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,Der unermeflich reichen, stets sich erneuerndetuNgegentber wird der Mensch,
soweit er auch in der wissenschatftlichen Erkenrftmigeschritten sein mag,
immer das sich wundernde Kind bleiben
und muss sich stets auf neue Uberraschungen gefiassten.”
(Max Planck)
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ABSTRACT

This thesis describes the synthetic work on theuradtproduct {)-entoldhamine A
(CHAPTER 1), the establishment of a compound Ilipratith molecules featuring fivefold
symmetry for a symmetry-based approach towardsiaewhannel blockers (CHAPTER II)

and studies towards the self-assembly of highlyreginic polyhedra (CHAPTER III).

The first and main chapter focuses on the syntldessggn and the synthetic studies towards
the norterpenoid alkaloid-J-entoldhamine A. Due to its intriguing structure inporating a
highly unusual cyclopentadienyl anion that formsiternal salt with a tertiary ammonium
ion and with the intention to perform full evaluatiof its biological activities, this molecule
was a logical target for total synthesis. The dsaiment of two key building blocks, first, of
a highly functionalized pyrrolizidine featuring fowf the five stereogenic centers of the
natural product and, second, a bicyclic lactorgescribed. The synthesis of the pyrrolizidine
portion was carried out asymmetrically in a seakslegant and highly robust reaction steps,
which allowed a performance on multigram scales.tRe synthesis of the bicyclic lactone
building block, several methodologies were invegtg and finally, a palladium-catalyzed
[3+2] cycloaddition gave rise to the desired cartramework in a straightforward fashion.

Searching for new opportunities to control ion aels and thus neuronal activities, a new
approach towards the design of potential drugs exgored that is described in the second
chapter. It was intended to employ fivefold symneemmolecules as channel antagonists to
match the inherent fivefold symmetry of pentamesit channels and thus enable pentavalent
binding. Hence, a series of compounds with fivefithmetry was synthesized and subjected
to biological screening to determine their potdritianeuronal control. Indeed, some of these
molecules were found to be very biologically actared pentameric ion channels are in fact

their targets.

Studies on the self-assembly of highly symmetrasahedral structures are described in the
third chapter. It was planned that fivefold symneetsmall molecules having adequate
coordinating groups would act as ligands on thidesgmmetric transition metal complexes
and thus assemble to highly symmetric polyhedra ditdecahedral structures. In the course
of extensive experimental studies, new compoundsdcbe characterized and several new

crystal structures of interesting transition metahplexes were elucidated.



INHALT

Diese Dissertation beschreibt synthetische Studien Naturstoff {)-entOldhamine A
(CHAPTER 1), die Erstellung einer Verbindungsbiliiek von flinffachsymmetrischen
Verbindungen fur einen symmetriebasierten Zugandgomenkanalblockern (CHAPTER II)

und Studien zurself-assembljrochsymmetrischer Polyeder (CHAPTER llI).

Das erste Kapitel konzentriert sich auf das Symttlesign sowie auf synthetische Arbeiten
am Norterpenoidalkaloid—j-entOldhamine A. Aufgrund seiner faszinierenden Suukdtlie
ein aulRerst ungewohnliches Zyklopentadienylaniomveist, welches ein internes Salz mit
einem tertidren Ammoniumion bildet, als auch dersigbt die vollstandige biologische
Aktivitat dieses Molekils zu evaluieren stellt diedNaturstoff ein deduziertes Ziel fir eine
Totalsynthese dar. Konkret wird die Entwicklung vawmei Schliisselbausteinen beschrieben.
Zum Einen ist dies ein hochfunktionalisiertes Pkzidin, das bereits vier der funf
stereogenen Zentren des besagten Naturstoffs aifwed zum Anderen ein bizyklisches
Lakton. Die Synthese des Pyrrolizidinbausteins wuegymmetrisch in einer Reihe von
eleganten und robusten Reaktionsschritten durchgefiidie eine Umsetzung im
Multigrammmalstab erlaubten. Im Hinblick auf dienByese des Laktonbausteins wurden
verschiedene Synthesestrategien eruiert, wobeiefdich eine palladiumkatalysierte [3+2]

Zykloaddition elegant zur Bildung des erwiinschtemlénstoffgeristes fuhrte.

Auf der Suche nach neuen Wegen zur Kontrolle varemandlen und damit neuronaler
Aktivitat wurde ein neuer Denkansatz zur Entwickjyotentieller Wirkstoffe untersucht, der
im zweiten Kapitel beschrieben ist. Hierzu wurde édinwendung funffachsymmetrischer
Molekile angedacht, die der inharenten Symmetrmegmeerer lonenkanéle entsprechen und
damit pentavalent an diese binden koénnen. Demesuispnd wurde eine Reihe von
Molekilen mit Finffachsymmetrie synthetisiert undneen biologischem Screening
unterworfen. Es stellte sich heraus, dass einigeediMolekile eine aul3erordentlich potente

biologische Aktivitat zeigen und dass tatsachliehtamere lonenkanale deren Ziele sind.

Studien zumself-assemblyhochsymmetrischer, ikosaedrischer Strukturen s$mddritten

Kapitel beschrieben. Funffachsymmetrische kleineleide mit geeigneten funktionellen
Gruppen sollten als Liganden an dreifachsymmeteisddbergangsmetallkomplexen agieren
und sich durch Selbstorganisation zu hochsymmaétiscStrukturen mit dodekaedrischer
Geometrie zusammenfiigen. Im Zuge dieser Studiemt&oneinige interessante neue

Verbindungen und Kristallstrukturen charakterisieerden.

Vi



SUMMARY

CHAPTER |: TOWARDS THE TOTAL SYNTHESIS OF OLDHAMINE A

Daphniphyllum alkaloids are a structurally diverse group of matuyroducts found in
Daphniphyllum a genus of dioecious evergreen trees and shraibsgero the Southeast of
Asia. Presently, more than two hundi2aphniphyllumalkaloids have been isolated from this
genus? Some of them have been shown to exhibit consideerainlogical activities and
alkaloidal extracts of their parent plants had mapibons in traditional folk medicine for the

treatment of a variety of diseadéd’

One representative of this class of natural pradisc+)-oldhamine Al(226), a norterpenoid
alkaloid featuring a highly unusual cyclopentadieagion in its fused-hexacyclic carbon
skeleton (Figure A

a) b)

(+)-oldhamine A (1.226)

Figure A: (+)-Oldhamine A (1.226): a) Chemical structure; b) crystal structure.

The unique structure df226 and the intent to perform a full biological andapinaceutical
characterization necessitated a launch of a tgtathesis of this intriguing natural product.

Possible synthetic precursors are depicted in Sebem

0
AroH 0.0
s = o
0
H  fac.

1.322 §-valerolactone (1.302)
H P o NH;
/_Cé% : HOMOH
BnO 3 OFEt 0 0
Me
(-)-ent-oldhamine A (1.240) 1.241 1.245 L-glutamic acid (1.251)

Scheme A: (-)-ent-Oldhamine A (1.240) and its possible precursors in the total synthesis program.
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In terms of the retrosynthetic analysis, which é&@monomic reasons targeted the unnatural
enantiomer |)-entoldhamine A [.240), it was planned to construct the quaternary
stereogenic center ih240 by a stereoselective addition of methyl cupratahte fulvene
system inl.241. The resulting anion could easily attack the \atimethyl ester, thereby
giving the natural product in an elegant and corer@nfashion. Fulvend.241 can be
dissected by conjugate addition, subsequent enatidéion and a McMurry reaction to the
bicyclic precursord.322 and 1.245. Lactonel.322 can be traced back t-valerolactone
(1.302), while pyrrolizidinel.245 was planned to be made frarrglutamic acid (251). The
synthesis in the “forward direction” is shown inh®mes B and C.

o)
NH 0 BnO 0 H
HO = o 10steps Bnom zsteps, W AUl FC@J(O
g N OFEt
SN M N
o o Me H OFEt e BnO M:: OEt
e
1.251 1.277 1.245
OEt

Scheme B: Synthetic route towards pyrrolizidine 1.245.

Transferring this strategy, the synthesis startétl W251, which was converted intb277
over ten steps. Formation of two new stereogenitece was directed by the stereochemical
information of natural -glutamic acid (.251). A conjugate addition of the sterically hindered
secondary amind.277 to ethyl propiolate and subsequent reduction &led tertiary
aminel.247. Finally, a Dieckmann cyclization gave rise torpjizidine 1.245, which features

four of the five stereogenic centers present imgteral product.

0} 0} o H Q H o
2 steps Pd" catalyst, 1.255 2 steps %/O
o 0o ———— ? ” ?
| o
rac rac.

H ' H
1.302 1.256 1.208 1.322

TMS\)J\/OAC

1.255

Scheme C: Synthetic route towards lactone 1.322.

Concerning lactond.322, the synthesis started frodtvalerolactone 1(302), which was
unsaturated in two steps~(1.256) and then coupled in a [3+2] cycloaddition withetate
1.255 using a methodology, which has been developedrbgt®nd coworkeré? Resulting
intermediatd.298 was dihydroxylated and protected to give key bngdlockl.322.

Vil



CHAPTER Il: AS YMMETRY -BASED APPROACH TOWARDS NEW ION
CHANNEL BLOCKERS

Pentameric ion channels play a huge in neuronal transductic In order to investigate ne
opportunities for the design of potential ion chanblockers, a new approach towards tl
design was explored. It was planned to apply fikkisymmetric molewles to match th
inherent fivifold symmetry of pentameric ion channels and tmabé pentavalent bindir
The GABAa receptor, for example, is a lige-gated pentameric ion channel that cont
neuronal activity byegulating the influx f chloride ions*®!'*®! According to the symmett
approach, blocking e GABAa channe requires a pentasymmetric small molec
(Figure B).

Figure B: A generic fivefold symmetric small molecule next to the GABAx receptor.

Model studies with pentasymmetric compounds revkeaetential binding sites irthe
targete: ion channelsin the case of the MscL chan (PDB code: 20AF,* for example
functionalized pillar[5]arenes seemed to be suitfivefold symmetic frameworks to allov
interaction with the prote (Figure C.

Figure C: A pillar[5]arene with carboxylic acid substituents inside the MscL channel: a) Full view; b) close view.

Accordingly, a series of compounds wfivefold symmetry was synthesized and subjecte
biological screening to determine their potential neuronal contrc Compounds wer

selected by their functional groups and soluk in water(Figure D'.



Cucurbiturils Example: Pillararenes Example: Cyclopentadienides Example:
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Figure D: Chemical structure and shape on the basis of selected crystal structures of fivefold symmetric small
molecules prepared for the symmetry approach.

Pleasingly, it was found that some of these motwdre highly biologically active and
indeed pentameric ion channels are their targetsreMspecifically, it was sodium
pentacyanocyclopentadienitlel0, which was found to be a potent open channel lelook
the GABA receptor (IG = 1.3uM). In cooperation with Prof. Dr. Erwin Sigel and \Nwtis
AG, the detailed mode of action is currently bestgdied and its potential application as an

insecticide is investigated.

CHAPTER Ill: SELF-ASSEMBLY OF HIGHLY SYMMETRIC MOLE  CULES

Fivefold symmetric molecules appear to be suitdhlédding blocks for highly symmetric
organometallic complexd¥*1%! Based on model studies, it was speculated that the
pentacyanocyclopentadienide anion could act agiandi on facially substituted threefold
symmetric transition metal complexes and thus,tduée distances and angles ,encoded® in
these building blocks, self-assemble into highlyeyetric polyhedra (Figure E).

a)

Figure E: Self-assembly of a molecular dodecahedron: a) Schematic illustration of a single vertex; b) model of a
dodecahedral arrangement of [Cr(CO)z]20[C10Ns]12'*".



In order to ,neutralize” the 12 negative chargest twould accumulate in a dodecahedron
formed of a neutral transition metal complex and #mionic ligand, tight ion pair salts of
pentacyanocyclopentadienide with fivefold symmetmounter ion were synthesized
(Scheme D).

.3 m.17

Scheme D: Decamethylferrocenium pentacyanocyclopentadienide (I11.3): a) Synthesis; b) crystal structure.

This counter ion was found in the decamethylfemao® cation, which could be introduced
by a simple salt metathesis witH.3. X-ray analysis of a single crystal confirmed the

structure oflll.17 and showed an orthogonal arrangement of disavatpairs.

A number of facially substituted threefold symmettransition metal complexes was
prepared and reacted with pentacyanocyclopentafiesalts. Upon extensive experimental
efforts, several new compounds and crystal strastwwould be characterized. When, for
example, [Cr(MeCN)CO)] (lll.4) was treated withll.17, formation of an interesting
metallocene complex with an intriguing structureswaserved (Scheme E).

a) b)

o
co
_ @ - +20MeCN—Cr coA_. _ @ —
@ NEI N e NETY S
NCMe
M =Fe:Cr 2:1
m.17 .4 n.1s

Scheme E: Metallocene (CsMes)2Cro.ssFeo.s7C10Ns (111.18): a) Synthesis; b) crystal structure.

Discrete ion pairs arrange towards each othershiféed but linear fashion, thus generating
linear metallocenium pentacyanocyclopentadienidis.rdhis fascinating structure represents

a new and highly unusual fivefold symmetric metzdioium salt.

Xl
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1.1 Projekt Background and Aims

CHAPTER |: TOWARDS THE TOTAL SYNTHESIS OF
OLDHAMINE A

1.1 Project Background and Aims

1.1.1 Daphniphyllum Alkaloids

Nature has always been a great source of inspirdtio chemists. She manages to solve
complex problems in efficient and elegant ways, imgkhe accomplishment look simple.
One impressive example is how small molecules twithmolecular weight are used in many

different ways to perform highly specific tasks.

Thus, it is not surprising that studying naturadgucts has been demonstrated to be the most
important source of discovery of pharmaceuticalgdftt Their development has heavily
contributed to the elongation of life expectancy ao average of 80 years in 2012 in

industrialized countries and is thus of great sigance for mankind?

A rich source of a large number of natural produstth diverse structures is the genus
Daphniphyllum which comprise the dioecious evergreen trees @mdbs of the family
Daphniphyllaceae These vegetals are native to the east and SeitlefaAsia and
predominantly to Japdfl. Crude extracts from these trees have been usedditional folk
medicine for many purposes such as the treatmerastfmd? Some natural products
isolated from these plants were also shown to hemesiderable cytotoxic effects,
antioxidation propertie and some also enhance neurotropic factor biosgistie
However, the overall biological functions and phacology of theDaphniphyllumalkaloids

are poorly studied to date due to their limitedunatsupply.

Since the isolation of the first alkaloid froBaphniphyllumwas reported in 1908, these
natural products have attracted considerable ateby research groups worldwide resulting
in the identification of more than 23aphniphyllumalkaloids to date. Hence, a series of
manifold complex polycyclic structures has beencidlated, which have been classified
according to their carbon skeletdfisUp to now, 22 different structural types have been
characterized. This number is likely to furtherrgese given that new compounds from this
genus are continuously discovered. In 2012 aldwwegetnew structures were disclo$8dIn
order to illustrate the diversity of these compajral complete collection of carbon skeletons

present inDaphniphyllumalkaloids is shown in Figure 1.1. The structures ardered and

1



CHAPTER I: Towards the Total Synthesis of Oldhamine

classified by their carbon backbofleHowever, members of each skeletal class can lyeavil

differ by their oxidation states and degree of tior@alization.

Daphniphylline -type

(+)-daphnioldhanin H (1.1)

Leaves of
Daphniphyllum
oldhamii, 2008.14

Potent effects against
platelet aggregation.

Secodaphniphylline -type

(-)-daphnioldhanin D (1.2)

Roots of Daphniphyllum
oldhamii, 2007.1!

Antioxidant activities
against hydrogen
peroxide-induced
impairment in PC12 cells.

Yuzurimine -type

(-)-daphangustifoline B (1.3)

Whole plant of
Daphniphyllum

angustifolum HUTCH,

2011.2

Weak inhibition of
tumor growth against
HL-60, MCF-7 and

Daphnilactone A -type

Leaves of Daphniphyllum
teijsmannii, 2011.1%!

Unusual 2,8-dioxabicyclo
[3.2.1] octane moiety.

A549 cell lines.

(-)-daphtenidine A (1.4)

Daphnilactone B -type Yuzurine -type
Leaves of . .
COOM
Daphniphyllum OH © I'j) r:éteerLeDrigzzlrEhy”um
i [14] ,
humile, 2006. 0— 010,129
|

Features a seven- Me—N . .
membered lactone “OH Spiro Daphniphyllum

(-)-daphnezomine H (1.5)

moiety.

(-)-daphlongamine 1 (1.6)

alkaloid.

Bukittinggine -type

(-)-caldaphnidine N (1.7)

Twigs of
Daphniphyllum
calycinum, 2008.16

Features a
[5-6-6-5-5-7]
hexacyclic core.

Daphnezomine A -type

°
Ccoo

HN-

®
i
OH
(-)-daphnezomine A (1.8)

Leaves of Daphniphyllum
humile, 1999.471

Contains an aza-
adamantane core.
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Daphnezomine F -type

Daphnezomine L -type

Fruits of
Daphniphyllum COOMe Twigs of Daphniphyllum
longeracemosum, Ve 2008161
2011 58! calycinum, .

. Unusual 2,3,4,5-
Contains tetrahydropyridine
1-azabicyclo[5.2.2] moiet))// Py

(-)-daphlongeranine C (1.9) undecane ring (-)-caldaphnidine L (1.10)
system.
Daphnicyclidin -type Daphmanidin A -type

Whole plant of Leaves of

H © coome

OH
Me D
—

N NH

Daphniphyllum
angustifolum HUTCH,
2011.19

Daphniphyllum
teijsmannii, 2011.0%!

Shows moderate

Diamino cytotoxicity against
H Daphniphyllum murine lymphoma L1210
(-)-angustifolimine (1.11) alkaloid. (-)-daphtenidine C (1.12) cells.
Daphmanidin C -type Daphniglaucin A -type
Leaves of

COOMe

Daphniphyllum
teijsmannii, 2005.2%

Together with
daphmanidin C the
sole member of this

Whole plant of
Daphniphyllum
angustifolum HUTCH,
2011.0

Effects against platelet

aggregation.
(-)-daphmanidin D (1.13) group to date. (-)-daphangustifoline A (1.14) ggreg
Daphniglaucin C -type Calyciphylline A -type
ero S baptriphyllum Moo 2 Leaves of
N H maFc):ro %d);m Daphniphyllum
Me“;ﬂ H 2007 [ﬁ] ’ glaucenses, 2004.122
' Me
Highly f h li
HO™ 4 Features a [5-6-7-5] N ighly fused hexacyclic

(-)-daphnimacropodumine B (1.15)

tetracyclic core.

(-)-daphniglaucin D (1.16)

core.

Calyciphylline B -type

(-)-oldhamiphylline A (1.17)

Leaves of
Daphniphyllum
oldhamii, 200423

Features nine
stereogenic centers.

Calyciphylline C -type

(-)-calydaphninone (1.18)

Fruits of Daphniphyllum
macropodum, 2007.24

Features an unusual
azetidine ring.
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Calyciphylline D -type Paxdaphnine A -type
COOMe
Leaves' o Fruits of Daphniphyllum
Daphniphyllum
lyci 2007.28 longeracemosum,
calycinum, . bl

Features a [6-5-5-5]

. Heptacyclic ring system.
tetracyclic core. ptacy! g sy

(-)-calyciphylline F (1.19) (+)-daphlongamine A (1.20)
Calyciphylline G Angustimine
MeOOC H Stem of Whole plant of

Daphniphyllum
angustifolum HUTCH,
2011.19

Daphniphyllum
calycinum, 2007.27

Contains a 2-H

. . Sole representative of this
pyrrolium ring.

HO group.
(-)-angustimine (1.22)

(+)-calyciphylline G (1.21)

Figure 1.1: A selection of Daphniphyllum alkaloids, illustrating all their different skeletal types together with source
and year of the first isolation.

This diversification among all th®aphniphyllumalkaloids is remarkable since they are
proposed to biosynthetically arise from a commoecprsor: By performing feeding
experiments, it was shown that tBaphniphyllumalkaloids are all derived from squalene
(1.23, Scheme 1.1%¥ Since the number of carbon atoms in the framewark vary due to
biosynthetic modifications, thBaphniphyllumalkaloids can not generally be classified by
means of a compound class. However, being commaoetived froml.23, they are often
referred to as norterpenoid alkalofdsalthough it would be more descriptive to call them

triterpenoid and nortriterpenoid alkaloids.

A detailed mechanism for the formation of the seqduhan framework from squalene was
originally proposed by Heathcock and coworkers ¢Bof 1.1)%% They were able to support
their concept by a biomimetic total synthesis oj-gtoto-daphniphylline, utilizing the
proposed pentacyclization pathwayide infra Section 1.1.2, Scheme 1. Even though
participation of .23 in the biosynthesis of th®aphniphyllum alkaloids was already
suggested befof® 3U it was the success of this work which attracteddanterest for the
elucidation of detailed biosynthetic mechanisms paithways towards other skeletal types of

the Daphniphyllumalkaloidst®*2
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CgH15 B CQH15
+
oxidation l - E\§
\\\ - ~ |: / I: A
| = o]l I { o|l =
h 1
o} o0
squalene (1.23) .24 - 125 -
CoHis
+ intramolecular
H nitrogen source Diels-Alder
Alder-Ene reduction
1.30 1.31
secodaphniphylline-type

framework

/ various‘ pathwa&\

other types of Daphniphy!lum alkaloids

Scheme 1.1: Proposed biosynthetic pathway to secodaphniphylline-type alkaloids from squalene (1.23) without
showing enzymatic activities.

In the first step, squalené43) could oxidatively be transformed into dialdehyld&} with
loss of one double bond to form a desymmetrizectispecontaining an enone and an
aldehyde. This was proposed to oceia imine formation with an amine provided by either
an enzymE? or pyridoxamine, followed by prototopic rearrangen®®! The corresponding
enolatel.25 could then undergo an intramolecular conjugatetiadic followed by cyclization
of 1.26 to afford hemiketall.27. Formal condensation with one equivalent of ammoni
(presumably provided by pyridoxamine) could giveerto 2-azadiene28, which would then
be set up to form tetrahydropyridin®9 via an intramolecular Diels-Alder reaction. This
intermediate could undergo an Alder-Ene reactiopriavide pentacyclé.30, which, upon
reduction, would furnish the framework of the semithiphylline-type alkaloidd.81)."”

Their structural complexity and beauty has attiddbe attention of synthetic chemists and a

number of approaches to several of Begphniphyllum alkaloidshave been reported so far.
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CHAPTER I: Towards the Total Synthesis of Oldhamine

The construction of their polycyclic frameworkstie key task in their strategies. Many of
these syntheses stand out for their use of eleyantno reactions, building key frameworks

in a single step. A complete description of thedlws in the next section.

1.1.2 Synthetic Approaches towards thBaphniphyllum Alkaloids

1.1.2.1 Turner’s approach towards (x)-methyl homos®daphniphyllate

The first attempt to construct the complex corehomosecodaphniphylline-type alkaloids
was performed in 1983 by the group of Turner, wimoed for a Diels-Alder approach using
acceptor-substituted dienophiles in an effort talsat)-methyl homosecodaphniphyllate
(1.36, Scheme .23

COOMe COOMe
0 oy~ 0 e
COOMe benzene,140 °C, 66 h 3 steps 5
OTMS (20 %) . (no yield given)
1.32 133 HO
1.34 1.35
COOMe

(x)-methyl homosecodaphniphyllate (1.36)

Scheme 1.2: First synthetic approach towards Daphniphyllum alkaloids - construction of the tricyclic core of
(x)-methyl homosecodaphniphyllate (1.36).

Starting from diend.32 and enond.33, a regioselective suprafacial endo-addition under
thermal conditions gave tricycle34 in a moderate 20 % yieltl34 could then be converted
in three steps into tetracycle35, which already features the core skeleton of (&}l

homosecodaphniphyllaté 36).
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1.1.2.2 Yamamura's approach towards (x)-codaphniphine

The group of Yamamura reported in 1986 a synthedisthe northern part of
(+)-codaphniphylline I(44, Scheme 1.3§° a daphniphylline-type alkaloid which they had
previously isolated and characteriZz&¥.Their synthesis was of great use to confirm the

proposed structure.

S 1) Hg(CF3COQ0),, MeNO,, —15 °C, 3 h; .'Y.ISH
X OAc then NaBH,4, O,, DMF, 0 °C, 30 min
OH 4 steps 2) PCC, CH.Cly, r.t. 4 h 07> OAc
| (no yield given) | oj(ph (60 %) Me _O}/—Ph
(0] (0]
geraniol (1.37) 1.38 1.39
Me 1) PDC, DMF, r.t. 1 h (S
" OH 2) NaBH,, EtOH, dioxane, 0 °C, 1 h; S
4 steps 5 , s then Ac,0, pyridine, 0 °C, 2 h ACO
(64 %) meé SJ (42 %) Q
HO o
1.40 1.41
O3, MeOH, -60 °C, 30 min; [e)
4 steps then Me,S, MeOH, r.t. 16 h ~ ----- >
T 7 HO 4 o o >
(29 %) Me “—OH (78 %)
.42 1.43

(x)-codaphniphylline (1.44)

Scheme 1.3: A synthetic approach towards the northern part of (x)-codaphniphylline (1.44) to confirm the structure
of 1.44.

Geraniol (.37) was converted in four steps into aceta®8, which was then subjected to
mercury-promoted cyclization, reductive demercoratand subsequent oxidation to yield
ketonel.39. This intermediate was processed in four steps timbacetall.40, which upon
oxidation and spontaneous lactone formation wamolelectively reduced and acetylated to
furnish bicyclel.41. Compound.41 was converted over four steps into alkéd®, which
was subjected to ozonolysis followed by reductivarkup to result in spontaneous formation
of desired ketal.43, which features the northern part of (x)-codaphyiine (1.44).
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1.1.2.3 Heathcock’s first generation synthesis af)¢methyl homodaphniphyllate

The total synthesis of (£)-methyl homodaphniphgldt51, Scheme 1.4) in 1986 represents
the first completed total synthesis oDaphniphyllumalkaloid. It was executed by the group
of Heathcock, who dominated this field in the fellog years by presenting a series of
elegant total syntheses of sevdbaphniphyllumalkaloids with different skeletal types. The
first generation synthesis @61 was carried out in 14 linear steps and providedntueral

product in an overall yield of 2 %

o 1) NEtg, EXCOCI, r.t. 18 h 0
HoN A\O 2) p-TsOH, toluene, reflux, 18 h N—L' 6steps
+ _ o
é/\COOH N (74.%) 79 e
1.45

1.46 .47

1) Me,Culi, THF, r.t. 50 min;

then (EtO),POCI, THF, rt. 2 h
2) LDA, (EtO),POCI, HMPA/THF, r.t. 18 h
3) Li, t-BuOH, EtNH, r.t. 25 min

LDA, CH3CHO, THF, -78 °C, 2 h;
then H,SO,, acetone, r.t. 16 h

(69 %) (64 %)

1.50

1) Pd(OH),/C (100 wt %), EtOH, Ho,
110 bar, 120 °C, 20 h COOMe

2) CrOg, H,SO,, acetone, r.t. 1 h;
then HCI, MeOH, reflux, 24 h

(50 %)

(+)-methyl homodaphniphyllate (1.51)

Scheme 1.4: Total synthesis of (x)-methyl homodaphniphyllate (1.51).

Amide formation of ketond.45 with acetall.46 followed by acid-catalyzed iminium ion
formation and intramolecular nucleophilic trapplmgmeans of a Mannich-type reaction gave
rise to tetracyclé.47. This molecule was then converted in six steps @mond.48. An E/Z
unselective aldol condensation with acetaldehydevied by acid-mediated hydrolysis of the
ketal triggered an intramolecular conjugate additio furnishl.49, which exhibits the cyclic
core of the natural product. Conjugate additiommatthyl cuprate and trapping the resulting
enolate with diethyl phosphochloridate gave an @holsphate, which was transformed into a
double enol phosphate using LDA and diethyl phosplusidate. The resulting intermediate
was then reduced with lithium tert-butanol and ethyl amine to give the deoxygenatetl a

O-deprotected alkene50. The following reduction was achieved using higbigtimized

8
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conditions employing Pearlman’s catalyst with higtessure of hydrogen and at high
temperature, under which a 1:1 mixture of diastexs with respect to the isopropyl group
was obtained. This mixture of diastereomers wagestdd to Jones oxidation and Fischer

esterification and could then be separated to @j+enethyl homosecodaphniphyllate51).

1.1.2.4 Heathcock’s second generation synthesig®Fmethyl homodaphniphyllate

In 1989, Heathcocket al reported the second generation synthesis of giyh
homodaphniphyllatel. 61, Scheme 1.5), employing a bio-inspired sequendtechwfeatured a
condensation/Diels-Alder/Alder-Ene cascade reactwoeviously developed in their own
laboratories \(ide supra Section 1.1.1, Scheme 14§:*¥ By implementing this elegant
domino reaction sequence, the number of linearssiggs reduced to 12 and the overall yield

was significantly improved to 13 ¢}

Br

OEt
3 steps O\;Br Zn, THF, HMPA, rt. 9 h
COOMe (81 %) = 0 (90 %)

o]

1.52 1.53 1.54

(COCI)Z, DMSO, EtsN, CHQCIz, -78 OC, 1 h,
0 thenNHs, CH,Cl,, 0°C, 1h;

LiAH, Et,O,rt.9h then HOAc, 45 °C, 15 h

(90 %) (47 %)
I
OH
1.55
HO
1) Hp, PtO, r.t. 1 h PhNCO (2 eq), CHCly, r.t. 1 h;
2) DIBAL-H, toluene, reflux, 72 h then HCOOH, reflux, 2 h
(60 %) HN (94 %)
COOMe 1.57 1.58
3 steps
(73 %)

(%)-methyl homodaphniphyllate (1.51)

Scheme |.5: Second generation synthesis of (+)-methyl homodaphniphyllate (1.51).

The synthesis started with estés2, which was converted in three steps into dibronhiga.

This intermediate then participated in a Reformatsaction to give tricyclic lactone54.
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Upon LAH reduction, diol.55 was obtained, which was subsequently oxidizedguSivern
conditions. Reacting the corresponding dialdehyd&itu with a stream of gaseous ammonia
resulted in the formation of a 2-azadiene, whiclorupreatment with acid underwent an
intramolecular Diels-Alder/Alder-Ene cascade reattio yield amind.56. Reduction of the
methylene group was then performed using hydrogehea presence of Adam’s catalyst and
the resulting intermediate was treated with DIBAL-Fhis triggered a ring openinga a
retro aza-Prins reaction and the reduction of éselting iminium ion to provide alcohbb7.
Double addition of phenyl isocyanate followed bydamediated cyclization led to formation
of carbamatd.58, which could be transformed to (x)-methyl homodaiphyllate in three
steps. Trapping the secondary amine with phenytyeoate was necessary to prevent

protonation of the amine in the subsequent ringiotpstep.

1.1.2.5 Heathcock's first generation synthesis af)¢methyl homosecodaphniphyllate

The total synthesis of (x)-methyl homosecodaphriptey (.36) was reported by the
Heathcock group in 1988 (Scheme 1.6). This synthe&s carried out in only nine linear
steps, making use of the bio-inspired condensdieis-Alder/Alder-Ene cascade reaction
(vide supra section 1.1.1, Scheme 1.1) to obtain the natpratluct in an overall yield of
48 %. This biomimetic approach opened a short,aglegnd convenient pathway towards the

secodaphniphylline-type alkaloitfs!

BnO BnO
LDA, THF, -78 °C, 30 min;
fe} then 1.60, THF, =78 °C, 15 min; OL j\
)J\/\/\ thenl.61, THF, =78 °Ctor.t. 16 h N 3 steps
N OBn _ - =
@ (87 %) 37] (80 %) HO ||

1.59 > I
MeOOC OH

.62 1.63

(COCl),, DMSO, Et3N, CH,Cl,, 78 °C, 1 h;
then NH3, CH,Cl,, 0 °C, 10 min;
then NH,OAc, HOAc, 70 °C, 1.5 h

(77 %)

1.64

(x)-methyl homosecodaphniphyllate (1.36)

COOMe
& PO NN

1.60 1.61

Scheme 1.6: First generation synthesis of (£)-methyl homosecodaphniphyllate (1.36).
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Amide .59 was turned into the corresponding lithium enolatkich underwent a conjugate
addition into estet.60 before being trapped with homogeranyl ioditlé1). The resulting
intermediatd.62 was then converted in three steps into H@B8. Swern oxidation followed
by reaction of the resulting dialdehyde with amnaogave a 2-azadiene, which underwent an
acid-catalyzed Diels-Alder/Alder-Ene cascade reacto give pentacyclé64. Having the
desired carbon framework in hands, (x)-methyl haesodaphniphyllate .36) could be

obtained after three further steps.

1.1.2.6 Heathcock’s second generation synthesig®Fmethyl homosecodaphniphyllate

A second generation synthesis of (x)-methyl homodaphniphyllatel(36, Scheme 1.7) was
described by Heathcoak al.in 1990. This synthesis includes a biomimetic sfarmation of

a squalene-derived bisaldehyt24 into (+)-proto-daphniphylline ((30) via the proposed
biosynthetic pathway for the formation of the seaquithiphylline-type alkaloidg.&. Michael
addition/condensation/Diels-Alder/Alder-Ene cascadle supra Section 1.1.1, Scheme 1.1).
Even though obtaining the natural product in nimedr steps in an overall yield of 18 %
appears less efficient than the first generatianthssis, employing the proposed biological
intermediate, bisaldehyde24 and constructing all rings in one single step gissimple
reaction conditions is of great significance. Tmakes for one of the most elegant total

syntheses reported so it 32

11
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LDA, 161, THF, -78 °Ctort. 16h  +-BuOOC
161, THF, N
+-BuoOC™ > TMS “W/VM/
™S

(84 %)
1.65 .66

1) LDA, 1.67, THF, -78 °Ct0 0 °C, 16 h
2) DIBAL-H, CH,Cl,, -78 °C, 3 h
3) (COCl),, DMSO, Et,N,

CHQC'Q, -78 OC, 90 min "

(66 %)

COOMe

KOH, n-BuyNHSO,, benzene, r.t. 10 min;
then NH3, NH,OAc, DMSO, 80 °C, 3 h;
then HOAc, 80 °C, 3 h

(49 %)

(z)-proto-daphniphylline (1.30) (x)-methyl homosecodaphniphyllate (1.36)
I/\W COOt-Bu
1.61 1.67

Scheme I.7: Biomimetic total syntheses of (&)-proto-daphniphylline (1.30) and (x)-methyl
homosecodaphniphyllate (1.36).

Tertbutyl (trimethylsilyl)acetatel (65) was alkylated with homogeranyl iodide6({) to give
esterl.66. Peterson-type olefination with aldehytlé7 followed by double reduction and
double Swern oxidation yielded bisaldehyd!. After treatment of.24 with KOH to trigger

a Michael addition, the reaction mixture was explose gaseous ammonia to form a
2-azadiene, which, upon heating in acetic acid, eawdnt an intramolecular
Diels-Alder/Alder-Ene cascade reaction to furnisk)-groto-daphniphylline [30).
Compoundl.30 could then be converted into (x)-methyl homosepbd#phyllate (36) in

four steps.

1.1.2.7 Heathcock’s total synthesis of (x)-daphnitone A

In 1989, Heathcock and coworkers succeeded in sgizing (+)-daphnilactone Al.68,
Scheme 1.8). The synthesis proceeded over elevaarlisteps and produced the natural
product in 9 % overall yield. Alcohdl57, which was accessiblga the condensation/Diels-
Alder/Alder-Ene cascade reaction, was a commonnmdiate in both the total synthesis of
(+)-methyl homodaphniphyllaté.51, Scheme 1.5) and the total synthesis.8.%841]

12
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HO
1) CrO3, H>SQO,, acetone, r.t. 30 min
2) CH,0, pH 7 aqueous phosphate buffer, r.t. 1 h
HN (50 %)
1.57 (x)-daphnilactone A (1.68)

Scheme 1.8: Total synthesis of (+)-daphnilactone A (1.68).

Alcohol 1.57 was first subjected to Jones oxidation. The raspltarboxylic acid then
participated in an oxa-Prins-Mannich-type reactemploying a formalin solution in an
aqueous phosphate buffer. This reaction sequencesiied (+)-daphnilactone A.§8) in
50 % yield.

1.1.2.8 Heathcock’s asymmetric total syntheses ef){methyl homosecodaphniphyllate

and (-)-secodaphniphylline

Another important achievement realized by the Haath group was the first asymmetric
total synthesis of @aphniphyllumalkaloid. In 1990, they introduced an asymmethicat
generation synthesis of)¥methyl homosecodaphniphyllate7©, Scheme 1.9) and the total
synthesis of £)-secodaphniphyllinel 80, Scheme 1.9). The northern part was constructed by
means of a stereoselective carbonyl reduction usiokiral reducing agent. The synthesis of
the southern part was accomplished using the pusljicestablished strategy employed for
the racemic total synthesis of (x)-methyl homoseptuhiphyllate (36, vide supra
Scheme 1.6), but starting from analanine-derived chiral amidé75. Thus, the total
synthesis 0f.80 proceeds over 9 linear steps and affords the algtwoduct in 10 % overall
yield *2

13
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OjL 2 steps AN O\A LAH, 1.71, ~78 °C to r.t. 20 h AN O\F
HOOC 0

(79 %) o (93 %, er = 96:4) o
o] HO
1.69 170 .72
1) KH, HoN(CH,)3NH,, —10 °C, 45 min o o
2) HgSOy4, HoSOy, rt. 12 h 5 steps
o) g o)
(95 %) OH  (30%) cocl
1.73 1.74
LDA, THF, —78 °C, 40 min: OBn
Me O then 1.60, HMPA, THF, -78 °C, 45 min;
B W then1.61, THF, -78 °C to -10°C, 16 h 3 steps
N OBn _ -
(64 %, dr = 8:92) (63 %)
Me
.75

(COCI)Z, DMSO, Eth, CHzclz, 1 h,
then NH3, CH,Cl,, 0 °C, 10 min;

then NH,0Ac, HOAc, 70 °C, 2 h 3 steps

_

(78 %)

(77 %)

(-)-methyl homosecodaphniphyllate (1.79)

LDA, 1.74, -78 °C, 1 h;
then NaCN, DMSO, 150 °C, 2 h

(43 %)
(-)-secodaphniphylline (1.80)
M
= COOMe
Ph” 2 ®/ /K/\)\/\/l
HO Ph
Darvon alcohol (1.71) 1.60 1.61

Scheme 1.9: Asymmetric total syntheses of (-)-methyl homosecodaphniphyllate (1.79) and
(-)-secodaphniphylline (1.80).

After converting carboxylic acit69 into ketond.70, an asymmetric reduction using a chiral
aluminum complex with Darvon alcohdl{1) afforded the enantiomerically enriched alkyne
[.72. Alkyne zipper reaction followed by alkoxymercuoat and ketal hydrolysis resulted in

spontaneous cyclization to desired kdt@B, which was converted in five steps into acid
chloridel.74.
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Chiral amidel.75 was subjected to a previously described Michaalitih/alkylation
sequencevide supra Scheme 1.9) combining60 andl.61 to give intermediaté.76. Upon
conversion into diol .77 and oxidation to the dialdehyde, the Michael
addition/condensation/Diels-Alder/Alder-Ene reastisequencev(de supra Section 1.1.1,
Scheme |.1) gave rise to enantiomerically pure Yeerther [.78. This intermediate was
converted into €)-methyl homosecodaphniphyllaté.79) in three steps. Mixed Claisen
condensation with acid chloride74 followed by Krapcho decarboxylation finally affed
(-)-secodaphniphyllinel 80).

1.1.2.9 Heathcock’s total synthesis of ()-bukittiggine

The total synthesis of (x)-bukittinggind.90, Scheme 1.10), which is the eponymous
representative of its skeletal type within thaphniphyllum alkaloidswas reported by the
Heathcock group in 1992. The established condems@liels-Alder/Alder-Ene cascade
reaction yide supra Section 1.1.1, Scheme l.1) was again key transfton in the
synthesis. A palladium-catalyzed cyclization leddomation of the hexacyclic framework of

.90, thus providing the natural product in 14 % ovieyild over 11 step$?
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BnO

2 steps COOEt 1.83, Cul, TMEDA, Et,0, -78 °C, 2.5 h
BnO/ e BnO/ : )\/\J\rr
(77 %) (75 %) A X COOEL
1.81 1.82 1.84
BnO
5 steps
> X N I
(44 %)
1.85
BnO
LDA, THF, 78 °C, 45 min; BnO
0 then 1.60, THF, -78 °C, 15 min;
)W then1.85, DMPU, -78 °Ctor.t. 16 h N OBn 3 steps OBn
@1 OBn ¢ — - N\ o
o, 7 o, T
(63 %) O | (74 %) HO |
1.59 S ]
MeOOC O
1.86 1.87

(COCI),, DMSO, EtzN, CH,Cly, ~78 °C, 15 min; ~ BnO
then NH3, CH,Cl,, 0 °C, 5 min;
then NH,0Ac, HOAc, 75 °C, 2 h

(CF3COO0),Pd, PPhj,

OBn p-benzoquinone, MeCN, r.t. 24 h

7 (78 %)

(76 %)

1.88

5 steps
(52 %)

(%)-bukittinggine (1.90)

COOMe
N MgBr ®/

1.83 1.60

Scheme 1.10: Total synthesis of (x)-bukittinggine (1.90).

Starting from benzyl ethdr81, ester.82 was obtained in two steps and was then converted
into alkenel.84 via a cuprate conjugate addition employirg3. lodidel.85 was obtained in

5 steps from.84. This building block was then employed as eledtilepin the previously
developed Michael addition/alkylation sequenzdd supra Scheme 1.9). Upon treatment of
amide .59 with LDA followed by addition of estel.60 and .85, benzyl ethed.86 was
obtained. It was converted into dio87 in three steps. Serial treatmentl &7 under Swern
conditions, gaseous ammonia and warm acetic asidtegl in the desired cascade reaction to
form pentacycld.88. The keyC-N-bond was formedia intramolecular aminopalladation to

give hexacycleé.89, which could be converted in five steps into ("kittinggine (.90).
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1.1 Projekt Background and Aims

1.1.2.10 Heathcock’s asymmetric total synthesis @f)-codaphniphylline

In 1995, Heathcock and coworkers developed an asgrun total synthesis of
(+)-codaphniphylline 1(99, Scheme 1.11). The synthesis started from prelyoteported
enantiomerically enriched compour®2, which was accessible by Noyori asymmetric
reduction and featured the well-established coratengDiels-Alder/Alder-Ene cascade
reaction yide supra Section 1.1.1, Scheme I.1) to form the polycysi&odaphniphylline
carbon skeleton. This core structure could thendmerted into the daphniphylline skeleton
of 1.99 using a previously developed strategyidé supra Scheme I.5). Overall, this
asymmetric synthesis proceeded over 17 steps amistied the natural product in 9 %
yield 4!

o Hy, [RUCI(CgHg) R-(+)-BINAPICI, OH LDA, THF, -30 °C, 1 h; HO
CH,Cl,, 50 °C, 103 bar, 16 h then1.61, THF, -30°C, 48 h [ |
éMCOOMe (90 %, er = 96:4) E& "COOMe (65 %) >
MeOOC
191 1.92 1.93
Cl
4 steps o Br Zn, THF, reflux, 6.5 h LiAlH, Et,0,0°C,9h
o}
(91 %) N (67 %) (96 %)
o
1.94 1.95

(COCl),, DMSO, Et3N, CH,Cl,, 78 °C, 1 h;
then MeNH,, CH,Cl,, 0 °C, 30 s;
then HOAc, r.t. to 65 °C, 21 h

O> 6 steps

(63 %) (56 %)
1) t-BuLi, 1.100, Et,O, -78 °Ctor.t. 14 h
2) CrO3, H,SOy, acetone, 0 °C, 30 min
(63 %)
(+)-codaphniphylline (1.99)
! 0 5 steps ! 0
o o W'
OH (30 %) CHO \ \
1.73 1.100 1.61

Scheme I.11: Total synthesis of (+)-codaphniphylline (1.99).
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CHAPTER I: Towards the Total Synthesis of Oldhamine

A Noyori asymmetric reduction of ketoested1 provided starting alcohdl92 in good yield
and enantiomeric purity. Alkylation of this compaluwith homogeranyl iodidel.61) gave
ester1.93, which was converted in four steps into halid@4. A Reformatsky reaction
utilizing inactivated zinc dust in the presencezioic chloride resulted in formation of lactone
[.95, which was then reduced to the corresponding di@f. Swern oxidation gave a
dialdehyde, which was reactedsitu with methylamine to undergo the previously deveblbp
Diels-Alder/Alder-Ene cascade reactionide supra Section 1.1.1, Scheme I.1). This
sequence provided a tertiary cation which underveanintramolecular hydride transfer to
give an iminium ion. This species was hydrolyzednupqueous workup to provide directly
the saturated pentacydl®7. From this intermediate, iodideé98 was obtained in six further
steps. Chiral alcohdl73, a building block which had been prepared durlmg asymmetric
synthesis of+)-secodaphniphyllinel 80, vide supra Scheme 1.9) was converted in five steps
into aldehydd.100. Lithiation of .98 and subsequent treatment with aldehid®0 gave a
mixture of alcohols, which was directly subjected flones oxidation to furnish

(+)-codaphniphyllinel(99).

1.1.2.11 Denmark’s approach towards (z)-daphnilactee B

In the course of their study on tandem double-mtigcular [4+2]/[3+2] cycloadditions of
nitroalkenes?*! the group of Denmark successfully built in 2008 south-western part of the
daphnilactone B-type alkaloids. The key transforomatnvolved a tetracyclic nitroso acetal
1.110, which resembles the core structure of (+)-daplwbine B (114, Scheme 1.12) and

encouraged to devise a strategy for the total sgii®
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o Procedure by Jacobsenl*7] o  3steps OMOM
(36 %) (45 %)
1.101 1.102 1.103

1) CuBr, LiBr, 1.104, THF,
-50 °C to —20 °C, 3 h
2) 1.105, Pd(PPhg),, THF,

-55°Ctort.11h 12 steps

on (14%)

(74 %)

SnCly, CH,Cly, toluene,  MeOOC.,, 0 ,
~70°Cto—45 °C, 7.5 h MG A MeOOC:.,
o + Me

(41 %, dr = 5:2)

1.108

O3, KOH, MeOH,
CH,Cl,, -78 °C, 2.5 h;
then Me,S, AcOH,
MeOH rt. 1.5h

1) H,, Raney-Ni, MeOH, 50 °C, 64 h
2) TBSCI, imidazole, DMF, r.t. 3 h 15 min Me,//

1.108 HO

(63 %) (48 %)

1) BH3- THF, THF, 50 °C, 4.5 h;
then THF rt. 19 h
2) Pt/C, MeOH, Et3N, r.t. 19 h

(60 %)
(x)-daphnilactone B (1.114)

|
CiMg”™ > 0OMgCl \[

|
1.104 1.105

Scheme 1.12: Tandem double-intramolecular [4+2]/[3+2] cycloaddition approach towards daphnilactone B-type
alkaloids.

Enantiomerically enriched epoxidel02 was available from the racematd 0l using
Jacobsen’s hydrolytic kinetic resolution protdé8land was converted into103 in three
steps. A carbocupration using04 followed by a palladium-catalyzed cross couplinghw
iodide 1.105 afforded alcohol.106. Compound.107, which was obtained in 12 steps from
1.106 was then treated with SnCThis gave rise to an intramoleculxchetero Diels-Alder
reaction between the electron rich trisubstitutézfim and the heterodiene contained in the
nitroolefin moiety. Subsequent intramolecular [3+&]cloaddition between the resulting
nitronate and the electron poor double bond formédso acetall.108 together with
diastereoisomdr109. Isomerl.108 was separated and subjected to ozonolysis inrds=pce

of sodium methoxide followed by reductive workup tbtain methyl esterl.110.
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CHAPTER I: Towards the Total Synthesis of Oldhamine

Raney-nickel mediated hydrogenation and subseqUB& protection gave lactonelll.

After formation of an amine-borane complex, cydi@a could be achieved using
triethylamine in the presence of platinum on chalcw yield lactaml.112. Reduced
pentacyclel.113 could then be obtained in two further steps. Tdompleted the western

carbon framework of (+)-daphnilactone B1(4).

1.1.2.12 Bonjoch’s approach towards (£)-calyciphytie A

The group of Bonjoch reported in 2005 their work raathyloctahydroindoles on a way to
calyciphylline A-type alkaloids such as (z)-calyleytline A (1.122, Scheme 1.13). The key
step was a palladium-catalyzed intramolecular aogpbf an amino-tethered vinyl bromide

with thea-position of a keton&®!

Lo Lo o__ 0O
o_ 0O o_ 0O O3, CH,Cl,, 78 °C, 45 min;
6 steps then NH3BnCl, NaBH3;CN, MeOH, r.t. 18 h 3 steps Me
_ > Me
(60 %) (59 %) (17 %) Br
N
(6] (e} \\ B /N )\/
n
1.115 1.116 1.117 1.118
(0]
H 1) NaBH,, CeCls, MeOH, -78 °C, 8 h H OH
2) [Rh(NBD)(DIPHOS-4)BF 4, NaH, H,
Pd(PPh), PhOK, THF, reflux, 24 h Me  THF,27.5bar,24h Me Me
(45 %) N (35 %) N@
|
1119 oBHs
1.120
(0]
H
2 steps
— Me
50 %
(50 %) N
1.121 o o

(z)-calyciphylline A (1.122)

Scheme 1.13: Construction of the south-western part of (x)-calyciphylline A (1.122).

Ketonel.115 was alkylated in a six-step sequence to form a&kdri 6, which was subjected
to a tandem ozonolysis/double reductive aminatiequence to provide amiri€l17. This
intermediate was converted in three steps into Werh118 and was then engaged in a
palladium-catalyzed cyclization to give tricydld19. In order to achieve reduction of the

alkene with the correct diastereoselectivity, ahaiceduction employing sodium borohydride
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1.1 Projekt Background and Aims

was performed. The resulting amine-borane compbexdcbe reduced in a diastereoselective
manner using hydrogen in the presence of a chhiadium catalyst. Saturated tricydlé20
was converted in two steps into ketdri21, which features the carbon skeleton of the south-
western part of (£)-calyciphylline A.(22).

1.1.2.13 Tanabe’s approach towards the constructiaf the ring system of

(x)-daphnezomine C

In 2007, Tanabe and coworkers reported their ssudie ring closing metathesis for the
formation of the 1l1-membered ring system of theodephniphylline-type alkaloid
(+)-daphnezomine 4.032, Scheme .14

4 steps o 0
MeOOC.__COOMe OH/

75 %
1123 (75 %)

1.124

COOMe | pa, THF, -78 °C, 30 min; Q
L1 7 steps then1.124, THF, ~78 °C to r.t. 14 h COOMe
(63 %) = OTBS (63 %) <
OTBS
1.125
1126
TBAF, THF, r.t. 20 min; o) COOMe
then 2-py-CrOs, COOMe NH4OAc, benzene, _ COOMe
CH.Cly, rt. 4 h AcOH, reflux, 18 h
P s Nx + |
(43 %) z o (70 %, ratio 16:19) N{>—\'Me
H V4
1127 1128 1129
COOMe COOMe
RCM DA
1.128  ----- > e > L - >
N Me N Me C -
1130 1131

(x)-daphnezomine C (1.132)

Scheme I.14: Studies on a RCM approach towards (+)-daphnezomine C (1.132).

Dimethylmalonate I(123) was the common starting material for both the edibanhydride
[.124 and the TBS ethek125. Addition of the lithium enolate of.125 to 1.124 led to

formation of estet.126. Upon O-deprotection and oxidation, aldehyd#&27 was obtained,
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CHAPTER I: Towards the Total Synthesis of Oldhamine

which was heated in the presence of ammonium &cetat acetic acid to give a mixture of
dihydropyridinel.128 and undesired Diels-Alder product29. In order to convert.128 to
macrocyclic compound.130, 1.129 was subjected to several ring closing metathesis
conditions. However, no conditions could be foundcthieve this transformation. The initial
plan was to subsequently undergo a Diels-Alder ti@ado form tetracycld.131, which
would have already featured the southern section18R. Thus, the group concluded that
molecules of the type128 were too rigid and therefore inappropriate for @MRapproach

towards (+)-daphnezomine C132).

1.1.2.14 Overman’s approach towards (+)-daphnipaxin

An asymmetric approach towards the skeleton of dhphnicyclidin-type alkaloids was
described in 2009 by Overmast al The key transformation was an aza-Cope-Mannich
reaction, which was utilized to construct the [yclic ring system, also setting the correct
stereochemistry at the important quaternary sten@ogcenter at the ring junction. The third
cycle was formediia a ring closing metathesis, thus completing thettsawestern part of
(+)-daphnipaxinin (145, Scheme 1.155%
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HO,, HO.,
CHO | 1) procedure by MacMillan(®'] H H _
/ . \‘) 2) procedure by Woodward!5?! 10 steps SiMe,Ph
OAc . (34%) NCTON"
1133 1134 (72 %) OAc Bn o
1135 1136
[ H SiMe,Ph
CeCls, LiCl, THF, r.t. 2 h; TBSO
then 1137, t-BuLi, -78 °C, 1 h AgNOj, EtOH, r.t. 3.5 h
o)
(73 %) (89 %) BN Me __
H
1138 1139

H SiMe,Ph

TBSO'
1.140, CeCl3, LiCl, THF,

—-78 °C, 20 min 1.142, CH,Cl,, reflux, 2.5 h

(72 %) BnN (96 %)

4 steps Me o ————— -
33 % © o}
(33%) o gn N @

H
1.144
Mes’N N‘Mes
Cl.,,
W Cerlu_jPh
[ BrMg” X P(Cy)s
1.137 1.140 1.142

Scheme 1.15: Synthesis of the south-western part of (+)-daphnipaxinin (1.145).

An organocatalytic asymmetric Diels-Alder reactiohdienel.134 with dienophilel.133
gave a chiral aldehyd®! which was methylated using nickel-catalysis toegiicohol
1.135.°? This compound was converted in ten steps intorkedt@36, which was subjected to
stereoselective addition of lithiatéd 37 to give alkend.138. Treatment with silver nitrate
led to in situ generation of an iminium ion, which underwent ausnce of aza-Cope
rearrangement followed by Mannich reaction to forpicycle 1.139. Addition of
vinylmagnesium bromidel.040) provided allylic alcoholl.141, which underwent ring
closing metathesis in the presence of Grubbs segendration catalydt142. The resulting
tricyclic aminel.143 was converted in four steps into ammonium k&#4, which already
features the south-western rings of (+)-daphnipgaxinl45).
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CHAPTER I: Towards the Total Synthesis of Oldhamine

1.1.2.15 Ilwabuchi’s approach towards~)-ent-daphnicyclidin A

Another approach towards the daphnicyclidin allddowas reported by Iwabuchi and

coworkers in 2009 when they presented their styategonstruct the tricyclic southern core

of (-)-entdaphnicyclidin A [.160, Scheme

1.16). The synthesis features a highly

stereoselective conjugate addition of nitromethame)reland-Claisen rearrangement and a

tandem acyliminium Mannich-type reactiBl.

Me n-Buli, M?Nog, ' Me
THF, -78 °C, 1.5 h; TIPSO
o O then TIPSOTf, HMPA, o OTIPS
3 steps _78°Ctort. 10 h 2 steps HO
- o
(52 %) Y (63 %) : (87 %)  HN A
AT~ TS ¥ H
Ph H
1146 Ph O=N 1149
1.147 1.148
LiIHMDS, TBSCI, 2-Me-THF,
0} THF,-78°Ctor.t. 155 h; 0}
4 steps then aq. AcOH, r.t. 40 min M
o) — O)X\/ — HO™
O Y~ OH ®8% 1BSO I\ -~ _OPV (noyieldgven dr=90:10) 1550 < OPiv
1.150 1.151 1.152
MeO.__OMe
HOOC ..Me 1.154, EDCI, DMAP, pyridine, TIPSO
4 StepS MeO ] CHzclz, rt.1h HO
- > OPiv
H
(66 %) MeO (80 %) N._A
1.153 -

1) TsCl, EtsN, HNMeCl,
CH2C|2, rt. 2 h,

then TBAF, CH,Cl,, rt. 2 h OMe

2) Hy, Pd/C, NaHCOg, (0] AcCl, i-PrOH,
MeOH, rt.2 h Me reflux, 1 h
H
(92 %, dr = 86:14) N 2 (87 %, dr = 36:64)
H
1.156
OPiv

KHMDS, 1.154, HMPA,

1157 THF, -50°Ct0-40°C,3h Me

o~
1.154

H
(-)-daphnicyclidin A (1.160)

Scheme 1.16: Synthesis of the southern part of (-)-ent-daphnicyclidin A (1.160).
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After conversion of cycloheptanond.146) into 8-phenyl-()-menthyl esterl.147, a
diastereoselective alkylation using the lithiumt gdlnitromethane followed by the trapping
of the resulting enolate with TIPSOTf gave nitrogauandl.148. This intermediate was then
converted into aminé.149 in two further steps. Acetdl150, which was available from
D-mannitol, was the precursor of estef51l. Compoundl.151 was turned into the
corresponding TBS-enol ether, and, upon treatméhtaeid, it underwent an Ireland-Claisen
rearrangement to give acid52. Ketal 1.153 was obtained after four further steps and was
then coupled with.154 to give amidd.155. This intermediate was sequentially treated with
TsCl in the presence of a base and TBAF to achaegre-pot elimination and deprotection.
Following hydrogenation gave ketonel56, which was carried on as a mixture of
diastereomers with respect to the newly generat@agenic centedn situ generation of
HCI resulted in acetal cleavage and subsequentatowm of an acyliminium ion, which
directly underwent a Mannich-type reaction to giMé&7 andl.158. The minor isomel.157
was allylated to yield tricyclic aminel59, which was planned to be used as building block to

complete the total synthesis ef){entdaphnicyclidin A (.160).

1.1.2.16 Carreira’s asymmetric total synthesis oftj-daphmanidin E

In 2011, the group of Carreira reported an asynmimetotal synthesis of the
daphmanidin A-type alkaloid (+)-daphmanidin EL74, Scheme 1.17). Key transformations
were a series of two subsequent Claisen rearrangen install a quaternary stereogenic
center in a hindered position and a cobalt-catalyakkyl-Heck cyclization. Overall, the

synthesis proceeded over 27 linear steps and @itk natural product in 0.3 % yiéld.
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o} o e}
KHMDS, [18]crown-6, 1.163
Et00C 5 steps 0 THF, —20 °C to 0 °C, 50 min o
250 7& OMOM
COOEt (47 %) o (89 %) /07
o TBSO N OB RSO OBZ
1161 1162 1164

1) KHMDS, [18]crown-6, 1.166
THF, =20 °C to -5 °C, 50 min

nonane, 157 °C, 27 h 2) xylene, 165 °C, 20 h

(86 %) (33 %)
OAc
OoN
ZnMe,, [Cu(OTf)],, 1.169,
7 steps toluene, —30 °C to 0 °C, 25 h
(33 %) (90 %, dr =5:1)
MOMO : OMOM
\/_ OBz
1.168
1.172, blue LED (465 nm),
3 steps i-ProNEt, MeCN, r.t. 26 h
(50 %) (93 %)

)
/\Q PPh, o} \@\
OMOM By OBn

1.163 1.166 1.169

Scheme 1.17: Total synthesis of (+)-daphmanidin E (1.174).

Enantiomerically enriched bicyclo[2.2.2]octadienoh&61 was accessible from diethyl
succinate and could be resolved by either enzymasolution of the racemate or by
chromatographic separation of the correspondingtelieomeric hydrazones$.161 was
converted in five steps into acetal62, which wasO-alkylated with cyclic alkené.163 to
form enol ethed.164. Upon heating, this compound underwent a Claisamrangement to
provide ketond.165. A similar sequence dD-allylation/Claisen rearrangement usihfj66
was repeated to give alkenel67, thus selectively establishing the desired quargrn

stereocenter. Nitroolefin.168, which was generated frorhl167 in seven steps, was
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diastereoselectively methylated using dimethylaimdhe presence of copper(l) and chiral
ligand 1.169 to give nitroalkand.170. Compoundl.170 was converted in three steps into
iodide 1.171, which underwent alkyl-Heck-type cyclization iretpresence of cobalt catalyst
[.172 and blue light in excellent yield. The resultingtracyclic ketonel.173 could be
converted into (+)-daphmanidin EX74) in six steps.

