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Abstract

In this thesis, selected results on the rearrangement between the noradamantane and
the adamantane hydrocarbon cage are presented, as well as their application in
organic synthesis. This reversible reaction proceeds through a Wagner-Meerwein
rearrangement - a [1,2]-alkyl shift of a carbocation - either leading to the diamondoid
structure of adamantane or the contracted derivative, depending on the structural
elements surrounding the carbocation and the reaction conditions.

The rearrangement was used to synthesize 1,2-functionalized heterocyclic
adamantylamines from noradamantane iminium triflates. In the classical Wagner-
Meerwein reaction, the alkyl shift forms a tertiary from a secondary carbocation,
following the way to the energetically more stable structure. When iminium salts are
rearranged, the stability is inverted since the secondary carbocation is stabilized by its
iminium ion resonance structure. High temperatures and a trapping nucleophile (ie,
a Friedel-Crafts acceptor) are needed to push the equilibrium to the targeted
adamantyl cage. Deeper investigations provided insight into the mechanism of the
reaction, its difficulties, and its limits. Postfunctionalization of one of the target
molecules showed the possibilities for further transformation of the compounds,
demonstrating their potential use in medicinal research and synthetic or material
chemistry.

In an additional publication, the procedure was reversed. Contrary to the previous
protocol, the rearrangement starts at the adamantane structure and proceeds in the
direction of the iminium salt. The reaction yielded the targeted noradamantane and
ring-contracted diamantane derivatives - after hydrolysis of the iminium salt - with
an adjacent carbaldehyde function. These compounds can be used as precursors for
the above-mentioned iminium triflate rearrangements and thus increase the number
of possible 1,2-functionalised adamantanes accessible through this route.
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Zusammenfassung

In der vorliegenden Arbeit werden Forschungsergebnisse zur Umlagerung zwischen
Noradamantan- und Adamantan-Kohlenwasserstoffkafigen vorgestellt, sowie deren
Anwendung in der organischen Synthese. Diese reversible Umlagerung gehort zu den
Wagner-Meerwein-Umlagerungen, die - abhdngig von den, das Carbokation
umgebenden, Strukturelementen und Reaktionsbedingungen - entweder zur
Diamantoidstruktur des Adamantans oder zum ringkontrahierten Derivat fiihrt.

Die Umlagerung wurde genutzt, um aus Noradamantan-Iminiumtriflaten 1-2-
funktionalisierte heterozyklische Adamantylamine zu synthetisieren. Die Kklassische
Wagner-Meerwein-Reaktion beschreibt die Bildung eines tertidren, aus einem
sekundaren Carbokation. Bei der Umlagerung von Iminiumsalzen kehrt sich diese
Richtung um, da das sekundére Carbokation durch seine Iminium-Resonanzstruktur
stabilisiert wird. Hohe Temperaturen und ein abfangendes Nukleophil (in diesem Fall
ein Friedel-Crafts-Akzeptor) werden bendtigt, um das Gleichgewicht hin zum
angestrebten Adamantankafig zu verschieben. Tiefergehende Untersuchungen
lieferten Einblicke in den Mechanismus der Reaktion sowie ihre Grenzen. Gezielte
Postfunktionalisierung eines der Zielmolekiile zeigte mogliche weitergehende
Verwendungen als Substrate in der medizinischen Forschung sowie der synthetischen
Chemie.

In einer weiteren Publikation wurde die Methode umgedreht. Im Gegensatz zum
vorhergehenden Protokoll ist die Ausgangsverbindung ein Adamantanderivat und die
Umlagerung lauft in Richtung des Iminiumsalzes ab. Die Reaktion lieferte die
angestrebten Noradamantan- und ringkontrahierte Diamantanderivate - nach
Hydrolyse des Iminiumsalzes - mit einer benachbarten Carbaldehydfunktion. Diese
Verbindungen konnen als Vorstufen fiir die oben genannten Iminiumtriflat-
Umlagerungen verwendet werden und vergroflern somit die, durch diese Route
synthetisierbare Zahl an méglichen 1,2-funktionalisierten Adamantanen.
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1 Introduction

1.1 [1,2]-Alkyl Migration Reactions

Rearrangement reactions have the ability to transform a simple precursor to a
relatively complex target molecule in a single step and are often used as the key
transformation in the preparation of synthetically interesting building blocks and
biologically active compounds.[!l 1,2-Alkyl shifts are among the oldest known
rearrangements.2l Even though described for more than 100 years, some
representatives are still of high interest, constantly developed and modern synthesis
relies heavily on their use.31 The ensuing chapters are intended to give a brief
overview of the most common members of the 1,2-alkyl migration family.

