm belong to
2a-d2-1 (blue H), and the peaks from 4.1 to 4.2 belong to 2a-d2-1 and 2a-d1-1 (green dot). Thus, we

calculated the ratio of 2a-d2-1 to 2a-d1-1 as 1.3 to 1.

I
D
H D
Ph'3<,\,_(/o Ph—X H_{O
N
PN Py
2a-d1-1 Boc D éOC

I} 2a-d2-1
I \ H
JiH | A J

T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 B 5.0 4.5 4.0 3.5 3.0 5 20 L5 10 0.5 0.0 -0,

Figure 74. 'H NMR of 2a-d2-1 reaction analysis.
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R D
ﬁ\, onditon: P Ph’\N—fo
conditions N
PN N § +
Ph N
|

_ Ph
KIE=1.5 N
D H D
Ph D Boc Boc
1a-d2-2 2a-d2-2 1.51 2a-d1-2

1a-d2-2 (56.0 mg, 0.2 mmol) and rac-Ru7 (2.3 mg, 0.002 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 85 °C under N, atmosphere for 48 h. The '"H NMR analysis of the above solution showed a
ratio of 2a-d2-2:2a-d1-2 =1.5:1. The peaks from 4.1 to 4.2 ppm belong to 2a-d2-2 and 2a-d1-2 (green
dot), and the peak from 3.25 to 3.35 ppm belongs to 2a-d1-2 (blue H). Thus, we calculated the ratio of

2a-d2-2 to 2a-d1-2as 1.5to 1.

0.83

T T T T r T T T T T T T T
g0 7.5 7.0 8.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 0 L5 L0 0.5 0.0

Figure 75. '"H NMR of 2a-d2-2 reaction analysis.

KIE

ﬁ\/ standard Ph—3< PhB<D o)
N3 cond/t/ons —f N—f
+
Ph D Ph/'('}‘
Boc
1a-d4 2a 15:1 2a-d3

1a-d4 (56.0 mg, 0.2 mmol) and rac-Ru7 (2.3 mg, 0.002 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 85 °C under N, atmosphere for 16 h. The '"H NMR analysis of the above solution showed a
ratio of 2a:2a-d3 = 1.5:1. The peak from 4.1 to 4.2 ppm belongs to 2a and 2a-d3 (green dot), and the
peak from 3.25 to 3.35 ppm belongs to 2a (blue H). Thus, we calculated the ratio of 2a to 2a-d3 as 1.5

to 1.
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Figure 76. '"H NMR of 2a and 2a-d4 reaction analysis.

e) Competition experiment

H
ﬁ\/N standard F3c—®’\N 0 Meo—®’\ P
Fs;C N conditions
_>
H N
Boc FsC

1z 1.4:1 2z-2

N
B

1z (75.6 mg, 0.2 mmol) and rac-Ru7 (2.3 mg, 0.002 mmol) in 0.2 mL 1,2-dichlorobenzene were
stirred at 85 °C under N, atmosphere for 48 h. The resulting solution was concentrated under vacuo
and purified by flash silical gel column (n—hexane:EtOAc = 3:1) to afford a mixture of 2z-1 and 2z-2

(79% total yield). 'H NMR analysis showed a ratio of the products of 1.4:1.
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Figure 77. "H NMR of competition experiment analysis.
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4.2.5 Single Crystal X-Ray Diffraction Studies

Single crystals of (S)-2e were obtained by slow diffusion from the solution in EtOAc layered with

n—hexane at room temperature.

Single crystals of rac-Ruimine were obtained by slow volatilization from the solution in CDCl; and

CHxCI; (ratio = 1:1) at room temperature.

Data was collected with an STOE STADIVARI diffractometer equipped with with CuK, radiation, a
graded multilayer mirror monochromator (I = 1.54178 A) and a DECTRIS PILATUS 300K detector
using an oil-coated shock-cooled crystal at 100(2) K. Absorption effects were corrected semi-empirical
using multiscanned reflexions (STOE LANA, absorption correction by scaling of reflection
intensities.). Cell constants were refined using 72887 of observed reflections of the data collection. The
structure was solved by direct methods by using the program XT V2014/1 (Bruker AXS Inc., 2014)
and refined by full matrix least squares procedures on F? using SHELXL-2018/3 (Sheldrick, 2018).
The non—Hydrogen atoms have been refined anisotropically, carbon bonded hydrogen atoms were
included at calculated positions and refined using the ‘riding model” with isotropic temperature factors
at 1.2 times (for CHs groups 1.5 times) that of the preceding carbon atom. CHs groups were allowed to
rotate about the bond to their next atom to fit the electron density. Nitrogen bonded hydrogen atoms
were located and allowed to refine isotropically. Disordered solvent contribution to the calculated
structure factors were calculated by using the PLATON/SQUEEZE procedure. Crystallographic data
for rac-Ruimine has been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication number CCDC 1857105. Absolute configuration could be established: The
Flack parameter refined to -0.005(14). Crystallographic data for (S)-2e has been deposited with the

Cambridge Crystallographic Data Centre as supplementary publication number CCDC 1857104.
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Figure 78. Crystal structure of compound (S)-2e.

Figure 79. Crystal structure of compound rac-Ruimine.
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Table 5. Crystal data and structure refinement for (S)-2e.

Habitus, colour

Crystal size

Crystal system
Space group
Unit cell dimensions

Volume

Cell determination
Empirical formula
Moiety formula
Formula weight

Density (calculated)

Absorption coefficient

F(000)

Diffractometer type
Wavelength

Temperature

Theta range for data collection
Index ranges

Data collection software

Cell refinement software

Data reduction software

Reflections collected
Independent reflections
Completeness to theta = 67.686°
Observed reflections

Reflections used for refinement
Extinction coefficient
Absorption correction

Max. and min. transmission
Flack parameter (absolute struct.)

Largest diff. peak and hole

Solution

Refinement

needle, colourless

0.21x0.06 X 0.04 mm’

Monoclinic

P2, 7Z=4
a=12.8650(8) A = 90°.
b=6.1505(3) A = 101.330(5)°.
¢ =27.0802(15) A = 90°.
2101.02) A'

6303 peaks with Theta 3.5 to 67.1°.
Ca1 Hx CI: N2 O3

Ca1 Hx CI: N2 O3

421.30

1.332 Mg/m’

2.978 mm

880

STOE STADIVARI

1.54186 A

230(2) K

3.504 to 68.472°.

-14<=h<=14, -7<=k<=7, -31<=1<=32
X-Area Pilatus3_SV 1.31.127.0 (STOE, 2016)?
X-Area Recipe 1.33.0.0 (STOE, 2015)?
X-Area Integrate 1.71.0.0 (STOE, 2016)*
X-Area LANA 1.68.2.0 (STOE, 2016)°
MERGEHKLFS5 (Lutz, 2016)°
38035

8441 [R(int) = 0.0686]

98.2 %

5312[1 > 20(D)]

8441

X =0.0033(3)

Semi-empirical from equivalents
0.7032 and 0.1984

-0.005(14)8

7

0.279 and -0.252 e.A”

dual space’

. 2
Full-matrix least-squares on F
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Treatment of hydrogen atoms
Programs used

Data / restraints / parameters

Goodness-of-fit on F2

R index (all data)
R index conventional [[>2sigma(])]

Calculated positions, constr. ref.

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

ShelXle (Hiibschle, Sheldrick, Dittrich, 2011)
8441/1/513

0.899

wR2 =0.1031
R1=10.0449
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Table 6. Crystal data and structure refinement for rac-Ruimine.

Habitus, colour
Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

Cell determination
Empirical formula
Moiety formula
Cly)

Formula weight

Density (calculated)

Absorption coefficient

F(000)

Diffractometer type
Wavelength

Temperature

Theta range for data collection
Index ranges

Data collection software

Cell refinement software

Data reduction software

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Observed reflections
Reflections used for refinement
Absorption correction

Max. and min. transmission

Largest diff. peak and hole

Solution

Refinement

Treatment of hydrogen atoms
Programs used

prism, red

0.17 x 0.14 x 0.06 mm

Monoclinic

P24/c 7Z=4
a=19.4935(2) A =90°.
b=25.6083(3) A =97.5930(10)°.
c=23.9361(3) A =90°.
11844.0(2) A

72887 peaks with Theta 2.5 to 76.2°.
Ci03 Hio4.50 Cl7.50 F24 Nis O2 P4 Ruy
2(Cso Has Ns O Ru), 4(Fs P), 1.5(C H Cly), 1.5(C H,

2646.41

1.484 Mg/m’

4.930 mm '

5368

STOE STADIVARI

1.54178 A

100(2) K

2.539 to 75.866°.

-24<=h<=23, -30<=k<=32, -18<=1<=29
X-Area Pilatus3_SV 1.31.127.0 (STOE, 2016)?
X-Area Recipe 1.33.0.0 (STOE, 2015)?
X-Area Integrate 1.71.0.0 (STOE, 2016)*
X-Area LANA 1.68.2.0 (STOE, 2016)°
PLATON/SQUEEZE (Spek, 2015)°
130276

24295 [R(int) = 0.0654]

99.8 %

18362[1> 20(1)]

24295

Semi-empirical from equivalents’

0.3444 and 0.0969

1.721 and -0.919 e.A-3

intrinsic phases®

. 29
Full-matrix least-squares on F

CH calculated, “riding”, NH located, isotr. ref.
XT V2014/1 (Bruker AXS Inc., 2014)'°

SHELXL-2018/3 (Sheldrick, 2018)
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DIAMOND (Crystal Impact)
ShelXle (Hiibschle, Sheldrick, Dittrich, 2011)

Data / restraints / parameters 24295/32 /1524
Goodness-of-fit on F* 1.052
R index (all data) wR2=10.1293

R index conventional [[>2sigma(])] R1=0.0470
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4.3 Enantioselective Synthesis of y-Lactams by Intramolecular C-H Amidation

4.3.1 Synthesis of the Ruthenium Catalysts

Ph
(PFG) = RUC|3XH20 Me\N N/ N’Me
Me< 2 EtOC,H4OH:H,0 (4:1)
A AR 2 A, .
| N 125 °C, 40 h, 88%‘ “ "/Rlu\.n.n\\“CII///l/leus“ W
1 d9 TP |~ | X
igan
e IN\ IN\ Ny
PNphpi NP
rac-Rudimer2
N @, [KCOs KoCOs| @ j\
Ph)LN/SII/tBu EtOCZH4OH EtOCZH4OH tBu\\S\N Ph
H 100 °C 100 °C B
(R)-Auxiliary2 y 4% 4%y (s)-Auxiliary2
N
~

A-(S)-RuAux9 A-(R)-RuAux9

Synthesis of rac-Rudimer2: To a 10 mL Schlenk tube was added ligand9 (125 mg, 0.3 mmol),
RuCl3xH>O (31 mg, 0.15 mmol) and 3.0 mL solvent mixture (EtOC,H4OH:H>O = 4:1). The resulting
solution was heated at 125 °C for 40 h. After that, 50 mg NH4PF¢ dissolved in 0.5 mL deionized H,O
was added to the reaction solution. Ultrasonic was used for 3 min to achieve counteranion exchange.
The liquid phase was removed by filtration and the resulting residue was washed with water (3 x 3 mL)
and EO (3 x 5 mL). The resulting residue was dried under high vacuo to provide crude

rac-Rudimer2 (108 mg, 88% yield) as dark purple solid for the next step without further purification.

Synthesis of A-(S)-RuAux9: To a 10 mL Schlenk tube was added rac-Rudimer2 (164 mg, 0.1 mmol),
(R)-N-(tert-butylsulfinyl)benzamide (34 mg, 0.15 mmol), K,CO; (27.6 mg, 0.2 mmol) and
EtOC,H4OH (3 mL) in sequence. The resulting solution was heated at 100 °C for 16 h. After that,
solvent was removed under high vacuo. After cooling to room temperature, NH4PF¢ (50 mg) in MeOH
(3 mL) was added and stirred at room temperature for 30 min. Organic solvent was removed under

vacuo. The resulting residue was diluted with CH>Cl, and purified by flash chromatography (see
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details below) to provide analytical pure A-(S)-RuAux9 (93 mg, 46% yield) as dark red solid.

Procedures for the purification of A-(S)-RuAux9: First, 400 mL CH,Cl,:MeOH = 50:1 was used as
eluent. After that, 300 mL CH,Cl,:MeOH = 20:1 was used. Next, 300 mL CH,Cl,:MeOH = 10:1 was
used to provide the desired compound A-(S)-RuAux9 with 95% 'H NMR purity. A second short flash
column was performed to remove some ruthenium complex decomposition products during the first
column. For this second column, 600 mL CH>Cl,:MeOH = 15:1 was used to remove impurities on the

baseline (see below).

——» Impurities on the baseline

} —> Auxiliary complex

A-(S)-RuAux9: 'H NMR (500 MHz, CDsCN) & 10.11 (d, J = 6.9 Hz, 1H), 9.50 (d, J = 2.0 Hz, 1H),
9.00 (d, J=2.0 Hz, 1H), 8.49 (d, J= 9.3 Hz, 1H), 8.43 (d, J= 1.9 Hz, 1H), 8.22-8.12 (m, 3H), 8.09 (d,
J=93Hz, 1H), 7.99 (dd, J = 13.3, 8.1 Hz, 2H), 7.73-7.64 (m, 2H), 7.56 (d, J= 1.9 Hz, 1H), 7.48 (ddd,
J=22.7,10.4, 5.4 Hz, 5H), 7.34 (dddd, /= 11.8, 8.9, 6.1, 4.7 Hz, 6H), 7.19-7.07 (m, 2H), 4.13 (s, 3H),
3.97 (s, 3H), 0.56 (s, 9H). *C NMR (126 MHz, CD;CN) & 177.6, 151.8, 151.5, 150.7, 150.3, 142.2,
141.8, 138.1, 137.1, 136.8, 136.2, 136.1, 136.0, 135.7, 135.6, 135.6, 135.3, 135.3, 134.3, 133.4, 132.1,
131.9, 130.5, 130.3, 130.2, 130.1, 129.7, 129.0, 128.2, 127.6, 127.2, 125.9, 120.7, 120.4, 68.0, 55.3,
43.1,42.9, 28.4, 23.7. ’F NMR (283 MHz, CD:sCN) § -71.02, -73.52. IR (film): v (em™") 1612, 1531,
1504, 1455, 1330, 1173, 830, 779, 718, 669, 586, 556, 491, 428, 398. HRMS (ESL m/z) calcd. for

C49H42N502Ru181 [M-PF6]+3 866.21 10, found: 866.2117.

Synthesis of A-(R)-RuAux9: Identical synthetic procedures as for A-(S)-RuAux10 but with slightly
reduced yield (89 mg, 44% yield).
A-(R)-RuAux9: Dark red solid. Analytical data of A-(R)-RuAux10 identical with A-(S)-RuAux10.
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Ph (PFg)

Me-«,
L %Lm
i, | S Y NH,BF, (30 eq) 1
RU e o J
Pho N "o ey, MeCN:H,0 (3:1) PSS
' 75°C | e
| 95% yield I
) N
Me Me
A-(S)-RUAUXQ A-Ru11

Synthesis of A-Rull: To a 10 mL Schlenk tube was added A-(S)-RuAux9 (50.6 mg, 0.05 mmol) and
NH4BF4 (157 mg, 1.5 mmol) in MeCN:H,O = 3:1 (3 mL). The resulting solution was heated at 75 °C
for 16 h. After that, the solution was directly transferred to a column and purified by flash
chromatography (see details below) to provide analytical pure A-Rull (42.7 mg, 95% yield) as dark

red solid.

Procedures for the purification of A-Rull: First, CH,Cl,:MeCN = 20:1 (300 mL) was used as eluent
to remove the recovered auxiliary. Secondly, pure MeCN (200 mL) was used as eluent to provide the
desired compound A-Rull mixed with NH4BF4. Finally, the excess NHsBF4 was removed by running
a short celite column using CH>Cl:MeCN = 20:1 (60 mL). The solvent was removed under vacuo to

provide analytical pure A-Rull as red solid.

A-Rull: '"H NMR (500 MHz, CDsCN) & 9.98 (d, J= 2.0 Hz, 1H), 9.04 (d, J = 2.0 Hz, 1H), 8.68 (d, J
= 6.5 Hz, 1H), 8.53 (dd, J = 16.6, 5.6 Hz, 2H), 8.35 (d, J = 9.3 Hz, 1H), 8.20 (d, J = 9.3 Hz, 1H),
8.13-8.04 (m, 4H), 8.02 (d, J = 1.9 Hz, 1H), 7.74-7.66 (m, 2H), 7.61 (ddd, J = 7.4, 4.0, 1.2 Hz, 1H),
7.41-7.23 (m, 6H), 7.04 (d, J = 6.5 Hz, 1H), 4.30 (s, 3H), 4.04 (s, 3H), 2.17 (s, 3H), 1.96 (s, 3H). 13C
NMR (126 MHz, CD;CN) & 154.1, 153.8, 151.9, 150.6, 142.7, 142.1, 138.2, 137.6, 137.6, 137.1,
136.7, 136.0, 135.8, 135.1, 134.9, 134.6, 133.9, 133.7, 132.9, 132.4, 130.6, 130.2, 130.0, 129.7, 128.7,
128.0, 127.0, 126.6, 126.1, 125.4, 120.3, 119.9, 43.3, 43.1, 4.2. ®F NMR (283 MHz, CD:CN) &

-151.08, -151.13.
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Ph (BFa4)2

tBuCN, 60 °C

16 h
quant.

Synthesis of A-Rul0: A-Rull (20 mg) was dissolved in 3 mL pivalonitrile and heated at 60 °C for 16
h. After that, the solvent was removed under vacuo to provide A-Rul0 as a red solid in quantitative

yield.

A-Ru10: '"H NMR (300 MHz, CDsCN) § 9.97 (d, J = 2.0 Hz, 1H), 9.04 (d, J = 2.0 Hz, 1H), 8.59-8.50
(m, 3H), 8.35 (d, J= 9.3 Hz, 1H), 8.20 (d, J= 9.3 Hz, 1H), 8.14-7.99 (m, 5H), 7.70 (t, J = 7.4 Hz, 2H),
7.62 (d,J = 7.3 Hz, 1H), 7.38-7.26 (m, 6H), 7.02 (d, J = 6.4 Hz, 1H), 4.30 (s, 3H), 4.04 (s, 3H), 1.34 (s,
9H), 1.17 (s, 9H). 3C NMR (126 MHz, CDsCN) & 154.0, 153.8, 151.8, 150.5, 142.6, 142.1, 138.3,
137.8, 137.6, 137.1, 136.7, 136.1, 135.8, 135.2, 134.9, 134.4, 133.9, 133.8, 133.4, 133.0, 132.0, 130.6,
130.2, 130.1, 129.7, 128.7, 128.7, 128.0, 127.0, 126.2, 120.3, 119.9, 79.2, 78.9, 78.6, 43.4, 43.2, 28.4,
28.2.1F NMR (235 MHz, CD:CN) & -151.82, -151.87. IR (film): v (cm™) 1624, 1584, 1535, 1460,
1393, 1353, 1304, 1229, 1170, 1022, 931, 871, 814, 761, 726, 696, 651, 569, 518, 446.

1. AgBF4, MeCN, 60 °C
ol

2. fBuCN, 40 °C
53% vyield

rac-Rudimer2

C,-rNHCRu

Synthesis of C;-rNHCRu: To a 10 mL Schlenk tube were added rac-Rudimer2 (33 mg, 0.02 mmol)
and AgBF. (9.7 mg, 0.05 mmol) in 3 mL MeCN. The resulting solution was heated at 60 °C for 16 h.
After that, the above solution was directly transferred to a column and purified by flash
chromatography (CH>Cl;:MeCN = 5:1) to provide analytical pure ruthenium intermediate. The

intermediate was dissolved in 2 mL pivalonitrile. The resulting solution was heated at 40 °C for 10
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min. After that, organic solvent was removed under vacuo to provide analytical pure C>-rNHCRu

(20.9 mg, 53% yield) as a brown solid.

C,-rNHCRu: 'H NMR (300 MHz, CD;CN) 8 9.86 (d, J = 1.8 Hz, 1H), 8.93 (d, J = 1.8 Hz, 1H), 8.55
(d, J=9.3 Hz, 1H), 8.15 (d, J = 9.3 Hz, 1H), 8.09-8.03 (m, 2H), 7.73 (t, J = 7.4 Hz, 2H), 7.65 (d, J =
7.3 Hz, 1H), 7.50 (d, J = 6.5 Hz, 1H), 6.81 (d, J = 6.4 Hz, 1H), 4.08 (s, 3H), 1.38 (s, 9H). 13C NMR
(75 MHz, CDsCN) 8 154.6, 154.4, 142.2, 138.5, 137.9, 137.5, 134.9, 133.7, 133.4, 131.0, 130.6, 130.3,
130.1, 128.8, 128.2, 127.1, 112.0, 43.3, 28.5. ’'F NMR (235 MHz, CDsCN) § -152.37, -152.42. IR
(film): 1624, 1584, 1535, 1460, 1422, 1393, 1353, 1304, 1229, 1170, 1022, 931, 871, 814, 761, 726,

696, 651, 569, 518, 446.

4.3.2 Synthesis of the Substrates

1. Oxalyl chloride (2.0 eq)
DMF (cat), CH,Cl,, 0 °C to rt CDI (1 eq)
R >COOH > > R/\(/N‘o
2. NH,OH"HCI (1.2 eq), K,CO5 (2 eq) CH2Cl, 1t o«
3a-g ©

EtOAc:H,0 (2:1),0°Ctort, 12h 30 min

All substrates were synthesized according to the published procedures.!'

General procedure: Oxalyl chloride (4.0 mmol) and DMF (2 drops) were added to a solution of the
carboxylic acid (2.0 mmol) in dichloromethane (30 mL) at 0 °C. The mixture was allowed to stir at
room temperature for 2.5-4 h. Then, the reaction mixture was concentrated, and the crude product was
used directly in the next reaction. Hydroxylamine hydrochloride (1.2 equiv) was added to a biphasic
mixture of K>CO; (2.0 equiv) in a 2:1 mixture of EtOAc (16 mL) and H,O (8 mL). The resulting
solution was cooled to 0 °C followed by dropwise addition of the unpurified acid chloride dissolved in
a minimum amount of EtOAc under air. The flask containing the acid chloride was then rinsed with
additional EtOAc. The reaction was warmed to room temperature for stirring additional 12 h. The
phases were separated and the aqueous phase was extracted twice with EtOAc. The combined organic
layers were dried over MgSQs, filtered, and evaporated under reduced pressure. The resulting solid
was dissolved in CH,Cl, (10 mL), CDI (1 equiv) was added, and the reaction stirred at room
temperature for 30 min. After that, 10 mL 1 N HClq) was added to the resulting solution. The organic
layer was collected and dried over MgSOs. The resulting solid was purified by flash chromatography

(CH2Cl,, Rt value = 0.95) to provide the desired analytical pure 1,4,2-dioxazol-5-ones.
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Compound 3a
S
0
3a, 72% yield, colorless oil. 'H NMR (300 MHz, CDCls) § 7.28-7.20 (m, 2H), 7.19-7.07 (m, 3H), 2.67

(t, J= 7.4 Hz, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.9 (p, J = 7.5 Hz, 2H). 3C NMR (75 MHz, CDCL;) &

166.6, 154.2,139.9, 128.8, 128.6, 126.7, 34.7, 26.0, 24.2.

Compound 3b

/N\
O
Me/©/\/\Or §<

3b, 78% yield, white solid. '"H NMR (300 MHz, CDCls) & 7.13 (d, J = 8.0 Hz, 2H), 7.07 (d, J= 8.1 Hz,
2H), 2.71 (t, J = 7.3 Hz, 2H), 2.61 (t, J = 7.5 Hz, 2H), 2.34 (s, 3H), 2.05 (p, J = 7.5 Hz, 2H). 3C NMR

(75 MHz, CDCl) 6 166.6, 154.2, 136.8, 136.2, 129.5, 128.5, 34.2, 26.1, 24.1, 21.1.

Compound 3¢

Me OON\O(JQO

(0]
3¢, 65% yield, colorless oil. '"H NMR (300 MHz, CDCL) § 7.09 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.7

Hz, 2H), 3.80 (s, 3H), 2.69 (t, J = 7.3 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.03 (p, J = 7.4 Hz, 2H). 13C

NMR (75 MHz, CDCl3) 6 166.6, 158.5, 154.2, 131.9, 129.5, 114.3, 55.4, 33.8, 26.3, 24.1.

Compound 3d

/@/\/\r/N\O
O,N o~

O
3d, 80% yield, white solid. '"H NMR (300 MHz, CDCls) & 8.17 (d, J = 8.7 Hz, 2H), 7.36 (d, J= 8.7 Hz,

2H), 2.93-2.80 (m, 2H), 2.68 (t, J = 7.4 Hz, 2H), 2.19-2.03 (m, 2H). 3C NMR (75 MHz, CDCL) &

166.1, 154.0, 147.7, 147.0, 129.4, 124.1, 34.5, 25.5, 24.2.
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Compound 3e

SR

O
3e, 82% yield, white solid. "H NMR (300 MHz, CDCls) § 7.44 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 8.4 Hz,

2H), 2.70 (t, J = 7.4 Hz, 2H), 2.62 (t, J = 7.5 Hz, 2H), 2.04 (p, J = 7.5 Hz, 2H). 3C NMR (75 MHz,

CDCls) 6 166.4, 154.1, 138.9, 131.9, 130.3, 120.5, 34.1, 25.9, 24.1.

Compound 3f

JoRGe
O

O

| “\%

3f, 58% yield, white solid. '"H NMR (300 MHz, CDCls) & 7.63 (d, J = 8.3 Hz, 2H), 6.94 (d, J=8.3 Hz,

2H), 2.69 (t, J = 7.5 Hz, 2H), 2.61 (t, J = 7.5 Hz, 2H), 2.04 (p, J = 7.5 Hz, 2H). 3C NMR (75 MHz,

CDClL) 6 166.4, 154.1, 139.6, 137.9, 130.6, 91.8, 34.2, 25.8, 24.1.

Compound 3g

g

3g, 74% yield, white solid. "H NMR (300 MHz, CDCl) § 7.9 (d, J = 8.0 Hz, 1H), 7.93-7.86 (m, 1H),
7.77 (d, J = 8.2 Hz, 1H), 7.53 (pd, J = 6.8, 1.5 Hz, 2H), 7.46-7.38 (m, 1H), 7.32 (d, J = 6.8 Hz, 1H),
3.21(t,J=7.4 Hz, 2H), 2.68 (t, J = 7.5 Hz, 2H), 2.21 (p, J = 7.5 Hz, 2H). *C NMR (75 MHz, CDCls)

8 166.6, 154.2,136.0, 134.2, 131.7, 129.2, 127.6, 126.6, 126.4, 125.9, 125.6, 123.4, 31.9, 25.2, 24.5.

Compound 3h

S _N,
X
3h, 62% yield, colorless oil. '"H NMR (300 MHz, CDCl:) § 7.17 (dd, J = 5.1, 1.1 Hz, 1H), 6.94 (dd, J

=5.1, 3.4 Hz, 1H), 6.83 (dd, J = 3.4, 0.9 Hz, 1H), 2.98 (t, J = 7.2 Hz, 2H), 2.67 (t, J = 7.5 Hz, 2H),
2.11 (p, J= 7.3 Hz, 2H).C NMR (75 MHz, CDCl3)  166.4, 154.2, 142.4, 127.1, 125.3, 124.0, 28.8,

26.4,4.0.
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Compound 3i

O
3i, 62% yield, colorless oil. "H NMR (300 MHz, CDCls) & 2.80 (t, J = 7.5 Hz, 2H), 2.37 (td, J = 6.7,
2.6 Hz, 2H), 2.04 (t, J = 2.7 Hz, 1H), 1.96 (dt, J = 18.0, 7.0 Hz, 2H). *C NMR (75 MHz, CDCls) §

166.2,154.2, 81.8, 70.5, 23.8, 23.3, 17.8.

Compound 3j

e Ny
&Y
)
3j, 70% yield, colorless oil. 'TH NMR (300 MHz, CDCLs) § 7.44-7.35 (m, 2H), 7.33-7.27 (m, 3H), 2.85

(t,J="7.5 Hz, 2H), 2.59 (t, J = 6.7 Hz, 2H), 2.04 (dt, J = 18.1, 7.0 Hz, 2H). *C NMR (75 MHz, CDCls)

0166.3,154.2,131.7,128.5, 128.2, 123.3, 87.2, 82.7, 24.0, 23.6, 18.8.

Compound 3k

@N ¢
R
E 0
3k, 73% yield, colorless oil. 'H NMR (250 MHz, CDCls) ¢ 7.37 (dd, J = 8.8, 5.4 Hz, 2H), 6.99 (t, J =

8.7 Hz, 2H), 2.84 (t, J= 7.5 Hz, 2H), 2.58 (t, J = 6.7 Hz, 2H), 2.10-1.96 (m, 2H).

Compound 31

MeO 0

31, 77% yield, colorless oil. 'TH NMR (300 MHz, CDCl;) & 7.32 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8
Hz, 2H), 3.80 (s, 3H), 2.84 (t, J = 7.5 Hz, 2H), 2.57 (t, J = 6.7 Hz, 2H), 2.09-1.95 (m, 2H). 3C NMR

(75 MHz, CDCl3) 6 166.4, 159.6, 154.2, 133.1, 115.4, 114.1, 85.6, 82.5, 55.4, 24.0, 23.7, 18.8.
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Compound 3m
/\/\r N
™S o~{)
O

3m, 62% yield, colorless oil. '"H NMR (300 MHz, CDCL) 8 2.77 (t, J = 7.5 Hz, 2H), 2.39 (t, J = 6.7
Hz, 2H), 2.01-1.85 (m, 2H), 0.15 (s, 9H). 3C NMR (75 MHz, CDCls) § 166.3, 154.2, 104.2, 87.1,

23.9,23.4,19.2,0.1.

