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Abstract

Hydrocyanation describes an atom-economic, C-C bond-forming reaction leading to nitriles,
which are of high importance as target structures and synthetic intermediates. However,
hydrocyanation of non-activated alkenes is less developed than other transition metal-
catalyzed transformations, although it opens up valuable opportunities for (asymmetric)
organic synthesis. In this work, enantioselective nickel-catalyzed hydrocyanation using
TADDOL-derived chiral phosphine-phosphite ligands was investigated in terms of potential
improvements, substrate scope and limitations. As a highly attractive substrate class, 1,3-
diarylpropenes (homostilbenes) were hydrocyanated for the first time. For this purpose, a
library of various substituted homostilbenes was initially synthesized and their hydrocyanation
was investigated with respect to chemo-, regio- and enantioselectivity. Notably, high levels of
regio-retention (and enantioselectivity) were observed despite the risk of chain-walking. The
utility of the developed methodology was demonstrated in the synthesis of a new colchinol. In
a separate project, an enantioselective iridium-catalyzed cyclobutanol fragmentation was
employed in studies towards the synthesis of an antiplasmodial chromane natural product, and
coupling strategies for the introduction of a terpene-derived side chain were investigated.

Kurzbeschreibung

Die Hydrocyanierung beschreibt eine atomdkonomische, C-C bindungskniipfende Reaktion
zur Synthese von Nitrilen, die als Zielstrukturen und Syntheseintermediate von grol3er
Bedeutung sind. Vor allem die Hydrocyanierung unaktivierter Alkene ist im Vergleich zu
anderen Ubergangsmetall-katalysierten Transformationen weniger entwickelt, obwohl sie
wertvolle Méglichkeiten flir die (asymmetrische) organische Synthese 6ffnet. In dieser Arbeit
wurde die enantioselektive Nickel-katalysierte Hydrocyanierung (unter dem Verwendung von
TADDOL-abgeleiteten chiralen Phosphin-Phosphit Liganden) eingehender in Hinblick auf
Verbesserungsmaglichkeiten, Substratspektrum und Limitierungen untersucht. Im Rahmen
dieser Studien wurden erstmals auch 1,3-Diarylpropene (Homostilbene) als besonders
attraktive Substrate hydrocyaniert. Hierfir wurde zunéchst eine Bibliothek verschieden
substituierter Homostilbene synthetisiert und deren Hydrocyanierung in Hinblick auf Chemo-,
Regio- und Enantioselektivitat untersucht. Dabei konnten trotz der Isomerisierungsgefahr
durch Doppelbindungsmigration ein hohes Mald an Regioretention sowie gute
Enantioselektivitdten erhalten werden. Den Nutzen der entwickelten Methodik wurde in der
Synthese eines neuen Colchinols demonstriert. In einem separaten Teilprojekt wurde in
Studien zur Synthese eines antiplasmodialen Chromannaturstoffes eine enantioselektive
Iridium-katalysierte Cyclobutanolfragmentierung angewendet und Kupplungsstrategien zur

Einflhrung einer Terpen-abgeleiteten Seitenkette untersucht.
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Introduction

1. Introduction

Our life is based on carbon compounds. All living things consist of similar carbon-rich
molecules, which, functionalized with the incorporation of hydrogen, nitrogen, oxygen,
phosphorus and sulfur, form the basis of all organic substances.™ An important property is the
catenation of hydrocarbons, which allows the formation of longer open-chain structures or ring
assemblies.? The elucidation of carbon compounds with respect to their function and
formation as well as the synthesis of new ones is essential for technological as well as human
progress and the coexistence of a constantly growing world population. This necessity is not
restricted to life sciences such as medical,®! nutritional and agrochemical research, plastics
and technology development,® but it is also present in all areas, from daily life to tackling the

climate crisis.®

New carbon compounds can be created either by derivatization of already existing complex
structures or by building them from simple organic molecules. The diversity of possible
reactions is crucial for this. In particular C-C bond forming reactions are among the most
important transformations in organic chemistry. Without such reactions, no larger, functional
molecules could be produced. For this reason, researchers have always tried to understand
reaction sequences using examples from nature or simply through experimentation, and to
develop new reactions.[ Asymmetric C-C bond forming reactions for the selective synthesis
of chiral compounds is one of the most important modern challenges.® Countless examples
demonstrate the inevitability of obtaining enantiopure substances for the use in biochemical
processes.! Figure 1 shows the tuberculosis drug (S,S)-(+)-ethambutol (1). Its enantiomer

(R,R)-(+)-ethambutol (ent-1) is not effective and causes blindness.!*?

/\/N\/\N/(/OH : HO\)\ /\/N\/\

HO OH
(S,S)-(+)-ethambutol (1) ' (R,R)-(+)-ethambutol (ent-1)

\llll
/uu

Figure 1: The enantiomeric pair of ethambutol.

Besides the options of racemic resolution, chiral pool synthesis or the use of chiral auxiliaries,
enantioselective catalysis is by far the most elegant approach. Apart from biocatalysis using
enzymes which are highly substrate specific)*¥! and the promising field of organocatalysis,™*?
enantioselective transition metal catalysis is one of the most established approaches, since
the use and development of chiral ligands allows the chemo-, regio- and enantioselectivities
to be controlled in a very thorough manner.® 31 At the same time, this leads to the challenge
of developing suitable ligands and appropriate methodologies with the aim of achieving high

selectivities.






State of Knowledge

2. State of Knowledge

2.1. Nitriles and hydrogen cyanide
Nitriles are versatile substances. The nitrile group is present in many natural products as well
as in compounds used in pharmaceuticals, agrochemicals and functional materials/textiles.*#
In addition, nitriles offer a large synthesis platform as they can be converted into a variety of

functional groups by mostly simple, well-established transformations (Scheme 1).1*%

H,0 H,0, R'OH
NH» - . OR'
R/z»\g s R/\g/ 7
H,S 2 H,0
N1 D S — I ——— OH
R “NH, R
4 s RGN o 8
R/\n/NHSOH NH4OH 9 R'MgBr, H,0 R/\H/R'
-NH3
5 NH o 9
H, HCI, SnCl,
R/\/NHZ P — R/\H/H
-NH,CI, -SnCl,
6 o 10

Scheme 1: Exemplary synthetic transformations of nitriles into a variety of other functional groups.[16!

The products include esters 7, carboxylic acids 8, ketones 9, aldehydes 10, amides 3, and
amines 6. But also, the thioamides 4 and amidoxime salts 5, which occur in a number of active

pharmaceutical ingredients and prodrugs,*”! can be easily derived from nitriles.

Prominent examples of pharmaceutical nitriles include the arylalkylamine (S)-verapamil (11),
a calcium channel inhibitor for the treatment of hypertension and cardiovascular diseases in
which direct coordination of the cyano group to calcium ions plays a critical role,*® or the

nucleoside analogue drug remdesivir (12) (Figure 2).

(S)-verapamil (11) remdesivir (12)
Figure 2: Structures of selected pharmaceutical nitriles.

The latter broad-spectrum antiviral medication was originally used to treat hepatitis C, and later
also for cases of Ebola virus disease and Marburg virus infections.'® Since 2020, this
biopharmaceutical has additionally been approved in many countries worldwide for the
treatment of COVID-19 as it showed convincing results in clinical trials.?® The active
metabolite of remdesivir (12) competes with endogenous nucleotides within virus RNA
synthesis. Structure relationship analysis showed that the nitrile moiety provides higher

antiviral activity through interaction with residues on the active site of the enzymes involved.?!!
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Cyanogenic glycosides are by far the most abundant naturally occurring nitriles.?? These
B-glycosides belong to the class of cyanohydrins and therefore release hydrogen cyanide
(HCN) under chemical or enzymatic hydrolysis. Primarily in plants, but in some animals as
well, they contribute to the defense mechanism and are a natural source of reduced nitrogen.?®!
Structurally, there are only minor differences, since they them derive from common glycosides
and only a few amino acids.**ad Well-known representatives are prunasin (13a), linamarin (13b)
and heterodendrin (13c) (Figure 3).

HO
HO O .
H&/O\FR
R'ICN HO

OH g
CN

R' = H, R" = Ph: prunasin (13a)
R',R" = Me: linamarin (13b) (R)-mandelonitrile (14)
R' = iPr, R" = H: heterodendrin (13c)

Figure 3: Structures of naturally occurring cyanogenic glycosides 13a-13c and (R)-mandelonitrile (14).

In particular, structures binding mandelonitrile (14) such as prunasin and derivatives (including
amygdalin) are frequently found in the seeds of plants.l!4d They are often responsible for the
bitter almond aroma. The naturally predominant (R)-mandelonitrile (14) itself is hydrolyzed
enzymatically by mandelonitrile lyase to release HCN.?*l Humans and animals can consume

small amounts of cyanogenic plants without problems. !

HCN as a pure substance is a colorless, water-soluble liquid with a low boiling point of 25.6 °C
and with a pKa, value of 9.3, it is one of the weak acids.?® However, HCN is highly toxic and
causes death within one hour at a concentration of 100 ppm.?”) The cyanide irreversibly binds
to the central iron(lll) atom of the heme-as cofactor in cytochrome ¢ oxidase in mitochondria.
Oxygen can still be transported in the blood but can no longer be taken up by the mitochondria,
which interrupts ATP production and thus aerobic metabolism.[?®l As a synthesis building block,
however, it is extremely useful. HCN, historically referred to as prussic acid, was first
synthesized from the deep blue pigment iron hexacyanoferrate (Prussian blue).?°l Nowadays,
it can be obtained on a laboratory scale from the corresponding cyanides such as NaCN or
KCN.B9 Industrially, it is obtained by the Andrussow process from methane and ammonia by
platinum-catalyzed oxidation at high temperatures (Scheme 2).5Y Among similar large-scale

processes, this highly exothermic procedure is the most important one.F?

[Pt]-catalyst
2CH; + 2NH; + 30 —— 3 2HCN + 6H)O
>1000 °C

Scheme 2: Reaction scheme of large-scale synthesis of HCN by the Andrussow process.

HCN is directly applied in the preparation of KCN, NaCN as well as in the adiponitrile process
(see Section 2.2.2.).B% The cyanides are mainly used in mining for the extraction of precious

metals such as gold cyanidation® and in electroplating.®® In addition, KCN is used in the

4
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Strecker process to produce racemic a-aminonitriles and acids (Scheme 3). Since the reaction
proceeds without asymmetric induction, other processes have become established in the
commercial production of a-amino acids.® Nevertheless, the Strecker synthesis is often used
and many stereoselective variants employing cyanide addition to chiral imines or a catalytic

enantioselective cyanation of imines have been developed.*”

j’ H® NH,, KCN /’%‘\Hz H2 1,0 }N\Hz
_— —_—

R R”CN R” CO,H

15 rac-16 rac-17

Scheme 3: Use of the Strecker reaction for the preparation of racemic amino acids.

A condensation reaction of aldehydes 15 with ammonia in the presence of KCN leads to the
a-aminonitrile rac-16. Acidic hydrolysis subsequently releases the a-amino acid rac-17. Both
substituted amines and ketones can be used in the reaction.™® Commercially, the process is

used for the racemic synthesis of methionine from methional.[¢"!

The monomer of the widely used engineering plastic poly(methyl methacrylate) (PMMA, acrylic
glass) is methyl methacrylate.® The most common synthesis method is via the acetone

cyanohydrin route (Scheme 4).5%

o} o}
Q HCN HO CN 50,  HO3SO »NH, .50, OMe

M —— X = — + NHgHSO,
18 19 20 21

Scheme 4: Synthesis pathway to methyl methacrylate via the acetone cyanohydrin route.

Condensation of HCN with acetone (18) leads to acetone cyanohydrin (19), which reacts under
hydrolysis with sulfuric acid to form sulfate ester 20. Subsequent methanolysis affords methyl
methacrylate (21) as the product and ammonium bisulfate. The large field of application of
hydrocyanation of unsaturated hydrocarbon compounds is discussed in detail in the next

section.



State of Knowledge

2.2. Hydrocyanation

2.2.1. General concept of hydrocyanation
Hydrocyanation describes the addition of hydrogen cyanide (HCN) to a carbon-carbon
unsaturated bond (hydrofunctionalization), which usually occurs in a transition metal-catalyzed
manner. It is mainly used for the conversion of alkenes of type 22 into nitriles, where linear
(anti-Markovnikov) or branched (Markovnikov) products 23 or 24 are formed (Scheme 5).140
For the reaction, HCN can be used directly or formed in situ from HCN surrogates such as
acetone cyanohydrin (19)“Y or trimethylsilyl cyanide.“? The hydrocyanation of alkynes and
allenes, which is in most parts analogous to that of alkenes, is becoming increasingly important
in modern synthetic chemistry (see attached review articles).l*® This introductory overview

focuses on the well-studied hydrocyanation of alkenes.

HCN H CN
metal catalyst + *
R/\ —_— R)\/CN R)\/H
22 23 24
R = Aryl, Alkyl linear branched

(chiral)

Scheme 5: Hydrocyanation of an alkene.

Due to the electron-rich properties of the cyanide ion, addition to strongly polarized double
bonds of, for example, aldehydes, ketones or imines, as well as to electron-poorer alkenes
and alkynes, is significantly more activated than to nonpolar systems.*l Therefore, the
presence of a suitable transition metal catalyst is crucial for non-activated systems. In principle,
nickel, palladium or cobalt complexes are suitable for this purpose, with nickel catalysis
predominating due to its higher chemo-, regio- and enantioselectivities.*s! Unfortunately, the
ligand metal complexes used in hydrocyanation are very prone to form stable cyanide
complexes (especially Ni(CN). species),'® 4 |leading to deactivation of the catalytic system.
Overall, this results in the hydrocyanation of non-activated alkenes lagging behind other
transformations. Since hydrocyanation provides direct and atom-economical synthetic access
to nitriles, its further development is particularly valuable. While the Markovnikov addition to
terminal alkenes or the use of internal olefins lead to chiral products, enantioselective

hydrocyanation in particular is being investigated by several research groups worldwide.*® 44

46]

2.2.2. Industrial hydrocyanation: Adiponitrile process
On an industrial scale, the hydrocyanation reaction is used in the production of adiponitrile, in
which 1,3-butadiene (25) is converted by means of double hydrocyanation (Scheme 6). This

process, developed by DuPont in 1971,*7 has been used for decades for the large-scale
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production of polyamide 6.6.181 The fact that the annual production of adiponitrile exceeds one

million tons highlights the importance of the process.*’

18t hydrocyanation 18! isomerization
HON — 2 ——
[Ni], P(OAr) CN .
N7 P 26 [Ni°]
P(OAr)
25 ’

— AR eN

27
2" isomerization

2" hydrocyanation Lewis acid
HCN, Lewis acid INi%], P(OAr)3
0
NG [Ni°], P(OAr),
SNNCN e NN
29 28

Scheme 6: Simplified reaction scheme of industrial DuPont adiponitrile (29) production.[“®!

Starting from an initial hydrocyanation of 1,3-butadiene (25) using a triarylphosphite nickel
complex as catalyst, the desired linear product 3-pentenenitrile (27) and the branched
byproduct 2-methyl-3-butenenitrile (26) are formed in varying ratios. The latter can be
separated by distillation during the process and isomerized to the desired linear nitrile product
27 using the same catalyst system.! In the further course, employing a Lewis acid as co-
catalyst, 3-pentenenitrile (27) is isomerized to 4-pentenenitrile (28), which is converted to
adiponitrile (29) under a second addition of HCN. In this step, the Lewis acid provides
regioselectivity control (see Section 2.2.3.). In the subsequent process, adiponitrile (29) is
reduced to hexamethylenediamine (30) and polymerized with adipic acid (31) representing the
second building block (Scheme 7). The latter, however, is not obtained by hydrolysis of the

adiponitrile (29), but by double oxidation from cyclohexane.®”

polyamide 6.6

polycondensation H o
NH HO,C —_—>> NN
HzN/\/\/\/ 2 + 2 \/\/\COZH > H
30 31 32 0 n

Scheme 7: Synthesis of polyamide 6.6.

Polyamide 6.6 (Nylon 6.6, 32) is an easily processable and extremely resistant raw material,
which is mainly applied in the production of mechanical components as well as in the textile
and clothing industry. In addition, polyamide 6.6 often provides mechanically more favorable
properties than its related polyamide 6 (which is obtained from e-caprolactam by ring-opening

polymerization) due to the higher number of possible hydrogen bonds.!!

To date, the adiponitrile process remains the largest application of homogeneously catalyzed
hydrocyanation. Due to the fact that in the adiponitrile process selectivity problems can occur,
such as isomerization and uncontrolled addition of HCN without prior isomerization,? the

hydrocyanation of non-aryl-conjugated systems has been extensively studied. In general, the
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triaryl phosphite nickel complexes Ni[P(OAr)s]» (n = 3-4; Ar = Ph, tolyl) are suitable for this
purpose.l% 53 |n addition, process development contributed to the deeper understanding of
contemporary organometallic chemistry and led, among other things, to further elaboration of
the 16 and 18 electron rule, the catalytic cycle concept, the influence of steric and electronic
effects of ligands, and the ligand cone angle.[*’2 %4 The corresponding Tolman cone angle ©,
as a common example for the analysis of the steric claim of tertiary ligands in transition metal
complexes,® was named after the leading development chemist in the DuPont adiponitrile
process at that time, Chadwick A. Tolman. He originally used the method for phosphine ligands

in nickel complexes using accurate physical models.®®

2.2.3. Selectivities and mechanistic principles
The first foundations for the mechanistic understanding of hydrocyanation were laid by the
extensive work of Backvall et al.’ and McKinney et al.® on the nickel-catalyzed
hydrocyanation of ethene, 1-3-dienes, and other olefins in the 1980s. In contrast to the first
(cobalt-catalyzed) hydrocyanation examples published by Arthur et al. in 1954,59 nickel
catalysis of alkenes that are non-aryl-conjugated leads predominantly to linear nitriles. This
effect can be enhanced by the addition of Lewis acids. The cyanide anion of the oxidated nickel
complex 33 is abstracted by these acids and cationic nickel-hydride 34 is formed (Scheme 8).
This complex causes the isomerization of internal olefins such as 35 to terminal olefins 36 by
chain-walking. The latter are converted much faster in the hydrocyanation.®® Furthermore, the

use of Lewis acids usually increases the reaction rate by promoting the reductive elimination

step.[6Y
o L,,,(N'Bi,L

LA [LA-CN] L H

! L ©) 34 [Ni], HCN
L, ..CN L., =L A — )

—_— —_— —_—
I_/NI\H —~—— L/NI\H R/\/ —~— R/\/ R/\/\CN
33 34 35 36 37

Scheme 8: Formation of nickel hydride 34 (left). Isomerization of internal olefins followed by hydrocyanation
(right).

In addition, Lewis acids can coordinate to the nitrogen lone pair of the corresponding catalytic
species and thus prevent the formation of indicated nickel-alkyl structures, which in turn favors
the formation of linear products. The addition of Lewis acids can as well influence the

hydrocyanation of aryl-conjugated alkenes.

The phenomena described were first investigated with regard to the significant adiponitrile
process, since these have a decisive influence on the product selectivities (see Section 2.2.2.).
Through the investigation of ligand structures with respect to sterics and electronics, a change

from monodentate to bidentate ligands has evolved since the 1990s, as these led to better

8
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activities and selectivities.2 An early example of the hydrocyanation of styrene derivatives
was achieved by the McKinney group in the racemic synthesis of the anti-inflammatories
Ibuprofen (rac-39) and Naproxen (rac-41) (Scheme 9).5% Using a Ni[P(OpTol)s]s catalyst, the
corresponding precursors 38 and 40 were reacted with HCN and subsequently subjected to

basic hydrolysis.

1. [Ni], HCN COOH
XN 2 NaOH, H,0
.
38 rac-39
H
1. [Ni], HCN ¢oo
MeO MeO
rac-41

Scheme 9: Hydrocyanation of styrene derivatives 38 and 40 in the synthesis of anti-inflammatories.[53!

When vinylarenes are used, the regioselectivity changes in favor of the branched anti-
Markovnikov products. This was impressively demonstrated by Vogt and coworkers, who
investigated the hydrocyanation of styrene (42) with regard to the mechanism in the absence
or presence of Lewis acids by means of deuterium labelling experiments, NMR studies and
DFT calculations (Scheme 10).541 In their experiments, they used bidentate xantphos (56)-

derived P,P-ligands.

i H
I| CN HCN ,!“u
\\‘ ~CN branched “ 1 ~CN
47 )\ nitrile Ph)\ P A i
53 AICI3
"thermodynamic control" 52
without Lewis acid
M M M T e
e 42 _ P\s HCN \ P Hen RP Ac,  RP g RP
NC—-Ni"-H == _“ = Nl =— _Nil. =~—— .NC—Ni'"—H
| / \ \ NC H ,~NC H /ﬂbl
/= S 44 ClsAl 50 3
Ph 45 Ph 51

T

_I[

"kinetic control"
with Lewis acid
M
AICl3

HCN J/ CN\ .
AICH
Ph ph” 54 :

Scheme 10: Hydrocyanation of styrene (42) in absence (left catalytic cycle) and presence (right catalytic cycle) of
a Lewis acid reported by Vogt and coworkers.[64]

The selectivity towards branched nitriles can be explained by the feasible intermediates in the
left catalytic cycle. The precomplexed catalyst 43 is first subjected to an oxidative addition of
HCN. Starting from the emerging species 44, the m-complex 45 is formed by coordination.

From this, either g-alkyl intermediate 46 or n*-benzyl complex 47 can be formed by hydrogen
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insertion. Since the latter is thermodynamically more stable and thus dominates at equilibrium,
reductive elimination occurs mainly from 47 to the branched nitrile 48. Similar to how the
addition of Lewis acids to non-aryl-conjugated compounds increases selectivity toward linear
products,®! the Vogt group was able to show that for vinylarenes the high selectivity towards
branched products could even be reversed. In the hydrocyanation of styrene 42, the addition
of AICI; shifted the selectivity from 90% branched product to 90% linear product (right catalytic
cycle). In the DFT calculations, it was shown that the n3-benzyl intermediate 52 is so strongly
stabilized by the Lewis acid coordination leading to a “steady state” situation for this complex
that reductive elimination hardly occurs from 52.1%4 As a result, the reaction proceeds in a
kinetically controlled manner via the less stable o-alkyl complex 54. Reductive elimination

subsequently releases the linear product 55.

The advantage of bidentate phosphorus ligands could be attributed by the groups led by Vogt
and Leeuwen to the fact that ligands favoring a tetrahedral geometry of n3-benzyl complexes
support reductive elimination, thereby accelerating the reaction.®® In particular, ligands with a
bite angle of 106 ° were most suitable. 53 Diphosphine ligands such as xantphos 56 or

thixantphos 57 showed superior results against monodentate phosphorus ligands (Figure 4).

xantphos thlxantphos
(56) (57)

Figure 4: Examples of bidentate phosphorus ligands in achiral hydrocyanation.

Modification of these xantphos-type ligands with electron withdrawing groups led to higher
activity.l! Triptycene-based diphosphine ligands of type 58 have shown to lead to a high
selectivity towards the linear product, for example, in the hydrocyanation of 1,3-butadienes
(compare Section 2.2.2.).%1 Electron-deficient bidentate phosphonite ligands of type 59 were

successfully used by the Hofmann group in the hydrocyanation of styrene.68l

2.2.4. Non-asymmetric (transfer) hydrocyanation
In this section, modern achiral methods for the hydrocyanation of alkenes are presented based
on the selectivities, ligands and catalysts development studies presented previously. In achiral
synthesis, a switch from reduced nickel(0) precursors to nickel(ll) salts as well as the use of
nitriles as HCN substitutes can be observed (the latter called transfer hydrocyanation).! The
historical development and modern methods of enantioselective hydrocyanation are discussed
in Sections 2.2.5.-2.2.7.
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In 2016, Nemoto et al. presented their research on the hydrocyanation of some aliphatic olefins
and vinylarenes of type 22 employing acetone cyanohydrin as HCN source (Scheme 11).5% In
this work, an in situ catalyst system consisting of the nickel(ll) salt NiCl,*6H20, the bidentate
diphosphine ligand dppp (61), and zinc powder as a reductant was used. The regioselectivities
ranged from 80:20 to 50:50 rr of linear to branched product.

3 mol% NiCl,*6H,0,

6 mol% 61, 30 mol% Zn
1.0 eq. acetone cyanohydrin

> CN
R OWF. 90°C. 151 RN Ph,P  PPh,
22 60 dppp
R = Aryl, Alkyl up to 94% linear (major) (61)

up to 80:20 rr

: CN CN O :
' CN:
ER'/©/62\:;‘ =H: 75%, 69:31 17 O NN

63: R'=Br: 53%, 55:45 rr 66 67 '
64: R' = OMe: 81%,75:25 rr 259% 94%, 78:22 rr |

Scheme 11: Hydrocyanation by Nemoto et al. starting from nickel salts as precatalyst and selected products.[9

Among the several substrates studied, (E)-stilbene (65) as 1,2-disubstituted substrate could
be converted for the first time in low yield to 2,3-diphenylpropionitrile (66), or aliphatic systems

such as 1-pentenene to 1-hexanenitrile (67) in excellent yield.

Recently, Liu and coworkers developed a more general protocol for a variety of aromatic and
aliphatic systems starting from nickel(ll) salts and zinc as reductant (Scheme 12)."% They used
Zn(CN)2 and H20O as the HCN source. For the vinylarene substrates 68 employed, xantphos
(56) was a suitable ligand, and for non-aryl-conjugated olefins 70, as in the work of Nemoto et
al., dppp ligand (61). This differentiation allowed the substrates to be obtained in a very
regioselective manner. For linear product formation of type 71, upon screening DMAP was
shown to be crucial as a nickel co-ligand. It was suggested that increasing the steric bulkiness

of the nickel complex favored the formation of linear products.

11
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5 mol% Nl(C|O4)2'6H20
5 mol% NiCl,*6H,0 6 mol% 61
6 mol% 56 cN 1.0 eq. Zn, 1.0 eq. DMAP
20 mol% Zn, 0.6 eq. Zn(CN), )\ 2.0 eq. H,0, 0.6 eq. Zn(CN),
Aryl > Anyl Aky T T
dioxane/H,0 50:1, 80 °C y MeCN, 80 °C, 24 h
68 4-24h 69 70 71
up to 95% up to 97% linear (major)
L cN cN I RS P P CNO/\/\CN """"""
Y. O O o %
1 —_— : : (] (J
(L 72 N 73 N 74 (9% branched)
63-95% 83% 91% : .
Co HON"""CcN 8089% !
' [ (0] .
H ! N 90:10 rr
CN N N_/_/ (Et0),0P  _~_~
CN N N ! : 79 CN 8185%
75 I 76 : (0] 78% Ol
Z : : 9% branched
75% N 80% Co (9% ) ’ CN 8258%

Scheme 12: General protocol of Liu and coworkers for the regioselective hydrocyanation of terminal olefins.[7

Moreover, heterocycles were investigated. Here, using 2-vinylpyridine, the linear product 74,
which is atypical for aryl-conjugated substrates, was obtained regioselectively in high yield. It
is reasonable to assume that the coordinating pyridyl nitrogen leads to the formation of a five-
membered metal chelate ring, thereby stabilizing the o-alkyl complex (compare Scheme 10).["%!
In the case of a-methylstyrene as a 1,1-disubstituted example of a vinylarene, with the
additional use of a reaction promoting Lewis acid Znl,, product 75 could be derived in good
yield.'® 21 The hydrocyanation conditions for aliphatic systems showed high tolerance to

functional groups such as alcohols 80, phosphonates 81 and aldehydes 82.

Many other research groups were looking for alternative sources of HCN. Among others, the
Yang group was able to provide controlled HCN release using formamides that dehydrate
Lewis acid-mediated and effectively hydrocyanate a range of terminal and internal alkenes

using a xantphos 56/nickel catalyst.[®

Although there are a number of less hazardous and easy-to-use HCN laboratory equivalents,
however, most of these still release free HCN in solution and therefore are highly toxic. In 2016,
Morandi and coworkers published a new methodology in which free HCN is not even generated
during the reaction, but is abstracted from a nitrile (forming a corresponding alkene) and
transferred to another alkene (HCN acceptor) using a nickel catalyst/DPEphos (83).[41 Using
isovaleronitrile (84) as the HCN donor, a wide variety of mostly terminal alkenes 22 (and
alkynes) could be hydrocyanated efficiently to afford linear nitriles. Both 1,1-disubstituted
alkenes could be converted to products such as 75 or 87 and late-stage natural product

derivatives, like 88 derived from a cedrene analogue (Scheme 13).

12
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I 25047

84 89 90
20 mol% AlMe,Cl 20 mol% AlMe,Cl
5 mol% Ni(cod),/83 5 mol% Ni(cod),/83
/\ /\/CN /\/CN > /\
RS toluene, 100 °C R R toluene or benzene, r.t. RT™S
22 16 h 85 85 16 h 22
R = Aryl, Alkyl R = Aryl, Alkyl
up to 96% up to 99%
' c
By
86

169%, >95:5 17

l N
: PhJ\/C

' 75
1 86% >95:5 rr

Scheme 13: Invented transfer hydrocyanation (left) and transfer retro-hydrocyanation by Morandi and coworkers
(right).[74al

Since all steps of transfer hydrocyanation are reversible, the reaction process is
thermodynamically controlled by the selection of HCN donor nitrile and HCN acceptor alkene.
Thus, using norbornene (89) and norbornadiene (90) as HCN acceptors, many nitriles 85
(including secondary and tertiary nitriles) were converted via retro-hydrocyanation to the
corresponding alkenes 22. Moreover, late-stage transformations were exemplarily shown on
terpene 91 or steroid derivative 94. In addition, aromatic polyene derivatives like 92 or ortho-
xylene (93) were synthesized by double HCN elimination. The Lewis acid-assisted catalyst
system (ligand structure 83 is shown in Scheme 15) allows the elimination of HCN from the
employed substrates, while the norbornene derivative (89 or 90) accepts HCN from the nickel
catalyst under reduction of its ring strain. The proposed catalytic cycle is shown in Scheme 14
with isovaleronitrile (84) as the HCN donor nitrile. Starting from the catalytically active Nickel
complex 95, oxidative addition occurs into the C-CN bond of isovaleronitrile 84 to obtain 96.
This step is additionally supported by the Lewis acid as it is known to weaken the C-CN bond

by coordination. % 75!

H
[Nl]
R CN/ \ CN

LCN H

[Ni]” [NI]”
98 R
* ”,CN /</g

22 [Nil"<

Scheme 14: Proposed catalytic cycle of transfer hydrocyanation.[74a
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From the metal-cyano compound 96, H[NiJCN complex 97 is formed by B-H elimination. This
step generates isobutylene 99 as a byproduct derived from the HCN donor isovaleronitrile 84.
The intermediate 97 now acts as an HCN shuttle and transfers the nitrile group after
coordination to the substrate 22 stepwise by B-H insertion (intermediate 98) followed by
reductive elimination. The latter releases both, the nitrile product 23 and the catalyst 95. This
proposed mechanism, based on deuterium-labeling and controlling experiments,[*d was
independently confirmed by computational studies by the Dang group on the transfer
hydrocyanation of simple olefins."® Morandi and coworkers were furthermore able to fuse their
retro-hydrocyanation approach with nickel-catalyzed cross-coupling in a dual catalytic cycle
reaction cascade.’”l Recently, they presented a highly kinetically controlled variant of their
reversible transfer hydrocyanation approach, which overcame earlier selectivity problems and
extended the substrate range.l’® They additionally developed an operationally simplified,

scalable procedure starting from nickel(ll) salts.[®

The Studer group developed the cyclohexadiene reagent 100, which is highly suitable for
transfer hydrocyanation and prepared from benzonitrile by reductive Birch methylation. In their
Lewis acid-assisted palladium-catalyzed protocol, they produced an extensive range of nitriles

103 (>50 examples) from both aliphatic and aromatic alkenes 101 (Scheme 15).[%

NC:)@

R' R

100

R& 4 mol% Pd(PPhs), R)\/CN @\
o)

101 20 mol% BPhg 103
8 mol% 56 or 83
or > > or Phap PPh,
dioxane, 110 °C DPEphos
R/\/H;/ 20 h R/\/H;/\CN 83
up to 99%
102 78:22 to >95:5 rr 104

Scheme 15: Palladium-catalyzed transfer hydrocyanation reported by the Studer group.%

With their comprehensive catalysis protocol, linear nitriles 104 was obtained for the first time
in reasonably good regioselectivity from internal olefins 102 by migratory hydrocyanation (see
Section 2.2.8.). In order to access branched nitriles synthetically via Markovnikov transfer
hydrocyanation, a nickel-catalyzed variant was developed in the absence of a Lewis acid using

an HCN donor analogous to 100 (see Section 2.2.3., absence/presence of Lewis acids).®!

At about the same time, the Oestreich group developed a metal-free Markovnikov transfer
hydrocyanation employing boron Lewis acid BCls or (CsFs).BCl (Scheme 16).[82 Under fair to
excellent yields, tertiary nitriles 106 was obtained for the first time from aryl-conjugated alkenes

105 via hydrocyanation.
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110
CN
107 48-99%
(JQ - "

20 mol% BCl3
JL or (Cst)chl CN
Ar

R oy AR 108 R" = Et: 95% CN
1:2-F2Cel, 120 °C 109 R" = Bn: 50% 11
105 16 h 106 88%
R = Aryl, Alkyl up to 99%

Scheme 16: Metal-free Lewis acid-catalyzed transfer hydrocyanation yielding tertiary nitriles.82

Mechanistic studies revealed that in the first step, a Wheland o-complex is formed from 107
by Lewis acid-catalyzed cyanide abstraction, which protonates the alkene 105 upon
rearomatization (para-xylene as a byproduct) forming a tertiary benzyl cation, explaining the
Marknovnikov selectivity. The cyanide ion is subsequently transferred with reformation of the
uncoordinated Lewis acid. The Fang group succeeded a little later in synthesizing tertiary
benzyl nitriles 113 using nickel catalysis and a binaphthol-based diphosphite ligand 114

starting from a-substituted styrenes 112 and acetone cyanohydrin 19 (Scheme 17).1]

(S)-BINOL
Ar'
HO CN QO Q
_P.
0" Yo
JL 19 O\P/O
% Ni 114
Ar R 5 mol% Ni(cod),/ > OO 6\J
N toluene, 120 °C, 12 h Ar (S)-BINOL
112 up to 99% Ar' = 3,5-(Me0),CgH3
114

Scheme 17: Synthesis of tertiary benzyl nitriles via Markovnikov hydrocyanation of a-substituted styrenes. 53]

Remarkably, they even achieved a substantial 33% ee for one substrate.

2.2.5. Enantioselective hydrocyanation: Initial studies
Despite the early research on hydrocyanation applied in the adiponitrile process (see Section
2.2.2.), the great success in asymmetric hydrocyanation remained elusive for a long time.
Notwithstanding the attractiveness of chiral nitriles as valuable synthetic intermediates,
building blocks for target molecules in natural product synthesis and pharmaceuticals,
research groups focused on other metal-catalyzed asymmetric transformations until recently
(see Sections 2.1. and 2.2.1.). In the last decade relevant synthesis protocols have led to major
advances and the implementation of more reliable and increasingly applicable hydrocyanation
sequences. Previous work has been summarized in extensive reviews by Rajanbabul*®! and
the Vogt group,™® 62 among others.*+ 84 |n the following, only the most important historical
breakthroughs will be briefly reviewed and then present day modern works on asymmetric

hydrocyanation will be discussed.
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The first enantioselective approaches with low enantiomeric excesses were already examined
in the 1980s. In particular, the groups of Elmes®! and Hodsgon®® were able to provide the first
contributions as well as mechanistic considerations for enantioselective catalysis. They used
chiral diphosphine ligands, such as (S,S)-DIOP, palladium as a metal catalyst, and norbornene
89 as a substrate. However, the enantiomeric excesses never exceeded 40% ee. After it was
proven that the less expensive nickel catalysis gave similar results,®] Rajanbabu and
Casalnuovo were able to achieve a sensational breakthrough with the enantioselective
hydrocyanation of 2-methoxy-6-vinylnaphthalene (40) (Scheme 18).[8 At that time they were
interested in the asymmetric synthesis of the naproxen precursor (S)-115. Consistent with the
mechanistic progression for vinylarenes (see Section 2.2.3.), the hydrocyanation sequence led

to the desired branched constitution.

0.1 mol% Ni(cod),, CN Ph/%%&/
0.13 mol% 116, HCN
X (REN OPh
OO . AP0 opar,
CGFG, r.t. MeO

40 100% conv. (S)-115 116
85% ee (91% ee at 0°C) Ar = 3,5-(CF3),CgH3

MeO

Scheme 18: Enantioselective hydrocyanation of 2 methoxy-6-vinylnaphthalenes (40) by Rajanbabu and
Casalnuovo.!®8l

With the aim to establish an industrially applicable synthesis for the (S)-enantiomer that acts
as an anti-inflammatory analgesic upon hydrolysis of the nitrile, remarkable results were
obtained at exceptionally low catalyst and ligand loadings. D-Glucose-derived chiral
diarylphosphinites of type 116 were utilized as asymmetry-inducing ligands. In further ligand-
focused studies involving 40, but also styrene 42 as substrates, the electron density at the
phosphorus teeth showed a very strong influence. In particular, lower electron density due
to electron-withdrawing aryl residues, as in the case of ligand 116, provided the highest
selectivities. The use of ligands with different electron densities at the phosphorous units could
give superior enantiomeric excesses with up to 94% ee for the nitrile (S)-115,8° and are
particularly suitable for hydrocyanation reactions, according to Rajanbabu.®® Nevertheless,
the ligand system used was shown to be highly substrate specific for 40 and provided rather

lower selectivities for other vinylarenes.

Extensive mechanistic studies by Casalnuovo et al.*! allowed a proposal of the catalytic cycle
shown in Scheme 19. Ligand exchange first gives rise to the chiral catalyst complex 117. Now,
either HCN can undergo oxidative addition first, followed by coordination of the vinylarene
(shown here on styrene 42), or vice versa and in both cases the nickel(ll) complex 119 is
formed. From this, a B-H insertion allows the formation of the n3-benzyl complex 121.
Reductive elimination releases the product 48, upon HCN or substrate addition to the complex.

The active catalyst complexes 118 or 120 are regenerated and the cycle repeats.
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Ni%cod),
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cod
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HCN 42
Ph/\
Peu, ~CN P,,,, " P, o0
CP’N ~H = - L EP’N'\/
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CN H CN
*
ph)\/H Ph)*\/H
48 HCN EP""N“'/ PR 48
P71 42
CN
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Scheme 19: Proposed catalytic cycle of enantioselective hydrocyanation of vinylarenes (shown here on the
reaction of styrene (42)).14%

Research by other groups quickly showed that in addition to the electronic properties studied
by Rajanbabu and coworkers, the structural properties of the ligand were very important as
well.®Y Even the smallest modification in the steric properties caused major changes in the
activity and selectivity of the catalysts. Less sterically demanding ligands even tended to form
catalytically inactive bis-chelate species.®'®! The results suggested investigation with a

modular ligand system to make structural changes more accessible.

This was achieved by Vogt and coworkers, who were able to fine-tune a modular diphosphite
ligand system with a chiral unsymmetric naphthol backbone to achieve an excellent
enantiomeric excess of 86% in the hydrocyanation of 1,3-cyclohexadienes (122) (Scheme
20).°2

HCN
0.2 mol% Ni(cod), eN
0.2 mol% $T111$ o-P
toluene, 0 °C, 4 h o 9

O-p )
122 (R)-123 OO A

45% conv., 86% ee O

Scheme 20: Asymmetric hydrocyanation of 1,3-cyclohexadiene (122) reported by the Vogt group.l®2
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However, the selectivity for styrene (42) was only 33% ee with the same ligand 124. In a
mechanistic study with 1,3-cyclohexadiene (122), they proved that in the mechanism proposed
by Rajanbabu and coworkers (Scheme 19), reductive elimination must be the enantioselective
and rate-determining step.[®® At the same time, there were additionally studies by the

Rajanbabu group on aryl-conjugated 1,3-dienes.%

In summary, there was some success in the enantioselective hydrocyanation of norbornene,
vinylarenes, and 1,3-dienes until the late 2000s. However, the ligands predominantly showed

high substrate specificity and a general protocol initially failed to emerge.

2.2.6. Enantioselective hydrocyanation: Phosphine-phosphite ligands by Schmalz

2.2.6.1. Highly modular phosphine-phosphite ligands

The development of new, mainly modular ligand systems still remains a key challenge in order
for carrying out transition metal-catalyzed reactions efficiently and in asymmetric fashion.
Despite the immense progress in computational chemistry as well as the deep mechanistic
understanding of transition metal catalysis, the applicability and selectivity control of a ligand
are difficult to predict. In particular, the systematic screening of a reaction with ligand libraries
has proven successful in recent decades. Moreover, bidentate P,P-ligands with electronically
differentiated phosphorus teeth gained in significance.®® Thus, the Schmalz research group
developed a synthetic access to modular chiral ligands of type 124 in the 2000s and beyond
(Figure 5).1%8!

oD

Figure 5: Modular and structurally diverse phosphine-phosphite ligands according to Schmalz and coworkers.

In the ligand system 124 not only the phenol-derived backbone can be diversely modified but
also the phosphite unit carrying the stereo information. The phosphine unit can be further
adjusted by exchanging its aryl residues. Thus, ligand libraries of type 126 or 127 (TADDOL-
derived) and 128 (BINOL-derived) were prepared (Figure 6) and successfully used in several
transition metal-catalyzed transformations (see Scheme 22). TADDOL-derived ligand 126
turned out to be highly superior in some enantioselective applications such as asymmetric

copper-catalyzed conjugate addition reactions.7”)
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PPh2 Ar R PPh, Ph R PPh,
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127
Figure 6: Developed modular ligand systems according to Schmalz and coworkers.

Due to an improved linear four-step synthesis route as shown in Scheme 21, the ligands can

be rapidly prepared even at multigram scale. 5]

R DIPA o, 1.DABCO _, R 1. DABCO _, O
N OH  NBS X OH  CHPRY, N 0—$’Rz nBuLi  XXOH PCl, xR
| — |l —> | —> | — |l 0
= ZNpg; 2.BHyTHF A g, BHs Z PR", 2. Diol ZNpRe
2
129 130 131 132 133
BH,

Scheme 21: Synthesis of phosphine-phosphite ligands from modular phenol und diol units.

Phenol building block 129 is reacted in an ortho-directed bromination. Subsequently, bromide
130 is mixed with a corresponding diarylphosphine chloride under basic conditions to afford
phosphinite 131, which is air-stable after borane protection. A Fries-type rearrangement
induced with nBuLi affords the phosphine unit 132.1° Under basic conditions, this phosphine
borane complex is additionally deprotected with DABCO and, after addition to PCls, attached

to the chiral diol.

To date, many of the described ligand types (Figure 6) have been successfully applied in some
transition metal-catalyzed reactions (for a selection, see Scheme 22). In most cases, the
corresponding ligand/catalyst systems achieved high to excellent enantiomeric excesses and
could often be implemented in the key steps of target molecule syntheses. Among the most
successful enantioselective applications are copper-catalyzed 1,4-addition to cyclic enones
such as 1349 or allylic alkylation to allyl chlorides 136,2°°! rhodium-catalyzed hydroformylation
of vinylarenes 68 towards a-chiral aldehydes 138,1°U cobalt-catalyzed hydrovinylation of
vinylarenes 68,11°2 and nickel-catalyzed hydrocyanation of vinylarenes towards benzyl nitriles
24.142.1031 The work and contributions to the latter are presented in more detail in the following

section, as they provide the basis for the research conducted in this thesis.
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conjugate addition allylic alkylation hydroformylation
O H
O%@ R-MgBr U f\m R-MgBr f H,/CO 1
N A — > L _H
[Cu] [cuy A R [Rh]  Ar
134 137 68 138
hydrocyanation hydrovinylation
CN
HCN + H = =
AT ——> ar AT —— > $__H
[Ni] [Co] Ar
68 139 68 140

Scheme 22: Overview of applications of the presented phosphine-phosphite ligands in enantioselective transition
metal catalysis.

2.2.6.2. TADDOL-derived phosphine-phosphites in asymmetric hydrocyanation
In 2013, Falk et al. exploited the tunability of these chiral TADDOL-derived ligands of type 126
(dioxolane-bridged TADDOL building blocks) and implemented them in the nickel-catalyzed
hydrocyanation of vinylarenes 141, for which no general enantioselective protocol was
established until then (Scheme 23).42 Among more than 15 ligand derivatives tested,
phosphine-phosphite 143 proved to be the most selective in terms of conversion and
enantiomeric excess. Its backbone consists of an ortho-isopropyl-substituted phenol and its

TADDOL moiety features 3,5-dimethylphenyl as aryl substituents.

1.5 eq. TMSCN in O
THF/MeOH (14:1)
or
O—P
1.5 eq. HCN in THF C:\l ><
Y 5 mol% Ni(cod),/L* X
R - INE Pth
= THF, rt, 2 h = O
141 up to 99% 142
up to >99:1 ee =143

Scheme 23: Enantioselective nickel-catalyzed hydrocyanation using TADDOL-derived phosphine-phosphite
ligands established by Falk et al.[#2 103]

Once a substitution pattern was determined, reaction conditions and a suitable HCN surrogate
had to be fine-tuned. After initial tests with acetone cyanohydrin, TMSCN/MeOH in THF was
carefully chosen as the reagent solution. Crucial for the high enantioselectivities were a slow
addition over 2 h to keep the HCN concentration low during the reaction in order to avoid the
formation of inactive Ni(CN), species.*8 4%l |t is noteworthy that if the addition was too slow,
the conversion collapsed. This indicated that the catalyst is also deactivated when too little
fresh HCN is present. 2 84 With this methodology, a larger series of electron-rich and electron-
poor substituted vinylarenes could be hydrocyanated for the first time with consistently high
conversions and good to excellent enantiomeric excesses. The reaction always proceeded

with absolute regioselectivity for the branched Markovnikov product.
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In addition, to prove the principal applicability of this method in industry, the direct use of HCN
was investigated and successfully integrated into the process.'% A selection of the substrate
spectrum is shown in Figure 7 with the corresponding GC conversions (conv.) or yields (if
isolated) and the enantiomeric excesses in [%]. Marked in blue are the selectivities when using

TMSCN/MeOH as HCN-releasing reagent mixture and marked in green when using HCN in

THF directly.
CN CN CN CN
o U0 L OOt OO
MeO
48 (S)-144 115 145
100% conv., 86% ee 100% conv., 92% ee 100% conv., 80% ee 73% conv., 97% ee
100% conv., 88% ee 100% conv., 93% ee
CN CN CN
* x *
CN
f AN N\ AN
HO P * | _
NC X N
146 147 148 149
90% conv., 91% ee o: n.c. 0: 38%, 90% ee 99% vyield, 86% ee

m: 82%, 89% ee 0: 65%, 94% ee
p: 73%, >99% ee S: 98%, 74% ee

Figure 7: Selected examples of the substrate spectrum of the hydrocyanation protocol of Falk et al.[*2 103]

During the optimization of ligand structure, reaction conditions and HCN source, styrene (42)
was used as test substrate. Under the finalized conditions, complete conversions and high
enantiomeric excesses were obtained for its nitrile product 48 using both TMSCN/MeOH or
HCN as reagent. The same was true for the lbuprofen precursor 144. To determine the
absolute configuration, the specific rotation value after hydrolysis of the nitrile was compared
with the corresponding literature values and confirmed (S)-configuration, which is highly likely
to be the same for the other structurally related hydrocyanation products with ligand 143,142 104
As a well-suited cyclic vinylarene, indene was converted to the nitrile 145 with the highest
enantiomeric excess of 97% ee for the TMSCN/MeOH system. Electron-poorer systems such
as 146 were accessible as well. With HCN as the most atom-economical reagent, unprotected
vinylphenols and heterocycles were subjected to hydrocyanation. In this investigation, even
only one enantiomer was generated of the para-substituted phenol 147 (within the analytical
limits), which is one of the highest selectivities in an asymmetric hydrocyanation reaction to
date. There was no conversion for the ortho-vinylphenol. It was assumed that the free hydroxy
group could additionally coordinate to the nickel catalyst and prevent HCN addition to the
complex. Additionally, 2-vinylindole, 2-vinylbenzofuran and 2-vinylbenzothiophene could be
reacted with moderate to excellent yields and selectivities (nitriles 148). (Un)protected indole
derivatives could only be reacted to a limited extent or not at all. Likewise, N-methylpyrrol,
nitro- or bromo-substituted styrenes did not yield any conversion. Hydrocyanation of

trisubstituted a,B-dimethylstyrene, which would yield a tertiary nitrile, remained unsuccessful.
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It was observed that the enantiomeric excess was slightly higher when HCN was used directly
(see 48 and (S)-144), which again was explained by the complete absence of methanol, the
poorer solvent in terms of enantioselectivity (compared to THF in previous solvent screening).
The reaction profile of styrene 42 with direct use of HCN was established by GC monitoring
and showed rapid initial conversion. Thus, under these conditions, either the reaction time
could be reduced to 15 min (HCN addition time), with still full conversion and the same
enantiomeric excess, or the catalyst loading could be reduced to 0.42 mol% with 2 h HCN

addition time. This again underlined the potential for a more industrial setup.

In addition to indene (nitrile product 145), other 1,2-disubstituted substrates, i.e. the
alkylvinylarenes 150-153 with different E/Z ratios were investigated (Figure 8). While the
styrene derivatives 150 and 151 showed only low conversions to give the benzyl nitriles 154
and 155, the alkenes 152 and 153 reacted much more smoothly. It was found that in the aspect
of incomplete conversion, only the (E)-isomer of the starting material was reisolated. This
suggested a significantly higher reactivity of the (2)-isomers. Moreover, this assumption could

explain the higher conversions to the nitriles 156 and 157, since the amount of (Z)-isomer was

/©/\,-4 /@/\A\
NC NC

significantly higher in the starting compounds.

Meo:©/\¢ﬂ
MeO

:

150 151 152 153
E/Z 41 EiZ1.4:1 E/IZ1:2.5 ElZ1:4
CN CN CN CN
MeO NC NC
154 155 156 157
r.t.: 15% conv., 81% ee r.t.: 28% conv., 84% ee r.t.: 83% conv., 83% ee r.t.: 70% conv., 67% ee

50 °C: 46% conv., 76% ee 50 °C: 45% conv., 79% ee 50 °C: 98% conv., 79% ee

Figure 8: Selected 1,2-disubstituted substrates 150-153 and the respective nitrile products 154-157 after
hydrocyanation.“? 84

The fact that comparable ee values were obtained despite different E/Z ratios could be
attributed to the verified enantioselective step (the reductive elimination)® taking place after
the B-H insertion into the double bond and, consequently, the difference between the two

(E/2)-isomers already being resolved (see Scheme 19, Section 2.2.5.).[84

In their study, Falk et al. were able to contribute to the generally accepted mechanism of the
enantioselective hydrocyanation (see Scheme 19, Section 2.2.5.). Through 3P NMR
experiments and elaborate X-ray single crystal analysis, they were able to elucidate the

structure of the active catalyst Ni(cod)143 (Figure 9).1%]
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Figure 9: Crystal structure of Ni(cod)143 complex.[193]

When deuterated styrene-ds was used and the reaction was monitored by 2D NMR, the
coordination of the substrate to the catalyst was indicated by a shift of the signal set to the high
field. The product spectrum recorded after HCN addition showed no hydrogen/deuterium
scrambling, strongly suggesting that the B-H insertion in the reaction with styrene-ds was

irreversible or at least reversible only to a minimal extent.

For the success of the catalysis, as discussed in Section 2.2.5, both the electronic and the
structural properties of the ligand system are crucial. This was impressively demonstrated
during the structural optimization of the TADDOL-derived phosphine-phosphite ligand 143. The
replacement of the H-substituents in the 3,5-positions (ligand 158) at the chiral TADDOL
phenyl units by methyl groups alone (ligand 143) resulted in an immense increase in selectivity
from 69% to 81% ee (Scheme 24).

R
"
a2 )
R
O~ ", __0O
17eq. 19 CN o—F ><

XN 5 mol% Ni(cod)zll.; N
MeOH PPh2 O
100% conv. (both) O
42 R = H: 69% ee 8 158, - R

R = Me: 81% ee 143: R = Me

Scheme 24: Selectivity burst upon incorporation of methyl groups into the chiral TADDOL moiety during ligand
optimization.[42 84

Falk postulated that if other residues R were used in the 3,5-positions, stereoselectivity would
be significantly affected and, above all, it cannot be ruled out that greater steric demand would

even significantly increase it.[®4
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2.2.7. Enantioselective hydrocyanation: Current strategies and tactics
In recent years, in the course of ligand development and the establishment of first fundamental
protocols, attention to the usefulness of enantioselective hydrocyanation has increased
greatly. This is not only seen in a more frequent use of this transformation in target molecule
or natural product synthesis,*%! but in a significant number of recent publications focusing on
the development of asymmetric hydrocyanation in terms of its chemo-, regio-, and
enantioselectivity and, most importantly, to make it more accessible to a broader substrate
scope.** 48] |n this regard, some research groups have even developed protocols employing
highly adapted ligands or reaction sequences that bypass direct hydrocyanation by using a
more established hydrofunctionalization and subsequent conversion of the introduced
functional group to a nitrile. This way, some formal enantioselective hydrocyanation methods
with a large substrate scope have been established. In addition to hydrocyanation, which is
the focus of the methods presented below, there have been outstanding publications on
copper-catalyzed cyanation reactions.*%! These include an enantioselective borocyanation!*°7]
of 1-aryl-1,3-butadienes or the direct radical cyanation of benzylic C-H bonds of the Liu

group,i*%l which gave nitriles with high enantiomeric excesses.

In 2013, the Chen group reported a phosphate-catalyzed, asymmetric hydrocyanation of a
series of chalcones 159 using a benzophenone-derived cyanohydrin 161 as the HCN source
(Scheme 25).12091

HO CN
2.0 eq. 161

o 20 mol% 162/NaNH, eN Q Ph” “Ph

SN Y 5 mol% 2-tBuPhOH X 2 Ad 161

R—: :— » R “rR'
Z X toluene, 80 °C, 2h Z S o. 0
159 160 N
0
up to 96% OH
up to 97% ee 162
Ad

Scheme 25: Enantioselective hydrocyanation of chalcone derivatives by chiral phosphate catalysis by Chen and
coworkers.[109]

NaNH; acts as a base in this reaction to generate the active phosphate catalyst from the chiral
BINOL-derived phosphoric acid 162. According to the authors, this enables the 1,4-addition of
the cyanide to the enone function in a chiral environment after coordination of the phosphate
to HCN. The phenol additive 2-tBuPhOH was crucial to facilitate the deprotonation/protonation
of the catalyst/enolate. Despite high yields and selectivities for the described chalcones,
broader use of phosphate catalysts in enantioselective hydrocyanation failed to emerge, as

transition metal-catalyzed variants were more versatile.

As already indicated above, some academic groups tried to circumvent the problems of the
still restricted range of substrates and the use of highly toxic HCN or its surrogates. In some

cases, highly complex and sophisticated reaction cascades were developed. While these were
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significantly less atom-economical, they could be used with remarkably high selectivities for
diverse substrates. For instance, Buchwald and coworkers elaborated a three-step reaction

sequence to nitriles starting from alkenes (Scheme 26).111%

Ph
2.0 eq. Me,PhSiH/NaOTMS 0 3.5 eq.
6 mol% 166/167 N R"0,C—==—CO,R"
0 3 mol% [Pd(cinnamyl)Cl], Y R" = nOct or Et CN
R * l />_Ph > /:\/R' > /:\/R'
R Br N THF, 45°C, 16 h R toluene, 110 °C, 8 h R
163 164 165 166
R = Aryl, Alkyl (not purified) up to 98%
R'=H, Alkyl up to 96% ee

Ligands/complex for dual catalysis: OMe Ar: ’;9 tBu
° ® E;E
Ar
<o O Fl,,Ar MeO PCy, OMe
P:CuOAc iPr. iPr tBu
seL J
< Ar

(6]
brettphos

166 (167)

Scheme 26: Formal enantioselective hydrocyanation using a hydroarylation/Diels-Alder/retro-Diels-Alder
sequence by Buchwald and coworkers.[*1%

In their protocol, they utilized a highly enantioselective hydroarylation process to first obtain
the alkyloxazole intermediate 165. In this, a dual catalyst system was used consisting of the
(S)-DTBM-segphos [Cu(l)] complex 166 and a Brettphos (167)-complexed palladium catalyst.
A base (NaOTMS) and a silane (Me.PhSiH) were used to (re-)generate the active [Cu(l)]-
hydride complex. Subsequent [4+2]-cycloaddition with either ethyl- or octyl-esterified
acetylenedicarboxylic acid and a retro-[4+2]-cycloaddition afforded the targeted nitrile 166

while retaining the enantiomeric excess of the hydroarylation product 165.

Zhang, Lv and coworkers were able to regio- and enantioselectively react vinylarenes of type
68, 1,2-substituted aliphatic pentacycles 168, and 1,1-disubstituted (non-)aryl-conjugated
olefins of type 101 to chiral hydrazones of type 169 by means of asymmetric rhodium-catalysis,
from which the nitrile products 170, 171 and 172, respectively, were obtained in good to

excellent yields (Scheme 27).12050]
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1 mol% Rh(acac)(CO),, CN
X\ 3.0eq.173, 5 bar Hy/CO /k "~ CN
A or N 3 mol% 174 or 175 I\ 2.0 eq. Ar or “._./
68 168 10 mol% PhCO,H =N MMPP+6H,0 170 171
> —_—
R’ THF, 60-80 °C, 1-2d /(/ THF, 0 °C, 10 min R
or /& s , 1‘& 771" ’ ! or )\/CN
R 169 R
101 (not isolated) 172
up to 95%

up to 98% ee

Ph Ar: tBu
o e OO ’
\ P\/\P A PArZ/O
) P NR tBu
NH, PH Bn O_*
1-aminopiperidine (S,S)-Ph-BPE (S)-BINOL

(173) (174) (S,S)-YanPhos
(175)

Sy

Scheme 27: Formal enantioselective hydrocyanation using a hydroformylation/condensation/aza-Cope
elimination sequence by Zhang and coworkers.[105°]

This method for a formal hydrocyanation actually exploits a rhodium-catalyzed asymmetric
hydroformylation of the respective alkene substrate, a trapping of the corresponding aldehyde
in an imine condensation to form the hydrazone of type 169. Subsequent aza-Cope elimination
under oxidative conditions with magnesium monoperoxyphthalate (MMPP) finally releases the
nitrile. Noteworthy, the reaction conditions of the imine condensation with 1-aminopoperidine
173 had to be carefully adjusted. Addition of benzoic acid prevented racemization of the
intermediate 169 by enamine formation. The applicability of the method was impressively
demonstrated in a synthesis of a precursor of the diabetes drugs Vildagliptin and
Anagliptin, (205!

In 2020 the Lin group presented an impressive electrochemical pathway to generate
enantioselectively branched nitriles from conjugated alkenes of type 176. In their
hydrocyanation approach, they used an electrolysis methodology in an overall oxidative
process with a dual redox-catalysis system consisting of the [Co]-salen complex 178 and [Cu]-
BOX ligand 179 complex (Scheme 28).111
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0.5 mol% [Co]178, 5 mol% Cu(OTf),
10 mol% 179, 1.1 eq. PhSiH;

2.0 eq. TMSCN/TBABF,, 5.0 eq. HOAc CN
A > A
RS DMF (50 mM), 0 °C, 10 h R
176 C(+)IPt(-), Ugey = 2.3 V 177
R = Aryl, Alkenyl up to 95%
76-95% ee
/) \
&N N
O:{ 0
‘Bu BU OtBu . tBuO
salen ligand complex BOX ligand
178 179

Scheme 28: Highly enantioselective hydrocyanation of vinylarenes or 1,3-dienes using a dual electrocatalysis
approach by Lin and coworkers.[*11

The key step of this transformation consists, on the one hand, of the cobalt-catalyzed hydrogen
atom transfer (HAT) and, on the other hand, of a copper-catalyzed cyanation cycle. The HCN
source was TMSCN, the hydride source for the HAT process phenylsilane. Crucial are the
electrolysis conditions with two single electron oxidation events to convert the resulting [Co(ll)]
and [Cu(l)] complexes back into their reactive [Co(lll)] and [Cu(ll)] species.!Y Also 1,2-
disubstituted derivatives such as several stilbenes, enones and allenes were converted in

moderate to good yields with high enantioselectivities.

Hydrocyanation has been studied extensively by the Fang group in recent years. On the basis
of the ligands already applied in this asymmetric nickel-catalyzed reaction, they were able to
identify several BINOL-derived diphosphite ligands with either a BIPOL or TADDOL backbone
that were applicable in numerous transformations. They primarily used acetone cyanohydrin
(19) as an HCN-releasing reagent in their hydrocyanation protocols. An outstanding protocol
was the synthesis of 1,3-dinitriles by merging nickel catalysis of an allylic cyanation and an

enantioselective hydrocyanation (Scheme 29).1*12

HO, CN

tBu
OH 19 N O ,PC .
O (R)-BINOL

5 mol% Ni(cod),/182
nHex/cHex, 70 °C, 10 h
180 181

up to 89% tBu
[
and 94% ee 182

@]

Scheme 29: Allylic cyanation/enantioselective hydrocyanation reaction cascade by Fang and coworkers to
access 1,3-dinitriles.[*12

Secondary (racemic) allylic alcohols of type 180 were predominantly used as substrates
(primary derivatives or mixtures are also possible). According to the proposed mechanism, the

allylic substitution to obtain the linear achiral nitrile occurs first to form an aryl-conjugated 1,3-
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dienyl system, followed by enantioselective hydrocyanation of the terminal double bond.
Among several tested bidentate P,P-ligands, the diphosphite ligand 182 with two (R)-BINOL
units and a chiral biaryl as backbone turned out to be most suitable in this transformation.

Employing a different (R,R)-TADDOL-derived diphosphite ligand 185, a wide range of
substituted 1,3-dienes 183 could be highly selectively hydrocyanated (more than 40 examples)
(Scheme 30).[2054

HO CN
X X
R2 30eq. 19 R? CN (R-BINOL™ 0" O™ ™ o><
3 5mol% Ni(cod),/185 : 3
R1J\(§/R mol% Ni(cod), - R,IJ\(\/R (R)-BINOL o, o o
4 toluene, 50-80 °C 4 P~ Ar
R 12h R 4 A
183 184 185
R" = Aryl, Alkyl up to 98% Ar = 4-(CF)CeH
R24 = H, Alkyl up to 95% ee r=4-(CF3)CgHy4
Bn~" =\ GSK-3P inhibitor 188 :
H > NN\ /N 68% (over 2 steps)
N 0
Ph/\/\/COZEt — [)=O o NTroc, 84%e°
186 B ©
187 _NH3Cl  anticonvulsant
55% (over 3 steps) — 189
86% ee Bn _~-CO2H quant.

_________________________________________________________________________________________________________________

Scheme 30: Enantioselective hydrocyanation of 1,3-dienes and its application target molecule synthesis by Fang
and coworkers.[105d

As an impressive implementation, the developed methodology was used in a new synthesis of
the glycogen synthase inhibitor 188 and the anticonvulsant 189. Starting from carboxylic acid
ester 186, the homobenzyl-substituted lactam 187 was obtained in three steps
(hydrocyanation, hydrogenation, lactamization) in good yield. This building block was then

converted to 189 by treatment with HCI or to 188 over two steps.

In the field of enantioselective hydrocyanation, the Fang group did not only focus on non-
activated alkenes as substrates. Moreover, they have developed highly selective protocols for
other interesting systems, such as methylenecyclopropanes*® or allenes.** In conclusion,
in these protocols, besides using acetone cyanohydrin (19) as HCN source, the application of

chiral bidentate P,P ligands was the key to success.

After careful consideration, the Fang group took advantage of the phenomenon of nickel-
catalyzed chain-walking of double bonds and implemented this for remote functionalization in
several works on migratory hydrocyanation. Since the investigations of this thesis deal with
hydrocyanation also under the aspect of Ni-catalyzed chain-walking, the results are briefly

presented in the following section.
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2.2.8. Migratory hydrocyanation via nickel-catalyzed chain-walking
Transition metal-catalyzed isomerization of alkenes (chain-walking) has been an established
method in tandem/auto-tandem reactions to enable remote functionalization for long.[**!
Double bond isomerization in the hydrocyanation of alkenes has been known since the
application in the adiponitrile process (see Section 2.2.2.). In general, the use of Lewis acids
favors the formation of linear nitriles, as the resulting metal complexes catalyze the
isomerization to terminal olefins (see Scheme 8, Section 2.2.3). Already Morandi™ and
Studer® made it possible to obtain linear nitrile products from internal olefins in moderate to

good regioselectivities with their work on transfer hydrocyanation (see Section 2.2.4.).

The Fang group, on the other hand, tried to optimize the ligand structure so that double bond
migration to the terminal olefin is favored without the use of Lewis acids and anti-Markovnikov
addition to give the linear nitrile is enabled. The following works by Fang and coworkers were
published in 2020 and 2021. Employing BIPOL/BINOL diphosphite ligand 191, it was possible
to obtain linear nitriles 193-195 in relatively high regioselectivities starting from internal
aliphatic 2-, 3- or 4-alkenes of type 190 (Scheme 31).['*61 Moreover, olefin isomer mixtures of

the same type could be selectively converted to a single linear product.

HO CN
3.0eq. 19
5 mol% Ni(cod),/191
R\/\r‘(‘”\ > RMCN
n toluene, 80 °C n
190 12h 192

up to 87%
up to 99:1 rr

E ></\)\/\/\/CNE
; HO . B /019
193 194 196 ; _P—0
)-

1 83% conv. 82% conwv. 58%, 99:1 rr ; Me 0™ (s)-BINOL
94:6 rr 92:8 rr Me o X
R—0O
: O \o x
(:/\/ (:/\/Coan C B(OEt), (S)-BIPOL " (syBINOL
195 197 198 : 31213
83% conv. 43%, 90:10 rr 83% conv. (S.8.5)
92:8 rr 94:6 rr

______________________________________________________________

Scheme 31: Linear nitriles from internal olefins utilizing migratory hydrocyanation of Fang and coworkers
(selected product examples shown).[116]

Due to the absence of a Lewis acid, the method showed significantly higher functional group
tolerance for the more than 25 substrates tested, such as for tertiary alcohol 196, benzyl ester
197 or phosphonate 198. To understand the regioselectivity induced by the ligand 191, density
functional theory (DFT) calculations were performed by the Fang group using the

hydrocyanation of 1-butene as a model system. The optimized transition states of the reductive
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elimination confirmed that this step was crucial for the regioselectivity. Thus, reductive
elimination is favored both thermodynamically and in steric interaction with the ligand 191 to

form the linear nitrile.!11¢!