1.1.2.17 Coldham’s approach towards-j-daphcalycine

The yuzurimine-type alkaloid—§-daphcalycine 1(180) was the target of an approach
described by Coldham and coworkers in 2011 (ScHelBg In the context of their studies on
intramolecular 1,3-dipolar cycloadditions, the gronas able to construct the main core of

this natural produdt®

Me H,NOH-HCI, i-Pr,NEt, Me
Me 6 steps cl toluene, 60 °C, 16 h Cl

tBso._J_coN T phs \=n
(43 %) phs’ CHO (72 %) -

1175 1176 1177

sPh 1) Zn, AcOH, H,0, 90 °C, 3 h SPh
toluene, 110 °C, 16 h 2) (CH,0),, TsOH, CHCl3, 65 °C, 16 h

Me . : Me ! H
(80 %) N—2O (58 %) N._O

1.178
1.179

COOMe

(-)-daphcalycine (1.180)

Scheme 1.18: Approach towards the synthesis of (-)-daphcalycine (1.180).

Known nitrile 1.175 was converted in six steps into aldehyd&6, which was reacted with
hydroxylamine to give oximé.177. A tandem intramoleculaN-alkylation/intramolecular

1,3-dipolar cycloaddition then furnished isoxazwlel1.178. Reductive cleavage of the
N-O-bond, followed by formation of th-O-acetal gave tetracyclel79, which features the

carbon framework of the western part ef-@aphcalycinel(180).
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1.1.2.18 Coldham’s approach towards (+)-daphnilacte B

In 2011, Coldham and coworkers also described arproaph towards the
daphnilactone B-type alkaloids by synthesizing ttegbon skeleton of their eponymous
representative (z)-daphnilactone B1(@4). The key transformation was again a tandem

N-alkylation/1,3-dipolar cycloaddition reaction cade (Scheme 1.1$)°

HoNOH-HCI, i-Pr,NEt,

OHC
7 steps toluene, reflux, 1.5 h MeOOC .

(53%)  MeOOC™ X gy (95 %) O—N

X CHO
1181
1.182 1.183

1) SO3- pyridine, DMSO, NEt;
CHzclz, rt.25h

Raney Ni, Hy, MeOH, r.t. 12 h; 2) PhzPMeBr, Buli,
then NaOMe, MeOH, rt. 1 h HO THF -78°Ct060°C,1.5h
N N
(75 %) o (44 %) fe}

Ni boride, H,, EtOH, r.t. 12 h Meme7"T7 >~ ----- >
N
(90 %) o
1.186 (x)-daphnilactone B (1.114)

Scheme 1.19: Approach towards the synthesis of (x)-daphnilactone B (1.114).

Aldehyde 1.181 was converted in seven steps into bromide82. Reactingl.182 with
hydroxylamine gave an oxime, which immediately umdst anN-alkylation cyclization
reaction followed by intramolecular 1,3-dipolar addition to form isoxazoliding.183.
Cleavage of théN-O-bond using Hin the presence of Raney nickel followed by trestm
with base resulted in the formation of lactdtB84. Parikh-Déring oxidation followed by a
Wittig reaction yielded alken&185, which was reduced with hydrogen in the preserice o
nickel boride to selectively obtain tricycld.186, representing the scaffold of
(x)-daphnilactone BI(114).

1.1.2.19 Wang’s approach towards—j-daphnilongeranin B

In the course of their studies on the construatibthe tricyclic core of calyciphylline A-type

alkaloids using a Grob fragmentatigfl,the group of Wang reported in 2012 the synthefsis o
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the tetracyclic core of —j-daphnilongeranin BI(199, Scheme 1.205® The nitrogen atom
was incorporated utilizing an Overman rearrangemim key strategy employed to establish

the [5-6-7] tricyclic core was a [2+2] photochenticycloaddition followed by a Grob

fragmentation.
1) DBU, CCI;CN, Me,,
C,Cly, 0°C,1h
O Procedure by 2) xylene, K,COg,
Overman[sg] ’)\O\ H 2 Steps H\O\\ reflux, 6 h PMPO g
(45 %) (49 %) OPMP (50 %) CIsCTNH
o
S-(+)-carvone (1.187) 1.188 1.189 1.190

Me

H
4 steps PMPm\ACO hv (254 nm), MeCN, 0°C, 1 h
32 % N 79 %, ratio = 50:29
(32%) MeOOC” \/¢ (79% )

O
1.191

1) NaBH,4, MeOH, 0 °C, 2 h

2) MsClI, DMAP, pyridine, r.t. 1.5 h
1.192 PMPO

K2003, MeOH, rt. 16 h

Me:

(95 %) "’N_ OMs (82 %)
Me0OC
1194
0
1) TMSI, CH,Cly, rt. 4 h y H Hy, PtO,,
2) NEty, CHyCly, r.t. 16 h MeOH, r.t. 2 h
Me Me
(80 %) (94 %)
N
1197

(-)-daphnilongeranin B (1.199)

Scheme 1.20: Approach towards the synthesis of (-)-daphnilongeranin B (1.199).

Diol 1.188, which was available as a single enantiomer f®#)-carvone (187),°" was
converted in two steps into PMP-ethei89. Formation of a trichloroacetimidate and
subsequent Overman rearrangement provided carbdrh@@ which could be transformed
into enond.191 in 4 steps. Irradiation with UV-light triggered[2+2] cycloaddition to give
1.192 together with side produdil93. The latter was speculated to be fornweal a retro-
aldol-type pathway to release ring strain. Diasisedective reduction and mesylationl. 492
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gave 1.194, which was treated with potassium carbonate inharedl to initiate a Grob
fragmentation. Resulting tricyclel95 was converted in two steps into mesylai®6 and
was then treated with TMSI followed by triethylamirio give tetracyclic amin&197.
Compound!.197 could be reduced diastereoselectively, resultimthe formation of ketone

1.198, which represents the south-western part-pid@phnilongeranin Bl (199).

1.1.2.20 Lévesque’s approach towards (z)-daphnilamie B

In 2011, the group of Lévesque reported anotherogmh towards the hexacyclic core of
(x)-daphnilactone BI(114). Key sequence was a Vilsmeier-Haack cyclizatmloWved by an
intramolecular azomethine ylide cycloaddition cas;aconstructing three rings in one single
step (Scheme 1.245”

O KHMDS, 1.202, THF,

0
2 steps —-78°C,1h BnO™ ",
HOOC._~ o0kt % ﬁo 1% /\/E%o
1.200 RPN ° Vi

1.201 1.203
0, \ O
1) DIBALH, Et:0, -78°C, 1.5h o~ 1, A\ cOMe ggeps B0~ ~X
2) 1.204, KHMDS, THF, r.t. 18 h 2=,
OH o =
(84 %, E:Z ratio not determined) ~ (43 %) NC\/N%O
1.205 1.206
H O COOMe \OTBDMS
1.142, CH,Cly, ) \
toluene, reflux, 120h  gno"™>""~ rt.18h Bno/\/ ' 4 steps '
(75 %) . (86 %) o | UACH
N N
NC._N. 0 Y ~-CN Y ~CN
H H
1.207 1.208 1.209

Tf,0, DTBMP, CD,Cl,, r.t. 5 min;
then DIPEA, CDCl,, r.t. 15 min

(44 %, dr = 48:52)

(x)-daphnilactone B (1.114)

BnO~ " OTf N
1.202 Mes™
cl.,
SRuU=
CI™ 1 'Ph
MeO._PPhCl P(Cy)s
1.204 1142

Scheme 1.21: Approach for the synthesis of (x)-daphnilactone B (1.114).
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Succinic acid monoethyl esteR00 was converted in two steps into lactdr&#®1, which was
alkylated using KHMDS and triflate202 to produce benzyl ethé203. Upon reduction to
the corresponding lactol, an unselective Kluge-iy/iteaction using.204 gave methyl enol
ether.205 as a mixture ofE/Z-isomers. Upon conversion to allyl enol etHet06, this
intermediate underwent a thermal Claisen rearraegéno give aldehyde207, which was
subjected to RCM using Grubbs second generatiatysat The resulting cyclohepteh208
could be transformed over four steps into enb®@9, which underwent a Vilsmeier-Haack
cyclization upon treatment with triflic anhydridéhe resulting iminium ion was treated with
DIPEA to generate an azomethine ylide, which wasmolecularely trapped by the electron
poor double bond by means of a [3+2] cycloadditibhe thus generated tetracydl210
represents the south-western part of (x)-daphmitecB (.114).

1.1.2.21 Dixon’s approach towards (x)-daphniyunnin&

The group of Dixon reported in 2011 a strategy tgntisesize the core of
calyciphylline A-type alkaloids. Employing a rindosing metathesis to create the [5-6-7]
tricyclic ring system and a Claisen rearrangemennstall the quaternary stereogenic center

gave rise to the southern core of (+)-daphniyun@ire219, Scheme 1.22f™
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(0]
fe) KHMDS, THF, 0 °C, 100 min;
3 steps J then1.213, [18]crown-6, THF, r.t. 14 h
(30 %) N (73 %)
Bn”~ COOMe
1.211 (o)

mesitylene, reflux, 135 min 1.216, CH,Cly, reflux, 18 h

(63 %) (98 %)

1) LiCl, DMSO, H,0, 170 °C, 70 min
2) KHMDS, THF, 1.213, [18]crown-6, r.t. 15 min
3) mesitylene, reflux, 20 min

(38 %)

1.218 +)-daphniyunnine B (1.219
o1, PO (+)-daphniy (1219)
‘Ru=
P(Cy)s
1.213 1.216

Scheme 1.22: Approach towards the synthesis of (+)-daphniyunnine B (1.219).

Ketonel.211 was converted into enone212 in three steps. An intramolecular conjugate
addition of thein situ generated potassium enolate and subsequent tgaywpimallyl tosylate
[.213 provided allyl enol ethel.214. Heating this compound resulted in a thermal €lais
rearrangement to give bisalkeh@15, which was subjected to RCM using Grubbs first
generation catalyst216 to yield tricyclel.217. After performing a Krapcho decarboxylation
andO-allylation, subsequent heating provoked anothars€h rearrangement which provided
tricyclic aminel.218. This intermediate features the [5-6-7] tricyalmre and the quaternary

stereogenic center of (x)-daphniyunninel B19).

1.1.2.22 Dixon’s approach towards (z)-daphniyunnin®

In 2012, Dixon and coworkers described their apgimaa construct the north-eastern part of
calyciphylline A-type alkaloids. The key step instlsynthesis was an intramolecular Pauson-
Khand reaction to obtain the tricyclic scaffold tigad in (x)-daphniyunnine DI.225,
Scheme 1.23%2
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fe} — 1) Cox(CO)g, CH,Cly, r.t. 1.5 o o
5 steps 2) NMO, CH.Cly, r.t. 11.5h EtOOCE oo Et0OC, H
EtOOC ’
(40 %) (58 %, dr = 23:6)

1.146 1.220 1.221 1.222
H
B AIBN, O,, t-BuOOH, 60 °C, 48 h;
KoCOg, EtOH, r.t. 20 h 0] then workup with aq. SnCl,
EtOOC.,,
(92 %) (34 %)
1.223 1.224

(+)-daphniyunnine D (1.225)

Scheme 1.23: Approach towards the synthesis of (+)-daphniyunnine D (1.225).

Cycloheptanonel.(146) was converted in five steps into alkyh220. Formation of the
cobalt-alkyne complex followed by treatment with ®Mo trigger a Pauson-Khand reaction
provided a diastereomeric mixture of enoh@21 andl.222. This mixture was stirred with
base to perform a double-bond migration, which gesterl.223 as single a diastereomer.
Stereoselective radical allylic oxidation followdsy reductive workup finally provided

tricycle 1.224 with the substitution pattern of (x)-daphniyunniD€l.225).

Another fascinating molecule of this natural praddamily is the daphnicyclidin-type
alkaloid (+)-oldhamine Al(226, vide infra Figure 1.2), the isolation and structure of which

will be discussed in the next section.

1.1.3 Isolation and Structure of (+)-Oldhamine A

(+)-Oldhamine A 226, Figure 1.2) is a striking example of a daphniajic-type
Daphniphyllumalkaloid with an intriguing structure. This remabke natural product has
been isolated from the tré&@aphniphyllum oldhamiand its structure was elucidated in 2008
by Hao and coworkers. The determination of thecsiine was supported by X-ray analysis of

a single crystdf®
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fé (

1

(+)-oldhamine A (1.226)

Figure 1.2: (+)-Oldhamine A (1.226): a) Source of isolation, Daphniphyllum oldhamii;®*¥ b) chemical structure;
c) crystal structure of 1.226-H20-MeOH (CCDC-code: 671960).

(+)-Oldhamine A [226) is a zwitterionic nortriterpenoid alkaloid whidh composed of six
fused rings (A-F) including five stereogenic cegfesne of which is quaternary. A unique
feature ofl.226 is the presence of a cyclopentadienyl anion fogran internal salt with a
tertiary ammonium ion. A cyclopentadienyl anion @his not part of a polyaromatic system
is an extremely rare structural motif in nature &iag been found in only one other instance,
that is to say in th®aphniphyllumalkaloid ¢)-macropodumine B> The complex scaffold
of 1.226 can be divided in the south-western rings B ande@resenting a pyrrolizidine part
that bears all the stereogenic centers and norttiege E and F, forming a bicyclic lactone

portion.

By titrating1.226 in an NMR tube with TFA or N&O;, respectively, it was shown tha226
is in equilibrium with its tautomdr227, however strongly favoring the zwitterionic st
(Scheme 1.24).

(+)-oldhamine A (1.226)

Scheme 1.24: (+)-Oldhamine A (1.226) and its tautomer 1.227.

A speculated biosynthetic pathway for the formatioh|.226 in nature is shown in
Scheme 1.25.
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secodaphniphylline-type daphnezomine A/B Type yuzurimine-type

CoHys CoHys CoHys

1.31 1.228 1.229

[O]

1.230

OMe OH (0]

OHO
(0] (o)
1, Me 00 OH Me QQ oL
o
H

(-)-daphnicyclidin H (1.233)

Hofmann Me

1.236 (+)-oldhamine A (1.226)

Scheme 1.25: Biosynthesis of (+)-oldhamine A (1.226) as speculated by Hao.[®®

As described in detail in the previous section, adgpe [(.23) was proposed to form
secodaphniphyllate-type structures lik81 (vide supra Section 1.1.1, Scheme 14933
[.31 is assumed to be a precursor Id228, representing the daphnezomine A/B-type
skeletorf?*® Further biosynthetic modifications were speculaizdead to yuzurimine-type
alkaloids likel.229 and1.230.'"! These were said to originate from the daphnicircligpe
alkaloids.l.230 was proposed to be converted ih&81, which could rearrange to give32.
Oxidative cleavage would lead to daphnicyclidin E233), which could cyclize to give
daphnicyclidin A (.234).°®) Hao and coworkers speculated that a sequenceditin and a

subsequent unusual Hofmann rearrangement wouldtéetiek formation of£)-oldhamine A
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(1.226).°® These proposed biosynthetic pathways are highégidptive and detailed studies
are still to be carried out.

Although some preliminary studies on the pharmagpplaf 1.226 have been completétf! the
biological activity ofl.226 is yet to be determined. Thus, the reason WA%6 is made by
species of the genusaphniphyllumand the role this natural product plays in natstit

remains unknown.

Intrigued by its aesthetical appeal and in ordegéb access to sufficient amounts to fully
evaluate its biological activity, a synthetic apgeb towards the synthesis bP26 was
initiated in this work, the retrosynthetic analysfsvhich is described in the next section.

1.1.4 Retrosynthetic Analysis of (—gnt-Oldhamine A

The retrosynthetic strategy aimed at an asymmatret short yet flexible route to also allow

for the efficient preparation of natural productkgues. This could potentially be achieved
by constructing the B-C pyrrolizidine ring systendahe E-F lactone ring system separately,
and then assembling them using a short and rokastion sequence. Starting from amino
acids would allow the natural product to be synitexb separately in both enantiomeric
series. This work, however, focused on the synshafsinnatural<)-entoldhamine A [.240)

as a model system, as it can be traced back tgpehewmturalL-amino acids as starting

materials.

A key element of the strategy was to devise a [ianthe installation of the quaternary
stereogenic center. It was initially intended t@iement a cascade reaction triggered by the
addition of an organometallic species like, for repée, a cuprate into a fulvene
(Scheme 1.26). This cascade reaction process vahol for a swift and elegant access to the

natural product.
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O
0
O
N
mé H
1.237 — 1.238 - — 1.239 ~  (-)-ent-oldhamine A (1.240)

Scheme 1.26: Planned tandem conjugate addition condensation sequence as key step to synthesize
(-)-ent-oldhamine A (1.240).

More specifically, it can be speculated that metuprate 242) would attack fulven&.237

at the C5-position to form cyclopentadienyl anidr238, which could then intercept the
vicinal methyl ester in an intramolecular fashiorfdrm the A-ring ofl.240. Hexacycld.239
might spontaneously aromatize to form its tautorferentoldhamine A [240). The
addition of organometallic species into fulvenestha desired position has recently been
investigated®” Even though several alternative reaction pathveuch as 1,4-additions or
even attacks on the ketone might compete with thepgsed key reaction, careful
optimization could lead to the required conditidnsachieve the attack selectively at the
desired position. The fulvene is activated by thetdne carbonyl group &-21, for which
reason the desired reaction represents a vinyloganjsigate addition onto the corresponding
Michael system. This reaction would lead to a $tedsl aromatic system and would as well
result in a significant release of strain. The agynthetic analysis based on the key

cyclization process is shown in Scheme 1.27.
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McMurry reaction
cuprate

conjugate addition &r o
e noevenagel

condensation

condensation

MEZCuLi
1.242

Me conjugate addition : /o)
1.243 N

Scheme 1.27: Retrosynthetic analysis of (-)-ent-oldhamine A (1.240).

Cleavingl.240 according to the projected key step leads to hdve241 and methyl cuprate
1.242. Further dissection by means of a McMurry cyclmatgives diketonel.243.68
Alternatively, the same bond can easily be form@da Knoevenagel condensation between
the pyrrolizidine ketone and the cyclopentadienéhi bicyclic lactonel.243 can be traced
back to bicyclic lacton&.244, pyrrolizidinel.245 and acrolein.246 by conjugate addition
and Krapcho decarboxylation followed by enolate itmld and appropriate protection.
Stereogenic centers formed in the latter reacteoasof no consequence for the formation of

the natural product.

The envisaged synthesis of building blodk&5 and1.244 should not only be short and
straightforward, but also high yielding with thetgatial to produce gram quantities of the
key precursors. Therefore, several strategieshfersiynthesis of.245 andl.244 have been

considered (Scheme 1.28).
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Bnomo

Me® N OEt

/i o~
Dieckmann condensation /" g/ OFt % Sn2 reaction o N OH
I

H O

A 1.247 I L-pyroglutamic acid (1.251
A< NP e o e
N- N — [ m— or
BnO  : OEt Me\ N  OEt o” N  OEt

Me | . Boc Boc NH,
1.245 | | 1.249 1.250 HO . _OH

conjugate addition N f cupréte addition to o o
'El fminium fon L-glutamic acid (1.252)

BnO NH /
Me

1.248

Scheme 1.28: Strategies to synthesize pyrrolizidine 1.245.

First, pyrrolizidinel.245 was traced back to enon€48 by means of an intramolecular
conjugate addition. Even though this 5-endo-triglization is unfavoured according to the
Baldwin rules, literature precedence was foundtlier corresponding cyclization reaction of
analogous proline derivativédl On the other hand,245 can be dissected by means of a
Dieckmann cyclization, leading to tertiary amin247. Both intermediate$.248 and1.247
were planned to be made from benzyl eth249, which can be traced back @50 by
means of a 1,2-addition to the correspondiigcyl iminium ion. The introduction of the
stereogenic center in250 via an 2 reaction is considered as an important challeAge.
literature procedure for the synthesisl@50 from L-pyroglutamic acid I(251) is known.
However, it provides the desired product in po@ldd’® Thus, in order to efficiently and
reliably produce large amounts b250, either improved conditions to acquik250 from
[.251 have to be found or an alternative procedure matfanalize theC4-position has to be
developed,e.g. starting fromL-glutamic acid (252). For the synthesis of.244, three

different strategies were considered, which arectieghin Scheme 1.29.
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Pauson-Khand

reaction ! o
/tl‘ o
oSS
dipolar [3+2] /,,J
cycloaddition 1.244
copper(ll)-mediated
cyclization ‘/ ﬂ N
EtO
o (0]
_ O
o
o = o "X TMs OAc *+
1.253 1.254 1.255 1.256

Scheme 1.29: Different possible strategies to synthesize lactone 1.244.

A first method to dissect lactori244 by means of a Pauson-Khand reaction leads back to
esterl.254. This reaction is well precedented, as exemplifigdthe construction of the
skeletal core obDaphniphyllumalkaloids by Dixorl®® and was thus considered to provide
swift access to the desired carbon framework. Bssicé literature procedure to deliver
bicyclic lactones from cyclopropylidenes suchl.2853 using copper(ll)salts was intended to
be investigated as wél! Finally, 1.244 can be traced back to aceta55 and enoné.256

via a palladium-catalyzed [3+2] dipolar cycloadditiomhis reaction process has been

introduced by Trost and coworkEfSand has proven useful in two past total synth€des.

All depicted reaction sequences to synthek245 andl.244 have been investigated and the
results of these studies are described in thegestion.
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1.2 Results and Discussion

1.2.1 Studies orC4- and C5-functionalized L-glutamic Acid Derivatives

At first, a convenient route towards the asymmetginthesis of.249 was to be elaborated
starting from inexpensive amino acids. The mainllehge of this approach was to effect
stereoselectiveC-C bond formations at th&€4- and theCb5-position. For this purpose,

L-pyroglutamic acid was initially chosen as a staytmaterial (251, Scheme 1.30).

1) SOCl,, EtOH, LIHMDS, HMPA,
0°Ctort.1h THF, -78°C, 1 h;
2) Boc,O, EtgN, DMAP, 4

0 O  then BOMCI, HMPA, 0 —, 0
M CHzCly, rt. 18 h W THF, -78 °C. 1 h Bno/j;H +BnO W
oy oH N  OFt N OFt N OEt

E
H (95 %) 0" Boc (45 %, dr =3:2) 0" Boc 0" Boc
L-pyroglutamic [50 g scale} 1.257 [50 g scale} 1.250 1.261
acid (1.251)

Scheme 1.30: Literature procedure for C4-functionalization of L-pyroglutamic acid derivative 1.257.

L-pyroglutamic acid 1(251) was esterified andN-protected following established
procedure§ ™! In order to form the desire@-C bond atCs, N-acyl carbamaté.257 was

treated with LIHMDS followed by benzyloxymethyl chnide!”™ However, desired product
[.250 was only obtained in a moderate 27 % yield dubédormation of th&4-diastereomer

1.261 (18 %) as well as other side products such asldealkylation species. No conditions
could be found to enhance the ratid.@60 to 1.261. Improved workup and chromatographic
purification protocols finally allowed to perfornhé reaction on a 50 g scale to afford
sufficient quantities of the desired product. Hoagwthe low yield and the requirement to
separate diastereomers by extensive column chrgnagioy demanded for an alternative

pathway.

More specifically, it was found that the desi@d-functionalization can be cleanly achieved
by employingL-glutamic acid (252) -derived linear starting materials (Scheme 1.3T)e
general method for this transformation was alreestablished® and was found to be of

great use in the synthesisl&50.
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TMSCI, MeOH, LIHMDS (2 eq),
0°Ctort 16 h; THF, 78 °C, 30 min;
NH, then Boc,0, EtsN, . NHBoc then BOMCI, BnO NHBoc
HOMOH MeOH, rt.4h | MeOMOMe THF, 78°C,3h MeOMOMe
o S (90 %) o o (89 %) I I
L-glutamic acid (1.252) [50 g scale] 1.258 [20 g scale] 1.259

TFA, CH.Cly, r.t. 1 h;
then toluene, reflux, 48 h;

then Boc,O, DMAP, 1) LiOH, H5O, EtOH, r.t. 4 h
CHCl, r.t. 16 h BnOWO 2) DCC, DMAP, EtOH, r.t. 16 h B”OWO
o7 N Ome o7 N  OEt
(51 %, 85 % brsm) Boc (91 %) Boc
1.260 1.250

[20 g scale]

Scheme 1.31: Improved synthesis of 1.250 by C4-functionalization of L-glutamic acid derivative 1.258.

After conversion of -glutamic acid K252) into N-protected diestdr258 following a known
literature procedur€” treatment with two equivalents of LIHMDS followdsy alkylation
with BOMCI cleanly afforded benzyl ethéf59. Since formation of the diastereomer at the
C4-position was not observed, this reaction proagas much more convenient than the
corresponding functionalization afpyroglutamate derivative257 (Scheme 1.30). It could
thus be easily performed on a 20 g scb®59 was therN-deprotected with TFA and heated
in toluene for two days to trigger cyclization. Wpreprotecting the secondary amih@60
could be isolated in 51 % yield together with 4®mffrotected starting materiaR59, raising
the yield to 85 % based on recoveteédb9. In order to convert260 into 1.250, methyl ester
1.260 was saponified and converted into ethyl e$t250 using Steglich conditions. This
protecting group swap was necessary to achieveequbst functionalizations in high yields
and to confirm the desired stereochemistry Gt by comparison with the literature
precedent® At this point, it is worth mentioning that the sa®4 alkylation employing the
corresponding diethyl est&264 provides the desired product only in a poor 4 #dyias
shown in Scheme 1.32. Overall, the five-step procedstarting from.-glutamic acid (252)
provides1.250 in a total yield of 62 %, whereas the three-stepcedure starting from
L-pyroglutamic acidl(251) givesl.250 in only 25 % yield.

The discrepancy in selectivity for th€4-alkylation of 1.257 in contrast tol.258 is
remarkable. The low selectivity in the functionatibn of 1.257 was attributed to the
flexibility of the five-membered ring system. Inrntoast, linean-glutamic acid derivative
1.258 can adopt a closed transition state, thus alloien@ highly enhanced selectivity of the
nucleophilic attack. A plausible transition stataes proposed by Hanessian and coworkers

and is shown in Figure 1'%}
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Bn \o Li Bn N

L Li (/ o
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% k/CT‘ or o /‘%—\ k/CT‘
LiLgXoN—Zcoome MeG\=N—£-COOMe
t-BuO t-BuZ/

1.262a 1.262b

Figure 1.3: Proposed transition states for the formation of 1.250.17!

The double anion formeih situ presumably adopts a closed transition state &thby the
corresponding counter ion. More specifically, &ilitn ion was proposed to be coordinated
by the carbamoyl anion of the Boc protecting grauma either the methoxy oxygen of the
ester moiety (transition state262a) or the ester enolate oxygen (transition st#62b). In
both cases, the electrophile would preferentialyatiacked in an equatorial fashion, resulting
in formation ofl.250."®

As mentioned before, it was intended to improvedtep economy and avoid the final ester
protecting group swap by employing the same readémuence with diesteP65. However,
[.264 failed to deliver advantageous quantities of thencfionalized productl.265
(Scheme 1.32).

e o 0Tl 7n We o Gk rhan
HOMOH o EtOMOEt ’ EtO\”/\/'\n/OEt
0 0 (89 %) 0 0 (90 %) 0 0
L-glutamic acid (1.252) 1.263 1.264

LIHMDS (2 eq),

THF, -78 °C, 30 min;

 — : EtO ~__OEt
(4 %)

O o}
1.265

Scheme 1.32: Attempted C4-functionalization of diethyl ester 1.264.

The sequence started with esterification eflutamic acid (252)"® (— 1.263) and
subsequenii-protection to afford diethyl esté264."®! Subjecting.264 to the same reaction
conditions as for the synthesis o259 resulted in formation of a complex mixture, from
which 1.265 could be isolated in 4 % vyield upon extensive ofatographic purification.
NMR analysis of the crude reaction mixture showaungation of the undesired diastereomer

at the C4-position as well as overalkylated speéisit can be speculated that with the
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change from the methyl ester to the more bulky letisyer, no closed transition state can be
adopted and thus no stereoselective functionadizatan be carried out. Thus, the five-step

procedure as described in Scheme 1.31 was the thefrchoice to synthesize250.

At this point, attention was focused on the intrctthn of the methyl group at the
C5-position. A literature precedent suggested thet ¢tould be achieved by employing an
organocuprate reagent to undergo a 1,2-additionartioin situ formed iminium ion
(Scheme 1.33Y”

0 LiEtsBH, THF, —78 °C, 30 min; o
B”OW then p-TsOH, MeOH, r.t. 18 h: B”OW
o N Ot N OEt

Boc (dr =80:20) MeO  Boc

1.250 1.266

then MeMgBr, CuBr SMe,, BF3 OEt,,

EtOEt,-78 °Ctor.t. 1.5 h; 0
BnO
then Boc,O, NaHCOg3, H,O, THF, r.t. 3h
N OEt
(40 %) Me Boc

1.249

[20 g scale]

Scheme 1.33: Stereoselective C5-functionalization of 1.250 to synthesize 1.249.

After superhydride-mediated reduction of tNeacyl lactam, treatment witp-TSOH in the
presence of methanol resulted in the formationewhiaminal ethel.266 as a 4:1 mixture of
diastereomers, which was directly used in the steqt without further purification. Addition
of methyl cuprate to th situ generatedN-acyl iminium ion (.267, Figure 1.4) and treatment
of the resulting product with Bg® in the presence of aqueous sodium bicarbonatéeshed
carbamaté.249 in an overall 40 % yield. Treatment with BGcbecame necessary in order to
reprotect the amino function, which was partiallgptbtected under the previous reaction

conditions.

Figure 1.4: lllustration of the cuprate addition to N-acyl iminium ion 1.267 generated from 1.266.
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The conversion of.266 into 1.249 proved to be highly selective. The benzyloxy sitaig in
[.266 shields the si-face of thé-acyl iminium ion and therefore directs the cupraitack to
occur on the opposite side. NMR analysis of thelermeaction mixture showed no signals of
the C4-epimer.

Having installed the key stereogenic center€@&aandC5, a strategy to construct the bicyclic
pyrrolizidine part of £)-entoldhamine A [.240) was explored, the development of which is

described in the next two sections.

1.2.2 Intramolecular Conjugate Addition Approach towads the Synthesis

of the Pyrrolizidine Portion of (-)-ent-Oldhamine A

After the successful synthesis df249, its subsequent functionalization and, more
specifically, pathways for the formation of the yatic pyrrolizidine ring system were then
explored. In the first approach to construct thergzidine core of {)-entoldhamine
(1.240), it was planned to employ a known protocol to lizgc the pyrrolidines in an
intramolecular fashion. In the course of their #&sd on the total synthesis of
(-)-entabsouline and+)-laburnamine the group of Potier presented a smophstruction of
pyrrolizidine ring systemsvia a 5-endo-trig cyclization, albeit withou€4 and C5
modifications®®® Based on the literature precedent, a similar ardo construdt268 was
investigated (Scheme 1.34), although this reactioncess is unfavored according to the

Baldwin rules.

H O
fCH} Bnow BHOWO
— —
N. SN =N OFEt
G 3 | e N Me

Boc

1268 . 1.248 1.249
conjugate addition

Scheme 1.34: Pyrrolizidine-formation via a 5-endo-trig cyclization.

Hence, enoné&248 had to be prepared. It was planned to be achibyeiimple modification
of the ester side chain b249.
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First, a redox-economical one-step procedure weasstigated in order to synthesize allyl
alcohol 1.269 via an in situ formed aluminum complex at the aldehyde oxidatsbate.
However, the ester moiety ih249 proved to be relatively unreactive and standard
transformations required unusually harsh conditidrisus, a variety of reaction conditions

were screened to elaborate the most convenienoch€trable 1.1).

BnO H OH BnO o

N N-OMe
Me" N / Me Boc |/

B O
nom conditions 1.269 1.270

ve TN OEt

" BHOWO BnO«fBJ’H
1.249

N  OH N
Me Boc Me Boc
127 1.272
BnO OH BnO/\E>C/OH
N A SN
Me Boc / Me Me
1.273 1.274
Entry Reagent Solvent Temperature Time Yield
1 DIBAL-H, CH2-CH-MgClI THF -5°Ctoreflux 18h (1.269) -
2 HNMe(OMe)-HCl, i-PrMgCl THF O°Ctoreflux 18h (1.270) -P
3 HNMe(OMe)-HCI, MesAl THF O0°Ctoreflux 18h (1.270) -©
4 LiOH THF, H20 reflux 18 h (1.271) 36 %™
5 LIOOH THF, H20 reflux 18 h (1.271) 39 %™
6 MesSnOH THF reflux 18 h (1.271) -P!
7 DIBAL-H THF 50 °C 18 h (1.272) 35 %'
8 NaAIH2(OCH2CH20CH?3) THF 50 °C 18 h (1.272) 33 %
9 LiAIH4 THF rt.then45°C 18 h,then 3 h (1.272) 20 %"
10 LiBHa4 THF r.t. 18 h (1.272) 48 %

[a] double addition, formation of 1.273; [b] no reaction observed, reisolation of starting material; [c] formation of a
complex mixture of polar materials; [d] formation of the C2-epimer; [e] overreduction, formation of .274.

Table I.1: Selected conditions for the transformation of 1.249.

It was found that reacting249 with DIBAL-H followed by treatment with vinylmagsesm
chloride to synthesizk269 in one step resulted in the double addition ofGngnard reagent
to give 1.273 (Table 1.1, Entry 1), indicating an unsuccesshitial reduction of the ester

moiety. If1.249 was subjected to a mixture NfO-dimethylhydroxyamide hydrochloride salt
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1.2 Results and Discussion

and isopropylmagnesium chloride to form Weinreb demi270, no reaction was observed
and starting material was recovered (Table I.1pyERY. Using a mixture of the same reagent
and trimethylaluminium resulted in the formation afcomplex mixture of polar materials
(Table 1.1, Entry 3). Saponification using aqueditisium hydroxide in refluxing THF
provided the corresponding aci®71, however, as a mixture of diastereomers atGBe
carbon (Table 1.1, Entry 4). This epimerization vedso observed when a mixture of lithium
hydroxide and hydrogen peroxide was employed (ThbleEntry 5). The use of even milder
conditions, specifically trimethyltin hydroxide,ddnot provide any desired product and the
starting material could be recovered (Table I.1y¥6). Reduction of the ester k@72 using
DIBAL-H occurred in THF only at elevated temperaisir however, accompanied with the
formation of theN-methyl derivativel.274 as a result of overreduction of the Boc-protecting
group (Table 1.1, Entry 7). Similar results wereselved when Red-&lI(Table 1.1, Entry 8)
and LAH (Table I.1, Entry 9) were employed. Inteiregly, the reduction could be carried out
at room temperature when lithium borohydride wasdugroviding the alcohdl.272 as
single product albeit in a moderate 48 % yield (€dld., Entry 10).

The relatively low reactivity of.249 could potentially be related to the large protegti
groups (representing ca. 50% of the molecular weajhl.249), which could shield the

pyrrolidine core and thus lower the reactivity loé¢ tvicinal ester.

The lithium borohydride reduction was chosen asnigthod to prepare gram quantities of
1.272 and subsequently, a strategy for the requiredocadiain elongation was elaborated
(Scheme 1.35).

o oH (COCI);, DMSO, i-Pr,EMN,
B”OW LiBH,, THF, r.t. 18 h B”O«Ey CHaCly, ~78 °C, 30 min

Me" goc Ot (48 %) Me" Eoc Me goc :
1.249 [2 g scale] 1.272 1.275
1.276, LiCl, THF, -78 °C tor.t. 12 h BnO H OH
/\\E>‘—§ = MgBr
(85 %, dr = 40:60) Me"™ goc / 1276
[1 g scale] 1.269

Scheme 1.35: Synthesis of allylic alcohol 1.269.

Upon reduction of.249 according to the previously established procedalmmholl.272 was

obtained and was subjected to Swern oxidation ¢ondi The resulting aldehyde75 was
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directly reacted with vinylmagnesium bromide2{6) in the presence of lithium chloride to

give allylic alcoholl.269 as a 2:3 mixture of diastereomers.

The subsequently planned oxidation to correspondimanel.248 proved to be a challenging
task due to the instability of the product underioags reaction conditions. Hoping to find
conditions under which the sensitive product cdoddisolated, several oxidation methods

were applied. A selection of these attempts is sanz®d in Table 1.2.

B0 2on condions " P
Ve goc ) T > M goc /
1.269 1.248
Entry Oxidant Additive  Solvent Temperature Time Yield
1 DMP, NaHCOs - CH2Cl2 r.t. 3h -l
2 (COCl)2, DMSO, then i-Pr2EtN - CH:Cl2 -78 °C 0.5h -l
3 PrsaNRuOs, NMO - CHzCl> r.t. 18 h -l
4 MnO:2 - CH:zCl2 reflux 2h -l
5 DMP, NaHCOs BHT CH2Cl2 r.t. 3h -1
6 (COCl)2, DMSO, then i-PrzEtN  BHT CH2Cl2 -78 °C 0.5h -l
7 PraNRuO4, NMO BHT CH2Cl2 r.t. 18 h -1
8 MnO:z BHT CH2Cl2 reflux 2h bl

[a] formation of a complex product mixture; [b] formation of insoluble material.

Table 1.2: Selected conditions for the attempted allylic oxidation of 1.269.

Treatment of the diastereomeric mixture of alcoH®69 with DMP in the presence of

sodium bicarbonate resulted in the formation ofoanglex reaction mixture (Table 1.2,

Entry 1). The same result was observed wh@69 was subjected to Swern conditions
(Table 1.2, Entry 2) or to Ley oxidation (Table,IRntry 3). Employing manganese dioxide to
perform the desired allylic oxidation resulted e tftormation of insoluble material and no
organic product could be isolated from the reactioxture. In order to improve these results,
the same reactions were performed under excludidigha and in the presence of a radical
inhibitor such as BHT (Table 1.2, Entries 5-8). Mover, the diastereomeric mixture of
alcoholsl.269 was separated by HPLC and the individual alcolh@ee separately subjected
to the same reaction conditions. Again, complexctiea mixtures were obtained and

formation ofl.248 could never be observed.
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The instability ofl.248 represented a major obstruction in the developrokatreliable and
scalable route to pyrroliziding268. Thus, the intramolecular conjugate addition sgggtwas
abandoned and a different, more convenient patheorathe construction of the pyrrolizidine

core was elaborated. These results are descriltbd imext section.

1.2.3 Dieckmann Cyclization Approach to Construct thé”yrrolizidine Ring
System of €£)-ent-Oldhamine A

In order to establish a new strategy that wouldvalwift access to the desired pyrrolizidine
framework,1.245 was now retrosynthetically disconnected at digosition of the carbonyl

group (Scheme 1.36).

Dieckmann condensation

o} o]
FCHH[ 0 BHOW Bno«E»_{o
| m— 5 [ m— .
- \H me” N OEt ve' "N OEt

N OEt Boc
Mé
1.245 OFt 1.249

o}
1.247

Scheme 1.36: Pyrrolizidine-formation via Dieckmann cyclization.

Thus, 1.245 can be traced back to aminoedt@d7 by means of a Dieckmann cyclization,
which could be prepared frol249 via a straightforward functionalization of the nitroge
atom. More specifically].249 had to be deprotected and subsequeNtglkylated. The
required N-deprotection was found to be easily achieved unskandard conditions
(Scheme 1.37).

a)

TFA, thioanisole
o 3 3
B”OW CHoCly, rt.3h B”OWO

Me® N . OBt (97 %) me" N OBt
1.249 1277
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b) - . -
O  LiEtBH, THF, 78 °C, 30 min; o
B"OW then p-TsOH, MeOH, r.t. 18 h; B”OW
N OFt N OEt
0" Boc (dr = 80:20) MeO  gic
1.250 1.266

then MeMgBr, CuBr-SMe,, BF5-OFEty,

Et,0, -78 C_ to r._t. 1.5h; BnO 0
then TFA, thioanisole, CH,Cl,, r.t. 2 h

“ N OFEt
(40 %) me" N

1.277
[20 g scale]

Scheme 1.37: a) Standard N-deprotection; b) direct incorporation of the N-deprotection into the established

procedure.

Secondary amink277 was obtained upon treating carbama249 with TFA in the presence
of thioanisole (Scheme 1.37d)277 could also be obtained more readily by incorpatathe
deprotection in the established procedure (Sched™®).1.250 was reduced and methylated
using the same conditions as for the synthesisl.249 (vide supra Section 1.2.1,
Scheme 1.33). ThenN-acyl iminium ionl.257 was generated and intercepted by methyl
cuprate. Subsequent treatment of the resultinguatochixture with TFA in the presence of

thioanisole completed thHé-deprotection and afforded amih277 in an overall 40 % yield.

As for the subsequem-alkylation, it was first envisaged to obtain sated tertiary amine
1.247 in one stewia a Michael addition of.277 to ethyl acrylatel(278). This venture proved
to be challenging as the secondary amine undernherdesired reaction only under relatively
harsh conditions (Table 1.3). Addition of Lewis @i which are known to catalyze conjugate
additions of amines to acrylates did not lead toimprovement in yield, but to extended
polymerizatio®™®?  This observation was attributed to sterical hindem at the

aminofunction of.277.
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0 i
Bnom EtO.__O conditions .
J

_________ N OEt
“ - Me
Me" H OEt

+
1.277 1.278 iOET

(0)
1.247

Entry Solvent Additive Temperature Time Yield
1 - - reflux 72 h 39 %!
2 -a TiCla r.t. 24 h -lbc]

3 MeCN Bi(OTf)s r.t. 6d b

4 CH2Cl2 FeCls reflux 24 h bl

5 -a SMe2Br2 r.t. 24 h 37%

[a] The reaction was performed neat in an excess of 1.278; [b] formation of polymeric material was observed;
[c] traces of product mass could be observed by LCMS.

Table 1.3: Selection of reaction conditions for the Michael addition of 1.277 to 1.278.

In the first instance, amine277 was heated to reflux for 72 h in neat ethyl adey(a278) to
afford a complex product mixture of polymerized eral from which the desired product
could be isolated in 39 % yield (Table 1.3, Ently When stirring a mixture of.277 and
1.278 in the presence of titanium tetrachloride, a ca@xphixture was obtained, in which
only traces of the desired product could be dete€iable 1.3, Entry 2). Similar results were
obtained when bismuth triflate was present in aetagtrile solution ofl.277 and1.278
(Table 1.3, Entry 3), or when refluxing a mixturé 0277, 1.278 and iron trichloride in
dichloromethane (Table 1.3, Entry 4). Employing SBie as additive under solvent-free
conditions provided the product in a moderate ya#l87 % (Table 1.3, Entry 5).

Since the low reactivity of.277 was speculated to be due to the sterically hirtieegure of
the secondary amine, a smaller and more reactwetrephile was utilized. Thus, ethyl
propiolate ((279), which was previously shown to react with highipdered amines such as
TMP, was employeff® Indeed,1.279 smoothly underwent the desired conjugate addition
with aminel.277 (Scheme 1.38). From this intermediate desiredgdgidine 1.245 could be

prepared in only two steps.
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° BnO O then NaBH5CN, BnO O
Bno/\[\/>—< 1.279, CH.Cl,, r.t. 1 h; Sy HOAc, r.t. 30 min .

. Me OEt N OEt
me TN OEt - (72 %) Me
COOEt COOEt
1.277 1.269 (2 g scale] 1.247

KHMDS, toluene,
0°Ctort.1h

(81 %)

[2 g scale] 1.279
1.245

Scheme 1.38: Synthesis of pyrrolizidine 1.245.

Michael addition ofl.277 onto ethyl propiolatel 279) afforded enaminé269. Subsequent
reduction of the corresponding iminium ion, whiclasmenerated in glacial acid, provided
aminel.247. Even though a two-step process was required desacsaturated amin@47,
this procedure proved to be more convenient tharpteviously investigated usage of ethyl
acrylate [.278) and therefore became the method of choice tdhegirel.247. Having gram
guantities ofl.247 in hands, the stage was set for the cyclizatiofoim pyrrolizidinel.245.
After screening several bas&$ KHMDS was found to be most efficient to effect the

following Dieckmann cyclization and to provide pylizidine 1.245 in good yield.

The elaborated synthesis of the properly functiaedl pyrrolizidine proved to be reliable and
can be carried out on a multigram scale. Builditagk1.245 represents the B-C-ring system
of (-)-entoldhamine A [240) and already features four of the five stereogeritters of the

natural product.

The synthesis of the E-F-ring system of)-éntoldhamine A [240) was investigated

subsequently and is described in the next sections.
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1.2 Results and Discussion

1.2.4 Studies on the Construction of the Bicyclicactone Portion of

(-)-ent-Oldhamine A by a Pauson-Khand Reaction

For the construction of the bicyclic lactone franoekv of the E- and F-rings of
(-)-entoldhamine A [.240), a one-step procedure utilizing a Pauson-Khaadti@en was first
considered. The success of this method would a#loswift access to lactorie244 from a

simple starting material, namely est&54 (Scheme 1.39).

Pauson-Khand

reaction ! /\201\ o
~ O
—
O:(\/é\) ///J\O/\/\
H
1.244 1.254

Scheme 1.39: Formation of bicyclic lactone 1.244 by means of a Pauson-Khand reaction.

Synthesis of estdr254 proved to be straightforward and also the subs#dgoemation of a
cobalt-alkyne complex required for the Pauson-Khegattion was achieved using standard

conditions (Scheme 1.40).

o H,SQO,, toluene, o Co,(CO)g, CO, o)
reflux, 48 h CH,Cly, r.t. 16 h
%OH + Ho/\/\ ///J\O X &)ko/\/\
Z (50 %) (92 %) (0C)sCO~E0(coy)
1.280 1.281 1.254 1.282

Scheme 1.40: Synthesis of cobalt-alkyne complex 1.282 as a precursor for the Pauson-Khand reaction.

A Fischer esterification of propiolic acid.Z80) and alcoholl.281 provided estet.254 in
moderate yield. Formation of cobalt-alkyne comgl@82 was then achieved by treatment of

propiolatel.254 with dicobalt octacarbonyle.

As a second precursor for the Pauson-Khand reactibts-propiolatel.284 was prepared
(Scheme 1.41).
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0 EDCI, 4-pyrrolidinopyridine, fe)
CH,Cly, 40 °C 10 0 °C, 4 h
+ HO/\/\ N

/ OH / O X

TMS (67 %) T™S
1.283 1.281 1.284
Co,(CO)g, CO, 0
CHyCly, r.t. 16 h ™S
> O/\/\
(88 %) (0C)3C0~E0(c0,)

1.285

Scheme 1.41: Synthesis of alternative PKR-precursor 1.285.

3-(Trimethylsilyl)propionic acid [(283) was esterified using281 in the presence of EDCI

and 4-pyrrolidinopyridine, which had to be conddcia low temperatures to avoid side
reactions. Conversion intb285 was achieved employing the same conditions ashén t
synthesis 0f.282 (Scheme 1.40).

Subsequently,282 andl.285 were subjected to a number of conditions which fragriously
been developed for Pauson-Khand reactions, a ®elecff which is summarized in
Table 1.4 In general, the reaction mixtures were stirredl waimplete consumption of the
starting material and the crude mixture was analygeTLC, GCMS, LCMS and NMR.
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rR O R 9
M 0N conditions _ jéf;o
(095 =Co(c0y R=H,1.282 H R=H,1.244
R =TMS, 1.285 XX R =TMS, 1.286
Entry Additive Solvent Temperature Atmosphere Yield (1.244) Yield (1.286)
1 - DME reflux CO HEY _[a
2 - DME/CFsCH20H 1:1  reflux Ar -l -l
3 - DME/CFsCHz20H 1:1 reflux (6{0) - -[&
4 - CFsCH20H reflux Ar -l -l
5 - CFsCH:20H reflux CO -l -l
6 cy-NH: DME reflux Ar _[a] _[a]
7 cy-NH: DME reflux CcoO - -l
8 cy-NH:2 DME/CFsCH20H 1:1 reflux Ar -l -[al
9 cy-NH: DME/CFsCH20H 1:1  reflux CoO - -lal
10 NMO CH2Cl2 0°Ctort. Ar -l -l
11 NMO CH2Clz 0O°Ctort. air -l -l
12 NMO CH2Cl2 0°Ctort. CO -l -l
13 NMO DME O°Ctort. Ar -] -[a
14 NMO-H20 CHzCl2 0°Ctort. Ar -l -l
15 NMO-H20 CHzCl2 0O°Ctort. air -l -l
16 NMO-H20 CHzCl2 0°Ctort. CO -l -l
17 NMO-H20 DME O°Ctort. Ar -[a] [al
18 TMANO  CH:Clz 0°Ctort. Ar -l -l
19 TMANO  CH:Clz 0°Ctort. Ar -l -l
20 TMANO  CH:Clz 0°Ctort. CO -l -l
21 TMANO DME O°Ctort. Ar -[a] -al

[a] formation of a complex mixture of polar materials.

Table 1.4: Selected conditions for the transformation of 1.282 and 1.285.

At first, 1.282 andI.285 were subjected to thermal PKR-conditi$ti8 Whenl.282 and|.285,
respectively, were heated to reflux in DME unde€@ atmosphere, a complex mixture of
polar materials was slowly formed (Table 1.4, Ent)y The same result was obtained when
1.282 or 1.285, respectively, were heated to reflux in a 1:1 omgtof DME and C§CH,OH
under either an argon atmosphere (Table 1.4, ERjror a CO atmosphere (Table 1.4,
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Entry 3). The same outcome was also observed ia PiECH,OH under either an argon
atmosphere (Table 1.4, Entry 4) or a CO atmosp(ieable 1.4, Entry 5).

After these first trials, the same reaction wadquared using cyclohexylamine as additive.
These conditions have been shown to drasticallelate the rate of PKR in some
instance&®> &9 Again, formation of a complex mixture of polar mals was observed if
1.282 andl.285, respectively, were heated in the presence obbgatylamine in DME under
an argon (Table 1.4, Entry 6) or a CO atmospherabl@ 1.4, Entry 7). Changing to a
DME/CFCH,OH solvent system did not improve the results reéigas to the atmosphere
under which the reaction was run (Table 1.4, EBtgnd 9).

Addition of oxidants to transform a carbonyl ligaimlo CG, and therefore facilitate its loss
was also investigatdth® #P'When1.282 and|.285, respectively, were stirred in GEl; in
the presence of NMO under an argon (Table 1.4,yEb@), an air (Table 1.4, Entry 11) or a
CO atmosphere (Table 1.4, Entry 12), a complex aneof polar materials was formed. The
same results were obtained if NMO monohydrate @&Hl, Entries 14-16) or TMAO (Table
.4, Entries 18-20) were used instead. Stirfi282 andl.285, respectively, in DME under an
argon atmosphere did not improve the results ftireeiNMO (Table 1.4, Entry 13), NMO
monohydrate (Table 1.4, Entry 17) or TMAO (Tablé, [Entry 21).

A possible explanation for the low reactivity 282 and1.285 is the high stability of cobalt
complexes with propiolic acid derivatives, as aleabserved by Pauséfil Side reactions
are presumably faster than the desired reactias, lkading to the formation of a complex

mixture of reaction products.

Although there are many more conditions that cdnalde been applied in the Pauson-Khand
reaction, like the use of different metals and ades, an alternative method for the
construction of the desired carbon framework haenb®und in the meantimevide infra

Section 1.2.6). Therefore, no more reaction coowlétiwere screened in the scope of this

work.

A different approach featuring a copper-catalyzgdization reaction is described in the next

section.
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1.2.5 Studies on the Construction of the Bicyclicactone Portion of

(-)-ent-Oldhamine A via a Copper-Catalyzed Cyclization Reaction

In this approach|.244 was planned to be synthesizeid a literature-known procedure to

construct the bicyclic lactone framework (Schem@).

0 0 o
ozCijo = |w<:ﬁjo = Eto%
H
1.244 1.287 1.253

Scheme 1.42: Dissection of 1.244 by means of a Kornblum oxidation and an established copper(ll)-mediated
cyclization.[™l

Bicyclic lactonel.244 can be traced back to literature-known iodid#87 by means of a
Kornblum oxidation. A synthesis of this intermediitom|1.253 was presented by Huang and
coworkers in the course of their study on the Useopper(ll) halides to mediate cyclization
reactions of cyclopropylidene estéf$.The synthesis of cyclopropylidene est&53 was

straightforward and could be achieved followingritture procedures (Scheme 1.43).

o) 1.166, CHClj, reflux, 6 h; o) 1.290, benzoic acid (0.2 eq), o)
then ag. NaOH benzene, reflux, 4 h
Et0” ) EtO | EtO I
PPhs (92 %) PPhs (75 %)
1.288 1.289 1.253
OEt
HO
/\/Br
1.166 1.290

Scheme 1.43: Synthesis of cyclopropylidene 1.253.

Commercially available yleh288 was allylated usingy166 in refluxing chloroform followed
by treatment with aq. NaOH to deliver allyl phospme 1.289.%"1 A Wittig reaction
employing 1.290 in the presence of a catalytic amount of benzait ahen furnished

cyclopropylidene estdr253.168!

With 1.253 in hands, the reported copper(ll)-mediated cytitizeprocess was investigat€d.
Unfortunately, when employing the reaction conditiodescribed in literature, the desired

product could never be observed. Instead, triiot2&l was isolated (Scheme 1.44).
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o Cul (0.1 eq), I, (4 eq), 0 [ o)
MeCN/H,0 3:1, reflux, 38 h 0
EtO — o)
’ | | | I |
H
1.253 1.291 1.287
(51 %) not observed

Scheme |.44: Attempted synthesis of iodide 1.287.

When cyclopropylidene estef53 was treated with catalytic amounts of copper(dide and
an excess of iodine and heated in a 3:1 mixtur@oceftonitrile and water, instead of the
desired produck287, triiodide 1.291 was obtained in 51 % yield. This was the only picid
that could be characterized and despite extendieete to analyze side products of this
reaction process, formation of desired bicylcE87 was not observed. The structurel @91

could be confirmed by means of single crystal X-aaglysis (Figure 1.5).

Figure 1.5: Crystal structure of triiodide 1.291.

The formation 01.291 was speculated to occua iodolactonization and subsequent opening

of the cyclopropane (Scheme 1.45).
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®
o) o) OEt O
| H,O
E‘O)IWLEOA%*V‘&%Q—’%
|
|H :

1.253 1.292 1.293 1.294
T [ T [ |

H H

1.295 1.291
or o

((/)” .Cu O@ I
—_— \)Oj“\:<] —_— o\ o l291

| &Ie | i
1.296 1.297

Scheme 1.45: Speculated reaction mechanism for the formation of iodide 1.291.

Upon initial formation of iodonium ioh292, the molecule could undergo a iodolactonization
to form intermediatd.293, which can be assumed to be hydrolyzed under ¢laetion
conditions. The resulting iodolactone294 can be speculated to react with a second
equivalent of iodine to form the spiro iodonium 295, which could undergo ring opening
to form triiodidel.291. An alternative mechanism for the iodolysis of theee-membered
ring could proceediia a copper-mediated conjugate addition of previodstmed iodide

(— 1.296) to give enolat.297 and subsequent attack on iodine.

Since the desired bicyclic lactone was not obtaimgith the copper catalysis approach,
another route for the formation b244 had to be explored, the details of which are diesdr

in the next section.
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1.2.6 Studies on the Construction of the Bicyclic Leaione Portion of

(-)-ent-Oldhamine A via a [3+2] Cycloaddition

The third approach for the construction of the Erfg system utilized a palladium-catalyzed

[3+2] cycloaddition reaction (Scheme 1.46), whichsadiscovered by Trost and coworkéfs.

0 y 0 o}
(0] (0]
OZ@é = %lﬁ = TMSJLOAc * E;O
H dipolar [3+2] _-7H rac
1.244 cycloaddition 1.255 1.256

1.298

Scheme 1.46: Dissection of 1.244 via [3+2] cycloaddition.

Lactonel.244 could be the result of an oxidation sequence fid2A8. By means of the
envisaged palladium-catalyzed [3+2] cycloadditi@aation,|.298 can be traced back to
acetatd.255 and lactond.256, both of which are readily available starting nniae. Acetate

1.255 was prepared first following an established procedScheme 1.475”

HSICls, EtsN, CuCl (0.01 eq), MeMgBr, Et,0,

Et,0, r.t. 20 h -78°Ctort. 12h
CI\)k/CI Cl3Si \)k/m TMS\)J\/CI
(75 %)

(50 %)
1.299 1.300 1.301

KOAc, DMF, \)L/
60 °C, 48 h TMS
TMSJL/OAC
(80 %) XX
1.255

Scheme 1.47: Synthesis of acetate 1.255.

Dichloride1.299 was monosilylated using trichlorosilane in theserece of triethylamine and
catalytic amounts of copper(l) to provide silylahdie 1.300. After conversion to the
corresponding trimethyl silane301, the mixture was heated in the presence of patassi

acetate to furnish acetdt@55.

With large amounts of acetate255 in hands, the synthesis &298 was initiated. The
reaction sequence started with a literature-knowsaturation ofd-valerolactone using a
Saegusa oxidatidi®® The subsequent [3+2] cycloaddition proved to bitable for the

synthesis 0f.298 and could be carried out on large scale (Sche#8g.I.
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0 LDA, TMSCI, THF, OTMS 1.304, Pd(OAc), (0.1 eq), O 1.255, Pd(OAc), (0.025 eq), P(Oi-Pr)s, H o
-78°Ctort. 16 h MeCN, reflux, 2 h toluene, reflux, 15 h o
(0] Z2Ne) | O
(83 %) (97 %) (85 %)
H rac
[1 g scale] [1 g scale] [3.5 g scale]
1.302 1.303 1.256 1.298
H O
44\\/0 OMe o
jg' TMS\VJL\/OAC
rac
1.304 1.255 H
(0-6 %)
1.305

Scheme 1.48: Synthesis of bicyclic lactone 1.298.

o-Valerolactone I(302) was converted into silyl enol etheB0O3 by treatment with LDA and
TMS chloride. Subsequent treatment with catalyticoants of palladium acetate in the
presence of methyl allyl carbonate304) smoothly provided unsaturated lactoh256.
Bicyclic lactonel.298 could then be obtained by heating a mixture.265 and|.256 in the
presence of palladium acetate and triisopropyl phivs. In some instances, formation of
small amounts of bisalkede805 was observed as a byproduct. However, sli@5 could
easily be separated by column chromatographywagsof no consequence for the successful

synthesis of gram-quantities b298.

In the course of the studies on this reaction,as viound that small amounts of water were
essential to producke298 in high yields. Yields dropped significantly whao water or too

much water was present in the reaction mixture Igrab).

o) g 9
conditions
TMS\)L/OAC * @ """"" . :dii)
H rac
1.255 1.256 1.298
Entry Conditions Solvent Temperature Time water-additive yield
1 Pd(OAc)z (2.5 mol %), P(Oi-Pr)s  toluene  reflux 15h - -
2 Pd(OAc)2 (2.5 mol %), P(Oi-Pr)s  toluene  reflux 15h 1.00eq 39 %
3 Pd(OAc)2 (2.5 mol %), P(Oi-Pr)s  toluene  reflux 15h 0.100eq 61 %
4 Pd(OAc)2 (2.5 mol %), P(Oi-Pr)s  toluene  reflux 15h tracesP 85 %

[a] reisolation of starting material, traces of product observed by LCMS; [b] utilization of analytical grade solvent,
which has been exposed to air moisture prior to use.

Table 1.5: Selection of reaction conditions employed in the optimization of the [3+2} cycloaddition.
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CHAPTER I: Towards the Total Synthesis of Oldhamine

If water-free conditions were applied, only traasfs product could be observed in the
resulting reaction mixture and starting materialswacovered (Table 1.5, Entry 1). If

however, the same reaction was carried out in teegmce of one equivalent of water, a yield
of 39 % was obtained (Table 1.5, Entry 2), Wherefirebkd amount of 0.100 eq of water was
added, the reaction provided a 62 % yield.268 (Table 1.5, Entry 3). The best yield was
obtained when trace amounts of water were presdhiei reaction mixture. It was thus found
that employing analytical grade toluene that hadnbexposed to air moisture prior to the
reaction was ideal and led to a 85 % yield.298 (Table 1.5, Entry 4). The reaction process

has already been studied in detail and a proposethanism is depicted in Scheme I49.

TMS\)J\/OAC

Pd(OAo)2 P(Oi-Pr)3 I255
Pd Ln+2 Ln(AcO)Pd )\/TM S
1306 Ac0®
HOAc
'298 TMSOAc
@,
o Pd(OAC)L Ln(AcO)Pd—;
1.307
1.309
(0]
© {
A o
\
Pd(OAc)L 1256
H rac

1.308

Scheme 1.49: Proposed reaction mechanism for the formation of 1.298.