Compound 3n

N
W\O/{\%\O
(0]
3n, 71% yield, colorless oil. '"H NMR (300 MHz, CD,CL,) & 5.79 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H),
5.18-4.94 (m, 2H), 2.64 (t, J = 7.5 Hz, 2H), 2.18 (q, J = 7.0 Hz, 2H), 1.82 (p, J = 7.4 Hz, 2H). 5C

NMR (75 MHz, CD,Cl») ¢ 167.3, 154.7, 137.0, 116.5, 32.9, 24.4, 24.0.

Compound 30

N'RF
I_)=o

0]

30, 80% yield, white solid. "H NMR (300 MHz, CDCl3) 8 2.37 (s, 2H), 2.03 (s, 3H), 1.83-1.53 (m,

12H). 3C NMR (75 MHz, CDCls) 6 165.1, 154.5, 42.3, 39.0, 36.5, 33.3, 28.5.

Compound 3p

N—QF
{ 0

(0]
Ph
3p, 58% yield, white solid. '"H NMR (300 MHz, CDCl;) § 7.79 (dd, J = 7.8, 1.2 Hz, 1H), 7.56 (td, J =
7.6, 1.4 Hz, 1H), 7.42 (td, J= 7.7, 1.0 Hz, 1H), 7.35-7.17 (m, 4H), 7.14 (dd, J = 6.6, 5.2 Hz, 2H), 4.35
(s, 2H).*C NMR (75 MHz, CDCls)  163.9, 153.7, 141.9, 139.0, 133.4, 132.1, 129.5, 129.2, 128.8,

127.2,126.7, 119.5, 40.0.
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Compound 3q

CQ/\OC{’
O
3q, 84% yield, white solid. 'H NMR (300 MHz, CDCI3) 6 7.25-7.14 (m, 4H), 3.22 (dd, J = 15.3, 7.5

Hz, 2H), 2.91 (tt, J = 13.4, 6.9 Hz, 1H), 2.83-2.75 (m, 3H), 2.72 (d, J = 6.3 Hz, 1H). *C NMR (75

MHz, CDCI3) § 166.1, 154.2, 141.5, 126.9, 124.8, 38.8, 35.7, 30.4.

4.3.3 Ruthenium Catalyzed Enantioselective Intramolecular C—H Amidations

General Procedures: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube
was charged with substrates 3a-q (0.2 mmol) and A-Ru10 (0.2 mg, 0.0002 mmol, 0.1 mol%) under an
atmosphere of N,. Pre-cooled (using an ice water bath) “super dried” (Acros) 1,2-dichlorobenzene (0.4
mL, 0.5 M) from “Acros” was added via syringe in sequence. The reaction mixture was stirred at the
indicated temperature for the indicated time under an atmosphere of N». Afterwards, the mixture was
directly transferred to a column (the Schlenk tube was rinsed with a minimal amount of CH>Cl, to
transfer the reaction solution completely) and purified by flash chromatography on silica gel (EtOAc
with 5% MeOH/n—Hexane = 1:2 to 2:1) to afford the analytical pure products 4a-q. Enantiomeric
ratios were determined by HPLC analysis on chiral stationary phase. The absolute configuration of the

product 4e was confirmed by single crystallography and X-ray structure analysis as S-configuration.

Additional experimental informations:
a) Control of reaction temperature. The catalytic reactions were set up in a cold room at 4 °C.

b) Execution of the reactions. All catalytic reactions were carried out in 10 mL Schlenk tubes from

“Synthware” under N, atmosphere (see image below).
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¢) TLC monitoring of the final reaction solution. See images below.

EtOAc:n-Hex = 2:1 EtOAc:n-Hex = 2:1

Lactam product

Ruthenium complex
on the baseline

TLC TLC at high concentration

d) Isolation of the final product.

1) The C-H amidation products can be isolated by flash chromatography without any trace
contaminations from the ruthenium catalyst as evident by the white color of the products (see

image below).

2) For the catalytic reactions of 3b, 3e, 3f, 3g, and 3q. The lactam products can also be isolated
without any chromatography by only filtration (see image below). This method was used for the

gram-scale synthesis of 4e.

Reaction solution

Target lactam product
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Compound 5 (side product)

5: The Curtius-type decomposition pathway provide the formation of isocyanate 5 which can be
isolated by flash chromatography on silica gel (pure CH>Cl,, R¢ value = 0.9-0.95). '"H NMR (300 MHz,
CD,Cl») 6 7.41-7.26 (m, 2H), 7.25-7.08 (m, 3H), 3.32 (t, J = 6.6 Hz, 2H), 2.79-2.65 (m, 2H), 2.01-1.85

(m, 2H). ¥C NMR (75 MHz, CD,Cl,) & 141.3, 128.87, 128.85, 126.5, 42.7, 33.1, 33.0.

Compound (5)-4a

o

“

Ph
Starting from 3a (41.0 mg, 0.20 mmol) according to the general procedure to provide 4a as a white
solid (30.6 mg, 95% yield) and with 96:4 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IA 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 95:5,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 18.6 min, t. (minor) =
21.6 min). [a]p?? = -24.2° (¢ = 1.0, CH,Cl,). "H NMR (300 MHz, CDCl;) & 7.44-7.22 (m, 5H), 6.27 (s,
1H), 4.75 (t, J = 7.1 Hz, 1H), 2.69-2.31 (m, 3H), 1.97 (tdd, J = 9.1, 8.4, 4.4 Hz, 1H). BC NMR (75
MHz, CDClL) 6 178.6, 142.6, 129.1, 128.1, 125.8, 58.2, 31.5, 30.4. HRMS (ESI, m/z) calcd. for

C1oH11N1O1Na;[M+Na]": 184.0733, found: 184.0733.

Compound (5)-4b
0]

‘NH

Me

Starting from 3b (43.8 mg, 0.20 mmol) according to the general procedure to provide 4b as a white
solid (33.6 mg, 96% yield) and with 95:5 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 20.1 min, t. (minor) =
21.2 min). [a]p?* = -25.6° (¢ = 1.0, CH,Cl»). '"H NMR (300 MHz, CDCl;) § 7.21-7.10 (m, 4H), 6.14 (s,
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1H), 4.71 (t, J = 7.1 Hz, 1H), 2.64-2.48 (m, 1H), 2.47-2.37 (m, 2H), 2.34 (s, 3H), 2.05-1.83 (m, 1H).
13C NMR (75 MHz, CDCly) § 178.7, 139.4, 137.9, 129.7, 125.8, 58.2, 31.5, 30.5, 21.2. HRMS (ESI,

m/7) calcd. for C;;Hi3NO;Na;[M+Na]*: 198.0889, found: 198.0889.

Compound (5)-4¢
0]

o

‘,

OMe

Starting from 3¢ (47.0 mg, 0.20 mmol) according to the general procedure to provide 4c¢ as a white
solid (37.9 mg, 99% yield) and with 89:11 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
70:30, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 31.8 min, t;
(minor) = 21.2 min). [a]p* = -28.4° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz, CDCl;3) & 7.20 (d, J = 8.6
Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 6.45 (s, 1H), 4.70 (t, J = 7.0 Hz, 1H), 3.79 (s, 3H), 2.62-2.31 (m,
3H), 2.03-1.84 (m,12 1H). “C NMR (75 MHz, CDCl;) 3 178.6, 159.5, 134.5, 127.0, 114.4, 57.9, 55.5,

31.6, 30.5. HRMS (ESI, m/z) calcd. for C;;H3N;0,Na;[M+Na]": 214.0838, found: 214.0838.

Compound (5)-4d

0]

.

<.
Starting from 3d (50.0 mg, 0.20 mmol) according to the general procedure to provide 4d as a white
solid (34.5 mg, 84% yield) and with 95:5 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
70:30, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 38.9 min, t.
(minor) = 46.1 min). [a]p** = -47.4° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CD-Cl,) & 8.21 (d, J= 8.8
Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 6.86 (s, 1H), 2.70-2.55 (m, 1H), 2.45-2.35 (m, 2H), 2.03-1.82 (m,
1H). ®C NMR (75 MHz, CD,Cl») 4 178.8, 150.9, 148.0, 127.0, 124.5, 57.8, 31.4, 30.4. HRMS (ESI,

m/7) calcd. for CioH0N2O3Na;[M+Na]*: 229.0584, found: 229.0584.
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Compound (5)-4e

0]

o

QBr
Starting from 3e (56.6 mg, 0.20 mmol) according to the general procedure to provide 4e as a white
solid (45.8 mg, 96% yield) and with 93:7 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
95:5, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 26.8 min, t;
(minor) = 24.0 min). [a]p?? = -30.8° (¢ = 1.0, CH>CL). "H NMR (300 MHz, CDCl3) & 7.49 (d, J= 8.4
Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 6.41 (s, 1H), 4.73 (t, J = 7.1 Hz, 1H), 2.68-2.34 (m, 3H), 2.05-1.81
(m, 1H). *C NMR (75 MHz, CDCl3) § 178.7, 141.5, 132.2, 127.5, 122.0, 57.8, 31.4, 30.3. HRMS

(ESI, m/z) calcd. for CioH;0Br;N;ONa;[M+Na]*: 261.9838, found: 261.9838.

Compound (5)-4f

0]

L,

Starting from 3f (66.2 mg, 0.20 mmol) according to the general procedure to provide 4f as a white
solid (52.6 mg, 92% yield) and with 92:8 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
95:5, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 29.7 min, t.
(minor) = 26.4 min). [a]p?* = -11.2° (¢ = 1.0, CH,CL). "H NMR (300 MHz, CDCl;) § 7.70 (d, J = 8.3
Hz, 2H), 7.05 (d, J = 8.3 Hz, 2H), 5.93 (s, 1H), 4.70 (t, J = 7.0 Hz, 1H), 2.69-2.30 (m, 3H), 2.02-1.83
(m, 1H). *C NMR (75 MHz, CDCl3) 5 178.4, 142.4, 138.2, 127.7,93.4,57.7, 31.5, 30.2. HRMS (ESI,

m/7) calcd. for CioH;0I;N;O;Na;[M+Na]*: 309.9699, found: 309.9698.
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Compound (5)-4g

Starting from 3g (51.0 mg, 0.20 mmol) according to the general procedure to provide 4g as a white
solid (40.0 mg, 95% yield) and with 92:8 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
80:20, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 32.3 min, t:
(minor) = 37.1 min). [a]p** = -142.2° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CDCl;) 5 8.01-7.86 (m,
2H), 7.80 (d, J = 7.9 Hz, 1H), 7.61-7.42 (m, 4H), 6.60 (s, 1H), 5.54 (dd, J = 8.0, 5.1 Hz, 1H), 2.81
(ddd, J=15.7,12.7, 8.2 Hz, 1H), 2.54-2.34 (m, 2H), 2.14-1.98 (m, 1H). *C NMR (75 MHz, CDCl3) §
179.0, 138.2, 134.1, 130.2, 129.2, 128.3, 126.6, 126.0, 125.6, 122.5, 121.4, 54.6, 30.1, 29.8. HRMS

(ESI, m/z) calcd. for C14H13N1O1Na;[M+Na]'": 234.0889, found: 234.0888.

Compound (S)-4h
0

&/N H
,,/@

Starting from 3h (42.2 mg, 0.20 mmol) according to the general procedure to provide 4h as a white
solid (22.1 mg, 66% yield) and with 94:6 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol
=95:5, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 23.3 min, t;
(minor) = 27.9 min). [a]p* = -6.2° (¢ = 1.0, CH,CL). '"H NMR§ 7.26 (dd, J = 6.2, 1.3 Hz, 1H),
7.02-6.93 (m, 2H), 6.51 (s, 1H), 5.03 (t, J = 6.8 Hz, 1H), 2.68-2.33 (m, 3H), 2.22-2.05 (m, 1H). BC
NMR 6§ 177.9, 146.5, 127.1, 125.0, 124.3, 54.1, 31.8, 30.2. HRMS (ESI, m/z) calcd. for CgHoN;0;S;

[M+Na]": 190.0297, found: 190.0296.
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Compound (5)-4i

0

&/NH

N
Starting from 3i (30.6 mg, 0.20 mmol) according to the general procedure to provide 4i as a white
solid (13.3 mg, 61% yield). and with 93:7 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t. (major) = 27.8 min, t:
(minor) = 19.2 min). [a]p? = -24.2° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CD,Cl,) § 6.58 (s, 1H),
4.37 (ddd, J = 7.2, 5.4, 2.1 Hz, 1H), 2.53-2.07 (m, 5H). 3C NMR (75 MHz, CD-Cl,) & 177.8, 83.6,

72.1,44.9,29.7,29.3.

Compound (S)-4j
0

oL

",
A

N\

Ph
Starting from 3j (45.8 mg, 0.20 mmol) according to the general procedure to provide 4j as a white

solid (28.7 mg, 78% yield) and with 95:5 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
70:30, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 16.0 min, t,
(minor) = 11.3 min). [a]p? = -5.4° (¢ = 1.0, CH>Cl,). "H NMR (300 MHz, CD,Cl,) § 7.49-7.38 (m,
2H), 7.37-7.25 (m, 3H), 6.52 (s, 1H), 4.60 (dd, J= 7.2, 5.2 Hz, 1H), 2.59-2.38 (m, 2H), 2.38-2.17 (m,

2H). 3C NMR (75 MHz, CD,Cl») § 177.8, 132.0, 129.0, 128.8, 122.8, 88.8, 83.9, 45.7, 29.9, 29.6.
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Compound (5)-4k

0]

X

N\
=
Starting from 3k (49.4 mg, 0.20 mmol) according to the general procedure to provide 4k as a white
solid (29.9 mg, 74% yield) and with 95:5 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
80:20, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 23.2 min, t:
(minor) = 14.7 min). [a]p* = -26.6° (¢ = 1.0, CH.CL,). '"H NMR (300 MHz, CDCl;) & 7.47-7.30 (m,
2H), 7.10-6.89 (m, 2H), 6.14 (s, 1H), 4.65-4.51 (m, 1H), 2.62-2.44 (m, 2H), 2.43-2.20 (m, 2H). B3C
NMR (75 MHz, CDCls) ¢ 177.5, 164.5, 161.2, 133.8, 133.7, 118.5, 118.4, 116.0, 115.7, 87.8, 83.2,

45.4,29.6,29.3. YF NMR (235 MHz, CDCl;) § -110.29.

Compound (5)-41

0]

¢ NH

.,
“,

N\

PMP
Starting from 31 (51.8 mg, 0.20 mmol) according to the general procedure to provide 41 as a white
solid (34.6 mg, 82% yield) and with 90:10 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
92 : 8, flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 21.1 min, t;
(minor) = 19.5 min). [a]p?? = -25.4° (¢ = 1.0, CH,Cl,). "H NMR (300 MHz, CDCl;) 6 7.34 (d, J = 8.9
Hz, 2H), 6.83 (d, J = 8.9 Hz, 2H), 6.05 (s, 1H), 4.59 (dd, J= 7.4, 5.1 Hz, 1H), 3.79 (d, J= 7.6 Hz, 3H),
2.58-2.17 (m, 4H). *C NMR (75 MHz, CDCl3) 4 177.6, 160.0, 133.3, 114.4, 114.1, 86.6, 84.1, 55.4,

45.5,29.6,29.4.
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Compound (S)-4m

0]

O

'/,\\

TMS

Starting from 3m (45.0 mg, 0.20 mmol) according to the general procedure to provide 4m as a white
solid (25.3 mg, 70% yield) and with 94:6 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IC column 250 x 4.6 mm, absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol =
90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t. (major) = 31.2 min, t;
(minor) = 17.2 min). [a]p? = -9.0° (¢ = 1.0, CH:Cl,). "H NMR (300 MHz, CD>Cl,) $ 6.07 (s, 1H),
4.41-4.28 (m, 1H), 2.48-2.06 (m, 4H), 0.21-0.10 (m, 9H). *C NMR (75 MHz, CD,Cl,) § 177.5, 105.3,

88.7,45.6,29.7,29.5, -0.1.

Compound (S)-4n
0

&/NH

i
Starting from 3n (32.0 mg, 0.20 mmol) according to the general procedure to provide 4n as a white
solid (9.3 mg, 42% vyield) and with 80:20 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak ADH column 250 x 4.6 mm, absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol
= 96:4, flow rate: 0.8 mL/min, column temperature: 30 °C, retention times: t. (major) = 17.4 min, t;
(minor) = 20.4 min). [a]p? = -4.2° (¢ = 1.0, CH:Cl,). "H NMR (300 MHz, CD-Cl,) & 6.57 (s, 1H),
5.82 (ddd, J=17.0, 10.2, 6.7 Hz, 1H), 5.15 (dd, J = 32.3, 13.6 Hz, 2H), 4.19-4.00 (m, 1H), 2.36-2.16
(m, 3H), 1.88-1.72 (m, 1H). C NMR (75 MHz, CD-Cl,) & 178.5, 139.6, 115.4, 57.0, 30.2, 28.5.

HRMS (ESI, m/z) calcd. for CsHoN1ONai[M+Na]": 134.0576, found: 134.0577.

Compound (R)-40
0O

NH

N\

Starting from 30 (47.0 mg, 0.20 mmol) according to the general procedure to provide 40 as a white
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solid (5.3 mg, 14% yield) and with 96:4 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak ODH column 250 x 4.6 mm, absorption: A = 210 nm, mobile phase: »—Hexane/isopropanol
=90:10, flow rate: 0.7 mL/min, column temperature: 25 °C, retention times: t. (major) = 14.5 min, t;
(minor) = 16.7 min). [a]p? = -9.0° (¢ = 1.0, CH:Cl,). "H NMR (300 MHz, CD>Cl,) & 5.59 (s, 1H),
3.45 (d, J=2.2 Hz, 1H), 2.10-1.95 (m, 3H), 1.91-1.80 (m, 5H), 1.79-1.55 (m, 6H), 1.42 (dd, J = 10.1,
2.3 Hz, 1H). “C NMR (75 MHz, CD>Cl,) & 179.0, 64.3, 46.6, 40.4, 38.9, 37.6, 37.5, 37.2, 30.1, 29.9,

29.6, 28.0. HRMS (ESI, m/z) calcd. for Ci2Hi7N1O1Na;[M+Na]": 214.1202, found: 214.1203.

Compound (R)-4p

0O

Starting from 3p (50.6 mg, 0.20 mmol) according to the general procedure to provide 4p as a white
solid (22.6 mg, 54% vyield) and with 71.29 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak ODH column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol
=90:10, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 14.5 min, t;
(minor) = 16.6 min). [a]p?? = -14.0° (¢ = 1.0, CH.CL). "H NMR (300 MHz, CDCl3) & 7.89 (dd, J =
6.2, 1.9 Hz, 1H), 7.57-7.42 (m, 2H), 7.40-7.30 (m, 3H), 7.30-7.20 (m, 3H), 6.71 (s, 1H), 5.63 (s, 1H).
3C NMR (75 MHz, CDCl3) & 171.1, 148.1, 138.6, 132.5, 130.9, 129.2, 128.7, 128.5, 127.0, 124.0,

123.5, 60.9. HRMS (ESI, m/z) caled. for C14Hii1N;OH[M+H]": 210.0913, found: 210.0913.

Compound (3R, 85)-4q
H

st
Starting from 3q (43.4 mg, 0.20 mmol) according to the general procedure to provide 4q as a white
solid (31.8 mg, 92% yield) and with 90:10 e.r. as determined by HPLC analysis (column: Daicel
Chiralpak IA column 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol =
80:20, flow rate 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 6.9 min, t;
(minor) = 12.1 min). [at]p?? = +14.4° (¢ = 1.0, CH.CL,). '"H NMR (300 MHz, CDCl3) § 7.28-7.10 (m,

4H), 7.02 (s, 1H), 4.95 (d, J = 7.0 Hz, 1H), 3.32-3.13 (m, 2H), 2.84-2.70 (m, 1H), 2.69-2.56 (m, 1H),
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2.20-2.07 (m, 1H). 3C NMR (75 MHz, CDCl5) 5 177.8, 142.6, 141.7, 128.8, 127.4, 125.5, 124.9, 63.6,

38.6,37.7,37.7. HRMS (ESI, m/z) calcd. for C;;Hi1N:O1Na[M+Na]'": 196.0733, found: 196.0732.

4.3.4 Gram-Scale Reactions and Mechanistic Study

1) Gram-Scale Synthesis of (S)-4e, (R)-4e and (5)-4i

m
56 O '
Br MeCN, r.t., 24 h 4
@]
3e

(S)-4e
4 mmol, 1.13 g 98% ee
74% yield (703 mg)

Procedure: To a 100 mL round bottom Schlenk flask was added 3e (1.13 g, 4 mmol) and A-Rul0 (0.8
mg, 0.0008 mmol, 0.02 mol% catalyst loading). Freshly distilled MeCN (8 mL) was added to the flask
and the resulting reaction solution was stirred at room temperature for 24 h under an atmosphere of N».
After complete consumption of 3e monitored by TLC, (S)-4e was isolated without column

chromatography by precipitation and crystallization.

Work-up of the above reaction:

Enantiopure (S)-4e directly precipitated (557 mg, 58% yield) during the reaction and was isolated
easily by removal of the remaining solution via syringe since the product was sticking to the wall of

the flask (see image below). Enantiomeric ratio was established by HPLC analysis as 98% ee

(S)-4e
98% ee
58% yield
557 mg

The remaining solution was cooled with an ice-water bath and (S)-4e crystals were formed and

collected (146 mg).

The combined two batches of (S)-4e provided a total yield of 74% (703 mg). Enantiomeric ratio

was established by HPLC analysis as 98% ee
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@/\/\r)\k A-Ru10 (0.005 mol%) B“@\(ﬁ\f@
O >
Br ‘\g MeCN, 40 °C, 60 h

3e (S)-4e

4 mmol, 1.13 g >99:1 eur.
56% yield

Procedure: To a 25 mL round bottom flask was added 3e (1.13 g, 4 mmol) and A-Rul0 (0.2 mg,
0.0002 mmol, 0.005 mol% catalyst loading). Freshly distilled MeCN (4 mL) was added to the flask
and the resulting reaction solution was stirred at 40 °C for 60 h under an atmosphere of N, Afterwards,
(S)-4e was isolated without column chromatography by crystallization upon cooling with an ice-water

bath (Note: No precipitation of (S)-4e occurred at the elevated temperature of 40 °C).

(S)-4e crystal formed

Work up of the above reaction: The reaction solution was cooled with an ice-water bath and (S)-4e
crystals were formed and collected by filtration. The resulting filtrate was washed with MeCN

(pre-cooled to 0 °C) (3 x 2 mL) to provide analytical pure (S)-4e (535 mg, 56% yield) with 98% ee.

’N‘o A-Ru10 (0.005 mol%)  Br H
o O
B ‘\<O MeCN, 40 °C, 60 h

3e (R)-4e
4 mmol, 1.13 g 98% ee
54% vyield

Procedure: The same transformation of 3e to 4e by using 0.005 mol% A-configuration Rul0 catalyst

provided lactam product 4e in 54% yield with 98% ee as (R)-configuration.
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N, H
///\/\roi£ standard cond. %\<Njo
i O (S)-4i

6.5 mmol, 996 mg 92:8 e.r.
60% yield (423 mg)

Procedure: To a 50 mL round bottom Schlenk flask (pre-dried for 3 times by using heating gun) was
added 3i (996 mg, 6.5 mmol) and A-Rul0 (6.5 mg, 0.0065 mmol, 0.1 mol% catalyst loading).
1,2-Dichlorobenzene (13 mL) was added to the flask and the resulting reaction solution was stirred in
a cold room for 30 h under an atmosphere of N, After that, the reaction solution was directly
transferred to flash column chromatography (n—Hexane:EtOAc = 1:1 Rf= 0.3-0.4) to provide

analytical pure (5)-4i as white solid (423 mg, 60% yield) with 84% ee.

2) Kinetic Isotope Effects

X X H D
_N__ standardcond. H, N 0 D, N o
0 Ph= Ph=
Cp S O (P
O 4a 4a-d2-1
3a (X =H) or 3a-d>-1 (X = D) A-RU10: KIE=1.2

Procedure: 3a (21.0 mg, 0.2 mmol) and 3a-d>-1(21.0 mg, 0.2 mmol) were seperated as individual
reactions. 3a or 3a-d>-1 was added to a solution of A-Rul0 (0.2 mg, 0.0002 mmol) in pre-cooled
(using an ice water bath) super dried 1,2-dichlorobenzene (0.4 mL, 0.5 M). Then 10.6 uL
CLCHCHCI, was added as the internal standard. The reaction mixture was stirred at 0 °C under an
atmosphere of nitrogen. Aliquots were taken at time intervals as indicated in the figure below. The
aliquot was analyzed by 'H NMR spectroscopy for the formation of product (blue square for 4a, red

square for 4a-d>-1).
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w
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Figure 80. Initial rate of 4a and 4a-d>-1 formation under the above reaction conditions.

H, N D, N
under Standard Cond. |- phr,'(jo + pp 0

D_ D
4a 1.3:1 4a-d>-1

N,
os\f — KIE=1.3
3a-d2-1 e}

1:1 mixture

Procedure: 3a (21.0 mg, 0.1 mmol) and 3a-d»-1(21.0 mg, 0.1 mmol) were added to a solution of
A-Rul0 (0.2 mg, 0.0002 mmol) in pre-cooled (using an ice water bath) super dried
1,2-dichlorobenzene (0.4 mL, 0.5 M). The reaction solution was set up in a cold room at 4 °C . After 6
h reaction time (<50% conv., monitored by crude '"H NMR), the C—H amidation product was isolated.
'"H NMR analysis showed a ratio 4a:4a-d>-1 of 1.3:1. (Both 4a and 4a-d>-1 have the same signal at

5.96 ppm but only 4a has the signal at 4.76 ppm)
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Figure 81. '"H NMR spectra for the analysis of KIE value.

D H D
standard cond. D, N H N
A —— e PO+ P PP
D O« ki/kp ’Sj 'S—/V/
0 D D
2 3

4a-d2-2 4a-d2-

3a-d2-
A-Ru10: KIE = 1.1

Procedure: 3a-d>-2 (21.0 mg, 0.1 mmol) was added to a solution of A-Ru10 (0.2 mg, 0.0002 mmol) in
pre-cooled (using an ice water bath) super dried 1,2-dichlorobenzene (0.4 mL, 0.5 M). The reaction

solution was setup in a cold room at 4 °C room temperature. After 30 h reaction time, the C—H

amidation product was isolated. "H NMR analysis showed a ratio 4a-d>-2:4a-d>-3 of 1.1:1.
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KIE =1.1
D H H D
Ph—"go Ph—_'ji\fo
o o
4a-d,-2 1111 4a-d,-3

I

e Al 5

=100
047=

o

T T T
10.0 8.5 5.0 B.b B.O 7.5 i.0 6.0

Figure 82. '"H NMR spectra for the analysis of KIE value.

3) Probing the Stereochemistry

Standard Cond. Me, H 0
©/\/\g« different [Ru] Ph’<j
(R)-3a-Me (S)-4a-Me
99:1er. A-rNHCRu: 54% yield, 99% ee

A-rNHCRu: 9% yied, 92% ee
Procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube was
charged with substrate (R)-3a-Me (0.2 mmol) and A or A-Rul0 (0.2 mg, 0.0002 mmol, 0.1 mol%)
under an atmosphere of N,. Pre-cooled (using an ice water bath) “super dried” (Acros)
1,2-dichlorobenzene (0.4 mL, 0.5 M) from “Acros” was added via syringe in sequence. The reaction
mixture was stirred at 4 °C for 30 h under an atmosphere of N,. Afterwards, the mixture was directly
transferred to a column (the Schlenk tube was rinsed with a minimal amount of CH>Cl; to transfer the
reaction solution completely) and purified by flash chromatography on silica gel (EtOAc with 5%
MeOH/n—Hexane = 1:2 to 2:1) to afford the analytical pure products (S)-4a-Me. Enantiomeric ratios
were determined by HPLC analysis on chiral stationary phase. (column: Daicel Chiralpak IA column
250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 95:5, flow rate 1.0
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mlL/min, column temperature: 30 °C, retention times: t. (major) = 16.9 min, t; (minor) = 19.3 min).
The HPLC spectrums were shown below. The observed results indicated a singlet nitrene was formed

in our system rather than a triplet nitrene. Although, a triplet nitrene pathway cannot be totally
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excluded.
VWDT A, Wavelengih=220 nm (E\Data\zz] Z-Rev-MePh-rac D)
mAl ]
25 : g
I|"|I -
20 4 [ 5
[l =
[ | A
16+ | | | '|
1 J %
| I|I | |
10+ | I| || Il'u
[ [\
b A
¥ |I \ [\
1 | W
| A I|I \
D__,_d_.__j( S - S S pr——s _u’l \\“/ \\"—— T R e
] T T T T .
8 10 12 14 16 18 20 22 min
YWD A, Wavelength=220 nm (E\Data\zz]\Z-Rev-MePh-Lam-nr.0})
mal
100
i H IA column E‘.
Me, N 0 n-Hexane:/PrOH = 95:5 ||
] Ph’(j Flow rate: Tml/min | |
Column temperature: 30 °C| |
(S)-4a-Me Absorption: 220 nm | |
40 Il 3
[
[
20 |
|\ §
T —_ s sl ——
8 ‘IID I I ||2 14 16 1|8 I ZID 22 min|
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAL*s] [mau] %
1 16.885 BB @.5735 3232.74854 B2.98887 99.3586

2 19.291 MM R 6.5349

21.12982 6.58328e-1

a.6494

Figure 83. HPLC spectrums of rac-4a-Me and (S)-4a-Me obtained by using A-Rul0.
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VWD A, Wavelength=220 nm (E:\Data\zzj\Z-Rev-MePh-Del-nonracemic. D)
mal |

:
] H IA column |' |
1 Me, N n-Hexane:iPrOH = 95:5 | |
30+ 2, O . |
Ph’(j Flow rate: 1 ml/min |
1 Column temperature: 30 °C| |
| (S)-4a-Me Absorption: 220 nm | |
20 [ |
4 | III
| III
10 | \
1 | o
] | h g
] | - _._/'II i Tl T ok sy |
8 1w 2 14 6 18 20 22 i
Peak RetTime Type Width Area Height Area
# [min] [min] [mAaU*s ] [mau ] %
1 17.878 BB 8.5685 1477.81331 38.24715 96.3287
2 19.483 MM R 8.6875 56.29272 1.54431 3.6713

Figure 84. HPLC spectrum of (S)-4a-Me obtained by using A-Rul0.

