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Abstract

The chemistry of cyclopentadienyl ruthenium(ll) complexes plays an important role in ruthenium
catalysis because of its high potential for various transformations. However, asymmetric catalysis
with chiral cyclopentadienyl ruthenium(ll) complexes is still at an infant stage, but rapidly developing

because of its expected impact on multiple enantioselective applications.

This thesis discusses the synthesis of a novel class of chiral cyclopentadienyl ligands 11, which can
be readily accessed by a two-step process from a,B-unsaturated aldehydes | and cyclopentadiene
Il. The novel Cz-symmetric chiral cyclopentadienyl ligands were complexed with ruthenium(ll) and
successfully applied in asymmetric catalysis.

©/\/CHO Two steps
—_—
+ —_—
| |

The cyclopentane-fused Cp*Ru complex VI enables the enantioselective synthesis of
benzonorcaradienes by coupling of oxa-benzonorbornadienes IV with internal alkynes V in high
enantioselectivity (up to 97.5:2.5 er). The reaction mechanism was investigated by computational
studies and control experiments.

R2

R 5 mol % [Ru] VI
= 6 mol % BuyNI
R’ 2-butanone, 100 °C

up to 97.5:2.5 er
18 examples Vil

)
] PFs

L) e

\\\\\\\ N
MeCN"* / MeCN
MeCN

Vi

The chiral cyclopentadienyl ruthenium(ll) complexes show promising results for other

transformations. An alkylative cycloetherification of allenols and aryl vinyl ketones was investigated



using binaphthyl-derived chiral cyclopentadienyl ruthenium(ll) complex X. After an initial optimization
study, allenol VIII and phenyl vinyl ketone IX gave the desired enantio-enriched cyclic ether with a

promising enantioselective ratio of 90:10.

S)
—l PFe
R
MeCN"" / MeCN
MeCN
0 O
HOM.\ + X 10 mol % [Ru] X
X > 9
Additive
vill X DMF, 60 °C, 3 h
35% yield, 90:10 er

Xl

Furthermore, preliminary studies were undertaken for the [2+1] cycloaddition of enynes via
ruthenium vinyl carbenes. Model substrate Xl delivered the desired enantio-enriched
bicyclo[3.1.0]hexane XV in a good yield of 72% (E:Z = 1.6:1), with enantiomeric ratios of 72.5:27.5
and 63.5:36.5 for the E- and Z-isomer, respectively.

C)

§| PFe
\\\Ru\®

MeCN" / MeCN

MeCN
o TMS
Ve (8@  5mol% [RuXIV —
s ms” N 6 mol % BuyNCl
\x\ >  TsN Ph
Ph
toluene
X Xl 23 °C 72% yield (E:Z = 1.6:1)

72.5:27.5 er (E-isomer)
63.5:36.5 er (Z-isomer)
XV

Keywords: ruthenium, cyclopentadienyl ligand, asymmetric catalysis



Abstract

Cyclopentadienylruthenium(ll)-Komplexe spielen eine wichtige Rolle in der Rutheniumkatalyse
aufgrund ihres grossen Potentials fir eine Vielfalt an Transformationen. |hr Einsatz in der
asymmetrischen Katalyse befindet sich noch in den Kinderschuhen. Sie entwickelt sich jedoch

rapide, da eine grosse Bedeutung fiir enantioselektive Anwendungen zu erwarten ist.

Die Arbeit befasst sich mit der Synthese einer neuen Klasse von chiralen Cyclopentadienylliganden
I, die in zwei Schritten einfach zugénglich sind, ausgehend von a,3-ungeséttigten Aldehyden | und
Cyclopentadien II.

Diese neue, C,-symmetrische dritte Generation von Cp*-Liganden wurden mit Ruthenium(ll)

komplexiert und erfolgreich in katalytischen asymmetrischen Anwendungen eingesetzt.

©/\/CHO Zwei Stufen
—_—
+ —_—
| I

Die chiralen Cyclopentadienylruthenium(ll) -Komplexe ermdglichen die enantioselektive Synthese
von Benzonorcaradienen durch Kupplung von Oxabenzonorbonadienen IV mit internen Alkinen V
mit einer hohen Enantioselektivitat von bis zu 97.5: 2.5 er. Der Reaktionsmechanismus wurde

mithilfe von DFT-Rechnungen und Kontrollexperimenten untersucht.

R2

R 5 mol % [Ru] VI
= 6 mol % BuyNI
R’ 2-butanone, 100 °C

up to 97.5:2.5 er
18 examples Vil

)
] PFs

L) e

\\\\\\\ N
MeCN"* / MeCN
MeCN

Vi

Chirale Cyclopentadienylruthenium(ll)Komplexe zeigten ausserdem vielversprechende Ergebnisse

fur andere Transformationen. Eine alkylierende Cycloveretherung von Allenolen und

\



Phenylvinylketonen wurde mit dem binaphthyl-basierten chiralen Cyclopentadienylruthenium(ll)-
Komplex X untersucht. Nach einer anfanglichen Optimierung ergab die Reaktion von Allenol VIII und

Phenylvinylketon 1X den gewiinschten cyclischen Ether im mit einem vielversprechenden
Enantiomerenverhaltnis von 90:10.

©
E!E;_W PFg
wRu-
MeCN"" / MeCN
MeCN
Q (0]
HOM,\ N & 10 mol % [Ru] X
A > 0
Additive
DMF, 60 °C, 3 h
VIl IX

35% yield, 90:10 er
Xl
Weitere vorlaufige Studien befassten sich mit der [2+1]-Cycloaddition von Eninen XII Uber
Rutheniumvinylcarbene.  Das  Modellsubstrat  XII  ergab  enantiomerenangereichertes

Bicyclo[3.1.0]hexan in einer guten Ausbeute von 72% mit Enantiomerenveraltnissen von 72.5:27.5
und 63.5:36.5 fur das E- bzw-. Z-isomer.

S
—l PFG
MeCN™ MeCN
MeCN
__ TMS
. N/ — N@ © 5mol % [Ru] XIV —
s ms N 6 mol % BuyNCl
\x\ TsN Ph
Ph
toluene
XIl Xl 23 °C 72% yield (E:Z =1.6:1)

72.5:27.5 er (E-isomer)
63.5:36.5 er (Z-isomer)
XV
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Chapter 1 Introduction



1.1 Ruthenium in Catalysis

Ruthenium is a transition metal that exhibits abundant reactivity. Its electron configuration is [Kr] 4d’
5st. It can have oxidation states from -2 to +8, with +2, +3 and +4 the most common.? It is more
abundant than other platinum group metals, such as iridium and rhodium.? Ruthenium compounds,
such as tetra-n-propylammonium perruthenate (TPAP) and ruthenium tetroxide have been used
widely for oxidation reactions.® However, they have been utilized not only for oxidation reactions but
also for a variety of different transformations. Especially in combination with ligands such as
carbonyl, phosphines, cyclopentadienyls, arenes, dienes, and carbenes, ruthenium complexes show

versatile reactivities for organometallic reactions.*

1.1.1  Ruthenium catalyzed reactions without Cp ligands

Olefin metathesis is one of the most representative applications of ruthenium in catalysis. Transition-
metal catalyzed olefin metathesis was discovered in the 1950s, as a process forming ethylene 1.2
and 2-butene 1.3 from propylene 1.1 (Scheme 1-1).°

M(CO)g/Al,04

2 X Z R
propylene 90-315°C  ethylene  2-butene
1.1 M = Mo, W 1.2 1.3

Scheme 1-1: The first reported example of olefin metathesis.

Grubbs and coworkers found that an active catalytic species is Ru(ll) by examining ring-opening
metathesis of 7-oxanorbornene in 1988.% In 1995, his student SonBinh Nguyen developed an air-
stable and the first well-defined ruthenium carbene 1.4 (Figure 1-1).” In the same year, Grubbs
reported a simplified ruthenium carbene, which is commercially available and known as the first
generation Grubbs catalyst 1.5.8 Introducing an N-heterocyclic carbene (NHC), a strong o-donating
ligand, gave what is now known as the second generation Grubbs catalyst 1.6.° Hoveyda reported
that a chelating oxygen ligand improves the stability of the ruthenium carbene in 1999,° which allows
for recycling of the catalyst. Subsequently, the oxygen chelating ligand was combined with the NHC.
That novel class of ruthenium carbene, now called the second generation Hoveyda-Grubbs catalyst
1.7, promotes olefin metathesis in a highly efficient manner, and makes the formation of tri- and
tetra-substituted olefins feasible.!! Most examples of olefin metathesis result in a predominant

formation of E-olefins,'? due to the high reversibility of the transformation. Accessing Z-olefin

12



selectively by olefin metathesis was a challenging topic. Grubbs reported ruthenium catalyst 1.8,

which enables a Z-selective olefin metathesis.!?

1995 1995 1999 2000

7\
PPh, PCys /dN/\_\(\N\Q /@/NYN@

C|//, | Cls, | Cli Cl“"RU_
‘Ru= ‘Ru= "Ru= cl” |
c | = o “ph cI” | ‘'Ph o)
PPh,  Ph PCys PCys R
1.4 Grubbs | Grubbs Il Hoveyda-Grubbs Il
1.5 1.6 1.7

Figure 1-1: The development of the Grubbs catalysts.

2011

/A

N N\i
]

"'Ru=
tBuco0” |
\(O

Z-selective Grubbs
1.8

Ruthenium catalyzed asymmetric hydrogenation has also made a huge impact on both academy

and the chemical industry. Noyori and coworkers made huge contributions to this field.'* In 1987,
they reported the asymmetric hydrogenation of B-keto esters 1.9 catalyzed by BINAP/ruthenium

halide complex 1.10 (Scheme 1-2).%°

o o0 cat. 1.10 oH O
J—— ~
R'IJJ\/U\ORQ H R1/\)J\OR2
2
1.9 1.11

Scheme 1-2: Ruthenium catalyzed asymmetric hydrogenation of 3-keto ester.

The limitation of asymmetric hydrogenation using BINAP ruthenium halides 1.10 (Scheme 1-2) is

that unfunctionalized and simple ketones 1.12 cannot be converted. This issue was resolved by

development of BINAP/diamine ruthenium systems (1.13 and 1.14) (Scheme 1-3).1¢

13



cat. 1.13 OO Ar
j\ diamine 1.14 OH LA O "
Ar” “Me A" Me p— Ru(DMF), e
KOH, H, AT
1.12 1.15 r NH,
Ar = Ph, tol
113 1.14

Scheme 1-3: Ruthenium catalyzed asymmetric hydrogenation of unfunctionalized ketone.

Noyori expanded his ruthenium chiral diamine system to transfer hydrogenation. Instead of using
hydrogen gas, transfer hydrogenation using ruthenium diamine complex (1.16 and 1.17) allows the

reduction of unfunctionalized ketones 1.15 using isopropanol as a hydrogen source (Scheme 1-4).%7

cat. [RuCl,y(mesitylene)], 1.16 g ~NHTs

0 (S,S)-TsDPEN 1.17 OH

P NH,
Ar Me ) Ar Me
iPrOH
1.15 1.18
1.17

(S,S)-TsDPEN

Scheme 1-4: Ruthenium catalyzed transfer hydrogenation of unfunctionalized ketone.

Catalytic C—H functionalization makes a profound impact on synthetic organic chemistry by enabling
step-economic and atom-economic approaches to the synthesis of pharmaceutics and natural
products. Initially C—H functionalization for C—C bond formation was examined mostly using
palladium or rhodium catalysts, but ruthenium complexes were also investigated.’® Murai and
coworkers reported sp?C—H a functionalization using a ruthenium(0) precursor in 19939, in which
the aromatic C—H bond in the ortho-position of 1.19 added to an olefin 1.20 (Scheme 1-5).

Murai, 1993
0 cat. RuH,(CO)(PPh3)3 o
] 1.21 1
R2 R, 2R3 R2 R
toluene, reflux R3
1.19 1.20 1.22

Scheme 1-5: Ruthenium(0) catalyzed sp2C-H functionalization.
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Later, Oi's pioneering work enabled C—H functionalizations using a ruthenium(ll) catalyst 1.24, which
is more convenient to prepare and more stable than ruthenium(0) complexes. The authors showed
that the pyridyl group of 1.23 performs well as a directing group for the ortho-position of 1.23 in a
ruthenium(ll) catalyzed C—H arylation (Scheme 1-6).%

0i, 2001
= =
- | cat. [Ru(CgHg)Clol, 1.24 q
N + ArBr N
PPhj, K,COj Ar
NMP, 120 °C
1.23 1-25

Scheme 1-6: Ruthenium(ll) catalyzed sp>C—H functionalization with a pyridyl directing group.

Recently, the Larrosa group investigated the mechanistic details of ruthenium(ll) catalyzed C-H
functionalization. They revised the previously proposed Ru(ll)/Ru(lV) cycle by suggesting a bis-
cyclometallated ruthenium(ll) species as an intermediate. Based on their revised mechanistic
proposal, they applied cyclometallated ruthenium complex 1.28 as a catalyst for C—H arylation of
arylpyridine 1.26 (Scheme 1-7).%

Larrosa, 2018

%5
= | cat. [Ru] 1.28 Z | \N/ =
NS N \
N + ArX KOAc, N Ru(MeCN),
X =Cl, Br, | K2COs, NMP, 35 °C Ar 1.28
1.26 1.27 1.29

Scheme 1-7: sp? C—H functionalization with a cyclometallated ruthenium catalyst.

Enantioselective Diels-Alder reactions have been realized using Cp*Rh(l) or CpFe(ll) complexes in
combination with chiral bi-dentate phosphine ligands.??> A similar reactivity was observed for (n°-
arene)Ru(ll) complexes. Davies and coworkers showed that (n®-arene)Ru(ll) complex 1.32 can be
used as a chiral Lewis acid for enantioselective Diels-Alder reaction (Scheme 1-8).2 This reaction

provides norbornene 1.33 in an excellent yield of 90%, and with high enantioselectivity (90.5:9.5 er).

15



Davies, 1997

)
5 mol % [Ru] 1.32 CHO | SbFe
9 - idi i .Ru
Me. _CHO 5 mol % tert-butylpyridine bMe iPr. N\\\\ \ ~¢i
C * T -20°C, 72 h [ N
1.33 (0]

90%
90.5:9.5 er
(exo:endo = 96:4)

1.32

=

1.30 1.31

Scheme 1-8: Enantioselective Diels-Alder reaction catalyzed by the (né-arene)Ru(ll) complex 1.32

The application of ruthenium pincer complexes 1.35 was extensively explored on
hydrogenation/dehydrogenation and dehydrogenative functionalization reactions, which are highly
valuable as eco-friendly transformations for the chemical industry.2* Milstein and coworkers explored
homogeneous catalysis using ruthenium pincer complexes 1.35. Early on in their investigation of
ruthenium pincer complexes, they reported the dehydrogenation of secondary alcohols 1.34, forming
the corresponding ketone 1.36 and hydrogen gas 1.37 (Scheme 1-9).2°

Milstein, 2004
PtBUz
OH cat. [Ru] 1.35 0 J | ci
1 2 1JJ\ 2 + H2 . N_Rlu_Nz
R" R NaOiPr R R BBU
R' R2=alkyl, aryl  1.4-dioxane, 83 °C 1.36 1.37 2
134 1.35

Scheme 1-9: Dehydrogenation of secondary alcohol by ruthenium pincer complex 1.35.

Beller and coworkers developed a highly efficient process for the evolution of hydrogen gas (1.41)
from methanol 1.38.26 The state-of-the-art heterogeneous system for methanol (1.38) reforming
requires high temperatures (above 200 °C) and high pressure (25-50 bar). In contrast to the
heterogeneous system, Beller's conditions only need 89-95 °C and ambient pressure. Furthermore,

this process can be used in agueous methanol.

16



Beller, 2013
PiPr,
cat. [Ru] 1.40 (_I Cl
MeOH + H,0 - > H, + Cjresiduals N-Ru-CO
NaOH, 89-95 °C Q_ |
PiPr,
1.38 1.39 1.41 1.42
1.40

———

Scheme 1-10: Dehydrogenation of methanol by ruthenium pincer complex 1.40.

The Milstein group also reported the dehydrogenative coupling of alcohols, which is an
environmentally benign method for accessing esters 1.45 (Scheme 1-11).2° Other dehydrogenative
functionalizations for the synthesis of fundamental materials such as acetals and amides were
investigated as well.?*

Milstein, 2005 Fl’tBuz
. Q ‘\C|
PPN cat. [Ru] 1.44 e} 74 N-RU-CO
OH /\/\)k /\/\/\ + 2H2 — H\ |
KOH, 117 °C (0] NEt,
1.43 1.45 1.46 1.44

Scheme 1-11: Dehydrogenative coupling of alcohols forming ester and hydrogen gas

1.1.2 CpRu and Cp*Ru catalyzed reactions

The Trost group has explored various transformations catalyzed by CpRu(ll) and Cp*Ru(ll)
complexes. Their pioneering work has made extensive and profound impact on this field.?” Their
contribution lies not only in the development of novel transformations, but also mechanistic proposals
and studies, which became the ground for new discoveries.?® An early examples of CpRu(ll)
catalyzed transformation is the addition of alkenes to alkynes (Scheme 1-12).% The coupling
between alkenes and alkynes forms 1,4-dienes. This transformation can be seen as a metallo-ene
reaction using alkynes as enophiles. In this reaction, a ruthenacyclopentene was proposed as a key
intermediate.?’ Oxidative cyclometallation forms ruthenacyclopentenes 1.52 and 1.53, is followed
by syn B-hydride elimination. The B-hydride elimination occurs on the exocyclic hydrogen because
of geometrical constraints for a syn elimination on an endocyclic hydrogen. Reductive elimination of
the resulting ruthenium hydride complexes 1.54 and 1.55 delivers the 1,4-dienes 1.50 and 1.51.
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Trost, 1993
cat. CpRu(COD)CI

R! . R? 1.49 L/\/ , . R!
N i R’ SR Tk/\/RZ

DMF/H,0, 100 °C

1.47 1.48 1.50 1.51
H r H 2 7
R
[Ru] IR [F!zu]/

o \ H \ .
Oxidative Reductive
Cyclometallation R’ L R i Elimination

1.52 B-H Elimination 1.54
+ - = +
R H |T| R2
R R R? R1_[Rul__
\ H \
1.53 1.55

Scheme 1-12: Ruthenium catalyzed alkene-alkyne coupling, forming 1,4-diene.

In an analogous fashion, the coupling of allenes and alkenes to form 1,3-dienes was also
investigated. 1,3-Dienes are formed by the addition of allenes 1.56 to Michael acceptors 1.57
(Scheme 1-13).%° As for the coupling of alkenes and alkynes, the proposed mechanism is initiated
by the formation of a 5-membered ruthenacycle 1.60 by oxidative cyclometallation. Subsequent B-
hydride elimination gives ruthenium hydride 1.61, which undergoes reductive elimination,
regenerating the active CpRu(ll) complex and releasing the 1,3-diene product. A catalytic amount of
alkynol 1.62 was added as an activator, which enhances the removal of COD for generating a

coordinatively unsaturated CpRu(ll) species.
Trost, 1999

R1/\[ R2 cat. CORU(COD)CI 1.58 o1
= ' ) R
|.: + /\([:)]/ CeCly7H,0 \/Y\)J\RZ
1.56 1.57 DMF, 60 °C 1.59 —=\
OH

1.62
Oxidative .
Cyclometallation H R2 rR' H R2 Reductive
[Ru] p-H Elimination [Ru] Elimination
N — =
< b_//go k)_//go
1.60 1.61

Scheme 1-13: Ruthenium catalyzed allene-alkyne coupling, forming 1,3-diene.
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The Dixneuf group showed that alkynes have a potential bis-carbene character by demonstrating a
double addition of carbenes to a triple bond (Scheme 1-14).%! The results of the reaction suggested
that the key intermediate is ruthenium vinyl carbene 1.66. In addition, the formation of the ruthenium
vinyl carbene 1.66 was also supported by DFT calculations.®? After the formation of the ruthenium
vinyl carbene 1.66, [2+2] cycloaddition, cycloreversion, and a second ruthenium vinyl carbene
formation delivers intermediate 1.67. Finally, coupling of both carbenes results in the release of 1,3-
diene 1.65.

Dixneuf, 2000
2

cat. Cp*RuCI(COD) Me3Si N R
1.64 H
R'——R? + 2 N,CHSiMe, R! SiMe;

dioxane, 60 °C 1.65

1.63 1.64

* Cp* H
-N Cp L SIMe3
oD Cl-Ru=- - ClI-Ru=
| SiMej; —_—>

R Y7 “SiMe,
RZ
1.66 1.67

Scheme 1-14: Double addition of diazocompounds to alkynes.

Itoh and Yamamoto studied ruthenium catalyzed annulation reactions.®®* They reported the first
regioselective ruthenium catalyzed [2+2+2] cycloaddition of unsymmetrical 1,6-diynes 1.68 with
terminal alkynes 1.69 (Scheme 1-15).3* The reaction selectively provides benzene derivatives, 1.71
and 1.72, with high preference for the meta-isomers 1.71 (88:12—-98:2 meta:ortho).

Itoh Yamamoto, 2000

/%R1 | | cat. Cp*Ru(COD)CI 1.70 R2
X * ‘ X ¥
N Rz CICH;CH,CI, 23°C i X

15 examples
1.68 1.69 21-94% 1.71 1.72

X=C(CO,Me),, O, NTs meta:ortho = 88:12-98:2
R1=H, Me, Ph, SiMe;3
R,= H, Me, n-Bu, t-Bu, Ph, CH,OMe

Scheme 1-15: Regioselective [2+2+2] cycloaddition catalyzed by a Cp*Ru(ll) complex.
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The ruthenium vinyl carbene intermediate was utilized for various catalytic transformations. For
example, the Sa& group reported the synthesis of vinyl dihydropyrans using a catalytic ruthenium
carbene (Scheme 1-16).%® The reaction is initiated by the formation of the ruthenium vinyl carbene
from Cp*RuCI(COD), followed by coordination of the alkynal or alkynone substrate 1.73. The
resulting intermediate 1.77 undergoes [2+2] cycloaddition and cycloreversion, forming the alkenyl
carbene 1.78. The intramolecular nucleophilic attack of the carbonyl group on the electrophilic
carbene produces zwitterionic intermediate 1.79. The following deprotonation/protonation step gives
the desired dihydropyran 1.76.

Saa, 2014
__ TMS
R1 - * R1
RZ\ R . N,CHSiMes cat. Cp*RuCI(COD) 1.75 Rz‘ B o)
O 1.74 iPrOH, 23 °C R
i N2 [R ]_ SiMe3 Me3S|
u
-coD N RT L IRU ORu)
R! ? . Rz/‘t{\ o SiMe; R o®
R2 (@] R\ /
0] R
1.77 1.78 1.79

Scheme 1-16: A ruthenium vinyl carbene catalyzed synthesis of vinyl dihydropyrans.

The other known reactivity of Cp*Ru(ll) complexes is C—O bond insertion. Yamamoto and coworkers
showed experimental evidence of C-O bond insertion by Cp*Ru(ll). They performed NMR studies
for investigating the mechanistic details of a one-pot double allylation/cycloisomerization of 1,3-
dicarbonyl compounds (Scheme 1-17).%” Cp*Ru(COD)CI 1.80 was exposed to allyl methyl carbonate
1.81 in deuterated benzene. After about 2 h, the reaction mixture contained COD, methanol and two
m-allyl complexes, ruthenium dichloride complex 1.82 and ruthenium methoxo complex 1.83. The
formation of 1r-allyl complexes 1.82 and 1.83 indicates the oxidative addition of ruthenium complex
1.80 into the C-O bond.
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Yamamoto, 2004

+ /\/OC02M9 B — + COD + MeOH

Ru~
\/ | Cl CGDG RU el RU e
&S 60 °C,2.25h CI OMe
1.80 1.81 1.82 1.83

1.80:1.82:1.83 = 18:57:25

Scheme 1-17: NMR studies on C-O insertion of Cp*Ru(ll) complex.

The Tam group has developed novel transformations with bicyclic alkenes.*® Among their
discoveries, they found conditions for the isomerization of oxa-benzonorbornadiene 1.84 to 1,2-
naphthalene oxide 1.86, which suggests a C—O bond inserted key intermediate (Scheme 1-18). In
this reaction, the oxidative addition of ruthenium into a C—O bond results in ruthenacycle 1.88,
followed by r-ally ruthenium complexation. Subsequent reductive elimination gives 1,2-naphthalene
oxide 1.86.

Tam, 2006
0 cat. Cp*Ru(COD)CI 0
1.85
cry I
DCE, 60°C
1.84 1.86
reductive
elimination
_-[Ru] oxidative o o,
o addition [Ru]” [Ru]
X -
I A 7
1.87 1.88 1.89

Scheme 1-18: Ruthenium catalyzed isomerization of oxa-benzonorbornadiene 1.84.

Besides the reactivities introduced in this section, CpRu and Cp*Ru also exhibit rich chemistry in

vinylidene, allenylidene intermediate,® and redox reactions.?’@
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1.2 Precedents of Chiral Cyclopentadienyl Ligands

and Complexes

1.2.1 General properties of the cyclopentadienyl ligand

Cyclopentadienyl (Cp) is a polyenyl ligand, and mainly forms a stable bond between metal and Cp
by a pentahapto(n®) bonding mode.*° This bond tends to be tighter than the bond between an arene
ligand and a metal because of the additional electrostatic attraction between the partial negative
charge of the Cp ligand and the partial positive charge of the metal.** The strong n°® bounding of the
Cp ligand and its inert characteristics toward nucleophiles and electrophiles make it a representative
spectator ligand.

Most cyclopentadienyl complexes can be classified as four types of complexes (Figure 1-2). The first
class contains metal complexes with three cyclopentadienyl ligands, CpsM (1.90). This type of

cyclopentadienyl complexes is usually found with lanthanide or actinide metals.*?

The metallocenes, Cp:M, constitute the second class of cyclopentadienyl complexes. Because of
their structure, they are also called sandwich complexes. The metallocenes play an important role
in the history of organometallic chemistry (1.91). The most famous example of Cp2M is ferrocene
(CpzFe). In 1951, Kealy and Pauson first reported CpzFe, in which they proposed monohapto (n%)
bondings of the Cp ligands.*® Miller, Tebboth, and Tremaine discovered ferrocene independently.
Even though they submitted their manuscript about a month earlier than Kealy and Pauson, it was
only published in 1952.%* In the same year, the structure of ferrocene was re-assigned by two
independent groups. Wilkinson and Woodward suggested the correct structure,”® which was
supported by X-ray-crystallographic data from Fischer.*® Cp.Fe can undergo Friedel-Craft acylation

reactions similar to benzene.*’

Bent metallocenes, Cp:MLy (x = 1-3), carry two Cp ligands that are not parallel to each other (1.92).
The number of additional ligands L ranges from 1 to 3. The major application of bent metallocenes
is olefin polymerization. Conditions developed by Kaminsky and coworkers use Cp,ZrCl, and trialkyl

aluminum and are the current standard procedure for homogeneous Ziegler-Natta catalysis, .

Half-sandwich complexes, CpMLy (x = 1 4) contain a single Cp ligand with additional ligands, and
have been investigated extensively (1.93). They have piano-stool structure, picturing Cp as the seat
and the additional ligands as the legs of a stool. When the “legs” are labile ligands, the complexes
are prone to generating coordinatively unsaturated intermediates, opening a manifold of possible

applications in catalysis.?’
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Figure 1-2: Four types of cyclopentadienyl complexes.

1.2.2 Early stage of development of chiral cyclopentadienyl ligands

Assessing optically pure compounds is one of the major challenges in organic synthesis, because
optical purity plays a crucial role in biological activity. This results in high demand for optically pure
compounds for pharmaceutical applications.*® For this reason, the development of enantioselective
catalysis has a priority in the synthetic organic community. To this end, chiral cyclopentadienyl metal
complexes have been investigated for the development of enantioselective transformations. There
are three approaches to create a chiral environment on cyclopentadienyl metal complexes (Figure
1-3).%° The first way is applying a chiral bidentate ligand, such a diol,>* diamine,? or diphosphine®
(1.94) in combination with the Cp ligand. An advantage of the approach is that known bidentate
ligands from chiral ligand libraries can be utilized. However, the drawback of the method is that only
a single free coordination side is left on the metal. Hence, cyclopentadienyl metal complex with a
chiral bidentate ligand cannot be utilized for transformations that require two or more coordination
sites. The second approach is using a ligand tethered to the Cp moiety, such as a phosphine®* or a
sulfoxide®® (1.95). This type of complex has two vacant coordination sites, and these ligands were
successfully applied for enantioselective allylic substitution. However, most transformations of
interest require need three vacant coordination sites on the metal, rendering this approach unsuitable
as well. In addition, the coordinating additional ligands change the electronic properties of the metal
center and the steric bulk of the additional ligand can have an adverse effect on the reactivity of the
metal complexes. The third method is introducing chirality on the cyclopentadienyl ring without an
additional ligand, Cp*, (1.96). As the Cp* ligands do not require additional ligands, there are three
available coordination sites on the active species. For this reason, Cp*M complexes can be applied

for a large variety of transformations.®®

? *@ R
G vy

|
M
1.94 1.95 1.96

Figure 1-3: Three types of chiral cyclopentadienyl complexes with an increasing number of available
coordination sites.
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Kagan and coworkers reported early examples of chiral cyclopentadienyl ligands and complexes
withgroup 4 metals, such as Ti and Zr. They synthesized menthylcyclopentadiene 1.98 from (-)-
menthol (1.97).%” This monosubstituted chiral cyclopentadienyl ligand was deprotonated with n-BulLi,
and subsequent metalation with TiCls or ZrCl, resulted in metallocene complexes 1.99 and 1.100
(Scheme 1-19a). They demonstrated the application of menthylCpMCIl, complexes 1.99 in
asymmetric hydrogenation, obtaining sec-butylbenzene 1.102 in 57.5:42.5 er (Scheme 1-19).

Kagan, 1978
a) Synthesis of menthylCp,TiCl,

1. nBuLi
—_—
- OH — 2. MCly
/-\ 4 steps
1.97 (-)-menthylcyclopentadiene menthylCp,MCl,
1.98 M =Ti, 1.99
M = Zr, 1.100
Kagan, 1979
b) Asymmetric hydrogenation
Ph cat. 1.99 Ph
Red-Al
_—
\/& H,, THF, 20 °C NN
1.101 (S)-1.102
57.5:42.5 er

Scheme 1-19: Synthesis of methylCp2MClz and its application in asymmetric hydrogenation.

For the next generation of chiral cyclopentadienyl ligands, annulated Cp derivatives (Cp*) were
employed. Vollhardt synthesized C;-symmetric chiral cyclopentadiene 1.104 from (+)-camphor in
1988. Metalation of the ligand resulted in titanocenes 1.105 and 1.106. The titanium complexes
showed catalytic activity for asymmetric hydrogenation, even though the enantioselectivity was low
(Scheme 1-20).%® In Vollhardt's case, the complexation resulted in a diastereomeric mixture of
titanocene 1.105 and 1.106 in 95:5 dr, causing difficulties in the purification process. Recrystallization

finally gave pure 1.105 in 11% yield.
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Vollhardt, 1988

1) nBulLi
2) TiCl, cl ._ClI
=, 3) HCl, air T, Mg
O _—
5 steps
(+)-camphor 1.104
1.103 C4-symmetry

1.105 (11%) 1.106

Scheme 1-20: Synthesis of Ci-symmetric chiral cyclopentadienyl ligand

In 1990, Erker developed C,-symmetric (+)-camphor derived chiral cyclopentadienyl ligand 1.108,
(Scheme 1-21). Zirconium trichloride 1.109 was prepared in 40% yield, much improved compared
the complexation step of Vollhardt's Ci-symmetric ligand. Because of the C,-symmetry the same
zirconium complex is generated regardless of the approaching face of the metal precursor to the
chiral ligand 1.108, preventing the formation of a diastereomeric mixture. Zirconium trichloride 1.109
catalyzed the enantioselective electrophilic aromatic substitution of 1-naphthol 1.110 (Scheme 1-21).
Reaction with ethyl pyruvate 1.111 resulted in the tertiary alcohol 1.112 in 56% yield with high

enantioselectivity( 92:8 er). This example shows that Cp* ligands can achieve high enantioinduction.

a) Synthesis of a chiral cyclopentadienyl ligand from (+)-camphor

Erker, 1990
1) nBuLi
=, 2) ZrCly 7r
NETRN
0 3 steps CICI‘ Cl
(+)-camphor 1.108 1.109
1.107 Cp-symmetry (4'0%)
b) Enantioselective electrophilic aromatic substitution
Erker, 1990
OH o t 1109 OH OH O
cat. 1.
+ )J\ - > "'/)J\OEt
COOEt H,0
DCM, -10 °C
1.110 1.111 1.112

56%, 92:8 er

Scheme 1-21: Synthesis of Cz-symmetric chiral cyclopentadienyl ligand 1.108 and its application in
electrophilic aromatic substitution.
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After Heller's work in 2004, the field plateaued. He applied Erker's menthylindenyl ligand®® on cobalt,
and developed its application in an enantioselective [2+2+2] cyclization®® (Scheme 1-22).
Nucleophilic substitution of lithium indenylide on tosylated menthol 1.113 gave menthyl indenyl
ligand 1.114. The chiral indenyl cobalt complex 1.115 was prepared by a sequence of deprotonation
of 1.114, transmetalation to Co(PPhz)sCl, and substitution of COD. The resulting cobalt complex
1.115 successfully catalyzed the reaction and produced the desired tetrahydroisoquinolines 1.118
in good to very good yields (up to 86%) and high enantioselectivities (up to 96.5:3.5 er).

a) Synthesis of chiral indenyl ligand 1.114 and cobalt complex 1.115

Erker, 1993 Heller, 2004
Li® C) 1) nBulLi
C 2) Co(PPh3);Cl
O 3) COD
< N0Ts ;
/_\ /\
1.113 1.114 1.115

[Co] 1.115
MeO + I ——— MeO
o ®
THF, -20 - +20 °C
1.116 1.117 1.118
R =Ph up to 86% yield,
R = Me up to 96.5:3.5 er
R = {Bu

Scheme 1-22: Synthesis of chiral indenyl cobalt complex 1.115 and its application in an enantioselective
[2+2+2] cyclization.

The ligands introduced above were synthesized from the chiral pool, which expedites the access to
chiral cyclopentadienyl ligands. However, the shortcoming of this approach is that it is difficult to
modify and fine-tune toward a desired transformation. For this reason, research on more easily
modifiable chiral Cp* ligands became inevitable.
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1.2.3 The advancement of chiral cyclopentadienyl ligand

development

Our group has reported a novel class of Cp* ligands in 2012.%* The ligands were designed based on
the hypothesis that there are two requirements for enantioinduction by Cp* ligands. The first condition
is that the equilibrium between two tricoordinated conformations should be far on one side (1.119
and 1.120 in Scheme 1-23a), which is a prerequisite for a facial selectivity. The second condition is
that the third ligand (L®) needs to approach the metal center from the same face, as L2 approaches
from the right side of the metal center of 1.120 in Scheme 1-23a. Piano-stool complex 1.121 fulfills
both requirements and exhibits a single absolute stereochemistry. With the prerequisites in mind, a
rough design of a Cp* ligand was proposed (Scheme 1-23b).The steric clash between the side wall
(blue spheres in Scheme 1-23b) and the large ligand (L") shifts the equilibrium to the tricoordinated
complex 1.123. In addition, the back wall (red ellipse in Scheme 1-23b) blocks the approach of L3
from the left side of the metal center. As a result, a single enantiomer of metal complex 1.124 is
obtained. In addition, the hypothesis envisions the fine tuning of a Cp* by modifying the side wall or

the back wall.

(a) Requirements for Cp*

R R R
T e

P P L 3
1.119 1.120 1.121

(b) Rough design of a Cp* ligand

side wall

]
/ 1.122 1.123

steric clash disfavored favored

Scheme 1-23: Requirements for Cp* and a rough design of a Cp* ligand

Our group's cyclohexane-fused Cp* ligand fulfill the two conditions mentioned above. The fused 1,3-
dioxolane ring and R? groups work as back wall and side walls, respectively (Scheme 1-24a).

Moreover, the ligand 1.125 has a modifiable back wall, and is C,-symmetric, thus preventing the
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formation of a problematic diastereomeric mixture during complexation to the metal. Cp* ligand 1.125
was synthesized from D-mannitol via 5-7 step-synthesis. Deprotonation of the ligand 1.125 forms
the corresponding thallium cyclopentadienide, followed by transmetallation with [Rh(C2H4)Cl]2. The
resulting Cp*Rh(l) complex 1.126, was applied in the enantioselective C—-H functionalization of
hydroxamic acid derivatives 1.127. The reactions were performed under mild reaction conditions and
gave the products 1.130 in moderate to excellent yields of 59-91% yield and high enantioselectivities
(85:15-97:3 er) (Scheme 1-24b).

Cramer, 2012

(a) Synthesis of Cp* rhodium catalyst
CH,OH

R2 TIOEt, CgHg R2
Ho—H OONAT then RNCHCl 0 oNANS
HO——H —>, Rly Ry 7
. R? X R2 Rh

H——OH 5.7 steps R1 6 examples R! \/ A
H——OH 67-96%

CH,OH 1.125 1.126
D-mannitol

(b) Rh catalyzed enantioselective C-H functionalization

1 o [Rh] 1129 2 mol %) 0 Me
R (BzO), R B ow
NOBC 4+ AR N8 Ph\ro e
H R2 E R Me /
{OH, 23 °C R3 Ph (N
20 examples, 59-91% R2 1.129
1427 1128 85:15-97:3 er :
1.130

Scheme 1-24: Synthesis of Cp* rhodium catalyst 1.126 and it application in enantioselective C—H
functionalization.