First, palladium acetate in the presence of triisppl phosphite and catalytic amounts of
water forms a palladium(0) complex, which oxidatyvenserts into acetat€255 to form
palladiumz-allyl complex1.306. This compound can be attacked by the previousisnéd
acetate to givé.307, which can then undergo a conjugate addition @monel.256. The
thereby generated enoldt808 intramolecularely attacks theallyl palladium complex, thus
providing organopalladium compound309. Upon (-hydride elimination and reductive

elimination of acetic acid, the catalyst is gensllaand.298 is liberated.
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1.2 Results and Discussion

The formation of byproduct.305 is indeed intriguing and can be rationalized a

mechanism such as described in Scheme 1.50.

T™S \)k/OAC
@

PdOL,,0 1.306
i: :tﬁ TMSOAc
>/HOAC @,

1.305 Lh(AcO)Pd—| o

Pd(OAc)L 1.307 r\

H rac
1.313 TMS\)L/Y ®
—Pd(OAd)L,
\ 1.310
® '
Aco®

o M TMSOAc
I\@

1311 Pd(OAc)L,

Pd(OAc),, P(Oi- Pr)3

1.256

Scheme 1.50: Proposed mechanism for the formation of side product 1.305.

It can be speculated that intermedia897, which is formed analogously to the previously
described mechanismia 1.306, first undergoes an\@’ reaction with acetate255 instead of
the usual conjugate addition to endr&b6. The resulting intermediate810 then presumably
follows the known reaction mechanism where allgiton1.311 is formed as a result of the
attack of the acetate anion. Then, zwitteridd11 could undergo a conjugate addition onto
enonel.256 to form intermediaté312. Intramolecular trapping of the resulting enolatauld
result in formation of organo-palladium compourigil3, which uponp-hydride elimination

would providel.305.

Having the bicyclic lacton&298, which represents a key building block in the bgsts of
both enantiomers of oldhamine A226 and1.240), in hands, preliminary studies on its

subsequent oxidation were carried out.
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CHAPTER I: Towards the Total Synthesis of Oldhamine

The first strategy to convelr298 into I1.244 involved the formation of the lactone alpha-beta
unsaturation, followed by oxidative cleavage of #wmethylene group. This order of

ketone formation and unsaturation was considerdx torucial to avoid problems concerning
the regioselectivity of the olefin formation stephus, unsaturated bicyclic lactone was

synthesized first, which could be achieved by medrasGrieco elimination (Scheme 1.51).

0 LiIHMDS, PhSeBr, HMPA, H>0,, H,0, pyridine, fe)
H THF,-78 °Ctor.t. 1.5h se’ CHClg, r.t. 1h
(0] o | (6]
(80 %) (56 %)
rac

H H rac
1.298 1.314 1.315

Scheme 1.51:; Synthesis of unsaturated lactone 1.315.

Lactonel.298 was converted into selenidi&14 using LIHMDS and phenyl selenyl bromide
in the presence of HMPA. Upon treatment with agsdogdrogen peroxideé, 314 underwent
Grieco elimination to form unsaturated lactdr345.

The subsequently planned oxidative cleavage of ekemethylene group proved to be
difficult. Various well-known one-step proceduresldd to provide desired ketone316

(Table 1.6).
o) o)
conditions
o ot > (6]

1.315 1.316
Entry Conditions Solvent Temperature Time yield
1 O3, then Me2S CH2Cl2 —-78 °C, then r.t. 5 min, then 18 h -l
2 0s04, NalO4 CHzCl2 r.t. 16 h -
3 m-CPBA, then HIO4 CH2Cl2 r.t. then reflux 16 h, then 16 h -l

[a] Formation of a complex mixture of polar compounds; [b] isolation of epoxide 1.317 in 49 % yield.

Table 1.6: Conditions for the attempted oxidative cleavage of 1.315.

Whenl.315 was treated with ozone followed by a reductive kupr formation of a complex
mixture of polar compounds was observed (TableHréry 1). A similar result was obtained
when performing a Lemieux-Johnson oxidation witmsn tetroxide and sodium periodate

(Table 1.6, Entry 2). Ifl.315 was treated withmetachloroperbenzoic acid and then with
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1.2 Results and Discussion

periodic acid, no oxidative cleavage could be aqad@hed and epoxide317 was isolated
(Table 1.6, Entry 3).

Since all typical one-step procedures failed taveel.316, alternative procedures to oxidize
the exaomethylene double bond were tested. Firs315 was subjected to a Prileschajew
reaction to obtain epoxide317 (Scheme 1.52).

o} o)
m-CPBA, CH,Cly, r.t. 16 h
B 9
(82 %) O
1.315 1.317

Scheme 1.52: Synthesis of epoxide 1.317.

Epoxide 1.317, which was obtained fronh315 after treatment withm-CPBA, was then
subjected to several standard conditions for emoxidening. However, despite extensive
efforts, a selection of which is shown in Table h6 conditions for the synthesis of glycol
1.318 could be found.

0} 0}

conditions
| O cmemm---- - HO, | o
0 HO
1317 1.318
Entry Reagent Solvent Temperature Time yield
1 H2S04, H20 THF r.t. to reflux 18 h -8
2 HCIO4, H20 THF r.t. 16 h -]
3 KOH DMSO, H20 50 °C 16 h -[b]
4 BF3-OEtz, then H20 THF r.t. to reflux 16 h -

[a] Reisolation of starting material; [b] formation of a complex mixture of polar compounds.

Table 1.7: Selection of conditions for the attempted epoxide opening.

Whenl.317 was subjected to oleum in wet THF and heatedftoxréor 18 h, no reaction was
observed and starting material was reisolated €raB|] Entry 1). Upon treatment with an aq.
60 % solution of perchloric acid, a complex mixtusé polar compounds was formed
(Table I.7, Entry 2). A similar result was obtainaghen a DMSO solution of.317 was
treated with agueous potassium hydroxide and heaté@ °C for 16 h (Table 1.7, Entry 3).
Subsequently, Lewis acid-mediated ring opening weasstigated. Howevel,317 proved to
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CHAPTER I: Towards the Total Synthesis of Oldhamine

be unreactive under these conditions and startintemal was recovered. If, for example,
1.317 was heated in the presence of boron trifluorigghyil etherate in THF, no reaction was
observed (Table 1.7, Entry 4).

Attempts to directly access diaB18 via Upjohn dihydroxylation orn.315 resulted in the

formation of an undesired product (Scheme 1.53).

(0] 0s0O4, NMO-H,0, HO Q
CHQC'Q, 16 h, r.t. [0)
| (0] >
(64 %)

HO rac
1.315 1.319

Scheme 1.53: Osmium tetroxide-mediated dihydroxylation of 1.315.

Upon treatment with osmium tetroxide in the pregeatNMO and waterl.315 underwent

an unusual dihydroxylation and319 was formed. Instead of the electron rich and more
accessible double bond, the enond.B15 was found to react preferentially. In order to
further investigate this dihydroxylation approacaiddo potentially find a pathway to avoid
the observed regioselectivity issues, the diol myoiwas already introduced ih298
(Scheme 1.54).

HO  0s0, TMAO, H,0, y © 1321, PPTS, y ©
Me,CO, r.t. 16 h HO Me,CO, r.t. 16 h (o)
o) 7 o, (0} 2 %/ o (o) MegaMe
HO 0
H rac (70 %, dr = 65:35 H rac (50 %) H rac 1.321
1.298 1.320 1.322

Scheme 1.54: Synthesis of dioxolane 1.322.

Upon osmium tetroxide-mediated dihydroxylation, |dld320 was obtained, which was
directly protected usin§321 to provide dioxoland.322.°%! The further functionalization of

[.322 remains to be studied in more detalils.

The achievements towards the total synthesis)oeétoldhamine A [240) are summarized

in the next section.
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1.2.7 Summary, Conclusions and Outlook

In summary, a reliable large-scale preparatiomeftivo key building blocks towards the total
synthesis of €)-entoldhamine A [.240) was established in this work. The literature-know
synthesis of key precursd®50 has successfully been optimized and can now lreedavut
routinely on a 50 g scale. Also, an alternativehpaty for the synthesis df250 has been
elaborated, which delivers this key precursor mwch more convenient fashion with 69 %

yield over six steps from literature-knowrglutamic acid derivativé 258.

Two methods to prepare highly functionalized pymidine 1.245 have been investigated.
While a conjugate addition approach failed to dalithe desired product, a reliable and
scalable process to accet245 was established utilizing a Dieckmann cyclization.
Intermediatd.277 could be prepared in a short and convenient fasbtina multigram scale,
which can be carried out with only one chromatogrmagpurification step in a 40 % yield
from 1.250. Pyrrolizidine1.245 was accessible in three further steps and wasessitdly
prepared on a two gram scale. Thus, the construofithe southern B-C-ring system bearing

four of the five stereogenic centersl@40 has been completed (Scheme 1.55).

NHBoc BnO o] BnO O
MeO - OMe 6 steps 4 steps
YO N OEt “~N" Ot

(0] Me

o 0] (69 %) Boc (40 %) H
1.258 1.250 1.277
[20 g scale] [20 g scale]
three chromatographic one chromatographic
purifications purification

"N
1) ethylpropiolate .

M e\‘\ N OEt

2) NaBH3CN, HOAc KHMDS
(72 %) ﬁ (81 %)
OEt
[2 g scale] o [2 g scale]
one chromatographic 1.247 1.245
purification

Scheme 1.55: Summarized overview on the developed synthesis of 1.245 from literature-known compound 1.258.

After investigation of three methodologies, the lgdibm-mediated [3+2] cycloaddition
turned out to be a powerful method to constructsiwethern E-F-ring system aR40. The
key reaction was optimized and was successfullyiezhiout on a multigram scale. Overall,

the elaborated synthesis opens a short and comegpéghway for the construction of the
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CHAPTER I: Towards the Total Synthesis of Oldhamine

bicyclic lactone portion il.240, which can be carried out in a single step from@rditure-

known starting materials255 andl.256 and provide$.298 in a 85 % vyield.

Furthermore, first experiments to further functie 1.298 have been carried out.
Pleasingly, it was found thai298 can easily be converted int815 employing a Grieco
elimination. Additionally it was found thdt298 can be oxidized by means of an Upjohn

oxidation furnishing dioxolank322 (Scheme 1.56).

O

~C13
2 steps
o H (0] /
JJ\/ . PdO catalyst o 1.315
TMS Cl (0]
| (85 %)
H  rac \ e
1.255 1256 (35 g scale] 1.298 2 steps A( o
3 o)
(0]
H  rac

1.322

Scheme 1.56: Successful synthesis of bicyclic lactones from literature-known compounds 1.255 and 1.256.

Future work will have to focus on functionalizatiof the 3-ketoester moiety in.245 to
incorporate th&s-carbon chain into the molecule. This could, foample, be achieved by an
O-allylation/Claisen rearrangement sequemni@ 1.323 and 1.324, followed by Krapcho
decarboxylation. At this stage, an opportunityigvided to adjust the stereochemistry at the
allyl side-chain by a deprotonation-protonationwstce under kinetic conditions to obtain
[.325. A hydroboration and double-oxidation sequenceukh@rovide aldehyde.326
(Scheme 1.57).

1.245
1) Krapcho decarboxylation 1) hydroboration
2) kinetic protonation BnO \\H o 2) oxidation sequence BnO \\H oh
———————————————————————— > e O
Me N — Me N
1.325 1.326

Scheme 1.57: Envisioned synthetic route to install the Cs-carbon chain at 1.245.
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Bicyclic lactonel.322 will be converted into unsaturated derivativ827 followed by a
deprotection, oxidative cleavage and double bondration sequence to provide244
(Scheme 1.58).

0 o 1) acetal hydrolysis o
H 2) glycol cleavage
%/O (e} Grieco elimination %/O O 3) double bond migration 0
---------------- > | B e (@)
(0] (0]
H rac G
1.322 1.327 1.244

Scheme 1.58: Envisioned sequence for the synthesis of 1.244.

Possible strategies to convé245 andl.244 into the natural product have been lined out in
the retrosynthetic analysiside supra Section 1.1.4), the execution of which will regui

further experimental studies. One possible pathimathe endgame is shown in Scheme 1.59.

1) aldol reaction
2) appropriate protection

1) deprotection
OPg 2) oxidation sequence

1.329

Me,CuLi
"""" - 0 A

(-)-ent-oldhamine A (1.240)

Scheme 1.59: Possible strategy to complete the total synthesis of 1.240.

Compoundd.244 andl.245 could be coupled by means of an aldol-type readttiowed by
appropriate protection to give328. One possible pathway to close the seven-membargd
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CHAPTER I: Towards the Total Synthesis of Oldhamine

would be a McMurry coupling to provide329. Upon global deprotection and sequential
oxidation of both alcohols and the cyclopententh&ocorresponding fulvene237, the stage

is set for the key steprifle supra Section 1.1.4), which would directly providi240 in a
single step fron.237.
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1.3 Experimental Section

General experimental details:

Unless specified otherwise, all reactions were ggaréd with magnetic stirring under an
atmosphere of argon and in oven-dried glasswaodatésd products were dried on a high
vacuum line at a pressure of 1@nbar using arATB-Loheroil pump byFlender Diethyl
ether and THF were distilled prior to use from swodiand benzophenone. Triethylamine,
diisopropylamine and diisopropylethylamine weretitlexl over calcium hydride. Toluene,
benzene dichloromethane (&), chloroform (CHC)), ethanol (EtOH), methanol (MeOH),
acetonitrile (MeCN) and acetone (M@O) were purchased frokcros Organicsas 'extra dry'
reagents under inert gas atmosphere and over nialesieves. All other reagents were
purchased from commercial sources and used witlotiter purification. Petroleum ether is
referred to as hexanes and relates to fractionsobexanes, which boil between 40 °C and
60 °C. Reactions were monitored by TLC uskgMerck0.25 mm silica gel 60 J;4 glass
plates. TLC plates were visualized by exposure ¥ light (254 nm) and subsequent
treatment with an aqueous solution of CAM, an agsesmlution of potassium permanganate,
an acidic solution of vanillin, a solution of nirdyn or a mixture of silica and finely
grounded iodine followed by heating the plate vatheat gun. If appropriate, reactions were
additionally monitored by Proton nuclear magnegisananced-NMR) using aVarian 200
spectrometer or LCMS using @&wgilent Technologies 1260 infinitgachine equipped with an
Agilent ZORBAX Eclipse Plus CI8versed phase analytical 4.6 mm x 150 mm column.
Flash column chromatography was performed as desthy Stillet al employing silica gel
(60 A, 40-63um, MercK) at a pressure of approx. 1.3-1.5 bar generateal dpgntle nitrogen
flow.®" Reversed phase (RP) column chromatography wasrpetl onWaterssilica gel
(Preparative C18, 125 A, 55-10@m) with the same techniques as described above.
Analytical RP TLC was performed using pre-coatedsgl plates (silica gel C18 RP-
18W/UV254) from Macherey-Nagel Yields refer to isolated and spectroscopicallyrepu

compounds.
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Instrumentalization:

Infrared (IR) spectra were recorded orParkin Elmer Spectrum BX IFTIR System),
equipped with an attenuated total reflection (ATR@asuring unit. IR data is reported in

frequency of absorption (Ct.

Proton nuclear magnetic resonant¢-lIMR) spectra were recorded ofvarian 30Q Varian
400, Inova 4000r Varian 600spectrometer. Chemical shift§ cale) are expressed in parts
per million (ppm) and are calibrated using residpidtic solvent as an internal reference
(CDClz: 6= 7.26 ppm, (BC),CO: 6= 2.05 ppm, (CB),SO: 6= 2.50 ppm, CBCly:

8 =5.32 ppm}®™ Unless noted otherwise, data was recorded at 27DEa for *H-NMR
spectra are reported as follows: chemical sbifigm) (multiplicity, coupling constants (Hz),
integration). Couplings are expressed as: s = aingl = doublet, t = triplet, g = quartet,
m = multiplet, br = broad, app = apparent or corabans thereof. Carbon nuclear magnetic
resonance }{C-NMR) spectra were recorded on the same spectessmett 75, 100 and
150 MHz, respectively. Carbon chemical shiftss¢ale) are also expressed in parts per
million (ppm) and are referenced to the centraboarresonances of the solvents (CPGI=
77.16 ppm, (BC)CO: 6= 29.84 ppm, (CB),SO: 6§ = 39.52 ppm, CECl,: 6= 53.84

ppm,)*!

Mass spectroscopy (MS) experiments were performedadhermo Finnigan MAT 95
(electron ionization, El) or on &hermo Finnigan LTQ FTelectrospray ionization, ESI)

instrument.

Optical rotation was measured ifPalarimeter P8100-Df the compan)KRUSS[o] R values

are quoted in units of deg T@n? g*; concentratiort takes units of g/100 mL.

Melting points were measured on BZ-Melt automated melting point apparatus made by

Stanford Research Systearsd are uncorrected.
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(S)-dimethyl 2-(tert-butoxycarbonylamino) pentanedioate(l.338)"Y and(S)-1-tert-butyl

2-ethyl 5-oxopyrrolidine-1,2-dicarboxylate (1.257):"®!

O  SOCl, EtOH, o0  BocO, Et;N, DMAP, o
W 0°Ctort 1h p_/( CH,Cly, . 18 h M
N OH N OEt N OEt
o H o H o Boc
L-pyroglutamic 1.338 1.257
acid (1.251) (95 % over two steps)

To a suspension of5f-pyroglutamic acid (251, 50.0 g, 387 mmol, 1.00 eq) in dry ethanol
(700 mL, 12.1 mol, 31.1 eq) was added SQO@8.1 mL, 387 mmol, 1.00 eq) dropwise over
the course of 30 min at 0 °C. The resulting mixtwaes stirred for 10 min at 0 °C and was
then allowed to warm to room temperature to beestifor 1 h at this temperature. Then,
water (200 mL) and solid NaHG®120 g) were added in small portions. The resglsalid

was filtered off and the filtrate was concentratendil the bulk of EtOH was removed. The
remaining aqueous solution was extracted withb@#H(3 x 500 mL). The combined extracts
were washed with brine (200 mL), dried over MgSfiltered and concentrated to a white
solid, which was used without further purificatioAn analytical sample was purified by

recrystallization from ethanol to give338 as a colorless crystalline solid.
TLC (EtOAc:Hex 2:1)R: = 0.17.

mp: 48 °C.

[0] 2} = —44.8 ¢ = 1.0, MeOH).

'H NMR (300 MHz, CDCJ): = 6.38 (s, br, 1H), 4.27-4.16 (m, 3H), 2.52-2.82 8H),
2.28-2.17 (m, 1H), 1.28 (8, = 7.1 Hz, 3H).

13C NMR (75 MHz, CDCY): & = 177.8, 171.9, 61.7, 55.4, 25.2, 24.8, 14.1.
IR (neat):’ max= 1693, 1199, 1156.

HRMS (EI'): m/z calcd. for @H1;NO3": 157.0739 [M];
found: 157.0735 [M]

To a solution of the crude material obtained asmlesd above (58.0 g, 449 mmol, 1.00 eq) in
CH.Cl, (1.00 L) was added DMAP (5.49 g, 44.9 mmol, 0.2) BOGO (196 g, 898 mmaol,
2.00 eq) and BN (187 mL, 1.35 mol, 3.00 eq). After gas evolutioad ceased (3 h), the
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mixture was stirred for 15 h at room temperaturbe, a 10 % aq. citric acid solution
(300 mL) was added and the mixture was stirred gais evolution had ceased (1 h). The
organic layer was separated, washed with a 10 %itq. acid solution (2 x 300 mL) and
brine (500 mL), dried over MgSQCand concentrated. Purification by silica flashuomh
chromatography (EtOAc:Hex 1:2 1:1) afforded crudé257 as a yellow solid. This material
was recrystallized from ethanol (40.0 mL) and waskéh hexanes (100 mL) to affotd®57

as colorless crystals (110 g, 95 % over two steps).
TLC (EtOAc:Hex 2:1)R = 0.46 .

mp: 53 °C.

[0] 21: —40.1 ¢ = 1.0, MeOH).

'H NMR (300 MHz, CDCJ): § = 4.59 (ddJ = 9.2, 3.0 Hz, 1H), 4.23 (d,= 7.1 Hz, 2H),
2.72-2.55 (m, 1H), 2.55-2.41 (m, 1H), 2.39-2.34 (), 2.08-1.96 (m, 1H), 1.49 (s, 9H),
1.29 (t,J = 7.1 Hz, 3H).

13C NMR (75 MHz, CDC}): 173.2, 171.3, 149.3, 83.5, 61.6, 58.9, 31.1923C), 21.5, 14.2.
IR (neat): max= 1772, 1247, 1025.

HRMS (ESI): m/z calcd. for @HzoNOs" 258.1341 [M+H];
found: 258.1358 [M+H]

(2S,4R)-1tert-butyl 2-ethyl 4-(benzyloxymethyl)-5-oxopyrrolidine-1,2-dicarboxylate
(1.250) from 1.257 and(2S,4S)-1-tert-butyl 2-ethyl 4-(benzyloxymethyl)-5-oxopyrrolidine-
1,2-dicarboxylate(1.261):["%

LIHMDS, HMPA,
THF, -78 °C, 1
0 then BOMCI, HMPA,  gno 0 BrO~ " 0
W THF, -78°C, 1h . p—(
N OEt N OEt N OEt
(0] Boc o Boc o Boc
1.257 (27 %) (18 %)
1.250 1.261

To a solution of HMDS (56.3 mL, 256 mmol, 1.30 eq) THF (88.0 mL) was added a
solution ofn-BuLi (2.50M in hexanes, 95.6 mL, 241 mmol, 1.20 eq) dropwide «C. After
complete addition, the mixture was allowed to waomroom temperature and stirred for

another 30 min at this temperature.
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The resulting LIHMDS solution was cooled t/8 °C and to this solution was added
dropwise a solution df257 (51.7 g, 201 mmol, 1.00 eq) in THF (200 mL) ovs tourse of
20 min. Then, HMPA (45.4 mL, 261 mmol, 1.30 eq) vadsled over the course of 5 min and
the mixture was stirred for 1 h af8 °C. The resulting mixture was cannulated to alexb
solution of benzyloxymethyl chloride (55.7 mL, 4@#mol, 2.00 eq) in THF (100 mL) at
—78 °C over the course of 25 min and stirred for athhis temperature. The reaction was
guenched with a 1:1 mixture of water and a sat.Ntd,Cl solution (35.0 mL) and after
warming to room temperature, the bulk of the salwess removedh vacuo The residue was
diluted with diethyl ether (1000 mL) and succesivewashed with a sat. ag. NaHgO
solution (800 mL) and brine (800 mL). The orgaragdr was separated, dried over MgSO
fillered and concentratedn vacuo The resulting residue was purified by column
chromatography (silica, EtOAc:Hex 1:18 1:2) to givel.250 as a colorless oil (20.8 g,
27 %) and.261 as a colorless oil (13.6 g, 18 %).

[.250 was isolated by concentrating later fractionshef ¢thromatographic purification step.
TLC (EtOAc:Hex 1:2)R; = 0.34.
[0]!8. -47.6 € = 1.0, MeOH).

'H NMR (300 MHz, CHCY): § = 7.40-7.26 (m, 5H), 4.65-4.42 (m, 3H), 4.23-4(tQ 2H),
3.76 (dd,J = 9.4, 4.2 Hz, 1H), 3.66 (dd,= 9.4, 7.3 Hz, 1H), 2.99-2.79 (m, 1H), 2.67-2.43
(m, 1H), 2.16-1.96 (m, 1H), 1.49 (s, 9H), 1.24)(% 7.1 Hz, 3H).

13C NMR (75 MHz, CHC}): 6 = 173.0, 171.3, 149.3, 137.8, 128.6, 128.4 (2@Y.1 (2C),
83.6, 73.3,69.1, 61.5, 57.6, 43.6, 27.9 (3C), 2H40L1.

IR (neat):V max= 2981, 1791, 1748, 1719, 1369, 1318, 1153.

HRMS (ESI): m/z calcd. for GoH7NNaQs"™ 400,1736 [M+Nal;
found: 400.1731 [M+N4]

[.261 was isolated by concentrating earlier fractionthefchromatographic purification step.
TLC (EtOAc:Hex 1:2)R: = 0.38.

[a]'®: -34.9 ¢ = 1.0, MeOH).
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'H NMR (600 MHz, CHCY): = 7.36-7.25 (m, 5H), 4.58-4.44 (m, 3H), 4.25-4(d5 2H),
3.71 (dddJ = 13.1, 9.5, 4.6 Hz, 2H), 2.87 (dddds 10.5, 9.1, 5.5, 3.7 Hz, 1H), 2.35 (ddd,
J=13.3,10.5, 9.9, 1H), 2.20-2.12 (m, 1H), 1.4898), 1.26 (tJ = 7.1 Hz, 3H).

3C NMR (150 MHz, CHC}): § = 173.0, 171.4, 149.3, 137.8, 128.4, 127.7 (27,4 (2C),
83.5, 73.4, 68.4, 61.6, 57.4, 42.8, 27.9 (3C), 2542.

IR (film): v max= 2980, 1791, 1748, 1719, 1369, 1154.

HRMS (ESI): m/z calcd. for GoH7NNaQs' 400.1736 [M+Nal;
found: 400.1729 [M+N43]

(S)-dimethy! 2-(tert-butoxycarbonylamino)pentanedioate(l.258):1""!

NH, TMSCI, MeOH, NH, then Boc,O, Et3N, NHBoc
HO * o 0°Ctort16h; MeOMOMe MeOH, r.t. 4 h MeOMOMe
o o o o} o o}
L-glutamic acid (1.252) 1.339 (90 %)

1.258

To a solution ofL-glutamic acid (14.7 g, 100 mmol, 1.00 eq) in matia250 mL) was
added TMSCI (51.1 mL, 400 mmol, 4.00 eq) at 0 “@eAcomplete addition, the mixture
was allowed to warm to room temperature and stioreginight at this temperature.

To the resulting solution containing39 was added NE%90.0 mL, 650 mmol, 6.50 eq) and
Boc,O (23.5 g, 110 mmol, 1.10 eq) to be stirred at raemperature until no more gas
evolution was observed (4 h). The solvent was reasdawnder reduced pressure, the resulting
crude product was redissolved in diethyl ether (400 and cooled to 0 °C. The thereby
formed solid was filtered off, washed with diethgther (200 mL) and discarded. The
combined filtrates were concentrated and purifigd dolumn chromatography (silica,
EtOAc:Hex 4:1— 2:1) to givel.258 as a colorless oil (24.6 g, 90 %).

TLC (EtOAc:Hex 1:2)R=0.29.
[a]lp": -25.5 €=1.0, MeOH).

'H NMR (300 MHz, CHCY): § = 5.14 (s, br, 1H), 4.39-4.22 (m, 1H), 3.73 (s),3466 (s,
3H), 2.47-2.33 (M, 2H), 2.23-2.08 (m, 1H), 2.029L(B, 1H), 1.42 (s, OH).
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3C NMR (75 MHz, CHC}): 6 = 173.1, 172.6, 155.3, 80.0, 52.8, 52.4, 51.7),398.3 (3C),
27.7.

IR (neat):V max= 2956, 1737, 1712, 1514, 1366, 1159.

HRMS (ESI): m/z calcd. for @H21NOg": 275.1369 [M];
found: 275.1375 [M]

(2R,4S)-dimethyl 2-(benzyloxymethyl)-4-(ert-butoxycarbonylamino)pentanedioate
(1.259):

LIHMDS (2 eq),
THF, —78 °C, 30 min;

e THE, 78°G.31 ") e
MeOMOMe T2 MeO ~_OMe

0} o o) o)
1.258 (89 %)
1.259

To a solution of HMDS (36.4 mL, 171 mmol, 2.31 en) THF (30.4 mL) was added a
solution ofn-BuLi (2.50M in hexanes, 62.2 mL, 156 mmol, 2.10 eq) dropwise «C. After

complete addition, the mixture was allowed to waomroom temperature and stirred for

another 30 min at this temperature.

The resulting LIHMDS solution was cooled t/8 °C and to this solution was added
dropwise a solution df258 (20.4 g, 74.1 mmol, 1.00 eq) in THF (200 mL) othez course of
20 min. After being stirred for 30 min at this teengture, a solution of BOMCI (20.5 mL,
148 mmol, 2.00 eq) in THF (200 mL) was added drepgwover the course of 20 min to be
stirred for additional 3 h at —78 °C. The reactioixture was quenched with an aq. 110
HCI solution (100 mL) and the bulk of solvent wasmovedin vacuo The residue was
redissolved in diethyl ether (500 mL) and washetth i sat. ag. NaHC{solution (500 mL)
and brine (300 mL), dried over MggUiltered and concentrated. The crude product was
purified by column chromatography (silica, EtOAcxH&:10 — 1:2) to givel.259 as a
colorless oil (26.1 g, 89 %).

TLC (EtOAc:Hex 1:3)R: = 0.38.

[a]'%: -39.6 € = 1.0, MeOH).
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'H NMR (300 MHz, CDC}, mixture of rotation isomersy:= 7.39-7.23 (m, 5H), 5.13 (s, br,
0.5H) 4.72-4.67 (s, 2H) 4.55-4.50 (m 1H) 4.35 ¢s06H) 3.76-3.63 (m, 6.5H) 2.88-2.75 (m,
0.5H) 2.52-2.29 (m, 1H), 2.24-1.92 (m, 3H), 1.464(®H), 1.45 (s, 4.5H).

¥C NMR (75 MHz, CDC}, mixture of rotation isomersf = 174.1, 173.2, 172.7, 172.6,

155.4, 155.4, 141.0, 137.9, 128.5 (2C), 128.2 (2Q).9, 127.8, 127.7 (2C), 127.6 (2C),
127.5, 127.0, 80.1, 80.0, 73.1, 70.1, 65.3, 52243,%2.1, 52.0, 51.8, 42.6, 31.1, 30.1, 28.3,
28.2 (3C), 27.8 (3C).

IR (neat):V max= 3370, 2978, 1731, 1712, 1512, 1366, 1160.

HRMS (ESI): m/z calcd. for GH2oNNaO;™: 418.1842 [M+Nal;
found: 418.1835 [M+N3]

(2R,4R)-1-tert-butyl 2-methyl 4-(benzyloxymethyl)-5-oxopyrrolidine-1,2-dicarboxylate
(1.260):

BnO BnO then toluene
’ (0]
NHBOC  TEA CH,Cly, rt. 1 h; NHp reflux, 48 h; | BnO
MeO ~ OMe MeO ~ OMe
N OMe

o
o) o) o) o) H
1.259

then Boc,O, DMAP, BnO o]
CH,Cly, r.t. 16 h W
N OMe
o Boc

(51 %, 85 % brsm)
1.260

1.340 1.341

A mixture of 1.259 (17.9 g, 45.4 mmol, 1.00 eq), @, (50.0 mL) and trifluoroacetic acid
(46.0 mL) was stirred for 1 h at room temperatédeer removal of the solverih vacuq the
residue was diluted with a sat. aq..8@; solution (30.0 mL) and a sat. aq. NaH{0lution
(270 mL) and subsequently extracted with diethigee{5 x 350 mL). The combined extracts
were washed with brine (500 mL), dried over Mg3@d concentrated.

The resulting residue containih@40 was dissolved in toluene (150 mL) and heatedftaxe
for 48 h. The mixture was allowed to cool to rooemperature and concentrated to give a
brown oil.

To a solution of this residual oil containih@41 andl.340 in CH,Cl, (60.0 mL) was added
DMAP (6.65 g, 54.4 mmol, 1.20 eq), B (10.9 g, 49.9 mmol, 1.10 eq) and triethylamine
(6.94 mL, 49.9 mmol, 1.10 eq) to be stirred for L@t room temperature. The reaction
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mixture was diluted with diethyl ether (350 mL), si@d with an ag. 1.0@ HCI solution
(350 mL), a sat. ag. NaHGQolution (350 mL) and brine (250 mL), dried oveg®0D, and
concentrated. The crude product was purified byurool chromatography (EtOAc:Hex
1:5— 1:2) to givel.260 as a colorless oil (8.46 g, 51 %) along with remed starting
materiall.259 (7.71 g, 45 %).

TLC (EtOAc:Hex 1:3)R = 0.25.
[a]llf: -42.2 €= 1.0, MeOH).

'H NMR (400 MHz, CDCY): & = 7.44-7.09 (m, 5H), 4.56-4.48 (td,= 9.1, 6.2 Hz, 1H),
4.48-4.41 (d)) = 3.44 Hz, 2H), 3.79-3.56 (m, 5H) 2.90-2.77 (m,)1#54-2.44 (dt] = 13.6,
9.5 Hz, 1H) 2.10, 1.99 (di,= 13.4, 6.7 Hz, 1H), 1.46 (s, 9H).

13C NMR (75 MHz, CDC}): & = 173.0 171.7, 149.2, 137.8, 128.4 (2C), 127.7)(27.6,
83.6, 73.3, 69.0, 57.5, 52.3, 43.6, 27.8 (3C), 25.0

IR (neat):p max= 1727, 1181.

HRMS (ESI): m/z calcd. for @H2sNNaOs' 386.1580 [M+Nal;
found: 386.1575 [M+N4]

(2S,4R)-1-tert-butyl 2-ethyl 4-(benzyloxymethyl)-5-oxopyrrolidine-1,2-dicarboxylate
(1.250) from 1.260:

0 0 0
B”Om LIOH, H,0, EtOH, .t 4 h B”OW EtOH, r.t. 16 h BHOW
N OMe N oH N Ot

0 Boc

DCC, DMAP,
0 Boc 0 Boc ]

1.260 1.342 (91 %)
1.250

To a solution 01.260 (150 mg, 413umol, 1.00 eq) in ethanol (2.50 mL) was added a 1450
ag. lithium hydroxide solution (0.550 mL, 0.8@6énol, 2.00 eq). The mixture was stirred for
4 h at room temperature and was then concentriategtuo The residue was diluted with an
ag. 1.00m HCI solution (25.0 mL) and extracted with &, (3 x 25.0 mL). The combined
extracts were dried over Mg3Qiltered and concentrated.
The resulting residue containing342 was redissolved in Ci€l, (2.50 mL) and to the
solution was added DCC (93.7 mg, 454%o0l, 1.10 eq), DMAP (55.5 mg, 434mol, 1.10 eq)

79



CHAPTER I: Towards the Total Synthesis of Oldhamine

and ethanol (0.200 mL, 3.39 mmol, 8.20 eq) to beestfor 16 h at room temperature. Then,
the mixture was filtered and the filter cake wasked with diethyl ether (3 x 5.00 mL). The
combined filtrates were washed with brine (15.0 mdjied over MgSQ@ filtered and
concentrated. Purification by column chromatografgilica, EtOAc:Hex 1:5— 1:1) gave
[.250 as a colorless oil (141 mg, 91 %).

TLC (EtOAc:Hex 1:2)R = 0.34.
[a]llf: -47.6 €= 1.0, MeOH).

'H NMR (300 MHz, CHCY): § = 7.40-7.26 (m, 5H), 4.65-4.42 (m, 3H), 4.23-4(tQ 2H),
3.76 (dd,J = 9.4, 4.2 Hz, 1H), 3.66 (dd,= 9.4, 7.3 Hz, 1H), 2.99-2.79 (m, 1H), 2.67-2.43
(m, 1H), 2.16-1.96 (m, 1H), 1.49 (s, 9H), 1.24)(% 7.1 Hz, 3H).

13C NMR (75 MHz, CHCY): & = 173.0, 171.3, 149.3, 137.8, 128.4 (2C), 127Q)(B3.6,
73.3,69.1, 61.5, 57.6, 43.6, 27.9 (3C), 25.0, 14.1

IR (neat):V max= 2981, 1791, 1748, 1719, 1369, 1318, 1153.

HRMS (ESI): m/z calcd. for GoH,7NNaOs' 400.1736 [M+Nal;
found: 400.1731 [M+N3]

(9)-diethyl 2-aminopentanedioate(l.263):["®

NH, SOCl,, EtOH, NH,
HOMOH 0*Ctort 17h EtOMOEt
o o o o

L-glutamic acid (1.252) (89 %)

1.263

To a suspension af-glutamic acid 252, 40.0 g, 272 mmol, 1.00 eq) in ethanol (400 mL,
6.80 mol, 25.0 eq) was added dropwise thionyl etdo(43.4 mL, 600 mmol, 2.20 eq) at
0 °C. After being stirred for 1 h at 0 °C, the mipd was allowed to warm to room
temperature and stirred for 16 h at this tempeeaflinen, the bulk of solvent was remowed
vacuo and to the remaining solution was added waterO(56L) and NaCO; (60.0 g,
571 mmol, 2.10 eq) in small portions. The resultmixture was diluted with a sat. aq.
NaHCG; solution (750 mL) and extracted with dichloromethd5 x 750 mL). The combined

extracts were dried over Mg@@nd concentrated to yield263 as a colorless oil (49.0 g,
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89 %). The resulting crude product was pure endiagbe used in the next step without

further purification.
TLC (EtOAc:Hex 3:1)R: = 0.29.
[a]ll;’; +10.2 €= 1.0, CHCY).

'H NMR (600 MHz, CDCY): § = 4.06 (q,J = 7.1 Hz, 2H), 4.02 (q] = 7.1 Hz, 2H), 3.41 (dd,
J=8.3, 5.3 Hz, 1H), 2.41 (8 = 7.5 Hz, 2H) 2.10-1.97 (m, 1H), 1.75-1.69 (m, 1HPB6 (s,
br, 2H), 1.27-1.18 (m, 6H).

3¢ NMR (75 MHz, CDC}): § = 175.5, 173.0, 60.8, 60.3, 53.7, 30.6, 30.0, {2q).
IR (neat):v max= 1727, 1181.

HRMS (ESI): m/z calcd. for GH1/NO;": 203.1158 [M];
found: 203.1148 [M]

(9)-diethyl 2-(tert-butoxycarbonylamino)pentanedioate(l.264):1"

NHZ BOC20, Et3N, NHBoc
o} o 0 o)
1.263 (90 %)

1.264

To a mixture ofl.263 (53.6 g, 264 mmol, 1.00 eq), B&x (63.3 g, 290 mmol, 1.10 eq) and
CH.Cl, (1000 mL) was added #t (110 mL, 791 mmol, 3.00 eq) and then DMAP (3.22 g
26.4 mmol, 0.100 eq). The flask was equipped wiblulabler and the mixture was stirred for
16 h at room temperature. Then, a 10 % aq. citid solution (800 mL) was slowly added
and the mixture was stirred until gas evolution ltadsed (1 h). The organic layer was
separated, washed with brine (900 mL), dried ovgS&, and concentrated. Purification by
column chromatography (silica, EtOAc:Hex 4:2 2:1) gavel.264 as a colorless solid
(72.0 g, 90 %).

TLC (EtOAc:Hex 3:1)R: = 0.32.

[a]%: +11.0 € = 1.0, CHCY).
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'H NMR (300 MHz, CDCY): & = 5.10 (s, br, 1H), 4.41-4.26 (m, 1H), 4.17 J&s 7.1 Hz,
2H), 4.11 (9J = 7.1 Hz, 2H), 2.44-2.29 (m, 2H), 2.20-2.09 (m)1R03-1.89 (m, 1H), 1.42
(s, 9H), 1.28-1.21 (m, 6H).

3¢ NMR (75 MHz, CDC}): & = 172.7, 172.2, 155.3, 79.8, 61.4, 60.6, 52.93,308.5,
28.2 (3C), 14.1, 14.0.

IR (film): vV max= 1726, 1249, 1159.

HRMS (ESI): m/z calcd. for @H2sNOg'™: 303.1682 [M];
found: 303.1671 [M]

(2R,49)-diethyl 2-(benzyloxymethyl)-4-fert-butoxycarbonylamino)pentanedioate(l.265):

LIHMDS (2 eq),
THF, =78 °C, 30 min;
BnO

I;lHBoc then BOMS:I, NHBoc
EtOMOEt THF, -78°C, 3 h EtO = OEt

o) 0 o o
1.264 (4 %)
1.265

To a solution of HMDS (66.0 mL, 311 mmol, 2.31 eq) THF (90.0 mL) was added a
solution ofn-BuLi (2.25M in hexanes, 126 mL, 282 mmol, 2.10 eq) dropwise €. After
complete addition, the mixture was allowed to waorroom temperature to be stirred for
another 30 min at this temperature.

Then, the resulting LIHMDS solution was cooled-i68 °C and to this solution was added
dropwise a solution df264 (40.8 g, 134 mmol, 1.00 eq) in THF (525 mL)-&8 °C. After
being stirred for 30 min, a solution of BOMCI (15mL, 79.0 mmol, 2.00 eq) in THF
(525 mL) was added dropwise to be stirred for amlakti 3 h at this temperature. The reaction
mixture was quenched at —78 °C with an IM@qg. HCI solution (185 mL) and the bulk of
solvent was removeth vacuo The residue was redissolved in diethyl ether (880 and
washed with a sat. ag. NaHg®olution (800 mL) and brine (400 mL), dried oveg®Q,,
fillered and concentrated. The crude product wagifipd by repeated column
chromatography (silica, EtOAc:Hex 1:28 1:6; then EtOAc:Hex 1:106» 1:12) to give
[.265 as a colorless oil (2.11 g, 4 %).

TLC (EtOAc:Hex 1:3)R; = 0.55.
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[a]%: +1.2 € = 1.0, MeOH).

'H NMR (300 MHz, CDCJ): § = 7.37-7.26 (m, 5H) 5.04 (s, br, 1H), 4.51 (s, 2#{B9-4.22
(m, 1H), 4.22-4.11 (m, 4H), 3.75-3.57 (m, 2H), 2820 (m, 1H), 2.16-2.96 (m, 2H), 1.42 (s,
9H), 1.30-1.22 (m, 6H).

3C NMR (75 MHz, CDC}h): & = 173.6, 172.3, 155.4, 137.9, 128.3 (2C), 127,13 (2C),
79.9, 73.1, 70.2, 61.4, 60.8, 52.2, 42.8, 31.(B 28C), 14.1, 14.1.

IR (neat):V max= 1708.

HRMS (ESI): m/z calcd. for @HzsNNaO;™ 446,2155 [M+Nal;
found: 446.2153 [MNa]".

(2S5,4R)-1-tert-butyl 2-ethyl 4-(benzyloxymethyl)-5-methoypyrrolidine-1,2-
dicarboxylate (1.266) and(2S,4S,5R)-1-tert-butyl 2-ethyl 4-(benzyloxymethyl)-5-
methylpyrrolidine-1,2-dicarboxylate (1.249) from 1.250:"%

o LiEtBH, o | thenTsOH, o
BnOW THF, ~78 °C, 30 min; B”OW MeOH, r.t. 18 h; B”OW
N OMe HO N OEt N OEt

o} Boc Boc MeO Boc

1.250 1.343 (dr =80:20)
1.266

then MeMgBr, CuBr-SMe,, BF3-OFEty,

EtOEt, -78 °C tor.t. 1.5 h; BnO 0
then Boc,0, NaHCO,, H,0, THF, r.t. 3 h W
<N OEt
Me Boc

(40 %)
1.249

To a solution 0f.250 (18.3 g, 48.4 mmol, 1.00 eq) in THF (250 mL) wadsled dropwise a
solution of lithium triethylborohydride (1.081 in THF, 58.0 mL, 58.0 mmol, 1.00 eq) at
—78 °C over the course of 10 min. After being strfer 30 min at this temperature, the
reaction was quenched with a sat. ag. Nakl€@ution (20.0 mL) and allowed to warm to
0 °C. To the mixture was added®} (25.0 mL) in one portion and stirred at 0 °C fOrr8in.
The solvent was removed vacuoand the residue was redissolved in ethyl acef@ (L)
and water (270 mL). The organic layer was sepayateegd over MgSQ@ filtered and
concentrated to a colorless oil.

To a solution of this residual oil containih@43 (~18.0 g) in methanol (255 mL) was added
p-toluenesulfonic acid monohydrate (1.84 g, 9.67 mM@®00 eq) to be stirred for 18 h at
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room temperature. The reaction was quenched watit.aaq. NaHC®solution (22.0 mL), the
solvent was removeth vacuoand the residue was redissolved in a mixture ethgi ether
(540 mL) and water (270 mL). The organic layer wegarated, washed with bri(d80 mL),
dried over MgS@ filtered and concentrated to give a colorless BYf NMR, 1.266 was

found to be a 4:1 mixture of diastereomers.
TLC (EtOAc:Hex 1:3)R = 0.23 (both diastereomers).

'H NMR (400 MHz, CHCJ, crude mixture of diastereomers):= 7.39-7.20 (m, 5H),
5.31-5.05 (m, 1H), 4.55-4.45 (m, 2H), 4.27-4.08 @Hi), 3.71-3.54 (m, 1H), 3.46-3.38 (m,
4H), 2.61-2.26 (m, 2H), 1.87-1.73 (m, 1H), 1.4821(th, 9H), 1.28-1.22 (m, 3H).

¥C NMR (100 MHz, CHC}, crude mixture of diastereomer8)= 172.6, 172.2, 154.2, 153.9,

138.3, 138.2, 128.5, 128.4, 128.3 (2C), 127.7 (42).5 (2C), 126.9 (2C), 87.9, 87.8, 80.9,
80.5, 73.3, 73.2, 68.7, 68.5, 65.8, 65.3, 60.99,668.9, 58.2, 55.7, 55.3, 44.7, 44.0, 31.3,
30.0, 28.3 (3C), 28.1 (3C), 14.2, 14.1.

IR (neat): 1750, 1451.

HRMS (ESI): m/z calcd. for gHzNNaQs'™ 416.2049 [M+Nal;
found: 416.2045 [MNa]'.

To a suspension of copper(l)bromide-dimethyl selfamplex (46.3 g, 225 mmol, 4.65 eq)
in diethyl ether (400 mL) was added a solution e@\gBr (3.00M in diethyl ether, 75.0 mL,
225 mmol, 4.65 eq) dropwise over the course of ifbah—40 °C and stirred for 1 h at this
temperature. Then, the resulting yellow suspensi@as cooled to-78 °C and boron
trifluoride diethyl etherate (27.8 mL, 225 mmol68.eq) was added dropwise over the course
of 15 min. After being stirred for 30 min a8 °C, a solution of crude266 (~19.0 g) in
diethyl ether (60.0 mL) was added over the courfs@lomin. The flask was rinsed with
additional diethyl ether (15.0 mL) and the reactioixture was stirred for 15 min a8 °C.
Then, the mixture was allowed to warm to room terapge and stirred for 1 h at this
temperature. The reaction was quenched by dropadsdéion of a 1:1 mixture of a sat. aqg.
NH4CI solution and a 28 % ag. NHKolution (260 mL). The resulting mixture was sirfor
30 min at room temperature and was then dilutedl die¢thyl ether (250 mL). The organic
layer was separated, washed with water (300 mL)baimeé (250 mL), dried over MgSnd
concentrateth vacuoto give a residue which was redissolved in THFO(frfL).
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To the mixture was successively added a sat. agQ(dg solution (21.0 mL), Bo© (10.6 g,
48.4 mmol, 1.00 eq) and DMAP (60.0 mg, 0.480 mrad)10 eq) and the mixture was stirred
for 4 h at room temperature. The bulk of the salweas removed and the residue was diluted
in a mixture of EtOEt (540 mL) and water (270 mOhe organic layer was separated,
washed with brine (250 mL), dried over Mg&@iltered and concentrateid vacuo The
resulting residue was purified by column chromaapyy (Silica, EtOAc:Hex 1:9» 1:4) to
givel.249 as a colorless oil (7.31 g, 40 %).

TLC (EtOAc:Hex 1:2)R: = 0.22.
[a]g’z -42.0 €= 1.0, MeOH).

'H NMR (400 MHz, DMSO, 100 °C): 7.38-7.17 (m, 5H), 4.4 = 2.3 Hz, 2H), 4.17 (dd,
J=19.8, 4.1 Hz, 1H), 4.05 (d,= 7.1 Hz, 2H), 3.73-3.68 (m, 1H), 3.49 (dds 9.5, 7.3 Hz,
1H), 3.35 (dd,) = 9.5, 7.3 Hz, 1H), 2.44-2.37 (m, 1H), 2.13-2.68 (H), 1.71 (dtJ = 13.5,

4.1 Hz, 1H), 1.35 (s, 9H), 1.20 @@= 6.2 Hz, 3H), 1.15 (1] = 7.1, 3H).

13c NMR (100 MHz, DMSO, 100 °C)8 = 172.9, 153.5, 139.0, 128.5 (2C), 127.7 (2C),
127.6, 79.3, 72.7, 71.6, 60.6, 59.2, 57.0, 45.5,38.5 (3C), 20.3, 14.3.

IR (neat):V max= 2976, 1745, 1698, 1454, 1388, 1367, 1185.

HRMS (ESI): m/z calcd. for GH3:NOs": 378.2280 [M+H];
found: 378.2274 [MH]".

(2R,3S,59)-tert-butyl 3-(benzyloxymethyl)-5-(3-hydroxypenta-1,4-den-3-yl)-2-
methylpyrrolidine-1-carboxylate (1.273):

0 DIBAL-H, THF, 78 °C, 2 h; OH
B”O/\EH then, 1.276, THF, 78 °C tort. 1.5h B0 \

= TN OEt TN
Me Boc Me Boc /
1.249 (79 %)
/\MgBr 1.273

To a solution 01.249 (100 mg, 0.256 mmol, 1.00 eq) in THF (1.00 mL) vadsled dropwise
a DIBAL-H solution (1.00v solution in hexanes, 0.290 mL, 0.291 mmol, 1.10at€e78 °C.
After being stirred for 2 h at this temperatursotution of vinylmagnesium bromide (1.60

in THF, 0.530 mL, 0.530 mmol, 2.00 eq) was addezpdrise and the resulting mixture was
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stirred for 1 h at —78 °C. Then, the reaction mmetwas allowed to warm to room
temperature, stirred for 1.5 h at this temperatum@ was subsequently quenched by dropwise
addition of a sat. aq. Ni€l solution (0.500 mL). The solvent was remowvedacuoand the
resulting crude solid was redissolved in a 2:1 orixtof EtOAc:water (12.0 mL). The organic
layer was separated, washed with bri@00 mL), dried over MgS§) filtered and
concentrated. Purification by column chromatograstiyca, EtOAc:Hex 1:2) affordet273

as a colorless oil (81.0 mg, 79 %).
TLC (EtOAc:Hex 1:2)R: = 0.18.
[a]ll;’: -51.3 €= 1.0, MeOH).

'H NMR (600 MHz, CDCY): 7.37-7.29 (m, 5H), 5.90 (dd,= 17.1, 10.6 Hz, 2H), 5.41 (dd,
J=17.1, 1.8 Hz, 2H), 5.15 (dd,= 10.6, 1.8 Hz, 2H), 4.52-4.49 (m, 2H), 3.94 (dd; 9.6,
7.6 Hz, 1H), 3.57-3.51 (m, 1H), 3.47-3.42 (m, 1B89-3.34 (dd,) = 9.3, 6.5 Hz, 1H), 2.12
(dt, J = 13.4, 7.6 Hz, 1H), 1.93-1.88 (m, 1H), 1.58-1(68 1H), 1.43 (s, 9H), 1.25 (d,=
6.0 Hz, 3H).

13C NMR (150 MHz, DMSO0):5 = 140.3, 138.1 (2C), 136.5, 128.4 (2C), 127.7,.422C),
115.9 (2C), 114.7, 80.6, 77.8, 73.2, 71.5, 67.5,584.3, 31.7, 28.3 (3C), 20.7.

IR (neat):¥ max= 1716, 1366, 1152.

HRMS (ESI): m/z calcd. for GsHzsNNaOQ;'™: 410.2307 [M+Nal;
found: 410.2301 [MNaJ".

(2S5,4S,5R)-4-(benzyloxymethyl)-1-{ert-butoxycarbonyl)-5-methylpyrrolidine-2-
carboxylic acid (1.271):

0 0
B”OW LIOH, H,O, THF, reflux, 18 h B”OW

N OEt N OH
Me Boc Me Boc
1.249 (36 %)

1.271

To a solution 01.249 (11.0 mg, 29.1umol, 1.00 eq) in THF (0.200 mL) was added a 2/50
ag. LiOH solution (0.200 mL, 0.468 mmol, 12.0 eqyldhe resulting mixture was heated to
reflux for 18 h. The mixture was allowed to coolrtmm temperature and upon removal of

the solventin vacuq the residue was diluted with a mixture of a s&t. NH,Cl solution
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(4.00 mL), a 2.00v ag. HCI solution (5.00 mL) and & (10.0 mL). The organic layer was
separated, washed with brine (4.00 mL), dried dMgSO, and concentrated. The crude
product was purified by column chromatography ¢ailiEtOAc:Hex 1:1- 2:1) to givel.271

as a colorless oil (3.70 mg, 36 %).
TLC (EtOAc:Hex 2:1)R: = 0.09.

'H NMR (400 MHz, CDC}4, mixture of rotation isomers): 7.35-7.25 (m, 54)50-4.45 (m,
2H), 4.37-4.23 (m, 1H), 3.98-3.79 (m, 1H), 3.5143(&, 2H), 2.54-1.97 (m, 3H), 1.49-1.37
(m, 9H), 1.27-1.21 (m, 3H).

13%C NMR (100 MHz, DMSO, mixture of rotation isomers$)= 177.9, 174.3, 156.7, 153.2,
138.1, 137.9, 128.4 (2C), 128.4 (2C), 127.7 (2Q),.a (2C), 127.5, 127.4, 81.8, 80.4, 73.2,
73.1,71.6,71.3,58.9, 58.7, 57.4, 57.0, 45.4),4%1.0, 29.7, 28.4 (3C), 28.2 (3C), 20.1, 19.7.

IR (neat):V max= 1741, 1550.

HRMS (ESI): m/z calcd. for GH26NOs 348.1816 [MH];
found: 348.1812 [MH] .

(2R,3S,59)-tert-butyl 3-(benzyloxymethyl)-5-(hydroxymethyl)-2-methylpyrrolidine-1-
carboxylate (1.272) and((2S,4S,5R)-4-(benzyloxymethyl)-1,5-dimethylpyrrolidin-2-
yl)methanol (1.274):

LiAIH,, THF,
W 0°Cioreflux, 21 h_ m m

Boc Boc
1.249 (20 %) (59 %)
1.272 1.274

To a suspension of LiAIH(8.63 mg, 0.227 mmol, 1.10 eq) in THF (0.500 mlgswadded
dropwise a solution df249 (78.0 mg, 0.207 mmol, 1.00 eq) in THF (0.500 mLp&C. The
resulting mixture was allowed to warm to room terapg&re to be stirred for 18 h at this
temperature. Then, THF (6.00 mL) was added anddhetion mixture was heated to reflux
for 3 h. The mixture was allowed to cool to roormperature and the solvent was remowed
vacuo The mixture was redissolved in a sat. ag. Roehsdlt solution (20.0 mL) and
extracted with EtOAc (3 x 20.0 mL). The combinedrasts were washed with brine
(15.0 mL), dried over MgS£and concentrated. The crude product mixture waiiguiwith
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CHAPTER I: Towards the Total Synthesis of Oldhamine

column chromatography (silica, EtOAc:Hex 1:4 1:3) to affordl.272 as a colorless oil
(14.0 mg, 20 %) ant274 as a colorless oil (30.2 mg, 59 %).

[.274 was isolated by concentrating earlier fractionthefchromatographic purification step.
TLC (EtOAc:Hex 1:2)R: = 0.22.
[(1]1[;’= -21.2 ¢ = 1.0, MeOH).

'H NMR (400 MHz, DMSO)# = 7.39-7.19 (m, 5H), 4.44 (s, 2H), 3.69 (s, br),13{50-3.32
(m, 5H), 3.23-3.18 (M, 1H), 2.14-2.05 (m, 1H), 2089 (m, 1H), 1.58 (dt] = 12.7, 8.2 Hz,
1H), 1.25 (s, 9H), 1.14 (d,= 6.2 Hz, 3H).

13C NMR (100 MHz, DMS0):$ = 154.5, 139.1, 128.6 (2C), 127.7 (2C), 127.77782.8,
72.4,63.7,59.7, 57.0, 45.0, 30.2, 28.7 (3C), 21.5

IR (neat):v max= 2971, 1686, 1662, 1390, 1172, 1089.

HRMS (ESI): m/z calcd. for @HzNO," 336.2175 [M+H];
found: 336.2194 [MH]".

[.272 was isolated by concentrating later fractions ef¢hromatographic purification step.
TLC (EtOAc:Hex 1:2)R = 0.15.
[a]ll;’: -9.1 €=1.0 MeOH).

'H NMR (600 MHz, CDCY): & = 7.36-7.29 (m, 5H), 4.53-4.49 (m, 2H), 4.45)(& 8.4 Hz,
1H), 4.13 (dd,) = 8.9, 3.6 Hz, 1H), 4.06-4.02 (m, 1H), 3.75-3./, (H), 3.50-3.42 (m, 1H),
2.29-2.22 (m, 1H), 2.20-2.14 (m, 1H), 1.47 (s, 3HR8 (dd,J = 22.4, 10.5 Hz, 1H), 1.30 (d,
J=6.6 Hz, 3H), 1.26 (s, br, 1H).

13C NMR (150 MHz, CDCJ): & = 138.0, 128.4 (2C), 127.7, 127.6 (2C), 73.3, 7676,
58.1, 57.7, 49.5, 35.8, 26.5, 21.6.

IR (neat):’ max= 2869, 1371, 1149.

HRMS (EI): m/z calcd. for @H23NO,"™: 249.1729 [M];
found: 249.1726 [M]
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(2R,3S,59)-tert-butyl 3-(benzyloxymethyl)-5-(hydroxymethyl)-2-mettylpyrrolidine-1-
carboxylate (1.272):

LiBH,, THF
0 4 THF, OH
Bnom 0°Ctort. 18 h B”O«D_/

N OEt N
Me Boc Me Boc
1.249 (48 %)

1.272

To a solution 01.249 (117 mg, 0.310 mmol, 1.00 eq) in THF (1.50 mL) wadsled a solution
of LiBH4 (2.00M solution in THF, 0.170 mL, 0.341 mmol, 1.10 eqggothe course of 5 min
at 0 °C. Then, the mixture was allowed to warmaom temperature, stirred for 18 h at this
temperature and concentrated. The resulting soéid mwedissolved in water (20.0 mL) and
extracted with EtOEt (3 x 20.0 mL). The combinedra&sts were washed with brine
(15.0 mL), dried over MgS© and concentrated. Upon purification by column
chromatography (silica, EtOAc:Hex 1:3)272 was obtained as a colorless oil (50.1 mg,
48 %).

TLC (EtOAc:Hex 1:2)R: = 0.22.
[a]ll;’: -21.2 €= 1.0, MeOH).

'H NMR (400 MHz, DMSO)3 = 7.39-7.19 (m, 5H), 4.44 (s, 2H), 3.69 (s, br),13{50-3.32
(m, 5H), 3.23-3.18 (m, 1H), 2.14-2.05 (m, 1H), B89 (m, 1H), 1.58 (dj = 12.7, 8.2 Hz,
1H), 1.25 (s, 9H), 1.14 (d,= 6.2 Hz, 3H).

3¢ NMR (100 MHz, DMS0):$ = 154.5, 139.1, 128.6 (2C), 127.7 (2C), 127.77782.8,
72.4,63.7,59.7, 57.0, 45.0, 30.2, 28.7 (3C), 21.5

IR (neat):vV max= 2971, 1686, 1662, 1390, 1172, 1089.

HRMS (ESI): m/z calcd. for @H3zNO,'™: 336,2175 [M+H;
found: 336,2194 [MH]".

89



CHAPTER I: Towards the Total Synthesis of Oldhamine

1-Hydroxy-3H-benz[d][1,2]iodoxole-1,3-diongl.345) and1,1,1-tris(acetoxy)-1,1-
dihydro-1,2-benziodoxol-3(H)-one (1.346):1°°!

| oxone®, (R/OH Ac,0, p-TsOH (0.02 eq), AcO_ 8AOC Ao
H,0, 70 °C, 3 h N 80°C,2h I
O 0]
COOCH
(0] (0]
1.344 (76 %) (99 %)
IBX (1.345) DMP (1.346)

In a 4.00 L three-necked flask equipped with a medatal stirrer and a thermometer, a
mixture of iodobenzoic acid.B44, 200 g, 0.810 mol, 1.00 eq), water (2.60 L) andrne®
(704 g, 1.15 mol, 1.42 eq) was stirred at 70 °Chaut sealing the third joint. After 3 h, the
mixture was allowed to cool to room temperature aag then cooled to 0 °C for 2 h. The
resulting precipitate was filtered off, washed wabld water (2.00 L), acetone (2.00 L),
hexanes (0.500 L) and diethyl ether (0.500 L) aridddto givel.345 as a colorless solid
(172 g, 76 %) which was used without further puaatfion.

mp: 230 °C.