4) Trapping of Ru-nitrenoid Intermediate

standard
Ph Q PPh

N=[Ru]| (2 eq)

proposed Ru-nitrenoid

0
Ph/\)LN=PPh3
4t

81% yield

Procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube was

charged with substrate 3t (38.2 mg, 0.2 mmol), PPhs (52.4 mg, 0.4 mmol) and A-Rul0 (0.2 mg,

0.0002 mmol, 0.1 mol%) under an atmosphere of N,. Pre-cooled (using an ice water bath) “super

dried” (Acros) 1,2-dichlorobenzene (0.4 mL, 0.5 M) from “Acros” was added via syringe in sequence.

The reaction mixture was stirred at 4 °C for 30 h under an atmosphere of N,. Afterwards, the mixture

was directly transferred to a column (the Schlenk tube was rinsed with a minimal amount of CH,Cl; to

transfer the reaction solution completely) and purified by flash chromatography on silica gel

(EtOAc:n—Hexane = 1:3 R¢value = 0.4-0.45) to afford the analytical pure products 4t.

4t: 81% yield, color less oil. '"H NMR (300 MHz, CDsCN) & 7.78-7.58 (m, 9H), 7.50 (ddd, J=7.2, 5.4,

2.4 Hz, 6H), 7.31-7.13 (m, 5H), 3.01 (t, J = 7.4 Hz, 2H), 2.68 (td, J = 7.4, 1.5 Hz, 2H). *C NMR (75
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MHz, CD;CN) 6 184.0, 183.8, 143.7, 133.9, 133.8, 133.3, 133.3, 130.2, 129.7, 129.6, 129.5, 129.1,
128.9, 126.6, 42.6, 42.3, 33.5, 33.4. 3'P NMR (122 MHz, CD;CN) § 19.22. HRMS (ESI, m/z) calcd.

for C27H24N1Na; O, P [M+Na]™: 432.1488, found: 432.1484.
4.3.5 Single Crystal X-Ray Diffraction Studies

Crystallography of compound (S)-4e: Single crystals of 4e were obtained by recrystalization on
EtOAc at 80 °C. Data was collected with an STOE STADIVARI diffractometer equipped with with
CuK radiation, a graded multilayer mirror monochromator (1.54186 A) and a DECTRIS PILATUS
300K detector using an oil-coated shock-cooled crystal at 100(2) K. Absorption effects were corrected
semi-empirical using multiscanned reflections (STOE LANA, absorption correction by scaling of
reflection intensities.). Cell constants were refined using 15678 of observed reflections of the data
collection. The structure was solved by direct methods by using the program XT V2014/1 (Bruker
AXS Inc., 2014) and refined by full matrix least squares procedures on F?> using SHELXL-2018/3
(Sheldrick, 2018). The non—-Hydrogen atoms have been refined anisotropically, carbon bonded
hydrogen atoms were included at calculated positions and refined using the ‘riding model’ with
isotropic temperature factors at 1.2 times (for CHs groups 1.5 times) that of the preceding carbon atom.
CHs groups were allowed to rotate about the bond to their next atom to fit the electron density.
Nitrogen or oxygen bonded hydrogen atoms were located and allowed to refine isotropically. The
absolute configuration has been determined: The “Flack parameter” (Parsons, Flack, et al., 2013)

refined to -0.005(14). CCDC number: 1910815.
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Figure 85. Crystal structure of (S)-4e.

Table 7. Crystal data and structure refinement for (S)-4e.

Crystal data

Identification code
Habitus, colour

Crystal size

Crystal system
Space group
Unit cell dimensions

Volume

Cell determination
Empirical formula
Moiety formula
Formula weight

Density (calculated)

(5)-4e

plate, colourless

0.18x0.17 x 0.05 mm’

Monoclinic

P2, Z=2
a=4.8070(2) A =90°.
b=7.0174(2) A =96.901(3)°.
c=14.3984(6) A =90°.

482.18(3) A3

15678 peaks with Theta 3.1 to 76.1°.
CioHioBrNO

CioHioBrNO

240.10

1.654 Mg/m3
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Absorption coefficient
F(000)

Data collection:

Diffractometer type
Wavelength

Temperature

Theta range for data collection
Index ranges

Data collection software

Cell refinement software

Data reduction software

Solution and refinement:

Reflections collected
Independent reflections
Completeness to theta = 67.686°
Observed reflections

Reflections used for refinement
Absorption correction

Max. and min. transmission
Flack parameter (absolute struct.)

Largest diff. peak and hole
Solution

Refinement

Treatment of hydrogen atoms
Programs used

Data / restraints / parameters

Goodness-of-fit on F2
R index (all data)

R index conventional [[>2sigma(])]

5.468 mm-!
240

STOE STADIVARI

1.54186 A

100(2) K

3.092 to 75.455°.

-5<=h<=6, -6<=k<=8, -17<=I<=17

X-Area Pilatus3 SV 1.31.127.0 (STOE, 2016)*
X-Area Recipe 1.33.0.0 (STOE, 2015)3
X-Area Integrate 1.71.0.0 (STOE, 2016)°
X-Area LANA 1.68.2.0 (STOE, 2016)’

8380

1728 [R(int) = 0.0289]

100.0 %

1725[1> 20(D)]

1728

Semi-empirical from equivalents®
0.0516 and 0.0138

-0.005(14)°

0.324 and -0.590 e.A-3

intrinsic phases'®

Full-matrix least-squares on F2"

CH calculated positions, constr., NH located, isotr. ref.
XT V2014/1 (Bruker AXS Inc., 2014)!2
SHELXL-2018/3 (Sheldrick, 2018)"3

DIAMOND (Crystal Impact)'*

ShelXle (Hiibschle, Sheldrick, Dittrich, 2011)"

1728 /1/122

1.098
wR2 =0.0625
R1=10.0235
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4.4 Enantioselective Synthesis of 2-Imidazolidinones by Intramolecular C-H Amidation

4.4.1 Synthesis of Substrates

Oxy NHOH Ox NHOBz
H oy O~ NHOH EtsN (0.2 €q) T PhCOOH (1 eq) T
1 R TaF 70°C ~ —— > “R3
LR T T 70°c ROYR . Chgcpoc ROTR
R overnight R R
6a-y

General procedure: Amine (3.0 mmol, 1 equiv) phenyl hydroxycarbamate (3.0 mmol, 1 equiv) and
EtsN (0.6 mmol, 0.2 equiv) dissolved in THF (10 mL) were heated at 70 °C overnight (16-18 h,
monitored by TLC) under N, atmosphere. After cooling to room temperature, the organic solvent was
removed under reduced pressure. The resulting solid was dissolved in 20 mL EtOAc, and washed with
brine (3 x 10 mL). The organic layer was collected and dried under anhydrous MgSOs. The organic
solvent was removed and the residue was subjected to flash silica gel chromatography to provide
crude intermediate (EtOAc, R value = 0.3-0.4) as a white solid. The above intermediate (3.0 mmol, 1
equiv) together with benzoic acid (3.0 mmol, 1 equiv) were dissolved in 30 mL CH,Cl,, The resulting
solution was cooled to 0 °C (ice-water bath). After that, DCC (3.0 mmol, 1 equiv) dissolved in 10 mL
CH,Cl, was added dropwisely to the solution. After stirring at 0 °C for 3 h, 20 mL Et,O was added to
the solution in one portion. The resulting solution was filtered and the filtrate was collected. The
organic solvent was removed under reduced pressure. The residue was subjected to a flash silica gel

chromatography to provide analytical pure N-benzoyloxyurea substrates.

Compound 6aa

Me
©/\,N\n,NHOBz
0]
6aa, 74% yield, white solid. "H NMR (300 MHz, CDCl3) 8.39 (s, 1H), 8.22-8.12 (m, 2H), 7.66 (t, J =
7.4 Hz, 1H), 7.52 (t, J= 7.7 Hz, 2H), 7.37 (dd, J = 10.2, 4.3 Hz, 2H), 7.32-7.23 (m, 3H), 3.62 (t, J =
7.4 Hz, 2H), 3.04-2.89 (m, 5H). *C NMR (75 MHz, CDCl3) 8 166.9, 157.7, 138.7, 134.1, 130.0, 128.9,
128.9, 128.7, 127.3, 126.7, 51.4, 34.8, 34.3. HRMS (ESI, m/z) calcd. for Ci7HisN>OsNa;[M+Na]":

321.1210, found: 321.1207.
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Compound 6ab

I’\{llle H 0
©/\/ \n/ \0)‘\©\
O OM

6ab, 78% yield, white solid. 'H NMR (300 MHz, CDCl;) & 8.34 (s, 1H), 8.18-8.07 (m, 2H), 7.33 (qd,

e

J=1.6,2.2 Hz, 5H), 7.05-6.93 (m, 2H), 3.93 (s, 3H), 3.67-3.57 (m, 2H), 3.02-2.91 (m, 5H). *C NMR
(75 MHz, CDCL3)§ 166.7, 164.4, 157.9, 138.8, 132.2, 129.0, 128.9, 126.8, 119.5, 114.1, 55.7, 51.5,

34.9, 34.4. HRMS (ESI, m/z) calcd. for C1sH20N204Na;[M+Na]": 351.1315, found: 351.1313.

Compound 6ac

©/\/\n/‘0
o CF

6ac, 75% yield, white solid. '"H NMR (300 MHz, CDCls) 4 8.14 (d, J = 8.0 Hz, 3H), 7.67 (d, J = 8.3

3

Hz, 2H), 7.35-7.21 (m, 2H), 7.17 (dd, J = 8.0, 4.6 Hz, 3H), 3.50 (t, /= 7.3 Hz, 2H), 2.90-2.79 (m, 5SH).
3C NMR (75 MHz, CDCl3) & 165.7, 157.4, 138.6, 135.7, 135.3, 130.7, 130.5, 128.97, 128.95, 126.9,
125.87, 125.82, 125.8, 125.7, 125.4, 121.8, 51.5, 34.8, 34.3. HRMS (ESI, m/z) calcd. for

C13H17F3N203Na1[M+Na]*: 389.1083, found: 389.1086.

Compound 6ad

l\{le H 0
N\n’N‘OJ\tBu
(0]
6ad, 52% yield, white solid. 'H NMR (300 MHz, CDsCN) & 8.38 (s, 1H), 7.41-7.16 (m, 5H),
3.55-3.39 (m, 2H), 2.93-2.77 (m, 5H), 1.28 (s, 9H). 13C NMR (75 MHz, CDsCN) 6 178.7, 158.5,

140.2, 129.8, 129.5, 127.3, 51.2, 38.8, 34.7, 345, 273. HRMS (ESI, m/z) calcd. for

C15H22N203Na1[M+Na]*: 301.1523, found: 301.1520.

Compound 6aa’

Ph H
)

6aa', 57% yield, white solid. '"H NMR (300 MHz, CD:sCN)  8.74 (s, 1H), 8.16-8.04 (m, 2H), 7.73 (t,
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J=74Hz, 1H), 7.58 (t,J= 7.7 Hz, 2H), 7.41-7.17 (m, 10H), 3.41 (dd, J = 9.5, 5.5 Hz, 4H), 2.95-2.80
(m, 2H). *C NMR (75 MHz, CD:sCN) & 167.3, 158.2, 140.2, 140.1, 135.0, 130.4, 129.9, 129.9, 129.5,
128.8, 127.3, 55.3, 50.1, 50.0, 35.0. HRMS (ESI, m/z) caled. for CasHy»DoN,OsNaj[M+Na]':

413.1805, found: 413.1805.

Compound (Z)-6b
Pli/\/Me
NS N<_NHOBz
T

(2)-6b, 77% vyield, white solid. '"H NMR (300 MHz, CDCLs) § 8.38 (s, 1H), 8.09-7.97 (m, 2H),
7.61-7.49 (m, 1H), 7.40 (t, J = 7.6 Hz, 2H), 7.34-7.09 (m, SH), 6.52 (d, J = 11.6 Hz, 1H), 5.60 (dt, J =
11.6, 7.4 Hz, 1H), 3.38 (t, J = 7.2 Hz, 2H), 2.85 (s, 3H), 2.56 (qd, J = 7.4, 1.6 Hz, 2H). 3C NMR (75
MHz, CDCls) § 167.0, 157.8, 137.2, 134.1, 132.0, 130.1, 128.8, 128.5, 128.0, 127.3, 127.1, 49.0, 34.1,

26.9. HRMS (ESI, m/z) calcd. for Ci9H2N>O3Na;[M+Na]*: 347.1366, found: 347.1363.

Compound (E£)-6b

U
Ph/v\/N\n,NHOBz
o)

(E)-6b, 63% yield, white solid. "H NMR (300 MHz, CDCls) & 8.38 (s, 1H), 8.09-7.98 (m, 2H), 7.54 (t,
J=17.4Hz, 1H), 7.40 (t, J = 7.7 Hz, 2H), 7.33-7.09 (m, 6H), 6.43 (d, J = 15.8 Hz, 1H), 6.20-6.04 (m,
1H), 3.42 (t, J = 7.2 Hz, 2H), 2.97 (s, 3H), 2.47 (q, J = 7.2 Hz, 2H). 3C NMR (75 MHz, CDCL) &
167.0, 157.8, 137.3, 134.1, 132.9, 130.1, 128.8, 128.7, 127.5, 127.3, 126.3, 49.3, 34.7, 31.6. HRMS

(ESI, m/z) calcd. for C19H20N203Na;[M+Na]'": 347.1366, found: 347.1363.

Compound (S)-6¢

: Ne
©/'\/N\n,NHOBz
O
6¢, 64% yield, colorless oil, and with 89% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 60:40,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 9.8 min, t. (minor) =
8.5 min). '"H NMR (300 MHz, CDCl3) § 8.26 (s, 1H), 8.20-8.09 (m, 2H), 7.64 (t, J = 7.4 Hz, 1H), 7.50
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(t, J=17.6 Hz, 2H), 7.42-7.20 (m, 5H), 3.71 (dd, J = 13.7, 6.6 Hz, 1H), 3.25 (ddd, J = 21.6, 14.3, 8.0
Hz, 2H), 2.81 (s, 3H), 1.35 (d, J = 6.8 Hz, 3H). ®C NMR (75 MHz, CDCl3) § 166.9, 158.0, 144.1,
134.1, 130.1, 128.9, 128.7, 127.4, 127.3, 127.0, 57.2, 38.8, 35.2, 18.7. HRMS (ESI, m/z) calcd. for

C13H20N203Na1[M+Na]*: 335.1366, found: 335.1363.

Compound 6d

Me

/@/\/NTNHOBZ
Me ©

6d, 72% yield, white solid. "H NMR (300 MHz, CDCls) § 8.27 (s, 1H), 8.11 (d, J = 7.9 Hz, 2H), 7.62
(t,J=7.4 Hz, 1H), 7.47 (t,J = 7.6 Hz, 2H), 7.21 (t, J = 7.7 Hz, 1H), 7.07 (t, J = 15.6 Hz, 3H), 3.56 (t,
J = 7.4 Hz, 2H), 2.99-2.83 (m, 5H), 2.33 (d, J = 5.4 Hz, 3H). 3C NMR (75 MHz, CDCL) § 166.9,
157.7, 138.6, 134.1, 130.1, 129.8, 128.8, 128.8, 127.5, 127.3, 125.9, 51.5, 34.9, 34.3, 21.5. HRMS

(ESI, m/z) calcd. for CisH20N,O3Na;[M+Na]*: 335.1366, found: 335.1363.

Compound 6e

Me\©/\/Nin,NHOBz

0

6e, 68% yield, white solid. '"H NMR (300 MHz, CDCls) 8 8.28 (s, 1H), 8.11 (dd, J = 8.3, 1.2 Hz, 2H),
7.61 (dd, J = 10.6, 4.3 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.25-7.00 (m, 4H), 3.65-3.44 (m, 2H),
2.99-2.81 (m, 5H), 2.33 (d, J= 5.5 Hz, 3H). ®C NMR (75 MHz, CDCl3) § 166.9, 157.7, 136.3, 135.6,
134.1, 130.1, 129.6, 128.8, 128.7, 127.3, 77.6, 77.2, 76.7, 51.5, 34.8, 33.9, 21.2. HRMS (ESI, m/z)

calcd. for CisH20N,03Na;[M+Na]*: 335.1366, found: 335.1363.

Compound 6f

I\Ille
Me ©

6f, 71% yield, white solid. 'H NMR (300 MHz, CDCLs) § 8.37 (s, 1H), 8.12 (dd, J = 8.4, 1.3 Hz, 2H),
7.65-7.58 (m, 1H), 7.46 (dd, J = 10.6, 4.7 Hz, 2H), 7.16 (s, 4H), 3.52 (dd, J = 8.4, 6.8 Hz, 2H),

3.04-2.85 (m, SH), 2.38 (s, 3H). ®C NMR (75 MHz, CDCls) & 166.8, 157.7, 136.8, 136.3, 134.1,
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130.6, 130.0, 129.7, 128.7, 127.3, 126.9, 126.5, 50.3, 34.8, 31.6, 19.4. HRMS (ESI, m/z) calcd. for

C13H20N203Na1[M+Na]*: 335.1366, found: 335.1363.

Compound 6g

e

N._NHOBz
oY
. 0

6g, 72% yield, white solid. '"H NMR (300 MHz, CDsCN) 5 8.71 (s, 1H), 8.07 (dd, J = 8.3, 1.2 Hz, 2H),
7.78-7.67 (m, 1H), 7.57 (t, J = 7.7 Hz, 2H), 7.37-7.24 (m, 2H), 7.13-7.00 (m, 2H), 3.61-3.41 (m, 2H),
2.98-2.79 (m, 5H). *C NMR (75 MHz, CDsCN) & 167.2, 164.1, 160.9, 158.5, 136.2, 136.2, 135.0,
131.6, 131.5, 130.4, 129.9, 128.7, 1162, 115.9, 51.2, 34.8, 33.6. HRMS (ESI, m/z) calcd. for

C17H17F1N2O;3Na; [M+Na]*: 339.1115, found: 339.1113.

Compound 6h

IYIe
/@/\/N\H,NHOBZ
cl 0

6h, 73% yield, white solid. "H NMR (300 MHz, CDCls) & 8.28 (s, 1H), 8.11-7.95 (m, 2H), 7.64-7.49
(m, 1H), 7.40 (t, J= 7.6 Hz, 2H), 7.29-7.16 (m, 2H), 7.09 (d, J = 8.4 Hz, 2H), 3.47 (t, J= 7.3 Hz, 2H),
2.90-2.76 (m, 5H). *C NMR (75 MHz, CDCL;) & 167.0, 157.7, 137.2, 134.2, 132.6, 130.3, 130.1,
129.0, 128.8, 127.2, 51.3, 34.9, 33.6. HRMS (ESI, m/z) caled. for Ci7H;7C1N2OsNaj[M+Na]*:

355.0820, found: 355.0818.

Compound 6i

e

O/\/NTNHOBZ
MeO ©

6i, 70% yield, white solid. 'H NMR (300 MHz, CDCL) & 8.26 (s, 1H), 8.15-8.07 (m, 2H), 7.61 (dd, J
=10.6, 4.3 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.14 (t, J = 5.7 Hz, 2H), 6.87 (dd, J = 6.7, 4.7 Hz, 2H),
3.79 (s, 3H), 3.53 (t, /= 7.3 Hz, 2H), 2.91 (s, 3H), 2.86 (t, J = 7.3 Hz, 2H). 3C NMR (75 MHz, CDCL)
8 166.9, 158.6, 157.7, 134.1, 130.7, 130.1, 129.9, 128.7, 127.3, 114.4, 55.4, 51.2, 34.9, 33.4. HRMS

(ESI, m/z) calcd. for CisH20N,O4Na;[M+Na]*: 351.1315, found: 351.1313.
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Compound 6j

O
O N\",NHOBZ
O
6j, 63% yield, white solid. 'TH NMR (300 MHz, CDCL) & 8.39 (s, 1H), 8.20-8.10 (m, 3H), 7.87 (d, J =
7.8 Hz, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.69-7.35 (m, 7H), 3.69 (dd, J = 8.5, 6.5 Hz, 2H), 3.46-3.34 (m,
2H), 2.90 (s, 3H). 3C NMR (75 MHz, CDCls) § 167.0, 157.7, 134.9, 134.2, 134.1, 132.0, 130.1, 129.0,
128.8, 127.6, 127.3, 127.2, 126.6, 125.9, 125.8, 123.6, 51.1, 35.1, 31.5. HRMS (ESI, m/z) calcd. for

C21H20N203Na1[M+Na]*: 371.1366, found: 371.1367.

Compound 6k

I\Ille

N._NHOBz
¥

@)

6k, 71% yield, white solid. "H NMR (300 MHz, CDCls) & 8.38 (s, 1H), 8.15-8.04 (m, 2H), 7.81 (dd, J
=4.6, 3.3 Hz, 3H), 7.69 (s, 1H), 7.62 (t, J= 7.5 Hz, 1H), 7.54-7.41 (m, 4H), 7.38 (dd, /= 8.4, 1.5 Hz,
1H), 3.66 (t, J = 7.4 Hz, 2H), 3.08 (t, J = 7.4 Hz, 2H), 2.91 (s, 3H).3C NMR (75 MHz, CDCl;) &
166.9, 157.8, 136.2, 134.1, 133.8, 132.4, 130.1, 128.7, 128.5, 127.8, 127.7, 127.5, 127.3, 126.3, 125.7,

51.4,35.0, 34.5. HRMS (ESI, m/z) calcd. for C21H20N203Na[M+Na]™: 371.1366, found: 371.1364.

Compound 6l

Me
<\SJ/\/N\[OI,NHOBZ
61, 69% yield, white solid. 'H NMR (300 MHz, CDCls) 4 8.25 (s, 1H), 8.01 (dd, J= 8.2, 1.0 Hz, 2H),
7.60-7.47 (m, 1H), 7.37 (t, J= 7.7 Hz, 2H), 7.07 (dd, J = 5.1, 1.1 Hz, 1H), 6.85 (dd, J= 5.1, 3.5 Hz,
1H), 6.78 (d, J= 3.3 Hz, 1H), 3.51 (t, J= 7.1 Hz, 2H), 3.04 (t, J = 7.1 Hz, 2H), 2.85 (s, 3H). *C NMR
(75 MHz, CDCL) 6 166.9, 157.8, 140.7, 134.1, 130.1, 128.8, 127.4, 127.3, 125.8, 124.3, 51.5, 34.9,

28.3. HRMS (ESI, m/z) calcd. for C1sHiN203S1Na;[M+Na]*: 327.0774, found: 327.0771.

155



Chapter 4. Experimental Part

Compound 6m

6m, 73% yield, white solid. '"H NMR (300 MHz, CDsCN) & 8.83 (s, 1H), 8.18-8.02 (m, 2H), 7.72 (t, J
= 7.5 Hz, 1H), 7.57 (t, J = 7.6 Hz, 2H), 7.21 (ddd, J = 8.8, 7.0, 4.2 Hz, 4H), 5.14-4.99 (m, 1H), 3.19
(dd, J = 16.3, 8.4 Hz, 2H), 3.05 (dd, J = 16.3, 7.0 Hz, 2H), 2.81 (s, 3H). 3C NMR (75 MHz, CD;CN)
§ 1672, 158.7, 142.2, 135.0, 130.4, 129.9, 128.8, 127.6, 125.3, 56.3, 36.7, 29.2. HRMS (ESI, m/z)

calcd. for CisHsN,O3Na;[M+Na]*: 333.1210, found: 333.1207.

Compound 6n

I\Ille
N

Ph/j/ \n,NHOBZ
o)

Ph
6n, 58% yield, colorless oil. "H NMR (300 MHz, CDCls) & 8.16-8.05 (m, 2H), 8.00 (s, 1H), 7.63 (dd,

J=10.6, 4.3 Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H), 7.39-7.19 (m, 10H), 4.51 (s, 1H), 3.21-2.86 (m, 4H),
2.75 (s, 3H). 3C NMR (75 MHz, CDCls) § 166.5, 158.0, 138.4, 134.0, 130.0, 129.0, 128.9, 128.7,

127.4,126.8, 38.5. HRMS (ESI, m/z) calcd. for C24H24N,O3Na;[M+Na]": 411.1679, found: 411.1690.

Compound 60

Me
. /\,N\C[)rNHOBz
60, 75% yield, white solid. '"H NMR (300 MHz, CDCl;) 3 8.59 (s, 1H), 8.06 (dd, J = 8.1, 1.0 Hz, 2H),
7.57 (ddd, J = 6.9, 2.5, 1.2 Hz, 1H), 7.47-7.33 (m, 4H), 7.28-7.20 (m, 3H), 3.57 (t, J = 6.7 Hz, 2H),
3.09 (s, 3H), 2.70 (t, J= 6.7 Hz, 2H). ®C NMR (75 MHz, CDCl3) § 166.7, 157.8, 134.1, 131.8, 130.0,
128.7, 128.4, 128.1, 127.3, 123.4, 86.8, 82.7, 48.6, 35.1, 19.1. HRMS (ESI, m/z) calcd. for

C19H13N203Na1[M+Na]*: 345.1221, found: 345.1210.
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Compound 6p

Me

©/\/\II\I\",NHOBZ
o)

6p, 77% yield, white solid. "H NMR (300 MHz, CDCl;) & 8.29 (s, 1H), 8.04 (dd, /= 5.2, 3.3 Hz, 2H),
7.62-7.49 (m, 1H), 7.39 (dd, J = 10.6, 4.7 Hz, 2H), 7.31-7.21 (m, 2H), 7.20-7.10 (m, 3H), 3.53-3.38
(m, 2H), 3.20 (q, J = 7.2 Hz, 2H), 2.93-2.81 (m, 2H), 1.12 (t, J/ = 7.2 Hz, 3H). ®C NMR (75 MHz,
CDCL) 6 167.1, 157.4, 138.8, 134.1, 130.1, 129.0, 128.9, 128.7, 127.3, 126.8, 49.2, 42.6, 34.9, 13.4.

HRMS (ESI, m/z) calcd. for CisH2N203Nai[M+Na]*: 335.1377, found: 335.1363.

Compound 6q

Me
\/\II\J NHOBz
T

6q, 71% yield, colorless oil. 'H NMR (300 MHz, CDCls) & 8.30 (s, 1H), 8.12-7.99 (m, 2H), 7.53 (dd,
J=10.6, 4.3 Hz, 1H), 7.40 (t, J = 7.6 Hz, 2H), 7.31-7.10 (m, 5H), 3.53-3.38 (m, 2H), 3.19-3.05 (m,
2H), 2.96-2.80 (m, 2H), 1.51 (dt, J= 12.2, 7.2 Hz, 2H), 1.27 (dt, J = 15.0, 7.3 Hz, 2H), 0.86 (t, /= 7.3
Hz, 3H). *C NMR (75 MHz, CDCls) & 167.1, 157.6, 138.8, 134.1, 130.1, 129.0, 128.9, 128.7, 127.3,
126.8, 49.6, 47.7, 34.7, 30.4, 20.2, 13.9. HRMS (ESI, m/z) calcd. for CaHasN2OsNaj[M+Na]*:

363.1690, found: 363.1680.

Compound 6r
e

Me
©/\/N\",NHOBZ
o)
6r, 62% yield, colorless oil. 'H NMR (300 MHz, CDCl;) 8 8.50 (s, 1H), 8.16 (dd, J= 8.4, 1.3 Hz, 2H),
7.65 (ddd, J = 6.8, 2.5, 1.3 Hz, 1H), 7.50 (t, J = 7.7 Hz, 2H), 7.44-7.22 (m, 5H), 3.64-3.48 (m, 2H),
3.07 (d,J = 7.6 Hz, 2H), 3.02-2.92 (m, 2H), 2.13-1.95 (m, 1H), 0.98 (d, J= 6.7 Hz, 6H). *C NMR (75
MHz, CDCls3) 6 167.1, 157.8, 138.8, 134.1, 130.1, 128.9, 128.9, 128.7, 127.3, 126.7, 55.2, 50.1, 34.4,

27.7,20.3. HRMS (ESI, m/z) calcd. for C20H24N203Nai[M+Na]": 363.1690, found: 363.1679.
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Compound 6s

Ph

PH N N\g’

6s, 61% yield, white solid. "H NMR (300 MHz, CDCl;) § 8.14 (dd, J = 10.0, 2.9 Hz, 3H), 7.65 (t, J =

NHOBz

7.5 Hz, 1H), 7.51 (t, J = 7.7 Hz, 2H), 7.35 (t, J = 7.1 Hz, 4H), 7.30-7.18 (m, 7H), 3.47 (t, J= 7.4 Hz,
4H), 2.92 (t, J = 7.4 Hz, 4H). *C NMR (75 MHz, CDCls) § 166.8, 157.6, 138.7, 134.1, 130.1, 128.9,
128.7, 127.3, 126.8, 50.1, 34.7. HRMS (ESI, m/z) calcd. for CyH24N,O3Na;[M+Na]": 363.1690,

found: 363.1680. HRMS (ESI, m/z) calcd. for C24H24N>O3Na;[M+Na]": 411.1690, found: 411.1680.

Compound 6t

Ph

N._NHOBz
©/\/ \n/
(0]

6t, 68% yield, white solid. '"H NMR (300 MHz, CD;CN) & 8.81 (s, 1H), 8.08 (dd, J = 5.2, 3.3 Hz, 2H),
7.80-7.65 (m, 1H), 7.57 (dd, J = 10.6, 4.7 Hz, 2H), 7.44-7.20 (m, 10H), 4.46 (s, 2H), 3.58-3.41 (m,
2H), 3.01-2.83 (m, 2H). 3C NMR (75 MHz, CD;CN) § 167.3, 158.7, 140.0, 138.6, 135.0, 130.4,
129.9, 129.8, 129.6, 129.5, 128.7, 128.4, 127.4, 51.0, 49.3, 34.8. HRMS (ESI, m/z) calcd. for

C23H22N203Na1[M+Na]*: 397.1534, found: 397.1522.