In 2012, our group reported a second generation of Cy-symmetric Cp* ligands 1.134 and their
application in enantioselective Rh(lll)-catalyzed C—H allylations of benzamides (Scheme 1-25).5?
The synthesis of the Cp* ligand 1.134a starts from (R)-BINOL through intermediate 1.132, which has
been used for the synthesis of Maruoka's chiral quaternary ammonium bromide.®®* From the
intermediate 1.132, benzylic bromination and subsequent nucleophilic substitution of sodium
cyclopentadienide deliver the desired C,-symmetric biaryl atrop-chiral cyclopentadienyl ligand
(Scheme 1-25a). The corresponding Rh(l) complex 1.137c¢ successfully catalyzed enantioselective
C—H allylations of benzadmies under mild conditions (Scheme 1-25b). The allylated benzamides
1.138 were obtained in moderate to excellent yields of 66-91% and as well as high

enantioselectivities of 82:18 to 99:1 er.
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Cramer, 2013
a) Synthesis of a binaphthyl-derived Cp* ligand

OMe O OMe O OMe
O‘ oH 8steps O‘ 1) NBS, AIBN, 76% C .c + .C
OH — ] 2) CpNa, NaH, 76% OO OO

g g l OMe OMe OMe

(R)-BINOL
1.131 1.132 1.133a 1.134a

b) Enantioselective Rh(lll)-catalyzed C-H allylations of benzamides

o , [Rh] 1.137¢ (2 mol %)

R! R (BzO), R!
N .OMe + /:.;/
H R? R3
EtOH, 23 °C

17 examples, 66-91%
1.135 1.136 82:1-99:1 er

Scheme 1-25: Synthesis of the binaphthyl derived Cp* ligands and application in the enantioselective Rh(lll)-
catalyzed C—H allylation of benzamides

Like the cyclohexane-fused first generation, the second generation binaphthyl-derived Cp* ligands
can also be modified. However, their distinctive the modifiability of the side walls for fine-tuning of a
corresponding complexes, while leaving the biaryl back wall unchanged (Scheme 1-26). The de-
methylation of spiro-isomer 1.133a can performed with BuSLi, or in a two-step process consisting of
demethylation/silyl protection and silyl deprotection. The two-step demethylation process gave the
binaphthol 1.139 in a better yield of 82% overall. Binaphthol 1.139 can be derivatized by etherification
or installation of a triflate followed by cross-coupling. Thermal isomerization transforms spiro
compound 1.140 to Cp* ligand 1.141, which is followed by rhodation via a thallium cyclopentadienide
intermediate. Screening of different side walls demonstrates their strong influence on
enantioselectivity of C—H allylations of benzamide (Scheme 1-25b). The enantiomeric ratio varied
from 67.5:32.5 to 90:10 depending on the side walls of Cp*Rh(l) complex 1.137. Methanol as a
solvent in combination with a bulky triisopropylsilyloxy substituent gave the best result of 90:10 er.
Only moderate enantioselectivity (67.5:32.5 er), was obtained with hydrogen in the 3 and 3' position
of the biaryl group (1.137c and 1.137f).
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OMe OH
BuSLi, 65% O O
or .c Derivatization .c
. ) TES-H, B(CqFs)s, 93% O OO
O 2) TBAF, 88%

OH R
1.133a 1.139 1.140
‘ 220 °C
§ R 1.137a (R = OMe) 40-99%
1.137b (R = OiPr) TIOEt, CgHg
=>>  1.137c (R=OTIPS)  then [Rh(C,H,),Cly]
‘ - 1.137d (R = OTBDPS)
g Rh  1.137e (R=Ph)
N MR =H)
1.137 1.134
56-87%

Scheme 1-26: Derivatization of the binaphthyl-derived Cp* ligands and complexation with a rhodium
precursor.

The binaphthyl-derived Cp* ligands are the most successful Cp* scaffold thus far. Other transition
metals have been applied to that ligand class. For instance, Cp*Ir(lll) was synthesized and utilized
for the enantioselective synthesis of fused cyclopropanes by enyne cycloisomerization.® Cp*Ru(ll)
catalyzed enantioselective Yne-enone cyclization and [2+2] cycloaddition were also investigated.®
Recently, Cp* ligands were successfully employed for the first time on a 3d-metal, cobalt. Cp*Co
complexes were applied in the enantioselective C—H functionalization of N-chlorobenzamides.®® In
addition, Hou and coworkers applied binaphthyl-derived Cp* ligands on rare-earth metals such as

scandium, ytterbium, gadolinium, samarium, and lanthanum.®’

The lengthy synthetic route of the binaphthyl derived Cp* ligands was improved in 2017 (Scheme
1-27),%%2 shortening the synthesis of the ligand carrying with phenyl substituents in position 3 and 3'
positions. The improved synthesis proceeds by Pd-catalyzed ortho-functionalization using the di-
carboxylic acid as a directing group. Later on, follow-up investigations extended the method to other
and ortho-functionalization of di-carboxylic acid 1.143, broadening scope of derivatization in position

3- and 3'- silyl group and halogens.%®
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Cramer, 2017

3 _Ph
10 mol % Pd(OAc),
o st 20 mol % AcGIlyOH
OH steps CO,H Phl, 90 °C CO,H
] ! OH - l g COzH 69% ] g COzH
3' Ph

1) BH3, 90%
2) PBrs, 99%

o e O
3 . c - 0%
ol oo

1.146 1.145 1.144

Scheme 1-27: Refined synthesis of binaphthyl derived Cp* ligand with phenyl substituents.

Furthermore, substituents on the Cp ring were installed, leading to penta- and tri-substituted Cp*
metal complexes (Scheme 1-28). Penta-substituted Cp* 1.147 is a chiral congener of Cp*. The
penta-substituted Cp* metal complexes are obtained by B-carbon elimination of ligand precursors.®®
The tri-alkyl substituted Cp*Rh complex 1.148 was successfully synthesized and applied in the
catalytic C—H functionalization of phosphinic amides by kinetic resolutions.” A mild complexation

method gives access to tri-substituted Cp* metal complexes with a silyl group on the Cp ring 1.149.7

‘s OMe ‘s OMe ‘s OMe

SiMe
— R — 3
‘ OMe ‘ OMe 0 OMe
M M M
1.147 1.148 1.149
M =Rh, Ir, Co M = Rh M =Rh, Ir

R = alkyl

Scheme 1-28: Penta- and tri-substituted binaphthyl derived Cp* metal complexes.

In order to streamline ligand synthesis, our group recently reported Cp* ligands containing a biphenyl

scaffold as a source of axial chirality (Scheme 1-29).%8 The synthesis starts from the commercially
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available carboxylic acid 1.150. ortho-Functionalization with the carboxylic acid as a directing group
and ester group installation gives aryl iodide 1.151. Ni-catalyzed Ullmann-type coupling delivers
biphenyl 1.152, followed by reduction and conversion of the benzyl alcohol to the corresponding
bromide. Nucleophilic substitution of sodium cyclopentadinenide towards the resulting di-benzyl
bromide 1.153 gives a racemic mixture of both biphenyl derived Cp* 1.155 and spiro-isomer 1.154.
Enantio-pure 1.156 are obtained by preparatory chiral HPLC.

Cramer, 2019

OMe OMe
OMe com coMe  NiCl(PPha); O
2 2 steps PPhs, Zn MeO CO,Me
—_— | >~ MeO CO,Me
toluene O
OMe OMe 90 °C, 82% OMe
1.150 1.151 1.152

1)LAH THF, 0 °C
2) PBr;, DCM, 0 °C

OMe
NaCp, NaH
MeO MeO 15 -crown-5
MeO .3 ¥ MeO Meo
O THF, 25 °C MeO
OMe OMe
1.9:1
1.155 1.154 1.153
OMe OMe
resolution by
chiral HPLC
MeO + MeO
MeO MeO
OMe OMe

(S)-1.156 (R)-1.156

Scheme 1-29: Synthesis of a biphenyl derived Cp* ligand.

The You group introduced a novel class of Cp* ligands in 2016.7? The structures of those Cp* ligands
are inspired by pioneering work of Zhou and coworkers on 1,1’-spirobiindane-derived phosphines.”
The synthesis starts from the known dicarboxylic acid 1.157 (Scheme 1-30).The synthesis of dialkyl
chloride 1.158 proceeds via ortho-functionalization. Di-alkylation and thermal rearrangement from
the spiro-isomer gives 1,1’-spirobiindane-derived Cp* ligand 1.159. The rhodation of the ligand is

performed via deprotonation using thallium ethoxide as for the previous cases,5! smoothly giving the
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corresponding Cp*Rh(l) complexes 1.160. These were utilized in the enantioselective C-H

functionalization of biaryl compounds with up to 98:2 er.

You, 2016

a) Synthesis of spirobiindane-derived Cp*Rh complexes

.O Cl 1) NaCp,NaH

Rhodation
COOH 5 steps
2) doedecane 4 examples
240 °C 67-74%

cat. 1.160a
(BzO),
R3 Cu(OAc),
N W Ag,CO3, MeOH, 25 °C

19 examples
7T 19-97% yield
- 79:21 - 98:2 er .

Scheme 1-30: Synthesis and application of spirobiindane-derived Cp*Rh complexes.

In 2017, the Waldmann group reported piperidine fused cyclopentadienes,”* using an
enantioselective [6+3] cycloaddition of imino ester with fulvene as a key step of the synthesis’™
(Scheme 1-31a). The ligand consists of four modifiable part, and is obtained in three steps from
commercially available compounds. However, the lack of C,-symmetry requires a difficult purification
of a diastereomeric mixture of rhodium complexes, using an alumina and silica column under inert
atmosphere at -40 °C. Despite that major drawback, the Waldmann group successfully
demonstrated the potency of the new ligand class in enantioselective catalysis (Scheme 1-31b).
Using rhodium catalyst 1.167a, enantioselective C—H functionalization for the coupling of
hydroxamates 1.168 and diazonaphthoquinones 1.169 towards axially chiral biaryl compounds

1.170 proceeded in up to 93% yield and up to 95:5 er.
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Waldmann, 2017
a) Synthesis of Waldmann's Cp* by [6+3] cycloaddition

R3 1 1
<COO R'._RYH Enantioselective R R /HCOOR3 2 steps R
l [6+3] cycloaddition o - > COOR3
N + E— lN\
4 \_NH rn R2RT R
R2 H R2 \/ \
1.164 1.165 1.166 1.167

b) C-H functionalization of hydroxamates

cat. [Rh] 1.167a 4-Br-CgHy
BzO) NH COOMe
R3 * 1 ,4-dioxane, r.t. h4 F-CeHa
COZ 13 examples \
37-93% yield
1.168 1.169 89.5:10.5 - 95:5 er 1.170 11672

Scheme 1-31: Synthesis of piperidine fused cyclopentadienes and their application in C—H functionalization.

The Perekalin group investigated Cp* ligands with planar chirality, allowing facile access to Cp*Rh(lll)
complexes 1.174 (Scheme 1-32).° They reported a three-step racemic synthesis of Cp*Rh(lll)
complexes using a [2+2+1] cyclotrimerization of terminal alkynes. The enantiomers were separated
by salt formation with (S)-proline and crystallization. The enantiomerically pure Cp*Rh(lll) complex
(R)-1.174 was employed for the C—H functionalization of aryl hydroxamates in yields up to 97% and
enantioselectivities of up to 88:12—-97.5:2.5 er.
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Perekalin, 2018 R'

~

tBu tBu H
Bui—— =
tBu
1.172 tBu— f Bu tBu/%
[RhCI(COD)], ————> —_—,

AgPFg Rh Rh
N 2
0°C AN NYERN _
1.171 l
1.173
(rac)-1.174 o
if R" = H,
tBu R' (S)-proline

tBu H K,CO4
tBu
fBu o tBu
1. crystallization tBu

R of diastereomers

h
NN\ |\\\“1Rh\n
If 2. HI o

(R)-1.174 o
35-40%
Single enantiomer

Scheme 1-32: Synthesis of planar chiral cyclopentadienyl ligands and the corresponding Rh(lll) complexes.

In 2012, Ward and Rovis developed a profoundly different method for creating a chiral environment
around Cp*Rh(lll) complexes and applied them in catalysis (Scheme 1-33).”” They created an
artificial metalloenzyme containing an active metal species for a catalysis. Biotin was used as a linker
for connecting Cp*Rh(lll) to enzyme. For their initial trial, the experiments were conducted using
wild-type streptavidin, which gave only traces of the desired dihydroisoquinolones 1.180. Site-
directed mutagenesis introduced carboxylates close to the Rh(lll) center. Installation of a carboxylate
in position 121 boosted the catalytic activity of the metalloenzyme. The authors proposed that the
carboxylate group facilitates C—H activation by concerted metalation-deprotonation (CMD). In
addition, they also tuned the enantioselectivity by installing an aromatic amino acid in position 112.
The optimized streptavidin and Cp*Rh(lll) complex with linker 1.176 forms metalloenzyme 1.177,

which promoted the C—H functionalization of hydroxamates in up to 93:7 er.
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Ward and Rovis, 2012
a) Synthesis of metalloenzyme 1.177

engineered streptavidin

¢ ~ \ﬂ/\/\ Q< MOPS buffer/MeOH, 23 °C engineered
H HN/& -Rh streptavidin
C

cr é|§ 1.176

b) Enantioselective C—H functionalization

0 (0]
R! OPi CO,R? R!
l\\ N~ v N m 2 1.177 (0.66 mol%), l\\ NH
H -
=
= MOPS buffer/MeOH, 23°C C02R2
6 examples, 30-95%
1.178 1.179
:44-93:7
56 93:7 er 1.180

Scheme 1-33: Synthesis of metalloenzyme and its application on enantioselective C—H functionalization.

1.2.4 Precedents of chiral cyclopentadienyl ruthenium complexes

Several approaches for chiral cyclopentadienyl metal complexes described in Section 1.2.2 have
been implemented for ruthenium, for instance the combination with chiral bi-dentate ligands, tethered
mono-dentate ligands or Cp* ligands This section will introduce representative examples of these

types of chiral ruthenium complexes and their application in asymmetric synthesis.

Kiindig and co-workers introduced a chiral environment on CpRu complexes by installing a chiral
bidentate ligand (1.94 in Figure 1-3).”® They applied a previously developed chiral bidentate ligand,
biphop-F, on a CpRu complex.??2 The chiral ruthenium complex 1.183 works as a Lewis acid by
coordinating to the carbonyl group of enals for catalyzing the enantioselective Diels-Alder reaction
of enals with cyclopentadienes, giving the products in high diastereoselectivites of up to 97:3 dr and

enantioselectivities of up to 96:4.
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Kiindig, 1999

® O

.1.183 CHO SbF
O Ao o i
CHO pcMm, -20°C, 22 h

~Ru<
(CeFs)P" | O

1.181 1.182 1.185 J  P(CeFs)
91% ~°
97:3 exo:endo Ph/\( 1.183
96:4 er Ph

Scheme 1-34: Application of a chiral ruthenium complex with a chiral bidentate ligand.

Bruneau and co-workers reported the first example of enantioselective allylic etherification using
Cp*Ru(ll) complex with chiral bisoxazoline ligands 1.187 (Scheme 1-35).”° They applied bisoxazoline
ligands, which is thoroughly investigated chiral bidentate ligands,®® to a Cp*Ru(ll) complex. This
catalytic system delivered the substituted allyl aryl ether with a preference to branched one. In
addition, it showed high enantioselectivity of 1.188 up to 91:9 er.

3 mol % Cp*Ru(CH3CN)3PFg 0 0
3 mol % 1.187 OAr Ph'---m\e<Ph

Ph " ArOH, K,CO AR P oA R
+ K2COs Ph Ph Ph
1.186 acetone, 0 °C, 40 h 1.188 1.189
1.187

upto91:9er

1.188:1.189 = ca. 2:1

Scheme 1-35: Enantioselective allylic etherification with chiral Ru(ll) bisoxazoline complexes.

Another class of chiral CpRu(ll) complexes uses a ligand with point chirality tethered to a
cyclopentadiene ring (1.95 in Figure 1-3). Takahashi's planar chiral CpRu(ll) complex was reported
in 2000, and one year later, the group demonstrated its application in an asymmetric allylic alkylation
(Scheme 1-36).5* Acyl chloride formation was followed by nucleophilic acyl substitution. The resulting
ester was submitted to UV light with acetonitrile as a solvent for substitution on the arene ligand,
giving planar chiral CpRu complex 1.192 with two vacant coordination sites. Even though the scope
of the reaction was limited, it proceeded in excellent yields of 1.196 up to 98%, and enantiomeric
ratios up to 98.5:1.5.
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Takahashi, 2000, 2001
a) Synthesis of chiral CpRu(ll) using a tethered ligand

R { 2 R {
R
Ru 1) (COCI), Ru J ) MhéN . \\\\‘RU\P/J )
e MeCN
& e L
1.190 1.191 1.192
b) Aymmetric allylic alkylation using the chiral CpRu(ll) catalyst 0
tBu
Ph._~Ph Ph X Ph %)1 0
Y\/ + NaCH(CO,Me), cat. [Ru] 1.195 I\/ Ru /(j)z
OCO,Et 1194 THF, 20 °C, 6 h MeO,C CO,Me MeCN“\\l \irz
1.193 98%, 98.5:1.5 er MeCN
Ar = 2-MeCGH4
1.196
1.195

Scheme 1-36: Synthesis of chiral CpRu(ll) complexes carrying a tethered ligand and their application in
asymmetric allylic alkylation.

A similar example employs a tethered ligand with point chirality instead of planar chirality (1.95 in
Figure 1-3). The Trost group employed the point chirality of a sulfoxide tethered to a cyclopentadienyl
group (Scheme 1-37).%° [3+2] cycloaddition between [(n3-allyl)RuCl(CsHs)] 1.197 and unsymmetrical
alkyne 1.198 constructed the cyclopentadienyl ligand. Subsequent de-silylation, counter anion
exchange and arene ligand substitution under UV light resulted in the chiral CpRu(ll) complex 1.200.
The branched-selective asymmetric allylic substation was catalyzed by the chiral CpRu(ll) complex

1.200, proceeding with high enantioselectivities (up to 96.5:3.5 er) on a broad scope of substrates.
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Trost, 2013
a) Synthesis of chiral CpRu(ll) 1.200 using a tethered sulfoxide ligand

o® ™S
(59\/\/ _]c| © @j—lpﬁs@
///\—RG 1) MeO 1.198 Ru MeCN\\"RU\

@ 1) NH4PFg / s
S, oo MecN MeCN “
@ 2) CsF o 2)hv.MeCN Q o
1.197 MeG
MeO
1.199 1.200

b) Aymmetric allylic substition using chiral CpRu(ll) catalyst 1.200

cat. 1.200 )
K,CO3, 4 AMS OR
1 + 2 228 :
R Cl R“OH R']/\/ + R‘l/\/\ORZ
1.201 1.202 1THF’ 23 OIC' branched linear
3 examples 1.203 1.204

4:1-20:1 branched:linear
84:16-96:3.5 er

Scheme 1-37: Synthesis of chiral CpRu(ll) 1.200 using a tethered sulfoxide and its application in asymmetric
allylic substitution.

Our group applied binaphthyl-derived Cp* ligands to ruthenium for the first time in 2015 (1.96 in
Figure 1-3),5%¢ establishing a ruthenation method for Cp* ligands (Scheme 1-38a). Deprotonation of
binaphthyl-derived Cp* ligands 1.205 by thallium ethoxide and subsequent complexation with
[(CsHes)RUCI;)2 delivers Cp*Ru(arene) complexes Ru.la. A subsequent counteranion exchange with
silver hexafluorophosphate and light-mediated removal of the benzene ligand gives the active
Cp*Ru(ll) complexes Ru.2b. These active Cp*Ru(ll) complexes successfully catalyze an
enantioselective yne-enone cyclization, providing 4H-pyrans 1.207 with high enantiomeric ratios up
to 99:1 (Scheme 1-38b). Later, the binaphthyl-derived Cp*Ru(ll) complexes were adapted for

enantioselective [2+2] cycloadditions of internal alkynes and norbornadienes.5% °
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Cramer, 2015
a) Synthesis of binaphthyl-derived Cp*Ru(ll) complexes Ru.2b

. O
TIOEt Cl 1) AgPFg
CeHe, 80 °C :>>7 2) v, GH5CN
_—
then [(CeHg)RUCL], g‘ Ru@
CH3CN, 23 °C

b) Enantioselective yne-enone cyclization using Cp*Ru(Il) Ru.2ba

2
S—R? R
ZNO 5 mol % [Ru] Ru.2ba Z2e)
Pz
1 THF, -20 °C, 20-60 min R!
R H
15 examples

1.206 71:29-99:1 er 1.207

Scheme 1-38: Synthesis of binaphthyl-derived Cp*Ru(ll) Ru.2b and its application in enantioselective yne-
enone cyclization.

1.3 Aims of the thesis

The versatile reactivity of ruthenium, the least expensive platinum group metal, has been actively
investigated since the 1980s.* As new reactivities were discovered, the desire for enantioselective
transformations in ruthenium catalysis emerged. In this context, the power of Cp* ligands for realizing
enantioselective transformations has been demonstrated successfully.*® However, the development
of concise syntheses of chiral Cp ligands and their exploitation for enantioselective transition-metal
catalyzed reactions remains in its early stages. The first goal of this thesis was to develop
streamlined synthetic routes to new Cp* ligands and their corresponding cationic and neutral
Cp*Ru(ll) complexes (Figure 1-4a). The second goal was the exploitation of their potential in
asymmetric catalysis (Figure 1-4b). Three different enantioselective transformations will be
discussed, showcasing the versatile reactivity of Cp*Ru(ll) complexes and their high capability for

enantio-induction.
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a) Synthesis of Cp*Ru(ll) complexes ©) X: halide
Q PFeg Q
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A\ cataly:
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Figure 1-4: Synthesis of Cp*Ru(ll) complexes and its applications on enantioselective syntheses.
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Chapter 2 Synthesis of Chiral Cp* Ligands and
Cp*Ru (II) Complexes
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2.1 Cyclopentane Fused Cp* Ligands

2.1.1 Ligand Synthesis and Complexation

The first class of Cp* ligands, cyclohexane-fused Cp*, is accessible by a concise synthetic route. In
spite of that, there is a drawback of the cyclohexane-fused Cp*. As the side walls are difficult to
modify, optimizing a reaction for high enantioselectivity is tricky. The Cx-symmetric atropchiral
binaphthyl-derived Cp* ligands has proved its synthetic utility in a variety of asymmetric reactions.*
64-66 However, the lengthy synthesis of the atropchiral binaphthyl-derived ligands gave rise to the
desire for a novel chiral Cp*, combining the advantages of the first two generations: modifiable side
walls and concise synthetic access.

The synthesis of the cyclopentane-fused Cp* ligands was inspired by the enantioselective ene-
reaction of cyclopentadiene.?! The organocatalyzed ene-type reaction of cinnamaldehyde 2.1 and
cyclopentadiene 2.2 followed by condensation gives the chiral cyclopentane-fused fulvene 2.5 with

excellent enantioselectivity (98.5:1.5 er) (Scheme 2-1).
{ \ Ph
NP
i . D
O/\VCHO @ 10 mol% 2.3 then Bu;NH
+

p-N OzCGH4OH

cat. p-N0205H4OH O
2.1 2.2 Q 41%

98.5:1.5 er
2.4 2.5

Scheme 2-1: Synthesis of chiral cyclopentane-fused fulvenes.

A subsequent diastereoselective addition of an aryl lithium 2.6 gives cyclopentane-fused chiral
cyclopentadiene 2.7. The metalation of the cyclopentane-fused chiral cyclopentadiene was
performed by an established procedure for CpRu complexes.®*¢ Metalation with thallium ethoxide
generated the corresponding C,-symmetric chiral cyclopentadienide and subsequent
transmetalation with ruthenium resulted in a 96% yield of Cp*Ru(CsHe)Cl Ru.3aa. Anion exchange
with silver hexafluorophosphate brought Cp*Ru(CsHes)PFs Ru.3ba, and precipitation of silver chloride
(Scheme 2-2).
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1. TIOEt
GQ then [(CgHg)RUCI,] o
Li 2.6 96% ) ~|PFg
& e A e A
75% @ 95%
2.5
2.7 Ru.3ba

Scheme 2-2: Synthesis of cyclopentane fused Cp* ligand and complexation of the ligand.

As the benzene ruthenium complex Ru.3ba is inert, the benzene ligand was then removed from the
complex. UV-facilitated ligand exchange to acetonitrile accompanied by removal of benzene ligand
was performed®® 82 to introduce labile ligands. The acetonitrile ligands readily dissociate to generate
the catalytically active coordinatively unsaturated species. After the photoreaction, all volatile
compounds were evaporated under high vacuum. Due to the high affinity of the desired ruthenium
complex Ru.4ba to acetonitrile, freeze-drying was performed to removing any residual solvent. This
photoreaction produced the desired trisacetonitrile complex Ru.4ba in a near-quantitative yield of
99% yield (Scheme 2-3).

Ru.3ba Ru.4ba

Scheme 2-3: UV light facilitated removal of an arene ligand.
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2.1.2  Aryl Group Derivatives

With a synthetic route to the cyclopentane-fused Cp* ligands in hand, a ligand library carrying
different side walls was generated. The established method for anion exchange gave the
corresponding Cp*Ru(CsHg)PFs complexes (Ru.3b) (Scheme 2-4). The complexes carrying ortho-
and para-substituted aryl groups were obtained in good to excellent yields of 77-96% (Table 2-1,
Ru.3b). The complex with substituents in both of meta-positions was acquired in a moderate vyield
of 53% (Table 2-1, Ru.3bg). However, the complexes carrying 1-naphthyl or 2-naphthyl substituents
formed an insoluble sticky solid during the anion exchange step and could not be isolated (Table
2-1, Ru.3bh and Ru.3bi).

R o RY Py
> | 5 o > |
R ® Ag PFg R ®
Ru —_— Ru
Ru.3a Ru.3b

Scheme 2-4: Anion exchange and active complex formation of a library of cyclopentane—fused third
generation Cp*Ru complexes.

The active complex preparation by removal of an arene ligand worked smoothly (Scheme 2-5).
Regardless of substituents positions on aryl rings, all the cases resulted in high yield, 90% to

guantitative conversion. (Table 2-1, Ru.4b).

S
R PFg R P(I?
L= h = | 7P
R ® R
R ®
u CH3CN ~Ru
7N
& g
MeCN
Ru.3b Ru.4b

Scheme 2-5: UV light-facilitated removal of the benzene ligand for catalyst library.
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Table 2-1: Anion exchange and active ruthenium catalyst synthesis by a removal of an arene ligand

/,gm

)

@

Ru

0-

PFg

R = 2-Me-CsHa (83%)
Ru.3bb

R = 2-MeO-CesHa (77%)
Ru.3bc

R = 4-MeO-CsHa (79%)
Ru.3bd

R = 4-iPr-CeHa (92%)2
Ru.3be

R = 4-Ph-Ce¢H4 (96%)
Ru.3bf

R = 3,5-Me-C¢Hs (53%)°
Ru.3bg

R = 1-naphthyl (0%)
Ru.3bh

R = 2-naphthyl (0%)
Ru.3bi

R ©

@ ] PFe
R ®

\\\Ru\
MeCN™" / NCMe

MeCN

R = 2-Me-CsH4 (95%)
Ru.4bb

R = 2-MeO-CsHa (90%)
Ru.4bc

R = 4-MeO-CsH4 (100%)
Ru.4bd

R = 4-iPr-CeHa (97%)?
Ru.4be

R = 4-Ph-CsHa (96%)
Ru.4bf

R = 3,5-Me>-CgHs (100%)°
Ru.4bg

Conditions for counter anion exchange: 1.2 equiv. of silver hexafluorophosphate, 0.2 M in DCM, 15 min.;
Conditions for removal of arene ligand: UV light, 15 °C, 0.02 M in CH3sCN; [a] Data from Dr. Shou-Guo Wang;
[b] Data from Dr. David Kossler, and the Cp* ligand of Ru.3bg has the opposite absolute stereochemistry.
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The crystal structures of Ru.3ba and Ru.3bc were revealed by X-ray diffraction spectroscopy. As
expected, one of the phenyl group is placed above the plane of the cyclopentane ring, the other
phenyl group is positioned below the cyclopentane ring and shields one side of the ruthenium center
(Figure 2-1). The distance between ruthenium and the meta-carbon atom of the aryl group (d ru1-c17)

is 4.94 A. The dihedral angle between cyclohexane ring and aryl group (8 cs-cs - c1s- c1s) is 37.3°.

Figure 2-1: X-ray crystal structure of Ru.3ba.
For clarity, hydrogen atoms are omitted.

Introduction of 2-methoxy substituents in the aryl group on the Cp* ligand causes slight structural
changes on the ruthenium complex Ru.3bc (Figure 2-2). The distance between ruthenium and the
meta-carbon atom (d ru1-c11) is increased to 5.42 A. The change originates from a rotation of the aryl
group along the carbon-carbon bond (C1-C9). As a result, the dihedral angle (0 cs-c1 - co- c10)

increases from 37.3 to 64.8 ° compared to phenyl-substituted Ru.3ba.
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Figure 2-2: X-ray crystal structure of Ru.3bc.
For clarity, hydrogen atoms are omitted

2.1.3 Synthesis of Neutral Complexes

Kirchner and coworkers reported the synthesis of CpRu(COD)(CH3sCN) complex 2.9 by ligand
exchange of CpRu(CHsCN)sPFs 2.8 (Scheme 2-6).8 In an analogous manner, a solution of
CpRu(CHsCN)sPFs in dichloromethane was stirred with an excess amount of cyclooctadiene (COD)

at room temperature, smoothly delivering CpRu(COD)(CHsCN) in 97% vyield.

Kirchner, 1999

o o
Qﬁ_‘ PFe "] PFe
@ 1.5 equiv. COD ®
\\\Ru\ o “Ru
mecn"/ “MecN DCM, 23 °C, 2 h MeCN\\“\é s
MeCN 2\
2.8 2.9

97%

Scheme 2-6: CpRu(COD)(CH3CN) complex synthesis by ligand exchange from CpRu(CH3CN)sPFe.
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Using similar conditions, Kudinov accessed neutral CpRuL>X complexes (L = mono- and di-
phosphine, dienyl, carbonyl) by substitution of the naphthalene ligand on cationic CpRu(CioHs)*

complex 2.10 by a halide and cyclooctadiene under mild conditions.®*

)
—l BF, 8 equiv. COD
? 1.0 equiv. BuyNX
®

Ru X =Cl, 90% 2.11a

R ° i N =Br, 92% 2.11b

u DCM, 23 °C, overnight X \é\/j =1.70% 2.11c
2.10 2.1

Scheme 2-7: CpRu(COD)X synthesis by substitution on a CpRu(C1oHs)BF4 complex

The analogous norbornadiene complexes 2.12 were obtained in moderate to very good yields by

reaction of 2.10 under the same reaction conditions from (Scheme 2-8). Reaction with chloride or

bromide gave better yields than iodide for both diene ligands.

1.0 equiv. BuyNX

- Ru X =Cl, 78% 2.12a

. = Br, 88% 2.12b
@@ DCM, 23 °C, overnight x" Y/\\? 1 58% 2120

2.10 212

©
%j BF, ca. 10 equiv. NBD =
)
Ru

Scheme 2-8: CpRu(NBD)X 2.12 synthesis by substitution in a CpRu(C1o0Hg)BF4 complex 2.10.

Reaction of Cp*Ru(CH3CN)3;PFs Ru.4ba with cyclooctadiene and tributylammonium iodide did not
give the desired product Ru.5a (Scheme 2-9). After the reaction, major compounds in the crude

mixture was free COD and tetrabutylammonium iodide. Decomposition occurred instead of ligand

substitution.
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© 1.5 equi
.5 equiv. COD
PF
\ ©—| 6 1.5 equiv. BuyNI

@ Ry® DCM, 3 h, 23 °C @ wRU
1N

MeCN' / MeCN \\/\/j

MeCN

Ru.4ba Ru.5a

Scheme 2-9: Neutral Cp*Ru(COD)I Ru.5a synthesis by substitution in Cp*Ru(CHsCN)sPFs Ru.4ba.

In contrast to the reaction with 1,5-cyclooctadiene, ligand substitution to norbornadiene delivered the
desired neutral Cp*Ru(NBD)X complexes Ru.6a and Ru.6b (Scheme 2-10), which were, to our
surprise, stable on silica. After purification by silica column chromatography, Cp*Ru(NBD)X
complexes Ru.6a and Ru.6b were isolated in 47 and 15% yield, respectively.

©) .
10 equiv. NBD
| PF
= 6 1.1 equiv. BuyNX

\\Ru® DCM, 23 °C @ X““IR(U\\

N
MeCN / MeCN
MeCN

N
N

Ru.4ba X =Cl, 47% yield Ru.6a
X=1,15% yield Ru.6b

Scheme 2-10: Neutral Cp*Ru(NBD)X (Ru.6a and Ru.6b) synthesis by substitution
in Cp*Ru(CHsCN)sPFes Ru.4ba.

2.2 Synthesis of Atropchiral Binaphthyl-Derived Cp*
Ligands

The synthesis of binaphthyl-derived Cp*Ru(ll) complexes has been previously established in our
group.5® By following the known procedure, ruthenium complexes with different side wall were
accessed (Table 2-2). Thallium ethoxide deprotonates the respective Cp* ligand 2.13 and forms a
thallium cyclopentadienide (TICp*), followed by complexation with [Ru(CeHs)Cl2]2 2.14. The desired
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Cp*Ru(CsHe)Cl complexes Ru.la were obtained in 7-35% yield. The corresponding mono-silylated

products Ru.7a were observed as side products in 5-14% yield.

Table 2-2: Complexation of second generation Cp* ligands.

= 0,
R =TBDPS (16%) R = TBDPS (5%) @

Ru.1ab Ru.7ab
R = TIPS (35%)" 5 R =TIPS (7%) @
Ru.lac cl  Ru.7ac

R = TBS (trace) 2
Ru.lad

R = TBS (14%) @
Ru.7ad

R =H° (7%)
Ru.lae

Conditions: [a] Cp* ligand and 1.1 equiv. of thallium ethoxide were stirred at 80 °C for 3 hr, then mixed and
stirred with [Ru(CsHe)Cl2]2 at room temperature; [b] Cp* ligand and 1.1 equiv. of thallium ethoxide were stirred
at room temperature for 13 hr; [c] Stirred with a Cp* ligand and 3.0 equiv. of thallium ethoxide at room
temperature for 13 hr.

Counteranion exchange on the [Cp*Ru(CsHe)]ClI complexes Ru.lab and Ru.lac with silver
hexafluorophosphate , gave the corresponding hexafluorophosphate complexes [Cp*Ru(CsHs)|PFs
Ru.1lbb and Ru.lbc (Scheme 2-11).
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AgPFg

DCM

R =TBDPS Ru.1ab R=TBDPS 94% Ru.1bb
R =TIPS Ru.1ac R =TIPS 75% Ru.1bc

Scheme 2-11: Counteranion exchange on binaphthyl-derived Cp* ruthenium complexes.

As the cases of previously reported binaphthyl-derived Cp*Ru(CesHs)PFs complexes Ru.1b%* and
cyclopentane-fused Cp*Ru(CsHes)PFs complexes Ru.3b, Cp*Ru(CHsCN):PFs Ru.2bb and Ru.2bc
were synthesized in good yield, 79-83% (Scheme 2-12).

©
_ PFs
hv _\
®
MeCN \\\\\\Ru\
MeCN" / MeCN
MeCN

R =TBDPS Ru.1bb R =TBDPS 83% Ru.2bb
R =TIPS Ru.1bc R =TIPS 79% Ru.2bc

Scheme 2-12: UV-light facilitated removal of benzene ligands from binaphthyl-derived Cp*Ru complexes.

In order to improve the efficiency of the synthetic route towards [Cp*Ru(CsHe)]PFs, late-stage
modification of the ruthenium complexes was investigated. Previously, the Cp* ligand had to be
derivatized before complexation with ruthenium. We envisioned a derivatization of the sidewall of
the Cp* ligand on [Cp*Ru(CeHs)]PFs. Initial fluoride-mediated TIPS-deprotection of the OH group of
Ru.1lbc by fluoride smoothly gave Ru.1lbe in a near-quantitative yield (Scheme 2-13).
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2.1 equiv. BuyNF

DMF, 23 °C

Scheme 2-13: De-silylation of Ru.1bc

The desilylated complex Ru.lbe was submitted to various silyl protecting conditions (Scheme 2-14).
However, starting material Ru.1lbe was recovered, or decomposition happened with traces of di-

silylated product Ru.1lbd and mono-silylated product Ru.7bd.

TBSX, imidazole

DMF
X =ClorOTf

Scheme 2-14: Silyl protection on Ru.lbe.

As an alternative, Mitsunobu type conditions for silyl protection were also evaluated on Ru.lbe.
However, the starting material Ru.1lbe was recovered with no trace of desired product (Scheme
2-15). Overall all, the trials for streamlining the synthetic route by late-stage modification of sidewall

on [Cp*Ru(CsHe)]PFs were not successful.