1.1.1 Benzylic Acid Rearrangement

HO (0]
KOH OH

H,O/EtOH, 100 °C O O

2

/ +H,0/-KOH

Scheme 1. Classical benzylic acid rearrangement described by Liebig.2/

With the benzylic acid rearrangement, Liebig described the first rearrangement in
organic synthesis in 1838.[2] He showed that o-diketones undergo a 1,2-
rearrangement when treated with a strong base in aqueous conditions to yield a-
hydroxycarboxylic acids (Scheme 1). The synthetic route for (-)-Isatisine (a natural
compound commonly used in Chinese traditional medicine for viral diseases)[*l uses
this rearrangement as a key step to form a complex ring system which is further
transformed into the target molecule (Scheme 2, page 2).
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Scheme 2. Benzylic acid rearrangement in natural product synthesis.[*/

1.1.2 Wagner-Meerwein Rearrangement

The Wagner-Meerwein rearrangement was developed in parallel by Georg Wagner!
and Hans Meerweinl®l in the late 19th and the early 20th century, respectively.
Generally, the reaction proceeds via a 1,2-carbon atom migration, in which the
formation of a more stable carbocation provides the driving force for this reaction
(Scheme 3).I7] Examples of their usefulness are ever-present and growing in
synthesis[3 8 and in mechanistic investigations.[°]

Me. Me Me Me Me Me Me. Me
+H ® o CH,
s — @ — [ =
-H20 ® H® Me
Me  oH Me Me H,C Me

8 9 10 11

Scheme 3. 1,2-Alkyl migration reported by Meerwein./6

The formation of the accepting cation can be accomplished in many ways, eg, by
dehydration[> 101 or by halocyclization.[® 111 Modern examples aim for migrations
resulting in enantiomeric excess of a specific conformation, e.g, using precatalyst 12

(0] | (0]
(0] (0]
BnOJ\:/ @ \[ OBn
: MeO™ ~O

12

shown in Figure 1.111]

Figure 1. Chiral iodine precatalyst 12 for enantioselective Wager-Meerwein rearrangement!11/



After in situ oxidation of the chiral iodine precatalyst with mCPBA, the resulting
hypervalent iodine reagent catalyses aryl or alky migration (MG £ migrating group)
in a Wagner-Meerwein fashion (Scheme 4), combined with a difluorination.

12, mCPBA F F

MG R

Ar/\kRR py-9HF, CH,Cl, Ar)\:/kR
-30 °C MG

13 14, 64-90 %

up to 99% ee

Scheme 4. Example of recent enantioselective Wagner-Meerwein reaction by Sharma et al.l11]

1.1.3 Pinacol-Type Rearrangements

The pinacol rearrangement joins the line of well-known and -established
rearrangements developed in the last century.[12] The classical pinacol rearrangement
starts with the dehydration of a-diol to form an a-hydroxy carbocation, which
undergoes an alkyl migration to deliver the corresponding ketone (Scheme 5).

M:O; éOH M2594(aq. MeHO
M  Me -H20 Me  Me
15 16
FHX
'Hzc\\ X(%)/jo')H /—Tx
(\
Mlslle Me
17

Scheme 5. Pinacol-pinacolone rearrangement with a simplified mechanism./12-13]

The semi-pinacol rearrangement (Fjgure Z) is a modification of the classical
rearrangement, in which the starting materials are not a-diols, but similar
compounds, whose functional groups allow the formation of the electrophilic carbon
centre by other means (e.g, epoxide opening,[14] halogen abstraction,[?>] electrophilic
addition to a double bond,[16] etc)).

In this version of the rearrangement, the formed electrophilic centre is often a
secondary carbon, instead of a tertiary one in the classical reaction.[3]



Figure 2. Examples of ways to form the electrophilic carbon centre in a semi-pinacol rearrangement in contrast
to a pinacol rearrangement.3]

Both variants of the pinacol-rearrangement are readily employed in the synthesis of
interesting building blocks and natural products.[3.13.17] Stereo control is an essential
feature in total synthesis of natural products. One possibility to achieve this in a
pinacol rearrangement is by treating the starting material with a chiral Bronsted acid
(Scheme 6). The depicted phosphoric acid 24 catalysis a broad range of substrates in
very good to excellent yields with superb enantioselectivity.[18]

! 1-napthyl
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up to 96% ee

Scheme 6. Example of stereocontrol in pinacol rearrangements: Chiral phosphoric Bronsted acid catalysis./16]

1.14 Tiffeneau-Demjanov Rearrangement

The Tiffeneau-Demjanov rearrangement is a special variant of the semi-pinacol
rearrangement, in which an unstable diazonium ion is formed from a S-hydroxy
amine (Scheme 7).11°1 After the expulsion of dinitrogen, a carbocation is formed and
the semi-pinacol rearrangement continues in the usual fashion (see Chapter 1.1.5).
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Scheme 7. Ring expansion as first described by Tiffeneau et al./19-20]

While it is possible to use it in ring contraction reactions in very specific situations, its
major use is ring expansion.[21] The ring expansion is easily controlled since the less
substituted carbon generally migrates to the electrophilic centre.[?1] This renders the
protocol a very powerful tool, confirmed by its first use in natural product synthesis
by Goldbergand Monnierin 1940, only a few years after its discovery.[20]



1.2 Adamantane - Versatile Compound in Medicinal Chemistry, Catalysis and
Material Science

1.2.1 Background

e

29

Figure 3. Adamantane (tricyclo[3.3.1.1%7]decane).