Compound 6u
N
pH ™~ \n,NHOBz
O

6u, 82% yield, white solid. 'H NMR (300 MHz, CDCI;) & 8.56 (s, 1H), 8.01-7.90 (m, 2H), 7.66 (ddd,
J=17.0, 2.5, 1.3 Hz, 1H), 7.57-7.44 (m, 2H), 7.25-7.08 (m, 5H), 5.39 (s, 1H), 3.56 (dd, J = 12.8, 6.6
Hz, 2H), 2.84 (t, J = 6.8 Hz, 2H). ®C NMR (75 MHz, CDCls) § 164.9, 158.3, 138.6, 134.5, 129.8,
129.0, 128.9, 128.8, 126.8, 126.7, 41.1, 35.9. HRMS (ESI, m/z) calcd. for CicHisN>O3sNa;[M+Na]":

307.1053, found: 307.1050.

158



Chapter 4. Experimental Part

Compound 6v

Ph

U
PW”\/N1§

NHOBz

6v, 57% yield, colorless oil. "H NMR (300 MHz, CDCl3) § 8.15-8.08 (m, 2H), 8.02 (s, 1H), 7.63 (t, J
= 7.4 Hz, 1H), 7.55-7.39 (m, 5H), 7.37-7.17 (m, 7H), 4.04-3.89 (m, 2H), 2.98 (dd, J = 8.9, 6.9 Hz, 2H).
13C NMR (75 MHz, CDCL3) & 166.9, 156.8, 140.1, 138.6, 134.1, 130.4, 130.1, 129.0, 128.8, 128.7,

128.6, 128.3, 127.2, 126.5, 52.2, 34.5.

Compound 6w

H
N NHOBz
<:;}jr/\\/ jr
TsN O

S
6w, 48% yield, white solid. 'TH NMR (300 MHz, CDsCN) & 8.40 (s, 1H), 8.17-8.01 (m, 2H), 7.93 (d, J
= 8.1 Hz, 1H), 7.78 (d, J= 8.4 Hz, 2H), 7.71 (t, J = 7.5 Hz, 1H), 7.64-7.46 (m, 4H), 7.41-7.20 (m, 4H),
6.16 (s, 1H), 3.49 (q, J = 6.6 Hz, 2H), 2.89 (t, J = 6.7 Hz, 2H), 2.32 (s, 3H). *C NMR (75 MHz,
CD;CN) § 166.3, 159.4, 146.5, 135.9, 135.6, 135.0, 132.1, 130.9, 130.6, 129.7, 128.3, 127.6, 125.6,
124.9, 1242, 1214, 1206, 1144, 39.8, 258, 21.4. HRMS (ESI, m/z) caled. for

C25H23N30581Na1[M+Na]*: 500.1251, found: 500.1252.

Compound 6x

H
Br N. _NHOBz
i hid
TsN O

S

6x, 52% yield, white solid. 'TH NMR (300 MHz, CDCLs) & 8.47 (s, 1H), 8.04 (d, J = 1.2 Hz, 1H),
7.89-7.79 (m, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.58 (t, J= 7.5 Hz, 1H), 7.41 (t, J= 7.7 Hz, 2H), 7.25 (dd,
J=13.8, 5.9 Hz, 3H), 7.21-7.11 (m, 3H), 5.38 (t, /= 5.7 Hz, 1H), 3.50 (q, J = 6.7 Hz, 2H), 2.83 (t, J =
6.8 Hz, 2H), 2.26 (s, 3H). 3C NMR (75 MHz, CDCl3) 5 164.9, 158.3, 145.5, 136.0, 135.1, 134.6,
130.2, 129.7, 129.6, 129.1, 126.9, 126.8, 126.5, 124.1, 120.6, 119.4, 118.8, 117.0, 39.9, 25.4, 21.7.
HRMS (ESI, m/z) calced. for CasHyN3OsS;BriNaj[M+Na]": 578.0356, 580.0338, found: 578.0357,

580.0337.

159



Chapter 4. Experimental Part

Compound 6y

Me
U
Ph\/\/N\n,NHOBz
(0]

6y, 63% yield, white solid. "H NMR (300 MHz, CD;CN) & 8.72 (s, 1H), 8.07 (d, J = 7.3 Hz, 2H), 7.72
(t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.7 Hz, 2H), 7.37-7.16 (m, 5H), 3.41-3.24 (m, 2H), 2.94 (s, 3H),
2.74-2.57 (m, 2H), 1.88 (dd, J = 15.2, 7.5 Hz, 2H). *C NMR (75 MHz, CD;CN) § 167.2, 158.5, 142.9,
134.8, 130.3, 129.8, 129.3, 129.2, 128.7, 126.7, 49.0, 34.1, 33.4, 30.0. HRMS (ESI, m/z) calcd. for

C18H20N203N31[M+Na]+3 335.1377, found: 335.1364.
4.4.2 Ruthenium Catalyzed Intramolecular C-H Amidations

General procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube
was charged with substrates 6a-y (0.2 mmol), chiral ruthenium catalyst (0.002 mmol, 1 mol%) and
K>CO; (82.8 mg, 0.6 mmol) under an atmosphere of N,. Fresh distilled dichloromethane (2.0 mL) was
added via syringe. The reaction mixture was stirred at the indicated temperature for the indicated time
under an atmosphere of N,. Afterwards, the mixture was directly transferred to a column (the Schlenk
tube was rinsed with a minimal amount of CH,Cl, to transfer the reaction solution completely) and
purified by flash chromatography on silica gel (EtOAc/n—Hexane = 2:1 to EtOAc/MeOH 95:5) to
afford the analytical pure products 7a-y. Enantiomeric ratios were determined by HPLC analysis on
chiral stationary phase. The absolute configuration of the product 7h was confirmed by X-ray analysis
(CCDC number: 1972573) as S-configuration. Racemic samples were obtained by the same catalytic

reactions using racemic ruthenium catalyst instead of chiral ruthenium catalyst.

Additional experimental informations:
a) Execution of the reactions. All catalytic reactions were carried out in 10 mL Schlenk tubes from

“Synthware” under N, atmosphere (see image below).
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b) Isolation of the final product. The C-H amination products can be isolated by flash
chromatography without any trace contaminations from the ruthenium catalyst as evident by the

white color of the products (see image below).

¢) Crude '"H NMR spectra analysis of the standard reaction solution. See image below.

Internal
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The above crude '"H NMR analysis shows quantitative yield of the target cyclic urea product 7a (Table

3, entry 5).
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Compound (S)-7a

0]
Me\N)I\NfH

Re

Starting from 6aa (59.6 mg, 0.20 mmol) according to the general procedure to provide 7a as a white
solid (34.9 mg, 99% vyield) and with 95% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 13.2 min, t. (minor) =
11.4 min). [a]p** = 10.6° (¢ = 1.0, CH>CL,). "H NMR (300 MHz, CDsCN) & 7.46-7.28 (m, 5H), 5.54 (s,
1H), 4.82-4.63 (m, 1H), 3.77 (t, J = 8.8 Hz, 1H), 3.12 (dd, J = 8.7, 7.5 Hz, 1H), 2.71 (s, 3H). BC
NMR (75 MHz, CD;CN) § 163.2, 143.6, 129.6, 128.7, 127.1, 56.5, 54.1, 30.8. HRMS (ESI, m/z)

calcd. for C1oH12N2O1Naij[M+Na]": 199.0842, found: 199.0842.

Compound (S,2)-7b

0]
Me\N)I\NfH

\_&JPh

Starting from (Z)-6b (62.8 mg, 0.20 mmol) according to the general procedure to provide (S,2)-7b as a
white solid (29.5 mg, 73% yield) and with 91% ee as determined by HPLC analysis (column: Daicel
Chiralpak IG 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 80:20,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 15.5 min, t. (minor) =
14.6 min). [a]p** = 47.0° (¢ = 1.0, CH,Cl;). '"H NMR (300 MHz, CD;CN) § 7.44-7.36 (m, 2H),
7.35-7.30 (m, 1H), 7.30-7.23 (m, 2H), 6.65 (d, J = 11.6 Hz, 1H), 5.72 (dd, J = 11.5, 9.3 Hz, 1H), 5.14
(s, IH),4.57 (dd, J=16.4, 8.7 Hz, 1H), 3.63 (t, J = 8.6 Hz, 1H), 3.14 (dd, /= 8.7, 7.4 Hz, 1H), 2.69 (s,
3H).3C NMR (75 MHz, CDsCN) & 162.9, 137.2, 133.3, 132.4, 129.6, 129.4, 128.4, 54.3, 48.1, 30.8.

HRMS (ESI, m/z) calcd. for Ci2H14N2O1Nai[M+Na]*: 225.0998, found: 225.0997.
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Compound (S,E)-7b
Me\NiNfH

Ph

Starting from (£)-6b (62.8 mg, 0.20 mmol) according to the general procedure to provide (S,E)-7b as a
white solid (32.2 mg, 80% yield) and with 76% ee as determined by HPLC analysis (column: Daicel
Chiralpak IG 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 80:20,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 15.5 min, t. (minor) =
17.8 min). [a]p?? = -15.4° (¢ = 1.0, CH,CLy). "TH NMR (300 MHz, CDsCN) 8 7.49-7.42 (m, 2H),
7.41-7.24 (m, 3H), 6.61 (d, J=15.9 Hz, 1H), 6.28 (dd, J=15.9, 7.3 Hz, 1H), 5.15 (s, 1H), 4.29 (q, J =
7.3 Hz, 1H), 3.60 (t, J= 8.7 Hz, 1H), 3.14 (dd, J = 8.8, 7.1 Hz, 1H), 2.70 (s, 3H). *C NMR (75 MHz,
CDsCN) 6 162. 9, 137.6, 132.0, 130.7, 129.7, 128.8, 127.4, 54.0, 52.8, 30.8. HRMS (ESI, m/z) calcd.

for C12H14N20/Na;[M+Na]*: 225.0998, found: 225.0998.

Compound (R)-7¢

0
Me\NJ\N—H

n\/? Ph
Starting from (5)-6¢ (62.4 mg, 0.20 mmol) according to the general procedure to provide (R)-7c as a
white solid (33.7 mg, 89% yield) and with 85% ee (A-Ru5 was applied), enantioselectivity was
determined by HPLC analysis (column: Daicel Chiralpak IC 250 x 4.6 mm, absorption: A = 215 nm,
mobile phase: n—Hexane/isopropanol = 60:40, flow rate: 1.0 mL/min, column temperature: 30 °C,
retention times: t, (major) = 11.6 min, t, (minor) = 8.9 min). "H NMR (300 MHz, CDCls) § 7.43-7.32
(m, 4H), 7.29 (dd, J=5.7, 2.9 Hz, 1H), 4.83 (s, 1H), 3.45 (dd, J = 20.1, 8.6 Hz, 2H), 2.80 (s, 3H), 1.68
(s, 3H). 3C NMR (75 MHz, CDCl5) & 161.3, 145.9, 128.9, 127.5, 124.9, 62.1, 57.1, 30.6, 28.7.

HRMS (ESI, m/z) calcd. for C11H14N>O1Na;[M+Na]": 213.0998, found: 213.0999.
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Compound (5)-7d

0]
Me\NJI\NfH

Me
Starting from 6d (62.4 mg, 0.20 mmol) according to the general procedure to provide 7d as a white
solid (35.0 mg, 92% vyield) and with 95% ee as determined by HPLC analysis (column: Daicel
Chiralpak IA 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 95:5,
flow rate: 1.0 mL/min, column temperature: 40 °C, retention times: t; (major) = 21.1 min, t. (minor) =
16.9 min). [a]p* = 18.0° (¢ = 1.0, CH,Cl;). '"H NMR (300 MHz, CDCl3) § 7.26-6.97 (m, 4H),
4.76-4.47 (m, 2H), 3.70 (t, J = 8.9 Hz, 1H), 3.14 (dd, J = 8.6, 7.5 Hz, 1H), 2.75 (s, 3H), 2.29 (s, 3H).
BC NMR (75 MHz, CDCl3) § 162.3, 141.7, 138.9, 129.7, 129.1, 129.0, 126.8, 126.2, 123.3, 56.2, 53.8,

30.7,21.5. HRMS (ESI, m/z) calcd. for C;1H14sN>O:Na;[M+Na]": 213.0998, found: 213.0999.

Compound (5)-7e

Me\NiN—H

R

Starting from 6e (62.4 mg, 0.20 mmol) according to the general procedure to provide 7e as a white
solid (37.7 mg, 99% vyield) and with 96% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 50:50,
flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t; (major) = 11.4 min, t, (minor) =
12.6 min). [a]p? = 5.6° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CD;CN) 8 7.27 (d, J = 8.1 Hz, 2H),
7.23-7.12 (m, 2H), 5.43 (s, 1H), 4.67 (t, J = 8.1 Hz, 1H), 3.74 (dd, J = 10.9, 6.5 Hz, 1H), 3.10 (dd, J =
8.7, 7.6 Hz, 1H), 2.71 (s, 3H), 2.35 (s, 3H). *C NMR (75 MHz, CD;CN) § 163.1, 140.5, 138.5, 130.2,
127.1, 56.6, 53.9, 30.8, 21.1. HRMS (ESI, m/z) calcd. for C;;H14N2ONa;[M+Na]": 213.0998, found:

213.0999.
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Compound (5)-7f

0]
Me\NJLN/H

0

Starting from 6f (62.4 mg, 0.20 mmol) according to the general procedure to provide 7f as a white
solid (36.6 mg, 96% vyield) and with 97% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = §5:15,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 8.8 min, t, (minor) =
7.6 min). [a]p** = 151.0° (¢ = 1.0, CH,CL,). '"H NMR (300 MHz, CDCl3)$ 7.50-7.37 (m, 1H), 7.24
-7.04 (m, 3H), 4.92 (dd, J = 8.8, 7.4 Hz, 2H), 3.78 (t, J = 8.8 Hz, 1H), 3.05 (dd, J = 8.5, 7.3 Hz, 1H),
2.72 (s, 3H), 2.24 (s, 3H). *C NMR (75 MHz, CDCl;) & 162.4, 139.7, 134.7, 130.8, 127.8, 126.8,
125.1, 54.9, 50.5, 30.6, 19.1. HRMS (ESI, m/z) calcd. for C;;H14N2ONa;[M+Na]": 213.0998, found:

213.0998.

Compound (S)-7g

0
Me\NJ\NaH

F
Starting from 6g (63.2 mg, 0.20 mmol) according to the general procedure to provide 7g as a white
solid (34.8 mg, 90% vyield) and with 93% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 50:50,
flow rate: 1.0 mL/min, column temperature: 40 °C, retention times: t, (major) = 8.9 min, t, (minor) =
9.8 min). [a]p??> = 63.2° (¢ = 1.0, CH:Cl,). '"H NMR (300 MHz, CDCl3) & 7.39-7.28 (m, 2H),
7.12-6.95 (m, 2H), 5.36 (s, 1H), 4.73 (t, /=8.1 Hz, 1H), 3.75 (t, /= 8.8 Hz, 1H), 3.16 (dd, /=8.7, 7.4
Hz, 1H), 2.78 (s, 3H). *C NMR (75 MHz, CDCls) & 164.3, 162.4, 161.0, 137.5, 137.5, 127.9, 127.8,
116.0, 115.7, 56.2, 53.2, 30.6. ’F NMR (235 MHz, CDCl;) & -114.16. HRMS (ESI, m/z) calcd. for

CioHiiFiN2ONa;[M+Na]*: 217.0748, found: 217.0748.
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Compound (5)-7h

0]
Me\N)LNaH

Cl
Starting from 6h (66.4 mg, 0.20 mmol) according to the general procedure to provide 7h as a white
solid (39.1 mg, 93% vyield) and with 90% ee as determined by HPLC analysis (column: Daicel
Chiralpak ODH 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 85:15,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 12.1 min, t. (minor) =
14.1 min). [a]p** = 23.2° (¢ = 1.0, CH,CL). '"H NMR (300 MHz, CDCl3) § 7.31-7.17 (m, 4H), 5.22 (s,
1H), 4.72-4.59 (m, 1H), 3.70 (t, J = 8.9 Hz, 1H), 3.09 (dd, J = 8.5, 7.5 Hz, 1H), 2.72 (s, 3H). BC
NMR (75 MHz, CDCl;) 6 162.4, 140.3, 134.1, 129.2, 127.6, 56.1, 53.2, 30.6. HRMS (ESI, m/z) calcd.

for C10H11CliN2O1Nai;[M+Na]": 233.0452, found: 233.0451.

Compound (5)-7i

Me\Nﬁ\NaH

OMe
Starting from 6i (65.6 mg, 0.20 mmol) according to the general procedure to provide 7i as a white
solid (41.0 mg, 99% vyield) and with 92% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 19.4 min, t. (minor) =
16.9 min). [a]p?? = 56.4° (¢ = 1.0, CH>Cl,). "H NMR (300 MHz, CDCl3) § 7.34-7.18 (m, 2H), 6.88 (d,
J=28.7Hz, 2H), 4.97 (s, 1H), 4.68 (t, J = 8.1 Hz, 1H), 3.79 (s, 3H), 3.73 (t, J = 8.8 Hz, 1H), 3.17 (dd,
J = 8.6, 7.6 Hz, 1H), 2.79 (s, 3H). ®C NMR (75 MHz, CDCls) § 162.3, 159.6, 133.7, 127.4, 114.4,
56.4, 55.4, 53.3, 30.7. HRMS (ESI, m/7) calcd. for C;1H;4N2O:Na;[M+Na]*: 229.0947, found:

229.0948.
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Compound (5)-7j

(0]
Me\N)l\NaH

Starting from 6j (69.6 mg, 0.20 mmol) according to the general procedure to provide 7j as a white
solid (45.0 mg, 99% vyield) and with 99% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 85:15,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 10.9 min, t, (minor) =
9.5 min). [a]p** = 106.6° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz, CDCl3) 8 7.90 (dd, J = 11.5, 6.2 Hz,
2H), 7.82 (d, J = 8.2 Hz, 1H), 7.70 (d, J = 7.1 Hz, 1H), 7.60-7.44 (m, 3H), 5.53 (t, /= 7.9 Hz, 1H),
5.04 (s, 1H), 4.07 (t,J=9.0 Hz, 1H), 3.26 (dd, J = 8.7, 6.9 Hz, 1H), 2.82 (s, 3H). *C NMR (75 MHz,
CDCls) 6 162.2, 137.1, 134.1, 130.4, 129.4, 128.5, 126.7, 126.0, 125.8, 122.6, 122.3, 55.3, 50.4, 30.6.

HRMS (ESI, m/z) calcd. for Ci4Hi4N,ONa;[M+Na]": 249.0998, found: 249.0997.

Compound (5)-7k

MexNﬁ\NaH
g

Starting from 6k (69.6 mg, 0.20 mmol) according to the general procedure to provide 7k as a white
solid (43.9 mg, 97% vyield) and with 90% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 60:40,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 19.4 min, t. (minor) =
31.8 min). [a]p? = 97.6° (¢ = 1.0, CH,CL,). '"H NMR (300 MHz, CDCl3) & 7.91-7.74 (m, 4H),
7.57-7.38 (m, 3H), 5.35 (s, 1H), 4.89 (t,J = 8.1 Hz, 1H), 3.82 (t, /= 8.9 Hz, 1H), 3.27 (dd, J=8.7, 7.2
Hz, 1H), 2.81 (s, 3H). *C NMR (75 MHz, CDCls) & 162.4, 139.1, 133.4, 133.3, 129.0, 128.0, 127.8,
126.6, 126.3, 125.1, 123.9, 56.0, 53.8, 30.7. HRMS (ESI, m/z) calcd. for Ci4H1sN2ONa;[M+Na]":

249.0998, found: 249.0999.
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Compound (5)-71

@)
Me\NJI\NfH

S

([

Starting from 61 (60.8 mg, 0.20 mmol) according to the general procedure to provide 71 as a white
solid (36.1 mg, 99% vyield) and with 88% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 16.0 min, t. (minor) =
13.3 min). [a]p** = 8.6° (¢ = 1.0, CH.CL). "H NMR (300 MHz, CDCl;) 8 7.29 (dd, J = 4.8, 1.1 Hz,
1H), 7.05 (d, J=2.9 Hz, 1H), 6.99 (dd, J = 5.0, 3.6 Hz, 1H), 5.05 (dd, J=15.4, 7.1 Hz, 2H), 3.80 (t, J
= 8.7 Hz, 1H), 3.36 (dd, J = 8.8, 7.1 Hz, 1H), 2.85 (s, 3H). ®C NMR (75 MHz, CDCl;)  161.6, 145.5,
127.1, 125.4, 124.8, 56.4, 49.9, 30.6. HRMS (ESI, m/z) calcd. for CsH;oSiN.ONa;[M+Na]":

245.0406, found: 245.0406.

Compound (3R,85)-7m

H\NﬁN—Me

89— ¢3R)

S

Starting from 6m (62.0 mg, 0.20 mmol) according to the general procedure to provide 7m as a white
solid (10.9 mg, 29% vyield) and with 89% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t; (major) = 26.2 min, t, (minor) =
16.2 min). [a]p?? =-131.8° (¢ = 1.0, CH>Cl,). "H NMR (300 MHz, CDCl3) § 7.19 (s, 5H), 5.03 (s, 1H),
4.94 (d, J= 7.8 Hz, 1H), 4.31 (ddd, J = 7.8, 5.1, 2.8 Hz, 1H), 3.18-3.01 (m, 2H), 2.75 (s, 3H). B*C
NMR (75 MHz, CDClz) § 161.2, 142.1, 140.5, 128.9, 127.7, 125.7, 124.5, 62.3, 58.8, 36.6, 28.8.

HRMS (ESI, m/z) calcd. for C;1Hi2N,O1Na;[M+Na]*: 211.0842, found: 211.0842.
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Compound (4S5,55)-7n

0]

H\NJI\NfMe
(4S)s\_( (5S)

@ Bn

Starting from 6n (77.6 mg, 0.20 mmol) according to the general procedure to provide 7n as a white
solid (49.3 mg, 93% vyield) and with 94% ee as determined by HPLC analysis (column: Daicel
Chiralpak ODH 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 85:15,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 11.1 min, t; (minor) =
9.7 min). [a]p** = -8.2° (¢ = 1.0, CH>CL). '"H NMR (300 MHz, CDCl3) § 7.30-7.14 (m, 6H), 7.14
-7.05 (m, 2H), 7.02-6.90 (m, 2H), 4.76 (s, 1H), 4.27 (d, J = 5.4 Hz, 1H), 3.54 (dt, /= 7.4, 5.3 Hz, 1H),
3.01 (dd, J=13.9, 5.1 Hz, 1H), 2.90-2.68 (m, 4H). *C NMR (75 MHz, CDCl3) § 161.3, 141.9, 136.6,
129.8, 128.9, 128.8, 128.1, 127.1, 126.2, 68.4, 58.0, 38.3, 29.3. HRMS (ESI, m/z) calcd. for

Ci7H1sN,ONa; [M+Na]™: 289.1311, found: 289.1318.

Compound (S)-70

0
Me\N)LNfH

\

Ph
Starting from 60 (64.4 mg, 0.20 mmol) according to the general procedure to provide 70 as a white
solid (35.7 mg, 89% vyield) and with 87% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 10.8 min, t, (minor) =
13.3 min). [a]p?? = 11.0° (¢ = 1.0, CH2CL). '"H NMR (300 MHz, CDCl;) & 7.40-7.29 (m, 2H),
7.29-7.13 (m, 3H), 5.17 (s, 1H), 4.52 (dd, J = 8.6, 5.8 Hz, 1H), 3.61 (t, J = 8.6 Hz, 1H), 3.42 (dd, J =
8.6, 5.8 Hz, 1H), 2.74 (s, 3H). 3C NMR (75 MHz, CDCl3) 8 161.6, 131.8, 128.8, 128.4, 122.2, 87.6,

83.9, 53.8, 41.5, 30.6. HRMS (ESI, m/z) calcd. for C12H13N,O; [M+H]": 201.1022, found: 201.1022.
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Compound (5)-7p

Re

Starting from 6p (62.4 mg, 0.20 mmol) according to the general procedure to provide 7p as a white
solid (37.9 mg, 99% vyield) and with 93% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 12.1 min, t. (minor) =
11.2 min). [a]p* = 79.4° (¢ = 1.0, CH.Cl,). '"H NMR (300 MHz, CDCl;) & 7.47-7.28 (m, 5H),
4.93-4.67 (m, 2H), 3.79 (t, J = 8.8 Hz, 1H), 3.47-3.14 (m, 3H), 1.11 (t,J = 7.2 Hz, 3H). *C NMR (75
MHz, CDCl:) 8 161.8, 141.8, 129.1, 128.3, 126.2, 54.0, 53.2, 38.1, 12.8. HRMS (ESI, m/z) calcd. for

C1HisN>O; [M+H]": 191.1179, found: 191.1178.

Compound (5)-7q

@)
n—Bu\NJ\NaH

Re

Starting from 6q (68.0 mg, 0.20 mmol) according to the general procedure to provide 7q as a white
solid (35.7 mg, 82% vyield) and with 93% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 50:50,
flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t. (major) = 9.7 min, t, (minor) =
12.8 min). [a]p??> = -61.0° (¢ = 1.0, CH,Cl»). '"H NMR (300 MHz, CDCl;) § 7.41-7.28 (m, 5H), 4.93 (s,
1H), 4.81-4.66 (m, 1H), 3.78 (t, J = 8.9 Hz, 1H), 3.34-3.08 (m, 3H), 1.55-1.42 (m, 2H), 1.40-1.27 (m,
2H), 0.92 (t, J = 7.2 Hz, 3H). *C NMR (75 MHz, CDCl;) § 162.1, 141.9, 129.0, 128.3, 126.2, 54.0,
53.7, 43.2, 29.8, 20.1, 13.9. HRMS (ESI, m/z) calcd. for Ci3H;9N.O; [M+H]": 219.1492, found:

219.1492.
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Compound (5)-7r

0]
\(\NJ\N’H
Starting from 6r (68.0 mg, 0.20 mmol) according to the general procedure to provide 7r as a white
solid (29.7 mg, 68% vyield) and with 95% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 50:50,
flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t. (major) = 8.3 min, t, (minor) =
11.7 min). [a]p?? = 13.0° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CDCl3) § 7.51-7.25 (m, 5H), 5.04 (s,
1H), 4.75 (dd, J = 8.6, 7.6 Hz, 1H), 3.79 (t, /= 8.9 Hz, 1H), 3.29-3.15 (m, 1H), 3.01 (qd, J=13.7,7.5
Hz, 2H), 1.93-1.71 (m, 1H), 0.90 (dd, J = 6.6, 4.0 Hz, 6H). *C NMR (75 MHz, CDCl;) 3 162.4, 142.0,

129.0, 128.3, 126.1, 54.4, 54.0, 51.2, 27.1, 20., 20.1. HRMS (ESI, m/z) calcd. for C;3H;oN2O; [M+H]":

219.1492, found: 219.1492.

Compound (S)-7s

Ph\/\Nﬁ\N’H

Re

Starting from 6s (77.6 mg, 0.20 mmol) according to the general procedure to provide 7s as a white
solid (47.8 mg, 90% vyield) and with 92% ee as determined by HPLC analysis (column: Daicel
Chiralpak IC 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 50:50,
flow rate: 1.0 mL/min, column temperature: 40 °C, retention times: t, (major) = 8.9 min, t, (minor) =
10.2 min). [a]p?? = -2.0° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CDCl3) § 7.33-7.08 (m, 10H), 4.96 (s,
1H), 4.59 (t, J = 8.0 Hz, 1H), 3.59 (t, J = 8.8 Hz, 1H), 3.50-3.30 (m, 2H), 3.05 (dd, J = 8.6, 7.2 Hz,
1H), 2.75 (t, J = 7.4 Hz, 3H). *C NMR (75 MHz, CDCl5) § 161.9, 141.8, 139.0, 129.0, 128.9, 128.8,
128.6, 128.2, 126.5, 126.2, 54.1, 53.9, 44.9, 34.4. HRMS (ESI, m/z) calcd. for Ci;7Hi9oN,O; [M+H]":

267.1492, found: 267.1492.
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Compound (S)-7t

0]

or N

Re

Starting from 6t (74.8 mg, 0.20 mmol) according to the general procedure to provide 7t as a white
solid (18.7 mg, 37% vyield) and with 93% ee as determined by HPLC analysis (column: Daicel
Chiralpak IA 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 95:5,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 33.9 min, t. (minor) =
30.2 min). [a]p?? =-9.2° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CDCl3) § 7.29-7.11 (m, 10H), 4.87 (s,
1H), 4.66 (t, /= 8.2 Hz, 1H), 4.42 (d, J = 14.9 Hz, 1H), 4.24 (d, /= 14.9 Hz, 1H), 3.59 (t, /= 8.9 Hz,
1H), 3.03 (dd, J = 8.8, 7.5 Hz, 1H). *C NMR (75 MHz, CDCl;) 8 161.9, 141.6, 137.0, 129.0, 128.8,
128.3, 128.2, 127.7, 126.2, 53.9, 53.3, 47.7. HRMS (ESI, m/z) calcd. for CisHisN2ONa; [M+Na]":

275.1155, found: 275.1155.