3 equiv. PPhj
2.9 equiv. DEAD
20 equiv. TBSOH

DMF, 23 °C

Ru.1bd

Scheme 2-15: Silyl protection using Mitsunobu type condition.
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Chapter 3 Enantioselective Ruthenium(II)-

Catalyzed Synthesis of Benzonorcaradienes
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3.1 Introduction

Tricyclic sesquiterpenes comprise a large chemical family, which is continuously expanding as a
result of their frequent occurrence in various terrestrial and marine natural products.® Among them,
chemicals containing benzonorcaradiene and benzonorcarene moieties possess biological activities
and applications in broad areas, such as antibiotics,®® neuropathic pain disorder,®” osteoarthritis,%®

immune disorder,®® and breast cancer.®®

COOK
puberulin Penicillin derivative Na, 1.7 channel blocker
(MIC: 400 ng/ml) (IC50 =49 nM)

: " (I?
G Odry
O

RORYy Gal4 receptor aromatase inhibitor metalloproteinase-13 inhibitor
(IC50 =151 nM) (IC50 = 62 nM) (ICs59 <100 nM)

Z

Figure 3-1: Benzonorcaradiene and benzonorcarene moieties in a natural product and pharmaceutical
compounds

Despite their high potential for pharmaceutical applications, the synthesis of benzonorcaradienes
still leaves much room for improvement as it is highly reliant on the cyclopropanation of naphthalenes

using carbenes or carbenoids.®® The first example was reported by Buchner in 1903 (Scheme 3-1).

Buchner, 1903 Q
o OEt
OO (o e
N, 140 - 145 °C
3.1 3.2 3.3

Scheme 3-1: First reported example of benzonorcaradiene synthesis using a carbene
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A recent example used a hypervalent iodonium alkynyl triflate 3.4 and an azide 3.6, which forms

phenylcyanocarbene 3.7 in situ, for the cyclopropanation of naphthalene (Scheme 3-2).

Croatt, 2017

Ph naphthalene 3.5
NBU4N3 3.6
|‘| [Ph\”/CN] + . O
® IPh“OTf DCM, 0°C
3.7 3.5 3.8 3.9
3.4

59% (10:1 ratio of 3.8:3.9)
(stereochemistry not known)

Scheme 3-2: Recent example of benzonorcaradiene synthesis using a carbene

Other isolated examples for accessing benzonorcaradiene have been reported,®?° such as gold-

catalyzed transformations.%

In 2011, Tenaglia and coworkers reported a ruthenium-catalyzed synthesis of benzonorcaradienes
that does not involve carbenoids.® The transformation is a coupling of oxa-benznorbornadienes 3.10

and alkynes 3.11, yielding a benzonorcaradiene 3.12 in a single step.

Tenaglia, 2011

R'
5 mol % CpRu(PPhjz),Cl

I 35 mol % Mel
R2

dioxane, 60 °C

3.10 3.1

Scheme 3-3: Ruthenium catalyzed coupling of oxa-benzonorbornadienes and alkynes

The enantioselective synthesis of benzonorcaradiene remains an underdeveloped field, despite its
high potential for utilization in pharmaceutical applications. To the best of our knowledge, few
enantioselective syntheses of norcaradienes or cycloheptatrienes by cyclopropanation of arenes
have been reported.®® Among them, only a single report studied an intermolecular transformation.®’
In addition, two reports describe the enantioselective synthesis of benzonorcaradienes.®® Only one
of them is an intermolecular transformation, which proceeds via rhodium catalyzed asymmetric ring-

opening/cyclopropanation.®e®
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3.2 Optimization Studies for Asymmetric

Benzonorcaradiene Synthesis

For initial optimization of the reaction conditions, oxa-benzonorbornadiene 3.13a and di-propargylic
alcohol 3.14a (Table 3-1) were employed as a model system. The cyclohexane-fused Cp* complex
Ru.8ba gave the desired product in moderate yield 27% with moderate enantioselectivity (82.5:17.5
er) (Entry 1). Binaphthyl-derived Cp* ruthenium complex Ru.2ba showed a similar reactivity, but the
enantioselectivity decreased substantially to 69.5:30.5 er (Entry 2). Binaphthyl-derived Cp*Ru(ll)
complexes Ru.2bf and Ru.2bc with bulkier sidewalls did not improve enantioselectivity (Entry 3 and
4). Significant improvement on enantioselectivity and reactivity was observed upon the adoption of
cyclopentane-fused Cp* complex Ru.4ba (Entry 5), resulting in good enantioselectivity (85.5:14.5
er). This result was used as a starting point for further optimization studies.

Table 3-1: Ligand screening.

5 mol % [Ru]

OH
0,
. / 35 mol % Mel .
OH

10 mol % PPh,

acetone, 60 °C
3.13a 3.14a

1.0 equiv. 1.0 equiv.

o) © R = OMe O ©

(0] | PF6 o) Ru.2ba _|PF6

i o | e <>
~Ru >

R =Ph

T R | (7)) e
Ru

AN
MeCN"® / MeCN

MeCN SN
© MeCN‘\\\\/ “MeCcN R=OTIPS MeCN ‘ NCMe
Ru-8ba MeCN Ru'Zbc MeCN Ru-4ba

Entry Ru Conversion [%] Yield [%)] er

1 Ru.8ba 72 27 82.5:17.5

2 Ru.2ba 60 30 69.5:30.5

3 Ru.2bf 100 31 70:30

4 Ru.2bc 100 38 60:40

5 Ru.4ba 100 59 85.5:14.5

Conditions: 28 pymol of 3.13a, 28 ymol of 3.14a, 1.4 umol of [Ru], 9.7 umol of Mel, 2.8 umol of PPhs, 0.125 M
in solvent, 18 h; Yields and conversions of oxa-benzonorbornadiene 3.13a were determined by 'H NMR with
CH:zBrz as internal standard; A single diastereomer was observed; enantiomeric ratio was determined by HPLC
with a chiral stationary phase.
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As a next step, different aryl substituents on the cyclopentane-fused Cp* ligand were evaluated. In
general, only a minor influence on both yield and enantioselectivity was observed (Table 3-2), with
yields in a narrow range of (53-63%) and an almost unchanged enantioselectivity for 2- or 4-alkyl
aryl (Entry 2 and 3). However, changing to a 2-methoxy substituted aryl group resulted in a slight
decrease in enantioselectivity, 82:18 er (Entry 4), while a 4-methoxy aryl substituent gave similar
results to phenyl and 2-tolyl (Entry 5). Biphenyl substituents and 3,5-dimethyl aryl substituents

caused a slight decrease in enantioselectivity to ca. 81:19 er (Entry 6 and 7).

Table 3-2: Ligand substituent screening.

OH

5 mol % [Ru]
=Z 35 mol % Mel
OH

10 mol % PPhs

3.13a 3.14a acetone, 60 °C
1.0 equiv. 1.0 equiv.

Entry Substituent (R) Conversion [%]  Yield [%] er

1 CsHa 100 59 85.5:14.5
2 2-Me-CeH4 100 63 85.5:14.5
3 4-iPr-CsHa 100 62 84.5:15.5
4 2-MeO-CeHs 100 57 82:18

5 4-MeO-CgHa 100 63 86.5:13.5
6 biphenyl 100 65 81:19

7 3,5-Mey-CgHs? 100 53 19.5:80.5

Conditions: 28 ymol of 3.13a, 28 ymol of 3.14a, 1.4 ymol of [Ru], 9.7 ymol of Mel, 2.8 ymol of PPhs, 0.125 M
in solvent, 18 h; Yields and conversions of oxa-benzonorbornadiene 3.13a were determined by 'H NMR with
CH:zBrz as internal standard; A single diastereomer was observed; enantiomeric ratio was determined by HPLC
with a chiral stationary phase. [a] Opposite absolute stereochemistry of the catalyst.

Subsequently, solvent screening was conducted, evaluating with aromatic, chlorinated, polar aprotic,
and polar protic solvents (Table 3-3). Acetone gave the best balance between vyield and
enantioselectivity (59% vyield, 85.5:14.5 er) (Entry 1). 2-Butanone, which has similar properties to
acetone but with a higher boiling point, resulted in virtually the same results (57%, 84:16 er) (Entry
2). Benzene, representative for aromatic solvents, had an adverse effect on both yield and
enantioselectivity (Entry 3). Dioxane, which was used for the racemic version of the reaction, and
tetrahydrofuran resulted in a loss of enantioselectivity (Entry 4 and 5). As examples of chlorinated

solvents, dichloromethane and dichloroethane were also evaluated (Entry 6 and 7).
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Dichloromethane gave a similar result to acetone (62% yield, 85:15 er), while dichloroethane led to
a slight loss in both of yield and enantioselectivity (55%, 82.5:17.5 er). Polar aprotic solvents that
can coordinate to ruthenium induced similar or improved enantioselectivity, but accompanied by a
considerable decrease in yield to ca. 15% (Entry 8 and 9). Alcoholic solvents increased
enantioselectivity to ca. 85:15 er, but had an adverse effect on the yield (27-40% yield) (Entry 10—
12)

Table 3-3: Solvent screening.

OH

5 mol % [Ru]
= 35 mol % Mel
OH

10 mol % PPhj

RIRN
mecN” | “NCMe

3.13a 3.14a solvent, 60 °C MeCN
1.0 equiv. 1.0 equiv. Ru.4ba

Entry Solvent Conversion [%]  Yield [%] er
1 acetone 100 59 85.5:14.5
2 2-butanone 100 57 84:16
3 benzene 95 47 81.5:18.5
4 dioxane 100 63 79:21
5 THF 100 55 80:20
6 DCM 100 62 85:15
7 DCE 100 55 82.5:17.5
8 DMF 68 14 89.5:10.5
9 acetonitrile 78 16 83:17
10 tBuOH 77 27 82:18
11 iPrOH 92 40 87.5:12.5
12 EtOH 97 36 88.5:11.5

Conditions: 28 pmol of 3.13a, 28 pymol of 3.144a, 1.4 ymol of Ru.4ba, 9.7 umol of Mel, 2.8 umol of PPhs, 0.125
M in solvent, 18 h; Yields and conversions of oxa-benzonorbornadiene 3.13a were determined by *H NMR
with CH2Br2 as internal standard; A single diastereomer was observed; enantiomeric ratio was determined by
HPLC with a chiral stationary phase.

Temperature screening showed that the reaction temperature affected both enantioselectivity and

yield of the reaction (Table 3-4). With acetone as solvent, 60 °C was the optimal temperature in
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terms of yield. However, a higher enantioselectivity was obtained with higher reaction temperatures.
(Entry 1-3). In order to run the reaction at higher temperatures, 2-butanone and 3-pentanone,
congeners of acetone with higher boiling points, were used. For 2-butanone, 80 °C was the best
reaction temperature, resulting in a slightly improved enantiomeric ratio (89.5:10.5) and yield (61%)
compared to the reaction in acetone at 60 °C (Entry 4—6). The reactions were also conducted in 3-

pentanone. Temperatures above 80 °C had a detrimental effect on yield (Entry 7-9).

Table 3-4: Solvent and temperature screening.

OH

5 mol % [Ru]
= 35 mol % Mel
OH

10 mol % PPhj

RIRN
mecN” | “NCMe

3.13a 3.14a 1.5h 3.15a MeCN

1.0 equiv. 1.0 equiv. Ru.4ba
Entry Temperature  Solvent Conversion [%]  Yield [%] er
1 40 96 42 73.5:26.5
2 60 acetone 100 59 85.5:14.5
3 80 57 27 90:10
4 60 100 57 84:16
5 80 2-butanone 100 61 89.5:10.5
6 100 100 59 89.5:10.5
7 80 100 63 87.5:12.5
8 100 3-pentanone 100 59 91.5:85
9 120 100 37 90.5:9.5

Conditions: 28 pmol of 3.13a, 28 pmol of 3.144a, 1.4 ymol of Ru.4ba, 9.7 umol of Mel, 2.8 umol of PPhs, 0.125
M in solvent; Yields and conversions of oxa-benzonorbornadiene 3.13a were determined by 'H NMR with
CH:zBrz as internal standard; A single diastereomer was observed; enantiomeric ratio was determined by HPLC
with a chiral stationary phase.
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The effect of amine bases were evaluated (Table 3-5). DMAP and pyridine improved
enantioselectivity up to 97.5:2.5 er, but decreasing the yield (Entry 2 and 3). DBU only made marginal
change in terms of yield without effect on enantioselectivity (Entry 4).

Table 3-5: Screening of amine base.

©
OH
PF
5 mol % [Ru] < ., [PFe
= 35 mol % Mel |
@
OH 10 mol % PPh; @ \\\R‘“\NCM
3.13a 3142 40 mol % amine 3.15aa MeSN . ©
1.0 equiv. 1.0 equiv. 2-butanone, 80 °C
. . 1.5 hr Ru.4ba
Entry Amine Conversion [%]  Yield [%] er
1 none 100 61 89.5:10.5
2 DMAP 45 12 95:5
3 Pyridine 76 36 97.5:2.5
4 DBU 100 58 89.5:10.5

Conditions: 28 umol of 3.13a, 28 umol of 3.14a, 1.4 ymol of Ru.4ba, 9.7 ymol of Mel, 2.8 ymol of PPhs, 11
pmol of amine, 0.125 M in solvent; Yields and conversions of oxa-benzonorbornadiene 3.13a were determined
by 'H NMR with CH2Br2 as internal standard; A single diastereomer was observed; enantiomeric ratio was
determined by HPLC with a chiral stationary phase.

Because pyridine and 4-dimethylaminopyridine boosted enantioselectivity, further screening with
pyridine derivatives was conducted (Table 3-6). All evaluated pyridine derivatives substantially
increased enantioselectivity to ca. 97:3 er. Compared with the addition of pyridine, o-substituted
pyridines improved the yield to about 50% with nearly the same enantioselectivity (up to 97.5:2.5 er
(Entry 3-5). In contrast, 2-substituted or 4-substituted pyridine derivatives decreased the yield, even
though the enantioselectivity was constantly high (Entry 6 and 7). Neutral ruthenium complex Ru.6a
was also evaluated (Entry 8). It gave virtually the same enantioselectivity (96.5:3.5 er), as the cationic

complex Ru.4ba, but did not give any improvement in yield.
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Table 3-6: Screening of pyridine derivatives.

5 mol % [Ru]

OH
/ 35 mol % Mel
OH

10 mol % PPh3

3.13a 3.14a 40 mol % amine 3.15aa
1.0 equiv. 1.0 equiv. 2-butanone, 80 °C
1.5 hr
o
‘ — |PFs -
| £ )R
W LN SIS
MeCN NCMe N

MeCN

Ru.4ba Ru.6a
Entry Ru cat. Amine Conversion [%] Yield [%] er
1 Ru.4ba none 100 61 89.5:10.5
2 Ru.4ba pyridine 76 36 97.5:2.5
3 Ru.4ba 2,6-lutidine 100 50 97:3
4 Ru.4ba 2-methylpyridine 97 47 97.5:2.5
5 Ru.4ba 2-isopropylpyridine 95 48 96.5:3.5
6 Ru.4ba 3-methylpyridine 66 29 96.5:3.5
7 Ru.4ba 4-methylpyridine 55 22 96.5:3.5
8 Ru.6a? 2-methylpyridine 89 33 96.5:3.5

Conditions: 28 pymol of 3.13a, 28 pymol of 3.14a, 1.4 ymol of [Ru], 9.7 umol of Mel, 2.8 umol of PPhs, 11 pumol
of a pyridine derivative, 0.125 M in solvent; Yields and conversions of oxa-benzonorbornadiene 3.13a were
determined by *H NMR with CH2Br2 as internal standard; A single diastereomer was observed; enantiomeric
ratio was determined by HPLC with a chiral stationary phase.; [a] Without addition of iodomethane.
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The influence of 2-methylpyridine as an additive was checked on other alkynes. Two sets of reaction
conditions were evaluated (Table 3-7). The first one, without additive, gave the best yield for di-
propargyl alcohol 3.14a, while the conditions employing 2-methylpyridine gave the highest
enantioselectivity in that case. In contrast to the reaction with di-propargyl alcohol 3.14a, the additive
did not increase selectivity for the reaction of alkynes such as dimethyl ether 3.14b or dicarbonate
3.14c (Entry 3-6). In both cases, the addition of 2-methylpyridine resulted in a slight loss in yield
with virtually the same enantioselectivity. Those results lead to the conclusion that pyridine

derivatives increase the enantioselectivity only for di-propargyl alcohol substrate 3.14a.

Table 3-7: The effect of a pyridine derivative on other alkynes.

Condition 1
& (high yield conditon)
Condition 2
R (high enantioselectivity condition

using 2-methylpyridine)

3.13a 3.14

1.0 equiv. 1.0 equiv.
Entry R Condition  Conversion [%] Yield [%] er
1 OH Condition 1 100 71 85.5:14.5
2 OH Condition2 97 47 97.5:2.5
3 OMe Condition1 100 63 76.5:23.5
4 OMe Condition2 98 59 77.5:22.5
5 OCO:Me Condition1 100 57 93.5:6.5
6 OCO:Me Condition2 100 49 94:6

Conditions 1: 28 ymol of 3.13a, 28 ymol of 14, 1.4 ymol of Ru.4ba, 9.7 ymol of BusNlI, 1.4 pmol of PPhs, 0.125
M in solvent; Conditions 2.: 28 pymol of 3.13a, 28 ymol of 3.14, 1.4 ymol of Ru.4ba, 9.7 ymol of Mel, 2.8 umol
of PPhs, 11 pmol of 2-methylpyridine, 0.125 M in solvent; Yields and conversions of oxa-benzonorbornadiene
3.13a were determined by 'H NMR with CH2Brz as internal standard; A single diastereomer was observed;
enantiomeric ratio was determined by HPLC with a chiral stationary phase.

With those results in hand, the optimization for the reaction was performed again with butyne
dicarbonate 3.14c. Each component of the previous reaction conditions was re-evaluated to confirm
its effect (Table 3-8). At first, the effects of triphenyl phosphine and tetrabutylammonium iodide were
investigated. In contract to the case with di-propargyl alcohol 3.13a, the omission of
triphenylphosphine showed very little effect on enantioselectivity, (94:6 er, Entry 1 and 2) A
decreased loading of tetrabutylammonium iodide was also evaluated, having virtually no effect on
both yield and enantioselectivity (57% yield with 95:5 er, Entry 3 and 4).
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Table 3-8: Effect of triphenylphosphine and tetrabutylammonium iodide.

MeO,CO
OCO,Me o
’ 5 mol % [Ru] ) . IPFe
. F X mol % BuyNI |
OCO,Me Y mol % PPhy @ \Ru®
2-butanone, 80 °C MeCN\\\ ‘ \NCMe
3.13a 3.14c MeCN
1.0 equiv. 1.0 equiv. Ru.4ba
Entry PPhs BuaNI Conversion [%] Yield [%] er
1 5mol% 35 mol % 100 57 93.5:6.5
2 None 35 mol % 100 53 94:6
3 None 10 mol % 100 56 95:5
4 None 6 mol % 100 57 95:5

Conditions: 42 pmol of 3.13a, 42 pmol of 3.14c, 2.1 umol of Ru.4ba, 6-35 mol % of BusNI, 2.1 pmol of PPhs
or not, 0.125 M in solvent; Yields and conversions of oxa-benzonorbornadiene 3.13a were determined by 'H
NMR with CH2Br2 as internal standard; A single diastereomer was observed; enantiomeric ratio was
determined by HPLC with a chiral stationary phase.

The choice of solvent was also re-evaluated (Table 3-9). Polar coordinating solvents such as
acetonitrile lowered the reaction rate and brought about a poor yield (10%) with moderate
enantioselectivity, 87.5:12.5 er (Entry 1). Dioxane and acetone improved both yield and
enantioselectivity, 58% vyield with 93:7 er (Entry 2 and 3). 2-Butanone, which has similar properties
to acetone, slightly improved enantioselectivity (95:5 er) with 57% vyield (Entry 4). The reaction
temperature screening was performed without triphenylphosphine and a lower loading of
tetrabutylammonium iodide at 6 mol%, (Entry 5-8). This screening showed that 100 °C is the optimal
temperature for the reaction (Entry 7), giving the product in the highest yield, 71%, along with a high

enantioselectivity (95:5 er). Notably, enantioselectivity was not affected by the reaction temperature.

Table 3-9: Temperature and solvent screening without PPhs.

MeO,CO
OCO,Me ©
5 mol % [Ru] )  IPFe
. F 6 mol % BuyNI S |
®
OCO,Me solvent, T Ru\
MeCN' ‘ NCMe
3.13a 3.14c MeCN
1.0 equiv. 1.0 equiv. Ru.4ba

65



Entry Solvent Temperature  Conversion [%]  Yield [%)] er

1 acetonitrile 60 55 10 87.5:12.5
2 dioxane 60 100 58 93:7
3 acetone 60 100 53 93:7
4 2-butanone 60 100 57 95:5
5 2-butanone 40 100 19 95:5
6 2-butanone 80 100 66 95:5
7 2-butanone 100 100 71 95:5
8 2-butanone 120 100 61 95:5

Conditions: 42 ymol 3.13a, 42 pmol of 3.14c, 2.1 umol Ru.4ba, 2.5 umol BusNI, 0.125 M in solvent, 30 min.;
Isolated yields, conversions determined by *H NMR with CH2Br2 as internal standard; A single diastereomer
was observed; enantiomeric ratio was determined by HPLC with a chiral stationary phase.

The effect of the halide counterion and ligand were then reinvestigated (Table 3-10). Binaphthyl-
derived Cp* ruthenium complexes Ru.2bf and Ru.2ba,®* which have been successfully utilized for
other ruthenium catalyzed asymmetric reactions, gave the product in poor yield of 9-23% and low
enantioselectivity (Entry 1 and 2). Cyclopentane-fused Cp* ruthenium complex Ru.4ba induced a
significantly higher yield, 71%, with excellent enantioselectivity (95:5 er) (Entry 3). Other halides,
bromide and chloride, had detrimental effects on the reaction in terms of reactivity and
enantioselectivity (Entry 4 and 5). Conducting the reaction without a halide additive resulted in a
substantially decreased yield and enantioselectivity (31% yield and 69.5:30.5 er). (Entry 6), showing
the importance of a coordinating halide on the ruthenium complex. Starting materials 3.13a and

3.14c were recovered from the control reaction without ruthenium and halide additive.
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Table 3-10: Ligand and halide additive screening.

MeO,CO
0OCO,Me
5 mol % [Ru]
N / 6 mol % Additive
OCO,Me 2-butanone, 100 °C
3.13a 3.14c
1.0 equiv. 1.0 equiv.
©
. | PFe I
R \Ru® @ Ru
YN SN
MeCN" / MeCN MeCN l NCMe
MeCN MeCN
R =Ph Ru.2bf Ru.4ba
R =0OMe Ru.2ba
Entry Ru cat. Additive Conversion [%]  Yield [%)] er
1 Ru.2bf BusNI 100 9 67:33
2 Ru.2ba BusNI 100 23 70.5:29.5
3 Ru.4ba BusNI 100 71 95:5
4 Ru.4ba BusNBr 100 47 94:6
5 Ru.4ba BusNCI 64 17 87.5:12.5
6 Ru.4ba none 100 31 69.5:30.5
8 none none 7

Conditions: 42 ymol 3.13a, 42 ymol of 3.14c, 2.1 ymol [Ru], 2.5 umol Additive, 0.125 M in 2-butanone, 30 min.;
Isolated yields, conversions determined by *H NMR with CH2Br2 as internal standard; A single diastereomer
was observed; enantiomeric ratio was determined by HPLC with a chiral stationary phase.

3.3 Reaction Scope

The scope of the reaction was investigated, firstly by examining different alkyne groups (Table 3-11).
Internal alkynes with propargylic carbonates delivered the desired exo-benzonorcaradiene 3.15 well,
with yields ranging from 65-76% as well as high enantioselectivities (ca. 95:5 er) (Table 3-11, Entry
1-3). Alkyne 3.14f with carbamoyl moieties also worked well, and brought about a good yield of
3.15af (63%) with high enantioselectivity, 93:7 er (Table 3-11, Entry 4). Alkynes with propargylic

benzoate 3.14g and acetate substituents 3.14h were transformed to the corresponding
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benzonorcaradienes (3.15ag and 3.15ah) in good yields and high enantioselectivities (Table 3-11,
Entry 5 and 6). The influence of coordinating groups on the substrates was probed with alkynes
bearing tert-butyldimethylsilyl ether 3.14i or benzyl ether moieties 3.14j (Table 3-11, Entry 7 and 8).
They both gave the corresponding product with decreased enantioselectivities of 74:26 er and 75:25
er, respectively. Compared to the case of propargylic benzoate 3.14g (Table 3-11, Entry 5), the case
of benzyl ether substrate 3.14j exhibits the impact of coordinating substituents on enantioselectivity.
A noticeable result came from employing thioester-containing alkyne 3.14k, which was transformed
to the respective product with a high enantioselectivity of 97.5: 2.5 er (Table 3-11, Entry 9). An alkyne
substrate with free hydroxyl groups 3.14a was tolerated, and delivered the corresponding
benzonorcaradiene in 63% yield and 85:15 er (Table 3-11, Entry 10). As described in the previous
chapter, enantioselectivity for this substrate could be increased to 97.5:2.5 er by using 2-
methylpyridine as an additive (Table 3-6, Entry 4). Unsymmetrical alkynes that contain only a single
propargylic oxygen induced lower yields than the cases with symmetrical ones (Table 3-11, Entry
11-14). The main cause of the decrease in yield was a competing [2+2]-cycloaddition process, which
produced cyclobutene byproducts.®52? Even though yield of the desired benzonorcaradiens was low,
only a single regioisomer was observed. Inter-ligand interaction by hydrogen bonding between
ruthenium halide and a hydroxyl group of propargyl alcohol®® or interaction between lone pair of a
halide and 1* orbital of a carbonyl group® set the orientation of a coordinating alkyne. Presumably,
it induces high regioselectivity on these unsymmetrical alkynes. The enantiomeric ratio of the desired
benzonorcaradiene 3.15al, 3.15am and 3.15an was excellent, 94:6 to 97:3 er. The alkyne
possessing one free hydroxyl group and one methyl carbonate gave a 2.9:1 mixture of regioisomers
3.15a0 and 3.15a0' in 60% combined yield (Table 3-11, Entry 14).
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Table 3-11: Variation of alkyne.

R2
5 mol % [Ru]
=Z 6 mol % BuyNI
R’ 2-butanone, 100 °C
1.0 equiv. 1.0 equiv.
3.13a 3.14z
Entry alkyne benzonorcaradiene Yield [%] er
0CO,Me oj/\OCOzMe
Ho o
1 / OCO;Me 76 95:5
~H
OCO,Me  3.14c = 3.15ac
OBoc Oj/\OBOC
Ho " SoBoc
2 Z 71 93.5:6.5
~H
OBoc 3.14d ¥ 3.15ad
OCbz Ojﬁ OCbz
Ho L
3 = OCbz 65 94:6
~H
OCbz 3.14e % 3.15ae
OCONHPh 0 OCONHPh
KRN
4 / OCONHPh 63 937
H
OCONHPh 3.14f 3.15af
OBZ OBZ
5 / OBz 61 95:5
OBz 3.14¢ 3.15ag
OAc OAc
6 / OAc 63 95.5:4.5
OAc 3.14h 3.15ah
OTBS OTBS
7 / OTBS 48 74:26
~H
OTBS 3.14i = 3.15ai
OBn Oj/\OBn
Ho ™
8 / OBn 63 75:25
~H
OBn 3.14j = 3.15aj




SAc Oj/\ SAc
H KRN

9 / SAc 51 97.5:2.5
~H
SAc 3.14k »Z 3.15ak
OH oj/\OH
H S 64 85:15
— OH
10 / . (47)2 (97.5:2.5)2
OH 3.14a % 3.15aa
_ Bu
11 / 26 97:3
0CO,Me 3.14l1
_ Bu
12 / 39 94:6
OH 3.14m
Ph
)
13 / ® 34 95:5
OH 3.14n
0 OCO,Me
Ho " SoH
0CO,Me ©i</~,_| 50 86:14
~  3.15a0 (3.15a0)
/ . 1
14 / o OH (_3.15§1o.3.15ao 91585
3.140 N =2.9:) (3.15a0')
OH ' H ™ Soco,Me
~H
= 3.15a0’

Conditions: 104 ymol 3.13a, 104 pymol of 14z, 5.2 ymol Ru.4ba, 6.2 ymol BusNI, 0.125 M in 2-butanone, 30
min.; Isolated yields; A single diastereomer was observed; enantiomeric ratio was determined by HPLC with a
chiral stationary phase.; [a] 5 mol % Ru.4ba, 35 mol % Mel, 10 mol % PPhs, 40 mol % 2-methylpyridine, 0.125
M at 80 °C for 90 min.

Next, the scope of oxa-benzonorbonradienes was explored (Table 3-12). An oxa-
benzonorbornadiene bearing electron-donating methoxy groups 3.13b was converted to the desired
benzonorcaradiene 3.15bc in 65% yield and 92:8 er (Entry 1). Analogously, 5,8-dimethoxy oxa-
benzonorbornadiene 3.13c, an isomer of 3.13b, gave the corresponding benzonorcaradiene 3.15cc
in 62% yield and 88:12 er (Entry 2). In this case, a slight decrease of enantioselectivity was observed.
Presumably, the methoxy group proximal to the newly generated stereogenic centers slightly
impedes the enantiodetermining step. A slight decrease in yield was attributed to the relatively lower
stability of the benzonorcaradiene products 3.15bc and 3.15cc compared to the parent product

3.15ac. 6,7-Dimethyl-substituted oxa-benzonorbornadiene 3.13d smoothly delivered the
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corresponding benzonorcaradiene 3.15dc in 81% vyield and 92.5:7.5 er (Entry 3). An oxa-
benzonorbornadiene containing electron withdrawing groups, 6,7-dibromo substituted oxa-
benzonorbornadiene, gave product 3.15ec in a moderate yield of 48% (Entry 4), but with high

enantioselectivity (96:4 er).

Table 3-12: Variation of oxa-benzonorbonadiene.

MeO,CO 5
OCO,Me —PF.
R! _ 5 mol % [Rul]
= 6 mol % BuyNI |
() &f
OCO2M? 2-butanone, 100 °C RIBN
1.0 equiv. 1.0 equiv. MeCN ‘ NCMe
3.13z 3.14c MeCN o 1.4ba
Entry oxa-norbornadiene  benzonorcaradiene Yield [%] er
MeO
1 65 92:8
MeO 3.13b
2 62 88:12
3 81 92.5:7.5
4 48 96:4

Conditions: 104 pmol 3.13z, 104 ymol of 3.14c, 5.2 ymol Ru.4ba, 6.2 ymol BusNI, 0.125 M in 2-butanone, 30
min.; Isolated yields; A single diastereomer was observed; enantiomeric ratio was determined by HPLC with a
chiral stationary phase.
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A crystal of benzonorcaradiene 3.15aa was obtained by slow evaporation of a solution of 3.15aa in
dichloromethane. The absolute stereochemistry of benzornocaradiene of 3.15aa was determined by

X-ray crystallography (Figure 3-2). 0t

Figure 3-2: Crystal structure of 3.15aa.

3.4 Reaction Mechanism Study

The reaction mechanism can be grouped into two parts: a ruthenium-based catalytic cycle followed
by a series of pericyclic reactions (Scheme 3-4).° The cationic ruthenium species,
Cp*Ru(CH3sCN)sPFs, and tetrabutylammonium iodide produce a neutral ruthenium iodide complex.
Coordination of oxa-benzonorcaradiene 3.13a and the resulting neutral ruthenium iodide form
intermediate 3.17. Oxidative addition of the ruthenium iodide into a C—O bond of intermediate 3.17
and subsequent coordination of an alkyne results in the formation of ruthenacycle 3.18. Particularly,
the oxidative addition into a C—O bond'®? is the enantio-determining step of the reaction: the
stereochemistry is determined by which C-O bond reacts. Migratory insertion of intermediate 3.18
into the coordinated alkyne brings about ruthenacycle 3.19, followed by reductive elimination
regenerating ruthenium iodide 3.16 ([Ru]) and releasing allylvinyl ether 3.20. The allylvinyl ether 3.20
forms an endo-product 3.21 through a Claisen rearrangement. Thermal conditions allow the endo-
product 3.21 to isomerize into benzo cycloheptatriene 3.22 via 6n-electrocyclic ring opening. Ring-

flip of benzo cycloheptatriene 3.22 results in a benzo cycloheptatriene 3.22°, which is followed by a
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6ni-electrocyclic ring closing. As a result, the thermodynamically more stable exo-proudct 3.15 is

generated.
Cp*Ru'-Cycle [Ru]
o
0] ' _
/ R———R
/
3.17
3.13a
enantio-determining step
Cp*Ru(CH3CN)3PFg
R
NV
Cp*Rul = [Ru] ;\R
3.16 o-[Ru]
BU4N| /
3.18
R
N
0] \YR
<
3.20
Claisen
rearrangement 3.19
Pericyclic Rearrangements
o=R 0= R
\\\R % H \\‘R
o i OO
R
3.2 67-electrocyclic 3.22 3.22 6-electrocyclic 3.15
rearrangement rearrangement

Scheme 3-4: Proposed reaction mechanism of the Cp*Ru(ll)-catalyzed coupling of oxa-benzonorbornadienes

and alkynes..

3.4.1 Control Experiments

Experimental evidence to support the proposed reaction mechanism was obtained from a series of
experiments. Reactions at a lower temperature of 40 °C were conducted using CpRu(CH3CN)sPFs
and cyclopentane-fused chiral Cp*Ru(ll) complex Ru.4ba, respectively. At this lower reaction

temperature, the achiral catalyst delivered 54% vyield of endo-product 3.21ac with trace amounts of
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exo-product 3.15ac (Scheme 3-5, equation 1). Analogous results were obtained with chiral catalyst
Ru.4ba, which gave endo-product 3.21ac in 74% vyield with trace amounts of exo-product 3.15ac
(Scheme 3-5, equation 2). Under the standard reaction conditions without ruthenium catalyst, the
isolated endo-product 3.21ac isomerized to exo-product 3.15ac in a near-quantitative yield of 96%
(Scheme 3-5, equation 3). This corroborates the hypothesis that the endo-to-exo isomerization is a
thermal process that does not require the ruthenium catalyst. In addition, the enantiomeric ratio of
the exo-product 3.15ac obtained from the control experiment was 94.5:5.5, which is virtually same
as that obtained from the standard reaction conditions. This observation indicates that the enantio-
determining step of the reaction occurs prior to the formation of endo-product 3.21ac, and endo-to-

exo isomerization is a stereospecific process.

OCO,Me
5 mol % CpRU(CHgCN)3PF6 DN
6 mol% BuyNI \
2-butanone
40 °C, 45 min

0CO,Me
3.13a + 3.14c

3.15ac (trace amount) rac-3.21ac (54 %)

5 mol % Ru.4ba
6 mol % BuyNI
—_—

2-butanone
40 °C, 25 min

3.13a + 3.14c

3.15ac (trace amount) 3.21ac (74 %)

OCO,Me
0OCO,Me
(3)
2-butanone
100 °C, 30 min
96 % 3.15ac (94.5:5.5 er)

Scheme 3-5: Mechanistic experiments.

3.4.2 Computational Studies

The experimental results were corroborated by DFT calculations. For the optimization of geometries
of all species, the B3LYP% functional was used with the Pople basis set!® 6-31G. The same method
and basis set were applied to thermal analysis and zero-point energy correction for computing Gibbs
free energy, and a scale factor for vibrational analysis was applied.'% All transition states only have
a single imaginary vibrational mode, and none of the intermediates have an imaginary vibrational

frequency.
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In order to further confirm the Claisen-electrocyclic pathway,®® computational studies were
conducted using GAMESS?’. The results of computational studies are summarized in an energy
profile diagram (Figure 3-3). This profile fits well with the experimental results and explains. The
activation energy of the Claisen rearrangement (allyl vinyl ether 3.20ac to endo-isomer 3.21ac) is
15.8 kcal/mol, which means that allyl vinyl ether 3.20ac has a half-life of only 11 ms at 40 °C,
explaining the failure to experimentally observe allyl vinyl ether 3.20ac. In addition, a decrease of
Gibbs free energy from allyl vinyl ether 3.20ac to endo-product 3.21ac to -9.7 kcal/mol conveys that
this Claisen rearrangement is a spontaneous process. TS1 has a boat-like geometry due to structural
constraints of allyl vinyl ether 3.20ac. In addition, the computational results account for the high
preference of exo-benzonorcaradiene 3.15ac over endo-benzonorcaradiene 3.21ac. The endo-to-
exo isomerization is an energetically downhill process. The energies of endo-benzonorcaradiene
3.21ac and exo-benzonorcaradiene 3.15ac are -9.7 kcal/mol and -13.1 kcal/mol, respectively. The
energy gap between endo-isomer 3.21ac and exo-isomer 3.15ac of 3.4 kcal/mol translates to a
molar ratio of >98:1 at 100 °C if the system reaches an equilibrium state. Hence, only exo-isomer
3.15ac was observed after thermal isomerization of the isolated endo-product 3.21ac. Furthermore,
even though the endo-to-exo isomerization is an energetically favorable process, it has a high
activation energy of 27.8 kcal/mol, which is 12 kcal/mol higher than that of the Claisen rearrangement
step. This high activation energy made it feasible to isolate endo-product 3.21ac. The other
experimental observation that the computational study accounts for the reason why the two
cycloheptatrienes 3.22ac and 3.22ac' were not observed. They both have a 14-20 kcal/mol higher
energy than benzonorcaradienes 3.21lac and 3.15ac, indicating that the equilibrium between
benzonorcaradienes (3.21ac, 3.15ac) and cycloheptatrienes (3.22ac, 3.22ac') will lean significantly
to the benzonorcaradienes. In addition, the conversion from cycloheptatrienes 3.22ac and 3.22ac'
to benzonorcaradienes 3.21ac and 3.15ac has almost no barrier, enabling a rapid transition to the
benzonorcaradienes. Overall, the computational results corroborate the experimental results and the

proposed mechanism.