'H NMR (400 MHz): & = 8.15 (d,J = 7.8 Hz, 1H), 8.01 (dJ = 7.8 Hz, 1H), 7.98 (,
J=7.8Hz, 1H), 7.84 (] = 7.8 Hz, 1H).

3C NMR (75 MHz, DMSO):5 = 168.4, 147.4, 133.8, 132.3, 131.3, 131.0, 125.9.
IR (neat): 1640.

To a suspension of IBX.345) prepared as described above (120 g, 429 mmd), dq) in
Ac,O (450 mL) was adde@-TsOH monohydrate (1.63 g, 8.57 mmol, 0.020 eq) toed
resulting mixture was heated to 80 °C for 2 h. Timeture was allowed to cool to room
temperature and was then cooled to 0 °C for 2 le. rEulting solid was filtered off, washed
with diethyl ether (3.00 L) and hexanes (2.00 Ll ainied. DMP [.346) was afforded as a

colorless solid (180 g, 99 %) and was pure enoadietused without further purification.
mp: ca. 100 °C (explosive decomposition).

'H NMR (400 MHz, CDCJ): § = 8.33-8.24 (m, 2H), 8.11-8.04 (m, 1H), 7.90 Jtd,0.9,
7.4 Hz, 1H), 2.32 (s, 3H), 1.99 (s, 6H).

¥C NMR (75 MHz, CDC}): & = 175.8, 174.1, 166.2, 142.3, 135.9, 133.9, 13128.6,
126.0, 20.5, 20.4.
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1.3 Experimental Section

IR (neat):v max= 1700, 1671.

(2R,3S,59)-tert-butyl  3-(benzyloxymethyl)-5-formyl-2-methylpyrroli dine-1-carboxylate
(1.272) using DMP [.346):

DMP, NaHCOs,
B”OWOH CH,Cly, rt. 2 h B“OWO

N TN H
Me Boc Me Boc
1.272 (53 %)

1.275

To a suspension of DMR.346) prepared as described above (45.5 mg, #0a@l, 1.20 eq)
and sodium bicarbonate (11.3 mg, 1ddol, 1.50 eq) in CkCl, (1.00 mL) was added a
solution of 1.272 (30.0 mg, 89.4umol, 1.00 eq) in CkCl, (1.00 mL) dropwise at room
temperature. The mixture was stirred for 2 h atrdemperature, then diluted with a mixture
of diethyl ether (15.0 mL) and 1.30NaOH (7.50 mL) and stirring was continued for eot
15 min. The organic layer was then separated, vdastieh a 1.30M NaOH solution
(15.0 mL) and water (15.0 mL), dried over MgS@ltered and concentrated to gil275 as

a colorless oil (15.8 mg, 53 %).

TLC (EtOAc:Hex 1:2)R = 0.61.
[a]llf: -27.2 €= 1.0, MeOH).

'H NMR (400 MHz, DMSO, 100 °C) = 9.41 (d,J = 2.46 Hz, 1H), 7.34-7.22 (m, 5H), 4.46
(s, 2H), 4.17-4.08 (m, 1H), 3.74-3.67 (m, 1H), 33135 (m, 2H), 2.08-1.99 (m, 2H), 1.91-
1.82 (m, 1H), 1.37 (s, 9H), 1.21 @@= 6.3 Hz, 3H).

3C NMR (100 MHz, DMSO, 100 °C)s = 201.0, 159.5, 139.0, 128.6 (2C), 127.7, 127.7
(2C), 79.7, 72.8, 71.7, 65.4, 57.0, 45.2, 28.5 (22)9, 20.9.

IR (neat):V max= 2974, 1735, 1684, 1388, 1364, 1171.

HRMS (ESI): m/z calcd. for @H>7NNaQy': 356.1838 [M+Nal;
found: 356.1831 [MNaJ".
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CHAPTER I: Towards the Total Synthesis of Oldhamine

(2R,3S,59)-tert-butyl 3-(benzyloxymethyl)-5-formyl-2-methylpyrroli dine-1-carboxylate
(1.275) and(2R,3S,59)-tert-butyl 3-(benzyloxymethyl)-5-(1-hydroxyallyl)-2-
methylpyrrolidine-1-carboxylate (1.269):

(COCl),, DMSO,
CH,Cly, —72 °C, 30 min;

OH  then i-PrEN, o 1276, LiCl, THF, H OH
B”Om CH,Cly, ~72 °C 1o r.t. 20 min B”OW “78°Ctoreflux, 14h B0 5

| | H N
Me Boc Me Boc Me Boc /
1.272 (88 %) (95 %, dr = 40:60)
1.275 1.269

To a solution of oxalyl chloride (0.150 mL, 1.57 mim1.20 eq) in CKCI, (3.00 mL) was
added a solution of DMSO (0.210 mL, 2.89 mmol, 2§) in CHCI, (0.800 mL) at-72 °C
over the course of 10 min. To the resulting mixtwas added a solution a272 (440 mg,
1.31 mmol, 1.00 eq) in Gi&l, (1.20 mL) over a period of 15 min to be stirred 30 min at
—-72 °C. Then, DIPEA (0.910 mL, 5.25 mmol, 4.00 e@svadded over 5 min and the mixture
was allowed to warm to room temperature. The reguthixture was diluted with 5.00 mL of
CH.Cl, and washed with a 5 % aq. HCI solution (3x 10.0,mater (3x 10.0 mL) and brine
(10.0 mL). The solvent was removeadvacuoand the resulting yellow oil containind75

was pure enough to be used without further putiboa(384 mg, 88 %).
TLC (EtOAc:Hex 1:2)R: = 0.61.
[a]llf: —-27.2 ¢ = 1.0, MeOH).

'H NMR (400 MHz, DMSO, 100 °C) = 9.41 (d,J = 2.46 Hz, 1H), 7.34-7.22 (m, 5H), 4.46
(s, 2H), 4.17-4.08 (m, 1H), 3.74-3.67 (m, 1H), 3135 (m, 2H), 2.08-1.99 (m, 2H),
1.91-1.82 (m, 1H), 1.37 (s, 9H), 1.21 {5 6.3 Hz, 3H).

¥C NMR (100 MHz, DMSO, 100 °C)5 = 201.0, 159.5, 139.0, 128.6 (2C), 127.7, 127.7
(2C), 97.7, 72.8, 71.7, 65.4, 57.0, 45.2, 28.5 (22)9, 20.9.

IR (neat):V max= 2974, 1735, 1684, 1388, 1364, 1171.

HRMS (ESI): m/z calcd. for @H7NNaQ;': 356.1838 [M+Nal];
found: 356.1831 [MNa]".
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To a solution 01.275 (383 mg, 1.15 mmol, 1.00 eq) and LiCl (97.4 m@02nmol, 2.00 eq)
in THF (3.00 mL) was added dropwise a solution imiylmagnesium bromide (1.0@ in
THF, 2.30 mL, 2.30 mmol, 2.00 eq) a8 °C. The mixture was stirred for 15 min at this
temperature and was then allowed to warm up totibed for 12 h at room temperature.
Subsequently, the mixture was heated to reflud férh and was then allowed to cool to room
temperature. The reaction was quenched with aasatNH,Cl solution (2.50 mL) and the
bulk of the solvent was removed vacuo The residue was diluted with a sat. aq.,8H
solution (50.0 mL) and water (50.0 mL) and was aoted with CHCI, (3 x 75.0 mL). The
combined extracts were washed with brine (100 ndkigd over MgS@ and concentrated.
Purification by column chromatography (silica, EtOHex 1:4— 1:3) gavel.269 as a 3:2
mixture of diastereomers (394 mg, 95 %). A 25.0sample of the mixture was separated by
reversed phase HPL&4rian DynamaxX250x21.4 mmMicrosorb 60-8 C18 column equipped
with a Dynamax HPLC guard columwoperating on aVarian PrepStar HPLCsystem;
H,O/MeOH; 15.5 mL/min) to afford a minor diastereom@.10 mg) and a major

diastereomer as colorless oils.
Minor diastereomer:

HPLC (gradient program: t = 0 min 72% MeOH, t = 2 mirt@2eOH, t = 30 min 90 %
MeOH, t = 35 min 90 % MeOHR: = 14.73 min.

[a]'6= -89.0 ¢ = 1.0, MeOH).

'H NMR (400 MHz, DMSO, 100 °C, mixture of rotation isomer = 7.39-7.19 (m, 5H),
5.81-5.53 (m, 1H), 5.18-5.03 (m, 2H), 4.79-4.60 (rHl), 4.44-4.39 (m, 2H), 3.88-3.17 (m,
1H), 3.38-3.32 (m, 1H), 3.31-3.26 (m, 2H), 3.258(, 1H), 2.04-1.82 (m, 2H), 1.60-1.43
(m, 1H), 1.39-1.35 (m, 9H), 1.19-1.13 (m, 3H).

3¢ NMR (100 MHz, DMSO, 100 °C, mixture of rotation isomslel = 154.7, 154.6, 139.0,
138.9, 138.2, 138.1, 128.7 (2C), 128.6 (2C), 142®), 127.8 (2C), 127.7, 127.7, 116.2,
114.6, 79.0, 78.6, 72.5, 72.4, 72.2, 71.9, 70.2],762.4, 61.2, 58.0, 57.1, 44.6, 44.0, 28.6
(3C), 28.5 (3C), 27.0, 26.9, 20.6, 20.5.

IR (neat):¥ ma= 2973, 1688, 1660, 1391, 1365, 1114.

HRMS (ESI): m/z calcd. for gH3:NNaOQy': 384.2151 [M+Nal;
found: 384.2146 [MNaJ".
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Major diastereomer:

HPLC (gradient program: t = 0 min 72% MeOH, t = 2 mifa21eOH, t = 30 min 90 %
MeOH, t = 35 min 90 % MeOHR: = 18.89 min.

[a]'6= -77.8 ¢ = 1.0, MeOH).

'H NMR (400 MHz, DMSO, 100 °C)s = 7.39-7.17 (m, 5H), 5.75 (ddb= 17.2, 10.6, 5.0
Hz, 1H), 5.16 (dt) = 17.2, 1.8 Hz, 1H), 5.02 (di,= 10.6, 1.8 Hz, 1H), 4.63-4.61 (m, 1H),
4.45 (s, 2H), 3.74-3.70 (m, 1H), 3.59-3.54 (m, 2Bi%42 (dd,J = 9.6, 5.9 Hz, 1H), 2.98 (s, br,
1H), 1.97-1.91 (m, 2H), 1.67-1.61 (m, 1H), 1.409), 1.19 (dJ = 6.2 Hz, 3H).

13%C NMR (100 MHz, DMSO, 100 °C)s = 154.3, 140.5, 139.3, 128.5 (2C), 127.7 (2C),
127.6, 114.4, 78.8, 72.8, 72.6, 70.4, 62.1, 5&10,48.7, 26.2, 20.5.

IR (neat):v max= 2972, 1665, 1392, 1365, 1113.

HRMS (ESI): m/z calcd. for gHzNNaQ;': 384.2151 [M+Nal;
found: 384.2146 [MNa]'.

(2S,4S,5R)-ethyl 4-(benzyloxymethyl)-5-methylpyrrolidine-2-arboxylate (1.277) from
1.249:

o)
B”OW TFA, thioanisole, CH,Cl, rt. 3 h BHOWO

~ N OEt N
Me™ B . me” N OFEt
1.249 (97 %)

1.277

To a solution of.249 (2.50 g, 6.62 mmol, 1.00 eq) and thioanisole (0.80_, 6.62 mmol,
1.00 eq) in CHCI; (10.0 mL) was added trifluoroacetic acid (9.84 B2 mmol, 20.0 eq)
via syringe and stirred for 3 h at room temperatutee flesulting slight orange solution was
guenched by dropwise addition of a sat. ag(@ solution (30.0 mL) and then poured into a
sat. aq. NaHC®solution (270 mL). The mixture was extracted withi,Cl, (5 x 150 mL)
and the combined extracts were washed with bri6@ (BL), dried over MgSg) filtered and
concentrated. The colorless crude product wasipdnfia column chromatography (silica,
CHCIy/MeOH/NEg 100:1:1— 100:2:1) to givd.277 as a colorless oil (1.78 g, 97 %).

TLC (CHCl::MeOH 100:5)R: = 0.2.
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[@]'9= -12.1 ¢ = 1.0, MeOH).

'H NMR (600 MHz, CDCY): & = 7.36-7.27 (m, 5H), 4.51-4.47 (m, 2H), 4.15Ja 7.2 Hz,
2H), 3.89-3.81 (m, 1H), 3.46 (dd, = 9.2, 5.9 Hz, 1H), 3.36 (dd} = 9.2, 6.8 Hz, 1H),
3.15-3.03 (m, 1H), 2.46-2.40 (m, 1H), 2.20 (s,1), 1.98-1.94 (m, 1H), 1.76-1.69 (m, 1H),
1.25 (t,J = 6.8 Hz, 3H), 1.17 (d] = 6.2 Hz, 3H).

3¢ NMR (150 MHz, CDCY): & = 175.5, 138.4, 128.3 (2C), 127.5, 127.4 (2C)1732.1,
60.9, 58.4, 56.7, 46.6, 34.1. 20.8, 14.2.

IR (neat):v max= 2960, 2859, 1728, 1367, 1204.

HRMS (ESI): m/z calcd. for @H.3NOs"™ 277.1678 [M];
found: 277.1685 [M]

(2S,4S,5R)-ethyl 4-(benzyloxymethyl)-5-methylpyrrolidine-2-arboxylate (1.277) from
1.250:

o) LiEt3BH, o) then TsOH, e}
Bnow THF, -78 OC, 30 min; BnO MGOH, r.t. 18 h, BnO
o7 N  OMe Ho* TN OEt MeO” N - OFt
Boc Boc Boc
1.250 1.343 (dr = 80:20)
1.266

then MeMgBr, CuBr-SMe,, BF 3 OEt,,

EtOEt, -78 °C to r.t. 1.5 h; 0
N BnO
then TFA, thioanisole, CH,Cl,, r.t. 2 h
TN OEt
Me H

(40 %)
1.277

To a solution 0f.250 (18.3 g, 48.4 mmol, 1.00 eq) in THF (250 mL) wasled dropwise a
solution of lithiumtriethylborohydride (1.0& in THF, 58.0 mL, 58.0 mmol, 1.00 eq) at
—78 °C over the course of 10 min. After being stirfer 30 min, the reaction was quenched
with a sat. ag. NaHC{solution (20.0 mL) and allowed to warm to O °C. the mixture was
added HO, (25.0 mL) in one portion and stirred at 0 °C fOrr8in. The solvent was removed
in vacuoand the residue was redissolved in a 2:1 mixtbethyl acetate and water (810 mL).
The organic layer was separated, dried over Mg3(ered and concentrated to a colorless
oil.

To a solution of this residual oil containih@43 (~18.0 g) in methanol (255 mL) was added
p-toluenesulfonic acid monohydrate (1.84 g, 9.67 M@®00 eq) to be stirred for 18 h at
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room temperature. The reaction was quenched watit.aaq. NaHC®solution (22.0 mL), the
solvent was removeth vacuoand the residue was redissolved in a mixture ethgi ether
(540 mL) and water (270 mL). The organic layer wepgarated, washed with brine (180 mL),
dried over MgS@ filtered and concentrated to give a colorlesgoiitainingl.266.

To a suspension of copper(l)bromide-dimethyl selfamplex (46.3 g, 225 mmol, 4.65 eq)
in diethyl ether (400 mL) was added dropwise atsmhuof MeMgBr (3.00m in diethyl ether,
75.0 mL, 225 mmol, 4.65 eq) over the course of 15 an —40 °C and stirred for 1 h at this
temperature. Then, the resulting yellow suspensi@s cooled to-78 °C and boron
trifluoride diethyl etherate (27.8 mL, 225 mmol68.eq) was added dropwise over the course
of 15 min. After being stirred for 30 min a8 °C, a solution of the residual colorless oil
from the previous reactior-19.0 g) in diethyl ether (60.0 mL) was added ower ¢ourse of
10 min. The flask was rinsed with additional di¢tbther (15.0 mL) and the reaction mixture
was stirred for 15 min at78 °C. Then, the mixture was allowed to warm tamdemperature
and stirred for 1 h at this temperature. The reactvas quenched by a dropwise addition of a
1:1 mixture of a sat. aq. NBI solution and a 28 % aq. NHolution (260 mL). The resulting
mixture was stirred for 30 min at room temperatanel was then diluted with diethyl ether
(250 mL). The organic layer was separated, washdgdwater (300 mL) and brine (250 mL),
dried over MgS® and concentrateth vacuoto give a residue that was redissolved in a
mixture of CHCI, (50.0 mL) and trifluoroacetic acid (50.0 mL).

To the mixture was added thioanisole (5.69 mL, 48mol, 1.00 eq) to be stirred for 2 h at
room temperature. The reaction mixture was quendhedropwise addition of a sat. ag.
NaCO; solution (100 mL) and was then poured into a agqt.NaHCQ solution (800 mL).
The mixture was extracted with GEl, (5 x 250 mL), the combined extracts were
concentrated and after purification with columnarhatography (silica, CHgMeOH:NEg
100:1:1),1.277 was obtained as a colorless oil (5.43 g, 40 %).

TLC (CHCl;:MeOH 100:5)R; = 0.2.
[@]Y= -12.1 ¢ = 1.0, MeOH).

'H NMR (600 MHz, CDCY): § = 7.36-7.27 (m, 5H), 4.51-4.47 (m, 2H), 4.15Ja 7.2 Hz,
2H), 3.89-3.81 (m, 1H), 3.46 (dd, = 9.2, 5.9 Hz, 1H), 3.36 (dd, = 9.2, 6.8 Hz, 1H),
3.15-3.03 (M, 1H), 2.46-2.40 (m, 1H), 2.20 (s,1), 1.98-1.94 (m, 1H), 1.76-1.69 (m, 1H),
1.25 (t,J = 6.8 Hz, 3H), 1.17 (d] = 6.2 Hz, 3H).
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13C NMR (150 MHz, CDCJ): & = 175.5, 138.4, 128.3 (2C), 127.5, 127.4 (2C)1732.1,
60.9, 58.4, 56.7, 46.6, 34.1. 20.8, 14.2.

IR (neat):’ max= 2960, 2859, 1728, 1367, 1204,

HRMS (ESI): m/z calcd. for @H2sNO3™ 277.1678 [M];
found: 277.1685 [M]

(2S5,4S,5R)-ethyl  4-(benzyloxymethyl)-1-(3-ethoxy-3-oxopropyts-methylpyrrolidine-2-
carboxylate (1.247):

0 O
1.279, CH.Cl,, r.t. 1 h . r.t. 30 min .

= N OEt ~ TN OEt
e m OEt Me — Me
1.277 COOEt COOEt

1.269 (72 %)
o)

/k 1.247
=~ "OEt

1.279

To a solution ofl.277 (2.20 g, 7.93 mmol, 1.00 eq) in @&, (8.50 mL) was added ethyl
propiolate (279, 0.89 mL, 8.73 mmol, 1.10 eq) over the course ofid. After being stirred
for 1 h at room temperature, all volatile substanae&re removedn vacuoto give crude
1.269. An analytical sample was purified by column chatography (silica, EtOAc:Hex
1:10— 1:5) to affordl.269 as a colorless oil.

TLC (EtOAc:Hex 1:5)R: = 0.21.
[a]zl;’: -66.4 € = 1.0, MeOH).

'H NMR (400 MHz, CDCY): & = 7.56 (d,J = 13.4 Hz, 1H), 7.37-7.27 (m, 5H), 4.54-4.39 (m,
3H), 4.20-4.05 (m, 5H), 3.69-3.56 (m, 1H), 3.50,(de 9.5, 6.7 Hz, 1H), 3.40 (dd,= 9.5,
6.6 Hz, 1H), 2.60-2.43 (m, 1H), 2.13-2.02 (m, 1H)P5-1.78 (m, 1H), 1.31 (d, = 6.3 Hz,
3H), 1.26-1.19 (M, 6H).

13C NMR (150 MHz, CDCY): § = 172.1, 169.2, 145.7, 138.0, 128.4 (2C), 12727,3 (2C),
87.3, 77.2, 73.2, 70.8, 61.4, 60.1, 59.0, 45.7,318.8, 14.6, 14.1.

IR (neat):v max= 1728, 1680.
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HRMS (ESI): m/z calcd. for H3oNOs": 376.2124 [M+H];
found: 376.2118 [M+H]

The crude material obtained as described aboveregdissolved in glacial acid (5.00 mL,
87.3 mmol, 11.0 eq). To this solution was addediuwndcyanoborohydride (1.00 g,
15.9 mmol, 2.00 eq) and stirred for 30 min at rae@mperature. The reaction was quenched
by dropwise addition of a 10 % aq. HCI solution.QLEL). After being stirred for 15 min, a
sat. ag. NgCGOs solution (30.0 mL) was added dropwise and theltiagumixture was poured
into a sat. ag. NaHC{solution (270 mL). The mixture was extracted withH,Cl,

(3 x 150 mL), the combined extracts were washett Witne (300 mL), dried over MgSQ©
fitered and concentrated to a colorless crude ybdvhich was purified by column
chromatography (EtOAc:Hex 1:1% 1:9) to givel.247 as a colorless oil (2.16 g, 72 %).

TLC (EtOAc:Hex 1:5)R = 0.28.
[a]ll;’= -63.8 € = 1.0, MeOH).

'H NMR (400 MHz, CDCY): § = 7.35-7.19 (m, 5H), 4.53-4.45 (m, 2H), 4.13-4(6% 4H),
3.83-3.69 (m, 1H), 3.50 (dd,= 9.0, 6.7 Hz, 1H), 3.40 (dd,= 8.9, 7.7 Hz, 1H), 3.08-2.91
(m, 2H), 2.78-2.67 (m, 1H), 2.54-2.42 (m, 2H), 2884 (m, 1H), 2.08-1.97 (m, 1H),
1.67-1.57 (m, 1H), 1.24-1.19 (m, 6H), 1.08Jc 5.9 Hz, 3H).

3¢ NMR (150 MHz, CDC)): § = 174.3, 172.3, 138.5, 128.3 (2C), 127.5 (2C),.4273.3,
73.1, 62.2, 60.3, 60.1, 59.9, 45.3, 43.4, 34.21,318.1, 14.3, 14.2.

IR (neat):v max= 2977, 2854, 1729, 1369, 1179.

HRMS (ESI): m/z calcd. for gH3zNOs': 378.2280 [M+H];
found: 378.2273 [M+H]
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(2S,5R,6S,7aS)-ethyl 6-(benzyloxymethyl)-5-methyl-1-oxohexahydrdlH-pyrrolizine-2-
carboxylate (1.245):

H
BnO O KHMDS, toluene, ~ B0 S0
. 0°Ctort. 1h SN

ve' N OBt —————— Me o

EtO
COOEt (81%)

1.247 1.245
To a mixture ofl.247 (1.67 g, 4.40 mmol, 1.00 eq) and toluene (18.0 mvhs added a
solution of KHMDS (0.500m in toluene, 2.00 mL, 8.80 mmol, 2.00 eq) at O T@e mixture
was stirred for 0.5 h at 0 °C and was then alloteediarm to room temperature to be stirred
for 0.5 h at this temperature. The reaction wasngoed with a sat. ag. NBI solution
(20.0 mL), diluted with a sat. ag. NEI solution (500 mL) and extracted with &,
(5 x 150 mL). The aqueous phase was diluted wishtaaq. NgCO; solution (100 mL) and
extracted with ChKCl, (3 x 150 mL). A second time, the aqueous phasedilated with a sat.
ag. NaCQO; solution (100 mL) and extracted with gE, (2 x 150 mL). The combined
extracts were concentrated and purified by reverpbdse column chromatography
(H20:MeOH 5:1— 2:1) to givel.245 as a colorless solid.

TLC (CHCl::MeOH 100:10)R; = 0.33.
[a]'= -36.2 € = 1.0 MeOH).

'H NMR (400 MHz, d6-acetone):d = 7.35-7.24 (m, 5H), 4.51-4.47 (m, 2H), 4.16-4.09
(m, 2H), 3.67-3.29 (m, 5H), 2.71-2.47 (m, 1H), 2830 (m, 1H), 2.10-2.07 (m, 1H),
2.04-1.94 (m, 1H), 1.72-1.58 (m, 1H), 1.22)& 7.1 Hz, 3H), 1.16 (d] = 5.9 Hz, 3H).

13C NMR (100 MHz, d6-acetone)s = 214.9, 168.4, 138.9, 128.2 (2C), 127.3 (2C),.327
72.6,71.5, 71.1, 61.2, 60.7, 48.7, 47.1, 30.12,288.2, 13.6.

IR (neat):V max= 2978, 1677, 1580, 1452, 1260, 1171, 1071.

HRMS (ESI): m/z calcd. for @H2sNO," 332.1862 [M];
found: 332.1856 [M]
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But-3-enyl propiolate (1.254):

H5SQO,, toluene,

0
o reflux, 48 h
+ HO "X /J\O/\/\
// OH =
1.280 1.281 (50 %)

1.254

In a 100 mL round bottom flask equipped with a D&ark apparatus, a mixture of propiolic
acid (.280, 5.00 mL, 80.7 mmol, 1.10 eq), 3-buten-1-0281, 6.28 mL, 73.3 mmol,
1.00 eq), sulfuric acid (0.300 mL, 5.00 mmol, 0.@%f) and toluene (50.0 mL) was heated to
reflux for 48 h. Then, the reaction mixture wasowatd to cool to room temperature and
diluted with a sat. aq. NaHGGolution (150 mL). The organic layer was separateshed
with brine (50.0 mL), dried over MgS@nd concentrated. The resulting crude product was

purified by fractional distillation to give254 as a colorless oil (4.60 g, 50 %).
TLC (EtOAc:Hex 1:10)R = 0.20.
bp: 50 °C/5 mbar.

'H NMR (300 MHz, CDCY): § = 5.86-5.71 (m, 1H), 5.19-5.05 (m, 2H), 4.25J(& 6.8 Hz,
2H), 2.90 (s, 1H), 2.44 (qi,= 6.8, 1.4 Hz, 2H).

3C NMR (75 MHz, CDC}): 6 = 152.6, 133.2, 117.8, 74.7, 74.6, 65.2, 32.7.
IR (neat):v max= 1721, 998.

HRMS (EI'): m/z calcd. for @HgO,": 124.0524 [M];
found: 124.0528 [M]

But-3-enyl propiolate dicobalt hexacarbonyl complex1.282):

COz(CO)g, CO, (o]

(0]
CHZCIZ, rt. 16 h
%OM &)ko/\/\
= (00):C0% 50 c0y)

1.254 (92 %)
1.282

To a solution of dicobalt octacarbonyl (5.00 g,6lsdhmol, 1.10 eq) in C¥€Cl, (50.0 mL) was
added dropwisé.254 (1.70 ml, 13.3 mmol, 1.00 eq) at room temperatilifee mixture was
stirred for 14 h under a CO atmosphere. The resulirownish mixture was filtered through
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a short plug of celite, the solvent was removedeundduced pressure and the residue was
purified by column chromatography (silica, EtOAcxH&:100, then EtOAc:Hex 10:100) to
afford1.282 as a red oil (4.71 g, 92 %).

TLC (EtOAc:Hex 1:10)R: = 0.22.

'H NMR (600 MHz, CDC}): & = 6.20 (s, br, 1H), 5.79 (s, br, 1H), 5.09 (s, H), 4.29
(s, br, 2H), 2.43 (s, br, 2H).

¥C NMR (150 MHz, CDC}): & = 198.1 (br, 6C), 169.8, 133.7, 117.4, 73.4, 78540, 33.1.

IR (neat):’ max= 2050, 2026.

But-3-enyl 3-(trimethylsilyl)propiolate (1.284):

fe} EDCI, 4-pyrrolidinopyridine, o)
CH.Cl,, -40°Ct00°C,4h
/OH + HO/\/\ / 0/\/\
TMS T™S
1.283 1.281 (67 %)

1.284

To a solution of 3-(trimethylsilyl)propionic acid.Z83, 3.00 g, 21.1 mmol, 1.10 eq) and
EDCI (4.04 g, 21.1 mmol, 1.10 eq) in dichlorome#gA5.0 mL) was added a solution of
3-butene-1-ol (281, 1.64 mL, 19.2 mmol, 1.00 eq) and 4-pyrrolidinadyre (0.284 g,
1.90 mmol, 0.100 eq) in dichloromethane (20.0 miL}40 °C. The mixture was allowed to
warm to-20 °C to be stirred for 2 h at this temperaturee Tixture was then allowed to
slowly warm to O °C over the course of 1 h to bered for 3 h at this temperature. The
reaction mixture was then diluted with an aq. 20BICl solution (250 mL) and diethyl ether
(250 mL). The organic layer was separated, washeéd & sat. aq. NaHC{solution
(250 mL) and brine (250 mL), dried over Mg&Q@iltered and concentrated. Purification by
column chromatography (silica, EtOEt:pentane 3:QWJl careful concentration at room
temperature afforded a solution b284 (2.79 g, 67 %) in pentanes, the concentration of
which was determined by NMR. An analytical samplaswurther concentrated to give
solvent-fred.284 as a colorless oil.

TLC (EtOAc:Hex 1:10)R; = 0.49.

'H NMR (300 MHz, CDCY): & = 5.90-5.71 (m, 1H), 5.19-5.09 (m, 2H), 4.23)(t 6.9 Hz,
2H), 2.45 (app gt} = 6.9 Hz, 2H), 0.26 (s, 9H).
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CHAPTER I: Towards the Total Synthesis of Oldhamine

13C NMR (75 MHz, CDC}): & = 153.0, 133.3, 117.7, 94.5, 94.0, 65.0, 32.7(80).
IR (neat):’ max= 1710, 1249, 841.

HRMS (EI): m/z calcd. for @H10.Si"™: 196.0920 [M];
found: 196.0903 [M]

1 -Ethoxycarbonylbut-3-enylidene(triphenyl)phosphoene (1.289):"!

(0] CHCl3, reflux, 6 h; (0]

then 2 M aq. NaOH
Eto)H| + BN EtOM
PPh, PPhs
1.288 1.166 1.289

A solution of ethoxycarbonylmethylene(triphenyl)gpborane 1(288, 5.00 g, 14.4 mmol,
1.00 eq) and allyl bromidé.{66, 3.10 mL, 35.9 mmol, 2.50 eq) in chloroform (2Q) was
heated to reflux for 6 h. The mixture was allowedadol to room temperature and the solvent
was removedn vacuoto provide a foam. To the residue was added wat0® mL) and the
turbid mixture was washed with benzene (3 x 35.0.nilben, to the aqueous mixture was
added a crystal of phenolphthalein, benzene (73.p and as much of an aq.2 NaOH
solution until pH 8.2 was indicated (ca. 8.00 mLhe organic layer was separated and the
aqueous layer was further extracted with benzene4@.0 mL). The combined extracts were
washed with brine (100 mL), dried over Mg&&hd concentrated to providl@89 as a yellow

solid, which was used without further purification.
TLC (EtOAc:Hex 3:1)R=0.18.

'H NMR (400 MHz, CDC4, 4:3 mixture of rotation isomers, major isomer tgat:
8 =7.72-7.43 (m, 15H), 5.91-5.71 (m, 1H), 4.67-4B0 2H), 3.71 (gJ = 7.1 Hz, 2H), 2.71
(ddt,J = 18.4, 6.2, 1.3 Hz, 2H), 0.44 (t= 7.1 Hz, 3H).

13C NMR (100 MHz, CDC}4, 4:3 mixture of rotation isomersy:= 170.1, 169.9, 141.6, 141.1,
133.7 (d,J = 9.7 Hz, 6C), 132.9 (d] = 10.0 Hz, 6C), 131.9 (dl = 2.8 Hz, 3C), 131.5 (d,
J=2.9Hz, 3C), 128.5 (d,= 12.1 Hz, 6C), 128.3 (d,= 90.6 Hz, 6C), 128.3 (d,= 12.0 Hz,
3C), 127.9 (dJ = 136.2 Hz, 3C), 111.6, 111.5, 57.9, 57.2, 37,00(d 119.8 Hz), 36.4 (d,
J=120.8 Hz), 31.5 (d] = 12.7 Hz), 30.7 (d) = 11.8 Hz), 14.3, 14.0.

3P NMR (160 MHz, CDC}, 4:3 mixture of rotation isomers):= 22.8, 22.4.
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IR (neat):¥ max= 3382, 2978, 1740, 1238.

HRMS (EI): m/z calcd. for GsH260.P": 389.1670 [M+H];
found: 389.1661 [M+H]

1-Ethoxycyclopropanol(1.290), ethyl 2-cyclopropylidenepent-4-enoat¢l.253),18"8 and
(E)-3-(1,3-diiodopropylidene)-5-(iodomethyl)dihydrduran-2(3H)-one (1.291):

1.289, benzoic acid (0.2 eq), O
TMSO OEt MeOH, rt.8h HO OEt benzene, reflUX, 4h Eto)}Xﬁ
1.347 (93 %) (75 %)
1.290 1.253

Cul (0.1 eq), I, (4 eq),

¢}
0
MeCN/H,0 3:1, reflux, 38 h  O7 \__
| EtO |
PPhs

H

(51 %) 1.289
1291

A solution of 1-ethoxy-1-trimethylsilyloxycycloprame (.347, 10.0 mL, 50.0 mmol, 1.00 eq)
in methanol (75.0 mL) was stirred for 8 h at ro@mperature. The excess of solvent was
removed at the rotary evaporator to leave a casrtal, which was purified by distillation to
give 1-ethoxycyclopropanol.290, 4.74 g, 93 %).

TLC (EtOAc:Hex 1:10)R;=0.18.
bp: 39 °C/9 mbar.

'H NMR (300 MHz, CDCY): 6 = 3.75 (q,d = 7.1 Hz, 2H), 3.15 (s, br, 1H), 1.20 (t,
J= 7.1 Hz, 3H), 0.94-0.90 (m, 4H).

13C NMR (100 MHz, CDC}): § = 85.5, 50.5, 15.3, 14.2 (2C).
IR (neat):¥ ma= 2973, 1622, 1597, 1436, 1098.

HRMS (EI'): m/z calcd. for @H100,": 102.0681 [M];
found: 102.0665 [M]

A solution of freshly prepared 1-ethoxycycloproplafi@90, 1.58 g, ca. 1.80 mL, 15.5 mmol,
1.00 eq) and benzoic acid (0.380 g, 3.10 mmol,M&f) in benzene (60.0 mL) was heated to

reflux. To this mixture was added a solution.@89 (6.00 g, 15.5 mmol, 1.00 eq) in benzene
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(75.0 mL) over the course of 3 h with a syringe puifter complete addition, the reaction
mixture was refluxed for an additional 30 min andswthen allowed to cool to room
temperature. The solvent was remoueglacuoand the residue was diluted with diethyl ether
(10.0 mL). Upon addition of pentane (80.0 mL), tepylphosphinoxide precipitated. The
mixture was filtered, concentrated and filteredtigh a plug of silica (EtOEt:pentane 1:10)
to affordl.253 as a colorless oil (6.24 g, 75 %). The sensitn@pct was directly used in the

next reaction without further purification.
TLC (EtOAc:Hex 1:10)R = 0.31.
IR (neat): 2982, 1715.

HRMS (EI'): m/z calcd. for GH140," 166.0994 [M];
found: 166.0999 [M]

A mixture of 1.253 (1.19 g, 7.13 mmol, 1.00 eq), Cul (136 mg, 0.718ah 0.100 eq),
(7.24 g, 28.5 mmol, 4.00 eq), acetonitrile (115 rahyl water (28.5 mL) was heated to reflux
for 38 h. The mixture was diluted with a sat. ag.®0; solution (275 mL) and extracted
with diethyl ether (3 x 275 mL). The combined egtsawere washed with brine (350 mL),
dried over MgSQ® and concentrated. Purification by column chromatphy (silica,
EtOEt:pentane 1:16> 1.5, immediate concentration of fractions) ga2®1 (956 mg, 52 %)
as a colorless solid. Sin¢291 tends to rapidly decompose when exposed to airskovdy
under exposure to light (as evidenced by formatioyellow and brownish colored material),
samples were stored-a20 °C in darkness and were strictly kept underrgonraatmosphere.
Crystals suitable for single crystal X-ray crystghlaphy were grown by slow evaporation of a

diethyl ether solution af291 under a gentle stream of argon.
TLC (EtOAc:Hex 1:2)R: = 0.49.

'H NMR (600 MHz, CDCY): & = 4.55 (dddd,) = 8.1, 7.1, 5.1, 3.9 Hz, 1H), 3.89-3.80 (m,
2H), 3.41 (dd,) = 10.5, 3.9 Hz, 1H), 3.34-3.27 (m, 3H), 3.09 (ddt 18.0, 5.1, 1.5 Hz, 1H),
2.69 (ddtJ = 18.0, 8.1, 1.5 Hz, 1H).

%C NMR (150 MHz, CDC})): § = 162.7, 133.5, 125.0, 73.3, 44.1, 42.2, 8.3, 2.8.
IR (neat):V max= 1691, 1632, 1203.

HRMS (EI'): m/z calcd. for @Hol 05" 390.8692 [M-IT;
found: 390.8691 [M-1]
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Trichloro(2-(chloromethyl)allyl)silane (1.300):2°!

HSICla, EtgN, CuCl (0.01 eq),

Et,0, r.t. 20 h
Cl Cl Cl,Si cl

1.299 (50 %)
1.300

A 1 L three-necked flask equipped with bubbler,beibstopper and mechanic stirrer was
charged with triethylamine (34.7 mL, 0.250 mol, 5..2q), copper(l) chloride (0.198 mg,
2.00 mmol, 0.010 eq) and diethyl ether (390 mL)dé&mgentle stirring, to the green colored
suspension was added dropwise a solution of 3-afflecthloromethyl-1-propenel.299,
23.1 mL, 0.200 mol, 1.00 eq) and trichlorosilan&.832mL, 0.250 mol, 1.25 eq) in diethyl
ether (65.0 mL) over a period of 4 h at room terapge. After complete addition, the
resulting mixture was stirred for 16 h at room tengpure and then filtered under an argon
atmosphere. The solvent was removed at atmosppergsure and the residue was purified
by fractional distillation (15 cm Vigreux columnd tafford1.300 as a colorless oil (22.7 g,
50 %). Since the product tends to rapidly decompas#ger exposure to air moisture (as
evidenced by decomposition to a colorless, inselwslid), it was strictly kept under an
atmosphere of argon during all purification stepsd avas used in the next reaction

immediately after purification.
bp: 92 °C/30 mbar.

'H NMR (300 MHz, CDCY): & = 5.36 (s, 1H), 5.17 (s, 1H), 4.15 (= 1.0 Hz, 2H), 2.56 (d,
J=1.0 Hz, 2H).

3C NMR (75 MHz, CDC}): 6 = 136.3, 118.7, 48.8, 29.6.

IR (neat):V max= 3091, 2961, 1834, 1641.

(2-(Chloromethyl)allyl)trimethylsilane (1.301):°

MeMgBr, Et,0,

-78°Ctort.12h
CISSi\)LCI TMS Ccl + TMSJ&
) )

1.300 (66 % 9%
1.301 1.348

To a solution ofl.300 (21.5 g, 96.0 mmol, 1.00 eq) in diethyl ether (480) was added

dropwise a solution of methylmagnesium bromide 3\ in diethyl ether, 112 mL,
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336 mmol, 3.50 eq) at78 °C. The resulting mixture was stirred for 1 -@8 °C and was
then allowed to slowly warm to room temperaturdéostirred for 12 h at this temperature.
The reaction mixture was poured into an ice cold @@ NHCI solution (300 mL) and the
organic layer was separated. The aqueous phasturtiaesr extracted with diethyl ether (2 x
120 mL) and the combined extracts were washed litie (180 mL), dried over MgSQO
filtered and concentrated at the rotary evaporatad °C. The resulting crude product was
purified by fractional distillation (15 cm Vigreusolumn) to afford a mixture dt301 and
1.348 (11.9 g, 75 %) as a colorless oil. The ratid.801 andl.348 was determined by NMR

to be 87:13 and the mixture was used in the nexti@n without further purification.
bp: 40 °C/31 mbar.

'H NMR (300 MHz, CDCY): § = 5.36 (s, 1H), 5.17 (s, 1H), 4.15 (t= 1.0 Hz, 2H), 2.56 (d,
J=1.0 Hz, 2H).

13C NMR (75 MHz, CDCY): § = 143.1, 112.3, 50.0, 23.7, 1.5 (3C).
IR (neat):¥ ma= 3082, 2955, 1632.

HRMS (EI'): m/z calcd. for @H1:CISi": 162.0632 [M];
found: 162.0623 [M]

2-((Trimethylsilyl)methyl)allyl acetate (1.255):!

KOAc, DMF,
60 °C, 48 h
T™S c — " TMS OAc
1.301 (80 %)

1.255

A mixture of 1.301 (11.5 g, 70.5 mmol, 1.00 eq), potassium acetate7(g, 282 mmol,
4.00 eq) and DMF (100 mL) was heated to 60 °C &h4The resulting mixture was allowed
to cool to room temperature, diluted with waterQ28L) and extracted with diethyl ether
(2 x 150 mL). The combined extracts were washedh wititer (2 x 200 mL) and brine
(150 mL), dried over MgS%) filtered and concentrated. The residue was marifby

fractional distillation to afford acetate55 as a colorless oil (10.5 g, 80 %).

bp: 80 °C/15 mbar.
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'H NMR (300 MHz, CDCY): & = 4.92-4.89 (m, 1H), 4.77-4.73 (m, 1H), 4.48-4(48 2H),
2.12 (s, 3H), 1.58-1.55 (m, 2H), 0.06 (s, 9H).

3C NMR (75 MHz, CDC}): 6 = 170.7, 141.7, 109.6, 67.9, 23.6, 20.9, 1.5 (3C).
IR (neat):¥ max= 3081, 2954, 1741, 1644.

HRMS (EI): m/z calcd. for @H1g0,Si": 186.1076 [M];
found: 186.1066 [M]

(3,4-Dihydro-2H-pyran-6-yloxy)trimethylsilane (1.303):*

O LDA, TMSCI, THF, OTMS

-78°Ctor.t. 16 h
O e

1.302 (83 %)
1.303

A solution ofn-BuLi (2.40M in THF, 4.94 mL, 11.9 mmol, 1.00 eq) was added gwlution

of diisopropylamine (1.68 mL, 11.9 mmol, 1.00 eq)lHF (5.30 mL) at O °C and the mixture
was stirred for 30 min at this temperature.

The resulting solution of LDA was cooled #@8 °C ands-valerolactone [(302, 1.00 mL,
10.8 mmol, 1.00 eq) was added dropwise at this ¢éeatpre. After being stirred for 1 h,
TMSCI (1.82 mL, 14.2 mmol, 1.32 eq) was added diepvat—78 °C and subsequently the
mixture was allowed to warm to room temperatureteAbeing stirred for 16 h at this
temperature, the resulting suspension was filtettegl filter cake was washed with gE,
(25.0 mL) and the combined filtrates were concéattaThe residual oil was purified by
fractional distillation to give silyl enol ethéB03 as a colorless oil (1.54 g, 83 %). Since the

material was sensitive to air moisture, it wasaiyeused in the next reaction.
bp: 43 °C/6 mbar.

'H NMR (300 MHz, CDCY): & = 4.07 (dd,J = 5.7, 4.6 Hz, 2H), 3.87-3.79 (m, 1H), 2.06 (td,
J=6.4,3.7 Hz, 2H), 1.81-1.74 (m, 2H), 0.23 (s)9H

13C NMR (75 MHz, CDCY): § = 154.5, 74.0, 67.2, 22.4, 19.9, 0.0 (3C).

IR (neat):V max= 2955, 1736, 1685.
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MS (EI"): m/z calcd. for @H160.Si": 172.09 [M[;
found: 172.19 [M].

5,6-Dihydro-2H-pyran-2-one (1.256):#

oTMms 1.304, Pd(OAc), (0.1 eq), o)
MeCN, reflux, 2 h
e | (0]
1.303 (97 %)
/\/O\H/OMe 1.256

o)

1.304
A mixture of silyl enol ethel.303 (500 mg, 2.90 mmol, 1.00 eq), methylallyl carbenat
(1.304, 0.660 mL, 5.80 mmol, 2.00 eq), palladium acetée2 mg, 0.290 mmol, 0.100 eq)
and acetonitrile (3.00 mL) was heated to reflux 20h. While heating, gas formation and
formation of metallic palladium was observed. Theulting mixture was filtered through a
short plug of florisil, which was washed with digthether (10.0 mL). The filtrate was
concentrated and purified by column chromatografsilica, EtOEt:pentane 1:16> 1:1) to
furnish1.256 as a colorless oil (277 mg, 97 %).

TLC (EtOEt:pentane 1:2]3 = 0.15.

'H NMR (300 MHz, CDCJ): 5 = 6.94 (dttJ = 9.8, 4.2, 0.6 Hz, 1H), 6.01 (dt= 9.8, 1.9 Hz,
1H), 4.41 (dtJ = 6.1, 0.6 Hz, 2H), 2.48-2.42 (m, 2H).

13C NMR (75 MHz, CDC}): § = 163.7, 145.8, 121.6, 66.5, 20.0.
IR (neat):v max= 2951, 1715.

HRMS (EI"): m/z calcd. for @HgO>": 98.0368 [MT;
found: 98.0355 [M]
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6-Methylenehexahydrocyclopentalc]pyran-1(81)-one (1.298) and
6,9-dimethylenedecahydro-H-cycloocta[c]pyran-1-one(l.305):

Pd(OAC), (0.025 eq), P(Oi-Pr)g, y ¢ hQ
J& i; toluene, reflux, 15 h :jio . o
H rac H rac
1.255 1.256 (85 %) (6 %)
1.298 1.305

To a solution of 5,6-dihydro¥2-pyran-2-one 1(256, 3.19 mL, 37.0 mmol, 1.00 eq),
2-[(acetoxymethyl)allyl]trimethylsilanel .55, 1.80 mL, 55.5 mmol, 1.50 eq) and palladium
acetate (208 mg, 0.930 mmol, 0.025 eq) in tolug¥b (mL; non dried, analytical grade
solvent was used in this reaction since catalytioants of water were found to be essential
for the reaction to proceed in good vyields) waseaddtriisopropyl phosphite (1.69 mL,
7.41 mmol, 0.200 eq). The mixture was heated toxdbr 15 h, was subsequently allowed to
cool to room temperature and was then concentrBiadfication by column chromatography
(silica, EtOEt:pentane 1:26> 1:4) gavel.298 as a colorless oil (4.79 g, 85 %) dr@D5 as a
colorless oil (426 mg, 6 %).

1.298 was obtained by concentration of later fractionthe chromatographic purification.
TLC (EtOAc:Hex 1:3)R: = 0.18.

'H NMR (300 MHz, CDCJ): & = 4.91-4.82 (m, 2H), 4.38-4.31 (m, 1H), 4.22 @t 11.3,
2.6 Hz, 1H), 3.08-2.91 (m, 1H), 2.85-2.55 (m, 481)},3-1.95 (m, 2H), 1.67-1.55 (m, 1H).

3C NMR (75 MHz, CDC}): 6 = 174.1, 148.0, 107.1, 67.8, 42.5, 40.0, 36.19,328.1.
IR (neat):V max= 2918, 1726.

HRMS (EI): m/z calcd. for GH1,05" 152.0837 [M];
found: 152.0836 [M]

Bisalkenel.305 was obtained by concentration of earlier fractiomghe chromatographic
purification step.

TLC (EtOAc:Hex 1:3)R: = 0.30.
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'H NMR (300 MHz, CDCJ): & = 4.97-4.81 (m, 4H), 4.39 (df,= 11.1, 4.4 Hz, 1H), 4.27
(ddd,J = 11.1, 10.0, 3.5 Hz, 1H), 2.88-2.77 (m, 1H), 22641 (m, 5H), 2.22-2.03 (m, 4H),
1.96-1.85 (m, 1H), 1.83-1.07 (m, 1H).

¥C NMR (75 MHz, CDC}): & = 174.2, 148.0, 147.9, 114.7, 114.6, 67.7, 44382,437.7,
37.4,37.2,34.2,31.1.

IR (neat): 2918, 1733.

HRMS (EI'): m/z calcd. for GH10," 206.1307 [M];
found: 206.1303 [M]

6-Hydroxy-6-(hydroxymethyl)hexahydrocyclopenta[c]pyan-1(3H)-one (1.320) and
2',2'-dimethylhexahydro-1H-spiro[cyclopenta[c]pyran-6,4'-[1,3]dioxolan]-1-one(l.322):

b Q 0504, TMAO, H,0, H o 1.321, PPTS, Me,CO, y 9
jio Me,CO, rt. 16 h H\o}qijo rt. 16 h \\/w
rac "o rac © rac
H H H
1.298 (70 %, dr = 65:35) (50 %)
MeO OMe 1.320 1.322

1.321

To a solution of TMAO (92.7 mg, 1.23 mmol, 1.10 enq)acetone (19.0 mL) and water
(39.0 mL) was successively added osmium tetroxidé (% solution intert-butanol,
0.701 mL, 56.Qumol, 0.050 eq) ant298 (170 mg, 1.11 mmol, 1.00 eq) at room temperature.
After being stirred for 16 h at this temperatutes mixture was filtered through a short plug
of florisil, which was washed with acetone (20.0 )ménd the combined filtrates were
concentrated. Purification by column chromatografgifjca, MeOH:CHCI, 1:10) afforded
1.320 as an inseparable mixture of diastereomers asodass oil (146 mg, 70 %).320 was
directly used in the next reaction. (For stordd#0 was kept as a frozen 1.@0solution in

benzene at25 °C, sincd.320 slowly decomposes if stored neat or at room teatpes.)
TLC (CHCl;:MeOH 100:10)Rs = 0.10 (both diastereomers).

'H NMR (600 MHz, CDQCl,, major diastereomer quoted):= 4.34 (dt,J = 11.2, 3.7 Hz,
1H), 4.21 (td,J = 11.2, 2.1 Hz, 1H), 3.63 (dd,= 26.5, 10.8 Hz, 2H), 3.13 (td,= 11.0,
8.6 Hz, 1H), 2.99-2.88 (m, 1H), 2.16-2.04 (m, 4#)%8-1.47 (m, 1H), 1.28 (dd, = 13.3,
10.5 Hz, 1H).
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3¢ NMR (150 MHz, CDRCl,, major diastereomer quoted)= 175.3, 81.4, 68.9, 67.6, 43.6,
41.3, 39.1, 34.7, 29.4.

IR (neat):’ max= 3390, 2930, 1706.

HRMS (EI"): m/z calcd. for @H140;4": 186.0892 [M];
found: 186.0901 [M]

To a solution 0fl.320 (20.0 mg, 107umol, 1.00 eq) and 2,2-dimethoxypropane3Z1,
31.8pL, 257 umol, 2.40 eq) in acetone (5.70 mL) was added pyidn p-toluenesulfonate
(2.70 mg, 10.7umol, 0.100 eq). The resulting solution was stirfed 16 hours at room
temperature and was then diluted with diethyl etfi&s.0 mL) and washed with water
(2 x 7.00 mL). The organic layer was dried over MgSfiltered and concentrated. The
residue was purified by column chromatography qajliMeOH:CHCI, 1:100 — 1:50) to
givel.322 as an inseparable mixture of diastereomers akdess oil (12.1 mg, 50 % yield).

TLC (CHCl;:MeOH 100:7)Rs = 0.41 (both diastereomers).

'H NMR (400 MHz, CBCl,, major diastereomer quoted)= 4.29 (tdJ = 11.2, 3.8 Hz, 1H),
4.22-4.14 (m, 1H), 3.90 (dd,= 26.7, 8.6 Hz, 2H), 2.85-2.73 (m, 1H), 2.24-1.88 4H),
1.75-1.62 (m, 1H), 1.50-1.42 (m, 1H), 1.40-1.36 {id), 1.35-1.32 (m, 6H).

3¢ NMR (100 MHz, CBCl,, major diastereomer quoted)= 174.6, 109.4, 87.5, 71.3, 67.2,
44.5,42.7,41.2, 39.7, 34.2, 29.4, 26.5.

IR (neat):v nax=2984, 1728.

HRMS (EI'): m/z calcd. for GH1504" 226.1205 [M];
found: 226.1192 [M]

111



CHAPTER I: Towards the Total Synthesis of Oldhamine

6-Methylene-7a-(phenylselanyl)hexahydrocyclopenta]pyran-1(3H)-one (1.314) and
6-methylene-3,4,6,7-tetrahydrocyclopenta[c]pyran-HH)-one (1.315):

H 0] LiHMDS, PhSeBr, HMPA, ©\ o Ho0,, H0, pyridine, o
o THF -78°Ctort15h Se CHCl3 rt. 1h
:déo (9
H rac i rac
1.298 (56 %)
(B0%) 1.315

1.314

To a solution 01.298 (2.07 g, 13.6 mmol, 1.00 eq) in THF (65.0 mL) vealsled dropwise a
solution of KHMDS (0.50Qm in toluene, 32.6 mL, 16.3 mmol, 1.20 eq)-a&8 °C over the
course of 10 min. The mixture was stirred for 1:@ai—78 °C and was then treated with a
solution of phenylselenyl bromide (3.85 g, 16.3 mn20 eq) and HMPA (2.60 mL,
15.0 mmol, 1.10 eq) in THF (60.0 mL), which was edicbver a period of 15 min. The
resulting yellow colored reaction mixture was siitrat—78 °C for 15 min and was then
allowed to warm up to be stirred for 1 h at roomperature. The reaction was then quenched
with a sat. ag. NkCI solution (3.00 mL) and the solvent was remowedacuo The resulting
residue was diluted with diethyl ether (300 mL),sWwed with brine (200 mL), dried over
MgSQOy, concentrated and purified by rapid filtration dhgh a plug of silica (silica,
EtOAc:Hex 1:10— 1:4) to furnishl.314 as a colorless oil (3.35 g, 80 %). Since the mnalter
slowly decomposed if exposed to air, it was diseaed in the next reaction step.

TLC (EtOAc:Hex 1:3)R = 0.22.

'H NMR (300 MHz, CDCY): § = 7.68-7.34 (m, 5H), 4.98-4.90 (m, 2H), 4.37-4(2%2, 2H),

3.10-3.02 (m, 1H), 2.86 (dddd,= 15.5, 8.6, 3.1, 1.6 Hz, 1H), 2.71 (ddds 17.3, 2.9, 1.6
Hz, 1H), 2.54 (ddtJ = 11.3, 8.5, 6.4 Hz, 1H), 2.22-2.13 (m, 1H), 21087 (m, 1H), 1.62
(dtd,J = 14.3, 11.3, 4.6 Hz, 1H).

3¢ NMR (75 MHz, CDC}): 6 = 172.4, 145.7, 137.5, 129.8 (2C), 129.1 (2C),.62708.2,
67.4,52.5, 44.2, 43.9, 39.7, 29.6.

IR (neat):v max= 3418, 2929, 1721, 1440.

HRMS (EI"): m/z calcd. for @H160,S€": 308.0316 [M];
found: 308.0308 [M]
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To a solution ofl.314 (1.10 g, 3.58 mmol, 1.00 eq) and pyridine (0.580, .16 mmol,
2.00 eq) in chloroform (35.0 mL) was added dropvasg0 % aq. kD, solution (2.90 mL,
28.6 mmol, 8.00 eq) at 0 °C. The mixture was dirf@r 1 h at this temperature, was then
diluted with dichloromethane (75.0 mL), washed witlater (2 x 75.0 mL) and brine
(75.0 mL), dried over MgS£and concentrated. The crude product was purifiedddumn
chromatography (silica, EtOAc:Hex 1:120> 1:6) to affordl.315 (299 mg, 56 %) as a
colorless oil. Since nedt315 tends to spontaneously polymerize at room tempesaas
evidenced by formation of a rubber-like soli15 was stored as a frozen 0.5@0solution

in benzene at25 °C.
TLC (EtOAc:Hex 1:5)R =0.12.

'H NMR (300 MHz, CDCY): & = 5.16-5.07 (m, 2H), 4.46 ({1,= 6.35 Hz, 2H), 3.41-3.33 (m,
4H), 2.53-2.46 (m, 2H).

%C NMR (75 MHz, CDC}): 6 = 163.4, 157.8, 144.3, 128.8, 109.6, 66.6, 467,25.3.
IR (neat):v max= 2925, 1719, 1648.

HRMS (EI'): m/z calcd. for gH100;" 150.0681 [M];
found: 150.0672 [M]

4a,7a-Dihydroxy-6-methylenehexahydrocyclopentac]pan-1(3H)-one (1.318):

O  0s04 NMO-H,0 Ho §
CH.Cl,, r.t. 16 h
g S %jé
HO rac
1.315 (64 %)

1.318

To a solution of NMO-hydrate (5.48 mg, 4@hol, 1.10 eq) in dichloromethane (1.10 mL),
was added successively a solution of osmium tetXR.5 % intert-butanol, 22.0 L,
1.70 pmol, 0.040 eq), and a solution I&15 (0.500 M in benzene85.0 pL, 42.5umol,
1.00 eq) and water (2.50 pL, 1g6ol, 3.00 eq). The reaction mixture was stirrecovagisly
for 16 h, concentrated and directly subjected taroa chromatography without any previous
workup (silica, CHG:MeOH 100:1— 100:5) to afford.318 (5.00 mg, 64 %) as a colorless
oil.

TLC (CHCl;:MeOH 100:6)R; = 0.11.
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'H NMR (300 MHz, CDCJ): & = 5.09-5.04 (m, 1H), 4.96-4.93 (m, 1H), 4.62 (s 11.3,
3.4 Hz, 1H), 4.23 (ddd] = 11.3, 5.0, 3.3 Hz, 1H), 3.61 (s, br, 1H), 3.844, 1H), 2.86 (dg,
J=18.1, 2.5 Hz, 1H), 2.80-2.71 (m, 2H), 2.55 (dd; 16.0, 1.5 Hz, 1H), 2.17-2.11 (m, 1H),
2.02 (dtJ = 15.1, 3.4 Hz, 1H).

%C NMR (150 MHz, CDCY): § = 175.4, 142.3, 110.6, 78.7, 77.7, 66.8, 45.53 4%2.6.
IR (neat):V max= 3426, 1718, 1069.

HRMS (EI'): m/z calcd. for @H1,0,4" 184.0736 [M];
found: 184.0759 [M]

3,4,5,7-Tetrahydro-1H-spiro[cyclopenta[c]pyran-6,2'-oxiran]-1-one(1.317):

0 0
:Oi;o m-CPBA, CH,Cly, r.t. 16 h OK:@O
1.315 (82 %)

1.317

A solution ofl.315 (0.500M in benzene85.0 uL, 42.5umol, 1.00 eq) was concentrated and
immediately rediluted with chloroform (0.500 mL).0Tthis solution was added sodium
bicarbonate (4.28 mg, 51.0 umol, 1.20 eq) and sutesdly m-CPBA (8.80 mg, 51.0 umol,
1.20 eq) at 0 °C and stirred for 1 h at this terapge. The mixture was allowed to warm up
and stirred for 16 h at room temperature. Themtaas). NaS,03 solution (0.100 mL) was
added and the resulting mixture was stirred formid at room temperature. The slurry was
diluted with dichloromethane (5.00 mL) and a sat. BaHCQ solution (5.00 mL). The
organic layer was separated, treated with 100 nidg80Q, and 100 mg of activated charcoal,
cooled to 0 °C and filtered over a pad of celitaepad was washed with dichloromethane
(2 x 5.00 mL) and the combined filtrates were com@ed to givd.317 as a colorless oil
(6.10 mg, 86 %).

TLC (EtOAc:Hex 1:2)R: = 0.40.

'H NMR (200 MHz, CDCJ): & = 4.47 (t,J = 3.3 Hz, 2H), 3.09-2.92 (m, 4H), 2.77-2.63 (m,
2H), 2.55-2.46 (m, 2H).

%C NMR (150 MHz, CDCY): = 162.8, 156.4, 129.9, 66.6, 51.8, 42.6, 36.67,225.3.
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IR (neat):v max= 3052, 2986, 1747.