The general chain-walking process that takes place in migratory hydrocyanation can be
conveniently explained by the proposed mechanism of the Fang group in their protocol on

internal olefins (Scheme 32).[116]

HO CN
R\/\Hn/\CN . 19 5
206 C i PY

199

R/\/‘(\)/\N-u/ P’ "N ||'H
n-1 ,' P
205 P_x 200
chain-walking B-H insertion R“h/\H/
process
™
RS P\ P
—N;il! o
NC—Ni NC—Ni'!
R
R n-1 ﬁD n
204 \: 202
NC—NW—
[-H reinsertion :/ B-H elimination
RW
n-1

Scheme 32: Proposed catalytic cycle of migratory hydrocyanation of internal olefins via nickel-catalyzed chain-
walking.i*16l

Starting from the active nickel complex 199, oxidative addition of HCN takes place, resulting
in H-[Ni]-CN complex 200. Subsequent B-H insertion into the double bond of alkene 201
triggers a reversible B-H elimination/B-H reinsertion cascade that can lead to multiple nickel
alkyl species along the alkyl chain (for example, 202, 204, or 205). According to DFT
calculations, from the sterically and thermodynamically most favorable species 205, reductive
elimination takes place at the primary carbon. The linear nitrile product 206 is released and the
active catalyst complex 199 recovered, which will immediately undergo oxidative addition by
HCN.

Furthermore, Fang and coworkers succeeded in converting non-conjugated dienes of type 207
in an enantioselective migratory hydrocyanation (Scheme 33).*7 For this purpose, a BINOL-
derived diphosphite ligand with a TADDOL backbone 209 was employed. In doing so, they
only very slightly modified the ligand system 185, which was already used for conjugated 1,3-
dienes systems (see Scheme 30, Section 2.2.7.), at the aryl units of the TADDOL backbone
(change from Ar = 3-(CF3)CsH4 185 to Ar = 4-(CF3)CsH4 209).
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Scheme 33: Enantioselective migratory hydrocyanation of non-conjugated dienes from the Fang group (selected
product examples shown).[117]

In this approach, the branched nitriles were obtained regioselectively, since a more stable

n3-allyl complex can be formed during chain-walking, from which reductive elimination occurs

(see Section 2.2.3.). Good yields and good to excellent enantiomeric excesses were generally

obtained.

Most astonishing were the results of Yu, Rajasekar and Fang when internal olefins 214, aryl-

substituted at one end of the alkyl chain, were used as substrates (Scheme 34).118
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Scheme 34: Migratory hydrocyanation of internal olefins with diastereomeric ligand-controlled regiodivergence
from the Fang group (selected product examples shown).[118]

Using ligand 191, which has already been successfully used in the migratory hydrocyanation

of internal aliphatic olefins (see Scheme 31), and its diastereomer dia-191, a ligand-directed

regiodivergent control was achieved. The exchange of the BIPOL backbone (either (S)- or (R)-

configuration) led to a significant change in the transition state during catalysis, so that with

the (S,S,S)-diastereomer 191 predominantly branched benzyl nitriles of type 215 were
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obtained, whereas the (R,S,S)-diastereomer induced the formation of the linear nitriles 216
starting from the same substrates. Thereby, the products could be generated in good to
excellent regioselectivities. Detailed DTF calculations proved that the spatial arrangement of
the isomeric ligands differs significantly, resulting in different steric and electrical interactions
in the transition states of reductive elimination.*'8! Thus, reductive elimination from either the
o-alkyl complex at the primary carbon ((R,S,S)-ligand dia-191) or the n3-benzyl complex
((S,S,S)-ligand 191) is preferred (compare to Section 2.2.3., Scheme 10).

Moreover, they were able to transfer the principle of double bond migration to an
enantioselective allylic cyanation of alkenyl alcohols.**¥! Overall, these results demonstrate the
importance of ligand design and structure to control nickel-catalyzed chain-walking and its

utilization in migratory hydrocyanation.
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2.3. Motifs and synthetic access to homostilbenes (1,3-diarylpropenes)
Since this work is the first to investigate homostilbenes in hydrocyanation, they are briefly
introduced below. Structurally, homostilbene ((E)-221a) is derived from stilbene ((E)-65) by the
introduction of a CHz unit (Figure 10). Functionalized stilbenes are present in nature mainly in
plants and mostly serve as phytoalexins for the defense mechanism against diseases caused
by microorganisms.*?% Biosynthetically, (homo)stilbenes are produced via the aromatic amino
acids L-phenylalanine and L-tyrosine derived from the shikimate pathway.l*? Stilbene

structures are often used as drugs due to their high bioactivity.[*?%

= OH
g g Lo
NS
O HO OMe OMe
222

MeO
(E)-65 (E)-221a

MeO = oMe MeO MeO
O O "NHAG NHAC
MeO OMe MeO o O MeO e
MeO ooy ° ° o)
] CO,Me
OMe
223 224

Figure 10: Structures (E)-stilbene (65), (E)-homostilbene (221a), breast cancer invasion inhibitor 221j, cytoxic
candenatenin A (222), (-)-(aR,7S)-allocolchicine (223) and (-)-(aR,7S)-colchicine (224).

The homostilbenes, often referred to in the literature as 1,3-diarylpropenes, belong to the
flavonoid family and have likewise a high pharmacological potential due to their cytotoxicity.*?®
For example, the natural compound candenatenin A (222), isolated in 2009, showed
micromolar cytotoxic activity against all cancer cell lines tested.?4 In addition, a wide range of
synthetic homostilbenes such as the breast cancer invasion inhibitor 221j?% exhibit in some
cases efficiencies comparable to the highly bioactive colchicine (224).1123. 125-126] The |atter is
the main alkaloid of the poisonous autumn crocus (colchicum autumnale) and with its
derivatives one of the most important inhibitors of tubulin assembly and microtubule
formation-related disease mechanisms.*?” |t is reasonable to assume that many
homostilbenes attach to the colchicine binding site of the tubulin subunits due to their structural
similarity (compare 221 with 223 and 222).122%! |n addition to their attractiveness as targets,
they are repeatedly used as synthetic intermediates in natural product and target molecule
syntheses.'2l Overall, however, homostilbenes still receive too little attention, although their

incorporation into synthesis protocols is promising.

Homostilbenes can be generated via various established synthetic strategies.*?®® Among
these, Tsuji-Trost-type nickel- or palladium-catalyzed allylic substitutions of cinnamyl

alcohols,™* acetates,*3! or even carbonates™®? particularly stand out as reliable procedures.
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The methodology used in this work for the synthetic accession of a homostilbene library is
based on a procedure of Tsukamoto and coworkers shown in Scheme 35, which convinced by

its simplicity and efficiency in yield and selectivity.!12%- 1302

1.2 eq. ArB(OH),

N-"NoH 055 mol% Pd(PPhs); X .
THF, 80 °C X
225a 3-24 h, sealed tube 226
34-92%

Ph/\L OH
> /\/\ /\/\
Ph Ph > ph Ph

(2)- 225a (E)-221a sec-225a (E)}-221a
90% 89%
OH
X /\}\
Ph/\)\ Ph"ph
227 rac-228
97% ee 79%, 0% ee

Scheme 35: Synthesis of homostilbenes via palladium-catalyzed direct cross-coupling of allylic alcohols with
arylboronic acids.[*30

In the presence of Pd(PPhs)s as catalyst, cinnamyl alcohol 225a was reacted with various
arylboronic acids in moderate to excellent yields. The homostilbene products were thereby
obtained regioselectively in (E)-configuration. It was shown that when the isomers (Z)-225a or
sec-225a were used, (E)-221a was again obtained in very good yields. By reacting the chiral
alcohol 227, it was shown that the stereo information is lost during catalysis as the product 228

was completely racemic.

In the proposed mechanism (Scheme 36),[*%%4 the formation of a palladium tT-complex 232
occurs first. Crucial for the success of the reaction was an excess (at least 20 mol%) of the

Lewis-acidic boron reagents.

Ar R/\)\R'
R/\)\R, Pa] 230

235 229 + R"B(OH),
231
Ar Ar(HO),B =< OH
Pd I
[ ] /\:\ R’
[PA’ 232
Ar
B(OH); [Pdl'@
233

Scheme 36: Proposed catalytic cycle of palladium-catalyzed direct cross-coupling of allylic alcohols with
arylboronic acids.[3%
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This observation supported the consideration that the hydroxy group is abstracted by the
boronic acid and a characteristic palladium(Il) n3-1-allyl complex 233 is formed by oxidative
addition.**¥ The same selectivities of different isomers in this reaction could be explained via
the latter (compare, for instance, yields and regioselectivities for (Z)-225a and sec-225a). The
different reaction rates, on the other hand, suggested that oxidative addition is the rate-
determining step. From the boron species, the aryl residue can now be transferred in a
transmetalation step. Reductive elimination from complex 234 affords the homostilbene
product 235 and the Pd(0) catalyst 229 is regenerated. The observed racemization when using
the chiral alcohol 227 (Scheme 35) can be explained by the fact that the more nucleophilic
Pd(0) species 229 undergoes competitive addition on the allyl system in complex 233,134 thus,
any stereo information is lost. To date, the Tsukamoto method has found little application in
other synthesis protocols.?%l In particular, systems with bilaterally substituted aryl groups and

highly substituted motifs have not been studied yet under these conditions.
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3. Concept and Task

The hydrocyanation of non-activated alkenes remains a challenging task. Thus, the nickel-
catalyzed enantioselective hydrocyanation of vinylarenes established by Falk et al.[4? 103
should first be focused on with the aim to extend its applicability and then to elaborate its

possibilities as well as to develop it further.

After the successful reproduction of the methodology and the synthesis of the phosphine-
phosphite ligands, the 3,5-disubstitution pattern of the aryl units in the TADDOL-derived ligand
backbone was to be investigated (Scheme 37). For this purpose, new ligands of type 237

should be synthesized and evaluated in the hydrocyanation protocol regarding the obtained

selectivities.
R R R = Et
tBu
R
W o
o) OR
M., o o7 g /R
MeO”™ N/ ....... > / ¢ p
MeO A\  "TTC - O~R CN
0 o) Q *r Ni(cod),/237 N
o PPh, O QNS _TMSCNMeOH . ¢
236 O Z THF Z
R .
R increase of ee?
R 238 239
237 ~

Scheme 37: Envisioned new 3,5-aryl substituted phosphine-phosphite ligands of type 237 for enantioselective
hydrocyanation.

As the exchange of hydrogen substituents by methyl substituents (R = H to R = Me) already
caused a strong increase in selectivity (see Scheme 24, Section 2.2.6.2.), the influence of

other substituents on the reaction outcome should be inspected in detail.

Furthermore, the substrate spectrum of this protocol should be examined regarding its scope
and limitations. Therefore, 1,1-disubstituted vinylarenes of type 240, aliphatic systems of type
241, phenylalkenes with a terminal double bond and an alkyl spacer of type 242, and 1,2-
disubstituted vinylarenes with an aryl or alkenyl substituent of type 243 should be investigated
(Scheme 38).

N _— X X Aryl/Alkenyl
P AlkylT X n R
L =

240 241 242 243
Scheme 38: Potential substrates for the enantioselective hydrocyanation protocol.

Since 1,3-diarylpropenes (homostilbenes) were identified as attractive substrates, this class

should be investigated in more depth with the present methodology. For this purpose, a range

of (new) substituted homostilbenes 221 should first be synthesized and subsequently

subjected to hydrocyanation (Scheme 39). Due to the probability of migratory processes based
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on nickel-catalyzed chain-walking, the chemo-, regio- and enantioselectivity of hydrocyanation
of homostilbenes with electronically differentiated aryl units should be evaluated with respect

to the two possible regioisomeric 2,4-diarylbutyronitrile products 245 and regio-245.

CN
HO SN - r ) R
- : N X
! Ni(cod),/L*
225 : Y P N, TMSCNMeOH | 245
[ R— ! ccccccccccacaaan 4
: X X THF 5 CN
B(OH), - «
Z : 221 . Z Z
R—\ | e L RE A
N X
244 regio-245

Scheme 39: Targeted synthesis and hydrocyanation of substituted homostilbenes 221.

Furthermore, the potential of such a hydrocyanation strategy in organic syntheses should be

tested on the example of a new colchinol.
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4. Results and Discussion

4.1. Notes on the hydrocyanation protocol, reproducibility and ligand synthesis
To familiarize with the hydrocyanation technique established by Falk et al.,*? 1% a protocol for
the hydrocyanation of styrene (42) and 2-methoxy-6-vinylnaphthalene (40) was initially
reproduced (Scheme 40).

CN
¥ e A
Sh g Ly
42 5 mol% Ni(cod),/L* 48 O
1.5 eg. TMSCN in 100% conv., 86% ee O™ " -0,
THF/MeOH (14:1) O—P\
THF, rt, 2 h CN o 0
*
- PPh, IO
MeO MeO 143 O
40 115 \. J

quant., 80% ee

Scheme 40: Reproduction of the hydrocyanation results by Falk et al. with styrene (42) and 2-methoxy-6-
vinylnaphthalene (40) as test substrates.

To ensure reproducibility, minor concentration adjustments of the catalyst solution (from
0.006M to 0.019M) and the TMSCN solution (from 0.125m to 0.25M) were made. While a
catalyst loading of 5mol% led only to inconsistent results, which was probably often caused by
catalyst deactivation, a slight increase to 7.5 mol% proved to ensure good reproducibility.
Therefore, to avoid misinterpretation of any results for the research purposes in this work, a
catalyst/ligand loading of 7.5 mol% was generally used. The standard reaction scale employed
was 0.5 mmol regarding the substrate. The enantioselectivity outcome in the further work is

defined by the enantiomeric ratio (er).

The most recently optimized ligand synthesis route of 143 by Dindaroglu and Falk et al.[°¢
was successfully applied in the preparation of new phosphine-phosphite ligands (see Section
4.2.). It is noteworthy that the quality of the phosphorous trichloride was crucial for the coupling
step (see Scheme 42, Section 4.2.1.). In this step, PClz purchased from Sigma Aldrich
(ReagentPlus 99% grade) was the only successful reagent in terms of yield and purity of the
product. The coupling step is considered to be extremely moisture- and air-sensitive in most

cases.

The air-stable nickel complex Ni(cod)(DQ) (247) developed by Engle and coworkers was also
considered for the hydrocyanation protocol,'**® as its use would eliminate the need for an argon
to work under atmosphere during the reaction setup. The desired nickel precursor 247 was
prepared accordingly in a ligand exchange reaction with duroquinone (DQ) (246) and Ni(cod)-
(Scheme 41). However, attempts to implement the latter as a precatalyst in the hydrocyanation

protocol failed.
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Q 0
A\ . Me Me N\ Me Me
Nio’\% — Ni%=
CH,CI /
\'¢ Me Me 2~2 X' me Me
o) reflux, 23 h
246 66% 247
7.5 mol%
247143 N
N Irx TMSCN/MeOH N B
| 7 7 3 1
Z THF, r.t. or 50° C Z
248 2h 249

Scheme 41: Synthesis of the air-stable Ni(cod)(DQ) (247) according to Engle and coworkers!*3] and
hydrocyanation attempts.
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4.2. Synthesis of new phosphine-phosphite ligands for hydrocyanation

4.2.1. Derivatizing the TADDOL backbone: new phosphine-phosphite ligands
The synthesis of phosphine-phosphite ligands of type 237 was performed according to the
general protocol of Dindaroglu et al.!®! For the synthesis of the TADDOL building blocks of
type 250, the enantiomerically pure tartaric acid derivative 236 was reacted with the
corresponding freshly prepared aryl Grignard reagents obtained from bromides of type 251
(Scheme 42). The concentration of the Grignard reagents was quantified by iodimetry. The
starting 3,5-disubstituted-bromobenzene derivatives of type 251 were either purchased
commercially (R = Me, MeO) or synthesized according to literature procedures (R = EtO, iPrO,
Ph).

W, "
R
? - J
, Br R A . 3 y R
Meo) =0, Mg HO™ O, OH 3. TADDOL, 0°C O™, O,
MeO > HO > 0—R
e o] THF o] CH,Cl,, o) N .
r.t. to reflux R PPh, rt., 20 h
© 16-20 h R O \ PPh,
236 252 BH, 237
i R
250 = R ligand <R
TADDOL

Scheme 42: Employed reaction conditions for the synthesis TADDOLs and phosphine-phosphite ligands.

The TADDOLSs of type 250 were then reacted with the borane-protected phosphine building
block 252 and PCls in the presence of an excess of DABCO to provide the ligands of type 237.
Table 1 summarizes the results for the targeted ligand structures. The TADDOL derivatives
were obtained in good to excellent yields with the exception of the tetra-phenyl substituted
system 255 (entry 4).

Table 1: Results of the TADDOL and phosphine-phosphite ligand syntheses.

entry R TADDOL (yield) Ligand (yield)

1 Me 253 (89%) 143 (75%)
2 Et 254 (80%) 260 (48%)
3 tBu 255 (99%) 261 (<5%)l
4 Ph 256 (9%) n.c.

5  OMe 257 (77%) 262 (68%)
6 OEt 258 (50%) 263 (63%)
7 OiPr 259 (45%) 264 (59%)

Isolated yields are given. [FIReaction performed at 50 °C; product could not be isolated.

The relatively bulky 3,5-di-tert-butyl TADDOL 255 was even obtained in an almost quantitative
yield, while the corresponding ligand 261 was formed only in trace amounts, even at higher
temperatures of up to 50 °C (entry 3). The 3,5-diphenyl substituted TADDOL 255 also showed
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no conversion in the attempted synthesis of the corresponding ligand (entry 4). All other
TADDOL derivatives reacted as desired to give the ligands in moderate to good yields (up to
75%). Thus, four new ligands 260 and 262-264 with the envisioned 3,5-substitution pattern

were successfully prepared.

4.2.2. New phosphine-phosphite ligands in enantioselective hydrocyanation
Using freshly distilled styrene (42) stored over molecular sieve as standard substrate, the new
phosphine-phosphite ligand derivatives 260 and 262-264 were tested. The conversions and
enantiomeric ratios as determined by GC are summarized in Table 2. Entry 2 shows the
previously established 3,5-dimethyl substituted ligand 143. As a reference, the selectivities
obtained with the parent ligand incorporating an unsubstituted TADDOL backbone are also
shown (entry 1). Except for the 3,5-diethyl substituted ligand 260 (entry 3), which led to no
conversion to the nitrile 48, hydrocyanation with the new ligands 262-264 bearing alkoxy
substituents showed a complete conversion and enantioselectivities comparable to those
obtained with ligand 143 (entries 4-6). Having a 3,5-diisopropy! substitution pattern, the ligand

264 provided the same enantiomeric ratio (of 93:7 er) as ligand 143 (entry 6).

Table 2: Testing of the new derived phosphine-phosphite ligands 237 in the hydrocyanation of styrene (42).

(" R
L

*: R R
Y
7.5 mol% CN O
R
/O o]

Ni(cod),/L* «
TMSCN/MeOH
A o—F ><
THF, rt., 2h o) 0
R
42 48 PPh, O
s

R
\ R R J

entry ligand Conv. [%] erl@

1 158 (R = H) 100! 85:15!

2 143 (R = Me) 100 93:7

3 260 (R = Et) n.c. -

4 262 (R = MeO) 100 90:10

5 263 (R = EtO) 100 91:9

6 264 (R = iPrO) 100 93:7

Reactions were monitored by means of GC-MS analysis. All reactions were carried out by slowly adding a
solution of 1.5 equiv. TMSCN in THF/MeOH (14:1) to a solution of the styrene substrate and the chiral catalyst
generated from Ni(cod)2 and the respective ligand. ¥Determined by GC(FID) using a chiral stationary phase.

[PIResult obtained by Falk using acetone cyanohydrin (see Scheme 24, Section 2.2.6.2.).
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Remarkably, the catalyst prepared from the ethyl-substituted ligand 260 appeared to be
virtually inactive in the hydrocyanation of styrene. As the phosphine-phosphite ligands had
already shown high substrate specificities in previous screening experiments, ligand 260 was

also tested with other substrates.

For this purpose, in addition to the established substrate 40, the four vinylarenes 265, 267,
269 and 271 were selected that had not been investigated yet with the methodology by Falk.
These were subjected to hydrocyanation with the standard ligand 143 and the tetraethylated

analogue 260. The results are shown in Table 3.

Table 3: Results of the hydrocyanation of novel vinylarenes with ligand 143 and 260.

CN CN
* *
X X
— —
MeO MeO
40 115 265 266
CN

CN
* *

X X

MeQO MeO
267 268 269 270
CN
X
9
tBu tBu
271 272

entry  substrate ligand 143 ligand 260
Conv. (yield) [%] er@ | Conv. [%] erfl@
1 40 100 (99) 90:10 100 89:11
2 265 100 (95) 94:6 100 96:4
3 269 100 (99) 89:11 100 86:14
4 267 100 (72) 94:6 60 96:4
5[0] 271 100 (96) 89:11 n.d. n.d.

The reactions were carried out under the same conditions as in Table 2 at r.t. Reactions were monitored by
means of GC-MS analysis; yield and conversion are given in [%]. [@Determined by GC(FID) using a chiral

stationary phase. [PIReaction performed at 50 °C.

Astonishingly, hydrocyanation of 2-methoxy-6-vinylnaphthalene (40) with the ethyl-substituted
ligand 260 showed a complete conversion and selectivities similar to ligand 143. In the
hydrocyanation of the new vinylarenes 265, 267, 269, mostly high conversions and high
enantiomeric excesses were obtained with both ligands. With the standard ligand 143, even
the sterically demanding 4-tert-butylstyrene (271) could be hydrocyanated at 50 °C with a

complete conversion to the desired nitrile product 272 in a high enantiomeric ratio of 89:11 er
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while at r.t. only 58% conv. was observed under the standard conditions (90:10 er). This

substrate was not tested with the ethyl-substituted ligand 260.

As none of the new ligands with the 3,5-disubstituted TADDOL units showed better or
significantly different selectivities from the previously used catalyst system employing ligand
143, it was concluded that the introduction of other alkyl and alkoxyl residues would not further

improve the enantioselectivity of this transformation.

The introduction of a methoxy group in meta-position to the PPh,-group at the phosphine
subunit of the ligand led in experiments on the asymmetric hydrovinylation by Movahhed et al.
to higher selectivities.['%?a Therefore, analogous methoxy-substituted ligands appeared also
promising for application in the hydrocyanation. For this reason, the methoxy-substituted new
ligand 273 with the 3,5-dimethyl TADDOL substitution pattern was selected as another
promising ligand.

For this purpose, the borane-protected phosphine 277, unknown in the literature, was
synthesized in good yield based on the strategy of Dindaroglu et al. in 47% over four steps
(Scheme 43).[%6¢l

1. DABCO, Ph,PCI

1. PIDA BH3 THF
OH 5 7n OH g, OH  CH,Cl, 0°C OH
e >
MeOH CH,CI ; .
MeO A MeO Br 2. nBuLi, THF, 0 °C
0°C-rt, 2h 0°C,3h MeO PPh,
274 275 276 Y
70% 82% 82% (over 2 steps) 217 gy,

(lit.: 38%)

Scheme 43: Synthesis of borane-protected phosphine 277.
Starting from 2-isopropylphenol 274, the opening methoxylation step was performed according
to Amant et al.l’*¢ By replacing the work-up procedure with a simple MTBE extraction the
product 275 was cleanly obtained in a significantly improved yield of 70%. After bromination
and attachment of the borane-protected phosphenyl unit to give 277, the synthesis of ligand
273 was completed in a fair yield of 40% (Scheme 44).

1. DABCO, rt. O % O
2.PCls, 0 °C 0~%, _Q HO ><
OH 3.253,0°C O0—R >< HO o
* 0 O
MeO PPh, CHZC'12’6°h Gt Meo PPh, O O O
277 * 273 O
BH3 40% 253
TADDOL

Scheme 44: Synthesis of the new methoxy-substituted phosphine-phosphite ligand 273.
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This ligand was found to be highly active in the hydrocyanation of styrene (42) and 2-methoxy-
6-vinylnaphthalene (40) but provided identical selectivities (100% conv., 93:7 er) as the already

established ligand 143 (same conditions as in Table 2).
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4.3. Prospects of the substrate scope using phosphine-phosphite ligands

4.3.1. 1,1-Disubstituted vinylarenes
Besides establishing the hydrocyanation protocol for the enantioselective conversion for
styrene derivatives, Falk also tested a few sterically more demanding 1,2-disubstituted
vinylarenes (see Figure 8, Section 2.2.6.2.).142.84 | jkewise, 1,1-disubstituted vinylarenes such
as the a-methylstyrene (278) are interesting substrates, since the hydrocyanation of the latter
would either afford the tertiary nitrile 279 upon Markovnikov addition or the chiral B-methylnitrile
280 upon anti-Markovnikov addition (Table 4). The hydrocyanation attempts of 278 using

different phosphine-phosphite ligands are summarized below.

Table 4: Experiments towards the attempted enantioselective hydrocyanation of a-methylstyrene 278.

Ve

L )

*: R? R2
)
.
7.5 mol% R

0%, 0
Ni(cod),/L* CN . o—F ><
TMSCN/MeOH or CN o g
—_—
THE, T, 2h Pph2a O

278 279 280 R2
2R?
R
143: R" = jPr, R? = Me
281: R'=Me, R2=H

(282:R'=H,R?=H )
entry Ligand L* TI[°C] conv. [%] comments

1 143 r.t n.c. -

2 143 r.t. n.c. 15 mol% cat./L*

3 281 r.t traces -

4 281 50 10 =

5 281 50 n.c. 5 h addition of TMSCN-sol.

6 281 50 15 20 mol% cat./L*

7 282 50 <5 15 mol% cat./L*

Reactions were monitored by means of GC-MS analysis. All reactions were carried out by slowly adding a
solution of 1.5 equiv. TMSCN in THF/MeOH (14:1) to a solution of the styrene substrate and the chiral catalyst

generated from Ni(cod)2 and the respective ligand.

Using the ligand 143, no conversion of the starting material 278 was observed, even when the
catalyst loading was increased to 15 mol% (entry 1-2). Employing the significantly less
substituted ligand 281 (possessing a single methyl substituent on the phosphine subunit and
an unsubstituted TADDOL backbone), product traces could be detected under standard
conditions by GC-MS analysis (entry 3). When the temperature was increased to 50 °C, a
conversion of up to 10% percent was observed (entry 4). Whereas a longer addition time of

the TMSCN solution did not lead to any conversion (entry 5), the conversion could be slightly
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increased to 15% at a higher catalyst load of 20 mol% (entry 6). However, the products 279 or
280 could not be isolated by column chromatography at these low conversions. Even with the
completely unsubstituted phosphine-phosphite ligand 282 only trace amounts were detected
at a 15 mol% catalyst loading. The results suggested that the relatively rigid phosphine-
phosphite ligands investigated are not suitable in the hydrocyanation of 1,1-disubstituted

vinylarenes.

Possibly, the initial catalyst/starting material complex is not able to form an n3-benzyl complex
that would lead to a tertiary nitrile 279 after reductive elimination (see Scheme 10, Section
2.2.3.). Results of the following section also suggest that when using the present phosphine-
phosphine ligands, reductive elimination does not occur from a o-alkyl complex that would

have led to the linear nitrile 280.

4.3.2. Range and limitations of the substrate spectrum
A selection of the substrates tested, which were seminal for the further investigation of the

nickel-catalyzed enantioselective hydrocyanation, are presented below.

Hydrocyanation of entirely aliphatic substrates 70 never showed any conversion of the starting

materials under the standard conditions with ligand 143, as shown in Scheme 45.

7.5 mol% p
Ni(cod),/143 CN
TMSCN/MeOH * O
CN
Ak ———FH——> Alkyl)\ or Alkyl” O
THF, T, 2 h
70 283 71

o—P ><

O/\ O/\/
P PPh2 O
284 285 286 O

n.c. (r.t.) n.c. (r.t.) n.c. (r.t.)
n.c. (50 °C) isomerization (50 °C)

Scheme 45: Selected attempts towards the hydrocyanation of aliphatic olefins employing phosphine-phosphite
ligands.

The exemplary substrates 284 and 285 shown could each be reisolated unreacted. In the case
of allylcyclohexane (286), a mixture of isomers (1:1) of the starting compound 286 and the
internal olefin 1-cyclohexyl-propene iso-286 was found at 50 °C. This double bond
isomerization indicated an interaction of the nickel catalyst with the olefin. This would imply
that the nickel hydride complex reacts with the double bond in a B-H insertion, but no
hydrocyanation product was generated from the resulting o-alkyl complex, since the reductive
elimination does not appear to be favored (see also Scheme 10, Section 2.2.3.). At this point,

studies on further ligand adaption were not continued because other diphosphine and
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diphosphite ligands for the hydrocyanation of aliphatic systems had been established by other
groups in the meanwhile (see Sections 2.2.4. and 2.2.8.).

As a stabilization of the inserted nickel complex seemed to be crucial for the successful
hydrocyanation of vinylarenes of type 141 through the reductive elimination from an n3-benzyl
complex intermediate 287, aliphatic alcohols 289 were subsequently investigated. These might
undergo a stabilizing interaction of type 288. However, this approach remained unsuccessful
(Scheme 46).

[Ni[143 CN
HCN *
{ NN —>» { A
R R
1 1
4 4
141 142
branched
possibly via: //
() N Ph/
A Eon ot ho~F N 291
HO--Ni H R trimerization
289 290
n=1.n.c. R = H: n.c. /\Ph
288 n=2n.c. R=Bocinc. Ph™ ,q,
R = Tos: n.c. traces

Scheme 46: Hydrocyanation attempts on aliphatic alcohols, indoles and phenylacetylenes.

Vinyl-substituted heterocycles such as 2-vinylindole were successfully hydrocyanated by Falk
(see Figure 7, Section 2.2.6.2.). However, attempts to directly subject the aromatic (protected)
indole 290 to “dearomatizing” hydrocyanation did not seem feasible. When the hydrocyanation
conditions was tested on alkynes, reactions of phenylacetylene derivatives 291 and 292
showed no significant conversion to the desired products. It is noteworthy that trimerization of
phenylacetylene (291) to 1,3,5-triphenylbenzene occurred under the hydrocyanation

conditions.

When stilbene 65 was studied, only low conversions (up to 26% at 50 °C) as well as moderate
enantiomeric ratios (65:35 er) were obtained exclusively for the reaction of the (Z)-isomer
(Scheme 47).

7.5 mol% f E): t t.or50 °C
Ph. = ! rom (E): traces (r.t. or )
" ph Ni(cod),/143 CN from (Z): 14% conv., 65:35 er (r.t.),
(E)-65 TMSCNMeOH s _pp 37% (E)-s.m.
_
or THE T 21 Ph 66 26% conv., 65:35 er (50 °C),
Z “Ph C 65% (E)-s.m.)
Ph (2)-65

Scheme 47: Hydrocyanation approaches of (E)- and (Z)-stilbene (65).

The also easily accessible (Z)-isomer of stilbene (65) being the only substrate showing any
reactivity is consistent with the higher reactivity of (Z)-configured 1,2-disubstituted vinylarenes

observed by Falk (see Figure 8, Section 2.2.6.2.).
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Two interesting substrate classes were identified during the investigation of phosphine-
phosphite ligand controlled hydrocyanation: the phenylalkenes and the homostilbenes
(Scheme 48). Here, the reaction of allylbenzene (242a) afforded the benzylic nitrile 293a with
a high selectivity (up to 86% conv., 80:20 er at 50 °C) through a migratory, enantioselective
hydrocyanation. The (E)-homostilbene (221a) gave the hydrocyanated product 245a in good
yield (76%) and decent enantioselectivity (74:26 er). Remarkably, homostilbenes

(1,3-diarylpropenes) have never been studied in hydrocyanation before.

7.5 mol% CN 7.5 mol%
_ Ni(cod),/143 . Ni(cod),/143 CN

TMSCN/MeOH TMSCN/MeOH z
e PR A ph —————— pn” " ph

TR T 20 E)-221 THF, rt, 2h 245a
242a 293a ()22t 76%, 74:26 er

70% conv., 80:20 er (r.t.) ’
86% conv., 80:20 er (50 °C)

Scheme 48:Successful enantioselective hydrocyanations of allylbenzene (242a) and (E)-homostilbene (221a).

These two new classes of substrates for the hydrocyanation were further studied in more detail.

The results of these extended studies are presented below in separate sections for each class.
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4.4,  Enantioselective nickel-catalyzed migratory hydrocyanation

4.4.1. Aspects of chain-walking employing phosphine-phosphite ligands
In Scheme 49 the generally accepted mechanism of the nickel-catalyzed hydrocyanation of
vinylarenes is shown (here for 1,2-disubstituted substrates).“! After coordination of the
substrate 294 to the active catalyst 117 and oxidative addition of HCN (or vice versa), complex
296 is formed. Starting from the latter, insertion of the olefin ligand into Nickel hydride bond
affords 298 as a stabilized n3-benzyl complex intermediate from which reductive elimination

4
¢ PN
P’ 1 AI’/\/R

finally leads to product 300.

c;ﬂgi:g’: coordination
=z
A/\/R HR I R
P:,, II,cN 294 P, ! P,,, 0
N e Nl AN
P CN
coordination Ph OXIdatIVG
297 296 addion 295 R
reductive | B'H 1 reductive
elimination | insertion elimination

300 HCN

possible nickel-catalyzed chain-walking
(M ()
¢ o Fe) U RE
NC-Ni-H B-H Ins. NPT Elimin. NG-Ni-
] —— — ]
RUALR  H R\Kl\rR Bt ins. RUALR
- - ns.
\/\( Elimin. H ?_'/\/
L 301 302 303 )

Scheme 49: Generally accepted mechanism of the enantioselective hydrocyanation highlighted in the aspect of
chain-walking when using 1,2-disubstituted vinylarenes.

As B-H insertion is generally reversible (3-H elimination), migration of the double bond can
occur, as the intermediate Nickel alkyl hydride complex may undergo B-H elimination to both
sides (Scheme 49, blue box) until favored n3-benzyl complex 298 is formed from which then
the irreversible reductive elimination occurs. Thus, the observed migratory hydrocyanation of
allyl benzene (242a) can be explained (see Scheme 48, Section 4.3.2.). The double bond first
migrates into conjugation before the benzyl nitrile 293a is released from an n3-benzyl
intermediate by reductive elimination. Further investigations of the enantioselective

hydrocyanation of phenylalkenes of type 293a are presented in the following section.
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4.4.2. Migratory hydrocyanation of phenylalkenes
With regard to the observed migratory hydrocyanation of allylboenzene (242a), the
corresponding phenylalkenes 242b-242d with longer alkyl spacers between the phenyl ring

and the terminal double bonds were investigated.

First, the literature known phenylalkenes 5-phenyl-1-pentenes (242c¢) and 6-phenyl-1-hexenes
(242d) were prepared from the corresponding bromide of type 304 through a Grignard reaction

with allyl bromide in very good yields (Scheme 50).137

1. Mg, I,
Br 2. allyl bromide =
n —_—— n
304 Et,0 242

242cn=1:87%
242d n = 2: 89%

Scheme 50: Synthesis of literature known phenylalkenes 242c and 242d.137]

The phenylalkenes were all subjected to the enantioselective hydrocyanation protocol
employing phosphine-phosphite ligand 143. In all cases the benzyl nitriles of type 293 were
observed as the only hydrocyanation products as expected, while none of the branched or
linear isomers 305 or 306 were detected (Table 5, entry 1-4). It is noteworthy that the
conversion dropped to 35% with an increasing length of the alkyl spacer for 242d (n = 4, entry
4). In the case of the terminal olefins 242c and 242d, the reisolated olefinic material consisted
mainly of isomerized internal alkenes with the respective styrene derivatives 1-phenyl-1-

pentene 242e and 1-phenyl-1-hexene 242f as major compounds.

Table 5: Summarized results of the enantioselective hydrocyanation of phenylalkenes 242.

CN
* (L
7.5 mol% n O
Ni(cod),/143 0—%, _0
~ TMSCN/MeOH 293 ’
n —_—
THF, rt., 2h
N
242 RS T, or o C PPh, O
305 306 O
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entry substrate yield of er of
293(a 293(®!

1 242an=1  45(70)  80:20
2 242bn=2  60(65)  80:20
3 242cn=3 50 (55) n.d.
4 242dn=4 21359  nd.

All reactions were carried out by slowly adding a solution of 1.5 equiv. TMSCN in THF/MeOH (14:1) to a solution
of the styrene substrate and the chiral catalyst generated from Ni(cod)2 and the respective ligand. @lisolated
yields; conversion to product 293 is given in parentheses. [PIDetermined by GC(FID) using a chiral stationary

phase. FIReaction performed at 50 °C.

The fact that no other hydrocyanation products (along the alkyl chain) than the benzyl nitriles
of type 293 were formed, is consistent with the presented experiments on entirely aliphatic
olefins, where no hydrocyanation (resulting from a corresponding nickel c-alkyl complex) was
observed at all. Moreover, these results demonstrate that the employed ligand 143 facilitates
Nickel-catalyzed chain-walking in appropriate systems. The enantiomers of 293a and 293b

could be separated by means of chiral GC and revealed an enantiomeric ratio of 80:20 er.

In order to compare the direct hydrocyanation of the internal olefins (vinylarene isomers) with
the migratory hydrocyanation of the terminal olefins 242a and 242b, the obtained conversions

and enantiomeric ratios of the hydrocyanation at 50 °C were compared (Figure 11).

from terminal olefin ( phenylalkene from internal olefin ( vmylarene
293a 293b 293a 293b

86% conv., 80:20 er 77% conv., 80:20 er 12% conv., 66:34 er 87% conv., 77:23 er
m.: (E)-p-methylstyrene  s.m.: 2429 E/Z 1:4
(242h)

Figure 11: Hydrocyanation towards benzyl nitriles 293a and 293b from terminal or internal olefins at 50 °C.

While the product 293a from an (E)-configurated internal vinylarene 242h showed a
significantly lower conversion and a lower enantiomeric ratio, the hydrocyanation to 293b
provided comparable results. Consistent with the observations made so far (see Section
4.3.2.), the corresponding (Z)-isomer-enriched internal olefin 242g showed a significantly
higher reactivity in hydrocyanation. The latter had previously been prepared in a Wittig reaction
from benzaldehyde (307).1%37"]
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4.5. Enantioselective hydrocyanation of homostilbenes
45.1. General concept & initial studies

45.1.1. Hydrocyanation of 2,4-diphenylpropene (homostilbene) 221a
The (E)-homostilbene (221a) was prepared in a good yield by a palladium-catalyzed coupling
of phenylboronic acid (244a) and cinnamic alcohol (225a) according to a procedure by
Tsukamoto and coworkers (Scheme 51).123%4 The same synthetic strategy was also used for

the regiospecific preparation of other (E)-homostilbene derivatives (see Section 4.5.1.).

OH 5 mol%
Pd(PPh
B(OH), . = (PPh3)s =
THF, 80 °C
17 h
244a 225a (E)-221a

74%

Scheme 51: Synthesis of (E)-homostilbene (221a) according to Tsukamoto and coworkers.[13%a
In order to also investigate the hydrocyanation of the (Z)-configured homostilbene (221a),
since the (Z)-isomers often exhibit higher reactivity, its synthesis was first attempted starting

from cinnamic acid (308) according to protocols known form literature (Scheme 52).%8

10 mol% CoBry/PPhs
[e) Br O 3.8 equiv., Mn, 50 mol%

™ Bry EtsN Nal, 2.0 equiv. BnCl N
OH ———» Y YOH ——> S 30 mol% TMSCI
AcOH, rt. B DMF, r.t. Br v >
1h 16 h MeCN, 0 °C-r.t. O
308 759 rac-309 92% 310 ih 22212
(lit.: 90%) (lit.: 75%) (lit.: 56%)

Mg or nBuLi or tBulLi
BnBr (/)r/BnCI

®h
77 >

(2)-221a

While the bromination and subsequent elimination could be realized in high yields according

Scheme 52: Attempted synthetic strategy towards (Z)-homostilbene (221a).138]

to a protocol by Alexakis and coworkers,3 the envisioned cobalt-catalyzed cross-coupling
according to Cai et al. failed.[*3®! Lithiation followed by reaction with benzyl bromide or benzyl
chloride did not show any conversion to the envisioned product (Z)-221a, either, and only
afforded homocoupled byproducts. As a sidenote, the prepared (Z2)-B-bromostyrene (310) was

also tested in hydrocyanation but showed no conversion.

Finally, the desired derivative (Z)-221a was obtained in high diastereoselectivity (Z/E >99:1)

from the literature known alkyne 292% py Lindlar hydrogenation (Scheme 53).
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; H, 1 atm
— ZnBry, nBuLi,BnBr T2
/ Pd(DPEPhOS)Cb‘ 4 Lindlar catalyst O AN
THF, -78 °C-r.t. O toluene, r.t.
45h 6.5h
291 64% 292 70% (2)-221a

ZIE >99:1

Scheme 53: Synthesis of homostilbene (Z)-221a via a Lindlar hydrogenation of 292.

Upon hydrocyanation using ligand 143, both isomers of 221a afforded the desired
(S)-2,4-diphenylbutyronitrile (245a) with identical enantioselectivity (74:26 er). While the
reaction of the (E)-configured homostilbene provided 245a in a good yield of 76%, a reaction
of the (Z)-isomer only resulted in a yield of 45% (Scheme 54). Thus, only (E)-configured
homostilbene derivatives were used in the following studies. Furthermore, these isomers are

more easily accessible by synthesis as compared to their corresponding (Z)-isomers.

4 N
Ph Ph 7.5 mol% O
NN . o CN
(E)-221a Ni(cod),/143 Y
- TMSCN/MeOH X
or LN PR " ph o—P'O °
245a 2
THF, rt, 2 h o
~NPh from (E): 76%, 74:26 er 0
from (Z): 45%, 74:26 er
Ph (2)-221a (2): 45% PPh, O
143

Scheme 54: Enantioselective hydrocyanation of (E)- and (Z)-homostilbene (221a). Reactions were carried out by
slowly adding a solution of 1.5 equiv. TMSCN in THF/MeOH (14:1) to a solution of the styrene substrate and the
chiral catalyst generated from Ni(cod)2 and the respective ligand.

To elucidate the absolute configuration of the hydrocyanation product 2,4-diphenylbutyronitrile
(245a) resulting from the reaction in the presence of the shown (R,R)-TADDOL-derived chiral
ligand 143, the experimental ECD spectrum was compared with the spectrum (R)-245a
calculated by DFT-based methods (Figure 12).0140
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5.00 -+
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ECD of (R)-245a (calc.)
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Figure 12: Comparison of the experimental ECD spectrum of prepared nitrile (S)-245a with that calculated for
(R)-245a by DFT.

These results clearly determined the (S)-configuration for the synthesized compound 245a.
This was in line with the configurational outcome of the hydrocyanation of 4-isobutylstyrene
previously determined in studies by Falk using the same chiral catalyst 143. It can therefore
be concluded that the related hydrocyanation products described in this work should also
exhibit the (S)-configuration. See also Figure 16 in Section 4.5.2. which shows the crystal
structure of another 2,4-diarylbutyronitrile hydrocyanation product 245e with an

(S)-configuration.

4.5.1.2. Regioselectivity under the aspect of chain-walking
Conceptually, the hydrocyanation of an unsymmetric homostilbene of type 311 should provide
the corresponding 2,4-diarylbutyronitrile of type 312 if the reaction proceeds regio-retentively.
The regioisomeric product of type regio-312 could also be formed by a nickel-catalyzed double

bond migration in the course of the reaction (Scheme 55).

CN
*
=z
> R+ |
X
= | = [Ni], HCN 312
R— ||l | R eeeeeee--- -4
X : CN
) *
311 ' Z
e R-C |
N
regio-312

"chain-walking" product

Scheme 55: Schematic hydrocyanation of unsymmetric homostilbenes of type 311 and their two possible
regioisomeric products 312 and regio-312.
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The key guestion was whether the hydrocyanation of the homostilbenes regio-311 or 311
would proceed regiospecifically to afford regio-312 or 312 without any double bond chain-
walking, or whether an isomerization at the stage of the intermediates regio-313 and 313 would
affect the regioselectivity of the reaction (Scheme 56). In case an equilibrium between regio-
313 and 313 would be faster than the formation of the corresponding n3-benzyl complexes
regio-314 and 314, the regioselectivity outcome could potentially be influenced by the

electronically differentiated aryl units.

regio-311 31
™M
¢ % i
_ Ni -
(M NC”™ "H (M
PP PP
\s \s
NC-Ni-H NC-Ni-H
H chain-walking H
z X z Z
RT | = R{ |
NS NS
L regio-313 313 _
P * P *
NC .'\P NCS JuP
) )
: Nz N I
R R
4 4
regio-314 314 |
CN CN
* *
z z
R | R |
NS NS
regio-312 312

Scheme 56: Overview of the proposed nickel-catalyzed hydrocyanation mechanism of unsymmetric
homostilbenes and potential influence on the regioselectivity outcome by chain-walking.

45.1. Preparation of a homostilbene library
To address the above-mentioned questions, a series of suitable unsymmetric homostilbenes
of type 221 were prepared by means of a direct coupling of various arylboronic acids of type
244 with allylic alcohols of type 225 or their secondary isomers sec-225. For this purpose, the

protocol of Tsukamoto and coworkers served as a basis (see Section 2.3.).1130%a

Figure 13 shows the arylboronic acid derivatives and allylic alcohols used in the subsequent

homostilbene syntheses. The building blocks in the blue box were commercially available,
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whereas the compounds in the green box were prepared according to literature procedures in

one or two steps each.

commercial:
B(OH), B(OH),
PhB(OH),
me K Y e
244a 244c 244e 225a
p
prepared (literature-known):

/©/B(OH)2 MeO B(OH), (\@ Ho N
OH CN /\/\©\
NC MeO: ; 225¢ OMe

244b 244d 225b B6%

64% OMe 81% 77%, 2 steps

Z/E 83:17
OH
\)\@OMB \)\@ \)\©\
225d 225e 225f
M

96% OMe 93% 80%

\ Me Y,

Figure 13: Employed phenylboronic acids and allylic alcohols as building blocks for various homostilbenes.

The arylboronic acids 244b and 244d were prepared from the corresponding aryl bromides.
Noteworthy, the use of the synthetically easier accessible (Z)-configured allylic alcohol 225b
made no difference with respect to the (E)-selectivity of the homostilbene coupling (see
Scheme 35, Section 2.3.). The secondary alcohol derivatives 225d-225f were obtained in high
yields from the corresponding aldehyde precursors.

The various homostilbenes of type 221 synthesized are shown in Scheme 57. The results
prove that the method is applicable for both electron-poor and electron-rich substrates. In all
cases, the pure (E)-configured products 221a-221n were regiospecifically obtained in
moderate to excellent yields without any concomitant double bond isomerization. The starting
materials of type 244 and 225 were refluxed in THF in the presence of Pd(PPhs), for 16-20 h
in a closed vessel. Interestingly, the reaction time was greatly shortened to 1 h by performing
the reactions at 90 °C in a microwave reactor. As exemplified for the homostilbene 221i, even
a slight increase in yield to 69% could be achieved when using the microwave-assisted

conditions (61% with conventional heating).
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altenative s.m.

OH 5 mol%
= B(OH), + NN Pd(PPh3), . _
R IO THRE B0 R
16-20 h or
244 225 MW, 90 °C. 1 h
O 7
NC
(E)-221a, 74% 221b, 57%
A O 7a
MeO
221d, 69% 221e,92%
O OCT OO0
OMe
2219, 42% OMe 221h, 80% MeO 221i,69%
(MW, s.m. sec-225) (MW, s.m. sec-225) (MW, s.m. sec-225)
O 7a 7
O,N NC OMe MeO CN
2211, 82% 221m, 32% 221n, 41%
(MW) (MW, s.m. sec-225)

Scheme 57: Overview of the synthesized homostilbenes through palladium-catalyzed coupling of allylic alcohols.

Remarkably, the aryl-isoeugenol analogues 221h (80%) and 221i (69%) with a free phenol
group were also obtained in good yields. Subsequent quantitative methylation of the latter
provided the known homostilbene 221j in an improved overall yield of 65% over three steps
starting from isovanillin (315). This compound had previously been shown to exhibit high
bioactivity as a potent breast cancer invasion inhibitor (see Section 2.3).1*?51 Moreover, TIPS-
protection of 221i to afford 221k was also feasible in 81% vyield. Thereby, the two
homostilbenes 221j and 221k were prepared as additional potential hydrocyanation substrates

(Scheme 58).
1. NaH2 Mel MeOOMe
THF, 0 °C r.t.
MeO OMe
MeO OH 16 h 221j
z
O O e — quant.
MeO 221i OMe
MeO
TIPSOTf MeO O O OTIPS
CH2C|2 0 °C-r.t. Meo 221k OMe
2h

81%

Scheme 58: Methylation and TIPS-protection of phenolic homostilbene 221j.
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4.5.2. Hydrocyanation results
With a series of substituted homostilbenes in hand, the question of regioselectivity in the
hydrocyanation with respect to the occurrence of chain-walking during the course of the
reaction in addition to chemo- and enantioselectivity was investigated (see section 4.5.1.2.).
In initial experiments, the hydrocyanation of the two mono-cyano-substituted homostilbenes

221b and 221c was studied, which may lead to the regioisomeric nitriles 245b/245c

(Scheme 59).
NC 221c CN

221b

“--.._chain-walking _.---

+HCN Treent +HCN
'cN
16 % 6
15 7 N 7
14
12 10 8
MQ 13 9 9
245b 245c

Scheme 59: Hydrocyanation of the homostilbenes 221b and 221c and their regioisomeric products.

The respective regioisomeric ratios of the latter two nitriles and of the other prepared
hydrocyanation products were determined by *H NMR analysis of well distinguishable proton
signals. As an example, this analytic assignment for the hydrocyanation of 221b and 221c is
illustrated in Figure 14 below.

13715’ (dt)| 13/15 (dt) 12'/16' (dt)| 7/9 (m) 8 (m)|| 12/16 (m)| 6/10 (d) 8 (m) 6/10' (m)
7.67 7.59 7.44 7.39 735|732 7.29 7.24 7.19
Hydrocyanation of 221b:
245b/245¢ 80:20 rr
1 d il 4 d { &

T T T T T T T T T T
70 7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20
& [ppm]

13Y/15' (dt)| 13/15 (dt)| 12/16' (dt) 7/9 (m) 8(m)| |79 (m)| 6/10 (m), 8' (m) 6'/10' (m)
7.67 7.59 7.43 7.38 7.34 7.31 7.28 7.24 7.18

Hydrocyanation of 221c:
245b/245¢ 10:90 rr

2.0
0.21
2.01
0.20
1.12
2.01

r T T T T T T T T T T
.70 7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20
S [ppm]

Figure 14: Regioselectivity outcome of the nickel-catalyzed hydrocyanation of homostilbenes 221b and 221c to
the regioisomeric nitriles 245b and 245c¢ analyzed by 'H NMR spectroscopy (500 MHz, CDCl3).
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The analysis was based on the aromatic proton signals which allowed a clear distinction
between the regioisomeric 2,4-diarylbutyronitrile products 245b and 245c. While the
hydrocyanation of 221b resulted in an 80:20 rr mixture of 245b/245c, the reaction of 221c led
to 245c¢ as the major product with even higher regio-retention of 10:90 rr 245b/245c. Thus,
these experiments clearly showed a certain level of chain migration in the course of the
transformations, which are, however, still regiospecific with regard to the major product

corresponding to the substrate employed.

Scheme 60 summarizes the results for the enantioselective hydrocyanation of the prepared
homostilbenes of type 221. In the same way as described above, the regioselectivity of the
performed hydrocyanations was analyzed. The enantiomeric purity of the respective major
regioisomer was determined by HPLC on a chiral stationary phase.

N
0| G
7.5 mol% R S IR O
Ni(cod),/143
z | Z Y TMSCN/MeOH 245 /O A
R R —
X X~  THF, 50°C,2h: CN o—R ><
: * (0] 0O
221 . z z
N Dp PPh, O
NS
143 O
regio-245 L )
CN CN CN
- * *
a7 d AL,
245a, 76% 245b, 92% 245c, 89%
74:26 er 80:20 rr, 71:29 er 90:10 rr, 85:15 er
(atr.t.: 88%, 93:7 rr, 88:12 er)
CN CN CN
<400 JRACHINSdRae
MeO OMe MeO
245d, 57% 245e, 75% MeO 245f 63%
89:11 rr, 71:29 er 83:17 rr, 74:26 er 96:4 rr, ern.d.
CN CN CN
OMe OMe MeO OMe

2459, 47%
51:49 rr, er n.d.

J

MeO

OMe

MeO.

MeQO

CN

245§, 33%

)

245h, 54%
74:26 rr, 75:25 er

OMe

OMe

MeO 245i, 59%
98:2 rr, 76:24 er

CN
MeO. i X l OTIPS
MeO OMe

MeO 245k, 5%

89:11 rr, 81:19 er
Scheme 60: Overview of the obtained 2,4-diarylbutyronitriles through the hydrocyanation of homostilbenes. All

reactions were carried out by slowly adding a solution of 1.5 equiv. TMSCN in THF/MeOH (14:1) to a solution of
the styrene substrate and the chiral catalyst generated from Ni(cod)2 and the respective ligand.
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As discussed in Section 4.5.1.1., the (S)-2,4-diphenylbutyronitrile 245a was obtained in good
yield and 74:26 er. The cyano-substituted derivatives 245b/245c and the related pair of
methoxy-substituted compounds 245b/245¢c were also obtained in good yields. Here, the
comparison of the results showed some preference for the electron-poorer substrates
221b/221c, as the cyano-substituted diarylbutyronitriles 245b and 245c¢ were formed in higher
yields (92% and 89%) than the methoxy derivatives 245d and 245e (both <75%). The
enantioselectivities of hydrocyanation were found to be moderate for the nitrile products 245b
(71:29 er), 245d (71:29 er) and 245e (74:26 er). Remarkably, 221c proved to be a particularly
good substrate (89%, 90:10 rr, 85:15 er), reacting even at r.t. in equal yield to 245c with even

higher regio- and enantioselectivities (93:7 rr, 88:12 er).

The methoxy-substituted nitrile product 245e crystallized and was analyzed by single crystal
X-ray determination and the absolute structure of 245e was assigned as (S)-configured (Figure
15).

Figure 15: Structure of (S)-2,4-diarylbutyronitrile 245e in the crystalline state.

This result was again consistent with the previously determined configurational outcomes with
the same chiral ligand 143 (see Section 4.5.1.1.). Control measurements by chiral HPLC of
the mother liquor of 245e (81:19 er) and the measured single crystal (92:8 er) showed a

significantly higher enantiomeric purity of the crystallized sample.

Interestingly, the hydrocyanation product 245f derived from the trimethoxy-substituted
homostilbene 221f showed a high regioselectivity (96:4 rr) for this transformation, whereas a
high degree of chain-walking was observed in the conversion of the regioisomeric
homostilbene 221g leading to an almost 1:1 mixture of regioisomeric products (2459/245f). It
appears that the primarily formed nickel intermediate of type regio-313/313 (see Scheme 56,
Section 4.5.1.2.) with a particular electron-rich double bond has a reduced tendency to
undergo B-H insertion forming the corresponding n3-benzyl complex (from which the product
245¢ is derived). Accordingly, the system has more time to isomerize (by chain-walking) to the
regioisomeric olefin complex from which the other regioisomer 245f is formed. It is noteworthy

that the enantioselectivity of these two transformations could not be determined because the
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trimethoxy-substituted products 13h and 13i could not be separated by means of chiral

chromatography.

The hydrocyanation of the aryl-isoeugenol derivatives 221h and 221i, both representing novel
homostilbenes with an unprotected phenol group, led to the expected products 245h and 245i
in acceptable yields and moderate enantioselectivity (75:25 er and 76:24 er). Moreover, a
particularly high level of regioselectivity (98:2 rr) was observed for nitrile 245i. Unfortunately,
the O-methylated congener 221j of the latter afforded the corresponding product 245j in a
much lower yield of 33% and only 89:11 rr despite an improved enantiomeric purity of 89:19 er.
Furthermore, the TIPS-protected nitrile 245k was obtained in only 5% yield resulting from low

conversion of the starting material 221k.

Surprisingly, disubstituted homostilbenes 221m and 221n bearing a methoxy substituent on
the one benzene ring and a cyano-substituent on the other did not show any significant
conversion (Figure 16). Why no significant conversion to the products 245m or 245n was

observed could not be explained.

CN CN CN
Nc/‘/\)\‘\!!ovwe MeO/‘/\)\‘HCN O,N g g
245m 245n 2451

conv. <10% conv. <10%

Figure 16: Envisioned 2,4-butyronitrile products that could be not obtained by hydrocyanation of the
corresponding homostilbenes.

However, these compounds bear a methoxy-aryl and cyano-aryl unit displaying a donor or
acceptor character, respectively, which might lead to a change of the reaction pathway due to
a possible push-pull stabilization of an allylic intermediate. The reaction of the nitro-substituted
homostilbene 221l failed to give 1,4-diarylbutyronitrile 245l. In this case, a dark red color
immediately after substrate addition (before the addition of TMSCN) indicated that the nitro

group might have deactivate the nickel(0) catalyst by oxidation.
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4.6. Studies towards new colchicinoids from a hydrocyanated homostilbene
To demonstrate the potential of enantioselective hydrocyanation, especially of homostilbenes,
as a useful tool in organic synthesis, the 2,4-diarylbutyronitrile 245i obtained in high
regioisomeric purity and with the specific substitution pattern was investigated as a possible

precursor of the new colchinol 316 (Scheme 61).

oxidative ~MeO
MeO cyclization . CN
"""" > MeO
MeO OMe
245i MeO O

76:24 er
MeO

7-cyano-colchinol 316

MeO. MeO MeO
MeO MeO MeO
MeO O MeO O MeO O
0 OH

CO,Me
OMe

colchicine (224) allocolchicine (223) N-acetylcolchinol (317)

Scheme 61: Envisioned synthesis of new colchinol derivative 316 and related natural colchicinoids.

Structural analogues of the natural products colchicine (224), allocolchicine (223) and N-
acetylcolchinol (317) have received considerable attention in organic synthesis*?’2 141 and as
lead structures in the development of pharmaceuticals®*?’®l for decades due to their high

bioactivity (see also Section 2.3.). Therefore, new derivatives are of particular value.

If oxidative cyclization of 245i were successful, this novel strategy could provide a very short
(only four linear steps) synthetic access to the targeted colchicinoid 316. PIDA (phenyliodine
diacetate) mediated oxidation of the nitrile 245i was considered as a suitable reagent for the
cyclization, since hypervalent iodines typically give good results in phenol oxidation
reactions.**2 Here, cyclization could proceed via a iodoester of type 318 formed by

condensation with PIDA as shown in Scheme 62.

(OAC MeO MeO
MeO * R
O O MeO H —— MeO
MeO OMe -Phl MeO ~ -AcOH MeO
AcOe MeO © MeO OH
— 319 - 320

Scheme 62: Proposed mechanism for the anticipated PIDA-mediated oxidative cyclization of compound 245i.

In a new synthesis of colchicine (204), Yang and coworkers applied a PIDA/BF3z+Et,O-mediated

oxidative cyclization to a related amide derivative 289 (Scheme 63).1241]
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rLiang etal.
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MeO l OH
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Scheme 63:Synthesis of a 7-N-acetylcolchinol derivative 322 by Liang et al. via a PIDA/ BF3*Et2O-mediated

cyclization.[141b]

These conditions were applied to the present system 245i and the results are summarized in

Table 6.

Table 6: Test experiments on a PIDA/BF3*Et20-mediated oxidative cyclization of nitrile 245i.

CN
MeO l X l 0
MeO OMe
MeO MeO 323 OMe
eN 1. PhI(OAc), O. CN 387 miz
MeO OH MeOH, r.t. MeO
|O |O """"""" MeO
MeO OMe ZC;EFSI'EtftO MeO O O. CN
MeO e Meo N MeO
245i 316 MeO O
MeO
MeO ©
324
385 m/z
entry Scale [mmol] reagent equiv. conversions
1. PhI(OAc)2 1.0 1. 15 min: 323/245i 80:20
1 0.014
2. BF3*Et:O  3.0-9.0 2. 20 h: no change
) 0.014 1. Phi(OAc)2 1.0 1. 15 min: 323/245i 80:20
' 2. BF3*Et.0 15 2.2 h: 316 + >10 byproducts
1. PhI(OACc)2 15 1. 15 min: 323/245i 85:15
3 0.21 2. BF3+Et0[! 3.0 2. 10 min: 358m/z/316/324/323

16:10:22:52; after 3 d: 32:7:32:29

Reactions were monitored by means of TLC and GC-MS analysis. In step 2, BFz*Et20 solution was added to the

reaction mixture. @in step 2, the reaction mixture was added dropwise over 30 min to the BFs*Et20 solution.

With the addition of PIDA, the methanol adduct 323 was initially formed (80% conv., entry 1).

This is presumably facilitated by the addition of MeOH to a corresponding iodoester of type

318 (see Scheme 62). Even with an increase from 3.0 equiv. up to 9.0 equiv. of BFs*Et,0,

however, no ring closure product formed (entry 1). With a high excess of BFz*Et,O, the desired

product formed to a small extent, but in a mixture of at least 10 unidentified byproducts

according to GC-MS (entry 2). Increasing the PIDA equivalents still did not result in complete

conversion of the starting material and facilitated overoxidation, indicated through formation of

byproduct 324 (entry 3). Slowly dropping the reaction mixture to a BFz*Et>O solution did not
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significantly increase the selectivity towards the product either. Purification attempts led only
to impure mixtures of the undesired products 323 and 324 in low yields.

To avoid methanol adducts other suitable solvents (CH2Cl,, THF, MeCN) were tested.
Finally, a solvent switch to acetonitrile as a polar aprotic solvent with 2.0 equiv. of PIDA led to

first significant conversions towards the desired compound 316 (Scheme 64).

MeO
sos
MeO OH 2.0 equw PIDA MeO
O O MeCN r.t. MeO

MeO OMe
16h OH

64% conv. MeO
245i non-isolable 316

Scheme 64: PIDA-mediated synthetic approach towards colchinol 316.

Unfortunately, the product could not be isolated starting from these reactions with different
work-ups. The use of 1.3 equiv. PIFA, the hexafluoro analogue of PIDA, led to higher
conversions, however, only a low yield of the desired colchinol 316 as a mixture with an
overoxidized byproduct 325 was obtained (Scheme 65). In addition, the product proved to be

unstable probably due to residues in the impure mixture.

MeO MeO
e IO e JOL e
O O MeO O + MeO O OH
Meo:,/\)\( M?ghﬂlrzt MeO . MeO .
MeO MeO

245i 85% conv. ~22% ~5%
316 325

Scheme 65: PIFA-mediated synthesis of colchinol 316 and byproduct 325.

Under additional conditions tested,**® a reagent mixture of PIDA and methanesulfonic acid as
Brgnsted acid in CH,Cl,/DME®!* finally yielded the product in at least 20% yield (Scheme 66).

1.0 equiv.

MeO
MeO __PIDAMSOH
€ —CN
CHQCIZ/DME s
M o oM
e e  5h0°C Mol
245i 20%

Scheme 66: PIDA/MsOH-mediated synthesis of colchinol 316.

Careful adjustment of the work-up with aqueous NaHCO3z; and EtOAc extraction were crucial
to prevent product decomposition. It is noteworthy that this compound formed a solvent-
dependent mixture of atrop-diastereomers resulting from a hindered rotation along the biaryl
axis (85:15 in CDClz and 70:30 in CD3CN).
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5. Summary and Outlook

5.1.
In this work, the enantioselective hydrocyanation methodology introduced by Falk et al.[*? was

Summary

further developed. The substrate spectrum and application potential were investigated with
respect to their scope and limitations. For the first time, 1,3-diarylpropenes (homostilbenes)
were thus subjected to hydrocyanation and the power of this synthetic strategy was

demonstrated in the short synthesis of a new colchinol.

First, new phosphine-phosphite ligands of type 237 were synthesized and the effect of other
residues in the 3,5-positions at the aryl units of the ligand’s TADDOL backbone was
systematically investigated with respect to the enantioselectivity of the applied hydrocyanation
protocol. All ligands were found to be active and highly selective but provided only equal
selectivities compared to ligand 143 (R = Me) at most (Scheme 67).

( )

L*: R R
B¢
R

O™, -0

7.5 mol%

CN
Ni(cod),/L* .
N TMSCN/MeOH X
T ———— >R 0—R
Z THF, rt, 2h = 5 S
R
238 up to 100% conv. 239 PPh, O
up to 96:4 er 237 O
R
R
N R Y,

Scheme 67: Enantioselective hydrocyanation of vinylarenes employing new phosphine-phosphite ligands.

In the studies on the substrate spectrum, there was no conversion with purely aliphatic alkenes,
whereas the phenylalkenes of type 242 could be converted exclusively to the benzyl nitriles of
type 293 via a migratory hydrocyanation/nickel chain-walking (Scheme 68). These results were
consistent with the assumption that the reductive elimination necessary for product formation

using ligand 143 occurs exclusively from an n3-benzyl complex.

migratory

hydrocyanation CN

7.5 mol%
Ni(cod),/143

# TMSCN/MeOH
n —
THF, rt, 2h

242

up to 80:20 er

293
£ CN
305 306

g

143

~
* L/
n upto 70% conv. O
/0 4, O

o+
(@]

- ®

X

Scheme 68: Migratory enantioselective hydrocyanation of phenylalkenes of type 242.

Moreover, 1,3-diarylpropenes (homostilbenes) were identified as attractive substrates for

hydrocyanation. In the course of their investigation, a palladium-catalyzed direct coupling of
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cinnamyl alcohols of type 225 with arylboronic acids of type 244 based on a protocol of
Tsukamoto and coworkersi**% |ed to the regiospecific preparation of various substituted
(E)-homostilbenes of type 221 (Scheme 69). It is noteworthy that the reaction time was greatly

shortened under microwave conditions and secondary allylic alcohols were successfully

employed.
OH 5 mol%
~ l B(OH) 2NN Pd(PPhs), - 7 | NN L
S MTTERE TS g
- or
244 225 MW, 90 °C. 1 h 221
up to 92%

Scheme 69: Palladium-catalyzed regiospecific synthesis of substituted (E)-homostilbenes of type 221.

Despite chain-walking that indeed occurs with this particular catalyst system, the
hydrocyanation of most homostilbene substrates proceeded with reasonable to high levels of
regio-retention (up to 98:2 rr). Under the present hydrocyanation conditions, the resulting 2,4-
diarylbutyronitriles were obtained in good to excellent yields and with enantioselectivities of up
to 88:12 er (Scheme 70).

CN -
*
— . "
7.5 mol% Ar Ar O
Ni(cod),/143 245
TMSCN/MeOH up to 88:12 er .
N T up to 98:2 rr .
Ar Z A THF, rt, 2h | O—P
: CN
221 up to 92% :
homostilbenes L s )*\/\Ar" PPh2 O
regio-245 O

"chain-walking" product \_

Scheme 70: Enantioselective nickel-catalyzed hydrocyanation of homostilbenes.