Compound (S)-7u

(0]
HxNJLNaH

Re

Starting from 6u (56.8 mg, 0.20 mmol) according to the general procedure to provide 7u as a white
solid (29.6 mg, 91% vyield) and with 91% ee as determined by HPLC analysis (column: Daicel
Chiralpak 1A 250 x 4.6 mm, absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol = 90:10,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 15.2 min, t, (minor) =
12.6 min). [a]p** = 23.8° (¢ = 1.0, CH:Cl,). "H NMR (300 MHz, CDCl3) § 7.46-7.27 (m, 5H), 4.95
(dd, J=49.5, 41.5 Hz, 3H), 3.87 (t, J = 8.8 Hz, 1H), 3.35 (t, J = 8.1 Hz, 1H). ®C NMR (75 MHz,
CDCls) 6 141.5, 129.1, 128.4, 126.2, 56.9, 49.8. HRMS (ESI, m/z) calcd. for CoHoN,O; [M+H]":

163.0866, found: 163.0866.
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4.4.3 Mechanistic Experiments

1) Kinetic Isotope Experiment

D
A-Ru7 0O D<J-Ph o Ph
Ph\/\N/ﬁ\N,OBZ (1 mol%) N j/ D‘NJI\NI

N~ N +
Ph% H  k,co;@Beq M =
o D CH,Cl, PR PR D
6aa’ rt, 16 h 7a' 7a"
KIE = 4.35

Procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube was
charged with substrates laa' (0.2 mmol), A-Ru7 (0.002 mmol, 1 mol%) and K»COs (82.8 mg, 0.6
mmol) under an atmosphere of N». Fresh distilled dichloromethane (2.0 mL, 0.1 M) was added via
syringe. The reaction mixture was stirred at room temperature for 16 h under an atmosphere of No.
Afterwards, the mixture was directly transferred to a column and purified by flash chromatography on
silica gel (EtOAc/n—Hexane = 2:1 to EtOAc/MeOH = 95:5) to afford the mixture of products 7a' and

7a" The ratio was determined by 'H NMR analysis, resulting in KIE = 4.35 (Figure 86).
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Figure 86. 'H NMR spectrum analysis of the kinetic isotope experiment.
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2) Olefin Isomerization

0 A-Ru7 ﬁ\ ﬁ\
0,
‘é\/\NJLN'OBZ (1 mol%) Hey” Sn-Me  Hey” “y-Me

Ph Me H KCO;Beq) M *
CH.CI N \
-6b 2Ll
@ rt,16h \\—Ph >\

(2)-Tb PR (B)-7b

Procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube was
charged with substrates (Z)-6b (0.2 mmol), A-Ru7 (0.002 mmol, 1 mol%) and K>COs (82.8 mg, 0.6
mmol) under an atmosphere of N». Fresh distilled dichloromethane (2.0 mL, 0.1 M) was added via
syringe in sequence. The reaction mixture was stirred at room temperature for 16 h under an
atmosphere of N,. Afterwards, the crude reaction solution was filtered through a thin layer of celite
and washed with 5 mL EtOAc. Filtrate was collected and organic solvent was removed under vacuo.
The ratios of (Z)-7b and (E)-7b were analyzed by "H NMR of crude reaction solutions (see attached
spectrums). The ratios of (2)-7b : (E)-7b are 4.4:1 (at room temperature), 5.1:1 (at 4 °C) and 2.9:1 (at

40 °C).

(E)-configuration| (Z)-configuration
o] (o]

HNJLN’ME P‘"‘vlil\',l‘l'Me
17% yield >\ \._Ph 76% yield
PH

0924
1089 >
280

Figure 87. '"H NMR spectrum analysis of crude reaction solution (at room temperature).
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(Z)-configuration

(E)-configuration
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Figure 89. 'H NMR spectrum analysis of crude reaction solution (at 40 °C).
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3) Stereochemistry

R one arnmarcim R
Ph l}l N'OBZ A-or A-Ru7 (1 molo) Hey” S\-Me
Me Me H K,COj3 (3 equiv) =
CH,Cl,, rt., 16 h PR Me
(S)-6¢ (R)-T¢c
89% ee A-Ru7: 65% yield, 40% ee

A-Ru7: 89% yield, 85% ee
Procedure: A pre-dried (using heating gun to dry for 3 times per tube) 10 mL Schlenk tube was
charged with substrates (5)-6¢ (0.2 mmol), A-Ru7 or A-Ru7 (0.002 mmol, 1 mol%) and K>COs (82.8
mg, 0.6 mmol) under an atmosphere of N». Fresh distilled dichloromethane (2.0 mL, 0.1 M) was added
via syringe in sequence. The reaction mixture was stirred at room temperature for 16 h under an
atmosphere of N». Afterwards, the mixture was directly transferred to a column (the Schlenk tube was
rinsed with a minimal amount of CH,Cl; to transfer the reaction solution completely) and purified by
flash chromatography on silica gel (EtOAc/n—Hexane = 2:1 to EtOAc/MeOH = 95:5) to afford the

analytical pure product (R)-7c.

4.4.4 Synthetic applications

1) Synthetic Application to Drugs

A-Ru7 ﬁ\
(0.2 mol%) H~\"N-H Ne S,
— \ [ ceeeees > ppo \|/
&~ o,
P (5)-7u Levamisole
/\/H NHOBz 74% yield, 99.6% ee
PH —
T I}
bu HayN-H Ne S
— R > S~ T > ph— 1
ARwT ) -
(0.2 mol%) (R)-Tu Dexamisole

72% yield, 99.9% ee

Procedure: A pre-dried (using heating gun to dry for 3 times per tube) 25 mL Schlenk tube was
charged with substrates 6u (0.5 mmol), A-Ru7 or A-Ru7 (0.001 mmol, 0.2 mol%) and K>COj3 (207.0
mg, 1.5 mmol) under an atmosphere of N,. Fresh distilled dichloromethane (5.0 mL, 0.1 M) was added
via syringe in sequence. The reaction mixture was stirred at room temperature for 40 h under an
atmosphere of N». Afterwards, the mixture was filtered and washed with 5 mL dichloromethane for 3
times. The filtrate was collected. Organic solvent was removed under vacuo. The resulting residue was
dissolved in a minimum of EtOAc at 80 °C. After that, n—Hexane was added dropwisely until some
precipitate formed. Subsequently, a minimun amount of EtOAc was added dropwisely until the

solution became clear again. The resulting solution was cooled to 0 °C in freezer for 30 min. After that,
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the precipitate was collected to provide enantiomeric pure (S)-7u with 74% yield, 99.6% ee and (R)-7u

with 72% yield, 99.9% ee. The analytical data of compound 7u was already shown on page 189.

2) Synthetic Application to Natural Products

a X
Ar =X \ A-Ru? H<\" SN-H CIH3N\_/NH30I
N (1.0 mol%) ~ HCI
JL standard X \ MW
AN SNOBZ conditions N ?_

H H [STEP 1 " T_SH). [sTEP 2 " _SH).

6w (X =H = H): = H):
6‘:(;( - Br)) 95% yield, 96% ee 94% yield, 95% ee

7x (X = Br): 8b (X = Br):
96% yield, 95% ee 98% yield, 94% ee

Step 1: Enantioselective C—H amination. A pre-dried (using heating gun to dry 3 times) 10 mL
Schlenk tube was charged with substrates 6w or 6x (0.2 mmol), chiral ruthenium catalyst (0.002 mmol,
1 mol%) and K»>COs (82.8 mg, 0.6 mmol) under an atmosphere of N». Fresh distilled dichloromethane
(2.0 mL) was added via syringe. The reaction mixture was stirred at the indicated temperature for the
indicated time under an atmosphere of N»,. Afterwards, the mixture was directly transferred to a
column (the Schlenk tube was rinsed with a minimal amount of CH,Cl, to transfer the reaction
solution completely) and purified by flash chromatography on silica gel (EtOAc/n—Hexane = 2:1 to

EtOAc/MeOH 95:5) to afford the analytical pure products 7w and 7x.

Compound (S)-7w

Q
ed

;' Z /E/II

Starting from 6w (95.4 mg, 0.20 mmol) according to the general procedure to provide 7w as a white
solid (67.5 mg, 95% vyield) and with 96% ee as determined by HPLC analysis (column: Daicel
Chiralpak IG 250 x 4.6 mm, absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol = 60:40,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t; (major) = 16.9 min, t, (minor) =
21.1 min). [a]p? = 17.8° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CDCl;) 6 8.02 (d, J = 8.3 Hz, 1H),

7.81 (d, J= 8.3 Hz, 2H), 7.61 (d, J = 6.9 Hz, 2H), 7.37 (t, J = 7.7 Hz, 1H), 7.31-7.22 (m, 3H), 5.25 (s,
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1H), 5.19-5.08 (m, 2H), 3.93 (t, J = 8.9 Hz, 1H), 3.52 (t, J = 7.9 Hz, 1H), 2.37 (s, 3H). ®C NMR (75
MHz, CDCL3) 5 163.5, 145.3, 135.9, 135.3, 130.1, 128.2, 127.1, 125.4, 123.5, 122.6, 119.9, 114.1, 49.7,

47.5,21.7. HRMS (ESI, m/z) calcd. for CisH7S1N303Na;[M+Na]": 378.0833, found: 378.0885.

Compound (5)-7x

_H

Z . "'<_\FO

o)
T
1
Z

_|
(/2]

Starting from 6x (111.0 mg, 0.20 mmol) according to the general procedure to provide 7x as a white
solid (83.2 mg, 96% vyield) and with 95% ee as determined by HPLC analysis (column: Daicel
Chiralpak IG 250 x 4.6 mm, absorption: A = 220 nm, mobile phase: n—Hexane/isopropanol = 50:50,
flow rate: 1.0 mL/min, column temperature: 30 °C, retention times: t. (major) = 9.5 min, t, (minor) =
11.5 min). [a]p* = 28.2° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz, CDCl;) 8 8.10 (d, J = 1.2 Hz, 1H),
7.71 (d, J= 8.3 Hz, 2H), 7.48 (s, 1H), 7.38 (d, /= 8.4 Hz, 1H), 7.29 (dd, J = 8.5, 1.5 Hz, 1H), 7.20 (d,
J=28.0 Hz, 3H), 5.23 (s, 1H), 5.13-4.89 (m, 2H), 3.83 (t, /= 8.9 Hz, 1H), 3.39 (t,J= 7.9 Hz, 1H), 2.30
(s, 3H). BC NMR (75 MHz, CDCls) & 163.5, 145.7, 136.5, 135.0, 130.4, 130.1, 128.5, 127.1, 127.0,
124.0, 1224, 121.1, 119.2, 117.2, 49.6, 47.5, 21.8. HRMS (ESI, m/z) calcd. for

CisHi6BriSiN3O3Na;[M+Na]': 455.9988, 457.9969, found: 455.9989, 457.9969.

Step 2: Hydrolysis. 7w or 7x (10.0 mg) dissolved in 0.5 mL concentrated HCI together with 0.5 mL
acetic acid was placed in a sealed tube (CEM designed 20 mL pressure-rated reaction vial) with a
stirring bar, and the reaction mixture was exposed to microwave irradiation for 10 min at 85 °C. After
that, the resulting mixture was evaporated to dryness, redissolved with water (2 mL) and evaporated to
dryness to remove traces of HCIl. Redissolving with water and evaporation to dryness was repeated
once. Water (2 mL) was added and the solution washed with CH>Cl; (3 x 2 mL) and dried under vacuo

to provide analytical pure products 8a with 94% yield, 95% ee and 8b with 98% yield, 94% ee.
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Compound (5)-8a

CIH3N\)NH30|

dZ /Elu

(S)-8a: 94% yield, 95% ee. light brown solid. "TH NMR (500 MHz, DMSO) & 9.18 (s, 3H), 8.59 (s,
3H), 8.28 (s, 1H), 7.99-7.93 (m, 4H), 7.44 (dd, J = 10.7, 4.5 Hz, 3H), 7.41-7.35 (m, 1H), 5.06 (d, J =
4.5 Hz, 1H), 3.62-3.53 (m, 1H), 3.51-3.41 (m, 1H), 2.37 (s, 3H). *C NMR (126 MHz, DMSO) §
145.8, 133.9, 133.9, 130.4, 128.3, 128.1, 127.2, 126.7, 125.5, 125.4, 123.5, 120.3, 115.4, 113.1, 108.6,
445, 41.2, 21.1. HRMS (ESI, m/z) calcd. for C;7H;7N,0:S; [M-NH;Cl,]": 313.1005, found:
313.1007.

Compound (S)-8b

CIH;N NH,Cl

s

P /EI/,

Br Ts

(S)-8b: 98% vyield, 94% ee. light brown solid. 'H NMR (500 MHz, DMSO) & 9.16 (s, 3H), 8.53 (s,
3H), 8.33 (s, 1H), 8.06 (s, 1H), 8.01 (d, /= 7.9 Hz, 2H), 7.93 (d, J = 8.4 Hz, 1H), 7.58 (d, /= 8.2 Hz,
1H), 7.48 (d, J = 8.0 Hz, 2H), 5.05 (s, 1H), 3.53 (s, 2H), 2.39 (s, 3H). *C NMR (126 MHz, DMSO) §
142.5, 130.8, 130.0, 126.9, 123.9, 123.6, 122.9, 118.6, 114.4, 111.7, 111.7, 40.6, 37.4, 17.5. HRMS
(ESI, m/z) calcd. for Ci7H19BriN30,S; [M-HCl,]": 408.0376, 410.0355 found: 408.0379, 410.0357.

3) Synthetic Application to Asymmetric Catalyst

)Ol\ HCI Ma Me
H~ -Me N N
N\_/N LA C|H3NuNH2C|Me ....... > +\“/§r
R MW & NS N
i " dci I by
(S)-7a (S)-8¢ (0]
95% ee 99% vyield, 93% ee Asymmetric catalyst

Hydrolysis. 7a (10.0 mg) dissolved in 1.0 mL concentrated HC] was placed in a sealed tube (CEM
designed 20 mL pressure-rated reaction vial) with a stirring bar, and the reaction mixture was exposed
to microwave irradiation for 15 min at 120 °C. After that, the resulting mixture was evaporated to
dryness, redissolved with water (2 mL) and evaporated to dryness to remove traces of HCI to provide

analytical pure products 8¢ with 99% yield, 93% ee.
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(S)-8¢: 99% vield, 93% ece. white solid. '"H NMR (300 MHz, CD;OD _SPE) & 7.66-7.38 (m, 5H),
3.74-3.54 (m, 2H), 3.25 (s, 1H), 2.70 (s, 3H). *C NMR (75 MHz, CD;0OD _SPE) § 133.9, 132.0, 131.3,

129.3, 53.3, 52.0, 34.7. HRMS (ESI, m/z) calcd. for CoHisN, [M—HCl,]": 151.1230 found: 151.1234.

Note: The vicinal diamines were transformed back to the corresponding cyclic ureas for the

determination of the ee values using a reported method starting from the bis—Hydrochloride salt.'

Additional informations about the set up of microwave irradiation reaction:

Figure 90. Reaction set up in the microwave reactor.

4.4.5 Single Crystal X-Ray Diffraction Studies

Crystalography of compound (S)-7h: Single crystals of (S)-7h were obtained by slow diffusion from

the solution in CH,Cl, layered with Et,O at room temperature.

A suitable crystal of CioH11CIN>O was selected under inert oil and mounted using a MiTeGen loop.
Intensity data of the crystal were recorded with a STADIVARI diffractometer (Stoe & Cie). The
diffractometer was operated with Cu-Ka radiation (1.54186 A, microfocus source) and equipped with
a Dectris PILATUS 300K detector. Evaluation, integration and reduction of the diffraction data was
carried out using the X-Area software suite.> Multi-scan and numerical absorption corrections were
applied with the X-Red32 and LANA modules of the X-Area software suite.>* The structure was
solved using dual-space methods (SHELXT-2014/5) and refined against F° (SHELXL-2018/3 using
ShelXle interface).”” All non—Hydrogen atoms were refined with anisotropic displacement parameters.
The hydrogen atoms bonded to carbon atoms were refined using the “riding model” approach with
isotropic displacement parameters 1.2 times (for CHz groups 1.5 times) of that of the preceding carbon

atom. The hydrogen atom bonded to the nitrogen atom was refined isotropic without restraints. CCDC
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1972573 contains the supplementary crystallographic data for this compound.

Table 8. Selected crystallographic data and details of the structure determination for (S)-7h.

Identification code
Empirical formula
Molar mass / g-mol ™!
Space group (No.)
alA

b/ A

c/A

VA3

Z

Peale. | grem

u/ mm™!

Color

Crystal habitus
Crystal size / mm®
T/K

LA

0 range / °

Range of Miller indices

Absorption correction

Tiny Tmax

Rint, Rs

Completeness of the data set
No. of measured reflections
No. of independent reflections
No. of parameters

No. of restrains

S (all data)

R(F) (I = 20(]), all data)
wR(F?) (I > 2a(I), all data)
Extinction coefficient

Flack parameter x

Aprmax, Apmin / € A3

(5)-7h
CioH11CIN,O
210.66
P2:2:2, (19)
5.66680(10)
7.92950(10)
21.8819(5)
983.26(3)

4
1.423
3.172
colorless
needle
0.510x 0.190 x 0.104
100
1.54186 (Cu-Ky)
4.041 to 75.585
—6<h<2
—8<k<9
—27<1<27
multi-scan and numerical
0.1354, 0.3599
0.0179, 0.0090
0.995
10354
1981
133
0
1.044
0.0236, 0.0237
0.0644, 0.0645
0.0032(7)
0.002(6)
0.269, —0.148
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Figure 91. X-ray structure analysis of compound (5)-7h.
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4.5 Enantioselective Synthesis of Cyclic Carbamates by Intramolecular C—H Amidation

4.5.1 Synthesis of the Ruthenium Catalyst

PF
CF, =1 (PFg)2 /> N CF—3I( 6)
oW e e QAT
N~ N
(S) Auxiliary3 |
Mes” ’\ |/ OH Mes™ %"Rl O
> U——\Z="S
Mes~ o Mes~N A
N\(| Nig,;q EtaN, CHaCla, 50°C. 1 T rL R
| O ®
U\CFs CF4
rac-Ru13 A-(S)-RuAux10

43% yield

A mixture of racemic ruthenium complex rac-Rul3 (1 equiv, 494.5 mg, 0.4 mmol), chiral auxiliary
(S)-5 (1 equiv, 88.5 mg, 0.4 mmol) and triethylamine (5 equiv, 278 pL, 2.0 mmol) in CH»Cl, (4 mL)
was heated at 50 °C for 1 h (Note: longer time will decrease the yield!). The reaction mixture was
cooled to room temperature and concentrated to dryness. The residue was subjected to a flash silica gel
chromatography (CH3CN:CH,Cl, = 1:50 to 1:20) to separate the first colorful eluent which was

assigned as A-(S)-RuAux10.

A~(S)-RuAux10: red solid (236.4 mg, 43% yield). '"H NMR (300 MHz, CD,Cl) & 9.26 (s, 1H), 8.26
(s, 1H), 8.16 (t, J= 5.8 Hz, 3H), 8.04 (d, J = 8.3 Hz, 1H), 7.88 (dt, J = 8.9, 5.4 Hz, 2H), 7.63-7.47 (m,
2H), 7.32 (ddd, J = 10.9, 9.8, 4.6 Hz, 3H), 6.93-6.75 (m, 3H), 6.66 (dd, J = 12.4, 5.0 Hz, 3H), 6.51 (s,
1H), 6.36-6.21 (m, 2H), 3.91 (dd, J = 8.4, 2.3 Hz, 1H), 3.21 (dd, J = 11.9, 9.0 Hz, 1H), 3.05 (d, J =
11.9 Hz, 1H), 2.28 (s, 3H), 2.18 (s, 3H), 2.13 (s, 3H), 2.03 (s, 3H), 1.19 (s, 3H), 0.93 (s, 3H), 0.38 (d, J
= 7.1 Hz, 6H), -0.44-0.64 (m, 1H). *C NMR (75 MHz, CD,Cl,) § 207.7, 205.4, 174.4, 169.9, 157.4,
156.7, 149.1, 147.6, 141.0, 137.7, 137.3, 137.1, 135.2, 134.8, 134.7, 134.5, 134.0, 133.0, 131.4, 131.2,
131.10, 131.07, 130.5, 130.2, 130.1, 126.3, 125.5, 125.4, 124.1, 123.6, 123.6, 123.0, 122.5, 119.0,
114.5, 111.8, 111.6, 111.4, 111.0, 110.6, 85.3, 32.2, 28.5, 20.9, 20.8, 19.7, 17.9, 17.5, 17.3, 16.9, 15.2.
YF NMR (283 MHz, CD.CL) § -62.15, -62.79, -71.40, -73.92. HRMS (ESL m/z) caled for

C50H50F6N701Ru181 [M-PF6]+Z 1084.2754, found: 1084.2791.
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~1 (PF
~CFa o) cry (PFo)
Ay = I
N™ °N -Me
/NJ,,"',, \\O NJ,"/, | \\N//’C
Mgg ﬁus‘N/ S TFA, MeCN, r.t. - Mes’ "RL‘I\\ + (S)-Auxiliary3
= — ~ -
\( o NH,PFg, MeCN, rt es N\( | N\\\C 87% yield
N IN\ NNy ~Me
Z |
CF3 Z CF,
A-(S)-RuAux10 A-Ru13
95% yield

To a mixture of single ruthenium auxiliary complex (236.4 mg) in CH3;CN (5 mL) was added
CF;COOH (50 uL). The reaction mixture was stirred at room temperature for 30 min, then
concentrated under reduced pressure. The residue was subjected to flash silica gel chromatography
(CH3CN:CH:Cl; = 1:100 to 1:10) and added 500 mg NH4PF¢ above the seasand band (to change the
counter anion on the column) to afford chiral ruthenium catalyst as pale yellow solid. (S)-Auxiliary3
was eluted firstly and recovered in 87% yield. A-Rul3 was isolated in 202 mg as 95% yield (see

following picture of the flash column).

A-Rul3: pale yellow solid (202 mg, 95% vyield). All other spectroscopic data of enantiopure

ruthenium catalyst A-Rul3 were in agreement with the racemic catalyst rac-Rul3.

4.5.2 Synthesis of the Substrates

R4
H
R? 1) CDI, CH4CN, r.t, 2 h R ji @XO R
R! 32 0 = - g R ———»R! /ﬁ\,o
~ ot 2) imidazole,NH,OH HCI 0" “NHOH DCC, CH,Cl, ¥ o N R4
R2 rt., overnight R? 0°C,2-3h R? H O
9ac-ag, 9b-z, 9za-c

General procedure: 1,1°-carbonyldiimidazole (CDI, 1.5 equiv) was added to a solution of alcohol
(1.0 equiv) in acetonitrile (0.2 M) and stirred at room temperature for 2 hours. After that, imidazole
(2.0 equiv) and hydroxylamine hydrochloride (3.0 equiv) were added, and stirred at room temperature
overnight. The reaction was quenched using a 1 N aqueous solution of HCI1 (3.0 equiv). The layers
were separated and the aqueous layer was extracted using EtOAc (3 x 20 mL). The organic phase was
washed with brine, dried over Na,SO., filtered, and concentrated in vacuo to afford the crude
N-Hydroxycarbamate, which was purified by flash column chromatography (n—hexane/EtOAc = 3:1

to 1:1). To a solution of the N-hydroxycarbamate (1.0 equiv) and benzoic acid or it’s derivatives (1.0

equiv) in CH>Cl, (0.1 M), DCC (1.0 equiv) in CH>Cl, (0.33 M) was added dropwise at 0 °C. After
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stirring for 2-3 hours (monitored by TLC), the reaction mixture was diluted by Et;O (10 mL/mmol).
The byproduct precipitated out and was removed by filtration. The solvent was removed in vacuo and
the residue was purified by column chromatography on silica gel (n—hexane/CH.Cl, = 1:1 to pure

CH,CL).

Compound 9ae
H O

Ph/\/o\n’N‘o
0

OMe

OMe
OMe

9ae: white solid. '"H NMR (300 MHz, CDCls) 8 8.27 (s, 1H), 7.50-7.13 (m, 7H), 4.47 (t, J = 7.0 Hz,
2H), 4.06-3.83 (m, 9H), 3.03 (t, J = 7.0 Hz, 2H). 3C NMR (75 MHz, CDCl;) 5 165.8, 156.8, 153.3,
143.6, 137.3, 129.1, 128.7, 126.9, 121.5, 107.5, 67.4, 61.2, 56.5, 35.3. HRMS (ESL, m/z) calcd for

CioH2:1N1O7Na [M+Na]": 398.1210, found: 398.1210.

Compound 9af
O F

H

R e e

© F
9af: white solid. '"H NMR (300 MHz, CDCl3) § 8.33 (s, 1H), 8.06 (td, J = 8.3, 6.5 Hz, 1H), 7.29 (ddd,
J=18.5,10.2, 4.5 Hz, 5H), 6.99 (tdd, J = 12.7, 8.4, 2.3 Hz, 2H), 4.47 (t, J = 7.0 Hz, 2H), 3.02 (t, J =
7.0 Hz, 2H). 3C NMR (75 MHz, CDCLs) § 168.6, 168.5, 165.2, 165.2, 165.1, 162.9, 162.8, 161.7,
161.5, 156.5, 137.3, 134.4, 134.4, 134.2, 134.2, 129.1, 128.7, 126.9, 112.5, 112.4, 112.2, 112.2, 112.0,
112.0, 106.1, 105.8, 105.5, 67.5, 35.3. HRMS (ESL, m/z) caled for CigH;sFaN;OsNa [M+Na]':

344.0705, found: 344.0705.

Compound 9ag

H
oy
O o

9ag: white solid. "H NMR (300 MHz, CDCls) § 8.32 (s, 1H), 7.74 (dd, J= 8.2, 1.6 Hz, 1H), 7.51 (d, J
= 1.6 Hz, 1H), 7.36-7.19 (m, SH), 6.90 (d, J = 8.2 Hz, 1H), 6.10 (s, 2H), 4.45 (t, J = 7.0 Hz, 2H), 3.01

(t, J = 7.0 Hz, 2H). BC NMR (75 MHz, CDCl3) & 165.4, 156.7, 152.9, 148.2, 137.4, 129.1, 128.7,
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126.9, 126.5, 120.5, 109.8, 108.5, 102.3, 67.3, 35.3. HRMS (ESI, m/z) caled for Ci7HisN1OsNa

[M+Na]": 352.0792, found: 352.0792.

Compound 9ah
o cl

H
Ph/\/o\n’N\O)J\©\
© cl
9ah: white solid. "H NMR (300 MHz, CDCL3) 8 8.29 (s, 1H), 7.91 (d, J = 8.5 Hz, 1H), 7.57 (d, J = 1.8
Hz, 1H), 7.42-7.20 (m, 7H), 4.49 (t, J = 7.0 Hz, 2H), 3.03 (t, J = 7.0 Hz, 2H). *C NMR (75 MHz,
CDCl3) 6 164.0, 156.5, 140.1, 137.2, 136.0, 133.0, 131.5, 129.1, 128.8, 127.5, 126.9, 124.9, 67.5, 35.3.

HRMS (ESI, m/z) caled for Ci16Hi3C1:N1O4Na [M+Na]*: 376.0114, found: 376.0114.

Compound 9ai

e

Ph/\/o\n/N‘o)‘\Q/ CF3;
(0]

CFsy
9ai: white solid. "H NMR (300 MHz, CDCL) § 8.54 (s, 2H), 8.35 (s, 1H), 8.18 (s, 1H), 7.42-7.06 (m,

5H), 4.50 (t, J = 6.9 Hz, 2H), 3.03 (t, J = 6.9 Hz, 2H). *C NMR (75 MHz, CDCl3) § 163.5, 156.3,
137.1, 133.6, 133.1, 132.7, 132.2, 130.2, 129.2, 129.0, 128.7, 127.8, 127.8, 127.7, 127.0, 124.6, 121.0,

117.4, 67.7, 35.2. HRMS (ESI, m/z) calcd for CisH3FsNOsNa [M+Na]*: 444.0641, found: 444.0641.

Compound 9aj

H (0] e
Ph/\/o\n’N‘o
© Me Me

9aj: white solid. 'TH NMR (300 MHz, CDCls) 8 8.30 (s, 1H), 7.39-7.21 (m, SH), 6.92 (s, 2H), 4.49 (t, J
= 7.1 Hz, 2H), 3.05 (t, J = 7.1 Hz, 2H), 2.36 (d, J = 15.2 Hz, 9H). *C NMR (75 MHz, CDCls) & 169.1,
156.6, 141.1, 137.3, 136.9, 129.1, 128.8, 128.8, 126.9, 126.7, 67.3, 35.4, 21.4, 20.1. HRMS (ESL, m/2)

calcd for CsoHz N1 OsNa [M+Na]*: 350.1363, found: 350.1363.
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Compound 9b

9b: white solid. '"H NMR (300 MHz, CDCls) & 8.27 (s, 1H), 8.02 (td, J = 8.3, 6.4 Hz, 1H), 7.18-7.06
(m, 2H), 7.05-6.90 (m, 2H), 6.86-6.73 (m, 2H), 4.40 (t, J = 7.0 Hz, 2H), 3.78 (s, 3H), 2.93 (t, J=7.0
Hz, 2H). ®C NMR (75 MHz, CDCl3) 3 168.5, 165.2, 165.0, 162.9, 162.8, 161.5, 158.6, 156.5, 134.4,
134.4, 134.2, 134.2, 130.0, 129.3, 114.2, 112.5, 112.4, 112.2, 112.2, 106.1, 105.8, 105.5, 67.7, 55.4,

34.4. HRMS (ESI, m/z) calcd for Ci17HisFaNOsNa [M+Na]': 374.0811, found: 374.0811.

Compound 9c¢

9¢: white solid. '"H NMR (300 MHz, CDCls) & 8.23 (s, 1H), 8.03 (dd, J = 14.8, 8.3 Hz, 1H), 7.24-7.15
(m, 1H), 7.06-6.90 (m, 2H), 6.78 (dd, J = 9.7, 7.3 Hz, 3H), 4.44 (t, J = 7.0 Hz, 2H), 3.79 (s, 3H), 2.97
(t, J = 7.0 Hz, 2H). ¥C NMR (75 MHz, CDCL) & 168.5, 162.9, 160.0, 156.5, 138.8, 134.4, 134.2,
129.7, 121.4, 114.9, 112.5, 112.3, 106.2, 105.8, 105.5, 67.4, 55.4, 35.4. HRMS (ESI, m/z) caled for

C17H15F2NOsNa [M+Na]*: 374.0811, found: 374.0811.