First isolated and synthesized in the first half of the 20t century,[22] the success story
of the smallest diamond (Figure 3) started properly after Schleyer’s Lewis acid
induced synthesis in 1957 made it available in yields that exceeded the earlier
method.[23]

Since then the simple hydrocarbon cage is found in a wide range of drugs,[24l
homogeneous and heterogeneous catalysts,[?5] and other molecular systems,
wherever enhanced lipophilicity or conformational rigidity is required.[?¢] In the
following chapters, these roles and uses are portrayed, in order to illustrate their
significance with a few selected examples.

1.2.2 Pharmaceuticals

NH
NH, 2 NH,
Me
Me

Amantadine Rimantadin Memantine

Figure 4. Simple adamantanes with biological activities used in medicinal treatments for influenza Al27] or
Alzheimer's disease.[28]

Simple adamantylamines, like amantadine and its derivatives (Figure 4), are known
for their anti-influenza A activity for over 50 years.[27] Tertiary functionalized
amantadine (1-aminoadamanatane) was the first commercial drug with an
adamantane skeleton.[24¢l Since then, mechanistic inquiries helped to understand
their method of operation[2° and new derivatives (e.g, compounds shown in Figure
5) were developed to counter upcoming resistances.30

OH Q OH  H. /\ H
9 /_<N CN NN
@NJ\/O\/\%"ME R NG
H Me NH2

Tromantadine Vildagliptin Saxagliptin



Figure 5. Drugs containing the adamantane scaffold, effective against various diseases e.g, type Il diabetes/31] or
herpes simplex./52]

These more complex compounds show activity against diseases like type Il
diabetes[31] or herpes simplex.[32]

The adamantane cages can also be added as a lipophilicity modifier to bigger
molecules or peptides. For instance, adamantane-capped photosensitizer 28 (Figure
6) is used to induce cell death after irradiation viasinglet-oxygen generation in cancer
cells.331 Peptide c(RGDyK)-Ad (Figure 7) is a cell-penetrating peptide and acts as a
delivery system of metallo-anticancer agents through self-assembled nanoparticle
formation.[34

NH
HN—
NH
L;i
HN N'igo o
0o H 2\}
OH
HN NA (0]
ON-NH 0
HO
28 c(RGDyK)-Ad
Figure 6. Adamantane-capped photosensitizer 28.133] Figure 7. The peptide c(RGDyK)-Ad is used as a

drug-delivery system.;34

For the synthesis of these kinds of medicinal compounds, functional groups at the
adamantane moiety are crucial for connectivity to the target molecule.35! In the
shown compounds it is conspicuous that said functional groups are only on the 1- and
3-positions (tertiary carbon) in the adamantane structure which is most common in
the early developed drugs and drug precursors, due to easier access provided by the
inherent reactivity of its structure.3] The introduction of a functional group
selectively on the 2-position (secondary carbon) of the cage is still a challenge. Two
major approaches are employed for the synthesis of
1,2-functionalized compounds: (i) intramolecular rearrangements of similar cages
(compare Chapter1.3.1),11%a 36] and (ii) directed C-H oxidation, using a formerly
introduced directing group at the 1-position (Scheme 8).135 37

(0] NHCH,Py O+~ _OH
1) directed
H Pd-oxidataion
J‘ 1 - ;‘ -

ST 2) hydrolysis Sl

P V) L="TTsy

29 30, 12-85%




Scheme 8. Example for directed C-H activation at the adamantane scaffold by Larrosa et. al.l38]

1.2.3 Catalysts

Catalysts containing adamantanes structures are well distributed in the various sub-
disciplines. The steric and electronic properties put the caged carbohydrate in key
roles in the mechanism of many of these synthetic systems.[25]

Organometallic Catalysts

One important class of ligands containing adamantane are adamantylphosphines,
since they provide high turnover numbers with low catalyst loadings.[25] As a direct
consequence, many are commercially available.

iR= Me, .
' N— |
bME
/N
O N— !
DN/ '
@ R N/
: iPr 5
30 [Pr=Si—0—

; Pro 31

Figure 8. Commercially available adamantane Figure 9. XiangPhos, a non-commercial ligand used in
containing ligands. gold catalysis.[39]

As suitable representatives of these commercial phosphine ligands, Figure &
illustrates a specific group: the DalPhos ligands. Examples of their uses include
palladium-catalysed aryl aminations,[40] etherification[4ll and formation of indols.[2]
An example of a non-commercial adamantylphosphine used as a ligand in transition
metal catalysis is depicted in Figure 9.3



Zhang et al. reported in 2018 the intramolecular asymmetric cyclopropanation of 1,6-
enynes in very high yields and superb enantiomeric excess, catalysed by a gold-
XiangPhos complex (Scheme 9).