An alternative reaction pathway was ruled out based on the computational results. This proposed
pathway consists of a ring-contraction of dihydrofuran 3.23ac as an intermediate, producing endo-
benzonorcaradiene 3.21ac.% % However, the transformation from dihydrofuran 3.23ac to exo-
benzonorcaradiene 3.15ac is energetically uphill in terms of Gibbs free energy. In other words, if
there is a chemical equilibrium between dihydrofuran 3.23ac and exo-benzonorcaradiene 3.15ac,
dihydrofuran 3.23ac should be the major product because of its lower Gibbs free energy. As the
major product was exo-benzonorcaradiene 3.15ac and no dihydrofurane was observed in the

reaction mixture, this pathway was discarded.
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Figure 3-3: Energy profile of Claisen-electrocyclic pathway.
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Chapter 4 Enantioselective Ruthenium(II)-

Catalyzed Alkylative Cycloetherification

7



4.1 Introduction

Oxygen-containing heterocycles are one of the major structural motifs in natural products and
pharmaceutical compounds. Among them, furan, pyrrole and spiroketal moieties are associated with
intriguing biological activities, such as cytotoxic activity on leukemia and breast cancer cells,'
antitumor activity,'*° inhibition of monoamine oxidase (MAO)!!! and reverse transcriptase of HIV-1,
and anti-telomerase activity.*'? Because of their high potency in pharmaceutical applications, there
is a strong demand for concise, enantioselective synthetic approaches towards these oxa-cycles.

chaetoquadrin C
MAO inhibitor

(o]

uprolide D

cytotoxic activity FR901464

on leukemia, breast cancer antitumor activity

B-rubromycin
anti-telomerase activity
reverse transcriptase (HIV-1) inbihitor

Figure 4-1: Biologically active compounds containing furan, pyran, and spiroketal motifs.

The Trost group has explored ruthenium-catalyzed transformations and proposed the possibility of
an alkylative cycloetherification.?’>® They reported a ruthenium catalyzed ene type reaction, and
proposed the formation of an allylruthenium intermediate 4.3, which, in turn, forms an 1,3-diene
(Scheme 4-1).%°
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Trost, 1999
10 mol % CpRu(COD)CI
15 mol% CeClz*7H,0 &

Pz R2
R1/\/'/ + /\ﬂ/ 10 mol % 3-hexyn-1-ol R [Ru] R? _— RK\)‘k/\H/RZ
o}
DMF, 60 °C 0
4.1 4.2 4.3 4.4

Scheme 4-1: Ruthenium catalyzed ene-type reaction towards 1,3-dienes.

As an extension of their previous research, they developed a ruthenium-catalyzed cycloetherification
of allenols (Scheme 4-2a).1*® They postulated the formation of a m-allylruthenium complex, followed
by intramolecular nucleophilic addition. This transformation gives an atom-economic approach to
cyclic ethers and gives experimental support for the involvement of allylruthenium intermediate 4.9.

The resulting cyclic ethers 4.10 were utilized as precursors for spiroketals 4.12 (Scheme 4-2b).

Trost, 1999
a) Alkylative cycloetherification

0
10 mol % [CpRu(CH3;CN)3]PFg 4.7
HO\M;/%.§+ A mol % [CPRu(CHCN)3IPFo 4.7

15 mol% CeCl3*7H,0

45 4.6 DMF, 60 oC
n=12 R= Ph, Me, Cy
(0]
[Ru]
R
n
HO
4.9

b) Spiroketal formation using the resulting cyclic ether

NaBH, TsOH

o —_— e} - .
PhH
o MeOH OH 28%

83%

4.10 4.1

Scheme 4-2: Ruthenium catalyzed cycloetherification.

The authors proposed two different mechanisms. The first mechanism is initiated by oxidative

cyclization of allenol 4.5 and Michael acceptor 4.6, which constitutes the enantio-determining step
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(Scheme 4-3). The resulting o-allylruthenium intermediate 4.14 (Scheme 4-3) forms a TI-
allylruthenium complex (4.15). An intramolecular nucleophilic attack of the hydroxyl group produces
ruthenium enolate (4.16, Scheme 4-3). Protonation of intermediate 4.16 releases the desired cyclic
ether 4.8 and regenerates the active ruthenium species. The second possible pathway is a ruthenium
catalyzed intramolecular addition of the allene, forming intermediate 4.17. Conjugate addition of
alkenyl ruthenium intermediate 4.17 delivers ruthenium enolate 4.16 in the enantio-determining step
of this reaction pathway. Protonation gives the desired cyclic ether 4.8.

[Ru] o
© R 4.13 4.6
4.8 oxidative cyclization
® enantio-determining step
H
o
: o Rl L
HO
(e} R n
[Ru] 4.14
4.16 o
P
\Z
e HO n R
4.15
[Ru] n .
0 R
413 H@
4.8
oxa metalation
enantio-determining step
©)
H

O n
o} R
[Rul 417
16

4.

conjugate o
addition
s
4.6

Scheme 4-3: Two proposed mechanisms of ruthenium catalyzed cycloetherification.
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4.2 Optimization Studies for Enantioselective
Ruthenium(ll)-Catalyzed Alkylative

Cycloetherification

Allenol 4.18 and phenylvinyl ketone 4.19 were chosen as a model system for optimization of the
enantioselective ruthenium(ll)-catalyzed alkylative cycloetherification (Table 4-1). Achiral cationic
CpRu(ll) complex 4.21 gave the desired tetrahydrofuran 4.20 in 62% vyield (Entry 1). The reactivity
of Cp*Ru(ll) complex 4.22 was much lower than that of CpRu(ll) complex 4.21, giving 4.20 in only
21% yield (Entry 2). The reaction with binaphthyl-derived Cp*Ru(ll) complex Ru.2ba gave a similar
reactivity, (22% vyield) with an enantiomeric ratio of 70:30 (Entry 3), demonstrating the feasibility of

rendering the transformation enantioselective.

Table 4-1: Proof of concept for enantioselective ruthenium(ll)-catalyzed alkylative cycloetherification.

0
HO_~_X . X 10 mol % [Ru] Q
" . - <
0.15 equiv. CeCl3*7H,0
DMF, 60 °C, 3 h
4.18 4.19 , 60°C, 3 4.20
1.5 equiv.
Entry Ru Conversion [%] Yield [%] er
1 CpRu(CHsCN)PFs4.21 100 62 -
2 Cp*Ru(CHsCN)PFs4.22 100 21 -
3 Ru.2ba 100 22 70:30

Conditions: 30 pymol 4.18, 45 umol of 4.19, 3.0 umol Ru.2ba, 4.6 umol CeCls-7H20, 0.25 M in solvent, 2 h;
Yields and conversions of allenol 4.18 determined by 'H NMR with an internal standard; enantiomeric ratio
was determined by HPLC with a chiral stationary phase.

As a next step, different solvents were evaluated (Table 4-2). Among the ethereal solvents, THF and

cyclopentyl methyl ether brought about ca. 40% vyield with low enantioselectivity (up to 63:37 er,
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Entryl and 2). Compared to other ethereal solvents, 1,4-dioxane improved the yield to 66%, but with
no improvement in enantioselectivity (Entry 3).The reaction in 2-butanone gave similar results (62%
yield and 62:38 er, Entry 4). 1,2-Dichloroethane as an example for chlorinated solvents gave only a
marginal change in enantioselectivity, 60:40 er (Entry 5). A polar aprotic solvents dimethylformamide
(DMF) was beneficial for increasing the enantioselectivity to ca. 70:30 er. However, the yield of 4.20
decreased to 22% (Entry 6). Dimethylacetamide (DMA) had a similar effect on both of yield and
enantioselectivity (Entry7). Even though the yield was poor, the polar aprotic solvents dimethyl
sulfoxide, acetonitrile, and dimethylpropyleneurea (DMPU) slightly improved enantioselectivity to
76:24 er (Entry8—10). The use of an alcoholic solvent, isopropyl alcohol, resulted in poor yield and

enantioselectivity (Entry 11).

Table 4-2: Solvent screening.

HO~X N i
) 10 mol % Ru.2ba o
4.18 4.19 0.15 equiv. CeCly*7H,0 >
1.5 equiv. Solvent, 60 °C, 3 h 4.20
Entry Solvent Conversion [%] Yield [%] er
1 THF 100 41 63:37
2 cyclopentyl methyl ether 100 37 58:42
3 1,4-dioxane 100 66 61:39
4 2-butanone 100 62 62:38
5 1,2-dichloroethane 100 46 60:40
6 DMF 100 22 70:30
7 DMA 100 21 69:31
8 DMSO 64 5 75:25
9 acetonitrile 100 24 76:24
10 DMPU 100 26 64:36
11 isopropyl alcohol 100 21 58.5:41.5

Conditions: 13 pmol 4.18, 20 ymol of 4.19, 1.3 ymol Ru.2ba, 2.0 ymol CeCls-7H20, 0.25 M in solvent, 3 h;
Yields and conversions of allenol 4.18 determined by *H NMR with an internal standard; enantiomeric ratio
was determined by HPLC with a chiral stationary phase.

A control experiment was performed without the addition of any Lewis acid, causing a drastic drop

in yield compared to the reaction with cerium (111) chloride hydrate. (Table 4-3).
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Table 4-3: The effect of Lewis acid with achiral CoRu complex.

(0]
HO\/\/\
10 mol % CpRU(CH3CN)3PF6 ©
0.15 equiv. Additive
4.18 4.19 DMF, 60 °C, 3 h 420

1.5 equiv.

Entry Lewis acid Conversion [%] Yield [%]
1 none 100 20
2 CeCl3-7HO0 100 62

Conditions: 21 ymol 4.18, 32 ymol of 4.19, 2.1 pmol CpRu(CHsCN)3PFs, 3.2 umol CeClz-7H20, 0.25 M in DMF,
2 h; Yields and conversions of allenol 4.18 determined by 'H NMR with an internal standard; enantiomeric ratio
was determined by HPLC with a chiral stationary phase.

However, an opposing effect was observed on the Cp*Ru(ll) system (Table 4-4). Adding cerium (lII)
chloride hydrate had an adverse effect on both yield and enantioselectivity, (22% yield and 70:30 er,
Entry 2). Tin(IV) chloride gave slightly better results, but still worse than the reaction without Lewis

acid (Entry 3). Stronger Lewis acids also gave no improvement (Entry 3—6).

Table 4-4: Lewis acid screening with Cp*Ru(ll).

7N
MeCN / MeCN
MeCN

HO\/\/\ 10 mol % Ru.2ba Q
> O
0.15 equiv. Lewis acid
DMF, 60 °C, 3 h

4.18 4.19
1.5 equiv.

4.20

83



Entry Lewis Acid Conversion [%] Yield [%] er

1 none 100 37 82:18
2 CeCl3-7H,O 100 22 70:30
3 SnCls;-5H.O0 100 35 73:27
4 TiCl, 100 30 72:28
5 B(CeFs)s 100 29 79.5:29.5
6 BFs-OEt2 100 36 81.5:18.5

Conditions: 13 umol 4.18, 20 umol of 4.19, 1.3 ymol Ru.2ba, 2.0 umol Lewis acid, 0.25 M in solvent, 3 h; Yields
and conversions of allenol 4.18 determined by *H NMR with an internal standard; enantiomeric ratio was
determined by HPLC with a chiral stationary phase.

The effect of halide additives, which lead to the formation of a neutral ruthenium complex, was also
evaluated (Table 4-5). A fluoride additive shut down reactivity (Entry 2), while chloride, bromide and
iodide caused slight drop yield, accompanied by a notable decrease in enantioselectivity (Entry 3—
5).

Table 4-5: Halide additive screening.

)
= | e
\\\Ru\®
MeCN" / MeCN
MeCN
(0] 10 mol % Ru.2ba
HO X (0]
\/\/\.k + \)k@ 12 mol % BU4NX
- O
DMF, 60 °C, 3 h
418 4.19 ' 4.20
1.5 equiv.

Entry BusNX Conversion [%] Yield [%] er

1 none 100 37 82:18
2 BusNF 57 0 -

3 Bu:NCI 100 36 71:29
4 Bu:NBr 100 33 72:28
5 BusNI 100 31 67:33

Conditions: 13 pmol 4.18, 20 ymol of 4.19, 1.3 umol Ru.2ba, 1.5 ymol tetrabutylammonium halide, 0.25 M in
solvent, 3 h; Yields and conversions of allenol 4.18 determined by *H NMR with an internal standard;
enantiomeric ratio was determined by HPLC with a chiral stationary phase.
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The effect of the counteranion of the ruthenium complex was conducted, revealing a substantial
impact on both reactivity and enantioselectivity (Table 4-6). A triflate anion, which is a stronger o-
donor, caused a decrease in yield and enantioselectivity (Entry 1). Similar results were obtained
using bistriflimide (NTf2) (Entry 2). Tetrafluoroborate (BF4), as weakly coordination anion,'** brought
about significantly worse results than hexafluorophosphate (PF¢) and hexafluoroantimonate (SbFe
) Among these three anions, hexafluorophosphate gave the best yield of 37% and enantioselectivity
(82:18 er). The bad results obtained by using tetrafluoroborate can be explained by its low stability,
as it can release fluoride, which inhibits the catalytic cycle (Entry 3-5). Tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BArF.4), which is known as a more weakly coordinating anion than
hexafluorophosphate, had a detrimental effect on reactivity (8% vyield and 64% conversion) and

enantioselectivity (67:33 er, Entry 6).1°

Table 4-6: Counter anion screening.

S
X
OMﬁ\Ru\@
MeCN*" / MeCN
HO - 0 MeCN o
R U 10 mol % Ru.2za . S
DMF, 60 °C, 3 h
4.18 4.19 4.20
1.5 equiv.

Entry Counter anion Conversion [%] Yield [%] er
1 OTf - 92 26 69.5:30.5
2 NTf, 95 23 69:31
3 BF4+ 81 15 69.5:30.5
4 PFe 100 37 82:18
5 SbFe 96 30 72.5:27.5
6 BArF.4 64 8 67:33

Conditions: 13 ymol 4.18, 20 umol of 4.19, 1.3 umol Ru.2za, 0.25 M in solvent, 3 h; Yields and conversions of
allenol 4.18 determined by *H NMR with an internal standard; enantiomeric ratio was determined by HPLC
with a chiral stationary phase.
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To explain the low efficiency, high conversion and low yield, side products were investigated.
Dimerization of allenol 4.18 was revealed as one of the side reaction pathways, forming 1, 3-diene
4.23 and 4.24. The stoichiometry of the reaction was modulated to reduce dimerization (Table 4-7).
When phenyl vinyl ketone 4.19 was used as a limiting reagent with 1.5 equiv. of allenol 4.18, the
yield of the desired tetrahydrofuran derivative decreased to 26%, and it formed 0.18 equiv. of
dimerized products (Entry 1). When equal amounts of allenol 4.18 and phenyl vinyl ketone 4.19 were
used, it decreased amount of dimerization product to 0.11 equiv, but also decreasing the yield of the
desired product 4.20 to 19% (Entry 2). Compared to the standard conditions (Entry 3), a higher
amount of phenyl vinyl ketone (4 equiv) almost shut down the dimerization of allenol 4.18. However,
it also caused a slight drop in yield and enantioselectivity, implying that other side reaction pathways

exist in the system (Entry 4).

Table 4-7: Effect of different stoichiometry.

/ AN
0
HO~CL. T Xy 10 mol % Ru.2ba
X > 0
DMF, 60 °C, 3 h
4.18 4.19 4.20
WOH WOH
4.23 4.24

Dimerization products

allenol  phenyl vinyl ketone

Entry lequiv.] [equiv.] Conversion [%] Yield [%] er dimerization
1 15 1 862 262 80:20 0.18 equiv.

2 1 1 94 19 81:19 0.11 equiv.

3 1 15 100 37 82:18 0.07 equiv.

4 1 4 100° 33 78:22 trace

Conditions: Used 4.18 and 4.19 mention above, 10 mol % of Ru.2ba, 0.25 M in solvent, 3 h; Yields and
conversions of allenol 4.18 determined by 'H NMR with an internal standard; enantiomeric ratio was
determined by HPLC with a chiral stationary phase.; [a] With respect to phenyl vinyl ketone; [b] 2.7 equiv. of
phenyl vinyl ketone were consumed.
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As a next step, binaphthyl-derived Cp* ligands with different side walls were investigated (Table 4-8).
A phenyl substituent, which has been used for yne-enone cyclization®° and [2+2] cycloaddition,®5?
lowered both reactivity and enantioselectivity (Entry 2). A high enantiomeric ratio of 90:10 was
observed from the reaction with a triisopropyloxy substituent. The reactivity with an OTIPS side wall
(Ru.2bc) was similar to that with a methoxy side wall Ru.2ba (Entry 3). However, an even bulkier
silyloxy group, tert-butyldiphenylsilyloxy, was detrimental on both yield and enantioselectivity (Entry
4).

Table 4-8: Ligand substrate screening

©

_\ PFg

\\\Ru\®

MeCN"" / MeCN
0 MeCN
HO A (0]
\/\/\.k X 10 mol % Ru.2bz o 5
DMF, 60 °C, 3 h
4.18 4.19 4.20
1.5 equiv. '

Entry Ligand substituent (R) Conversion [%] Yield [%] er

1 -OMe (Ru.2ba) 100 37 82:18
2 -Ph (Ru.2bf) 66 16 (24)  79.5:20.5
3 -OTIPS (Ru.2bc) 100 35 90:10
4 -OTBDPS (Ru.2bb) 67 11 (16)  80:20

Conditions: 13 ymol 4.18, 20 umol of 4.19, 1.3 ymol Ru.2bz, 0.25 M in solvent, 3 h; Yields and conversions of
allenol 4.18 determined by *H NMR with an internal standard; enantiomeric ratio was determined by HPLC
with a chiral stationary phase. The numbers in parentheses are yield based on recovered starting material.
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4.3 Outlook for Enantioselective Ruthenium (ll)-

Catalyzed Alkylative Cycloetherification

The reaction conditions for the enantioselective Ruthenium (Il)-Catalyzed alkylative
cycloetherification require further optimization. Exploring other silyl ether moieties like tert-
butyldimethylsilyl ether or triethylsilyl ether as side walls could further improve enantioselectivity. In
addition, different alkoxy groups such as isopropoxy or tert-butoxy have not been investigated yet

and could potentially also enhance enantioselectivity.

The other important issue is the poor efficiency of the reaction. A detailed analysis of side reaction
pathways is necessary, as the known dimerization of allenol 4.23 does not explain the high
consumption of the other reaction partner, phenyl vinyl ketone 4.19. In addition, a slow addition of
allenol 4.18 could be helpful for inhibiting the dimerization process.

After optimization of the reaction, different ring sizes should be evaluated. As the Trost group only
employed the reaction for the synthesis of 5- and 6-membered rings, an extension of the scope to

medium-size rings would greatly add to the synthetic potential of the transformation.
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Chapter 5 Preliminary Results for
Developing Enantioselective Ru(lI)-catalyzed
[2+1] Cycloaddition of Ruthenium Vinyl

Carbenes
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5.1 Introduction

Fused heterocyclic compounds such as cyclopropane-fused pyrrolidines and epoxypyrrolidines are
a frequently occurring structural motif in bioactive molecules and natural products. Molecules
containing a cyclopropane-fused pyrrolidine moiety are known to exhibit antidepressant effects!®
and antibiotic activities.'*” Epoxypyrrolidines or 6-oxa-3-azabicyclo[3.1.0]hexanes, have been
discovered e.g. in epolactaene, which has neuritogenic activity,!'® and hirsutellon C**° (Figure 5-1).

HN Epolactaene
Neuritogenic activity
Cl
OH
Cl
= NH
DOV21947(amitifadine) trovafloxacin
antidepressant antibiotic 0

H A

7,
“,,

Hirsutellon C

Figure 5-1: Biologically active compounds containing bicyclo[3.1.0]hexane and epoxypyrrolidine motifs.

Dérien and Dixneuf reported a [2+1] cycloaddition of a catalytically generated ruthenium vinyl
carbene with 1, 6-enyne substrates 5.1 (Scheme 5-1). This reaction produces
alkenylbicyclo[3.1.0]hexanes 5.4 and is initiated by the in situ generation of the ruthenium vinyl

carbene from a Cp*Ru precursor and (trimethylsilyl)diazomethane. 3 120

Dixneuf, 2003

i 0 ® 5 mol % Cp*Ru(COD)CI 5.3 —
R-N N=N=_ TMS
T™S i R'-N R?
N\ R2 dixoane, 60°C

5.1 5.2 5.4

Scheme 5-1: [2+1] Cycloaddition of catalytically generated ruthenium vinyl carbenes and enynes.

A similar transformation was reported by Saa and coworkers in 2017, using 1,5-alkynal 5.5 as a

substrate to formed epoxypyrrolidines 5.8 (Scheme 5-2).12! Similar to the reaction of Dérien and
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Dixneuf, the reaction with (trimethylsilyl)diazomethane selectively gave the Z-isomer of the alkenyl
moiety of the desired epoxypyrrolidine 5.8,(>95:5 Z:E).1?!

Saa, 2017
R2N o © @ [+ * . —
3,1 N=N= 3 mol % Cp*Ru(COD)CI 5 t ™S
RYT N T™S RsN o
Rz O Et,0 1
5.5 5.6 23°C R'R2
1.0 equiv. 1.5 equiv. 5.8

Scheme 5-2: [2+1] Cycloaddition of catalytic Ruthenium vinyl carbenes on an alkynal substrate.

The proposed mechanism of Dérien and Dixneuf commences with the formation of a ruthenium vinyl
carbene, which is followed by coordination to the alkyne moiety of enyne substrate 5.17 (Scheme
5-3).32 [2+2] Cycloaddition of the resulting intermediate (5.9) produces ruthenacyclobutene
intermediate 5.10. Cycloreversion of 5.10 gives ruthenium carbene 5.12, followed by a second [2+2]
cycloaddition to ruthenacyclobutane 5.13, followed by reductive elimination and release of the
desired alkenylbicyclo[3.1.0lhexane 5.15. The cycloreversion step from intermediate 5.10
determines the diastereoselectivity, while the second [2+2] cycloaddition is the enantio-determining
step. The reaction mechanism is similar to ene-yne metathesis. However, in contrast to the Grubbs
catalysts, the Cp*Ru complex does not undergo a cycloreversion of ruthenacyclobutane intermediate
5.13 to form 1, 3-diene 5.14.
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515

/—_
[Cp*RuCl] __
reductive elimination 5.16 \\/ A/ —
[R”]_/ 547 \

[Ru] M
‘7—4 Cp*Ru(COD)CI

metatheS|s 513 enantio-determining step / N, + COD
\ DL R4
[Ru]=CH, + [/ A A

A diastereo- 5.10

5.14 determining step Y

| Y
>\—' g& + N

N> A

5.1

Scheme 5-3: Proposed mechanism of the [2+1] cycloaddition of catalytically generated ruthenium vinyl
carbenes.

5.2 Optimization Studies for the Enantioselective
[2+1] Cycloaddition of Catalytic Ruthenium Vinyl

Carbenes

To prove the concept that Cp*Ru complexes are competent catalysts for the [2+1] cycloaddition, the

reaction was conducted with enyne substrate 5.18 and trimethylsilyldiazomethane 5.19 (Table 5-1).

Initially, the reaction conditions for racemic synthesis were reproduced, forming the Z-isomer of the

desired bicyclo[3.1.0]hexane 5.20 exclusively in 94% yield (Entry 1).32 Cationic Cp*Ru complex 5.22

with tetrabutylammonium chloride also gave Z-isomer 5.20 in 85% yield (Entry 2), while the

corresponding CpRu complex resulted in lower reactivity (37% yield, 50% conversion, Entry 3). In

this case, the desired product was obtained as a mixture of E- and Z-isomer, with the E-isomer as

92



the major product (6.7:1). The enantioenriched bicyclo[3.1.0]hexane 5.20 was obtained in 41% yield
with 81% conversion, by using binaphthyl-derived Cp*Ru complex Ru.2ba (Table 5-1Entry 4). The
diastereoselectivity was in between that of Cp*Ru(ll) 5.22 and CpRu(ll) 5.23, with a 2.0:1 E/Z ratio.
The enantioselectivity of both of isomers was similar, giving 70.5:29.5 er and 70:30 er for the E- and

Z-isomer, respectively.

Table 5-1: Proof of concept for the enantioselective Ru(ll)-catalyzed [2+1] cycloaddition of ruthenium vinyl

carbenes.
S ® © % _
ToN s’ N=N 6 ?nr;O‘JA)/BL[JR:l]CII T™MS
\x\Ph 4 TsN Ph
5.18 5.19 THOF 5.20
1.0 equiv. 1.1 equiv. 23°C
R
:? R R ©
R Rl R 1T oF,
Cl/ u\ \\\Ru® _‘ °
\\/\/j MeCN‘\\\\/ \NCMe
MecN | |7 = L
5.21 MeCN" MeCN
R=Me 5.22
R=H 523 MeCN
Ru.2ba
. 0 . 0s1b . er er
Entry Ru Conversion [%] Yield [%]° E:Z (E-isomer)  (Z-isomer)
Cp*Ru(COD)CI 2 Z-
1 5.21 100 94 isomer
* -
2 Cp RU(CHgCN)PFs 100 85 Z _
5.22 isomer
3 ggg“(CH3CN)PF6 50 37 (74)  6.7:1 ;
4 Ru.2ba 81 41 (51) 2.0:1 70.5:29.5 70:30

Conditions: 28 pymol 5.18, 30 ymol of 5.19, 1.4 umol [Ru], 1.7 umol BusNClI, 0.30 M in THF, 18 h; Yields and
conversions of enyne 5.18 determined by *H NMR with an internal standard.; Enantiomeric ratio was
determined by HPLC with a chiral stationary phase.; [a] Without tetrabutylammonium chloride.; [b] Yields based
on recovered starting material in parentheses.

The halide additive was investigated next and shown to have a significant impact on reactivity (Table
5-2). The omission of a halide additive caused a significant decrease in reactivity, giving only trace
amounts of the desired product 5.20 (Entry 1). In addition, an impact on diastereoselectivity was
observed. Comparing chloride with iodide, the E-isomer is less favored, and the reaction with iodide

gave the Z-isomer as a major product (Entry 2—4). In terms of enantioselectivity, bulkier halides
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showed an adverse influence, with an enantiomeric ratio of ca. 70:30 for both diastereomers using
a chloride additive (Entry 2), and significantly lower enantioselectivities for the reactions with bromide
and iodide (Entry 3 and 4).

Table 5-2: Evaluation of halide additives.

_ ™S
/T N@ ©) 5 mol % Ru.2ba —
TsN ms N 6 mol % BusNX
\x\ TsN Ph
Ph
5.18 5.19 o 5.20
' ' 23°C '

1.0 equiv. 1.1 equiv.

er er

I 0 I 0, .
Entry BusNX Conversion [%] Yield [%] E:Z (E-isomer) (Z-isomer)

1 none 31 trace - - -

2 BuNCI 81 41 1.6:1 70.5:29.5 70:30

3 BusNBr 80 45 1.221 69:31 66:34

4 BusNI 48 14 0.8:1 56.5:43.5 62.5:37.5

Conditions: 28 pmol 5.18, 30 ymol of 5.19, 1.4 umol Ru.2ba, 1.7 ymol tetrabutylammonium halide, 0.30 M in
THF, 18 h; Yields and conversions of enyne 5.18 determined by H NMR with an internal standard.;
Enantiomeric ratio was determined by HPLC with a chiral stationary phase.

The reaction was conducted in different solvents, showing an impact on yield, diastereoselectivity,
and enantioselectivity (Table 5-3). All reactions gave the E-isomer as the major product, with
selectivities between 1.2:1 and 2.5:1. In most of cases, the E-isomer was obtained in a higher
enantioselectivity than the Z-isomer. Aromatic solvents were beneficial in terms of yield (65-72%)
yield, as well as — moderately — enantioselectivity (Entry 1-3). Ethereal solvents gave slightly
decrease in both conversion and yield (Entry 4—6). Dichloromethane gave moderate reactivity in
terms of yield based on recovered starting material, while notably giving a slightly higher
enantioselectivity of 67:33 er for the Z-isomer, (62.5:37.5 er for E) (Entry 7). The use of 2-butanone
substantially decreased reactivity to 11% vyield and 57% conversion (Entry 8). In this case, the
highest enantioselectivity for Z-isomer was obtained with 77.5:22.5 er. The coordinating solvents
dimethylformamide and acetonitrile, induced poor vyield (20-26%) without improvement on

enantioselectivity (Entry 9 and 10)
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Table 5-3: Solvent screening

_ TMS

/T @ @) 5 mol % Ru.2ba —

TN ms N 6 mol % Bu,NCl
\x\ > TsN Ph
Ph
Solvent
5.18 5.19 03 00 5.20

1.0 equiv. 1.1 equiv.

Entry Solvent Conversion [%] Yield [%]* E:Z er er
' (E-isomer) (Z-isomer)

1 trifluorotoluene 100 66 2.4:1 68:32 ca.67.5:32.5
2 toluene 100 72 1.6:1 725275 63.5:36.5
3 benzene 100 65 1.7:1 68:32 65:35
4 diethyl ether 82 51 (62) 1.7:1 70:30 67:33
5 dioxane 75 48 (64) 1.2:1 75:25 59:41
6 THF 81 41 (51) 2.0:1 70.5:29.5 70:30
7 DCM 59 38 (64) 1.9:1 625375 67:33
8 2-butanone 57 11 (19) 1.6:1 65:35 77.5:22.5
9 DMF 69 26 (38) 2.3:1 70:30 66:34
10 acetonitrile 51 20 (39) 251 67.5:325 ca.65:35

Conditions: 25 umol 5.18, 27 ymol of 5.19, 1.2 ymol Ru.2ba, 1.4 ymol BusNClI, 0.30 M in solvent, 18 h; Yields
and conversions of enyne 5.18 determined by *H NMR with an internal standard.; Enantiomeric ratio was
determined by HPLC with a chiral stationary phase. [a] Yields based on recovered starting material in
parentheses.

As a next step, the effect of different chiral Cp ligands was evaluated (Table 5-4). Cyclohexane-
fused Cp* ruthenium complex Ru.8ba gave diminished reactivity (25% yield and 60% conversion,
Entry 1) and similar or slightly better enantioselectivity compared to binaphthyl-derived Cp*
ruthenium complex Ru.2ba. Interestingly, it gave the other enantiomer of the E-isomer as a major
product 5.20 (Entry 1 and 2). Binaphthyl-derived Cp* ligands with bulkier OTIPS sidewalls caused a
decrease in yield and conversion compared to methoxy sidewall complex Ru.2ba, with virtually the
same enantioselectivity for the E-isomer. A phenyl side wall Ru.2bf resulted in slight loss in the
enantioselectivity of the Z-isomer (60:40 er). OTIPS side wall complex Ru.2bc reversed

enantioselectivity for the Z-isomer (44.5:55.5 er) (Entry 3 and 4). An interesting outcome was
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observed for tri-substituted Cp*Ru complex Ru.9ba. The diastereoselectivity was inversed, with E-
isomer as the minor diastereomer. Even though the reactivity was poor (35% conversion and 13%
yield), the E-isomer was obtained in a good enantiomeric ratio of 87:13. However, the Z-isomer was
obtained virtually as a racemate (Entry 5). Poor reactivity was observed for the reaction with
cyclopentane-fused third generation Cp* ruthenium complex Ru.4ba, with virtually no

enantioselectivity induced for both diastereomers (Entry 6).

Table 5-4: Screening of different ruthenium complexes with enyne substrate 5.18

_ ™S
/S ® O 5 mol % [Ru] ——
TN ms N 6 mol % Bu,NCI :f
\x\ TsN Ph
Ph
toluene
5.18 5.19 23 °C 5.20
1.0 equiv. 1.1 equiv.
o
Ogﬁ? PF o
! ® PF
\r ®—| ) —I 6 p
~Ru >R’ $
RYAERN
MeEAN\CN/ MeCN @ @
e ) SN
MeCN"" / “MeCN MeCN [ NCMe
Ru.8ba MeCN MeCN
R'=H R2=0OMe Ru.2ba Ru.4ba
R2=Ph Ru.2bf
R? = OTIPS Ru.2bc
R'=/Pr RZ=OMe Ru.9ba
Entry Ru Conversion [%] Yield [%] E:Z er er
] (E-isomer) (Z-isomer)
1 Ru.8ba 60 25 2.0:1 25:75 76:24
2 Ru.2ba 100 72 1.6:1 72.5:27.5 63.5:36.5
3 Ru.2bf 86 49 2.6:1 73.5:26.5 60:40
4 Ru.2bc 37 12 1:2.3 70:30 ca. 44.5:55.5
5 Ru.9ba 35 13 1:1.8 ca. 87:13 59.5:40.5
6 Ru.4ba 30 6 2.3:1 50:50 54:46

Conditions: 25 pymol 5.18, 27 ymol of 5.19, 1.2 ymol [Ru], 1.4 ymol BusNCl, 0.30 M in toluene, 18 h; Yields and
conversions of enyne 5.18 determined by 'H NMR with an internal standard.; Enantiomeric ratio was
determined by HPLC with a chiral stationary phase.

Alkynal substrate 5.24 was also evaluated under similar reaction conditions to the racemic synthesis,
obtaining similar trends for the different ligands!?* (Table 5-5). The neutral Cp*Ru(ll) complex

(Cp*Ru(COD)CI) delivered exclusively the Z-isomer of the desired epoxypyrrolidine 5.25 in 95% yield
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(Entry 1). Cationic Cp*Ru(ll) complex (Cp*Ru(CH3CN)3PFe) with an additional halide additive worked
well, yielding 87% of the Z-isomer (Entry 2). As in the case of enyne substrate 5.18, CpRu(ll) complex
(CpRu(CH3CN)sPFe) brought lower reactivity (54% conversion and 40% yield) with the E-isomer as
the major product (Entry 3). Binaphthyl-derived Cp*Ru(ll) Ru.2ba gave enantio-enriched
epoxypyrrolidine 5.25, (74:26 er for E-isomer) in 17% yield with 33% conversion, which makes the
yield based on recovered starting material was 51% similar to enyne substrate 5.18. (Entry 4). The
diastereoselectivity was 2.1:1 dr with the E-isomer as the major product (Entry 4). Tri-substituted
Cp*Ru(ll) complex Ru.9ba again induced an inversion of diastereoselectivity (1:1.4 dr), (Entry 5).
Low enantioselectivity and reactivity were obtained with cyclopentane-fused third generation Cp*
ruthenium Ru.4ba (Entry 6).

Table 5-5: Screening of different ruthenium complexes with alkynal substrate 5.24

_ TMS
T N/ _ N@ ©) 3 mol % [Ru] —
s wms N 5 mol % BuyNCl
ﬁ—\\o > TsN o)
5.24 5.19 THOF 5.25
1.0 equiv. 1.5 equiv. 23°C
R; “A Ru.2ba
R = OMe
R'] =jp B
R2 - ’O|:‘/|e Ru.9ba MeCN\ ‘ \NCMe
MeCN
Ru.4ba
: 0 : e E- er er
Entry Ru Conversion [%] Yield [%]? E:Z (E-isomer) (Z-isomer)
1 Cp*Ru(COD)CI 100 95 Z-isomer - -
2 Cp*Ru(CHsCN)PFs 100 87 Z-isomer - -
3 CpRu(CHsCN)PFs 54 40 (78) 6.0:1 - -
4 Ru.2ba 33 17 (51) 2.1:1 74:26 70.5:29.5
5 Ru.9ba 22 5 (24) 1:1.4 - -
6 Ru.4ba 25 8 (33) 1.8:1 54:46 67.5:32.5

Conditions: 25 ymol 5.24, 38 pymol of 5.19, 0.75 umol [Ru], 1.3 pmol BusNCI, 0.14 M in THF, 90 min; Yields
and conversions of alkynal 5.24 determined by 'H NMR with an internal standard.; Enantiomeric ratio was
determined by HPLC with a chiral stationary phase. [a] Yields based on recovered starting material in
parentheses

The low conversion and poor yield of the reaction appoint to a low catalyst turnover. In order to verify
this assumption, the reactions were conducted with a prolonged reaction time or a higher catalyst

loading (Table 5-6). The reaction with a longer reaction time brought about nearly the same results
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as the previous conditions (Entry 2), indicating that turnover of the ruthenium catalyst stops after

ca.30% conversion. A lower concentration of the substrates had a negligible effect (Entry 3).

Increasing the catalyst loading to 5 mol % improved the yield to 49% and the conversion to 61%,

which is equal to ca. twelve catalyst turnovers, only a marginal change compared to the previous

conditions (Entry 4). This indicates that ca. 8 to 10 mol % catalyst would be necessary to drive the

reaction to completion.

Table 5-6: The effect of solvent and catalyst loading

OMe u@
RARN
MeCN" / MeCN
MeCN
ST ® 0O X mol %Ru.2ba — ™S
TN /=N=N Y mol % Bu,NCI
ﬁj T™MS
o -  TsN 0
toluene
524 519 23 °C, 90 min.
1.0 equiv. 1.5 equiv. 5.25
0 , - er er
Entry Cat. BusNCI Conc. Conv.[%] Yield [%]* E:Z (E-isomer) (Z-isomer)
1 3mol% 5mol% 0.14M 32 24 (73) 1.7:2 7723 66:34
2 3mol% 5mol% oot M 29 23(82) 191 7822 65.5:34.5
3 3mol% 5mol% 0.08M 32 26 (80) 172  79:21 64.5:35.5
4 5mol% 8mol% 0.08M 61 49 (80) 1.7:2 80:20 64.5:35.5

Conditions: 25 pmol 5.24, 38 pmol of 5.19, 0.75 ymol Ru.2ba, 1.3 umol BusNCl, 0.14 M in toluene, 90 min;
Yields and conversions of alkynal 5.24 determined by *H NMR with an internal standard.; Enantiomeric ratio
was determined by HPLC with a chiral stationary phase. [a] Yields based on recovered starting material in

parentheses
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Changing the reaction solvent to methanol gave an interesting result, as terminal alkene 5.26 was
obtained instead of alkenylsilane 5.19 (Table 5-7).1?! The reaction with neutral Cp*Ru(ll) complex
5.21 produced this terminal alkene 5.26 in 61% yield (Entry 1). However, binaphthyl-derived
Cp*Ru(ll) complex Ru.2ba only delivered a trace amount 5.26 (Entry 2 and 3). Using tetrahydrofuran
as a co-solvent slightly improved the yield to 9% with 62.5:37.5 er.