Compound 9d

OMe H O F
@/\/o\"/ \O)‘\©\
© F

9d: white solid. '"H NMR (300 MHz, CDCl;) & 8.23 (s, 1H), 8.03 (dd, J = 14.8, 8.2 Hz, 1H), 7.25-7.17
(m, 1H), 7.14 (d, J= 7.7 Hz, 1H), 7.04-6.89 (m, 2H), 6.85 (dd, J= 7.6, 4.1 Hz, 2H), 4.43 (t,J= 7.0 Hz,
2H), 3.82 (s, 3H), 3.01 (t, J = 7.0 Hz, 2H). ®C NMR (75 MHz, CDCl;) § 157.8, 156.6, 134.4, 134.2,
131.0, 128.3, 125.5, 120.6, 112.5, 112.4, 112.2, 112.1, 110.5, 106.1, 105.8, 105.5, 66.5, 55.4, 30.3.

HRMS (ESI, m/z) calcd for C17H1sF2NOsNa [M+Na]*: 374.0811, found: 374.0812.
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Compound 9e

Me H O F
@/\/o\[r \O)‘\©\
© F

9e: white solid. "H NMR (300 MHz, CDCls) & 8.29 (s, 1H), 8.04 (td, J = 8.3, 6.5 Hz, 1H), 7.21-7.08
(m, 4H), 7.06-6.88 (m, 2H), 4.41 (t, J = 7.4 Hz, 2H), 3.01 (t, J = 7.3 Hz, 2H), 2.34 (s, 3H). 3C NMR
(75 MHz, CDCl;) & 168.6, 168.5, 165.2, 165.1, 162.9, 162.8, 161.7, 156.5, 136.6, 135.2, 134.4, 134.4,
134.2, 134.2, 130.6, 129.7, 127.1, 126.3, 112.5, 112.5, 112.2, 112.2, 106.2, 105.8, 105.5, 66.6, 32.6,

19.5. HRMS (ESI, m/z) calcd for Ci7HisF2NO4sNa [M+Na]*: 358.0861, found: 358.0861.

Compound 9f

/@/\/O\",N\O OMe
Ph © OMe
OMe
9f: white solid. '"H NMR (300 MHz, CDCl3) & 8.22 (s, 1H), 7.59-7.39 (m, 6H), 7.32 (q, J = 7.8 Hz,
5H), 4.48 (t, J = 6.9 Hz, 2H), 3.91 (d, /= 9.0 Hz, 9H), 3.04 (t, J = 6.9 Hz, 2H). 13C NMR (75 MHz,

CDClL) 6 165.8, 156.8, 153.4, 143.7, 141.0, 139.9, 136.4, 129.5, 129.0, 127.5, 127.4, 127.2, 121.5,

107.5, 67.4, 61.2, 56.5, 35.0. HRMS (ESI, m/z) calcd for C,sH2sNO7Na [M+Na]": 474.1523, found:

474.1523.
Compound 9g
N
/@/\/O\n, 0 OMe
F © OMe

OMe
9g: white solid. "H NMR (300 MHz, CDCl3) 6 8.21 (d, /= 5.3 Hz, 1H), 7.32 (s, 2H), 7.16 (dd, J = 8.3,

5.5 Hz, 2H), 6.94 (t, J = 8.6 Hz, 2H), 4.41 (t, J = 6.9 Hz, 2H), 3.92 (d, J= 7.6 Hz, 9H), 2.96 (t, /= 6.8
Hz, 2H). ®C NMR (75 MHz, CDCl3) § 165.8, 163.6, 160.3, 156.7, 153.3, 143.7, 133.0, 133.0, 130.6,
130.5, 121.4, 115.7, 115.4, 107.5, 67.2, 61.2, 56.5, 34.5. F NMR (235 MHz, CDCl3) & -116.30.

HRMS (ESI, m/z) calcd for C19H20NO7Na [M+Na]": 416.1116, found: 416.1116.
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Compound %h

/@/\/O\",N\O OMe
Cl © OMe
OMe
9h: white solid. '"H NMR (300 MHz, CDCl;) & 8.18 (s, 1H), 7.32 (s, 2H), 7.22 (d, J = 8.4 Hz, 2H),
7.13 (d, J = 8.4 Hz, 2H), 4.41 (t, J = 6.8 Hz, 2H), 3.93 (d, J = 7.8 Hz, 9H), 2.96 (t, J = 6.8 Hz, 2H).3C

NMR (75 MHz, CDCl;) & 165.8, 156.7, 153.4, 143.7, 135.8, 132.8, 130.4, 128.9, 121.4, 107.5, 67.0,

61.2,56.6, 34.7. HRMS (ESI, m/z) calcd for C19H20CINO7Na [M+Na]": 432.0821, found: 432.0820.

Compound 9i

/@/\/o\[rN\O OMe
Br o OMe

OMe
9i: white solid. "H NMR (300 MHz, CDCI;) 6 8.20 (s, 1H), 7.37 (d, J = 8.3 Hz, 2H), 7.31 (s, 2H), 7.07
(d, J = 8.3 Hz, 2H), 4.41 (t, J = 6.8 Hz, 2H), 3.93 (d, J = 8.0 Hz, 10H), 2.94 (t, J = 6.8 Hz, 2H). 1*C
NMR (75 MHz, CDCIl3) 6 165.8, 156.7, 153.4, 143.7, 136.4, 131.8, 130.8, 121.4, 120.8, 107.5, 66.9,

61.2, 56.6, 34.7. HRMS (ESI, m/z) calcd for C19H0BrNO;Na [M+Na]*: 476.0315, 478.0298, found:

476.0316, 478.0296.

Compound 9j

S e o)
O O\([)],No F

9j: white solid. "H NMR (300 MHz, CDCLs) & 8.26 (s, 1H), 8.11-7.97 (m, 2H), 7.92-7.82 (m, 1H),
7.76 (dd, J = 7.0, 2.3 Hz, 1H), 7.61-7.44 (m, 2H), 7.43-7.34 (m, 2H), 7.04-6.89 (m, 2H), 4.57 (t, J =
7.4 Hz, 2H), 3.48 (t, J = 7.4 Hz, 2H). ®C NMR (75 MHz, CDCls) & 168.7, 168.5, 165.1, 162., 161.6,
156.6, 134.4, 1342, 134.1, 133.1, 132.2, 129.1, 127.8, 127.3, 126.5, 125.9, 125.7, 123.6, 112.5, 112.5,
112.2, 1122, 106.2, 105.8, 105.5, 100.2, 67.0, 32.4. HRMS (ESI, m/z) caled for CaoHisFaNOsNa

[M+Na]": 394.0861, found: 394.0861.
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Compound 9k
N
O\", 0 OMe
© OMe

OMe
9k: white solid. 'H NMR (300 MHz, CDCl3) & 8.21 (s, 1H), 7.77 (dt, J = 11.7, 4.4 Hz, 3H), 7.65 (s,

1H), 7.49-7.39 (m, 2H), 7.39-7.27 (m, 3H), 4.54 (t, /= 6.9 Hz, 2H), 3.91 (d, /= 16.5 Hz, 10H), 3.16 (t,
J=6.9 Hz, 2H). *C NMR (75 MHz, CDCl;) § 165.8, 156.8, 153.3, 143.6, 134.8, 133.7, 132.5, 128.4,
127.8,127.7, 127.6, 127.4, 126.3, 125.8, 121.4, 107.5, 67.3, 61.2, 56.5, 35.5. HRMS (ESI, m/z) calcd

for C23H23NO;Na [M+Na]*: 448.1367, found: 448.1366.

Compound 91
H O
O _N<, Me
Q]N \g/ 0
BocN OMe
OMe

91: white solid. "H NMR (300 MHz, CDCL;) & 8.23 (s, 1H), 8.12 (d, J = 8.1 Hz, 1H), 7.55 (d, J = 7.8
Hz, 1H), 7.46 (s, 1H), 7.36-7.28 (m, 3H), 7.22 (d, J = 7.4 Hz, 1H), 4.51 (t, J = 7.1 Hz, 2H), 3.92 (d, J
= 7.8 Hz, 9H), 3.10 (t, J = 7.1 Hz, 2H), 1.67 (s, 9H). 3C NMR (75 MHz, CDCls) § 165.8, 156.8,
153.4, 143.7, 130.5, 124.7, 123.7, 122.7, 121.4, 119.0, 116.1, 115.5, 107.5, 83.8, 66.2, 61.2, 56.5, 28.4,

24.9. HRMS (ESI, m/z) caled for Ca6H3oN2O9Na [M+Na]*: 537.1844, found: 537.1843.

Compound 9m

0]

H
O_N< OM
ooy
S © OMe
OMe

9m: white solid. 'H NMR (300 MHz, CDCls) & 8.23 (s, 1H), 7.33 (s, 2H), 7.26-7.19 (m, 1H), 7.04 (s,
1H), 6.96 (d, J = 4.8 Hz, 1H), 4.44 (1, J = 6.8 Hz, 2H), 3.92 (d, J = 6.0 Hz, 9H), 3.03 (t, J = 6.8 Hz,
2H). ®C NMR (75 MHz, CDCls) & 165.8, 156.7, 153.4, 143.7, 137.5, 1283, 125.9, 122.0, 121.4,
107.5, 66.8, 61.2, 56.5, 29.8. HRMS (ESL m/z) caled for C17H;S1N,0-Na [M+Na]': 404.0774, found:

404.0775.
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Compound 9n
ST Y L

© F
9n: white solid. 'TH NMR (300 MHz, CDCls) & 8.22 (s, 1H), 8.12-7.93 (m, 1H), 7.36-7.16 (m, 4H),
7.12-6.85 (m, 2H), 5.74-5.53 (m, 1H), 3.38 (dd, /= 17.2, 6.2 Hz, 2H), 3.14 (dd, J = 17.1, 2.7 Hz, 2H).
3C NMR (75 MHz, CDCls) & 168.6, 168.4, 165.2, 165.0, 163.0, 162.9, 161.5, 156.4, 140.1, 134.3,

134.2, 127.1, 124.9, 112.5, 112.4, 112.2, 112.1, 106.1, 105.8, 105.5, 78.6, 39.7. HRMS (ESI, m/z)

calcd for Ci7H;3F2N1OsNa [M+Na]*: 356.0705, found: 356.0707.

Compound 90
O F

H
Ph/’D/O\n,N\o)‘\ij\
P © F
90: white solid. '"H NMR (300 MHz, CDCI3) ¢ 8.30 (s, 1H), 8.13-7.97 (m, 1H), 7.41-7.15 (m, 11H),
7.12-6.89 (m, 2H), 5.45-5.23 (m, 1H), 3.11-2.82 (m, 4H). 13C NMR (75 MHz, CDCl;) 6 168.6, 168.4,
165.2, 165.0, 162.7, 162.7, 161.5, 156.1, 136.9, 134.4, 134.3, 134.2, 134.2, 129.6, 128.6, 126.9, 112.5,
1124, 112.2, 112.1, 112.0, 106.1, 105.8, 105.5, 78.7, 39.7. HRMS (ESI, m/z) calcd for

Ca3HioF2N OsNa [M+Na]": 434.1174, found: 434.1175.

Compound 9p

9p: white solid. "H NMR (300 MHz, CDCls) & 8.32 (s, 1H), 8.17-7.98 (m, 1H), 7.41 (dd, J = 6.7, 3.0
Hz, 2H), 7.34-7.25 (m, 4H), 7.07-6.86 (m, 2H), 4.44 (t, J = 6.8 Hz, 2H), 2.85 (t, J = 6.8 Hz, 2H). 13C
NMR (75 MHz, CDCL) 8 168.5, 162.8, 156.3, 134.4, 134.2, 131.8, 128.4, 128.2, 123.4, 112.5, 112.2,
106.2, 105.8, 105.5, 84.8, 82.5, 64.8, 20.3. HRMS (ESI, m/z) calcd for CisHisFaNOsNa [M+Na]*:

368.0705, found: 368.0721.
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Compound 9q

9q: white solid. '"H NMR (300 MHz, CDCLs) § 8.33 (s, 1H), 8.17-7.96 (m, 1H), 7.43-7.22 (m, 3H),
7.08-6.91 (m, 2H), 6.83 (d, J = 8.8 Hz, 2H), 4.43 (t, J = 6.8 Hz, 2H), 3.83 (s, 3H), 2.82 (1, /= 6.8 Hz,
2H). ®C NMR (75 MHz, CDCL) & 173.0, 168.6, 165.2, 165.0, 162.8, 159.6, 156.3, 134.4, 134.2,
133.2, 115.5, 114.0, 112.5, 112.2, 106.2, 105.8, 105.5, 83.3, 82.3, 65.0, 55.5, 20.3. HRMS (ESI, m/2)

calcd for Ci9H;5F2N;OsNa [M+Na]*: 398.0811, found: 398.0826.

Compound 9r

9r: white solid. '"H NMR (300 MHz, CDCls) & 8.29 (s, 1H), 8.12-7.97 (m, 1H), 7.40-7.30 (m, 2H),
7.05-6.82 (m, 4H), 4.40 (t, J = 6.8 Hz, 2H), 2.80 (t, J = 6.8 Hz, 2H). 3C NMR (75 MHz, CDCL) &
165.1, 164.2, 162.9, 162.8, 160.9, 134.4, 134.2, 133.7, 133.6, 119.4, 115.8, 115.5, 112.5, 112.2, 106.2,
105.8, 105.5, 84.6, 81.5, 64.8, 20.2. 19F NMR (235 MHz, CDCls) & -98.58, -98.64, -101.39, -101.45,

-111.47. HRMS (ESI, m/z) calcd for CisHi2F3N;O4sNa [M+Na]": 386.0626, found: 386.0626.

Compound 9s

O N<
/\/\/\/ \ﬂ/ O)‘\©\
(@]
F
9s: white solid. 'TH NMR (300 MHz, CDCl;) & 8.32 (s, 1H), 8.06 (td, J = 8.3, 6.5 Hz, 1H), 7.09-6.84
(m, 2H), 4.39-4.20 (m, 2H), 2.54 (tt, J= 7.0, 2.3 Hz, 2H), 2.11 (tt, J= 7.1, 2.2 Hz, 2H), 1.59-1.40 (m,
2H), 1.39-1.22 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). ®C NMR (75 MHz, CDCls) & 168.7, 165.2, 165.1,
162.8, 162.8, 161.7, 156.3, 134.4, 134.2, 112.5, 112.5, 112.2, 112.2, 106.2, 105.8, 105.5, 82.8, 74.9,
65.4, 31.2, 28.7, 22.4, 19.6, 18.8, 14.2. HRMS (ESI, m/z) caled for Ci;7H9F2N;OsNa [M+Na]™:

362.1174, found: 362.1190.
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Compound (£)-9t
o F

H
Ph/WOTN‘O)‘\@\
O F
(E)-9t: white solid. "H NMR (300 MHz, CDCl;) 8 8.28 (s, 1H), 8.13-7.97 (m, 1H), 7.38-7.14 (m, 5H),
7.04-6.86 (m, 2H), 6.49 (d, J = 15.9 Hz, 1H), 6.17 (dt, J = 15.8, 7.0 Hz, 1H), 4.38 (t, /= 6.6 Hz, 2H),
2.63 (q,J = 6.7 Hz, 2H). BC NMR (75 MHz, CDCl) 6 168.6, 168.4, 165.2, 165.0, 163.0, 162.9, 161.7,
161.5, 156.6, 137.3, 134.3, 134.2, 133.1, 128.7, 128.5, 127.5, 126.3, 125.0, 112.5, 112.4, 112.2, 112.1,
106.1, 105.8, 105.4, 66.3, 32.6. HRMS (ESI, m/z) calcd for CisH;sF.N;O4Na [M+Na]™: 370.0861,

found: 370.0875.

Compound (2)-9t
Ph o F

H
I\/\/O\H/N\O/u\©\
© F
(2)-9t: white solid. 'H NMR (300 MHz, CDCl) 6 8.29 (s, 1H), 8.14-7.98 (m, 1H), 7.42-7.16 (m, 5H),
7.06-6.91 (m, 2H), 6.59 (d, J=11.7 Hz, 1H), 5.68 (dt, J = 11.7, 7.2 Hz, 1H), 4.35 (t, J = 6.7 Hz, 2H),
2.75 (qd, J= 6.9, 1.6 Hz, 2H). 13C NMR (75 MHz, CDCl3) & 168.5, 165.2, 162.8, 156.5, 137.1, 134.4,
134.2, 132.1, 128.8, 128.6, 128.5, 127.1, 126.7, 112.5, 112.5, 112.2, 112.2, 106.2, 105.8, 105.5, 66.5,

28.3. HRMS (ESI, m/z) calcd for CisHisF.N1OsNa [M+Na]": 370.0861, found: 370.0875.

Compound 9u

H O F
St &8 b1
© F
9u: white solid. '"H NMR (300 MHz, CDCls) & 8.23 (s, 1H), 8.06 (td, J = 8.3, 6.5 Hz, 1H), 7.06-6.84
(m, 2H), 5.46 (s, 1H), 4.29 (t, J = 6.9 Hz, 2H), 2.30 (t, J = 6.8 Hz, 2H), 1.94 (d, J = 3.9 Hz, 4H), 1.78
-1.33 (m, SH). *C NMR (75 MHz, CDCls) 5 168.5, 165.2, 165.1, 162.9, 162.9, 161.6, 156.7, 134.3,
134.2, 133.2, 124.2, 112.5, 112.5, 112.2, 112.2, 106.2, 105.8, 105.5, 77.6, 77.2, 76.8, 65.7, 37.2, 28.5,

25.4,23.0,22.4. HRMS (ESI, m/z) calcd for CisH;7F2N1O4Na [M+Na]*: 348.1018, found: 348.1033.
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Compound 9v

9v: colorless oil. "H NMR (300 MHz, CDCls) & 8.23 (s, 1H), 8.06 (dd, J = 14.8, 8.3 Hz, 1H), 6.97
(ddd, J = 18.8, 10.8, 2.3 Hz, 2H), 5.30 (s, 1H), 4.33-4.14 (m, 2H), 2.47-1.99 (m, 7H), 1.26 (s, 3H),
1.13 (d, J= 8.6 Hz, 1H), 0.81 (s, 3H). *C NMR (75 MHz, CDCl3) & 168.6, 165.2, 165.0, 162.9, 162.9,
161.7, 156.6, 143.6, 134.4, 134.2, 119.5, 112.5, 112.5, 112.2, 112.2, 106.2, 105.8, 105.5, 65.4, 45.8,
40.9, 38.2, 36.1, 31.8, 31.5, 26.4, 21.3. HRMS (ESI, m/z) caled for CioH21F2N1OsNa [M+Na]*:

388.1331, found: 388.1341.

Compound 9w
O F

H
Me 0] F
9w: white solid. "TH NMR (300 MHz, CDCls) § 8.23 (s, 1H), 8.11-8.01 (m, 1H), 7.08-6.87 (m, 2H),
4.78 (d, J = 18.1 Hz, 2H), 4.34 (t, J = 6.8 Hz, 2H), 2.39 (t, J = 6.8 Hz, 2H), 1.75 (s, 3H). 3C NMR (75
MHz, CDCls) ¢ 168.7, 165.3, 165.1, 162.9, 156.6, 141.1, 134.4, 134.2, 112.9, 112.5, 112.2, 106.2,
105.8, 105.5, 65.3, 36.9, 22.6. HRMS (ESI, m/z) calcd for Ci3Hi2F2N;OsNa [M+Na]": 308.0705,

found: 308.0720.

Compound 9x

9x: white solid. "H NMR (300 MHz, CDCl3) § 8.11 (s, 1H), 8.06 (td, J = 8.3, 6.6 Hz, 1H), 7.04 — 6.86
(m, 2H), 2.17 (d, J = 13.1 Hz, 9H), 1.66 (s, 6H).3C NMR (75 MHz, CDCLs) & 168.4, 165.0, 163.2,
163.1, 155.1, 134.3, 134.2, 112.5, 112.4, 112.2, 112.1, 106.1, 105.8, 105.4, 83.7, 41.5, 36.2, 31.2.

HRMS (ESI, m/z) calcd for CigHoF2NOsNa [M+Na]": 374.1174, found: 374.1192.
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Compound 9y

9y: colorless oil. '"H NMR (300 MHz, CDCls) 5 8.28 (s, 1H), 8.10 (d, J= 7.5 Hz, 2H), 7.63 (d, J=17.6
Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 4.22 (t, J = 6.7 Hz, 2H), 1.74-1.61 (m, 2H), 1.41-1.22 (m, 7H), 0.88
(t, J= 6.7 Hz, 3H). *C NMR (75 MHz, CDCls) § 166.1, 156.9, 134.4, 130.2, 128.9, 127.0, 67.3, 31.5,
28.8, 25.5, 22.7, 14.1. HRMS (ESL m/z) caled for CisHioNiOsNa [M+Na]": 288.1206, found:

288.1213.

Compound 9z

o]
\/W\/\/\OJ\H’O

(0]
9z: white solid. 'TH NMR (300 MHz, CDCls) & 8.3 (s, 1H), 8.16-8.06 (m, 2H), 7.64 (dd, J = 10.6, 4.3

Hz, 1H), 7.49 (t,J = 7.7 Hz, 2H), 5.81 (ddt, J= 16.9, 10.2, 6.7 Hz, 1H), 5.11-4.89 (m, 2H), 2.04 (q, J =
6.8 Hz, 2H), 1.74-1.61 (m, 2H), 1.32 (dd, J = 20.6, 9.0 Hz, 13H). *C NMR (75 MHz, CDCls) § 166.1,
156.9, 139.4, 134.4, 130.2, 128.9, 127.0, 114.3, 67.3, 34.0, 29.6, 29.5, 29.3, 29.3, 29.1, 28.9, 25.8.

HRMS (ESI, m/z) caled for C9H27N;04Na [M+Na]*: 356.1832, found: 356.1849.

Compound 9za

9za: colorless oil. 'TH NMR (300 MHz, CDCls) 6 8.27 (s, 1H), 8.16-7.92 (m, 1H), 7.10-6.78 (m, 2H),
5.07 (t, J=17.0 Hz, 1H), 4.34-4.16 (m, 2H), 1.95 (dq, /= 15.4, 7.6 Hz, 2H), 1.72 (dd, J = 12.6, 4.9 Hz,
1H), 1.67 (s, 3H), 1.59 (s, 3H), 1.50 (ddd, J = 20.7, 12.5, 6.7 Hz, 2H), 1.40-1.26 (m, 1H), 1.26-1.10 (m,
1H), 0.91 (d, J = 6.3 Hz, 3H). *C NMR (75 MHz, CDCls) 8 168.6, 168.5, 165.2, 165.0, 163.0, 162.9,
161.7, 161.5, 156.7, 154.0, 134.4, 134.3, 134.2, 134.2, 131.6, 124.6, 112.5, 112.5, 112.2, 112.2, 106.2,
105.8, 105.5, 65.9, 37.1, 35.7, 29.5, 259, 25.6, 19.5, 17.8. HRMS (ESI, m/z) caled for

C13H23F2N104Na [M+Na]*: 378.1487, found: 378.1502.
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Compound 9zb
OMe

/©\/\ ji o
I o) N’O OMe

H o
9zb: white solid. 'H NMR (300 MHz, CDCls) 6 8.32 (s, 1H), 7.65-7.49 (m, 2H), 7.31 (t, J = 1.9 Hz,
2H), 7.16 (d, J= 7.7 Hz, 1H), 6.98 (td, /= 7.7, 2.0 Hz, 1H), 4.40 (ddd, /= 6.8, 4.4, 1.7 Hz, 2H), 3.91
(dt, J=4.3, 1.8 Hz, 9H), 2.92 (t, J = 6.8 Hz, 2H). 3C NMR (75 MHz, CDCls) & 165.7, 156.6, 153.3,
143.7, 139.8, 138.0, 136.0, 130.4, 128.4, 121.4, 121.4, 107.5, 94.7, 66.8, 61.2, 56.6, 34.8. HRMS (ESI,

m/z) calcd for Ci9H0I1N;O7Na [M+Na]*: 524.0177, found: 524.0177.

Compound 9zc

Br

OMe

0 OMe

TsN___ L
O H’ OMe

(0]
9zc: white solid. 'TH NMR (300 MHz, CDCls) & 8.16 (d, J = 11.5 Hz, 2H), 7.74 (d, J = 8.3 Hz, 2H),

7.42-7.30 (m, 5H), 7.23 (s, 1H), 4.45 (t, J = 6.8 Hz, 2H), 3.92 (d, J = 9.5 Hz, 10H), 3.03 (t, /= 6.7 Hz,
2H), 2.35 (s, 3H). 3C NMR (75 MHz, CDCL;) & 165.8, 156.7, 153.4, 145.4, 136.0, 135.2, 130.3, 129.6,
127.0, 126.8, 124.5, 121.3, 120.6, 118.8, 118.1, 117.0, 107.5, 65.7, 61.2, 56.5, 24.8, 21.8. HRMS (ESL

m/z) calcd for CosHa7BriN2OoSNa [M+Na]*: 669.0513 & 671.0496, found: 669.0536 & 671.0514.
4.5.3 Ruthenium Catalyzed Asymmetric Intramolecular C-H Amidation

General procedure: A pre-dried Schlenk tube (10 mL) was charged with substrates (0.2 mmol), chiral
ruthenium catalyst A-Rul3 (0.004 mmol, 2.0 mol%) and K,CO; (82.8 mg, 0.6 mmol) under an
atmosphere of N». Solvent 1,2-dichlorobezene (4.0 mL) was added via syringe. The reaction mixture
was stirred at 30 °C for 20 h under an atmosphere of N,. Afterwards, the mixture was transferred to a
column and purified by flash chromatography on silica gel (EtOAc/n—Hexane = 1:3 to 1:1) to afford

the analytical pure product.

Additional experimental information:
a) Execution of the reactions. All catalytic reactions were carried out in 10 mL Schlenk tubes from

“Synthware” under N, atmosphere (see image below).
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b) Isolation of the final product. The C-H amination products can be isolated by flash
chromatography without any trace contaminations from the ruthenium catalyst as evident by the

white color of the products (see image below).

¢) TLC monitor (n-Hexane:EtOAc = 2:1), See image below.
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Table 9. Additional screening of different leaving groups®

& T (PFo); cr) PR
N
i oue;
7 N N Me N™ °'N Me
OuN 2 mol% [Ru] ﬁ\o MesN NE Mes’NJ""' oNE
Ph/\/ \n/ \LG —> HN Me
/

o) 1,2-dichlorobenz. A
0.05M,30°C,20h px
9ab-ak standard conditions  (S)-10a

f—f
N
4
e
o)
5
=
2
]
A7
A
dl

R CFs
A-Ru6: R = CF3 A-Ru13
(previous design) (new modification)

q 5 j\©
Ph\/\O)LN3 OMs )J\Q:
9aa 9ab
o F Q ﬂ
“‘"0)1\©\ WO)J\@[% ”“‘o
9af F 9ag o 2,":,

Entry  Substrate Catalyst Conditions” NMR yield (%)“ ee (%)°

1 9aa A-Ru6 CH,Cl, at 25 °C without base 0 -

2 9ab A-Ru6 CH)Clyat 25 °C 69 68

3 9ac A-Ru6 CH,Cl, at 25 °C 94 62

4 9ad A-Ru6 CH)Clat 25 °C 97 78

5 9ad A-Ru6 standard 98 82

6 9ad A-Rul3 standard 95 86

7 9ae A-Rul3 40 °C instead 97 90

8 9af A-Rul3  standard quant. (99) 90

9 9af A-Rul3  no base <5 n.d.®

10 9af A-Rul3  under air 92 90

11 9ag A-Rul3  standard 98 84

12 9ah A-Rul3  standard 96 83

13 9ai A-Rul3  standard 18 n.d.®?

14 9aj A-Rul3  standard 52 75

[a] Standard conditions: 9a (0.2 mmol), K,CO; (0.6 mmol), Ru catalyst (0.002 mmol) in
1,2-dichlorobenzene (4 mL) stirred at the 30 °C for 20 h under N, unless noted otherwise. [b]
Deviations from standard conditions are shown. [¢] Conversion. [d] Determined by 'H NMR of
the crude products using Cl,CHCHCI, as internal standard. [e] Enantiomeric excess determined
by HPLC analysis of the crude main product on a chiral stationary phase. [f] Isolated yield in
brackets. [g] Not determined.
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Compound 10a

@)
HN\)_I\P

v

Starting from 9af (62.2 mg, 0.20 mmol) according to the general procedure to provide 10a as a white
solid (32.3 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 15.0 min, t, (minor) = 13.9 min). [a]p* = +25.6° (¢ = 1.0, CH,CL,). '"H NMR (300 MHz,
CDCl) 6 7.53-7.31 (m, 5H), 5.61 (s, 1H), 5.05 — 4.89 (m, 1H), 4.74 (t, J = 8.6 Hz, 1H), 4.20 (dd, J =
8.5, 6.9 Hz, 1H). *C NMR (75 MHz, CDCl3) § 159.6, 139.6, 129.5, 129.1, 126.2, 72.7, 56.6. HRMS

(ESL, m/z) caled for CoHoNO>Na [M+Na]*: 186.0525, found: 186.0531.