AuCl, 31, NaBArq S TR,
7 Il Z
R\ )

R
= , 4-F-CF4Ph, -15 °C ~

32 33, 98-99%
up to 96% ee

Scheme 9. Intramolecular asymmetric cyclopropanations catalysed by a gold-XiangPhos catalyst./39]

Additionally, adamantyl ligands are used in dirhodium catalysed reactions. The
dirhodium complex shown in Fjgure 10 has a chiral ligand incorporating an
adamantane structure and is used to synthesize cyclic carbamates and aminoindanes
in excellent yields and enantioselectivity.[43]

o] CF3
cl cl
FsC
N O—Rh A

o 07 "NH
e iy O—Rh

<@“ R}w |
O—TRh

34 35

Figure 10. Chiral ligands containing adamantane for ~ Fjgure 11. Bifunctional Rhodium catalyst 35 with an
asymmetric C-H aminations./#3] adamantane-containing ligand./#%/

The bifunctional catalyst co-developed by the Hrdina and Schreiner group in 2019
(Figure 11)[*4, is applied in selective nitrenoid insertion into double bonds in
conjugated systems. This newly developed system provides the possibility to
overcome the intrinsic reactivity of the double bonds, leading to a 1:4 ratio of products
contrary to a 2:1 ratio when standard ligands are used (Scheme 10).

Me Me Me o) , Me Tc€s

Tces
| M Me s
X X N J\ —_— N + © °N
Me O" 'NHEt benzene, e 3 Mo X
22°C,4h € S
36 37, 8% 38, 32%

i- 35, HoNTces, Phl(O,CtBu),, MgO
Scheme 10. Catalytic system developed by Berndt et al. using adamantane containing Rh-catalyst 35./44]

Another strong feature of adamantane is its stabilizing effect, as shown by Arduengo
et al. with the synthesis and description of 1,3-di-l-adamantylimidazol-2-ylidene
(Figure 12), the first N-heterocyclic carbene (NHC) stable at room temperatures.[4>]
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39 40

Figure 12. The Arduengo carbene (39, left), the first stable N-heterocyclic carbene (NHC) synthesized and
fully described and its precursor, the BFs-salt 40 (right).#50]

Early on used as an organocatalyst,[#6] adamantyl substituted NHCs are also versatile
ligands in transition metal catalysis. Its first use as a palladium ligand for the
f-alkynylation of aromatic amides was described by the Yu group in 2013 (Scheme
11).147]

SRy
H ! [Pd(allyl)CIl, /H
RJ%(N\A RSi—=—8r— 40 . . N
r CsCOs,, Et20, r
o) 85 oG o)
41 42 43,60-81%

Scheme 11. Adamantyl-NHC as ligands in palladium catalysis.[*7]

Concurrently, Grubbsgroup used an asymmetric adamantyl-NHC as a chelating ligand
in ruthenium-catalysed ring-opening/cross-metathesis to synthesize compounds
with up to 98% Z-configuration and good to very high enantioselectivity (Scheme
12).148]

Me

47 74 N
44 45 46, 41-65% 47
95:5 Z/E

/ + /\/R - E @ E%Tu_
s 7 THF, 23 °C : R oo OO

up to 94% ee

Scheme 12. Ruthenium catalysed ring-opening/cross-metathesis with an adamantyl-NHC chelating ligand
developed by the Grubbs group./#/
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Organocatalysts

Since their development in the late 1990s and early 2000, thiourea catalysts play an
important role in organocatalysis.[2> 491 Adamantane moieties are also found in
thiourea catalysis, e.g, bi-functional catalysts 48 and highly electrophile thiourea 49
(Figure 13), which are used to catalyse asymmetric vinylogous Michael additions,[50]
or for the synthesis of precursors for a-amino-phosphonic acids, respectively.[51]

CF
Me \l/ M e Me s
Me_| Me S
\n/\N H\"/\NJ\N cF
NMe, @ H H s
O
49
Figure 13. Thioureas containing adamantane moieties employed as organocatalysts./50-51]

Even peptides can benefit from the higher lipophilicity gained by implementation of
adamantane. Peptide 50 (Fjgure 14) is built from natural and non-natural amino acids
and features an adamantane cage in its centre. The enhanced lipophilicity allows the
use of non-polar solvents. Additionally, the rigidity introduced by the cage helps to
prevent unwanted folding and therefore self-inactivation by the catalyst. This led to
its activity in kinetic resolution of cyclic diols in good yields and excellent
enantioselectivity.[52]