The absolute configuration of the 2,4-diarylbutyronitrile products 245 was determined by an
ECD spectroscopic study for the unsubstituted parent system 245a as (S)-configured. The
crystal structure of another derivative (245e) confirmed the (S)-configuration, which

presumably holds for all related homostilbenes generated by hydrocyanation with ligand 143.

To confirm the application potential of the developed methodology, a short synthesis (overall
four linear steps) of the new 7-cyano-colchinol 316 using the enantio-enriched hydrocyanation

product 245i was elaborated (Scheme 71).

39%

overSStePS MeO OH PIDA, MsOH O. CN
|© O " MeO
OMe ¢

CH,Cl,/DME
MeO 212
© 245 5h,0°C MeO
98:2 1r 20% 316 OH
76:24 er MeO

7-cyano-colchinol

Scheme 71: Synthesis of the new 7-cyano-colchinol 316 via the prepared 2,4-diarylbutyronitrile 245i.
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5.2.  Outlook
Further development of Nickel-catalyzed hydrocyanation as atom-economical and
enantioselective synthetic methodology is of high urgency and remains challenging. The
employment of new substrate classes can lead to synthetically very valuable products and

opens new strategies towards complex target compounds.

Possibly, a (migratory) hydrocyanation of esterified (terminal) olefins or enol esters of type 326
could be used to prepare a-oxynitriles of type 327. Upon hydrolysis of the nitrile, chiral

a-functionalized carboxylic acids of type 328 would thus be formed (Scheme 72).

[Ni]
Sy M G (kI
07 R \éf%\o R "No7 R
326 327 328
[Ni]
LA
g e KA
329 330
[Ni]
o 0 o eN Q
\/\OJ\’< ------- > o
331 332

Scheme 72: Potential (migratory) hydrocyanation of olefins/enolethers.
Vinyl pivalate (329) and allyl pivalate (331) could serve as initial test substrates. The
development of tailored ligands for these transformations would be highly rewarding. Similarly,

aryl ether substrates of type 333 would lead to a-aryloxy nitriles (Scheme 73).

[Ni]

g A . HCN C*N A L HO HOZC* A
\,();O, R >\9n)\o, roe---s-- > o r
333 334 335

[Ni] CN
HCN
\/\O/O ------- > \)*\O
336 337
[Ni] CN
X0 o  __HON <o o
Ay Ay
338 339
4 N

N
/©/O\/\/ 0" >CcoH
fibrate (340
(MeO pemafibrate (340) )

Scheme 73: Potential (migratory) hydrocyanation of enolethers, for instance, as a possible access to a structural
motif of pemafibrate (340).
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Easily accessible test substrates would be allyl phenyl ether (336) and allyl furfuryl ether (338).
The resulting products such as 337 and the corresponding hydrolysis products can be found,
for example, as a substructure in pemafibrate (340), which is used to treat the symptoms of

metabolic diseases.*4

The homostilbene 221i further might be converted to a range of colchinol and colchicine
analogues in a few steps by a variety of available hydrofunctionalizations (Scheme 74).14% The

corresponding colchicinoids could then be screened for bioactivity.

via asymmetric
hydro-

MeO OH functlonallzatlon MeO l MeO l .
MeO ! I OMe MeO MeO
221i MeO MeO O
0]

OH
MeO MeO
341 342
colchinol derivative colchicine derivative

Scheme 74: Possible utilization of prepared homostilbene 221i in asymmetric hydrofunctionalizations towards a
range of colchicinoids of type 341 and 342.

Finally, the palladium-catalyzed direct coupling of allylic alcohols towards homostilbenes of
type 221 could possibly be applied in a short three-step synthesis of the anticancerogenic
natural product candenatenin A?4 (222) starting from the literature known compounds 344146
and 225e (Scheme 75).

1. nBuLi, B(OMe);

2. OH

Tajbakhsh et al. A OH
2.2 eq. HSIOG | OH
10 eq. Al,O3 225e O O

e . U U
HO OMe H,0/1,4-dioxane HO OMe OMe OMe
MeO reflux, 4 h MeO
343 75% 344 candenatemn A (222)

Scheme 75: Potential synthetic three-step route towards anticancerogenic candenatenin A (222).
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6. Introduction and State of Knowledge

6.1. Chromane natural products

6.1.1. (Toco)chromanols in the aspect of function and biosynthesis
Among the most prominent chromane-containing natural products are the tocopherols (a, B, v,
).l These compounds, which belong to the meroterpenoids, are characterized by a phytyl
side chain and differ only in divergent methyl substitution pattern at the hydroxylated chromane
moiety (Figure 17). Together with the corresponding four tocotrienols, each with a farnesyl side
chain, they form a group of fat-soluble antioxidants categorized as Vitamin E.1*8 The main
representative and the derivative that is best metabolized in humans is (R,R,R)-a-tocopherol

(a-345). Therefore, it is the most active form of Vitamin E.[24%

; R phytyl side chain a: R' = Me, R" = Me
‘HO Wt B e . | B:R =H,R" = Me
: % : H |y R=Me,R'=H

'8 R=HR =H

tocopherols 345

farnesyl side chain geranyl side chain

__________________________________________________________

tocotrienols 346

Figure 17: Structure of the tocopherols and tocotrienols grouped under the term Vitamin E and common side
chain patterns for chromane natural products.[47a 150l

Close relatives are the tocomonoenol*5Y or the marine-derived tocopherol (MDT).1*5? Through
biochemical derivatization of the farnesyl side chain, a variety of tocopherol-similar natural
products, which occur in plants, have the chromanol unit in common (see Scheme 78, Section
6.1.2.).'5% Besides, shorter and mostly functionalized geranyl side chains are common in

natural chromanols (see Scheme 79).[15%d

As part of the antioxidant network,*> tocochromanols are taken up as natural free radical
scavengers in cell membranes, protecting incorporated unsaturated fatty acids from lipid
peroxidation.l**s! A fatty acid peroxyl radical generated by oxidative stress, which, if not
quenched, leads to cell damage in a chain propagation under oxidative degradation of lipids,
is terminated by H-abstraction from the chromanol moiety (Scheme 76). The resulting
chromanoxyl radical (l) is stabilized by electronic delocalization in the aromatic ring (lI-1V) and
by oxygen lone pair conjugation (V) as well as hyperconjugation of any methyl substituents
present on the ring.*5* 1% Usually, the corresponding chromanol is regenerated via the Vitamin

C cycle.’s7
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X o) TOH
RH —— R° —23 ROO* —— 3 ROOH + TO"

Scheme 76: Function of tocochromanols (TOH) as radical scavengers of fatty acid peroxyl radicals and
stabilization of the resulting chromanoxyl radical.l*47a

Vitamin E is an essential compound, as are the aromatic proteinogenic amino acids
phenylalanine and tryptophan, since their biosynthesis is based on the shikimate pathway.*%!
This seven-step metabolic route does not occur in animals, so the corresponding compounds
must be ingested by food.[*> The synthesis of tocopherols in plants is well elucidated and will
be explained in summary below since the biosynthesis of other chromanols can be derived

from this.

The tocopherol production takes place in the photosynthetic tissues of plants (see
Scheme 77).1%% First, p-hydroxyphenylpyruvic acid (347) is derived from the shikimate
pathway via tyrosine or prephenic acid. Subsequent conversion to homogentisic acid (348)
occurs by p-hydroxyphenylpyruvic acid dioxygenase (HPPD). Phytyl pyrophosphate (350) is
derived from geranylgeranyl pyrophosphate (349) via the non-mevalonate pathway. This
biocatalytic hydrogenation is facilitated by geranylgeranyl diphosphate reductase (GGDR).
The following coupling step is catalyzed by homogentisate prenyltransferase (HPT). The
resulting 2-methyl-6-phytylplastoquinone (351) is the key intermediate, as all four tocopherols
345 (a, B, vy, ©) can be synthesized from it in a few steps. In each case, the chromane
cyclization is mediated by tocopherol cyclase (TC). The respective methylations occur via the
methyltransferases  2-methyl-6-phytylnydroquinone  methyltransferase  (MT) or the
y-tocopherol methyltransferase (y-TMT). The tocotrienols 346 are formed in the absence of
GGDR reductase. In modified biosyntheses of different plants, different side chains are thus
linked to the corresponding chromanol derivative (a-, B-, y-, ®-pattern) and possibly

functionalized.
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a-tocopherol (0.-345) y-tocopherol (y-345)
-
MT
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pathway HPT 3
> OH
+
2-methyl-6-phytylplastoquinone
(351)
GGDR HI
PPM; —_— PPMS
349 350 TC

B-tocopherol ([3-345) O-tocopherol (0-345)

Scheme 77: Biosynthesis of tocopherols.[1472. 160]

Remarkably, the corresponding &-tocochromanol (shown here for 8-345) can be obtained
directly by cyclization from the hydroquinone precursor without further methylation steps. This
could be an explanation why many chromanols found in nature exhibit the &-substitution

pattern.

6.1.2. New isolated chromanes
Especially in the last decades, bioactive (toco)chromanols have been increasingly isolated. (16!
Some of the isolated compounds showed high biological activities with anticancer,

antiproliferative and anti-inflammatory properties. 162

Scheme 78 shows selected &-tocochromanol-derived natural products that have been isolated
and described in recent years. The y,8-bi-O-amplexichromanol (353) was isolated together
with a series of tocotrienols by Guilet et al. in 2013 and showed, together with its monomers,
which were also isolated, a potent antiangiogenic effect.!5%! Recently, the &-tocotrienol
macrocarquinoid D (354) was isolated as an enantiomeric mixture together with known
tocochromanols. It possesses a carboxylated side chain and showed good radical scavenging
activity and AGE inhibitory activity.'>%¢ The meroditerpenoid cystoseiron (355), originating
from the brown alga of the genus Cystoseira, and some derivatives were already described as
diacetates in the early 2000s and showed an unusual acetal/ether connection in the diterpene

side chain.'®% These isolated spiro compounds were characterized by three fused
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pentacycles. Without acetate protection, the compounds were found to be unstable. Other
chromanols of marine origin also exhibit atypical rings and ether bridges. For example, the
cystophloroketals A-E, isolated in 2015, integrate polyphenolic units into their structure.i*53
Cystophloroketal E (356) showed antifouling activity in this context. A five-membered ring is
incorporated in its diterpene side chain and its end is fused with a condensed polyphenaol to

form a bicyclic chromane unit.

HO HO __O

o} OH 0 = = Z

AcO

cystoseirone diacetate (355)
Scheme 78: Selection of recently isolated chromane-derived natural products.[*53a-¢. 153¢]

But unusual d-chromanol-derived compounds have not only been found in marine plants. In
2016, the Kingston group isolated a series of chromanols with an oxidized geranyl side chain

from the North American plant Koeberlinia spinosa (Scheme 79).[t5

RO

o = OH

Scheme 79: Antiplasmodial chromanes isolated from Koeberlinia spinosa (left) published by Presley et al.[153d

The substances were detected during the search for new compounds that could be considered
as antimalarial drugs.*%¥ Among others, the chromanols 357-359 were found, which showed
micromolar antiplasmodial activity against the malaria parasite Plasmodium falciparum
(ICso = 23-24 uM for 358 and 359).115%4 Regarding 359, it was suggested that the oxepane
moiety was formed as an artifact under acid catalysis (traces during isolation) in an oxa-
Michael-type addition from the corresponding (Z)-isomer of 357. The isolation of compound

359 as a diastereomeric mixture supported this assumption. 534
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6.2. Enantioselective iridium-catalyzed cyclobutanol cleavage

6.2.1. C-C bond activation
In addition to C-C bond forming reactions, C-C bond activating reactions are of interest as well.
Through controlled C-C bond cleavage, more complex structures can be assembled in one
step from mostly symmetric and synthetically easily accessible systems.[*84 This type of
fragmentation is highly atom-economic. In contrast to the more common metal-catalyzed C-H
bond activations, C-C bond activations are less frequently represented in the literature
because, on the one hand, the C-C bond is comparably quite inert and sterically more difficult
to access; on the other hand, the binding orbitals are highly directed compared to those of the
C-H bond and can interact less well with transition metals.%! Scheme 80 depicts four possible

metal-catalyzed mechanisms for C-C bond cleavage.![1640: 166l

oxidative addition: B-C elimination:
M]" X~
M
—C? — C'—[M]""?—C? M o> IMI"—C? Xy
C
retro-allylation: M]" radical cleavage:
X / M1
(M) M 0 b o2 I
A\\?'z PR RN Nei—c? DL/ B ~ N2
\/C _C | I | I C

Scheme 80: Possible pathways of transition metal-catalyzed C-C bond activation to cleavage.[1¢6]

In principle, oxidative addition belongs to the C-C bond activating reactions. However, since
the reverse step is the usually thermodynamically more favored reductive elimination, this type
of bond activation is particularly suitable in the combination with the insertion of molecule
groups such as carbon monoxide as well as for intramolecular rearrangements.!*%% The driving
force of the B-C elimination is mainly determined by the C=X bond strength as well as the
release of the ring tension. Retro-allylation occurs via a 6-membered transition state.[*663 The
fourth mechanism via radical cleavage has only recently been discovered to be catalyzed
through some metals e.g. silver and manganese.[*®%"! Particularly strained ring systems can be
fragmented well by oxidative addition, B-C elimination, or radical cleavage.****! The
methodology of C-C bond activation is increasingly gaining importance as a strategy in natural
product syntheses.*$”1 The methodology is of particular value when it comes to the construction

of quaternary stereocenters, as these represent a major synthetic challenge.!*®l
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6.2.2. Metal-catalyzed cyclobutanol cleavage
In particular the C-C bonds in cyclobutane derivatives can be activated in a metal-catalyzed
manner since the energy gain from the opening of the strained four-membered ring is a major
driving force.l*8% The reaction can be realized using the routes presented in Section 6.2.1. (see
Scheme 80). Most notably the palladium- and rhodium-catalyzed C-C bond cleavage, which
proceeds via B-C elimination, shows good results in such transformations coupled with further
downstream reaction cascades.!*%8 170 The use of tertiary cyclobutanols in this methodology
is of particular value, as it allows the construction of B-substituted, open-chain ketones with a

quaternary stereocenter.

In 2003, Uemura and coworkers were able to enantioselectively convert cyclobutanols of type
360 under palladium-catalysis with the transfer of an aryl group. The y-arylated products of
type 361 were obtained in high enantiomeric excess in the presence of the ferrocene-derived
ligand 362 (Scheme 81).1704

Uemura & coworkers:
ArBr, CSZCOZ

Ar
R’ OH Pd(OAC),/362 M [ Me
>< >< : Rl *
Rnl i N\Ad

R" R™ toluene, 50 °C R"
360 361 Fe

up to 99% ciSy 362
up to 90% ee O

Murakami & coworkers:
R" , O

R o [Rn(codOH)L; R" { O
X 366 N N o
ZNoH toluene, r.t. Z o 0 N <O PPh,
Rh O
% 3ea NN 365 o]

up to 99% (R)-segphos (366)
up to 95% ee

Scheme 81: Palladium-catalyzed asymmetric cyclobutanol cleavage by Uemura and coworkers!7%a and rhodium-
catalyzed asymmetric cyclobutanol fragmentation of phenolic cyclobutanols by Murakami and coworkers.[1700]

The Murakami group™®! (Scheme 81) and later the Cramer group!t® 170 (Scheme 82)
developed effective rhodium systems using hydroxide complexes and segphos ligands (366
and ent-369). The phenol-substituted cyclobutanones of type 363 were highly selectively
reacted to B-substituted chromanones 365 via stereoselective cyclobutanol cleavage of the
corresponding rhodium alkoxide intermediate 364. Cramer et al. demonstrated the power of
this method on tertiary 367 alcohols using the highly substituted segphos ligand ent-369. A
range of ketones were synthesized in high yields and enantiomeric excesses with a quaternary
carbon atom in the B-position. Extensive deuteration experiments supported -C elimination

for bond cleavage in the reaction pathway (see Scheme 84, Section 6.2.4.).
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Scheme 82: Rhodium-catalyzed enantioselective cyclobutanol cleavage by Seiser and Cramer.[168b, 170d]

Iridium-catalyzed C-C bond fragmentation is much less common. The first work on C-C bond
activation using iridium complexes was published by Crabtree et al. in the 1980s.7Y In
Addition, there are only a few studies highlighting the strength of iridium-catalyzed C-C bond
cleavage.’’? A single example of an iridium-mediated cleavage of a highly strained
cyclobutanol ring system was reported by Zhu and coworkers in 2016.173! Applications in total
synthesis or in-depth mechanistic studies of the iridium-catalyzed desymmetrization of
cyclobutanols were absent until the studies of Ratsch and Schlundt et al. presented in the

following section.

6.2.3. Application in the total synthesis of a-tocopherol methyl ether
In a novel synthesis of (R,R,R)-a-tocopherol (a-345), the rhodium-catalyzed cyclobutanol
fragmentation developed by Cramer was initially to be employed. Detailed evaluation by
Schlundt to apply Cramer’'s method to the tocopherol system led exclusively to racemic
products (0% ee) under rhodium catalysis.*” The use of iridium was crucial to carry out the

reaction in a stereoselective manner.1274-175

Continuing with previously elaborated spirochromanone 370, two different strategies were
followed to introduce the side chain. One using linkage by an olefin metathesisl*’* and a
second one using a previously developed enyne metathesis followed by 1,4-hydrogenation.i7¢!
Both routes were brought to completion by Ratsch in 12 and 16 linear steps (Scheme 83). Both
routes implemented the iridium-catalyzed cyclobutanol fragmentation in the 8" and 13" steps,
with great success.”® The spirochromanols 371 and 373 could be efficiently used to form the
guaternary stereocenter in position 2 on the chromane ring. The two product ketones 372 and
374 were obtained in the desired absolute configuration. The latter two were subsequently
converted to the desired a-tocopherol methyl ether (375), thus virtually completing the total

synthesis of Vitamin E as the methyl deprotection was literature known.7!
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e N
MeO
OH
(6)

371 373 3
1 mol% [Ir(cod)Cl], 5 mol% [Ir(cod)Cl],
3 mol% 369 15 mol% 369
toluene, 70 °C, 19 h toluene, 85 °C, 2.5 h

MeO

O
372 374
L 98%, 93% ee ) L 96%, >99:1 dr J
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Scheme 83: Implementation of an iridium-catalyzed asymmetric cyclobutanol fragmentation as the key step in
two strategically distinct syntheses of a-tocopherol methyl ether (375).175 1771

a-tocopherol methyl ether (375)

Using the cyclobutanol fragmentation as strategy in the total synthesis of a-tocopherol methyl
ether (375), the power of the iridium-catalyzed variant was impressively demonstrated. It
proceeded in almost quantitative vyields in both cases in excellent enantio- or
diastereoselectivity. Based on the success of iridium as a metal catalyst in this method, the

mechanism and substrate scope were investigated.!*’7-178l

6.2.4. Mechanistic aspects and scope
The racemic outcome (0% ee) of the rhodium-catalyzed cyclobutanol cleavage in the
application for chromanol system 371 suggested distinct differences in the reaction pathways.
Moreover, in the rhodium catalysis, conversion was evident only when either the hydroxide
complex [Rh(cod)OH]. was employed or a base was added. Iridium catalysis, on the other
hand, could be carried out without base addition using the corresponding chloro complex
[Ir(cod)CI]..7417°1 Guided by these observations, Ratsch et al. investigated the mechanism for
a better understanding and elucidation of the differences.'’”18 For the rhodium-catalyzed
cyclobutanol fragmentation, Cramer and Seiser performed deuteration experiments starting
from deuterated cyclobutanol 376 (Scheme 84).017°¢ 170dl These revealed two major findings.

The deuterium remained in the end at the a-methylene group of the product 379, and
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diastereoselective deuteration also occurred, which suggested a[1,3]-H shift with the formation

of an oxa-tr-allylrhodium complex 378.

via [1,3]-H shift:
?H [Rh] Rm
Et OD Rh j}\T/u\ e 0
Et" Et““ Et““ Ph
BnO HOD
BnO H D
376 379

Scheme 84: Mechanistic insights and results of the deuteration study of the rhodium-catalyzed cyclobutanol
cleavage by Cramer and coworkers.[70d

The deuteration experiments performed with the iridium-catalyzed cyclobutanol fragmentation
using spirochromanol 76 revealed a major difference: the deuterium in the product 385 was
exclusively positioned at the methyl group of the formed quaternary stereocenter. KIE
measurements and DFT calculations as well as further experiments supported the mechanism

proposed in Scheme 85.1177-1781

MeO
o oD
5 L*[Ir]'Cl
385 380 381
reductive oxidative
eliminatio addition
N
MeO \[Ir]'”L*
I
(0]
(0)
382
L tBu
[B-carbon C-C bond
elimination activation

P 2
P. tBu

O,
e

OMe

(S)-DTBM-segphos (369)

383

Scheme 85: Proposed mechanism of the asymmetric iridium-catalyzed cyclobutanol cleavage.!177-178]

First, oxidative addition of the active iridium complex 380 occurs under O-D bond break. A KIE
of ~1.7 and computational experiments confirmed that this step is most likely rate-determining.
Moreover, the C-C bond activation followed by B-C elimination shown in the transition state
383 explained the experimental (S)-selectivity of the catalysis, based on DFT calculations.
Only the (S)-conformational transition state 383 can form a preferential alignment with the

propeller-shaped phosphorus aryl groups of the (S)-DTBM-segphos ligand (369). This makes
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the B-C elimination the enantioselectivity-determining step. Reductive elimination from the

iridium-o-alkyl species subsequently releases the product.

Based on the mechanistic findings, the substrate spectrum for this novel transformation of
iridium-catalyzed cyclobutanol cleavage was investigated by Ratsch.l’” Different chromanol
derivatives were prepared and exposed to the conditions. A selection of the successful

substrates in terms of chemo- and enantioselectivity is shown in Scheme 86.[177-178]

372 R = Me: 98%, 93% ee (S)
387 R = CH,CH,OTBS, 99%, 92% ee

ent-372 R = Me: 92%, 18% ee (R)
389 R = Ph: 44%, 92% ee

390 R =Bn: 91%, 78% ee

391 R = CH,Bn: 91%, 84% ee

392 R = CH,CH,0BnN: 55%, 93% ee

Jf?
BB

[ TBSO 0 HQ, nBu [ o OTBS
= KX A X
TBSO nBu OTBS * “nBu
394 395 396
80%, 70% ee 98%, 85% ee

Scheme 86: Selection from the substrate spectrum of the developed iridium-catalyzed cyclobutanol cleavage.
Reactions were performed with ligand 369.1177-178]

The substrate spectrum showed a rather limited functional group tolerance compared to
Cramer's rhodium catalysis. The 2,2-disubstituted a-tocopherol related chromanes with purely
aliphatic side chains were the best to react (also compare Scheme 83). The iridium-mediated
reaction used for this purpose in contrast to rhodium catalysis (0% ee) displayed excellent
stereo control. Potentially coordinating groups did not work or did not give the desired product.
Notably, when the methyl-substituted chromane was used with the trans- or cis-configurated
system 386 or 388, the other enantiomer 372 (93% ee) or ent-372 (18% ee) was formed.
Protected alcohols such as 387 and 392 or phenyl-substituted systems 389-391 could also be
obtained in high to excellent enantiomeric excesses. Also, a non-chromane linked system was

stereoselectively converted as a respective mono-TBS protected diol 393 or 395.

Overall, the power of this method for the enantioselective assembly of quaternary carbon atom
systems especially with respect to a-tocopherol related systems was impressively

demonstrated.
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6.3. Synthetic studies towards chromanes of Koeberlinia spinosa
In light of the success of the presented study for the total synthesis of a-tocopherol and the
enantioselective ring opening from the prochiral spirocyclobutanol 386 to methyl ketone 387
(see Scheme 83) using an iridium catalyst instead of the racemic-only rhodium catalysis for
this transformation,*” it should be verified whether this methodology is transferable to the

total synthesis of other natural chromanes.

In the preceding master thesis, the d-chromanol-derived natural product 358 was investigated
as a target molecule (Figure 18).17 The latter has already been presented with other &-
chromanols in Section 6.1.2. The antiplasmodial chromane is methyl substituted at the
phenolic hydroxy group and features a trisubstituted enone as well as a terminal alcohol in the

geranyl side chain.

MeO.

o

358

Figure 18: Structure of an antiplasmodial chromane 358 isolated from Koeberlinia spinosa.[t53d

Since the d-chromanol is an interesting motif in some tocopherol-like natural products (see
Section 6.1.2.), the chromane core 404 was first synthetically developed in 8 linear steps in an
overall yield of 10% (Scheme 87), analogous to the strategy of the presented a-tocopherol
synthesis (see Section 6.2.3.). The iridium-catalyzed cyclobutanol cleavage of 403 proceeded
smoothly and gave excellent yields of 97% and 93% ee. The detailed reaction conditions are
given in the scheme caption. This will be referred to comparatively in the later discussion (see
Section 8).
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Scheme 87: Overview of the synthesis of several chromane and side chain building blocks related to the total
synthetic studies towards chromane 358 elaborated in the master thesis.l*”® Conditions: a) 1. Zn (2.0 equiv.), Et20,
rt., 4 h;2.Zn (5.0 equiv.), HOAc, 0 °C, 3 h; 3. H2C=CHMgBr (1.5 equiv.), THF, -78 °C, 3 h; b) 1. MgCl2 (3.0 equiv.),
-(CH20)n- (5.0 equiv.), EtsN (3.0 equiv.), THF, reflux, 16 h; 2. H2N-NH2¢H20 (11.0 equiv.), KOH (5.0 equiv.),
(HOCHz2-)2, 150 °C, 16 h; c) MsOH (4.0 equiv.), CH2Clz, r.t., 16 h; d) 1. NaOH (6.0 equiv.), EtOH, r.t., 26 h; 2. PIDA
(1.2 equiv.), TEMPO (12 mol%), CH2Clz, r.t., 16 h; 3. MeMgBr (1.3 equiv.), Et20, -78 °C, 1.5 h; e) 369 (17 mol%),
[Ir(cod)Cl]2 (5 mol%), MePh, 50 °C, 15 h; f) TBSOTf (4.0 equiv.), EtsN (6.0 equiv.), MeCN, 0 °C, 20 min; g) KHMDS
(1.4 equiv.), TMSCI (2.3 equiv.), NBS (1.8 equiv.), THF, -78 °C, 2.5 h; h) 1. TBHP (1.0 equiv.), SeO2 (1.0 equiv.),
CH2Clz, r.t., 2 h; TBSCI (1.7 equiv.), DMAP (7 mol%), EtsN (1.7 equiv.), r.t., 2 h.

The Friedel-Crafts-type condensation for chromane ring closure of the literature known building
blocks 399 and 401 could not be carried out with BFs*Et,O as for the trimethyl-substituted,
electron-rich a-chromane system. Only in the presence of the Brgnsted acid MsOH could

product 402 be obtained in a moderate yield.

In the master thesis, starting from methyl ketone 404, the TBS enol ether 405 and the a-
bromoketone 406 were prepared. Both derivatives were suitable as possible coupling partners
for an envisioned side-chain attachment. Starting from 6-methyl-5-hepten-2-one (407), the
TBS-protected side chain precursor 408 could be synthesized in 2 steps. Preliminary
Mukaiyama aldol addition-type approaches with enol ether 405 were performed. However,
these only led to traces of the desired product structures. A Wittig-like olefination approach

using building block 406 remained unapproached.
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7. Concept and Task

The objective of this project was to continue the total synthetic investigation of the
antiplasmodial d-chromane natural product 358 started in the master thesis.[*” In a concise
study, remaining possibilities for the side-chain introduction were to be tested to construct the

desired chromane structure (88).

MeO MeO
© o © 0

= = OH

o
v
o]

404 93% ee 358

Scheme 88: Envisioned completion of the total synthesis of antiplasmodial chromane 358.
By means of common synthesis strategies, it should be verified whether the side chain could

be coupled efficiently. The previously established synthesis of the desired chromane unit up
to chromanone 404 should be additionally examined for further improvement possibilities.

Consequently, a Wittig/HWO-type olefination approach should be followed. By retrosynthesis,
the natural product can be broken down into a chromanone-phosphorous species of type 409

and a ketone of type 410 (Scheme 89).

Ww — CL

409

R
OJ\/\)\/
410

Scheme 89: Retrosynthetic analysis applying a Wittig/HWE transformation.
A second strategy, based on the a-tocopherol synthesis developed by Ratsch et al.,'”® aims
to construct 358 starting from spirocyclobutanol 411 with iridium-catalyzed desymmetrization
as a key step (Scheme 90). The latter could possibly be assembled using an enyne metathesis
followed by 1,4-hydrogenation. Synthetic building blocks would thus be the alkyne-substituted
derivative 412 and the diene 413.

me%ﬂ
ke o

413

Scheme 90: Retrosynthetic analysis applying a 1,4-hydrogenation/enyne metathesis transformation.
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8. Results and Discussion

8.1. Studies on the linear route towards chromanone 404
The following results refer to optimization attempts and screening experiments along the linear
route towards chromanone 404 which was developed in the previous master thesis and

presented in the section Introduction & State of Knowledge (see Section 6.3, Scheme 87).

The two-step synthesis of the aromatic building block 401 was carried out via a literature known
magnesium-mediated ortho-directed formylation of 4-methoxyphenol (400) in excellent yield
(Scheme 91).*89 This was followed by a benzylic reduction of the corresponding benzaldehyde
414 to afford 4-methoxy-2-methylphenol (401).

MgCl,
Meo\@\ (CH,0), EtN | M&© Hy 1 atm, Paic MeO
> —
OH THF, reflux OH EtOAc/HOAC 4:1 OH
16 h \O rt., 20 h
400 99% (lit.: quant.) 414 98% 401

Scheme 91: Preparation of aromatic building block 401.

Originally, the reduction of the aldehyde 414 was carried out by a Wolff-Kishner-type reduction
with hydrazine monohydrate in a yield of 57%. Inspired by a protocol of Hecht and
coworkers,*®  these conditions were replaced by a palladium-catalyzed benzylic
hydrogenolysis. Thus, the desired phenolic building block 401 was obtained under much milder

conditions over two steps in almost quantitative overall yield (97%).

To build the chromane backbone, the aromatic building block 401 was reacted with the
literature known vinylcyclobutanol 399 in a Friedel-Crafts-related condensation to give
spirochromane 402 as a mixture of cis- and trans-isomers (Table 7).*"® While BFz*Et,0 as a
Lewis acid for the trimethylated a-tocopherol system usually gave high yields up to 80%,*74
only low conversion and yields were obtained for the targeted monomethylated &-chromane
system under the developed conditions (entry 1-4). Using the Brgnsted acid methanesulfonic

acid, a moderate yield of up to 40% was obtained (entry 5-6).

In final optimization approaches for the synthesis of 402, the yield could not be further
increased (entry 7-13). Neither an increase in concentration (entry 7) nor the use of a molecular
sieve to remove H,O (formed as condensation byproduct) were successful (both <20%). The
use of other Brgnsted acids only showed lower yields with a maximum of 13% for 402 with
triflic acid (entry 9) and <10% with camphorsulfonic acid or para-toluenesulfonic acid (entries
10 and 11). Similar results were obtained when changing the solvent to 1,2-dichloroethane or
the aromatic solvent chlorobenzene. While the unreacted phenol 401 typically was completely

reisolated, the vinylcyclobutanol 399 decomposed over a longer reaction period.
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Table 7: Selected screening conditions for the Friedel-Crafts-related condensation towards chromane 402.

MeO. = reagent MeO. MeO
+ _>O-0Piv —_— opiv H
OH HO CH,Cly, T, t o v o
H OPiv

1.2 equiv. 1.0 equiv. 1:1 dr trans-402 cis-402
401 399
entry reagent equiv. solvent T[°C] TI[h] vyield [%]
1@ BF3+Et-0 4.0 CH:zCl2 (0.3m) r.t. 55 23
2@ BF3-Et-O 2.0 CH2zCl2 (0.3m) O-r.t. 19 28
3 BF3+Et-0 4.0 CHzCl2 (0.3m) r.t.-50 22 31
4 BF3*Et.0 4.0 HCOOH (0.3m) r.t. 48 <5
5 MsOH 4.0 CH2Cl2 (0.3m) r.t. 18 38 (22)[]
il MsOH 4.0 CH2Cl2 (0.3m) r.t. 72 ~40M
7 MsOH 4.0 CH2Cl2(0.6Mm) r.t. 21 19
8 MsOH/MS 3A 4.0 CH:Cl (0.6Mm) rt. 21 ~15ld]
9 TfOH 4.0 CH2Cl2 (0.3Mm) r.t. 21 13
10 rac-CSA 4.0 CH2Cl2 (0.3Mm) r.t. 51 <10
11 pTsOH 4.0 CH2Cl2 (0.3m) r.t. 51 <10
12 MsOH 4.0 DCE (0.3m) r.t. 20 <10
13 MsOH 4.0 CIPh (0.3m) r.t. 20 <10

Isolated yields of combined trans- and cis-402 (1:1 dr) (0.3-0.7 mmol scale). Entry 1-6 from the preceding master
thesis.['7 IDropwise addition of 399 in corresponding solvent over 1 h. Plin parentheses yield for 22 mmol scale.

[IPortionwise addition of 399. [MProduct impure; yield is approximate based on *H NMR.

Overall, the comparably low conversions could possibly be explained by the significantly
electron-poorer only mono-methyl-substituted phenol 401. In the total synthesis of a-
tocopherol, Schlundt was able to isolate the corresponding trisubstituted condensation

intermediate 415 as a common byproduct (Figure 19).174

OPiv

o)

=
OH
415

Figure 19: Condensation byproduct in the a-tocopherol synthesis by Schlundt.[*74

Since the analogous monosubstituted intermediate was never detected in the reaction of
phenol 401 with cyclobutanol 399, this suggests that even the first Friedel-Crafts-like alkylation
step before the cyclization proceeds in low conversion. Further conversion of 402 to
cyclobutanol 403 was performed according to the reactions presented in Section 6.3 (Scheme
87).
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The iridium-catalyzed enantioselective cyclobutanol cleavage of chromanol trans-403 is shown
in Scheme 92. By lowering the temperature from 50 °C to 45 °C, a slightly increased
enantiomeric excess of over 95% for desired chromanone 404 was achieved with still full

conversion and excellent yield.

( N\
tBu
MeO 5 mol% [Ir(cod)Cll,  MeO o) OMe
15 mol% 369 4 O
OH ” 0 P tBu
©) toluene 2
45°C,21h 0 P tBu
trans-403 92%, 95% ee 404 <O O
OMe
369 tBu 5
. J

Scheme 92: Iridium-catalyzed cyclobutanol cleavage of chromanol 403.
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8.2.  Side chain coupling attempts

8.2.1. Olefination coupling approaches

8.2.1.1. Wittig-type approach
For the preparation of a corresponding phosphonium bromide, a-bromoketone 406 was
prepared starting from chromanone 404 (Table 8). Bromination was achieved through a silyl
enol ether intermediate and subsequential addition of N-bromosuccinimide. Using 1.8 equiv.
NBS product 406 was obtained in fair yield of 56% (entry 1). A longer reaction time led to the

selective formation of the dibrominated chromanone 416, which was isolated in 65% yield

(entry 2).
Table 8: a-Bromination of chromanone 404.
1. 1.5 equiv.
MeO KHMDS/TMSCI  MmeO
0 2.NBS o .
_—
07z THF, T, t 07z
404 406 Br 416 Br
entry NBSequiv. TI[°C] t[h] yields

1 1.8 -78-rt. 25 56% 406

2 2.1 -78-r.t. 19 <10% 406; 65% 406

3 1.0 -78 0.5 66 406

4 1.0 -78 15 78 406

Isolated yields are given. Entry 1 from the preceding master thesis.[*79]

Further tests revealed that equimolar amounts of NBS and shorter reaction times led to an
increase in selectivity. With portionwise addition of 1.0 equiv. of NBS and a reaction time of

1.5 h at -78 °C, a-bromochromane 406 was obtained in good yield (78%).

Under conditions inspired by Liu et al.,®? only a mixture of the desired phosphonium bromide
417 and the debrominated starting material 404 0.6:1 with PPhs/OPPhs impurities was
obtained (Scheme 93)

1.0 equiv.
MeO MeO MeO.
Q PPh, 0 0
—_ " S, +
0= toluene, r.t. 07z Br 07
g 15h ) )
406 Br 417 PPhs 404

Scheme 93: Conversion of a-bromoketone 406 with PPha.

The phosphonium bromide could be detected by ESI-MS. Further purification was not possible.
The debromination of a-bromoketones under oxidative conditions with formation of OPPhs
could already be described by Borowitz et al.'®3 To prevent this, the reaction was repeated
under argon atmosphere and the nonpolar toluene phase was extracted with MeOH. HRMS

and NMR spectroscopy were used to identify the desired product 7. Recrystallization from
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CH.CI; or CHCI; failed. The residual toluene phase contained mainly debrominated chromane
404 and PPhs/OPPhs impurities.

Finally, by working on a larger scale and work-up by recrystallization from DCE/n-heptane, a
mixture of 7 and 404 (~2:1) was obtained as a white foam. To probe at least the feasibility of
the envisioned Wittig reaction, this mixture was reacted under basic conditions. The yellow oll,
obtained after work-up, was subsequently treated with the ketone 408 and heated to reflux
(Scheme 94).

B
OJ\/\)\/O S

MeO MeO
9 o 2M NaOH 0 408
8 Br — > 8
Y o CH,CI/EtOAG 07: abs. CH,Cl,
a7 PPhs  rt.15h a8 PPh, rt-reflux, 16 h
MeO
e 0
o — _\__oTBs
419

Scheme 94: Wittig-type approach for side chain introduction.

However, no conversion to the desired product 419 was observed and the ketone 408 could
be completely reisolated. Since not even traces of the product were detected and it was difficult
to obtain the phosphonium salt 417 in a pure form, this reaction route was not investigated

further.

8.2.1.2. HWE-type approach
In order to install a phosphonate group to allow an HWE-like approach, chromane 404 was
successfully reacted with KHMDS and (Et20),POCI to give 81% of the desired product 420
(Scheme 95).

1. KHMDS
MeO. MeO
O 2. (EtO),POCI ] 9
o - o Po
(O -78° i (O8] I "OEt
H THF, -78 °C, 75 min z OET
404 81% 420

Scheme 95: Synthesis of phosphonate 420.

According to the conditions of the Puranik group,®! a switch to shorter reaction times (67%

after 5 h) and low temperature proved to be crucial for a good yield.

Based on several literature procedures for the synthesis of trisubstituted enones via HWE
olefination,!*®® several conditions were screened as follows. In a first approach inspired by

Chakraborty and coworkers, phosphonate 420 was reacted with sodium hydride and ketone
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407 (Scheme 96).1%¢ The corresponding product 421 would represent the complete carbon

skeleton of the natural product 358. However, no conversion was observed again.

1. NaH (©=60%)

Et
OE(t) e W

rt,1.5h

Scheme 96: HWE approach to construct the complete carbon skeleton of the desired natural product.

Haney and Curran were able to react an analogous ketone 423 with a 3-ketophosphonate 422
in a good yield of 72% (Scheme 97).[1850]

Curran et al.
(0]
Y\)K/ A\/\/h 1.5 equiv.KO{Bu _ _ |
toluene reflux
423 23h 424
2% EiZ2.2:1

Scheme 97: HWE olefination to construct trisubstituted enone 424 by Haney and Curran.[185°]

Under these conditions, the phosphonate 420 could not be reacted with either the ketone 407
or the side-chain building block 408 (for structure, see Scheme 94). Even under reflux
conditions for several days, no traces of the respective products 421/419 were detected (see
reaction scheme, Table 9). The decolorization of the reaction solution and the precipitation of

a brown residue only indicated decomposition.

Even when microwave-assisted conditions!*®! were applied with 1.5 equiv. of KOtBu in THF at
90 °C, slow decomposition was always observed and only dephosphonated starting material
404.

Table 9 summarizes final experiments on the HWE olefination approach. No conversion was
detected in any of the solvents (toluene, THF, DMF) and with different bases (nBuLi, KOtBu,
NaH, KHMDS). Mainly the starting materials 420 and 407 or 408 as well as the
dephosphonated species 404 were detected in the reaction mixtures. Only in two cases, when
using ketone 407 in toluene/nBuLi or THF/NaH, traces of the product were detected by GC-
MS analysis.

Table 9: Summarized final screening results for the HWE-type olefination approach.

MeO 1. 2.0 equiv. base MeO

a Q 2. 407 or 408 %
2 P< L 2 4 = R
0"z OEPEl  solvent, T, 19h 0"
2.0 equiv. R = H: 421
420 R =OTBS: 419
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entry ketone solvent base T [°C] conv.
1 408 toluene nBuLi r.t.-110 -
2 407 toluene KOtBu r.t.-110 -
3 407 toluene nBuLi rt.-110  tracesld
4 407 THF NaH r.t.-50 tracesld
5 407 THF KHMDS r.t.-50 -
6 408 THF KHMDS r.t.-50 -
7 407 DMF NaH r.t.-50 -
8 407 THF n-BulLi r.t.-50 -

[a] Refers to the corresponding product 421.

Since the desired HWE olefination did not proceed despite promising literature,*8% an attempt

was made to design the reaction system less sterically demanding.

8.2.1.3. Coupling attempts with an aldehyde side chain building block
In principle, the natural product 358 could also be derived from the only disubstituted enone
425 (Scheme 98). After successful 1,4-methylation, the double bond might be re-introduced
by means of an a-hydroxylation (e.g. Davis oxidation)/elimination or an analogous a-

bromination/elimination sequence.*#"]

MeO MeO

MeO
° Q n
B n * /\/\)\/R
[O)= | "OEt 2
: OFEt o

Scheme 98: Retrosynthetic analysis of chromane 358 from an aldehyde side chain unit of type 426.

Thus, connection to the side chain might be accomplished in a sterically and kinetically more

favored HWE-type reaction employing the aldehyde 426 as a building block.

With aldehyde 426, a Mukaiyama aldol addition with TBS-enol ether 405 might additionally be
revisited (Scheme 99), which afforded only product traces when using the corresponding
ketone building block 408. If successful, the TBS-protected aldol product 427 could possibly
be first oxidized and then converted to an enol of type 428 by one equivalent of MeLi, followed

by regioselective methylation by addition of a second equivalent of MeLi. Direct elimination of
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the tertiary alcohol product rising from this transformation would lead to the desired enone

structure which might be converted to the natural product 358 within a few steps.

MeO /\/\/k/ MeO
€ oTBS  F ANR 0 0TBS
426 R
(0 N » O Z

408 427

«. 1. oxidation

MeO.

(]
A

358
428

Scheme 99: Mukaiyama aldol-type synthesis plan towards chromane 358 via a regioselective 1,2-additon.

The side-chain building block with R = H, 5-methyl-4-hexenal (432) is known from literature. 8!
Starting from 2-methyl-3-buten-2-ol (429), this could be prepared based on a protocol by Wei
et al.l'%8 ysing a palladium-catalyzed vinylation followed by Claisen rearrangement (see
intermediate 431) with a yield of 55% (Scheme 100). Deviating from the literature protocol, the

phenanthroline-palladium complex was generated in situ from available precursors.[*8

5 mol% DIPEA
OH 05mol% 433 [_22g

7 N\ N
/(O/\}?’O\/ + \/i\ — |27\ — OM =N N=

g

85-120 °C N,
Pd(i
1.5 eq. 20 h padn
430 429 55% 431 432 FsCCO,  O,CCFs
433

Scheme 100: Synthesis of 5-methyl-4-hexenal (432).118%a

The aldehyde 432 might be functionalized using a Riley oxidation analogous to the strategy
for ketone side chain 408 (Scheme 101).

1. Riley oxidation

/\/\)\ 2. TBS protection /\/\)\/
o7 P T . >» o7 = OTBS

432 434

Scheme 101: Synthesis plan for the terminal hydroxylation of aldehyde 432.

However, before further derivatization of the side chain building block, it should first be checked
whether the aldehyde 432 can be coupled with the respective chromane building blocks 420
or 405. In the reaction with phosphonate 420, no conversion to the product 435 could be
detected (Scheme 102). Using KOtBu, LIHMDS!® or LDA in THF or toluene with up to

10 equiv. of the aldehyde building block 432 and reflux conditions, only the corresponding
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starting materials or the dephosphonation product 404 were reisolated again as in the previous

HWE approaches.

MeO
base

THF or toluene
r.t. or reflux

1.5 equiv. TiCly

MeO
MS 3 A

CH,Cl,, -78 °C
408 432 2h 436

Scheme 102: HWE olefination and Mukaiyama aldol approach using an aldehyde building block 432.

In the Mukaiyama aldol approach with TBS-enol ether 405, the deprotected starting material
404 was reisolated. Upon addition of 2.0 equiv. EtzN as a coordinating Lewis base, an impure
mixture was obtained after basic work-up and purification, which did not contain the targeted
protected B-hydroxyketone 436, but instead the condensation product 435 (<5%). In addition
to GC-MS analysis, the enone 435 was moreover identified in the mixture by *H and 2D NMR

spectroscopy and the characteristic *H enone signals were assigned (Figure 20).
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Figure 20: Excerpt of 'H NMR spectrum showing the aromatic and enone proton signals of 435 (impure mixture).

Despite extensive experimentation the conversion could not be increased. The result was not
reproducible nor did the changes in work-up*®¥ [ead to isolation of a clean product. Therefore,

the investigation of this route was discontinued.

95



Results and Discussion

8.2.2. Enyne metathesis approach
As outlined in Section 7, a different synthesis strategy towards the natural product 358 would
involve side-chain coupling by means of enyne metathesis. This key step had been
successfully applied by Ratsch in a synthesis of a-tocopherol.*”>1"" This synthetic pathway
would start from the already established spirochromanone 437 (Scheme 103). After
introduction of the propargyl moiety, the chromane building block 443 would be coupled with
a side-chain building block of type 441 or 442 (already with oxy function) via enyne metathesis.
Subsequent chromium-mediated 1,4-hydrogenation would yield the protected chromane
cyclobutanol 439.178 After enantioselective iridium-catalyzed cyclobutanol cleavage, the
expected product 440 could possibly be converted to the target structure within 2 steps via an
acid-mediated rearrangement of the double bond and a late-stage hydroxylation or

deprotection depending on the introduced side chain.

1.Bng/\\\ chromane building block:

MeO MeO
2. TBS-protection 1. 441/442, [Ru]
-------------- - o OTBS |ccccccmmcamcaaa oy
° 0 —| 2. (AnCr(CO)3, Hy

437 443 v
MeO
side chain building block: OTBS
/\)\ °
4 o /\)\ —
Z "z 439 \
E 1. TBAF-
1 deprotection
v 2. [Ir], L*
MeO o 1. Acid MeO o
oy T
(oE Z Z 2.Se0, or 0"z NS Z
358 440

Scheme 103: Planned synthetic route towards chromane 358 employing an enyne-metathesis.

First, the propargyl-substituted spirochromanol 443 was derived from readily prepared
chromanone 437 in two steps via a Grignard addition followed by TBS protection of the hydroxy

group (Scheme 104).

Bng MeO 2,6-lutidine  MeO
TBSOTf
o OH ; o OTBS
Et20 E— CH,Cl,,

-4 2h °C-r.t.
0 (730';/2 trans-438 0°Crt,18 h 443

0,
(16% cis) 86%

Scheme 104: Grignard reaction to introduce a propargy! side chain at the spirochromanone 437.

The required Grignard reagent propargylmagnesium bromide (444) was freshly prepared

according to a protocol of Florez and coworkers and its concentration was determined by
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iodimetry.[*%2 The trans-selectivity (70% trans-438) can be explained by coordination of the
corresponding Grignard magnesium cluster to the ring oxygen of the chromane core, resulting
in preferential attack from the “lower” side.!’* ¥"® The two diastereomers could be clearly

assigned by elucidation of the structure by single X-ray crystallography (Figure 21).

Figure 21: Crystal structure of spirochromanol cis-438.

The side chain building blocks 441 and 442 (as free alcohol) are both known from literature.**3
The diene 448 was prepared according to Hatakeyamal’®*? and Coelho*®! by Wittig
olefination of acrolein (445) followed by DIBAL-H reduction (Scheme 105).

o) E OEt DIBAL-H /\)\/
N th%(Ot /\)\I( NN OH

o] CH,Cl,, o] CH,Cly, -78 °C, 2.5 h
445 446 reflux, 4 h 447 72% (over 2 steps) 448

Scheme 105: Preparation of diene alcohol 448 via Wittig olefination and subsequent DIBAL-H reduction.

Acrolein (445) was freshly distilled and stored over hydroquinone. Deviating from the literature,
the very volatile ester 447 was not purified by column chromatography, but the reaction mixture
was washed only with n-pentane and the precipitating OPPh; was filtered off. The alcohol 448,
which was also volatile, was purified using nPe/Et,O as eluent on silica and carefully

concentrated. This procedure resulted in an improved yield of 72% over two steps.

According to the planned synthetic route (see Scheme 103), the alcohol had to be protected
orthogonally to the TBS protecting group (see 443, Scheme 104). Suitable protecting groups
with regard to stability in the intended enyne metathesis/1,4-hydrogenation sequence*’® were
the benzyl and MOM group. Corresponding derivatives 449 and 448 were obtained in good

yields under standard conditions (Scheme 106).

/\)\/ 1.NaH, 2. BnBr /\)\/ 1. DIPEA /\)\/
3.TBAI 2. MOMCI
= = OBn % 7 OH % 7 OMOM

449 THF, 0 °C-r.t. 448 CH,Cl, r.t. 450
2h 5h
87% 67%

Scheme 106: Benzyl- and MOM-protection of diene alcohol 448.

A disadvantage of the side chain attachment via enyne metathesis is the required large excess

of the ene substrate to reach a high product selectivity. Since the conversion of benzyl-
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protected alcohols had already shown good results in enyne metathesis,*’® the benzyl

derivative 449 was used in initial test experiments.

Thus the propargy! substituted spirochromanol 443 and the benzyl-protected dienol 449 were

reacted under enyne metathesis conditions under an atmosphere of ethene (Scheme 107).

MeO Z 1atm MeO
10 mol% Grubbs Il OTBS
oTBs + = OBn +>
(o) =z (@)
— CH,Cl,, 0 °C-r.t. =

443 449 90 h 451 OBn

Scheme 107: Enyne metathesis approach employing O-Benzyl-(2E)-2-methylpenta-2,4-dienol (449).

Significant conversion of the alkyne 443 was observed upon reaction with at least 10 equiv. of
449. After purification of the nonpolar mixture (SiO,, cHex/EtOAc 200:1), ~70% of the benzyl
alcohol 449 were recovered. Further purification by column chromatography on Ag-doped
silica and subsequent GC-MS/NMR analysis showed only the formation of the byproduct 452

typical of enyne metathesis involving ethene (Figure 22).

MeO
0OTBS
(0]

452 —

Figure 22: Observed byproduct in the enyne metathesis approach employing 443.

Ethene, however, is necessary for correct product formation and catalyst regeneration.’® To
keep the formation of the byproduct low, the ene substrate must be added in high excess as

mentioned above (typically at least 10 equiv.).

Even with successful optimization, the subsequent selective 1,4-hydrogenation of the triene
451 would not be trivial. In order to minimize further research efforts and the difficulties in the
targeted side-chain introduction, it was decided to investigate only the synthesis of a natural

product model containing at least the structural enone feature.

In parallel to the results collected in this work, Ratsch was able to show on a-tocopherol-related
substrates that after iridium-catalyzed desymmetrization, double bond isomerization of the 3,y-
unsaturated ketone to the a,B-enone is possible by triflic acid catalysis (see Scheme 103).177]

Thus, if the enyne metathesis was successful, this strategy could possibly be further followed.

In a test approach, 4-methyl-1-pentene 453 (12 equiv.) was reacted with alkyne 443 (Scheme
108). After purification, the typical byproduct 452 was again obtained as the major compound
besides an impure fraction of desired product 454(<20%) and byproduct 452 as a 1:1 mixture.

All attempts to purify the compounds for distinct analysis were not successful.
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MeO Z 1 atm
oTBS + /\)\ Grubbs Il
O _ CH,Cl,
443 - 453 0°C-rt.,, 5h
crude
mixture (1:1)
MeO.
MeO
+ OTBS

454 <20% 452 _

Scheme 108: Enyne metathesis approach employing 4-methyl-1-pentene.

Since the employed alkene 453 is highly volatile (boiling point: 54 °C), the non-volatile (R)-4,8-
dimethylnon-1-ene (455), which was already employed for the side chain installation in the
a-tocopherol synthesis,*”® was used in further experiments to prevent evaporation of the
alkene starting material. Under the conditions shown in Scheme 109, it was possible to achieve

a significant conversion to the desired diene 456.

MeO . Z 1 atm
otes + /\/\/\)\ Grubbs |l
o _ CH,Cl,
443 - 455 0°C-rt, 5h
inseparable mixture
(78:22)
MeO
MeO
OTBS
+ 0

452
14%

Scheme 109: Enyne metathesis approach employing (R)-4,8-dimethylnon-1-ene (455).

After multiple chromatography on Ag-doped silica, a mixture (78:22) of the diene 456 and the
byproduct 452 was obtained. Compound 456 was fully characterized from the mixture.

Completion of this route could not be pursued in this work.

8.2.3. Grignard-type coupling approach
In addition to the routes presented so far, a Grignard-based synthetic pathway was also
investigated. Retrosynthetically, natural chromane 358 could possibly be derived from
spirochromanone 437 and a metalated side chain of type 457 (Scheme 110). These building
blocks might be coupled via a Grignard reaction or similar alkylation sequence and

subsequently converted by asymmetric Ir-catalyzed cyclobutanol cleavage.
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MeO o MeO
OH \)\/\)\/
o ¥ ¥ |:> o o * [M] X = R
358 437 457

Scheme 110: Retrosynthetic analysis of chromane 358 by a 1,2-addition of metalated species 457.

In the specific synthetic design for a model chromane of type 460, with a trisubstituted enone
as a structural entity, cyclobutanol 459 might be prepared starting from spirochromanone 437
with a metalated side chain of type 458 (Scheme 460). Iridium-catalyzed desymmetrization

followed by double bond isomerization would yield the desired model.

MeO MeO.
-------- > OH
o + M AN o
7
437 458 459
MeO RNl
0 A 5 TioH
0% Z
460

Scheme 111: Synthetic route for an envisioned natural product model 460.

The envisioned side chain building block of type 458 can be derived from (E)-1-bromo-2-
methyl-2-pentene (463). Starting from aldehyde 461, the alcohol 462 was obtained in good
yield by a literature known NaBH, reduction (Scheme 112).1*% Subsequent conversion in an
Appel-type reaction led to the desired bromide (463).11%! However, the bromoform byproduct
and unknown impurities could not be separated from the impure crude product 463 by either
distillation or column chromatography. In a variant carried out with PBrs; according to Kang et
al.,'%! the allyl bromide 463 was obtained as a mixture of regioisomers (81:19 rr) with the

branched allyl bromide 464.

O NaBH,4 /\)\/ PPhs, CBry /\)\/
/\)\4 = OH - = Br , HCBr,

y

MeOH, 0 °C CH,Cl, ~729
461 3h 462 0°C-rt, 5h 463°
78% inseparable
mixture (1:1)
PBI'3
0°C,1h - /\)\/Br /\K&
- +
81%
mixture of Br
regioisomers 463 464
81:19 rr

Scheme 112: Synthesis of allyl bromide 463 starting from aldehyde 461.

Early on, it was shown by Benkeser on similar compounds 465/466 that allyl bromides are

already at r.t. in an equilibrium with their isomers (Scheme 113, left).'*” |t was shown that the
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Grignard reagents studied (467-470) preferred the linear form (468/470) at equilibrium (via an
n3-allyl complex of type 471).

(Benkeser et al.

D' N L,
r.t.

Br |
465 13:87 466 Et,O MgBr
463 r.t.-reflux 472

/I\/ )%/\ (81:19 rr)
- MgCl
468

HgCl,, Mg )\/\
—AH—> A

a7 ! M. Iz )\/\
[Mg] /i\
——
N =Ml T Et,0 MgBr
MgCl reflux 472
469 470

Scheme 113: Equilibrium of allyl bromide and Grignard reagents described by Benkeser et al. (left),1°" and
performed experiments for Grignard preparation (right).

No conversion was achieved in the attempted magnesium insertion to prepare the Grignard
reagent of type 472. The reaction mixture was analyzed by iodimetry in each case to check
any reagent formation, but no reactivity was observed. Also, when directly adding ketone 369,
both starting materials remained unreacted. Also, no conversion to the Grignard compound

472 was observed upon addition of HgCl, (Scheme 453, left).

Scheme 114 summarizes the attempts to react spirochromanone 369 with the analogous
lithium species obtained by the bromine/lithium exchange with BuLi. Here, nBuLi or tBuLi was
added to the allyl bromide 463 (81:19 rr) at -78 °C and then a solution of starting material 369
was added dropwise. However, instead of the targeted structure 459, only the undesired 1,2-
adducts of nBulLi cis/trans-473 or tBuLi cis/trans-474 were formed. Those could be cleanly
isolated after purification on silica and fully characterized These results show that the targeted
lithium-halogen exchange with 463 did not occur or only to a minor extent, although at

equilibrium the corresponding lithium allyl species should be preferential.[*%!
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nBuLi/463 or MeO

tBuLi/463
1/ -
77 - o OH
4
459
MeO 1.5 equiv. 463
1.6 equiv. nBuL|
o 0  Et,0,-78 °C-rt.
25h
437 trans-473 cis-473
45% 26%
1.5 equiv. 463 MeO.
3.0 equiv. BuLi
Et,0, -78 °C-r.t.
1.5h
trans-474 cis-474
27% 23%

Scheme 114: Synthetic approach towards chromane 459 and resulting undesired 1,2-addition products.

The undesired chromane adducts were obtained in low to moderate yields (23-45%). The
nBuLi 1,2-addition showed significant trans-selectivity (~2:1 dr), which is also typical for similar
Grignard additions to chromane systems, possibly due to the pre-coordination of the reagent
to the ring oxygen (see Section 8.2.2., Scheme 104). In contrast, the addition of tBuLi showed
significantly less diastereoselectivity, which can be attributed to the poorer coordination of this

sterically more demanding lithium alkyl species.

The structure of the trans-configurated compound 474 obtained by the tBuLi 1,2-addition was
confirmed by single X-ray crystallography (Figure 23).

Figure 23: Crystal structure of spirochromanol trans-474.
The structures of the nBuLi adducts were clearly differentiated by 'H,'H NOESY NMR
spectroscopy (Figure 24 and 25). Compound trans-473 was verified by three dipolar couplings
(a, b, c) between the cyclobutanol protons and the CH- protons of the chromane ring and the

CHa protons of the n-butyl side chain (Figure 24).
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Figure 24: *H,*H NOESY spectrum of spirochromanol trans-473 in CDCls.
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The H,'H NOESY NMR spectrum of the cis-compound 473 confirmed the cis-configuration by

missing interactions described above for the diastereomeric cyclobutanol trans-473 and a

weak dipolar coupling (d) between the CH; protons of the chromane ring and the CH. protons

of the n-butyl side chain (Figure 25).
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Figure 25: *H,'H NOESY spectrum of spirochromanol cis-473 in CDCla.
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8.3. Prospects of enantioselective Iridium-catalyzed cyclobutanol cleavage
In parallel studies, Ratsch showed a moderate to narrow substrate scope for the developed
enantioselective iridium-catalyzed cyclobutanol cleavage (see Section 6.2.4.). Nevertheless, it
is highly suitable for chromane-substituted and tocopherol-related systems for which the
methodology gave excellent selectivities (up to 95% ee for 404, see Scheme 92) while the

rhodium-catalyzed reaction had only racemic outcome.

In an attempt to explore other potentially interesting substrate classes, heterocycles were also
considered. In 2006, the Schmalz group was able to develop an efficient synthesis for
4-alkylidene oxazolidinones of type 476 through a gold-catalyzed ring closure of alkyne-
substituted carbamates of type 475 (Scheme 115).1%)

e N
Ritter et al.

0 (0]

Au(l)Cl )]\
OJJ\ s base o N/Ts
H up to 99% )—«\—_
R % R R'
R

475 476

|\ J

Scheme 115: Preparation of 4-alkylidene oxazolidinones of type 476 through gold-catalysis by Ritter et al.[1%]

This readily accessible class of heterocycles could represent interesting precursors for the
synthesis of 4,4-disubstituted oxazolidinones of type 477 with an all-carbon quaternary carbon
center (Scheme 116). By reacting various 4-methylene oxazolidinones of type 479 by means
of a ketene [2+2]-cycloaddition, the cyclobutanol substrates of type 478 could possibly be

prepared as promising precursors for the iridium-catalyzed fragmentation.

X X X
PG [ir] —Ts Ts
o N 0" N o N
* o) —> -
R R R R
' 479
OH
477 478

Scheme 116: Retrosynthetic analysis of 4,4-disubstituierted oxazolidinones of type 477.

First, according to Ritter et al., 4-methylene oxazolidinone 482 was prepared over two steps

starting from propargyl alcohol (480) and tosyl isocyanate in excellent yield (Scheme 117).

)Ol\ j\ Cl;CCOCI/Zn or o}
TSNCO _Ts  Et;N, AuCl T Cl,CCOCI/Et;N .
Oo” 'N ! o~ "N—'S /7 - ~Is
—_— — -
/\OH H 77 o N cl
THF, r.t. A MeCN, r.t. \_'& abs. THF Cl
40 min X 18 h
0, 0,
480 88% 481 94% 482 483 ©

(lit.: 89%) (lit.: 97%)

Scheme 117: Synthesis of 4-methylene oxazolidinone 482 and [2+2]-cycloaddition attempts.
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However, subsequent [2+2]-cycloaddition attempts using in situ generated dichloroketene from
either trichloroacetyl chloride/(activated) zinc?° or dichloroacetyl chloride/EtsN2°Y showed no

conversion of the starting material 482.
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9. Summary and Outlook

9.1. Summary
In the continuing studies aiming at the total synthesis of the antiplasmodial chromane natural
product 358, this work optimized the linear synthesis of the &-chromanone 404 via an
enantioselective iridium-catalyzed cyclobutanol cleavage and examined possibilities for the

remaining side chain prolongation by common synthetic methodologies (Scheme 118).

MeO. MeO
—_—— o - (0]
—_— NN T > 2 P = OH
. O = 0" :
8 linear steps = B
overall 10%
404 95% ee 358

Scheme 118: Established &-chromanone 404 and targeted natural chromane 358.

Strategies for elaboration of the side chain included Wittig/HWE olefination, Mukaiyama aldol

addition, enyne metathesis, and 1,2-addition (Scheme 119).

-
MeO o q j\/\)\/ HWE
2 P + F R’ +>
o 1 OEt Y
= OEt 432R=H,R'=H
420 or407 R=Me,R'=H
N or 408 R = Me, R' = OTBS
(MeO j
OTBS Mukaiyama
/\/\)\ aldol
A + ¥
07% o” —H—>
405 432
N
/\)\ enyne-
metathesis
MeO 453 [Ru]
+ Or/\)\/ -
o OTBS Z ¥z OBn
= 449
443 :
or/\/:\/\)\
=z
455
via:
MeO Z [M]
/\)\ 458
o R
Oof + Br
437 463

Scheme 119: Overview of attempted side chain coupling reactions.
In the tested conditions for HWE olefination and Mukaiyama aldol addition (employing different
synthetic building blocks) only traces of the desired products could be detected. While a Wittig

olefination starting from the a-bromoketone 406 was completely unsuccessful, an impure

product 456 was obtained at least in an enyne metathesis approach with olefin 455.

107



Summary and Outlook

Experiments on the 1,2-addition using a metalated species derived from the allyl bromide 463

were also unsuccessful.

Thus, the completion of the synthesis of the natural product 358 could not be pursued in the
frame of this work, as the side chain assembly was found to be nontrivial and the high research
efforts of further investigations could no longer be justified in view of the lack of success with

the synthetic strategies investigated to that point.
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9.2. Outlook
For the completion of the synthesis of 358, on the one hand, the optimization of the enyne
metathesis approach was investigated. However, this route is more suitable for only a
simplified analogue of the natural product and would still consist of nontrivial follow-up steps
(1,4-hydrogenation, cyclobutanol cleavage and double bond isomerization; see Section
8.2.2.).

An alternative olefination approach might follow the Julia-Kocienski methodology. This
particular approach, discovered by Marc Julia and further developed by Philip Kocienski, has
shown singular success in some particularly challenging applications.?° Starting from the
established chromanone 404, the corresponding phenylsulfonyl or benzothiazole sulfonyl of

type 484 could possibly be derived in one step (Scheme 120).

MeO

(0)

404 95% ee
: AN
* R= SO,Ph or
benzothiazol l
enz lazole OMR

MeO. MeO.
0 00 426 Q
\//
S TTTTTTToTommooooeees > - = = R'
0o R Julia-Kocienski 0"z

olefination
484 95% ee 485

Scheme 120: Synthetic route plan towards chromane 358 employing a Julia-Kocienski olefination.

After the Julia-Kocienski olefination with aldehyde 426, starting from the enone of type 485,
the methyl group could possibly be incorporated into the structure by a

1,4-addition/a-functionalization/elimination sequence (see Section 8.2.1.3., Scheme 98).

With regard to iridium-catalyzed desymmetrization/cyclobutanol cleavage, further
investigation, especially of heterocycles, could provide conclusive results on the scope of this
methodology (Scheme 121). The tertiary alcohols shown might be derived from the

corresponding precursor ketones via a Grignard-type reaction with various residues.
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492 493
486 487
OPiv O BocHN (0]
R [Ir] R [Ir]
Piv0—<>",, """ H\/'\)LR BocHN £ e H
OH OH R
488 489 494 495

490 491 496 497

Scheme 121: Overview of potential (hetero)cycles with different functional groups as interesting attractive test
substrates for the Ir-catalyzed cyclobutanol cleavage.

The camphor-related cyclohexanol 486 represents a good test substrate for the fragmentation
of strained bicyclic systems. Cyclobutanol cleavage of oxetanes of type 490 and azetidines of
type 492 type would lead to corresponding B-ketomethyl ethers of type 491 and a-
(methylamino)ketones of type 493. In addition, interesting target structures are represented by
the a-aminoketones of type 495 or even in cyclized form 497, the latter derived from the spiro
compound of type 496.
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10. Experimental Part

10.1. General information
Reagents and solvents were generally purchased from commercial suppliers (Sigma Aldrich,
Acros Organics, Merck, ABCR, Carbolution, Alfa Aesar, TCI Chemicals, Fluka and BLDPharm)
and used without further purification unless otherwise stated. Technical solvents CHxCls,
CHCI;, cyclohexane (cHex), Et,O, EtOAc, MTBE and n-pentane (nPe) were distilled.
Anhydrous THF and Et;O were freshly distilled from sodium/benzophenone. Anhydrous
CH.CIl; was distilled from NaH. PCI; for ligand synthesis was purchased from Sigma Aldrich
(ReagentPlus 99% grade). Organolithium reagents were titrated against N-benzylbenzamide.
The concentration of Grignard reagents was determined by iodimetry.