Table 5-7: Terminal alkene formation in methanol

MeCN
O - .
\x\ ™S Mo~ =t TsN Ph
Ph
5.18 5.19 MeOH 5.26
1.0 equiv. 1.1 equiv.
Entry Ru Solvent Temp. [°C] Conversion [%] Yield [%] er
* a
1 Cp"RU(COD)CI  \100H 25 85 61 -
5.21
2 Ru.2ba MeOH 25 33 trace -
3 Ru.2ba MeOH 50 34 2 -
MeOH/THF
4 Ru.2ba (50/50, VAV 25 29 trace -
5 Ru.2ba MeOH/THF 50 41 9 62.5:37.5

(50/50, viv")

Conditions: 25 ymol 5.18, 28 ymol of 5.19, 1.3 ymol Ru.2ba, 1.5 ymol BusNClI, 0.30 M in MeOH, 18 h; Yields
and conversions of alkynal 5.18 determined by 'H NMR with an internal standard.; Enantiomeric ratio was
determined by HPLC with a chiral stationary phase. [a] Without BusNCI.
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5.3 Outlook for Enantioselective [2+1] Cycloaddition
of Catalytically Generated Ruthenium Vinyl

Carbenes

In order to increase the enantioselectivity of the transformation, more ruthenium complexes with
different sidewalls should be evaluated. In particular, the effect of bulkier alkoxy sidewalls such as
isopropoxy (iPrO-) and tert-butoxy (tBuO-) needs to be explored. In addition, the low
diastereoselectivity needs to be addressed, possibly by employing a penta-substituted chiral
congener of Cp*, as the reaction showed a high preference for the Z-isomer with achiral Cp*Ru(ll)
complexes. A chiral penta-substituted Cp*-like ligand is available in our group,®® but has not yet been
applied to ruthenium catalysis. Synthesis of the corresponding Ru(ll) complexes will not only be
valuable for this particular transformation, but also extend and complement the available ligand

library and open potential for new reactivities.
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Chapter 6 Summary

101



This thesis describes the synthesis of a novel class of Cp* ligands and the application of the
corresponding Cp*Ru(ll) complexes in enantioselective catalysis. The novel Cp* ligands consist of a
Co-symmetric cyclopentane-fused bicyclic skeleton with a modifiable aryl group, and can be
accessed in high enantiopurity (98.5:1.5 er) by a convenient two-step synthesis (Scheme 6-1).

Z B'l!/

N

75%

H OTBS
O/\/CHO @ 10 mol%
* cat. p-NO,CgH,OH 40 °C S
6.1 6.2 then iBuyNH ) @

41%, 98.5:1.5 er

6.4

O _O
)

6.5

Scheme 6-1: Two step-synthesis of cyclopentane-fused Cp* ligands.

A synthesis of cationic Cp*Ru(ll) complexes and the corresponding neutral complexes was
developed (Scheme 6-2). The cationic Cp*Ru (Il) complexes were accessed by complexation with
TICp* and [Ru(CesHs)Cl2]2, and subsequent benzene removal under UV light. The neutral complexes
were also obtained from the corresponding cationic complex by ligand substitution. They can be
employed as chiral congeners of CpRu(CH3sCN)sPFs and CpRu(NBD)X, respectively.

1. TIOEt
then [(CGHG)RUC|2]2
96% NBD, Bu,NX
2. AgPFg, 95% @ xRu
3. hv, MeCN, 99%
X=ClI
Cationic Cp*Ru(ll) Neutral Cp*Ru(ll)

Ru.4ba X =Cl, 47% yield Ru.6a

X =1,15% yield Ru.6b

Scheme 6-2: Cationic and neutral Cp*Ru(ll) complexes.
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Modification of the aryl moiety gave access to cyclopentane-fused Cp* ligands with different
sidewalls (Figure 6-1). The resulting ligand library can be used for tuning the chiral environment of

the corresponding ruthenium complexes.

%7 &

® Ru®

\\\\\\\ AN
MeCN® / MeCN

Me OMe
O 0 L,
MeCN p{@\ ;(@\ Me
Ru.4b OMe iPr
Me

Figure 6-1: Cyclopentane-fused Cp*Ru(ll) complexes with various sidewalls.
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The potential of the novel cyclopentane-fused Cp*Ru(ll) complexes for enantioselective catalysis
was demonstrated in the diastereoselective and enantioselective synthesis of benzonorcaradienes
by coupling of oxa-benzonorbornadienes and internal alkynes (Scheme 6-3). In this transformation,
the cyclopentane-fused Cp* ligands performed significantly better in reactivity and enantioselectivity
than binaphthyl-derived Cp* ligands, the most commonly employed chiral Cp ligands. The product
of this transformation, a highly functionalized tricyclic sesquiterpene, has diverse biological activities.
The reaction performed well for various substrates, and 18 examples were obtained in very good
yields and with very good enantioselectivities up to 97.5:2.5 er. Mechanistic studies were conducted
by control experiments as well as computational studies, showing that the reaction mechanism

consists of two parts: a ruthenium-catalyzed cycle and a series of pericyclic reactions.

)
_ | PFe
®

Ru
\\\\\\ N
VieCN / MeCN

Q),

1
R = R 5mol%  MECN Ry.aba
R 6 mol % BuyNI _ 18 examples
up to 97.5:25 er
2-butanone, 100 °C
6.6 6.7
ﬁ Pericyclic
Enantioselective Rearrangement
Oxidative addition R
Coordination 1 N—R
R +[Ru 1
of an alkyne 0°[Ru] — R_O
/ /
6.9 6.10
Cp*Ru(ll) cycle Pericyclic rearrangements

Scheme 6-3: Enantioselective benzonorcaradiene synthesis
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The binaphthyl-derived Cp*Ru complexes showed promising results on the enantioselective
alkylative cycloetherification of an allenol 6.11 and a Michael acceptor 6.12 (Scheme 6-4). The
transformation is atom economic, forming C—O and C—C bonds in a single step. The resulting cyclic
ethers can be useful precursors for spiroketals. The reaction condition optimization revealed that
steric bulk of the substituents on Cp* ligands has a significant impact on reactivity and
enantioselectivity. The transformation showcases the potential of the binaphthyl-derived Cp*Ru
complexes for enantioselective catalysis, giving promising results with a high enantioselectivity
(90:10 er).

Ph
HO
. 7Y 0
n (0]
\,(_\)\’\\. .
N\ 1.5 equiv. 10 mol % MeCN Ry.2bc
6.11 6.12 6.13
DMF, 60 °C, 3 h

35% vyield, 90:10 er

enantioselective
oxidative cyclization 0 0
[Ru]
R @]
H O n
[Ru]
4 15

6.1 6.

Scheme 6-4: Enantioselective Cp*Ru(ll) catalyzed alkylative cycloetherification.
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Preliminary results were also obtained for a [2+1] cycloaddition of enynes. Binaphthyl-derived
Cp*Ru(ll) catalysts provided enantio-enriched alkenylbicyclo[3.1.0]hexanes in good yields and with
up to 72.5:27.5 er for the E-isomer. The reaction mechanism is similar to olefin metathesis, but the
cyclopentadienyl ruthenacyclopentane intermediate undergoes reductive elimination instead of
cycloreversion, forming a fused cyclopropane. The substitution patterns on the Cp ring and side
walls of Cp* ligands affected the diastereoselectivity of alkenyl moiety. These initial results
encourage us for further studies on the structures of Cp* ligands, which can be key for inducing high

diastereoselectivity and enantioselectivity.

N
TMS
Ru.2ba TsN

TsN’ o . N@Ne 5 mol %
\x\ TMSF = 6 mol % BuyNClI
Ph (E)-6.18 (Z2)-6.18
6.16 6.17 toluene 72.5:27.5 er 63.5:36.5 er

.
f 72% yield (E:Z =1.6:1)

Enantioselective [Ru]
|| -~ [Rul [2+2] cycloaddition | [ |
j% > T™S

6.19 6.20

Scheme 6-5: Enantioselective Cp*Ru(ll) catalyzed [2+1] cycloaddition of ruthenium vinyl carbenes

In conclusion, we report a novel class of Cp* ligands and the corresponding Ru(ll) complexes.
Modification of the cyclopentane-fused Cp*Ru(ll) catalysts was conducted by changing the side wall
aryl substituents and by accessing the respective neutral ruthenium halide complexes. With the novel
Cp*Ru catalysts, a catalytic enantioselective synthesis of benzornorcaradienes by coupling of oxa-
benzonorbornadienes and internal alkynes was established (up to 97.5:2.5 er). The application
potential of binaphthyl-derived Cp*Ru complexes for atom-economic transformations, and their
capability for enantio-induction was shown on an alkylative cycloetherification (up to 90:10 er) and a

[2+1] cycloaddition of enynes (up to 89:11 er).
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Building chiral ligand libraries is important for the discovery of new reactivities and the realization of
envisioned catalytic enantioselective approaches. In particular, a novel class of ligand opens up new
possibilities for improving the efficiency of reactions or developing complementary synthetic
methods. The ruthenium complexes of binaphthyl-derived (7.2) and cyclopentane-fused (7.3) Cp*
ligands have been applied as a catalysts for enantioselective reactions. There is still a plethora of
potential applications of these ligands in ruthenium catalysis. Furthermore, the potential of other Cp*
classes like cyclohexane-fused Cp* (7.1) and biphenyl-derived Cp* (7.4), has not yet been explored
in Cp*Ru(ll) catalysis. These new combinations of Cp* ligands with ruthenium will give new
opportunities for enantioselective catalysis (Figure 7-1). In addition, modifying the sidewalls
modulates the reactivity and enantioselectivity of Cp*Ru(ll) complexes, which was shown to be key
for enhancing the enantioselectivity of an enantioselective ruthenium-catalyzed alkylative

cycloetherification.

Q R
N eo{ Nowe
Ry R2 r— N\ —
" % &) oL o
R
71 7.2 7.3 7.4

Figure 7-1: Four different classes of Cp* ligands.

In addition to the ligand backbone, substitution patterns on the Cp ring constitute an interesting topic
for research (Figure 7-2). Establishing a ruthenation method for TMS-substituted Cp* complexes 7.6
and a penta-substituted Cp* complexes 7.7 is desirable, which will broaden the library of available
complexes. The substitution pattern on the Cp ring provides an additional handle for catalyst tuning,
which can improve the enantio- and diastereoselectivity of the enantioselective [2+1] cycloaddition

of ruthenium vinyl carbenes.

Do Do o
_ R - SiMe3 .
‘ OMe 0 OMe ‘ OMe
M M M
M = Rh, Ru _ _
R = alkyl M = Rh, Ir M = Rh, Ir, Co
7.5 7.6 7.7

Figure 7-2: Various substitution patterns on the Cp ring.
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8.1 General Methods

All reactions were carried out under an atmosphere of nitrogen in oven-dried glassware with
magnetic stirring, unless otherwise indicated. THF, Et.O and dichloromethane were purified by a
Innovative Technology Solvent Delivery System. DMF was dried over 4A molecular sieves.
Chemicals were used as obtained from the suppliers unless stated otherwise. Flash chromatography
was performed with Silicycle silica gel 60 (0.040-0.063 ym grade) or phosphate buffered silica
(pH=7). Analytical thin-layer chromatography was performed with commercially available 0.25 mm
silica gel coated on a glass plate (Merck, TLC Silicagel 60 F2s4). Compounds were either visualized
under UV-light at 254 nm or stained the plates with an aqueous potassium permanganate solution.
Proton nuclear magnetic resonance (*H NMR) data were acquired at 400 MHz on a Bruker AV400
spectrometer or at 600 MHz on a Bruker AV600 spectrometer. Chemical shifts (&) are reported in
parts per million (ppm) relative to residual chloroform (s, 7.26 ppm) or residual dichloromethane (s,
5.32 ppm).1D NOE experiments were performed with a Bruker AV600. Proton decoupled Carbon-
13 nuclear magnetic resonance (**C NMR) data were acquired at 100 MHz on a Bruker AV400 or at
151 MHz on a Bruker AV600 spectrometer. Chemical shifts are reported in ppm relative to residual
chloroform (77.16 ppm) or residual dichloromethane (53.84 ppm). Splitting patterns are designated
as s, singlet; d, doublet; t, triplet; g, quartet; sept, septet; m, multiplet. All NMR data were recorded
at 298 K unless stated otherwise. Infrared (IR) data were recorded on a Bruker Alpha FT-IR
Spectrometer. Absorbance frequencies are reported in reciprocal centimeters (cm™). HRMS
measurements were performed on an Agilent LC-MS TOF. High resolution mass are given in m/z.
Enantiomeric excesses were measured on an Agilent HPLC. Optical rotations were measured on a
Polartronic M polarimeter using a 0.5 cm cell with a Na 589 nm filter. X-ray analysis was performed
by Dr. R. Scopelliti and Dr. F. F. Tirani at the EPF Lausanne.
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8.2 Synthesis of Chiral Cp* Ligands and Cp*Ru (II)

Complexes

Procedures for Preparation of Chiral Bicycle[3.3.0]octatrienes (2.5).

The synthesis of chiral bicycle[3.3.0]octatrienes were accomplished based on the reported

procedures.® 122

{ \ @ 0
/ 6”‘ (10 mol 9 | l ' i
mol %) i-BuoNH (1.5 equiv.)
p-NO,CgH,OH (1 equiv.)
> +
@ p-NO,CgH4OH (20 mol %) Ar Ar MeOH/DCM, 24 h, rt

MeOH/DCM, 20 h, rt Ar
(3 equiv.) 2.5

To a solution of (R)-2-(((tert-butyldimethylsilyl)oxy)diphenylmethyl)pyrrolidine (10 mol %, 334 mg,
0.908 mmol) and p-nitrophenol (20 mol %, 253 mg, 1.82 mmol) in MeOH/DCM (9.1 mL/9.1 mL) was
added q,B-unsaturatedaldehyde (9.08 mmol) at room temperature under N,. The mixture was stirred
for 1 min before the addition of cyclopentadiene (2.29 mL, 3 equiv., 27.2 mmol). After stirring the
reaction mixture for 20 h at room temperature, excess cyclopentadiene was azeotropically removed
with toluene from the reaction mixture. To the solution of crude mixture in MeOH/DCM (3 mL/3 mL)
were added p-nitrophenol (1.26 mg, 1 equiv., 9.08 mmol ) and diisobutylamine (2.38 mL, 1.5 equiv.,
13.6 mmol) at room temperature. The obtained solution was stirred for 24 h under N.. The resulting
mixture was quenched with pH 7.0 phosphate buffer. The organic layer was extracted with EtOAc (3
x 40 mL), the combined organic layer was washed with brine, dried over Na,SO, and filtrated. After
the solvent was removed under reduced pressure, the residue was purified by silica gel column
chromatography (n-pentane to n-pentane/EtOAc = 100/1/1 to n-pentane/EtOAc/DCM = 50/1/1) to
afford the product 2.5.

IO

O (R)-1-Phenyl-1,2-dihydropentalene (2.5)

Orange solid, 669 mg, 41% yield (Over two steps); 98.5:1.5 er. [a]p®® -60.2 (c 0.44, CH,Cl);
Analytical data: *H NMR (400 MHz, Benzene-ds) & 7.14 — 7.07 (m, 3H), 7.07 — 7.02 (m, 1H), 6.86
(dd, J = 5.2, 1.8 Hz, 1H), 6.37 — 6.19 (m, 2H), 5.91 (q, J = 2.0 Hz, 1H), 3.93 (dt, J = 6.8, 2.3 Hz, 1H),
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3.15 (ddd, J = 19.9, 6.6, 2.8 Hz, 1H), 2.66 (dt, J = 19.9, 2.5 Hz, 1H).:*C NMR (101 MHz, C¢Ds)
154.28, 153.86, 145.01, 142.58, 140.29, 128.82, 127.62, 126.53, 117.09, 112.82, 51.75, 42.56.The
enantiomeric excess was determined by Daicel Chiralpak 1B (25 cm), Hexanes/IPA = 99/1, 1.0
mL/min?, A = 254 nm, tgr (major) = 5.17 min, tz (minor) = 4.53 min. After crystallization in pentane

and ether, 2.5 was obtained with >99.5:0.5 er.

?
‘
\‘.

——5.155

Ll

T T T P P P
Peak RetTime Type Width LArea Height Area
i [min] [min] [MAU*s ] [mAU] %

Sl R |~ | -———m |~

1 4.535 BB 0.0857 228.60638 41.85774 50.0582

2 5.155 BB 0.093c 228.07510 37.17632 49.9418

81
=2 —
) 2‘5 ;.“" 7|5 1‘0 12I 5 1‘5 17I 5 ZID 22I 5 mil
Peak RetTime Type Width Area Height Area
1 (min] [min] [(MAU*s] [mAU] %
R e | === R B
1 4.529 BB 0.1537 10.22106 9.19750e-1 1.6916
2 5.171 BB 0.0957 594.00787 96.71053 98.3084
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General Procedures for Preparation of Chiral Ligands (2.7).

GQ . ©/L' Et,0, benzene

-40 °C

S Sw O
2.7 2T

98.5:11.5 er

The freshly prepared Ph-Li solution (5 equiv., 6.7 mmol in 6.7 mL Et,O) in Et,O was added slowly to
a solution of corresponding (R)-1-Phenyl-1,2-dihydropentalene (1.34 mmol) in anhydrous Et,O (11
mL) and benzene (4.4 mL) at -40 °C. The reaction was stirred at -40 °C, and allowed to warm up
slowly. After the reaction was complete (monitored by TLC), at the time, the temperature became -
18 °C. Then, the reaction mixture was stirred at 0 °C and quenched with water. The organic layer
was extracted with ether (3x30 mL). The combined organic layer was dried over Na>SO, and filtered.
After the solvent was removed under reduced pressure, the residue was purified through silica gel

(PE to PE/Et,O 100/1) giving the desired product as a mixture of Cp* compounds.

Pale yellow gum, 267 mg, 6.8:1 ratio of double bond isomers,

O 75% yield. Analytical data for major isomer 2.7: *H NMR (400
3 = MHz, Chloroform-d) & 7.30 (m, 5H), 7.24 — 7.13 (m, 5H), 6.47
@ @ (d, J=5.4 Hz, 1H), 6.38 (dt, J = 5.3, 1.8 Hz, 1H), 4.28 — 4.15
2.7 2.7 (m, 2H), 2.96 — 2.78 (m, 2H), 2.75 (ddd, J = 7.6, 5.7, 2.0 Hz,

2H). *C NMR (101 MHz, CDCl3) & 153.22, 152.84, 146.44, 145.62, 136.77, 129.27, 128.64, 128.52,

127.74,127.45, 127.31, 126.26, 51.36, 47.81, 46.42, 36.90. HRMS (ESI) calcd for CxoH1g": [M+H]*:
259.1481, Found: 259.1486.

+

////

General Procedures for the Syntheses of [Cp*Ru(CsHs)]Cl Complexes (Ru.3a)

TIOEt (1.1 equiv.) benzene, 23 °C, 16 h @ o
+ then [(CgHg)RUCI,], (0.55 equiv.) ) ]
MeCN, 23 °C, 20-24 h >
Gy
2.7 2.7 Ru
Ru.3a

In a dry Schlenk tube, the mixture of ligand isomers 2.7 and 2.7' (400 mg, 1.548 mmol) were

dissolved in degassed benzene (8 mL) under N». TIOEt (425 mg, 1.1 equiv., 1.703 mmol) dissolved
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in benzene (2 mL) was injected to Schlenk tube. The obtained mixture was stirred under N> at room
temperature and protected from light for 16 h. The obtained brown TICp-suspension was added to a
suspension of [(CsHs)RUCl]2 (426 mg, 0.55 equiv., 0.852 mmol) in 45 ml degassed acetonitrile. The
mixture was stirred under N2 at room temperature in the dark for 24 h. The brown mixture was filtered
through a short pad of celite and washed with DCM. After the solvent was removed under reduced
pressure, the residue was purified by acidic alumina column chromatography (DCM to DCM/MeOH
= 30/1) to afford the product Ru.3a.

Brown foam, 700 mg, 96% vyield. [a]p?° -32.2 (c 0.44, CH.Cl,); Analytical data Ru.3aa, *H NMR (400
MHz, Chloroform-d) & 7.42 (t, J = 7.5 Hz, 2H), 7.30 (dd, J = 14.7, 7.6 Hz, 4H), 7.24 (s, 1H), 7.19 (t,
J=7.2 Hz, 1H), 7.10 (d, J = 7.5 Hz, 2H), 6.05 (s, 6H), 5.59 (s, 1H), 5.43 (s, 1H), 5.40 (s, 1H), 4.40
(d, J=7.9 Hz, 1H), 4.18 (dd, J = 10.5, 6.9 Hz, 1H), 3.03 (td, J = 12.0, 8.1 Hz, 1H), 2.76 (dd, J = 12.8,
7.0 Hz, 1H). 3C NMR (101 MHz, Chloroform-d) & 141.81, 140.31, 128.97, 127.53, 127.25, 126.83,
126.37, 113.29, 111.84, 87.38, 84.33, 74.40, 43.49, 42.38, 39.75. IR (ATR): v(cm™) = 3018, 1495,
1443, 833, 760, 737, 557; HRMS (ESI) calcd for [C2sH23Ru]*: 407.0838, Found: 407.0846.

The reaction was carried out in 0.35 mmol scale.

Brown faom, 138 mg, 79% vyield. [a]p?° -5.7 (c 0.27, CH.Cl,);; Analytical data Ru.3ab, 'H NMR (400
MHz, Chloroform-d) & 7.41 (d, J = 7.7 Hz, 1H), 7.32 (d, J = 7.0 Hz, 1H), 7.25 — 7.17 (m, 3H), 7.14 (t,
J=7.3Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.62 (d, J = 7.6 Hz, 1H), 6.26 (s, 6H), 5.66 (s, 1H), 5.48 (s,
1H), 5.14 (s, 1H), 4.48 (d, J = 7.5 Hz, 1H), 4.08 (dd, J = 10.8, 6.4 Hz, 1H), 3.11 (td, J = 11.7, 7.6 Hz,
1H), 2.46 (s, 3H), 2.44 — 2.36 (m, 1H), 2.32 (s, 3H). *C NMR (101 MHz, Chloroform-d) & 139.48,
136.80, 136.74, 136.25, 131.44, 131.20, 127.73, 127.31, 126.20, 126.16, 124.90, 124.78, 115.90,
111.23, 88.08, 84.46, 42.25, 39.82, 37.51, 20.47, 19.68. IR (ATR): v(cm™) = 3052, 3017, 2912, 2851,
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1487, 1439, 1380, 1053,L 1027, 926, 830, 749. 725; HRMS (ESI) calcd for [C2sH27Ru]": 465.1151,
Found: 465.1151.

The reaction was carried out in 0.46 mmol scale.

Pale brown foam, 180 mg, 73% vyield. [a]p?° -7.3 (¢ 0.33, CH.Cl,); Analytical data Ru.3ac, *H NMR
(400 MHz, Chloroform-d) & 7.31 (td, J = 6.3, 5.8, 3.0 Hz, 2H), 7.21 (ddd, J = 8.6, 5.9, 3.2 Hz, 1H),
7.03 (td, J = 7.5, 1.1 Hz, 1H), 6.93 (dd, J = 8.5, 1.1 Hz, 1H), 6.88 — 6.82 (m, 3H), 6.02 (s, 6H), 5.55
(s, 1H), 5.34 (d, J = 1.7 Hz, 1H), 5.26 — 5.22 (m, 1H), 4.34 (d, J = 7.9 Hz, 1H), 4.19 (dd, J = 10.9, 6.6
Hz, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 2.99 (ddd, J = 12.9, 10.9, 8.1 Hz, 1H), 2.55 (dd, J = 13.0, 6.9 Hz,
1H). C NMR (101 MHz, Chloroform-d) & 157.71, 156.73, 129.46, 128.83, 128.57, 128.47, 126.30,
125.14, 120.51, 120.35, 115.28, 111.57, 110.72, 110.58, 87.05, 84.08, 74.92, 55.56, 55.45, 39.98,
36.79, 35.76. IR (ATR): v(cm™) = 2964, 2835, 1597, 1490, 1456, 1437, 1242, 1106, 1025, 925, 753,
720; HRMS (ESI) calcd for [C2sH27RUO:]": 497.1049, Found: 497.1053.

MeO

MeO The reaction was carried out in 0.35 mmol scale.

Pale brown foam, 163 mg, 88% yield. [a]o?° -23.6 (c 0.31, CH:Cl,); Analytical data Ru.3ad, *H NMR
(400 MHz, Chloroform-d) & 7.22 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.4 Hz,
2H), 6.82 (d, J = 8.4 Hz, 2H), 6.08 (s, 6H), 5.63 (s, 1H), 5.49 (s, 1H), 5.41 (s, 1H), 4.30 (d, J = 7.7
Hz, 1H), 4.14 (dd, J = 10.4, 6.9 Hz, 1H), 3.85 (s, 3H), 3.77 (s, 3H), 2.92 (ddd, J = 12.6, 10.5, 7.8 Hz,
1H), 2.76 (dd, J = 12.7, 7.0 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) & 158.55, 133.92, 132.34,
127.78, 127.42, 114.17, 114.10, 113.68, 111.96, 87.13, 84.04, 74.61, 74.27, 55.42, 55.33, 43.87,
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41.50, 38.95. IR (ATR): v(cm™) = 2988, 2912, 1608, 1509, 1439, 1243, 1178, 1027, 826, 743; HRMS
(ESI) calcd for [CogH27RUO:]*: 497.1049, Found:

The reaction was carried out in 0.876 mmol scale.

Pale brown foam, 459 mg, 94% yield. [a]p?° -35.3 (c 0.15, CH,Cl,); Analytical data Ru.3ae, *H NMR
(400 MHz, Chloroform-d) & 7.27 (d, J = 9.6 Hz, 2H), 7.20 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 8.0 Hz,
2H), 7.01 (d, J = 8.0 Hz, 2H), 6.05 (s, 6H), 5.43 (d, J = 2.1 Hz, 1H), 5.40 (d, J = 2.1 Hz, 1H), 4.27 (d,
J =7.8 Hz, 1H), 4.15 (dd, J = 10.5, 6.9 Hz, 1H), 3.01 — 2.88 (m, 2H), 2.84 (p, J = 6.9 Hz, 1H), 2.76
(dd, J = 12.7, 7.0 Hz, 1H), 1.26 (d, J = 6.9 Hz, 6H), 1.19 (d, J = 7.0 Hz, 6H). 3C NMR (101 MHz,
Chloroform-d) 6 148.24, 147.87, 139.06, 137.74, 126.96, 126.84, 126.71, 126.31, 113.64, 112.05,
87.29, 84.42, 77.37, 74.81, 74.44, 43.60, 42.08, 39.45, 33.75, 33.71, 24.11, 24.01. IR (ATR): v(cm
1) = 2957, 2868, 1511, 1438,1415, 1382, 1055, 1017, 857, 825; HRMS (ESI) calcd for [Ca:HasRU*]*:
521.1777, Found: 521.1780.

Ph
©
Cl
) Ul
N |®
o
Ph The reaction was carried out in 0.21 mmol scale.

Brown foam, 105 mg, 81% vyield. [a]o® -37.2 (¢ 1.0, CHCIs); Analytical data Ru.3af, *H NMR (400
MHz, CDCls) 7.68 (d, J = 7.9 Hz, 2H), 7.63 (d, J = 7.7 Hz, 2H), 7.56 - 7.29 (m, 12H), 7.21 (d, J = 8.0
Hz, 2H), 6.11 (s, 6H), 5.62 (s, 1H), 5.51 (s, 1H), 5.47 (s, 1H), 4.50 (d, J = 7.7 Hz, 1H), 4.25 (dd, J =
10.4, 7.0 Hz, 1H), 3.16 - 3.00 (m, 1H), 2.85 (dd, J = 12.8, 7.0 Hz, 1H). 3C NMR (100 MHz, CDCls)
0 140.87, 140.50, 140.24, 140.23, 140.01, 139.30, 129.07, 128.91, 127.80, 127.65, 127.50, 127.46,
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127.39, 127.08, 127.04, 127.01, 113.22, 111.87, 87.66, 84.58, 75.33, 74.68, 43.80, 42.21, 39.69. IR
(ATR): v(cm™) = 3381, 3056, 3030, 2930, 1599, 1487, 1440, 1407, 925, 831, 765, 742, 698, 499;
HRMS (ESI) calcd for [CsgH3z1Ru]*™: 589.1464, Found: 589.1468.

497.1049.
Me
Me Cl@
) Ul
N |®
MGQ Ry
Me The reaction was carried out in 0.55 mmol scale.

Brown foam, 83.1 mg, 54% yield. [a]p?° -4.0 (c 0.25, CH2Cl,); Analytical data Ru.3ag, *H NMR (400
MHz, CDCls) & = 6.95 (s, 1H), 6.89 (s, 2H), 6.83 (s, 1H), 6.67 (s, 2H), 5.97 (s, 6H), 5.61 (s, 1H), 5.44
(s, 1H), 5.38 (s, 1H), 4.25 (d, J=7.4, 1H), 4.11 (dd, J=10.3, 6.9, 1H), 3.00 — 2.86 (m, 1H), 2.72 (dd,
J=12.6, 7.1, 1H), 2.37 (s, 6H), 2.23 (s, 6H). 3C NMR (101 MHz, CDCls) 5 141.73, 140.21, 138.48,
138.37, 128.95, 128.86, 124.56, 124.15, 113.35, 111.89, 87.81, 85.20, 77.37, 75.42, 74.69, 43.90,
42.44,39.67, 21.70, 21.42. IR (ATR): v(cm™) = 3033,2917, 2863, 1601, 1438, 1376, 1036, 925, 846,
724; HRMS (ESI) calcd for [CaoH31Ru]*: 493.1464, Found: 493.1468.

General Procedures for Counteranion Exchange of Chiral [Cp*Ru(CsHs)]Cl Complexes (Ru.3a)

W e
: . | |
S @ AgPFg (1.2 equiv.)
N | ® >
@ Ru DCM (0.2 M)
15-30 min, 23 °C
Ru.3a Ru.3b

To a solution of obtained complex Ru.3a (1 equiv.) in dry DCM at room temperature was added a
solution of AgPFs (1.20 equiv.) in dry DCM under N2. The mixture was stirred for 15-30 min at room

temperature in the dark. AgCl was removed by filtration over paper and all volatiles removed under
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reduced pressure. The residue was purified by acidic aluminia column chromatography (DCM to
DCM/MeOH = 30/1) to afford the product Ru.3b.

Brown foam, 109 mg, 97% yield; Analytical data Ru.3ba, [a]p?° -26.3 (¢ 1.0, CH.Cl,); Mp = 196.7-
197.5 °C; Analytical data Ru.3ba: *H NMR (400 MHz, CD,Cl,) & 7.46 (t, J = 7.5 Hz, 2H), 7.37 (d, J =
7.6 Hz, 1H), 7.35 - 7.28 (m, 4H), 7.27 - 7.22 (m, 1H), 7.15 - 7.10 (m, 2H), 5.83 (s, 6H), 5.38 (d, J =
1.4 Hz, 2H), 5.31 - 5.30 (t, J = 1.1 Hz, 1H), 4.25 (dd, J = 10.5, 7.1 Hz, 1H), 4.17 (d, J = 8.0 Hz, 1H),
2.95 (ddd, J = 12.9, 10.5, 8.0 Hz, 1H), 2.80 (dd, J = 12.9, 7.1 Hz, 1H). *C NMR (100 MHz, CD,Cl,)
0 142.12, 140.64, 129.30, 129.27, 127.85, 127.62, 127.03, 126.57, 114.07, 112.36, 86.98, 83.65,
74.66, 74.64, 43.63, 42.65, 40.02. F NMR (376 MHz, CD.Cl,) 5 -72.73 (d, J = 711.3 Hz). 3P NMR
(162 MHz, CD,Cl,) & -144.37 (hept, J = 711.2 Hz). IR (ATR): Vmax (cm™) = 3671, 3096, 3061, 3029,
2967, 2945, 1602, 1497, 1444, 835, 761, 704, 557, 489, 470, 407, 385; HRMS (ESI) calcd for
[C2sH23Ru]™: 407.0838, Found: 407.0818.

Brown foam, 50.5 mg, 83% yield; Analytical data Ru.3bb, [a]p?° +12.8 (¢ 1.0, CHCIs); Analytical data
Ru.3bb: 'H NMR (400 MHz, CDCls) 7.39 (d, J = 7.7 Hz, 1H), 7.32 (ddd, J = 8.0, 5.5, 3.2 Hz, 1H),
7.23-7.19 (m, 2H), 7.17 (dd, J = 7.5, 1.6 Hz, 1H), 7.12 (td, J = 7.4, 1.4 Hz, 1H), 7.06 (td, J = 7.5,
1.6 Hz, 1H), 6.62 (dd, J = 7.6, 1.4 Hz, 1H), 6.04 (s, 6H), 5.42 (t, J = 2.4 Hz, 1H), 5.28 (d, J = 2.3 Hz,
1H), 5.11 (d, J = 2.3 Hz, 1H), 4.34 (d, J = 7.7 Hz, 1H), 4.06 (dd, J = 10.9, 6.4 Hz, 1H), 3.06 (ddd, J
=12.5,10.9, 7.9 Hz, 1H), 2.42 (s, 3H), 2.40 - 2.35 (m, 1H), 2.31 (s, 3H). 1*C NMR (100 MHz, CDCls)
0 139.67, 136.73, 136.63, 136.37, 131.36, 131.17, 127.67, 127.23, 126.27, 126.11, 124.85, 124.76,
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115.85, 111.30, 86.95, 82.99, 74.30, 73.40, 41.95, 39.28, 37.51, 19.77, 19.62. °F NMR (376 MHz,
CDCl3) d -72.20 (d, J = 713.0 Hz). 3P NMR (162 MHz, CDCl3) 5 -146.46 (hept, J = 711.2 Hz). IR
(ATR): vmax (cm™) = 3102, 3018, 2951, 1490, 1443, 914, 837, 756, 731, 558, 453, 399; HRMS (ESI)
calcd for [CosH27RuU]™: 465.1151, Found: 465.1151.

White foam, 70.6 mg, 77% vyield; Analytical data Ru.3bc, [a]o?® -4.60 (c 1.0, CH:Cl,); Mp = 140.3-
141.0 °C; Analytical data Ru.3bc: *H NMR (400 MHz, CDCl3) & 7.37 - 7.31 (m, 2H), 7.26 - 7.19 (m,
1H), 7.05 (t, J = 7.0 Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 6.91 - 6.82 (m, 3H), 5.86 (s, 6H), 5.35 - 5.26
(m, 3H), 4.34 (d, J = 7.9 Hz, 1H), 4.24 (dd, J = 10.8, 6.7 Hz, 1H), 3.89 (d, J = 2.4 Hz, 6H), 3.00 (ddd,
J =13.0, 10.8, 8.2 Hz, 1H), 2.61 (dd, J = 12.9, 6.8 Hz, 1H). **C NMR (100 MHz, CDCls) 157.79,
156.91, 129.60, 128.90, 128.62, 128.57, 126.29, 125.11, 120.53, 120.35, 115.41, 112.07, 110.82,
110.71, 86.34, 82.80, 75.02, 74.32, 55.52, 55.35, 39.69, 36.75, 35.97. °F NMR (376 MHz, CDCl3) &
-72.68 (d, J = 713.0 Hz). 3'P NMR (162 MHz, CDCls) & -142.10 (hept, J = 712.8 Hz). IR (ATR): Vimax
(cm™) 3097, 2941, 2840, 1599, 1586, 1462, 1289, 1246, 1109, 1053, 1027, 912, 836, 755, 729, 648,
557, 488, 475, 461, 404, 382; HRMS (ESI) calcd for [CosHz7RUO2]*: 497.1049, Found: 497.1052.