50: R'= tBu; R?= -OMe

51: R'= Me; R?= -OMe
Me

52: R'= Bu; R2= Me

N‘O.
Me Me

Figure 14. Peptides 50-52, used as asymmetric catalyst for kinetic resolution of cyclic diols.[52-53]
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Further improvement of these peptides led to the development of multicatalysts
51-H2S04 (Figure 14) for the synthesis of trans-diols from alkenes and subsequent
resolution thereof,[>3al and even a system for follow-up oxidation of the resolved diols
(Scheme 13).[53b]

OH 52 OAc
Ac,0/BuyNBr/mCPBA
OH PhMe, 0 °C o}
53 54, 49-83%

up to 90% ee

Scheme 13. Multicatalysis using an adamantyl peptide for resolution and oxidation of diols./>3b]

1.2.4 Material Science

The rigid diamondoid structure of adamantane is equally useful in surface-orientated
systems like self-assembling molecular monolayers, which are of interest for
electronic devices or molecular machines.[54]

Br

HS
SH
HS

55

Figure 15. Tripod-like bromo adamantyl-thiol 55./54

The tripod-like adamantane compound 55 was examined as an anchor for self-
assembled monolayers on gold surfaces (Figure 15).154 Its three thiol-functions acts
as the adsorption points to the surface layer, hence the comparison with a “tripod”.
The result was a better separation between the individual molecules in the monolayer
(compared to less bulky molecules), thus erecting useful anchors and two-
dimensional guiding structures for nanostructures on the gold surface.[55]

Because of their precisely defined geometrical shape, adamantane hydrazides ( Figure
16) were chosen for combination with organo-functionalized Sn/S-clusters, resulting
in diamondoid-decorated clusters.[5¢] Having an organic ligand outer layer allows
additional optimization of the cluster for, e.g, catalysis, gas storage, thermoelectric
properties, etc.[56-57]

N2H3

N2Hj
56

12



Figure 16. Adamantane hydrazine as an example of functionalized diamondoids used for modifying inorganic
clusters./¢/

Porous organic polymers (POP) provide an interesting feature for uses in areas like
gas storagel>8l and heterogeneous catalysis.[5°] Using polyfunctionalized adamantane
as a base in these polymers delivers three-dimensional porous materials, which are
robust and rigid.[¢0] Totten and co-workers envisioned that such an adamantyl-POP
could have improved performance for degradation of toxic organophosphates.
Actually, the adamantyl-POP showed a superior reactivity to its single-carbon-centred
analogue (Figure 17)1°1] and the authors attribute the enhanced activity to the much
bigger surface area of the adamantane-based polymer.

Figure 17. Adamantane-based 3D-POP developed as a catalyst by Totten et all¢1]
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Similarly, an adamantane-based covalent organic framework (COF) shown in Figure
18was synthesized as a gas-adsorbent by 7Trandafir et all21 While able to adsorb large
amounts of carbon dioxide, the authors describe an unexpected catalytic activity in
hydrogenation reactions, which they assigned to residual palladium atoms from the
employed cross-coupling reaction. Additional palladium nanoparticles enhanced this
reactivity further and provided - in combination with the adamantyl polymer - a
stable and easily recyclable catalyst.

o

g TToo,

Figure 18. Adamantyl-COF able to store COz and palladium nanoparticles for catalytic hydrogenation
reactions./62]

1.2.5 Noradamantane

e

59

Figure 19. Noradamantane (tricyclo/3.3.1.037 [nonane).

Noradamantane (Figure 19) is a tricyclic cage compound resembling adamantane, but
contracted at one bridge, resulting in two five- and one six-membered ring compared
to the three six-membered rings in adamantane. Thence, still a bridgehead compound,
it is not a part of the diamondoid group.[63! First synthesized via the same Lewis acid
method as adamantane,[®4] it is a well-known and -studied hydrocarbon.[64-65] Its
properties and features are similar to these of adamantane described in the previous
chapters. Especially its bioactivity - for instance in its anti-viral activity - is
comparable in many cases, thus providing additional versatility in cases of upcoming
and already existing resistances against established pharmaceuticals.[z4e. 66]

14
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Rolofylline®: adenosine A1 receptor antagonist

Figure 20. Biologically active compounds connected to a noradamantane skeleton.[66-67]

Figure 20 shows the mentioned influenza drugs as well as more complex
bioactive compounds connected to the noradamantane skeleton.[67] Albeit its
closeness in features and properties, its most uses are still as precursors for
adamantane derivatives (see Chapter 1.3.1).[10a 36e, 36f, 68]

1.2.6 Diamantane

As part of the diamondoid family, diamantane and adamantane derivatives share
many properties and features. Diamondoids are hydrocarbon cage molecules, whose
structures can be superimposed onto the diamond lattice (Fjgure 21).15°1 While not as
renowned as adamantane, the existing similarities lead to analogous fields of
application, but also comparable obstacles. Functionalization at the desired positions
can be hard to achieve,[791 and while much more lipophilic, its general solubility in a
standard solvent is much lower than that of its smaller counterpart.[68al

e

Figure 21. Section of a diamond lattice with examples of diamondoids highlighted in black (left to right:
adamantane, diamantane, triamantane)./70/

The application and uses are manyfold and, depending on the area of research,
diamantanes can be both superior and inferior to the smaller diamondoid. Since the
focus of this work is on adamantane, this introduction will only give a brief
comparison of the two lowest diamondoids for the sake of completeness.