Air and/or moisture sensitive reactions were performed in flame-dried glassware under
argon (99.9997% from Air Products). Air-sensitive reagents were weighed in a glovebox under
argon atmosphere. Substances were added in an argon counterflow or via septum using an
argon-flushed syringe. Generally, syringes, NMR tubes and glassware for sensitive reactions
were oven-dried at 60 °C. Room temperature corresponds to 25 °C + 2 °C. Reactions were
monitored by means of TLC or GC-MS. Solvents were removed under reduced pressure using
a rotary evaporator attached to a membrane pump (water bath 30 °C to 40 °C). Experiments
conducted under microwave irradiation were performed in a Discover SP microwave reactor
from CEM employing 10 mL of or 35 mL of vials. Pressure, temperature and power are
specified in the individual experimental procedures. Products were generally purified by flash
column chromatography (FCC) using “silica gel, for chromatography” (35 — 70 um, 60 A) or
“silica gel for column chromatography, ultra-pure” (40 — 60 um, 60 A) from Acros Organics.
Thin layer chromatography (TLC) analysis was performed on Merck 60/UV2s4 silica aluminum
sheets (0.25 mm layer). Chromatograms were visualized by UV light (A = 254 nm) and/or by
staining with an agueous KMnQ, solution (3.0 g of KMnO4, 20 g of K,CO3, 5 mL of NaOH
solution (w = 5%), 300 mL of H,0).

Nuclear Magnetic Resonance (NMR) spectra (*H, 13C, 3P and 'B) were recorded on
Bruker spectrometers Avance 300 (300 MHz), Avance Il 300 (300 MHz), Avance Il 499
(500 MHz), Avance 11l 500 (500 MHz) or Avance II* 600 (600 MHz) at 298 K in CDCl3(99.8%
containing 0.03% TMS) unless otherwise stated. Signhal assignments are based both on 1D
(*H, 13C, 3P, 11B) and 2D spectra (*H,'H-COSY, H,*C-HSQC, !H,*C-HMBC, H,'H-NOESY).
Chemical shifts () are given in ppm and coupling constants (J) in Hz together with the relative
integrations and assignments. Atom numbering used in signal assignments does not always
correspond to IUPAC nomenclature. Multiplicities are abbreviated as s (singlet), d (doublet), t
(triplet), g (quartet), quint (quintet), hept (heptet), M (multiplet), br (broad) and g (pseudo). *H

and 3C spectra were referenced to the residual solvent signals (7.26 ppm and 77.16 ppm) or
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TMS as internal standard. 3P spectra were referenced to HsPO4 as an external standard.
Other solvents were referenced corresponding to Fulmer et al.?° The spectra processing was
done using MestReNova 12.0.

Fourier-transform infrared spectra (FT-IR) were measured with a Perkin Elmer UATR TWO
FTIR-ATR at r.t. Signal intensities are specified as broad (br), weak (w), medium (m) or strong
(s). Melting points were determined on a Bichi B-545 instrument with a heating rate of
5 °C/min. Optical rotations were measured using an Anton Paar polarimeter MPC 200 with a
cell length of 10 cm in CHClI3 at 20.0 °C.

High resolution mass spectra (HR-MS) with electrospray ionization (ESI) were measured
on a THERMO Scientific LTQ Orbitrap XL instrument with an XL-FTMS analyzer at 70 eV. The
spray voltage was set to 3.4 kV, the capillary and tube lens voltage to 3.0 V with 275 °C
capillary temperature. HR-MS spectra with electron impact ionization (EI) were recorded on a
Thermo Scientific Exactive GC with Orbitrap analyzer at 70 eV. Low-resolution GC-MS spectra
(El) were measured on an Agilent HP 6980 gas chromatograph employing an MSD 5937 N
mass detector (TIC mode) using an Optima-1-MS capillary column (30M x 0.25 mm @) from
Machery Nagel. Carrier gas was H, with a flow rate of 30 mL/min at 1.2 bar. The standard
temperature program was set to 50 °C (2 min), 50 °C to 300 °C (10 min), 320 °C (5 min).
Enantiomeric analysis by means of gas chromatography at chiral stationary phase (chGC) was
performed on an Agilent Technologies GC System 7850 instrument equipped with an FID
detector using Hz as carrier gas. Column, temperature program, flow rate and retention times
are given with the experimental procedures for the individual compounds. Chiral high
performance liquid chromatography (chHPLC) was performed at r.t. using HPLC systems from
Knauer (HPLC pump Wellchrom Maxi Star 1000, variable wavelength monitor, Rheodyne
7725i injection system, two channel degasser K-5020) or Merck Hitachi (L-4000 A UV-detector,
D-6000 interface, LC-Organizer, D-6200A pump, Sonorex RK 100). For reverse phase
chromatography a Knauer system (HPCL pump 1001, K-5004 degasser, DAD K-2700
Wellchrom, K-2701 Wellchrom lamp) was employed. Details (column, eluent, detection
wavelength, flow rate and retention times) are given with the experimental procedures for the
individual compounds.

Crystallographic data were collected on a Bruker NONIUS K-CCD (Mo-anode,
A=0.71073A) or a Bruker D8 VENTURE (K-geometry, Cu-(microfocus)-anode,
A =1.54178 A) with a PHOTON Il M14 or PHOTON 100 detector. All measurements and
structure refinements were performed employing SHELXT as software. ECD spectra were

measured on a Jasco j-715 CD spectropolarimeter in acetonitrile (10-3m solution).
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Further Comments

For the isolated hydrocyanation products (Section 10.2.3.), no measurements of the specific
optical rotations were performed due to the usually small amounts of these enantiomeric
mixtures. For assignment purposes, only the retention times of the major and minor
enantiomers are given within the complete analytics of the compound.

The regioisomeric ratios (rr) of the products in the hydrocyanation of homostilbenes
(Section 10.2.3.5.) were determined by *H NMR analysis and 2D NMR (*H,**C-HSQC, *H,*3C-
HMBC, H,'H-COSY) for accurate discrimination. The regioisomer signal used for ratio
determination is appropriately labeled in the *H NMR.

Some substrates (Section 10.3.1) have been described in detail in the preceding master
thesis.l*” For these, identity and purity were confirmed by GC-MS and *H NMR spectroscopy
(including H,'H-COSY, H,**C-HSQC, !H,*C-HMBC spectra). For completeness, some data
sets were adopted for analytical properties.
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10.2. Experimental procedures towards the enantioselective Ni-catalyzed
hydrocyanation employing phosphine-phosphite ligands

10.2.1. Synthesis of phosphine-phosphite ligands

10.2.1.1. General procedures

10.2.1.1.1. General procedure GP1 for the preparation of TADDOLS
The synthesis was performed according to a procedure of Falk et al.*? Under an atmosphere
of argon, a three-necked round-bottomed flask equipped with reflux condenser and dropping
funnel was charged with Mg turnings (4.8 equiv.) and an I, crystal and the mixture was heated
under vigorous stirring. Then a solution of the corresponding bromoarene (4.4 equiv.) in
anhydrous THF (0.7 M) was slowly added over 30 min keeping the reaction at reflux. The
suspension was heated at reflux for 4 h and stirred for 16-20 h at r.t. At 0 °C, a solution of
(4R,5R)-dimethyl-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate  (236) (1.0 equiv.) in
anhydrous THF (0.5 M) was added to the Grignard reagent. The reaction mixture was heated
at reflux for 4-6 h (unless otherwise stated) and sat. NH4ClI solution and H,O were added. The
agueous phase was extracted with MTBE, the combined organic phases were dried with
Na.SO, and concentrated under reduced pressure. Crude material was purified by

recrystallization or FCC (SiO., cHex/EtOAc) for purification.

10.2.1.1.2. General procedure GP2 for the preparation of phosphine-phosphite
ligands

The synthesis was performed according to a procedure of Falk et al.*? Under an atmosphere
of argon, a Schlenk flask was charged with a solution of the corresponding phosphine borane
complex (1.0 equiv.) and freshly sublimated DABCO (8.0 equiv.) in anhydrous CH:Cl, (0.13 M)
and stirred for 15-20 min at r.t. At 0 °C, a solution of PCl; (1.2 equiv.) in anhydrous CHxCl
(1.8 M) was added (dropwise) over 30 min by means of a syringe pump. The reaction was
stirred for 30 min at 0 °C and 3-4 h atr.t. Then a solution of TADDOL (1.5 equiv.) in anhydrous
CHCI, (0.21 M) was added at 0 °C and stirred for 30 min before the ice bath was removed.
The suspension was stirred for 20 h at r.t. Subsequently, it was filtered through an ultra-pure
silica pad with cHex/EtOAc 1:1 and concentrated under reduced pressure. Crude material was

purified by FCC (ultra-pure SiO,, cHex/EtOAc) for purification.
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10.2.1.2. Synthesis of the building block for racemic ligands

10.2.1.2.1. Synthesis of rac-(4R,5R)-dimethyl-2,2-dimethyl-1,3-dioxolane-4,5-
dicarboxylate (236)

o o Meﬁ&Me o

M., _oH M., _on M. o
HO™ SOCl,  MeO” ™ pTsOH*H,0 _ MeO” ™ ><
HO oH  MeOH  MeO OH CH,Cly, rit. MeO o

o e o 63% 0

rac-498 ’ rac-499 ° rac-236

The synthesis was performed based on a modified procedure of Dindaroglu et al.[®¢?! A 250 mL
round-bottomed flask was charged with a solution of 10.0 g of rac-tartaric acid (rac-498)
(66.7 mmol, 1.0 equiv.) in 100 mL of MeOH. At 0 °C, 25.3 mL of SOCI, (41.5 g, 349 mmol
5.2 equiv.) were added (dropwise). The reaction mixture was stirred for 2 h at r.t. before the
solvent was removed under reduced pressure. The residue was re-dissolved in 20 mL of H,O
and extracted with Et,O (8 x 30 mL). The combined organic phases were dried with MgSO,
and concentrated under reduced pressure to yield 11.0 g of methyl ester rac-499 as a colorless
solid (61.9 mmol, 93%, Lit.:[2%4 98%).

Under an atmosphere of argon, a 250 mL Schlenk flask was charged with a solution of
11.0 g of methyl ester rac-499 (61.6 mmol, 1.0 equiv.) and 3.54 g of pTsOH+<H,0O (20.5 mmol,
30 mol%) in 130 mL of anhydrous CH.Cl,. Then 37.7 mL of 2,2-dimethoxypropane (32.0 g,
308 mmol, 5.0 equiv.) were added (dropwise) and the reaction mixture was stirred at r.t. for
16 h. The solvent was removed under reduced pressure. The residue was re-suspended in
40 mL of H,O and extracted with Et,O (3 x 40 mL). The combined organic phases were dried
with MgSO, and concentrated under reduced pressure. Purification of the crude material by
FCC (SiO,, cHex/EtOAc 5:1) gave the product rac-236 as an orange liquid (38.6 mmol, 63%,
Lit.:[204 8595).

O
L&, on
M (CsHloOG) =178.14 g/mol 0 8
- OH
M.p. 88 - 90 °C. ©

rac-499
IH NMR (300 MHz, CDCl3) & [ppm] = 4.57 (d, 3J = 6.8 Hz, 2 H, H-3), 3.87 (s, 6 H, H-1), 3.25
(brd, 3J = 6.8 Hz, 2 H, OH).

5\ ﬂcl)’/ 3 (] !
M (CoH140s) = 218.21 g/mol. o7 ><2
O (0]
TLC (SiO3, cHex/EtOAc 10:1) Rs = 0.14. 0
rac-236

IH NMR (500 MHz, CDCls) & [ppm] = 4.78 (s, 2 H, H-3), 3.79 (s, 3 H, H-5), 1.46 (s, 3 H, H-1).
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13C NMR (75 MHz, CDCls) & [ppm] = 170.1 (C-4), 113.9 (C-2), 77.0 (C-3), 52.8 (C-5), 26.3
(C-1).

GC-MS (70 eV) m/z ([%]): 203 (100, [M*-CHs]), 159 (28), 141 (22), 133 (10), 113 (10), 101
(23), 85 (36), 73 (51), 59 (59).

FTIR-ATR v [cm™] = 2994 (w), 2958 (w), 2852 (s), 1740 (s), 1438 (m), 1385 (m), 1375 (m),
1348 (w), 1253 (m), 1206 (s), 1162 (m), 1106 (s), 1012 (m), 996 (m), 937 (w), 920 (w), 856
(m), 831 (w), 812 (w), 779 (w), 749 (w), 704 (w), 578 (w), 514 (w).

The analytical data are in agreement with the literature.2%!

10.2.1.3. Synthesis of bromophenols
10.2.1.3.1. Synthesis of 2-bromo-6-isopropylphenol (500)

5/(}1 NBS, DIPA &OH
274 85% 500
The synthesis was performed according to a procedure of Albat et al.?°! A 500 mL round-
bottomed flask equipped with a CaCl, drying tube was charged with a solution of 6.00 g of 2-
isopropylphenol (274) (44.1 mmol, 1.0 equiv.) in 200 mL of CH:Cl. and 10.0 mL of
diisopropylamine (7.17 g, 70.9 mmol, 1.6 equiv.) were added after cooling the mixture to O °C.
At this temperature, 7.08 g of NBS (39.8 mmol, 0.90 equiv.) was then added in small portions
over a 2 h period. Stirring was continued for 4 h at 0 °C before 180 mL of 2m H,SO, were
added. The aqueous phase was extracted with CH2Cl> (3 x 150 mL). The combined organic
phases were dried with Na,SO4 and concentrated under reduced pressure to give an orange
liquid. Purification by FCC (SiO2, cHex) gave 8.03 g of 500 as a colorless oil (37.4 mmol, 85%)

containing traces (<4 mol%) of a dibrominated byproduct.
8 7 9

M (CgH1,0Br) = 215.09 g/mol. 6 OH
1
2 'Br
3
500

IH NMR (500 MHz, CDCls) & [ppm] = 7.30 (dd, 3J = 7.8 Hz, 4 = 1.6 Hz, 1 H, H-3), 7.15 (dd, 3J
=7.8Hz, 43 =1.6 Hz, 1 H, H-5), 6.78 (t, 3J= 7.8 Hz, 1 H, H-4), 5.59 (s, 1 H, OH), 3.34 (hept,
33 =6.8 Hz, 1 H, H-7), 1.25 (d, 3J = 6.8 Hz, 6 H, H-8/9).

TLC (SiO, cHex/EtOAc 10:1) Ry = 0.58.

13C NMR (75 MHz, CDCls) & [ppm] = 149.5 (C-1), 136.5 (C-6), 129.2 (C-3), 126.1 (C-5), 121.6
(C-4), 110.8 (C-2), 28.2 (C-7), 22.5 (C-8/9).
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GC-MS (70 eV) m/z ([%]): 214 (30, [M*-H]), 199 (89), 120 (100), 91 (30), 77 (14), 65 (19), 51
(14).

FTIR-ATR v [cm™] = 3511 (m), 2962 (m), 2869 (w), 1473 (m), 1440 (s), 1327 (s), 1084 (w),
1236 (s), 1206 (s), 1174 (s), 1151 (s), 1114 (m), 1048 (m), 898 (m), 828 (s), 771 (s), 733 (s),
622 (s), 553 (m).

The analytical data are in agreement with the literature.2°!

10.2.1.3.2. Synthesis of 2-bromo-4-methoxy-6-isopropylphenol (276)

1. PIDA
MeOH CH2C|2

274 0°C-rt, 2h 0°C,3h
70% 82%

The synthesis was performed based on a modified procedure of Amant et al.[**¢! A 500 mL
round-bottomed flask was charged with a solution of 4.36 g of 2-isopropylphenol (274)
(32.0 mmol, 1.0 equiv.) in 280 mL of MeOH. At 0 °C, a solution of 21.6 g of PIDA (67.2 mmol,
2.1 equiv.) in 40 mL of MeOH was added (dropwise) over 5 min. The reaction was stirred for
30 minatr.t. and 3.16 g of Zn (48.0 mmol, 1.5 equiv.) were added. After 1 h, the reaction slurry
was concentrated under reduced pressure and re-dissolved in 200 mL of MTBE. The organic
phase was washed with 20 mL of 1m HCI before the aqueous phase was re-extracted with
30 mL of MTBE and the combined organic phases were dried with Na>SO4. Concentration
under reduced pressure gave the crude material which was purified by FCC (SiO-, cHex/EtOAc
6:1) to obtain 3.73 g of 2-isopropyl-4-methoxyphenol (275) as a peach-colored oil (22.4 mmol,
70%; lit.:[1%%1 38%).

The next step was performed based on a modified procedure of Krische and
coworkers.?%1 Under an atmosphere of argon, a 250 mL Schlenk flask was charged with a
solution of 2.50 g of 275 (15.0 mmol, 1.0 equiv.) in 75 mL of anhydrous CH,Cl,. At 0 °C, a
solution of 0.77 mL of bromine (15 mmol, 1.0 equiv.) in 60 mL of anhydrous CHCl, was slowly
added over 3 h by means of a syringe pump. After addition, the reaction mixture was stirred
for 5 min and 100 mL of sat. NaHCO3 solution were added. The organic phase was separated
and washed with 100 mL of brine. Then it was dried with Na.SO, and concentrated under
reduced pressure. Purification of the crude material by FCC (SiO», cHex/EtOAc 30:1) gave
3.02 g of 276 as an orange oil (12.3 mmol, 82%; Lit.:?°1 67). NP

M (CloH1402) =166.22 g/mol 10

TLC (SiO2, cHex/EtOAc 6:1) Ry = 0.47. 275
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IH NMR (500 MHz, CDCls) & [ppm] = 6.77 (d, “J = 3.0 Hz, 1 H, H-5), 6.69 (d, 3J = 8.6 Hz, 1 H,
H-2), 6.61 (dd, 3J = 8.6 Hz, 4J = 3.0 Hz, 1 H, H-3), 4.39 (m, 1 H, OH), 3.77 (s, 3 H, H-10), 3.18
(hept, 3] = 6.8 Hz, 1 H, H-7), 1.24 (d, 3J = 6.8 Hz, 6 H, H-8/9).

13C NMR (75 MHz, CDCls) & [ppm] = 153.9 (C-4), 146.9 (C-1), 136.1 (C-6), 115.9 (C-2), 112.9
(C-5), 111.0 (C-3), 55.9 (C-10), 27.3 (C-7), 22.6 (C-8/9).

GC-MS (70 eV) m/z ([%]): 166 (58, [M*]), 151 (100), 136 (17), 77 (12), 91 (11).

FTIR-ATR v [cm™] = 3401 (br), 3038 (w), 2961 (m), 2870 (w), 2834 (w), 1707 (w), 1608 (w),
1597 (w), 1506 (s), 1463 (W), 1447 (w), 1430 (s), 1382 (W), 1362 (w), 1339 (w), 1285 (s), 1200
(s), 1180 (s), 1173 (s), 1146 (m), 1112 (w), 1091 (m), 1072 (m), 1033 (s), 927 (w), 872 (m),
854 (w), 802 (m), 766 (m), 707 (m), 694 (M), 619 (W), 568 (W), 550 (W).

The analytical data are in agreement with the literature.!**

M (C10H13BrOy) = 245.12 g/mol. 5 OH

TLC (SiO2, cHex/EtOAc 30:1) R¢ = 0.48. 6

IH NMR (500 MHz, CDCls) & [ppm] = 6.84 (d, “J = 2.9 Hz, 1 H, H-5), 6.74 (d, “J = 2.9 Hz, 1 H,
H-3), 5.21 (s, 1 H, OH), 3.75 (s, 3 H, H-10), 3.29 (hept, 3J = 6.9 Hz, 1 H, H-7), 1.22 (d, 3J =
6.9 Hz, 6 H, H-8/9).

13C NMR (126 MHz, CDCls) & [ppm] = 153.7 (C-4), 143.9 (C-1), 137.1 (C-6), 113.31 (C-3),
113.29 (C-5), 110.1 (C-2), 56.0 (C-10), 28.4 (C-7), 22.5 (C-8/9).

GC-MS (70 eV) miz ([%]): 244 (49, [M*]), 231 (100), 77 (65), 150 (57), 51 (38).

FTIR-ATR v [cm™] = 3517 (br), 2961 (m), 2937 (w), 2906 (w), 2869 (w), 2833 (w), 1606 (w),
1576 (m), 1473 (s), 1425 (s), 1382 (w), 1363 (w), 1330 (m), 1292 (s), 1220 (m), 1197 (s), 1175
(s), 1156 (s), 1112 (w), 1092 (w), 1038 (s), 958 (w), 938 (w), 877 (m), 849 (m), 823 (m), 798
(w), 764 (s), 754 (s), 732 (m), 611 (w), 565 (w), 537 (w).

The analytical data are in agreement with the literature.2°7

118



Experimental Part

10.2.1.4. Synthesis phosphine borane complexes

10.2.1.4.1. Synthesis of 2-(diphenylphosphino)-6-isopropylphenol borane
complex (252)

1. DABCO, Ph,PCI

OH 2. BH3*THF O—rth nBuLi OH
_— _
o BH °
Br CHZCI23,2 C-r.t. Br o3 THF, 0°C, 18 h PPh,
500 501 64% (over 2 steps) 252
BH3

The synthesis was performed according to a procedure of Dindaroglu et al.®®cl Under an
atmosphere of argon, a 500 mL Schlenk flask was charged with a solution of 7.47 g of
bromophenol 500 (34.7 mmol, 1.0 equiv.), 4.71 g of DABCO (42.0 mmol, 1.2 equiv.) in 110 mL
of anhydrous CH.Cl,. After stirring for 30 min atr.t., the clear solution was cooled to 0 °C before
7.50 mL of freshly distilled Ph,PCI (9.15 g, 41.5 mmol, 1.2 equiv.) were slowly added by means
of a syringe pump over 30 min. After stirring for 2 h at r.t., the resulting cloudy mixture was
cooled to 0 °C and 70 mL of BH3*THF (1.0m in THF, 70 mmol, 2.0 equiv.) were added over
10 min via syringe. The suspension was stirred for an additional 2 h at r.t. before 150 mL of
H.O were slowly added. The aqueous phase was extracted with MTBE (4 x 150 mL). The
combined organic phases were dried with Na2SO, and concentrated under reduced pressure
to yield 17.1 g of crude phosphinite 501 as a colorless wax.

This material was then re-dissolved under an atmosphere of argon in 180 mL of
anhydrous THF in a 500 mL Schlenk flask. The solution was then cooled to 0 °C before 22 mL
of nBuLi (2.4m in nHex, 53 mmol, 1.5 equiv.) were slowly added (dropwise) over a period of
35 min. The resulting white suspension was stirred for 2 h at 0 °C and 16 h at r.t. After addition
of 100 mL of H>O the mixture was extracted with MTBE (3 x 150 mL). The combined organic
phases were dried with Na,SO4 and concentrated under reduced pressure. The crude product
(orange oil) was purified by FCC (SiO2, cHex/EtOAc 30:1) and the obtained solid recrystallized
from EtOAc (5 mL) to afford 7.42 g of phosphine 252 as a colorless solid (22.2 mmol, 64%).

8., 9

M (C21H24BOP) = 334.17 g/mol.

6

5 OH

TLC (SiO2, cHex/EtOAc 30:1) R¢ = 0.53. PN o
3 2 2

M.p. 89 - 94 °C. 252 BHs

IH NMR (500 MHz, CDCls) & [ppm] = 7.64 (s, 1 H, OH), 7.57 — 7.50 (m, 6 H, Her), 7.48 — 7.42
(M, 4 H, Her), 7.37 (dd, 33 = 7.7 Hz, “J = 1.3 Hz, 1 H, H-5), 6.86 (ytd, 3J = 7.7 Hz, “Jp = 1.5 Hz,
1 H, H-4), 6.72 (ddd, 3Jp = 10.3 Hz,3J = 7.7 Hz, 4 = 1.3 Hz, 1 H, H-3), 3.37 (hept, 3J = 6.9 Hz,
1 H, H-7), 1.23 (d, 3J = 6.9 Hz, 1 H, H-8/9).

13C NMR (75 MHz, CDCls) & [ppm] = 157.9 (d, Jr = 9.4 Hz, C-1), 137.9 (d, Jr = 5.6 Hz, C-6),
133.1 (d, Jp = 9.9 Hz, Cpr), 131.8 (d, Jp = 2.5 Hz, C-3), 131.7 (d, Jr = 3.1 Hz, Cpr), 130.6 (d, Jp
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= 2.0 Hz, C-5), 129.0 (d, J = 10.6 Hz, Cpn), 128.8 (d, Jp = 3.5 Hz, Cpn), 120.6 (d, Jp = 8.4 Hz,
C-4), 111.2 (d, Jr = 58.8 Hz, C-2), 26.9 (C-7), 22.6 (C-8/9).

1B NMR (96 MHz, CDCls) & [ppm] = -36.49 (d, J = 55.7 Hz).
3P NMR (121 MHz, CDCls) & [ppm] = 12.58.

GC-MS (70 eV) m/z ([%]): 320 (100, [M*-BHs]), 305 (72), 292 (48), 183 (31), 165 (11), 121
(18), 78 (73).

FTIR-ATR v [cm™] = 3404 (w), 2966 (w), 2398 (w), 2369 (w), 2325 (w), 1469 (w), 1430 (s),
1333 (m), 1219 (s), 1183 (m), 1157 (m), 1132 (m), 1105 (s), 1072 (s), 1049 (m), 999 (m), 830
(m), 759 (m), 741 (s), 692 (s), 649 (m), 608 (s), 562 (M), 495 (s).

The analytical data are in agreement with the literature.[°6c]

10.2.1.4.2. Synthesis of 2-(diphenylphosphino)-4-methoxy-6-isopropylphenol
borane complex (277)

1. DABCO, Ph,PCI

OH 2. BH3*THF O—;’Phg nBuLi OH
- —_—
oM BH o
MeO Br CH2C|25‘ g Gt Meo Br ° THF 07C.2h  yeo PPh;
276 502 82% (over 2 steps) 277 BH
3

The synthesis was performed based on a modified procedure of Dindaroglu et al.®¢! Under an
atmosphere of argon, a 100 mL Schlenk flask was charged with a solution of 1.10 g of
bromophenol 276 (4.49 mmol, 1.0 equiv.) and 604 mg of DABCO (5.38 mmol, 1.2 equiv.) in
9 mL of anhydrous CH2Cl,. The solution was stirred for 10 min at r.t. At O °C, the clear solution
was slowly treated with 0.89 mL of freshly distilled Ph,PCI (1.1 g, 4.9 mmol, 1.1 equiv.) by
means of a syringe pump over 30 min. The cloudy reaction mixture was stirred for 4 h at r.t.
and at 0 °C 9.0 mL of BH3THF (1.0M in THF, 9.0 mmol, 2.0 equiv.) were added (dropwise)
over 15 min. The suspension was stirred for an additional 1 h at r.t., then 5 mL of H.O were
added. The aqueous phase was extracted with MTBE (3 x 10 mL). The combined organic
phases were washed with 20 mL of brine before they were dried with MgSO.4 and concentrated
under reduced pressure to obtain the crude material 502. This procedure was repeated and
the crude material combined.

This material (9.00 mmol) was then re-dissolved under an atmosphere of argon in
10 mL of anhydrous THF in a 100 mL Schlenk flask. At 0 °C 2.7 mL of nBuLi (2.5M in nHex,
6.7 mmol, 1.5 equiv.) were slowly added (dropwise) over 30 min by means of a syringe pump.
Then the white suspension was stirred for 2 h at 0 °C and 30 mL of H>O were added. This

reaction cascade was repeated at the same scale and both aqueous phases were combined
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for the further work-up. The combined aqueous phases were extracted with MTBE (2 x 30 mL).
The combined organic phases were dried with MgSO. and concentrated under reduced
pressure. Purification by recrystallization from cHex/EtOAc (100:1) and FCC (SiOa,
cHex/EtOAc 50:1) gave 2.69 g of phosphine 277 as a colorless wax (7.39 mmol, 82%).

M (Cz2H26BO:P) = 364.23 g/mol.

TLC (SiO3, cHex/EtOAc 50:1) Rf = 0.12.

IH NMR (300 MHz, CDCl3) & [ppm] = 7.64 — 7.50 (m, 6 H, Her), 7.50 — 7.39 (M, 4 H, Hey), 7.16
(d, “J» = 1.8 Hz, 1 H, OH), 6.98 (d, %J = 3.0 Hz, 1 H, H-5), 6.23 (dd, *Jp = 11.4 Hz, *J = 3.0 Hz,
1 H, H-3), 3.58 (s, 3 H, H-10), 3.36 (hept, 3J = 6.8 Hz, 1 H, H-7), 1.23 (d, 3J = 6.8 Hz, 6 H,
H-8/9).

13C NMR (75 MHz, CDCls) & [ppm] = 153.1 (d, Jp = 10.2 Hz, C-4), 151.9 (d, Jr = 8.7 Hz, C-1),
139.5 (d, Jp = 6.7 Hz, C-6), 133.1 (d, Jp = 9.8 Hz, Cpn), 131.7 (d, Jp = 2.5 Hz, Cpp), 129.1 (d, Jp
= 10.6 Hz, Cpn), 128.2 (d, Jp = 61.5 Hz, Cpr), 117.4 (d, Jp = 2.2 Hz, C-5), 115.3 (d, Jp = 4.2 Hz,
C-3), 111.9 (d, Jp = 58.1 Hz, C-2), 55.6 (C-10), 27.2 (C-7), 22.6 (C-8/9).

3P NMR (121 MHz, CDCI3) & [ppm] = 13.93 (d, J = 62.2 Hz, PRa).

GC-MS (70 eV) m/z ([%]): 350 (100, [M*-BHs]), 335 (63), 229 (19), 183 (23), 152 (17), 108
(21), 78 (61), 51 (31).

HR-ESI-MS m/z calculated [C22H26BO2P+Na*]: 387.16557; found: 387.16553.

FTIR-ATR v [cm™] = 3395 (m), 3079 (w), 3047 (w), 3003 (w), 2957 (w), 2933 (w), 2933 (w),
2862 (w), 2832 (w), 2395 (w), 2372 (w), 2363 (w), 2324 (w), 1963 (w), 1912 (w), 1827 (w),
1735 (w), 1588 (w), 1487 (w), 1457 (s), 1434 (s), 1422 (s), 1382 (w), 1361 (w), 1340 (m), 1311
(w), 1290 (w), 1251 (m), 1208 (s), 1167 (m), 1107 (m), 1072 (s), 1045 (s), 1027 (m), 998 (m),
943 (m), 892 (w), 865 (m), 820 (w), 772 (m), 757 (m), 736 (s), 688 (s), 627 (s), 609 (M), 569
(w), 547 (w), 524 (w).
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10.2.1.5. Synthesis of phenyl bromides
10.2.1.5.1. Synthesis of 1-bromo-3,5-diphenylbenzene (504)
Br Br PhB(OH), Ph Ph
Pd(PPh3)4, Nazcoi
; toluene, reflux o
Br 65 h Br
503 55% 504

The synthesis was performed according to a procedure of Matsumoto at al.?°®! Under an
atmosphere of argon, a 250 mL two-necked round-bottomed flask equipped with a reflux
condenser was charged with 3.00 g of 1,2,3-triboromobenzene (503) (9.53 mmol, 1.0 equiv.)
and 335 mg of Pd(PPhz)s (0.290 mmol, 3.0 mol%). A solution of 2.48 g of phenylboronic acid
(20.3 mmol. 2.1 equiv.) in 40 mL of anhydrous toluene and 30 mL of 1M Na,COs was added.
The reaction mixture was heated at reflux for 65 h and subsequently, the solvent was removed
under reduced pressure. The brownish residue was re-dissolved in 100 mL of EtOAc/H.O
(1:1). The phases were separated and the aqueous phase was extracted with EtOAc
(3 x50 mL). The combined organic phases were dried with Na.SO, and concentrated under
reduced pressure. Purification by FCC (SiO,, cHex) gave 1.62 g of 1-bromo-meta-terphenyl
(504) (5.24 mmol, 55%; Lit.:?% 64%). As a byproduct 0.83 g of the triphenylated species was
isolated (2.72 mmol, 29%).

M (ClngsBl’) =309.21 g/mol

TLC (SiO,, cHex) Ry = 0.38.

M.p. 110 - 111 °C. Br
504

IH NMR (500 MHz, CDCls) & [ppm] = 7.72 (ws, 3 H, H-2/4/6), 7.65 — 7.59 (m, 4 H, H-8/12),
7.52 — 7.44 (m, 4 H, H-9/11), 7.44 — 7.38 (m, 2 H, H-10).

13C NMR (75 MHz, CDCls) & [ppm] = 143.8 (C-3/5), 139.9 (C-7), 129.1 (C-2/6/9/11), 128.1
(C-10), 127.3 (C-8/12), 125.0 (C-4), 123.4 (C-1).

GC-MS (70 eV) m/z ([%]): 308 (69, [M*]), 230 (100), 152 (14), 77 (8), 51 (8).

FTIR-ATR v [cm™] = 3060 (w), 2989 (w), 1595 (m), 1558 (s), 1497 (m), 1423 (m), 1309 (w),
1078 (w), 1046 (w), 1028 (w), 1001 (w), 870 (s), 767 (s), 750 (vs), 692 (vs), 642 (s), 611 (s),
552 (s).

The analytical data are in agreement with the literature. 2%
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Experimental Part

10.2.1.5.2. Synthesis of 1-bromo-3,5-diethoxybenzene (506)

HO OH EtO OEt
NaH, Etl
—>
DMF,0 °C-rt.
Br 15h Br
505 quant. 506

The synthesis was performed according to a procedure of Yanagi et al.?’ Under an
atmosphere of argon, a 250 mL Schlenk flask was charged with a solution of 1.98 g of NaH
(dispersion in paraffin oil, w = 60%, 1.19 g, 49.6 mmol, 3.0 equiv.) in 50 mL of dry DMF. At
0 °C a solution of 3.12 g of 5-bromoresorcinol (505) (16.5 mmol, 1.0 equiv.) in 14 mL of dry
DMF was added (dropwise) over 5 min and the suspension was stirred for 1 h. Then 4.38 mL
of ethyl iodide (8.50 g, 54.5 mmol, 3.3 equiv.) were added (dropwise) over 5 min. The resulting
reaction mixture was stirred for 15 h before 60 mL of H.O were added. The aqueous phase
was extracted with cHex/EtOAc (1:1, 3 x 70 mL) and the combined organic phase washed with
50 mL of brine and dried with Na,SO.. Concentration under reduced pressure gave a pale
yellow liquid. Purification by FCC (SiO,, cHex/EtOAc 30:1) gave 4.05 g of 506 as a pale yellow

liquid (16.5 mmol, quant.; Lit.:?%! not given).

M (C1oH13BrO>) = 245.12 g/mol. >
TLC (SiO2, cHex/EtOAc 30:1) R¢ = 0.26.

IH NMR (500 MHz, CDCls) & [ppm] = 6.62 (d, 3J = 2.2 Hz, 2 H, H-2/6), 6.35 (t, 3J= 2.2 Hz, 1 H,
H-2), 3.95 (g, 3J = 7.0 Hz, 4 H, H-7/9), 1.37 (t, 3J = 7.0 Hz, 6 H, H-8/10).

13C NMR (126 MHz, CDCls) & [ppm] = 160.4 (C-3/5), 122.7 (C-1), 110.2 (C-2/6), 100.6 (C-4),
63.7 (C-7/9), 14.7 (C-8/10).

GC-MS (70 eV) miz ([%]): 244 (62, [M*]), 216 (27), 188 (100), 172 (12). 158 (9), 137 (31), 109
(17), 91 (8), 69 (24), 51 (5).

FTIR-ATR v [cm™] = 3091 (w), 298 (m), 2931 (m), 2881 (m), 1987 (w), 1574 (s), 1439 (m),
1390 (m), 1327 (m), 1297 (m), 1277 (m), 1244 (w), 1166 (vs), 1113 (m), 1046 (s), 988 (m), 923
(m), 815 (m), 674 (m), 583 (w).

The analytical data are in agreement with the literature.2%%
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Experimental Part

10.2.1.5.3. Synthesis of 1-bromo-3,5-isopropoxybenzene (507)

HO OH iPro oiPr
K,COs, iPrBr
—
DMF, 60 °C

Br 17 h Br
505 80% 507

The synthesis was performed according to a procedure of Procter and coworkers.?% Under
an atmosphere of argon, a 50 mL Schlenk flask was charged with a solution of 871 mg of 5-
bromoresorcinol (505) (4.61 mmol, 1.0 equiv.) in 20 mL of dry DMF. Subsequently, 2.77 g of
K2CO3 (20.0 mmol, 4.4 equiv.) and 1.80 mL of 2-bromopropane (2.36 g, 19.2 mmol, 4.2 equiv.)
were added. The reaction mixture was heated to 60 °C for 17 h before 60 mL of H.O were
added. The aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic
phases were dried with Na,SO. and concentrated under reduced pressure to obtain a brown
crude material. Purification by FCC (SiO;2, cHex/EtOAc 10:1) gave 1.01 g of 507 as a pale
brown oil (3.69 mmol, 80%; Lit.:?*% 85%). . \
1005 o7

M (C12H17BrO,) = 273.17 g/mol. \f ’ Y
TLC (SiO2, cHex/EtOAc 10:1) Rs = 0.66. 507

IH NMR (500 MHz, CDCls) & [ppm] = 6.62 (d, 3 = 2.2 Hz, 2 H, H-2/6), 6.34 (t, 3J = 2.2 Hz, 1 H,
H-4), 4.47 (hept, 3J = 6.1 Hz, 2 H, H-7/10), 1.32 (d, 3J = 6.1 Hz, 12 H, H-8/9/11/12).

13C NMR (75 MHz, CDCls) & [ppm] = 159.7 (C-3/5), 123.0 (C-1), 111.5 (C-2/6), 103.1 (C-4),
70.5 (C-7/10), 22.1 (C-8/9/11/12).

GC-MS (70 eV) miz ([%]): 272 (23, [M*]), 232 (8), 188 (100), 161 (6), 110 (7), 69 (6), 43 (7),

FTIR-ATR v [cm™] = 2977 (m), 2934 (w), 2872 (W), 1740 (w), 1594 (s), 1570 (s), 1438 (m),
1384 (m), 1373 (m), 1351 (w), 1331 (w), 1293 (m), 1244 (w), 1182 (m), 1153 (s), 1136 (M),
1111 (s), 1032 (m), 990 (w), 955 (m), 907 (w), 863 (m), 834 (m), 811 (m), 679 (M), 619 (W),
589 (W), 546 (W).

The analytical data are in agreement with the literature.?7
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Experimental Part

10.2.1.6. Synthesis of TADDOLSs
10.2.1.6.1. Synthesis of 3,5-dimethyl-TADDOL 253

Bolne]

MeO >< O><
MeO THF, r.t. to reflux HO
2 &,
0,
253

According to the general procedure GP1, 3.45 g of Mg turnings (142 mmol, 4.8 equiv.) and
24.1 g of bromoarene 508 (130 mmol, 4.4 equiv.) were reacted with 6.44 g of ester 236
(29.5 mmol, 1.0 equiv.). Repeated recrystallization from MTBE (1 mL/g) and purification of the
concentrated mother liquor by FCC (cHex/EtOAc 10:1) gave 15.2 g of 3,5-dimethyl-TADDOL

253 as a colorless foam (26.3 mmol, 89%; lit.:*? 75%).

M (C39H4604) =578.79 g/mol
TLC (SiO,, cHex/EtOAc 10:1) Ry = 0.45.

M.p. 94 - 98 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.15 (s, 4 H, H-6), 6.94 (s, 6 H, H-6/8), 6.86 (s, 2 H, H-8),
457 (s, 2 H, H-3), 3.75 (s, 2 H, OH), 2.32 (s, 12 H, H-9), 2.24 (s, 12 H, H-9), 1.08 (s, 6 H, H-2).

13C NMR (75 MHz, CDCls) & [ppm] = 146.1 (C-5), 142.9 (C-5), 137.5 (C-7), 136.5 (C-7), 129.3
(C-8), 128.8 (C-8), 126.5 (C-6), 125.5 (C-6),109.4 (C-1), 81.3 (C-3), 78.1 (C-4), 27.1 (C-2),
21.7 (C-9).

FTIR-ATR v [cm™] = 3284 (w), 2984 (w), 2915 (w), 2884 (w), 1603 (w), 1454 (w), 1370 (w),
1237 (m), 1222 (w), 1160 (m), 1063 (s), 1038 (m), 891 (w), 849 (vs), 754 (s), 734 (s), 724 (s),
692 (w), 601 (w), 504 (w).

Specific rotation (¢ = 0.505 g/100 mL, CHCl; [a]}):  [a]322 =-153.9°, [a]?30 =-80.9°,
[@]290 =-49.4 °, [a]299 = - 44.4 °, [a] 339 = - 44.6 °.

The analytical data are in agreement with the literature.?
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Experimental Part

10.2.1.6.2. Synthesis of 3,5-diethyl-TADDOL 254
Et Et

Q avew
, Et /,
MeO K >< . HO™ ><
MeO THF, rt to reflux HO
80°/ O Bt
©eY)

t 254

EtE
According to the general procedure GP1, 537 mg of Mg turnings (22.1 mmol, 4.9 equiv.) and
4.27 g of bromoarene 509 (20.0 mmol, 4.4 equiv.) were reacted with 988 mg of ester 236
(4.52 mmol, 1.0 equiv.). Purification by FCC (cHex/EtOAc 20:1) gave 2.49 g of 3,5-diethyl-
TADDOL 254 as a colorless resin 3.61 mmol, 80%).

M (C47H5204) =691.01 g/mol.

TLC (SiO2, cHex/EtOAc 10:1) R = 0.49.

IH NMR (500 MHz, CDCls) & [ppm] = 7.23 (d, J = 1.6 Hz, 4 H, H-6), 7.04 (d, “J = 1.6 Hz, 4 H,
H-6), 7.00 (t, *J = 1.6 Hz, 2 H, H-8), 6.94 (t, “J = 1.6 Hz, 2 H, H-8), 4.70 (s, 2 H, H-3), 3.83 (s,
2 H, OH), 2.65 (g, 3J = 7.6 Hz, 8 H, H-9), 2.58 (q, 3J = 7.6 Hz, 8 H, H-9), 1.25 (t, 3J = 7.6 Hz,
12 H, H-10), 1.17 (t, 33 = 7.6 Hz, 12 H, H-10), 0.98 (s, 6 H, H-2).

13C NMR (126 MHz, CDCls) & [ppm] = 146.1 (C-5), 143.8 (C-7), 143.0 (C-7), 142.8 (C-5), 126.7
(C-8), 126.3 (C-8), 126.0 (C-6), 124.8 (C-6), 109.4 (C-1), 81.1 (C-3), 78.4 (C-4), 29.2 (C-9),
29.1 (C-9), 27.2 (C-2), 16.1 (C-10), 15.6 (C-10).

HR-ESI-MS m/z calculated [C47H6204+Na*]: 713.4540316; found: 713.45462.

FTIR-ATR v [cm] = 3279 (br), 2963 (s), 2932 (m), 2873 (m), 1980 (w), 1770 (w), 1600 (m),
1457 (s), 1370 (m), 1319 (w), 1239 (m), 1217 (w), 1163 (m), 1064 (s), 1001 (w), 968 (w), 943
(w), 871 (s), 850 (w), 815 (w), 784 (w), 745 (m), 704 (m), 673 (w), 659 (w), 627 (W), 509 (w).

Specific rotation (c = 0.625 g/100 mL, CHCls [a]}):  [a]329 =+68.8°, [a]230=+328"°
@238 =+ 15.4°, [l = +130°, (389 = + 1227

The analytical data are in agreement with the literature. 2!
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Experimental Part

10.2.1.6.3. Synthesis of 3,5-di-tert-butyl-TADDOL 255

i tBu tBu

Bu
/@\ tBu O Q
(0] tBu
Meo) l"" O>< Mg, o 510 tij HO™ " 0><
MGOWH:O THF, rt. to reflux' HO (0]
5h
(2)36 9% fBu O O ™

255

18U tBu
According to the general procedure GP1, 960 mg of Mg turnings (39.5 mmol, 7.3 equiv.) and
9.69 g of bromoarene 510 (36.0 mmol, 6.6 equiv.) were reacted with 1.18 g of ester 236
(5.45 mmol, 1.0 equiv.). Purification by repeated FCC (cHex/EtOAc 15:1 and 50:1) gave 4.92 g
of 3,5-di-tert-butyl-TADDOL 255 as a pale yellow foam (5.37 mmol, 99%).

M (CesHe404) = 915.44 g/mol.

TLC (SiO2, cHex/EtOAc 50:1) Rs = 0.31.

M.p. 158 - 161 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.42 (d, *J = 1.8 Hz, 4 H, H-6), 7.31 (t, ] = 1.8 Hz, 2 H,
H-8), 7.25 (t, “J = 1.8 Hz, 2 H, H-8), 7.18 (d, *J = 1.8 Hz, 4 H, H-6), 4.70 (s, 2 H, H-3), 3.69 (s,
2 H, OH), 1.30 (s, 36 H, H-10), 1.20 (s, 36 H, H-10), 0.93 (s, 6 H, H-2).

13C NMR (126 MHz, CDCls) & [ppm] = 149.8 (C-7), 149.2 (C-7), 145.3 (C-5), 141.9 (C-5), 123.1
(C-6), 122.3 (C-6), 121.0 (C-8), 120.6 (C-8), 108.4 (C-1), 82.0 (C-3), 79.0 (C-4), 35.1 (C-9),
35.0 (C-9), 31.8 (C-10), 31.6 (C-10), 27.0 (C-2).

HR-ESI-MS m/z calculated [Ce3sHosOs+Na*]: 937.7044325; found: 937.70339.

FTIR-ATR v [cm™] = 3284 (br), 2954 (vs), 2904 (m), 2867 (m), 1597 (s), 1477 (s), 1451 (s),
1393 (m), 1379 (w), 1362 (s), 1248 (vs), 1201 (s), 1047 (s), 877 (s), 879 (s), 863 (m), 826 (m),
795 (w), 735 (s), 711 (m), 511 (w).

Specific rotation (¢ = 0.500 g/100 mL, CHCl [a]}): [a]3%9 =-511.3°, [a]33Q =+ 54.0°,

[@]299 = + 27.8°, []299 = + 22.6 °, [a]2%9 = + 19.8 °.

The analytical data are in agreement with the literature.?*?
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Experimental Part

10.2.1.6.4.

O
) |’/, (]

MeO” ><
MeO o

o

Synthesis of 3,5-diphenyl-TADDOL 256

Ph Ph Ph

Br Ph
Mg, 504

O><
THF, r.t. to reflux
67 h

0
Ph

h 256

HO
S,

Ph P

236

According to the general procedure GP1, 247 mg of Mg turnings (10.2 mmol, 4.9 equiv.) and
2.83 g of bromoarene 504 (9.15 mmol, 4.4 equiv.) were reacted with 452 mg of ester 236
(2.08 mmol, 1.0 equiv.). Purification by repeated FCC (cHex/EtOAc 5:1) gave 196 mg of 3,5-
diphenyl-TADDOL 256 as a pale yellow foam (0.18 mmol, 9%).

M (Cr9H6204) = 1075.36 g/mol.

TLC (SiO2, cHex/EtOAc 5:1) Rf = 0.32.

M.p. 125 - 128 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 8.14 (d, J = 1.7 Hz, 4 H, H-6), 7.96 (t, 4J = 1.7 Hz, 2 H,
H-8), 7.93 (d, *J = 1.8 Hz, 4 H, H-6), 7.84 — 7.77 (m, 10 H, H-8, Hpn), 7.66 — 7.62 (m, 8 H, Hen),
7.55 — 7.37 (M, 24 H, Hen), 5.25 (s, 2 H, H-3), 4.90 (brs, 2 H, OH), 1.29 (s, 6 H, H-2).

13C NMR (126 MHz, CDCls) & [ppm] = 146.9 (C-5), 143.8 (C-5), 141.6 (Cen), 141.20 (C-7),
141.17 (C-7), 140.9 (Cpn), 128.9 (Cer), 128.8 (Cpn), 127.5 (Cer), 127.44 (Cpr), 127.36 (Cen),
127.35 (Cpn), 126.5 (C-6), 125.8 (C-8), 125.6 (C-6), 125.5 (C-8), 110.1 (C-1), 81.8 (C-3), 78.7
(C-4), 27.5 (C-2).

FTIR-ATR v [cm™] = 3296 (br), 3059 (w), 3034 (w), 2988 (w), 2924 (m), 2852 (w), 2051 (w),
1980 (w), 1947 (w), 1883 (w), 1739 (w), 1595 (m), 1576 (w), 1498 (w), 1452 (w), 1428 (w),
1413 (w), 1246 (w), 1380 (w), 1371 (w), 1246 (w), 1310 (w), 1241 (w), 1220 (w), 1164 (m),
1076 (s), 1050 (s), 967 (w), 917 (w), 879 (m), 808 (w), 758 (s), 741 (s), 727 (w), 695 (s), 640
(w), 614 (m), 557 (w).

Specific rotation (¢ = 0.550 g/100 mL, CHCls [a]}): [a]329 = - 2245.9 °, [a]330 = + 111.2 °,

[@]290 = +51.7 °, []290 = + 43.9 °, [a]230 = + 41.6 °.

The analytical data are in agreement with the literature.?'®
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Experimental Part

10.2.1.6.5. Synthesis of 3,5-dimethoxy-TADDOL 257
OMe MeO OMe

), Br OMe

MeO” O>< Mg, 511 HO™ O><
MeO (6] THF, r.t. to reflux
5h

HO g
o h OMe
236 7% MeO O

257

MeO OMe

According to the general procedure GP1, 636 mg of Mg turnings (26.2 mmol, 4.8 equiv.) and
5.20 g of bromoarene 511 (24.0 mmol, 4.4 equiv.) were reacted with 1.19 g of ester 236
(5.45 mmol, 1.0 equiv.). Purification by FCC (cHex/EtOAc 15:1) gave 2.96 g of 3,5-dimethoxy-
TADDOL 257 as a pale yellow foam (4.19 mmol, 77%).

M (C39H46012) =706.79 g/mol

TLC (SiO2, cHex/EtOAc 2:1) Rt = 0.40.

M.p. 89 - 92 °C.

IH NMR (300 MHz, CDCls) & [ppm] = 6.75 (d, J = 2.3 Hz, 4 H, H-6), 6.54 (d, “J = 1.8 Hz, 4 H,
H-6)*, 6.38 (t, “J = 1.8 Hz, 2 H, H-8), 6.30 (t, *J = 1.8 Hz, 2 H, H-8), 4.56 (s, 2 H, H-3), 3.84 (s,
2 H, OH), 3.75 (s, 12 H, H-9), 3.69 (s, 12 H, H-9), 1.17 (s, 6 H, H-2).

13C NMR (75 MHz, CDCls) & [ppm] = 160.4 (C-7), 160.0 (C-7), 147.6 (C-5), 145.2 (C-5), 109.3
(C-1), 106.8 (C-6), 106.2 (C-6), 99.5 (C-8), 99.2 (C-8), 81.7 (C-3), 78.2 (C-4), 55.5 (C-9), 55.4
(C-9), 27.5 (C-2).

HR-ESI-MS m/z calculated [C3sH46012+Na*]: 729.2881479; found: 729.28693.

FTIR-ATR v [cm™] = 3324 (w), 2937 (w), 2836 (w), 1591 (s), 1455 (s), 1424 (s), 1371 (w), 1348
(m), 1308 (m), 1242 (w), 1203 (s), 1150 (vs), 1048 (s), 924 (m), 894 (w), 839 (m), 751 (m), 735
(s), 689 (w), 541 (w), 506 (w).

Specific rotation (¢ = 0.500 g/100 mL, CHCl; [a]}):  [a]322 =-5.4°,  [a]?30=-17.2°,
[a]290 =-15.5°, []2%0 = - 14.5 °, [a]230 =- 155 °.

The analytical data are in agreement with the literature.?*4
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Experimental Part

10.2.1.6.6. Synthesis of 3,5-diethoxy-TADDOL 258

OEt EtO OFEt

els
OEt

X - L
MeO THF, rt to reflux (0]
. OEt
S B
258

EtO OEt

According to the general procedure GP1, 437 mg of Mg turnings (18.0 mmol, 4.9 equiv.) and
3.92 g of bromoarene 506 (16.0 mmol, 4.4 equiv.) were reacted with 797 mg of ester 236
(3.65 mmol, 1.0 equiv.). Purification by FCC (cHex/EtOAc 9:1) gave 1.49 g of 3,5-diethoxy-
TADDOL 258 as a colorless foam (1.82 mmol, 50%).

M (Ca7He2012) = 818.42 g/mol. o0 s\ b 2
TLC (SiO2, cHex/EtOAc 4:1) Ry = 0.31.
M.p. 77 - 79 °C. 258

IH NMR (600 MHz, CDCls) & [ppm] = 6.70 (d, “J = 1.6 Hz, 4 H, H-6), 6.51 (d, “J = 1.6 Hz, 4 H,
H-6), 6.37 (t, “J = 1.6 Hz, 2 H, H-8), 6.28 (t, *J = 1.6 Hz, 2 H, H-8), 4.58 (s, 2 H, H-3), 3.91 (q,
3J=6.9 Hz, 8 H, H-9), 3.88 (g, 3J = 7.0 Hz, 8 H, H-9), 3.81 (s, 2 H, OH) 1.36 (t, 3J = 6.9 Hz, 12
H, H-10), 1.34 (t, 3J = 7.0 Hz, 12 H, H-10), 1.13 (s, 6 H, H-2).

13C NMR (151 MHz, CDCls) & [ppm] = 159.5 (C-7), 159.1 (C-7), 147.7 (C-5), 144.9 (C-5), 109.2
(C-1), 107.4 (C-6), 106.4 (C-6), 100.3 (C-8), 100.1 (C-8), 81.4 (C-3), 78.2 (C-4), 63.5 (C-9),
63.4 (C-9), 27.3 (C-2), 14.8 (C-10), 14.7 (C-10).

HR-ESI-MS m/z calculated [C47Hs2012+Na']: 841.4133484; found: 841.41403.

FTIR-ATR v [cm™] = 3312 (br), 2978 (m), 2932 (m), 2880 (m), 1748 (w), 1591 (s), 1440 (m),
1389 (m), 1306 (m), 1209 (m), 1246 (m), 1218 (w), 1165 (vs), 1113 (m), 1045 (vs), 844 (m),
819 (m), 757 (m), 740 (m), 693 (m), 623 (w), 587 (w), 507 (w).

Specific rotation (c = 0.500 g/100 mL, CHCl [a]}):  [a]329 =-42.2°, [a]?30=-14.2°,
[@]290 = - 11.0 °, []2%0 = - 10.2 °, [a]230 = - 10.5 °.

The analytical data are in agreement with the literature.?*"
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Experimental Part

10.2.1.6.7. Synthesis of 3,5-diisopropoxy-TADDOL 259

OiPr PrO ojPr

iPrO O
OiPr
OiPr /
HO™ ™ ><
(0]

MeO\'H: >< THF, rt to requx
. OiPr
236 45/° iPrO O

According to the general procedure GP1, 92 mg of Mg turnings (3.79 mmol, 4.8 equiv.) and

952 mg of bromoarene 507 (3.49 mmol, 4.4 equiv.) were reacted with 172 mg of ester 236
(0.790 mmol, 1.0 equiv.). Purification by FCC (cHex/EtOAc10:1) gave 332 mg of 3,5-
diisopropoxy-TADDOL 259 as a pale yellow resin (0.36 mmol, 45%).

M (C55H78012) =931.22 g/mol

TLC (SiO2, cHex/EtOAc 10:1) R¢ = 0.19.

IH NMR (600 MHz, CDCls) & [ppm] = 6.69 (d, 4J = 2.3 Hz, 4 H, H-6), 6.52 (d, “J = 2.3 Hz, 4 H,
H-6), 6.36 (t, “J = 2.3 Hz, 2 H, H-8), 6.28 (t, J = 1.6 Hz, 2 H, H-8), 4.62 (s, 2 H, H-3), 4.52 —
4.44 (m, 6 H, OH, H-9), 4.38 (hept, , 3 = 7.0 Hz, 4 H, H-9), 1.32 — 1.19 (m, 48 H, H-10).

13C NMR (151 MHz, CDCls) & [ppm] = 158.6 (C-7), 158.1 (C-7), 148.1 (C-5), 145.0 (C-5), 109.6
(C-1), 109.3 (C-6), 107.9 (C-6), 103.5 (C-8), 103.0 (C-8), 81.6 (C-3), 78.3 (C-4), 70.0 (C-9),
69.9 (C-9), 27.3 (C-2), 22.4 (C-10), 22.2 (C-10), 22.1 (C-10), 22.1 (C-10).

HR-ESI-MS m/z calculated [CssH7sO12+Na*]: 953.5385488; found: 953.53774.

FTIR-ATR v [cm™] = 3344 (br), 2976 (m), 2933 (w), 1980 (w), 1748 (w), 1590 (s), 1438 (m),
1383 (w), 1371 (m), 1346 (w), 1332 (m), 1287 (m), 1249 (w), 1217 (w), 1182 (m), 1150 (s),
1134 (s), 1111 (s), 1026 (s), 998 (w), 964 (w), 936 (w), 907 (w), 897 (w), 839 (s), 818 (w), 760
(w), 742 (m), 627 (w), 592 (w).

Specific rotation (c = 0.425 g/100 mL, CHCl; [a]}):  [a]32d =+51.5°, [a]33d =-15.9°,
[@]290 =-13.4°, [a]2%0 =-12.1°, [a]230 =- 125 °.

The analytical data are in agreement with the literature.?*"
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10.2.1.7. Phosphine-Phosphite Ligand assembly
10.2.1.7.1. Synthesis of phosphine-phosphite ligand 143

e

DABCO, PCly “,
OH TADDOL 253 O—P ><
_——
PPh, THF,1(; hC-r.t. PPh2 O
252 \
BH; 75%

According to the general procedure GP2, 1.00 g of phosphine 252 (3.00 mmol, 1.0 equiv.) and
2.70 g of DABCO (24.1 mmol, 8.0 equiv.) were reacted with 0.31 mL of PClz (0.49 g, 3.6 mmol,
1.2 equiv.) and 2.60 g of TADDOL 253 (4.49 mmol, 1.5 equiv.). Purification by FCC (ultra-pure
SiO2, cHex/EtOAc 50:1) gave 2.10 g of ligand 143 as a colorless foam (2.27 mmol, 75%; lit.:[42
42%).

M (C60H6405P2) =927.11 g/mol.
TLC (SiO,, cHex/EtOAc 30:1) Ry = 0.23.

M.p. 111 - 115 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.54 (s, 2 H, H-9), 7.26 (dd, 3J = 7.6 Hz, 4= 1.7 Hz, 1 H,
H-17), 7.24 — 7.09 (m, 10 H, Hp), 7.09 — 7.02 (M, 6 H, H-9), 6.99 (t, 3J = 7.6 Hz, *Jp = 1.1 Hz,
1 H, H-16), 6.86 (s, 1 H, H-11), 6.82 (s, 2 H, H-11), 6.79 (s, 1 H, H-11), 6.71 (ddd, 3J = 7.6 Hz,
3Jp = 3.4 Hz, 4 = 1.7 Hz, 1 H, H-15), 4.99 (dd, 3J = 8.2 Hz, 3Janp = 2.5 Hz, 1 H, H-3), 4.94 (d,
3J =8.2 Hz, 1 H, H-3), 3.92 (hept, 3J = 7.0 Hz, 1 H, H-4), 2.25 (s, 6 H, H-6), 2.23 (s, 6 H, H-6),
2.20 (s, 6 H, H-6), 2.12 (s, 6 H, H-6), 1.30 (s, 3 H, H-1), 1.19 (d, 3J = 7.0 Hz, 3 H, H-5), 1.15
(d, 33 = 7.0 Hz, 3 H, H-5), 0.36 (s, 3 H, H-1).

13C NMR (126 MHz, CDCl3) & [ppm] = 152.85 (dd, Jer = 21.0 Hz, Jp = 1.3 Hz, C-13), 146.16
(C-8), 145.72 (d, Jp = 1.6 Hz, C-8), 141.7 (d, Jp = 2.5 Hz, C-12), 141.4 (d, Jp = 1.6 Hz, C-8),
140.9 (C-8), 137.9 — 137.7 (wm, Cen), 137.2 (C-10), 136.8 (C-10), 136.6 (C-10), 136.2 (C-10),
133.9 (Cpn), 133.7 (Cpn), 133.6 (Cer), 132.3 (d, Jp = 9.0 Hz, C-15), 130.5 (dd, Jp = 13.0 Hz, Jp
= 2.9 Hz, C-14), 129.2 (C-11), 128.3 (wd, C-11), 128.22 (Cpr), 128.2 (Cpr), 128.1 (d, Jp =
4.1 Hz, Cer), 127.6 (C-17), 127.2 (C-9), 126.9 (dd, Jp = 5.0 Hz, Jp = 2.6 Hz, C-9), 125.4 (C-9),
125.2 (C-9), 124.7 (C-16), 123.9 (Cpn), 112.2 (C-2), 84.1 (d, Jp = 2.9 Hz, C-7), 83.1 — 82.2 (ym,
C-3/7), 27.7 (C-1), 27.0 (C-4), 25.9 (C-1), 23.9 (C-5), 23.1 (C-5), 21.8 (d, Jp = 1.8 Hz, C-6),
21.7 — 21.6 (ym, C-6).
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31p NMR (121 MHz, CDCI3) & [ppm] = 149.61 (d, J = 73.3 Hz, P(OR)a), -18.70 (d, J = 73.3 Hz,
PR3).

HR-ESI-MS m/z calculated [CeoHe4OsP2+Na*]: 949.4121192; found: 949.41186.

FTIR-ATR v [cm™] = 2916 (w), 2867 (w), 2361 (w), 1601 (w), 1456 (w), 1434 (w), 1418 (w),
1381 (w), 1337 (w), 1248 (w), 1212 (w) 1161 (m), 1084 (w), 1067 (m), 1043 (s), 941 (w), 886
(m), 853 (s), 803 (s), 761 (s), 741 (s), 691 (S), 603 (W), 501 (mM).

Specific rotation (¢ = 0.510 g/100 mL, CHCl; [a]}): [a]329 =-550.6 °, [a]330 =-307.5°,
[a]290 = - 166.1 °, [a]200 = - 145.2 °, [a]230 = - 140.5 °.

The analytical data are in agreement with the literature.?

10.2.1.7.2. Synthesis of phosphine-phosphite ligand 273

o7, _Q

DABCO, PCl,
OH TADDOL 253 0—R ><
MeO PPh; CHZc'féoh Crt Meo PPh, O
277
BH; 40% 273 O

According to the general procedure GP2, 500 mg of phosphine 277 (1.37 mmol, 1.0 equiv.)
and 1.12 g of DABCO (11.0 mmol, 8.0 equiv.) were reacted with 0.14 mL of PCl; (0.23 g,
1.7 mmol, 1.2 equiv.) and 1.19 g of TADDOL 253 (2.06 mmol, 1.5 equiv.). Purification by FCC
(ultra-pure SiO2, cHex/EtOAc 50:1) gave 530 mg of ligand 273 as a colorless foam
(0.554 mmol, 40%).

M (C51H5606P2) =957.14 g/mol
TLC (SiO2, cHex/EtOAc 30:1) Ry = 0.40.

M.p. 116 - 119 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.55 (d, 2 H, H-9), 7.26 — 7.12 (m, 8 H, Hpr), 7.11 — 7.06
(m, 6 H, H-9), 7.02 (s, 2 H, H-11), 6.86 (s, 1 H, H-17), 6.81 (s, 2 H, Her), 6.79 (d, 4J = 2.7 Hz,
2 H, H-11), 6.20 (@t, 3Jp = 3.2 Hz, “Jp = 3.2 Hz, 1 H, H-15), 5.00 (dd, 3J = 8.2 Hz, , *Jp = 2.5 Hz,
1 H, H-3), 4.93 (d, 3] = 8.2 Hz, 1 H, H-3), 3.90 (hept, 3J = 6.8 Hz, 1 H, H-4), 3.53 (s, 3 H, H-18),
2.25 (s, 3 H, H-6), 2.24 (s, 3 H, H-6), 2.20 (s, 3 H, H-6), 2.14 (s, 3 H, H-6), 1.31 (s, 3 H, H-1),
1.17 (d, 3J = 6.8 Hz, 3 H, H-5), 1.15 (d, 3J = 6.8 Hz, 3 H, H-5), 0.36 (s, 3 H, H-1).
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13C NMR (126 MHz, CDCls) & [ppm] = 156.1 (d, Jp = 1.4 Hz, C-16), 146.5 (d, Jp = 20.8 Hz,
C-13), 146.2 (C-8), 145.8 (d, Jp = 1.5 Hz, C-8), 142.9 (d, Jp = 2.6 Hz, C-12), 141.4 (d, Jp =
1.5 Hz, C-8), 140.9 (C-8), 137.7 — 137.4 (ym, Cpn), 137.1 (C-10), 136.7 (C-10), 136.5 (C-10),
136.2 (C-10), 134.2 — 133.5 (ym, Cer), 131.6 (dd, Jp = 14.6 Hz, Jp = 2.9 Hz, C-14), 129.4 —
128.7 (ym, C-11), 128.4— 128.1 (ym Cey), 127.2 (C-9), 127.0 — 126.9 (ym, C-9), 125.4 (C-11),
125.2 (C-9), 116.3 (C-15), 113.4 (C-17), 112.2 (C-2), 84.0 (d, Jp = 2.8 Hz, C-7), 83.0 — 82.2
(wm, C-3), 55.3 (d, Jp = 2.6 Hz, C-18), 27.7 (C-1), 27.3 (C-4), 25.9 (C-1), 23.9 (C-5), 23.0 (C-
5), 21.9 — 21.4 (ym, C-6).

3P NMR (202 MHz, CDCI3) & [ppm] = 149.64 (d, J = 66.8 Hz, P(OR)s), -17.05 (d, J = 66.8 Hz,
PRs).

HR-ESI-MS m/z calculated [Cs1HesOsP2+Na™]: 979.4226839; found: 979.42389.

FTIR-ATR v [cmY] = 3071 (w), 3053 (w), 2987 (W), 2963 (w), 2916 (W), 2866 (W), 2731 (w),
2246 (W), 1739 (w), 1599 (w), 1452 (m), 1433 (m), 1424 (m), 1381 (w), 1341 (w), 1291 (w),
1245 (w), 1216 (w), 1194 (m), 1162 (m), 1084 (m), 1067 (m), 1039 (s), 940 (m), 906 (s), 887
(m), 852 (s), 801 (m), 760 (M), 732 (s), 691 (S), 649 (W), 603 (W).