HRMS (EI): m/z calcd. for GH1003" 166.0630 [M];
found: 166.0628 [M]
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CHAPTER II: ASYMMETRY-BASED APPROACH
TOWARDS NEW ION CHANNEL BLOCKERS

2.1 Introduction

2.1.1 Project Background and Aims

Pentameric proteins play a huge role in natureg@afly in neuronal transduction. Several of
these belong to the family of ion channels, whickdite intracellular communication. In
general, these channels can be controlled by a euofldifferent stimuli, which trigger their
opening and closing.g.by the binding of a ligand (ligand-gated ion chalsh the difference

in the membrane potential (voltage-gated ion chishnthe action of light (light-gated ion
channels), the influence of heat (temperature-gaeadhannels) and the sensation of stretch,

pressure or shear forces (mechanosensitive iomelgror by several of theS&. A selection

of pentameric proteins is depicted in Figure 11.1.

Figure I.1: Selection of pentamerically assembled proteins: a) Shiga toxin (PDB code: 1R4Q); b) nicotinic
acetylcholine receptor (PDB code: 2BG9);1® ¢) MscL channel (PDB code: 20AR);*° d) ELIC channel (PDB code:
2VL0).[eu
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2.1 Introduction

Since the ion channel-mediated stream of ions riectly related to action potentials, the
control of ion channels allows controlling neuroradtivities and therefore intercellular
communication. The action potential in context watkemplary ion channels is illustrated in
Figure I1.2.

Membrane potential [mV]

40 — Na,

40 —

-70 —

2 4 t [ms]

Figure 11.2: The action potential: a) The transmembrane potential of a neuron at rest; b) a neurotransmitter binds
to a ligand-gated ion channel, for example a glutamate receptor (iGIuR), and evokes an excitatory postsynaptic
potential; ¢) voltage-gated sodium channels (Nav) respond and further depolarize the membrane, but quickly
deactivate; d) voltage-gated potassium channels (Kv) follow suit and repolarize the membrane, even beyond its
resting potential (—e)); f) the hyperpolarization is removed through the concerted action of channels that are open
at the resting potential and by ATP-driven ion pumps.®°2

The initial depolarization of the cell membrane dgused by ligand-gated cationic ion
channels, such as ionotropic glutamate recepterg. (GIUR) or nicotinic acetylcholine

receptors. Pore opening is triggered by the bindihghe respective neurotransmitter and
results in an ion flux along the concentration ggatl This leads to a net influx of positive
charge, which changes the membrane potential tal@ewf ca.—40 mV. At this point,

voltage-gated sodium channels are being activaésadjting in a strong influx of sodium and
thus a quick depolarization and even an overslwwalues of ca. +50 mV. Now, the sodium
channels close and, upon a brief span, voltagetsengotassium channels activate to
repolarize the membrane even beyond its restingnpiat. By the operation of ion pumps and

several channels, the resting potential o8 mV is being restoreéd’?
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Depending on whether they make the transmembratentid less or more negative when
being opened, ion channels can have both excitatndy inhibitory effects on neurons. In
general, nonselective cation channels and sodiuanreis are depolarizing, whereas
potassium channels hyper- or repolarize. Chlorilanoels, such as GABAor glycine

receptors, are inhibitory on AP firiff!

Having such specific tasks in the process of thmmagotential, it is not surprising that ion
channel agonists, antagonists and blockers areeait ggharmacological significance and a
large number of these have important applicatiengragse.g.in the field of anesthesf§*

Ligand-gated ion channels are activated by theibgndf a neurotransmitter such as GABA
(I1.1), acetylcholine I{.2), L-glutamic acid .3), glycine (1.4) or 5-HT (1.5), which is

released from the presynaptic terminal (Figure) %

o) /o) OH
0 ® w o 0
@ @ @
HaN v\)J\O@ Aco™ > NMes "o ° HsN Qj\oe HSN\/\E@
NH

NH3
@

y-aminobutyric acid (I.1)  acetylcholine (I1.2) L-glutamic acid (I1.3) glycine (1.4) 5-hydroxytryptamine (11.5)

Figure 11.3: Structures of the most important neurotransmitters acting on the ligand-gated ion channels.

As described in Figure 1.2, the binding of sucheurotransmitter results in an ion flux

through the postsynaptic membrane, thus generatititange in the membrane potential and
triggering the action potential. Neurotransmittare released from synaptic vesicles in the
terminal rest of presynaptic axons and bind to peeproteins, which are coupled to the

respective ion channels on the recipient neuragugiei I1.4)!*®!

a
) Terminal at rest Presynaptic

axon

"= Dendrites Synaptic ) /

Al 4
. :
M 3 vesicle ¥

N iy Myeli &

Synaptic qleﬂ

—

ﬁ ‘ o =
\ Terminal button <—#) ! Receptor Postsynaptic
protein membrane

Figure I.4: The location of action of neurotransmitters: a) Artwork of a neuron;*°® b) Artwork of the synaptic
cleft.to?
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2.1 Introduction

Among the group of pentameric ligand-gated ion cle#s) which includes glycine, nicotinic
acetylcholine, 5-HT3 and the GABAreceptors, the GABA receptor controls neuronal
activity by regulating the influx of chloride ionsThus, GABA. counteracts the
hyperpolarization of the membrane and hence agtential formation and therefore has an
inhibitory function. More specifically, it plays key role in inhibitory interneurons in the
brain by regulating the spike timing and with tlila¢ activity pattern of neuronal circuits.
GABAergic interneurons are considered to be essdioti neuronal oscillations in thgandy
bands of the EEG, which have been associated vasic lcognitive functions like object
perception, selective attention, working memory aodsciousness. These neurons have also
been found to be crucial for the formation and tiieval of cell assemblies required for

encoding, consolidating and recalling informatifl.

The GABA. receptor consists of five subunits building a canfore. Each subunit
comprises four transmembrane domains (M1-M4) wathkitheN- and C- terminus located
extracellularly. The transmembrane domains M1 ar8ldve oriented towards the adjacent
subunits as well as to the lipid bilayer, M4 isibdrin the membrane and M2 faces the lumen

of the pore (Figure 11.5}°%

a)
cys- cys

Figure 11.5: Structure of the GABAa receptor: a) Schematic structure of the transmembrane domains M1-M4
bearing a disulfide-bridge which is characteristic for the cys-loop superfamily;*'? b) Schematic structure of
pentamerically arranged transmembrane domains;*'” ¢) Side view on a modeled structure of the aiBzy: GABAa
receptor.*®

There are several isoforms for each of the fiveusitb and all of them contain a conserved
disulfide-bridge in the extracellular domain (Figur.5 a)). The most abundant example is the
a12y2 (wild type) GABAa receptor, which consists of tveq, two [3; and oney, subunit. Due

to minor differences in these subunit isoforms,hbgeromeria;3,y. GABAA receptor is not
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exactly fivefold symmetric on a macroscopic sc&lewever, on a microscopic scalee. in
the channel lumen, all participating amino acids identical, for which reason the channel

can be considered pseudo-fivefold symmetric.

To date, no crystal structure of the GABFeceptor has been reported in literature. However,
Ulens and coworkers demonstrated that the ELIC mdlais a suitable model to investigate
GABA recognition and channel modulation by allostenodulators™* A crystal structure

of GABA (11.1) bound to the ELIC channel is shown in Figure.ll.6

Figure 11.6: Position of GABA in the ELIC channel (PDB code: 2YOE): a) Whole view on the crystal structure;
b) zoom on the binding site.*!

A well-known open channel blocker of the GABA&hannel is picrotoxinlk6, Figure 11.7),
which is a 1:1 mixture of the natural products giirr (11.7) and picrotoxinin i1.8).*? 11.6
was first isolated from the South Asian climbinguglAnamirta cocculusn 1812 and is to
date one of the most potent open channel blocKetedGABA, receptof!™?

picrotin (IL.7) picrotoxinin (11.8)
1:1 mixture of 1.7 : 11.8 = picrotoxin (11.6)

Figure 11.7: Chemical structure of the open channel blocker picrotoxin (11.6).

The binding site of picrotoxinli(6) in GABAAx has been discussed controversially and
remains unclarified*! although it could be shown thi6 interactsvia a hydrogen bond to
Thr 26112 11.6 is believed to bind either to an allosteric sitemthe channel luméeft® In

addition, a crystal structure of picrotoxinii.8) bound to the GIuCl channel, which, like
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2.1 Introduction

GABAA belongs to the Cys-loop superfamily, was repotigdGouaux and coworkers in
2011 (Figure 11.8) and shows8 bound in the channel luméd”

1)1 }
g gk

ij ¢ 'l.i"l

Figure 11.8: Crystal structure of picrotoxinin (11.8) bound to the GIuCl channel (PDB code: 3RI5): a) side view;
b) top view.!7

Searching for opportunities to control ion channafed thus neuronal activities, a new
symmetry-based approach towards the design of palteinugs was explored in this work. It
was speculated that symmetric compounds matchiegirtherent fivefold symmetry of

pentameric ion channels could potentially pentaudleinteract with the protein and thus

function as potent open channel blockers (Figu.ll

cyclopentadienides cucurbit[5]urils pillar[5]arenes
Na® R
F‘*@ " )
R R OR
5
R = COOMe (I1.9), R=H (I13),
CN (I.10) R=H (1L11) CH,COOEH (I1.14),
OH (I1.12) CH,COOH (lI.15),

CH,CH,NHs (11.16),
CHQCHZNMBQBF ("17)

Figure 11.9: Generic chemical structure of cyclopentadienides, cucurbit[5]urils and pillar[5]arenes.

Thus, pentasubstituted cyclopentadienide9 (11.10), functionalized cucurbit[5]urilsi11,
[1.12) or substituted pillar[5]arened.@3, 11.14, 11.15, 11.16, 11.17) were chosen as attractive
synthetic targets. Model studies with these comgdsuwmn pentameric proteins are described

in the next section.
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CHAPTER II: A Symmetry-Based Approach towards Nexv Channel Blockers

2.2 Results and Discussion

2.2.1 Model Studies of Fivefold Symmetric Compoundsith Pentameric

Proteins

Based on known crystal structures of pentameriteprs, preliminary model studies with the
selected pentasymmetric compounds were carriedtmwassess if they could access the
channel lumen, to give insights about proportiond # reveal potential interactions for
pentavalent binding*® Pentasymmetric molecules were manually placedléntie channel
lumen and the binding mode was obtained after dixthe enzyme coordinates and
minimizing the energy of the system using the MAd@ce field as implemented in the
software MOLOC!H8!

If, for example, a pillar[5]arend.15 bearing carboxylic acid substituents was optimiaed
the selectivity filter of the ELIC channel, the lbaxylic acid groups seem to be able to
interact with Glu231 through hydrogen bonding. Hoere due to the large diameter of the
pillar[5]arene core (@n-cHy = 9.1 A), the substituents can hardly reach the i action

without sterical repulsions (Figure 11.10).

Figure 11.10: lllustration of the surface of the ELIC channel (PDB code: 2VL0O) with a pillar[5]arene at the
selectivity filter: a) Side view showing the position of the fivefold symmetric molecule in the channel; b) top view,
emphasizing the pentameric nature of the channel.

Cyclopentadienidé¢l.10, on the other hand, seems to be able to bind oetdpe selectivity
filter without forming repulsive contacts (Figurelll). Again, the potential interactions were

found with Glu231 through hydrogen bonding.
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2.2 Results and Discussion

Figure 11.11: lllustration of the ELIC channel (PDB code: 2VL0) with a cyclopentadienide binding at the selectivity
filter: a) lllustration of the surface; b) top view; c) side view on the channel.

In order to compare the potential binding modd.aD with that of picrotoxinini|.8) on the

GIuCl channel,ll.10 was optimized at the extracellular domain therdoideed, the
compound seems to be able to bind at the bindigasipicrotoxinvia hydrogen bonding.
Although the diameter ofl.10 (dn-ny = 7.2 A) is larger than the diameter of picrotdmin

(1.8, dozo0-012) = 4.6 A), no sterical repulsion was found (Figlirg2).

Figure 11.12: The GluCl channel (PDB code: 3RHW) with a cyclopentadienide at the selectivity filter: a) lllustration
of the surface; c) top view; d) side view on the channel.

Due to their greater size, pillar[5]arenes weracgrdted to fit best in a channel with a large
channel lumen, where enough space would be leftloav the substituents to rotate towards
amino acid residues. When, accordingly, pillar[Bte with carboxylic acid substituertd5
was positioned in the extracellular domain of thescM channel, only limited sterical
repulsion was observed. These studies also reveptgdntial interactions at Lys33
(Figure 11.13).
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CHAPTER II: A Symmetry-Based Approach towards Neww Channel Blockers

Figure 11.13: Pillar[5]arene 11.15 with carboxylic acid substituents inside the MscL channel: a) Full view; b) zoom
on carboxylic acid residues to illustrate potential interactions with the protein at Lys33.

Similar results were found when the pillar[S]arenavas replaced by
decahydroxycucurbit[5]urill(.12). Again, the fivefold symmetric molecule could gotially
interact with Lys33 (Figure 11.14).

Figure 11.14: Decahydroxycucurbit[5]uril inside the MscL channel: a) Full view; b) close view.

In summary, simple preliminary model studies weesf@med with molecules chosen
according to a symmetry-based approach on a swheatipentameric proteins, which indeed
revealed the possibility of pentavalent interaddiorhus, a synthesis program towards a series
of fivefold symmetric compounds was launched toedwatne their potential in neuronal

control, the details of which are described inribgt section.
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2.2 Results and Discussion

2.2.2 Synthesis of Pentasymmetric Potential lon Chael Blockers

2.2.2.1 Synthesis of fivefold symmetric cyclopentahides

A literature-known pentamethyl ester-substitutectlayentadienide was the first target
molecule among the fivefold symmetric compounds, $lgnthesis of which is depicted in

Scheme 1.1}

o o o o HOAC, pyridine, Moeo OMe Mgo OMe
0 0
)J\/U\ ‘3 — Et,0, reflux, 3 h MeO + MeO
MeO OMe MeO OMe (64 % o OMe o OMe
.18 1119 ratio = 57:7) MeO™y o MO o
MeO~ "O OMe MeQ~ O OMe
.20 .21
® ®
K o) H )
(0] OMe o} OMe
KOAc, Hp0, reflux, 2 h MeO @ 0 aq. HCI, water, 4 °C, 16h  MeO @ O
(90 %) MeO OMe (96 %) MeO OMe
OMe OMe
O 5 O g
.22 .23

Scheme I1.1: Synthesis of pentamethyl ester-substituted cyclopentadienides 11.22 and 11.23.

Upon heating a 1:3 mixture of dimethyl malondtel8) and dimethyl acetylene dicarboxylic
acid (1.19) in the presence of pyridine, a triple-conjugatielifion sequence followed by a
fourth, intramolecular Michael addition furnishedb@:7 mixture of isomerHd.20 andll.21.
This mixture was directly subjected to heatinghia presence of potassium acetate, resulting
in the formation of potassium salt.22. This compound could be converted into the
corresponding acidl.23 by treatment with aqueous HCI. The formationlid®2 is indeed

intriguing and a proposed mechanism is shown ire®ehll.2.
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OMeO

OMe o

(0] (@)
MeO OMe MeO OMe
(@)
MeO O aqg. KOAc MeOO /o)
o OMe  _Hoac o © OMe
MeQO @] OMe K MeO e} OMe
.20 .24

MeO o)
® MeO
K

O OMe
t’@

11.26

Scheme 11.2: Speculated mechanism for the formation of 11.22.

Presumably, upon deprotonation Bf20, intermediatell.24 undergoes a retro-Michael
addition resulting in linear intermediatd.25. This anionic species could undergo
intramolecular conjugate addition as shown in mes@nstructurdl.26. The resulting five-
membered rindl.27 could eliminatdl.28 to form the aromatic product. Since deprotonation
of 11.21 would also result in formation of intermedidie24, this speculated mechanism
would explain why using a mixture of isomér20 andIl.21 gives the same yield df22 as

if purell.20 was employed.

When the conversion of pentaest#r22 to its corresponding pentaamidé29 was

attempted™®® the formation of an unexpected product was obskf8eheme 11.3).

®
< o 2 _ome o/ 0 o O nH,
MeO @ O NHj, H,0, r.t. 3 months Q ) NH, HzN @ O
MeO OMe (23 %) HN o HoN NH,
o} G OMe o ” o) 5 NH,
.22 1130 129

not observed

Scheme 11.3: Attempted synthesis of pentaamide 11.29.
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A solution ofll.22 in agueous ammonia was allowed to stand at roorpeeature for thre
months, upon which time a crystalline s was obtained,identified as bicyclell.30.
Interestingly, it was found that the mother liquantained an inseparable, complex mixi
of ccmpounds anidl.29 couldnotbe detected. The structurell.30 was confirmed bX-ray

crystallographyFigurell.15).

a N b)

Figure 11.15: a) Top view on the carbon framework of 11.30; b) view along the ab-axis (potassium counter ions and
water molecules are shown).

Compouncll.30 crystallized in the triclinic crystal system in tepace grouP(-1). The unit
cell contains two equivalents 11.30 and two molecules of water, enabling an octahe
coordination of the potassium counter The amide moieties in ortho position to the ir
are rotated in a fashion that is almost parallethto ring plane, whereas the terminal an

function is oriented orthogonal

Althoughll.30 hasD,, symmetry as opposed I1.29 with Ds, symmetry, thisccompound wa
still considered a potential ion channel blocketoading to the symmetry approach. M
specifically,it can be speculated ththe carbonyls could adopt a psetfivefold symmetric
orientation, thus enabling pentavalent interactwith a frotein regardless to its low

symmetry

Envisaging to usil.22 as precursor for more psel-fivefold symmetric compoundst was
interesting tcinvestigat: the reactivity ofll.22 with hydrazinc anc an analogous reacticto
that reported foll.30 usinghydrazine hydrate as igen was carried out next (Scheme Il
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K® o o) (0] (e}
OMe HN NH
MeO @ O NyH,4, HoO, rt. 2 months  HN NH
MeO OMe (99 %) 0 0]
o) OMe HoN—N OK
0 H
.22 .31

Scheme 11.4: Reaction of I1.22 with hydrazine.

Indeed, the attempted reaction furnished a psewdtefd symmetric compound and

hydrazine addudt.31 was formed in almost quantitative yield.

Subsequently, the synthesis of nitrile-substitudtgdopentadienide (pccp) salts was targeted

through a combination of literature-known procedui®cheme II1.5).

NaCN, DMF, 0°Cto r.t. 1 h S CHCls, rt. 6days  NCO~ -SNa
CS, - 3DMF I
132 (99 %) NC™ "SNa (99 %) NC”~ “SNa
.33 .34

1136, NaH (2 eq), DME, r.t. to reflux, 5 h; cN @

SOCI,, DME, -5 °C, 1 h NCISICN then NEt,Cl, H,0, r.t. 20 min NG @ on
(80 %) NG~ S~ NCN (77 %)

NC CN
.35 .37

0]

NCQkOMe

11.36

Scheme 11.5: Synthesis of EtaN pccp 11.37.

Reacting sodium cyanide and carbon disulfide8Z) in DMF resulted in the formation of
solvate saltl.33,*?") which upon standing at room temperature in chtorof for six days
underwent spontaneous desulfurization to affordilfiie 11.34.?2 CompoundIl.34 was
oxidatively dimerized to givél.35 using thionyl chloridé**® Treatment with deprotonated
methylcyano acetat.36 finally delivered pentasymmetric nitrile37.2# By this four-step
process, the use of highly reactive reagents swclthdorine gas as reported in other

procedures could be avoidetf’

Oxidative dimerization ofl.35 required some optimization since the product pdotce be
sensitive towards byproducts of the reaction precegeh as SOand HCI, as evidenced by
formation of a complex product mixture. These peald could be encountered by a modified
workup- and purification procedure. Specifically,was found that upon addition of an

aqueous NaHC@solution, the product can be precipitated fromremsction mixture and can
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be further purified by simple recrystallization. khe course of the optimization, an
unprecedented solvate i35 could be obtained upon recrystallizationlla85 from toluene
(Figure 11.16).

Figure 11.16: Crystal structure of 11.35-0.5toluene: a) Single pair of 11.35 and toluene; b) unit cell, view along the
ac-axis (orientation of methyl group statistically disordered, hydrogens removed for clarity).

[1.35 exists in a bent conformatior:¢,-s-c, = 97.1°) and is coordinated to 0.5 equivalents of

toluene at the distance of 3.4 A, indicatimgtacking interaction between toluene and the
dicyanoethylene moiety. The orientation of the rmgkthroup in toluene is statistically

disordered.

The conversion ofl.35 into 11.37 is intriguing and a speculated mechanism is degiah
Scheme II.5. The proposed mechanism is based oenai®ns during previous studies
which reported disulfiddl.43 as a byproduct of this reaction (Scheme [8).However,
further mechanistic studies should be carried nuirder to ultimately confirm the proposed

mechanism.
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N _N
NSNS~ r N__s._#
o ,\?3 N CN@ — |
> s N c S = NC\(j\sq ~ 3
j\/ N / ns N G NG S NE ST Yy
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1138 OMe oN
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Scheme 11.6: Speculated mechanism for the formation of 11.37.

Upon an initial nucleophilic attack of anidh38 to 11.35, intermediatdl.39 could undergo
ring opening to give sulfidé.40. Compoundll.40 was speculated by Simmoes$ al. to
intercept a second equivalent Ib35 to form 11.41 and subsequently, upon ring opening,
11.42 *2* Deprotonation with a second equivalent of base I(.43) would result in an
intramolecular conjugate addition, which, upon lo§®ne equivalent ofi.44, would result

in the formation of six-membered heterocyd&5. The methyl ester could be lost by a
Krapcho-type mechanism, thus resulting in the faromaof 11.46. Intermediates of the type
of 11.46 were proposed by Simmoret al. to undergo thermal disrotatory ring closure

(— 11.47), followed by thiirane ring opening and desulfatinn to yieldl1.37 .24

In order to gain access to a larger variety offblae symmetric compounds, derivatization of
[1.37 was investigated next. Unfortunately,37 turned out to be extremely unreactive, an
observation which was attributed to the fact tHa&@7, although bearing five electron-
withdrawing groups,s still relatively electron rich and also aromatig stabilized. The

results of the attempted functionalizations arersanized in Table I1.1.
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2.2 Results and Discussion

CN R ®
NC cN © conditions R R NEt,
NEty --------- - @ R = CH,NH, (11.48)
COOBn (11.49)
NC CN R R CN4H (11.50)
.37 COOMe (I1.22)
Entry Reagent Solvent Temperature Time Yield

1 NaBH4, CoClz THF reflux 24 h (11.48) -&
2 Silica, BnOH CHCls reflux 24 h (11.49) -&
3 LiAIH4 THF reflux 18 h (11.48) -l
4 NaNs, HCI H20 reflux 24 h (11.50) -!
5 MeMgBr THF reflux 24 h (11.22) -]
6 N2Ha4 H20 reflux 24 h (11.51) -&

[a] no reaction observed, reisolation of starting material; [b] formation of a complex mixture of polar materials.

Table 11.1: Selected conditions for the attempted functionalization of 11.37.

Whenll.37 was heated in THF with sodium borohydride in thespnce of cobalt(ll) chloride
to obtain aminell.48, no reaction was observed and starting materiad wecovered
(Table 11.1, Entry 1). The same result was obtaimedn attempt to synthesize49, when
[1.37 was heated in chloroform in the presence of siaoa benzyl alcohol (Table II.1,
Entry 2). When a mixture df.37 and LAH was heated to reflux in THF, a complex tuig

of polar material was obtained (Table 11.1, Ent)y Bn attempted cycloaddition witim situ
generated hydrazoic acid to giVie50 resulted in a mixture of black, insoluble material
(Table 1.1, Entry 4). A similar observation was deawhenl|l.37 was reacted with
methylmagnesium bromide in refluxing THF to obt#i22 (Table 1.1, Entry 5). When a
mixture ofll.37 and hydrazine hydrate was heated to reflux foh24gain, no formation of

[1.51 was observed and starting material was recovéraiol€ 11.1, Entry 6)

Even though functionalization df.37 remained unsuccessful, sufficient amountdl&7
could be produced to carry out initial biologicabkts Yide infra Section 2.2.3). However,
[1.37 was found to be only poorly soluble in water, thuosting its potential application in
physiological media. In order to encounter thishpem, pccp salts with different counter ions

such as sodium were prepared (Scheme 11.7).
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11.36, NaH (2 eq), DME, ®
NC. .S. CN r.t. to reflux, 5 h; CN HNEt; NaH, Et;,0, CN
I I then HNEt;Cl, H50, r.t. 20 min NC @ CN 0 °C to reflux, 17 h NC CN @
- Na
NC™ °S” CN (61 %) (94 %)
NC CN NC CN
.35 11.52 .10

Scheme 11.7: Synthesis of Na pccp (11.10).

Compoundll.52 could be synthesized in analogy ItB7 by treatment with deprotonated
methyl cyanoacetatél 38) in the presence of a second equivalent of sodliydnide. Sodium
saltll.10 was then prepared by simple treatment of trietmyhonium saltl.52 with sodium
hydride, a procedure similar to that sketched bg group of Wright'®® Subsequent
purification by reversed-phase column chromatogyapas found to be the optimal method
to provide pure and crystalline material, which wabmitted to biological testingifle infra
Section 2.2.3). The crystal structurellofO is shown in Figure 11.17.

Figure 11.17: Crystal structure of 11.10-2acetone (a cutout of the unit cell is shown and hydrogens are removed for
clarity).

Compoundll.10 crystallized as an acetone solvate with the foaniulO-2acetone in the
monoclinic crystal system in the space gr&@fim. Sodium ions are coordinated by acetone
carbonyls and pccp nitriles in an octahedral fashiBccp anions stack in a staggered

conformation.

Having produced a number of fivefold symmetric opdntadienides, the synthesis of
cucurbit[5]urils was investigated subsequently Hredresults of these studies are presented in

the next section.
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2.2 Results and Discussion

2.2.2.2 Synthesis of cucurbit[5]urils

Starting from a known protocol to synthesize glyebl subsequent synthesis of

cucurbit[5]urils was achieved by modified literagyrocedures (Scheme I1.8).

)i
H,CO, H,S0,, H,0
HgNm/NH2 05 H' Hel, H,0, reflux, 1h J'N} (NT_' 75°C to 100 °C, 32 h
+
o H O (66 %) HN_ _NH (8 %)
11.53 I.54 g
I1.55

K5S;0g, H20, 85 °C, 6 h

(18 %)

Scheme 11.8: Synthesis of decahydroxycucurbit[5]uril (11.12).

Heating a mixture of uredl(63) and glyoxal [1.54) in aqueous HCI resulted in formation of
glycoluril (11.55).22"1 Treatment ofll.55 with formaldehyde in the presence of aqueous
sulfuric acid provided a mixture of cucurbitn]wibf different ring sizes. Upon fractional
crystallization, the complex mixture could be seped andll.11 was isolated in 8 %
yield*?® Conversion ofll.11 into decahydroxycucurbit[5]uril (12) was achieved by
treatment with potassium peroxodisulf8fd. It was found that the reaction produced a
complex mixture of isomers, the separation of whiduld be accomplished by reversed-
phase HPLC purification. The structures lbftl and [1.12 were confirmed by X-ray
crystallography (Figures 11.18 and 11.19), with tleeystal structure ofl.11 identical to a
reported structure df.11 (CCDC-code: 883370}

Figure 11.18: Crystal structure of 11.11: a) Depiction of a single molecule of 11.11 without solvent; b) view along the
c-axis in the unit cell, water and HCI molecules are shown.
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Compoundil.11 crystallized in the monoclinic space groG@/m. The unit cell includes six
units of11.11-4H,0O-HCI. It should be noted that water and HCI molesidee present in the
molecular cavity ofl.11, thus indicating a possible solvent exchange astgn the cavity of
11,1213

Figure 11.19: Preliminary illustration of the crystal structure of 11.12: a) Depiction of a single molecule without
solvent; b) view along the a-axis in the unit cell, potassium ions, sulfate ions and water molecules are shown.

Preliminary data showed thdit12 co-crystallized with KSO, as a water solvate in the
triclinic space grou@P(-1). Potassium ions are coordinated on each side pergagonal
fashion by the cucurbit[5]uril carbonyl groups. thar refinement of the structure is currently

in progress.

Whereasll.12 showed excellent solubility in water (> 100mijn [l.11 was only poorly
soluble, thus restricting its use for biologicalpbgations. In order to renddi.11 more
water-soluble, a complex adi.11 with sperminium chloride was prepared in one step
(Scheme 11.9§%2

H HCI, H,0,
95°C,1h

H N/\/\N/\/\/N\/\/NHZ +
2 H (100 %)

11.56

H2N/\/\N/\/\/ N~ NHg"CI

.57

Scheme 11.9: Synthesis of water-soluble cucurbit[5]uril complex 11.57.
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A stoichiometric mixture of sperminé.66) andll.11 was heated in the presence of aqueous
HCI and upon removal of solvernit,57 was obtained in quantitative yield. The solubilaty

complexIl.57 in water was determined to be Mm

The potential for functionalization of the cucufbjurils is rather limited and only few
examples for such transformations have been destrib literaturd>® Some further
attempts have been carried out in the scope ofwibik (for detailed screening table, see
Appendix 8), which, however, proved to be unsudoésk contrast, the pillar[5]arenes can
easily be functionalized, thus rendering themsehd=al candidates in the symmetry

approach. Their synthesis is described in the sestion.

2.2.2.3 Synthesis of pillar[5]arenes

The synthesis of pillar[5]arendl.03) was smoothly realized by following Nakamoto’s
improved procedure. Based on the reported compoandater-soluble carboxylic acid-

substituted pillar[5]arendl(15) was synthesized (Scheme [1.10).

~o
H2CO, BFS'OEtQ,
© DCE, 30 °C, 30 min O BBrs, CHCly, r.t. 72 h O

(50 %) (99 %)

OH
O\ /O 5
5
1.58 1.59 .13

NaOH, H,0,
EtOH, reflux, 24 h

(80 %)

NaH, 11.60,
THF, DMF, 60 °C, 48 h

(12 %)

OFt EtO HG
B - -5 - —5
o) .14 15
1160

Scheme 11.10: Synthesis of carboxylic acid-substituted pillar[5]arene (11.15).

When 1,4-dimethoxybenzeni.$8) was treated with paraformaldehyde and bororutiftle

diethyl etherate as Lewis acid, a mixture of polyiged material and
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decamethylpillar[S]arenell(59) was obtained, from whichl.59 could be isolated by
filtration and recrystallizatiof*®! UponO-deprotection, the resulting pillar[5]areHel3 was
alkylated using ethyl bromoacetatd.g0) to afford ethyl ester-substituted pillar[5]arene
(11.14) in a poor 12 % vyiel#*¥ Finally, saponification afforded carboxylic acidbstituted
pillar[5]arene [1.15),*** which, upon recrystallization, gave crystals dalgafor X-ray

analysis. The preliminary crystal structurdIaf5 is shown in Figure 11.20.

Figure 11.20: Preliminary representation of the crystal structure of carboxylic acid-substituted pillar[5]arene 11.15:
a) lllustration of a single molecule (DMSO molecules and hydrogen atoms are removed for clarity); b) unit cell,
view along the b-axis (DMSO molecules are shown, hydrogen atoms are removed for clarity).

Carboxylic acid-substituted pillar[5]arerfg.15) crystallized in the monoclinic space group
C2/c. A unit cell contains four molecules ®f15 and 12 molecules of DMSO. Further

refinement of the structure is still in progress.

Further derivatives dil.13 were accessible by cyclization of 1,4-bis(2-brothogy)benzene
(11.62). When this reaction was performed on large scélmmoethoxy-substituted

pillar[6]arene [1.64) could be isolated as a second reaction prodwutigi@e 11.11).
HO BrI
1 0

) S )
CBry, PPhs, MeCN, BF - OEty, (H,CO)p, & 0
0°Ctort.4h DCE, rt.3h .

(81 %) (68 %)

o\L 0\L (ratio = 59:9) § go
OH Br Br Br
— -5 L — 6
.61 11.62 11.63 .64

Scheme I1.11: Synthesis of bromoethoxy-substituted pillar[5]arene (11.63) and pillar[6]arene (11.64).
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Subjecting 1,4-bis(2-hydroxyethyl)benzernk6(l) to an Appel reaction smoothly resulted in
formation of dibromiddl.62, which was converted into the corresponding fitlarenes by
treatment with paraformaldehyde in the presencebaron trifluoride diethyl etherate,
analogous to the synthesis 8f13."*° Interestingly, a 59:9 mixture of the respective
pillar[S]arenell.63 and the pillar[6]arend.64 was obtained, the structures of which could be

confirmed by X-ray analysis of single crystals (s 11.21 and 11.22).

a)

Figure 11.21: Crystal structure of bromoethoxy-substituted pillar[5]arene (11.63): a) lllustration of a single molecule;
b) unit cell, view along the b-axis.

Bromoethoxy-substituted pillar[5]aretie63 crystallized as an acetone solvate in the triclinic
space groupP2,/c. The unit cell contains four equivalents|bb3-acetone with the solvent
residing inside the cavity ofi.63. The -CH,— moieties building the rims of the five-

membered rings arrange in a planar fashtog-cr.-ar = 108° for all-CH,— rims).

Figure 11.22: Preliminary representation of the crystal structure of bromoethoxy-substituted pillar[6]arene (11.64):
a) lllustration of a single molecule (solvent molecules are removed for clarity); b) unit cell, view along the a-axis,
solvent molecules are not resolved.

Bromoethoxy-substituted pillar[6]areni.§4) crystallized in the triclinic space groi§-1).
In contrast to the structures of pillar[5]arendse +CH- rims are twisted and thus do not

form the characteristic pillar-shaped structure. eplanation for this could be a significant
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release of strain. In a hypothetical pillar-shap&dcture in which the —CH rims arrange in
a planar fashion, the bond angles of the methylemdges would adopt values of 120°.

However, inll.64 the bond anglesar-cr.-ar adopt values of 111.0°, 113.8°, 114.7°, 115.1°,
115.9° and 116.5°, which are closer to the tetredleahgle of 109°. According to a detailed

literature search, this is the first example ofrgstal structure of a pillar[6]arene to date.

Further refinement of the structure is still in gress.

Bromoethoxy-substituted pillar[5]arendl.§3) was now converted into water-soluble
compounds suitable for biological experiments. t8tgrfrom 11.63, decatrimethylammonium

saltll.17 was prepared in one step (Scheme 11.12).

NMe; EtOH, reflux, 16 h
(100 %)
0]
o 0]
Br g
B L MeNo |
1.63 .17

Scheme 11.12: Synthesis of trimethylammonium bromide-substituted pillar[5]arene (11.17).

Heating of 11.63 in the presence of an ethanolic trimethylamineutsmh afforded
trimethylammonium bromide-substituted pillar[5]ageil.17) in a quantitative yield>*!

X-ray analysis of a single crystal confirmed theisture ofil.17 (Figure 11.23).

Figure 11.23: Preliminary representation of the crystal structure of trimethylammonium bromide-substituted
pillar[5]arene (11.17): a) lllustration of a single molecule (solvent molecules and counter ions are removed for
clarity); b) unit cell, view along the ab-axis (water molecules and bromide counter ions are shown, hydrogens are
removed for clarity).
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Compoundl.17 crystallized as an aqueous solvate, in which tbhenite counter ions as well
as water molecules are highly disordered. The mionocell with the space group2i/c
contains four molecules df.17, which are oriented in an approximate 60° anglgatds

each other. Further refinement of the structusdilisin progress.

Finally, conversion ofll.63 into an aminofunctionalized npillar[5]arendl.16) was

approached, which was achieved by following a medifiterature procedure (Scheme 11.13).

Br N3 B gN
) ) )
Q Q Hy, Pd/C, MeOH,
2:2 Y NaN3 DMF, 100 °C, 16 h 2:2 V' 4bar, 50°C, 96 h
100 % 1%
(100 %) (91 %) 5

Br L Na

Hz

1.63

Scheme 11.13: Synthesis of decaamine 11.16.

Decabromidell.63 was converted into decaazidle65 by a simple §2 displacement in
quantitative yield™® The subsequent reduction to the correspondingethité proved to
be difficult and in initial attempts, complex mixéas of amino- and azide-functionalized
pillar[5]arenes were obtained. After some optimaatit was found that the reaction works

best if the hydrogenation catalyst is added powtisa over a period of four days.

With a set of fivefold symmetric compounds of diffat sizes featuring a number of diverse
functional groups in hands, first biological stigligere carried out, the preliminary results of

which are described in the next section.
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2.2.3 Outline on Biological Studies

Biological studies were carried out in collaborati®he results that are briefly summarized in
this section were obtained by Valentina Carta aathi®d Baur in the laboratory of Prof. Dr.
Erwin Sigel at the Institute of Biochemistry and Igular Medicine, University of Bern.
Pharmacological activity of the herein reportedefold symmetric molecules was
investigated using the two-electrode voltage-cldeghnique inXenopusoocytes expressing

GABA receptors. The results of the tested compoundsuanenarized in Figure 11.24.

Cyclopentadienides:

o O K® 0 N N
HN NH MeO @ O @
_ ®
HoN=N oK O g/ OMe |N| Na *1.5H,0
.31 .22 .10

) ) (+++)

Pillar[5]arenes:

OH o) o)
5 BregO g </ o
.13 0
@ HO
©) H,N EtO L
L MeN | i L —s5 — 5
n17 .16 .14 .15

Cucurbit[5]urils

Figure 11.24: Biological activity of fivefold symmetric compounds on the GABAa receptor (+++ ICso < 10 uM;
+ 1Cs0 < 100 uM; — ICso> 100 uM; *compound seems to act as an allosteric modulator).
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Among the cyclopentadienidd$,30 andll.22 were found to be inactive on thef,y. (wild
type) GABAa receptor, whereaB.31 was shown to be a weak inhibitor ¢ 100 um).
[1.10, on the other hand, was found to be highly acti@, < 10um). Interestingly, it both
stimulates and inhibits GABAcurrents. All pillar[5]arenesli(13, 11.17, 11.16, 11.14, 11.15)
and the cucurbit[5Jurils1.11 and 11.57 were found to be inactive. However,
decahydroxycucurbit[5]uril I[.12) seemed to act as a low affinity positive allaster
modulator on thea;B.y. (wild type) GABAa receptor, sincel.12 stimulated currents
mediated by the channel. Further studies on thesasting observation are currently carried

out by Valentina Carta in the Sigel laboratories.

Subsequently, the mode of action bf10 was studied in more detail. Current traces
illustrating typical experiments am3,y- (wild type) GABAa receptors that were expressed in
Xenopusoocytes are shown at GABA concentrations elicitadgput 1% or 10% of the
maximal current amplitude (E6r EGy) in Figures I1.25 and 11.26, respectively. Thewatd
currents observed at very high concentrationf.#0® are due to direct effects &f10 on

membranes (not shown).

UI/ U—”i”illu

10 30

VT

3 min

Figure 11.25: TEVC recording of Xenopus oocytes expressing the aifzy2 (wild type) GABAa receptor: Experiments
were carried out at a GABA (I.1) concentration eliciting about 1% of the maximal current amplitude (ECs; 1uM).
Drug application was during 3 min. The lower bar indicates the application of 1.1, the upper bar the application of
Na pccp (11.10).The numbers indicate the concentration of 11.10 in uM.
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Figure 11.26: TEVC recording of Xenopus oocytes expressing the ai1fzy. (wild type) GABAa receptor: Experiments
were carried out at a GABA (II.1) concentration eliciting about 10% of the maximal current amplitude (EC1o; 7uM).
Drug application was during 1 min. The lower bar indicates the application of 1.1, the upper bar the application of
Na pccp (11.10).The numbers indicate the concentration of 11.10 in pM.

At lower concentrtions (+10 p™m), 11.10 enhance currents elicited blow concentrations ¢
GABA (1l.1). The degree ofstimulation is variable between individual ooc. At
concentrations 1puMm, 11.10 inducesan ope-channel block, characterized by an appa
desensitization of the current and an-curren (Figuresll.25 and .26, second row. As
expecte, this block becomes more prominent with increadl.10 concentrations, wherei
stimulation becomes ss visible Figure 11.27 summarize four experiment for eact
conditior shown inFiguresll.25 andll.26 (n = 4, SEM).

a) 400 b AL B e by 120
. 350F i
2 E ] & 100
— 300 ‘ 41 =
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o {1 ¢ -
S 150 F J = ]
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L 100 fo o el I F o) 4 ¢ ]
F ] 20 .
50 | 3 Ny ]
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107 10° 10° 10 107 10° 10° 10
Na pccp (M) Na pccp (M)

Figure 11.27: Summary over four experiments as shown in Figure I1.25 (a)) and Figure 11.26 (b)): Open circles:
Peak current amplitudes at the beginning of the drug application. Filled squares: Current amplitudes at the end of
the drug application. Filled circles: Current amplitudes at the end of the drug application corrected for the effect of
11.10 on membranes.
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Subsequently, the concentration inhibition curveld0 obtained fora,(3,y. was compared

with that ofasp1y2 andaif320 GABAA receptors (Figure 11.28).

120 prrrv—r—rrrrr—r—rrrrm—r—rrrrmy

relative current (%)

107 10° 10° 10+
Na pccp (M)

Figure 11.28: Concentration-inhibition curve obtained from a1B2y2, c1fry2 and a6 GABAA receptors.

It was found thatl.10 acts on all investigated GABAreceptor isoforms and did show some

selectivity.11.10 shows the most potent inhibition on thg.d isoform (IG0.7+ 0.3um),

whereas the effect on thefiy, isoform is less potent (K13 = 5uM). The IGp of 11.10 on

a132y2 (wild type) receptors was determined to be 1.45H1Q.

In Drosophila, the mutation RDL in the GARAeceptor has been described to confer

resistance to the insecticide dieldrin and pantésistance to picrotoxinli(6). The RDL

mutation Ala301Ser is located in the transmembragen M2. It was interesting to compare
Drosophila wild type and RDL mutant GARBAreceptor in the irrespective responses to

picrotoxin (1.6) and Na pccpl(.10). Results of these experiments are shown in FijLa@.
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=
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current amplitude (%)
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0?10 107 1wt 0% 00001 0.001 10" 107 10 0% 00001 0001

picrotoxin (M) Na pccp (M)

Figure 11.29: Concentration-inhibition curves in Drosophila wild type GABAa receptors and mutant receptors

carrying the RDL resistance mutation: a) Picrotoxin (11.6); b) Na pccp (11.10).
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While there is an about 7-fold shift in thesGn response to the mutation fibi6, there is a
less than 2-fold shift fon.10. This suggests thdk10 still will affect insects carrying this

mutation.

In order to gain further insights into the detailedde of action and the binding sitelbi0,
cysteine mutations in the M2 domain were introdutgd amino acids, which are oriented
towards the channel lumen and the behavioll.@aD andIl.6 was monitored. In order to
increase the effect by the mutation, the cystegastive compound MTSET was used.
Preliminary results indicate different binding med#or 11.10 compared toll.6. These

experiments are presently being carried out by nMada Carta in the laboratory of the Sigel

group.

2.2.4 Summary, Conclusions and Outlook

Based on the idea of the symmetry approach, anjilogfivefold symmetric compounds has
been synthesized. The compound library includes emsdluble cyclopentadienide,
cucurbit[S]uril and pillar[5]arene derivatives (kigg 11.30). In preliminary studies, the
compounds were tested for their biological actiaitythe GABA\ receptor.

Cucurbiturils Example: Pillararenes Example: Cyclopentadienides Example:

Na @
lﬁ' ’ @ i

R= COOMe 122

R=H(.13), (f;- CN ||1o() 4
CH,COOEt (II.14),
CH,COOH (11.15),

CH,CH,NH; (11.16),
CH,CH,NMe3Br (I117)

R=H (I11),
OH (I1.12)

Figure 11.30: Chemical structure and shape on the basis of selected crystal structures of fivefold symmetric small
molecules prepared for the symmetry approach.

Pleasingly, it was found thatome of the fivefold symmetric compounds are biwiaiy
active and indeed, pentameric ion channels aretsu@ these molecules. More specifically,
it was|l.10 that was found to be highly biologically active e GABA. receptor. At high

concentrations]I.10 acts as an open channel blocker of the GABAceptor with an
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2.2 Results and Discussion

efficiency of inhibition comparable to that of patoxin (1G5 = 1.3uM). In cooperation with
the group of Prof. Dr. Sigel at the Institute ofoBhemistry and Molecular Medicine,
University of Bern, its detailed mode of action atsdpotential application as an insecticide is

currently being investigated.

Thus, the initial idea of the symmetry-based apghnoswards new ion channel blockers,
which was affirmed by model studies, led to thealepment of a highly biologically active

compound, which indeed targets a pentameric ionraila

Future work will have to consist of the developmehsynthetic routes for the preparation of
analogues of the cucurbit[5]urils and the pillagifnes to access further frameworks and
more functional groups. In the course of theseisgdt would be reasonable to investigate
the potential of the formation of five-memberedgsrof other macrocyclic compounds such
as the bambus[n]uril$!(66) 3" and the as[n]arenel.67) **¥ (Figure 11.31).

RO OR
RO OR

11.67
Figure 11.31: Chemical structures of generic bambus[5]urils (11.66) and as[5]arenes (11.67) as potential future

fivefold symmetric carbon frameworks for the symmetry approach.

Furthermore, the compounds will be tested on maonyenpentameric proteins in order to
fully evaluate their biological profiles. These ditts are currently carried out in various

collaborations, the results of which will be presehin due course.
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2.3 Experimental Section

General experimental details:

Unless specified otherwise, all reactions were ggaréd with magnetic stirring under an
atmosphere of argon and in oven-dried glasswaodatésd products were dried on a high
vacuum line at a pressure of 1@nbar using arATB-Loheroil pump byFlender Diethyl
ether and tetrahydrofuran (THF) were distilled ptio use from sodium and benzophenone.
Dimethylformamide (DMF), 1,2-dimethoxyethane (DMEJ,2-dichloroethane (DCE),
chloroform (CHC}), ethanol (EtOH), methanol (MeOH), acetonitrile g®N) and acetone
(MexCO) were purchased fromcros Organicsas 'extra dry' reagents under inert gas
atmosphere and over molecular sieves. All othegeets were purchased from commercial
sources and used without further purification. #letrm ether is referred to as hexanes and
relates to fractions of isohexanes, which boil Betw 40 °C and 80 °C. Reactions were
monitored by TLC usinde. Merck0.25 mm silica gel 60, glass plates. TLC plates were
visualized by exposure to UV light (254 nm) and seduent treatment with an aqueous
solution of CAM, an aqueous solution of potassilampanganate, an aqueous acidic solution
of vanillin, a solution of ninhydrin or a mixturd silica and finely grounded iodine, followed
by heating the plate with a heat gun. If appropria¢actions were additionally monitored by
proton nuclear magnetic resonance-NMR) using aVarian 200 spectrometer or LCMS
using anAgilent Technologies 1260 infinimachine equipped with aAgilent ZORBAX
Eclipse Plus Cl8reversed phase analytical 4.6 mm x 150 mm coluRlash column
chromatography was performed as described by &tilal employing silica gel (60 A,
40-63um, MercK) at a pressure of approx. 1.3-1.5 bar generateal gsntle nitrogen flow?!
Reversed phase (RP) column chromatography was rpextb on Waters silica gel
(Preparative C18, 125A, 55-1@5n) with the same techniques as described abovdytaz

RP TLC was performed using pre-coated glass plaiksa gel C18 RP-18W/UV254) from

Macherey-NagelYields refer to isolated and spectroscopicallgeptompounds.
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Instrumentalization:

Infrared (IR) spectra were recorded orParkin Elmer Spectrum BX IFTIR System),
equipped with an attenuated total reflection (ATR@asuring unit. IR data is reported in

frequency of absorption (Ct.

Proton nuclear magnetic resonant¢-lIMR) spectra were recorded ofvarian 30Q Varian

400, Inova 4000r Varian 600spectrometer. Chemical shifts gcale) are expressed in parts
per million (ppm) and are calibrated using residpm@dtic solvent as an internal reference
(CDClz: 6= 7.26 ppm, (BC),CO: 8= 2.05 ppm, (CBSO: 6= 250 ppm,
CD;OD = 3.31 ppm, BO = 4.79 ppm)y* Unless noted otherwise, data was recorded at
27 °C. Data fofH-NMR spectra are reported as follows: chemicat §Bippm) (multiplicity,
coupling constants (Hz), integration). Couplinge axpressed as: s = singlet, d = doublet,
t = triplet, g = quartet, m = multiplet, br = brqaapp = apparent or combinations thereof.
Carbon nuclear magnetic resonancdéC{NMR) spectra were recorded on the same
spectrometers at 75, 100 and 150 MHz, respecti@dybon chemical shift$ ccale) are also
expressed in parts per million (ppm) and are refed to the central carbon resonances of the
solvents (CDGt 6= 77.16 ppm, (BC),CO: 6= 29.84 ppm, (CB.SO: 6= 39.52 ppm,
CD;0D = 49.00 ppm¥§™

Mass spectroscopy (MS) experiments were performedadhermo FinniganMAT 95
(electron ionization, EI), on @hermo Finnigan LTQ FTelectrospray ionization, ESI) or on a
Jeol IMS-70@fast atom bombardment, FAB) instrument.

Melting points were measured on BZ-Melt automated melting point apparatus made by

Stanford Research Systearsl are uncorrected.
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Octamethyl cyclohepta-2,4-dien-1,1,2,3,4,5,6,7-octrboxylate (11.20) andOctamethyl
cyclohepta-3,5-dien-1,1,2,3,4,5,6,7-octacarboxylatié. 21 ):**!

o OMeO o OMeO
ST D 1 S L O R O
)]\/U\ +3 X 20, refiux, MeO. + MeO
MeO OMe MeO OMe o OMe o OMe
.18 .19 MeO™4 0 MeO™4 0
MeO~ ~O OMe MeO~ O OMe
(57 %) (7 %)
11.20 121

To a solution of dimethyl acetylenedicarboxylaliel®, 33.1 mL, 270 mmol, 3.00 eq) and
dimethyl malonatell.18, 10.3 mL, 90.0 mmol, 1.00 eq) in diethyl ether.(6tL) was added
dropwise a mixture of pyridine and acetic acid (inikture by weight, 2.50 mL) and an
exothermic reaction started, evidenced by inteaflaxing of the solvent. When the intensity
of reflux had ceased, the dark red mixture waseduetd reflux for 2 h and was then allowed
to cool to room temperature. The resulting preatpitwas filtered off, washed with diethyl
ether (30.0 mL) and dried to give a 57:7 mixturdl¥0 andll.21 as a slightly buff yellow
solid (32.1 g, 64 %), which was used without furtperification.

mp: 215-219 °C.

'H NMR (300 MHz, CDC}, major isomer quotedy:= 5.17 (d,J = 1.4 Hz, 1H), 3.90 (s, 6H),
3.76-3.74 (m, 7H), 3.73-3.71 (m, 12H).

13C NMR (75 MHz, CDC}, major isomer quotedy: = 170.2, 169.3, 167.9 (2C), 166.0 (2C),
165.5, 164.5, 144.7, 140.5 (2C), 134.4, 63.8, 38R (2C), 53.2 (2C), 52.8 (2C), 52.7, 47.8,
44.3.

IR (neat):V max= 1726, 1238.

HRMS (ESI): m/z calcd. for GgH 6KO16'™: 597.0858 [M+K];
found: 597.0857 [M+K]
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Potassium 1,2,3,4,5-pentacarbomethoxycyclopentadiee (11.22):1*%

OMe
OMe 0o 9 ®
(o) o) )
MeO OMe Mg 2 e “ 9 OMe
o}
MeO’ o, MeO e KOAC, HeO, reflux, 2 MeO @
o OMe O © MeO OMe
MeO o Meo o
(@) 0 OMe
Mea” SO OMe MeQO~ "O OMe fe}
.20  (approx. 8:1 mixture) .21 (90 %)

.22

A mixture of 11.20 andll.21 as obtained from the previous reaction (27.5 g2 48mol,
1.00 eq), water (140 mL) and potassium acetates (5464 mmol, 9.40 eq) was heated to
reflux for 2 h with vigorous stirring. After hotlfiiation, the mixture was allowed to cool to
room temperature and subsequently cooled to 4 ¥ four days. The resulting precipitate
was collected, washed with ice water (5.00 mL) dridd to affordll.22 as a yellow solid
(17.5 g, 90 %).

mp: 217-218 °C.

'H NMR (400 MHz, RO): § = 3.63 (s, 15H).

13C NMR (100 MHz, BO): § = 169.0 (5C), 116.7 (5C), 52.3 (5C).
IR (neat):i max= 1678, 1456, 1172.

HRMS (ESI): m/z calcd. for @H15010 : 355.0671 [MK];
found: 355.0663 [MK] .

Potassium amino(4,6-dicarbamoyl-1,3-dioxo-2,3-dihydcyclopenta[c]pyrrol-5(1H)-
ylidene)methanolate(11.30):

® NH
K™ o O ome KO 2
MeO o) \\___CONH,
e @ NHs, H,0, r.t. 3 months H,NOC
MeO OMe o
oM N
5 © o N
122 (23 %)

.30

Potassium salii.22 (4.50 g, 11.4 mmol, 1.00 eq) was dissolved in &@8@q. ammonium

hydroxide solution (75.0 mL) and was allowed tandtat room temperature for three months.
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The product slowly crystallized, was then colle¢tedhshed with water and dried to afford

[1.30 as large yellow crystals (820 mg, 23 %), whichevguitable for X-ray crystallography.
mp: 310 °C (dec.).
'H NMR (400 MHz,d6-DMSO0):5 = 9.38 (s, br, 1H), 7.89 (s, br, 2H), 6.53 (s,4M).

13C NMR (100 MHz,d6-DMSO0):8 = 171.0, 170.0 (2C), 165.8 (2C), 134.4, 119.1 (AQF.0
(2C).

IR (neat):V max= 3463, 1650, 1426.

HRMS (ESI): m/z calcd. for GH7N4Os - 263.0422 [M];
found: 263.0420 [M].

Potassium bis(1,4-dioxo-3,4-dihydro-1H-cyclopenta]@yridazin-5(2H)-
ylidene)(hydrazinyl)methanolate(11.31):

® o)
K o OMe

MeO @ 0O N2H4, Hzo, r.t. 2 months

MeO OMe

OMe
S

11.22

(99 %)

A mixture of11.22 (2.96 g, 7.50 mmol, 1.00 eq) and a 24 % ag. hyadeaaydrate solution
(50.0 mL, 242 mmol, 32.0 eq) was allowed to stantbam temperature for 2 months. The
resulting precipitate was filtered off, washed whitbt water (2 x 25.0 mL) and dried to afford
[1.31 as an amorphous powder (2.45 g, 99 %).

mp: ca. 340 °C (dec.).

'H NMR (400 MHz, d6-DMSO): § = 15.57 (s, 1H), 14.27 (s, 1H), 13.90 (s, 1H)481.
(s, 1H), 11.34 (s, 1H), 4.77 (s, br, 2H).

¥C NMR (100 MHz,d6-DMSO): § = 165.7, 160.8, 160.1, 153.1 (2C), 123.1, 1211%.2,
112.6, 105.2.

IR (neat):v max= 2975, 1607, 1474, 1413.
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HRMS (ESI): m/z calcd. for @H7NeOs 291.0483 [M];
found: 291.0481 [M]

Sodium cyanodithioformiate3DMF (11.33)*?) and disodium dimercaptomaleonitrile
(1.34):124

NaCN, DMF, 0°Ctor.t. 1 h S CHCly rt.6days  NO~ -SNa
cs, oo T I
N N
132 a NC~ “SNa
(99 %) (99 %)
133 .34

A mixture of sodium cyanide (73.5 g, 1.50 mol, 1€&f) and DMF (440 mL, 5.68 mol,
3.80 eq) was cooled to 0 °C and LLC#.32, 90.5 mL, 1.50 mmol, 1.00 eq) was added
dropwise over a period of 15 min. After completeliidn, the mixture was allowed to warm
up to be stirred for 30 min at room temperatur@rnuwhich time crystallization occurred. The
resulting red-brown slurry was diluted with isobuta (185 mL), heated to 115 °C until the
product had completely dissolved (10 min), filteead allowed to cool to room temperature.
The mixture was cooled tel0 °C, the resulting crystalline product was fiteroff, washed
with diethyl ether (500 mL) and dried. Sodium cyditlmoformiate3DMF (11.33) was
obtained as large red-brown needles (510 g, 99ih was used in the subsequent reaction
without further purification.

Sodium cyanodithioformiateDMF (11.33, 445 g, 1.30 mol) was suspended in chloroform
(1.40 L) and stirred until a clear solution wasaobéd. Then, the mixture was allowed to
stand at room temperature for six days. The regulgiolid was filtered off, washed with
chloroform (350 mL) and diethyl ether (1.30 L) aried. Methanol (260 mL) was added and
the mixture was heated until a suspension contgisimall, insoluble particles was obtained.
After hot filtration, the filtrate was allowed t@al to room temperature and the product was
precipitated by addition of diethyl ether (1.50 Iand vigorous stirring. Disodium
dimercaptomaleonitrileli(34) was obtained as a yellow powder, which was #iteoff and
dried (110 g, 92 %). An analytical sample was fertipurified by recrystallization from

ethanol.
mp: ca. 300 (dec.).

13C NMR (100 MHz,d6-DMSO0):8 = 126.5 (2C), 124.1 (2C).
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IR (neat): max= 3348, 2193, 1438, 1113.

Tetracyano-1,4-dithiin (11.35):1?°!

NC:[SNa SOCI2Y DME, -5 °C, 1 h NCISICN
NC~ "SNa NC™ 'S” CN
1134 (80 %)

11.35

A suspension ofl.34 (64.0 g, 344 mmol, 1.00 eq) in DME (225 mL) wa®led to -5 °C
(internal temperature) and a solution of thionylocikde (24.9 mL, 344 mmol, 1.00 eq) in
DME (30.0 mL) was added with a syringe pump over tlourse of 60 min. The resulting
yellow suspension was allowed to warm to room tewmtpee over a period of 60 min, filtered
and the filter cake was washed with DME (3 x 6010.nThe combined filtrates were poured
into a mixture of a sat. ag. NaH@®olution (1.00 L) and ice water (2.00 L). The tasg
precipitate was filtered off, washed with waterX3100 mL) and dried. (Note: If not all
compounds employed in this reaction were carefyllyified prior to use and if the
temperature was not carefully controlled, instefd buff yellow solid a dark brown or black
solid may be obtained, from which only small quiaedi of 11.35 can be attained.)
Recrystallization of the crude product from 1,2kdlicoethane providedl.35 as a dark

yellow crystalline solid (25.8 g, 80 %).

mp: 206 °C.

1%C NMR (100 MHz,d6-DMSO0):8 = 125.9 (4C), 112.8 (4C).
IR (neat):V max= 2229, 1519, 1158.

A small sample was recrystallized from toluene fford a toluene solvate df.35 as large,

dark brown needles, which were suitable for X-reystallography.
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Tetraethylammonium pccp (11.37):1124

CN
NC s CN 11.36, NaH, DME, r.t. to refqu, 5h; NC CN ®
:[ I then NEt,Cl, H,0, r.t. 20 min @ NEt,
NC™ 'S™ CN NC CN
11.35 (77 %)

.37
O
NCJJ\O/

11.36

To a suspension of sodium hydride (3.12 g, 123 m&6D eq) in DME (450 mL) was added
methyl cyanoacetatd| 36, 5.50 mL, 61.7 mmol, 1.00 eq) at O °C. After gasletion had
ceased (1 h)J.35 (13.4 g, 61.7 mmol, 1.00 eq) was added and théuneixvas allowed to
warm to room temperature. After being stirred foh 2t this temperature, the mixture was
heated to reflux for 3 h. The resulting red coloratkture was allowed to cool to room
temperature and concentrated to dryness. Water if@50was added and the mixture was
filtered. To the filtrate was added tetraethylammonchloride (10.2 g, 61.7 mmol, 1.00 eq)
and the mixture was stirred for 20 min at room terafure. The resulting yellow precipitate
was filtered off and dried. The solid was redissdiin concd. nitric acid (175 mL) at 0 °C
and filtered. To the filtrate was added ice wafe850 mL) and the resulting precipitate was

filtered off and dried to affort.37 as a slightly yellow powder (7.60 g, 77 %).
mp: 359-361 °C.

3¢ NMR (100 MHz,d6-DMSO): § = 113.5 (5C), 102.2 (5C), 51.8 @ = 3.0 Hz, 4C),
7.5 (4C).

IR (neat):V max= 2215, 14609.