MeQO

////

MeO

Brown foam, 23.0 mg, 79% yield; Analytical data Ru.3bd, [a]p?° -8.50 (¢ 1.0, CH,Cl,); Analytical data
Ru.3bd: 'H NMR (400 MHz, CD:Cl,) & 7.18 (d, J = 8.3 Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H), 6.96 (d, J
= 8.7 Hz, 2H), 6.81 (d, J = 8.8 Hz, 2H), 5.82 (s, 6H), 5.34 (t, J = 2.4 Hz, 1H), 5.30 - 5.29 (m, 1H),
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5.28 (dd, J = 2.3, 0.7 Hz, 1H), 4.15 (dd, J = 10.5, 7.1 Hz, 1H), 4.08 (d, J = 7.8 Hz, 1H), 3.81 (s, 3H),
3.73 (s, 3H), 2.83 (ddd, J = 12.8, 10.5, 7.8 Hz, 1H), 2.73 (dd, J = 12.8, 7.1 Hz, 1H). *C NMR (100
MHz, CD,Cl,) & 158.80, 133.73, 132.28, 127.65, 127.23, 114.26, 114.18, 114.10, 112.30, 86.55,
83.16, 74.15, 74.11, 55.32, 55.26, 43.61, 41.55, 38.93. 1°F NMR (376 MHz, CD,Cl,) 5 -72.76 (d, J =
711.0 Hz). 3P NMR (162 MHz, CD,Cl,) & -144.37 (hept, J = 711.3 Hz). IR (ATR): Vimax (cm™) = 3101,
2958, 2930, 2840, 1610, 1582, 1511, 1461, 1443, 1304, 1248, 1180, 1115, 1030, 956, 836, 767,
734, 709, 556, 412; HRMS (ESI) calcd for [CasH2702-RU]*: 497.1049, Found: 497.1058.

iPr

__
[y
@@
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White foam, 38 mg, 93% yield; Analytical data Ru.3be, [a]po?° -33.3 (¢ 0.42, CH.Cl,); Analytical data
Ru.3be: *H NMR (400 MHz, Chloroform-d) & 7.30 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 7.12
(d, J = 7.9 Hz, 2H), 7.02 (d, J = 8.1 Hz, 2H), 5.85 (s, 6H), 5.41 (d, J = 2.4 Hz, 1H), 5.39 (d, J = 2.4
Hz, 1H), 4.16 (dd, J = 10.4, 7.3 Hz, 2H), 2.99 — 2.87 (m, 2H), 2.87 — 2.81 (m, 1H), 2.77 (dt, J = 12.8,
6.1 Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H), 1.20 (s, 6H). *C NMR (101 MHz, Chloroform-d) & 148.18,
147.77,139.33, 137.88, 126.97, 126.89, 126.73, 126.29, 113.66, 112.37, 86.67, 83.50, 74.39, 74.27,
43.45, 41.77, 39.43, 33.78, 33.73, 24.15, 24.12, 24.05. **F NMR (376 MHz, Chloroform-d) & -72.28
(d, J = 713.1 Hz). 3P NMR (162 MHz, Chloroform-d) & -144.22 (hept, J = 713.1 Hz). IR (ATR): Vimax
(cm™) = 2959, 2929, 2870, 1512, 1443, 1055, 1018, 833, 557; HRMS (ESI) calcd for [CsHasRU]*:
521.1777, Found: 521.1782.
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Brown foam, 45.0 mg, 96% yield; Analytical data Ru.3bf, [a]p? -38.6 (c 1.0, CHCIs); Analytical data
Ru.3bf: *H NMR (400 MHz, CDCls) & 7.67 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 7.4 Hz, 2H), 7.54 - 7.29
(m, 12H), 7.16 (d, J = 8.1 Hz, 2H), 5.85 (s, 6H), 5.39 (d, J = 5.0 Hz, 1H), 5.33 (s, 1H), 4.26 (d, J =
7.8 Hz, 2H), 4.19 (dd, J = 10.5, 7.2 Hz, 1H), 2.96 (ddd, J = 12.9, 10.6, 8.0 Hz, 1H), 2.80 (dd, J =
12.9, 7.1 Hz, 1H). ¥C NMR (100 MHz, CDClz) & 141.04, 140.42, 140.09, 140.04, 140.02, 139.35,
129.06, 128.96, 127.73, 127.58, 127.53, 127.40, 127.33, 127.05, 127.01, 126.92, 113.09, 111.88,
86.76, 83.57, 74.49, 74.38, 43.60, 41.78, 39.53. **F NMR (376 MHz, CHCI3) & -72.02 (d, J = 713.2
Hz). 3P NMR (162 MHz, CHCls) & -144.17 (hept, J = 712.8 Hz). IR (ATR): Vmax (cm™) = 3097, 3056,
3030, 2961, 2927, 2855, 1519, 1488, 1443, 1407, 1261, 1217, 1007, 914, 835, 764, 699, 557, 499;
HRMS (ESI) calcd for [CsgH3z1Ru]*: 589.1464, Found: 589.1457.

Brown foam, 27.1 mg, 54% yield; Analytical data Ru.3bg, [a]o® -19.0 (c = 1.45, CHCIs); Analytical
data Ru.3bg: *H NMR (400 MHz, CDCI3) & (ppm) = 6.97 (s, 1H), 6.88 (s, 2H), 6.85 (s, 1H), 6.68 (s,
2H), 5.87 (s, 6H), 5.45 (t, J = 2.3 Hz, 1H), 5.42 (s, 1H), 5.36 (s, 1H), 4.18 - 4.11 (m, 1H), 4.11 - 4.06
(m, 1H), 2.94 - 2.82 (m, 1H), 2.81 - 2.71 (m, 1H), 2.38 (s, 6H), 2.25 (s, 6H); *C NMR (101 MHz,
CDCI3) & (ppm) = 141.8, 140.3, 138.7, 138.6, 129.1, 129.0, 124.6, 124.1, 113.5, 112.3, 86.8, 83.8,
74.7,43.6,42.2,39.7, 21.7, 21.5; 1°F NMR (376 MHz, CDCI3) & (ppm) = -72.4 (d, J = 712.7 Hz); 3'P
NMR (162 MHz, CDCI3) & (ppm) = -144.3 (hept, J = 712.7 Hz); IR (ATR): Vmax (cmt) = 3095, 2920,
1676, 1603, 1443, 837, 558; HRMS (ESI) calcd for [CsoH3z1RuU]*: 493.1464, Found: 493.1465.
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Procedures for the Synthesis of the Active Complex (Ru.4b)

—PFe°

hv, MeCN

\\‘\ AN
MeCN ‘ NCMe
MeCN

Ru.3b Ru.4b

A solution of complex Ru.3b (0.029 mmol, 1 equiv.) in degassed acetonitrile (0.02 M) transferred to
a photochemical reactor (ACE glass, PenRay ® low-pressure mercury lamp, 5.5 Watts, 254 nm
wavelength). The system was closed and irradiated for 24 h under nitrogen purging. The reaction
mixture turned to yellow from colorless solution. The resulting solution was concentrated under
reduced pressure. In order to remove residual volatiles, freeze-dry using liquid N2> and high vacuum
was used. After removing volatiles, it produced corresponding trisacetonitrile Ru.4b as a brown

foam.

Brown foam, 17.8 mg, 100% vyield; Analytical data Ru.4ba, [a]p* -25.9 (c 0.8, CH3CN);: *H NMR
(600 MHz, CDsCN) & 7.47 - 7.43 (m, 2H), 7.37 (t, J = 7.7 Hz, 2H), 7.32 - 7.28 (m, 2H), 7.25 (d, J =
7.4 Hz, 1H), 7.22 (d, J = 8.0 Hz, 3H), 4.36 (t, J = 2.2 Hz, 1H), 4.14 (d, J = 2.3 Hz, 1H), 3.97 (dd, J =
10.9, 6.7 Hz, 1H), 3.87 - 3.84 (m, 2H), 2.93 (ddd, J = 12.3, 10.9, 8.1 Hz, 1H), 2.53 (dd, J = 12.3, 6.6
Hz, 1H). 3C NMR (151 MHz, CDsCN) & 144.10, 141.64, 129.54, 129.08, 128.64, 128.00, 127.51,
127.48, 102.73, 95.35, 78.50, 61.76, 55.17, 44.22, 42.20, 40.82. °F NMR (376 MHz, CDsCN) & -
72.87 (d, J = 706.4 Hz). *'P NMR (243 MHz, CDsCN) & -143.18 (hept, J = 707.1 Hz). IR (ATR): Vinax
(cm') = 3088, 3057 ,3028 ,2936 ,1652 ,1601 ,1496 ,1449 ,1031 ,836 ,763 ,703 ,558; HRMS (ESI)
calcd for [CxoH17Ru]™: 359.0368, Found: 359.0360.
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Procedures for the Synthesis of Neutral Cp*RuX Complexes (Ru.6a and Ru.6b).

‘ o2 10 equiv. NBD ‘
N\ . | PFo 1.1 equiv. BUNX A\
&)
@ \\\Ru\ DCM, 23 °C @ X\\\\Ru\
\\\\ N
vecN"/ MeCN \K
MeCN
Ru.4ba

X =Cl, 47% yield Ru.6a
X =1,15% yield Ru.6b

A solution of Ru.4ba (1 equiv.) and tetrabutylammonium chloride (1.1 equiv.) was dissolved in DCM.
Then, freshly distilled norbornadiene (10 equiv.) was added into the reaction mixture. Stirred the
reaction mixture for 15 h, then, all volatiles were removed under reduced pressure. The crude

mixture was purified by silica column chromatography (DCM to n-pentane/EA = 3/1 (viV')).

N
N

@CI““‘RU

o

Brown foam, 2.64 mg, 47% yield; Analytical data Ru.6a, [a]p?®® +103.3 (c = 0.1, CH.Cl,);: *H NMR
(400 MHz, CD4Cl,) & (ppm) 7.36 - 7.27 (m, 4H), 7.23 (dd, J = 11.2, 6.4 Hz, 4H), 7.18 (d, J = 7.7 Hz,
2H), 5.04 (s, 1H), 4.70 (d, J = 2.9 Hz, 2H), 4.54 - 4.45 (m, 1H), 4.22 (d, J = 6.3 Hz, 2H), 4.13 (d, J =
2.6 Hz, 1H), 4.07 (d, J = 8.1 Hz, 1H), 3.58 (s, 1H), 3.56 - 3.52 (m, 1H), 3.35 (s, 1H), 2.75 (td, J =
11.4, 8.2 Hz, 1H), 2.29 (dd, J = 12.4, 6.7 Hz, 1H), 1.22 (d, J = 8.0 Hz, 1H), 1.14 (d, J = 8.7 Hz, 1H).
13C NMR (151 MHz, CD,Cl,) & (ppm) = 143.25, 140.23, 128.90, 128.63, 127.92, 127.61, 127.17,
126.78, 122.37,111.17,90.17, 76.16, 73.21, 71.25, 65.30, 62.73, 50.69, 50.32, 49.43, 48.54, 42.60,
42.07, 1.16. IR (ATR): vmax (cm™) = 3060, 3024, 3001, 2927, 2849, 1601, 1495, 1450, 1415, 1304,

1184, 1079, 1031, 870, 799, 766, 734, 701, 484; HRMS (ESI) calcd for [Co7Ho5RU]t, [M-CI]T ,exact
mass: 451.0994, found 451.1005.

123



S
N

@ poRU

i!ﬁ\?

Yellow solid, 0.7 mg, 16% yield; Analytical data Ru.6b, *H NMR (400 MHz, CD.Cl,)  7.36 — 7.27
(m, 4H), 7.22 (td, J = 8.9, 8.0, 6.6 Hz, 4H), 7.14 — 7.10 (m, 2H), 5.10 (dd, J = 2.2, 1.1 Hz, 1H), 5.01
(t, J=2.7 Hz, 1H), 4.64 (d, J = 8.0 Hz, 1H), 4.58 (t, J = 4.0 Hz, 1H), 4.38 (t, J = 4.3 Hz, 1H), 4.33 (t,
J =4.0 Hz, 1H), 4.24 — 4.20 (m, 1H), 4.19 (dd, J = 2.8, 1.2 Hz, 1H), 3.41 (s, 1H), 3.26 (s, 1H), 3.13
(t, J=4.2 Hz, 1H), 2.67 — 2.53 (m, 1H), 2.28 (dd, J = 12.4, 6.6 Hz, 1H), 1.12 — 1.01 (m, 1H), 1.01 -
0.93 (m, 1H). IR (ATR): v (cm™) = 3083, 3056, 3024, 2958, 2920, 1733, 1600, 1581, 1494, 1450,
1303, 1261, 1182, 1077, 1030, 953, 909, 865, 799, 762, 736, 700, 651, 552, 488, 468, 453, 427,
416.

General Procedure for the Synthesis of Chiral Cp*Ru Complexes

The Cp* ligand 2.13 (mixture of isomers, 106 umol, 1.00 eq.) was dissolved in benzene (1.00 mL,
degassed by pump-freeze-thaw, 3 cycles). Then, thallium ethoxide (117 pumol, 1.10 eq.) was added
as a solution in degassed benzene (0.50 mL) under nitrogen atmosphere under the absence of light
at room temperature. The mixture was stirred the mixture at room temperature for 12 h or it was
heated to 80 °C for shortening the reaction time for deprotonation of Cp ligands. After cooling back
to room temperature the resulting brown solution was added dropwise to a suspension of
[Ru(CeHs)Cl2)2 (63.0 pmol, 0.60 eq.) in 8.00 mL degassed acetonitrile. The resulting mixture was
stirred for 18 h protected from light. TICl was removed by filtration over Kimtech paper and all
volatiles were removed under reduced pressure. The residue was dissolved in 1.00 ml MeOH and
filtered again over a pipette filled with paper, washed with MeOH (3 x 1 mL) to remove insoluble
impurities and ruthenocene (Cp*;,Ru) byproducts. The filtrate was evaporated to dryness and purified
by column chromatography on acidic alumina (changing the gradient form pure DCM to DCM/MeOH

= 50/1 (v/v")) to yield sandwich complex with chloride counter anion Ru.1la as brown solid.
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CC? Following the general procedure using 60 mg (0.070 mmol) of
7 corresponding Cp* ligand. Stirred the Cp* ligand with thallium ethoxide

g‘ OR gu at 80 °C for 3 h for the deprotonation.

R = TBDPS

Pale yellow solid, 12 mg, 16% yield; Analytical data Ru.lab: *H NMR (400 MHz, CDCl3) & 7.86 —
7.78 (m, 2H), 7.75 — 7.68 (m, 2H), 7.63 (ddd, J = 8.1, 2.7, 1.3 Hz, 4H), 7.59 — 7.49 (m, 4H), 7.48 —
7.41 (m, 4H), 7.36 (dtd, J = 11.6, 7.5, 5.3 Hz, 7H), 7.20 (ddd, J = 14.8, 7.7, 1.3 Hz, 2H), 7.13 (ddd,
J=8.2,6.8,1.2 Hz, 1H), 6.98 (ddd, J = 8.3, 6.5, 1.5 Hz, 1H), 6.92 (s, 1H), 6.88 (d, J = 8.4 Hz, 1H),
6.51 — 6.44 (m, 1H), 6.07 (s, 6H), 5.72 (s, 1H), 5.44 (s, 1H), 5.20 (s, 1H), 4.15 (d, J = 13.9 Hz, 1H),
4.04 (d, J=15.0 Hz, 1H), 3.13 (d, J = 13.9 Hz, 1H), 2.88 (d, J = 15.1 Hz, 1H), 1.25 (s, 9H), 1.17 (s,
9H).

CC? Following the general procedure using 72.9 mg (0.106 mmol) of
corresponding Cp* ligand. Stirred the Cp* ligand with thallium ethoxide

at room temperature for 12 h for the deprotonation.

Yellow solid, 34 mg, 35% yield; Analytical data Ru.lac: *H NMR (400 MHz, CDCls) 7.84 (d, J = 8.2
Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.56 (s, 1H), 7.48 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.36 (ddd, J =
8.1, 6.8, 1.2 Hz, 1H), 7.27 (s, 1H), 7.18 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.08 — 6.96 (m, 2H), 6.73 (d,
J = 8.5 Hz, 1H), 6.03 (s, 6H), 5.75 (s, 1H), 5.44 (s, 1H), 5.12 (s, 1H), 3.93 (dd, J = 14.4, 10.8 Hz,
2H), 3.02 (d, J = 13.9 Hz, 1H), 2.91 (d, J = 14.9 Hz, 1H), 1.43 (h, J = 7.4 Hz, 6H), 1.23(d, J=7.5
Hz, 9H), 1.19 — 1.11 (m, 27H).
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CC? Following the general procedure using 14.6 mg (0.039 mmol) of
corresponding Cp* ligand. Stirred the Cp* ligand with thallium ethoxide

@
g‘ OH ;u at room temperature for 12 h for the deprotonation.

White solid, 1.5 mg, 7% yield; Analytical data Ru.lae: *H NMR (400 MHz, CDs;OD) 5 7.81 (d, J=8.3
Hz, 1H), 7.68 (s, 1H), 7.51 (s, 1H), 7.43 — 7.36 (m, 1H), 7.36 — 7.29 (m, 1H), 7.26 (s, 1H), 7.10 —
6.98 (m, 2H), 6.88 (dd, J = 17.3, 8.4 Hz, 2H), 6.01 (s, 6H), 5.49 (s, 1H), 5.34 (d, J = 2.4 Hz, 1H), 5.19
(t, J = 2.4 Hz, 1H), 4.05 (d, J = 15.3 Hz, 1H), 3.90 (d, J = 13.7 Hz, 1H), 3.02 (d, J = 13.7 Hz, 1H),
2.83 (d, J =15.3 Hz, 1H).
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General Procedure for Counteranion Exchange of Chiral [Cp*Ru(CsHe)]ClI Complexes (Ru.la)

S
Cl AgPFg (1.2 equiv.) PFs
> =
DCM (0.2 M) ®
15-30 min, 23 °C g‘ OR gu

Ru.1b

To a solution of obtained [Cp*Ru(CsHe)]Cl complex Rula (1 equiv.) in dry DCM at room temperature
was added a solution of AgPFe (1.20 equiv.) in dry DCM under N2. The mixture was stirred for 15-30
min at room temperature in the dark. AgCl was removed by filtration over paper and all volatiles
removed under reduced pressure. The residue was purified by acidic aluminia column
chromatography (DCM to DCM/MeOH = 30/1) to afford the product 4.

—\ PF?
L
&

R =TBDPS

Brown solid 7.3 mg, 94% yield; Analytical data Ru.1bb: *H NMR (400 MHz, CDCl3) 5 7.84 — 7.75 (m,
2H), 7.72 (dd, J = 8.1, 1.4 Hz, 2H), 7.64 (td, J = 8.3, 1.4 Hz, 4H), 7.59 — 7.54 (m, 2H), 7.54 — 7.50
(m, 2H), 7.48 — 7.42 (m, 4H), 7.42 — 7.32 (m, 8H), 7.21 (ddd, J = 8.2, 6.6, 1.2 Hz, 1H), 7.14 (ddd, J
= 8.2, 6.8, 1.3 Hz, 1H), 6.99 (ddd, J = 8.3, 6.6, 1.5 Hz, 1H), 6.94 (s, 1H), 6.90 (dd, J = 8.4, 1.1 Hz,
1H), 6.49 (dd, J = 8.5, 1.1 Hz, 1H), 5.94 (s, 6H), 5.38 (d, J = 2.4 Hz, 1H), 5.37 — 5.33 (m, 1H), 5.19
(t, J = 1.7 Hz, 1H), 4.13 (d, J = 14.0 Hz, 1H), 4.04 (d, J = 15.1 Hz, 1H), 3.10 (d, J = 14.0 Hz, 1H),
2.88 (d, J = 15.1 Hz, 1H), 1.26 (s, 9H), 1.18 (s, 9H). 3P NMR (162 MHz, CDCls) 8 -129.73, -135.56,
-139.96, -144.36, -148.76, -153.16, -157.56.
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Yellow solid, 15 mg, 75% yield; Analytical data Ru.1bc: *H NMR (400 MHz, CDCl3) 5 7.84 (d, J =
8.2 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.57 (s, 1H), 7.49 (ddd, J = 8.1, 6.8, 1.1 Hz, 1H), 7.36 (ddd, J
=8.1, 6.7, 1.1 Hz, 1H), 7.28 (s, 1H), 7.19 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 7.09 — 6.98 (m, 2H), 6.74
(d, J = 8.5 Hz, 1H), 5.91 (s, 6H), 5.43 (s, 1H), 5.34 (t, J = 2.5 Hz, 1H), 5.14 (s, 1H), 3.95 (dd, J =
14.5, 7.5 Hz, 2H), 3.01 (d, J = 13.9 Hz, 1H), 2.92 (d, J = 14.9 Hz, 1H), 1.44 (h, J = 7.5 Hz, 6H), 1.24
(d, J=7.5Hz, 9H), 1.20 — 1.10 (m, 27H). 3P NMR (162 MHz, CDCls) 5 -131.21, -135.60, -140.01, -
144.40, -144.42, -148.81, -153.20, -157.60.

Procedures for the Deprotection of Silyloxy group on [Cp*Ru(CsHe)]PFs Complexes (Ru.1lbc)

OTIPS

©)
_ PF
= | "Fe Bu,NF
@ -
ij-u DMF, 23 °C

Ru.1bc

The ruthenium complex Ru.1lbc (4.02 mg, 3.97 pmol, 1.0 equiv.) was suspended in DMF. To the
mixture was added tetrabutylammonium fluoride (8.34 pl, 8.34 pmol, 2.1 equiv.) as a 1.00 M solution
in THF. Stirred the reaction mixture at room temperature for 20 h, then, the reaction mixture was
concentrated under reduced pressure. The crude product was filtered through Kimtech paper using
chloroform. The filtered solid contained the desired Ru.lbe and excess amount of BusNF was
dissolved in the filtrate. The filtered solid can be dissolved in methanol, which was purified by acidic
alumina column chromatography (DCM to DCM/MeOH = 10/1 (v/V").
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white solid, 2.7 mg, 99% yield; Analytical data Ru.1be: *H NMR (400 MHz, CDsOD) & 7.79 (d, J =
8.2 Hz, 1H), 7.68 (d, J = 8.2 Hz, 1H), 7.50 (s, 1H), 7.38 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.31 (ddd, J
=8.2, 6.8, 1.3 Hz, 1H), 7.25 (s, 1H), 7.02 (dddd, J = 15.1, 8.2, 6.8, 1.3 Hz, 2H), 6.93 — 6.82 (m, 2H),
6.01 (s, 6H), 5.51 — 5.45 (m, 1H), 5.37 — 5.30 (m, 1H), 5.18 (t, J = 2.4 Hz, 1H), 4.05 (d, J = 15.2 Hz,
1H), 3.90 (d, J = 13.8 Hz, 1H), 3.02 (d, J = 13.7 Hz, 1H), 2.82 (d, J = 15.3 Hz, 1H).

X-ray structures of Ru.3ba
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X-ray structures of Ru.3bc

rBv i\

Crystallographic data: CCDC 1816539 for Ru.3ba, 1816540 for Ru.3bc contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

8.3 Enantioselective Ruthenium(ll)-Catalyzed

Synthesis of Benzonorcaradienes

Preparation of phosphate buffered silica (pH = 7)

To 100 g of silica (Silicycle silica gel 60) was added 1 L of disodium hydrogen phosphate (ag, 0.2
M). The pH of the mixture was adjusted to 7 by adding phosphoric acid. The mixture was filtered and

the resulting silica was dried in the oven.
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Preparation of chiral Cp*Ru complexes

Cyclopentane-derived Cp*Ru(ll)(CHsCN)sPFs complexes Ru.2b were prepared by following the
procedures mentioned in Chapter 8.2, and binaphthyl-derived Cp*Ru(ll) complexes Ru.2ba and

Ru.2bf 8565 were prepared according to the reported procedures.

Preparation of oxa-benzonorbornadienes and alkynes

But-2-yne-1,4-diol was purified by flash column chromatography and hept-2-yn-1-ol was distilled with

a Hickman condenser prior to use.

The following compounds were prepared according to the published procedures.

6,7-Dimethoxy-1,4-dihydro-1,4-epoxynaphthalene  (3.13b),!>®*  5,8-dimethoxy-1,4-dihydro-1,4-
epoxynaphthalene (3.13c),*** 6,7-dimethyl-1,4-dihydro-1,4-epoxynaphthalene (3.13d),**® 6,7-
dibromo-1,4-dihydro-1,4-epoxynaphthalene (3.13e),?® but-2-yne-1,4-diyl dimethyl bis(carbonate)
(3.14¢),*?" but-2-yne-1,4-diyl di-tert-butyl bis(carbonate) (3.14d),*?® dibenzyl but-2-yne-1,4-diyl
bis(carbonate) (3.14€),'> but-2-yne-1,4-diyl bis(phenylcarbamate) (3.14f) 28 but-2-yne-1,4-diyl
dibenzoate (3.149),'?° but-2-yne-1,4-diyl diacetate (3.14h),**° 2,2,3,3,10,10,11,11-octamethyl-4,9-
dioxa-3,10-disiladodec-6-yne (3.14i),'3 1,4-bis(benzyloxy)but-2-yne (3.14),% hept-2-yn-1-yl methyl
carbonate (3.14l),1*? 6-phenylhex-2-yn-1-ol (3.14n),'* 4-hydroxybut-2-yn-1-yl methyl carbonate
(3.140).134

neo
MeO

White solid, 430 mg, 62% yield; Analytical data: *H NMR (400 MHz, CDCls) & 7.05 (s, 2H), 6.97 (s,
2H), 5.68 (s, 2H), 3.85 (s, 6H). 13C NMR (101 MHz, CDCI3) & 145.96, 143.47, 141.85, 106.89, 82.71,
56.60. IR (ATR): v (cm™) = 3086, 3008, 2962, 2944, 2916, 2836, 1599, 1485, 1467, 1455, 1412,

1325, 1285, 1206, 1190, 1180, 1062, 966, 871, 856, 787, 735, 694, 638; HRMS (APPI/LTQ-Orbitrap)
calcd for C12H1203" [M]*: 204.0781, Found: 204.0780.

6,7-dimethoxy-1,4-dihydro-1,4-epoxynaphthalene (3.13b)
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OMe

OMe 5,8-dimethoxy-1,4-dihydro-1,4-epoxynaphthalene (3.13c)

White solid, 681 mg, 72% yield; Analytical data: *H NMR (400 MHz, CDCls) & 7.07 (s, 2H), 6.54 (s,
2H), 5.93 (s, 2H), 3.79 (s, 6H). *C NMR (101 MHz, CDCI3) & 148.00, 143.02, 137.57, 111.75, 80.45,
56.49. IR (ATR): v (cm™) = 3016, 2999, 2942, 2906, 2835, 1615, 1493, 1462, 1278, 1253, 1076,

1002, 868, 835, 722, 711; HRMS (APPI/LTQ-Orbitrap) calcd for C12H1203* [M]*: 204.0781, Found:
204.0783.

Rt
Me

White solid, 243 mg, 79% yield; Analytical data: *H NMR (400 MHz, CDCls) & 7.06 (s, 2H), 7.00 (s,
2H), 5.66 (s, 2H), 2.20 (s, 6H). *C NMR (101 MHz, CDCls) d 146.75, 143.24, 132.67, 122.27, 82.34,

19.91. IR (ATR): v (cmt) = 3081,3014, 1572, 1430, 1348, 1315, 1279, 1229, 1195, 1159, 1082, 993,

892, 868, 846, 815, 753, 698, 645, 578; HRMS (APPI/LTQ-Orbitrap) calcd for CiH130* [M+H]*:
173.0961, Found: 173.0963.

6,7-dimethyl-1,4-dihydro-1,4-epoxynaphthalene (3.13d)

BOC
Br

White solid, 1.01 g, 66% yield; Analytical data: *H NMR (400 MHz, CDCls) & 7.48 (s, 2H), 7.00 (s,
2H), 5.67 (s, 2H). **C NMR (101 MHz, CDCl3) 8 150.34, 142.82, 125.61, 120.79, 81.93. IR (ATR): v

(cm™) = 3081, 3014, 1572, 1431, 1279, 1082, 994, 868, 846, 698, 645, 578; HRMS (APPI/LTQ-
Orbitrap) calcd for C10HsOBr>* [M]*: 299.8780, Found: 299.8779.

6,7-dibromo-1,4-dihydro-1,4-epoxynaphthalene (3.13e)
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0CO,Me

MeO,CO but-2-yne-1,4-diyl dimethyl bis(carbonate) (3.14c)

White solid, 703 mg, 86% yield; Analytical data: *H NMR (400 MHz, CDCls) 5 4.77 (s, 4H), 3.81 (s,
6H). 3C NMR (101 MHz, CDCls) 155.22, 81.01, 55.45, 55.31. IR (ATR): v (cm™) = 3009, 2961,
1751, 1445, 1376, 1252, 1156, 949, 902, 790; HRMS (ESI/QTOF) calcd for CgH100sNa* [M+Na]*:
225.0370, Found: 225.0369.

OBoc

BocO but-2-yne-1,4-diyl di-tert-butyl bis(carbonate) (3.14d)

Colorless oil, 1.09 g, 95% vyield; Analytical data: *H NMR (400 MHz, CDCls) 4.70 (s, 4H), 1.49 (s,
18H). 3C NMR (101 MHz, CDCl3) & 152.85, 83.17, 81.03, 54.59, 27.84. IR (ATR): v (cm™) = 2981,
2938, 1745, 1479, 1457, 1436, 1370, 1271, 1251, 1148, 1086, 931, 856, 791; HRMS (APCI/QTOF)
calcd for C14H2206Na* [M+Na]*: 309.1309, Found: 309.1300.

OCbz

CbzO dibenzyl but-2-yne-1,4-diyl bis(carbonate) (3.14e)

White solid, 0.69 g, 48% yield; Analytical data: *H NMR (400 MHz, CDCl3) & 7.38 (ddd, J = 3.5, 2.4,
1.3 Hz, 7H), 7.36 — 7.33 (m, 3H), 5.19 (s, 4H), 4.78 (s, 4H). 3C NMR (101 MHz, CDCls) & 154.60,
134.97, 128.79, 128.75, 128.50, 81.09, 70.25, 55.54. IR (ATR): v (cm™) = 3066, 3034, 2956, 1748,
1455, 1390, 1366, 1233, 1157, 938, 787, 754, 697; HRMS (ESI/QTOF) calcd for CyHis0sNa*
[M+Na]*: 377.0996, Found: 377.0993.

OCONHPh

PhHNOCO but-2-yne-1.4-diyl bis(phenylcarbamate) (3.14f)

White solid, 593 mg, 83% yield; Analytical data: *H NMR (400 MHz, CDCls) & 7.38 (d, J = 8.0 Hz,
4H), 7.31 (dd, J = 8.6, 7.2 Hz, 4H), 7.09 (tt, J = 7.1, 1.3 Hz, 2H), 6.66 (s, 2H), 4.84 (s, 4H). 3C NMR
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(101 MHz, CDCl3) & 152.63, 137.53, 129.25, 123.96, 118.90, 81.25, 53.01. IR (ATR): ¥ (cm™) 3331,
3053, 1702, 1604, 1542, 1502, 1447, 1316, 1301, 1233, 1060, 742, 691; HRMS (ESI/QTOF) calcd
for C1sH16N204Na* [M+Na]*: 347.1002, Found: 347.1005.

OBz

BzO but-2-yne-1,4-diyl dibenzoate (3.149)

White solid, 763 mg, 89% vield; Analytical data: *H NMR (400 MHz, CDCls) & 8.08 (d, J = 7.4 Hz,
4H), 7.58 (t, J = 7.5 Hz, 2H), 7.45 (t, J = 7.5 Hz, 4H), 5.00 (s, 4H). 3C NMR (101 MHz, CDCls) &
165.93, 133.45, 129.94, 129.51, 128.55, 81.11, 52.75. IR (ATR): v (cm™) = 3064, 2944, 1721, 1601,
1452, 1371, 1315, 1260, 1177, 1156, 1093, 1069, 1026, 956, 708, 687; HRMS (ESI/QTOF) calcd for
CisH140:Na* [M+Na]*: 317.0784, Found: 317.0784.

OAc

—

AcO but-2-yne-1,4-diyl diacetate (3.14h)

Colorless oil, 470 mg, 91% yield; Analytical data: *H NMR (400 MHz, CDCls) d 4.71 (s, 4H), 2.10 (s,
6H). 3C NMR (101 MHz, CDCl3) & 170.09, 80.84, 52.10, 20.68. IR (ATR): v (cm™) = 2947, 1742,
1434, 1378, 1361, 1215, 1155, 1025, 966, 917, 831; HRMS (EXI/QTOF) calcd for CgH100OsNa*
[M+Na]*: 193.0471, Found: 193.0472.

OTBS
TBSO 2,2,3,3,10,10,11,11-octamethyl-4,9-dioxa-3,10-disiladodec-6-yne (3.14i)

Colorless oil, 522 mg, 95% yield; Analytical data: *H NMR (400 MHz, CDCls) 5 4.34 (s, 4H), 0.91 (s,
18H), 0.12 (s, 12H). 3C NMR (101 MHz, CDCls) & 83.49, 51.95, 25.98, 18.45, -5.00. IR (ATR): v
(cm™) = 2955, 2930, 2887, 2858, 1472, 1463, 1363, 1254, 1135, 1095, 1069, 1005, 833, 815, 776;
HRMS (APPI/LTQ-Orbitrap) calcd for C1oHz402Si>* [M]*: 314.2092, Found: 314.2092.
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OBn

BnO 1,4-bis(benzyloxy)but-2-yne (3.14j)

Colorless oil, 600 mg, 84% vyield; Analytical data: *H NMR (400 MHz, CDCl3) 7.40 — 7.27 (m, 10H),
4.62 (s, 4H), 4.25 (s, 4H). 3C NMR (101 MHz, CDCls) d 137.49, 128.57, 128.18, 128.00, 82.64,
71.75, 57.56. IR (ATR): v (cm™) = 3029, 2942, 2854, 1496, 1454, 1386, 1348, 1260, 1207, 1138,
1118, 1068, 1027, 939, 905, 736, 696, 605; HRMS (APPI/LTQ-Orbitrap) calcd for C1gH1g02* [M]*:
266.1301, Found: 266.1302.

Preparation of S,S'-(but-2-yne-1,4-diyl) diethanethioate (3.14k)

1,4-Dibromobut-2-yne (0.223 ml, 2.12 mmol) was added to 3 mL of DMF and cooled to 0 °C.
Potassium thioacetate (0.534 g, 4.67 mmol) in 3 ml of DMF was added within 30 min. The ice bath
was subsequently removed and the reaction mixture was stirred for 1 h at room temperature. The
reaction mixture was added to 60 mL of 1 N HCI. Next, the aqueous layer was extracted with Et,O
(2 x 15 ml). The combined organic layers were washed with 1 N HCI (aq) (2 x 25 ml) and dried over
MgSOQ,. After the solvent was removed under reduced pressure, the residue was purified by silica
gel column chromatography (n-pentane/ethyl acetate = 10/1) to afford the product 2i (515 mg, 91%
yield).

SAc
——

AcS S,S'-(but-2-yne-1,4-diyl) diethanethioate (3.14k)

Pale yellow solid, 515 mg, 91% yield; Mp = 42-43 °C; Analytical data: *H NMR (400 MHz, CDCls) &
3.64 (s, 4H), 2.35 (s, 6H). *C NMR (101 MHz, CDCls) & 194.06, 77.54, 30.26, 18.08. IR (ATR): v
(cm?) = 2962.09, 2918.61, 1688.04, 1398.93, 1353.16, 1241.64, 1128.33, 1101.60, 1003.66,
954.14, 708.66, 619.32, 528.56; HRMS (APPI/LTQ-Orbitrap) calcd for CgH100.S:Na* [M+Na]*:
225.0014, Found: 225.0017.
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0CO,Me
Bu——" 4-hydroxybut-2-yn-1-yl methyl carbonate (3.14l)

Colorless oil, 244 mg, 54% yield; Analytical data: *H NMR (400 MHz, CDCls) 6 4.72 (t, J = 2.2 Hz,
2H), 3.81 (s, 3H), 2.22 (tt, J = 7.1, 2.2 Hz, 2H), 1.59 — 1.45 (m, 2H), 1.45 - 1.31 (m, 2H), 0.90 (t, J =
7.2 Hz, 3H). *C NMR (101 MHz, CDCls) 155.46, 88.67, 73.44, 56.42, 55.13, 30.51, 22.03, 18.56,
13.69. IR (ATR): v (cm™) = 2958, 2935, 2873, 2235, 1750, 1444, 1375, 1251, 1150, 945, 901, 791;
HRMS (APPI/LTQ-Orbitrap) calcd for C10HsOBr2* [M+H]*: 171.1016, Found: 171.1009.

OH

/_/%/

Ph but-2-yne-1,4-diyl dimethyl bis(carbonate) (3.14n)

Colorless oil, 3.03 g, 87% yield; Analytical data: *H NMR (400 MHz, CDCls) 8 7.33 — 7.26 (m, 2H),
7.23 - 7.15 (m, 3H), 4.27 (t, J = 2.1 Hz, 2H), 2.76 — 2.68 (m, 2H), 2.24 (tt, J = 7.0, 2.2 Hz, 2H), 1.84
(p, J = 7.2 Hz, 2H), 1.50 (s, 1H). 3C NMR (101 MHz, CDCls) 5 141.62, 128.62, 128.46, 126.02,
86.16, 78.97, 51.49, 34.91, 30.21, 18.30. IR (ATR): v (cm™) = 3330, 3026, 2936, 2861, 2289, 2224,
1603, 1496, 1454, 1430, 1133, 1009, 745, 699; HRMS (APPI/LTQ-Orbitrap) calcd for C12H140* [M]*:
174.1039, Found: 174.1037.

0CO,Me
/%/

HO 6-phenylhex-2-yn-1-ol (3.140)

Colorless oil, 293 mg, 68% yield; Analytical data: *H NMR (400 MHz, CDCls) 4.78 (t, J = 1.8 Hz, 1H),
4.31 (t, J = 1.8 Hz, 1H), 3.82 (s, 1H), 1.65 (s, 1H). 3C NMR (101 MHz, CDCls) & 155.40, 85.98,
79.16, 55.75, 55.32, 51.01. IR (ATR): v (cm™) = 3405, 2960, 2863, 1746, 1445, 1376, 1253, 1138,
1017, 942, 902, 789; HRMS (APPI/LTQ-Orbitrap) calcd for CsHgO4" [M]*: 144.0417, Found:
144.0414.
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General Procedures for the Ruthenium(ll)-Catalyzed Enantioselective Synthesis of

Benzonorcaradiene by Coupling of Oxa-benzonorbornadienes and Internal Alkynes

R2

o
| PFe

5 mol % [Ru]

R
= 6 mol % BuNI
R1

2-butanone, 100 °C

3.13a 3.14z c=0125M
1.0 equiv. 1.0 equiv.