Specific rotation (c = 0.560 g/100 mL, CHCls [a]}): [«]329 = - 589.3 °, [a]330 = - 321.5 °,
[@]29d =-171.7 °, [a]299 = - 147.9 °, [a]23d =-141.4 °.
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10.2.1.7.3. Synthesis of phosphine-phosphite ligand 260

Et Et
DABCO, PCl;
OH TADDOL 254 P
Et
PPh, CHzCI1260h C-rt. Pphz O
252 Y O
BH3 48(%)
260 Et Et

According to the general procedure GP2, 500 mg of phosphine 252 (1.50 mmol, 1.0 equiv.)
and 1.36 g of DABCO (12.1 mmol, 8.1 equiv.) were reacted with 0.16 mL of PCls (0.25 g,
1.8 mmol, 1.2 equiv.) and 1.55 g of TADDOL 254 (2.24 mmol, 1.5 equiv.). Purification by FCC
(ultra-pure SiO2, cHex/EtOAc 50:1) gave 755mg of ligand 260 as a colorless foam
(0.727 mmol, 48%).

M (CesHsoOspz) =1039.33 g/mol.
TLC (SiO3, cHex/EtOAc 50:1) Rf = 0.73. 16

M.p. 75 - 79 °C.

IH NMR (600 MHz, CDCls) & [ppm] = 7.54 (d, %3 = 1.6 Hz, 2 H, H-9), 7.35—7.31 (m, 1 H, H-17),
7.26 — 7.13 (m, 8 H, H-9, Hpn), 7.12 — 7.06 (m, 8 H, H-9, Hpn), 7.01 (ddd, 3J = 8.4 Hz, 3J =
7.6 Hz, “Jp = 1.3 Hz, 1 H, H-16), 6.90 (t, “J = 1.6 Hz, 1 H, H-11), 6.88 (t, J = 1.6 Hz, 1 H, H-11),
6.86 (t, *J = 1.7 Hz, 1 H, H-11), 6.84 (t, J = 1.7 Hz, 1 H, H-11), 6.75 (ddd, 3J = 7.6 Hz, 3Jp =
3.3 Hz, 4 = 1.7 Hz, 1 H, H-15), 5.11 (dd, 3J = 8.3 Hz, 3Jp = 2.1 Hz, 1 H, H-3), 5.07 (d, 3J =
8.3 Hz, 1 H, H-3), 3.89 (hept, 3J = 6.8 Hz, 1 H, H-4), 2.63 — 2.48 (m, 12 H, H-6), 2.47 — 2.39
(M, 4 H, H-6), 1.22 (s, 3 H, H-1), 1.20 — 1.09 (m, 24 H, H-5/18), 1.02 (t, 3J = 7.6 Hz, 6 H, H-
18), 0.28 (s, 3 H, H-1).

13C NMR (151 MHz, CDCls) & [ppm] = 153.0 (d, Jp = 20.6 Hz, C-13), 146.1 (C-8), 145.7 (C-8),
143.5 (C-10), 143.1 (C-10), 143.0 (C-10), 142.6 (C-10), 141.8 — 141.5 (ym, C-12), 141.3 (d,
Jp = 1.6 Hz, C-8), 141.0 (C-8), 138.2 — 137.8 (ym, Cpn), 133.9 — 133.4 (ym, Cpp) 133.3 (C-16),
132.7 (d, Jp = 9.0 Hz, C-15), 130.3 (dd, Jp = 13.2 Hz, Jp = 2.2 Hz, C-14), 129.1 (Crr), 128.8
(C-17), 128.2 — 128.0 (ym, Cpn), 127.9 (Cer), 127.6 (Cpn), 126.8 — 126.2 (wm, C-9/11), 124.8
(C-9), 124.5 (C-9), 112.0 (C-2), 84.5 (d, Jp = 2.6 Hz, C-7), 83.3 — 82.4 (m, C-3/7), 29.2 (C-6),
29.1 (C-6), 29.0 (C-6), 29.0 (C-6), 27.7 (C-1), 27.0 (C-4), 25.6 (C-1), 23.9 (C-5), 23.1 (C-5),
16.1 (C-18), 15.9 (C-18), 15.57 (C-18), 15.56 (C-18).
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31p NMR (122 MHz, CDCI3) & [ppm] = 149.73 (d, J = 79.8 Hz, P(OR)a), -19.62 (d, J = 77.2 Hz,
PR3).

HR-ESI-MS m/z calculated [CesHgoOsP2+Na*]: 1061.5373197; found: 1061.54031.

FTIR-ATR v [cm™] = 3054 (w), 2963 (m), 2931 (w), 2871 (w), 1770 (w), 1685 (w), 1600 (w),
1457 (m), 1434 (w), 1418 (w), 1381 (w), 1371 (w), 1335 (w), 1249 (w), 1212 (w), 1161 (m),
1119 (w), 1089 (w), 1065 (m), 1051 (m), 1036 (m), 999 (w), 968 (w), 872 (s), 853 (w), 805 (M),
741 (s), 695 (s), 643 (w), 624 (w), 590 (w), 571 (w), 537 (W).

Specific rotation (c = 0.550 g/100 mL, CHCls [a]}): [a]329 =-374.7°, [a]?30 =-205.8°

[@]23 =-109.3 °, [a]299 = - 94.6 °, []239 = - 90.4 °.

10.2.1.7.4. Synthesis of phosphine-phosphite ligand 262

MeO OMe
OMe
DABCO, PCl;
OH TADDOL 257 P
OMe
PPh, CHQC|2200h C-rt. PPh2 O
252 Y O
BH; 68% MeO
262 MeoOMe

According to the general procedure GP2, 500 mg of phosphine 252 (1.50 mmol, 1.0 equiv.)
and 1.35 g of DABCO (12.0 mmol, 8.0 equiv.) were reacted with 0.16 mL of PCl; (0.25 g,
1.8 mmol, 1.2 equiv.) and 1.59 g of TADDOL 257 (2.25 mmol, 1.5 equiv.). Purification by FCC
(ultra-pure SiO2, cHex/EtOAc 2:1) gave 1.08 g of ligand 262 as a colorless foam (1.02 mmol,
68%).

11 MeO

M (CsoH64013P2) =1055.11 g/mol
TLC (SiO3, cHex/EtOAc 2:1) Rs = 0.57.

M.p. 111 - 116 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.25 (dd, 3J = 7.7 Hz, 43 = 1.7 Hz, 1 H, H-17), 7.23 - 7.09
(M, 6 H, Her), 7.06 (d, 4J = 2.4 Hz, 2 H, H-9), 7.05 — 6.95 (M, 5 H, H-16, Her), 6.76 (ddd, 3J =
7.6 Hz, 3Jp = 3.3 Hz, 4J = 1.7 Hz ,1 H, H-15), 6.74 (d, “J = 2.3 Hz, 2 H, H-9), 6.69 (d, 4J =
2.3 Hz, 2 H, H-9), 6.66 (d, 4] = 2.3 Hz, 2 H, H-9), 6.35 (t, “J = 2.3 Hz, 1 H, H-11), 6.32 (yq, *J
= 2.4 Hz, 2 H, H-11), 6.28 (t, *J = 2.3 Hz, 1 H, H-11), 5.05 (dd, 3J = 8.5 Hz, *Jp = 2.4 Hz, 1 H,
H-3), 4.86 (d, 3J = 8.5 Hz, 1 H, H-3), 3.91 (hept, 3J = 6.9 Hz, 1 H, H-4), 3.72 (s, 3 H, H-6), 3.68
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(s, 3 H, H-6), 3.62 (s, 3 H, H-6), 3.50 (s, 3 H, H-6), 1.40 (s, 3 H, H-1), 1.19 (d, 3] = 6.9 Hz, 3 H,
H-5), 1.16 (d, 3] = 6.9 Hz, 3 H, H-5), 0.39 (s, 3 H, H-1).

13C NMR (126 MHz, CDCls) & [ppm] = 160.3 (C-10), 160.1 (C-10), 160.1 (C-10), 159.8 (C-10),
152.5 (dd, Jp = 21.6 Hz, Jp = 3.0 Hz, C-13), 148.1 (C-8), 147.5 (d, Jp = 2.1 Hz, C-8), 143.2 (d,
Jr = 1.6 Hz, C-8), 142.7 (C-8), 141.6 (d, Jp = 2.5 Hz, C-12), 137.6 (dd, Jp = 13.2 Hz, Jp =
4.6 Hz, Cpr), 137.3 (dd, Jp = 11.6 Hz, Jp = 2.7 Hz, Cpn), 133.8 — 133.32 (wm, Cpp), 133.0 (C-15),
130.2 (dd, Jp = 13.6 Hz, Jp = 2.3 Hz, C-14), 128.3 — 128.0 (ym, Cpn), 127.9 (C-17), 124.8
(C-16), 111.9 (C-2), 108.2 (C-9), 107.2 (C-9), 106.1 (C-9), 105.7 (C-9), 100.2 (C-11), 99.7
(C-11), 99.2 (C-11), 99.0 (C-11), 83.2 — 82.3 (ym, C-3/7), 55.7 — 55.0 (ym, C-6), 27.8 (C-1),
27.1 (C-4), 25.5 (C-1), 23.7 (C-5), 23.4 (C-5).

31p NMR (122 MHz, CDCI3) & [ppm] = 150.21 (d, J = 85.9 Hz, P(OR)a), -20.36 (d, J = 87.4 Hz,
PR3).

HR-ESI-MS m/z calculated [CeoHe4O13P2+Na*]: 1077.3714360; found: 1077.37299.

FTIR-ATR v [cm™] = 2936 (w), 2835 (w), 1592 (s), 1456 (m), 1423 (s), 1382 (w), 1347 (w),
1311 (m), 1278 (w), 1252 (w), 1203 (s), 1151 (s), 1060 (m), 1039 (s), 999 (m), 926 (w), 890
(m), 860 (s), 802 (M), 741 (s), 695 (M), 620 (W), 542 (W), 502 (M), 466 ().

Specific rotation (¢ = 0.510 g/100 mL, CHCls [a]}): [a]329 =-439.1°, [a]?30 =-246.3°,
[@]29) =-134.5°, [a]299 =-117.9°, [a]23d =-114.9°.

10.2.1.7.5. Synthesis of phosphine-phosphite ligand 263

E1O oy
EtO O
, g OEt

DABCO, PCl, 0=, _Q
OH TADDOL 258 0—R ><
_
e} (0]
o OFEt
PPh, CHzCI12,70hCr.t. PPh, O
22 | Q)
BH3 63% EtO

263 EtoOFt
According to the general procedure GP2, 375 mg of phosphine 252 (1.12 mmol, 1.0 equiv.)
and 1.01 g of DABCO (9.00 mmol, 8.0 equiv.) were reacted with 0.12 mL of PCl; (0.19 g,
1.3 mmol, 1.2 equiv.) and 1.38 g of TADDOL 258 (1.69 mmol, 1.5 equiv.). Purification by FCC
(ultra-pure SiO;, cHex/EtOAc 10:1) gave 820 mg of ligand 263 as a colorless foam
(0.703 mmol, 63%).
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M (C58H80013P2) =1167.32 g/mol.

TLC (SiO,, cHex/EtOAc 10:1) R; = 0.20.

M.p. 57 - 60 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.25 (d, 3J = 7.6 Hz, 1 H, H-17), 7.22 — 7.09 (m, 6 H,
Hpr), 7.10 — 6.97 (M, 7 H, H-9/16, Her), 6.78 (dd, J = 7.9 Hz, 3Jp = 3.4 Hz, 1 H, H-15), 6.73 (s,
2 H, H-9), 6.69 (d, 4J = 2.2 Hz, 2 H, H-9), 6.64 (d, 4J = 2.2 Hz, 2 H, H-9), 6.35 (s, 1 H, H-11),
6.31 (s, 2 H, H-11), 6.27 (s, 1 H, H-11), 5.07 (d, 3J = 8.5 Hz, 1 H, H-3), 4.91 (d, 3J = 8.5 Hz,
1 H, H-3), 4.09 — 3.54 (m, 17 H, H-4/6), 1.40 (s, 3 H, H-1), 1.33 (yq, 3Jisnen = 6.5 Hz, 12 H,
H-18) 1.26 — 1.09 (m, 18 H, H-5/18), 0.41 (s, 3 H, H-1).

13C NMR (126 MHz, CDCls) & [ppm] = 159.6 (C-10), 159.3 (C-10), 159.3 (C-10), 159.1 (C-10),
152.6 (d, Jp = 21.2 Hz, C-13), 148.1 (C-8), 147.4 (C-8), 143.0 (C-8), 142.6 (C-8), 141.5 (C-12),
137.8 - 137.2 (ym, Cpr), 133.8 (Cpn), 133.6 (Cpn), 133.4 (Cpn), 133.3 (Cpn), 132.8 (C-15), 130.4
(d, Jp = 14.0 Hz, C-14), 128.3 — 127.9 (ym, Cey), 127.7 (C-17), 124.6 (C-16), 111.8 (C-2),
108.7 (C-9), 107.7 (C-9), 106.5 (C-9), 106.2 (C-9), 101.3 (C-11), 100.5 (C-11), 100.2 (C-11),
99.9 (C-11), 83.3 — 82.4 (ym, C-3/7), 63.5 (C-6), 63.5 (C-6), 63.3 (C-6), 63.3 (C-6), 27.8 (C-
1), 27.0 (C-4), 25.5 (C-1), 23.6 (C-5), 23.3 (C-5), 14.9 (C-18), 14.8 (C-18).

31p NMR (202 MHz, CDCI3) & [ppm] = 150.16 (d, J = 84.6 Hz, P(OR)s), -20.38 (d, J = 84.5 Hz,
PRs).

HR-ESI-MS m/z calculated [CesHgoO13P2+Na*]: 1189.4966365; found: 1189.49666.

FTIR-ATR v [cmY] = 2978 (m), 2931 (w), 2901 (w), 2882 (w), 1592 (s), 1436 (m), 1419 (w),
1390 (m), 1371 (w), 1337 (w), 1310 (w), 1292 (w), 1277 (w), 1252 (w), 1212 (w), 1167 (s),
1114 (m), 1085 (w), 1044 (s), 995 (w), 933 (w), 885 (W), 859 (s), 817 (W), 804 (m), 763 (W),
742 (s), 694 (s), 647 (W), 621 (W), 588 (W), 545 (W).

Specific rotation (c = 0.550 g/100 mL, CHCls [a]}): [a]329 =-337.9°, [a]230 =-190.4°,
[@]290 = - 103.0 °, [a]290 = - 89.2 °, [a]230 = - 85.6 °.
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10.2.1.7.6. Synthesis of phosphine-phosphite ligand 264
iPr!

O oirr
iPrO!
0%, O>< QOiPr

DABCO, PCl,

/
OH TADDOL 259 O—R
—_—
o OiPr
PPh, c:H20|12230h C-rt. PPh, O
252 ¥
BHj; 59% iPro _

According to the general procedure GP2, 63 mg of phosphine 252 (0.18 mmol, 1.0 equiv.) and
165 mg of DABCO (1.46 mmol, 8.1 equiv.) were reacted with 0.12 yL of PCl; (30 mg,
0.22 mmol, 1.2 equiv.) and 256 mg of TADDOL 259 (0.275 mmol, 1.5 equiv.). Purification by
FCC (ultra-pure SiO,, cHex/EtOAc 10:1) gave 137 mg of ligand 264 as a colorless foam
(0.207 mmol, 59%).

M (C75H96013P2) =1279.54 g/mol

TLC (SiO2, cHex/EtOAc 10:1) R = 0.28.

M.p. 68 - 70 °C.

IH NMR (600 MHz, CDCls) & [ppm] = 7.25 (dd, 3J = 7.6 Hz, 3J = 1.6 Hz, 1 H, H-17), 7.21 - 7.07
(M, 6 H, Hen), 7.07 — 6.96 (M, 5 H, H-16, Her), 7.01 (d, 4J = 2.2 Hz, 2 H, H-9), 6.76 (ddd, 3J =
7.5Hz, 3Jp = 3.3 Hz, 4J = 1.6 Hz ,1 H, H-15), 6.67 (d, “J = 2.2 Hz, 2 H, H-9), 6.63 (d, *J =
2.2 Hz, 2 H, H-9), 6.58 (d, 4] = 2.2 Hz, 2 H, H-9), 6.33 (t, “J = 2.2 Hz, 1 H, H-11), 6.28 (yp, 4J
= 2.2 Hz, 2 H, H-11), 6.24 (t, *J = 2.2 Hz, 1 H, H-11), 5.08 (dd, 3J = 8.4 Hz, “Jp = 2.1 Hz, 1 H,
H-3), 4.91 (d, 3] = 8.4 Hz, 1 H, H-3), 4.47 — 4.31 (m, 6 H, H-6), 4.18 (hept, 3J = 6.2 Hz, 2 H,
H-6), 3.84 (hept, 3] = 6.6 Hz, 1 H, H-4), 1.33 (s, 3 H, H-1), 1.25 — 1.10 (m, 54 H, H-5/8), 0.41
(s, 3 H, H-2).

13C NMR (151 MHz, CDCls) & [ppm] = 158.6 (C-10), 158.3 (C-10), 158.2 (C-10), 157.97 (C-10),
152.75 (d, Jp = 4.6 Hz, C-13), 148.1 (C-8), 147.4 (C-8), 143.3 (C-8), 142.8 (C-8), 141.5 (C-12),
137.9 — 137.5 (ym, Cen), 133.9 (Cpr), 133.8 (Cpn), 133.6 (Cen), 133.4 (Cer), 132.8 (C-15),
130.45 (C-14), 130.54 — 127.9 (wm, Cpr), 127.7 (C-17), 124.6 (C-16), 111.8 (C-2), 110.0 (C-9),
109.3 (C-9), 107.8 (C-9), 107.4 (C-9), 104.8 (C-11), 103.29 (C-11), 103.26 (C-11), 102.7
(C-11), 77.0 (C-6), 70.0 (C-6), 69.9 (C-6), 69.7 (C-6), 69.6 (C-6), 27.7 (C-1), 27.1 (C-4), 25.4
(C-1), 23.7 (C-5), 23.3 (C-5), 22.5 — 21.9 (ym, C-18).
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3P NMR (122 MHz, CDCI3) & [ppm] = 149.60 (d, J = 80.0 Hz, P(OR)s), -20.11 (d, J = 80.0 Hz,
PRs).

HR-ESI-MS m/z calculated [C7sHg6013P2+Na*]: 1301.6218370; found: 1301.62248.

FTIR-ATR v [cm™] = 2978 (w), 2932 (w), 2901 (w), 2882 (w), 1592 (s), 1436 (m), 1419 (w),
1390 (w), 1371 (w), 1337 (w), 1310 (w), 1292 (w), 1277 (w), 1252 (w), 1212 (w), 1167 (s), 1114
(m), 1085 (w), 1043 (s), 995 (w), 933 (w), 885 (w), 859 (s), 817 (w), 804 (m), 763 (w), 742 (s),
694 (m), 647 (w), 621 (w), 588 (w), 545 (w).

Specific rotation (c = 0.525 g/100 mL, CHCI; [a]}): [a]329 =-5393.0°, [a]?3) =-151.3°
[a]22s =-81.8°, [a]39s =-71.0°, [a]5gs =-68.1°.

10.2.1.8. Synthesis of an air-stable nickel catalyst precursor

10.2.1.8.1. Synthesis of Ni(cod)(DQ) (247)

\ \ Me
N /NI\ I CH2CI2 reflux
23 h

66%

The synthesis was performed according to a procedure of Engle & Coworkers.[*33! Under an
atmosphere of argon, a 10 mL GC-headspace vial was charged with a solution 500 mg of
Ni(cod). (1.82 mmol, 1.0 equiv.) and 299 mg of duroquinone (246) (1.82 mmol, 1.0 equiv.) in
6 mL of anhydrous CH,Cl,. The reddish-brown reaction mixture was heated at reflux for 22 h
and the suspension filtered over a Celite pad. Subsequently, the resulting solution was
concentrated under reduced pressure to give an oily residue. Then 5 mL of CH,Cl, and 20 mL
of nPe were added. The resulting red precipitate was washed with nPe/CH.Cl, (50:1,
2 x 20 mL) and the solid was dried by Schlenk line vacuum to give 394 mg of 247 as a dark
red powder (1.19 mmol, 66%; Lit.:*3% 79%).

M (C1sH24NiO5) = 331.08 g/mol. .
4
5 1,8
TLC (SiOz, cHex/EtOAc 9:1) Ry = 0.00. %Nio%iz
\ /
M.p. >200 °C decomposition. ©

'H NMR (500 MHz, benzene-ds) & [ppm] = 3.48 — 3.44 (m, 4 H, H-4), 1.96 (s, 12 H, H-3), 1.85
—1.79 (m, 4 H, H-5), 1.59 — 1.48 (m, 4 H, H-5).

13C NMR (126 MHz, benzene-ds) & [ppm] = 155.0 (C-1), 112.5 (C-2), 100.0 (C-4), 29.4 (C-5),
12.7 (C-3).
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FTIR-ATR v [cm™] = 2987 (w), 2913 (w), 2886 (w), 1657 (w), 1587 (w), 1549 (s), 1426 (m),
1375 (w), 1364 (s), 1333 (w), 1307 (w), 1283 (w), 1274 (w), 1227 (w), 1177 (w), 1149 (w), 1118
(w), 1076 (w), 1027 (w), 994 (w), 977 (w), 891 (w), 860 (m), 820 (m), 779 (m), 735 (m), 687
(s), 616 (m), 554 (w).

The analytical data are in agreement with the literature. 3!

10.2.2. Synthesis of homostilbenes (1,3-diarylpropenes)
10.2.2.1. General procedures

10.2.2.1.1. General procedure GP3 for the preparation of homostilbenes by
conventional heating

The synthesis was performed based on a modified procedure of Tsukamoto et al.**%a A 10 mL
GC-headspace vial was charged with a solution of the corresponding allylic alcohol (2.0 mmol,
1.0 equiv.), boronic acid (2.4 mmol, 1.2 equiv.) and Pd(PPhs)s (0.10 mmol, 5 mol%) in 6.6 mL
of anhydrous THF (0.3 M). The reaction mixture was heated at 80 °C for 16-20 h. The orange
brown reaction mixture was filtered over Celite, washed with CH.Cl, or EtOAc, and
concentrated under reduced pressure. The crude material was purified by FCC (SiOg,
cHex/EtOAC). Bigger reaction scales were performed in several 10 mL GC-headspace vials at

the same time and combined for work-up.

10.2.2.1.2. General procedure GP4 for the microwave-assisted preparation of
homostilbenes

The synthesis was performed based on a modified procedure of Tsukamoto et al.**%a A 35 mL
microwave vessel was charged with a solution of the corresponding allylic alcohol (5.0 mmol,
1.0 equiv.), boronic acid (6.0 mmol, 1.2 equiv.) and Pd(PPh3)4 (250 umol, 5 mol%) in 16 mL of
anhydrous THF (0.3 M). The reaction mixture was heated at 90 °C for 1 h with an average of
5-8 W at 2-3 bar (set maxima: 150 W/10 bar). After microwave irradiation the yellow solution
was treated with 30 mL of sat. NH4ClI solution before it was extracted with CH»Cl, (3 x 30 mL).
After drying with Na,SO4, the combined organic phases were concentrated under reduced

pressure. The crude material was purified by FCC (SiO», cHex/EtOAc).
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10.2.2.2. Synthesis of allylic alcohol and boronic acid building blocks
10.2.2.2.1. Synthesis of (Z)-4-cyanocinnamic alcohol (225b)

propargyl alcohol HO [ H, 1 atm
|\©\ Pd(PPh3),Cl,, Cul R Lindlar catalyst Y
> _—
CN EtzN/THF, r.t. 513 CN toluene, r.t. OH CN

512 3h 5.5h 225b

94% 84% ZE 83:17

The synthesis was performed according to a procedure of Xu et al.[?’®! Under an atmosphere
of argon, a 250 mL Schlenk flask was charged with a solution of 70 mg of Pd(PPhs).Cl>
(0.20 mmol, 1 mol%) and 38 mg of Cul (0.20 mmol, 2 mol%) in 20 mL of EtsN. Then a solution
of 2.29 g of 4-iodobenzonitrile (512) (10.0 mmol, 1.0 equiv.) and 0.64 mL of propargyl alcohol
(12 mmol, 1.1 equiv.) in 20 mL of anhydrous THF/EtsN 1:1 was added (dropwise). The reaction
mixture was stirred at r.t. for 20 h and the resulting suspension was filtered over Celite before
it was washed with EtOAc (4 x 15 mL). The combined organic phases were concentrated
under reduced pressure to give a brown crude product. Purification by FCC (SiO», cHex/EtOAc
3:1) gave 1.48 g of alkyne 513 as a yellow solid (9.39 mmol, 94%, lit.:?*¢! not given).

The synthesis was performed according to a procedure of Tambar and coworkers.?*"]
Under an atmosphere of argon, a 100 mL round-bottomed flask was charged with a
suspension of 1.03 g of alkyne 513 (6.52 mmol, 1.0 equiv.) and 358 mg of Lindlar catalyst
(w(Pd) = 5%, 0.17 mmol, 2.6 mol%) in 21 mL of dry toluene. Argon was removed by Schlenk
line vacuum and H, atmosphere (1 atm.) was applied. The reaction mixture was stirred for
5.5 h. The suspension was filtered over Celite and concentrated under reduced pressure to
give a grey crude product. After purification by FCC (SiO, cHex/EtOAc 4:1) 872 mg of (2)-
225b as a pale yellow solid were obtained (5.48 mmol, 84%, E/Z >83:17, lit.:?'"] not given).

M (C10HosNO) = 157.17 g/mol.
TLC (SiO2, cHex/EtOAc 3:1) Ry = 0.14. HONY s
M.p. 93 - 96 °C. 5NN

IH NMR (300 MHz, CDCls) & [ppm] = 7.59 (d, 3J = 8.5 Hz, 2 H, H-2/6), 7.49 (d, 3J = 8.5 Hz,
2 H, H-3/5), 4.53 (d, 3J = 5.4 Hz, 2 H, H-10), 2.35 (t, 3J = 5.4 Hz, 1 H, OH).

13C NMR (75 MHz, CDCls) & [ppm] = 132.2 (C-3/5), 132.1 (C-2/6), 127.2 (C-4), 118.5 (C-7),
111.3 (C-1), 91.6 (C-9), 85.7 (C-8), 52.0 (C-10).

GC-MS (70 eV) m/z ([%]): 156 (29, [M-H*]), 140 (100), 115 (49), 89 (13), 63 (18), 39 (10).

FTIR-ATR v [cm] = 3346 (m), 3087 (w), 3046 (w), 2989 (w), 2916 (w), 2978 (w), 2823 (w),
2680 (W), 2547 (W), 2236 (m), 2051 (w), 1981 (w), 1936 (w), 1807 (w), 1684 (w), 1604 (m),
1503 (m), 1464 (w), 1425 (m), 1397 (m), 1288 (m), 1272 (m), 1255 (m), 1235 (m), 1182 (m),
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1110 (m), 1032 (s), 996 (m), 947 (m), 840 (s), 784 (m), 722 (w), 653 (W), 579 (m), 556 (s), 523
(m).

The analytical data are in agreement with the literature. 21l

M (C1oH-NO) = 159.19 g/mol.

TLC (SiO3, cHex/EtOAc 4:1) R: = 0.08. 9/8 2,
4
- ° 10 5
M.p. 58 - 60 °C. HO™ S n & | N7

IH NMR (300 MHz, CDCls) & [ppm] = 7.63 (d, 3J = 8.3 Hz, 2 H, H-2/6), 7.32 (d, 3J = 8.3 Hz,
2 H, H-3/5), 6.57 (d, 3J = 11.9 Hz, 1 H, H-8), 6.04 (dt, 3J = 11.9 Hz, 3J = 5.5 Hz, 1 H, H-9), 4.40
(d, 3 = 5.5 Hz, 2 H, H-10), 1.82 (s, 1 H, OH).

13C NMR (75 MHz, CDCls) & [ppm] = 142.5 (C-4), 134.4 (C-9), 132.2 (C-2/6), 129.6 (C-8),
129.5 (C-3/5), 118.9 (C-7), 110.9 (C-1), 59.5 (C-10).

GC-MS (70 eV) m/z ([%]): 159 (26, [M*]), 140 (27), 117 (100), 103 (47), 77 (14), 51 (8).

FTIR-ATR v [cm™] = 3838 (w), 3482 (s), 3087 (w), 3058 (w), 3040 (w), 3019 (w), 2962 (m),
2905 (m), 2833 (m), 2667 (w), 2585 (w), 2408 (b), 2354 (w), 2235 (s), 2183 (w), 2052 (w), 2023
(W), 1949 (w), 1928 (w), 1711 (m), 1634 (w), 1603 (s), 1501 (s), 1452 (w), 1416 (m), 1397 (s),
1337 (m), 1297 (m), 1252 (m), 1196 (m), 1182 (m), 1170 (m), 1117 (m), 1099 (m), 1043 (m),
1014 (s), 989 (s), 949 (m), 858 (vs), 826 (m), 807 (m), 763 (M), 729 (s), 692 (m), 651 (m), 617
(m), 558 (vs), 553 (s), 519 (s).

The analytical data are in agreement with the literature.?'"]

10.2.2.2.2. Synthesis of (E)-4-methoxycinnamic alcohol (225c¢)

04\/\©\ NaBH, N
514 ome MO0 Cort /;;\©\0Me
86%

The synthesis was performed according to a procedure of Wang et al.*%! A 100 mL round-
bottomed flask was charged with a solution of 4.87 g of 4-methoxycinnamic aldehyde (514)
(30.0 mmol, 1.0 equiv.) in 100 mL of MeOH. At 0 °C, 1.14 g of NaBH4 (30.0 mmol, 1.0 equiv.)
were added in small portions over 10 min. The decolorized solution was stirred for 10 min at
0 °C and 20 min at r.t. Then 20 mL of sat. NH4Cl solution and 20 mL of H.O were added. The
aqueous phase was extracted with MTBE (3 x 50 mL) and the combined organic phases were

washed with 50 mL of H,O and 50 mL of brine. Subsequently, the organic phase was dried
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with Na,SO4 and concentrated under reduced pressure. Purification of the crude material by
FCC (SiO, cHex/EtOAc 3:1) gave 4.26 g of product 225¢ as a colorless solid (25.9 mmol,
86%, lit.:1*3%1 979).

M (Cloleoz) =164.20 g/mol.

TLC (SiOz, cHex/EtOAc 3:1) Ry = 0.23. o s .
4

HO 9/ 2
M.p. 78 - 80 °C. L

225¢c °
1H NMR (500 MHz, CDCl3) & [ppm] = 7.32 (d, 3J = 8.7 Hz, 2 H, H-3/5), 6.86 (d, J = 8.7 Hz, 2 H,
H-2/6), 6.55 (d, 3] = 16.1 Hz, 1 H, H-8), 6.23 (dtd, 2J = 16.1 Hz, 3] = 5.8 Hz, 3] = 1.2 Hz, 1 H,
H-9), 4.29 (d, 3] = 5.8 Hz, 2 H, H-10), 3.81 (s, 3 H, H-7), 1.78 — 1.43 (m, 1 H, OH).

13C NMR (75 MHz, CDCls) & [ppm] = 159.3 (C-1), 130.8 (C-8), 129.6 (C-4), 127.7 (C-3/5),
126.4 (C-9), 114.1 (C-2/6), 63.8 (C-7), 55.3 (C-10).

GC-MS (70 eV) miz ([%]): 164 (8, [M*]), 148 (78), 133 (18), 121 (100), 105 (17), 91 (17), 77
(20), 65 (4), 51 (4), 39 (3).

FTIR-ATR v [cm] = 3354 (br), 3077 (w), 3034 (w), 3018 (W), 2970 (w), 2914 (w), 2864 (w),
1891 (w), 1772 (w), 1652 (w), 1604 (s), 1575 (w), 1510 (s), 1458 (m), 1443 (m), 1422 (w), 1367
(W), 1326 (w), 1306 (m), 1270 (m), 1242 (s), 1206 (w), 1189 w), 1174 (s), 1153 (w), 931 (),
1086 (s), 1025 (s), 1007 (s), 968 (s), 961 (W), 931 (w), 918 (w), 837 (s), 801 (m), 776 (m), 755
(), 710 (w), 637 (m), 626 (M), 577 (W), 537 (m), 519 (m).

The analytical data are in agreement with the literature. 30!

10.2.2.2.3. Synthesis of trimethoxy-allylic alcohol 225d

(0] ~ OH
' OMe 7 MgBr OMe
—_—
THF, 0 °C-r.t.
515 OMe 2d 225d OMe
OMe 96% OMe

The synthesis was performed according to a procedure of Miles-Barrett et al.?*®! Under an
atmosphere of argon, a 500 mL Schlenk flask was charged with a solution of 3.02 g of
3,4,5-trimethoxybenzaldehyde (515) (15.4 mmol, 1.0 equiv.) in 75 mL of anhydrous THF. At
0°C, 17 mL of vinylmagnesium bromide (1.0mM in THF, 17 mmol, 1.1 equiv.) were added
(dropwise) and the reaction mixture was stirred for 2 d. Subsequently, 50 mL of sat. NH.ClI
solution were added and the mixture was diluted with 200 mL of EtOAc. The organic phase
was washed with 50 mL of H.O before it was dried with Na,SO, and concentrated under
reduced pressure to give 3.11 g of 225d as a yellow orange oil (14.7 mmol, 96%, lit.:[2*]

quant.).
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H" OH
H' 9\ 7 O > O\H
M (C12H1604) = 224.26 g/mol. A
225d 3 10
12

TLC (SiO3, cHex/EtOAc 4:1) Rs = 0.09.

IH NMR (500 MHz, CDCls) & [ppm] = 6.59 (s, 2 H, H-2/6), 6.02 (ddd, 3 = 17.2 Hz, 3J = 10.4 Hz,
3 =6.0 Hz, 1 H, H-8), 5.36 (dt, 3J = 17.5 Hz, 43 = 1.5 Hz, 1 H, H"-9), 5.20 (dt, 3J = 10.4 Hz, 4J
= 1.5 Hz, 1 H, H-9), 5.12 (d, 3J = 6.0 Hz, 1 H, H-7), 3.85 (s, 6 H, H-11/12), 3.82 (s, 3 H, H-10).

13C NMR (75 MHz, CDCls) & [ppm] = 153.3 (C-3/5), 140.0 (C-8), 138.4 (C-1), 137.3 (C-4),
115.2 (C-9), 103.1 (C-2/6), 75.4 (C-7), 60.8 (C-10), 56.1 (C-11/12).

GC-MS (70 eV) miz ([%]): 224 (100, [M*]), 209 (12), 193 (13). 169 (13).

FTIR-ATR v [cm™] = 3676 (w), 3455 (br), 2988 (w), 2971 (br), 2940 (w), 2902 (w), 2839 (w),
2111 (w), 1736 (w), 1640 (w), 1591 (s), 1505 (m), 1456 (m), 1417 (m), 1395 (w), 1375 (W),
1327 (m), 1230 (s), 1183 (w), 1120 (s), 1066 (w), 1046 (w), 1003 (m), 922 (m), 898 (w), 835
(m), 787 (w), 758 (W), 726 (M), 688 (W), 670 (W), 634 (W), 529 (W), 463 (W), 418 (W).

The analytical data are in agreement with the literature.?8l

10.2.2.2.4. Synthesis of phenolic-allylic alcohol 225e

O ~ OH
' OH Z TMgBr X OH
—_—
THF, 0 °C
OMe 10 min 225e OMe

315 93%

The synthesis was performed according to a procedure of Yang and coworkers.*4*l Under an
atmosphere of argon, a 500 mL Schlenk flask was charged with a solution of 1.52 g of 3-
hydroxy-4-methoxy-benzaldehyde (315) (10.0 mmol, 1.0 equiv.) in 150 mL of anhydrous THF.
At 0 °C, 40 mL of vinylmagnesium bromide (1.0M in THF, 40 mmol, 4.0 equiv.) were added
rapidly. The resulting suspension was stirred for 10 min and subsequently, 30 mL of sat. NH.Cl
solution and 100 mL of H,O were added. The aqueous phase was extracted with EtOAc
(3 x 100 mL). The combined organic phases were washed with 50 mL H>O before they were
dried with Na>.SO4 and concentrated under reduced pressure to give an orange crude product.
Purification by FCC (SiO,, cHex/EtOAc 2:1) gave 1.68 g of 225e as a pale yellow solid

(9.33 mmol, 93%, lit.:*41*! quant. without purification).
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M (Cloleog) =180.20 g/mol

H OH
. IS A A OH
TLC (SiO, cHex/EtOAc 2:1) R¢ = 0.20. W7 . 10
2 O/
225e 3

M.p. 97 - 100 °C.

IH NMR (300 MHz, CDCls) & [ppm] = 6.94 (d, 4J = 2.0 Hz, 1 H, H-6), 6.86 (dd, 3J = 8.3 Hz, 4J
= 2.0 Hz, 1 H, H-2), 6.82 (d, 3J = 8.3 Hz, 1 H, H-3), 6.02 (ddd, 3J = 17.5 Hz, 3J = 10.5 Hz, 3] =
5.6 Hz, 1 H, H-8), 5.67 (s, 1 H, OHa), 5.33 (d, 3] = 17.5 Hz, 1 H, H”-9), 5.17 (d, 3J = 10.5 Hz,
1 H, H-9), 5.11 (d, 3J7men = 5.6 Hz, 1 H, H-7), 3.88 (s, 3 H, H-10), 1.97 (brs, 1 H, OH).

13C NMR (75 MHz, CDCls) & [ppm] = 146.9 (C-5), 146.4 (C-4), 140.9 (C-8), 136.8 (C-1), 118.7
(C-2), 115.6 (C-9), 113.5 (C-6), 111.3 (C-3), 75.7 (C-7), 56.8 (C-10).

GC-MS (70 eV) m/z ([%]): 180 (100, [M*]), 162 (60), 147 (60), 125 (46), 109 (12), 93 (49), 77
(22), 55 (39), 39 (10).

FTIR-ATR v [cm] = 3353 (br), 3082 (w), 3008 (W), 2970 (w), 2935 (w), 2839 (W), 2275 (W),
2031 (W), 1869 (W), 1731 (W), 1639 (w), 1618 (w), 1590 (w), 1509 (s), 1437 (s), 1348 (m), 1257
(s), 1242 (s), 1216 (s), 1174 (W), 1153 (W), 1122 (s), 1040 (s), 1020 (s), 995 (m), 970 (w), 866
(m), 904 (m), 866 (M), 820 (W), 761 (s), 734 (W), 690 (W), 633 (W), 587 (W).

The analytical data are in agreement with the literature. 241!

10.2.2.2.5. Synthesis of cyano-allylic alcohol 225f

o OH
I /\MgBr ™
—»
THF, 0 °C
CN 50 min 225f CN

80%
The synthesis was performed according to a procedure of Killoran et al.?*® Under an
atmosphere of argon, a 500 mL Schlenk flask was charged with a solution of 1.97 g of 4-cyano-
benzaldehyde (516) (15.0 mmol, 1.0 equiv.) in 75 mL of anhydrous THF. At 0 °C, 20 mL of
vinylmagnesium bromide (1.0m in THF, 20 mmol, 1.3 equiv.) were added rapidly. The resulting
dark red suspension was stirred for 50 min and then 80 mL of sat. NH4Cl solution were added.
Subsequently, 80 mL of EtOAc were added, the organic phase separated and washed with
150 mL of brine. Drying with MgSO4 and concentration under reduced pressure yielded a
brown crude product. Purification by FCC (SiO2, cHex/EtOAc 4:1) gave 1.58 g of 225f as a

pale yellow solid (12.1 mmol, 80%, lit.:?1% 93%)). HYOOH
H' 9\ 7 v 5
M (C10HoNO) = 159.19 g/mol. s L s o0
225t 5 OV

TLC (SiO3, cHex/EtOAc 4:1) Rs = 0.21.
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IH NMR (300 MHz, CDCls) & [ppm] = 7.63 (d, 3J = 8.3 Hz, 2 H, H-3/5), 7.49 (d, 3J = 8.3 Hz,
2 H, H-2,6), 5.97 (ddd, 3J = 16.9 Hz, 3 = 10.4 Hz, 3J = 6.3 Hz, 1 H, H-8), 5.41 — 5.31 (m, 2 H,
H-7, H"-9), 5.26 — 5.21 (m, 1 H, H'-9).

13C NMR (75 MHz, CDCls) & [ppm] = 147.8 (C-1), 139.4 (C-8), 132.4 (C-3/5), 127.0 (C-2/6),
118.9 (C-10), 116.7 (C-9), 111.3 (C-4), 74.8 (C-7).

GC-MS (70 eV) m/z ([%]): 158 (100, [M-H"]), 130 (88), 104 (59), 77 (32), 55 (20).

FTIR-ATR v [cm™] = 3676 (w), 3419 (br), 3084 (w), 2988 (m), 2901 (m), 2229 (s), 2124 (w),
1930 (w), 1688 (w), 1640 (w), 1608 (m), 1568 (w), 1503 (w), 1408 (s), 1321 (w), 1242 (w),
1197 (w), 1173 (w), 1104 (w), 1065 (w), 1045 (w), 1018 (w), 989 (m), 927 (s), 852 (s), 818 (s),
759 (w), 706 (w), 642 (w), 558 (s), 506 (w), 419 (w).

The analytical data are in agreement with the literature.?'%

10.2.2.2.6. Synthesis of 4-cyanophenylboronic acid (244b)

1. iPrMgCI-LiCl

Br\©\ 2. B(OMe); (HO)zB\©\
—_—_—
THF, 0 °C-r.t.
CN 135 min CN
517 244b

64%

The synthesis was performed according to a procedure of Colobert and coworkers.?2°! Under
an atmosphere of argon, a 250 mL Schlenk flask was charged with a solution of 7.29 g of
4-cyanobromobenzene (517) (40.0 mmol, 1.0 equiv.) in 40 mL of anhydrous THF. At O °C,
38 mL of iPrMgCI-LiCl (1.3m in THF, 49 mmol, 1.2 equiv.) were added (dropwise) and the
brown solution was stirred for 2 h. At 0 °C, 9 mL of trimethyl borate were added rapidly and
the suspension was stirred for 15 min at r.t. before 35 mL of 1M HCI were added (pH ~2). The
agueous phase was extracted with EtOAc (3 x 50 mL), the combined organic phases were
dried with Na,SO, and concentrated under reduced pressure. The crude solid was
recrystallized from 110 mL of hot H,O before it was dried for 2 d on air (to prevent anhydride
formation) and by Schlenk line vacuum to give 3.76 g of the desired 244b as a beige solid
(25.6 mmol, 64%, lit.:2201 7295).

M (C7HsBNO?) = 146.94 g/mol.

TLC (SiO., cHex/EtOAc 9:1) Ry = 0.05. (HO)B_~_>

4
7

M.p. >300 °C decomposition. ° YN
244b
IH NMR (300 MHz, DMSO-ds) & [ppm] = 8.40 (brs, 2 H, BOH), 7.94 (d, 3J = 8.1 Hz, 2 H, H-3/5),

7.77 (d, 33 = 8.1 Hz, 2 H, H-2/6).
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13C NMR (75 MHz, DMSO-ds) & [ppm] = 134.7 (C-3/5), 131.0 (C-2/6), 119.1 (C-7), 112.5 (C-1).
1B NMR (160 MHz, DMSO-ds) & [ppm] = 28.5.

FTIR-ATR v [cm™] = 3508 (br), 3332 (br), 3070 (w), 3056 (w), 3028 (w), 2989 (w), 2324 (w),
2229 (s), 2177 (w), 1939 (w), 1800 (w), 1684 (w), 1610 (w), 1587 (w), 1557 (w), 1506 (w), 1484
(w), 1444 (w), 1416 (w), 1397 (w), 1371 (w), 1341 (s), 1316 (w), 1275 (m), 1209 (w), 1189 (w),
1156 (s), 1114 (w), 1061 (s), 1004 (s), 834 (s), 820 (w), 772 (m), 735 (m), 658 (w), 645 (w),
629 (w), 679 (s), 545 (w), 513 (w).

The analytical data are in agreement with the literature.??°

10.2.2.2.7. Synthesis of 3,4,5-trimethoxyphenylboronic acid (244d)

1. nBuLi
MeO Br 2. B(OMe); MeO. B(OH),
_—
MeO THF, —Z?:C—r.t. MeO
518 OMe 244d OMe

81%

The synthesis was performed according to a procedure of Rosen et al.’?l Under an
atmosphere of argon, a 500 mL Schlenk flask was charged with a solution of 5.00 g of
3,4,5-trimethoxybromobenzene (518) (20.2 mmol, 1.0 equiv.) in 170 mL of anhydrous THF
and cooled to -78 °C. Subsequently, 9.7 mL of nBuLi (2.3 M, in nHex, 23 mmol, 1.1 equiv.)
were added (dropwise) over 10 min and the reaction mixture was stirred for 30 min. Then
7.0 mL of trimethyl borate (6.5 g, 63 mmol, 3.1 equiv.) were added over 5 min and the clear
solution was warmed up to r.t. and stirred for 3.5 h. At -20 °C, 10 mL of HCI (w = 10%) were
added (pH ~2-3) and diluted with 100 mL of EtOAc and 100 mL of H,O. The phases were
separated and the aqueous phase extracted with EtOAc (2 x 100 mL). The combined organic
phases were washed with 50 mL of brine before they were dried with Na.SO, and concentrated
under reduced pressure until a white precipitate formed. Precipitation was completed by the
addition of 250 mL of cHex. The white solid was filtered off before it was dried for 2 h on air (to
prevent anhydride formation) and by Schlenk line vacuum to obtain 3.454 g of product 244d
as a white powder (16.3 mmol, 81%; lit.:?? 95%).

M (CnggBO5) =212.01 g/mol
0.6_2_ _B(OH),

9~
TLC (SiO2, cHex/EtOAC 2:1) Ry = 0.00. A,
2
244d
M.p. >200 °C decomposition. O~e

IH NMR (300 MHz, CDCls) & [ppm] = 7.99 (brs, 1 H, BOH), 7.11 (s, 2 H, H-3/5), 3.77 (s, 6 H,
H-8/9), 3.67 (s, 3 H, H-7).
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13C NMR (75 MHz, CDCls) & [ppm] = 152.3 (C-2/6), 139.4 (C-1), 111.2 (C-3/5), 60.0 (C-7), 55.8
(C-8/9).

1B NMR (160 MHz, DMSO-de) & [ppm] = 19.9.

FTIR-ATR v [cm™] = 3442 (br), 3358 (br), 3010 (w), 2038 (w), 2839 (w), 2114 (w), 1583 (m),
1511 (w), 1457 (m), 1448 (m), 1410 (s), 1342 (s), 1292 (m), 1247 (m), 1231 (m), 1184 (m),
1129 (s), 1083 (s), 1040 (w), 994 (m), 920 (w), 887 (m), 846 (m), 792 (w), 775 (m), 741 (w),
712 (w), 694 (s), 611 (s), 559 (W), 336 (W), 507 (W).

The analytical data are in agreement with the literature.??%

10.2.2.3. Synthesis studies towards (Z)-homostilbene
10.2.2.3.1. Synthesis of (Z)-B-bromostyrene (310)

@) Br O
A Br2 Et3N
OH ———> Y TOH ——» N
AcOH, r.t. Br DMF, r.t. Br
1h 16 h
308 75% rac-309 92% 310

The synthesis was performed according to a procedure of Alexakis and coworkers.™3a A
250 mL round-bottomed flask was charged with a suspension of 14.9 g of (E)-cinnamic acid
(308) (10.1 mmol, 1.0 equiv.) in 50 mL of AcOH and 5.70 mL of Br, (17.6 g, 110 mmol,
1.1 equiv.) were added rapidly. The resulting brown solution decolorized quickly and was
stirred for 1 h at r.t. before 50 mL of 1M Na»S.03; were added. The white precipitate was filtered
off, then washed with H2O (3 x 20mL) and CHzClI (3 x 30 mL) before it was dried with Na>SO4
and concentrated under reduced pressure to give 23.0 g of 309 as a colorless powder
(74.6 mmol, 75%, Lit.:*381 90% with 12% s.m. impurity).

A 250 mL round-bottomed flask equipped with a CaCl. drying tube was charged with a
suspension of 12.4 g of dibromo acid 309 (40.1 mmol, 1.0 equiv.) in 50 mL of DMF. At O °C,
11.6 mL of EtsN (8.42 g, 83.2 mmol, 2.1 equiv.) were added (dropwise) over 5 min. The
suspension cleared and the resulting solution was stirred for 16 h at r.t. Then 50 mL of H.O
were added and the aqueous phase was extracted with nPe (2 x 80 mL). The combined
organic phases were washed with 50 mL of H,O before they were dried with Na,SO4 and
concentrated under reduced pressure to obtain 6.76 g of 310 as a pale brown oil (36.9 mmol,
92%, Lit:1*%%l 7506). . Br8 o

5
17

M (CyHsgBr.0,) = 307.97 g/mol. 4 , Br
3 rac-309

9 "OH

M.p. >204 °C decomposition.
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IH NMR (500 MHz, DMSO-dg) & [ppm] = 7.65 — 7.58 (m, 2 H, H-2/6), 7.41 — 7.30 (m, 3 H,
H-3/4/5, 5.53 (d, 3] = 11.8 Hz, 1 H, H-7), 5.30 (d, 3J = 11.8 Hz, 1 H, H-8).

13C NMR (75 MHz, DMSO-de) & [ppm] = 169.1 (C-9), 138.2 (C-1), 129.1 (C-4), 128.7 (C-3/5),
128.4 (C-2/6), 51.9 (C-7), 47.3 (C-8).

FTIR-ATR v [cm™] = 3008 (w), 2857 (br), 1711 (s), 1496 (w), 1455 (w), 1429 (m), 1318 (w),
1297 (w), 1277 (s), 1219 (m), 1199 (w), 1164 (w), 1146 (m), 1108 (w), 1088 (w), 1061 (w),
1031 (w), 1001 (w), 910 (s), 838 (w), 780 (w), 767 (m), 690 (s), 657 (m), 622 (w), 597 (s), 558
(s), 525 (s), 474 (w).

The analytical data are in agreement with the literature.[*38a

M (CgH-Br) = 183.05 g/mol. 6 7
5 f A 8
TLC (SiO2, cHex) Ry = 0.55. G
310

IH NMR (500 MHz, CDCls) & [ppm] = 7.73 — 7.61 (m, 2 H, H-2/6), 7.39 — 7.35 (m, 2 H, H-3/5),
7.33-7.29 (m, 1 H, H-4), 7.05 (d, 3] = 8.2 Hz, 1 H, H-7), 6.42 (d, 3J = 8.2 Hz, 1 H, H-8).

13C NMR (75 MHz, CDCls) & [ppm] = 135.0 (C-1), 132.5 (C-7), 129.1 (C-2/6), 128.44 (C-4),
128.35 (C-3/5), 106.5 (C-8).

GC-MS (70 eV) m/z ([%]): 182 (83, [M*]), 103 (100), 77 (74), (41).

FTIR-ATR v [cmY] = 3078 (w), 3054 (w), 3025 (w), 3000 (w), 2917 (w), 1950 (w), 1879 (w),
1804 (w), 1752 (w), 1679 (w), 1614 (w), 1575 (w), 1537 (w), 1480 (m), 1445 (m), 1385 (w),
1323 (s), 1316 (s), 1298 (w), 1212 (w), 1183 (w), 1169 (w), 1073 (w), 1029 (w), 1001 (w), 967
(W), 924 (w), 913 (W), 827 (m), 766 (s), 691 (s), 679 (s), 623 (), 571 (S), 511 (S), 468 (W).

The analytical data are in agreement with the literature. 38

10.2.2.3.2. Synthesis of (2)-1,3-diphenylpropene ((2)-221a)

ZnBry, nBuLi,BnBr

H, 1 atm
Y /\Ph _
// PA(DPEPhos)Cl, . py, =z Lindlar catalyst Ph/ﬁ\

Ph

291 THF, -78 °C-r.t. 292 toluene, r.t.
45h 6.5h 221 Ph
64% 70% e

ZJE >99:1
The synthesis was performed according to a procedure of Negishi and coworkers.*3% Under
an atmosphere of argon, a 100 mL Schlenk flask was charged with a solution of 1.3 mL of

phenylacetylene (291) (1.2 g, 12 mmol, 1.2 equiv.) in 30 mL of anhydrous THF. This solution
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was cooled to -78 °C and treated (dropwise) with 5.2 mL of nBuLi (2.3M in nHex, 12 mmol,
1.2 equiv.) over 5 min. The orange solution was stirred for 30 min before a solution of 2.70 g
of ZnBr, (12.0 mmol, 1.2 equiv.) in 10 mL of anhydrous THF was added. The reaction was
warmed up to r.t. over 30 min. Subsequently, 1.2 mL of BnBr (1.7 g, 10 mmol, 1.0 equiv.) and
68 mg of Pd(DPEPhos)Cl; (95 umol, 1 mol%) were added. The resulting yellow solution was
stirred for 4.5 h before 30 mL of 1M HCI were added. The aqueous phase was extracted with
MTBE (3 x 50 mL) and the combined organic phases washed with 50 mL of sat. NaHCO3
solution. Drying with MgSO4 and concentration under reduced pressure gave a yellow crude
material. Purification by FCC (SiO;, cHex) gave 1.48 g of 292 as a pale yellow liquid
(7.70 mmol, 64%; lit.:3% 91%)).

Under an atmosphere of argon, a 50 mL Schlenk flask was charged with a suspension
of 600 mg of 292 (3.12 mmol, 1.0 equiv.) and 332 mg of Lindlar catalyst (w(Pd)= 5%,
0.156 mmol, 5.0 mol%) in 12 mL of dry toluene. Argon was removed by Schlenk line vacuum
and H, atmosphere (1 atm.) was applied. The reaction mixture was stirred for 6.5 h. The
suspension was filtered over Celite and concentrated under reduced pressure to give a yellow
crude material. After purification by FCC (SiO., cHex) 405 mg of (Z2)-221a as a colorless liquid
were obtained (2.20 mmol, 70%, E/Z >99:1).

2 10 14
9
M (C1sH12) = 192.26 g/mol. NP 1113
O
TLC (SiO2, cHex) Ry = 0.29. :

IH NMR (300 MHz, CDCls) & [ppm] = 7.49 — 7.37 (m, 4 H, H-5/9/11/15), 7.36 — 7.16 (m, 6 H,
H-6/7/8/12/13/14), 3.81 (s, 2 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 136.9 (C-4), 131.8 (C-11/15), 128.7 (C-6/8), 128.4
(C-12/14), 128.1 (C-5/9), 127.9 (C-13), 126.8 (C-7), 123.8 (C-10), 87.7 (C-2), 82.8 (C-1), 25.9
(C-3).

GC-MS (70 eV) m/z ([%]): 192 (100, [M*]), 165 (28), 139 (4), 115 (24), 94 (8), 77 (3), 63 (7).

FTIR-ATR v [cm™] = 3062 (w), 3029 (w), 2989 (w), 2901 (w), 2235 (w), 2200 (w), 1949 (w),
1880 (w), 1805 (w), 1598 (m), 1490 (s), 1453 (m), 1442 (m), 1417 (w), 1394 (w), 1337 (w),
1318 (w), 1289 (w), 1250 (w), 1204 (w), 1177 (w), 1157 (w), 1070 (m), 1028 (m), 939 (w), 914
(w), 754 (s), 732 (m), 711 (m), 689 (s), 621 (w), 603 (M), 527 (M), 512 (w), 486 (W), 454 (w).

The analytical data are in agreement with the literature.!**%
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M (C15H14) =194.28 g/mol

TLC (SiO3, cHex) Ry = 0.36.

(22212 12

IH NMR (500 MHz, CDCls) & [ppm] = 7.38 — 7.27 (m, 6 H, H-5/6/8/9/11/15), 7.26 — 7.16 (m,
4 H, H-7/12/13/14), 6.59 (dt, 3J = 11.5 Hz, 4J = 1.8 Hz, 1 H, H-1), 5.86 (dt, 3J = 11.5 Hz, 3J =
7.5 Hz, 1 H, H-2), 3.68 (dd, 3J = 7.5 Hz, 4J = 1.8 Hz, 2 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 140.9 (C-10), 137.4 (C-4), 130.8 (C-2), 130.1 (C-1), 128.8
(C-5/9), 128.7 (C-11/15), 128.5 (C-6/8), 128.4 (C-12/14), 127.0 (C-13), 126.2 (C-7), 34.8 (C-3).

GC-MS (70 eV) m/z ([%]): 194 (100, [M*]), 179 (61), 165 (18), 115 (83), 103 (19), 91 (35), 65
(16).

FTIR-ATR v [cmY] = 3082 (w), 3060 (W), 3024 (w), 2989 (w), 2901 (w), 1946 (w), 1880 (w),
1805 (w), 1741 (w), 1601 (w), 1494 (s), 1452 (m), 1447 (m), 1404 (w), 1330 (w), 1250 (w),
1179 (w), 1156 (w), 1075 (m), 1057 (w), 1029 (m), 966 (w), 916 (w), 888 (w), 823 (w), 808 (w),
795 (W), 766 (s), 735 (S), 695 (W), 619 (W), 594 (W), 497 (s), 470 (M), 404 (W).

The analytical data are in agreement with the literature.???

10.2.2.4. Homostilbenes by direct coupling of allylic alcohols with boronic acids
10.2.2.4.1. Synthesis of (E)-homostilbene (221a)
PRB(OH), + HO™ > Fpp GP3 W A"pn
244a 225a (E)-221a
According to the general procedure GP3, 813 mg of cinnamic alcohol (225a) (6.06 mmol,
1.0 equiv.) were reacted with 887 mg of phenylboronic acid (244a) (7.27 mmol, 1.2 equiv.) and
337 mg of Pd(PPhs)s (0.292 mmol, 4.8 mol%). Purification by FCC (cHex) gave 870 mg of

221a as a colorless liquid (4.48 mmol, 74%; lit.:*3%3 66%).

M (CisH14) = 194.28 g/mol. 8 SO
TLC (SiO2, cHex) R = 0.15. - ?E)-221a11 s

IH NMR (500 MHz, CDCls) & [ppm] = 7.34 (d, 3J = 7.8 Hz, 2 H, H-5/9), 7.31 - 7.24 (m, 4 H,
H-6/8/12/14), 7.24 — 7.21 (m, 2 H, H-11/15), 7.20 — 7.15 (m, 2 H, H-7/13), 6.44 (d, 3J = 15.9 Hz,
1 H, H-1), 6.35 (dt, 3J = 15.9 Hz, 3J = 6.8 Hz, 1 H, H-2), 3.53 (d, 3] = 6.8 Hz, 1 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 140.3 (C-10), 137.6 (C-4), 131.2 (C-1), 129.4 (C-2), 128.8
(C-11/15), 128.6 (C-6/8/12/14), 127.2 (C-7), 126.31 (C-13), 126.26 (C-5/9), 39.5 (C-3).
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GC-MS (70 eV) miz ([%]): 194 (98, [M*]), 179 (54), 165 (20), 115 (100), 91 (61), 77 (26), 65
(27), 51 (28).

FTIR-ATR v [cm™] = 3083 (w), 3061 (w), 3026 (w), 3001 (w), 2989 (w), 2955 (w), 2901 (w),
2241 (w), 1948 (w), 1875 (w), 1806 (w), 1751 (w), 1653 (w), 1601 (w), 1495 (m), 1453 (m),
1430 (w), 1394 (w), 1307 (w), 1250 (w), 1210 (w), 1179 (w), 1156 (w), 1076 (w), 1057 (w),
1029 (w), 1003 (w), 964 (s), 935 (w), 909 (w), 857 (w), 843 (w), 790 (w), 738 (s), 692 (s), 620
(w), 612 (w), 598 (w), 584 (w), 571 (w), 555 (w).

The analytical data are in agreement with the literature.[*3%a

10.2.2.4.2. Synthesis of homostilbene 221b
P "oy 4+ (HORB SR, Ph/\/\©\
225a 244b on o T 221b CN

According to the general procedure GP3, 524 mg of cinnamic alcohol (225a) (3.91 mmol,
1.0 equiv.) were reacted with 887 mg of phenylboronic acid 244b (4.57 mmol, 1.2 equiv.) and
227 mg of Pd(PPhs)s4 (0.196 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 15:1) gave
488 mg of 221b as a pale yellow solid (2.23 mmol, 57%).

M (ClengN) =219.29 g/mol

9 1 3 15

TLC (SiO2, cHex/EtOAc 15:1) Ry = 0.25. BN Y N Y

M.p. 46 - 48 °C. 6 12 4

IH NMR (500 MHz, CDCls) & [ppm] = 7.60 (d, 3J = 8.3 Hz, 2 H, H-12/14), 7.38 — 7.34 (m, 4 H,
H-5/9/11/15), 7.34 — 7.29 (m, 2 H, H-6/8), 7.25 — 7.20 (m, 1 H, H-7), 6.48 (d, 3J = 15.7 Hz, 1 H,
H-1), 6.30 (dt, 3] = 15.7 Hz,3J = 6.9 Hz, 1 H, H-2), 3.61 (d, 3J = 6.9 Hz, 2 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 145.9 (C-4), 137.0 (C-10), 132.5 (C-1), 132.4 (C-12/14),
129.6 (C-11/15), 128.7 (C-6/8), 127.6 (C-7), 127.3 (C-2), 126.3 (C-5/9), 119.1 (C-16), 110.2
(C-13), 39.4 (C-3).

GC-MS (70 eV) miz ([%]): 219 (100, [M*]), 204 (69), 190 (20), 165 (11), 140 (43), 115 (69), 91
(54), 77 (36), 51 (23).

FTIR-ATR v [cm] = 3061 (w), 3059 (w), 3027 (w), 2844 (w), 2227 (m), 1606 (w), 1495 (m),
1448 (w), 1111 (m), 965 (s), 829 (M), 748 (s), 692 (s), 561 (S).

The analytical data are in agreement with the literature. 3

153



Experimental Part

10.2.2.4.3. Synthesis of homostilbene 221c
PhB(OH), + (\©\ a25b T3 ph/\/\©\
244a OH oN e 221c oN
According to the general procedure GP3, 1.12 g of cinnamic alcohol 225b (6.73 mmol,
1.0 equiv.) were reacted with 1.36 g of phenylboronic acid (244a) (8.74 mmol, 1.3 equiv.) and
410 mg of Pd(PPhs)s (0.355 mmol, 5.3 mol%). Purification by FCC (cHex/EtOAc 15:1) gave
1.07 g of 221c as a colorless solid (4.88 mmol, 73%; E/Z 96:4).

M (C15H13N) =219.29 g/mol

15

TLC (SiO2, cHex/EtOAc 15:1) R = 0.36. 5 A 14

4 2 10
7 5 221c 1
M.p. 53 - 56 °C. 6 12

13
CN
16

IH NMR (500 MHz, CDCls) & [ppm] = 7.54 (d, 3J = 8.4 Hz, 2 H, H-12/14), 7.40 (d, 3J = 8.4 Hz,

2 H, H-11/15), 7.32 (dd, 3J = 6.7 Hz, 2 H, H-6/8), 7.23 (m, 3 H, H-5/7/9), 6.57 (dt, 3J = 15.8 Hz,

3 =6.5Hz, 1 H, H-2), 6.44 (d, 3] = 15.8 Hz, 1 H, H-1), 3.57 (d, 3J = 6.5 Hz, 2 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 142.0 (C-10), 139.3 (C-4), 133.7 (C-2), 132.4 (C-12/14),
129.6 (C-1), 128.8 (C-5/9), 128.74 (C-6/8), 126.7 (C-11/15), 126.6 (C-7), 119.1 (C-16), 110.4
(C-13), 39.5 (C-3).

GC-MS (70 eV) m/z ([%]): 219 (100, [M*]), 204 (34), 190 (9), 140 (18), 115 (19), 91 (16).

FTIR-ATR v [cmY] = 3676 (w), 3398 (w), 3084 (w), 3061 (w), 3027 (w), 3003 (w), 2901 (w),
2224 (m), 2173 (w), 1917 (w), 1806 (w), 1751 (w), 1648 (m), 1603 (m), 1507 (m), 1494 (m),
1453 (m), 1428 (w), 1411 (m), 1342 (w), 1305 (w), 1257 (w), 1197 (w), 1175 (m), 1156(w),
1108 (w), 1076 (w), 1051 (w), 1029 (w), 1018 (w), 1003 (w), 968 (m), 934 (w), 866(m), 840
(m), 819 (m), 781 (m), 750 (M), 697 (s), 648 (W), 615 (W), 586 (M), 546 (S).

The analytical data are in agreement with the literature.[*2°0!

10.2.2.4.4. Synthesis of homostilbene 221d
P "o 4 (HORB LS
225a 244c ome 9% mom
According to the general procedure GP3, 570 mg of cinnamic alcohol 225a (4.25 mmol,
1.0 equiv.) were reacted with 762 mg of phenylboronic acid 244c (5.01 mmol, 1.2 equiv.) and
226 mg of Pd(PPhs)s (0.196 mmol, 4.6 mol%). Purification by FCC (cHex) gave 623 mg of
221d as a yellow oil (2.78 mmol, 69%).
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M (C16H160) = 224.30 g/mol. \ 9 B S .
1
TLC (SiO2, cHex) R¢ = 0.19. INZE 221d INFNo”

IH NMR (500 MHz, CDCls) & [ppm] = 7.37 — 7.31 (m, 2 H, H-5/9), 7.31 — 7.24 (m, 2 H, H-6/8),
7.24—7.11 (m, 3 H, H-7/11/15), 6.93 — 6.79 (M, 2 H, H-12/14), 6.49 — 6.39 (m, 1 H, H-1), 6.39
—6.26 (M, 1 H, H-2), 3.80 — 3.72 (m, 3 H, H-16), 3.51 — 3.43 (m, 2 H, H-3).

13C NMR (75 MHz, CDCl3) & [ppm] = 158.2 (C-13), 137.7 (C-4), 132.3 (C-10), 130.9 (C-1),
129.8 (C-2), 129.7 (C-11/15), 128.6 (C-6/8), 127.2 (C-7), 126.2 (C-5/9), 114.0 (C-12/14), 55.4
(C-16), 38.6 (C-3).

GC-MS (70 eV) m/z ([%]): 224 (89, [M*]), 209 (20), 193 (28), 178 (23), 165 (25), 115 (100),
102 (30), 91 (63), 78 (74), 63 (32), 51 (45).

FTIR-ATR v [cm™] = 3081 (w), 3059 (w), 3026 (w), 3001 (w), 2954 (w), 2933 (w), 2902 (w),
2834 (w), 2058 (w), 1950 (w), 1880 (w), 1651 (w), 1610 (m), 1584 (w), 1510 (s), 1497 (w),
1463 (w), 1449 (w), 1441 (w), 1320 (w), 1300 (m), 1242 (s), 1175 (m), 1107 (w), 1074 (w),
1034 (m), 965 (m), 919 (w), 862 (w), 826 (s), 812 (m), 755 (m), 727 (s), 691 (s), 639 (w), 610
(w), 562 (w), 515 (w).