HRMS (ESI): m/z calcd. for N5 : 190.0154 [MEUN];
found: 190.0157 [MEYN] .
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Triethylammonium pccp (11.52):124

CN
NC. .S. _.cN .36, NaH, DME, r.t. to reflux, 5 h;
I I then HNEt,Cl, H,0, r.t. 20 min NC @ CN ®HNEt3
NC™ °S™ 'CN NC CN
11.35 (61 %)

11.52
O
NC\)J\O/

11.36

To a suspension of sodium hydride (3.12 g, 123 m&6D eq) in DME (450 mL) was added
methyl cyanoacetatd| (36, 5.50 mL, 61.7 mmol, 1.00 eq) at O °C. After gasletion had
ceased (1 h)J.35 (13.4 g, 61.7 mmol, 1.00 eq) was added and théungixvas allowed to
warm to room temperature. After being stirred foh 2t this temperature, the mixture was
heated to reflux for 3 h. The resulting red coloratkture was allowed to cool to room
temperature and concentrated to dryness. Water if@50was added and the mixture was
filtered. To the filtrate was added triethylammanichloride (8.50 g, 61.7 mmol, 1.00 eq)
and the mixture was stirred for 20 min at room terapure. The resulting brown precipitate
was filtered off and dried. The solid was redissdiin concd. nitric acid (175 mL) at 0 °C
and filtered. To the filtrate was added ice wateB% L) and the resulting precipitate was
filtered off and dried to furnisih.52 as a brown colored solid (5.50 g, 61 %).

mp: 115 °C (dec.).
3C NMR (100 MHz,d6-DMS0):8 = 113.5 (5C), 102.2 (5C), 46.2 (3C), 9.1 (3C).
IR (neat):V max= 2218, 1470.

HRMS (ESI): m/z calcd. for N5 : 190.0154 [MHNEL] ;
found: 190.0156 [MHNEL;] .
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Sodium pccp(11.10):

CN NaH, Et,0, CN
® 0 °C to reflux, 17 h ®
NG N NG ©ON
1152 (94 %)

.10

To a suspension df.52 (1.10 g, 3.80 mmol, 1.00 eq) in diethyl ether (6ML) was added
sodium hydride (106 mg, 4.18 mmol, 1.10 eq) at 0 Affer gas evolution had ceased, the
mixture was allowed to warm to room temperature #reh heated to reflux for additional
17 h. The mixture was concentrated to dryness amifiqe by RP column chromatography
(water:MeOH 99:1- 90:10) to affordl.10 as a yellow solid (761 mg, 94 %).

mp: 369-370 °C.
3C NMR (100 MHz,d6-DMS0):§ = 113.5 (5C), 102.2 (5C).
IR (neat):¥ max= 2226, 1656, 1482.

HRMS (ESI): m/z calcd. for N5 : 190.0154 [MNa];
found: 190.0159 [MNa] .

Crystals suitable for X-ray analysis were obtaimgdslowly evaporating the solvent of a

solution ofll.10 in acetone, which afforded an acetone solvatée as a colorless solid.

Glycoluril (11.55):1**"!

(6]
HoN___NH, O M Hel HL0, reflux, 1h HN  NH
L S ok o
o H O HNTNH
11.53
11.54 o

(66 %)
11.55
To a mixture of ureall(53, 100 g, 1.67 mol, 2.60 eq) and water (200 mL) added a 40 %
ag. glyoxal solutionl(.54, 73.5 mL, 640 mmol, 1.00 eq) and concd. aq. HZI¥3in water,
8.90 mL, 64.0 mmol, 0.100 eq). The mixture was éeab 85 °C for 1 h, after which time a
precipitate had formed. The mixture was then allbwe cool to room temperature. The
precipitate was filtered off, washed with water@2@L) and acetone (500 mL) and was dried

in vacuoto give glycoluril (1.55) as a colorless solid (60.0 g, 66 %).
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mp: ca. 310 °C (dec.).

'H NMR (300 MHz,d6-DMS0): 6 = 7.12 (s, 4H), .2 (s, 2H).
13C NMR (75 MHz,d6-DMSO): 6 = 161.7 (2C), 65.0 (2C).
IR (neat):V max= 3158, 1681.

HRMS (ESI): m/z calcd. for GHgN4O,": 142.0491 [M];
found: 142.0489 [M]

Cucurbit[S]uril (11.11):22®!

0
H,CO, H,S0y, H,0
HN NH  75°Ct0100°C, 32 h
H=—=H
HN_ NH

il

O
11.55

A mixture of glycoluril (1.55, 56.8 g, 0.400 mol, 1.00 eq) and halfconcd. atjusa acid
(9.00 M, 200 mL, 1.42 mol, 3.55 eq) was heated to 70 °Cth#s temperature, a 40 % agq.
formaldehyde solution (70.0 mL, 0.920 mol, 2.30 @@ added over the course of 15 min.
After being stirred at 75 °C for 24 h, the temperatwas raised to 100 °C and the mixture
was stirred for 12 h at this temperature. The teguimixture was allowed to cool to room
temperature and was diluted with water (0.500 Lyl acetone (10.0 L). The resulting
precipitate was filtered off, washed with acetoh®Q L) and dried.

Then, water (2.00 L) was added and the resultingpesusion was stirred vigorously for
15 min at room temperature. The mixture was fillead to the filtrate was added acetone
(8.00 L) to form a precipitate. The resulting solics filtered off and diluted with a 1:1
mixture of water/methanol (2.00 L). The mixture viitered and the filtrate was concentrated
to form a precipitate, which was dried. The driedvder was dissolved in aM aq. BSOx
solution (65.0 mL) and upon slow cooling to 0 °@g¢uarbit[5]uril (I1.11) was furnished as a

colorless, crystalline solid (5.33 g, 8 %).
mp: 286 (dec.).

'H NMR (600 MHz,d6-DMSO0): § = 5.52-5.43 (m, 20H), 4.52 (d,= 15.1 Hz, 10H).
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13C NMR (150 MHz,d6-DMSO0): 8 = 155.6 (10C), 68.4 (10C), 49.7 (10C).
IR (neat):’ max= 1733, 1470, 1182.

HRMS (FAB"): m/z calcd. for GHzoN20O10' 848.2792 [M+NH]";
found: 848.2750 [M+NH".

Sperminium chloride @ cucurbit[5]uril (11.57):1*3?

HCI, H,0,
95°C, 1h

.57

A mixture of sperminell.56, 20.2 mg 0.100 mmol, 1.00 eq) and cucurbit[5](@Hl11,
83.1 mg, 0.100 mmol, 1.00 eq) was suspended in &16q. HCI solution (3.75 mL,
18.8 mmol, 188 eq). The mixture was heated to 9%0tC h and was then concentrated by

evaporation of the solvent at 120 °C to afftir87 as a colorless powder.
mp: 278 (dec.).

'H NMR (600 MHz, DO): § = 5.65-5.46 (m, 20H), 4.37-4.25 (m, 10H), 3.3592(8, 16H),
2.09-2.03 (M, 5H), 1.71-1.65 (m, 5H).

13C NMR (100 MHz, DO): § = 156.4 (10C), 69.0 (10C), 50.0 (10C), 46.9 (242),5 (2C),
36.5 (2C), 23.7 (2C), 22.7 (2C).

IR (neat):d max= 1730, 1474, 1184.
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Decahydroxycucurbit[S]uril (11.12):4%]

K»S,0g H20, 85 °C, 6 h

(18 %)
.12

A suspension of cucurbit[5]urilll(11, 1.00 g, 1.20 mmol, 1.00 eq) angdFOs (4.69 g,
17.3 mmol, 14.4 eq) in water (60.0 mL) was degadsedradiation with ultrasound while
bubbling argon through the mixture for 20 min. Thére mixture was heated to 85 °C for
6 h. Upon heating, a colorless solution was obthiménich became turbid after 90 min at the
given temperature. The mixture was allowed to doofoom temperature, filtered and the
filtrate was concentrated to a volume of 4.00 mld aooled to 5 °C, by what &0,
precipitated. The remaining liquor was separatetl @ncentrated to give a colorless solid,
which was purified by HPLC Marian DynamaxX250x21.4 mnMicrosorb 60-8 C18 column
equipped with aDynamax HPLC guard columpoperating on a/arian PrepStar HPLC
system; HO/MeCN; 60.0 mL/min) to affordl.12 as a colorless solid (252 mg, 18 %).

HPLC (gradient program: t = 0 min 1 % MeCN, t = 30 mbeBMeCN, t = 36 min 30 %
MeCN, t = 40 min 100 % MeCNR;= 3.19 min.

mp: 228 (dec.).

IH NMR (600 MHz, DO): 6 = 5.32 (dJ = 15.9 Hz, 10H), 4.45 (d,= 5.3 Hz, 10H).
%C NMR (100 MHz, BO): § = 153.8 (10C), 93.7 (10C), 40.7 (10C).

IR (neat): max= 1699, 1466, 1161.

HRMS (ESF) m/z calcd. for 60H30KN20020+: 1029.1582 [M+K];
found: 1029.1581 [M+K]
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Decamethoxypillar[Slarene (11.59):*?!

~o
HzCO, BF3'OEt2,
DCE, 30 °C, 30 min O

o)
O S
11.58 (50 %)

1.59

To a solution of 1,4-dimethoxybenzenk58, 6.91 g, 50.0 mmol, 1.00 eq) in DCE (100 mL)
was added paraformaldehyde (4.50 g, 150 mmol, &)@ one portion. To this mixture was
added dropwise boron trifluoride diethyl etherade2% mL, 50.0 mmol, 1.00 eq) over the
course of 10 min. The slightly green colored reactnixture was heated to 30 °C for 30 min
and was then allowed to cool to room temperatuhe resulting black colored mixture was
poured into methanol (500 mL) and the resultingcipitate was filtered off, washed with
methanol (50.0 mL) and dried. The crude materias Wauted with chloroform (150 mL)
stirred for 15 min and filtered. The black filteake was washed with hot chloroform
(2 x 100 mL) and the combined filtrates were comedad to a volume of 70.0 mL. Upon
cooling to —25 °C, a precipitate formed, which waiered off, washed with chloroform
(10.0 mL) and acetone (100 mL) and dried. Concénggahe mother liquor and subsequent
cooling to —25 °C afforded a second crop of produd&9 was obtained as a grey colored
solid (combined yield: 3.77 g, 50 %).

TLC (CHCIls:MeOH 100:1):R; = 0.43.
mp: 248-256 °C.
'H NMR (300 MHz, CDC)): 6 = 6.89 (s, 10H), 3.76 (s, 10H), 3.74 (s, 30H).

¥C NMR (75 MHz, CDC}): 6 = 150.4 (10C), 128.2 (10C), 113.3 (10C), 55.4 (1(XD.3
(5C).

IR (neat): max= 1497, 1209, 1046.

HRMS (ESI): m/z calcd. for GsHs4NO1q' 768.3748 [M+NH]™;
found: 768.3743 [M+NHg".
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Pillar[5]arene (11.13):**

m BBrs, CHCl3 rt. 72 h w

0 OH
/ 5

5 (99 %)
.59 .13

To a mixture ofll.59 (3.77 g, 5.02 mmol, 1.00 eq) and chloroform (28D) was added
dropwise boron tribromide (9.77 mL, 103 mmol, 28cj. The mixture was stirred for 72 h at
room temperature and was then diluted with ice W@&@0 mL). The resulting precipitate was
filtered off and washed with a 0.500 M aq. HCI siolo (50.0 mL) and chloroform (50.0 mL).
The crude material was dried and then recrystallif®mm acetone (200 mL) to give
pillar[5]arene [1.13) as a grey colored solid (3.05 g, 99 %).

mp: ca. 385 °C (dec.).

'H NMR (400 MHz,d6-acetone)s = 7.93 (s, 10H), 6.65 (s, 10H), 3.57 (s, 10H).

%C NMR (100 MHz,d6-acetone)s = 146.6 (10C), 127.1 (10C), 117.4 (10C), 29.7 (5C)
IR (neat):¥ max= 3214, 1691, 1430, 1197.

HRMS (ESI): m/z calcd. for GsH34NO1q': 628.2183 [M+NH]™;
found: 628.2175 [M+NH".
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Ethoxycarbonylmethoxy-substituted pillar[5]arene (11.14):*3%

NaH, 11.60, THF, DMF,
O 60 °C, 48 h

OH
5

.13

Ot EtO
— — 5

Br

/ﬁo( (12 %)

.14

11.60

To a suspension @#F.13 (2.42 g, 3.96 mmol, 1.00 eq) in THF (30.0 mL) &idF (30.0 mL)
was added sodium hydride (3.20 g, 127 mmol, 32)Gaad the mixture was stirred for 0.5 h
at room temperature. Then, ethyl bromoacetdté0, 9.00 mL, 81.2 mmol, 20.5 eq) was
added and the resulting mixture was heated to 6fbr@8 h. After being allowed to cool to
room temperature, the mixture was concentrated. rBsedue was diluted with GEl,
(100 mL) and water (100 mL). The organic layer veaparated, dried over Mg%@nd
purified by column chromatography (silica, DCM:awe¢ 100:0— 95:5) to givell.14 as a
colorless solid (699 mg, 12 %).

TLC (CH.Cl,:acetone 95:58 = 0.35.
mp: 194 °C.

'H NMR (400 MHz, CDCY): & = 7.04 (s, 10H), 4.55 (dd,= 15.8, 7.9 Hz, 20H), 4.17-4.02
(m, 20H), 3.86 (s, 10H), 0.96 (t= 7.1 Hz, 30H).

13C NMR (100 MHz, CDCJ): 5 = 169.3 (10C), 148.9 (10C), 128.7 (10C), 114.4001®5.7
(10C), 60.8 (10C), 29.2 (5C), 13.8 (10C).

IR (neat):V max= 1760, 1191.

HRMS (ESI): m/z calcd. for GHgsNO3o'": 1488,5861 [M+NH]";
found: 1488,5852 [M+NH'".
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Carboxylic acid-substituted pillar[5]arene (I1.15):1*34

NaOH, H,0,
EtOH, reflux, 24 h

EtO HO

.14 (80 %)
I1.15

A mixture of11.14 (300 mg, 0.204 mmol, 1.00 eq), NaOH, (612 mg, X6rBol, 75.0 eq),
ethanol (30.0 mL) and water (30.0 mL) was heatedeftux for 24 h. Then, the reaction
mixture was allowed to cool to room temperature dihgted with an aq. 2.00 HCI solution
(60.0 mL). The resulting precipitate was filtereffl aashed with water (5 x 10.0 mL) and
dried to affordl.15 as a colorless solid (194 mg, 80 %).

mp: 300 °C.

'H NMR (400 MHz,d6-DMSO): s = 12.88 (s, br, 10H), 7.07 (s, 10H), 4.65J¢ 15.9 Hz,
10H), 4.37 (d,J = 15.9 Hz, 10H), 3.70 (s, 10H).

13C NMR (100 MHz,d6-DMSO): & = 170.9 (10C), 148.9 (10C), 128.5 (10C), 114.70010
65.5 (10C), 29.0 (5C).

IR (neat):v max= 1732, 1499, 1203.

HRMS (ESI): m/z calcd. for GsHssNOsq': 1208.2731 [M+NH";
found: 1208.2723 [M+NH".
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1,4-bis(2-bromoethoxy)benzend!.62):1*!

1 "\

(¢} (¢}
© CBry, PPhg, MeCN, 0°Ctort. 4 h ©
O\L O\L
OH Br
.61 (81 %)

11.62

To a mixture of 1,4-bis(2-hydroxyethyl)benzere6(, 10.0 g, 50.4 mmol, 1.00 eq) and
triphenylphosphine (31.5 g, 120 mmol, 2.38 eq) detanitrile (300 mL) was added carbon
tetrabromide (39.8 g, 120 mmol, 1.00 eq) over therge of 5 min in small portions at O °C.
The reaction mixture was allowed to warm to roompgerature and was stirred for another
4 h at this temperature. Then, 200 mL of ice waigs added and the resulting precipitate was
filtered off, washed with a mixture of methanol:ea(3:2, 50.0 mL) and dried. The crude
product was recrystallized by dilution in metha(®00 mL), heating to reflux for 15 min, hot
filtration and cooling the filtrate te25 °C for 16 h.ll.62 was obtained as colorless flakes
(13.1 g, 81%).

TLC (CH.Clz:Hex 2:1):R: = 0.51.
mp: 102 °C.

'H NMR (300 MHz, CDCY): = 6.86 (s, 4H), 4.42 (i = 6.3 Hz, 4H), 3.61 () = 6.3 Hz,
4H).

3C NMR (75 MHz, CDC}): 6 = 152.8 (2C), 116.1 (4C), 68.7 (2C), 29.2 (2C).
IR (neat):V max= 1505, 1216.

HRMS (EI): m/z calcd. for @H12Br0,": 321.9204 [M];
found: 321.9201 [M]
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Bromoethoxy-substituted pillar[5]arene (11.63)*** andbromoethoxy-substituted
pillar[6]arene (11.64)

BrI
6}

gBr
BF;OEt,, H,CO, Q Q
DCE, rt. 3h Z:Z ) Z:Z )
DCE,rt3h .
0

il ) §O
Br Br Br
- —'5 - — 6
1162 (49 %) (9 %)
1.63 11.64

To a solution ofll.62 (8.43 g, 26.0 mmol, 1.00 eq) in DCE (500 mL) waided
paraformaldehyde (781 mg, 26.0 mmol, 1.00 eq) ie portion. To this mixture was added
dropwise boron trifluoride diethyl etherate (3.2%,/26.0 mmol, 1.00 eq) over the course of
10 min. The slightly green colored reaction mixtwes stirred for 3 h and was then
concentrated to a grey powder. Purification by wowolu chromatography (silica,
CH.Clx:Hex 1:1— 2:1) gavdl.63 as a colorless solid (4.25 g, 49 %). Crystalsablgt for X-
ray crystallography were grown by slow evaporataina chloroform solution containing
11.63.

TLC (CH.Clz:Hex 2:1):R; = 0.44.
mp: 95 °C.

'H NMR (300 MHz, CDCY): & = 6.91 (s, 10H), 4.22 (8= 5.7 Hz, 20H), 3.84 (s, 10H), 3.62
(t, J= 5.7 Hz, 20H).

¥C NMR (75 MHz, CDC#): 6 = 149.7 (10C), 129.1 (10C), 116.1 (10C), 69.0 (1(BD.6
(10C), 29.4 (5C).

IR (neat):V max= 1494, 1201.

HRMS (ESI): m/z calcd. for GHgoBr11010 : 1748.5204 [M+Br];
found: 1748.5956 [M+Br]
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As a second produdt,64 was obtained, which could be isolategdthe concentration of later
fractions in the chromatographic purification st€pystals suitable for X-ray crystallography

were obtained by slow evaporation of an acetongtisol containingl.64.
TLC (CH.Clz:Hex 2:1):R: = 0.22.
mp: 110 °C.

'H NMR (300 MHz, CDCY): & = 6.78 (s, 12H), 4.16 (8,= 5.9 Hz, 24H), 3.87 (s, 12H), 3.55
(t, J = 5.9 Hz, 24H).

13C NMR (75 MHz, CDCH): & = 150.2 (12C), 128.5 (12C), 115.8 (12C), 69.0 (1BD.6
(6C), 30.2 (12C).

IR (neat):v max= 1496, 1404, 1208.

HRMS (ESI): m/z calcd. for GsH72Br13012: 2082.4408 [M+Br];
found: 2082.5112 [M+Br]

Trimethylammonium bromide-substituted pillar[5]aren e (11.17):%!

Br ONMe,
) e
Br
¢

0}
E ? y NMes, EtOH, reflux, 16 h 3:;

o}

o 0O
Br g

L B g | MeNo ],
1163 (100 %)

.17

To a solution ofll.63 (250 mg, 0.150 mmol, 1.00 eq) in ethanol (12.5 mias added a
trimethylamine solution (33 % in ethanol, 1.61 MmL95 mmol, 40.0 eq) and the mixture was
heated to reflux for 16 h. Then, the resulting mmigt was allowed to cool to room
temperature, concentrated and diluted with wat€O(L). The resulting slurry was filtered
and the filtrate was concentrated to giv&7 as a colorless solid (339 g, 100 %).

mp: 100 °C.
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'H NMR (400 MHz, DO): 8 = 6.81 (s, 10H), 4.31 (s, 20H), 3.79 (s, 10H)p3 K 20H), 3.08
(s, br, 90H).

13C NMR (100 MHz, BO): § = 149.3 (10C), 129.8 (10C), 116.4 (10C), 64.8 (1.063.4
(10C), 53.9 (30C), 29.5 (5C).

IR (neat):’ ma= 3398, 1481, 1200.

HRMS (ESI: m/z calcd. for @H1sBrsN1gO1°":  1055.2466 [M2Br]*:
found: 1055.2466 [M2Br]*".

Azidoethoxy-substituted pillar[5]arene (11.65):™**®!

— gNg —
(0}
NaNs, DMF, 100 °C, 16 h 5 ; y
6]
Br N
L 5 — s 5
1.63 (100 %)

To a solution ofll.63 (1.00 g, 0.595 mmol, 1.00 eq) in DMF (50.0 mL) veakled sodium
azide (1.95 g, 30.0 mmol, 50.5 eq) in one portind the mixture was heated to 100 °C for
16 h. Then, the resulting mixture was allowed toldo room temperature and was poured
into ice water (800 mL). The resulting precipitates filtered off, washed with water
(200 mL) and dried to givB.65 as a colorless solid (775 mg, 100 %).

TLC (CHxClx:Hex 2:1):Rr = 0.15.

'H NMR (300 MHz, CDCY): & = 6.83 (s, 10H), 4.00 (4, = 4.8 Hz, 20H), 3.84 (s, 10H), 3.54
(t, J = 4.8 Hz, 20H).

13C NMR (75 MHz, CDC4): & = 149.9, (10C), 128.9 (10C), 115.7 (10C), 67.50)1(50.9
(10C), 29.7 (5C).

IR (neat):’ max= 2086, 1497, 1201.

HRMS (ESI: m/z calcd. for GsHeN3¢O11' 1318.5214 [M+HO]";
found: 1318.5432 [M+4D]".
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Aminoethoxy-substituted pillar[5]arene (11.16):1*3¢!

Hy, Pd/C, MeOH,
4'bar, 50 °C, 96 h

HoN

(91 %)
I.16

A mixture of 11.65 (1.26 g, 0.968 mmol, 1.00 eq), Pd/C (10 % Pd, d@f) 0.968 mmol,
1.00 eq) and methanol (60.0 mL) was stirred atGin°a pressure apparatus under hydrogen
atmosphere at 4 bar for 24 h. Then, the mixture allasved to cool to room temperature and
the pressure was released to add another portiétd (10 % Pd, 100 mg, 0.968 mmol,
1.00 eq). The mixture was then again agitated a50nder a 4 bar hydrogen atmosphere for
24 h. This procedure was repeated three times aidital reaction time of 96 h was reached
and a total of 400 mg Pd/C had been added. Théoranixture was allowed to cool to room

temperature, filtered through a short pad of celitd concentrated to givel6 as a colorless
solid (911 mg, 91 %).

mp: 100 °C.

'H NMR (400 MHz, CROD): § = 6.74 (s, 10H), 4.79 (s, br, 20H), 3.84-3.68 80H), 2.91
(t, J = 5.2 Hz, 20H).

13 NMR (100 MHz, CROD): § = 149.9 (10C), 128.8 (10C), 115.0 (10C), 70.3 (1G1D.8
(10C), 29.2 (5C).

IR (neat):V max= 1496, 1403, 1204.

HRMS (ESI): m/z calcd. for @sHgiN1¢O10': 1041.6137 [M+H];
found: 1041.6129 [M+H]
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CHAPTER llI: Self-Assembly of Highly Symmetric Malales

CHAPTER IllI: SELF-ASSEMBLY OF HIGHLY
SYMMETRIC MOLECULES

3.1 Introduction

3.1.1 Appearance of the Platonic Solids in Daily Lifand in Science

Highly symmetric structures have fascinated mankiod thousands of years and their
mathematical and geometrical description has beenob the earliest scientific tasks, which
has attracted genii like Pythagoras, Plato, Ewanlid Archimedes.

Especially the Platonic solids stand out due toirttedarity and aesthetical appeal
(Figure 111.1). The Platonic solids are defined asvex polyhedra with faces of identical
shape in the vertices of which the same numberoéd and edges converge. Thus, they
include the tetrahedron, the octahedron, the dhledécosahedron and the dodecahedfh.

DS

Tetrahedron Octahedron Cube

Icosahedron Dodecahedron

Figure Ill.1: The Platonic solids.**%

These highly symmetric polyhedra were not only sabpf abstract scientific research, but
also played a big role in other cultural areas saglarts and religion. The Pythagoreans, for
example, idolized the Platonic solids as sacrecasden which the cosmos itself is

displayed™**!

In Scotland, archaeologists found crenated stdmjects with the geometry of the Platonic
solids which they called “carved stone balls” (Fgull.2). They have been dated between

5000-2500 BC and their exact purpose is to date unkn8ih.
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Figure Ill.2: The carved stone balls in the Ashmolean Museum, Oxford.*%

The comprehensive understanding of geometry thagflected in these ancient objects is
astounding. The carved stone balls not only reptesié five Platonic solids, but by the way

they were crenated also picture the inscribed pmardinate Platonic solid. For example, the
cube which is depicted on Figure 111.2 on the tefh side shows meridians, the cutting points

of which trace the octahedron which is inscribdd it

The Platonic solids are, however, not a matterusketly found in ancient arts, but are also
featured in contemporary works. The dodecahedros wused as a stylistic device for
surrealism in one of Salvador Dali’s most populampositions “The sacrament of the last
supper”. With its defined geometry based on pemtagthe Platonic solid underlined that the

composition was designed using the golden ratiguiei I11.3).

Figure I11.3: Salvador Dali: “The sacrament of the last supper” (1955).0144
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The fascination for these geometric objects had atbvanced into early science. Plato, for
example, employed them for his elemental theorywimch he associated the classical
elements to each Platonic solid (fire to the teddmbn, earth to the cube, water to the
icosahedron, air to the octahedron and ether tdadecahedror*® Johannes Kepler, on the

other hand, attempted to explain the proportionthefnatural world, or more specifically of

the solar system, by associating spheres of irsgrgdatonic solids to the planetary orbits,
which in context with his theory of the harmony thfe world attracted huge interest
(Figure 111.4) 42

Figure Ill.4: Kepler's model of the solar system: a) schematic 2D drawing; b) picture of a 3D model.l*3

The aforementioned geometries also play a hugeinolature and are therefore topic of
current research. Viruses, for example, build treapsids by self-assembly of smaller
proteins to spherical structures with icosahedeaingetry. An X-ray structure and an artwork

of the cowpea mosaic virus are shown exemplariligure 111524

Figure I11.5: Structure of the cowpea mosaic virus: a) Cryo-electron microscopy picture; b) artwork model.*+!
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Consequently, the self-organization of a disordeyetem of complementary small molecules
that recognize each other through non-covalentaot®ns to form supramolecular structures
without external guidance can be interpreted asoanBpired method. In fact, the self-

assembly of such “programmed” molecules is a hugjd bf research, and the number of
reported structures made by this approach progedgsincreases every year. This method
allows to access supramolecular structures in glesistep starting from simple precursors.
The structure of these supramolecular frameworks lza “coded” in the design of these

simple precursors with defined reactive groups sschetals and ligandé?

The self-assembly approach to access metal-baséecutes offers an alternative to the
classical synthetic route. Predetermined builditacks with defined distances and angles
between their reactive groups assemble in a higblywergent way under thermodynamic
conditions and thus require fewer steps than theesponding covalent synthesis. The
kinetically labile coordinative bonds induce a ds#fling process by forming an equilibrium
between the constituents and the final product mpmber of association and dissociation
steps and therefore generate relatively defectdtestures, representing the thermodynamic
minimum of this proces$®® Nature has been using the same principals of owalent
binding for the construction of various cell compats, such as pentameric ion channels,
microtubules, ribosomes, mitochondria and chrom@&synwhich mostly use hydrogen

bonding to form specific structures.

The synthesis of highly symmetric chemical struesuand especially of those with the
geometry of the Platonic solids has been an impbrask in organometallic chemistry.
Except for the challenge in synthesis design froam@mical point of view, interest lies also
in the field of biology,e.qg. for the translocation of drugs across membranesraattrial

science.e.g. construction of devices on molecular [eV&l These highly symmetric metal-

organic structures have been termed metal-orgaythedral™*”!

The self-assembly of a dodecahedron or an icosahe@presents an especially intriguing
and challenging task and only few examples of songtal-organic polyhedra have been
reported to date. One such example was discloselebgroup of Stang and coworkers who
succeeded in the synthesis of a metal-organic é@beelronvia an edge-directed approach
(Figure 111.6)1148!
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a)

S

Figure IIl.6: Stang’s edge-directed approach towards a dodecahedral metal-organic polyhedron: a) artwork
model; b) chemical structure of the molecules representing the vertices (Ill.1) and edges (I1l.2); ¢) TEM image of
the reaction product.*4®!

More specifically, reacting tri(4oyridyl)methanol (I.1) with linear bidentate unitll.2
resulted in the formation of a metal-organic pobjtem with dodecahedral geometry. The
reaction product waisa. characterized by transition electron microscomnficming the size
and thus the structure of the proposed reactiodymtd*®!

Another example of a metal-based structure feajuitie dodecahedron as geometrical unit
was disclosed by the group of Wright, who repowiehetal-organic framework structure of
[Nasepccpug[Na].[MeNO,]4[Et,O]y (Figure 111.7).

Figure I11.7: Artwork model of the metal-organic framework structure of [Nasspccpas][Na]:[MeNOz]x[Et-0O]y (CCDC-
code: 822358).0149

Slow crystallization by diffusing diethyl ether ina MeNQ solution of Na pccplil.14)

resulted in the formation of crystals that contdiree metal-organic framework, in which
sodium was coordinated in a fashion that polyhedith dodecahedral geometry were
formed. Interestingly, the framework was found &Highly labile and rapidly lose solvent to

interconvert to solvent-free Na pcdpl.@4 ).

A striking example for an assembled icosahedromftdO,** cations and carboxylic acid-

substituted calix[5]arenes was described by deMemdand coworkers in 2012. Slow
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crystallization in the presence of a weak base ssgbyridine resulted in the formation of the

highly symmetric polyhedron (Figure 111.8F"

Figure 111.8: Icosahedral assembly of calix[5]arenes and uranyl cations (CCDC-code: 856284).115%

The capsules consist of 12 calix[5]arenes buildiregvertices and 20 uranyl units forming the
faces of the polyhedron. Furthermore, it was sgedlthat the uranyl oxygens positioned at
the faces interact with guests encapsulated inirikigle of the cages, thus allowing for

interesting host-guest chemistry.

3.1.2 Project Background and Aims

Having appropriate fivefold symmetric building bkscin hands \(ide supra Chapter I,
Section 2.2.2), it appeared consequent to investifeeir coordination chemistry and their
potential to compose highly symmetric polyhedratuciures comprising the highest
symmetry groupn.*®* Especially, structures of dodecahedral geomeénewf high interest,

since they are composed of 12 fused five-membenegd.r

In order to design appropriate metal-containingdag blocks to form the organo-metallic
coordination polyhedron, the exact geometry withi& dodecahedron had to be investigated.

Important angles are illustrated in Figure 111.9.
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a)

Figure 111.9: Angles in a dodecahedron: a) 108°; b) 90°; c) 87°.

The angle merging the fivefold symmetric faces dradthreefold symmetric vertices adopts a
value of approximately 87°. Accordingly, metal gnivould have to consist of complexes
capable to coordinate ligands in an 87° angle (f€idgi.10). Inspired by modeling studies on
silver pccp salt®? and the coordination framework of Na pccp repotgdWright and

coworkers Yide supra Section 3.1.1, Figure II.H% pccp salts were chosen as the
molecules to form the faces of the dodecahedroms,Tthis approach represents a face-

directed self-assembly of the highly symmetric ctinee.

Figure 111.10: Assembled dodecahedron following a face-directed approach.

Facially substituted octahedral structures seenmedb&ious choice as threefold symmetric
building blocks. One such example is [(GOXNCMe)] (111.4), which had already been
shown to form stable complexes with anionic ligafitfs Based on these building blocks,
preliminary model studies were carried out usirigy®dol code provided by Kateri DuBay in
the Trauner group®” Molecules with € and G symmetry were placed to the vertices and
faces of a dodecahedron and its dual icosahedroorder to assess whether these are

geometrically able to assemble into the highly syatrio polyhedra (Figure 111.11).
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Figure I11.11: Model of a dodecahedral arrangement of [Cr(CO)sJzo[pccp]i2*?™: a) Full view; b) zoom on a metal
center, showing the 87° angle.

Pleasingly, the building blocks were found to bitadile to assemble a dodecahedral structure
according to the face-directed approach. Distaapesangles of the chosen building blocks

seem to indeed “encode” the information requireddsemble dodecahedral frameworks.

Hence, synthetic studies on the depicted self-dsigewere started, the results of which are

described in the next section.

3.2 Results and Discussion

3.2.1 Synthetic Studies on the Self-Assembly of adiécular Dodecahedron

With fivefold symmetric building block EN pccp (11.3) already in handsvide supra
Chapter II, Section 2.2.2, Scheme II.5), the sysithef the transition metal building blocks
was approached first. The synthesis of threefolshrsgtric chromium complexl.4 was

completed following a literature procedure (Schétg).***

co co
\@CO MeCN, reflux, 48 h L\CO
0C—Ci—CO MeCN—Cr——CO
oC (97 %) MeCN
co NCMe
.5 .4

Scheme lll.1: Synthesis of tris(acetonitrile)tricarbonylchromium(0) (l11.4).
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Heating chromium hexacarbonylli(5 ) in acetonitrile resulted in the formation of falty
substituted acetonitrile compléi.4 . Compoundll.4 could be prepared on large scale, but
had to be stored and weighed in a glove box dudstdigh sensitivity to air and its

pyrophoric nature.

With the desired metal complex and the ligand imdsa first experiments towards a
dodecahedral self-assembly were carried out. Adeterwas the solvent of choice for the
reaction. Specifically, it was speculated to faaie the formation of an equilibrium between
the constituents and the product, thus enablinghsalling under thermodynamic conditions.
Additional experiments were carried out in the pree of buckminster fullerenéll(6),
which was envisioned to act as a template for tb&irdd self-assembly. Furthermore, the
metal complex was found to slowly decompose if é@ah oxygen-containing solvents such
as acetone. Products were characterized by IRrsgeopy, dynamic light scattering or single
crystal X-ray crystallography, as appropriate. Aesgon of conditions employed for the

assembly ofll.3 andlll.4 is summarized in Table Ill.1.

[©) N\\ //N cO
Et,N ‘ o
o _AOM a0 MeoN—gGi—co Selassemdly
N= =N MeCN -60 MeCN,
Il NCMo ~12 Et;N®
N
n.s n.4
.6
Entry Additive Solvent Temperature  Time Yield Observation
1 - MeCN reflux 16h - starting material
2 - MeCN r.t. 6d - starting material
3 - MeCN reflux 6d - complex mixture
4 - THF reflux 48h - complex mixture
5 - DMSO 100 °C 48h - complex mixture
6 Ceo (l11.6) 0-CeH4Cl2 reflux 9% h - starting material

Table IIl.1: Selected conditions for the attempted self-assembly of 111.3 and I1I.4.
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When a mixture ofll.3 andlll.4 was heated in acetonitrile for 16 h or was stimédoom
temperature for six days, no reaction was obsewlsd starting material was recovered
(Table 111.1, Entries 1 and 2). If the temperatwas increased to reflux while being stirred for
six days, a complex mixture of products was forni€able 111.1, Entry 3). Similar results
were obtained when the reaction was carried odtHR or DMSO as solvent (Table I11.1,
Entries 4 and 5). When heating a mixturdIbB , 11l.4 and buckminster fullerendll(6 ) in
1,2-dichlorobenzene for four days and subsequerdbling the reaction mixture, starting
material was recovered (Table IIl.1, Entry 6). Imetcourse of purification efforts, an
unprecedented solvate structurdlbb6 was obtained (Figure 111.12). A full screening l&abf

conditions employed for the self-assembly can bedon Appendix 8 (Table App.8a).

Figure 111.12: View along the b-axis in the unit cell of 111.6-3CsH4Cl2 (based on preliminary data).

It was speculated that results could be improviechriomium was replaced by other group 6
transition metals such as molybdenum and tungst8ohgme I111.2). A tungsten
3-thiopheneacetonitrile compldk.12 had been shown to be a stable and versatile reagen

and was thus of special interest as building bfockhe self-assembly>®
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CcO CcO
‘\\\CO MeCN, reflux, 72 h ‘\\\CO
OC—Mo—CO MeCN—(Mo—CO
oc’ (94 %) MeCN \
CcO NCMe
.7 1.8
CcO CcoO
‘ £o MeCN, reflux, 6 days ‘ Lo
OC—(W—CO MeCN—(W—CO
oc (95 %) MeHsCN ’
CcO NCMe
n.9 .10
S \ CcO
MeCN, reflux, 72 h; . ‘ co
thenlll.11 (3 eq), MeCN CN o
0°Ctort.2h W—=CO0

1.9

B S
l{ .12
CN

.11

Scheme 111.2: Facially substituted octahedral group 6 transition metal complexes prepared for the dodecahedral
self-assembly with 111.3.

Analogous to the synthesis dfl.4, IlI.8 and Ill.10 were prepared by heating the
corresponding hexacarbonyl complextis’7 and11.9 in acetonitrilé®® In situ generated
[11.10 was further converted inthl.12 by addition of 3-thiopheneacetonitrildl(11) to a

previously heated acetonitrile solutionlf9 .1*°¢!

These building blocks were subjected to the saraetitn conditions as described 1dir4 ,

but no complexes withl.3 as a ligand were ever observed and either stamiaigrial was
recovered or complex mixtures were obtained (fdaaitkxl screening tables see Appendix 8,
Tables App.8b, App.8c, App.8d). However, in the rseuof these studies and extensive
purification efforts, crystalline material suitalfler single crystal X-ray crystallography was
obtained and thus the crystal structure of staniogp saltlll.3 was elucidated for the first
time (Figure 111.13).
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Figure 111.13: Cc-structure of 111.3: @) single ion pair; b) illustration of two unit cells, view along the c-axis.

Compoundlll.3 crystallizes in a primitive monoclinic unit celh ithe space grou@c and
shows a very similar packing as HNBtcp (11.13).2%¢! The pcep anions form layers, which
are stacking along the c-axis in a staggered fashiothe course of extensive purification

efforts, a second isomorph .3 could also be obtained (Figure I11.14).

Figure 111.14: View along the c-axis of the Pc-isomorph of 111.3.

The second isomorph crystallizes in the space gPRu@nd shows a distinctly different
packing, resulting from linearly stacked pccp unibich appear in addition to the staggered

units as observed in ti&c structure.

At this point, further pccp salts as starting miaterwere explored. Being aware that the self-
assembled dodecahedron would accumulate 12 negdtarges and would thus experience
considerable coulomb repulsion, counter ion effease speculated to play a crucial role in
the reaction. This assumption has also been swggpbst preliminary DFT calculationsifle
infra, Appendix 7). When reaction partners for the ssembly and the corresponding
transition metal unit carrying pccp as ligand wepimized in the absence of solvent and
counter ions, this substitution process was found bt endothermic. However, the

accumulated charges can be neutralized by formgig ton pair salts of pccp. In order to
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retain the fivefold symmetry, a symmetry-matchedirder ion would be required in the
envisioned system such as the ferrocenium caticdheodecamethylferrocenium cation. The

resulting “neutral” dodecahedron is depicted inuFeglll.15.

Figure 111.15: Proposed self-assembled dodecahedron with symmetry-matched counter ion.

Ferrocenium salts were readily available from tbeesponding ferrocenes. The ferrocenium
pccp salts were prepared by simple salt metathesgder to evaluate the role of the counter
ion for the self-assembly in more detail, in additito these new pccp salts several more

known pccp salts were prepared (Scheme 111.3).
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Scheme 111.3: Structure and syntheses of pccp salts employed in the self-assembly approach.

In addition tolll.13 andlll.14, the synthesis of which has already been desciileéore
(vide supra Chapter II, Section 2.2.2), silver sdlt.15 was synthesized, following a
literature-known proceduf&? Treatment ofll.3 with silver nitrate in methanol resulted in
the precipitation oflll.15. When 1ll.3 was stirred in the presence of ferrocenium
tetrafluoroborate or decamethyl ferrocenium teti@fbborate, respectively, the corresponding
ferrocenium pccp saltdl.16 andlll.17 formed smoothly and could be isolated in good
yields. Interestingly, in preliminary NMR studies 1iC signals of the pccp counter ion in salt
111.16 were observed. In contrast, tHE signals in a NMR solution of identical conceritrat
were observed in the case of siltl7. This finding was speculated to rely on a close
proximity of pccp to the paramagnetic metal in soly, which might indicateéll.16 to exist

as a tight ion pair. The crystal structurdlofL7 is shown in Figure 111.16.
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a)

Figure 111.16: Crystal structure of I11.17: a) Close view on two ion pairs; b) view along the a-axis.

Compoundll.17 crystallizes in the orthorhombic space gr&mp@;. Ferrocenium and pccp
form a close ion pair (gep-cp = 3.3 A) with Cs, symmetry, which arranges in an orthogonal
orientation towards vicinal pairs. Pccp residegdatly over the adjacent ferrocene ring in a

staggered configuration in respect to the substitue

These new pccp salts were subjected to a large ewuofbconditions to self-assemble with
threefold symmetric transition metal complexdst, 111.8, 111.10 andlll.12 (vide supra
Scheme 111.2, for detailed screening tables see eAdix 8, Tables App.8a-App.8i).
Unfortunately, no formation of transition metal qolexes with pccp was observed. However,
whenlll.17 was reacted withil.4 , formation of an interesting product was foundh@&uoe

I11.4).

® N\\ / /N CcO —|® N\\ / /N
e | c0 Me,CO, reflux, 24 h ﬁl e

j | < o
12 Fe _ —  +20 MeCN—Cr——CO M _
xdé NZ SN eoN”| 22%) Xdé N
NCMe

M = Fe:Cr 2:1
.17 .4 .18

N

[l ll
N N

Scheme ll1.4: Synthesis of the unusual metallocene (CsMes)2Cro.s3Fe0.67C10Ns (111.18).

When a mixture ofll.17 andlll.3 was heated in acetone for 24 h, formation of doyel
solid was observed, which was identified as dechyfferrocene. The resulting green

solution was separated and subjected to fractionyakallization to afford a green crystalline
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solid, which was identified as £Mes),Cro 3 67C10Ns5 (111.18). The structure ofil.18 was
confirmed by X-ray crystallography (Figure 111.17).

Figure 111.17: Crystal structure of 111.18: a) Close view on two ion pairs; b) view along the ac-axis, emphasizing the
linear stacking, hydrogens removed for clarity.

The compound crystallizes in a monoclinic crystatem in the space grolg2,/c. Pccp and
the metallocene form ion pairs with staggered conédion. Discrete ion pairs arrange
towards each other in a shifted but linear fashibns generating infinite linear metallocene
pccp rods appearing as coated “polydecker sandgiiche

In subsequent attempts, further non-group 6 thfeefpmmetric transition metal complexes
were investigated for the self-assembly (Schem&)lliin order to be able to perform the
self-assembly in water as solvent, which due tdigh dielectric coefficient was speculated
to facilitate the assembly of charged polyhedranglexes were employed that were known
to be air and water stable.
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NaNO,, NaOAc, NaOH, (/\H/W (/\H/\7
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.23 .24 I e
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Scheme 111.5: Synthesis of further threefold symmetric building blocks.

Cobalt(Il)nitrate hexahydratdl(19) was stirred in the presence of TACN trihydroclder
(111.20), sodium nitrate and a buffer of sodium acetat® sodium hydroxide while air was
bubbled through the reaction mixture to afford ¢dobBACN complex!il.21 .27 The nitrates
were exchanged with chlorides by heatiig2l in an aqueous HCI solution to provide
111.22 21 Furthermore, rhenium aqua compld.24 was prepared by heating a
rheniumpentacarbonyl bromidg.23 in water™® As a second threefold symmetric rhenium
carbonyl complex, tribromidéll.25 was synthesized by heating a mixturelid23 and
tetraethylammonium bromide in diglyme for 8'%' In addition, experiments were carried

out with commercially available ruthenium compléx26 .

These new complexes were subjected to a multithdemditions to trigger a self-assembly
and to form the corresponding highly symmetric ciees (for detailed screening table see
Appendix 8, Tables App.8e-App.8i). Unfortunatelyese attempts remained fruitless and no
complexes of threefold symmetric transition metallding blocks with pccp as ligand were
ever observed. However, in the course of thesaestutbrmation of tetranuclear, tetrahedral
rhenium complexll.27 was found™®® An example of a reaction in whi¢h.27 was formed

is shown in Scheme IlI.6.
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Scheme I11.6: Formation of tetranuclear rhenium complex 111.27.

When a mixture of rhenium aqua compleék24 and sodium pccpll{.14) was heated in

DMF to 80 °C for 24 h and was subsequently subjetdewater-diffusion into the reaction
mixture for 14 days, a colorless solid formed, iahveas identified by X-ray crystallography
to be tetranuclear rhenium compldk27 . Compoundill.27 crystallized as a DMF/water

solvate, which is depicted in Figure 111.18.

Figure I11.18: Crystal structure of 111.27-3H20-DMF: a) Single unit; b) view along the b-axis of the unit cell, water
and acetone molecules are shown.

The compound crystallized in the triclinic cryssgistem in the space groi3,21, in which
each unit cell includes three units .27 -3H,O-DMF. The X-ray structure revealed the
tetranuclear rhenium core unit to poss&dssymmetry. In the course of further studies to
access highly symmetric structures, a second Xstaycture containindil.27 was obtained
(Figure 111.19).
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Figure 111.19: Crystal structure of I1.27-dioxane-acetone: a) Close view; b) view along the c-axis.

In this solvate structure, which crystallizes ie tetragonal crystal system in the space group
P4,2,2, dioxane forms a hydrogen bond to th®H moiety inlll.27 (dio-0, = 2.6 A). The

unit cell contains four units ofil.27 -dioxaneacetone.

Pccp has been described in the literature as weakisdinating iod*® which could possibly
explain the fact that no metal pccp coordinations vaoserved in the above mentioned
attempts. Although some few mepaicp complexes have been described in literattffehe
formation of coordinative bonds with the pccp ligaseems to be limited to highly specific

systems.

In order to further investigate the face-directpdraach towards highly symmetric structures,
some preliminary experiments with other fivefoldrsyetric ligand nodes such as sodium
croconatel(l.28) were carried out. However, these studies didewat to formation of highly
symmetric complexes. Interestingly, whdh28 was reacted with cobalt TACN complex
[11.21 and the mixture was exposed to air, yellow crgsi@fl a new compound formed
(Scheme 111.7).

H
7( H BR\ 6] . S / N \ ]
water, reflux, 72 h;
T NaQ then water, air, r.t. 14 days HN.,, | «NH
HN., | NH e} ~CoS,
/CO\ [ 02N | 0
02N | N02 NaO (86 /o) o)
(0]
NO, (0]
(0]
l.21 1ll.28 .29

Scheme 111.7: Synthesis of cobalt oxalate complex I11.29.
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A mixture of cobalt TACN compleidl.21, sodium croconatdl.28 and water was heated to
reflux for 72 h. Subsequently, the flask was opemed allowed to stand for 14 days at room
temperature, upon which time oxalate comple29 was isolated as small yellow crystals as

a result of oxidation by oxygen (Figure 111.20).

Figure 111.20: X-ray structure of [Co(TACN)(NO2)(C20a4)] complex (111.29).

The compound crystallizes in the orthorhombic @alysystem in the space gro®pca The
unit cell contains four molecules .29, which form an intermolecular hydrogen bond

between am-H moiety within the TACN ligand and a nitrite oxyg@-o = 2.9 A).

At this point, it was envisioned to synthesize Hiert threefold symmetric and fivefold
symmetric building blocks and to investigate al&tive reaction pathways for the self-

assembly. The results that were gathered in thadees are summarized in the next section.
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3.2.2 Summary, Conclusions and Outlook

In summary, over 150 conditions for the self-asdgndf threefold symmetric transition
metal complexes with pccp as ligand were screemed. formation of highly symmetric
polyhedra with dodecahedral geometry remained wesstul. After extensive experimental
efforts, pccp does not seem to be an approprigaadi for the metals that were chosen for the

self-assembly.

In the course of these studies, the syntheses iysthicstructures of new pccp salts with
fivefold symmetric counter ions were discoveredatidition, two crystal structures 6f.3
could be elucidated for the first time. In someesadormation of tetrahedral tetranuclear
rhenium complexll.27 was observed, which comprises the structure otdtrahedron and

thus the geometry of a Platonic solid.

Future work will have to consist of the developmehtnew compounds with fivefold or
threefold symmetry, respectively, which have théeptal to self-assemble. For example, it
can be speculated that decahydroxycucurbit[5]util30) can form a borate-ester with
threefold symmetric boronic acid building blockscisuaslll.31 and thus assemble to the

desired dodecahedral framework (Scheme 111.8).

B(OH),

O self-assembly

Scheme II1.8: Potential reaction partners 111.30 and 111.31 for a self-assembly. For modeling, known compound
[11.32 (CCDC code: 204942) was used.
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A model of a hypothetical dodecahedral assemblyilio80 with 111.32 is depicted in
Figure 111.21.

Figure 111.21: Model of a dodecahedral arrangement of a threefold symmetric boronic acid-substituted building
block 111.32 and decahydroxycucurbit[5]uril (111.30).

Overall, the synthetic approaches towards highiyregtric polyhedra gave valuable insights
in the coordination chemistry of pccp and yieldechuamber of new crystal structures of
known compounds as well as of unreported compourtts hunt for the crystal structure of a
polyhedron with dodecahedral geometry will contimmuéhe Trauner laboratories.
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CHAPTER llI: Self-Assembly of Highly Symmetric Malales

3.3 Experimental Section

General experimental details:

Unless specified otherwise, all reactions were ggaréd with magnetic stirring under an
atmosphere of argon and in oven-dried glasswaodatésd products were dried on a high
vacuum line at a pressure of “40mbar using anATB-Loher oil pump by Flender
Dimethylformamide (DMF), methanol (MeOH), acetomér(MeCN), acetone (M€O) and
bis(2-methoxyethyl) ether (diglyme) were purchasemn Acros Organicsas 'extra dry'
reagents under inert gas atmosphere and over ntalesieves. All other reagents were
purchased from commercial sources and used witlotiter purification. Petroleum ether is
referred to as hexanes and relates to fractionsobiexanes, which boil between 40 °C and
60 °C. If appropriate, reactions were monitoredThyC usingE. Merck0.25 mm silica gel
60 Fs4 glass plates. TLC plates were visualized by exmosa UV light (254 nm) and
subsequent treatment with an aqueous solution df1C#n aqueous solution of potassium
permanganate, an acidic solution of vanillin, aigoh of ninhydrin or a mixture of silica and
finely grounded iodine, followed by heating thetplavith a heat gun. If appropriate, reactions
were additionally monitored by Proton nuclear maignesonance'd-NMR) using aVarian
200 spectrometer or LCMS using agilent Technologies 1260 infinityachine equipped
with an Agilent ZORBAX Eclipse Plus CI8versed phase analytical 4.6 mm x 150 mm
column. Yields refer to isolated and spectroscdlyigaire compounds.

190



3.3 Experimental Section

Instrumentalization:

Infrared (IR) spectra were recorded orParkin Elmer Spectrum BX IFTIR System),
equipped with an attenuated total reflection (ATR@asuring unit. IR data is reported in

frequency of absorption (Ct.

UV/VIS spectra were recorded onGary 500 8.01lspectrophotometer made Marian.
Samples were measured neat without thermostattigrange of 200 nm to 2600 nm with a

scan rate of 600 nm mith UV/VIS data is reported in wavelength (nm).

Proton nuclear magnetic resonance (1H-NMR) speatra recorded on¥arian 30Q Varian
400, Inova 4000r Varian 600spectrometer. Chemical shift§ gcale) are expressed in parts
per million (ppm) and are calibrated using residpm@dtic solvent as an internal reference
(CDClz: 6= 7.26 ppm, (RBC),CO: &= 2.05 ppm, (CBSO: 6= 250 ppm,
D,0 = 4.79 ppm§®® Unless noted otherwise, data was recorded at 2Da& for'H-NMR
spectra are reported as follows: chemical shifigm) (multiplicity, coupling constants (Hz),
integration). Couplings are expressed as: s = aingl = doublet, t = triplet, g = quartet,
m = multiplet, br = broad, app = apparent or corabons thereof. Carbon nuclear magnetic
resonance {C-NMR) spectra were recorded on the same spectesmett 75, 100 and
150 MHz, respectively. Carbon chemical shiftss¢ale) are also expressed in parts per
million (ppm) and are referenced to the centraboarresonances of the solvents (CPCI
8= 77.16 ppm, (BC),CO: & = 29.84 ppm, (CE).SO:8 = 39.52 ppm}|>!

Mass spectroscopy (MS) experiments were performedadhermo FinniganMAT 95
(electron ionization, EIl), on @hermo Finnigan LTQ FTelectrospray ionization, ESI) or on a
Jeol IMS-70@fast atom bombardment, FAB) instrument.

Melting points were measured on BZ-Melt automated melting point apparatus made by

Stanford Research Systears] are uncorrected.
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CHAPTER llI: Self-Assembly of Highly Symmetric Malales

Tetraethylammonium pccp (111.3):

N N
N/
ENT 4

ll
N

.3

Tetraethylammonium pccpl3) was prepared according to the procedure described
Chapter II, Section 2.3, compound I11.37.

Tris(acetonitrile)tricarbonylchromium(0) (111.4 ):1*°)

co ¢O
‘\\\CO MeCN, reflux, 48 h \\\\CO
0C—Gi—C0 MeCN—Cf——CO
oc ‘ MeCN ‘
cO NCMe
n.s (97 %)

1.4

A mixture of cobalt hexacarbonyldll(5, 20.0 g, 90.9 mmol, 1.00 eq) and acetonitrile
(250 mL) was heated to gentle reflux for 24 h (€5dil bath temperature). In order to rinse
sublimed cobalt hexacarbonyl back into the flasle temperature was gradually increased
after 24 h until strong reflux was reached and ithigture was stirred for 24 h at this
temperature (140 °C oil bath temperature). Thea,tiixture was allowed to cool to room
temperature and the bulk of solvent was removethemotary evaporator. To the residue was
added pentane (150 mL) and diethyl ether (100 ray)what a monophasic solvent system
was achieved, from which the product crystallizechag/ellow powder. The solid was filtered
under a stream of argon, washed with pentane (100amd dried to yieldll.4 as a yellow
solid (22.5 g, 95 %).

Sincelll.4 decomposes violently (spontaneous ignition) ifesqa to air, it was stored and

weighed in a glove box.

IR (neat):V max=2016, 1874, 1821, 1418, 1033.
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3.3 Experimental Section

Tris(acetonitrile)tricarbonylmolybdenum(0) (111.8 ):1*°!
o co
\\\\CO MeCN, reflux, 72 h ‘\\\CO
0C—M3—CO MeCN—Mo—CO
oc’ MeCN’
.7 (94 %)

.8

A flask containing molybdenum hexacarbonyl.7 , 1.00 g, 3.79 mmol, 1.00 eq) was cooled
to —78 °C and evacuated. Then, acetonitrile (30.0 m&3 added (freezes) and the flask was
flushed with argon. The resulting mixture was akolwo warm to room temperature and then
heated to gentle reflux for 24 h (95 °C oil batmperature). In order to rinse sublimed
molybdenum hexacarbonyl back into the flask, tmeperature was gradually increased after
24 h until strong reflux was reached and the m&twas stirred for 48 h at this temperature
(140 °C oil bath temperature). Then, the mixturs awlowed to cool to room temperature and
the bulk of solvent was removed on the rotary evaipo. To the residue was added pentane
(18.0 mL) and diethyl ether (12.0 mL), by what anophasic solvent system was achieved,
from which the product crystallized as a dark yellpowder. The solid was filtered under a
stream of argon, washed with pentane (15.0 mL) dmet to yieldlll.8 as a dark yellow
solid (1.08 g, 94 %).

Sincelll.8 rapidly decomposes if exposed to air, it was st@med weighed in a glove box or

freshly prepared solutions 8f.8 were directly used in subsequent reactions.

IR (neat):V max=1920, 1796.

Tris(acetonitrile)tricarbonyltungsten(0) (111.10 );[155]

co co
’ co MeCN, reflux, 6 days ‘ £o
0C— W—CO MeCN— W——CO
oc ‘ MeH;CN \
co NCMe
.9 (95 %)

.10

A flask containing tungsten hexacarboniyl.9 , 1.00 g, 2.84 mmol, 1.00 eq) was cooled to
—78 °C and evacuated. Then, acetonitrile (30.0 ma} wdded (freezes) and the flask was

flushed with argon. The resulting mixture was akolWwo warm to room temperature and then
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CHAPTER llI: Self-Assembly of Highly Symmetric Malales

heated to gentle reflux for 24 h (95 °C oil batmperature). In order to rinse sublimed
molybdenum hexacarbonyl back into the flask, tmeperature was gradually increased after
24 h until strong reflux was reached and the metwas stirred for 48 h at this temperature
(140 °C oil bath temperature). Then, the mixture &kowed to cool to room temperature and
the bulk of solvent was removed on the rotary evaoo. To the residue was added pentane
(18.0 mL) and diethyl ether (12.0 mL), by what anophasic solvent system was achieved,
from which the product crystallized as a dark ywlipowder. The solid was filtered under a
stream of argon, washed with pentane (15.0 mL)dxigdl to yieldlll.10 as a brownish solid
(2.05 g, 95 %).

Sincelll.10 rapidly decomposes if exposed to air, it was st@md weighed in a glove box or

freshly prepared solutions 8f.10 were directly used in subsequent reactions.

IR (neat):p max=1911, 1791.

fac-[W(CO)3(NCCH(3-CaH3S))] complex (111.12):H%

S \ CO
cO MeCN, reflux, 72 h; @\\ ‘ co
‘ co then .11 (3 eq), MeCN, BN -~
Y 0°Ctort.2h W co
OC—W—CO 7

OC((‘;O I\ - LCV@

1.9 (20 %)

S n.12
=t
CN

.11

A dry 50.0 mL flask was charged with tungsten hexhonyl (1.9, 1.00 g, 2.84 mmol,
1.00 eq), cooled te-78 °C and evacuated. Acetonitrile (10.5 mL) wasncdated into the
flask (freezes) and the flask was flushed withoargrhe mixture was allowed to warm to
room temperature and was subsequently heateditix fef 72 h. The mixture was allowed to
cool to room temperature and then cooled to 0 °GsoAution of thiophene-3-acetonitrile
(.11, 970puL, 8.53 mmol, 3.00 eq) in degassed acetonitril®@q5nL) was added and the
mixture was allowed to warm up to be stirred fdn at room temperature. The mixture was
filtered and the solvent was removiedvacuo The resulting residue was washed with diethyl
ether (25.0 mL) and dried to furnidh12 as a pale brown solid (388 mg, 20 %).

Sincelll.12 is air-sensitive, it was stored and weighed inoaebox.
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3.3 Experimental Section

'H NMR (400 MHz, CDCY): & = 7.37-7.33 (m, 3H), 7.26-7.24 (m, 3H), 7.04-7(61, 3H),
3.73 (s, 6H).

¥C NMR (150 MHz, CDC)): & = 196.3 (3C), 129.4 (3C), 127.2 (3C), 127.0 (313.1
(3C), 117.6 (3C), 18.8 (3C).

IR (neat): max=2258, 1937, 1893, 1756.

Triethylammonium pccp (111.13):

.13

Triethylammonium pccpl.13) was prepared according to the procedure descnbed
Chapter II, Section 3.2, compound I1.52.

Sodium pccp(lll.14):

.14

Sodium pccp 1{1.14) was prepared according to the procedure desciive@hapter II,

Section 3.2, compound I1.10.
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CHAPTER llI: Self-Assembly of Highly Symmetric Malales

Silver pcep (111.15 ):152

N N N N
\ / \ /
BT 7 A® N 7
@ AgNO3, MeOH, r.t. 1 h @
NZ =N NZ =N
Il Il
N N
n.3 (83 %)

.15

To a solution ofll.3 (513 mg, 1.60 mmol, 1.00 eq) in methanol (20.0 nva} added silver
nitrate (272 mg, 1.60 mmol, 1.00 eq) in one porio the mixture was stirred for 1 h at
room temperature. The resulting solid was filteofti washed with methanol (2 x 10.0 mL)
and diethyl ether (2 x 10.0 mL) and dried to giliel5 as a brown colored solid (396 mg,
83 %).

mp: > 400 °C.
¥C NMR (100 MHz,d6-DMS0):§ = 123.8 (5C), 112.9 (5C).