15



In catalysis, bulky diamantyl phosphine oxides (Figure 22) can be used as a preligand
in transition metal catalysis (cp. Figure 8, page 8).

o\\P/C'

62

Figure 22 Bisdiamantanyl phosphine oxide, a preligand for transition metal catalysts.

One example of its use is portrayed in Scheme 14. Pd(I) complex 66 catalysis the
enantioselective arylation of oxazolines with great success, enabling excellent C-H
functionalization of aryl halides without the need to installed directing groups (cp.
Chapter 1.2.2).I71]

1 /H\
R
! (Diam);R  P(Diam),
R! \ R! N ! Pd,
R® 66 R ! [
t S—H + HalAr ——  » S—ar O\(O
o] tBuOLi, DMA o] ! Me
100 °C i
63 64 65, 58-87% ! 66

Scheme 14. Enantioselective arylation of oxazolines by Ghorai et all”1]

Bioactivity against influenza A strains is an intensively studied feature of adamantane
derivatives (compare chapter 1.2.2). While seemingly working via a different
pathway than adamantanes, diamantane derivatives show similar antiviral
properties.[’2] Furthermore, 1,2-diaminodiamantane based platinum complex 67
(Figure 23) was recently discovered to show antiproliferative activity, outpacing
similar anti-cancer medication (e, cisplatin) in binding speed and potency.[73]

Hy
NN—:Pt\’Cl
Ha Cl
67

Figure 23. Diaplatin, an anti-cancer platinum complex by Bakhonsky et all”3]

Similar to the adamantane thiols in self-assembled monolayers (SAM, cp.
Chapter 1.2.4), diamantane thiols (Figure 24) are found to exhibit promising
behaviour when assembled on gold surfaces.74
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SH

68 69
Figure 24. Thiols examined in self-assembled monolayers by Lopatina et all”7%/

Polymers based on diamantane monomers (Figure 25) show thermal stability
significantly higher compared to polymers from smaller cages (e.g, adamantane) or
mono-cyclic compounds.[75]

HOOC COOH =

70 7

Figure 25. Examples compounds used as starting monomers for diamantane-based polymers.[75]
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1.3 Rearrangements of (Nor)-Adamantanes
1.3.1 Functionalized Adamantanes — The Protoadamantane Route

Rearrangements to the adamantane framework from other tricyclic hydrocarbon
cages like protoadamantane or noradamantane were discovered in the 1970s and
1980s, shortly after the very first syntheses of 1,2-functionalized
adamantanes using directed oxidation of the secondary carbon in the bridgehead
position.[35.378 761 The protoadamantane-route was discovered by the McKervey group
and the Schleyer group simultaneously in 1970 (Scheme 15, protoadamantane
framework in orange).*¢ 71 These methods opened new possibilities for adamantane
to many further transformations and reactions, and protoadamantane as a precursor

for adamantane is still of interest and many examples are available from the recent
r‘eports.[15' 36b, 36¢, 36h, 78]

HO Me
\V4

72
i i

Me OH /|||\ \ HO OH
@ )< e N E

Me
” @ e E "
2 @ 76
75

Scheme 15. Combination of the protoadamantane-routes to 1,2-functionalized adamantanes by the Schleyer (i-
iv)I368] and McKervy groups (v)[77I: i) HCl, acetone/water ii) HBr, ether iii) H2504, acetonitrile iv) CrOs, Hz2504
acetonel3% v) 1. CrOs, H2504, acetone; 2. pTsOH, ethylene glycol, benzene; 3. BFs-Etz20, acetic anhydride.

1.3.2 Functionalized Adamantanes - The Noradamantane Route

A second precursor for the adamantane framework - especially for 1,2-functionalized
derivatives thereof - is noradamantane (Fjgure 19, Chapter 1.2.5). With the
rearrangement of one carbon-carbon bond, it is only one step away from the strong
diamondoid structure. Since the discovery of the method in the late 1980s, syntheses
of adamantane derivatives from a noradamantane backbone using carbon migration
are still commonplace in modern organic chemistry.[68d] The following examples of
the noradamantyl-adamantanyl rearrangement belong to the Wagner-Meerwein
family, meaning, though often formed in different ways, the electrophilic acceptor of
the migrating bond is a carbocation in each case.[3] The reactions follow the same
general process: Formation of the secondary carbocation, rearrangement to the more
stable tertiary cation, followed by quenching of the reaction with suitable
nucleophiles.
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A very early method for the formation of the secondary carbocation is the acidic CO-
insertion in noradamantane carboxaldehyde published by 7akeuchiand colleagues in
1987.13¢f] Followed by basic hydrolysis to cleave the formed ester, it eventually leads
to 1,2-adamantanediol (Scheme 16, A). The method is suitable for ring expansion in a
wide variety of other cages, e.g, norbornanes, camphor derivatives and adamantane
itself. Similarly, noradamantyl phenyl ketone (76) is also amenable to undergo such a
rearrangement after /n situ reduction and successive iodination to yield 1,2-bisiodo
adamantyl phenyls (Scheme 16, B).168]