The analytical data are in agreement with the literature.[*3°a

10.2.2.4.5. Synthesis of homostilbene 221e
PhB(OH), + Ho/\/\@ _SPs Ph/\/\@
244a 225¢c OMe 92% 221e OMe
According to the general procedure GP3, 988 mg of cinnamic alcohol 225c¢ (6.02 mmol,
1.0 equiv.) were reacted with 888 mg of phenylboronic acid (244a) (7.28 mmol, 1.2 equiv.) and
348 mg of Pd(PPhs)4 (0.301 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 10:1) gave
1.24 g of 221e as a pale yellow oil (5.52 mmol, 92%).

M (C16H160) = 224.30 g/mol. 843 P 14
2 10)
13 16
TLC (SiO2, cHex/EtOAc 9:1) R¢ = 0.62. INF® 221e iNFNo”
IH NMR (500 MHz, CDCls) & [ppm] = 7.33 — 7.25 (m, 4 H, H-6/8/11/15), 7.24 — 7.15 (m, 3 H,
H-5/7/9), 6.81 (d, 3J = 8.8 Hz, 2 H, H-12/14), 6.38 (d, 3J = 15.7 Hz, 1 H, H-1), 6.19 (dt, 3] =
15.7 Hz,3J = 6.9 Hz, 1 H, H-2), 3.77 (s, 3 H, H-16), 3.51 (d, 3J = 6.9 Hz, 2 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 159.0 (C-13), 140.6 (C-4), 130.6 (C-1), 130.4 (C-10),
128.8 (C-5/9), 128.6 (C-6/8), 127.4 (C-11/15), 127.2 (C-2), 126.2 (C-7), 114.1 (C-12/14), 55.4
(C-16), 39.5 (C-3).
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GC-MS (70 eV) m/z ([%]): 224 (100, [M*]), 209 (19), 193 (23), 178 (16), 165 (14), 147 (8), 134
(8), 121 (52), 115 (25), 103 (7), 91 (17), 77 (10).

FTIR-ATR v [cm™] = 3061 (w), 3027 (w), 3001 (w), 2956 (w), 2934 (w), 2902 (w), 2834 (w),
2548 (w), 2059 (w), 1948 (w), 1948 (w), 1882 (w), 1808 (w), 1739 (w), 1652 (w), 1606 (m),
1577 (w), 1509 (s), 1494 (w), 1464 (w),1453 (w), 1441 (w), 1419 (w), 1294 (w), 1242 (s), 1174
(m), 1109 (w), 1075 (w), 1032 (m), 965 (m), 932 (m), 861 (w), 832 (m), 780 (m), 739 (m), 713
(w), 697 (s), 639 (w), 609 (W), 579 (w), 568 (W), 547 (w), 519 (m).

The analytical data are in agreement with the literature.[*2°°!

10.2.2.4.6. Synthesis of homostilbene 221f
Ph/\/\OH N (HO),B OMe GP3 Ph SN OMe
225a 244d\@[OMe T mOMe
OMe OMe

According to the general procedure GP3, 538 mg of cinnamic alcohol 225a (4.00 mmol,
1.0 equiv.) were reacted with 1.02 g of phenylboronic acid 244d (4.80 mmol, 1.2 equiv.) and
229 mg of Pd(PPhs)4 (0.19 mmol, 5.0 mol%). Purification by repeated FCC (cHex/EtOAc 9:1
and 15:1) gave 925 mg of a pale yellow oil with 1,2,3-trimethoxybenzene as inseparable
byproduct (w(TMB) = 13%, 805 mg of 221f, 2.83 mmol, 71%).
M (C1sH2003) = 284.36 g/mol. 6 41 N N L0 ir
TLC (SiO;, cHex/EtOAc 9:1) R = 0.27. 6 120\18
'H NMR (600 MHz, CDCls) & [ppm] = 7.42 — 7.36 (m, 2 H, H-5/9), 7.33 — 7.28 (m, 2 H, H-6/8),
7.25-7.20 (m, 1 H, H-7), 6.48 (d, 3J = 15.7 Hz, 1 H, H-1), 6.47 (s, 2 H, H-11/15), 6.35 (dt, 3J
= 15.7 Hz, 3J = 6.9 Hz, 1 H, H-2), 3.86 (s, 6 H, H-17/18), 3.85 (s, 3 H, H-16), 3.50 (dd, 3J =
6.9 Hz, 3 = 1.3 Hz, 2 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 153.4 (C-12/14), 137.5 (C-4), 136.5 (C-13), 136.0
(C-10), 131.3 (C-1), 129.1 (C-2), 128.6 (C-6/8), 127.3 (C-7), 126.3 (C-5/9), 105.6 (C-11/15),
61.0 (C-16), 56.2 (C-17/18), 39.8 (C-3).

GC-MS (70 eV) m/z ([%]): 284 (100, [M*]), 269 (19), 253 (56), 237 (15), 209 (19), 194 (23),
165 (18), 115 (31).

FTIR-ATR v [cm™] = 3058 (w), 2989 (w), 2961 (w), 2937 (w), 2902 (w), 2836 (w), 2100, 1951
(w), 1885 (w), 1677 (w), 1649 (w), 1589 (s), 1506 (m), 1496 (m), 1477 (w), 1455 (m), 1418 (m),
1329 (m), 1297 (w), 1233 (s), 1183 (w), 1148 (w), 1124 (s), 1110 (s), 1067 (w), 1039 (w), 1058
(w), 1007 (s), 967 (m), 940 (w), 914 (w), 866 (w), 827 (w), 803 (w), 777 (w), 739 (m), 694 (m),
670 (w), 646 (w), 620 (w), 576 (w), 527 (w), 495 (w).
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The analytical data are in agreement with the literature.??®

10.2.2.4.7. Synthesis of homostilbene 221g

OH
S OMe GP4 oM
PhB(OH), + T N ©
42%
244a 225d OMe ’ 221g OMe
OMe OMe

According to the general procedure GP4, 1.15 g of allylic alcohol 225d (5.10 mmol, 1.0 equiv.)
were reacted with 733 mg of phenylboronic acid (244a) (4.81 mmol, 1.2 equiv.) and 292 mg of
Pd(PPh3)s (0.253 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 3:1) gave 609 mg of
221g as a pale yellow solid (2.14 mmol, 42%).

M (C13H2003) = 284.36 g/mol

9 3 15

TLC (SiOz, cHex/EtOAc 3:1) Ry = 0.45. 84 2/1104 N
7 5 221g 11 L 6
M.p. 51 - 59 °C. ° 12
P O~

IH NMR (500 MHz, CDCls) & [ppm] = 7.32 (t, 3J = 7.5 Hz, 2 H, H-6/8), 7.27 — 7.21 (m, 3 H,
H-5/7/9), 6.58 (s, 2 H, H-11/15), 6.38 (dt, 3J = 15.8 Hz, “J = 1.4 Hz, 1 H, H-1), 6.27 (dt, 3J =
15.8 Hz, 3J = 6.7 Hz, 1 H, H-2), 3.86 (s, 6 H, H-17/18), 3.83 (s, 3 H, H-16), 3.55 (dd, 3J = 6.7 Hz,
1J = 1.4 Hz, 2 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 153.4 (C-12/14), 140.2 (C-4), 137.6 (C-13), 133.4 (C-10),
131.1 (C-1), 129.0 (C-2), 128.9 (C-5/9), 128.7 (C-6/8), 126.4 (C-7), 103.3 (C-11/15), 61.1
(C-16), 56.2 (C-17/18), 39.4 (C-3).

GC-MS (70 eV) m/z ([%]): 284 (100, [M*]), 253 (46), 115 (23).

FTIR-ATR v [cm™] = 3676 (w), 3430 (w), 3061 (w), 2989 (br), 2971 (w), 2937 (w), 2902 (w),
2837 (w), 2120 (w), 1959 (w), 1735 (w), 1651 (w), 1580 (s), 1506 (m), 1496 (w), 1463 (w),
1452 (m), 1416 (s), 1395 (w), 1346 (w), 1325 (w), 1237 (s), 1184 (w), 1151 (w), 1123 (s), 1076
(w), 1067 (w), 1046 (w), 1028 (w), 1005 (m), 964 (m), 922 (w), 849 (w), 826 (w), 778 (w), 751
(m), 699 (s), 644 (w), 632 (w), 620 (W), 569 (w), 528 (w), 510 (w), 494 (w), 459 (w), 418 (w).

The analytical data are in agreement with the literature. 224
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10.2.2.4.8. Synthesis of homostilbene 221h
OH

PhB(OH), + \)\@[OH _GPa_ Ph/\/\Q:OH

224a 225¢ ome  20% 221h OMe
According to the general procedure GP4, 901 mg of allylic alcohol 225e (5.00 mmol,
1.0 equiv.) were reacted with 731 mg of phenylboronic acid (244a) (6.00 mmol, 1.2 equiv.) and
289 mg of Pd(PPhs)s (0.250 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 5:1) gave

958 mg of 221g as a pale yellow solid (3.99 mmol, 80%).
M (C16H1602) = 240.30 g/mol.

TLC (SiO,, cHex/EtOAc 5:1) Ry = 0.29. © o B on

OF 2k
13 16
M.p. 61 - 63 °C. N ° 221h o”

6 12

IH NMR (600 MHz, CDCls) & [ppm] = 7.32 — 7.26 (m, 2 H, H-6/8), 7.24 — 7.16 (m, 3 H, H-5/7/9),
6.98 (d, “J = 2.1 Hz, 1 H, H-15), 6.80 (dd, 3J = 8.3 Hz, J = 2.1 Hz, 1 H, H-11), 6.74 (d, 3J =
8.3 Hz, 1 H, H-12), 6.34 (dt, 3J = 15.7 Hz, 4J = 1.5 Hz, 1 H, H-1), 6.19 (dt, 3J = 15.7 Hz, 3J =
6.9 Hz, 1 H, H-2), 5.59 (s, 1 h, OH), 3.82 (s, 3 H, H-16), 3.50 (d, 3J = 6.9 Hz, 2 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 146.0 (C-13), 145.7 (C-14), 140.5 (C-4), 131.4 (C-10),
130.6 (C-1), 128.7 (C-5/9), 128.6 (C-6/8), 127.7(C-2), 126.2 (C-7), 118.6 (C-11), 111.9 (C-15),
110.7 (C-12), 56.1 (C-16), 39.4 (C-3).

GC-MS (70 eV) m/z ([%]): 240 (100, [M*]), 223 (12), 207 (19), 179 (20), 152 (6), 131 (7), 115
(30), 91 (20), 65 (6).

HR-EI-MS m/z calculated [C16H1602"]: 240.11448; found: 240.11414.

FTIR-ATR v [cm™] = 3438 (br), 3080 (w), 3038 (w), 3024 (w), 3002 (w), 2958 (w), 2932 (w),
2915 (w), 2882 (w), 2838 (w), 2285 (w), 2113 (w), 2037 (w), 1981 (w), 1958 (w), 1885 (w),
1850 (w), 1813 (w), 1740 (w), 1654 (w), 1603 (w), 1590 (m), 1523 (s), 1493 (m), 1462 (w),
1450 (w), 1436 (s), 1426 (w), 1358 (w), 1335 (w), 1310 (w), 1257 (w), 1273 (w), 1257 (w), 1234
(s), 1207 (s), 1199 (w), 1160 (w), 1125 (s), 1063 (w), 1022 (s), 967 (s), 930 (w), 886 (w), 870
(s), 845 (w), 809 (s), 778 (w), 755 (s), 727 (s), 695 (s), 632 (W), 535 (W), 598 (W), 569 (M), 535
(m), 500 (m), 459 (s).
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10.2.2.4.9. Synthesis of homostilbene 221i

BOH)2 MeO
e O CL.,
244d 225¢ OMe (519 gp3) MeO 221i OMe

According to the general procedure GP4, 902 mg of aIIyIic alcohol 225e (5.01 mmol,
1.0 equiv.) were reacted with 1.28 g of phenylboronic acid 244d (6.01 mmol, 1.2 equiv.) and
290 mg of Pd(PPhs)s (0.251 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 3:1) gave
1.14 g of 221i as a pale yellow solid (3.46 mmol, 69%; 61% following GP3).

M (C19H220s) = 330.38 g/mol.

TLC (SiO2, cHex/EtOAC 2:1) Ry = 0.36. 0 14 OH
M.p. 96 - 100 °C.

19/
IH NMR (500 MHz, CDCls) & [ppm] = 7.04 (d, 4J = 2.1 Hz, 1 H, H-15), 6.86 (dd, 3J = 8.3 Hz, 4J
=2.1 Hz, 1 H, H-11), 6.80 (d, 3J = 8.3 Hz, 1 H, H-12), 6.48 (s, 2 H, H-5/9), 6.39 (d, 3J = 15.7 Hz,
1 H, H-1), 6.21 (dt, 3] = 15.7 Hz, 3] = 6.9 Hz, 1 H, H-2), 5.77 (s, 1 H, OH), 3.87 (s, 12 H,
H-16/17/18/19), 3.48 (d, 3] = 6.9 Hz, 2 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 153.2 (C-6/8), 146.1 (C-13), 145.7 (C-14), 136.3 (C-7),
136.2 (C-4), 131.2 (C-10), 130.7 (C-1), 127.2 (C-2), 118.5 (C-11), 111.8 (C-15), 110.6 (C-12),
105.5 (C-5/9), 60.8 (C-18), 56.1 (C-17/19), 56.0 (C-16), 39.6 (C-3).

GC-MS (70 eV) m/z ([%]): 330 (100, [M*]), 315 (11), 299 (29), 283 (11), 268 (7) 240 (7), 225
(4), 207 (44), 182 (13), 167 (13), 139 (55), 124 (11), 109 (13), 93 (4), 77 (18), 53 (11).

HR-ESI-MS m/z calculated [C19H2,05+Na*]: 353.1359450; found: 353.13610.

FTIR-ATR v [cm™] = 3315 (br), 3006 (w), 2934 (w), 2838 (w), 2136 (w), 2104 (w), 1980 (w),
1843 (w), 1733 (w), 1615 (w), 1592 (m), 1581 (m), 1509 (m), 1459 (m), 1451 (m), 1437 (m),
1420 (m), 1339 (w), 1313 (w), 1279 (m), 1263 (m), 1240 (m), 1231 (m), 1184 (w), 1174 (w),
1149 (w), 1125 (s), 1052 (w), 1047 (w), 1026 (m), 1011 (m), 964 (m), 931 (w), 908 (w), 883
(w), 868 (w), 833 (w), 824 (w), 799 (m), 781 (w), 766 (w), 755 (w), 745 (w), 681 (w), 647 (w),
605 (m), 594 (w), 577 (w), 527 (w), 500 (w), 466 (w).
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10.2.2.4.10. Synthesis of homostilbene 221]

MeO OH _1.NaH2.Mel MeO OMe
MeOOMe THF12 hC Tt MeOOMe
quant.

Under an atmosphere of argon, a 50 mL Schlenk flask was charged with a solution of 550 mg
of homostilbene 221i (1.67 mmol, 1.0 equiv.) in 5 mL of anhydrous THF. At 0 °C 157 mg of
NaH (dispersion in paraffin oil, w = 60%, 94 mg, 3.93 mmol, 2.4 equiv.) were added in small
portions over 10 min. When the gas formation stopped, the reaction mixture was stirred for
20 min at r.t. before 0.41 mL of Mel (0.93 g, 6.6 mmol, 4.0 equiv.) were slowly added over
5 min. The orange suspension was stirred for 16 h and then 10 mL of brine were added.
Extraction with EtOAc (3 x 15 mL), drying with Na,SO. was followed by concentration under
reduced pressure to give a brown crude product. Purification by FCC (SiO2, cHex/EtOAc 4:1)
gave 570 mg of 221i as a pale orange oil (1.66 mmol, quant.).

M (SiO2, CaoH240s) = 344.41 g/mol

TLC (cHex/EtOAc 3:1) Rf = 0.26. 183 m 16

19/

IH NMR (500 MHz, CDCls) & [ppm] = 6.93 (d, 4J = 2.0 Hz, 1 H, H-15), 6.90 (dd, 3J = 8.2 Hz, 4J
=2.0 Hz, 1 H, H-11), 6.81 (d, 3 = 8.2 Hz, 1 H, H-12), 6.46 (s, 2 H, H-5/9), 6.40 (dt, 3J = 15.7 Hz,
43 = 1.6 Hz, 1 H, H-1), 6.20 (dt, 3J = 15.7 Hz, 3J = 6.9 Hz, 1 H, H-2), 3.88 (s, 3 H, H-16/20),
3.87 (s, 3 H, H-16/20), 3.85 (s, 6 H, H-17/19), 3.83 (s, 3 H, H-18), 3.47 (dd, 3J = 6.9 Hz, 3J =
1.6 Hz, 2 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 153.3 (C-17/19), 149.1 (C-14), 148.6 (C-13), 136.4
(C-7), 136.2 (C-4), 130.8 (C-10), 130.6 (C-1), 127.1 (C-2), 119.2 (C-11), 111.2 (C-12), 108.7
(C-15), 105.6 (C-5/9), 60.9 (C-18), 56.2 (C-17/19), 56.0 (C-16/20), 55.9 (d, C-20), 39.8 (C-3).

GC-MS (70 eV) miz ([%]): 344 (100, [M*]), 329 (21), 313 (47), 297 (6), 282 (7), 207 (6), 191
(7), 175 (6).

FTIR-ATR v [cm™] = 3070 (w), 2990 (w), 2960 (w), 2935 (w), 2921 (w), 2836 (w), 2252 (w),
2162 (w), 2085 (w), 2035 (w), 2000 (w), 1838 (w), 1767 (w), 1735 (w), 1588 (s), 1505 (s), 1454
(s), 1420 (s), 1329 (m), 1260 (s), 1228 (s), 1181 (m), 1124 (s), 1021 (m), 1010 (m), 990 (s),
976 (m), 924 (w), 815 (s), 805 (m), 768 (s), 733 (m), 617 (w), 596 (m), 564 (w), 522 (m), 454
(m).

The analytical data are in agreement with the literature.??°
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10.2.2.4.11. Synthesis of homostilbene 221k

MeO l O OH TIPSOTf MeO O O OTIPS
MeO l 221i I OMe CH2C|20C” MeO ! 221k I OMe

81%

The synthesis was performed based on a modified procedure of Sugimoto et al.??®! Under an
atmosphere of argon, a 50 mL Schlenk flask was charged with a solution of 346 mg of
homostilbene 221i (E/Z 92:8 isomer mixture, 1.05 mmol, 1.0 equiv.) in 8 mL of anhydrous
CH.Cl,. At 0°C, 0.25 mL of EtsN (0.18 g, 1.8 mmol, 1.7 equiv.) and 0.42 mL of TIPSOTf
(0.48 g, 1.6 mmol, 1.5 equiv.) were added. The bright yellow reaction mixture was stirred for
2 h at r.t., then diluted with 30 mL of CH,Cl.. The organic phase was washed with 20 mL of 1m
HCI and 20 mL of NaHCOs. It was then dried with MgSO4 and concentrated under reduced
pressure to obtain a yellow crude material. Purification by FCC (SiO., cHex/EtOAc 4:1) gave
464 mg of a colorless oil with TIPSOH as inseparable byproduct (w(TIPSOH) = 11%, 413 mg
of 221k, 0.849 mmol, 81%, E/Z 92:8).

15 SI 21
17/ 14,07 W/
M (SiO2, CzsH4205Si) = 486.72 g/mol. 18\ 5 221k " /16

TLC (cHex/EtOAc 4:1) R; = 0.49. 19-°

IH NMR (600 MHz, CDCls) & [ppm] = 6.93 (d, 4J = 2.2 Hz, 1 H, H-15), 6.88 (dd, 3J = 8.4 Hz, 4J
=2.2 Hz, 1 H, H-11), 6.76 (d, 3] = 8.4 Hz, 1 H, H-12), 6.45 (s, 2 H, H-5/9), 6.34 (dt, 3J = 15.7 Hz,
43 = 1.6 Hz, 1 H, H-1), 6.13 (dt, 3J = 15.7 Hz, 3J = 6.9 Hz, 1 H, H-2), 3.84 (s, 6 H, H-17/19),
3.83 (s, 3 H, H-18), 3.78 (s, 3 H, H-16), 3.53 — 3.29 (m, 2 H, H-3), 1.29 — 1.19 (m, 3 H, H-20),
1.09 (d, 3J = 7.5 Hz, 18 H, H-21).

13C NMR (151 MHz, CDCls) & [ppm] = 153.3 (C-6/8), 150.5 (C-13), 145.6 (C-14), 136.4 (C-7),
136.3 (C-4), 131.0 (C-1), 130.6 (C-10), 126.6 (C-2), 119.7 (C-11), 118.0 (C-15), 112.0 (C-12),
105.6 (C-5/9), 61.0 (C-18), 56.2 (C-17/19), 55.6 (C-16), 39.7 (C-3), 18.0 (C-21), 13.0 (C-20).

GC-MS (70 eV) m/z ([%]): 486 (97, [M*]), 428 (100), 413 (11), 397 (28), 259 (6), 237 (24), 222
(26), 206 (5), 191 (7), 175 (8), 151 (15).

HR-ESI-MS m/z calculated [C2sH42.OsSi+H"]: 487.2874274; found: 487.28823.

FTIR-ATR v [cm™] = 2942 (m), 2896 (w), 2866 (m), 2837 (w), 2059 (w), 1740 (w), 1693 (w),
1589 (m), 1508 (s), 1462 (m), 1443 (w), 1419 (m), 1384 (w), 1328 (w), 1308 (w), 1270 (m),
1229 (s), 1183 (w), 1165 (w), 1127 (s), 1071 (w), 1032 (w), 999 (m), 964 (m), 936 (w), 920 (w),
881 (m), 834 (s), 798 (w), 778 (w), 761 (w), 746 (w), 732 (w), 703 (w), 678 (s), 614 (w), 590
(w), 557 (w), 528 (w), 506 (w), 465 (w).
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10.2.2.4.12. Synthesis of homostilbene 221l
PR "o 4 (HO)RB i Ph/\/\©\
225a 244e NO, 82% 2211 NO,
According to the general procedure GP3, 537 mg of cinnamic alcohol 225a (4.00 mmol,
1.0 equiv.) were reacted with 804 mg of phenylboronic acid 244e (4.82 mmol, 1.2 equiv.) and
234 mg of Pd(PPhs)s (0.202 mmol, 5.1 mol%). Purification by FCC (cHex/EtOAc 15:1 and
20:1) gave 781 mg of 221l as a pale orange solid (3.26 mmaol, 82%).

M (C15H13NO2) = 239.27 g/mol. . 3
1 3

8 A 14
TLC (SiOz, cHex/EtOAc 8:1) Ry = 0.50. 7
NO,

6 12

M.p. 55 - 58 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 8.16 (d, 3J = 8.7 Hz, 2 H, H-12/14), 7.41 — 7.37 (m, 2 H,
H-11/15), 7.37 — 7.34 (m, 2 H, H-5/9), 7.33 — 7.28 (m, 2 H, H-6/8), 7.26 — 7.19 (m, 1 H, H-7),
6.49 (dt, 3J = 16.0 Hz, *J = 1.6 Hz, 1 H, H-1), 6.30 (dt, 3J = 16.0 Hz, 3J = 6.9 Hz, 1 H, H-2), 3.64
(dd, 3 = 6.9 Hz, “J = 1.6 Hz, 1 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 148.1 (C-10), 146.7 (C-13), 137.0 (C-4), 132.7 (C-1),
129.6 (C-11/15), 128.7 (C-12/14), 127.7 (C-7), 127.1 (C-2), 126.3 (C-6/8), 123.9 (C-5/9), 39.2
(C-3).

GC-MS (70 eV) m/z ([%]): 239 (100, [M*]), 222 (36), 208 (22), 192 (57), 178 (50), 165 (41),
152 (35), 103 (17), 91 (45), 77 (12).

FTIR-ATR v [cmY] = 3105 (w), 3079 (w), 3058 (w), 3027 (W), 2940 (w), 2902 (w), 2847 (w),
2450 (w), 1928 (w), 1880 (w), 1800 (w),1702 (w), 1652 (w), 1597 (m), 1513 (s), 1495 (w), 1448
(W), 1433 (W), 1341 (s), 1259 (w), 1211 (w), 1179 (w), 1157 (w), 1109 (m), 1076 (w), 1029 (w),
1015 (w), 965 (s), 929 (W), 853 (m), 842 (m), 788 (m), 739 (s), 691 (s), 641 (W), 611 (W), 526
(w).

The analytical data are in agreement with the literature.??”]

10.2.2.4.13. Synthesis of homostilbene 221m
/©/B(OH)2 . HO/\/\@\ GP4
NC 244b 225¢ OMe 32% NC 221m OMe

According to the general procedure GP4, 821 mg of cinnamic alcohol 225c¢ (5.00 mmol,

1.0 equiv.) were reacted with 881 mg of phenylboronic acid 244b (6.00 mmol, 1.2 equiv.) and
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290 mg of Pd(PPhs)s (0.251 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 20:1) gave
401 mg of 221m as a white solid (1.61 mmol, 32%).

M (SIOz, C17H15NO) =249.31 g/mol

TLC (cHex/EtOAc 15:1) Rf = 0.19.

M.p. 69 - 71 °C.

IH NMR (600 MHz, CDCls) & [ppm] = 7.76 — 7.54 (m, 2 H, H-6/8), 7.35 (dt, 3J = 8.9 Hz, 4J =
0.7 Hz, 2 H, H-5/9), 7.33 — 7.26 (M, 2 H, H-11/15), 6.85 (d, 3J = 8.7 Hz, 2 H, H-12/14), 6.42 (dt,
3) =15.7 Hz, 43 = 1.5 Hz, 1 H, H-1), 6.15 (dt, 3J = 15.7 Hz, 3 = 6.9 Hz, 1 H, H-2), 3.80 (s, 3 H,
H-16), 3.58 (d, 3J = 6.9 Hz, 2 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 159.3 (C-13), 146.3 (C-4), 132.4 (C-6/8), 131.9 (C-1),
129.8 (C-10), 129.5 (C-5/9), 127.4 (C-11/15), 125.0 (C-2), 119.2 (C-17), 114.1 (C-12/14), 110.1
(C-7), 55.4 (C-16), 39.4 (C-3).

GC-MS (70 eV) m/z ([%]): 249 (100, [M*]), 234 (20), 218 (23), 203 (4), 190 (6), 140 (18), 121
(20), 103 (3), 89 (6).

HR-ESI-MS m/z calculated [C17H1sNO+Na']: 272.1045853; found: 272.10455.

FTIR-ATR v [cm™] = 3034 (w), 3012 (w), 2963 (w), 2936 (w), 2898 (w), 2835 (w), 2227 (s),
1931 (w), 1905 (w), 1811 (w), 1779 (w), 1660 (w), 1645 (w), 1605 (s), 1575 (w), 1512 (s), 1456
(w), 1439 (m), 1414 (w), 1315 (w), 1302 (w), 1260 (s), 1238 (s), 1179 (s), 1147 (w), 1110 (m),
1026 (s), 990 (s), 961 (w), 881 (m), 840 (s), 817 (m), 785 (m), 773 (m), 735 (m), 708 (m), 638
(w), 606 (w), 559 (s), 531 (m)), 519 (M), 436 (w).

10.2.2.4.14. Synthesis of homostilbene 221n
OH

/O)\/ (HO), g
+ /‘/\/\“
0,
NC 225¢ : "0 4 /° OMe

221n

According to the general procedure GP4, 951 mg of allylic alcohol 225f (5.97 mmol, 1.0 equiv.)
were reacted with 1.09 g of phenylboronic acid 244c (7.19 mmol, 1.2 equiv.) and 347 mg of
Pd(PPhs)s (0.300 mmol, 5.0 mol%). Purification by FCC (cHex/EtOAc 9:1) gave 607 mg of
221n as a pale yellow oil (2.435 mmol, 41%).

M (Cl7H15NO) =249.31 g/mol

16
5 221n 1113

TLC (SiO., cHex/EtOAc 9:1) Rs = 0.36.
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IH NMR (600 MHz, CDCls) & [ppm] = 7.56 (d, 3J = 8.4 Hz, 2 H, H-6/8), 7.41 (d, 3J = 8.4 Hz,
2 H, H-5/9), 7.15 (d, 3] = 8.7 Hz, 2 H, H-11/15), 6.88 (d, 3J = 8.7 Hz, 2 H, H-12/14), 6.49 (dt, 3J
= 15.8 Hz, 3] = 6.7 Hz, 1 H, H-2), 6.42 (dt, 3] = 15.8 Hz, 4J = 1.4 Hz, 1 H, H-1), 3.80 (s, 3 H,
H-16), 3.52 (d, 3J = 6.7 Hz, 2 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 158.4 (C-13), 142.1 (C-4), 134.2 (C-2), 132.4 (C-6/8),
131.2 (C-10), 129.7 (C-11/15), 129.3 (C-1), 126.6 (C-5/9), 119.2 (C-17), 114.1 (C-12/14), 110.3
(C-7), 55.4 (C-16), 38.6 (C-3).

GC-MS (70 eV) m/z ([%]): 249 (100, [M*]), 234 (21), 218 (23), 190 (11), 165 (2), 140 (23), 121
(22), 103 (7), 77 (13).

HR-ESI-MS m/z calculated [Ci7H1sNO+Na*]: 272.1045853; found: 272.10455.

FTIR-ATR v [cm] = 3031 (w), 3003 (W), 2955 (W), 2934 (W), 2904 (w), 2835 (w), 2224 (m),
2059 (W), 1991 (w), 1917 (w), 1647 (w), 1604 (s), 1584 (w), 1509 (s), 1464 (w), 1441 (w), 1412
(w), 1300 (m), 1243 (s), 1175 (s), 1107 (w), 1033 (s), 969 (m), 919 (w), 871 (w), 845 (w), 829
(s), 818 (s), 747 (w), 704 (s), 647 (W), 638 (W), 599 (W), 571 (), 545 (s), 508 (m).

10.2.3. Enantioselective Ni-catalyzed hydrocyanation
10.2.3.1. General procedures

10.2.3.1.1. General procedure GP5 for the hydrocyanation of vinylarenes
The synthesis was performed according to a procedure of Falk et al.*? Under an atmosphere
of argon, a 25 mL Schlenk flask was charged with 10.3 mg of Ni(cod). (37.5 umol, 7.5 mol%)
and 34.8 mg of ligand 143 ((37.5 uymol, 7.5 mol%). Subsequently, 1.0 mL of dry toluene
(0.038 M) was added and the yellow solution was stirred for 5 min at r.t. Then the solvent was
removed by Schlenk line vacuum to give the air-sensitive Ni(cod)1431%% catalyst which was
re-dissolved in 2.0 mL of anhydrous THF (0.019 M). The corresponding substrate (0.50 mmol,
1.0 equiv.) was added to give an orange solution. Atr.t. or 50 °C, a solution of 74 mg of TMSCN
(94 L, 0.75 mmol, 1.5 equiv.) in 3.0 mL of THF/MeOH (14:1, 0.25 M) was slowly added over
2 h to the substrate solution by means of a syringe pump. Temporary red coloring indicated an
active catalysis. After finished addition, a pale yellow solution was obtained and concentrated
by Schlenk line vacuum (Caution: Operation must be performed in a fume hood; removal of
residual HCN in cooling trap) and the crude material was purified by FCC (SiO», cHex/EtOAc)
for purification. Racemic standards for stereochemical analysis were synthesized employing

racemic ligand rac-143.
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10.2.3.2. Hydrocyanation of Vinylarenes
10.2.3.2.1. Synthesis of 2-phenylpropionitrile (48)

©/\ GP5 ©)*\
—_—
76%

42 93:7 er 48
According to the general procedure GP5, 58 pL of styrene (42) (52 mg, 0.50 mmol, 1.0 equiv.)
were reacted at r.t. and purification by FCC (cHex/EtOAc 40:1) gave 52 mg of a colorless liquid
(~4 mg of EtOAc/H0 residues; 48 mg of 48, 0.47 mmol, 76%, 100% GC-conv., 93:7 er; Lit.:[42
100% GC-conv., 93:7 er). Attention: Product is volatile.

M (CeHsN) = 131.17 g/mol. s A
4 3
TLC (SiO,, cHex/EtOAc 40:1) Ry = 0.20. T~

IH NMR (500 MHz, CDCls) & [ppm] = 7.45 — 7.26 (m, 5 H, H-5/6/7/8/9), 3.90 (g, 3J = 7.3 Hz,
1 H, H-2), 1.64 (d, 3J = 7.3 Hz, 3 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 37.2 (C-4), 129.2 (C-6/8), 128.1 (C-7), 126.8 (C-5/9),
121.7 (C-1), 31.33 (C-2), 21.6 (C-3).

GC-MS (70 eV) m/z ([%]): 131 (33, [M*]), 116 (100), 104 (21), 89 (13), 77 (12), 63 (8), 51 (13).

FTIR-ATR v [cm™] = 3032 (w), 2987 (w), 2242 (w), 1736 (w), 1601 (w), 1496 (m) 1452 (s),
1379 (w), 1243 (w), 1079 (w), 1031 (w), 1004 (w), 988 (w), 913 (w), 756 (s), 670 (vs), 623 (W),
570 (s), 509 (s).

Specific rotation (¢ = 0.510 g/100 mL, CHCl [a]}):  [a]329 =-729°, [a]?30=-43.6°,
[@]29) =-24.7 °, [a]299 = - 23.3 °, [a]339 = - 24.3 °.

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25 mm @),
temperature program: 50°C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 41.9 min; minor enantiomer Tr = 45.9 min.

The analytical data are in agreement with the literature.?
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10.2.3.2.2. Synthesis of 2-(4-methylphenyl)-propionitrile (266)
CN

e
95%
265 96:4 er 266
According to the general procedure GP5, 67 uyL of 4-methylstyrene (265) (0.50 mmol,

1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 40:1) gave 75 mg of a
colorless oil (~6 mg of cHex/EtOAc residues; 69 mg of 266, 0.48 mmol, 95%, 96:4 er).

M (C1oH1:N) = 145.21 g/mol. , CN

TLC (SiO», cHex/EtOAc 40:1) R; = 0.19. z 9
8 266
IH NMR (500 MHz, CDClIs) & [ppm] = 7.24 (d, 33 =8.0Hz, 2 H, H-5/9), 7.19 (d, 3J = 8.0 Hz,

2 H, H-6/8), 3.86 (q, 3J = 7.3 Hz, 1 H, H-2), 2.36 (s, 3 H, H-10), 1.63 (d, 3] = 7.3 Hz, 3 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 138.0 (C-7), 134.2 (C-4), 129.9 (C-6/8), 126.7 (C-5/9),
121.9 (C-1), 31.0 (C-2), 21.6 (C-3), 21.1 (C-10).

GC-MS (70 eV) m/z ([%]): 145 (33, [M*]), 130 (100), 103 (18), 91 (13), 77 (10).

FTIR-ATR v [cm™] = 3026 (w), 2986 (w) 2926 (w), 2876 (w), 2241 (w), 1903 (w), 1737 (w),
1651 (w), 1607 (w), 1514 (m), 1453 (m), 1416 (w), 1378 (w), 1329 (w), 1304 (w), 1242 (w),
1215 (w), 1187 (w), 1159 (w), 1116 (w), 1083 (w), 1045 (w), 1022 (w), 995 (w), 941 (w), 815
(s), 732 (w), 701 (w), 640 (w), 570 (m), 514 (s).

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25mm @),
temperature program: 50°C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 51.7 min; minor enantiomer Tr = 55.7 min.

The analytical data are in agreement with the literature.l’®

10.2.3.2.3. Synthesis of 2-(4-tert-butylphenyl)-propionitrile (272)
CN

*
X GP5
_>
tBu 96% tBu
271 89:11 er 272

According to the general procedure GP5, 80 mg of 4-tert-butylstyrene (271) (0.50 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 40:1) gave 90 mg of
272 as a colorless oil (0.48 mmol, 96%, 89:11 er; at r.t. 58% GC-conv. and 90:10 er).
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M (C13H17N) =187.29 g/mol

TLC (SiO2, cHex/EtOAc 40:1) Rs = 0.24.

M.p. 49 - 52 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.41 (d, 3J = 8.6 Hz, 2 H, H-6/8), 7.30 (d, 3J = 8.6 Hz,
2 H, H-5/9), 3.88 (q, 3J = 7.3 Hz, 1 H, H-2), 1.64 (d, 3J = 7.3 Hz, 3 H, H-3), 1.33 (s, 9 H,
H-11/12/13).

13C NMR (75 MHz, CDCls) & [ppm] = 151.2 (C-7), 134.1 (C-4), 126.5 (C-5/9), 126.2 (C-6/8),
121.9 (C-1); 34.7 (C-10), 31.4 (C-11/12/13), 30.9 (C-2), 21.5 (C-3).

GC-MS (70 eV) m/z ([%]): 187 (16, [M*]), 172 (100), 144 (24), 131 (19), 117 (39), 105 (32), 91
(31), 77 (18), 63 (17), 57 (18).

FTIR-ATR v [cmY] = 3676 (W), 2964 (s), 2904 (m), 2870 (m), 2242 (w), 1909 (w), 1682 (w),
1607 (w), 1513 (m), 1476 (w), 1459 (m), 1408 (w), 1395 (w), 1378 (w), 1365 (m), 1331 (w),
1304 (w), 1270 (m), 1203 (w), 1112 (m), 1084 (w), 1059 (w), 1020 (w), 990 (w), 924 (w), 831
(s), 772 (w), 741 (w), 707 (W), 672 (W), 639 (W), 582 (s), 546 (m).

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25mm @),
temperature program: 50°C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 72.9 min; minor enantiomer Tr = 74.6 min.

The analytical data are in agreement with the literature.[”

10.2.3.2.4. Synthesis of 2-(naphthalen-2-yl)-propionitrile (270)
CN

X GP5
—

quant.
269 89:11 er 270

According to the general procedure GP5, 80 mg of 2-vinylnaphthalene (269) (0.52 mmol,
1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 15:1) gave 94 mg of 270

as a colorless solid (0.52 mmol, quant., 89:11 er).

M (ClnglN) = 181.24 g/mol 1

10 5 .
TLC (SiO;, cHex/EtOAc 15:1) Ry = 0.26. 1 3
12 2 9

M.p. 89 - 90 °C. B8 270
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IH NMR (500 MHz, CDCls) & [ppm] = 7.88 (d, 3J = 8.5 Hz, 1 H, H-8) 7.86 — 7.82 (m, 3 H,
H-5/11/13), 7.54 — 7.49 (m, 2 H, H-10/12), 7.44-7.42 (dd, 1 H, 3J = 8.5 Hz, 4J = 1.8 Hz,
H-9), 4.07 (q, 3 = 7.3 Hz, 1 H, H-2), 1.74-1.73 (d, 3 H, 3J = 7.3 Hz, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 134.3 (C-4), 133.3 (C-6), 132.8 (C-7), 129.2 (C-8), 127.9
(C-11/13), 127.7 (C-11/13), 126.7 (C-10/12), 126.5 (C-10/12), 125.6 (C-5), 124.4 (C-9), 121.6
(C-1), 31.4 (C-2), 21.4 (C-3).

GC-MS (70 eV) m/z ([%]): 181 (55, [M*]), 166 (100), 139 (14).

FTIR-ATR v [cm™] = 3676 (w), 3056 (w), 2989 (br), 2972 (w), 2944 (w), 2925 (w), 2902 (w),
2288 (w), 2239 (m), 2114 (w), 1968 (w), 1922 (w), 1847 (w), 1819 (w), 1778 (w), 1711 (w),
1692 (w), 1632 (w), 1599 (w), 1506 (m), 1457 (w), 1408 (w), 1394 (w), 1377 (m), 1366 (w),
1295 (w), 1276 (w), 1260 (w), 1211 (w), 1171 (m), 1145 (w), 1127 (w), 1081 (s), 1066 (w),
1057 (w), 1028 (w), 1020 (w), 991 (w), 967 (m), 955 (w), 924 (w), 901 (m), 866 (M), 822 (s),
771 (w), 752 (s), 697 (w), 656 (m), 623 (W), 583 (w), 569 (w), 538 (w), 522 (w), 503 (w), 480
(s), 472 (w), 447 (w), 420 (w).

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25 mm @),
temperature program: 50°C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 99.3 min; minor enantiomer Tg = 101.5 min.

The analytical data are in agreement with the literature.??®

10.2.3.2.5. Synthesis of 2-(4-methoxyphenyl)-propionitrile (268)
CN

A GP5
—>
MeO 72% MeO
267 96:4 er 268

According to the general procedure GP5, 67 uL of 4-methoxystyrene (267) (67 mg, 0.50 mmol,
1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 15:1) gave 58 mg of 268
as a colorless solid (0.36 mmol, 72%, 100% GC-conv., 94:6 er).
M (CloHllNO) =161.20 g/mol
TLC (SiO, cHex/EtOAc 10:1) Rs = 0.26. 6 2N

10 7

9
M.p. 55 - 59 °C. MeO™ 268

IH NMR (500 MHz, CDCls) & [ppm] = 7.26 (d, 3J = 8.7 Hz, 2 H, H-6/8), 6.89 (d, 3J = 8.7 Hz,
2 H, H-5/9), 3.84 (g, 3J = 7.3 Hz, 1 H, H-2), 3.80 (s, 3 H, H-10), 1.60 (d, 3J = 7.3 Hz, 3 H, H-3).
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13C NMR (75 MHz, CDCls) & [ppm] = 159.4 (C-7), 129.2 (C-4), 127.9 (C-5/9), 122.0 (C-1),
114.6 (C-6/8), 55.4 (C-10), 30.5 (C-2), 21.6 (C-3).

GC-MS (70 eV) miz ([%]): 161 (32, [M*]), 146 (100), 116 (4), 91 (6), 77 (3).

FTIR-ATR v [cm™] = 3020 (w), 2991 (w), 2965 (w), 2942 (w), 2910 (w), 2878 (w), 2839 (w),
2239 (w), 2044 (w), 1886 (w), 1611 (m), 1584 (w), 1511 (s), 1454 (m), 1379 (w), 1304 (w),
1269 (w), 1242 (s), 1178 (s), 1113 (w), 1086 (w), 1060 (w), 1025 (s), 989 (w), 830 (s), 819 (s),
804 (m), 733 (w), 635 (w), 592 (w), 572 (s), 531 ().

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25 mm @),
temperature program: 50 °C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 72.9 min; minor enantiomer Tr = 74.6 min.

The analytical data are in agreement with the literature.[”

10.2.3.2.6. Synthesis of 2-(6-methoxynaphthalen-2-y|)-propionitriIe (115)

quant
90:10 er

According to the general procedure GP5, 89 mg of 2-methoxy-6-vinylnaphthalene (40)
(0.48 mmol, 1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 15:1) gave
102 mg of 115 as a colorless solid (0.48 mmol, quant., 90:10 er; Lit.:*? quant., 90:10 er).

M (C14H13NO) =211.26 g/mol

1

TLC (SiO,, cHex/EtOAc 15:1) Ry = 0.20. 0 s N

6

"
Feon
M.p. 93 - 94 °C. MeO TN

8 115
'H NMR (500 MHz, CDCls) & [ppm] = 7.75 (m, 3 H, H-5/8/10), 7.39 (dd, 3J =8.4 Hz, *J = 2.0 Hz,
1 H, H-9), 7.19 (dd, 3J = 8.9 Hz, *J = 2.6 Hz, 1 H, H-11), 7.14 (d, J = 2.6 Hz, 1H, H-13), 4.03
(9,%)=7.3Hz,1H, H-2),3.93 (s, 3H, H-14), 1.71 (d, 3J = 7.3 Hz, 3 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 158.2 (C-12), 134.2 (C-7), 132.1 (C-4), 129.5 (C-10),
128.9 (C-6), 128.0 (C-8), 125.5 (C-5), 125.1 (C-9), 121.9 (C-1), 119.7 (C-11), 105.8 (C-13),
55.5 (C-14), 31.4 (C-2), 21.6 (C-3).

GC-MS (70 eV) m/z ([%]): 211 (29, [M*]), 196 (60), 171 (100), 153 (20), 141 (65), 128 (60),
115 (47).

169



Experimental Part

FTIR-ATR v [cm™] = 2991 (w), 2963 (w), 2942 (w), 2241 (w), 1629 (w), 1603 (s), 1506 (m),
1482 (m), 1465 (w), 1449 (m), 1436 (w), 1419 (w), 1258 (s),1232 (w), 1212 (s), 1187 (m), 1164
(s), 1085 (m), 1023 (s), 961 (w), 891 (m), 856 (vs), 816 (s), 750 (w), 675 (m), 630 (w), 592 (w),
524 (w), 476 (s), 469 (m).

Specific rotation (¢ = 0.510 g/100 mL, CHCl; [a]}):  [a]3292 =-104.2°, [a]?30 =-52.0°,
[a]2ss =-27.5°, [a]355 =-24.8°, [a]5gs =- 26.0 °.

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25mm @),
temperature program: 50 °C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 125.6 min; minor enantiomer Tr = 126.6 min.

The analytical data are in agreement with the literature.?

10.2.3.2.7. Synthesis of 2,3-diphenylpropionitrile (66)

Ph\/\Ph CN

GP5 *
(E)-65 —> p Ph
or 66
Z “Ph
Ph (2)-65

According to the general procedure GP5, 90 mg of (E)-stilbene ((E)-65) or 89 uL of (Z)stilbene
((2)-65) (90 mg, 0.50 mmol, 1.0 equiv.) were reacted at r.t. or 50 °C (from (E)-65: traces
r.t./50 °C; from (2)-65: at r.t. 14% GC-conv. and 65:35 er; at 50 °C 26% GC-conv. and 65:35
er). For analytics, purification of the combined crude fractions (3 x 0.5 mmol scale) by FCC
(cHex/EtOAc 60:1) gave 15 mg of 66 as a colorless solid (72 umol, <5%).

M (C15H13N) =207.28 g/mol
TLC (SiO3, cHex/EtOAc 60:1) Rf = 0.18.

M.p. 49 - 52 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.41 — 7.19 (m, 8 H, H-4/5/6/7/8/11/12/13), 7.15 — 7.07
(m, 2 H, H-10/14), 3.98 (dd, 3J = 8.4 Hz, 3J = 6.4 Hz 1 H, H-2), 3.16 (dd, 2J = 13.6 Hz, 3J =
8.4 Hz, 1 H, H-3), 3.11 (dd, 2J = 13.6 Hz, 3J = 6.4 Hz, 1 H, H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 136.3 (C-9), 135.3 (C-1), 129.3 (C-10/14), 129.0 (C-5/7),
128.6 (C-11/13), 128.2 (C-6), 127.5 (C-4/8), 127.4 (C-12), 120.4 (C-15), 42.2 (C-3), 39.8 (C-2).

GC-MS (70 eV) m/z ([%]): 207 (8, [M*]), 179 (5), 116 (19), 91 (100), 77 (5), 65 (22), 51 (18).

FTIR-ATR v [cm™] = 3088 (w), 3064 (w), 3031 (w), 2930 (w), 2860 (w), 2241 (w), 1952 (w),
1879 (w), 1808 (w), 1751 (w), 1601 (w), 1586 (w), 1497 (m), 1455 (m), 1343 (w), 1260 (w),
1182 (w), 1157 (w), 1109 (w), 1074 (w), 1031 (w), 1004 (w), 975 (w), 913 (w), 869 (w), 846
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(w), 797 (w), 754 (s), 742 (m), 696 (s), 645 (w), 609 (w), 620 (W), 597 (w), 573 (M), 562 (M),
526 (w).

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25 mm @),
temperature program: 50 °C, 50 °C —-180 °C (0.5 °C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 179.7 min; minor enantiomer Tr = 181.8 min.

The analytical data are in agreement with the literature.[”®

10.2.3.3. Synthesis of phenylalkenes for hydrocyanation
Phenylalkenes 3-phenyl-1-propene (242a), 4-phenyl-1-butene (242b) and 1-phenyl-1-propene
(242h) were purchased commercially.

10.2.3.3.1. Synthesis of 5-phenyl-1-pentene (242c)

1. Mg
Br 2. allyl bromide .
©/3;a/ Et,0, reflux to r.t. ©/2;c/\/
18 h

87%

The synthesis was performed according to a procedure of Aguilar et al.??®® Under an
atmosphere of argon, a 50 mL round-bottomed flask equipped with a reflux condenser was
charged with 413 mg of Mg turnings (17.0 mmol, 1.1 equiv.) and an I, crystal and the mixture
was heated under vigorous stirring. Then a solution of 2.10 mL of (2-bromoethyl)benzene
(304a) (2.85 g, 15.4 mmol, 1.0 equiv.) in 6.0 mL of anhydrous Et,O was slowly added over
10 min. The resulting reaction mixture was heated at reflux for 1 h. At 15 °C, a solution of
1.8 mL of allyl bromide (2.5 g, 21 mmol, 1.4 equiv.) in 6.0 mL of Et.O was added over 1 h by
means of a syringe pump. The suspension was stirred for 18 h at r.t. and then 8 mL of sat.
NH4CI solution and 5 mL of H,O were added. The aqueous phase was extracted with MTBE
(3 x 20 mL). The combined organic phases were dried with MgSO4 and concentrated under
reduced pressure (attention: product is volatile) to give 2.06 g of a pale yellow liquid (~95 mg
of MTBE residues; 1.96 g of product 242c, 13.4 mmol, 87%).

M (C11H14) = 146.23 g/mol. B o
1T 8 10

TLC (SiO., cHex/EtOAc 60:1) Rf = 0.73. 4 2242¢

;
IH NMR (500 MHz, CDCls) & [ppm] = 7.26 (t, 3J = 7.7 Hz, 2 H, H-3/5), 7.20 — 7.13 (m, 3 H,
H-2/4/6), 5.83 (ddt, 3J = 16.9 Hz, 3J = 10.2 Hz, 3] = 6.6 Hz, 1 H, H-10), 5.02 (dd, 3J = 16.9 Hz,
43 = 1.8 Hz, 1 H, H-11), 4.99 — 4.93 (m, 1 H, H-11), 2.82 — 2.42 (m, 2 H, H-7), 2.21 — 1.87 (m,
2 H, H-9), 1.84 — 1.59 (m, 2 H, H-8).
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13C NMR (75 MHz, CDCl3) & [ppm] = 142.6 (C-1), 138.7 (C-10), 128.6 (C-2/6), 128.4 (C-3/5),
125.8 (C-4), 114.8 (C-11), 35.5 (C-7), 33.4 (C-9), 30.8 (C-8).

GC-MS (70 eV) m/z ([%]): 146 (5, [M*]), 131 (6), 117 (11), 104 (100), 91 (91), 77 (13), 65 (23),
51 (11).

FTIR-ATR v [cm™] = 3079 (w), 3064 (w), 3027 (w), 3001 (w), 2977 (w), 2931 (m), 2858 (w),
1943 (w), 1865 (w), 1801 (w), 1747 (w), 1641 (w), 1604 (w), 1584 (w), 1496 (m), 1453 (m),
1412 (w), 1349 (w), 1109 (w), 1074 (w), 1031 (w), 991 (m), 909 (s), 845 (w), 803 (w), 742 (s),
697 (s), 635 (w), 581 (w), 566 (w).

The analytical data are in agreement with the literature.??°!

10.2.3.3.2. Synthesis of 6-phenyl-1-hexene (242d)

1. Mg

2. allyl bromid
Br allyl bromiae - S
304b Et,0, reflux, 3 h 242d

89%

The synthesis was performed according to a procedure of Mulpuri et al.l3a Under an
atmosphere of argon, a 50 mL round-bottomed flask equipped with a reflux condenser was
charged with 413 mg of Mg turnings (17.0 mmol, 1.1 equiv.) and an I, crystal and the mixture
was heated under vigorous stirring. Then a solution of 2.30 mL of (3-bromopropyl)benzene
(304b) (3.01 g, 15.4 mmol, 1.0 equiv.) in 6.0 mL of anhydrous Et,O was slowly added over
10 min. The resulting reaction mixture was heated at reflux for 1.5 h. Atr.t., a solution of 1.4 mL
of allyl bromide (2.0 g, 16 mmol, 1.1 equiv.) in 6.0 mL of Et,O was added over 5 min and the
suspension was heated at reflux for 3 h. Then 10 mL of sat. NH4ClI solution and 10 mL of H,O
were added. The aqueous phase was extracted with MTBE (3 x 15 mL). The combined organic
phases were dried with MgSO4 and concentrated under reduced pressure (attention: product
is volatile) to give 2.28 g of a pale yellow liquid (~135 mg of MTBE residues; 2.15 g of product
242d, 13.4 mmol, 89%).

M (C12H16) =160.26 g/mol 6

TLC (SiO., cHex/EtOAc 60:1) Ry = 0.74. 4 2242d

;
IH NMR (300 MHz, CDCls) & [ppm] = 7.26 (t, 3J = 7.6 Hz, 2 H, H-3/5), 7.18 — 7.11 (m, 3 H,
H-2/4/6), 5.79 (ddt, 3J = 17.0 Hz, 3J = 10.2 Hz, 3J = 6.7 Hz, 1 H, H-11), 4.99 (dd, 3J = 16.9 Hz,
43 =2.0 Hz, 1 H, H-12), 4.95 — 4.90 (m, 1 H, H-12), 2.59 (t, 3J = 7.9 Hz, 2 H, H-7), 2.07 (wq, 3J
= 7.1 Hz, 2 H, H-10), 1.70 — 1.56 (m, 2 H, H-8), 1.43 (yp, 3J = 7.5 Hz, 2 H, H-9).
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13C NMR (75 MHz, CDCl3) & [ppm] = 142.8 (C-1), 139.0 (C-11), 128.5 (C-2/6), 128.4 (C-3/5),
125.8 (C-4), 114.5 (C-12), 36.0 (C-7), 33.8 (C-10), 31.1 (C-8), 28.7 (C-9).

GC-MS (70 eV) m/z ([%]): 160 (9, [M*]), 131 (6), 117 (33), 104 (70), 91 (100), 77 (11), 65 (24),
51 (10).

FTIR-ATR v [cm™] = 3079 (w), 3064 (w), 3027 (w), 3001 (w), 2977 (w), 2930 (m), 2857 (w),
1942 (w), 1802 (w), 1641 (w), 1603 (w), 1587 (w), 1496 (m), 1453 (m), 1414 (w), 1260 (w),
1077 (w), 1030 (w), 992 (w), 909 (m), 808 (w), 744 (s), 697 (s), 636 (W), 568 (W).

The analytical data are in agreement with the literature.[*37a

10.2.3.3.3. Synthesis of 1-phenyl-1-butene (2429)

©j tBUOK, PrPPh,Br A
307 f:); EIZ1:4
The synthesis was performed according to a procedure of Yu et al.l**”"! Under an atmosphere
of argon, a 50 mL Schlenk flask was charged with a solution of 6.36 g of PrPPhsBr (16.5 mmol,
1.1 equiv.) in 20 mL of dry THF. At 0 °C, the solution was treated with 1.89 g of KOtBu
(16.9 mmol, 1.1 equiv.). The reaction mixture was stirred for 30 min at r.t. Then 1.5 mL of
benzaldehyde (307) (1.6 g, 15 mmol, 1.0 equiv.) were added and the reaction was stirred for
20 h. Subsequently, 10 mL of sat. NH4Cl solution were added and the aqueous phase was
extracted with Et,O (3 x 30 mL). The combined organic phases were dried with Na,SO4 and
concentrated under reduced pressure (attention: product is volatile). Purification by FCC
(cHex/Et;0 9:1) gave 210 mg of 2429 as a pale yellow liquid (1.60 mmol, 11%, E/Z 1:4; Lit.:13"™]

not given).

M (C10H12) =132.21 g/mol 6 7
5 Ns
TLC (SiO, cHex/EtOAc 9:1) R; = 0.86. 4 Z 29N,
2429

IH NMR (300 MHz, CDCls) & [ppm] = 7.48 — 7.25 (m, 5 H, H-2/3/4/5/6), 6.48 (d, 3] = 11.8 Hz,
1 H, H-7), 5.95 - 5.62 (m, 1 H, H-8), 2.54 — 2.37 (m, 2 H, H-9), 1.27 — 1.07 (m, 3 H, H-10).

13C NMR (75 MHz, CDCls) & [ppm] = 137.9 (C-1), 134.9 (C-8), 128.9 (C-2/6), 128.4 (C-7),
128.2 (C-3/5), 126.6 (C-4), 22.1 (C-9), 14.6 (C-10).

GC-MS (70 eV) m/z ([%]): 132 (50, [M*]), 117 (100), 91 (23), 77 (5), 51 (3).
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FTIR-ATR v [cm™] = 3082 (w), 3058 (w), 3025 (w), 3009 (w), 2964 (m), 2933 (w), 2875 (W),
1945 (w), 1880 (w), 1803 (w), 1642 (w), 1600 (w), 1576 (w), 1493 (m), 1456 (w), 1447 (m),
1407 (w), 1375 (w), 1307 (w), 1263 (w), 1180 (w), 1156 (w), 1070 (m), 1029 (w), 964 (m), 915
(m), 841 (w), 794 (m), 765 (s), 741 (m), 697 (s), 618 (w), 606 (w), 531 (m).

The analytical data are in agreement with the literature.[*37"!

10.2.3.4. Hydrocyanation of phenylalkenes

10.2.3.4.1. Synthesis of 2-phenylbutyronitrile (293a)
CN

~  GP5 ©)*\/
—_—
©/2;a/ 45% 293a

80:20 er
According to the general procedure GP5, 66 uL of 3-phenyl-1-propene (242a) (59 mg,
0.50 mmol, 1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 60:1) gave
33 mg of benzyl nitrile 293a as a colorless liquid (0.23 mmol, 45%, 80:20 er; from internal olefin
242h: 66:34 er). Attention: Product is volatile.
M (C1oH1:N) = 145.21 g/mol. oN

6 gl« 10
5

TLC (SiOz, cHex/EtOAc 60:1) Ry = 0.17. A e

3

IH NMR (500 MHz, CDCls) & [ppm] = 7.41 — 7.36 (m, 2 H, H-3/5), 7.35—7.30 (m, 3 H, H-2/4/6),
3.74 (t,3) = 7.2 Hz, 1 H, H-8), 2.01 — 1.79 (m, 2 H, H-9), 1.08 (t, 3J = 7.4 Hz, 3 H, H-10).

13C NMR (75 MHz, CDCls) & [ppm] = 135.8 (C-1), 129.1 (C-3/5), 128.1(C-4), 127.4 (C-2/6),
120.8 (C-7), 39.0 (C-8), 29.3 (C-9), 11.5 (C-10).

GC-MS (70 eV) m/z ([%]): 145 (45, [M*]), 117 (100), 104 (8), 89 (42), 77 (10), 63 (14), 51 (15).

FTIR-ATR v [cm] = 3065 (w), 3032 (w), 2972 (m), 2936 (w), 2879 (w), 2240 (w), 1952 (w),
1876 (w), 1807 (w), 1724 (w), 1602 (w), 1493 (m), 1454 (m), 1384 (w), 1343 (w), 1233 (w),
1073 (w), 1031 (w), 942 (w), 911 (w), 891 (W), 823 (w), 799 (w), 759 (S), 697 (), 649 (W), 640
(W), 619 (W), 593 (W), 554 (W), 511 ().

Enantiomeric separation by chGC column: MEGA DEX BETA (30M x 0.25 mm @),
temperature program: 50 °C, 50°C-180°C (1°C/min). Flow rate: 3 mL/min. Major

enantiomer Tr = 47.7 min; minor enantiomer Tg = 51.7 min.

The analytical data are in agreement with the literature.[2*°
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10.2.3.4.2. Synthesis of 2-phenylvaleronitrile (293b)
CN

242b 60% 293b
80:20 er
According to the general procedure GP5, 75 uL of 4-phenyl-1-butene (242b) (66 mg,
0.50 mmol, 1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 60:1) gave
53 mg of a pale yellow liquid (~5 mg of cHex/EtOAc residues; 48 mg of benzyl nitrile product
293b, 0.30 mmol, 60%, 80:20 er; from internal olefin 242g: 77:23 er).
M (C11H13N) =159.23 g/mol N

6 8| 10
5

TLC (SiO2, cHex/EtOAc 60:1) R = 0.19. | (P

3

IH NMR (500 MHz, CDCls) & [ppm] = 7.44 — 7.28 (m, 5 H, H-2/3/4/5/6), 3.79 (dd, 3J = 8.5 Hz,
3J=6.3 Hz, 1 H, H-8), 2.01 — 1.74 (m, 2 H, H-9), 1.65 — 1.45 (m, 2 H, H-10), 0.97 (t, 3J = 7.3 Hz,
3 H, H-11).

13C NMR (75 MHz, CDCls) & [ppm] = 136.2 (C-1), 129.1 (C-3/5), 128.1 (C-4), 127.3 (C-2/6),
121.0 (C-8), 38.0 (C-9), 37.3 (C-8), 20.4 (C-10), 13.5 (C-11).

GC-MS (70 eV) m/z ([%]): 159 (18, [M*]), 117 (100), 103 (8), 89 (20), 77 (12), 51 (14).

FTIR-ATR v [cm] = 3062 (w), 3032 (w), 2961 (m), 2933 (m), 2875 (W), 2239 (w), 2217 (w),
1720 (w), 1602 (w), 1494 (w), 1466 (m), 1455 (m), 1382 (w), 1345 (w), 1271 (w), 1248 (w),
1159 (w), 1111 (w), 1073 (w), 1030 (w), 940 (w), 914 (w), 856 (W), 756 (s), 698 (S), 639 (W),
620 (W), 573 (W), 509 ().

Enantiomeric separation by chGC column: MEGA DEX B-SE (30M x 0.25mm @),
temperature program: 50 °C, 50 °C — 180 °C (0.25 °C/min). Flow rate: 4 mL/min. Major

enantiomer Tr = 140.5 min; minor enantiomer Tr = 135.1 min.

The analytical data are in agreement with the literature. 6

10.2.3.4.3. Synthesis of 2-phenylhexanenitrile (293c)
CN

~  GP5 X
—_—
242¢ 50% 293¢

According to the general procedure GP5, 83 uL of 5-phenyl-1-pentene (242c) (73 mg,
0.50 mmol, 1.0 equiv.) were reacted at r.t. and purification by FCC (cHex/EtOAc 60:1) gave
48 mg of benzyl nitrile 293¢ as a pale yellow liquid (0.23 mmol, 50%).
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M (C12H1sN) = 173.26 g/mol. N

6 8] * 10 12
5

TLC (SiO2, cHex/EtOAc 60:1) R = 0.19. | P

3

IH NMR (500 MHz, CDCls) & [ppm] = 7.43 — 7.35 (m, 2 H, H-3/5), 7.35— 7.29 (m, 3 H, H-2/4/6),
3.77 (dd, 3] = 8.6 Hz, 3 = 6.2 Hz, 1 H, H-8), 1.99 — 1.77 (m, 2 H, H-9), 1.53 — 1.45 (m, 2 H,
H-10), 1.41 — 1.32 (m, 2 H, H-11), 0.91 (t, 3J = 7.3 Hz, 3 H, H-12).

13C NMR (75 MHz, CDCl3) & [ppm] = 136.2 (C-1), 129.2 (C-3/5), 128.1 (C-4), 127.4 (C-2/6),
121.1 (C-7), 37.5 (C-8), 35.7 (C-9), 29.2 (C-10), 22.2 (C-11), 13.9 (C-12).

GC-MS (70 eV) m/z ([%]): 173 (17, [M*]), 117 (100), 104 (10), 91 (18), 77 (9), 63 (8), 57 (10),
21 (10).

FTIR-ATR v [cm™] = 3065 (w), 3029 (w), 2958 (m), 2931 (m), 2863 (W), 2241 (w), 2215 (w),
1721 (w), 1601 (w), 1495 (w), 1466 (w), 1455 (m), 1380 (w), 1270 (w), 1246 (w), 1116 (w),
1103 (w), 1075 (w), 1031 (w), 911 (w), 877 (w), 853 (w), 753 (s), 698 (s), 639 (W), 620 (w), 581
(w), 538 (w), 518 (w).

The analytical data are in agreement with the literature.[*8l

Analytical data of isomerized starting material 1-phenyl-1-pentene 242e (colorless liquid).

M (C11H14) =146.23 g/mol 6 ;

5 A
T 8 10
TLC (SiOz, cHex/EtOAc 60:1) Rf=0.71. 4©2/2;e/\/

3
IH NMR (500 MHz, CDCls) & [ppm] = 7.40 — 7.35 (m, 2 H, H-2/6), 7.34 — 7.28 (m, 2 H, H-3/5),
7.21 (dd, 3 = 7.0 Hz, 3 = 1.4 Hz, 1 H, H-4), 6.41 (d, 3] = 15.8 Hz, 1 H, H-7), 6.26 (dt, 3J =
15.7 Hz, 3J = 6.8 Hz, 1 H, H-8), 2.22 (yqd, 3J = 7.1 Hz, 4J = 1.4 Hz, 2 H, H-9), 1.53 (yh, 3] =
7.4 Hz, 2 H, H-10), 0.99 (t, 3] = 7.4 Hz, 3 H, H-11).

1"

13C NMR (75 MHz, CDCls) & [ppm] = 138.1 (C-1), 131.1 (C-8), 130.1 (C-7), 128.6 (C-3/5),
126.9 (C-4), 126.1 C-2/6), 35.3 (C-9), 22.7 (C-10), 13.9 (C-11).

GC-MS (70 eV) m/z ([%]): 146 (32, [M*]), 117 (100), 104 (30), 91 (34), 77 (8), 65 (9), 51 (10).

FTIR-ATR v [cm™] = 3081 (w), 3061 (w), 3025 (w), 2989 (w), 2959 (m), 2928 (m), 2904 (w),
2872 (m), 1942 (w), 1871 (w), 1798 (w), 1741 (w), 1703 (w), 1654 (w), 1598 (w), 1577 (w),
1493 (w), 1450 (w), 1434 (w), 1405 (w), 1379 (w), 1339 (w), 1261 (w), 1072 (m), 1049 (w),
1029 (w), 962 (s), 909 (w), 808 (w), 774 (w), 736 (s), 713 (W), 691 (s), 605 (w), 518 (w).

The analytical data are in agreement with the literature. 23
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10.2.3.4.4. Synthesis of 2-phenylheptanenitrile (293c)
CN

*
GP5
©/\/\/\ ©)\/\/\
242d 21% 293d

According to the general procedure GP5, 90 uL of 6-phenyl-1-hexene (242d) (80 mg,
0.50 mmol, 1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 60:1) gave
20 mg of benzyl nitrile 293d as a pale yellow liquid (0.11 mmol, 21%).