/1,

\
\
W

W AN
MeCN" MeCN
MeCN

Ru.4ba

Ru.4ba (5.00 mol %, 5.20 umol, 3.26 mg) and tetrabutylammonium iodide (6.00 mol %, 6.24 umol,
2.30 mg) were dissolved in freshly distilled 2-butanone (0.45 ml) in a microwave tube under an N
atmosphere. A solution of an oxa-benzonorbornadiene 3.13a (0.104 mmol, 15.0 mg, 1.00 equiv.)
and an alkyne 3.14z (0.104 mmol, 1.00 equiv.) in 2-butanone (0.38 ml) was added in one portion.
The reaction mixture was heated to 100 °C and stirred at that temperature. After completion of the
reaction (TLC control), the reaction mixture was cooled to room temperature. The solvent was
removed under reduced pressure. The reaction mixture was purified by silica gel column

chromatography (n-pentane/ethyl acetate) to afford the desired benzonorcaradiene 3.15az.

For the compounds (3.15bc and 3.15cc), phosphate buffered silica (pH=7) was used because of

instability of the compounds on silica gel.
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MeO,CO 2-((1S,1aR,7bR)-1-(((methoxycarbonyl)oxy)methyl)-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)-2-oxoethyl methyl carbonate (3.15ac)

" Soco,Me
2 Off-white solid, 25.5 mg, 76% yield, 95:5 er. [a]p?° -94.7 (c = 1.0, CH.CL);

Mp = 96-97 °C; Analytical data: *H NMR (400 MHz, CDCl3) & 7.39 (dd, J
=6.9, 1.9 Hz, 1H), 7.32 - 7.23 (m, 2H), 7.20 (m, 1H), 6.68 (d, J = 9.6 Hz, 1H), 6.19 (dd, J =9.5,5.2
Hz, 1H), 5.15 (s, 2H), 4.05 (d, J = 13.2 Hz, 1H), 3.85 (s, 3H), 3.82 (d, J = 13.2 Hz, 1H), 3.65 (s, 3H),
3.42 (d, J=8.7 Hz, 1H), 3.02 (dd, J = 8.7, 5.2 Hz, 1H). *C NMR (101 MHz, CDCl3) 4 203.07, 155.55,
155.21, 132.43,130.30, 130.11, 129.32, 128.42, 128.26, 127.98, 122.63, 70.02, 61.63, 55.45, 54.99,
38.52, 36.05, 24.26. IR (ATR): v (cm™) = 3024, 2958, 2857, 1751, 1704, 1488, 1444, 1421, 1378,
1265, 1191, 1166, 1108, 1066, 997, 964, 917, 842, 789; HRMS (ESI) calcd for C1gH1s07Na* [M+Na]*:
369.0945, Found: 369.0945. The enantiomeric excess was determined by Daicel Chiralpak ID (25
cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 17.9 min, tg (minor) = 21.9 min.

L 0 A ) L B 17 T T T 71 T
2.5 5 7.5 10 12.5 15 17.5 20 225 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [(mAU*s] [mAU] %

1 17.905 BB 0.4411 4408.57129 149.02773 49.9908

2 21.874 BB 0.5404 4410.19629 117.35560 50.0092
|
R
f\\ §,6§>
. S e

2.5 5 7.5 10 12.5 15 17.5 20 225 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 17.784 MM 0.5564 1.17861e4 353.07254 94.5909
2 22.124 MM 0.7225 673.98114 15.54729 5.4091

2-((1S,1aR,7bR)-1-(((tert-butoxycarbonyl)oxy)methyl)-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)-2-oxoethyl tert-butyl carbonate (3.15ad)

White solid, 32.0 mg, 71% yield, 93.5:6.5 er. [a]o* -85.4 (c = 1.0, CH.Cl,);
Mp = 112-113 °C; Analytical data: *H NMR (400 MHz, CDCl3) 5 7.43 — 7.36
(m, 1H), 7.26 — 7.23 (m, 2H), 7.23 - 7.18 (m, 1H), 6.67 (d, J = 9.6 Hz, 1H), 6.18 (dd, J = 9.6, 5.2 Hz,
1H), 5.11 (s, 2H), 3.99 (d, J = 13.2 Hz, 1H), 3.77 (d, J = 13.3 Hz, 1H), 3.39 (d, J = 8.7 Hz, 1H), 2.99
(dd, J = 8.7, 5.2 Hz, 1H), 1.52 (s, 9H), 1.36 (s, 9H). *C NMR (101 MHz, CDCIs) & 203.63, 153.16,
153.02, 132.49, 130.30, 130.01, 129.64, 128.33, 128.19, 127.82, 122.73, 83.02, 82.54, 69.42, 60.40,
38.26, 36.03, 27.86, 27.78, 24.35. IR (ATR): v (cm™) = 2981, 2935, 1742, 1705, 1477, 1456, 1422,
1394, 1369, 1280, 1248, 1157, 1133, 1105, 1092, 1061, 1037, 980, 948, 913, 861, 791, 778, 732;
HRMS (ESI) calcd for C24H3007Na* [M+Na]*: 453.1884, Found: 453.1884. The enantiomeric excess
was determined by Daicel Chiralpak IC (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr

(major) = 10.3 min, tgr (Minor) = 16.1 min.

~

16.178

2.5 5 7.5 10 12.5 15 17.5 20 225 mi

Peak RetTime Type Width Area Height Area
i [min] [min] [mMAU*s] [mAU] %

1 10.357 BB 0.3961 2886.00035 113.72443 50.0178
2 16.178 BB 0.6034 2883.94678 70.18487 49.9822
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16.112

—Y T T T T [ T T T T T T T T T T T T T T T T T T T T "
25 5 75 10 12,5 15 17.5 20 225 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s | [mAU] %

1 10.341 BB 0.4669 1.00922e4 305.88452 93.2309
2 16.112 BB 0.6141 732.75281 14.53579 6.7691

benzyl (2-((1S,1aR,7bR)-1-((((benzyloxy)carbonyl)oxy)methyl)-1a,7b-
dihydro-1H-cyclopropala]naphthalen-1-yl)-2-oxoethyl) carbonate (3.15ae)

Yellow oil, 33.5 mg, 65% vyield, 94:6 er. [a]p?®® -69.3 (c = 1.0, CH:CL);
Analytical data: *H NMR (400 MHz, CDCl3) & 7.35 — 7.21 (m, 8H), 7.22 —
7.17 (m, 2H), 7.17 — 7.07 (m, 3H), 6.55 (d, J = 9.6 Hz, 1H), 6.05 (dd, J = 9.6, 5.2 Hz, 1H), 5.13 (s,
2H), 5.05 (s, 2H), 4.90 (s, 2H), 3.96 (d, J = 13.1 Hz, 1H), 3.77 (d, J = 13.1 Hz, 1H), 3.32 (d, J = 8.7
Hz, 1H), 2.92 (dd, J = 8.7, 5.2 Hz, 1H). 13C NMR (101 MHz, CDCl;) 8 202.91, 154.92, 154.57, 135.11,
135.05, 132.43, 130.30, 130.14, 129.36, 128.72, 128.72, 128.69, 128.41, 128.37, 128.35, 128.25,
127.95, 122.60, 70.29, 70.09, 69.86, 61.70, 38.49, 36.12, 24.38. IR (ATR): v (cm™) = 3065, 3034,
2952, 1748, 1703, 1455, 1424, 1383, 1263, 1236, 1192, 1165, 1107, 1063, 952, 910, 842, 780, 737,
697; HRMS (ESI) calcd for CsoH2607Na* [M+Na]*: 521.1571, Found: 521.1565. The enantiomeric
excess was determined by Daicel Chiralpak IC (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254

nm, tr (major) = 25.5 min, tr (minor) = 29.5 min.
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 25.8950 MM 0.9138 3228.29712 58.88136 49.5036
2 29.836 BB 0.7360 3293.04346 58.56320 50.4964

s e e B A e e N B s e I e e e e S e e o L e B e
5 10 15 20 25 30 35 40 mi

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
e R R R | === | === | =====—-- |
1 25.477 BB 0.8522 9669.59277 161.57611 94.4050

2 29.516 BB 0.7005 573.07703 9.68280 5.5950

PhHNOCO 2-0x0-2-((1S,1aR,7bR)-1-(((phenylcarbamoyl)oxy)methyl)-1a,7b-

dihydro-1H-cyclopropalalnaphthalen-1-yl)ethyl phenylcarbamate

“">OCONHPh (3.15af)

Yellow solid, 30.8 mg, 63% yield, 7:93 er. [a]p?° -65.2 (c = 1.0, CH.Cly),
Mp = 103-104 °C; Analytical data: *H NMR (400 MHz, CDCls) & 7.35 (t, J = 9.6 Hz, 3H), 7.26 (s, 3H),
7.24—-7.13 (m, 5H), 7.10 - 6.98 (m, 3H), 6.72 (s, 1H), 6.65 (d, J = 9.6 Hz, 1H), 6.12 (dd, J =9.6, 5.2
Hz, 1H), 5.37 — 5.13 (m, 2H), 4.06 (d, J = 13.2 Hz, 1H), 3.90 (d, J = 13.3 Hz, 1H), 3.39 (d, J = 8.7
Hz, 1H), 3.00 (dd, J=8.8, 5.2 Hz, 1H). *3C NMR (151 MHz, CDCls) § 205.02, 152.91, 137.62, 137.54,
132.45, 130.16, 130.14, 129.47, 129.17, 129.14, 128.35, 128.33, 127.97, 123.92, 123.68, 122.54,
118.94, 118.66, 77.37, 76.95, 68.05, 58.83, 38.53, 35.89, 24.59. IR (ATR): v (cm™) = 3317, 3057,
3043, 2936, 2252, 1698, 1600, 1529, 1501, 1444, 1376, 1314, 1214, 1191, 1165, 1117, 1102, 1083,
1058, 1027, 978, 908, 849, 788, 754, 730, 692, 649, 506; HRMS (ESI) calcd for CzsH24N20sNa*
[M+Na]™: 491.1577, Found: 491.1583. The enantiomeric excess was determined by Daicel Chiralpak
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IF (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 19.8 min, tr (minor) = 13.7

min.
‘ '2.‘5‘ T 5‘ o '7‘.5‘ o '1‘0‘ o ‘12‘5' o ‘1‘5‘ o ‘17‘.5‘ B ‘2|0‘ o '22‘.5‘ o ‘mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [MAU] %
e e | === | —===—m—m- | === |
1 13.914 BB 0.5518 4348.52881 118.05169 50.4772
2 20.386 BB 0.7405 4266.31689 81.79529 49.5228
AN
‘ '2[5‘ T é o '7‘.5‘ - r1‘0I o ‘12|.5‘ o '1‘5‘ o ‘17‘.5‘ o IZIO‘ o ‘22‘.5‘ o ;T1in
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %

e e | === | === | === |
1 13.726 BB 0.5046 732.690607 21.02078 6.8124

2 19.803 BB 0.7564 1.00225e4 194.12154 93.1876

((1S,1aR,7bR)-1-(2-(benzoyloxy)acetyl)-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)methyl benzoate (3.15ag)

Off-white soild, 28.0 mg, 61% yield, 5:95 er. [a]p?° -38.5 (¢ = 1.0, CH2Cl,), Mp
= 150 °C; Analytical data: *'H NMR (400 MHz, CDCls) & 8.17 (d, J = 7.8 Hz,
2H), 7.98 (d, J = 7.7 Hz, 2H), 7.62 (dd, J = 9.7, 7.2 Hz, 2H), 7.56 — 7.42 (m, 5H), 7.36 — 7.21 (m,
3H), 6.74 (d, J = 9.6 Hz, 1H), 6.26 (dd, J = 9.6, 5.2 Hz, 1H), 5.63 — 5.41 (m, 2H), 4.40 — 4.16 (m,
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2H), 3.56 (d, J = 8.7 Hz, 1H), 3.17 (dd, J = 8.7, 5.2 Hz, 1H). 3C NMR (101 MHz, CDCls) d 203.60,
166.24, 166.08, 133.48, 133.33, 132.48, 130.25, 130.18, 130.06, 129.72, 129.70, 129.60, 129.51,
128.59, 128.41, 128.30, 127.92, 122.68, 68.01, 58.87, 38.43, 36.07, 24.58. IR (ATR): v (cm™?) =
3063, 3035, 2936, 1719, 1704, 1601, 1451, 1418, 1375, 1315, 1271, 1192, 1177, 1108, 1064, 1026,
968, 791, 778, 708, 687; HRMS (ESI) calcd for CzsH220sNa* [M+Na]*:461.1359, Found: 461.1365.
The enantiomeric excess was determined by Daicel Chiralpak IC (25 cm), Hexane/IPA = 80/20, 1.0

mL/min, A = 254 nm, tgr (major) = 16.2 min, tg (minor) = 19.9 min.

o ™
~
o
T T T T | T T T T | T T T T I T T T T | T T T T I
5 10 15 20 25
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

| | === == | - |~ |-~ |
1 16.172 BB 0.4893 3781.79053 118.83089 50.5939

2 19.713 BB 0.6268 3693.00366 91.13680 49.4061

g
‘25 5 75 10 125 15 175 20 225 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

== | == R . | === | === |
1 16.177 BB 0.5288 1.26864e4 365.58609 94.3974

2 19.909 BB 0.7033 752.94751 16.28921 5.6026
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((1S,1aR,7bR)-1-(2-acetoxyacetyl)-1a,7b-dihydro-1H-
cyclopropala]naphthalen-1-yl)methyl acetate (3.15ah)

Yellow oil, 19.3 mg, 63% yield, 95.5:4.5 er. [a]p®® -97.5 (c = 1.0, CH.Cl);
Analytical data: *H NMR (400 MHz, CDCls) & 7.37 (dd, J = 6.4, 2.4 Hz, 1H),
7.26 (m, 2H), 7.19 (dd, J = 7.0, 2.1 Hz, 1H), 6.67 (d, J = 9.6 Hz, 1H), 6.16 (dd, J = 9.6, 5.2 Hz, 1H),
5.12 (d, J = 3.6 Hz, 2H), 3.96 (d, J = 13.5 Hz, 1H), 3.82 (d, J = 13.6 Hz, 1H), 3.38 (d, J = 8.7 Hz, 1H),
3.00 (dd, J = 8.7, 5.2 Hz, 1H), 2.21 (s, 3H), 1.88 (s, 3H). *C NMR (101 MHz, CDCls) d 203.66,
170.50, 170.41, 132.43, 130.16, 130.11, 129.65, 128.28, 127.89, 122.58, 67.42, 58.17, 38.23, 35.89,
24.33, 20.67, 20.65. IR (ATR): v (cm™) = 3035, 3024, 2936, 1745, 1702, 1488, 1421, 1374, 1229,
1188, 1166, 1092, 1055, 1030, 966, 840, 794, 780, 601, 494; HRMS (ESI) calcd for C1gH1s0sNa*
[M+Na]*: 337.1046, Found: 337.1053. The enantiomeric excess was determined by Daicel Chiralpak
ID (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tgr (major) = 13.0 min, tg (Minor) = 16.2

min.

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 12.615 BB 0.3172 3346.28931 161.83864 49.5821
2 15.277 BB 0.4012 3402.70337 130.09207 50.4179

25 5 75 10 125 15 175 20 225 min



Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU] %

1 12.960 BB 0.4100 6476.92383 246.90945 95.6517
2 16.159 BB 0.4630 294.44159 9.84381 4.3483

TBSO 2-((tert-butyldimethylsilyDoxy)-1-((1S,1aR,7bR)-1-(((tert-
butyldimethylsilyl)oxy)methyl)-1a,7b-dihydro-1H-cyclopropala]naphthalen-

“"No1Bs  1-ylethan-1-one (3.15ai)

Colorless oil, 23.0 mg, 48% yield, 26:74 er. [a]p® -41.5 (c = 1.0, CH,Cl,);
Analytical data 'H NMR (400 MHz, CDCl3) 8 7.32 (d, J = 2.8 Hz, 1H), 7.24 — 7.19 (m, 2H), 7.17 —
7.13 (m, 1H), 6.57 (d, J = 9.6 Hz, 1H), 6.12 (dd, J = 9.6, 5.2 Hz, 1H), 5.02 — 4.87 (m, 2H), 3.36 (d, J
= 12.1 Hz, 1H), 3.27 (d, J = 12.8 Hz, 1H), 3.23 (d, J = 8.5 Hz, 1H), 2.78 (dd, J = 8.6, 5.2 Hz, 1H),
0.94 (s, 9H), 0.77 (s, 9H), 0.12 (s, 3H), 0.12 (s, 3H), -0.22 (s, 3H), -0.33 (s, 3H). *C NMR (101 MHz,
CDCIs) 6 210.00, 132.74, 130.83, 130.40, 128.93, 128.05, 127.65, 127.25, 123.87, 69.04, 56.10,
36.73, 34.59, 26.25, 26.03, 25.88, 18.73, 18.12, -5.17, -5.22, -5.85, -5.94. IR (ATR): v (cm™) = 2952,
2928, 2885, 2856, 1702, 1471, 1463, 1389, 1361, 1253, 1150, 1121, 1079, 1052, 1023, 1006, 973,
835, 775, 745; HRMS (ESI) calcd for CzsHa203SizNa*™ [M+Na]*: 481.2565, Found: 481.2581. The
enantiomeric excess was determined by Daicel Chiralpak IF (25 cm), Hexane/IPA = 99.5/0.5, 1.0

mL/min, A = 254 nm, tg (major) = 9.6 min, tr (minor) = 8.3 min.

N

25 5 7.5 10 12.5 15 17.5 20 225 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 8.091 BB 0.2360 1463.81738 100.45472 49.9431
2 9.432 BB 0.2077 1467.15088 107.18236 50.0569
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——8.281
i

25 5 7.5 10 12.5 15 17.5 20 22.5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU ] %

1 8.281 BV 0.2412 1088.55225 72.49139 25.5972
2 9.627 BB 0.2092 3164.07275 234.80605 74.4028

2-(benzyloxy)-1-((1S,1aR,7bR)-1-((benzyloxy)methyl)-1a,7b-

dihydro-1H-cyclopropala]naphthalen-1-yl)ethan-1-one (3.15aj)

Pale yellow oil, 25.0 mg, 63% yield, 25:75 er. [a]p?° -56.3 (¢ = 1.0, CH,Cl,);
Analytical data: *H NMR (400 MHz, CDCl3) & 7.43 — 7.31 (m, 6H), 7.26 (s,
5H), 7.16 — 7.11 (m, 1H), 7.05 — 6.97 (m, 2H), 6.53 (d, J = 9.5 Hz, 1H), 6.15 (dd, J = 9.6, 5.2 Hz,
1H), 4.72 (d, J = 2.6 Hz, 2H), 4.64 (d, J = 2.1 Hz, 2H), 4.11 (g, J = 11.8 Hz, 2H), 3.32 (d, J = 8.6 Hz,
1H), 3.19 (d, J = 11.6 Hz, 1H), 3.08 (d, J = 11.7 Hz, 1H), 2.91 (dd, J = 8.6, 5.2 Hz, 1H). *C NMR
(101 MHz, CDCls) 208.44, 137.74, 137.68, 132.74, 130.63, 130.24, 129.00, 128.56, 128.40, 128.18,
128.06, 127.97, 127.82, 127.74, 127.37, 123.73, 74.15, 73.46, 73.40, 63.04, 37.41, 35.03, 25.21. IR
(ATR): v (cm™) = 3062, 3030, 2924, 2856, 1697, 1495, 1488, 1454, 1362, 1270, 1187, 1164, 1121,
1099, 1075, 1058, 1028, 976, 950, 836, 780, 738, 698; HRMS (ESI) calcd for C2sH2603Na* [M+Na]*:
433.1774, Found: 433.1778. The enantiomeric excess was determined by Daicel Chiralpak 1G (25
cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 18.3 min, tr (minor) = 16.8 min.

™

Y]
o
N

25 5 7.5 10 12.5 15 17.5 20 225 min

146



Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 16.673 BB 0.4594 3105.66479 104.90746 49.9072
2 18.212 BB 0.5203 3117.21533 95.13756 50.0928

25 5 75 10 125 15 175 20 225 min

Peak RetTime Type Width Area Height Area
it [min] [min] [MAU*s] [mAU] %

1 16.811 BB 0.5178 2069.53662 62.58076 24.8852
2 18.333 BB 0.5378 6246.81152 179.59009 75.1148

S-(((1R,1aR,7bR)-1-(2-(acetylthio)acetyl)-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)methyl) ethanethioate (3.15ak)

Colorless oil, 18.2 mg, 51% vyield, 2.5:97.5 er. [a]o?° -175.0 (c = 1.0, CH.Cl,);
Analytical data: *H NMR (400 MHz, CDCls) 8 7.43 — 7.35 (m, 1H), 7.32 - 7.26
(m, 2H), 7.23 — 7.19 (m, 1H), 6.68 (d, J = 9.5 Hz, 1H), 6.14 (dd, J = 9.6, 5.2 Hz, 1H), 4.13 (s, 2H),
3.37 (d, J = 8.8 Hz, 1H), 3.03 (d, J = 14.9 Hz, 1H), 2.96 (dd, J = 8.8, 5.3 Hz, 1H), 2.87 (d, J = 15.0
Hz, 1H), 2.39 (s, 3H), 2.22 (s, 3H). *C NMR (101 MHz, CDCls) & 204.32, 195.28, 194.39, 132.69,
130.71, 130.04, 129.71, 128.36, 128.22, 127.84, 122.99, 39.64, 38.33, 36.91, 30.56, 30.30, 26.85,
24.01. IR (ATR): v (cm™) = 3036, 2991, 2965, 2919, 1684, 1488, 1433, 1354, 1304, 1283, 1132,
1099, 1055, 1022, 996, 958, 820, 779, 627; HRMS (ESI) calcd for C1gH1803S.Na [M+Na]*: 369.0590,
Found: 369.0595. The enantiomeric excess was determined by Daicel Chiralpak IF (25 cm),
Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 11.1 min, tg (minor) = 9.8 min.
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1.241

L e T B S I S e e B I s e e L S e e A e B e L E S S
25 5 7.5 10 125 15 17.5 20 225 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU] %

1 9.826 BB 0.2673 4441.49072 254.94209 50.1375
2 11.241 BB 0.3159 4417.13428 214.77298 49.8625

9.788

T T
e e e e e o s e e A S e e B Y B s e
25 5 75 10 12.5 15 175 20 225 mir

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU ] %

S e R | === | == | === |
1 9.788 BB 0.3196 314.64703 15.19195 2.6278

2 11.135 BB 0.3596 1.16591e4 500.78586 97.3722

Alternative Conditions for 2-hydroxy-1-((1S,1aR,7bR)-1-(hydroxymethyl)-1a,7b-dihydro-1H-
cyclopropala]naphthalen-1-yl)ethan-1-one (3.15aa)
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5 mol % [Ru] HO °
OH 35 mol % Mel ) PF
10 mol % PPh; 0 S . | PFe
2" 40 mol % 2-methylpyridine SNoh N
e L O o
OH 2-butanone, 80 °C H MeCN‘\\\\\/ “MeCN
3.13a 3.14a c=0.125 M MeCN
1.0 equiv. 1.0 equiv. 49% yield, 97.5:2.5 er Ru.4ba

3.15aa

Ru.4ba (5 mol %, 1.39 ymol, 0.869 mg) and triphenylphosphine (10 mol %, 2.77 ymol, 0.728 mg)
were dissolved in freshly distilled 2-butanone (0.10 ml) in a microwave reaction vial under N;
atmosphere. lodomethane (35 mol %. 9.71 ymol, 1.39 mg) was added followed by addition of a
solution of an oxa-benzonorbornadiene 3.13a (1.00 equiv., 27.7 ymol, 4 mg), but-2-yne-1,4-diol
3.14a (1.00 equiv., 27.7 ymol, 2.39 mg) and 2-methylpyridine (40 mol %, 11.1 ymol, 1.03 mg) in 2-
butanone (0.12 ml). The reaction mixture was heated to 80 °C for 90 min. After completion of the
reaction (TLC control), the reaction mixture was cooled to room temperature. The solvent was
removed under reduced pressure. The reaction mixture was purified by silica gel column

chromatography (n-pentane/ethyl acetate) to afford benzonorcaradiene 3.15aa.

2-hydroxy-1-((1S,1aR,7bR)-1-(hydroxymethyl)-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)ethan-1-one (3.15aa)

White solid, 15.4 mg, 64% vyield, 85:15 er. [a]p?° -106.2 (c = 1.0, CH:Cly); Mp =
145-146 °C; Analytical data: *H NMR (400 MHz, CDCls) & 7.46 — 7.35 (m, 1H),
7.31-7.27 (m, 2H), 7.24 — 7.20 (m, 1H), 6.69 (d, J = 9.6 Hz, 1H), 6.22 (dd, J
= 9.6, 5.2 Hz, 1H), 4.80 (d, J = 4.6 Hz, 2H), 3.48 — 3.31 (m, 4H), 2.96 (dd, J = 8.7, 5.2 Hz, 1H), 1.06
(t, J = 6.3 Hz, 1H). *3C NMR (101 MHz, CDCls) 5 211.90, 132.56, 129.84, 129.81, 129.76, 128.49,
128.07, 127.75, 122.74, 67.48, 55.70, 37.88, 35.69, 27.31. IR (ATR): v (cm™) = 3424, 3035, 2894,
1681, 1487, 1366, 1308, 1270, 1187, 1164, 1094, 1056, 1024, 960, 841, 778; HRMS (ESI) calcd for
C14H1403Na* [M+Na]": 253.0835, Found: 253.0834. The enantiomeric excess was determined by
Daicel Chiralpak ID (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 16.7 min, tr

(minor) = 19.2 min.
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2283

——— T T ——— T
25 5 75 10 12.5 g

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e e e |- - | == - | ——————- |
1 16.366 BB 0.4282 3891.32446 136.65958 49.9978
2 18.283 BB 0.4663 3891.66895 124.62547 50.0022

2ﬁ5‘ o é o I7|.5‘ o 1b o ‘12‘.5I - 1‘5 - ‘17‘,5‘ - 2|0 T I22‘.5I o ;11i
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU ] %

e R R | == | === |
1 16.667 BB 0.4781 1.39498ed  419.35922 85.0501
2 19.178 BB 0.5076 2452.06348  71.59395 14.9499

R e e e e S e S B S
25 5 7.5 10 12.5

miin
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 16.354 BV 0.4710 3478.51978 107.63%44 957.3773
2 18.756 BB 0.4034 93.68734 2.80709 2.6227

methyl (((1S,1aR,7bR)-1-pentanoyl-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)methyl) carbonate (3.15al)

Pale yellow oil, 8.5 mg, 26% vyield, 97:3 er. [a]p?° -179.4 (c = 0.3, CH.Cly);
Analytical data: *H NMR (400 MHz, CDCls) 7.35 (dd, J = 6.6, 2.2 Hz, 1H),
7.27 = 7.18 (m, 2H), 7.20 — 7.16 (m, 1H), 6.63 (d, J = 9.6 Hz, 1H), 6.19 (dd, J = 9.6, 5.2 Hz, 1H),
4.15 (d, J = 12.8 Hz, 1H), 3.86 (d, J = 12.7 Hz, 1H), 3.65 (s, 3H), 3.27 (d, J = 8.6 Hz, 1H), 2.92 (dd,
J=8.6,5.2 Hz, 1H), 2.76 (t, J = 7.3 Hz, 2H), 1.63 (p, J = 7.4 Hz, 2H), 1.45 — 1.30 (m, 2H), 0.93 (t, J
=7.3 Hz, 3H). *C NMR (101 MHz, CDCls) 6 210.64, 155.54, 132.57, 130.18, 130.16, 129.45, 128.20,
128.17, 127.63, 123.48, 63.03, 54.82, 40.21, 37.68, 34.90, 26.22, 25.15, 22.50, 14.06. IR (ATR): v
(cm™) 2958, 2932, 2873, 1749, 1686, 1443, 1382, 1265, 1182, 1058, 952, 781; HRMS (ESI) calcd
for C10H2204Na* [M+Na]*: 337.1410, Found: 337.1410. The enantiomeric excess was determined by
Daicel Chiralpak ID (25 cm), Hexane/IPA = 90/10, 1.0 mL/min, A = 254 nm, tr (major) = 7.8 min, tr

(minor) = 10.2 min.

9.824

25 5 7.5 10 12.5 15 17.5 20 225 min

Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s] [mAU] %

1 7.827 VB 0.1946 2712.95435 212.92879 49.3596
2 9.824 BV 0.2345 2783.35449 181.90279 50.6404
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25 5 7.5 10 125 15 175 20 225 mir

Peak RetTime Type Width Area Height Area
£ [min] [min] [mMAU*s ] [mAU] %

1 7.772 BV 0.2303 8013.73535 542.60797 96.9957
2 10.185 BB 0.2700 248.21368 13.79074 3.0043

1-((1S,1aR,7bR)-1-(hydroxymethyl)-1a,7b-dihydro-

Bu

““SoH 1H-cyclopropala]naphthalen-1-yl)pentan-1-one (3.15am)

Yellow oil, 10.5 mg, 39% vyield, 94:6 er. [a]p®® -122.7 (c = 1.0, CH:CL);

Analytical data: *H NMR (400 MHz, CDCls3) & 7.39 — 7.34 (m, 1H), 7.28 — 7.23 (m, 2H), 7.21 — 7.16
(m, 1H), 6.63 (d, J = 9.4 Hz, 1H), 6.20 (dd, J = 9.6, 5.2 Hz, 1H), 3.51 (dd, J = 13.3, 4.8 Hz, 1H), 3.40
(dd, J = 13.2, 5.6 Hz, 1H), 3.23 (d, J = 8.6 Hz, 1H), 2.87 — 2.82 (m, 2H), 2.80 (dd, J = 8.6, 5.2 Hz,
1H), 1.65 (p, J = 7.4 Hz, 2H), 1.44 — 1.32 (m, 2H), 1.25 (t, J = 5.2 Hz, 1H), 0.94 (t, J = 7.3 Hz, 3H).
13C NMR (101 MHz, CDCls) d 212.84, 132.74, 130.64, 129.80, 129.36, 128.36, 128.07, 127.51,
123.62, 57.01, 39.69, 36.43, 34.14, 28.86, 26.32, 22.55, 14.13. IR (ATR): v (cm™) = 3458, 3035,
2957, 2932, 2871, 1679, 1488, 1456, 1408, 1379, 1344, 1270, 1162, 1060, 1024, 965, 822, 777,
HRMS (ESI) calcd for C17H2002Na* [M+Na]*: 279.1356, Found: 279.1354. The enantiomeric excess
was determined by Daicel Chiralpak IG (25 cm), Hexane/IPA = 90/10, 1.0 mL/min, A = 254 nm, tr

(major) = 12.8 min, tg (minor) = 14.7 min.

14.687

25 5 7.5 10 12.5 15 17.5 20 225 min
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Peak RetTime Type Width Area Height Area
i [min] [min] [mMAU*s] [mAU] %

1 12.831 VB 0.3251 9726.29395 455.56976 50.2446
2 14.687 VV 0.4946 9631.58691 260.96353 49.7554

25 5 75 10

Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s] [mAU] %

1 12.835 BB 0.3396 9057.16992 413.37427 94.7439
2 15.117 BB 0.3816 502.46075 15.60681 5.2561

1-((1S,1aR,7bR)-1-(hydroxymethyl)-1a,7b-dihydro-1H-
cyclopropalalnaphthalen-1-yl)-4-phenylbutan-1-one (3.15an)

Pale yellow oil, 11.2 mg, 34% vyield, 95:5 er. [a]o® -146.5 (c = 0.5, CH,CL);
Analytical data: *H NMR (400 MHz, CDCls) 5 7.39 — 7.33 (m, 1H), 7.33 - 7.24
(m, 4H), 7.23 - 7.16 (m, 4H), 6.63 (d, J = 9.6 Hz, 1H), 6.19 (dd, J = 9.6, 5.2 Hz,
1H), 3.48 (d, J = 13.2 Hz, 1H), 3.37 (d, J = 13.2 Hz, 1H), 3.22 (d, J = 8.5 Hz,
1H), 2.91 — 2.84 (m, 2H), 2.78 (dd, J = 8.6, 5.2 Hz, 1H), 2.68 (dd, J = 8.4, 6.9 Hz, 2H), 2.01 (p, J =
7.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) d 212.44, 141.97, 132.72, 130.58, 129.80, 129.39, 128.66,
128.52, 128.38, 128.09, 127.54, 126.05, 123.57, 56.92, 39.22, 36.56, 35.30, 34.35, 28.90, 25.63. IR
(ATR): v (cm™) = 3466, 3059, 3025, 2930, 2857, 1677, 1495, 1488, 1454, 1407, 1372, 1270, 1160,
1104, 1071, 1052, 1027, 967, 777, 747, 700; HRMS (ESI) calcd for C2H220-Na* [M+Na]*: 341.1512,
Found: 341.1509. The enantiomeric excess was determined by Daicel Chiralpak IC (25 cm),
Hexane/IPA = 90/10, 1.0 mL/min, A = 254 nm, tr (major) = 14.9 min, tg (Minor) = 17.2 min.
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7.166

L L B By B 5 B e B B B

25 5 75 10 125 15 17.5 20 225 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

== | == R R | == | == | === |
1 14.939 BV 0.3447 2881.30591 127.96694 50.2151

2 17.166 BV 0.3948 2856.62280 109.35695 49.7849

25 5 75 10 12,5 15 17.5 20 225 min

Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*s ] [mAU] %

1 14.966 MM 0.3715 4370.30127 196.05707 94.9112
2 17.241 MM 0.4264 234.32150 9.15981 5.0888

2-((1S,1aR,7bR)-1-(hydroxymethyl)-1a,7b-dihydro-

1H-cyclopropalalnaphthalen-1-yl)-2-oxoethyl methyl carbonate (3.15a0)

Colorless oil, 18.6 mg, 60% combined yield (3an and 3an'), 14:86 er. [a]o? -
37.0 (c = 0.5, CHCl,); Analytical data: *H NMR (400 MHz, CDCls) & 7.42 —
7.35 (m, 1H), 7.31 — 7.21 (m, 3H), 7.22 — 7.15 (m, 1H), 6.65 (d, J = 9.5 Hz, 1H), 6.19 (dd, J = 9.5,
5.2 Hz, 1H), 5.31 (d, J = 3.6 Hz, 2H), 3.88 — 3.79 (m, 6H), 3.48 — 3.34 (m, 3H), 3.33 (d, J = 8.6 Hz,
1H), 2.90 (dd, J = 8.7, 5.2 Hz, 1H), 1.12 (m, 1H). *C NMR (101 MHz, CDCls) & 204.67, 155.76,
132.81, 130.14, 130.04, 129.94, 128.61, 128.18, 127.84, 123.02, 70.51, 56.06, 55.32, 37.52, 35.37,
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27.64. IR (ATR): v (cm™) = 3501, 3022, 2957, 1754, 1697, 1446, 1419, 1377, 1269, 1182, 1164,
1066, 995, 956, 917, 841, 790, 778; HRMS (ESI) calcd for C16H160sNa* [M+Na]*: 311.0890, Found:

311.0896. The enantiomeric excess was determined by Daicel Chiralpak IA (25 cm), Hexane/IPA =
95/5, 1.0 mL/min, A = 254 nm, tr (major) = 43.3 min, tr (minor) = 30.9 min.

o
(s 0]
N
™
¢
T I T T T T | T T T T | T T T T
30 40 50 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
S R e | === | =====mm | —=—=——=-- |
1 30.894 BB

0.8860 3609.71460

2 43.282 BB 1.0258 3535.74390

55.55563 50.5176
41.09584 49.4824

L 31.038

| T T T
30

min
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 31.038 BB 0.8142 1142.64392 17.91417 14.1311
2 43.262 BB 1.1911 6943.40137 79.17642 85.8689

((1S,1aR,7bR)-1-(2-hydroxyacetyl)-1a,7b-dihydro-

1H-cyclopropalalnaphthalen-1-yl)methyl methyl carbonate (3.15a0")

Colorless oil, 18.6 mg, 60% combined yield (3an and 3an'), 91.5:8.5 er.
[a]p® -178.9 (c = 0.15, CH.Cl,); Analytical data: *H NMR (400 MHz,
CDCl;) 6 7.38 (dd, J = 6.9, 1.9 Hz, 1H), 7.34 — 7.24 (m, 2H), 7.25 — 7.19 (m, 1H), 6.69 (d, J = 9.5
Hz, 1H), 6.20 (dd, J = 9.6, 5.2 Hz, 1H), 4.66 (d, J = 4.6 Hz, 2H), 4.04 (d, J = 13.1 Hz, 1H), 3.79 (d, J
=13.1 Hz, 1H), 3.65 (s, 3H), 3.46 (d, J = 8.7 Hz, 1H), 3.31 (t, J = 4.7 Hz, 1H), 3.08 (dd, J = 8.7, 5.2
Hz, 1H). C NMR (151 MHz, CDCls) & 210.43, 155.28, 132.45, 130.25, 130.18, 129.25, 128.50,
128.35, 128.09, 122.57, 67.42, 61.44, 55.03, 39.08, 36.47, 24.06. IR (ATR): v (cm™) = 3472, 3024,
2957, 2857, 1748, 1687, 1443, 1282, 1266, 1197, 1098, 1055, 950, 784; HRMS (ESI) calcd for
CisH160sNa* [M+Na]*™: 311.0890, Found: 311.0895. The enantiomeric excess was determined by
Daicel Chiralpak IC (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 23.4 min, tr

(minor) = 28.0 min.