A B O
H  1.)AdOTf, CO, OH |, Ph L' ph
TfOH, CCl, 0 °C @LOH o, @Ll
_—
2.) hydrolysis CH,Cl,, 0°C
78 79, 81% 80 81, 65%

Scheme 16. A) Noradamantyl-adamantyl rearrangement to 1,2-diols by Takeuchi et al/361
B) Noradamantyl-adamantyl rearrangement by Okazaki et al. to 1,2-bisiodo adamantyl phenyls./68b]

Acidic dehydration of tertiary noradamantyl alcohols leads to 2,2-dialkyl
adamantanols (Scheme 17, A).[3¢d] Combining this method with a subsequent Ritter
reaction by adding nitriles to the reaction mixture, 7orres and co-workers were able
to synthesize 2,2-alkylated aminoadamantanes. Some compounds published therein
show low micromolar activity against influenza virus strains and, more importantly,
against amantadine-resistant strains (Scheme 17, B).[10a]

A HO_ wMe oH B Ho_ R 1.) CICH,CN, NH
Me Me R AcOH/H,SO0,, 2R
H,SO4 @LMe rt, overnight @LR
1,4-dioxane 2.) hydrolysis
82 83 84 85, 64-95%

Scheme 17. A) Noradamantyl-adamantyl rearrangement to 2,2-dimethyl adamantanol by Stoelting et al./364] B)
Amended version combined with Ritter reaction to 2,2-dialky aminoadamantanes by Torres et all1%a]
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1.4 Conclusion and Objective

In conclusion, adamantane is a most versatile compound found in a wide field of
applications and uses. As shown by the examples given in this introduction,
adamantane and its relatives proved to be valuable assets in pharmaceuticals
(Chapter 1.2.2), synthesis (Chapter 1.2.3), and material science (Chapter 1.2.4).
Features like their strong lipophilicity and their precisely defined geometry made it
possible to improve existing compounds or find new structures with the desired
properties. Nevertheless, pharmaceuticals which worked for decades might become
obsolete through developed resistances, many synthetic challenges remain still
unmet, and especially in these times of resource shortage and sustainability issues,
innovations in the sector of material science are strongly needed. For adamantane to
be useful in these challenges, it needs to be accessible.[24e 351 Therefore, the key
element of my doctoral work was to investigate the reversible Wagner-Meerwein-
type rearrangement between the adamantane and the noradamantane structure
(Scheme 18) for its uses in synthesis.

©
S}
LON X oo
7 © NH
&
86 87

Scheme 18. General scheme of the investigated adamantane-noradamantane rearrangement.

The overall objective was to employ the Brgnsted acid-induced rearrangement to
synthesize new adamantane derivatives of interest, eg, 1,2-functionalized
adamantanes. The following articles represent the mayor results of these studies.

1,2-Functionalized adamantylamines (including annulated adamantane heterocycles
and non-cyclic amines; Chapter 2) were successfully synthesized from
noradamantane iminium triflates. Further investigations led to undescribed
noradamantane, new routes to known cage-compounds and ring-contracted
diamantane derivatives (Chapter 3).
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2.1 Abstract

We describe a Bronsted acid-catalysed cascade reaction consisting of a Wagner-
Meerwein rearrangement and a subsequent intra- or intermolecular Friedel-Crafts
reaction leading to adamantane based heterocycles. In contrast to the reported W.-M.
rearrangements, in this case an iminium moiety serves as the acceptor of a migrating
nucleophilic alkyl group in a [1,2]-alkyl shift.
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We describe a Brensted acid-catalysed cascade reaction consisting
of a Wagner—Meerwein rearrangement and a subsequent intra- or
intermolecular Friedel-Crafts reaction leading to adamantane-
based heterocycles. In contrast to the reported W.—M. rearrange-
ments, in this case an iminium moiety serves as the acceptor of a
migrating nucleophilic alkyl group in a [1,2]-alkyl shift.

The adamantane scaffold is commonly used in drug design®
and catalyst development” to modulate the lipophilicity® of the
final compound or to introduce rigidity’ into the system.
Properties and reactivity of the adamantane framework single
its derivatives out as a special class of aliphatic compounds.
Especially the synthesis of 1,2-disubstituted derivatives of such
bridgehead compounds is rather challenging.”