M (C13H17N) = 187.29 g/mol. N

TLC (SiO,, cHex/EtOAc 60:1) Rs = 0.16. \ 122939d won

3

IH NMR (500 MHz, CDCl) & [ppm] = 7.33 = 7.27 (m, 2 H, H-3/5), 7.27 — 7.21 (m, 3 H, H-2/4/6),
3.69 (dd, 3J = 8.7 Hz, 3J = 6.2 Hz, 1 H, H-8), 1.92 — 1.67 (m, 2 H, H-9), 1.48 — 1.38 (m, 4 H,
H-10/11), 1.27 — 1.19 (m, 2 H, H-12), 0.87 — 0.75 (m, 3 H, H-13).

13C NMR (75 MHz, CDCls) & [ppm] = 136.2 (C-1), 129.1 (C-3/5), 128.1 (C-4), 127.3 (C-2/6),
121.1 (C-7), 37.5 (C-8), 36.0 (C-9), 31.2 (C-10), 26.8 (C-11), 22.5 (C-12), 14.0 (C-13).

GC-MS (70 eV) m/z ([%]): 187 (13, [M*]), 160 (4), 129 (4), 117 (100), 104 (14), 91 (22), 77 (6),
65 (5), 56 (83), 51 (6).

FTIR-ATR v [cmY] = 2989 (w), 2957 (m), 2929 (s), 2862 (W), 2240 (W), 2217 (w), 1956 (w),
1876 (w), 1810 (w), 1722 (w), 1601 (w), 1495 (w), 1466 (w), 1454 (m), 1407 (w), 1394 (w),
1380 (w), 1242 (w), 1075 (m), 1068 (m), 1057 (m), 900 (w), 857 (w), 805 (w), 753 (m), 698 (s),
640 (w), 618 (W), 607 (W), 580 (W), 538 (W), 520 (W), 507 (w).

The analytical data are in agreement with the literature.[?32

Analytical data of isomerized starting material 1-phenyl-1-hexene 242f (colorless liquid).

M (C12H16) =160.26 g/mol 6 1

7\ 9
5©1/\3/\10/\12
TLC (SiO,, cHex/EtOAc 60:1) Rs = 0.74. 4 2 242

:
IH NMR (500 MHz, CDCls) & [ppm] = 7.41 — 7.34 (m, 2 H, H-2/6), 7.34 — 7.28 (m, 2 H, H-3/5),
7.25-7.14 (m, 1 H, H-4), 6.41 (d, 3J = 15.7 Hz, 1 H, H-7), 6.26 (dt, 3J = 15.7 Hz, ] = 6.9 Hz,
1 H, H-8), 2.25 (wq, 3J = 6.9 Hz, 2 H, H-9), 1.55 — 1.49 (m, 2 H, H-10), 1.45 — 1.38 (m, 2 H,
H-11), 1.09 — 0.86 (m, 3 H, H-12).

13C NMR (75 MHz, CDCls) & [ppm] = 138.1 (C-1), 131.3 (C-8), 129.9 (C-7), 128.6 (C-3/5),
126.9 (C-4), 126.0 (C-2/6), 32.9 (C-9), 31.7 (C-10), 22.4 (C-11), 14.1 (C-12).
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GC-MS (70 eV) m/z ([%]): 160 (7, [M*]), 131 (7), 117 (7), 104 (18), 91 (100), 77 (5), 65 (17),
51 (7).

FTIR-ATR v [cm™] = 3081 (w), 3062 (w), 3025 (w), 2958 (m), 2925 (m), 2872 (m), 2856 (m),
1945 (w), 1871 (w), 1802 (w), 1736 (w), 1652 (w), 1599 (w), 1495 (w), 1453 (w), 1407 (w),
1394 (w), 1378 (w), 1308 (w), 1242 (w), 1158 (w), 1067 (m), 1057 (m), 963 (s), 933 (w), 906
(w), 891 (w), 866 (w), 775 (w), 742 (s), 691 (s), 614 (W), 606 (W), 571 (w), 516 (w).

The analytical data are in agreement with the literature. 2%

10.2.3.5. Hydrocyanation of homostilbenes (1,3-diarylpropenes)
10.2.3.5.1. Synthesis of 1,4-diphenylbutyronitrile (245a)

PRaAPh CN
(B)-221a — > ph Ph
Ph 245a
(\/ from (E): 76%, 74:26 er
ph (2)-221a from (Z): 45%, 74:26 er

According to the general procedure GP5, 96 yL of (E)-homostilbene ((E)-221a) or 97 L of (2)-
homostilbene ((2)-221a) (97 mg, 0.50 mmol, 1.0 equiv.) were reacted at r.t. and purification by
FCC (cHex/EtOAc 40:1) gave 84 mg of product 245a starting from (E)-221a (0.38 mmol, 76%,
74:26 er) or 50 mg of 245a starting from (Z)-221a (0.23 mmol, 45%, 74:26 er) as a colorless
oil. The absolute (S)-configuration was confirmed by comparison of the experimental and

calculated ECD spectrum.

M (C16H15N) =221.30 g/mol 5 TN 13
42 1614

TLC (SiO2, cHex/EtOAc 40:1) Rs = 0.19. 3 2452 15

IH NMR (500 MHz, CDCls) & [ppm] =7.42 — 7.36 (m, 2 H, H-3/5), 7.35 — 7.29 (m, 5 H,
H-2/4/6/13/15), 7.26 — 7.18 (m, 3 H, H-12/14/16), 3.75 (dd, 3J = 9.0 Hz, 3J = 6.0 Hz, 1 H, H-8),
3.10 — 2.58 (m, 2 H, H-10), 2.28 (wdtd, 2J = 14.6 Hz, 3J = 8.8 Hz, 3J = 5.8 Hz, 1 H, H-9), 2.18
(dddd, 2J = 13.6 Hz, 3J = 8.9 Hz, 3] = 7.4 Hz, 3 = 6.0 Hz, 1 H, H-9).

13C NMR (75 MHz, CDCls) & [ppm] = 139.9 (C-11), 135.8 (C-1), 129.3 (C-3/5), 128.8 (C-12/16),
128.6 (C-13/15), 128.3 (C-4), 127.4 (C-2/6), 126.6 (C-14), 120.8 (C-7), 37.5 (C-9), 36.7 (C-8),
33.2 (C-10).

GC-MS (70 eV) m/z ([%]): 221 (42, [M*]), 194 (40), 179 (19), 165 (8), 130 (28), 117 (34), 105
(68), 91 (100), 77 (45), 65 (33), 51 (33).

FTIR-ATR v [cm™] = 3086 (w), 3063 (w), 3029 (w), 2956 (w), 2929 (m), 2863 (W), 2343 (W),
2241 (w), 1951 (w), 1878 (w), 1808 (w), 1718 (w), 1602 (w), 1586 (w), 1495 (m), 1454 (m),
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1394 (w), 1381 (w), 1344 (w), 1266 (w), 1183 (w), 1158 (w), 1082 (w), 1029 (w), 1004 (w), 986
(w), 967 (w), 910 (w), 857 (w), 786 (w), 748 (s), 696 (s), 641 (w), 620 (w), 598 (w), 571 (w),
555 (w), 518 (w).

Specific rotation (c = 0.540 g/100 mL, CHCl; [a]}):  [a]329 =-53.8°, [a]?30 =-34.6°,
[@]232 =-20.3°, [a]290 =-18.0°, [a]330 =-17.4".

Enantiomeric separation by chGC column: MEGA DEX B-SE (30M x 0.25mm @),
temperature program: 50 °C, 50 °C —180°C (0.5 °C/min). Flow rate: 4 mL/min. Major

enantiomer Tr = 196.1 min; minor enantiomer Tr = 198.4 min.

The analytical data are in agreement with the literature.!?*4

10.2.3.5.2. Synthesis of 1,4-diarylbutyronitrile 245b
CN

GP5 %

0L, e T

92%

221b CN 80:20“,, 245b CN
72:28 er

According to the general procedure GP5, 112 mg cyanohomostilbene 221b (0.511 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 9:1) gave 116 mg of
245b as a colorless oil (0.471 mmol, 92%, 80:20 rr, 71:29 er).

M (C17H14N2) = 246.31 g/mol. . ON ,

2]* 4

7 15
5 3 11
TLC (SiO2, cHex/EtOAC 40:1) Ry = 0.09. s 0 N
9 245b 13 47

IH NMR (500 MHz, CDCls) & [ppm] = 7.61 - 7.55 (m, 2 H, H-13/15), 7.41 — 7.37 (m, 2 H, H-7/9),
7.36 — 7.33 (m, 1 H, H-8), 7.33 — 7.30 (m, 2 H, H-12/16), 7.30 — 7.28 (m, 2 H, H-6/10), 3.78
(dd, 33 = 8.8 Hz, 3J = 6.0 Hz, 1 H, H-2), 2.91 — 2.76 (m, 2 H, H-4), 2.30 — 2.22 (m, 1 H, H-3),
2.21-2.13 (m, 1 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 145.5 (C-11), 135.1 (C-5), 132.5 (C-13/15), 129.29
(C-7/9), 129.27 (C-6/10), 128.4 (C-8), 127.2 (C-12/16), 120.3 (C-1), 118.8 (C-17), 110.5
(C-14), 36.72 (C-3), 36.71 (C-2), 33.2 (C-4).

GC-MS (70 eV) miz ([%]): 246 (16, [M*]), 130 (83), 117 (100), 102 (42), 89 (31), 77 (23), 51
(14).

HR-ESI-MS m/z calculated [C17H1aN2+H"]: 247.1229750; found: 247.12335.

FTIR-ATR v [cm™] = 3092 (w), 3064 (w), 3009 (w), 2952 (w), 2931 (w), 2865 (w), 2228 (m),
1922 (w), 1809 (w), 1736 (w), 1608 (m), 1505 (m), 1495 (m), 1455 (m), 1415 (w), 1344 (w),
1290 (w), 1193 (w), 1778 (w), 1159 (w), 1080 (w), 1021 (w), 1004 (w), 969 (w), 913 (w), 891
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(w), 872 (w), 827 (s), 752 (s), 698 (s), 647 (W), 620 (W), 586 (w), 568 (m), 552 (s), 517 (w), 442
(w), 422 (w).

Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-H (No 39), eluent
mixture: nHex/iPrOH 95:5, detection at 254 nm. Flow rate: 0.5 mL/min. Major enantiomer

Tr = 86.9 min; minor enantiomer Tr = 81.3 min.

10.2.3.5.3. Synthesis of 1,4-diarylbutyronitrile 245¢
CN

GP5 £
P NF —> Pnh
89%
221c CN  go0:10 rr 245¢ CN

85:15 er
According to the general procedure GP5, 110 mg of cyanohomostilbene 221¢ (0.500 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 9:1) gave 117 mg of a
colorless oil (~8 mg of EtOAc residues; 109 mg of 245c, 0.443 mmol, 89%, 90:10 rr, 85:15 er).
Atr.t., 114 mg of a colorless oil were obtained (~6 mg of EtOAc/H0 residues; 108 mg of 245c,
0.438 mmol, 88%, 93:7 rr, 88:12 er).
1

M (C17HwN>) = 246.31 g/mol. AR

75 3 1 10
14

13

IH NMR (600 MHz, CDCls) & [ppm] = 7.71 — 7.66 (m, 2 H, H-13/15), 7.48 — 7.42 (m, 2 H,
H-12/16), 7.34 — 7.30 (m, 2 H, H-7/9), 7.26 — 7.23 (m, 1 H, H-8), 7.21 — 7.17 (m, 2 H, H-6/10),
3.80 (dd, 2= 9.3 Hz, 3J=5.8 Hz, 1 H, H-2), 2.92 — 2.75 (m, 2 H, H-4), 2.27 (dddd, 2J = 13.8 Hz,
3) =9.3Hz, 3J=8.3Hz,3) =5.6 Hz, 1 H, H-3), 2.21 — 2.11 (m, 1 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 141.0 (C-11), 139.2 (C-5), 133.1 (C-13/15), 129.0
(C-7/9), 128.5 (C-6/10), 128.3 (C-12/6), 126.9 (C-8), 119.5 (C-1), 118.2 (C-17), 112.5 (C-14),
37.3 (C-3), 36.7 (C-2), 33.1 (C-4).

GC-MS (70 eV) m/z ([%)]): 246 (65, [M*]), 207 (14), 155 (46), 141 (22), 114 (18), 105 (83), 92
(100), 77 (43), 51 (24).

FTIR-ATR v [cm™] = 3063 (w), 3028 (w), 2989 (w), 2955 (w), 2928 (w), 2865 (w), 2230 (s),
1927 (w), 1809 (w), 1735 (m), 1608 (m), 1506 (m), 1497 (m), 1455 (m), 1414 (m), 1338 (w),
1285 (w), 1258 (w), 1205 (w), 1179 (w), 1156 (w), 1114 (w), 1080 (w), 1066 (w), 1029 (w),
1021 (w), 968 (w), 911 (w), 834 (s), 792 (W), 749 (s), 699 (s), 646 (W), 621 (W), 599 (M), 566
(s), 495 (W), 469 (w), 417 (w).

HR-ESI-MS m/z calculated [C17H1aN2+Na']: 269.1049197; found: 269.10513.
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Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-H (No 39), eluent
mixture: nHex/iPrOH 95:5, detection at 254 nm. Flow rate: 0.5 mL/min. Major enantiomer

Tr = 78.6 min; minor enantiomer Tr = 57.4 min.

10.2.3.5.4. Synthesis of 1,4-diarylbutyronitrile 245d
CN

GP5 X

Ph/\/\©\ — Ph)\/\©\

57%

221d OMe 89:11orr 245d OMe
71:29 er

According to the general procedure GP5, 112 mg methoxyhomostilbene 221d (0.499 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 20:1) gave 72 mg of
245d as a colorless oil (0.29 mmol, 57%, 89:11 rr, 71:29 er).

M (Cl7H17NO) =251.33 g/mol 6 olx 4 16
7 15
5 3 11 17
14

TLC (SiO2, cHex/EtOAc 9:1) R = 0.36. NP, sy < o~

IH NMR (500 MHz, CDCls) & [ppm] = 7.42 — 7.36 (m, 2 H, H-7/9), 7.35 — 7.29 (m, 3 H,
H-6/8/10), 7.15 — 7.09 (m, 2 H, H-12/16), 6.89 — 6.84 (m, 2 H, H-13/15), 3.80 (s, 3 H, H-17),
3.73 (dd, 3J = 9.0 Hz, 3J = 6.0 Hz, 1 H, H-2), 2.90 — 2.67 (M, 2 H, H-4), 2.32 — 2.19 (m, 1 H,
H-3), 2.19 — 2.08 (m, 1 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 158.4 (C-14), 135.8 (C-5), 131.9 (C-11), 129.5
(C-12/16), 129.2 (C-7/9), 128.2 (C-8), 127.4 (C-6/10), 120.8 (C-1), 114.2 (C-13/15), 55.4
(C-17), 37.7 (C-3), 36.6 (C-2), 32.3 (C-4).

GC-MS (70 eV) m/z ([%]): 251 (19, [M*]), 135 (21), 121 (100), 116 (47), 105 (25), 91 (82), 77
(76), 51 (42).

FTIR-ATR v [cm™] = 3063 (w), 3031 (w), 2990 (w), 2954 (w), 2932 (w), 2863 (w), 2836 (W),
2240 (w), 2058 (w), 1956 (w), 1883 (w), 1734 (w), 1684 (w), 1611 (m), 1584 (w), 1511 (s),
1495 (w), 1464 (w), 1454 (m), 1442 (w), 1421 (w), 1394 (w), 1381 (w), 1344 (w), 1301 (m),
1244 (s), 1178 (m), 1109 (w), 1079 (w), 1066 (w), 1032 (s), 959 (w), 891 (w), 826 (m), 812 (w),
752 (m), 698 (s), 654 (w), 638 (w), 588 (w), 542 (w), 511 (m).

Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-H (No 14), eluent
mixture: nHex/iPrOH 99:1 (90:10 for racemic standard), detection at 254 nm. Flow rate:
0.5 mL/min (1 mL/min for racemic standard). Major enantiomer Tr=29.5min; minor

enantiomer Tr = 35.4 min.

The analytical data are in agreement with the literature.2*
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10.2.3.5.5. Synthesis of 1,4-diarylbutyronitrile 245e

CN

GP5
P N7 — Ph
75%
221e OMe §3:17 rr 245¢ OMe

74:26 er
According to the general procedure GP5, 112 mg methoxyhomostilbene 221e (0.499 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 20:1) gave 94 mg of
245e as a colorless solid (0.37 mmol, 75%, 83:17 rr, 74:26 er). The absolute (S)-configuration

was confirmed by X-ray crystallography.

M (Cl7H17NO) =251.33 g/mol

CN
TLC (SiO2, cHex/EtOAc 9:1) R = 0.33. BSOS ¥
5 3 1 14 17
M.p. 49 - 52 °C. Y Puse T7 O

IH NMR (500 MHz, CDCls) & [ppm] = 7.34 — 7.28 (m, 2 H, H-7/9), 7.26 — 7.21 (m, 3 H,
H-6/8/10), 7.21 — 7.17 (m, 2 H, H-12/16), 6.95 — 6.88 (m, 2 H, H-13/15), 3.81 (s, 3 H, H-17),
3.69 (dd, 3J = 9.0 Hz, 3J = 6.3 Hz, 1 H, H-2), 2.79 (ytt, 2J = 14.2 Hz, 2J = 6.8 Hz, 2 H, H-4),
2.31—2.19 (m, 1 H, H-3), 2.14 (dddd, 2J = 13.5 Hz, 3J = 8.7 Hz, 3J = 7.3 Hz,3] = 6.2 Hz, 1 H,
H-3).

13C NMR (75 MHz, CDCls) & [ppm] = 159.5 (C-14), 140.0 (C-5), 128.8 (C-7/9), 128.6 (C-6/10),
127.7 (C-12/16), 126.6 (C-8), 121.0 (C-1), 114.6 (C-13/15), 55.5 (C-17), 37.5 (C-3), 35.9 (C-2),
33.1 (C-4).

GC-MS (70 eV) m/z ([%]): 251 (20, [M*]), 224 (9), 160 (11), 146 (46), 134 (19), 121 (18), 105
(37), 91 (100), 77 (48), 64 (20), 51 (35).

FTIR-ATR v [cm™] = 3090 (w), 3064 (w), 3032 (w), 3010 (w), 2958 (w), 2929 (w), 2863 (W),
2837 (w), 2241 (w), 2040 (w), 1980 (w), 1952 (w), 1887 (w), 1761 (w), 1610 (m), 1584 (m),
1512 (s), 1498 (w), 1456 (m), 1443 (w), 1425 (w), 1362 (w), 1349 (w), 1336 (w), 1303 (m),
1289 (w), 1220 (s), 1179 (s), 1110 (w), 1080 (w), 1025 (s), 971 (w), 958 (w), 932 (w), 908 (w),
892 (w), 828 (s), 819 (w), 773 (w), 753 (m), 737 (s), 699 (s), 637 (W), 621 (w), 603 (m), 594
(w), 561 (m), 532 (m).

Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-H (No 14), eluent
mixture: nHex/iPrOH 90:10, detection at 254 nm. Flow rate: 1 mL/min. Major enantiomer

Tr = 10.97 min; minor enantiomer Tg = 9.00 min.

The analytical data are in agreement with the literature. 234
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10.2.3.5.6. Synthesis of 1,4-diarylbutyronitrile 245f
CN

Ph S OMe GP5 Ph N OMe
221f OMe 921:’»;‘/0” 245f OMe
OMe n.d. er OMe
According to the general procedure GP5, 163 mg of trimethoxyhomostilbene 221f (2 142 mg,

w(TMB) = 13%, 0.500 mmol, 1.0 equiv.) were reacted at 50 °C and purification by FCC
(cHex/EtOAc 9:1) gave 98 mg of 245f as a colorless oil (0.32 mmol, 63%, 96:4 rr, er n.d.).

M (C19H2:NO3) = 311.38 g/mol. 7 150,

TLC (SiO2, cHex/EtOAc 9:1) R¢ = 0.14. o 248

Ouus
IH NMR (500 MHz, CDCls) & [ppm] = 7.42 — 7.37 (m, 2 H, H-7/9), 7.36 — 7.31 (m, 3 H,
H-6/8/10), 6.40 (s, 2 H, H-12/16), 3.85 (s, 6 H, H-18/19), 3.83 (s, 3 H, H-17), 3.76 (dd, 3J =
9.2 Hz, 3J = 5.9 Hz, 1 H, H-2), 2.86 — 2.65 (m, 2 H, H-4), 2.30 — 2.20 (m, 1 H, H-3), 2.20 — 2.11
(m, 1 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 153.5 (C-13/15), 136.7 (C-14), 135.7 (C-11), 135.6
(C-5), 129.3 (C-7/9), 128.3 (C-8), 127.4 (C-6/10), 120.8 (C-1), 105.4 (C-12/16), 61.0 (C-17),
56.3 (C-18/19), 37.5 (C-3), 36.7 (C-2), 33.7 (C-4).

GC-MS (70 eV) m/z ([%]): 311 (100, [M*]), 182 (96), 167 (21), 151 (25), 16 (4), 116 (5), 77 (3),
51 (2).

HR-EI-MS m/z calculated [C19H21NO3-CH3*]: 296.12812; found: 296.12766.

FTIR-ATR v [cm] = 3676 (br), 3061 (w), 2988 (W), 2968 (W), 2954 (w), 2989 (w), 2924 (m),
2241 (w), 2103 (w), 1991 (w), 1966 (w), 1897 (w), 1821 (w), 1736 (w), 1590 (s), 1507 (m),
1495 (m), 1455 (s), 1420 (m), 1365 (w), 1347 (w), 1333 (m), 1282 (w), 1238 (s), 1183 (w),
1149 (w), 1126 (s), 1078 (w), 1066 (w), 1057 (w), 1043 (m), 1021 (w), 1004 (s), 974 (w), 917
(w), 890 (w), 871 (w), 853 (w), 827 (m), 816 (m), 771 (s), 751 (w), 704 (s), 670 (m), 650 (W),
637 (W), 620 (W), 595 (M), 574 (W) 526 (w), 437 (w).
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10.2.3.5.7. Synthesis of 1,4-diarylbutyronitrile 245¢g
CN

GP5 £
Ph = OMe Ph OMe
47%
221g OMe  51:49 rr 245¢g OMe
OMe n.d. er OMe

According to the general procedure GP5, 162 mg trimethoxyhomostilbene 221g (0.570 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 9:1) gave 84 mg of
2459 as a pale yellow oil (0.27 mmol, 47%, 51:49 rr, er n.d.). For distinct analysis, a small
product sample of 245g was separated from its regioisomer 245f by repeated FCC
(cHex/EtOAc 15:1).

6 1CN 16
4 2] *
M (C19H21NO3) = 311.38 g/mol. N N N
8 10 12 140
TLC (SiO., cHex/EtOAc 9:1) R = 0.08. s 245¢g 130
19

17

IH NMR (500 MHz, CDCls) & [ppm] = 7.32 (t, 3J = 7.5 Hz, 2 H, H-7/9), 7.25 — 7.18 (m, 3 H, H-
6/8/10), 6.50 (s, 2 H, H-12/16), 3.86 (s, 3 H, H-18/19), 3.84 (s, 3 H, H-17), 3.72 = 3.63 (m, 1 H,
H-2), 3.00 — 2.70 (m, 2 H, H-4), 2.34 —2.21 (m, 1 H, H-3), 2.17 (dddd, 2J = 13.5 Hz, 3J = 9.0 Hz,
3J=7.2 Hz,3 = 6.2 Hz, 1 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 153.8 (C-13/15), 139.8 (C-5), 137.9 (C-14), 131.3
(C-11), 128.8 (C-7/9), 128.6 (C-6/10), 126.7 (C-8), 120.8 (C-1), 104.5 (C-12/16), 61.0 (C-17),
56.4 (C-18/19), 37.4 (C-3), 36.9 (C-2), 33.2 (C-4).

GC-MS (70 eV) m/z ([%]): 311 (39, [M™]), 207 (100), 192 (24), 176 (41), 105 (23), 91 (55).
HR-ESI-MS m/z calculated [C19H21NOs+Na']: 334.1413647; found: 334.14154.

FTIR-ATR v [cm] = 3063 (w), 3027 (w), 3001 (w), 2930 (br), 2841 (w), 2240 (w), 2106 (W),
1952 (w), 1737 (w), 1592 (m), 1508 (m), 1498 (m), 1456 (m, 1422 (m), 1337 (m), 1238 (m),
1184 (w), 1124 (s), 1029 (w), 1004 (m), 979 (w), 923 (w), 826 (m), 782 (w), 749 (m), 700 (m),
655 (W), 572 (W), 528 (W), 489 (w).
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10.2.3.5.8. Synthesis of 1,4-diarylbutyronitrile 245h
CN

OH GP5 ¥ OH
ph NP — > Ph
54%
221h OMe  74:26 rr 245h OMe

75:25 er
According to the general procedure GP5, 120 mg of eugenol derivative 221h (0.500 mmol,
1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 5:1) gave 72 mg of
245h as a pale yellow oil (0.27 mmol, 54%, 74:26 rr, 75:25 er).
1

M (C17H17NO5) = 267.33 g/mol. A « on

14 17

75 3 11
TLC (SiO2, cHex/EtOAc 5:1) Ry = 0.18. "N ousn o~

9 13

IH NMR (600 MHz, CDCls) & [ppm] = 7.33 — 7.29 (m, 2 H, H-7/9), 7.25 — 7.21 (m, 1 H, H-8),
7.19 (d, 3J = 6.9 Hz, 2 H, H-6/10), 6.87 (d, “J = 2.0 Hz, 1 H, H-16), 6.84 (d, 3J = 8.3 Hz, 1 H,
H-13), 6.81 (dd, 3J = 8.3 Hz, “J = 2.0 Hz, 1 H, H-12), 3.89 (s, 3 H, H-17), 3.64 (dd, 3J = 8.8 Hz,
3 = 6.2 Hz, 1 H, H-2), 2.84 — 2.75 (m, 2 H, H-4), 2.30 — 2.18 (m, 1 H, H-3), 2.18 — 2.08 (m,
1 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 146.5 (C-15), 146.2 (C-14), 140.0 (C-5), 129.2 (C-11),
128.8 (C-7/9), 128.6 (C-6, C-10), 126.6 (C-8), 120.9 (C-1), 119.1 (C-12), 113.7 (C-16), 111.0
(C-13), 56.2 (C-17), 37.4 (C-3), 36.0 (C-2), 33.1 (C-4).

GC-MS (70 eV) m/z ([%]): 267 (100, [M*]),175 (46), 163 (92), 148 (21), 131 (19), 105 (67), 91
(43), 77 (22), 51 (17).

HR-ESI-MS m/z calculated [C17H17NO2+H*]: 268.1332053; found: 268.13320.

FTIR-ATR v [cm™] = 3504 (br), 3414 (br), 3063 (s), 3028 (), 2952 (s), 2933 (W), 2862 (W),
2842 (w), 2241 (w), 1952 (w), 1732 (w), 1593 (m), 1510 (s), 1454 (m), 1441 (m), 1357 (),
1272 (s), 1236 (s), 1212 (s), 1176 (m), 1153 (w), 1130 (s), 1081 (w), 1026 (s), 958 (w), 914
(W), 867 (w), 805 (m), 762 (s), 752 (s), 699 (s), 634 (W), 614 (W), 589 (W), 572 (W), 537 (W),
491 (W), 447 (W).

Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-H (No 39), eluent
mixture: nHex/iPrOH 90:10, detection at 254 nm. Flow rate: 0.5 mL/min. Major enantiomer

Tr = 82.5 min; minor enantiomer Tr = 77.8 min.
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10.2.3.5.9. Synthesis of 1,4-diarylbutyronitrile 245i

CN

MeO = OH GP5  MeO N OH

R —

O CL, e I T

MeO 221i OMe gg:2 MeO 245i OMe
MeO 76:24 er MeO

According to the general procedure GP5, 120 mg of trimethoxyhomostilbene 221i

(0.500 mmol, 1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 3:1) gave
105 mg of 245i as a pale yellow oil (0.30 mmol, 59%, 98:2 rr, 76:24 er).

M (ConzsNOs) =357.41 g/mol. 6 4 2|

16
o 15 _OH
187 £

8 14 17

TLC (SiO2, cHex/EtOAC 2:1) Ry = 0.19. NN s N 07
(0]
20~

IH NMR (600 MHz, CDCls) & [ppm] = 6.87 (d, *J = 2.0 Hz, 1 H, H-16), 6.83 (d, 3J = 8.1 Hz, 1
H, H-13), 6.81 (dd, 3J = 8.3 Hz, J = 2.0 Hz, 1 H, H-12), 6.39 (s, 2 H, H-6/10), 3.88 (s, 3 H,
H-17), 3.84 (s, 6 H, H-18/20), 3.82 (s, 3 H, H-19), 3.65 (dd, 3J = 8.8 Hz, 3] = 6.1 Hz, 1 H, H-2),
2.81—2.66 (M, 2 H, H-4), 2.26 —2.16 (m, 1 H, H-3), 2.12 (dddd, 2J = 13.5 Hz, 3] = 9.0 Hz, 3] =
7.3 Hz,33 = 6.2 Hz, 1 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 153.4 (C-7/9), 146.5 (C-15), 146.2 (C-14), 136.6 (C-8),
135.7 (C-5), 128.6 (C-11), 120.9 (C-1), 119.0 (C-12), 113.7 (C-16), 111.0 (C-13), 105.4
(C-6/10), 61.0 (C-19), 56.2 (C-18/20), 56.1 (C-17), 37.3 (C-3), 36.0 (C-2), 33.5 (C-4).

GC-MS (70 eV) m/z ([%]): 357 (47, [M*]), 182 (100), 167 (22), 151 (29), 137 (5), 119 (4), 105
(2), 91 (4), 77 (4).

HR-ESI-MS m/z calculated [C20H23NOs+Na']: 380.1468440; found: 380.14702.

FTIR-ATR v [cm] = 3392 (br), 3005 (w), 2937 (w), 2840 (w), 2241 (w), 2100 (w), 1733 (w),
1590 (s), 1508 (s), 1457 (m), 1421 (m), 1350 (w), 1332 (m), 1275 (m), 1237 (s), 1182 (w), 1122
(s), 1025 (m), 1004 (m), 958 (w), 912 (w), 865 (w), 807 (m), 778 (w), 763 (m), 731 (W), 669
(W), 632 (W), 594 (W), 528 (w).

Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-RH (No 36), eluent
mixture: MeCN/iPrOH 80:20, detection at 220 nm. Flow rate: 0.2 mL/min. Major enantiomer

Tr = 49.8 min; minor enantiomer Tr = 60.1 min.
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10.2.3.5.10. Synthesis of 1,4-diarylbutyronitrile 245j

MeO OMe MeO. OMe
O ICL o 0
MeomOMe 89 11 MeO:,/\z:\‘iOMe
81:19 er
According to the general procedure GP5, 172 mg of trimethoxyhomostilbene 221j

(0.500 mmol, 1.0 equiv.) were reacted at 50 °C and purification by FCC (cHex/EtOAc 3:1) gave
62 mg of 245j as a pale yellow oil (0.17 mmol, 33%, 89:11 rr, 81:19 er).

M (C21H2sNOs) = 371.43 g/mol. o S a2y Bg

187 N 21

8 14

TLC (SiO2, cHex/EtOAc 2:1) Ry = 0.24. NN gy T 07
O
20 ~

IH NMR (600 MHz, CDCls) & [ppm] = 6.84 (wd, 2 H, H-13/16), 6.80 (s, 1 H, H-12), 6.39 (s, 2 H,
H-6/10), 3.88 (s, 3 H, H-17), 3.87 (s, 3 H, H-21), 3.84 (s, 6 H, H-18/20), 3.82 (s, 3 H, H-19),
3.69 (dd, 3J = 9.1 Hz, 3J = 6.0 Hz, 1 H, H-2), 2.83 — 2.65 (M, 2 H, H-4), 2.29 — 2.18 (m, 1 H,
H-3), 2.13 (dddd, 2J = 13.5 Hz, 3J = 9.2 Hz, 3 = 7.3 Hz,3J = 6.1 Hz, 1 H, H-3).

13C NMR (151 MHz, CDCls) & [ppm] = 153.4 (C-7/9), 149.5 (C-14/15), 149.0 (C-14/15), 136.6
(C-8), 135.6 (C-5), 128.0 (C-11), 121.0 (C-1), 119.7 (C-12), 111.5 (C-16), 110.4 (C-13), 105.4
(C-6/10), 60.9 (C-19), 56.2 (C-18/20), 56.1 (C-17/21), 56.0 (C-17/21), 37.4 (C-3), 36.2 (C-2),
33.6 (C-4).

GC-MS (70 eV) m/z ([%]): 371 (43, [M*]), 344 (6), 313 (4), 182 (100), 167 (22), 151 (30).
HR-EI-MS m/z calculated [C21H2sNOs+Na*]: 371.17272; found: 371.17200.

FTIR-ATR v [cmY] = 2989 (w), 2959 (w), 2937 (w), 2838 (W), 2239 (w), 2103 (w), 1735 (w),
1590 (m), 1515 (m), 1509 (m), 1373 (w), 1332 (w), 1236 (s), 1184 (w), 1141 (w), 1123 (s),
1066 (w), 1026 (m), 1007 (m), 946 (w), 921 (w), 848 (w), 810 (m), 764 (m), 700 (w), 638 (W),
617 (w), 600 (W), 528 (W), 460 (w).

Enantiomeric separation by chHPLC column: Diacel Chiralpak AD-H (No 39), eluent
mixture: nHex/iPrOH 90:10, detection at 254 nm. Flow rate: 0.6 mL/min. Major enantiomer

Tr = 63.7 min; minor enantiomer Tr = 60.0 min.
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10.2.3.5.11. Synthesis of 1,4-diarylbutyronitrile 245k

MeO OTIPS PS5 MeO N OTIPS
O S Wl X
MeO
According to the general procedure GP5, 272 mg of trimethoxyhomostilbene 221k (2 243 mg,
w(TIPSOH) = 11%, 0.500 mmol, 1.0 equiv.) were reacted at 50 °C and purification by FCC
(cHex/EtOAc 15:1) gave 12 mg of 245k as a colorless oil (0.023 mmol, 5%; contains minor

impurities).

1
CN

SI 22
M (CasHasNOsSi) = 513.75 g/mol. 18-° O 177/
19\ 10
. 245k

TLC (SiO2, cHex/EtOAc 9:1) Ry = 0.13.

IH NMR (500 MHz, CDCls) & [ppm] = 6.80 — 6.76 (m, 1 H, H-13), 6.73 (wdd, 2 H, H-12/16),
6.50 (s, 2 H, H-6/10), 3.86 (s, 6 H, H-18/20), 3.84 (s, 3 H, H-19), 3.79 (s, 3 H, H-17), 3.60 (dd,
3 =9.3Hz, 3] =6.0 Hz, 1 H, H-2), 2.83 — 2.65 (m, 2 H, H-4), 2.25 — 2.17 (m, 1 H, H-3), 2.11 —
2.02 (m, 1 H, H-3), 1.31 — 1.17 (m, 3 H, H-21), 1.09 (d, 3J = 7.4 Hz, 18 H, H-22).

13C NMR (151 MHz, CDCls) & [ppm] = 153.8 (C-7/9), 149.7 (C-15), 145.7 (C-14), 137.9 (C-8),
132.1 (C-11), 131.5 (C-5), 121.4 (C-12), 120.81 (C-1) 120.76 (C-16), 112.3 (C-13), 104.5
(C-6/10), 61.0 (C-19), 56.4 (C-18/20), 55.6 (C-17), 37.6 (C-3), 36.7 (C-2), 32.4 (C-4), 18.1
(C-22), 13.1 (C-21).

GC-MS (70 eV) m/z ([%]): 470 (100, [M-iPr*]), 276 (38), 249 (10), 135 (16), 207 (17), 192 (6),
176 (10), 149 (8).

HR-ESI-MS m/z calculated [C29H4sNOsSi+Na*]: 536.2802711; found: 536.28017.

FTIR-ATR v [cm™] = 3001 (w), 2943 (m), 2866 (w), 2240 (w), 1739 (w), 1692 (w), 1592 (m),
1509 (s), 1462 (m), 1423 (m), 1383 (w), 1335 (w), 1281 (m), 1232 (s), 1184 (w), 1159 (w),
1127 (s), 1072 (w), 1031 (w), 996 (m), 945 (w), 921 (w), 882 (m), 829 (m), 742 (w), 731 (w),
681 (s), 657 (m), 592 (w), 559 (w), 505 (w), 467 (W).
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10.2.3.6. Synthesis of a colchicine analogue

10.2.3.6.1. Synthesis of 7-cyano-colchinol 316

CN
MeO * OH PIDA, MsoH  MeO O. o
O O CH,CLIDME  MeO :
MeO 245i OMe 5h,0°C MeO O
MeO 20%
316
MeO OH

The synthesis was performed based on a modified procedure of Takubo et al.}43¢l Under an
atmosphere of argon, a 5 mL Schlenk tube was charged with a solution of 21 mg of benzyl
nitrile 245i (59 uymol, 1.0 equiv.) in 0.6 mL of anhydrous CH.CIl,/DME (1:1). At O °C, the
colorless solution was treated with 19 mg of PIDA (59 umol, 1.0 equiv.) and 3.5 yL of MsOH
(5.2 mg, 56 ymol, 0.95 equiv.). The reaction mixture was stirred for 5 h before 0.6 mL of sat.
NaHCO; solution were added. The aqueous phase was extracted with EtOAc (4 x 1 mL). The
combined organic phases were dried with MgSO. and concentrated under reduced pressure
to give a grey crude material. Purification by FCC (SiO;, cHex/EtOAc 3:1) gave 4 mg of 7-
cyano-colchinol 316 as a colorless wax (11 umol, 20%). Atrop-diastereomer ratio in CDCls:
85:15 (70:30 in DsCCN).

M (C20H21N05) =355.39 g/mol.

TLC (SiO2, cHex/EtOAc 2:1) R = 0.30.

IH NMR (500 MHz, CDCls) & [ppm] = 7.27 (s, 1 H, H-16), 7.03 (s, 1 H, H-13), 6.58 (s, 1 H,
H-6), 5.73 (s, 1 H, OH), 3.92 (s, 3 H, H-19), 3.91 (s, 3 H, H-17), 3.90 (s, 3 H, H-18), 3.61 (s,
3 H, H-20), 3.60 — 3.58 (m, 1 H, H-2), 2.54 — 2.42 (m, 2 H, H-3/4), 2.35 — 2.25 (m, 2 H, H-3/4).

13C NMR (151 MHz, CDCls) & [ppm] = 153.1 (C-7), 151.1 (C-9), 146.0 (C-14), 145.3 (C-15),
141.5 (C-8), 134.0 (C-5), 126.7 (C-12), 125.5 (C-11), 124.4 (C-10), 120.9 (C-1), 113.2 (C-13),
112.2 (C-16), 108.0 (C-6), 61.3 (C-19), 61.1 (C-20), 56.3 (C-17/18), 56.2 (C-17/18), 38.5 (C-3),
32.0 (C-2), 30.8 (C-4).

GC-MS (70 eV) m/z ([%]): 355 (100, [M*]), 340 (8), 324 (1), 308 (9), 226 (3).
HR-ESI-MS m/z calculated [C20H21NOs+Na*]: 378.1311939; found: 378.13115.

FTIR-ATR v [cm™] = 3431 (br), 2959 (m), 2929 (m), 2874 (w), 2860 (w), 2088 (w), 1719 (s),
1578 (w), 1505 (w), 1462 (m), 1408 (w), 1380 (W), 1265 (s), 1247 (s), 1172 (w), 1154 (w), 1115
(s), 1101 (s), 1019 (m), 979 (w), 959 (w), 908 (W), 874 (W), 795 (W), 771 (W), 729 (s), 633 (W),
499 (w).

189



Experimental Part

10.3. Experimental procedures towards chromane natural products by Ir-

catalyzed asymmetric desymmetrization
10.3.1. Synthetic studies towards chromane natural products

10.3.1.1. Synthesis of 4-methoxy-2-methylphenol (401)

MeO H, 1 atm, Pd/C ~ MeO
\(?\OH EtOAC/HOAG 4:1 \Q\OH
o rt, 20 h
414 98% 401
The synthesis was performed based on a modified procedure of Hecht et al.l'81 Under an
atmosphere of argon, a 500 mL three-necked round-bottomed flask was charged with a
suspension of 7.59 g of aldehyde 414 (49.9 mmol, 1.0 equiv.) and 2.81g of Pd/C
(w(Pd) = 10%, 2.63 mmol, 5.3 mol%) in 220 mL of EtOAc/HOAC (4:1). Argon was removed by
Schlenk line vacuum and H; atmosphere (1 atm.) was applied. The reaction mixture was stirred
for 20 h. The suspension was diluted with 100 mL of EtOAc and filtered over Celite.
Evaporation under reduced pressure gave a greenish crude material. After purification by FCC
(SiO2, cHex/EtOAc 5:1) 7.06 g of a beige solid were obtained (~329 mg of HOAc residues;
6.73 g of product 401, 48.7 mmol, 98%).

M (CsHloOZ) =138.17 g/mol
TLC (SiO2, cHex/EtOAc 5:1) R; = 0.30. 1

M.p.l79 71 - 72 °C., s
IH NMRE79 (500 MHz, CDCls) & [ppm] = 6.72 (d, 3J = 3.1 Hz, 1 H, H-3), 6.70 (d, 3J = 8.6 Hz,
1 H, H-6), 6.64 (dd, 3J = 8.7 Hz, 3J = 3.1 Hz, 1 H, H-5), 5.12 (s, 1 H, OH), 3.77 (s, 3 H, H-8),

2.25 (s, 3 H, H-7).

13C NMRI (75 MHz, CDCls) & [ppm] = 153.6 (C-4), 148.0 (C-1), 125.2 (C-2), 116.8 (C-3),
115.7 (C-6), 112.0 (C-5), 55.9 (C-8), 16.2 (C-7).

GC-MSI (70 eV) m/z ([%]): 161 (12, [M+Na*]), 138 (20, [M*]), 123 (100), 95 (22), 77 (45), 68
(35), 54 (13).

FTIR-ATRE® v [cm™] = 3676 (w), 3254 (br, m), 3037 (w), 3007 (w), 2952 (w), 2835 (w), 1831
(w), 1721 (w), 1619 (w), 1609 (w), 1600 (w), 1510 (m), 1452 (m), 1430 (m), 1400 (m), 1375
(w), 1290 (m), 1268 (w), 1251 (w), 1204 (s), 1184 (s), 1151 (m), 1116 (m), 1045 (s), 924 (w),
861 (s), 809 (m), 799 (m), 760 (m), 718 (s), 704 (m).

The analytical data are in agreement with the literature. 2%
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10.3.1.2. Synthesis of 2,2-disubstituted chromane 404

( )
tBu
MeO [Ir(cod)Cll;  MeO 0 OMe
369 o 4 O
OH —— > )\ e}
0 toluene 07: P Bu/ o
45°C,21h 0 P tBu
trans-403 92%, 95% ee 404 < O
0 OMe
369 tBu
N\ 2)

The synthesis was performed based on a modified procedure of Schlundt et al.l”® Under an
atmosphere of argon, a 10 mL GC-headspace vial was charged with 50.5 mg of (S)-DTBM-
segphos ligand (369) (0.0428 mmol, 15 mol%.) and 9.5mg of [Ir(cod)Cl]; catalyst
(0.0143 mmol, 5 mol%). Then a solution of 71 mg of alcohol trans-403 (0.29 mmol, 1.0 equiv.)
in 2.8 mL of anhydrous toluene was added and the reaction mixture was stirred for 30 min at
r.t. The resulting yellow solution was heated at 45 °C (color change to orange). After 21 h of
stirring, the mixture was cooled down to r.t. A spatula tip of QuadraSil AP was added and the
suspension was stirred for 10 min. By Celite filtration and concentration under reduced
pressure a brown oil was obtained. The crude product was purified by FCC (SiO2, cHex/EtOAc
15:1) to obtain 66 mg of chromanylpropanone 404 as a beige solid (0.266 mmol, 93%; 95%

ee). The absolute (S)-configuration was confirmed by X-ray crystallography.178-179]

M (C15H2003) = 248.32 g/mol.

TLC (SiO2, cHex/EtOAc 5:1) Ry = 0.38. 14 0
M.p.[1791 <30 °C. s 16

IH NMR179 (600 MHz, CDCls) & [ppm] = 6.58 (d, J = 2.6 Hz, 1 H, H-9), 6.45 (d, “J = 2.6 Hz,
1 H, H-7), 3.73 (s, 3 H, H-14), 2.80 (d, 2J = 14.0 Hz, 1 H, H-11), 2.77 — 2.67 (m, 2 H, H-4), 2.63
(d, 23 = 14.0 Hz, 1 H, H-11), 2.23 (s, 3 H, H-13), 2.16 (s, 3 H, H-15), 1.94 (ddd, 2J = 13.5 Hz,
3] = 8.0 Hz, 3 = 6.5 Hz, 1 H, H-3), 1.84 (dt, 2J = 13.5 Hz, 3J = 6.5 Hz, 1 H, H-3), 1.35 (s, 3 H,
H-16).

13C NMR7 (151 MHz, CDCls) & [ppm] = 207.9 (C-12), 152.7 (C-8), 145.4 (C-6), 127.4 (C-10),
120.8 (C-5), 115.3 (C-9), 111.2 (C-7), 74.9 (C-2), 55.8 (C-14), 53.0 (C-11), 32.4 (C-13), 31.7
(C-3), 24.4 (C-16), 22.7 (C-4), 16.5 (C-15).

GC-MSH (70 eV) m/z ([%]): 248 (100, [M*]), 230 (20), 215 (25), 206 (19), 191 (19), 175 (45),
150 (70), 135 (15), 115 (21), 91 (77), 77 (50), 65 (21), 53 (19).

HR-ESI-MS®"® m/z calculated [C1sH2003+Na*]: 271.1304657; found: 271.13080.
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FTIR-ATRI® v [cm™] = 3676 (w), 2971 (m), 2936 (M), 2838 (w), 1705 (m), 1606 (w), 1481 (s),
1453 (m), 1440 (m), 1376 (w), 1358 (m), 1325 (w), 1311 (w), 1281 (w), 1207 (s), 1175 (m),
1149 (s), 1098 (s), 1057 (s), 1007 (w), 978 (w), 950 (m), 914 (m), 855 (m), 837 (w), 790 (w),
736 (w), 717 (w), 679 (w), 649 (w).

Specific rotation (¢ = 0.420 g/100 mL, CHCls [a]}):  [a]2%0 =-51.2°, [a]2%0=+19.1°,

(@220 = +9.6°, [a]208 = +8.4°, [a]2}S =- 6.9

Enantiomeric separation by chGC column: MEGA DEX B-SE (30M x 0.25 mm @),
temperature program: 50 °C, 50 °C — 145 °C (2 °C/min), 145 °C - 170 °C (1 °C/min). Flow

rate: 5 mL/min. Major enantiomer Tr = 65.3 min; minor enantiomer Tr = 66.6 min.

10.3.1.3. Synthesis of monobrominated chromane 406

MeO 1.KHMDS, TMSCl  MeO
0O 2. NBS - o]
07% THF, -78°C, 1.5 h o
404 78% 406 Br

The synthesis was performed based on a modified procedure of the preceding master
thesis.*”® Under an atmosphere of argon, a 10 mL Schlenk tube was charged with a solution
of 40 mg of chromane 404 (0.16 mmol, 1.0 equiv.) in 0.4 mL of anhydrous THF. Subsequently,
0.04 mL of TMSCI (34 mg, 0.31 mmol, 1.9 equiv.) were added. This resulting solution was
added (dropwise) over 5 min to a suspension of 64 mg of KHMDS (0.32 mmol, 2.0 equiv.) in
0.14 mL of anhydrous THF at -78 °C. After 30 min of stirring, 29 mg of NBS (0.16 mmol,
1.0 equiv.) were added at -78 °C. The reaction mixture was warmed up to r.t. and after 1 h of
stirring, 5 mL of sat. NaHCOs3 solution and 5 mL of H,O were added. The agueous phase was
extracted with CH,Cl, (3 x 15 mL). The combined organic phases were dried with Na.SO,4 and
concentrated under reduced pressure to obtain an orange residue. Purification by FCC (SiOo,
cHex/EtOAc 60:1) gave 41 mg of monobrominated chromane 406 as a colorless oil
(0.13 mmol, 78%).

M (C15ngBI’03) =327.22 g/mol 6 2
TLC (SiO2, cHex/EtOAc 5:1) Ry = 0.58. 5 406 Br

IH NMRU7® (500 MHz, CDCls) & [ppm] = 6.59 (d, 4J = 2.8 Hz, 1 H, H-9), 6.45 (d, “J = 2.8 Hz,
1 H, H-7), 4.10 (d, 2J = 13.1 Hz, 1 H, H-13), 4.04 (d, 2J = 13.1 Hz, 1 H, H-13), 3.73 (s, 3 H,
H-14), 3.00 (d, 2 = 13.9 Hz, 1 H, H-11), 2.83 (d, 2J = 13.9 Hz, 1 H, H-11), 2.80 — 2.68 (m, 2 H,
H-4), 2.15 (s, 3 H, H-15), 1.94 (ddd, 2J = 14.0 Hz, 3J = 8.7 Hz, 3J = 6.3 Hz, 1 H, H-3), 1.85 (dt,
2J = 14.0 Hz, 3J = 6.3 Hz, 1 H, H-3), 1.35 (s, 3 H, H-16).
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13C NMRI7 (126 MHz, CDCls) & [ppm] = 199.9 (C-12), 153.0 (C-8), 145.0 (C-6), 127.3 (C-10),
120.6 (C-5), 115.4 (C-9), 111.3 (C-7), 75.2 (C-2), 55.8 (C-14), 49.7 (C-11), 36.6 (C-13), 31.67
(C-3), 24.1 (C-16), 22.5 (C-4), 16.6 (C-15).

GC-MS7 (70 eV) miz ([%]): 326 (17, [M*]), 248 (12), 229 (12), 215 (6), 205 (9), 189 (47), 175
(28), 163 (10), 151 (100), 135 (10), 122 (16), 109 (22), 91 (31), 77 (27), 65 (22), 55 (22).

HR-ESI-MS*7 m/z calculated [C1sH19BrOs+Na*]: 349.0409783; found: 349.04116.

FTIR-ATRI v [cm Y] = 2974 (w), 2936 (W), 2850 (W), 2837 (w), 1723 (m), 1605 (w), 1481 (s),
1453 (m), 1440 (m), 1379 (m), 1343 (w), 1325 (w), 1313 (w), 1280 (w), 1262 (w), 1208 (s),
1192 (m), 1148 (s), 1058 (s), 1005 (w), 978 (w), 953 (w), 936 (w), 920 (w), 901 (w), 855 (W),
839 (W), 790 (W), 738 (W), 717 (W), 654 (w).

Specific rotation (c = 0.500 g/100 mL, CHCls [a]}):  [a]329 = - 269.5 °, [a]332 = + 105.5 °,

(220 =+ 48.4°, [a]298 = + 41.4°, [a]239 = + 38.9°.

10.3.1.4. Synthesis of dibrominated chromane 416

MeO 1. KHMDS, TMSCl  MeO
0 2. NBS
07 THF, -78 °C-r.t, 19 h
404 65% 416 Br

The synthesis was performed based on a modified procedure of the preceding master
thesis.*”® Under an atmosphere of argon, a 10 mL Schlenk tube was charged with a solution
of 58 mg of chromane 404 (0.23 mmol, 1.0 equiv.) in 0.5 mL of anhydrous THF. Subsequently,
0.05 mL of TMSCI (43 mg, 0.39 mmol, 1.7 equiv.) were added. This solution was added
(dropwise) over 25 min to a stirred solution of 70 mg of KHMDS (0.35 mmol, 1.5 equiv.) in
0.4 mL of anhydrous THF at -78 °C. After 1.5 h of stirring, 90 mg of NBS (0.51 mmol,
2.1 equiv.) were added at -78 °C. After 1.5 h, the reaction mixture was warmed up to r.t. and
stirred for 16 h. Then 5 mL of sat. NaHCO3 solution and 5 mL of H,O were added. The aqueous
phase was extracted with CH,Cl, (3 x 15 mL). The combined organic phases were dried with
Na.SO. and concentrated under reduced pressure to obtain an orange oil. Purification by FCC
(SiO2, cHex/EtOAc 60:1) gave 68 mg of a pale yellow oil (~6 mg, ~8% monobrominated
product 406; 62 mg of dibrominated chromane 416, 0.153 mmol, 65%).

M (C15H188I’203) =406.11 g/mol

TLC (SiO., cHex/EtOAc 2:1) Ry = 0.50.
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IH NMR (300 MHz, CDCls) & [ppm] = 6.65 (s, 1 H, H-9), 4.11 — 3.95 (yq, 2J = 12.9 Hz, 2 H,
H-13), 3.83 (s, 3 H, H-14), 3.00 (d, 2J = 14.1 Hz, 1 H, H-11), 2.84 (d, 2J = 14.1 Hz, 1 H, H-11),
2.79 - 2.73 (M, 2 H, H-4), 2.15 (s, 3 H, H-15), 2.05 — 1.83 (m, 2 H, H-3), 1.35 (s, 3 H, H-16).

13C NMR (75 MHz, CDCls) & [ppm] = 199.6 (C-12), 149.6 (C-8), 145.8 (C-6), 125.8 (C-10),
121.7 (C-5), 113.2 (C-9), 111.2 (C-7), 75.1 (C-2), 57.0 (C-14), 49.2 (C-11), 36.4 (C-13), 31.7
(C-3), 24.1 (C-16), 23.7 (C-4), 16.6 (C-15).

GC-MS (70 eV) m/z ([%]): 406 (100, [M*]), 325 (18), 309 (15), 269 (80), 245 (45), 228 (77),
203 (22), 189 (60), 175 (18), 149 (16), 121 (16), 91 (20), 77 (17), 43 (44).

HR-ESI-MS m/z calculated [CisH1sBr.Os+Na']: 426.9514908; found: 426.95160.

FTIR-ATR v [cmY] = 2974 (w), 2935 (W), 2849 (w), 1722 (m), 1595 (w), 1468 (s), 1439 (m),
1398 (w), 1379 (w), 1339 (w), 1318 (w), 1286 (w), 1232 (s), 1197 (w), 1172 (w), 1152 (m),
1082 (s), 1059 (w), 1046 (w), 1018 (w), 984 (w), 961 (m), 918 (w), 872 (w), 837 (m), 819 (w),
753 (w), 716 (W), 637 (W), 601 (W), 584 (W), 557 (W), 518 ().

Specific rotation (¢ = 0.520 g/100 mL, CHCls [a]}): [a]329 =+ 154.7 °, [a]330 =+63.2°,

[@]23Q = +29.1°, [a]399 =+ 23.1°, [a]239 = + 18.6 °.

10.3.1.5. Synthesis of phosphonated chromane 420

1. KHMDS
MeO. MeO
O 2. (EtO),POCI ] 9
o - o Po
(O -78° i (O8] I "OEt
H THF, -78 °C, 75 min z OET
404 81% 420

The synthesis was performed based on a modified procedure of Pandey et al.l'®4 Under an
atmosphere of argon, a 5 mL Schlenk tube was charged with a solution of 60 mg of
chromanylpropanone 404 (0.24 mmol, 1.0 equiv.) in 0.8 mL of anhydrous THF. This solution
was added (dropwise) to a -78 °C cold suspension of 100 mg of KHMDS (0.500 mmol,
2.1 equiv.) in 1.0 mL of anhydrous THF. The resulting mixture was treated (dropwise) with
0.07 mL of (EtO),POCI (83 mg, 0.48 mmol, 2.0 equiv.) over 3 min at -78 °C. The reaction
mixture was stirred for 75 min before 2 mL of sat. NaHCO3; solution and 5 mL of H,O were
added. The aqueous phase was extracted with CH2Cl(3 x 10 mL). The combined organic
phases were dried with Na.SO, and the solvent was removed under reduced pressure to
obtain a brown crude material. Purification by FCC (SiO2, cHex/EtOAc 3:1) gave 75 mg of

phosphonated chromane 420 as a pale yellow oil (0.195 mmol, 81%).
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14 5 O 19
M (C19H2906P) = 384.41 g/mol. o e, §2 I Iﬁ;\o/\zo
1" 13 O~ 15
TLC (SiO2, cHex/EtOAc 2:1) R = 0.20. 1 420 v

IH NMR (600 MHz, CDCls) & [ppm] = 6.56 (d, “J = 3.0 Hz, 1 H, H-9), 6.44 (d, J = 3.0 Hz, 1 H,
H-7), 5.00 (t, 2Jp = 2.1 Hz, 1 H, H-13), 4.59 (t, 2Jp = 2.1 Hz, 1 H, H-13), 4.25 — 4.01 (m, 4 H,
H-17/19), 3.73 (s, 3 H, H-14), 2.75 (yt, 3] = 6.8 Hz, 2 H, H-4), 2.52 (d, 2J = 14.5 Hz, 1 H, H-
11), 2.47 (d, 2J = 14.5 Hz, 1 H, H-11), 2.14 (s, 3 H, H-15), 1.90 (dt, 2J = 13.7 Hz, 3J = 6.9 Hz,
1 H, H-3), 1.83 (dt, 2J = 13.7 Hz, 3J = 6.9 Hz, 1 H, H-3), 1.36 (s, 3 H, H-16), 1.34 (dd, 3J =
7.0 Hz, “Jp = 0.9 Hz, 6 H, H-18/20).

13C NMR (151 MHz, CDCls) & [ppm] = 152.5 (C-8), 152.0 (C-12), 145.7 (C-6), 127.5 (C-10),
120.7 (C-5), 115.1 (C-9), 111.1 (C-7), 101.0 (C-13), 74.8 (C-2), 64.4 (C-17/19), 55.8 (C-14),
44.7 (C-11), 31.3 (C-3), 24.7 (C-16), 22.7 (C-4), 16.4 (C-15), 16.2 (C-18/20).

31p NMR (121 MHz, CDCls) & [ppm] = -6.96 (t, J = 8.2 Hz).

GC-MS (70 eV) miz ([%]): 384 (68, [M*]), 230 (43), 215 (100), 191 (54), 175 (29), 151 (21), 99
(36), 81 (18).

HR-ESI-MS m/z calculated [Ci9H2906P+Na*]: 407.1593963; found: 407.15945.

FTIR-ATR v [cmY] = 2981 (w), 2932 (w), 2852 (w), 2837 (w), 1736 (w), 1652 (w), 1606 (w),
1481 (m), 1442 (w), 1393 (w), 1378 (w), 1337 (w), 1316 (W), 1273 (m), 1219 (m), 1166 (w),
1150 (w), 1127 (w), 1093 (w), 1059 (w), 1023 (s), 1004 (s), 954 (W), 917 (w), 865 (W), 856 (W),
816 (W), 799 (W), 753 (W), 718 (W), 655 (W), 617 (W), 585 (W), 514 (w).

Specific rotation (¢ = 0.575 g/100 mL, CHCIs [a]}): [a]329 =-3.5°, [a]332 =- 2.3 °,

[@]348 = - 1.3°, [als79 =-1.3°, [a]5gy =-3.7 .

10.3.1.6. Synthesis of 5-methyl-4-hexenal (432)

7\ A
OH DIPEA, 433
= + AO/\}O\/ — > X \O N\ /N
3 85-120 °C Pd(l)
20 h SN
429 430 432 FsCCO,  O,CCFy
55% 433

The synthesis was performed based on a modified procedure of Wei et al.*%8a A 10 mL round-
bottomed flask equipped with a reflux condenser was charged with a solution 8.3 mg of
Pd(O2.CCF3), (0.025 mmol, 0.5 mol%) and 5.1 mg of 1,10-phenantrholine (0.028 mmol,
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0.57 mol%.) in 1.5 mL of triethylene glycol divinyl ether (430) (1.5 g, 7.5 mmol, 1.5 equiv.). To
this solution 0.52 mL of 2-methyl-3-buten-2-ol (429) (5.0 mmol, 1.0 equiv.) and 0.04 mL of
DIPEA (32 mg, 0.25 mmol, 0.05 equiv.) were added. The reaction mixture was heated at 85 °C
for 19 h and 1 h at 120 °C for conversion completion. The brown crude product was directly
submitted to FCC (SiO2, nPe/Et,O 5:1) and carefully concentrated under reduced pressure
(attention: product is volatile). Thus, 342 mg of a pale yellow liquid were obtained (~33 mg of
nPe residues; 6.73 g of product 432, 48.7 mmol, 55%). For an analytical sample, the solvent

was removed completely.
M (C/H120) = 112.17 g/mol. 5l 3]
TLC (SiO2, cHex/EtOAc 5:1) Rf = 0.87. 432

IH NMR (500 MHz, CDCls) & [ppm] = 9.76 (t, 3J = 1.7 Hz, 1 H, H-1), 5.09 (wtt, 3 = 7.1 Hz, 4J
= 1.5 Hz, 43 = 1.2 Hz, 1 H, H-4), 2.46 (td, 3] = 7.4 Hz, 3 = 1.7 Hz, 2 H, H-2), 2.36 — 2.28 (m,
2 H, H-3), 1.69 (d, “J = 1.5 Hz, 3 H, H-7), 1.63 (d, 4] = 1.2 Hz, 3 H, H-6).

13C NMR (75 MHz, CDCls) & [ppm] = 202.7 (C-1), 129.1 (C-5), 122.3 (C-4), 44.1 (C-2), 25.8
(C-7), 21.0 (C-3), 17.8 (C-6).

GC-MS (70 eV) m/z ([%]): 112 (13, [M*]), 91 (27), 79 (30), 69 (100), 53 (41).

FTIR-ATR v [cm™] = 3433 (br), 2968 (m), 1917 (m), 2861 (w), 2822 (w), 2721 (w), 1809 (w),
1724 (s), 1685 (m), 1638 (w), 1604 (w), 1448 (m), 1410 (s), 1377 (m), 1342 (w), 1324 (w),
1257 (w), 1200 (w), 1171 (w), 1113 (w), 1066 (w), 984 (w), 937 (W), 871 (W), 826 (W), 776 (W),
685 (W), 515 (W).

The analytical data are in agreement with the literature.[?3"]

10.3.1.7. Preparation of propargyl magnesium bromide (444)

HgClz,
Mg turnings
Br/\ —_— Bng/\\\
Et,0,1.5h
519 0 °C-reflux 444

The synthesis was performed according to a procedure of by Florez et al.l’%? Under an
atmosphere of argon, a 25 mL Schlenk flask was charged with 240 mg of Mg turnings
(9.98 mmol, 1.7 equiv.) and flame-dried under vigorous stirring. At r.t. 6.3 mg of HgCl>
(0.023 mmol, 0.004 equiv.) were added and the mixture was dissolved in 2.0 mL of anhydrous
Et,O. Then a solution of 0.65 mL of propargyl bromide (519) (w =80% in toluene, 0.69 g,
5.8 mmol, 1.0 equiv.) in 8.0 mL of anhydrous Et,O were added (dropwise) over 15 min. During

the addition, the reaction mixture was kept at mild reflux. Subsequently, the grey suspension
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was stirred for 1.5 h at r.t. The concentration of the Grignard reagent 444 in Et,O was

determined by iodimetry (c = 0.51 mol/L).

M (C17H2003) =272.34 g/mol.

10.3.1.8. Synthesis of spirochromanol 438

Bng MeO
Q: j§ N - % %

-40 °C-r.t.,, 2 h trans-438 cis-438
70% 16%

The synthesis was performed based on a modified procedure of Ratsch et al.l” Under an
atmosphere of argon, a 25 mL Schlenk flask was charged with 2.2 mL of Grignard reagent 444
(0.51M in Et2O, 1.1 mmol, 2.6 equiv.) and cooled to -40 °C before a solution of 100 mg of
chromanone 437 (0.431 mmol, 1.0 equiv.) in 2.5 mL of anhydrous Et,O were slowly added by
means of a syringe pump over 30 min. The bright yellow solution was stirred for 30 min and
warmed up to r.t. and stirred for 1.5 h. The resulting suspension was treated with 15 mL of sat.
NH4CI solution and diluted with 10 mL of H.O. The aqueous phase was extracted with Et,O
(3 x 20 mL). The combined organic phases were dried with Na.SO, and concentrated under
reduced pressure to obtain a yellow oil. Purification by FCC (SiO,, cHex/EtOAc 12:1 to 5:1)
gave 83 mg of spirochromanol trans-438 as a pale yellow oil (0.30 mmol, 70%) and 19 mg of
cis-438 as a pale yellow oil (0.070 mmol, 16%). Determination of the absolute configuration of

product cis-438 was done by X-ray crystallography (see Appendix).

17/0 x 5 Y’ 2
& 2K\120H
M (C17H2003) = 272.34 g/mol. °0 \ .
18 CIRT
TLC (SiO2, cHex/EtOAc 5:1) Rt = 0.14. trans-438

IH NMR (500 MHz, CDCls) & [ppm] = 6.57 (d, 4J = 3.0 Hz, 1 H, H-9), 6.43 (d, J = 3.0 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-17), 2.78 — 2.73 (M, 4 H, H-4/14), 2.43 (s, 1 H, OH), 2.41 — 2.35 (m, 2 H,
H-11/12), 2.24 — 2.19 (m, 2 H, H-11/12), 2.17 (s, 3 H, H-18), 2.06 (t, *J = 2.6 Hz, 1 H, H-16),
2.01 (t, 3J = 6.6 Hz, 2 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 152.9 (C-8), 145.7 (C-6), 127.4 (C-10), 121.9 (C-5),
114.9 (C-9), 111.2 (C-7), 80.4 (C-15), 72.4 (C-2), 71.1 (C-16), 69.2 (C-13), 55.7 (C-17), 46.3
(C-11/12), 32.8 (C-14), 31.8 (C-3), 22.6 (C-4), 16.4 (C-18).

GC-MS (70 eV) m/z ([%]): 272 (30, [M*]), 190 (100), 175 (23), 151 (20), 91 (8), 77 (7).
HR-ESI-MS m/z calculated [C17H2003+Na*]: 295.1304657; found: 295.13073.
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FTIR-ATR v [cm™] = 3428 (br), 3287 (w), 2975 (w), 2931 (w), 2838 (w), 2118 (w), 1714 (w),
1606 (w), 1480 (s), 1441 (w), 1411 (w), 1378 (w), 1350 (w), 1334 (w),1310 (w), 1286 (m), 1252
(w), 1204 (s), 1178 (m), 1152 (w), 1132 (w), 1101 (w), 1055 (s), 981 (w), 937 (m), 921 (w), 898
(w), 878 (w), 854 (w), 766 (w), 735 (w), 719 (w), 638 (m), 554 (w), 549 (w), 530 (w).

M (C17H2003) =272.34 g/mol.

TLC (cHex/EtOAc 5:1) Rr = 0.24. i 5 2t s
‘wf o X

1 OH 16

M.p. 80 °C. 18
cis-438

'H NMR (500 MHz, CDCls) & [ppm] = 6.57 (d, “J = 3.0 Hz, 1 H, H-9), 6.43 (d, “J = 3.0 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-17), 2.74 (t, 3J = 6.6 Hz, 2 H, H-4), 2.63 (s, 1 H, OH), 2.53 (d, *J = 2.6 Hz,
2 H, H-14), 2.46 — 2.39 (m, 2 H, H-11/12), 2.36 — 2.30 (M, 2 H, H-11/12), 2.19 (s, 3 H, H-18),

2.07 (t, *J = 2.6 Hz, 1 H, H-16), 1.90 (t, 3J = 6.6 Hz, 2 H, H-3).