23.450

10 20 30
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 23.450 BB 0.5329 1431.08960 40.63544 49.8484
2 27.883 BB 0.6223 1439.79211 34.82635 50.1516

10 20 30
Peak RetTime Type Width Area Height Area
i [min] [min] [mAU*s] [mAU] %

1 23.391 BB 0.5410 1.13931e4 318.77936 91.2583
2 28.010 BB 0.5792 1091.34668 25.60997 8.7417

MeO,CO 2-((1S,1aR,7bR)-5,6-dimethoxy-1-
(((methoxycarbonyl)oxy)methyl)-1a,7b-dihydro-1H-

"‘\\OCOZMe cyclopropala]naphthalen-1-yl)-2-oxoethyl methyl carbonate
H (3.15bc)

Off-white solid, 25.9 mg, 65% yield, 8:92 er. [a]p?° -123.3 (¢ = 0.5,
CHCl,), Mp = 97-101 °C; Analytical data: *H NMR (400 MHz, CDCI3) & 6.89 (s, 1H), 6.69 (s, 1H),
6.59 (d, J = 9.5 Hz, 1H), 6.09 (dd, J = 9.5, 5.2 Hz, 1H), 5.22 — 5.10 (m, 2H), 4.00 (d, J = 13.1 Hz,
1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.85 (s, 3H), 3.83 (d, J = 13.3 Hz, 1H), 3.66 (s, 3H), 3.40 (d, J = 8.9
Hz, 1H), 3.02 (dd, J = 8.9, 5.2 Hz, 1H). 3C NMR (101 MHz, CDCls) & 203.23, 155.63, 155.32, 149.30,
148.79, 129.76, 125.76, 122.32, 120.70, 112.60, 110.66, 70.09, 61.78, 56.21, 56.08, 55.45, 54.99,
39.00, 36.74, 24.07. IR (ATR): v (cm™) = 3004, 2958, 2837, 1751, 1700, 1514, 1445, 1352, 1264,
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1194, 1171, 1130, 1060, 996, 967, 847, 789; HRMS (ESI) calcd for C2o0H2209Na* [M+Na]*: 429.1156,
Found: 429.1152. The enantiomeric excess was determined by Daicel Chiralpak ID (25 cm),
Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major) = 49.9 min, tr (minor) = 42.9 min.

10 20 30 40 50 ‘ ‘ I ‘ min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 42.860 MM 1.5299 3492.56934 38.04867 50.2220
2 49.858 MM 1.5958 3461.69580 36.15487 49.7780

10 20 30 40 50 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
S e | === == | === | === |
1 43.675 MM 1.5203 679.84412 7.45286 8.0552

2 49.784 MM 1.6689 7760.00830 77.49805 91.9448

MeO,CO 2-((1S,1aR,7bR)-4,7-dimethoxy-1-(((methoxycarbonyl)oxy)methyl)-
1a,7b-dihydro-1H-cyclopropalalnaphthalen-1-yl)-2-oxoethyl methyl

~“>oco,Me  carbonate (3.15cc)

Brown solid, 24.8 mg, 62% yield, 88:12 er. [a]p?° -90.2 (¢ = 1.0, CH:CL,);
MeO Mp = 121-123 °C; Analytical data: *H NMR (400 MHz, CDCIs) & 7.08 (d,

158



J =9.8 Hz, 1H), 6.73 (s, 2H), 6.19 (ddd, J = 9.8, 5.2, 0.7 Hz, 1H), 5.29 — 5.04 (m, 2H), 4.10 (d, J =
13.1 Hz, 1H), 3.86 (s, 3H), 3.80 (s, 3H), 3.78 (s, 3H), 3.76 (dd, J = 13.6, 4.4 Hz, 1H), 3.67 (s, 3H),
3.59 (d, J =8.9 Hz, 1H), 3.01 (dd, J =9.0, 5.2 Hz, 1H). 3C NMR (101 MHz, CDCl;) & 203.00, 155.54,
155.33, 152.78, 149.89, 123.64, 122.99, 122.33, 119.39, 110.46, 109.97, 69.97, 61.90, 56.28, 56.21,
55.42, 54.96, 35.15, 33.89, 23.10. IR (ATR): v (cm™) = 3004, 2957, 2838, 1751, 1704, 1483, 1443,
1421, 1378, 1344, 1261, 1192, 1103, 1086, 963, 910, 843, 791, 731; HRMS (ESI) calcd for
CaoH2209Na* [M+Na]*: 429.1156, Found: 429.1157. The enantiomeric excess was determined by
Daicel Chiralpak ID (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tg (major) = 26.2 min, tg

(minor) = 35.6 min.

35.985

5 10 15 20 25 30 35 40 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU] %

1 26.461 BB 0.7768 2819.69873 53.51037 50.3652
2 35.985 BB 1.1353 2778.80273 30.60352 49.6348

35.620

T T T T T T T T T T I T T T T I
10 20 30 40

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
S B R | === | === | === |
1 26.194 BV 0.8901 7161.63281 123.93897 87.2968
2 35.620 BB 1.1431 1042.14478 10.76838 12.7032
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2-((1S,1aR,7bR)-1-(((methoxycarbonyl)oxy)methyl)-5,6-dimethyl-
1a,7b-dihydro-1H-cyclopropalalnaphthalen-1-yl)-2-oxoethyl methyl
carbonate (3.15dc)

Off-white solid, 35.2 mg, 81% yield, 7.5:92.5 er. [a]p?° -109.5 (c 1.0,
CHCl,); Mp = 111 °C; Analytical data: *H NMR (400 MHz, CDCls) &
7.15 (s, 1H), 6.96 (s, 1H), 6.60 (d, J = 9.5 Hz, 1H), 6.11 (dd, J = 9.6, 5.2 Hz, 1H), 5.13 (s, 2H), 4.06
(d, J =13.1 Hz, 1H), 3.85 (s, 3H), 3.76 (d, J = 13.1 Hz, 1H), 3.67 (s, 3H), 3.35 (d, J = 8.8 Hz, 1H),
3.01 (dd, J = 8.8, 5.2 Hz, 1H), 2.25 (s,, 3H), 2.24 (s,, 3H). 3C NMR (101 MHz, CDCls) & 203.04,
155.57, 155.28, 137.24, 136.41, 131.27, 130.27, 129.91, 129.29, 126.70, 121.57, 70.02, 61.91,
55.42, 54.96, 38.60, 36.02, 24.68, 19.73, 19.58. IR (ATR): v (cm™) = 3009, 2957, 2860, 1748, 1701,
1501, 1443, 1421, 1376, 1253, 1190, 1143, 1106, 997, 949, 911, 884, 842, 786, 729, 648, 581, 543,
432; HRMS (ESI) calcd for CxoH2207Na* [M+Na]*: 397.1258, Found: 397.1262. The enantiomeric
excess was determined by Daicel Chiralpak IF (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254

nm, tr (Major) = 11.9 min, tg (Minor) = 9.7 min.

25 5 7.5 10 12.5 15 17.5 20 225 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 10.012 BB 0.3325 4263.61719 195.46851 50.3397
2 12.361 BB 0.5052 4206.06934 129.40663 49.6603

%

9.754

2.5 5 7.5 10 12.5 15 17.5 20 225 min



Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 9.754 BB 0.3786 889.36096 33.62734 7.4910
2 11.929 BB 0.5292 1.09830e4 314.65701 92.5090

MeO,CO 2-((1S,1aR,7bR)-5,6-dibromo-1-(((methoxycarbonyl)oxy)methyl)-

1la,7b-dihydro-1H-cyclopropalalnaphthalen-1-yl)-2-oxoethyl methyl

~*oco,Me carbonate (3.15ec)

White solid, 24.0 mg, 48% vyield, 4:96 er. [a]p?®° -106.8 (c = 1.0,
CH.Cly), Mp = 136-137 °C; Analytical data: 'H NMR (400 MHz,
CDCls) 6 7.65 (s, 1H), 7.46 (s, 1H), 6.58 (d, J = 9.6 Hz, 1H), 6.27 (dd, J = 9.6, 5.2 Hz, 1H), 5.14 (s,
2H), 4.04 (d, J = 13.4 Hz, 1H), 3.86 (d, J = 13.4 Hz, 1H) 3.85 (s, 3H), 3.68 (s, 3H), 3.29 (d, J = 8.6
Hz, 1H), 2.99 (dd, J=8.7, 5.3 Hz, 1H). *3C NMR (101 MHz, CDCl;) & 202.34, 155.54, 155.16, 134.98,
132.97, 132.64, 130.02, 128.17, 124.65, 124.10, 123.98, 70.00, 61.24, 55.52, 55.20, 36.67, 35.30,
24.55. IR (ATR): v (cm™) = 2957, 2855, 2258, 1747, 1703, 1583, 1466, 1442, 1419, 1372, 1242,
1186, 1159, 1112, 1065, 997, 959, 907, 856, 836, 809, 787, 768, 727, 664, 649, 588, 524; HRMS
(ESI) calcd for C1gH16Br.O7Na* [M+Na]": 524.9155, Found: 524.9172. The enantiomeric excess was
determined by Daicel Chiralpak IG (25 cm), Hexane/IPA = 80/20, 1.0 mL/min, A = 254 nm, tr (major)
=18.9 min, tr (Minor) = 16.0 min.

18.655

25 5 7.5 10 12.5 15 17.5 20 225 mir

Peak RetTime Type Width Area Height Area
i [min] [min] [mMAU*s] [mAU] %

1 15.738 BB 0.5164 5301.86621 158.44095 50.2908
2 18.655 BB 0.6017 5240.55078 130.16704 49.7092
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25 5 7.5 10 12.5 15 17.5 20 225 min
Peak RetTime Type Width Area Height Area
# [min] [min] [(mMAU*s ] [mAU] %

1 16.005 BB 0.5982 686.46088 16.13927 4.4370
2 18.887 BB 0.6824 1.47849e4 332.74652 95.5630

Preparation of endo-benzonorcaradiene (3.21ac)

OCO,Me
5 mol % [CpRu(CH3CN)3]PFg

=
= 6 mol % Bu,N|
0CO,Me

2-butanone, 40 °C

3.13a 3.14c 45 min
1.0 equiv. 1.0 equiv. c=0125M

3.21ac

[CPRU(CHsCN)s]PFs (5.00 mol %, 10.4 umol, 4.52 mg) and tetrabutylammonium iodide (6 mol %,
12.4 umol, 4.60 mg) were dissolved in freshly distilled 2-butanone (0.55 ml) in a microwave reaction

vial under N, atmosphere. The solution of an oxa-benzonorbornadiene (0.208 mmol, 30 mg, 1.0

equiv.) and but-2-yne-1,4-diyl dimethyl dicarbonate (0.208 mmol, 42.1 mg, 1.0 equiv.) in 2-butanone

(2.1 ml) was added into the microwave reaction vial. The reaction mixture was stirred at 40 °C for 45

min. The reaction mixture was cooled to room temperature. The solvent was removed under reduced

pressure. The reaction mixture was purified by column chromatography with phosphate bufferred

silica gel (pH =7) (n-pentane/ethyl acetate = 5/1 (v/v')) to afford the endo-product (rac-3.21ac) (39

mg, 54% vyield).
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0OCO,Me o
= 5 mol % Ru.4ba X —\ PFe
6 mol % Bu,N| S
0CO.Me 2-butanone, 40 °C @ \\\erRRu\
3.13a 3.14c 25 min MeCN' / MeCN
1.0 equiv. 1.0 equiv. c=0.125M MeCN
Ru.4ba

Ru.4ba (5 mol %, 10.4 umol, 6.52 mg) and tetrabutylammonium iodide (6 mol %, 12.0 umol, 4.60
mg) were dissolved with freshly distilled 2-butanone (0.55 ml) in a microwave reaction vial under N2
atmosphere. The solution of an oxa-benzonorbornadiene (208 umol, 30.0 mg, 1.0 equiv.) and but-
2-yne-1,4-diyl dimethyl dicarbonate (208 umol, 42.1 mg, 1.00 equiv.) in 2-butanone (1.10 ml) was
added in one portion. The reaction mixture was stirred at 40 °C for 25 min, then to room temperature.
The solvent was removed under reduced pressure. The reaction mixture was purified by column
chromatography on phosphate bufferred silica gel (pH =7) (n-pentane/ethyl acetate = 5/1 (v/V')) to
afford the endo-product (3.21ac) (53 mg, 74% vyield).

rac-2-((1S,1aS,7bS)-1-(((methoxycarbonyl)oxy)methyl)-1a,7b-dihydro-
1H-cyclopropalalnaphthalen-1-yl)-2-oxoethyl methyl carbonate (3.21ac)

Colorless oil, 39 mg, 54% vyield; Analytical data: *H NMR (600 MHz,
CD.Cl,) 5 7.44 — 7.39 (m, 1H), 7.28 (td, J = 7.5, 1.5 Hz, 1H), 7.24 (td, J =
7.5, 1.4 Hz, 1H), 7.11 (dd, J = 7.5, 1.4 Hz, 1H), 6.48 (d, J = 9.6 Hz, 1H), 6.11 (dd, J = 9.7, 5.1 Hz,
1H), 4.56 (d, J = 17.2 Hz, 1H), 4.48 (d, J = 11.9 Hz, 1H), 4.32 (d, J = 12.0 Hz, 1H), 4.29 (d, J = 17.2
Hz, 1H), 3.79 (s, 3H), 3.69 (s, 3H), 2.97 (d, J = 8.3 Hz, 1H), 2.55 (dd, J = 8.3, 5.1 Hz, 1H). 23C NMR
(151 MHz, CD.Cl;) & 196.75, 155.65, 155.08, 131.50, 129.98, 129.46, 128.35, 128.06, 127.81,
127.43, 122.15, 72.60, 69.66, 55.41, 55.36, 31.41, 29.09, 28.84.; IR (ATR): v (cm™) = 3020, 2958,
1746, 1442, 1375, 1252, 1167, 1118, 1064, 951, 780, 741, HRMS (ESI) calcd for CisH1807Na*
[M+Na]*:369.0945, Found: 369.0942.

All NMR data for the endo product (3.21ac) were acquired at 0 °C because the endo product is

slowly converted to exo product at room temperature.
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Thermal isomerization from endo-benzonorcaradiene (3.21ac) to exo-benzonorcaradiene
(3.15ac)

2-butanone,

100 °C, 30 min

3.21ac 3.15ac

endo-benzonorcaradiene (3.21ac) (0.051 mmol, 17.7 mg) was dissolved in freshly distilled 2-
butanone (0.56 ml) in a microwave reaction vial under N, atmosphere. The reaction mixture was
stirred at 100 °C for 30 min. The reaction mixture was cooled to room temperature. The solvent was
removed under reduced pressure. The reaction mixture was purified by column chromatography with
silica gel (n-pentane/ethyl acetate = 5/1 (v/V')) to afford the exo-benzonorcaradiene (3.15ac) (17.0
mg, 96% vyield).

1D NOE experiments on exo-benzonorcaradiene (3.15ac) and endo-benzonorcaradiene
(3.21ac)

1D NOE experiments were performed with exo-benzonorcaradiene (3.15ac) and endo-
benzonorcaradiene (3.21ac). Both samples were measured at 0 °C. Deuterated dichloromethane
(CD2Cl,) and deuterated chloroform (CDCls) were used for endo-benzonorcaradiene and exo-

benzonorcaradiene, respectively.
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1D NOE results of the endo product (3.21ac)
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1D NOE results of the exo product (3.15ac)

b d
a f
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X-ray Structure of 3.15aa.

Crystallographic data: CCDC 1947117 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Computational Details

GAMESSY was used for the quantum chemical calculation. The geometries of all species were
optimized with B3LYP%%/6-31G(d,p)!®. The same method and basis sets are used for computing
Gibbs free energy considering thermal and zero-point energy contribution, and scale factor for
vibrational frequencies are adapted.'® All of transition states have only one imaginary vibrational

mode and none of minima has an imaginary vibrational mode.

Energy Profile

Gibbs Free Energy [kcal/mol]

Claisen Rearrangement 6n-Electrocyclization + Ring-flip of Cycloheptatriene
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Summary of Computed Energies of Relevant Species

B3LYP/6-31G(d,p) Total Gibbs Free Relative

Gibbs Free Energy B3LYP/6-31G(d,p) Energy Gibbs

Correction Gibbs Free Energy (373.15 K, Free

B3LYP/6-31G(d,p) (298.15 K, Correction (373.15 K, scale factor = Energy
Electronic Energy scale factor =1) scale factor =0.9627) 0.9627) (373.15K)
(hartree) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
3.20 -1222.627860 | 178.125 156.094 -767053.892 0.0
TS1 -1222.601644 | 177.246 155.484 -767038.051 15.8
3.21lac -1222.641955 | 177.353 155.267 -767063.564 -9.7
TS2 -1222.617120 | 176.205 154.289 -767048.957 4.9
3.22ac -1222.617415 | 176.180 154.046 -767049.386 4.5
TS3 -1222.597438 | 176.937 155.058 -767035.838 18.1
3.22ac' | -1222.609816 | 174.734 152.178 -767046.485 7.4
TS4 -1222.609669 | 175.209 152.985 -767045.586 8.3
3.15ac -1222.652013 | 179.743 158.145 -767066.997 -13.1
3.23ac -1222.653823 | 179.416 157.622 -767068.656 -14.8
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8.4 Enantioselective Ruthenium(ll)-Catalyzed

Alkylative Cycloetherification

Preparation of hexa-4,5-dien-1-ol (4.18)

Hexa-4,5-dien-1-ol was prepared according to the published procedures.*®

HO _~_ X,
X hexa-4,5-dien-1-ol (4.18)

pale yellow oil, 2.10 g, 37% yield; Analytical data: *H NMR (400 MHz, CDCl3) 5 5.13 (p, J = 6.7 Hz,
1H), 4.69 (dt, J= 6.6, 3.3 Hz, 2H), 3.70 (q, J = 6.0 Hz, 2H), 1.27 (br, 1H). **C NMR (101 MHz, CDCI3)
5 208.61, 89.54, 75.24, 62.37, 31.96, 24.57. IR (ATR): v (cm™) = 3339, 2939, 2867, 1956, 1704,
1438, 1058, 844.

General Procedures for the Ruthenium(ll)-Catalyzed Enantioselective Alkylative

Cycloetherification

0O

HOM. . X 10 mol % [Ru] Q
X > o
Additive
4.18 419 DMF, 60 °C, 3 h 4.20
1.5 equiv. )
©
,} PFs
\\\\\\ AN
MeCN' MeCN
MeCN
Ru.2ba

Ru.2ba (10.0 mol %, 1.28 umol, 0.976 mg), hexa-4,5-dien-1-ol (0.013 mmol, 1.31 mg, 1 equiv.),
phenyl vinyl ketone (0.019 mmol, 2.54 mg, 1.5 equiv.) and additive were dissolved in freshly distilled
DMF (51 pl, 0.25 M) under an N, atmosphere. The reaction vessel was covered by aluminum foil,

and the reaction mixture was stirred for 3 h at 60 °C. Then, the reaction mixture was cooled to room
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temperature. The reaction mixture was filtered through short silica pad. The reaction mixture was
purified by silica gel column chromatography (n-pentane/ethyl acetate = 4/1 (v/v')) to afford the
desired cyclic ether 4.20.

1-phenyl-4-(tetrahydrofuran-2-yl)pent-4-en-1-one (4.20)

Colorless oil, Analytical data: *H NMR (400 MHz, CDCls) & 8.02 — 7.93 (m, 2H), 7.61 — 7.52 (m, 1H),
7.51-7.42 (m, 2H), 5.13 - 5.07 (m, 1H), 4.87 — 4.82 (m, 1H), 4.35 (t, J = 7.3 Hz, 1H), 3.94 (dt, J =
8.2, 6.7 Hz, 1H), 3.82 (td, J = 7.8, 6.3 Hz, 1H), 3.29 — 3.11 (m, 2H), 2.61 — 2.37 (m, 2H), 2.18 — 2.02
(m, 1H), 1.99 — 1.87 (m, 2H), 1.79 — 1.66 (m, 1H). *C NMR (101 MHz, CDCI3) & 199.85, 149.25,
137.08, 133.17, 128.75, 128.20, 109.25, 81.98, 68.57, 37.44, 31.37, 26.19, 26.02. IR (ATR): v (cm
1) = 2950, 2868, 1686, 1649, 1597, 1448, 1320, 1280, 1204, 1057, 981, 900, 746, 691; HRMS
(APCI/QTOF) m/z: [M + Na]+ Calcd for CisH1sNaO»* 253.1199; Found 253.1199. The enantiomeric
excess was determined by Daicel Chiralpak ID (25 cm), Hexane/IPA = 95/05, 1.0 mL/min, A = 254

nm, tr (Major) = 20.7 min, tr (Minor) = 18.5 min

1392

~ N\ , ,
25 5 75 10 1255 15 17.5 20 225
Peak RetTime Type Width Area Height Area
= [min] [min] [(mAU*s] [mAU] %

e B | === | == | —=—mmm - | === | ——=———-- !
1 17.570 BB 0.3143 3811.32837 189.75511 49.9286

2 19.392 BB 0.3502 3822.22412 170.04115 50.0714
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18.536

25 5 7.5 10 12.5 15 17.5 20 225

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

——m | e B | == - | - - | - |
1 18.537 BB 0.3208 747.82477  36.52925  9.7398

2 20.664 BB 0.3686 6930.18750 292.31909 90.2602

0] OH
W 5-methylene-6-(tetrahydrofuran-2-yl)hept-6-en-1-ol (4.23)

Colorless oil; Analytical data: *H NMR (400 MHz, CDCls) & 5.27 (d, J = 1.5 Hz, 1H), 5.13 (s, 1H),
4.99 (d, J = 1.3 Hz, 1H), 4.96 (t, J = 1.3 Hz, 1H), 4.68 — 4.63 (m, 1H), 3.98 (t, J = 6.4 Hz, 1H), 3.86
—3.81 (m, 1H), 3.65 (t, J = 6.0 Hz, 2H), 2.30 — 2.25 (m, 2H), 2.17 — 2.12 (m, 1H), 1.92 — 1.86 (m,
2H), 1.73 — 1.60 (m, 1H), 1.60 — 1.48 (m, 4H).

8.5 Enantioselective Ru(ll)-catalyzed [2+1]

Cycloaddition of Ruthenium Vinyl Carbene

Preparation of Substrates
The following compounds were prepared according to the published procedures.

N-cinnamyl-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide  (5.18),'%¢  4-methyl-N-(2-methyl-1-
oxopropan-2-yl)-N-(prop-2-yn-1-yl)benzenesulfonamide (5.24).1%
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am—
TsN

N\

Ph N-cinnamyl-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide (5.18)

White solid, 357 mg, 75% vyield; Analytical data: *H NMR (400 MHz, CDCl3) & 7.77 (d, J = 8.4 Hz,
2H), 7.41 - 7.18 (m, 7H), 6.57 (dt, J = 15.8, 1.4 Hz, 1H), 6.08 (dt, J = 15.8, 6.9 Hz, 1H), 4.13 (d, J =
2.5 Hz, 2H), 4.00 (dd, J = 6.9, 1.3 Hz, 2H), 2.44 (s, 3H), 2.05 (t, J = 2.4 Hz, 1H). 3C NMR (101 MHz,
CDCI3) 6 143.74, 136.22, 136.17, 135.04, 129.65, 128.74, 128.20, 127.92, 126.67, 123.02, 76.73,
73.96, 48.71, 36.02, 21.70. IR (ATR): v (cm™) = 3288, 3027, 2921, 2858, 1597, 1495, 1447, 1345,
1158, 1094, 968, 897, 814, 754, 735, 692, 658, 568, 542.

TsN

N
ﬁ—\o 4-methyl-N-(2-methyl-1-oxopropan-2-yl)-N-(prop-2-yn-1-yl)benzenesulfonamide (5.24)

White solid, 1.34 g, 70% yield; Analytical data: *H NMR (400 MHz, CDCls) 5 9.65 (s, 1H), 7.81 (d, J
= 8.4 Hz, 2H), 7.37 — 7.28 (m, 2H), 4.11 (d, J = 2.5 Hz, 2H), 2.44 (s, 3H), 2.19 (t, J = 2.5 Hz, 1H),
1.49 (s, 6H). 3C NMR (101 MHz, CDCI3) & 198.42, 144.28, 136.90, 129.79, 128.26, 79.40, 73.55,
67.34, 34.53, 21.91, 21.70. IR (ATR): v (cm™) = 3279, 2988, 2817, 1736, 1597, 1327, 1305, 1167,
1150, 1083, 1050, 881, 814, 730, 663, 583, 544.
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General Procedure for the Ruthenium(ll)-Catalyzed Enantioselective Ru(ll)-catalyzed [2+1]

Cycloaddition of Ruthenium Vinyl Carbene for Bicycle[3.1.0]hexanes (5.20)

‘ OMe\Ru@

\\\\\\ AN
mecn/  MecN

MeCN
. TMS
T N/ - Ci) ©) 5mol % Ru.2ba —
® s 6 mol % Bu,NCI
\x\ TsN Ph
Ph
5.18 5.19 toluene 5.20

S Y 23°C .

1.0 equiv. 1.1 equiv.

N-cinnamyl-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide 5.18 (0.024 mmol, 7.75 mg, 1.0
equiv.), Ru.2ba (5.00 mol %, 1.19 umol, 0.907 mg) and tetrabutylammonium chloride (6.00 mol %,
1.43 umol, 0.397 mg) were dissolved in toluene (80.0 ul, 0.3 M) in a test tube under N> atmosphere.
A solution of TMS-diazomethane in ether (2 M, 0.026 mmol, 13.1 pl, 1.1 equiv.) was added to the
reaction mixture. The reaction mixture was stirred at room temperature for 18 h. The reaction mixture
was filtered through silica pad. The filtrate was concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography (n-pentane/ethyl acetate = 15/1 (v/iv')),
which delivered the bicycle[3.1.0]hexane (5.20).

- TMS
TN Ph

cis-6-phenyl-3-tosyl-1-((Z2)-2-(trimethylsilyl)vinyl)-3-azabicyclo[3.1.0]hexane ((2)-5.20)

Pale yellow oil, Analytical data: *H NMR (400 MHz, CDCl3) 8 7.73 (d, J = 8.3 Hz, 2H), 7.39 — 7.33
(m, 2H), 7.22 (dd, J = 8.1, 6.5 Hz, 2H), 7.18 — 7.11 (m, 1H), 6.93 (dd, J = 8.3, 1.3 Hz, 2H), 6.00 (d, J
=15.1 Hz, 1H), 5.65 (d, J = 15.2 Hz, 1H), 3.80 (d, J = 9.4 Hz, 1H), 3.73 (d, J = 9.4 Hz, 1H), 3.36 (dd,
J=9.4,3.9 Hz, 1H), 3.15 (d, J = 9.4 Hz, 1H), 2.46 (s, 3H), 2.17 (d, J = 4.2 Hz, 1H), 1.91 (t, J = 4.0
Hz, 1H), -0.09 (s, 9H). The enantiomeric excess of was determined by Daicel Chiralpak IB (25 cm),
Hexane/IPA = 98/02, 1.0 mL/min, A = 254 nm, tr (major) = 18.7 min, tr (Minor) = 12.6 min
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I s e e s e e e s e e L s s e e e IR s e ey s s e
25 5 7.5 10 12.5 15 17.5 20 225 mir

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e |~ |~ | e |~ | = |
1 12.385 VV 0.2525 2466.82324 144.95869 50.0666

2 17.%41 vv 0.3892 2460.25830 87.71539 49.9334

@ -
0 @
‘ I2!5‘ S 5I - ‘7.5‘ - I1|0I - I12|.5‘ o ‘15‘ - ‘17.5I o I2|0‘ - ‘22‘5‘ - ;ﬂir
# [min] [min] [mMAU*s] [mAU] %

1 12.586 BB 0.2663 1487.83936 84.96594 40.3606
2 18.651 BB 0.4362 2198.52515 73.25211 59.6394

TMS

BNC:é;:;h

cis-6-phenyl-3-tosyl-1-((E)-2-(trimethylsilyl)vinyl)-3-azabicyclo[3.1.0]hexane ((E)-5.20)

Pale yellow oil, Analytical data: *H NMR (400 MHz, CDCl5) & 7.75 (d, J = 8.3 Hz, 2H), 7.42 — 7.32
(m, 2H), 7.24 (d, J = 7.6 Hz, 2H), 7.20 — 7.14 (m, 1H), 7.11 — 7.04 (m, 2H), 5.54 (d, J = 19.2 Hz, 1H),
5.44 (d, J = 19.2 Hz, 1H), 3.74 (dd, J = 9.2, 2.8 Hz, 2H), 3.32 (d, J = 9.3 Hz, 1H), 3.24 (dd, J = 9.2,
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3.9 Hz, 1H), 2.49 (d, J = 4.6 Hz, 1H), 2.45 (s, 3H), 2.08 (t, J = 4.2 Hz, 1H), -0.14 (s, 9H).13C NMR
(101 MHz, CDCI3) 6 143.74, 142.50, 136.45, 133.63, 130.17, 129.88, 129.09, 128.19, 127.77,
126.51, 51.69, 50.20, 38.20, 32.10, 28.79, 21.71, -1.30. IR (ATR): v (cm™) = 3062, 3031, 2953, 2855,
1601, 1347, 1247, 1162, 1101, 1027, 1007, 987, 910, 864, 836, 815, 797, 729, 708, 698, 665, 621,
586, 549; HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C23H2oNO>SSiNa*® 434.1581; Found
434.1585. The enantiomeric excess of was determined by Daicel Chiralpak IB (25 cm), Hexane/IPA
=95/05, 1.0 mL/min, A = 254 nm, tr (major) = 10.4 min, tr (Minor) = 8.5 min

o 2‘.5 - é - 7!5 S 1b - ‘12“5I - 1|5 - ‘17‘.5‘ - 2|O - ‘22|,
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e D |~ | e | e |~ |~ |
1 8.106 BV 0.1773 4350.51318 375.16248 49.8650

2 9.965 BB 0.2155 4374.07324 312.09882 50.1350

25 5 7.5 10 125 15 17.5 20 mir
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

1 8.512 BV 0.2125 438.31512 28.32762 12.8429
2 10.400 BB 0.2219 2974.57837 206.65404 87.1571
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General Procedure for the Ruthenium(ll)-Catalyzed Enantioselective Ru(ll)-catalyzed [2+1]

Cycloaddition of Ruthenium Vinyl Carbene for Epoxypyrrolidenes (5.25)

©
j PFg
®
u
N
MeCN' MeCN
MeCN
__ TMS
T N/ _ N@ ©) 3 mol % Ru.2ba J—
S /="=N 5 mol % BuyNCI
TMS 4 _
N TsN (0]
(0]
toluene
23°C
5.24 5.19 525
1.0 equiv. 1.5 equiv.

4-methyl-N-(2-methyl-1-oxopropan-2-yl)-N-(prop-2-yn-1-yl)benzenesulfonamide 5.24 (0.025 mmol,
6.98 mg, 1.0 equiv.), Ru.2ba (3.00 mol %, 0.750 umol, 0.571 mg) and tetrabutylammonium chloride
(5.00 mol %, 1.25 umol, 0.347 mg) were dissolved in toluene (179 ul, 0.3 M) in a test tube under N
atmosphere. A solution of TMS-diazomethane in ether (2 M, 0.038 mmol, 19.0 yl, 1.5 equiv.) was
added to the reaction mixture. The reaction mixture was stirred at room temperature for 1.5 h. The
reaction mixture was filtered through silica pad. The filtrate was concentrated under reduced
pressure. The crude product was purified by silica gel column chromatography (n-pentane/ethyl
acetate = 15/1 (v/iv"), which delivered the epoxypyrrolidine 5.25.

<~

ST
; TMS
TSQO

(1R,5S)-4,4-dimethyl-3-tosyl-1-((Z)-2-(trimethylsilyl)vinyl)-6-oxa-3-azabicyclo[3.1.0]hexane ((2)-
5.25)

Colorless oil, Analytical data: : *H NMR (400 MHz, CDCl3) 6 7.69 (d, J =8.1 Hz, 2H), 7.25 (d, J = 4.2
Hz, 2H), 6.41 (d, J = 14.9 Hz, 1H), 5.82 (d, J = 14.9 Hz, 1H), 4.92 (s, 1H), 3.66 (d, J = 11.6 Hz, 1H),
3.58 (d, J = 11.6 Hz, 1H), 3.04 (s, 1H), 2.40 (s, 3H), 1.47 (s, 3H), 0.09 (s, 9H). The enantiomeric
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excess of was determined by Daicel Chiralpak IC (25 cm), Hexane/IPA = 95/05, 1.0 mL/min, A = 254

nm, tr (Major) = 19.8 min, tr (Minor) = 27.0 min

13

= N &Q
o S 4
— RRSQ;
N N

s 10 15 o 25 s 3% 40 m
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e | == | |~ |~ |~ |
1 19.814 vV 0.3645 6513.07861 224.46626 50.1669

2 27.027 MM 0.6363 6469.74219 169.46347 49.8331

19.844

T L e L A R N AL
5 10 15 20 25 30 35 40 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

R || |~ | |~ |
1 19.844 VB 0.4269 1990.71924  71.92060 70.5027

2 27.009 MM 0.6172 832.88910 22.49172 29.4973
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(1R,55)-4,4-dimethyl-3-tosyl-1-((E)-2-(trimethylsilyl)vinyl)-6-oxa-3-azabicyclo[3.1.0]hexane ((E)-
5.25)

Colorless oil, Analytical data: *H NMR (400 MHz, CDCl3) & 7.71 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 8.0
Hz, 4H), 6.11 (d, J = 19.2 Hz, 1H), 5.88 (d, J = 19.2 Hz, 1H), 3.85 (d, J = 11.4 Hz, 1H), 3.59 (d, J =
11.3 Hz, 1H), 3.25 (s, 1H), 2.40 (s, 3H), 1.51 (s, 3H), 1.47 (s, 3H), 0.08 (s, 9H). The enantiomeric
excess of was determined by Daicel Chiralpak IC (25 cm), Hexane/IPA = 95/05, 1.0 mL/min, A = 254

nm, tr (Major) = 23.9 min, tr (Minor) = 28.9 min

3 Géﬁ 2 ép§
2 g
s 1o 15 20 2 s 3 4  mn
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

R R R | = |~ |~ |
1 23.543 BB 0.4617 2588.43359 79.53472 49.7382

2 28.059 vv 0.5143 2615.68433 66.59066 50.2618

L L T e e T L L
5 10 15 20 25 30 35 40 min

Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*s] [mAU] %

el BEESEE |~ [~ | e |~ | = |
1 23.942 MM 0.5869 4066.51025 115.48965 74.0758

2 28.949 MM 0.7094 1423.15259 33.43679 25.9242
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General Procedure for the Ruthenium(ll)-Catalyzed Enantioselective Ru(ll)-catalyzed [2+1]

Cycloaddition of Ruthenium Vinyl Carbene for Terminal Alkenyl Bicyclo[3.1.0]hexanes (5.26)

©
= | PP
\\\Ru\@
vech™ '/ “MecN
MeCN
N ® © 5mol% Ru.2ba _
s ms N 6 mol % BugNCl
\x\ >  TsN Ph
Ph
MeOH
5.18 5.19 5.26

1.0 equiv. 1.1 equiv. 23°Cors0°C
N-cinnamyl-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide 5.18 (0.025 mmol, 8.13 mg, 1.0
equiv.), Ru.2ba (5.00 mol %, 1.25 umol, 0.951 mg) and tetrabutylammonium chloride (6.00 mol %,
1.50 umol, 0.417 mg) were dissolved in methanol (83.2 ul, 0.3 M) or methanol/THF mixture (50/50
mixture (v/v'), 0.3 M) in a test tube under N2 atmosphere. A solution of TMS-diazomethane in ether
(2 M, 0.027 mmol, 13.7 ul, 1.1 equiv.) was added to the reaction mixture. The reaction mixture was
stirred at room temperature or 50 °C for 18 h. The reaction mixture was filtered through silica pad.
The filtrate was concentrated under reduced pressure. The crude product was purified by silica gel
column chromatography (n-pentane/ethyl acetate = 10/1 (v/v')), which delivered the epoxypyrrolidine
5.26.

TsNC@Ph
cis-6-phenyl-3-tosyl-1-vinyl-3-azabicyclo[3.1.0]hexane (5.26)

Colorless oil, Analytical data: *H NMR (400 MHz, CDCIs7.74 (d, J = 8.3 Hz, 1H), 7.36 (d, J = 8.0 Hz,
1H), 7.26 (s, OH), 7.21 - 7.16 (m, 1H), 7.12 - 7.06 (m, 1H), 5.31 (dd, J = 17.9, 10.5 Hz, 1H), 4.94 (d,
J=0.9 Hz, 1H), 4.91 (dd, J = 5.5, 1.1 Hz, OH), 3.75 (dd, J = 9.2, 4.8 Hz, 1H), 3.31 (d, J = 9.3 Hz,
1H), 3.24 (dd, J = 9.2, 3.9 Hz, 1H), 2.48 (d, J = 4.8 Hz, 1H), 2.45 (s, 2H), 2.06 (t, J = 4.3 Hz, 1H).
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9.2 Optimized Geometry

Allyl vinyl ether (3.20ac)
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Cycloheptatriene (3.22ac)
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Transition state 4 (TS4)
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Dihydrofuran (3.23ac)
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9.3 NMR spectra
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NMR spectra for Chapter 2
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NMR spectra for Chapter 3
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2D NMR of endo-product (3.21ac)
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NMR spectra for Chapter 4
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NMR spectra for Chapter 5
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