Compound 10b

0]
H N\)_L;)

§

MeO

Starting from 9b (70.2 mg, 0.20 mmol) according to the general procedure to provide 10b as a white
solid (38.2 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(column: Daicel Chiralpak IG 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 17.3 min, t; (minor) = 16.1 min). [a]p?? = +20.2° (¢ = 1.0, CH,CL,). '"H NMR (300 MHz,
CDCl) 6 7.34-7.09 (m, 2H), 6.95-6.76 (m, 2H), 5.53 (s, 1H), 4.91-4.76 (m, 1H), 4.63 (t, J = 8.6 Hz,
1H), 4.09 (dd, J = 8.5, 7.0 Hz, 1H), 3.74 (s, 3H). *C NMR (75 MHz, CDCl;) 8 160.2, 159.6, 131.5,
127.6, 114.8, 72.9, 56.2, 55.6. HRMS (ESI, m/z) calcd for CioH;i1NOs;Na [M+Na]": 216.0631, found:

216.0636.
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Compound 10c

@)
HN\)_L;)

OMe
Starting from 9¢ (70.2 mg, 0.20 mmol) according to the general procedure to provide 10c as a white
solid (38.3 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 92% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 20.0 min, t; (minor) = 22.2 min). [a]p*? = +18.8° (¢ = 1.0, CH:Cl,). '"H NMR (300 MHz,
CDCl) 6 7.30 (dd, J= 8.7, 7.6 Hz, 1H), 7.02-6.80 (m, 3H), 5.98 (s, 1H), 4.98-4.84 (m, 1H), 4.71 (t,J
= 8.7 Hz, 1H), 4.17 (dd, J=8.5, 7.0 Hz, 1H), 3.81 (s, 3H). *C NMR (75 MHz, CDCl3) § 160.5, 159.8,
141.3,130.5, 118.3, 114.4, 111.7, 72.6, 56.5, 55.5. HRMS (ESI, m/z) calcd for C;oH;1NO3Na [M+Na]":

216.0631, found: 216.0636.

Compound 10d

HN\%})

QOMe

Starting from 9d (70.2 mg, 0.20 mmol) according to the general procedure to provide 10d as a white
solid (38.1 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 93% ee
(column: Daicel Chiralpak IG 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 15.7 min, t, (minor) = 13.4 min). [a]p?? = +83.1° (¢ = 1.0, CH,CL,). 'H NMR (300 MHz,
CDCl3) 6 7.32 (dd, J=9.7, 7.7 Hz, 2H), 7.00 (t, J = 7.5 Hz, 1H), 6.90 (d, /= 8.1 Hz, 1H), 5.83 (s, 1H),
5.24 (dd, J=8.5, 6.7 Hz, 1H), 4.80 (t, /= 8.7 Hz, 1H), 4.17 (dd, J = 8.4, 6.4 Hz, 1H), 3.86 (d, /= 12.0
Hz, 3H). ®C NMR (75 MHz, CDCl;) § 160.2, 156.7, 129.6, 128.0, 125.7, 121.1, 110.7, 71.7, 55.6,

51.5. HRMS (ESI, m/z) calcd for C1oH;1NOsNa [M+Na]*: 216.0631, found: 216.0636.
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Compound 10e

@)

HN\)_LP
©—Me
Starting from 9e (67.0 mg, 0.20 mmol) according to the general procedure to provide 10e as a white
solid (35.1 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 92% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 24.1 min, t, (minor) = 13.3 min). [a]p** = +179.4° (¢ = 1.0, CH.CL,). '"H NMR (300 MHz,
CDClL) 6 7.47-7.31 (m, 1H), 7.27-7.06 (m, 3H), 5.85 (s, 1H), 5.22-5.09 (m, 1H), 4.72 (t, J = 8.6 Hz,
1H), 4.03 (dd, J = 8.3, 7.0 Hz, 1H), 2.23 (s, 3H). *C NMR (75 MHz, CDCl;) 8 160.1, 137.7, 134.8,
131.1, 128.5, 127.1, 124.9, 71.8, 53.3, 19.2. HRMS (ESI, m/z) calcd for CioHiiNO;Na [M+Na]":

200.0682, found: 200.0687.

Compound 10f

0

HNJI\O
PhQ
Starting from 9f (90.2 mg, 0.20 mmol) according to the general procedure to provide 10f as a white
solid (47.3 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 98% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 254 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 26.5 min, t, (minor) = 24.4 min). [a]p** = +3.8° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CDCls) 6 7.71-7.55 (m, 4H), 7.41 (dtd, J = 9.6, 7.2, 3.2 Hz, 5H), 5.58 (s, 1H), 5.07-4.93 (m, 1H), 4.77
(t, J=8.7 Hz, 1H), 4.24 (dd, J = 8.6, 6.9 Hz, 1H). 3C NMR (75 MHz, CDCl;) § 159.5, 142.2, 140.4,
138.5,129.1, 128.2, 127.9, 127.3, 126.7, 72.7, 56.3. HRMS (ESI, m/z) calcd for C1sHi3NO,H [M+H]":

240.1019, found: 240.1025.
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Compound 10g

0
N

HNuO

§

Starting from 9g (78.6 mg, 0.20 mmol) according to the general procedure to provide 10g as a white
solid (35.7 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 23.6 min, t, (minor) = 26.8 min). [a]p*? = +26.2° (¢ = 1.0, CH>Cl,). 'H NMR (300 MHz,
CDCl) 6 7.38-7.28 (m, 2H), 7.08 (t, J = 8.6 Hz, 2H), 6.44 (s, 1H), 5.09-4.82 (m, 1H), 4.71 (t, J = 8.7
Hz, 1H), 4.13 (dd, J = 8.6, 6.9 Hz, 1H). ®C NMR (75 MHz, CDCl3) § 164.7, 161.4, 160.0, 135.5,
135.5, 128.0, 127.9, 116.5, 116.2, 72.7, 72.7, 56.0. *’F NMR (235 MHz, CDCl5) § -112.89. HRMS

(ESI, m/z) calcd for CoHsFNO>Na [M+Na]*: 204.0431, found: 204.0437.

Compound 10h

O
HN\)_I\P

CIQ

Starting from 9h (81.8 mg, 0.20 mmol) according to the general procedure to provide 10h as a white
solid (36.2 mg, 92% yield). Enantiomeric excess was established by HPLC analysis as 88% ee
(column: Daicel Chiralpak IC 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 60:40, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 11.5 min, t, (minor) = 18.1 min). [a]p*? = +16.8° (¢ = 1.0, CH.Cl,). '"H NMR (300 MHz,
CDCls) 6 7.37 (d, J = 8.5 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 6.29 (s, 1H), 5.03-4.85 (m, 1H), 4.13 (dd,
J = 8.6, 6.8 Hz, 1H). C NMR (75 MHz, CDCl3) & 159.9, 138.2, 134.9, 129.6, 127.6, 72.5, 56.0.

HRMS (ESI, m/z) calcd for CoHsCINO>Na [M+Na]*: 220.0136, found: 220.0141.
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Compound 10i
0
HN\)_I\;)

$2

Br
Starting from 9i (90.6 mg, 0.20 mmol) according to the general procedure to provide 10i as a white

solid (47.5 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 90% ee
(column: Daicel Chiralpak IG 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 16.9 min, t, (minor) = 11.7 min). [a]p** = +13.7° (¢ = 1.0, CH.Cl,). 'H NMR (300 MHz,
CDClL) 6 7.54 (d, J = 8.4 Hz, 2H), 7.34-7.10 (m, 2H), 6.02 (s, 1H), 5.09-4.82 (m, 1H), 4.73 (t, /= 8.7
Hz, 1H), 4.14 (dd, J = 8.4, 7.0 Hz, 1H). ®C NMR (75 MHz, CDCl3) § 160.2, 138.8, 138.7, 132.6,
132.5,127.9, 122.9, 72.4, 56.0. HRMS (ESI, m/z) calcd for CoHsBrNO:Na [M+Na]": 263.9631, found:

263.9638.

Compound 10j

H

HN™ ©

oy

Starting from 9j (74.2 mg, 0.20 mmol) according to the general procedure to provide 10j as a white
solid (42.2 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 93% ee
(column: Daicel Chiralpak IA 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 15.8 min, t, (minor) = 14.1 min). [a]p* = +186.4° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CDCl3) 6 7.99-7.90 (m, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.77 (dd, J = 5.8, 3.3 Hz, 1H), 7.66 (d, J= 7.1
Hz, 1H), 7.62-7.46 (m, 3H), 6.21 (s, 1H), 5.83-5.64 (m, 1H), 5.00 (t, /= 8.7 Hz, 1H), 4.22 (dd, J= 8.5,
6.5 Hz, 1H). ®C NMR (75 MHz, CDCls) & 160.0, 135.2, 134.2, 130.2, 129.5, 129.2, 127.1, 126.4,
125.8,122.4, 121.9, 72.0, 53.3. HRMS (ESI, m/z) calcd for C13H;1NO:Na [M+Na]": 236.0682, found:

236.0688.
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Compound 10k

Starting from 9k (85.0 mg, 0.20 mmol) according to the general procedure to provide 10k as a white
solid (41.3 mg, 97% yield). Enantiomeric excess was established by HPLC analysis as 92% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 60:40, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 14.1 min, t; (minor) = 17.1 min). [a]p??> = +11.2° (¢ = 1.0, CH:Cl»). '"H NMR (300 MHz,
CDCl) 6 8.03-7.72 (m, 4H), 7.50 (ddt, J = 10.2, 8.5, 3.0 Hz, 3H), 5.59 (s, 1H), 5.20-5.04 (m, 1H),
4.81 (t,J= 8.7 Hz, 1H), 4.29 (dd, J = 8.6, 6.8 Hz, 1H). *C NMR (75 MHz, CDCl;) & 159.53, 136.80,
133.63, 133.38, 129.73, 128.10, 128.02, 127.05, 126.89, 125.65, 123.36, 72.57, 56.70. HRMS (ESI,

m/z) calcd for C13H;;NO;Na [M+Na]*: 236.0682, found: 236.0688.

Compound 101

0]
HN\J_I\P

>

Z
:‘ /i »

Boc

Starting from 91 (102.8 mg, 0.20 mmol) according to the general procedure to provide 101 as a white
solid (39.8 mg, 66% yield). Enantiomeric excess was established by HPLC analysis as 85% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 10.4 min, t; (minor) = 12.1 min). [a]p?* = +8.5° (¢ = 1.0, CH,Cl,). 'H NMR (300 MHz,
CDCl) 6 8.18 (d, J= 8.3 Hz, 1H), 7.61 (s, 1H), 7.54 (d, /= 7.7 Hz, 1H), 7.41-7.32 (m, 1H), 7.31-7.20
(m, 1H), 6.00 (s, 1H), 5.20 (dd, J= 8.7, 6.7 Hz, 1H), 4.76 (t, /= 8.7 Hz, 1H), 4.41 (dd, J = 8.6, 6.6 Hz,
1H), 1.67 (s, 10H). *C NMR (75 MHz, CDCl3) 8 159.6, 149.5, 136.4, 127.4, 125.4, 123.9, 123.3,
119.0, 118.8, 115.9, 84.5, 70.6, 49.8, 28.3. HRMS (ESI, m/z) calcd for CisHisN,OsNa [M+Na]':

325.1159, found: 325.1166.
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Compound 10m

0
HN\)_L;)

0
S

Starting from 9m (76.2 mg, 0.20 mmol) according to the general procedure to provide 10m as a white
solid (26.0 mg, 77% yield). Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak ADH column, ee = 93% (HPLC: 210 nm, n—Hexane/isopropanol = 85:15, flow rate 0.8
mL/min, 40 °C, t, (major) = 11.2 min, t, (minor) = 10.3 min). [a]p?2 = +9.0° (¢ = 1.0, CH,CL,). 'H
NMR (300 MHz, CDCls) 6 7.39 (dd, J=5.0, 3.0 Hz, 1H), 7.08 (dd, /= 5.0, 1.2 Hz, 1H), 6.03 (s, 1H),
5.11-4.99 (m, 1H), 4.69 (t, J = 8.6 Hz, 1H), 4.23 (dd, J = 8.5, 6.6 Hz, 1H). 3C NMR (75 MHz, CDCl5)
8 159.6, 140.9, 128.0, 125.2, 122.6, 72.0, 52.4. HRMS (ESI, m/z) calcd for C;H;N10.SNa [M+Na]":

192.0090, found: 192.0092.

Compound 10n

H
N0
et
S8R

Starting from 9n (66.6 mg, 0.20 mmol) according to the general procedure to provide 10n as a white
solid (34.8 mg, 99% yield). Enantiomeric excess was established by HPLC analysis as 95% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 21.0 min, t, (minor) = 24.9 min). [a]p?? = -58.1° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CDCl) 6 7.39-7.14 (m, 4H), 6.70 (s, 1H), 5.41 (ddd, /= 8.1, 6.0, 2.3 Hz, 1H), 5.17 (d, /= 7.3 Hz, 1H),
3.50-3.24 (m, 2H). *C NMR (75 MHz, CDCl;) 3 159.9, 140.5, 139.9, 129.5, 128.1, 125.7, 125.0, 80.8,

61.4,39.0. HRMS (ESI, m/z) calcd for CioHoNO,Na [M+Na]": 198.0525, found: 198.0530.
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Compound 100
H

Ph"-gi\(o

0]
Bn

Starting from 90 (82.2 mg, 0.20 mmol) according to the general procedure to provide 100 as a white
solid (42.0 mg, 83% yield). Diasteriomeric ratio and enantiomeric excess was established by HPLC
analysis as 1.8:1 d.r., 92%/97% ee (column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210
nm, mobile phase: n—Hexane/isopropanol = 80:20, flow rate: 0.8 mL/min, column temperature: 30 °C,
retention times: for major diastereomer, t; (major) = 15.6 min, t, (minor) = 14.1 min), for minor
diastereomer, t; (major) = 18.5 min, t, (minor) = 17.3 min). [a]p?? = +2.4° (¢ = 1.0, CH,Cl,). For major
diastereomer, "H NMR (300 MHz, CDCl3) § 7.39-7.22 (m, 11H), 5.53 (s, 1H), 4.73 -4.54 (m, 2H),
3.15(qd, J=14.4, 5.7 Hz, 2H). *C NMR (75 MHz, CDCls) 8 158.7, 139.4, 135.3, 129.9, 129.3, 129.2,
128.9, 126.3, 85.3, 60.8, 39.9. HRMS (ESI, m/z) caled for Ci1¢HisNO:2Na [M+Na]": 276.0995, found:

276.1004.

Compound 10p

Starting from 9p (69.0 mg, 0.20 mmol) according to the general procedure to provide 10p as a white
solid (34.0 mg, 91% yield). Enantiomeric excess was established by HPLC analysis as 91% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 18.2 min, t, (minor) = 24.6 min). [a]p?? = -40.6° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CDCl) 6 7.53-7.30 (m, 5H), 5.53 (s, 1H), 4.83 (dd, J = 8.4, 5.7 Hz, 1H), 4.65 (t, /= 8.4 Hz, 1H), 4.46
(dd, J = 8.3, 5.6 Hz, 1H). ®C NMR (75 MHz, CDCls) & 158.8, 132.0, 129.3, 128.6, 121.7, 85.9, 85.3,

70.5, 44.4. HRMS (ESI, m/z) calcd for C;;HyNO,Na [M+Na]*: 210.0525, found: 210.0530.
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Compound 10q

0]

H N\)_l\;)

//\s

MeO

Starting from 9q (75.0 mg, 0.20 mmol) according to the general procedure to provide 10q as a white
solid (39.5 mg, 91% yield). Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak ODH column, ee = 94% (HPLC: 220 nm, n—Hexane/isopropanol = 80:20, flow rate 1.0
mL/min, 25 °C, t, (major) = 15.0 min, t, (minor) = 16.6 min). [a]p** = -79.8° (¢ = 1.0, CH,CL,).'H
NMR (300 MHz, CDCls) 6 7.41-7.29 (m, 2H), 6.92-6.76 (m, 2H), 5.80 (s, 1H), 4.81 (dd, J = 8.4, 5.7
Hz, 1H), 4.62 (t, J = 8.3 Hz, 1H), 4.43 (dd, J = 8.3, 5.7 Hz, 1H), 3.81 (s, 3H). ®C NMR (75 MHz,
CDCl) 6 160.4, 159.0, 133.5, 114.3, 113.7, 85.8, 84.0, 70.6, 55.5, 44.5. HRMS (ESI, m/z) calcd for

Ci2H11IN1O3Na [M+Na]": 240.0631, found: 240.0631.

Compound 10r

H N\%})
//\s

=
Starting from 9r (72.6 mg, 0.20 mmol) according to the general procedure to provide 10r as a white
solid (34.9 mg, 85% yield). Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak ODH column, ee = 90% (HPLC: 220 nm, n—Hexane/isopropanol = 80:20, flow rate 1.0
mL/min, 25 °C, t, (major) = 8.3 min, t, (minor) = 10.8 min). [a]p*? = -52.4° (¢ = 1.0, CH,CL,). 'H
NMR (300 MHz, CDCls) 6 7.56-7.33 (m, 2H), 7.10-6.95 (m, 2H), 5.77 (s, 1H), 4.82 (dd, J = 8.4, 5.6
Hz, 1H), 4.64 (t, J = 8.4 Hz, 1H), 4.44 (dd, J = 8.3, 5.6 Hz, 1H).*C NMR (75 MHz, CDCl5) & 164.8,
161.5, 159.0, 134.0, 133.9, 117.8, 117.7, 116.1, 115.8, 85.1, 84.8, 70.4, 44.4. ’F NMR (235 MHz,
CDCl3) 6 -109.44. HRMS (ESI, m/z) caled for C;HsFiN;O,Na [M+Na]": 228.04319, found:

228.0435.
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Compound 10s

Starting from 9s (67.8 mg, 0.20 mmol) according to the general procedure to provide 10s as a white
solid (30.4mg, 84% yield). Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak ODH column, ee = 90% (HPLC: 205 nm, n—Hexane/isopropanol = 80:20, flow rate 1.0
mL/min, 25 °C, t, (major) = 5.2 min, t, (minor) = 6.3 min). [a]p** = +3.6° (¢ = 1.0, CH,CL,).'H NMR
(300 MHz, CDCl3) 6 5.86 (s, 1H), 4.64-4.46 (m, 2H), 4.27 (dd, J= 7.3, 5.0 Hz, 1H), 2.17 (td, J= 7.1,
1.7 Hz, 2H), 1.58-1.42 (m, 2H), 1.38-1.22 (m, 4H), 0.89 (dd, J = 8.2, 5.8 Hz, 3H)."3C NMR (75 MHz,
CDCl) 6 159.2, 867.0, 76.7, 70.8, 44.1, 31.2, 28.2, 22.3, 18.7, 14.1. HRMS (ESI, m/z) calcd for

C1oHisN1O2Na [M+Na]": 204.0995, found: 204.1000.

Compound (£)-10t

@)
HN\)_LP

Ph/=\\

Starting from (£)-9t (69.4 mg, 0.20 mmol) according to the general procedure to provide 10t as a
white solid (33.3 mg, 88% yield). Enantiomeric excess was established by HPLC analysis by using a
Daicel Chiralpak IC column, ee = 63% (HPLC: 210 nm, n—Hexane/isopropanol = 30:70, flow rate 1.0
mL/min, 25 °C, t, (major) = 7.7 min, t, (minor) = 15.2 min). [a]p?*> = +91.6° (¢ = 1.0, CH,CL).'H
NMR (300 MHz, CDCl3) § 7.43-7.27 (m, 5H), 6.61 (d, J = 15.8 Hz, 1H), 6.13 (dd, J = 15.8, 7.6 Hz,
1H), 5.75 (s, 1H), 4.67-4.49 (m, 2H), 4.22-4.05 (m, 1H)."3C NMR (75 MHz, CDCl;) § 159.6, 135.6,
134.1, 128.9, 128.7, 126.9, 126.6, 70.4, 55.3. HRMS (ESI, m/z) calcd for CiiHiNO:Na [M+Na]':

212.0682, found: 212.0687.
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Compound 10u

0]
HN\)_I\P

O

Starting from 9u (65.0 mg, 0.20 mmol) according to the general procedure to provide 10u as a white
solid (32.0 mg, 96% yield). Enantiomeric excess was established by HPLC analysis as 92% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 220 nm, mobile phase:
n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 6.0 min, t, (minor) = 7.0 min). [a]p** = +14.6° (¢ = 1.0, CH>Cl,). '"H NMR (300 MHz,
CDClL) 6 5.77 (s, 1H), 5.71 (s, 1H), 4.47 (t, J = 8.6 Hz, 1H), 4.35-4.24 (m, 1H), 4.08 (dd, /= 8.4, 6.1
Hz, 1H), 2.11-1.82 (m, 4H), 1.76-1.48 (m, 4H). C NMR (75 MHz, CDCl;) § 160.1, 135.2, 125.8,
69.5, 58.3, 25.1, 23.3, 22.4, 22.4. HRMS (ESI, m/z) caled for CoHi3N;O,Na [M+Na]": 190.0838,

found: 190.0844.

Compound 10v

Hr\jil\/o
¢

Starting from 9v (73.0 mg, 0.20 mmol) according to the general procedure to provide 10v as a white
solid (35.9 mg, 87% yield). Enantiomeric excess was established by HPLC analysis as 96:4 d.r.
(HPLC: column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 8.7 min, t, (minor) = 10.1 min). [a]p** = -48.8° (¢ = 1.0, CH,Cl,). '"H NMR (300 MHz,
CDCl3) & 5.54 (s, 2H), 4.39 (dt, J = 14.4, 8.8 Hz, 2H), 3.95 (dd, J = 7.8, 5.6 Hz, 1H), 2.53-2.00 (m,
5H), 1.31 (s, 3H), 1.15 (d, J = 8.7 Hz, 1H), 0.80 (s, 3H). 3C NMR (75 MHz, CDCl;s) § 159.9, 145.0,
122.1, 68.3, 56.8, 41.2, 40.9, 38.1, 31.8, 31.3, 26.2, 21.4. HRMS (ESI, m/z) calcd for C;2H17N;0,Na

[M+Na]": 230.1152, found: 230.1161.
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Compound 10w

0
HN\)_L})
Me

Starting from 9w (57.0 mg, 0.20 mmol) according to the general procedure to provide 10w as a white
solid (20.1 mg, 79% yield). Enantiomeric excess was established by HPLC analysis as 61% ee
(column: Daicel Chiralpak ODH 250 x 4.6 mm, absorption: A = 210 nm, mobile phase:
n—Hexane/isopropanol = 90:10, flow rate: 1.0 mL/min, column temperature: 25 °C, retention times: t;
(major) = 10.8 min, t; (minor) = 13.2 min). [a]p?? = +38.0° (¢ = 1.0, CH.ClL,). '"H NMR (300 MHz,
CDCl) 6 5.99 (s, 1H), 4.98 (d, J =22.4 Hz, 2H), 4.52 (t, J = 8.6 Hz, 1H), 4.37 (dd, J = 8.8, 6.1 Hz,
1H), 4.08 (dd, J = 8.4, 6.0 Hz, 1H), 1.75 (s, 3H). ®C NMR (75 MHz, CDCl3) 3 160.0, 142.5, 113.8,
77.6,77.2,76.8, 69.4,57.8, 17.3. HRMS (ESI, m/z) calcd for CcHyN;O>Na [M+Na]*: 150.0525, found:

150.0527.

Compound 10x

O
JO-

Starting from 9x (70.2 mg, 0.20 mmol) according to the general procedure to provide 10x as a white
solid (38.2 mg, 99% yield). Enantiomeric excess was established by HPLC analysis using a
Bz-protected product for the testament as 99% ee (HPLC: column: Daicel Chiralpak ODH 250 x 4.6
mm, absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min,
column temperature: 25 °C, retention times: t, (major) = 8.1 min, t, (minor) = 9.9 min). [a]p** = +14.6°
(¢ = 1.0, CH.CL,). "H NMR (300 MHz, CDCls) & 5.30 (d, J = 3.5 Hz, 1H), 3.66 (d, J = 1.6 Hz, 1H),
2.28 (s, 2H), 2.22-1.95 (m, 4H), 1.93-1.54 (m, 7H). *C NMR (75 MHz, CDCl3) § 161.1, 80.7, 64.2,
40.2, 37.3, 36.5, 36.4, 31.4, 31.2, 29.4, 29.2. HRMS (ESI, m/z) calcd for C;;1Hi;sNO,Na [M+Na]":

216.0995, found: 216.1000.
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Compound 10y
HN—é)

Nl 0
Starting from 9y (53.0 mg, 0.20 mmol) according to the general procedure to provide 10y as a
colorless oil (15.0 mg, 53% yield). Enantiomeric excess was established by HPLC analysis using a
Bz-protected product for the testament as 80% ee (HPLC: column: Daicel Chiralpak ODH 250 x 4.6
mm, absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min,
column temperature: 25 °C, retention times: t, (major) = 11.5 min, t, (minor) = 18.7 min). [a]p?* =
-9.6° (¢ = 1.0, CH2Cl,). "H NMR (300 MHz, CDCls) & 5.83 (s, 1H), 4.48 (t, J = 8.4 Hz, 1H), 4.02 (dd,
J=28.4,6.2 Hz, 1H), 3.93-3.73 (m, 1H), 1.58 (dt, /= 12.4, 6.5 Hz, 2H), 1.34 (tdd, /= 13.9, 9.4, 4.3 Hz,
4H), 0.91 (t, J = 6.9 Hz, 4H).*C NMR (75 MHz, CDCls) § 159.9, 70.5, 52.8, 35.2, 27.5, 22.6, 14.0.

All other datas were in agreement with literature report.*

Compound 10z

O

Starting from 9z (53.0 mg, 0.20 mmol) according to the general procedure to provide 10z as a
colorless oil (17.3 mg, 41% yield). Enantiomeric excess was established by HPLC analysis using a
Bz-protected product for the testament as 79% ee (column: Daicel Chiralpak ODH 250 x 4.6 mm,
absorption: A = 210 nm, mobile phase: n—Hexane/isopropanol = 80:20, flow rate: 1.0 mL/min, column
temperature: 25 °C, retention times: t, (major) = 14.3 min, t; (minor) = 19.9 min). [a]p** =-11.2° (¢ =
1.0, CH2Cl,). '"H NMR (300 MHz, CDCl;) & 5.92-5.62 (m, 2H), 5.07-4.85 (m, 2H), 4.48 (t, J= 8.4 Hz,
1H), 4.01 (dd, J = 8.5, 6.2 Hz, 1H), 3.90-3.77 (m, 1H), 2.04 (q, J = 6.8 Hz, 2H), 1.59 (d, J = 14.7 Hz,
2H), 1.44-1.17 (m, 12H). *C NMR (75 MHz, CDCl3) § 159.9, 139.2, 114.5, 70.5, 52.8, 35.5, 33.9,
29.5, 294, 29.1, 29.0, 25.4. HRMS (ESI, m/z) caled for Ci2H21N;O:Na [M+Na]": 234.1465, found:

234.1471.
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Compound 10za
O

HN—

YN

Starting from 9za (71.0 mg, 0.20 mmol) according to the general procedure to provide 10za as a
colorless oil (7.1 mg, 18% yield). Diastereomeric ratio was deteremined by H NMR spectrum as >
20:1 d.r. "H NMR (300 MHz, CDCl;) & 5.55 (s, 1H), 5.18-4.96 (m, 1H), 4.43 (t, J= 8.7 Hz, 1H), 4.11
(dd, J=8.7, 6.3 Hz, 1H), 3.70 (dd, J=14.9, 7.1 Hz, 1H), 2.19-1.85 (m, 2H), 1.69 (s, 3H), 1.60 (s, 3H),
1.46-1.35 (m, 1H), 1.16 (dd, J= 8.9, 4.7 Hz, 1H), 0.90 (d, J = 6.8 Hz, 4H). *C NMR (75 MHz, CDCl;)
0 159.87, 132.58, 123.74, 68.31, 57.31, 37.00, 32.62, 25.88, 25.14, 17.89, 14.28. All other datas were

in agreement with literature report.

4.5.4 Mechanistic Experiments

1) Proposed mechanism

R\/\O /OCOR2

H\
N
\—P [Ru] H* R2CO,-

: & " ]_(}
[RU]H’N\,)
|-\§1
[} O}— / putatlve tnplet

Ru-nitrenoid

Figure 92. Proposed reaction pathway.

Proposed mechanism: Upon release of benzoic acid from the N-benzoyloxycarbamate, the ruthenium
catalyst forms a ruthenium nitrenoid intermediate (I). The ruthenium nitrenoid from its triplet state
subsequently performs a 1,5-hydrogen atom transfer (HAT) to provide the radical intermediate II. This
is followed by C-N bond formation through radical-radical recombination to provide the
ruthenium-coordinated product (III), which is released to regenerate the active catalyst for a new

catalytic cycle.
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2) Mechanistic experiments

a) Nitrene trapping with PPhg
0

/ﬂ\ Ru cat / K,COg4 . _ 1)
Ph\/\o H/LG —_— Ph\/\o)LN’PPh3 via: Ph\/\O)J\N//[RU]
9aa PPhs (2 equiv) iminophosphorane
92% vyield
b) Olefin isomerization
i H Ph
Z )L o= \/‘MO
LG Rucat/K,CO N__o (\/;(P\ ™
0" N 2605 Ph@*(_ - — H
Ph H —_— f via: | Ph o "TrH = OJ\.’TJ,
(2)-9r 10r Rl AU
ZIE > 20:1 Z/E=10.3:1

Nitrene trapping with PPhs: A dry Schlenk tube (10 mL) was charged with substrates (64.2 mg, 0.2
mmol), chiral ruthenium catalyst A-Rul3 (0.004 mmol, 2.0 mol%), PPhs (105 mg, 0.4 mmol) and
K>CO; (82.8 mg, 0.6 mmol) under an atmosphere of N,. Solvent 1,2-dichlorobezene (4.0 mL) was
added via syringe. The reaction mixture was stirred at 30 °C for 20 h under an atmosphere of No.
Afterwards, the mixture was transferred to a column and purified by flash chromatography on silica
gel (EtOAc/n—Hexane = 1:3 to 1:1) to afford the analytical pure product iminophosphorane in 92%

yield.

Iminophosphorane: colorless oil. 'TH NMR (300 MHz, CDsCN) § 7.75-7.59 (m, 9H), 7.56-7.46 (m,
6H), 7.30-7.15 (m, 5H), 4.15 (t, J = 6.8 Hz, 2H), 2.84 (t, J = 6.8 Hz, 2H). *C NMR (75 MHz, CD;CN)
8 162.5, 140.2, 133.9, 133.7, 133.6, 133.5, 130.1, 129.89, 129.87, 129.7, 129.3, 128.7, 127.1, 66.6,

66.6, 36.4. HRMS (ESI, m/z) calcd for C27H24N1O,P H; [M+H]": 426.1617, found: 426.1628.