IR (neat):v max=2219, 1622, 1485.

Ferrocenium pccp(111.16):

N
g ® ® AN
F AgBF,, acetone, r.t. 10 min; Ol then 1.3, Me,CO, r.t. 24 h e —|
e e

Fe BF,

.33 .34 (78 %)

N N .16
\ / .
BN 7

Nﬁt

[l
N

N

.3

To a solution of ferrocendl(.33, 186 mg, 1.00 mmol, 1.00 eq) in acetone (8.00 wa}%

added silver tetrafluoroborate (195 mg, 1.00 mriddd0 eq) and the mixture was stirred for
10 min at room temperature. Then, the suspensienfit@red and the resulting blue colored
filtrate containinglll.34 was added to a solution 8f.3 (320 mg, 1.00 mmol, 1.00 eq) in

acetone (4.00 mL). The resulting deep green colonedure was stirred for 24 h at room
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3.3 Experimental Section

temperaturelll.16 was isolated from the mixture by allowing the swit/to evaporate over
the course of two days until green crystals hachéat, which were collected and washed with
diethyl ether (2.00 mL). A second crop of produstild be obtained by cooling the mother
liquor to—25 °C (combined yield: 293 mg, 78 %).

mp: 240 °C (dec.).

13C NMR (100 MHz,d6-acetone): Due to the presence of paramagnetiglifp no signals
were observed.

IR (neat):’ max= 2215, 1469, 1393, 1052.

UVIVIS: Amax = 252, 296, 389, 777.

Decamethylferrocenium pccp(l11.17):

1 ® 1® N\\ //N
ﬁ AgBF,, acetone, ﬁ ﬁ
r.t. 10 min; ©| thenlil.3, Me,CO, r.t.24h
BF, F

Fe Fe

Aomin o NétN
T =

[I|
N
.35 111.36 (78 %)
N/ a7
Et,N @
NZ =N
[I]
N

.3

To a solution of decamethylferrocenil.85, 326 mg, 1.00 mmol, 1.00 eq) in acetone
(8.00 mL) was added silver tetrafluoroborate (19§, m.00 mmol, 1.00 eq). The resulting
suspension was stirred for 10 min at room tempezadad filtered. The blue colored filtrate
containinglll.36 was added to a solution 8f.3 (320 mg, 1.00 mmol, 1.00 eq) in acetone
(4.00 mL). The resulting green colored mixture waged for 24 h at room temperature and
then concentrated to a volume of ca. 4 mL. Thaedugdisuspension was heated to 60 °C, hot
filtered and then allowed to cool to room tempemtto givelll.17 as green crystals. A
second crop ofll.17 was obtained by concentrating the mother liquam(sined yield:
418 mg, 81 %).

mp: 315 °C (dec.).
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13C NMR (100 MHz,d6-acetone): 113.5, 102.8 (due to the presencerafipgnetic
iron(l11), no signals of the ferrocenium cation weybserved).

IR (neat):’ max= 2214, 1464, 1389, 1023.

UVIVIS: Amax = 346, 390, 782.

Decamethylmetallocenium (FgsCro.33 pccp (111.18):

N co e N A
| co ﬁ
@ ) Me,CO, reflux, 24 h [ @
NZ =N
Il
N

+20 MeCN—(CF—CO M

veoN”| zdé N
NCMe

M = Fe:Cr 2:1
.17 .4 (22 %)

.18

|

[l
N

To a mixture oflll.17 (50.0 mg, 968mol, 3.00 eq) andll.4 (41.0 mg, 16Jumol, 5.00 eq)
was added degassed acetone (5.00 mL) and theimgsmiixture was heated to reflux for
24 h. The mixture was allowed to cool to room terapge, cooled to 5 °C and filtered. Slow
evaporation of solvent gave green crystalsliof8, which were washed with diethyl ether
(1.00 mL) and dried (10.9 mg, 22 %).

mp: 290 °C (dec.).

3¢ NMR (100 MHz,d6-acetone): 113.1, 102.4 (due to the presencerafiEnetic

iron(lIl), no signals of the ferrocenium cation werbserved).
IR (neat):v max= 2213, 1464, 1390, 1053.

UVIVIS: Amax = 304, 348, 401, 784.
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(1,4,7-triazacyclononane)cobalt(l1l) trinitrite (111.21 ):1*7]

NaNO,, NaOAc, NaOH, (ﬁn)v
I11.20, air, H,O, r.t. 1 h

HN.,, | ..NH

o

CO(NOS)Z' 6H20

Co
.19 ON™" | NO,
: NO,
N (78 %)
N H N - 3HC .21

H H
.20

To a mixture of cobalt(ll)nitrate hexahydratdl.(9, 327 mg, 1.12 mmol, 1.30 eq) and
sodium nitrite (341 mg, 4.95 mmol, 5.90 eq) waseadd buffer solution made of sodium
hydroxide (899 mg, 22.5 mmol, 26.8 eq), acetic &i87 mL, 44.9 mmol, 53.6 eq) and water
(22.5 mL). The mixture was stirred and air was betlthrough the resulting solution. A
mixture of 1,4,7-triazacyclononane trinydrochloridd.20, 200 mg, 0.830 mmol, 1.00 eq),
sodium hydroxide (101 mg, 2.51 mmol, 3.00 eq) amatew(2.50 mL) was added dropwise to
the reaction mixture. After complete addition, ratig and aeration was continued for 1 h, then
the resulting yellow-green precipitate was colldct@ashed with water (100 mL) and acetone

(5.00 mL) and drieéh vacuoto affordlll.21 as an amorphous powder (211 mg, 78 %).

IR (neat):V max=3216.

(1,4, 7-triazacyclononane)cobalt(l11) trichloride (111.22 ):1*%7]

D R
N HCI, H,0, 95 °C, 2.5 h N

HN., | . NH HN.,, | NH
oN” T NO, o= P~a
NO, cl
.21 (46 %)

.22

A suspension of [Co(TACN)(N£s)] (111.21, 64.0 mg, 0.179 mmol, 1.00 eq) in an aq. HCI
solution (1.00m, 3.50 mL, 3.57 mmol, 20.0 eq) was heated to 9%50t@.5 h. The resulting
dark violet solution was concentrated to drynedse Bblue-green residue was washed with
water (3 x 1.00 mL) and acetone (1.00 mL) and dteedjive I11.22 as a turquoise solid
(24.0 mqg, 46 %).

IR (neat):V max=3220.
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Tris(aqua)tricarbonylrhenium(l) bromide (I11.24 ):*%®!

®
co co ]
\@CO H,0, reflux, 24 h \@CO S
OC—Re—CO0 —————— H0—Re—CO B
oc \ H,O ’
Br OH2
.23 (96 %)

.24

A mixture of bromopentacarbonylrhenium bromidiéZ3, 500 mg, 1.23 mmol, 1.00 eq) and
water (5.00 mL) was heated to reflux. After 16 he tcondenser was rinsed with water
(1.50 mL and refluxing was continued for anothdr. 8 hen, the mixture was allowed to cool
to room temperature, filtered through a small phigcelite and concentrated to dryness to
givelll.24 as a slightly green colored solid (477 mg, 96 %).

mp: 270 °C (dec.).

IR (neat):V max=2025, 1941.

Ditetraethylammonium tricarbonylrhenium(l) tribromi de (111.25 ):*!

co co —|2®
‘ o Et,NBr, diglyme, \ cOo
OC—Re—CO M10°C.5h  _ Br—Re—CO 2g;,N®
oc’ ‘ Br’
Br Br
.23 (79 %)

.25

A suspension of rheniumpentacarbonyl bromitde2@, 1.00 g, 2.46 mmol, 1.00 eq) in
diglyme (16.0 mL) was heated to 50 °C. A secondpsasion of tetraethylammonium
bromide (1.10 g, 5.26 mmol, 2.14 eq) in diglyme.(6hL) was heated to 70 °C and was then
cannulated to the first suspension containih@3. The resulting mixture was heated to
110 °C for 5 h and was then allowed to cool to raemperature. The resulting precipitate
was filtered off and dried. The crude mixture wasifped by suspending in hot ethanol
(8.00 mL) and filtration. The residual filter caieas washed with hot ethanol (2 x 5.00 mL)
and dried to givell.25 as a colorless solid (1.50 g, 79 %).

mp: 310 °C (dec.).
IR (neat):V max=2000, 1866.
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Tetrakis(tricarbonyl- n3-hydroxo-rhenium (111.27):

oc
® Re—CO
co ] NS N\ 4 DMF,80°C,24h; oc
\ co then DMF, water,
S} r.t. 14 days OC Re
20 H2O—Re—CO g 4+ 12 = @ =
H,0" N N C Re
Il
OH, i
.24 n.14 0 R 'CO
H
. 2.5H,0- DMF

(18 %)
n.27

To a solution of sodium pccpli(14, 23.0 mg, 11Jumol, 3.00 eq) in DMF (3.10 mL) was
added tris(aqua)tricarbonylrhenium(l) bromidd.24 , 75.0 mg, 0.184 mmol, 5.00 eq). The
mixture was heated to 80 °C for 24 h and was tilewed to cool to room temperature. The
reaction mixture was filtered and the filtrate wagjected to water-diffusion for 14 days,
upon which time crystals suitable for X-ray crykigftaphy formed, which were collected and
dried to affordll.27 (11.2 mg, 18 %) as a colorless solid.

mp: 290 °C (dec.).
IR (neat):V max=2027, 1921.

'H NMR (300 MHz,ds-acetone): 6.50 (s, 4H).

(1,4,7-triazacyclononane)(oxalato)cobalt(l1l) nitrite (111.29):

H
/7[ H BR\ (0] . S / N \ ]
water, reflux, 72 h;
T NaO then water, air, r.t. 14 days HN.,, | NH
HN.,, I NH le) ~CoS
~Cog O,N” | 7O
ON™ | "NO; NaO o o
NO, (0]
(0]
.21 .28 (86 %)

.29

A mixture of [[TACN)Co(NQ)3] (111.21, 36.5 mg, 0.102 mmol, 5.00 eq), disodium croconate
(.28, 11.4 mg, 0.061 mmol, 3.00 eq) and water (5.00 ma¥ heated to 60 °C for 72 h.
Then, the mixture was allowed to cool to room terapge and the flask was opened to allow

for slow evaporation of solvent. After 14 days,sta}s suitable for X-ray crystallography had
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formed, which were collected and dried to furni$l29 as an orange colored crystalline solid
(28.3 mg, 86 %).

mp: 210 °C (dec.).

IR (neat): max=3144, 1694, 1661.
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Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.338:

Parame ter Value
1 Solvent cdd3 | f
2 Temperature 27.0 | |
3 Number of Scans 8 [ |
4 Spectrometer Frequency 300,07 | [

5 Nudleus H
| |

:
{

094—‘
00—
T oas—
13—
300 —

T T T
50 45 40 35 30 25 20 15 Lo 05 08 05 10

r T T T T T T -
25 20 15 M0 105 W00 %5 90 &5 B0 A5 70 & 60 55
1 (ppm}
Parameter value 5 2 woog 5 2 o}
2 Sl Bhe =
1 Solvent cdd3 | | | ‘ ‘
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13C
|
r T T T T T T T T T T T T T T
230 20 210 200 150 180 170 160 150 140 130 120 110 100 50 80 ] &0 ] 40 L] b 10 [} 10

i (ppm}
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'H NMR spectrum of.257:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.07
5 Nudleus H
Boc

1

10—
1o —
I —

T T T T T T T T T T
12,5 2.0 L5 1.0 10.5 100 8.5 2.0 8BS 8.0

3¢ NMR spectrum of.257:

Parameter Valug 8E &
[ g
1 Solvent cdd3 'q 7 'I
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13c
O
om OEt
Boc

o -
- eln—=

o | n—

o
in

83 53
e k]

58 .94
-31.14
— a7
—21,54
—14.16

r T T T T T T T T

230 20 210 200 130 B0 170 160 150
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'H NMR spectrum of.250:

Parameter Value
1 Solvent cdd3 {
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.08 :
5 Nudeus 1H [
| = |
o | [
| : s }
BnO / L L & /! 1/
N OEt
Boc
1 N O
H H
3 el S i o L
= T = mw = = = = o
S z B &3 2 8 2 g 32
+* A 3 28 = 3 =
r T T T T T T T T T T T T T T T T T T T T T T T T T
2s RO 15 1.0 WS 00 95 2.0 25 g0 25 7.0 5.5 &0 5.5 50 45 40 25 30 23 20 1.5 19 5 0.4 0.5
f1 {ppm}
13 .
C NMR spectrum of.250:
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e dda fueien) i = Eﬂlﬂ 2 0B e ] g Fi E X
S/ | [N I [
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4 Spectrometer Frequency 75,496
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|
BnO O
1)
N OEt
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1
|
I
1 i Pl | I
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'H NMR spectrum of.261:

Parameter Value
1 Solvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 599,33
5 Nudeus H

BnO

-

o
T oy {1
£ 8 = & ] g 2
S ~ s 3= & m
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12,5 120 I1L5 4@ W5 108 85 %0 B5 B0 A5 70 &5 60 55 50 45 40 3.5 30 25 20 15 10 05 00 05 -10
1 {ppm}
13 .
C NMR spectrum of.261:
Parameter value g i & g RBRY -3 g & mian 2 =] n
EE = L 5y giE = £ =
LS S V7 R (I |
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'H NMR spectrum of.258:

Parameter Value

1 Solvent cdd3

2 Temperature 27.0

3 Number of Scans 8

4 Spectrometer Frequency 300.08
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I
NHBoc ‘ [

MeOMOMe - ) )

|

T T B 17
g % 28 3 B

1 13—
o aa—
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13 .
C NMR spectrum of.258:
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o = £ HED RER
1 Solvent cdd3 [%] N [N
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13C
NHBoc
MGOMOMG
O o}
|
|
1
|
1 L
T T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 uo 130 120 }10 00 %0 B0 0 €0 S0 “0 30 20 10 o 10

f1 {ppm})
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'H NMR spectrum of.259:

Parameter Value
1 5olvent cdd3 |-"
2 Temperature 27.0 l‘
3 Number of Scans 8 |
4 Spectrometer Frequency 300.08 |
5 Nudeus 1H [ |I /
] |
[ /
BnO | ; | /
NHBoc | ooy | R
MeO ~_-OMe
O O

mixture of rotation isomers

[

H Pogee (i 1
b 5 s 5 = = = i
z g s 2 - N
r T T T T T T T T T T T T T T T T T T T T T T T T T T
12,5 12.0 1.5 1.0 0.5 0.0 9.5 8.0 85 BD 7.5 7.0 6.5 fgg )5.5 50 4.5 4.0 35 3.0 2.5 0 L5 1.0 o5 0.0 9.5
{ppm
13 .
C NMR spectrum of.259:
Parameter Value UARE = 28 GREZIRGE 2E Ew o2 FhaE § ‘goae
genp i ThoEETAERS 28 Ea o= i b Eas
oA e forietl = Iw ERaw =g B o= pEnn o SEER
s 1 o S |1 == Vool S S
emperature \
3 Mumber of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13C
BnO
NHBoc
MeO ~ OMe
(0] (0]
mixture of rotation isomers

170 160 150 140 130 120 }10 100

30 29 210 200 190 180
f1{ppm})

208
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'H NMR spectrum of.341:

Parameter Value

1 Solvent cdd3

2 Temperature 25.0

3 Number of Scans 18

4 Spectrometer Frequency 399.94

5 Nudeus H
BnO 0

o N OMe
Boc

48] Te——
o =

H i t
A
o= e wn m
88 = g & A
=5 2 8 = s
T T T T T T T T T T T T T T T T T T T T T T T T T 1
125 120 1.5 110 195 100 85 90 85 L] 75 70 &5 6 55 50 45 40 3.5 30 25 20 1§ 0 05 00 05 -10
f1 {ppm}
13 .
C NMR spectrum of.341:
Parameter Value 88 % £ ARE e} - 3 R & Ry
£h . Bl 2 £ LR B 5%
R s ¥ I 1 TR i
2 Temperature 25.0
3 Number of Scans 512
4 Spectrometer Frequency 100.58
5 Nudeus 13C
BnO O
N OMe
Boc i
[
! |
|
|
| |
|
T T T T T T T T T T T T T T T T T T T T T T T T 1
bxli} 20 210 200 150 180 170 160 150 140 130 120 110 100 0 2] ] €0 =0 @0 30 0 10 0 -10

f1 {ppm})
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'H NMR spectrum of.263:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 32
4 Spectrometer Frequency 599,21
5 Nudeus H
NH,
EtOMOEt
o o}

100 s
201 =

T T T T T T T T T

1.0 135 130 125 120 115 110 105 100 8.5

13C NMR spectrum of.263;

Parameter Value 83
BR
1 Solvent cdd3 T T
2 Temperature 27.0
3 Number of Scans 128
4 Spectrometer Frequency 75.46
5 Nudleus 13C
NH,
EtOMOEt
0o o}

in

6084
60,31
—53.70
_~30.55
~-29.70

.5

14.11

30 29 210 200 190 180 170 160

210

T
150

T
140

T
130

T
120

f1{ppm})

110
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'H NMR spectrum of.264:

Parameter Value

1 Solvent cdd3 f

2 Temperature 27.0

3 Number of Scans 8

4 Spectrometer Frequency 300.08 !

5 Nudeus H ‘

|
NHBoc [ |
H b /| ik /
O O

. —
Er___

100 —]

o P i
= 283 = = 28
2 2=25 =3 e
T T T T T T L T T T T T T T T T T T T T T T T T T 1
125 120 1.5 110 195 100 85 90 85 L] 75 780 &5 60 55 50 45 40 3.5 30 25 20 1§ 0 05 04 05 -1.0
f1 {ppm}
13 .
C NMR spectrum of.264:
Parameter Value 29 & B gn = aEE =g
s N & 28 B iy £
1 Pulse Sequence s2pul \/ \‘,J | \ V \/
2 Temperature 27.0
3 Number of Scans 512
4 Spectrometer Frequency 150.69
5 Nudeus 13C
NHBoc
EtoMOEt
o} ¢}
|
L ;
|
r T T T T T T T T T T T T T T T T T T T T T T T 1
bxli} 20 210 200 150 180 170 160 150 140 130 120 110 100 0 2] ] €0 =0 @0 30 0 10 0 -10

f1 {ppm})
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'H NMR spectrum of.265:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.07
5 Nudeus H

BnO
HBoc

EtO OEt

"z

T T T o
2 283 = g b= ke
= Ao ~ = ~ =2
T T T T T T T T T T T T T T T T T T T T T T T T T T T
4.0 135 130 125 R0 11,5 1.0 10.5 100 9.5 9.0 8BS 8.0 7.5 £.5 &0 55 5.0 4.5 4.0 35 3.0 2.0 15 0.5 2.0 -0.5 -LO
F1 {ppm}
13 .
C NMR spectrum of.265:
Parameter Value E E E S ﬁ E E 2 58 f b =l 4 % B E é
SRS cdda Ll =4 g one % s el & o A =
N [~ gt & | [l Y
2 Temperature 27.0
3 Number of Scans 8132
4 Spectrometer Frequency 75.46
5 Nudeus 13c
ly
BnO
NHBoc
EtO ~_-OEt
o O
|
|
i
|
r T T T T T T T T T T T T T T T T T
130 110 0 B0 N 0 4“0 30 10 L]

170 160 150

140

f1 (ppm

}



Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.266:

Parameter Value

1 Solvent cdd3

2 Temperature 25.0

3 Number of Scans 18

4 Spectrometer Frequency 399.94 r

5 Nudeus 1H " . |
| y ‘ [
| 2 | 5 |

Bnomo ! g [ rl ; I | |‘
Meo” N OEt
Boc

crude reaction mixture,
both diastereomers

& & §E B g 8 B3
T T T T T T T T T T T T T T T
13 12 11 0 % e 7 & 4 3 2 1 Q 1
f1 {ppm}
13 .
C NMR spectrum of.266:
Parameter Velue =8 % AR BRRERS £% pE o dws Bdu 28 gagd gd
R R AR BEEEASR Bh 88 OF0 B85 BAS TT O SRES £
i i, % VN NN NIV Y NPV
2 Temperature 25.0
3 Number of Scans 4096
4 Spectrometer Frequency 100.58
5 Nudeus 13C
BnOWO
Meo” "N OEt
Boc
crude reaction mixture,
both diastereomers
1
|
|
[ | |
- .
r T T T T T T T T T T T T T T T T T T T T T T 1
230 29 210 200 190 180 170 180 150 140 130 120 110 100 %0 B0 B &0 50 9 30 0 10 Q 0
f1 {ppm})
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'H NMR spectrum of.249:

Parameter

1 5olvent
2 Temperature
3 Number of Scans

Value
dmsa

100.0
18

4 Spectrometer Frequency 399.92

5 Nudeus

Bnomo [

me" N

Boc

H

OEt

ht [} b d b

| 11 A
2 =g o =g n 9 un eow
& 88 § &8 g 5 & g3
2 2R S &= 5 3 3 Fn.

T T T T T T T T T T T T T T T T T T T T T T T 1
12,5 2.0 1L5 05 100 8.5 9.0 8.5 80 75 740 &5 6.0 55 50 4.5 40 3.5 30 5 2 15 1 0.5 0.0 -0.5 1.0
F1 {ppm}

13 .

C NMR spectrum of.249:

Parameter value g % 3 833 o oao Neo 2 2@ i

st e T I MRV VN N

2 Temperature 100.0 1

3 Number of Scans 512

4 Spectrometer Frequency 100.57

5 Nudleus 13C
"

\
Me\\\ N OEt
Boc
|
|
|
|
o 8 - el L .JL =) ){
T T T T T T T T T T T T T T T T T T T 1
30 29 210 200 190 180 170 160 150 140 130 120 f }10 } 100 k) E: n &0 50 40 30 0 0 Q
{ppm

214
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'H NMR spectrum of.273:

Parameter Value
1 Solvent cdd3 |
2 Temperature 27.0
3 Number of Scans 32
4 Spectrometer Frequency 599.36
5 Nudeus H |

—
o
—_
f——

] Ll P Y
T 1T P 1yl

r T T T T T T T T T T T — T T
RS 2O 1S U0 WS W0 95 90 85 B0 RS FO &5 68 55 50
f1 {ppm}

£ 20—
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-
)
w
w
)
[
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~
=
-
in
,.
E)
=
n
o
S
&
in
-
E]

13C NMR spectrum of.273;

H0% 534 SR me = oo = 3 = B
Parameter Value cms man ns 2 o g 0 ; 5B g
1 Solvent cdcl3 TR Wi 7 i T T ik
R I ¥ 1] | I I
2 Temperature 27.0
3 Number of Scans 2048
4 Spectrometer Frequency 150.72
5 Nudeus 13c
i
| 1
|
I
I |
|
I
| |
|
T T T T T T T T T T T T T T T T T T T T T T T T 1
230 220 210 200 150 pi:1) 170 150 150 140 130 120 110 100 0 B0 il &0 50 a9 30 Pl 10 i) -1

f1 (ppm}
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'H NMR spectrum of.271:

Parameter Value

1 5olvent cdd3 "

2 Temperature 27.0

3 Number of Scans S0} |

4 Spectrometer Frequency 399.92 i ;I

5 Nudeus H ! [
| P

BnO O | v f f
| 5 4 hrs i

~ TN OH

Me
Boc
mixture of rotation isomers

= @2 2 = = o @
g g8 8 a 2 ]
& a5 = B = & m
T T T T T T T T T T T T T T T T T T T T T T T T T T 1
S 20 W5 me WS WO S5 90 RS 80 75 70 &5 60, ;).5 50 45 40 35 30 25 20 L5 LO 05 09 05 <10
1 {ppm

3C NMR spectrum of.271:

25 B A/ 4B FREETEA
Parameter Value S =i G s i By ENIR BE&HSE TR BERE &R
-
2 Temperature 27.0
3 Number of Scans 4096
4 Spectrometer Frequency 100,57
5 Nudeus 13C

BHOWO

SN OH
Me Boc
mixture of rotation isomers

T T T T T T
140 130 120 110 } 100

20 T 200 150 180 170 160 150
F1 {ppm

216
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'H NMR spectrum of.272:

Parameter Value
1 Solvent dmsa
2 Temperature 27.0
3 Number of Scans b3
4 Spectrometer Frequency 399.92 ;
5 Nudeus H { II

r T T T T T T T T T T T T T T T T T

1.5 120 115 1.0 .S 100 9.5 9.0 85 ED A5 70 &5 30 2.5 20 1.5 L0 05 0.0 -0.5 -1.0

13C NMR spectrum of.272:

Parameter Value 8 g A 2 22 =z zsg 2 Ha g
= i 2on 2 ORR 2 FA = R&E &
His i N Y T 70
2 Temperature 100.0
3 Number of Scans 2048
4 Spectrometer Frequency 100.57
5 Nudeus 13C
I
Bnomo'*
8N N
Me'
Boc
|
1
T T T T T T T T T T T T T T T T T T T T T T T 1
230 29 210 200 190 180 170 180 150 140 130 120 }10 100 %0 B0 B &0 50 9 30 0 10 Q -10

f1 {ppm})
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'H NMR spectrum of.274:

Parameter value

1 5olvent cdd3

2 Temperature 27.0

3 Number of Scans g

4 Spectrometer Frequency 599.35

5 Nudeus H
BnO/\E>_/OH

Me" N
Me

100 ==

-
=

292
111
ann
1int

T T T T T T T T T

r T
125 120 L5 110 105 104 5.5 9.0

M0 135 130

13C NMR spectrum of.274:

Parameter value
1 Solvent cdd3
2 Temperature 27.0
3 Number of Scans 2043
4 Spectrometer Frequency 150.72
5 Nudeus 13c
BnO/\E>40H
me” N
Me

—137 98

128 41
127 69
127 56

Vs
X

= ==
%5 28
3 28
T T
45 4

i

N}

=]

—67 57
5814
57,65
—d9.51
—35.75

-—28 45
—21.56

r T T T

230 20 210 200 190 180 170 160

218

140
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'H NMR spectrum of.275:

Parameter

1 Solvent
2 Temperature
3 Number of Scans

4 Spectrometer Frequency 399.92

5 Nudeus

Value
dmsa

100.0
15

Me® N H
Boc
I
f 1% 11 o1
m " 2 = = =8 == =
z o ~ 3 2 & == £
T T T T T T T T T T T T T T T T T T T T T T T 1
25 20 15 110 195 95 90 85 L] 75 78 &5 5?1’ ;).5 50 45 40 3.5 30 25 20 1§ 0 05 04 05 -1.0
{ppm:
13 .
C NMR spectrum of.275:
o o @ oo
3 s 5 @mnn £ B3 R & & g2 3
a s a o) £ ORR B i L3 BR =
I (S [N T ] I ool
Parameter Value
1 Solvent dmso
2 Temperature 100.0
3 Number of Scans 1088
4 Spectrometer Frequency 100.57
| 5 Nudleus 13
RS
Me\‘\\ N H
Boc
|
|
]
1
|
r T T T T T T T T T T T T T T T T T 1
230 20 210 200 170 150 150 140 130 120 - 110 . 100 50 -] ] €0 £l 30 E] 10 0 0
(ppen;
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'H NMR spectrum of.269:

Parameter Value
1 5olvent dmsa
2 Temperature 27.0
3 Number of Scans &4
4 Spectrometer Frequency 399.92
5 Nudeus H [

minor diastereomer
mixture of rotation isomers

T T T T T T T T T T T
12,5 2.0 1L5 11.0 05 100 8.5 9.0 8.5 80 75

13C NMR spectrum of.269:

138 05
127 80
127 73
127 68

)

Parameter value 2 289
== = wmm
G oo
1 5olvent dmsa w Lh A
2 Temperature 27.0

3 Number of Scans

4 Spectrometer Frequency 100.57
13C

5 Nudleus

20000

OH

Boc
minor diastereomer
mixture of rotation isomers

30 29 210 200 190 180 170 160 150 140

220

120

087 —
e —

3]

79.00
78.61
7192
70.10
6236
63
4.
28 60
28 54
27.00
26.86
L
20.51

1617
11463
723
Zain
— .03
sz

LE
N




Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.269:

Parameter

1 Solvent
2 Temperature
3 Number of Scans

4 Spectrometer Frequency 399.92

5 Nudeus

Value

dmsa
100.0
15

H

OH

Boc
major diastereomer

S

f
:

PR |
T O iy Py
= = 22 == sog 2 2 =2 =22
a =1 =23 &5 =823 = 8 8 88
S = 25 a3 SRS = ==
T T T T T T T T T T T T T T T T T T T T T T T T T 1
12.5 12.0 1.5 1.0 0.5 100 9.5 9.0 &85 B0 s 70 &5 50 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 05 2.0 0.5 1.0

13C NMR spectrum of.269:

Parameter Value §

o)

1 Solvent dmso il
2 Temperature 100.0
3 Number of Scans 2358

4 Spectrometer Frequency 100.57
5 Nudeus 13c

major diastereomer

80 ES
f1 {ppm}

7 BRES z
g2 &an 2
SNV

5 mns b & e o2
Z Rpoiaa i poirg
T H2 07 | T

T T T T T T T
230 220 210 200 150 B0 170 180

T T T T T T
150 149 130 120 10 100
f1 (ppm}
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'H NMR spectrum of.277:

Parameter value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans g
4 Spectrometer Frequency 599,31
5 Nudeus H

BnO/\E>_<o

Me" H OEt

- 200—

100

100 —==

099—T

r T T T T T T T T T
1.5 2o 1LE 1.0 0.5 100 8.5 9.0 8BS R

13C NMR spectrum of.277:

Parameter value E
1 Pulse Sequence s2pul 2
2 Temperature 27.0
3 Number of Scans 512
4 Spectrometer Frequency 150.71
5 Nudeus 13c

Bnomo

SN OEt
Me H

—138 37
128 33
127 52
127 47

£
gE

&
in

7313
7208

s

w

_~G0 .83
=58 .39
TGk BE

r T T

230 20 210 200 190 180 170 160 150

222

110
f1 (ppm

}

10—
1o —L
e | 10—
10—
300

299"

—46.59
3406
—20.76
—14.20
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'H NMR spectrum of.269:

Parameter Value
1 Solvent cdd3 {
2 Temperature 25.0 I 4
3 Number of Scans 15 | |‘
4 Spectrometer Frequency 399.94 |
|
I

5 Nudeus H |
[ I

Bnomo ! ' f ,'l.w"l I

Me® N OEt

—

COOEt

e TT ™ i
= = = = === = = = =2z
= A s & 553 & 5 8 =3
T T T T T T T T T T T T T T T T T T T T T T T 1
2.5 2o 115 1.0 0.5 0.0 9.5 9.0 85 B0 7.5 70 &5 5.;!1 . 5).5 50 4.5 40 3.5 30 2.5 2.0 1.5 L0 25 0.0 -0.5 -1.0
{ppm
13 .
C NMR spectrum of.269:
Parameter Value E f = % z E E & EA 2ne ] b =
1 Solvent dd3 o= § a ooy ] a4 2R L = L
e [ I N A \ I~
2 Temperature 25.0
3 Number of Scans 4036
4 Spectrometer Frequency 100.58
5 Nudeus 13C

110 100 %0 B0 B &0 50 9 30 0 10 Q -10

230 29 210 200 190 180 170 180 150 140 130 120
f1 {ppm})
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'H NMR spectrum of.247:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 32

4 Spectrometer Frequency 399.92

5 Nudeus H
BnO/\EHO |
Me“\\ N OEt

COOEt

T T T T T T T T T T T
12,5 2.0 1L5 11.0 05 100 8.5 9.0 8.5 80 75

13C NMR spectrum of.247:

Parameter Value § ; :
1 Solvent cdd3 "\' 'T "|'
2 Temperature 27.0
3 Number of Scans 15000
4 Spectrometer Frequency 100.57
5 Nudleus 13C

Bnomo

ve "N OEt

COOEt

128 27

=

127 48

127 43

=

T T T T T T T T T T
30 29 210 200 190 180 170 160 150 140

224

130

40—
10—

W =
100 —=

H 20—
10—

b
g

)

100 —
614—=
30—

n ™ 200—C

in

H
=
2
~
T

Fic
w
S
3]
&
=
|-l
w»

73.28
73.05
62.21
60.24
60.13
59.86
—45 27
——d43 43
—34.20
—31.03
—18.06
14.25
14.18

<
S
X
R
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'H NMR spectrum of.245:

Parameter Yalue
1 Solvent acetone { r
2 Temperature 25.0 | |
3 Number of Scans 32 |
4 Spectrometer Frequency 399.95 ‘I Iy
5 Nudeus H | | |
{ ! |

:

00—

Il—

50— ==
- 206—=
200
1o~
10—
-

= = =z
=l 2 33
= =S e
T T T T T T T T T T T T T T T T T T T T T T T T T 1
2.5 2o 115 1.0 0.5 0.0 9.5 9.0 85 B0 7.5 70 &5 8.0 5.5 50 4.5 40 3.5 30 2.5 2.0 1.5 L0 25 0.0 -0.5 -1.0
f1 {ppm}
2 ¥ g HRA R o m e 3 =
3 b - R BRZT HE 28 g Ak
I ] 2 Buh e S ®n = 3 @ m
P = bl 2o RER 32 & = 2 9
I I [N SV W y [l
Parameter Value
1 Solvent acetone 1
2 Temperature 25.0
3 Number of Scans 7935
4 Spectrometer Frequency 100,58
5 Mucleus 13C |
| |
|
I |
|
I
" Jl‘
T T T T T T T T T T T T T T T T T T T T T T T 1
190 180 170 180 150 uo 130 120 10 00 £ 8 B &0 50 4“0 30 20 i} L]

230 220 210 200 1
f1 (ppm}
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'H NMR spectrum of.254:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.08
5 Nudeus H f

(0]
/\/\
on

L

100 —I
200 —

200 —=

L A FN FCRNAE N B B S B I N R SE AN |

T

125 1240 1L 110 15 100 85 90 B85 84 #5748 &5 B 5.5
F1 {ppm}
13 .
C NMR spectrum of.254:
Parameter Value 3 2 B 2 o3 by
o a 5 T 7 I g
1 Solvent cdd3 T Mt i ey T T
2 Temperature 27.0
3 Number of Scans 895
4 Spectrometer Frequency 75.46
5 Nudeus 13C
O
N
///J\ (0) X
p— |
i

o4

=
3]

T T T T T T

30 29 210 200 190 180 170 160 150 140 130 120 110
f1{ppm})

226
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'H NMR spectrum of.282:

Parameter
1 Solvent

2 Temperature
3 Number of Scans

Value
cdd3

27.0
8

4 Spectrometer Frequency 599,27

5 Nudeus H
0]
> o/\/\
(OC)QCO \’CO(COS)

7 .25

—579

—5 .09

—4.29

2 43

T T T T

T T T

0.5 100 9.5 9.0

25 2o 15 110 70 &5 6 55 50 45 40 3.5 30 25 20 1§ 0 05 04 05 -1.0
f1 {ppm}
13 .
C NMR spectrum of.282:
5 u i i an = o
z s 8 5 nem ¥ =
I | LAl
Parameter Value
1 Solvent cdd3
2 Pulse Sequence s2pul
3 Temperature 27.0
4 Number of Scans 704
5 Spectrometer Frequency 150.70
& Nudeus 13C
0]
. 0/\/\
0OC)3CoZA
(0C)CO~E0(c0,)
|
|
|
]
| 1
A \
T T T T T T T T T T T T T T T 1
130 220 210 200 150 180 170 120 110 100 %0 80 ] &0 s0 40 10 -10
f1{ppm
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'H NMR spectrum of.284:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.08
5 Nudeus H
{ {
O . f |
/
_:'/ r {

TMS

I i I A . J

T I f ) r

= g = g 2

a ~ ~ o =

T T T T T T T T T T T T T T T T T T T T T T T T T T 1
12,5 2.0 1L5 11.0 05 100 8.5 9.0 8.5 80 75 740 &5 Sf! . 5).5 50 4.5 40 3.5 30 2.5 .0 15 L0 0.5 0.0 -0.5 1.0
1 {ppm
13 .
C NMR spectrum of.284:
Parameter Value E ﬁ E He =) = 2
= bt = e E H
1 5olvent cdd3 | W/ T
2 Temperature 27.0
3 Number of Scans 2048
4 Spectrometer Frequency 75.46
5 Nudleus 13C
TMS
I
|
|
| [
T T T T T T T T T T T T T T T T T T T T T 1
30 29 210 200 190 180 170 160 150 140 130 120 110 100 k) E: n &0 50 0 Q -10

f1{ppm})

228
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'H NMR spectrum of.289:

Parameter Value
1 Solvent cdd3 |
2 Temperature 25.0 |
3 Number of Scans 64 |
4 Spectrometer Frequency 399.94 IF
5 Nudeus H f
|

o) |

EtOJ\[m
PPh, |

mixture of rotation isomers

T T T T
0.5 100 9.5 9.0 &85 B0

1.0

T T T
12.5 12.0 1.5

13C NMR spectrum of.289:

Parameter Value = % BRIFHE 37 i m phEr mon  om

e s momsan == o mams  FRE W3
o e 5 i gEsEEn o3 Rp  RiEE gEs 33
2 Temperature 25.0
3 Number of Scans 4352
4 Spectrometer Frequency 100.58
5 Nudeus 13C

PPhy
mixture of rotation isomers
|
| |
d |
| | 1 l L [Nl l[
= l | | J 4 |
T T T T T T T T T T T T T T T T T T T T 1
bxli} 20 210 200 150 180 170 160 150 140 130 120 ; 110 ) 100 0 2] ] €0 =0 @0 30 0 10 0 -10
1 (ppm.
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'H NMR spectrum of.290:

Parameter Value
1 5olvent cdd3 [
2 Temperature 27.0 ‘
3 Number of Scans 8 [
4 Spectrometer Frequency 300.08 | |
5 Nudeus H '3
Fllke |
OFEt | /
HO- f / / ‘
1 . . e o
L 11
2 = 2 3
n = -
T T T T T T T T T T T T T T T T T T T T T T T T T T 1
125 120 IL5 10 W5 00 95 9.0 85 0 7.5 740 &5 s;: . ;).5 50 4.5 40 3.5 3.0 25 2.0 1.5 1.0 0.5 00 05 1.0
1 {ppm
13 .
C NMR spectrum of.290:
Parameter Value < % A5
& 2 o
1 Solvent cdd3 | | N
2 Temperature 27.0
3 Number of Scans &4

4 Spectrometer Frequency 75.46
13C

5 Nudeus

OFEt

Ho\b

230 20 210 200 190 180 170 160 150 140 30 120 110
fi {ppm}

230



Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.291:

Parameter Value
1 Solvent cdd3 {
2 Temperature 27.0 |
3 Number of Scans 64
4 Spectrometer Frequency 599,28 [ ‘
5 Nudeus H |

100 =
300 —=
100 —
100 —=

200 —

r T T T T T T T T T T T T T T T
25 @0 1L I WS 09 %5 %8BS BO A5 7@ &5 B0 EE B0 45 40 S
f1 (ppm}

1.5 L0 05 0.0 -0.5 -1.0

w
S
-2
in
~
=

13C NMR spectrum of.291:

Parameter Value 2 a 2 o s T
1 Solvent cdd3 g 2 2 ] g I
2 Temperature 27.0 | | \ / ‘ I
3 Number of Scans 2098
4 Spectrometer Frequency 150.70
5 Nudeus 13

230 220 210 200 150 pi:1) 170 150 150 140 130 120 . 10 ) 100 0 B0 il &0 50 a9
1 (ppm
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'H NMR spectrum of.300:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.08
5 Nudeus H

Cl3Si \)Lm

|
—

L | ~
11 ] !
83 =1 =1
83 = A
T T T T T T T T T T T T T T T T T T T T T T T T T T 1
12,5 2.0 1L5 11.0 05 100 8.5 9.0 8.5 80 75 740 &5 6.0 55 50 4.5 40 3.5 30 2.5 .0 15 L0 0.5 0.0 0.5 1.0
F1 {ppm}
wn m
Parameter valie ; 5 E 2
1 Solvent cddl3 i % I
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300,08
5 Nudeus H !
Cl3Si \)LCI
|
o 4
r T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 140 30 120 . 110 } 100 &) B N ) 40 30 20 10 i) %
1 (ppm

232



Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.301:

Parameter Value
1 Solvent cdd3 |
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.08
5 Nudeus H

|
TMSJk/Cl [ - !

e e——
-
E

100 == —
900 —=

L4 2= ——

T T T T T T T T T T T T T
12.5 12.0 1.5 1.0 0.5 100 9.5 9.0 &85 B0 s 70 &5

o100 —-— —

13C NMR spectrum of.301;

Parameter Value g i = E e
1 Solvent cdd3 T T 3‘ ’]‘ E
2 Temperature 27.0
3 Number of Scans 3
4 Spectrometer Frequency 300.08
5 Nudeus H

TMSJL/CI

T T T T T T T T T T T T T T T T T T T T T T T T 1

230 29 210 200 190 180 170 180 150 140 130 120 f }10 } 100 %0 B0 B &0 50 9 30 0 10 Q -10
1{pem
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'H NMR spectrum of.255:

Parameter Value
1 5olvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.08
5 Nudeus H

)
TMS\)L/OAC (] |

=

300
200 —==
900 ==

B S LR N B B TS B I H | N T

T
80 55
F1 {ppm}

12,5 2.0 1L5 11.0 05 100 8.5 9.0 8.5 80 75 740 &5

5 L0 0.5 0.0 -0.5 -1.0

wn
]
&
in
S
£
&
in
w
S
3]
in
3]
=
-

13C NMR spectrum of.255:

@ = -
Parameter Value = 2 = = L. w
LS x5 2 B B =
1 5olvent cdd3 | | I
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudleus 13C
T™S \)J\/OAC
|
|
1
I
T T T T g T T e R, iy
T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 10 130 120 110 0o B B0 o 0 S0 4“0 30 20 0 L] 10

f1{ppm})
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Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.303:

Parameter Value

1 Solvent cdd3

2 Temperature 27.0

3 Number of Scans 8

4 Spectrometer Frequency 300.08

5 Nudeus H

oTMS [ I
! I

ZNe)

200 —==

T T T T T T T T T T T T
12.5 12.0 1.5 1.0 0.5 100 9.5 9.0 &85 B0 s 70 &5

13C NMR spectrum of.303;

Parameter Valug E = o g g
i g5 He =
1 Solvent cdd3 | | 11
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13c
ZZe)
|
!
3 f d "M
!
T T T T T T T T T T T T T T T T T T T T T T T T 1
230 220 210 200 150 pi:1) 170 150 150 140 130 120 110 100 0 B0 il &0 50 a9 30 Pl 10 i) -1

f1 (ppm}
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'H NMR spectrum of.256:

Parameter Value
1 5olvent cdd3 |
2 Temperature 27.0 |
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus the il |

0 |‘ (
o}

- 09s—L
o

r T T T T T T T T T T T T
1.5 2o 1LE 1.0 0.5 100 8.5 9.0 8BS R #E 70 &5 50 4.5

80 55
Fi {ppm}

13C NMR spectrum of.256:

s
in

Parameter Value = = & =
4 ¥ 8 %
1 Solvent cdd3 | ]
2 Temperature 27.0 |
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13c
1
b
J
r T T T T T T T T T T T T T T
230 20 210 200 190 180 170 160 150 10 130 120 110 00 0

fi {ppm}
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Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.298:

Parameter Value
1 Solvent cdd3 |
2 Temperature 27.0 |
3 Number of Scans g (
4 Spectrometer Frequency 300.08
5 Nudleus H ‘u'
f
A / i
(@) { I‘r /
H / 1 / !

(0]

r T T T T T T T T T T T T T T T T T T

T

401 ui
I

w | o204
T
1ma—

2.5 2o 11.5 .9 .S 0.0 9.5 20 25 BD 75 70 &5 £ 55 50 4.5 40 3.5 30 s 1.5 b8l 25 0.0 0.5 -1.0
f1 (ppm}
Parameter Valug § E S B ne 87 38
i x = r 2 A% &
1 Solvent cdd3 | | I
2 Temperature 27.0
3 Number of Scans 512
|
4 Spectrometer Frequency 75.46
5 Nudeus 13C I |
I
"
U
T T T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 uo 130 120 f }10 } 00 %0 B0 0 €0 S0 “0 30 20 10 o -10
1 {ppm



APPENDICES

'H NMR spectrum of.305:

Parameter Value
1 5olvent cdd3 (
2 Temperature 27.0 |
3 Number of Scans 8 |
4 Spectrometer Frequency 300.08 II
5 Nudeus H |
| |
| |
|
[/ |
f [
i 0
| — A
T Tty
= S5 g & & S8
+ == = 8 F 23
T T T T T T T T T T T T T T T T T T T T T T T T T 1
12,5 2.0 1L5 11.0 05 100 8.5 9.0 8.5 80 75 740 &5 6.0 55 50 4.5 40 3.5 30 2.5 .0 15 L0 0.5 0.0 -0.5 1.0
F1 {ppm}
Parameter Value 2 3y 23 E 2% 3T
i 2L 23 = I EEA
1 Solvent cdd3 T V V I ST T
2 Temperature 27.0
3 Number of Scans 024
4 Spectrometer Frequency 75.496 |
5 Nudleus 13C
I
I
T T T T T T T T T T T T T T T T T T T
30 2o 210 200 190 180 170 160 150 140 130 120 " }10 ) 100 0 8 B &0 =0 40 30 20
1 {ppm
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Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.322:

Parameter Value
1 Solvent cd2dz
2 Temperature 27.0
3 Number of Scans 32
{
4 Spectrometer Frequency 399.92 |,’
5 Nudeus H {
|
‘ |
rl‘ [
| / i /
I 27
¢t = S v

both diastereomers

=
2
r T T T T T T T T T T T T T T T T T T T T T T T T 1
2.5 2o 11.5 .9 .S 0.0 9.5 20 25 BD 75 70 &5 SIF o 5).5 50 4.5 40 3.5 30 2.5 2.0 1.5 b8l 25 0.0 0.5 -1.0
1 (ppm)
13 .
C NMR spectrum of.322:
Parameter Value ﬁé ﬁf 58 zLeR "SERET 8 TE3E
fa e =25 =31 RE B35 TE2EE W REAS
o etz v v VNP RS T
2 Temperature 27.0
3 Number of Scans 3182
4 Spectrometer Frequency 100.57
5 Nudeus 13C
both diastereomers
|
I
|
| | 1
|
T T T T T T T T T T T T T T T T T T T T
110 0o 50 80 0 €@ 50 40 £ 20 10 L -10

230 220 210 200 150 150 150 140 130 120

180 170
f1 {ppm})
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'H NMR spectrum of.314:

Parameter Value
1 5olvent cdd3 [
2 Temperature 27.0 |
3 Number of Scans 8 |
4 Spectrometer Frequency 300.08 fl
5 Nudeus H J,II

Se

H
crude mixture

Wit
B T BT T

o = = moeN omm om

& 2 & 4288 H3 o

o ~N ~ - = - -

T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
125 1240 1L 110 15 100 85 90 B85 84 #5748 &5 B 5.5 50 45 40 35 30 25 20 LS 6 05 04 0.5 1.0
F1 {ppm}

13 .
C NMR spectrum of.314:
Parameter Value 3 = ® %8 A = g =23 m =
K £ A hAs = 5 g g8 s
1 5olvent cdd3 | VP N
2 Temperature 27.0 I
3 Number of Scans 512
4 Spectrometer Frequency 75.46
5 Nudeus 13C
Se
crude mixture
|
|
|
|
r T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 140 130 120 110 100 %0 20 ] &0 o 0 30 ] 10 0 10

f1{ppm})
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Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.315:

Parameter Value

1 Solvent cdd3

2 Temperature 27.0 |

3 Number of Scans 1024

4 Spectrometer Frequency 75.46

5 Nudeus 13C [ | [
| [ |
| |

0 b ‘ |

| | | |

| (0]

- e——

O
B ¥ ~
T T T T T T T T T T T T T T T T T T T T T T T T T 1
12.5 12.0 1.5 1.0 0.5 100 9.5 9.0 &85 B0 s 70 &5 5.;! . 5).5 50 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 05 2.0 -0.5 -1.0
1 {ppm)
13 .
C NMR spectrum of.315:
Parameter Value 2 E i g g E E E E
1 Solvent cdd3 T "|' T i gi 'T T rT T
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13C
O

| O I

T T T T T T T T T T T T T T T

230 29 210 200 190 180 170 180 150 140 130 120 f }10 } 100 %0 B0 B &0 50 9 30 0 10 Q -10
1{pem



APPENDICES

'H NMR spectrum of.318:

Parameter

1 5olvent
2 Temperature
3 Number of Scans

value

cdd3
27.0
32

4 Spectrometer Frequency 599,24

5 Nudeus

HO

HO

H

100 —=r
100 —=

101 —

r T T

1.5 2o 1LE 1.0

13C NMR spectrum of.318:

Parameter

1 Solvent
2 Temperature
3 Number of Scans

4 Spectrometer Frequency 150.69

5 Nudeus

HOO

(0]

HO

T

0.5

value

cdd3
27.0
7580

13C

8.5

175 .43

T

9.0

R

142 25

110 61

7870
66 81

r T T
230 20 210

242

200

180

170

f1 (ppm

45 .50
45.30
32 A3

<




Appendix 1: NMR Spectra of Chapter |

'H NMR spectrum of.317:

Parameter Value |
1 Solvent cocls |
2 Temperature 23.0 |
3 Number of Scans 16 |
4 Spectrometer Frequency 1959.99 |I [ |'
5 Nudleus H | | 4 ‘I
J
| f | |
O | | |
[ iodd

O

s -
o H
T [T
5 5 88
A  RA
T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
2.5 2o 11.5 .9 .S 0.0 9.5 20 25 BD 75 70 &5 5.; o 5}:5 50 4.5 40 3.5 30 2.5 2.0 1.5 b8l 25 0.0 =05 -1.0
1 (ppm)
13 .
C NMR spectrum of.317:
Parameter Value § f f bt o 3 s 3’
5 2 b1 e g R & &
1 Solvent cdd3 | | | | | |l
2 Temperature 27.0
3 Number of Scans 3182
4 Spectrometer Frequency 150.69
5 Nudeus 13c
O
O

]

r T T T T T T T

230 220 210 200 150 pi:1) 170 150 150 140 130 120 . 10 ) 100 0 B0 il &0 50 a9 30 Pl 10
1 (ppm
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Appendix 2: Crystallographic Data of Chapter |

The X-ray analysis was carried out by Dr. Peter &tay the analytics department in the
Ludwig-Maximilians-Universitat, Minchen. The datallection was performed on @xford
Diffraction Xcalibur diffractometer at-100 °C using Mol§-radiation 4 = 0.71073 A,
graphite monochromator). The CrysAlisPro softwarergion number 1.171.33.4%§ was
applied for the integration, scaling and multi-scvsorption correction of the data. The
structures were solved by direct methods with SiR8and refined by least-squares methods
against> with SHELXL-97 ¢!

Single-Crystal X-ray Analysis for compound 1.291

12

c8
N - \ \ ce \
. \J \

o @ -
Compound 1.291
net formula GHol30;
M,/g morl* 517.869
crystal size/mm 0.19 x 0.14 x 0.09
TIK 173(2)
radiation Moka
diffractometer '‘Oxford XCalibur'
crystal system orthorhombic
space group Pbce
alA 5.8979(3)

244



Appendix 2: Crystallographic Data of Chapter |

b/A

c/A

al°

pr°

y/°

VIA®

Z

calc. density/g cif
w/mm*

absorption correction
transmission factor range
refls. measured

Rint

meanc(1)/1

0 range

observed refls.

X, y (weighting scheme)
hydrogen refinement
refls in refinement
parametel

restraints

R(Fobs

Ru(F?)