13C NMR (126 MHz, CDCls) & [ppm] = 152.9 (C-8), 145.5 (C-6), 127.6 (C-10), 121.6 (C-5),
115.0 (C-9), 111.1 (C-7), 80.5 (C-15), 72.0 (C-2), 70.9 (C-16), 68.9 (C-13), 55.7 (C-17), 46.8
(C-11/12), 31.6 (C-14), 30.7 (C-3), 22.8 (C-4), 16.4 (C-18).

GC-MS (70 eV) m/z ([%]): 272 (30, [M*]), 190 (100), 175 (23), 151 (20), 91 (8), 77 (7).
HR-ESI-MS m/z calculated [C17H2003+Na']: 295.1304657; found: 295.13067.

FTIR-ATR v [cm™] = 3303 (br), 3280 (m), 2994 (w), 2978 (w), 2962 (w), 2930 (w), 2842 (w),
2117 (w), 1981 (w), 1703 (w), 1616 (w), 1598 (w), 1482 (m), 1467 (w), 1444 (m), 1421 (w),
1380 (w), 1353 (w), 1332 (w), 1308 (w), 1300 (w), 1283 (m), 1243 (w), 1207 (s), 1183 (w),
1154 (w), 1142 (m), 1109 (w), 1061 (s), 1045 (w), 1025 (w), 1010 (w), 982 (w), 968 (w), 950
(w), 941 (w), 913 (w), 897 (w), 879 (w), 853 (m), 842 (w), 813 (w), 778 (w), 736 (w), 721 (w),
693 (w), 654 (s), 605 (W), 589 (w), 528 (w), 506 (w).

10.3.1.9. Synthesis of tert-butylsilyl chromane ether 443

MeO. 2,6-lutidine MeO
TBSOTf
o OH o OTBS
— CH,Cl, 0°C-rt, 18 h —
trans-438 86% 443

The synthesis was performed based on a modified procedure of Ratsch et al.'”® Under an
atmosphere of argon a 10 mL Schlenk flask was charged with a solution of 68 mg of
spirochromanol trans-438 (0.25 mmol, 1.0 equiv.) in 1.5 mL of anhydrous CH>Cl, and cooled
to 0 °C. Then 87 pL 2,2-lutidine (80 mg, 0.75 mmol, 3.0 equiv.) were added and the solution
was treated with 0.10 mL of TBSOTf (0.12 g, 0.35 mmol, 1.7 equiv.). The pale yellow reaction
mixture was stirred at 0 °C for 2 h. Additional 0.09 mL of TBSOTf (0.1 g, 0.38 mmol, 1.5 equiv.)
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were added to complete conversion and the reaction was stirred at r.t. for 16 h. The brown
solution was treated with 10 mL of H,O and extracted with CH,Cl; (3 x 10 mL). The combined
organic phases were washed with 5 mL of brine before they were dried with Na.SO, and
concentrated under reduce pressure to give an orange residue. Purification by FCC (SiOg,
cHex/EtOAc 60:1) gave 83 mg of tert-butylsilyl chromane ether 443 as a nearly colorless oil
(0.215 mmol, 86%).

M (C23H3403Si) = 386.61 g/mol. . 23\ N
0B 3 ‘
177 6 12 S,'\19 20
TLC (SiOz, cHex/EtOAc 20:1) R¢=0.36. 9 ~ 40 13.0
1" 14 — 16
M.p. <20 °C. 18 443 15

IH NMR (500 MHz, CDCls) & [ppm] = 6.56 (d, J = 3.0 Hz, 1 H, H-9), 6.43 (d, J = 3.0 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-17), 2.82 — 2.67 (m, 4 H, H-4/14), 2.55 — 2.37 (m, 2 H, H-11/12), 2.22 —
2.18 (M, 2 H, H-11/12), 2.17 (s, 3 H, H-18), 1.99 — 1.93 (m, 3 H, H-3/16), 0.91 (s, 9 H,
H-20/21/22), 0.13 (s, 6 H, H-19/23).

13C NMR (126 MHz, CDCls) & [ppm] = 152.9 (C-8), 145.9 (C-6), 127.6 (C-10), 121.9 (C-5),
114.9 (C-9), 111.12 (C-7), 81.8 (C-15), 72.7 (C-2), 71.2 (C-16), 70.0 (C-13), 55.7 (C-17), 47.6
(C-11/12), 33.1 (C-14), 32.4 (C-3), 25.9 (C-20/21/22), 22.7 (C-4), 18.1 (C-19/23), 16.40
(C-19/23), 16.39 (C-18).

GC-MS (70 eV) m/z ([%]): 386 (15, [M™]), 329 (8), 190 (100), 175 (12), 151 (9), 91 (5), 75 (13).
HR-ESI-MS m/z calculated [C23H3403Si+Na']: 409.2169426; found: 409.21718.

FTIR-ATR v [cm™] = 3313 (w), 3290 (w), 2951 (w), 2930 (m), 2856 (w), 2121 (w), 1723 (w),
1607 (w), 1481 (m), 1440 (w), 1410 (w), 1389 (w), 1381 (w), 1361 (w), 1335 (w), 1311 (w),
1286 (m), 1254 (w), 1205 (s), 1192 (m), 1182 (s), 1153 (w), 1139 (w), 1108 (w), 1083 (m),
1059 (s), 1027 (w), 1003 (w), 982 (w), 951 (m), 938 (w), 912 (w), 876 (w), 855 (w), 832 (s),
774 (s), 723 (w), 708 (w), 674 (w), 635 (m), 573 (w), 547 (w), 528 (w).

10.3.1.10. Synthesis of (2E)-2-methylpenta-2,4-dienol (448)

o OEt DIBAL-H /\)\/
e+ PhyP OEt NG NG OH
o CH,Cly, o CH,Cly, -78 °C, 2.5 h
445 446 reflux, 4 h 447 72% (over 2 steps) 448

The synthesis was performed based on a modified procedure of Hatakeyama et al.1%3¢ Under
an atmosphere of argon, a 50 mL round-bottomed flask equipped with a reflux condenser was
charged with a solution of 2.09 g of phosphor ylide 446 (w =94%, 1.97 g, 5.43 mmol,
1.0 equiv.) in 6.0 mL of anhydrous CH,Cl.. Subsequently, 0.36 mL of acrolein (445) (freshly
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distilled, 0.30 g, 5.4 mmol, 1.0 equiv.) were added and the yellow reaction mixture was heated
at reflux for 4 h. At r.t. 40 mL of nPe were added under vigorous stirring. Precipitated PPh30O
was filtered off and the clear solution was concentrated carefully under reduced pressure
(attention: product is volatile). The washing step with nPe was repeated twice until no further
PPh3;0 precipitated. The desired product 447 was obtained as a crude mixture of 1.23 g still
containing PPhsO and nPe. For analysis, a small product sample was purified completely.
The next step was performed based on a modified procedure of Coelho et al.[!**! and
Morken et al.l?®® Under an atmosphere of argon, a 100 mL Schlenk flask was charged with a
solution of 1.2 g of crude material 447 in 19.0 mL of anhydrous CH>Cl, and cooled to -78 °C.
Subsequently, 12.3 mL of DIBAL-H (13.6 mmol, 2.5 equiv.) were slowly added over 15 min.
The reaction mixture was stirred for 2.5 h and diluted with 30 mL of CH>Cl, before 20 mL of
sat. NH4Cl solution were added. For phase separation, Seignette’s salt solution (w = 10%) was
added and the mixture was stirred for 2 d. The aqueous phase was extracted with CH.Cl.
(5x40 mL). The combined organic phases were dried with Na>SO, and after careful
evaporation (attention: product is volatile) 731 mg of a pale yellow liquid were obtained.
Purification by FCC (SiO, nPe/Et.0O 5:1) gave 494 mg of a colorless liquid (~93 mg of nPe/
Et,O/H,0 residues; 385 mg of product 448, 3.9 mmol, 72% over two steps). For analysis, a

small product sample was purified completely.
M (CgH1205) = 140.18 g/mol. H A~ O °
TLC (SiO2, cHex/EtOAc 50:1) Rs = 0.30. 447

IH NMR (500 MHz, CDCls) & [ppm] = 7.16 (dg, 3J = 11.3 Hz, “J = 1.2 Hz, 1 H, H-3), 6.65 (ddd,
3J = 16.8 Hz, 3J = 11.3 Hz, 3] = 10.1 Hz, 1 H, H-4), 5.55 (d, 3J = 16.8 Hz, 1 H, H"-5), 5.44 (d,
33 =10.1 Hz, 1 H, H-5), 4.21 (g, 3] = 10.1 Hz, 2 H, H-7), 1.95 (d, *J = 1.2 Hz, 3 H, H-6), 1.30
(t, 3 = 10.1 Hz, 3 H, H-8).

13C NMR (126 MHz, CDCls) & [ppm] = 168.5 (C-1), 138.3 (C-3), 132.4 (C-4), 128.3 (C-2), 124.2
(C-5), 60.8 (C-7), 14.4 (C-8), 12.8 (C-6).

GC-MS (70 eV) miz ([%]): 140 (78, [M*]), 112 (83), 95 (97), 67 (100), 41 (59).

FTIR-ATR v [cm™] = 3091 (w), 2982 (w), 2957 (w), 2932 (w), 2876 (w), 2107 (w), 1704 (s),
1634 (w), 1596 (w), 1518 (w), 1479 (w), 1464 (w), 1446 (w), 1421 (w), 1392 (w), 1367 (w),
1341 (w), 1293 (w), 1242 (s), 1195 (w), 1176 (s), 1098 (s), 1055 (w), 1034 (w), 1008 (w), 989
(m), 871 (w), 850 (w), 786 (w), 758 (m), 733 (w), 693 (w), 652 (m), 518 (w).

The analytical data are in agreement with the literature.!*%3c
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M (CeH100) = 98.15 g/mol. H A~ OH
TLC (SiO3, cHex/EtOAc 5:1) R = 0.25.

IH NMR (500 MHz, CDCls) & [ppm] = 6.59 (ddd, 3J = 16.8 Hz, 3J = 10.9 Hz, 3J = 10.2 Hz, 1 H,
H-4), 6.08 (dg, 3J = 10.9 Hz, 4J = 1.4 Hz, 1 H, H-3), 5.21 (d, 3J = 16.8 Hz, 1 H, H"-5), 5.11 (d,
33 =10.2 Hz, 1 H, H-5), 4.07 (s, 2 H, H-1), 1.79 (m, 3 H, H-6).

13C NMR (126 MHz, CDCls) & [ppm] = 137.9 (C-2), 132.7 (C-4), 125.5 (C-3), 117.2 (C-5), 68.4
(C-1), 14.2 (C-6).

FTIR-ATR v [cm] = 3313 (br), 3086 (w), 3048 (w), 3012 (w), 2970 (w), 2916 (w), 2860 (W),
1808 (w), 1659 (w), 1602 (w), 1446 (w), 1421 (w), 1381 (w), 1358 (w), 1339 8w), 1292 (w),
1208 (w), 1144 (w), 1069 (m), 988 (s), 955 (W), 941 (w), 899 (s), 818 (W), 660 (m), 615 (m),
588 (W).

The analytical data are in agreement with the literature.[*°3c

10.3.1.11. Synthesis of O-Benzyl-(2E)-2-methylpenta-2,4-dienol (449)

1. NaH

/\)\/ 3 oA > /\)\/
3. TBAI
= = OH Y = OBn

THF, 0 °C-r.t,, 2 h
448 87% 449

The synthesis was performed based on a modified procedure of Lam et al.[2*® Under an
atmosphere of argon, a 50 mL Schlenk flask was charged with a solution 245 mg of alcohol
448 (2.49 mmol, 1.0 equiv.) in 5.0 mL of anhydrous THF which was cooled to 0 °C. Then
299 mg of NaH (dispersion in paraffin oil, w = 60%, 179 mg, 7.48 mmol, 3.0 equiv.) were
added. After 15 min, the suspension was treated with 1.75 mL of BnBr (2.56 g, 15.0 mmol,
6.00 eq). After 10 min, 927 mg of TBAI (2.51 mmol, 1.0 equiv.) were added and the reaction
mixture was stirred for 15 min at 0 °C, then for 2 h at r.t. At 0 °C, the reaction mixture was
acidified with 10 mL of 2m HCI and diluted with 20 mL of Et,O and 10 mL of H,O. The aqueous
phase was extracted with EtO (4 x 15 mL). The combined organic phases were dried with
Na SO, and evaporated under reduced pressure to give a yellow crude material. Purification
by FCC (SiO,, nPe/EtOAc 100:1) and careful concentration under reduced pressure
(attention: product is volatile) yielded 514 mg of a colorless oil (~17 mg of alcohol 448 and
~42 mg of nPe residues; 455 mg of product 449, 2.42 mmol, 87%). For analysis, a small

product sample was purified completely.
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M (C13H160) = 188.27 g/mol 6 12
. H. = o) 10
TLC(SIO2, cHex/EtOAc 30:1) Ry = 0.44. 57

449
IH NMR (500 MHz, CDCls) & [ppm] = 7.35 (s, 2 H, H-9/13), 7.30 (ys, 2 H, H-10/12), 7.32 —

7.27 (m, 1 H, H-11), 6.62 (ddd, 3J = 16.9 Hz, 3 = 11.3 Hz, 3J = 10.2 Hz, 1 H, H-4), 6.11 (dq, 3J
=11.3 Hz, 43 = 1.4 Hz, 1 H, H-3), 5.23 (d, 3J = 16.9 Hz, 1 H, H"-5), 5.13 (d, 3J = 10.2 Hz, 1 H,
H'-5), 4.49 (s, 2 H, H-7), 3.98 (s, 2 H, H-1), 1.82 (s, 2 H, H-6).

13C NMR (125 MHz, CDCls) & [ppm] = 138.5 (C-7), 135.5 (C-2), 132.7 (C-4), 128.5 (C-9/13),
127.9 (C-10/12), 127.7 (C-11), 127.6 (C-3), 117.3 (C-5), 75.7 (C-1), 71.9 (C-7), 14.5 (C-6).

GC-MS (70 eV) m/z ([%]): 188 (<1, [M*]), 130 (11), 91 (100), 77 (10), 65 (13), 51 (8).

FTIR-ATR v [cm™] = 3086 (w), 3063 (w), 3031 (w), 3009 (W) 2972 (w), 2916 (W), 2853 (w),
2788 (W), 1950 (w), 1869 (W), 1810 (w), 1726 (w), 1656 (w), 1601 (w), 1497 (w), 1453 (w),
1421 (w), 1408 (w), 1381 (w), 1363 (w), 1353 (w), 1308 (W), 1292 (w), 1255 (w), 1205 (w),
1175 (w), 1146 (w), 1090 (s), 1071 (s), 1028 (m), 987 (m), 940 (w), 902 (S), 846 (W), 817 (W),
734 (s), 696 (s), 662 (W), 639 (W), 606 (W), 591 (W).

The analytical data are in agreement with the literature.[>*°

10.3.1.12. Synthesis of O-MOM-(2E)-2-methylpenta-2,4-dienol 450

/\)\/ ) wowic > /\)\/
2. MOMCI
= = OH Z P4 OMOM
CH20|2, r.t., 5h
448 67% 450

The synthesis was performed based on a modified procedure of Schmidt et al.?*®l Under an
atmosphere of argon, a 25 mL Schlenk flask was charged with a solution of 50 mg of alcohol
448 (0.51 mmol, 1.0 equiv.) in 4.0 mL of anhydrous CH>Cl, and 216 pL DIPEA (164 mg,
1.27 mmol, 2.5 equiv.) were added. After 10 min of stirring at r.t., 58 yL MOMCI (61 mg,
0.76 mmol, 1.5 equiv.) were added. After 5 h, the reaction mixture was treated with 5 mL of
sat. NH4Cl solution and diluted with 5 mL of CH»Cl; and 5 mL of H.O. The aqueous phase was
extracted with CH2Cl, (3 x 10 mL). The combined organic phases were washed with 20 mL of
1M HCI before they were dried with Na>SO, and carefully concentrated under reduced pressure
(attention: product is volatile) to give a yellow liquid. Purification by FCC (SiO., nPe/EtOAc
100:1) gave 70 mg of a colorless liquid (~22 mg of H.O/nPe residues; 48 mg of product 450,

0.34 mmol, 67%). For analysis, a small product sample was purified completely.
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M (C8H1402) =142.20 g/mol. H 4 M2 o
TLC (SiO3, cHex/EtOAc 5:1) Rs = 0.75. 450

IH NMR (500 MHz, CDCls) & [ppm] = 6.59 (ddd, 3J = 16.9 Hz, 3J = 10.9 Hz, 3J = 10.2 Hz, 1 H,
H-4), 6.09 (dg, 3J = 10.9 Hz, 4J = 1.4 Hz, 1 H, H-3), 5.21 (d, 3J = 16.9 Hz, 1 H, H"-5), 5.11 (d,
3 =10.2 Hz, 1 H, H-5), 4.64 (s, 2 H, H-7), 4.00 (s, 3 H, H-8), 3.39 (s, 2 H, H-1), 1.80 (d, 4J =
1.2 Hz, 3 H, H-6).

13C NMR (125 MHz, CDCl3) & [ppm] = 134.9 (C-2), 132.7 (C-4), 127.5 (C-3), 117.4 (C-5), 95.6
(C-7), 72.69 (C-1), 55.5 (C-8), 14.6 (C-6).

GC-MS (70 eV) miz ([%]): 142 (9, [M*]), 110 (19), 95 (15), 81 (100), 67 (51), 53 (40).

FTIR-ATR v [cm] = 3086 (w), 3049 (w), 2930 (w), 2884 (w), 2824 (w), 2777 (w), 1728 (w),
1658 (W), 1602 (W), 1451 (w), 1422 (w), 1401 (w), 1377 (W), 1290 (w), 1264 (w), 1212 (w),
1149 (s), 1101 (m), 1041 (s), 990 (m), 968 (w), 916 (m), 902 (s), 877 (w), 818 (w), 734 (w),
661 (W), 630 (W), 569 ().

10.3.1.13. Synthesis of (E)-2-methyl-2-penten-1-ol (462)

/\)\40 NaBH, /\)\/OH
—_—

MeOH, 0°C, 3 h
461 78% 462

The synthesis was performed according to a procedure of Kulshrestha et al.'* Under an
atmosphere of argon, a 500 mL Schlenk flask was charged with a solution of 3.00 mL of
aldehyde 461 (2.58 g, 26.3 mmol, 1.0 equiv.) in 200 mL of dry MeOH. At 0 °C the solution was
treated with 2.69 g of NaBH4 (71.0 mmol, 2.7 equiv.) in small portions over 15 min. The
reaction mixture was stirred for 3 h at 0 °C before 20 mL of sat. NaHCO3 solution were added.
The MeOH was removed under reduced pressure (attention: product is volatile). The residue
was re-dissolved in 100 mL of H.O and extracted with EtOAc (3 x 80 mL). The combined
organic phases were dried with MgSO. and carefully evaporated to yield 2.92 g of a colorless
liquid (~879 mg of EtOAc residues; 2.04 g of product 462, 20.4 mmol, 78%; lit.:**! quant.). For

analysis, a small product sample was purified completely. 6
M (CeH120) = 100.16 g/mol. 5 31

TLC (SiO., cHex/EtOAc 5:1) Rf = 0.35.
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IH NMR (600 MHz, CDCls) & [ppm] = 5.40 (tq, 3J = 7.2 Hz, 43 = 1.5 Hz, “J = 1.4 Hz, 1 H, H-3),
3.98 (d, 4J = 1.4 Hz, 2 H, H-1), 2.14 — 1.90 (m, 2 H, H-4), 1.65 (d, *J = 1.5 Hz, 3 H, H-6), 1.49
(s, 1 H, OH), 0.96 (t, 3J = 7.5 Hz, 3 H, H-5).

13C NMR (151 MHz, CDCls) & [ppm] = 134.2 (C-2), 128.3 (C-3), 69.1 (C-1), 21.0 (C-4), 14.2
(C-5), 13.6 (C-6).

FTIR-ATR v [cm™] = 3323 (br), 2963 (m), 2933 (w), 2920 (w), 2873 (w), 1673 (w), 1457 (w),
1438 (w), 1414 (w), 1377 (w), 1328 (m), 1305 (w), 1239 (w), 1214 (w), 1117 (w), 1070 (m),
1006 (s), 905 (w), 854 (w), 821 (w), 748 (w), 665 (w), 595 (w).

The analytical data are in agreement with the literature.[*%4

10.3.1.14. Synthesis of (E)-1-bromo-2-methyl-2-pentene (463)
Procedure 1

OH PPha, CBI’4 /\)\/
/\)\/ I st NG Z Br HCBr,

CH,Cly, 0 °C-rit., 5 h
462 72% 463

The synthesis was performed based on a modified procedure of Magoulas et al.**®! Under an
atmosphere of argon, a 20 mL Schlenk tube was charged with a solution of 302 mg of alcohol
(462) (3.02 mmol, 1.0 equiv.) and 787 mg of PPhs (3.00 mmol, 1.0 equiv.) in 1.0 mL of
anhydrous CH2Cl.. At 0 °C, the resulting solution was treated with 996 mg of CBr4 (3.00 mmol,
1.0 equiv.) in small portions. The reaction mixture was stirred at r.t. for 5 h and then carefully
concentrated under reduced pressure (attention: product is volatile) to obtain a yellow crude
material. Purification by FCC (SiO2, nPe/Et,O 50:1) gave 932 mg of a colorless liquid (~447 mg
of HCBr; and ~133 mg of nPe residues; 352 mg of product 463, 2.16 mmol, 72%). HCBr3

impurities could not be removed.

Procedure 2

/\)\/OH —>PBr3 /\)\/Br

CH,Cly, 0°C, 1h Br
81%
regioisomer
mixture 81:19 rr

The synthesis was performed based on a modified procedure of Zhang et al.'*¢! Under an
atmosphere of argon, a 50 mL Schlenk flask was charged with a solution of 778 mg of alcohol
(462) (7.76 mmol, 1.0 equiv.) in 16 mL of anhydrous CH.Cl,. At 0 °C, a solution of 0.75 mL of
PBrs (2.1 g, 7.9 mmol, 1.0 equiv.) in 8 mL of anhydrous CH-Cl, was added (dropwise). After
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1 h, the reaction mixture was treated with 60 mL of sat. NaHCOs solution. The agueous phase
was extracted with 3 x15 mL of CH,Cl.. The combined organic phases were dried with Na;SO4
and after careful concentration under reduced pressure (attention: product is volatile) a
colorless liquid was obtained. Purification by FCC (SiO2, nPe/Et,O 50:1) yielded 1.28 g of a
colorless liquid (~241 mg of nPe residues; 1.04 g of isomeric product mixture, 3.65 mmol, 819%;
463/464 81:19 rr).

M (CeH11Br) = 163.06 g/mol. 6

TLC (SiO2, cHex/EtOAc 5:1) Rt = 0.89. ° 31
464

IH NMR (500 MHz, CDCls) & [ppm] = 5.67 — 5.51 (m, 1 H, H-3), 3.97 (d, “J = 0.7 Hz, 2 H, H-1),
2.13-1.96 (M, 2 H, H-4), 1.77 — 1.70 (m, 3 H, H-6), 1.03 — 0.92 (m, 3 H, H-5).

13C NMR (125 MHz, CDCls) & [ppm] = 133.4 (C-3), 131.5 (C-2), 42.1 (C-1), 21.7 (C-4), 14.6
(C-6), 13.7 (C-5).

GC-MS (70 eV) miz ([%]):162 (3, [M*]), 83 (65), 67 (27), 55 (100).

FTIR-ATR v [cmY] = 2966 (m), 2934 (w), 2875 (w), 1661 (w), 1643 (w), 1454 (w), 1438 (w),
1378 (w), 1305 (w), 1280 (w), 1222 (w), 1201 (m), 1180 (w), 1148 (w), 1104 (w), 1086 (w),
1069 (w), 1039 (w), 998 (w), 969 (w), 904 (w), 879 (w), 851 (w), 820 (w), 803 (w), 750 (w), 637
(W), 607 (S), 542 (W).

10.3.1.15. Synthesis of chromanyldiene 456

MeO . Z 1atm
OTBS + /\/E\/\)\ Grubbs Il
0 _ CH,Cl,
443 - 455 0°C-rt,5h
inseparable mixture
(78:22)
MeO
MeO
OTBS
+ 0
452

14%

The synthesis was performed based on a modified procedure of Ratsch et al.*’® Under an
atmosphere of argon, a 10 mL Schlenk flask was charged with 20.4 mg of Grubbs II
(0.0240 mmol, 10 mol%) and cooled to 0 °C before ethylene atmosphere (1 atm.) was applied.
A solution of 92 mg of tert-butylsilyl chromane ether 443 (0.238 mmol, 1.0 equiv.) and 451 mg
of (R)-4,8-dimethylnon-1-ene (455) (2.92 mmol, 12.3 equiv.) in 0.5 mL of anhydrous CHCl>

was added. Subsequently, the purple reaction mixture was stirred for 5 h at r.t. Then it was
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diluted with 2 mL of CH2Cl, and a spatula tip of activated charcoal was added. After 20 min,
the suspension was filtered over Celite and evaporated under reduced pressure to give a
brown liquid. Purification by repeated FCC (Ag-doped SiO,, cHex/EtOAc 270:1 and
cHex/EtOAc 600:1 to 150:1) gave 79 mg of an inseparable mixture of 456/452 78:22 (65 mg
of 456, 0.12 mmol, 50%; 14 mg of 452, 0.034 mmol, 14%). Analytical data is given from the

mixture.

M (Ca4Hs605Si) = 540.90 g/mol.

TLC (SiO,, cHex/EtOAc 15:1) Rs = 0.59.

IH NMR (500 MHz, CDCls) & [ppm] = 6.90 (d, J = 3.0 Hz, 1 H, H-9), 6.42 (d, J = 3.0 Hz, 1 H,
H-7), 6.08 (d, 3J = 15.6 Hz, 1 H, H-16), 5.68 (dt, 3J = 15.6 Hz, 3J = 7.3 Hz, 1 H, H-17), 5.06 (d,
43 = 3.0 Hz, 2 H, H-18), 3.72 (s, 3 H, H-19), 2.78 — 2.70 (m, 4 H, H-4/14), 2.56 — 2.43 (m, 2 H,
H-11/12), 2.26 — 2.18 (m, 2 H, H-11/12), 2.14 (s, 3 H, H-20), 2.12 — 2.04 (m, 1 H, H-27), 1.97
(t, %) = 6.6 Hz, 2 H, H-3), 1.94 — 1.87 (m, 1 H, H-27), 1.58 — 1.41 (m, 2 H, H-28/32), 1.36 — 1.19
(m, 3 H, H-29/31), 1.17 — 1.03 (m, 2 H, H-29/30), 0.88 (s, 9 H, H-22/23/24), 0.91 — 0.83 (m,
9 H, H-33/34/35), 0.06 (s, 6 H, H-12/25).

13C NMR (126 MHz, CDCls) & [ppm] = 152.7 (C-8), 146.1 (C-6), 141.3 (C-15), 135.2 (C-16),
128.2 (C-17), 127.5 (C-10), 122.0 (C-5), 116.1 (C-18), 114.8 (C-9), 111.2 (C-7), 73.5 (C-2),
71.8 (C-13), 55.7 (C-19), 48.5 (C-11/12), 43.6 (C-14), 40.6 (C-27), 39.4 (C-30), 37.0 (C-29),
33.5(C-28), 32.4 (C-3), 28.1 (C-32), 26.0 (C-22/23/24), 25.0 (C-31), 22.9 (C-33), 22.8 (C-4/34),
19.7 (C-35), 18.1 (C-26), 16.5 (C-20), -2.6 (C-21/25).

GC-MS (70 eV) m/z ([%]): 540 (5, [M*]), 347 (6), 293 (5), 249 (5), 190 (100), 151 (7), 73 (18),
57 (6).

HR-ESI-MS m/z calculated [CssHs603Si+Na*]: 563.3890933; found: 563.38972.

M (CstgsOsSi) =414.66 g/mol

TLC (SiO;, cHex/EtOAc 15:1) Rs = 0.51.

IH NMR (500 MHz, CDCls) & [ppm] = 6.90 (d, 4J = 3.0 Hz, 1 H, H-9), 6.42 (d, J = 3.1 Hz, 1 H,
H-7), 6.41 — 6.37 (m, 1 H, H-16%), 5.28 — 5.16 (M, 3 H, H-17%/18*), 5.03 — 4.97 (m, 1 H, H-18%),
3.72 (s, 3 H, H-19), 2.78 — 2.70 (M, 4 H, H-4/14), 2.56 — 2.43 (m, 2 H, H-11/12), 2.26 — 2.18
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(M, 2 H, H-11/12), 2.14 (s, 3 H, H-20), 1.97 (t, 3J = 6.6 Hz, 2 H, H-3), 0.88 (s, 9 H, H-22/23/24),
0.06 (s, 6 H, H-21/25).

GC-MS (70 eV) miz ([%]): 414 (18, [M*]), 357 (8), 281 (22), 207 (27), 190 (100), 151 (8), 87
(9), 73 (15).

10.3.1.16. Synthetic 1,2-addition approach with chromanylketone 437

MeO bromide 463 nBuLi MeO MeO
> OH +
o) 0 Et,0,-78 °C-ri. o) o)
OH

25h

437 trans-473 cis-473
45% 26%

Under an atmosphere of argon, a 50 mL Schlenk flask was charged with a solution of 105 mg
of bromide 463 (0.646 mmol, 1.5 equiv.) in 4.0 mL of anhydrous Et,O and cooled to -78 °C.
Then 0.45 mL of nBuLi (1.5M in nHex, 0.675 mmol, 1.6 equiv.) were added (dropwise) over
5 min and the solution was stirred for 1.5 h until a solution of 100 mg of chromanylketone 437
(0.432 mmol, 1.0 equiv.) in 3.0 mL of anhydrous Et,O was slowly added over 10 min at -78 °C.
The reaction mixture was stirred for 1.5 h and warmed up to r.t. before it was stirred for 25 h.
The orange suspension was treated with 20 mL of sat. NH4Cl solution and 10 mL of H,O. The
agueous phase was extracted with CH»Cl. (3 x 25 mL). The combined organic phases were
washed with 10 mL of brine before they were dried with Na.SO, and concentrated under
reduced pressure to give a yellow crude material. Purification by FCC (SiO2, cHex/EtOAc 12:1
to 6:1) gave 57 mg of non-desired spirochromanol cis-473 (0.196 mmol, 45%) and 33 mg of
trans-473 (0.114 mmol, 26%) both as a pale yellow oil. Configurations of the stereoisomers

were confirmed by *H,'H NOESY correlation spectroscopy.

M (C1sH2603) = 290.40 g/mol. . 602 13
1 OH

TLC (SiO., cHex/EtOAc 5:1) Ry = 0.41. cis-473

IH NMR (500 MHz, CDCls) & [ppm] = 6.57 (d, 4J = 3.1 Hz, 1 H, H-9), 6.43 (d, J = 3.1 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-18), 2.73 (t, 3J = 6.6 Hz, 2 H, H-4), 2.26 — 2.21 (m, 4 H, H-11/12), 2.19 (s,
3 H, H-19), 1.88 (t, 3] = 6.6 Hz, 2 H, H-3), 1.63 — 1.54 (m, 2 H, H-14), 1.41 — 1.31 (m, 4 H,
H-15/16), 0.93 (t, 3J = 7.0 Hz, 3 H, H-17).

13C NMR (126 MHz, CDCls) & [ppm] = 152.9 (C-8), 145.7 (C-6), 127.5 (C-10), 121.7 (C-5),
114.9 (C-9), 111.1 (C-7), 73.05 (C-2), 70.6 (C-13), 55.7 (C-18), 47.9 (C-11/12), 41.1 (C-14),
31.0 (C-3), 25.9 (C-15), 23.1 (C-16), 22.9 (C-4), 16.5 (C-19), 14.3 (C-17).
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GC-MS (70 eV) m/z ([%]): 290 (8, [M]), 272 (8), 229 (6), 215 (5), 206 (7), 190 (100), 175 (30),
151 (28), 121 (7), 91 (10), 77 (9), 57 (9), 41 (9).

FTIR-ATR v [cm™] = 3436 (br), 2951 (w), 2927 (m), 2869 (w), 2858 (w), 2838 (w), 1786 (w),
1606 (w), 1481 (s), 1440 (m), 1378 (w), 1352 (w), 1335 (w), 1286 (w), 1236 (w), 1204 (s), 1149
(m), 1101 (w), 1085 (w), 1059 (s),1041 (m), 1003 (w), 981 (w), 955 (w), 918 (w), 877 (w), 855
(w), 783 (w), 732 (w), 717 (w), 680 (w), 647 (w), 599 (w).

7 4

18/O 8 A 3 H'
M (C1sH2603) = 290.40 g/mol. e dPA\aon
10 O 1) 17
l H"H‘1'4 15
TLC (SiO2, cHex/EtOAc 5:1) Ry = 0.109. " neaT3

IH NMR (500 MHz, CDCls) & [ppm] = 6.56 (d, J = 3.0 Hz, 1 H, H-9), 6.43 (d, J = 3.0 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-18), 2.76 (t, 3J = 6.6 Hz, 2 H, H-4), 2.34 — 2.26 (m, 2 H, H"-11/12), 2.16
(s, 3 H, H-19), 2.14 — 2.08 (m, 2 H, H-11/12), 2.03 (t, 3J = 6.6 Hz, 2 H, H-3), 1.87 — 1.76 (m,
2 H, H-14), 1.60 (s, 1 H, OH), 1.44 — 1.32 (m, 4 H, H-15/16), 0.96 — 0.86 (t, 3J = 6.9 Hz, 3 H,
H-17).

13C NMR (126 MHz, CDCls) & [ppm] = 152.8 (C-8), 146.0 (C-6), 127.5 (C-10), 122.0 (C-5),
114.8 (C-9), 111.1 (C-7), 72.81 (C-2), 70.9 (C-13), 55.7 (C-18), 47.1 (C-11/12), 42.1 (C-14),
32.0 (C-3), 25.6 (C-15), 23.1 (C-16), 22.7 (C-4), 16.3 (C-19), 14.3 (C-17).

GC-MS (70 eV) m/z ([%]): 290 (8, [M*]), 272 (8), 229 (6), 215 (5), 190 (100), 175 (30), 151
(28), 121 (7), 91 (10), 77 (9), 57 (9), 41 (9).

FTIR-ATR v [cm™] = 3421 (br), 2954 (w), 2927 (m), 2871 (w), 2858 (w), 1717 (w), 1606 (w),
1481 (s), 1467 (m), 1441 (w), 1409 (w), 1378 (w), 1334 (w), 1309 (w), 1285 (m), 1234 (w),
1206 (s), 1149 (m), 1106 (w), 1089 (w), 1059 (s), 1039 (m), 1005 (w), 981 (w), 956 (w), 939
(w), 908 (w), 879 (w), 856 (w), 838 (w), 784 (w), 767 (w), 732 (w), 718 (w), 668 (w), 601 (w),
570 (w), 505 (w).

10.3.1.17. Synthetic 1,2-addition approach with chromanylketone 437

MeO bromide 463 BuLi MeO MeO
> OH +
0 0  Et,0,-78 °C-rt. ) )
15h OH
437

trans-474 cis-474
27% 23%

Under an atmosphere of argon, a 50 mL Schlenk flask was charged with a solution of 105 mg
of bromide 463 (0.646 mmol, 1.5 equiv.) in 4.0 mL of anhydrous Et,O and cooled to -78 °C.
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Then 0.76 mL of tBuLi (1.7m in nPe, 1.29 mmol, 3.0 equiv.) were added (dropwise) over 10 min
and the reaction mixture was stirred for 1 h until a solution of 100 mg of chromanylketone 437
(0.432 mmol, 1.0 equiv.) in 3.0 mL of anhydrous Et,O was slowly added over 10 min and
stirred for 1.5 h at -78 °C. After stirring for an additional 6 h at r.t., the orange suspension was
treated with 5 mL of sat. NH4Cl solution and 10 mL of H,O. The aqueous phase was extracted
with CH2Cl; (4 x 20 mL). The combined organic phases were dried with Na,SO. and
concentrated under reduced pressure to give a brown crude product. Purification by FCC
(SiO2, cHex/EtOAc 12:1) gave 35 mg of non-desired spirochromanol trans-474 (0.117 mmol,
27%) as a yellow solid and 29 mg of spirochromanol cis-474 (0.010 mmol, 23%) as a colorless

oil. Determination of the configuration of trans-474 was performed by X-ray crystallography.
M (C13H2603) =290.40 g/mol

TLC (SiO,, cHex/EtOAc 5:1) Ry = 0.50.

M.p. 79 - 80 °C. trans-474 15 16

IH NMR (600 MHz, CDCls) & [ppm] = 6.55 (d, J = 2.9 Hz, 1 H, H-9), 6.44 (d, J = 3.0 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-18), 2.79 (t, 3J = 6.6 Hz, 2 H, H-4), 2.54 — 2.44 (m, 2 H, H-11/12), 2.14 (s,
3 H, H-19), 2.12 (t, 3J = 6.6 Hz, 2 H, H-3), 1.96 — 1.90 (m, 2 H, H-11/12), 1.55 (s, 1 H, OH),
0.96 (s, 9 H, H-15/16/17).

13C NMR (151 MHz, CDCls) & [ppm] = 152.8 (C-8), 146.0 (C-6), 127.6 (C-10), 122.1 (C-5),
114.8 (C-9), 111.0 (C-7), 75.9 (C-13), 71.8 (C-2), 55.7 (C-18), 42.7 (C-11/12), 36.2 (C-14),
31.7 (C-3), 24.4 (C-15/16/17), 22.6 (C-4), 16.2 (C-19).

GC-MS (70 eV) m/z ([%]): 290 (15, [M*]), 190 (100), 175 (13), 151 (21), 91 (8), 57 (20), 41 (8).

FTIR-ATR v [cm™] = 3525 (m), 2995 (w), 2949 (m), 2922 (m), 2871 (w), 2851 (w), 1723 (w),
1607 (w), 1479 (m), 1466 (m), 1450 (w), 1433 (w), 1411 (w), 1392 (w), 1378 (w), 1365 (W),
1341 (w), 1324 (w), 1283 (m), 1210 (s), 1170 (m), 1151 (m), 1130 (m), 1102 (w), 1053 (s),
1029 (w), 1003 (w), 970 (w), 957 (w), 936 (m), 896 (m), 875 (m), 848 (w), 830 (m), 785 (m),
725 (w) 709 (w), 604 (w), 659 (w), 533 (w), 518 (w).

M (ClaH2603) =290.40 g/mol 7 4
_0e 3 17
18 5 12 16
TLC (SiO2, cHex/EtOAc 5:1) Ry = 0.24. INARAES
10 > o
Mp 78 OC. " cis-474

IH NMR (600 MHz, CDCls) & [ppm] = 6.57 (d, “J = 2.9 Hz, 1 H, H-9), 6.43 (d, J = 3.0 Hz, 1 H,
H-7), 3.73 (s, 3 H, H-18), 2.73 (t, 3J = 6.6 Hz, 2 H, H-4), 2.70 (s, 1 H, OH), 2.45 — 2.29 (m, 2 H,
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H-11/12), 2.20 (s, 3 H, H-19), 1.99 — 1.91 (m, 2 H, H-11/12), 1.86 (t, 3J = 6.6 Hz, 2 H, H-3),
0.93 (s, 9 H, H-15/16/17).

13C NMR (151 MHz, CDCls) & [ppm] = 153.0 (C-8), 145.6 (C-6), 127.5 (C-10), 121.9 (C-5),
114.9 (C-9), 111.3 (C-7), 78.4 (C-13), 75.1 (C-2), 55.7 (C-18), 42.6 (C-11/12), 5.2 (C-14), 30.5
(C-3), 24.6 (C-15/16/17), 22.9 (C-4), 16.6 (C-19).

GC-MS (70 eV) m/z ([%]): 290 (15, [M*]), 190 (100), 175 (13), 151 (21), 91 (8), 57 (20), 41 (8).

FTIR-ATR v [cm™] = 3674 (w), 3571 (w), 22948 (m), 2915 (w), 2871 (w), 2839 (w), 1606 (w),
1480 (s), 1440 (w), 1405 (w), 1394 (w), 1376 (w), 1364 (w), 1334 (w), 1310 (w), 1286 (w), 1240
(w), 1201 (s), 1169 (w), 1149 (m), 1130 (m), 1100 (w), 1058 (s), 1006 (w), 981 (w), 951 (w),
938 (w), 915 (w), 877 (w), 857 (w), 837 (w), 813 (w), 764 (w), 724 (w), 705 (w), 632 (w), 602
(w), 562 (w).

10.3.1.18. Substate synthesis for Ir-catalyzed desymmetrization

10.3.1.18.1. Synthesis of 3-propynyl-N-tosyl carbamate (481)
0

o TsNCO M 1s

N
T N
480 88% 481
The synthesis was performed according to a procedure of Zhao et al.?°? Under an atmosphere
of argon, a 250 mL Schlenk flask was charged with a solution of 1.00 mL of propargyl alcohol
(480) (0.972 g, 17.3 mmol, 1.0 equiv.) in 85 mL of anhydrous THF. At 0 °C, 2.9 mL of tosyl
isocyanate (3.76 g, 19.1 mmol, 1.1 equiv.) were added (dropwise) over 10 min. The reaction
mixture was stirred for 40 min at r.t. and was then concentrated under reduced pressure. The
colorless oil was re-dissolved in 100 mL of Et,O/H,O 1:1 added. The aqueous phase was
extracted with Et,O (3 x 50 mL). The combined organic phases were dried with Na,SO4 and
concentrated under reduced pressure to obtain a nearly colorless oil. Purification by FCC
(SiO2, cHex/EtOAc 5:1) gave 4.15 g of 3-propynyl-N-tosyl carbamate (481) as a white solid

(~275 mg of EtOAc residues; 3.88 g of product, 15.3 mmol, 88%; lit.:2°1 899).

M (CllH11N04S) = 253.27 g/mol 9 5 1
10
o o
TLC (SiO2, cHex/EtOAc 3:1) Rf = 0.16. O*N’ﬁﬂis)?/
H
M.p. 84 °C. N 48

4
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IH NMR (500 MHz, CDCls) & [ppm] = 7.94 (d, 3J = 8.3 Hz, 2 H, H-6/10), 7.78 (brs, 1 H, NH),
7.35 (d, 3 = 8.3 Hz, 2 H, H-7/9), 4.67 (d, “J = 2.5 Hz, 2 H, H-2), 2.49 (t, J = 2.5 Hz, 1 H, H-4),
2.45 (s, 3 H, H-11).

13C NMR (126 MHz, CDCls) & [ppm] = 149.8 (C-1), 145.5 (C-8), 135.2 (C-5), 129.8 (C-7/9),
128.6 (C-6/10), 76.4 (C-3), 76.3 (C-4), 54.3 (C-2), 21.8 (C-11).

GC-MS (70 eV) m/z ([%)]): 253 (8, [M*]), 155 (45), 91 (100), 65 (29), 39 (11).
HR-ESI-MS m/z calculated [C11H11NO4S+Na*]: 276.0300997; found: 276.03049.

FTIR-ATR v [cm] = 3284 (w), 3223 (m), 3096 (w), 3067 (w), 2937 (w), 2920 (w), 2809 (W),
2133 (w), 1759 (m), 1658 (w), 1597 (w), 1529 (w), 1495 (w), 1459 (m), 1446 (m), 1402 (w),
1367 (w), 1349 (m), 1308 (w), 1291 (w), 1238 (w), 1217 (m), 1187 (w), 1153 (s), 1086 (m),
1044 (w), 1018 (w), 987 (w), 974 (w), 861 (m), 817 (m), 795 (w), 762 (M), 753 (M), 704 (W),
663 (M), 643 (M), 635 (W), 576 (s), 542 (s), 516 (M).

The analytical data are in agreement with the literature.2°°

10.3.1.18.2. Synthesis of 4-methylene oxazolidinone 482

X i
T
o N/ S EtzN, AuCl O)LN/TS
MeCN, r.t.
\\\ 18 h
481 94% 482

The synthesis was performed according to a procedure of Ritter et al.** A 25 mL round-
bottomed flask was charged with a solution of 1.00 g of 3-propynyl-N-tosyl carbamate (481)
(3.95 mmol, 1.0 equiv.) in 8.0 mL of dry MeCN. Subsequently, 27.5 uL EtsN (19.5 mg,
0.197 mmol, 0.05 equiv.) and 44.2 mg of AuCl (0.190 mmol, 4.8 mol%) were added. The pale
yellow solution was stirred for 18 h at r.t. The brown suspension was filtered over a Celite and
washed with 100 mL of CH:Cl,. The organic phase was concentrated under reduced pressure
to give a yellow crude material. After purification by FCC (SiO;, cHex/EtOAc 3:1) 939 mg of

4-methylene oxazolidinone 482 was obtained as a white solid (3.71 mmol, 94%; lit.:1% 979%).

M (C11H11NO4S) = 253.27 g/mol. 0 2.
0 O/@/
103
TLC (SiO2, cHex/EtOAc 3:1) Rs = 0.20. o)LN@ N
2 3N\ 482
M.p. 139 °C.

IH NMR (500 MHz, CDCls) & [ppm] = 7.96 (d, 3J = 8.2 Hz, 2 H, H-6/10), 7.37 (d, 3J = 8.2 Hz,
2 H, H-7/9), 5.53 (wq, 4J = 2.5 Hz, 1 H, H-4), 4.79 (t, *J = 2.5 Hz, 2 H, H-2), 4.52 (wq, 4J =
2.5 Hz, 1 H, H-4), 2.46 (s, 3 H, H-11).
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Experimental Part

13C NMR (126 MHz, CDCls) & [ppm] = 151.7 (C-1), 146.4 (C-8), 135.2 (C-3), 134.4 (C-5), 130.1
(C-7/9), 128.4 (C-6/10), 90.9 (C-4), 67.2 (C-2), 21.9 (C-11).

GC-MS (70 eV) miz ([%]): 253 (10, [M"*]), 155 (62), 91 (100), 65 (28), 39 (7).
HR-ESI-MS m/z calculated [C1H1:NOS+Na']: 276.0300997; found: 276.03044.

FTIR-ATR v [cm™] = 3141 (w), 1810 (w), 1791 (m), 1746 (w), 1667 (w), 1597 (w), 1516 (w),
1490 (w), 1453 (w), 1399 (w), 1380 (w), 1370 (m), 1357 (m), 1298 (w), 1284 (m), 1215 (w),
1191 (m), 1177 (m), 1156 (s), 1122 (w), 1083 (s), 1032 (m), 1015 (w), 999 (w), 974 (w), 953
(w), 915 (w), 862 (m), 839 (w), 813 (w), 802 (w), 756 (m), 731 (w), 702 (m), 672 (s), 648 (M),
582 (s), 569 (s), 544 (s).

The analytical data are in agreement with the literature.!*%%
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12. Appendix

12.1. List of abbreviations
A

Ac

Ad
AGE
Ar

atm
ATP
BINAP
BINOL
BIPOL
Bn
Boc

br

°C
CH2Cl>
cHex
cod
conv.
CSA
Cy

DABCO

DFT
DIBAL-H
DIPA
DIPEA
DME
DMF
DMAP
DMP

Appendix

Angstrom (10'%° m)

acetyl

adamantyl

advanced glycation end products
aryl, arene

standard atmosphere
adenosine triphosphate
2,2"-bis(diphenylphosphino)-1,1'-binaphthyl
1,1"-bi-2-naphthol
1,1’-bi-2-phenol

benzyl
tert-butyloxycarbonyl
broad

degree Celsius
dichloromethane
cyclohexane
1,5-cyclooctadiene
conversion
camphorsulfonic acid
cyclohexyl

doublet
1,4-diazabicyclo[2.2.2]octane
1,2-dichloroethane
chemical shift

density functional theory
diisobutylaluminum hydride
diisopropylamine
diisopropylethylamine
1,2-dimethoxyethane
N,N-dimethylformamide
4-(dimethylamino)pyridine

Dess-Martin periodinane
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Appendix

DMSO dimethyl sulfoxide

DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane

DPEPhos [oxydi(2,1-phenylene)]bis(diphenylphosphane)

dppp 1,3-bis(diphenylphosphino)propane

DQ duroquinone

dr diastereomeric ratio

ECD electronic circular dichroism

ee enantiomeric excess

El electron impact ionization

equiv. equivalent(s)

er enantiomeric ratio

ESI electrospray ionization

Et ethyl

Et,O diethyl ether

EtsN triethylamine

EtOAcC ethyl acetate

eV electron volt

FCC flash column chromatography

GC gas chromatography

Grubbs Il [1,3-bis-(2,4,6-trimethylphenyl)-2-

imidazolidinylidene]-dichloro(phenylmethylene)-

(tricyclohexylphosphino)ruthenium

h hours(s)

hept. heptet

Hz Hertz

IUPAC International Union of Pure and Applied Chemistry
K degree Kelvin

KHMDS potassium bis(trimethylsilyl)amide
KIE kinetic isotope effect

L ligand

LA Lewis acid

LDA lithium diisopropylamide

lit. literature

M molar
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max.
min
min.
Me
MeCN
mL
mm
MMPP
MOM
MsOH
MS
Ms
MTBE
MW
NBS
nBu
n.c.
n.d.
nHex
nm
NMR
nPe
PG
PIDA
PIFA
Piv
ppm
Pr

PTFE
q

quant.
QuadraSil AP

quin.

Appendix

meter or multiplet (in NMR analysis)
maximum

minute(s)

minimum

methyl

acetonitrile

milliliter

millimeter

magnesium monoperoxyphthalate
Methoxymethyl
methanesulfonic acid
molecular sieves 3-4 A
mesyl/methanesulfonyl
tert-butylmethylether
microwave
N-bromosuccinimide

n-butyl

no conversion

not determined

n-hexane

nanometer(s) (10° m)
nuclear magnetic resonance
n-pentane

protecting group
phenyliodine(lll) diacetate
phenyliodine(lll) di(trifluoroacetate)
pivalate

parts per million

propyl

pseudo
polytetrafluoroethylene
quartet

gquantitative

QuadraSil aminopropyl

quintet
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T

t
TADDOL

TBAF

TBAI

TBS

TBSOTf

tBu

TEMPO

Tf

TBHP

TIPS

TLC

TMB

TMS (in NMR)
TMS (as protecting group)
TPPO

Tr

Troc

Ts/Tosyl

W (unit)

racemic, racemate

reaction

retention factor

regioisomeric ratio

room temperature (25 °C = 2 °C)
singlet

saturated
(S)-5,5"-bis[di(3,5-di-tert-butyl-4-
methoxyphenyl)phosphino]-4,4'-bi-1,3-
benzodioxole

starting material

temperature

triplet
a,a,a',a'-tetraaryl-2,2-disubstituted 1,3-dioxolane-
4 5-dimethanol
tetra-N-butylammonium fluoride
tetrabutylammonium iodide
tert-butyldimethylsilyl
tert-butyldimethyilsilyl triflate
tert-butyl
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
triflyl

tert-butyl hydroperoxide
triisopropylsilyl

thin layer chromatography
1,2,3-trimethoxybenzene
tetramethylsilane

trimethylsilyl

triphenylphosphine oxide
retention time
2,2,2,-trichloroethoxycarbonyl
p-toluenesulfonyl
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Figure 26: *H NMR (300 MHz, CDCls) spectrum of phosphine borane complex 277.
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Figure 30: 13C NMR (126 MHz, CDCls) spectrum of phosphine-phosphite ligand 273.
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Figure 33: 13C NMR (151 MHz, CDCls) spectrum of phosphine-phosphite ligand 260.
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Figure 34: 3P NMR (122 MHz, CDClIs) spectrum of phosphine-phosphite ligand 260.
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Figure 35: *H NMR (500 MHz, CDCIs) spectrum of phosphine-phosphite ligand 262.
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Figure 36: 13C NMR (126 MHz, CDCls) spectrum of phosphine-phosphite ligand 262.
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Figure 38: *H NMR (500 MHz, CDClIs) spectrum of phosphine-phosphite ligand 263.

£€9
€'€9
S°€9

S'€9

€003 T'LL
978
88

678
0'€8
0'€8
T'e8

6667
2001
5007
€707
2907
5907
2201
£:80T
8TTT
9421
s
0821
1821
1821
zgzr L
7821
£0€ET
0ET
82€T
£€ET
PEET
et
S'EET ]
L

T

vLET
m.NmL
SLET
sueTE

9LET
9LET )f
91~

STHT~_
92T~
oevt
PIPT~
0'8pT "

§'TST
9'Z8T >

1651
€657
£65T
9'65T

1‘60 1‘50 1‘40 1‘30 1‘20 110 sl ]
ppm
Figure 39: 13C NMR (126 MHz, CDCls) spectrum of phosphine-phosphite ligand 263.

T
170

80

233



Appendix

S6'6PT ~_
1£0s1 "

P(OR)3 (d)

©
=]
n
-

m

-20 -30 -40

-10

170 160 150 140 130 120 110 100 90 80 s [70 1 60 50 40 30 20 10
ppm
Figure 40: 3P NMR (202 MHz, CDClIs) spectrum of phosphine-phosphite ligand 263.
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Figure 41: *H NMR (600 MHz, CDCIls) spectrum of phosphine-phosphite ligand 264.
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Figure 42: 13C NMR (151 MHz, CDCls) spectrum of phosphine-phosphite ligand 264.
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Figure 43: 3P NMR (122 MHz, CDCls) spectrum of phosphine-phosphite ligand 264.
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Figure 45: 3C NMR (151 MHz, CDCls) spectrum of homostilbene 221h.
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Figure 46: 'H NMR (500 MHz, CDClIs) spectrum of homostilbene 221i.
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Figure 47: 3C NMR (126 MHz, CDCls) spectrum of homostilbene 221i.
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Figure 48: *H NMR (600 MHz, CDClIs) spectrum of homostilbene 221k (E/Z 92:8).
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Figure 49: 13C NMR (151 MHz) spectrum of homostilbene 221k (E/Z 92:8).
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Figure 50: *H NMR (600 MHz, CDClIs) spectrum of homostilbene 221m.
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Figure 51: 3C NMR (151 MHz, CDCls) spectrum of homostilbene 221m.
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Figure 52: *H NMR (600 MHz, CDClIs) spectrum of homostilbene 221n.
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Figure 53: 3C NMR (151 MHz, CDCls) spectrum of homostilbene 221n.
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Figure 54: 'H NMR (600 MHz, CDClIs) spectrum of 2,4-diarylbutyronitrile 245b (80:20 rr).
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Figure 58: 'H NMR (500 MHz, CDClIs) spectrum of 2,4-diarylbutyronitrile 245d (89:11 rr).
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Figure 59: 3C NMR (126 MHz, CDCls) spectrum of 2,4-diarylbutyronitrile 245d (89:11 rr).
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Figure 60: *H NMR (500 MHz, CDClIs) spectrum of 2,4-diarylbutyronitrile 245e (83:17 rr).
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Figure 61: *H NMR (500 MHz, CDClz) spectrum of 2,4-diarylbutyronitrile 245f (96:4 rr).
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Figure 63: *H NMR (500 MHz, CDCls) spectrum of 2,4-diarylbutyronitrile 245g (51:49 rr).
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Figure 66: 'H NMR (500 MHz, CDClIs) spectrum of 2,4-diarylbutyronitrile 245h (75:25 rr).
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Figure 70: *H NMR (600 MHz, CDClIs) spectrum of 2,4-diarylbutyronitrile 245j (89:11 rr).

5.0

9'€E —
T9E~
bLE—

0'9S
195
98
609 —

€0AD T'LL

$'50T —
POTT ~

ST

L6TT~
01er —

0821 —

9°GET ~

9'9ET

06bT ~
s'6T

PEST —

1‘60 1‘50 1‘40 1‘30 1‘20 110 sl ]
ppm
Figure 71: 3C NMR (151 MHz, CDCls) spectrum of 2,4-diarylbutyronitrile 245j (89:11 rr).
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Figure 72: *H NMR (500 MHz, CDClIs) spectrum of 2,4-diarylbutyronitrile 245k.
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Figure 75: 3C NMR (151 MHz, CDCls) spectrum of 7-cyano-colchinol 316.
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Figure 76: *H NMR (600 MHz, CDCls) spectrum of 2,2-disubstituted chromane 404.1179
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Figure 78: *H NMR (500 MHz, CDClIs) spectrum of monobrominated chromane 406.1*79
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Figure 79: 3C NMR (126 MHz, CDCls) spectrum of monobrominated chromane 406.1179
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Figure 82: *H NMR (600 MHz, CDClIs) spectrum of phosphonated chromane 420.
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Figure 84: 3P NMR (121 MHz, CDClIs) spectrum of phosphonated chromane 420.
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Figure 85: *H NMR (500 MHz, CDCls) spectrum of spirochromanol trans- 438.
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Figure 87: *H NMR (500 MHz, CDCls) spectrum of spirochromanol cis- 438.
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Figure 91: *H NMR (500 MHz, CDCIs) spectrum of O-Benzyl-(2E)-2-methylpenta-2,4-dienol (449).




Appendix

«
2
nmuNNnanN e i o
BERNERRRN B A ¢
ﬁﬁﬁﬁﬁﬁﬁﬁ z RER 4
NN SN I 1/ N
4(s)
132.7
9,13 (s) 7(s)
128.5 71.9
7 (s 10,12 (s)| | 5(s) 1(s) 6 (s)
138 127.9 117.3 75.7 14.5
2(s) |l 11 (s)
135.5|| 127.7
3(s)
127.6|
6 13 7
, 2 8
H Z Z O 10
5 1
H"
449
|
! |
|
‘ )y j
r T T T T T T T T T T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 90 80 70 60 50 40 30 20 10

100
8 [ppm]

Figure 92: 13C NMR (126 MHz, CDClIs) spectrum of O-Benzyl-(2E)-2-methylpenta-2,4-dienol (449).
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Figure 94: 13C NMR (126 MHz, CDCls) spectrum of O-MOM-(2E)-2-methylpenta-2,4-dienol (450).
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Figure 95: *H NMR (500 MHz, CDClz) spectrum of (E)-1-bromo-2-methyl-2-pentene (463). Equilibrium at r.t. of
bromoallyl species led to isomer impurities (~20 mol% of branched isomer 464 and ~12 mol% of (Z)-isomer.
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Figure 97: *H NMR (500 MHz, CDClIs) spectrum of chromanyldiene 456 and byproduct 452 (inseparable mixture;
mol% ratio 456/452 ~70:30).
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Figure 99: *H NMR (500 MHz, CDClz) spectrum of spirochromanol cis-473.

263



Appendix

o
PR P °
o & N d < 3 N N @ - 2 ana wuon
2 8 8§ 8 3% NS 88§ F A QAN =es
[ [ [ Il NN Y [ [ Y v/

r T T T T T T T T T T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
& [ppm]

Figure 100: 3C NMR (126 MHz, CDCIs) spectrum of spirochromanol cis-473.
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Figure 101: 'H NMR (500 MHz, CDCls) spectrum of spirochromanol trans-473.
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Figure 102: 3C NMR (126 MHz, CDCls) spectrum of spirochromanol trans-473.
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Figure 103: 'H NMR (600 MHz, CDCls) spectrum of spirochromanol trans-474.
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Figure 104: C NMR (151 MHz, CDCls) spectrum of spirochromanol trans-474.
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Figure 105: 'H NMR (600 MHz, CDClIs) spectrum of spirochromanol cis-474.
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Figure 106: 13C NMR (151 MHz, CDClIs) spectrum of spirochromanol cis-474.
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12.3. X-ray crystallography
12.3.1. Crystal data of compound 245e

Table 10: Crystal data and structure refinement for spirochromanol 245e.

Identification code jps314

Empirical formula Ci17H17NO

Moiety formula Ci17H17NO

Molecular weight 251.31 g/mol
Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P2,

Unit cell dimensions a=8.6090(3) A, a=90°

b = 5.6470(2) A, p = 105.424(2) °
c=14.9535(6) A, y=90"°

Volume 700.78(5) A3

Z 2

Calculated density 1.191 g/cm3

Absorption coefficient 0.575 mm-1

F(000) 268

Crystal size 0.400 x 0.100 x 0.020 mm3
O-range for data collection 3.066 °to 72.477 °.

Index ranges -10<=h<=10, -6<=k<=6, -18<=I<=18
Reflections collected 19663

Independent reflections 2730 [R(int) = 0.0443]
Completeness to ©@ = 67.679° 99.9%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7536 and 0.5738

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2730/1/173

Goodness-of-fit on F2 1.043
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Final R indices [I>20 (1)]
R indices (all data)

Largest diff. peak and hole

R1 =0.0299, wR2 = 0.0745
R1 = 0.0312, wR2 = 0.0755

0.142 and -0.116 e.A-3

Appendix

12.3.2. Crystal data of compound cis-438

Table 11: Crystal data and structure refinement for spirochromanol cis-438.

Identification code
Empirical formula
Moiety formula
Molecular weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Calculated density
Absorption coefficient
F(000)

Crystal size

O-range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to ©@ = 67.679°

Absorption correction

jps128

Ci17H2003

C17H2003

272.33 g/mol

100(2) K

1.54178 A

Tetragonal

14,/a

a=23.0526(3) A, =90 "°
b = 23.0526(3) A, p=90°
c=11.4297(2) A, y=90°
6074.00(19) A3

16

1.191 g/cm3

0.646 mm-1
2336

0.100 x 0.060 x 0.020 mm3
3.835 ° to 72.213 °.

-25<=h<=27, -28<=k<=28, -13<=I<=14

39012
2990 [R(int) = 0.0693]
99.7%

Semi-empirical from equivalents
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Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>20 (1)]

R indices (all data)
Largest diff. peak and hole

0.7536 and 0.6137

Full-matrix least-squares on F2
2990/0/187

1.054

R1 =0.0397, wR2 = 0.0971

R1 =0.0478, wR2 = 0.1015

0.326 and -0.173 e.A-3

12.3.3. Crystal data of compound trans-474

Table 12: Crystal data and structure refinement for spirochromanol trans-474.

Identification code
Empirical formula
Moiety formula
Molecular weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

jps135
C18H2603
C18H2603
290.40 g/mol
100(2) K
1.54178 A
Triclinic

P-1

a=5.97170(10) A, o = 79.6030(10) °
b =10.4362(2) A, B = 85.1790(10) °
¢ =13.5953(3) A, y = 75.2240(10) °

Volume 805.17(3) A3

Z 2

Calculated density 1.198 g/cm3

Absorption coefficient 0.633 mm-1

F(000) 316

Crystal size 0.200 x 0.200 x 0.030 mm3
O-range for data collection 3.308 ° to 72.200 °.

Index ranges -7<=h<=7, -12<=k<=12, -16<=I<=16
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Reflections collected
Independent reflections
Completeness to ©@ = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20 (1)]

R indices (all data)

Largest diff. peak and hole

Appendix

25620

3142 [R(int) = 0.0551]

99.1%

Semi-empirical from equivalents
0.7536 and 0.5909

Full-matrix least-squares on F2
3142 /0/199
1.038

R1 =0.0407, wR2 = 0.1102
R1 = 0.0430, wR2 = 0.1121

0.275 and -0.253 e.A-3
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12.4. Stereochemical analysis by ECD
The ECD spectrum of (S)-2,4-diphenylbutyronitrile (245a) was measured on a Jasco j-715 CD
spectropolarimeter in acetonitrile (0.030 mg/mL; 0.14*103m solution). The calculated ECD and
UV spectrum of (R)-2,4-diphenylbutyronitrile (ent-245a) was derived by DFT (CAM-
B3LYP/Aug-CC-pVDZ, SCRF CPCM: Acetonitrile, Boltzmann-weighted on 15 conformers;
peak half-width at half-height: 0.150 eV). Gaussian 16.0 Revision C.01 by Frisch et al was

used.140!

7.00
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-1.00 -\/
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12.5. Stereochemical analysis by chromatography
12.5.1. Gas chromatography on chiral stationary phase

12.5.1.1. Enantiomeric resolution of compound 48

PO Feo e RO T T8 ST ORA T TIOT R T ST PEPEPEPE BT oS-SS TRk
va7] il
5]
CN r CN
10 Ery *
& s v
5 & 5 & 50
35 %,-P Ex
7 4 48
a0 |\ A 40 \

\ rac-48

|
B s T ) & & T % = 4 4 ) & P & & & P
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
# [min] [min] [pA*=s] [mR] 3 # [min] [min] [pA*s] [pA] P
| - |--———- et I et B e |- el Rl b
1 42.247 MM 0.3637 23.04586 50.04882 1 41.897 MM 0.5613 1449.09558  43.02860 92.51959
2 45.547 MM 0.3653 22.89876 49.95138 2 45.869 MM 0.2380 117.16245 8.20457 7.48041

12.5.1.2. Enantiomeric resolution of compound 266

FI07 A Front Signal (PEPE TOE0-11-12 1755 13.0P5 Z1EA D] FIOTA

CN g &
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704 13 5’§ * *
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] e ’\\ /©)2\66
° rac-266 |\

LS
] |’\ \ 96:4 er
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Peak RetTime Type Width Area Height Area Peak Reltfime Type Width Area ll-:eiqh: Ar:x
# [min] [min] [pa*s] [pA] % __f_ | __Ij:j]__ p— _Eiﬂ_ | _E;_\_f_]___ | ___!_pi_l]__“_ |_________|
-—| |-—-| | | | | 51.702 MM 0.9040 5489.70605 101.20057 06.11334
1 52.787 MM 0.3636 1136.76746 52.11037 49.68665 5 55720 MM 5.3367 221.00243 10.982830 3.88EEE
2 55.488 MM 0.3751 1151.10535 51.14391 50.31335
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12.5.1.3. Enantiomeric resolution of compound 272

Appendix

FIDT A, Front Signal ( 2021-06-14 14-46-08UPS_311A.D)

FID1 A, Front Signal (i

2021-06-14 16-25-55\PS_308A D)
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B e B Pt |~ |- - vl il vt st oason
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12.5.1.4. Enantiomeric resolution of compound 270
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12.5.1.5. Enantiomeric resolution of compound 268
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12.5.1.6. Enantiomeric resolution of compound 115
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12.5.1.8. Enantiomeric resolution of compound 293a
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12.5.1.10. Enantiomeric resolution of compound 245a
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12.5.1.11. Enantiomeric resolution of compound 404
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12.5.2. High performance liquid chromatography on chiral stationary phase

12.5.2.1. Enantiomeric resolution of compound 245b
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12.5.2.3. Enantiomeric resolution of compound 245d
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12.5.2.6. Enantiomeric resolution of compound 245i
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