Olefin isomerization: A dry Schlenk tube (10 mL) was charged with substrates (Z)-9b (0.2 mmol),
A-Rul3 (0.002 mmol, 1 mol%) and K>CO; (82.8 mg, 0.6 mmol) under an atmosphere of N,. Solvent
1,2-dichlorobezene (4.0 mL) was added via syringe. The reaction mixture was stirred at 30 °C for 20 h
under an atmosphere of N,. Afterwards, the crude reaction solution was filtered through a thin layer of
celite and washed with 5 mL EtOAc. Filtrate was collected and organic solvent was removed under
vacuo. The ratio of (Z)-10r and (E)-10r was analyzed by 'H NMR of crude reaction solutions (see

attached spectrum). The ratio of (2)-10r:(£)-10r are 10.3:1.
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Figure 93. '"H NMR of crude reaction solutions for analysis of Z/E ratio.
4.5.5 Synthetic Applications

1) Synthesis of chiral p-amino alcohols

Method A:

1) Boc,0, EtsN, DMAP
(S)-10a __CHyCl, rt, 16 h o BocHN  OH
>99% ee 2) Cs,CO,, MeOH, r.t., 2 h

>
N
N

PR
(S)-1

94% yield, > 99% ee
chiral -amino alcohol

Procedure: To a solution of (§)-10a (101 mg, 0.62 mmol) and Boc,O (214 mg, 0.98 mmol) in 16 mL

THF was added Et;N (120 pL, 0.88 mmol). After stirring at room temperature for 10 min, DMAP (7.6

mg, 10 mol%) was added in one portion. The resulting solution was stirred at room temperature for 16

h. Solvent was removed in vacuo. The resulting solid dissolved in 6 mL. MeOH was added Cs,CO; (20

mol%). The resulting solution was stirred at room temperature for 2 h. After that, citric acid was added

until pH = 7. Solvent was removed in vacuo. The residue was subjected to a flash silica gel

chromatography (n—Hexane/EtOAc= 5:1 to 2:1) to provide analytical pure (S)-11 in 94% yield.

Enantiomeric excess was established by HPLC analysis by using a Daicel Chiralpak IG column, >

99% ee (HPLC: 210 nm, n—Hexane/isopropanol = 90:10, flow rate 1.0 mL/min, 25 °C, t. (major) =

12.1 min). '"H NMR (300 MHz, CDCL3) & 7.42-7.26 (m, 5H), 5.22 (d, J = 6.5 Hz, 1H), 4.77 (s, 1H),
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3.96-3.74 (m, 2H), 2.29 (s, 1H), 1.43 (s, 9H). *C NMR (75 MHz, CDCl;) & 156.3, 139.7, 129.0, 128.0,

126.8, 80.2, 67.2,57.2, 28.5.

Method B:
H2N\/\N/\/NH2 NH;
(S)-10n H (4 equiv) . ©:>"'OH
95% ee 140°C, 30 h
(1S,2R)-12

88% yield, 95% ee
chiral B-amino alcohol

Procedure: (3S,8R)-10n (35 mg) in diethylenetriamine (86.4 uL, 4 equiv) was heated at 140 °C for 30
h. Afterwards, it was directly subjected to a flash silica gel chromatography (CH,Cl,/MeOH/Et;N=
100:10:1) to provide analytical pure (IS,2R)-13 as light pink solid in 88% yield. Enantiomeric excess
was determined by transforming back to corresponding carbamate as 95% ee. "H NMR (300 MHz,
CDCls) 6 7.42-7.18 (m, 4H), 4.52-4.23 (m, 2H), 3.12 (dd, /= 16.4, 5.4 Hz, 1H), 2.97 (dd, J=16.4, 2.7
Hz, 1H), 2.81 (s, 3H). C NMR (75 MHz, CDCl5) § 144.1, 141.1, 128.2, 127.1, 125.6, 124.1, 72.9,

58.7, 39.6.

2) Synthesis of Natural Products

(0]
H standard )l\ \
O N, diti HN HN
\"/ LG conditions 1 P ________ >
O 40 °C instead N
| A\
' N
9zb 10zb H
LG = 3,4,5-Trimethoxyl bezoate 92% yield, 91% ee (-)-Aurantioclavine

(5)-10zb was synthesized according to the general produre shown before.

Compound 10zb

HN\%})
I
Starting from 9zb (100.2 mg, 0.20 mmol) according to the general procedure to provide 10zb as a
white solid (53.0 mg, 92% yield). Enantiomeric excess was established by HPLC analysis by using a

Daicel Chiralpak ODH column, 91% ee (HPLC: 220 nm, n—Hexane/isopropanol = 60:40, flow rate 1.0
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mL/min, 25 °C, t, (major) = 13.7 min, t, (minor) = 9.1 min). [a]p?? = +39.2° (¢ = 1.0, CH,CL).'H
NMR (300 MHz, CDCls) 6 7.74-7.65 (m, 2H), 7.31 (d, J = 7.8 Hz, 1H), 7.14 (t, J = 8.0 Hz, 1H), 6.15
(s, 1H), 4.99-4.80 (m, 1H), 4.72 (t, J = 8.7 Hz, 1H), 4.15 (dd, J = 8.6, 6.7 Hz, 1H). 3C NMR (75 MHz,
CDClL) 6 159.6, 142.0, 138.2, 135.3, 131.1, 125.4, 95.1, 72.4, 55.8. HRMS (ESI, m/z) calcd for

CoHsI1N;O;Na [M+Na]": 311.9492, found: 311.9503.

H
N
o ’L]i@\
Ar= B
N JH

standard 0] -
s conditons ) BocHN  OH H Dragmacidin A

R, o Ny By p y

Ar\/\o N/LG 40 °C ) A\@ ’ i N
H instead A4 zc " 43 O-__N

9zc 74% yield 88% yield Br - Br
LG = 3,4,5-Trimethoxyl bezoate ~ 94% ee 94% ee i N
N

H Hamacanthin A

(5)-10zc was synthesized according to the general produre shown before.

(5)-13 was synthesized according to the general produre shown before (Method A).

Compound 10zc

Starting from 9zc (64.6 mg, 0.10 mmol) according to the general procedure to provide 10ze as a white
solid (32.1 mg, 74% yield). Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak IA column, 94% ee (HPLC: 254 nm, n—Hexane/isopropanol = 85:15, flow rate 1.0 mL/min,
25 °C, t, (major) = 17.4 min, t, (minor) = 20.8 min). [a]p?* = +18.6° (¢ = 1.0, CH>Cl,). '"H NMR (300
MHz, CDCls) 6 8.18 (s, 1H), 7.79 (d, J = 8.3 Hz, 2H), 7.55 (s, 1H), 7.38 (s, 2H), 7.29 (d, J = 8.2 Hz,
2H), 5.76 (s, 1H), 5.15 (dd, J = 8.6, 6.6 Hz, 1H), 4.74 (t, J = 8.8 Hz, 1H), 4.31 (dd, J = 8.6, 6.4 Hz,
1H), 2.38 (s, 3H). *C NMR (75 MHz, CDCl3) § 159.1, 146.0, 136.5, 134.9, 130.5, 127.3, 127.2, 126 .4,

124.5, 120.7, 120.4, 119.6, 117.3, 70.4, 49.5, 21.8. HRMS (ESI, m/z) calcd for CisHisBriN2O4SH;
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[M+H]": 435.0009 & 436.9989, found: 435.0017 & 436.9997.

Compound 13
BocHN H

Sy
N
Ts

Starting from 10zc¢ (30.4 mg, 0.07 mmol) according to the general procedure to provide 13 as a white
solid (31.2 mg, 88% yield). Enantiomeric excess was established by HPLC analysis by using a Daicel
Chiralpak IA column, 94% ee (HPLC: 210 nm, n—Hexane/isopropanol = 85:15, flow rate 1.0 mL/min,
25 °C, t; (major) = 9.7 min, t; (minor) = 13.7 min). [a]p*2 = +20.9° (¢ = 1.0, CH,Cl,). '"H NMR (300
MHz, CDCls) 6 8.15 (d, J = 1.1 Hz, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.54 (s, 1H), 7.43 (d, J = 8.5 Hz,
1H), 7.35 (dd, J = 8.5, 1.6 Hz, 1H), 7.26 (t, J = 4.0 Hz, 3H), 5.07 (t, J = 14.2 Hz, 2H), 3.95 (s, 2H),
2.36 (s, 3H), 2.20 (s, 1H), 1.44 (s, 9H).*C NMR (75 MHz, CDCls) § 155.9, 145.6, 136.1, 135.1,
130.3,128.2, 127.1, 127.0, 124.3, 121.2, 119.0, 117.0, 80.45, 65.1, 28.5, 21.8. HRMS (ESI, m/z) calcd

for C2;HasBriN>OsS1Na; [M+Na]*: 531.0560 & 533.0541, found: 531.0571 & 533.0550.
4.5.6 Single Crystal X-Ray Diffraction Studies

Crystallography of compound (5)-10i: Single crystals of (S)-10i were obtained by slow diffusion from
the solution in EtOAc layered with n—Hexane at room temperature. A suitable crystal of CoHgBrNO>
was selected under inert oil and mounted using a MiTeGen loop. Intensity data of the crystal were
recorded with a D8 Quest diffractometer (Bruker AXS). The instrument was operated with Mo-Ka
radiation (0.71073 A, microfocus source) and equipped with a PHOTON 100 detector. Evaluation,
integration and reduction of the diffraction data was carried out using the Bruker APEX 3 software
suite.! Multi-scan and numerical absorption corrections were applied using the SADABS program.**
The structure was solved using dual-space methods (SHELXT-2014/5) and refined against F2
(SHELXL-2018/3 using ShelXle interface).*¢ All non—Hydrogen atoms were refined with anisotropic
displacement parameters. The hydrogen atoms attached to carbon atoms were refined using the “riding
model” approach with isotropic displacement parameters 1.2 times of that of the preceding carbon
atom. The hydrogen atom at the nitrogen atom was refined using a restraint on the bond length to
prevent too strong underestimation of the atom distance. CCDC 2012187 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge
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Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Table 10. Selected crystallographic data and details of the structure determination for CoHsBrNO,.

Identification code
Empirical formula
Molar mass / g-mol ™!
Space group (No.)
alA

b/ A

c/A

VA3

Z

Peale. | grem

u/ mm™!

Color

Crystal habitus
Crystal size / mm®
T/K

LA

0 range / °

Range of Miller indices

Absorption correction

Tiny Tmax

Rint, Rs

Completeness of the data set
No. of measured reflections
No. of independent reflections
No. of parameters

No. of restrains

S (all data)

R(F) (I = 20(]), all data)
wR(F?) (I > 2a(I), all data)
Extinction coefficient

Flack parameter x

Aprmax, Apmin / € A3

(S)-10i
CyHsBrNO;
242.07
P2:2:2, (19)
5.6166(3)
7.7164(4)
21.6106(11)
936.60(8)

4
1.717
4.353
colorless
block
0.265 x 0.239x 0.168
100
0.71073 (Mo-K,)
2.803 to 31.638
—8<h<8
-11<k<11
-31</<3l1
multi-scan and numerical
0.4622, 0.5826
0.0210, 0.0160
0.999
17155
3139
123
1
1.091
0.0171, 0.0188
0.0405, 0.0412
0.0127(10)
—0.006(3)
0.336,—0.238
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Figure 94. Crystal structure of compound (S)-10i.
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5.1 List of Abbreviations

'"H NMR proton nuclear magnetic resonance spectroscopy
3BC NMR carbon nuclear magnetic resonance spectroscopy
°F NMR fluorine nuclear magnetic resonance spectroscopy
0 chemical shift

J coupling constant

br broad

S singlet

d doublet

t triplet

q quartet

m multiplet

ppm parts per million

AcOH acetic acid

aq aqueous

Ar Aryl-group

bpy 2,2 -bipyridine

CD circular dichroism

CH,Cl,/DCM dichloromethane

CDxCl, dideuteromethylenechloride

CHCl; chloroform

CDCl3 deuterochloroform

CH3CN/ MeCN acetonitrile

conc concentrated

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DMSO dimethyl sulfoxide

dr diastereomeric ratio
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Et:N
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EDG
EWG
HAT

h

HPLC
HRMS

IR spectra
Ir

Rh

Ru

Fe

Ag

Mn

min
mL
mmol

MS

Ph

PPh;
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enantiomeric excesses

et alii (lat.: and others)
ethanol

diethyl ether

triethyl amine

ethyl acetate

electron donating group
electron withdrawing group
hydrogen atom transfer
hour(s)

high performance liquid chromatography
high resolution mass spectrometry
infrared spectra

iridium

rhodium

ruthenium

iron

silver

manganese

liter(s)

mol/liter

meta-

minute(s)

milliliter(s)

millimole

mass spectroscopy
nitrogen

phenyl

triphenylphosphine

parts per million
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racemate

room temperature
trifluoroacetic acid
tetrahydrofuran

thin layer chromatography

223



Chapter 5. Appendices

5.2 List of Figures

Figure 1. General concept of asymmetric C—H amination via nitrene inSertion. ............cceceeceevereenenne. 1
Figure 2. Mechanism of intramolecular C—H amination via metal-nitrenoid intermediate.................... 2
Figure 3. Ring-open of chiral cyclic sulfamidates............cccvveverrierieniienieeieeie e 2
Figure 4. Research from the Chi-Ming Che group on the synthesis of chiral cyclic sulfamidates. ....... 3
Figure 5. Research from the Simon Blakey group on the synthesis of chiral cyclic sulfamidates.......... 3
Figure 6. Research from the Du Bois group on the synthesis of chiral cyclic sulfamidates. ................. 4
Figure 7. Ring-open of chiral cyclic sulfamidates............cccevevirriierienieniesie e 4
Figure 8. Research from the Katsuki group on the synthesis of chiral cyclic sulfamides. ..................... 5

Figure 9. Research from the X. Peter Zhang group on the synthesis of 6-membered chiral cyclic
SUIFAIMIAES. ...ttt s 6
Figure 10. Research from the X. Peter Zhang group on the synthesis of 5-membered chiral cyclic
SUIFAIMIAES. ...ttt e 6
Figure 11. Research from the F. H. Arnold group on the synthesis of 5- and 6-membered chiral cyclic
SUIFAIMIAES. ...ttt s 7

Figure 12. Research from the Meggers group on the synthesis of 5- and 6-membered chiral cyclic

SUITAIMIACS. .. ettt ettt et e bt et b e e et et e e bt et e sb e ea e e bt sbeen e e ebe et e bt e st etesheenteben 7
Figure 13. Synthesis of chiral sulfonamides via nitrene inSertion............ceceveveereneneeneneeeneeeeeee 8
Figure 14. Research from the Davies group on the synthesis of chiral cyclic carbamates...................... 9
Figure 15. Synthesis of chiral lactams via nitrene INSEIrtioN. ..........eeeevuereriereneerieneeeeieseee e 10
Figure 16. Synthesis of cyclic ureas in a racemic version from the Bois group.........cccceceevvveevievriennnnne. 11
Figure 17. Nitrenes with different SUDSHEUENLS. .........cccveviieriiiiciieiieieeeree e 11
Figure 18. Research work on the synthesis of the chiral Boc-protected pyrrolidine............ccoccuveenne.ne. 12

Figure 19. Comparison of intra- and intermolecular C-H amination for the synthesis of chiral amines.

............................................................................................................................................................... 12
Figure 20. Pioneering work on intermolecular C-H amination of indane substrate. ............cc.ccocceeuennen. 13
Figure 21. Intermolecular C-H amination work from the Davies group. .........cccceevveeveeieevieenieneennenns 14
Figure 22. Intermolecular C-H amination work from the Dauban group..........c.ccccceevvevververcrercrrenenn 14
Figure 23. Intermolecular C-H amination work from the Bach group..........c.ccccceevviviiiviiivicnicnieinns 15

224



Chapter 5. Appendices

Figure 24. Intermolecular C-H amination work from the Matsunaga group............cccceevvevveeveeveennenne. 15
Figure 25. Intermolecular C-H amination work from the Blakey group...........cccecvevvervencvencieniennenn, 16
Figure 26. Intermolecular C-H amination work from the Chi-Ming Che group. .........ccccceevevveeveennenne. 16
Figure 27. Intermolecular C-H amination work from the Katsuki group..........ccc.ccevveviervenciencnennnnnn, 17
Figure 28. Other transition-metals catalyzed asymmetric intermolecular C-H aminations. ................. 18
Figure 29. Chiral-at-metal ruthenium catalysts for asymmetric alkynylation reactions. ...................... 19

Figure 30. Pioneering work on ruthenium catalyzed intramolecular C-H amination using aliphatic
organic azides as nitrene precursors by the former group member Jie Qin..........cccevevievieenienrennnenne. 22
Figure 31. Attempts on the synthesis of different racemic ruthenium catalysts based on modifications of
the pyridine moiety. [a] Yu Zheng’s reported results. [b] Jie Qin’s reported results. .........cccoeeevvennnenns 23
Figure 32. Chiral-auxiliary-mediated synthesis of enantiomerically pure A-RuAux1-7. [a] Yu Zheng’s
reported results. [b] Jie Qin’s reported reSUILS. .......ccviiviiiiiiiie ettt 24
Figure 33. CD spectra of A-Ru7 recorded in CH30H (0.2 MM). ...ccvviiiiiiiiiieiieeieecee e 24

Figure 34. Substrate scope. JA-RuS5 as the catalyst instead. [PReaction temperature of 95 °C instead.

Figure 36. Proposed mechanism and DFT free energies (in kcal/mol) calculated with R'=R? = Ph at the
M06-D3/6-311++G(d,p)-SDD, SMD (1,2-dichlorobenzene)//B3LYP-D3/6-31G(d)-LANL2DZ level of
theory. These DFT calculations were performed by Dr. Shuming Chen (Houk group, UCLA).. ......... 28
Figure 37. MechaniStiC €XPETIMENLS. .....c..ccviieeireerierteesteeiteesseereereereesseesssesssessseesseessesssessssesssesssesnns 30
Figure 38. Calculated transition state structures for the C-H insertion step at the
M06-D3/6-311++G(d,p)-SDD, SMD (1,2-dichlorobenzene)//B3LYP-D3/6-31G(d)-LANL2DZ level of

theory. Energies are shown in kcal/mol. Interatomic distances are denoted in Angstroms. Calculations

performed by Dr. Shuming Chen (Houk group, UCLA).......cccccvviiiriiinieeieeir et 31
Figure 39. Yubiao Hong’s pioneering exploration of new ruthenium complexes. .........c.cceceevereeeennene 33
Figure 39. Main difference between previous ruthenium scaffold and the new one............cccoceuveenene. 34

Figure 40. Intramolecular C-H amidation catalyzed by electron rich iridium complex from Chang’s

Figure 41. Idea of applying our new ruthenium catalysts scaffold in asymmetric intramolecular C-H

225



Chapter 5. Appendices

AMIAATION TEACTIOMS. ....e.vteuteteeiieteetcete sttt ettt et et sb et e st e e bt et e sb e e st e bt e st en e e e bt eatesteeb e et e sbeeneenbeeneeneenne 34
Figure 42. My modified synthetic routes of the ruthenium compleXes..........ccecerereeneniniencneenennen. 35
Figure 43. Comparison of catalytic results by using different ruthenium catalysts. ............ccceeevveennennn. 36
Figure 44. New results by performing the reaction using NH4PFg as source of acid in 100 °C............ 37

Figure 45. New results by performing the reaction using NH4BF4 as source of acid in different
conditions. X = PFs O BF4. .c.coiiiii ettt ettt 37
Figure 46. New results by performing the reaction using NH4BF4 as source of acid in different
conditions. X = PFs or BF4. water acetonitrile solvent mixture and further modification of catalyst... 38
FIGUIE 47, SUDSIIAIE SCOPE....ccuviiiieitieitieitieeteete ettt eteesteesteestreebeesteebeesseesssesssessseesseesseesseesssesssesssesssesnns 40
Figure 48. Gram-scale reaction with low catalyst loading and further transformations. (a) Gram-scale
synthesis of (S)-4e and (S)-4i. (b) Synthetic applications of (S)-4i. .......c.cccceevievieiiiiiiiiiieeeeeeen, 42

Figure 49. Proposed mechanism. Dr. Shuming Chen from the Houk group at UCLA performed the DFT

CALCULATIONS. ...ttt ettt e b et e bt e st e bt e st et e e bt et e st e eb e et e sbeeseebeeneeneenne 43
Figure 50. Control experiments for elucidating the mechanism. .........cccocoeveeriniiieniniinineeencee 44
Figure  51. Calculated  structures  of  ruthenium  nitrene  complexes at  the

B3LYP-D3/6-31G(d)-LANL2DZ (Ru) level of theory. Interatomic distances are in Angstroms (A).
Bolded numbers in orange indicate hirshfeld charges on individual atoms. Calculations performed by Dr.
Shuming Chen (Houk group, UCLA). ....coiioieiiicieeieeteeteesteestee sttt eve e veesveestaesaeseveesveeaveeveesveessnens 45
Figure 52. Calculated C-H amidation and Curtius rearrangement transition states at the
MO06-D3/6-311++G(d,p)-SDD (Ru), SMD (1,2-dichlorobenzene) // B3LYP-D3/6-31G(d)-LANL2DZ
(Ru) level of theory. Interatomic distances are in dngstroms (A). Energies are in kcal/mol. Activation
barriers are calculated with respect to the lowest-energy conformers of Ru nitrene intermediate III.
Calculations performed by Dr. Shuming Chen (Houk group, UCLA).......ccccceevvviieiiieriieieieeieeve e 46
Figure 53. Calculated C—H amidation transition states leading to major and minor lactam enantiomers.
at the M06-D3/6-311++G(d,p)-SDD (Ru), SMD (1,2-dichlorobenzene) //
B3LYP-D3/6-31G(d)-LANL2DZ (Ru) level of theory. Interatomic distances are in angstroms (A).
Energies are in kcal/mol. Activation barriers are calculated with respect to the lowest-energy conformer
of Ru nitrene intermediate III. Calculations performed by Dr. Shuming Chen (Houk group, UCLA). 47
Figure 54 . Enantioselective intramolecular amination of prochiral C(sp®)-H bonds. (a) Chiral
heterocycles accessible by this strategy. (b) Reaction design. .........ccccvevieiiiiiiiiieniieniecie e 49

226



Chapter 5. Appendices

Figure 55. (a) Initial try for the synthesis of cyclic ureas via intramolecular C-H amination. (b) Yuqi
Tan’s pioneering exploration of using N-benzoyloxylcarbamate as nitrene precursor for intramolecular
nitrene transfer reactions. (c) My idea of reaction design for the synthesis of chiral cyclic ureas........ 50
Figure 56. Scope with respect to synthesis of N-methyl cyclic ureas. “A-Ru6 was used as the catalyst
TIISTEAM. .ottt et b et bt et e bt e h et bt e h et bt et b e a et e sh e et e beehe et e b eat e aeae 53

Figure 57. Substrate scope. Products 7p-r formed with regioisomeric ratios of more than 20:1. “40 h

reaction time. 16 NOUT T@ACtION tIME. .........oo.evivvereeeeeereeeeeiceeeeeeeee et naenes 53
Figure 58. Proposed mechanism through an intermediate triplet ruthenium nitrenoid. ...........cccc........ 55
Figure 59. Control experiments to probe the proposed radical mechanism. ............ccceevveveenieeneennane, 55

Figure 60. Applications to the synthesis of medicinal agents, natural products, and a chiral
organocatalyst. “Standard conditions followed by recrystallization in EtOAc/n-hexane. MW =
TTHCTOWAVE. ...evtiurieutententeententeeueentesteenteteeueentesbeeate st e eueeabeebeeateabeseeent e e bt emte st e ebeeabesheemt e bt eanentesbeensenteenaennens 57
Figure 61. (a) Overview of representative methods for the synthesis of chiral f-amino alcohol; (b)

Strategy to chiral b-amino alcohols via transition-metal nitrenoid intermediates; (¢) Preliminary result

obtained by the previous group member Y. Tan; (d) My improved 1esults. .......c.cccoceveerenencieneneenne. 61
Figure 62. Attempts on the synthesis of rac-Rul3 based on modification of the NHC moiety............ 62
Figure 63. Chiral-auxiliary-mediated synthesis of enantiomerically pure A-Rul3. .............ccoceuveene.nn. 62

Figure 64. Substrate scope with respect to benzylic C-H aminations. Ar = 2,4-difluorophenyl unless
noted otherwise. “Modified substrate and reaction conditions: Ar = 3,4,5-trimethoxyphenyl and reacted
AL A0 PC FOT 20 Nl oottt bbbt b s 65

Figure 65. Substrate scope with respect to non-benzylic C-H aminations. Ar = 2,4-difluorophenyl unless

NOted OtheTWISE. “AT = Ph...c.iieiiiiiee ettt ettt et ne et e teeneeneeas 67
Figure 66. Gram-scale reaction and ring opening of chiral cyclic carbamates. ............cccoeeveevrierreennnens 68
Figure 67. Synthetic application to natural produCts............cceeeueeeiieriierierierie e 69
Figure 68. An overview for this theSIS. ......cciiviiiiiiiiiiiiciie ettt st eabe v e 71
Figure 69. Catalytic enantioselective intramolecular C-H amination of 2-azidoacetamides. ............... 72
Figure 70. Enantioselective synthesis of y-lactams by intramolecular C-H amidation.......................... 73
Figure 71. Enantioselective synthesis of cyclic ureas by intramolecular C-H amidation. .................... 73
Figure 72. Enantioselective synthesis of cyclic carbamates by intramolecular C-H amidation............ 74

Figure 73. Synthesis of new chiral N-heterocycles via asymmetric intramolecular C-H amiantions. .. 75

227



Chapter 5. Appendices

Figure 74.
Figure 75.
Figure 76.
Figure 77.
Figure 78.
Figure 79.
Figure 80.
Figure 81.
Figure 82.
Figure 83.
Figure 84.
Figure 8S.
Figure 86.
Figure 87.
Figure 88.
Figure 89.
Figure 90.
Figure 91.
Figure 92.
Figure 93.

Figure 94.

"H NMR 0f 2a-d2-1 1€aCtION @NALYSIS. ....e.vveveeieieceeeceeeeeeeceeeeeteeee e es e eeeenees 108
"H NMR of 2a-d2-2 reaction analysis.............cccoeveuerireerererieeerereeeeerereceseseseesesesesesseseseseens 109
'TH NMR of 1a and 1a-d4 reaction analysis. .............coceeeeeereeeerieeeeerereeeeeeeeeeeeseereeereeenenes 110
"H NMR of competition eXperiment analysis. ...........c..ceoeeeverereieverereeereereseseseseeseseseseenas 111
Crystal structure of coOmpPound (8)=2€. .....ccveviiiiieiieiieieeie et eve e 113
Crystal structure of compound rac-Ruimine................cccoccveveiiriiiniieniienienie e 113
Initial rate of 4a and 4a-d>-1 formation under the above reaction conditions. .................. 141
"H NMR spectra for the analysis of KIE ValUe. .........c.ccccoveveveueeievereeceeeeceeeeeeee e, 142
"H NMR spectra for the analysis of KIE ValUe.. ........c.cccoeieveiiieeeieeeceeeeeeeeeee e 143
HPLC spectrums of rac-4a-Me and (S)-4a-Me obtained by using A-Rul0...................... 144
HPLC spectrum of (S)-4a-Me obtained by using A-Rul0.............c.cccovveviieiviieecieeeieenne, 145
Crystal Structure Of (S)-T0€. .......cccveeeiieiieiierie ettt ereesteesteesrnesesesnseenns 147
"H NMR spectrum analysis of the kinetic isotope experiment. .............c..cocveveevereevereenennne. 173
"H NMR spectrum analysis of crude reaction solution (at room temperature)................... 174
"H NMR spectrum analysis of crude reaction solution (at 4 °C). .........cccevevvereveeeverenennne. 175
"H NMR spectrum analysis of crude reaction solution (at 40 °C). .........ccceererererererrrrrnnnns 175
Reaction set up in the MICIOWAVE TEACTOT. ......veevviieiieerieeeiieerre e eee e eree e e e ree e 180
X-ray structure analysis of compound (S)-Th. .......ccccocvvriiiriiiiieiieeee e 182
Proposed reaction PAtWAY..........ccceivviiiiiiiiieiieecie ettt ste et ereeveeveesveestnesene e 213
"H NMR of crude reaction solutions for analysis of Z/E 1atio. ...........cccccceereverereeererennee. 215
Crystal structure of compound (8)-160..........c.ccoeeviieiiiiiiiiieieeeeeeeee e 220

228



Chapter 5. Appendices

5.3 List of Tables

Table 1. Reaction Conditions OptimiZation”.............ccceerveereeriieriieniierieesieeseeseesresseeseesseesseesseesssesnnes 25
Table 2. Comparison of different ruthenium catalysts”............cccceiveiiviiiviiinienieie e 39
Table 3. Evaluation of the C—H amination reaction “..............ccoeceeeieeriiereeneeneenieeieesieeseeseesnesvesenes 51
Table 4. Initial experiments and OPtIMIZATION “...........c..ccieviieiiiiiieieieie et re e ereeveeveesveesenas 64
Table 5. Crystal data and structure refinement for (S)-7€. ........cccvveiirriierieriieniesie e 114
Table 6. Crystal data and structure refinement for rac-Ruimine. ................ccccoevviiiiiiiiiicciccie, 116
Table 7. Crystal data and structure refinement for (S)-10€. ...........ccccevverriiiriiieniienierieeie e 147
Table 8. Selected crystallographic data and details of the structure determination for (S)-13h. ........ 182
Table 9. Additional screening of different leaving groups”. .........ccccceveerieereeniienienie e 199

Table 10. Selected crystallographic data and details of the structure determination for CoHsBrNO,. 219

229



Chapter 5. Appendices

5.4 List of New Compounds
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2) New Organic Compounds

Chapter 2.1 and its Experimental Part
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Chapter 2.2 and its Experimental Part
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Chapter 2.3 and its Experimental Part
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