S

shift/errogax

max electron density/e A
min electron density/e &

13.0985(6)
31.4580(15)
90
90
90
2430.2(2)
8
2.8309(2)
7.687
'multi-scan'’
0.79863-1.00000
9218
0.0334
0.0352
4.26-26.35
1876
0.0254, 0
constr
2460
118
0
0.0270
0.0562
0.978
0.003
0.902
-0.694
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Appendix 3: NMR Spectra and IR Spectra of Chapter |

'H NMR spectrum ofl.20/11.21:

Parameter Value
1 Solvent cdd3 |
2 Temperature 27.0 ‘
3 Mumber of Scans 8
4 Spectrometer Frequency 300.08 |
5 Nudleus H
0 OMe 0 " | ‘
MeO OMe
O o]
MeO
(e} OMe
MeO o
MeO~ ~O OMe
+
0 OMe 0
MeO OMe
O o}
MeO
o OMe
MeO o 0]
MeO~ ~O OMe
(approx. 8:1 mixture)
|- l ]L
1 s

1.5 120 15 1.0 105 100 35 3.0 55 50 7.5 7.0 6.5 55 5.0 4.5 4.0 35 3.0 25 20 L5 1.0 0.5 0.0 D5

13C NMR spectrum ofl.20/11.21:

Parameter value LEEn e “f: & KR BE M
1 Solvent cdd3 D\ii?f/; % i ]’3 ?%___i? 'T‘ 3|
2 Temperature 27.0
3 Number of Scans 2048
4 Spectrometer Frequency 75.46
5 Nudleus 13c
0 OMe 0
MeO OMe
O o}
MeO
o OMe
MeO 0]
MeQ~ "O OMe
+
10 OMe 0
MeO OMe
9 o) '
MeO
o OMe
MeO 0]
o}
MeO~ "O OMe
(approx. 8:1 mixture)
[
1
r T T T T T T T T T T T T T T T T T T T T 1
30 b51 ST 00 180 B0 170 60 150 140 130 20 110 100 30 £y n 0 ] 40 0 n b [ 10
f1 {ppm}
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Appendix 3:NMR Spectra and IR Spectra of Chapter Il

'H NMR spectrum ofl.22:

Parameter Value i
1 Solvent d2o T
2 Temperature 25.0
3 Number of Scans 15
4 Spectrometer Frequency 399.94
5 Nudeus H
® 0
Koo OMe
MeO @ 0o
MeO OMe
o) OMe
o}

T e | e T B e T i, - S N NG TSI EENCI [ (A R I R R e |

2.5 2o 1.5 1.0 0.5 0.0 8.5 9.0 85 £0 7.5 70 &5 8.0 55 50 4.5 4.0 3.5 30 2.5 2.9 1.5 Lo 0.5 0.0 0.5 1.0
F1 {ppm}
13 .
C NMR spectrum ofl.22:
Parameter Value 2 = m
2 2 o
1 Solvent d2o T T T
2 Temperature 25.0
3 Number of Scans 3712
4 Spectrometer Frequency 100.58
5 Nudeus 13€
K o O
o OMe
MeO @ O
MeO OMe
o) OMe
o}
|
]
r T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 180 150 140 130 120 i 110 ; 00 0 B0 N 0 50 40 30 2 10 o -1
{ppm
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'H NMR spectrum ofl.30:

Parameter Value & 3 b
T T T
1 solvent dmsa | I P
2 Temperature 25.0 I."
3 Number of Scans 15
4 Spectrometer Frequency 399.95
5 Nudeus H || |
/ |
NH, / |
KO / J /
\\__CONH,
H,NOC
o
o N
H
|
- :
|
b= =] N
= A =
T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
12.5 2o L5 1.0 0.5 0.0 8.5 9.0 B85 8.0 75 70 6.5 6.0 5.5 50 4.5 40 3.5 30 2.5 29 15 L0 0.5 0.0 -0.5 1.0
F1 {ppm}
13 .
C NMR spectrum ofi.30:
Parameter Value g3 & 3 23
mR 2 & &m
1 solvent dmsa SN | (N
2 Temperature 25.0
3 Number of Scans 1500
4 Spectrometer Frequency 100,58
5 Nudeus 13C
NH,
KO
\\__CONH,
H,NOC
O
o N
H
1
T T T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 10 130 20 " }10 ) 00 0 L) n 0 50 490 30 20 0 L]
{ppm
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Appendix 3:NMR Spectra and IR Spectra of Chapter Il

'H NMR spectrum ofl.31:

Parameter Value
1 Solvent dmso F
2 Temperature 25.0 l"
3 Number of Scans 3z
4 Spectrometer Frequency 399.95 |
5 Nudeus H

A
S I
s 58 L
r T T T T T T T T T T T T T T T T T T 1
0 ] 18 7 15 15 1 3 12 1 m El 7 3 4 3 2 1 [ -1
F1 {ppm}

Parameter Value 23 =28 B
mo oo n
ga oo 2
1 Solvent dmso T T §
R
2 Temperature 27.0
3 Number of Scans 1728
4 Spectrometer Frequency 100.57
5 Nudeus 13C

0 N A A o

T T T T T
E: n &0 50 0

T T T T
40 130 120 110 100 k)

r T T T T T
F1 {ppm}

T T
230 29 210 200 190 180 170 180 150
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13C NMR spectrum ofi.34:

Parameter Value 3 ee
]
1 Solvent dmso TI T
2 Temperature 27.0 o
3 Number of Scans 334
4 Spectrometer Frequency 100,57
5 Nudeus 13C L
NC.__SNa
I B
NC” "SNa
40
[-3%
(=30
25
[~20
! 15
10
5
hﬂﬂlﬂiﬂ.ﬂ.ﬂ.ﬂﬂﬂﬂﬂq—n
5
T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 e 160 150 140 130 120 110 0o 50 B0 N L) 50 40 E 20 0 o -10

ft {ppm)

IR spectrum ofl.34:

1000 NC

] Y

o8 NC SNa

SNa

97
96
93
o4
93
92
91
o0

89

1184

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600.0

em-1
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Appendix 3:NMR Spectra and IR Spectra of Chapter Il

13C NMR spectrum ofi.35:

€50
Parameter Value & &
& o
1 Solvent dmso T T
2 Temperature 27.0 rE00
3 Number of Scans 4096
4 Spectrometer Frequency 100.57
550
5 Nudeus 13€
NC IS ICN 500
NC™ °S™ CN i
400
350
~300
I
! -250
~200
=150
100
=50
i Lo
50
r T T T T T T T T T T T T T T T T T T T T T T 1
230 220 210 200 190 180 170 180 150 140 139 120 i E.IO 00 =0 B0 e 0 50 49 30 2 10 2 -0
1 {ppm

IR spectrum ofl.35:

NCIS CN
0
NC S CN

100,0

92

80

88

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6300
em-1
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3C NMR spectrum ofl.37:

Parameter Value

1 solvent dmsa

2 Temperature 27.0

3 Number of Scans 10000
4 Spectrometer Frequency 100,57
5 Nudeus 13C

—113 45
102 17

CN

NC CN &
NEt,

NC CN

51.86
51.82
51.79

£

7 51

=250

[~200

[-100

T T T T T T T T T T T T T
[0 @0 e W0 190 180 L0 160 15D 140 130 120 110 MO
ft {ppm)

IR spectrum ofl.37:

1000

97
) Ww

CN

i NC CN ®
i NEt,

NC CN

800

50

1382

1488

1489

40000 3600 3200 2800 2400 2000 1800
cm-1

252
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1200

1000
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Appendix 3:NMR Spectra and IR Spectra of Chapter Il

13C NMR spectrum ofi.52:

Parameter Value

™
1 Solvent dmso il 7 ‘ ‘T
2 Temperature 27.0
3 Number of Scans 10000
4 Spectrometer Frequency 100.57
5 Nudeus 13C 30
CN
NC CN ©® ras
HNEt;
NC CN
20
15
10
-5
000 000 O Y (A OB

T T T T T T T T T T T T T T T T T T T T T T 1
B 20 a0 00 150 180 179 160 150 M0 w20 o ) 100 0 B0 ki E 50 0 EL] 20 10 [ -10
1 (ppm

IR spectrum ofl.52:

100,0

7 CN

] Ne CN ®
wr | HNEt;

o NC CN

430
40000 3600 3200 2800 2400 2000 1800 1800 1400 1200 1000 800 6300
cm-1
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13C NMR spectrum ofi.10:

Parameter Value

1 solvent dmsa

2 Temperature 27.0

3 Number of Scans 704

4 Spectrometer Frequency 100,57
5 Nudeus 13C

CN
@
NC @ CN Na ,
NC CN

113 46
102 17

3

T T T T T T T T T T T T T T T T T T T T T T T 1
B0 = a0 W0 150 180 170 10 150 140 w0 o ) 100 50 &0 kL 0 50 £ 0 20 10 0 -10
1 (ppm

IR spectrum ofl.10:

100.0

1096 1022

75

1460

68

65,0
40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6500
em-1
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Appendix 3:NMR Spectra and IR Spectra of Chapter Il

'H NMR spectrum ofl.55:

Parameter Value
1 Solvent dmsa f
2 Temperature 27.0
3 Number of Scans 2380 |
4 Spectrometer Frequency 150.69
5 Nudeus 13C ‘
O

HN  NH

H H

HN_ NH

400 —

205 —=

T T T T T T T T T T
12.5 12.0 1L5 1.0 05 100 8.5 9.0 85 80 75

e
ES
@
n

13C NMR spectrum ofi.55:

Parameter Value 5 o
z I
1 Solvent dmso ii i
2 Temperature 27.0
3 Number of Scans 256
4 Spectrometer Frequency 75.496
5 Nudeus 13C
O
- 1
HN  NH
H H
HN e NH
O

T T T T T T T

T T T T T
FED] T 0 150 180 170 180 150 140 130 120 110 100 E
F1 {ppm}
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'H NMR spectrum ofl.11:

Parameter Value
1 solvent dmsa .
2 Temperature 27.0 |
3 Number of Scans 64 |
4 Spectrometer Frequency 599,17 ‘
5 Nudeus H

= 2000 —L

T T T T T T T T T T T T T T
12,5 2.0 L5 1.0 10.5 100 8.5 2.0 8BS 8.0 7.5 740 &5

wn
]
S
in
I
£
w
in
w
=
o]
in
[
=
o
in
-
o
=
in
]
S
]
in
N
B

60 5E
F1 {ppm}

13C NMR spectrum ofi.11:

Parameter Value 8 3 2
& 2 g
1 solvent dmsa | |
2 Temperature 27.0
3 Number of Scans 1152
4 Spectrometer Frequency 150.68
5 Nudeus 13C
T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 10 130 20 110 00 0 L) n 0 50 490 30 20 0 L] -10

F1 {ppm}
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'H NMR spectrum ofl.57:

Parameter

1 Solvent
2 Temperature
3 Number of Scans

Value
d2o
7.0
&4

4 Spectrometer Frequency 599,21
5 Nudeus

H

1000 —

5.1 ==

T T T

12.5 12.0 1L5 1.0

13C NMR spectrum ofl.57:

Parameter

1 Solvent
2 Temperature
3 Number of Scans

T
05

Value
d2o

25.0
1152

4 Spectrometer Frequency 100.58
5 Nudeus

13C

156 38

86

—50.04
—d6.91
——44.53

T T T
230 29 210

T
200

k)

—36 54
2368
2271
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'H NMR spectrum ofl.12:

Parameter value
1 Pulse Sequence s2pul " 3
2 Temperature 27.0 |I "r
3 Number of Scans 64
4 Spectrometer Frequency 599,17 | |
5 Nudeus H |

H
] T
= *
2 a
r T T T T T T T T T T T T T T T T T T T T T T T T T T 1
125 Re LS B9 WS Wo 95 %0 85 80 75 700 &S sf: ( 5).5 50 45 40 3.5 20 25 20 15 L0 05 00 0.5 1.0
1 {ppm
13 .
C NMR spectrum ofl.12:
@
Parameter Value ~ Fol b
= B ¢
1 Solvent d2o |
2 Temperature 25.0
3 Number of Scans 2344
4 Spectrometer Frequency 100,58
5 Nudeus 136

T T T T T T T T T T T

T
230 20 210 200 190 B0 170 150 150 140 39 129 " 110 ¥ 100 0 &0 il &0
1{ppm
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'H NMR spectrum ofl.59:

Parameter Value
1 Solvent cdd3
2 Temperature 27.0
3 Number of Scans 8
4 Spectrometer Frequency 300.07
5 Nudeus H

1001
3000 %

T T T T T T T T T T T T T T T T T T T T T T T T T 1
12.5 12.0 1L5 1.0 05 100 8.5 9.0 85 80 75 740 &5

13C NMR spectrum ofi.59:

Parameter Valug = 2 & 2 9
z g 2 i %
1 Solvent cdd3
2 Temperature 27.0
3 Number of Scans 2048
4 Spectrometer Frequency 75.46
5 Nudeus 13€
1
1
/ 1
|
T T T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 180 150 140 130 120 v 110 ; 00 0 B0 N 0 50 40 30 20 10 o -1
1 {ppm
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'H NMR spectrum ofl.13:

Parameter Value
1 Solvent acetone ‘ |
2 Temperature 27.0 !
3 Number of Scans 15 |
4 Spectrometer Frequency 399.92
5 Nudeus H

OH

1037 ==

r T T T T T T T T

125 Re 1L 0 05 0o 95 2.0 85 ] 25 740 &5 60 5.5 50 45 40 2.5 30 25 20 1.5 1.0 0.5 00 08 1.0
f1 {ppm}
Parameter Value S 2 3 ﬂ
€ =] i
1 Solvent acetone T T 'E
2 Temperature 270
3 Mumber of Scans 10000
4 Spectrometer Frequency 100.57
5 Nudeus 1x
I
w WMW
T T T T T T T T T T T T T T T T T T T T T T T T 1
230 29 210 200 190 180 170 160 150 140 130 120 , 110 ) 100 %0 20 ] & 0 490 0 wn 10 0 -16
1 {ppm

260



Appendix 3:NMR Spectra and IR Spectra of Chapter Il

'H NMR spectrum ofl.14:

Parameter Value
1 Solvent cdd3 7
2 Temperature 25.0 ‘
3 Number of Scans 64
4 Spectrometer Frequency 399.94 [ |
5 Nudeus H | II ‘

EtO

r
£

1998 —

993 —=

T
1999 —
1000 —

r T T T T T T T T T T T T T T T T T T T T T T T T 1
2s RO LS 00 WS W0 95 %0 85 80 75 700 65 6R 5.5 50 45 40 3.5 30 25 20 15 10 05 [ 0.5 1.0
Fi {ppm)
13 .
C NMR spectrum ofl.14:
= o w
Parameter Value g ; ; § E é E E
1 Solvent cdd3 i T T "|' ‘T T i T
2 Temperature 25.0
3 Number of Scans 5504
4 Spectrometer Frequency 100.58
5 Nudeus 13C
EtO
1
|
|
|
r T T T T T T T T T T T T T T T T T T T T T T 1
b 20 20 200 190 180 170 160 150 140 130 120 110 100 %0 & el €D =0 e 20 il 10 0 10

f1 {ppm})
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'H NMR spectrum ofl.15:

Parameter Value
1 Solvent dmso
2 Temperature 27.0
3 Number of Scans 16

4 Spectrometer Frequency 395,92

5 Nudeus H

13C NMR spectrum ofi.15:

Parameter

1 5olvent
2 Temperature
3 Number of Scans

T T T T
120 1L5 110 105

Value

dmsa
27.0
4096

4 Spectrometer Frequency 100,57
5 Nudeus

13€

100

170 90

——148 87

—=128 49

114 b6
65.51

-—29.01

T T
230 220

262

T T

T
210 200 150 ®0
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'H NMR spectrum ofl.62:

Parameter Value
1 Solvent cdd3 f r
2 Temperature 27.0 |
3 Number of Scans 8
4 Spectrometer Frequency 300.07 | ‘

5 Nudeus H ‘

B’\L _. J

0]

Br

ap0—
40—
400—|

T e | e T B e e L i, N - S RN TS NI EENC [ (TR R AL R R e |

S 26 WS u0 WS WO S5 90 &5 80 5 70 &5 60, ;).5 50 45 40 35 30 25 20 L5 L@ 05 08 05  -1D
1 {ppm

13C NMR spectrum ofi.62:

Parameter Value E E g g
= 2 b &
1 Solvent cdd3 |
2 Temperature 27.0
3 Number of Scans 2048
4 Spectrometer Frequency 75.496
5 Nudeus 13C

"\

Br

T T T T T T T T T T T T T T T T T T T T T T T 1
PEL] 29 210 200 150 189 170 180 150 140 130 o 10 g 100 50 ] ] 0 0 40 30 0 10 ] -10
1 {ppm
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'H NMR spectrum ofl.63:

Parameter Value
1 solvent cdd3 f (
2 Temperature 27.0 | |
3 Number of Scans 8 |
4 Spectrometer Frequency 300.07
5 Nudeus H F ‘ |
Br | | |
g | | :
o:
O
Br
— —'5
u {U »

N B B . il | M S ! e

T T T T
2§ 2O LS MO 105 WO 95 90 85 K0 AS  T0 &5 68 55
F1 {ppm}

13C NMR spectrum ofl.63:

Parameter Value g E i = g3
a a @ =a
1 Solvent cdd3 T T T T ”\' r/"
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13C
§r |
Br
— —5
|

T T T
120 110 100 %0 20 n 50
F1 {ppm}

T T T T
30 29 210 200 190 180 170 160 150 140 130
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'H NMR spectrum ofl.64:

Parameter Value
1 Solvent cdcl3 [
2 Temperature 27.0 ‘ |
3 Number of Scans 8 |
4 Spectrometer Frequency 300.07 |

5 Nudeus H i | |
\

\/\o

Br

XX

1199{
2400 —|
2oz —
2410 —=

r T T T T T T T T T T T T T T T T T T T T T T T T T T 1

2s  Re 1L 10 KS Wa 95 90 8.5 20 75 740 &5 s‘f ( 5).5 50 4.5 40 3.5 30 25 2.0 L5 1.0 0.5 [ 0.5 1.0
1 {ppm
13 .
C NMR spectrum ofl.64:
Parameter Value B & 2 B HA
& B 2 & B
1 Solvent cdd3 | v
2 Temperature 27.0
3 Number of Scans 1024
4 Spectrometer Frequency 75.46
5 Nudeus 13C

(@)

Br

XX

W00 0 00 0 O

r T T T T T T T T T T T T T T T T T T T T T T T 1
230 29 210 200 190 180 170 180 150 140 130 120 f }10 } 100 %0 B0 B &0 50 9 30 0 10 Q -10
1{pem
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'H NMR spectrum ofl.17:

Parameter

1 solvent
2 Temperature
3 Number of Scans

Value
d2o

270
64

4 Spectrometer Frequency 399.92

5 Nudeus H
s a0 |
/ S /
v 74 /) /

o 6]
Br
MesN
L N® | 5

T T T T T T T T T T T

12.5 2o L5 1.0 0.5 0.0 8.5 9.0 B85 8.0 75 7 6.5 6.0 5.5 50 4, 40 3.5 0 2.5 29 15 L0 0.5 0.0 -0.5
F1 {ppm}
13 .
C NMR spectrum ofl.17:
Parameter Value & & & 28 m @
: s s 58 2 .
1 Solvent d2o T i i ¥, |
2 Temperature 27.0
3 Number of Scans 8192
4 Spectrometer Frequency 100,57
5 Nudeus 13C
©
Br
MesN(-B
— 5
|
|
|
|
T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 10 130 20 110 00 0 L) n 0 50 30 0 L]
F1 {ppm}
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'H NMR spectrum ofl.65:

Parameter Value

1 Solvent cdd3 (
2 Temperature 27.0 ‘ ‘
3 Number of Scans 8
4 Spectrometer Frequency 300.07 |
5 Nudeus H [ f |

gNS g

N3
— —'5
A . AW L |

1000 —
2000 —

r T T T T T T T T T T T T T T T T

2.5 2o 1L5 1.9 s 0.0 2.5 2.0 85 ED 75 70 &5 & 5.5 L 4.5 40 35 30 .5 2.0 1.5 L9 0.5 0.0 0.5 1.0
Fi {ppm}
= = -
Parameter Value ; ; ; E é E
1 Solvent cdd3 T T T ‘T T i
2 Temperature 27.0
3 Number of Scans 8192 |
4 Spectrometer Frequency 75.496
5 Nudeus 13C
gNa
1
L N g
T T T T T T T T T T T T T T T T T T T T T T T 1
230 20 210 200 190 180 170 160 150 10 130 120 v }10 } 0o B B0 o 0 S0 40 30 20 0 L] -10
1 {ppm
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'H NMR spectrum ofl.16:

Parameter Value
1 5olvent cd3od
2 Temperature 27.0
3 Number of Scans 15
4 Spectrometer Frequency 399.92
5 Nudeus H

gNHz

HoN

] iy i
g g 2 g
= & R &

r T T T T T T T T T T T T T T T T T T T T T T T T T 1
12.5 2o 1L5 1. w.s 0.0 2.5 2.0 BE £0 25 70 8.5 S‘fﬂ ( 5}:5 50 4.5 40 35 30 .5 20 15 b 0.5 2.0 -0.5 1.0
1 {ppm

13 .
C NMR spectrum ofl.16:
Parameter Valie 2 = 2 i & 7
z B = 2 - -
1 5olvent cd3od I i
2 Temperature 27.0
3 Number of Scans 4096
4 Spectrometer Frequency 100,57
5 Nudeus 13€
HoN
|
r T T T T T T T T T T T T T T T T
230 20 210 200 190 180 170 10 130 120 v 110 ¥ 00 S0 0 =i 50 40 30 20 0
1 {ppm
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Appendix 4: Crystallographic Data of Chapter Il

The X-ray analysis was carried out by Dr. Peter dfdp the analytics department and Prof.
Dr. Karaghiosoff in the Ludwig-Maximilians-Univetat, Minchen. The data collection was
performed on a®xford Diffraction Xcaliburor KappaCCDdiffractometers at100 °C using
MoKa-radiation p = 0.71073 A, graphite monochromator). The Crys®is software
(version number 1.171.33.4%§! was applied for the integration, scaling and rsdin
absorption correction of the data. The structuresewsolved by direct methods with
SIR97* and refined by least-squares methods ag&fsith SHELXL-971¢°!

Single-Crystal X-ray Analysis for compound 11.30

Compound 11.30

net formula GoHoKN 406

M./g mol* 320.31

crystal size/mm 0.88x 2.19 x 0.15
T/IK 173(2)

radiation Moka
diffractometer 'KappaCCD'
crystal system triclinic

space group P(-1)

alA 7.3745(5)
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b/A

c/A

al°

pre

v/°

VIA®

Z

calc. density/g cif
w/mm*

absorption correction
refls. measured

Rint

meanc(l)/I

0 range

observed refls.
hydrogen refinement
refls in refinement
parametel

restraints

R(Fob9

Ru(F?)

S

shift/errofyax

max electron density/e A

min electron density/e &

270

8.4899(6)
9.5893(6)
96.261(5)
91.385(5)
93.897(5)
595.11(7)
2
1.788
0.485
'multi-scan'’
8916
0.0279
0.0264
4.19- 26.00
1937
mixed
2328
253
0
0.0333
0.0928
1.085
0.000
0.349
-0.530
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Single-Crystal X-ray Analysis for compound 11.35

There are 0.5 toluene per formula unit; toluendissrdered and is not shown in the following

figure.

N

&=

—-_—
/“ © N

@ s

N4

N

N1

Compound 11.35

net formula G1.50HsN4S,
M:/g morl* 262.314
crystal size/mm 0.29 x 0.22 x 0.18
T/IK 173(2)
radiation Moka
diffractometer 'KappaCCD'
crystal system monoclinic
space group C2lc

alA 26.1954(4)
b/A 7.07390(10)
c/A 16.3214(2)
al° 90

pre 128.1483(8)
v/° 90

VIA3 2378.44(6)
z 8

calc. density/g ci 1.46512(4)
w/mm* 0.430
absorption correction none
refls. measured 9587
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Rint 0.0156
meanc(1)/1 0.0156

0 range 3.14-27.49
observed refls. 2478

X, ¥y (weighting scheme) 0.0600, 2.1778
hydrogen refinement undef
refls in refinement 2726
parametel 163
restraints 0

R(Foby 0.0340
Ru(F?) 0.1048

S 1.073
shift/errognax 0.001

max electron density/e A 0.451

min electron density/e & -0.290

The hydrogen atoms of the disordered toluene mtddtave not been considered in the

refinement.
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Single-Crystal X-ray Analysis for compound 11.10

The symmetry-generating; s units as well as hydrogen atoms have been onfittedlarity
with the exception of the respective coordinatiigtoms. Unlabeled atoms indls units are

symmetry-generating.

Compound 11.10

net formula GeH12NsNaO,
M,/g morl™* 329.289

crystal size/mm 0.40 x 0.30 x 0.19
TIK 173(2)

radiation Moka
diffractometer '‘Oxford Xcalibur'
crystal system monoclinic
space group C2/m

alA 19.4091(14)

b/A 11.2357(8)

c/A 16.6773(14)

al® 90

/e 93.812(6)
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vI°

VIA®

Z

calc. density/g cif
w/mm*

absorption correction
transmission factor range
refls. measured

Rint

meanc(1)/1

0 range

observed refls.

X, ¥y (weighting scheme)
hydrogen refinement
refls in refinement
parametel

restraints

R(Foby

Ru(F?)

S

shift/errogmax

max electron density/e A
min electron density/e &

Symmetry code: i %, -y, z ii = 0.5, 0,5y, 1z iii = 0.5-%, -1y, z

274

90
3628.9(5)
8
1.20544(17)
0.104
'multi-scan’
0.74635-1.00000
10091
0.0344
0.0365
4.27-26.40
3028
0.0598, 0.6438
constr
3873
247
0
0.0409
0.1196
1.038
0.001
0.211
-0.238
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Single-Crystal X-ray Analysis for compound 11.63

Compound

net formula
M./g mol*

crystal size/mm

T/IK

radiation
diffractometer
crystal system
space group
alA

b/A

c/A

o

of
pre
y/°
VIA3

11.63

GsHeeBr10011
1738.178
0.21 x 0.04 x 0.02
200(2)
Mok
'KappaCCD'
monoclinic
P2i/c
21.4170(5)
12.4879(2)
25.0458(6)
90
105.0069(9)
90
6470.1(2)
4
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calc. density/g cif 1.78443(6)
w/mm* 6.248
absorption correction multi-scan

transmission factor range

refls. measured

0.5960-0.7303
75308

Rint 0.0896
meanc(1)/1 0.0618

0 range 3.22-25.36
observed refls. 7736

X, y (weighting scheme) 0.0540, 26.7326
hydrogen refinement constr
refls in refinement 11800
parametel 729
restraints 1

R(Fobg 0.0552
Ru(F?) 0.1411

S 1.018
shift/errognax 0.002

max electron density/e A 3.208

min electron density/e & -1.388

Bromide is disordered over three sites, split maghglied, sof ratio: 0.35442 : 0.45264 :
0.19294.

Solution of the structures of compoundsll, 11.15, 11.22, and 11.17 requires further
refinement, which is carried out by Dr. Peter Mayerthe analytics department in the
Ludwig-Maximilians-Universitat Mdnchen. lllustratis of these compounds shown in

Chapter Il are based on preliminary data, as aksationed under the respective Figures.
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Appendix 5: NMR and IR Spectra of Chapter Ill, Magnetic
Properties of [11.17

'H NMR spectrum ofll.12:

Parame ter value i
1 Solvent cdd3
2 Temperature 7.0
3 Number of Scans 8
450

4 Spectrometer Frequency 599,21
5 Nudeus H il

S \ (e]0] I )
Q\\ | co

CN—W—CO

[ 250

150

100

=
e
[

&

EN -

47—

610

300 —=

T T T T T T T T T T T T T T T
00 95 50 &5 B0 75 79 &5 68 55 50 45 40 35 30 25 20 15 LD 05 90 05 L0
f1 (ppm)

r T T
125 120 15 10 105

3C NMR spectrum ofil.12

E Parameter Valug = §§ i ? =
3{ 1 Solvent cdd3 z‘_i_;‘f gl ? g 7.8
2 Temperature 27.0
3 Number of Scans 2048 Lz
4 Spectrometer Frequency 150,69
5 Nudeus 13C
€0

S co
\

N | co

CN—WwW——CO

4.5

F30

F25

Fro

r T T —T T
B ;0 M WO 130 /0 170 1860 150 M0 130 120 110 00 N E 70 Ed 5 @ k) ) 10 o -10
1 {pem,
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13C NMR spectrum ofll.16:

Parameter Value - it
1 solvent acetong
2 Pulse Sequence s2pul
3 Temperature 27.0 L 1000
4 Number of Scans 4096
5 Spectrometer Frequency 100.57
| 6 Nudeus 13C E5

==l

|
Fe — @ ~
N=— N 700

[~e00
500
(400
{-300
200

(~100

=100

T - T T T T T T T T T T T T T T T T T T T T T T T T T
3= wo M0 00 150 180 170 460 150 140 30 120 110 100 %0 £ 7 &0 50 40 1 b 10 [ -10
1 (ppm}

IR spectrumll.16:

1000
o8
96

o4

1633

1483
— 1382
~

64 848

50, / 886

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6500
em-1
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13C NMR spectrum ofll.17 :

2 3
Parameter Value m o
1 Solvent acetone [ il
2 Pulse Sequence s2pul
3 Temperature 27.0
-220
4 Mumber of Scans 3392
5 Spectrometer Frequency 100.57
6 Mudeus 13C Lo
@ N
—| NN Vi Fiso
|
160
Fe _ —
) N= =N
| | 140
N
120
100
80
60
40
20
W MW BTN (AN S A S W |
20
T T T T T T T T T T T T T T T T T — T T T T T T T
230 20 20 00 190 180 170 180 150 M0 130 120 110 100 90 0 o & 50 0 0 i) 10 0 10
ft {ppra}
IR spectrum of DMferrocenium pccfl(17):
1000
&5
9%
[
2 C) N N
] N\ 7
o0 T
Fe _ 1O
’ zd? N N
3 | | 023
%T
84
82
20 1454
1389
78
76
4 213
7
70.0
4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6300

em-1
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13C NMR spectrumill.18:

= £ [~750
Parameter Value L =
1 Solvent acetone I =
2 Pulse Sequence s2pul
3 Temperature 27.0
4 Mumber of Scans 16064 [s=0
5 Spectrometer Frequency 100,57
6 Nudeus 13C (600
N N
—| C) AN V/a B
[~500
M — =~
N - ~ N 450
Il oo
N
M = Fe:Cr 2:1
XX 350
300
(=250
[~200
150
100
|
| 50
L L I l-o
--50
T T T T T T T T T T T T T T T T T T T T T T
30 220 210 200 130 180 7o 160 150 140 130 120 10 100 %0 8 n 50 3 2 0 -0
ft (ppm)
1030
102 b
100.
o8
9%
24
9
® N \ / N
% —| A\ 74
88
M — =~
86 N —= < N
84
|l
2 N
T M = Fe:Cr 2:1
80 XX
78
76
74
2
1389
70 1464
1033
68
66
64
62 /
2213
60.0
40000 3800 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6300
em-1
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Magnetic properties of compound II1.17

The magnetic characterizations oflll.17 was performed on aMPMS-XL5 SQUID
magnetometer made Iuantum Design In€®® by Rainer Frankovsky (group of Prof. Dr.
D. Johrendt, Ludwig-Maximilians-Universitat Mincheat the laboratories of Prof. Dr. T.
Fassler (TU Munich). The magnetometer was contlodad data were collected with the
MPMS MultiVu softwar&®”. For the measurement, 14 mg of substance werénfuta
gelatine capsule, which was fixed in a straw aspdarholder. The generated data file was
processed with the fully automatic SQUID processmitwaré'®® and corrections were made
for diamagnetic contributions of the sample holdad the diamagnetic increments of the

ions, which can be foundf?.

Compoundlll.17 is paramagnetic between 1.8 K and 380 K. The se/susceptibility was
fitted with the extended Curie-Weiss law (1.8 K80XK)*** to obtain an effective moment of
2.65 |5 per formula unit (Figure App.5a) and which is mod agreement with the listed value

of 2.5 s for FE* with low spin configuratiof®?.

H=10kOe
I S I S L R N N SR E——
0.48 © 400
© ° '?"mol_‘1
— 03 1300 7
S —— Curie-Weiss Fit 800 e
2 2
d : 2
£ 027 {200 E
I_._o ro ,;;.';;?"'-';" " ]
N e & N
0.1}©°
4 4100
00 -".'.:“ ; DU DDNIINHININIININDIDDINIIND DN NI

i) . 1 L 1 ; 1 . 1 1 1 . 0
0 50 100 150 200 250 300 350 400
Temperature [K]

Figure App.5a: Magnetic susceptibility (blue) vs. temperature and inverse susceptibility (black) fitted with the

extended Curie-Weiss law (red) of 111.17.
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Appendix 6: Crystallographic Data of Chapter Il

The X-ray analysis was carried out by Dr. Peter &tay the analytics department in the
Ludwig-Maximilians-Universitat, Minchen. The datallection was performed on @xford
Diffraction Xcalibur or KappaCCD or Bruker D8Questdiffractometers at-100 °C using
MoKa-radiation p = 0.71073 A, graphite monochromator). The CrysAis software
(version number 1.171.33.4%§! was applied for the integration, scaling and rsdin
absorption correction of the data. The structuresewsolved by direct methods with
SIR97* and refined by least-squares methods ag&fsith SHELXL-97!16°!

Single-Crystal X-ray Analysis for compound 111.3

/"1\2/ \613/\ cs/\ o cz/ or
\CL 4 @’m’ N /‘\
c1> (% /04 * cs @
co N3
P / d.
c1s\ /016\

Compound [11.3 (Ccisomorph) [11.3 (Pcisomorph)
net formula GsH2oN6 Ci8H20N6
M:/g morl* 320.392 320.392
crystal size/mm 0.23 x 0.08 x 0.04 0.27 x 0.15080.
T/IK 173(2) 173(2)
radiation Moka MoKa
diffractometer 'KappaCCD' '‘Oxford Xcalibur'
crystal system monoclinic monoclinic
space group Cc Pc
alA 13.8374(6) 12.3823(17)
b/A 20.8710(8) 20.721(3)
c/A 6.9984(3) 7.1748(12)
al° 90 90
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pre

v/°

VIA®

z

calc. density/g cif
w/mm*

absorption correction
refls. measured

Rint

meanc(1)/1

0 range

observed refls.

X, y (weighting scheme)
hydrogen refinement
Flack parameter
refls in refinement
parametel

restraints

R(Fob9)

Ru(F)

S

shift/errogyax

max electron density/e A

min electron density/e &

Flack parameter meaningless, 1470 Friedel pairs merged,

117.991(2)
90
1784.71(13)
4
1.19242(9)
0.076
none
5869
0.0396
0.0303
3.37-25.33
1453
0.0482, 0.3533
constr
0(3)
1628
221
2
0.0341
0.0852
1.036
0.001
0.121
~0.163

102.583(16)
90
1796.6(5)
4
1.1845(3)
0.075
'multi-scan’
9394
0.0753
0.0685
4.16-25.34
2789
0.0340, 0
constr
-1(3)
3290
441
2
0.0450
0.1042
1.051
0.001
0.145
-0.173

2734 Friedel pairs

merged.
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Single-Crystal X-ray Analysis for compound I11.17

Compound

net formula
M,/g morl*
crystal size/mm
T/K

radiation
diffractometer
crystal system
space group
alA

b/A

c/A

al°

pr

y/°

VIA®

Z

calc. density/g cif
w/mm*

absorption correction

284

.17

GoHzoFeNs
516.438
0.13 x 0.08 x 0.07
173(2)
Mok
'KappaCCD'
orthorhombic
Cm&,
14.5774(4)
13.1067(4)
13.7993(5)
90
90
90
2636.52(14)
4
1.30108(7)
0.600

none



Appendix 6: Crystallographic Data of Chapter Il

refls. measured 10568

Rint 0.0333
meanc(1)/1 0.0315

0 range 3.44-27.49
observed refls. 2850

X, y (weighting scheme) 0.0313, 0.7778
hydrogen refinement constr
Flack parameter —-0.015(14)
refls in refinement 3110
parametel 181
restraints 1

R(Foby 0.0285
Ru(F?) 0.0651

S 1.067
shift/errognax 0.001

max electron density/e A 0.409

min electron density/e & -0.212

1488 Friedel pairs measured.

Symmetry code: i=xYy, X ii=1-XY, z
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Single-Crystal X-ray Analysis for compound 111.18

Qo®

N
_ / @ }\\4 ~
e \
1"\ N / @
\ Fe1,’£l;)\\
K
N I
~ ~
\ /
; —
& W
Compound 11.18
net formula GoH30Cro.3F €675
M,/g morl* 515.168
crystal size/mm 0.17 x 0.09 x 0.07
TIK 173(2)
radiation Moka
diffractometer '‘KappaCCD'
crystal system monoclinic
space group P2i/c
alA 17.9099(4)
b/A 16.9951(3)
c/A 18.4217(3)
al° 90
pre 108.0576(12)
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o

v/
VIA®

Z

calc. density/g ci
w/mm*

absorption correction
refls. measured

Rint

meanc(l)/I

0 range

observed refls.

X, y (weighting scheme)
hydrogen refinement
refls in refinement
parametel

restraints

R(Fob9

Ru(F?)

S

shift/errofyax

max electron density/e A

min electron density/e R

Fe/Cr-disorder: both Fe sites are occupied by Qvedls sof ratio Fe/Cr = 2/1.

90
5331.02(17)
8
1.28376(4)
0.548
none
34214
0.0499
0.0419
3.16-25.34
7155
0.0349, 2.8816
constr
9706
671
0
0.0394
0.0952
1.028
0.001
0.297
~0.226
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Single-Crystal X-ray Analysis for compound I11.27

Compound

net formula
M,/g morl*
crystal size/mm
T/IK

radiation
diffractometer
crystal system
space group
alA

b/A

c/A

o

af
pre

y/°

VIA®

Z

calc. density/g cif
w/mm?

absorption correction

288

[.27 -DMF-3H,0

GgH23N2020 sR&y

1

340.204
0.186 x 0.175 x 0.151

200(2)
‘Mo Kx

Bruker D8Quest'

trigonal

P3,21
17.2248(2)
17.2248(2)
13.3495(4)
90

90

120
3430.08(12)

3
1

.94645(7)

10.611

multi-scan
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transmission factor range
refls. measured

Rint

meano(l)/I

0 range

observed refls.

X, y (weighting scheme)
hydrogen refinement
Flack parameter

refls in refinement
parametel

restraints

R(Fobg

Ru(F?)

S

shift/errogax

max electron density/e A

min electron density/e R

0.2124-0.3378
80723
0.0338
0.0151
2.36-27.61
5045
0.0366, 11.5936
mixed
-0.050(17)
5278
205
0
0.0268
0.0746
1.211
0.001
1.348
-0.735

Water hydrogens are not included, all otHerconstr.

Symmetry code i ¥, X, —Z
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Single-Crystal X-ray Analysis for compound I11.27

Compound [11.27 -dioxaneacetone
net formula G3H26021Rey

M/g morl* 1383.268

crystal size/mm 0.25 x 0.22 x 0.20
TIK 173(2)

radiation Moka
diffractometer 'Oxford Xcalibur'
crystal system tetragonal

space group P4,2,2

alA 14.7154(2)

b/A 14.7154(2)

c/A 15.0385(4)

al° 90

pl° 90

yl° 90

VIA3 3256.48(11)

Z 4

calc. density/g cif 2.82146(10)
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w/mm*

absorption correction
transmission factor range
refls. measured

Rint

meanc(1)/1

0 range

observed refls.

X, y (weighting scheme)
hydrogen refinement
Flack parameter

refls in refinement
parametel

restraints

R(Fob9)

Ru(F)

S

shift/errogyax

max electron density/e A

min electron density/e &

14.907
'multi-scan'’
0.55301-1.00000
30274
0.0382
0.0241
4.11-30.50
4722
0.0194, 5.7767
constr
0.499(15)
4959
213
1
0.0213
0.0499
1.120
0.002
0.971
-1.880

Acetone disordered, split model applied, sof fixe@.5.

Refined as racemic twin.

Symmetry code: i = 1y, 1-X, -Z.

Disordered acetone not depicted in figure.
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Single-Crystal X-ray Analysis for compound 111.29

Compound .29

net formula @H15CoNsOs
M./g morl* 322.161
crystal size/mm 0.15 x 0.07 x 0.02
T/IK 173(2)
radiation Moka
diffractometer 'KappaCCD'
crystal system orthorhombic
space group Pbce

alA 13.1338(5)
b/A 10.5900(3)
c/A 16.6901(6)

al® 90

pre 90

v/° 90

VIA3 2321.38(14)

z 8

calc. density/g ci 1.84362(11)
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w/mm*

absorption correction
refls. measured

Rint

meanc(l)/I

0 range

observed refls.

X, y (weighting scheme)
hydrogen refinement
refls in refinement
parametel

restraints

R(Fobg

Ru(F?)

S

shift/errof,ax

max electron density/e A

min electron density/e R

1.511
none
13451
0.0608
0.0327
3.47-25.36
1688
0.0399, 1.2695
constr
2120
172
0
0.0310
0.0803
1.054
0.001
0.441
-0.328

Solution of the structures of compouhid6 requires further refinement, which is carried out

by Dr. Peter Mayer in the analytics department hie tudwig-Maximilians-Universitat

Minchen. The illustration dil.6 shown in Chapter Ill, Section 3.2.1, Figure lll.is2based

on preliminary data, as also mentioned under thpe&ive Figure.
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Appendix 7: Computational Details

All calculations were performed by Dr. Elena Heor&6mez with GaussianG3® The

method was B3LYP’ The inner electrons of Cr were described by aectffe core

potential (SDD}*"? and the associated doultldasis set was used for the outer electrons.

The 6-31G(d) basis set was used for H, G*’fl The starting complex structure was taken

from available X-ray structuré§> Optimizations of the ligands and anionic complewese

performed. The nature of the stationary points a=all minima was confirmed through

frequency calculations.
(Scheme App.7a).

co
ocC..,, |r_\\NCMe
oCc” | “NCMe

NCMe

N\\ //N
NZ : =N
II]

N

No solvation effects werensidered

—MeCN

-2 MeCN

-3MeCN

in these calculations

©
Cco —|

oC.,, |r,\\pccp
oc” | “NCMe
NCMe

1.0 (2.6)

20
CO —|

ocC., | .«
er Peer

OC” | “pcep

Me

36.0 (40.7)

30
CO

oc., | .
e PeP
OC” | “pccp

pccp

114.7 (116.5)

Scheme App.7a: SCF Energies and Free Energies (in brackets) in kcal-mol*

Cartesian Coordinates (in A) and Absolute Ener(jiea.u.)

Cartesian coordinates of C3_AcCN (E = -825.3341P5.u.)

Coordinates (Angstroms)

Center Atomic
Number Number
1 6
2 7

Atomic

Type X
0.973218
-0.626547

Y 4
1.179828 1.612754
1.526326 -0.659442



Appendix 7: Computational Details

N OO ®ONO 0N O ™
SN

PR PRPORRPRRORRPRREPOD®

O OO0 OO0 O0OO0OOoOOo

O OO O OO0 0O0O0OO0OOoOOo

1.577687
0.603614
-1.025677
0.974544
-0.999036
1.612743
-2.397481
-1.643085
2.548030
-1.466010

1.925306
-1.422540
-1.288275
-2.313460
2.420559
-0.226540
0.324268
-2.024921
-0.356256
0.196950

0.013826 -0.006264
-1.475245 3.568985
-1.703272 3.280446
-2.383789 3.975995
-0.713703 4.356092
3.750784 -0.523893
3.491658 -0.667299
4.391948 0.360170
4.317116 -1.397109
-2.425639 -2.978606
-3.468573 -2.976042
-2.400771 -2.722037
-2.023862 -3.990001

2.275265
1.600513
-0.674301
2.255268
-1.298818
-0.721779
2.347612
-1.324939
-1.396748
1.657492
0.559311
-2.062026
-3.093604
-1.605012
-2.080144
-2.205101
-3.259469
-2.120356
-1.863505
-2.103539
-1.768604
-3.167945
-1.978871

Center
Number

Atomic
Number

Atomic
Type

-1.440859
-0.280454

1.180943
1.565401
1.559875
1.557805

0.000842

-0.001984
0.000412
-0.226419
-0.751922
0.981881

-0.001490
0.003541
-0.000725
0.998722
-0.699710
—-0.305480

Center
Number

Atomic
Number

Atomic
Type

Coardtes (Angstroms)

X

Y

0.083319 1.204672
0.260492 3.781214

-1.119728

0.451172

—-0.000293

0.006349

-0.000804
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4 7 0 -3.515658  1.415579 -0.005051
5 6 0 -0.774958 -0.925943 -0.000179
6 7 0 -2.435103 -2.904336  0.005002
7 6 0 0.641165 -1.023472  0.000272
8 7 0 2.012325 -3.212128 -0.001864
9 6 0 1.171510 0.293064 —-0.000041
10 7 0 3.676975 0.920090 -0.003303
11 6 0 0.180480 2.618173 -0.000311
12 6 0 -2.434234  0.980211 -0.001723
13 6 0 -1.685788 -2.011258 -0.000613
14 6 0 1.393296 -2.224268  0.001941
15 6 0 2.546068 0.637159 0.000430

Cartesian coordinates of Crplex 1(E2347.42339992 a.u.)

Center Atomic Atomic Coardtes (Angstroms)

Number Number Type X Y Z
1 6 0 2.776791 -0.363932 -2.136672
2 7 0 2.259895 1.715359 -0.306276
3 8 0 2.893931 -0.387614 -3.297722
4 6 0 2.847925 -2.163217 -0.226063
5 7 0 2.359738 -0.235655  1.749955
6 8 0 3.016740 -3.317340 -0.183891
7 6 0 1.978049 2.839440 —-0.345097
8 8 0 5.603331 0.067097 -0.037176
9 6 0 2.168344 -0.210593  2.894109
10 6 0 4.447092 -0.083173 -0.133777
11 24 0 2.621809 —0.326617 —0.289762
12 6 0 1.585668 4.242293  -0.414801
13 1 0 2.071303 4.816426 0.381760
14 1 0 1.877574 4.667810 -1.381130
15 1 0 0.497180 4.312714  -0.303257
16 6 0 1.939360 —0.198765  4.334335
17 1 0 2.831496 0.156636 4.861577
18 1 0 1.100671 0.460644 4.582410
19 1 0 1.703299 -1.207940  4.689356
20 6 0 -2.001984 -0.263818 -0.218526
21 7 0 0.563714 -0.449311 -0.347524
22 6 0 -2.700261  0.973875 -0.124787
23 7 0 -1.598503  3.306491 -0.074374
24 6 0 -4.088660  0.691517 -0.047469
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25
26
27
28
29
30
31
32
33
34

3D OO OO OO N OO N O N

O O O O OO O o o o

-5.973268  2.445672
-4.250949 -0.717546
-6.500746 -1.981686
-2.963997 -1.308288
-2.470520 -3.841211
-0.599955 -0.397743
-2.103259  2.255447
-5.125648  1.650940
-5.484840 -1.412775
-2.690198 -2.697367

0.154863
-0.092146
0.014951
-0.196782
-0.295523
-0.297621
-0.100162

0.062053
-0.034911
-0.254791

Center
Number

Atomic
Number

Atomic
Type

Coardtes (Angstroms)

O© 0o ~NO Ol A WN P

NNNNNNNRRRRRRRRRR
OO O WODNPFP OO NO O~ WDNPE O

M 00 O 00O ~N O

N

4

oo ~NoNoOoO~NONONOOO PR P EPE O

O OO OO0 O0OD0D0D0D0O00O000O0D00O0D0DO0OO0O oo o oo

X Y
-1.289829  3.798115
-0.001548 1.685174
-2.088997  4.600495

0.004089 3.191821
0.006294 3.621569
-0.003124  1.084838
2.105874 4.586520
1.301251 3.789040
0.001304 2.559282
-0.005368  0.289974
0.887412 -0.345540
0.000273 0.943317

-0.905342 -0.335148
-3.405738 -0.532165
-1.455622  1.149375
-3.871777 -1.277183
-2.906652 -1.190413
-4.973255 -2.067402
-6.352304 -3.671430
-5.191125 -1.812572
-7.039510 -2.881868
-4.224625 -0.865373
-4.051536  0.073753
-2.331832  0.384400
-3.339195 -1.229922
-5.728070 -2.948362

0.597631
2.023517
0.891947
-1.607381
—-2.692649
3.014551
0.889864
0.597075
0.132407
4.236635
4.249817
5.116096
4.253296
-0.360335
-0.251923
0.760242
3.152552
0.338656
1.820445
—-1.040465
—-2.493478
-1.472881
—-3.872256
-0.335876
2.070331
1.151553
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27 6 0 —-6.202943 -2.398414 -1.840701
28 6 0 -4.118173 -0.344773 -2.786354
29 6 0 3.402221 -0.538796 -0.355842
30 7 0 1.449303 1.139717 -0.250669
31 6 0 3.861711 -1.291006  0.762610
32 7 0 2.879603 -1.220973  3.148559
33 6 0 4967437 -2.076397  0.343147
34 7 0 6.339187 -3.688270  1.823189
35 6 0 5.194121 -1.811776 -1.032709
36 7 0 7.054108 -2.867957 -2.480513
37 6 0 4.229194 -0.862970 -1.465109
38 7 0 4.071119 0.092601 -3.859015
39 6 0 2.326762 0.375896  —0.332214
40 6 0 3.319918 -1.253409  2.069242
41 6 0 5.718210 -2.961668  1.155091
42 6 0 6.212298 -2.390443 -1.830109
43 6 0 4.130838 -0.333459 -2.775643

Cartesian coordinates of Crplex3 (E2391.42383805 a.u.)

Center Atomic Atomic Coardtes (Angstroms)

Number Number Type X Y z
1 6 0 1.168200 0.938403 3.258396
2 8 0 1.896348 1.505535 3.975086
3 6 0 0.248087 —1.492788 3.251474
4 8 0 0.376728 -2.410796  3.963016
5 8 0 —-2.247520  0.862539 3.986726
6 6 0 -1.394730  0.520190 3.264810
7 24 0 0.004231 -0.007630  2.174424
8 6 0 3.790648 -1.190643 -0.231479
9 7 0 1.591979 -0.552683  0.957236
10 6 0 4.345319 -0.592078 -1.396649
11 7 0 3.353209 1.330880 —2.805990
12 6 0 5.588978 -1.221146 -1.667816
13 7 0 7.208009 -0.675820 -3.604986
14 6 0 5.807562 -2.209638 -0.671640
15 7 0 7.878695 -3.744011 -0.505658
16 6 0 4.698929 -2.191661  0.215461
17 7 0 4.484565 -3.731318  2.277486
18 6 0 2.572339 -0.839668  0.394624
19 6 0 3.783907 0.460877 -2.160829
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oo oocoo NoONoNoOoONO~NOOGOLOOOGOOOONONOGONONONO OO O

[eleolNeololNoliolelololNololololNelN ool ol ool olololololNol ool olNolNolNolNolNo

6.470243 -0.917696
6.940213 -3.054527
4.559208 —-3.028855

-2.946357 -2.684998
-1.273827 -1.106353
-4.310898 -2.853284
-5.614529 -1.647924
-4.876677 —3.846890
—-7.305980 -4.720987
-3.865438 -4.295518
-4.170304 -6.118179
—-2.674540 -3.579499
-0.430752 -3.932791
-2.022788 -1.808881
-5.007893 -2.177124
-6.210394 -4.320970
—-4.025383 -5.292224
-1.436379 -3.757193
-0.847783  3.877978
-0.315998  1.648106
-0.372649  5.155375
1.189590 5.712229
-0.924665  6.132800
-0.543462  8.684454
-1.741723  5.464040
-3.083914  6.615517
-1.694853 4.073354
-2.988140  2.277581
-0.551376  2.643975
0.488126 5.437995
-0.710942  7.530977
-2.478655  6.087569
-2.394295  3.074084

—-2.734222
-0.578319
1.349831
-0.202790
0.965507
0.166286
2.041416
-0.675770
-0.599244
-1.566485
—-3.370984
-1.275038
-2.503378
0.412759
1.197945
-0.631943
—-2.559904
-1.940739
-0.215416

0.967486
0.196000

2.175334
-0.673658
-0.550633
-1.623622
-3.506154
-1.341415
—-2.672201

0.408191

1.285202
-0.604138
—-2.660020
—-2.062666
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Appendix 8: Screening Tables

N N N N N N N N
e’ N 7 ine? N\ NG N\ Ag N7
O, 9, O, O,
|l I\l I\l |l
N N N N
n.s3 n.13 n.14 .15
N N
® \ p) —|® N\\ //N
! NaO 7
al
F _ - F
& =P & T Lo
I NaO
N O
.16 .17 .28
Figure App.8a: Chemical structure of pccp salts and of disodium croconate
co
\ \\\CO conditions
20 MeCN—Cr——CO + 12113, I.13, .14, .15, .16 or N.A7 --------- -
MeCN
NCMe
1.4
Entry Pccp salt Additive Solvent Temperature Time Observation
1 EtN, 111.3 - MeCN reflux 16 h  starting material
2 EuN, 111.3 - MeCN r.t. 6d starting material®
3 EtN, I11.3 - MeCN reflux 6d complex mixture
4 EuN, I11.3 - toluene reflux 48 h  starting material
5 EtzN, 111.3 - THF reflux 48 h  complex mixture
6 EtsN, 1.3 - DMSO 100 °C 48 h  complex mixture
7 EtsN, 111.3 - DME reflux 48 h  complex mixture
8 EtN, 111.3 - diglyme reflux 48 h  complex mixture
9 EuN, I11.3 - acetone reflux 48 h  complex mixture
10 EtN, 111.3 Ceo (I1.6)  0-CsHaCl2  reflux 96 h  starting material®™
11 EtN, 1.3 Ceo (I1l.6) acetone reflux 48 h  complex mixture
12 HNEts, [11.13 - MeCN reflux 16 h  starting material
13 HNEts, 111.13 - MeCN reflux 6d complex mixture

300



Appendix 8: Screening Tables

14 Ag, 11115 - MeCN reflux 16 h  complex mixture
15 Ag, I11.15 - MeCN© reflux 6d complex mixture
16 Ag, .15 - MeCN[ r.t. 6d starting material
17 Ag, lIl.15 - DMSOM 120 °C 48 h  complex mixture
18 Ag, lll.15 Ceo (111.6)  0-CsH4Cl2 reflux 72 h  complex mixture
19 Na, Ill.14 - MeCN reflux 16 h  starting material
20 Na, I111.14 - MeCN reflux 6d complex mixture
21 Na, I111.14 - MeCN r.t. 6d starting material
22 Na, II.14 - toluene reflux 48 h  starting material
23 Na, I11.14 - THF reflux 48 h  complex mixture
24 Na, Ill.14 - DME reflux 48 h  complex mixture
25 Na, IIl.14 - diglyme reflux 48 h  complex mixture
26 Na, I11.14 Ceo (111.6)  0-CsH4Cl2 reflux 72 h  starting material
27 cpzFe, II.16 - MeCN reflux 16 h  complex mixturel
28 cpzFe, 111.16 - MeCN r.t. 6d complex mixture®
29 cpzFe, 111.16 - THF 50 °C 16 h  complex mixturel
30 cpzFe, lI.16 - DMF r.t. 16 h  complex mixturel
31 cpzFe, II.16 Ceo (Ill.6) 0-CeHsCl2 80 °C 16 h  complex mixturel
32 cp*zFe, I11.17 - MeCN reflux 16 h  complex mixturel®!
33 cp*2Fe, .17 - MeCN r.t. 6d complex mixturel®
34 cp*2Fe, .17 - acetone reflux 24h  complex mixture®
35 cp*2Fe, .17 Ceo (111.6) 0-CéHaClz  r.t. 16 h  complex mixturel®
36 cp*2Fe, .17 Ceo (1.6)  benzene reflux 16 h  complex mixture®
[a] Upon recrystallization, crystalline material of Ill.3 was obtained (Cc-cell, Chapter Ill, Section 3.2.1,

Figure 111.13) [b] crystal structure of Ceo-0-CsH4Cl2 was obtained upon recrystallization (Chapter Ill, Section 3.2.1,
Figure 111.12); [c] reaction was performed as a suspension due to low solubility of 111.15; [d] ferrocene (111.33) was
formed during the reaction, which could be separated by filtration and was the only reaction product that could be
characterized; [e] decamethylferrocene (I11.35) was formed during the reaction, which could be separated by
filtration and was the only reaction product that could be characterized; [f] crystal structure of
decamethylmetallocenium (Feos7Cross) pccp (111.18) was obtained upon recrystallization (Chapter I,
Section 3.2.1, Figure 111.17)

Table App.8a: Conditions and observations for self-assembly of 111.4 with pccp salts.
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co
20 MeCN—j\”ﬁc—OCO +12113, 11114, 1115 or .17 condtons
MeCN
NCMe
n.s

Entry Pccp salt Additive Solvent Temperature Time Observation
1 EtN, 111.3 - MeCN reflux 96 h  complex mixture
2 EtN, 1.3 - DME reflux 24 h  complex mixture
3 Et:N, 1.3 - diglyme reflux 48 h  complex mixture
4 EtN, 1.3 Ceo (111.6) 0-CsHaCl2 reflux 96 h  starting material
5 Ag, 1Il.15 - MeCN® reflux 16 h  complex mixture
6 Na, Ill.14 - MeCN reflux 72 h  starting material
7 Na, 11l.14 - MeCN reflux 6d complex mixture
8 Na, 11.14 - MeCN r.t. 6d starting material
9 Na, I1l.14 - DME reflux 48 h  complex mixture
10 cp*oFe, .17 - MeCN reflux 16 h  complex mixture

[a] Reaction was performed as a suspension due to low solubility of I11.15.

Table App.8b: Conditions and observations for self-assembly of I1.7 with pccp salts.

co
20 MeCN—(\/‘v‘ECO +1211.3, 1114, 11115 or .17 condtons
MeCN
NCMe
n.1o

Entry Pccp salt Additive  Solvent Temperature Time Observation
1 EuN, 111.3 - MeCN reflux 6d complex mixture
2 EtN, 111.3 - DME reflux 96 h complex mixture
3 EuN, 111.3 - MeCN microwave, 80 °C  2h complex mixture!®
4 EtN, I11.3 Ceo (111.6)  0-CeH4Cl2  reflux 96 h starting material
5 Ag, 1Il.15 - MeCNP!  reflux 16 h complex mixture
6 Na, Ill.14 - MeCN reflux 16 h complex mixture
7 Na, 111.14 - MeCN reflux 6d complex mixture
8 Na, 11.14 - DME r.t. 6d complex mixture
9 Na, I1l.14 - diglyme reflux 48 h complex mixture
10 Na, 111.14 - dioxane reflux 24 h complex mixture
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11 cp*2Fe, .17 - MeCN reflux 16 h complex mixture

[a] Upon recrystallization crystalline material of 111.3 was obtained (Cc-cell, Chapter lll, Section 3.2.1,
Figure 111.13); [b] reaction was performed as a suspension due to low solubility of 111.15.

Table App.8c: Conditions and observations for self-assembly of 111.10 with pccp salts.

ST co
@\\ | co

CN W Co conditions

20 CN/\ g 123, MAdorma7 oo -
(\gi NCV@
S
n.12
Entry Pccp salt Additive Solvent Temperature  Time Observation
1 EtsN, 111.3 - MeCN reflux 6d complex mixture
2 EtsN, 111.3 - DME reflux 24 h  complex mixture
3 EtN, 111.3 Ceo (111.6) 0-CeHaCl2  reflux 72 h  starting material®
4 Na, I11.14 - MeCN reflux 16 h  complex mixture
5 Na, I111.14 - DME r.t. 6d complex mixture
6 Na, I111.14 - DMSO 80 °C 24 h  complex mixture
7 cp*oFe, IL17 - MeCN reflux 16 h  complex mixture
[a] Upon recrystallization crystalline material of 111.3 was obtained (Cc-cell, Chapter lll, Section 3.2.1,
Figure 111.13).

Table App.8d: Conditions and observations for self-assembly of 111.12 with pccp salts.

—] @
\ch? o conditions
+12M3orll.14 --------- >

20 X :u PFg
MeCN" | "NCMe

NCMe

1.26
Entry  Pccp salt Additive Solvent Temperature Time Observation
1 EtzN, 1.3 - CDsCN r.t. 18 h  starting material
2 EtN, 111.3 - CD2Cl™ r.t. 18 h  complex mixture
3 EtsN, 111.3 - ds-acetone r.t. 18 h  starting material
4 EtsN, 111.3 - H20/EtOH reflux 1lh complex mixture
5 EuN, I11.3 - THF reflux 1h complex mixture
6 EtzN, 111.3 Ceo (111.6)  0-CeH4Cl2 80 °C 24 h  complex mixture
7 Na, 111.14 - MeCN reflux 16 h  complex mixture

[a] Reaction was performed as a suspension due to low solubility of I11.3.

Table App.8e: Conditions and observations for self-assembly of 111.26 with pccp salts.
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o 1° Ehen vapor difusion of a non-
co solvent into the reaction
20 H2O_,Ré;co 6Br +12111.3, N.13, .14, 1115, 11116, N.17 or 111.28 mbdure over aperiod oftime
H,0 \
OH,
N/ .24
[N% pFO
.37
Entry Pccp salt Additive Solvent Non-solvent Time Observation
1 EtsN, 111.3 - H20, THF Et20 2d starting material
2 Et:N, I111.3 - H20, acetone  EtOAc 20 d starting material
3 EuN, I11.3 - diglyme Et20 4 d starting material
4 EtzN, 1.3 - diglyme CHCIs 11d starting material
5 EtsN, 111.3 - ionic liquid 111.37 MeNO2z, Et2O 18 d complex mixture
6 EtN, 111.3 - ionic liquid 111.37 THF 14d complex mixture
7 EtsN, 111.3 - ionic liquid 111.37 CHCls 12d complex mixture
8 EtN, 111.3 - DMSO Et20® 12d starting material™
9 EtN, 111.3 Ceo (111.6)  0-CsH4Cl2® - 52 d starting material
10 HNEts, 111.13 - H20, acetone  Et:0 3d starting material
11 Na, 111.15 - H20, acetonel® Et20 3d complex mixture
12 Na, 111.15 - H20, acetonel® CHCls 5d complex mixture
13 Na, Il1.15 - MeCN Et20 2d complex mixture
14 Na, 111.15 - MeCN CHCIs 4d complex mixture
15 Na, 111.15 - MeCN -l 5d complex mixture
16 Na, I11.15 - DMSO EtO 4d complex mixture
17 Na, 111.15 - DMSO EtOAcC 18 d complex mixture
18 Na, Il1.15 - DMSO MTBE 4d complex mixture
19 Na, 111.15 - DMSO CH2Cl2 4d complex mixture
20 Na, 111.15 - DMSO CHCls 4d complex mixture
21 Na, 111.15 - DMSO H20 14 d complex mixture
22 Na, I11.15 - DMSO EtOH 21 d complex mixture
23 Na, 111.15 - dioxane, H.O  acetone 21 d formation of 111.271
24 Na, 111.15 - DMF Et20 5d complex mixture
25 Na, I11.15 - DMF EtOAc 5d complex mixture
26 Na, 111.15 - DMF MTBE 5d complex mixture
27 Na, Il1.15 - DMF CH2Cl2 16 d complex mixture
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28 Na, [11.15 - DMF CHCIs 8d complex mixture
29 Na, I11.15 - DMF benzene 8d complex mixture
30 Na, 111.15 - DMF H20 20d formation of 111.274
31 Na, 111.15 - DMF EtOH 8d complex mixture
32 Na, 111.15 - MeNO:2 Et20 3d complex mixture
33 Na, I11.15 - MeNO:2 CH2Cl2 3d complex mixture
34 Na, II1.15 - MeNO:2 L] 25d complex mixture
35 Ag, lll.14 - H20M - - starting material
36 Ag, lIl.14 - DMSOM - - starting material
37 Ag, lll.14 - DMFM - - starting material
38 cpzFe, 111.16 - acetone - 6d starting material
39 cpzFe, 111.16 Ceo (111.6)  acetone - 8d starting material
40 cpzFe, II.16 - MeCN -d 5d complex mixture
41 cpzFe, I11.16 - DMF Et2O 5d complex mixture
42 cp*Fe, .17 - MeCN -ld 10d complex mixture
43 cp*2Fe, .17 - acetone - 10d complex mixture
44 cp*2Fe, II.17  Ceo (111.6) acetone -d 10d complex mixture
45 cp*2Fe, II1.17 - DMF EtO 3d complex mixture
46 cp*zFe, 111.17 - DMSO Et20 3d complex mixture
47 cp*2Fe, II1.17 - MeNO:2 EtO 3d complex mixture
48 111.28 - H20 -d 24d complex mixture
49 111.28 - H20 acetone 12d complex mixture

[a] Initially, a biphasic system of Et2O over DMSO was obtained; solvens diffusion was then triggered by addition
of 2 drops of THF to the ether layer [b] crystalline material of I1l.3 was obtained (Cc-cell, Chapter lll, Section 3.2.1,
Figure 111.13); [c] Reaction was performed as a suspension due to low solubility of 11l.14; [d] sample was filtered
and solvent was allowed to evaporate; [e] mixture was heated to 60 °C until a homogenous solution was obtained
(30 min); [f] Ill.27-dioxane-acetone was obtained as a crystalline solid (for crystal structure see Chapter lIl,
Section 3.2.1, Figure 111.19); [g] 1l.27-DMF-3H20 was obtained as a crystalline solid (for crystal structure see
Chapter 1ll, Section 3.2.1, Figure 111.18); [h] Reaction was performed as a suspension due to low solubility of
1.14.

Table App.8f: Conditions and observations for self-assembly of 111.24 with pccp salts and 111.28.
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co 7%°
20 Br?j“é\c—oco 2EL,N®  + 121113, .14, 115, 11116 or 11117 contone
Br
.25

Entry Pccp salt Additive  Solvent Temperature Time Observation

1 EtN, 1.3 - MeCN reflux 48 h starting material
2 EtaN, 111.3 - acetone reflux 48 h starting material®®
3 EtsN, 111.3 - DMSO 100 °C 48 h starting material
4 EtsN, I11.3 NaPFs MeCN reflux 48 h starting material
5 Na, 111.15 - MeCN reflux 48 h formation of I11.3"!
6 Na, 111.15 - acetone reflux 48 h formation of 111.3 "
7 Na, I111.15 - DMSO 100 °C 48 h formation of I11.3
8 Na, 111.15 NaPFs MeCN reflux 48 h formation of I11.3
9 Ag, lll.14 - H.OM reflux 48 h complex mixture
10 Ag, I1l.14 - DMSOM 100 °C 48 h complex mixture
11 Ag, l1l.14 - DMF! 100 °C 48 h complex mixture
12 cpzFe, l11.16 - MeCN reflux 48 h formation of I11.3
13 cpzFe, .16 - acetone reflux 48 h formation of II.3
14 cpzFe, lIL16 - DMSO 100 °C 48 h complex mixture
15 cp*2Fe, 117 - MeCN reflux 48 h formation of II.3
16 cp*Fe, lIL17 - acetone reflux 48 h formation of 111.3"!
17 cp*2Fe, .17 - DMSO 100 °C 48 h complex mixture

[a] crystalline material of 111.3 was obtained (Pc-cell, Chapter Ill, Section 3.2.1, Figure IIl.14); [b] crystalline
material of 111.3 was obtained (Cc-cell, Chapter lll, Section 3.2.1, Figure 111.13); [c] Reaction was performed as a
suspension due to low solubility of 111.14.

Table App.8g: Conditions and observations for self-assembly of I11.25 with pccp salts.
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H
N ”
20 HN'mC|OwNH + 12113, 114, 1115, A7 or .28 SoromenS
- ~~
0N | ~NO,
NO,
n.21

Entry Pccp salt Additive  Solvent Temperature Time Observation
1 EtsN, 111.3 - DMSO 100 °C 72 h complex mixture
2 EtzN, 1.3 - H20, acetone reflux 72 h complex mixture
3 Ag, lll.14 - DMSO 100 °C 72 h complex mixture
4 Na, I11.15 - DMSO 100 °C 72 h complex mixture
5 cp*oFe, .17 - DMSO 100 °C 72 h complex mixture
6 111.28 - Hz20 reflux 72 h formation of I11.29%

[a] upon slow evaporation of solvent on air, crystalline material of 111.29 was obtained after 14 days (for crystal
structure see Chapter I, Section 3.2.1, Figure I11.20).

Table App.8h: Conditions and observations for self-assembly of I11.21 with pccp salts and 111.28.

H
N conditions
20 HN., |o\~NH +1211.3, 14, 15, MA7 or .28 - —------- -
cI” ] ~ci
Cl
.22

Entry Pccp salt Additive  Solvent Temperature Time Observation
1 EuN, 111.3 - DMSO® 100 °C 72h  complex mixture
2 EtN, 111.3 - H20, acetone® reflux 72 h  complex mixture
3 Ag, lll.14 - DMSO® 100 °C 72h  complex mixture
4 Na, 111.15 - DMSO® 100 °C 72h  complex mixture
5 cp*2Fe, .17 - DMSO™ 100 °C 72 h  complex mixture
6 111.28 - H20[ reflux 72 h  complex mixture

[a] Reaction was performed as a suspension due to low solubility of 111.22.

Table App.8i: Conditions and observations for self-assembly of 111.22 with pccp salts and [11.28.
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