We report a new method for the preparation of adamantane
annulated aza-heterocycles employing a Brensted acid cata-
lysed C-C bond cleavage and C-C bond formation in a
cascade.” The Wagner-Meerwein rearrangement belongs to
one of the first reactions described in organic chemistry.” For
more than hundred years, this reaction was utilised to prepare
densely functionalised products based on intramolecular
nucleophilic [1,2}alkyl,® -aryl” or -hydride'’ shifts. The accep-
tor of the migrating group in the molecule is typically a carbo-
cation'! or less frequently, a heteroatom stabilised carbenium
ion." The cascade reaction described herein involves an intra-
molecular nucleophilic [1,2]-alkyl shift, for the first time
reported with an iminium group'® as acceptor. The resulting
carbocation is trapped by a subsequent intramolecular electro-
philic aromatic substitution (Friedel-Crafts reaction'*) to form
aza-heterocycles™® or prim-/sec-/tert-amines in case of the
intermolecular variant (Fig. 1). This sequence of reactions is
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described on noradamantane derived iminium salts
(Scheme 1),"® whose properties allow this cascade reaction to
proceed. These properties are following: first, the carbon of
the iminium group is sterically shielded, which does not allow
the electrophilic aromatic substitution to proceed at this point
(Pictet-Spengler reaction'”); second, the counterion is a non-
nucleophilic anion;'® third, the generated carbocation as a
result of the [1,2]-alkyl shift is a bridgehead cation,” that
means the reverse shift of the hydride is not possible, nor is
the formation of an aziridinium ion (due to geometric con-
straint).” The reaction is catalysed by Brensted acids (HA).
Their role is not the activation of the starting material, the
iminium salt for the W.-M. rearrangement step, but the proto-
nation of the reactive intermediate and thus disabling the
reverse reaction to the thermodynamically more stable starting
material. The catalyst is regenerated by the following Friedel-
Crafts reaction (Fig. 1).

Addition of nucieophile Formation of enamine

RLﬁ,RZ A RLﬁ,RZ A° RL'E',RE
CJ RH) —— Rz @ a°
R™ N _ Ny

R? R?
This work
)

=y

H
R.®_RZ A RLN,RZ " RLI_R?

5 R

rITA o] F o] ®
RS A R4 AT R

1,2-alkyl shift

Protonation by catalyst
H H
RL| R RUIRE

@ A N @ A
R{]@)\ R)H\
5 -HA RS
© R Ar

A R* R*

Q

Friedel-Crafts reaction and catalyst release

Fig. 1 Reactivity of iminium group: selected cases and new mode.
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cat. TFOH

1.2-dichlorobenzene
140°C, 16 h;n=0,1,2

e

1)

Scheme 1 Nucleophilic [1,2]-alkyl shift followed by intramolecular
Friedel-Crafts reaction: cascade reaction from 1; to aza-heterocycles
2. (legn=1R=H).

Noradamantane imine 1e was chosen as a starting material
to test the cascade reaction, to optimise the reaction con-
ditions, to facilitate the reaction protocol and to shed light on
the reaction mechanism (Scheme 1).

Compound 1e was prepared by the condensation reaction
of noradamantane-3-carbaldehyde with benzylamine.*’ The
initial tests were done with 2 equivalents of Brensted acid
versus 1 equivalent of starting imine 1e (to avoid side reactions
the condensation step was separated from the cascade). The
cascade reaction proceeds only when acids with non-nucleo-
philic anions (p-TsOH, TfOH) are applied. Triflic acid provides
the highest conversion and was further used. The reaction at
140 °C is completed within hours. Replacement of TfOH by Cu
(OTf), does not provide any product. The amount of Brensted
acid can be reduced to a catalytic amount versus the iminium
salt 1ey providing similar conversions. Isolated salt 1leg
exposed just to 1,2-dichlorobenzene (nonpolar solvent) at
140 °C for 16 h does not undergo the cascade reaction (only
traces of product 2e, were observed). Addition of catalytic
amounts of triflic acid to the solution of iminium salt 1eg
initiated the reaction. The scope of the reaction was tested
with noradamantane imines 1 derived from substituted ani-
benzylamines and phenylethylamines (Fig. 2).
Formation of five-, six- and seven-membered cyclic derivatives
2 was observed, The reaction with imines derived from
3-phenylpropylamine did not lead to the eight-membered
rings under these conditions. The reaction was also tested on
substituted noradamantane derivatives(1l, 1m)*> to demon-
strate that both precursors of 1 (aldehyde and amine) can be
varied.

In the next step, we focused on the intermolecular variant
of the cascade reaction (Scheme 2). Here, the substrate for the
electrophilic aromatic substitution reaction was used either as
a solvent, or in excess (10 equivalents versus the iminium salt
3,) in 1,2-dichlorobenzene. We chose o-xylene to prepare
primary and secondary amines (4a-c), and pyrene to prepare
tertiary amines (4d) as selected examples from the several pos-
sibilities this method enables. Compound 4¢ was synthesised
to show that even sterically demanding amines® can be
employed in this reaction.

Oxidation of a secondary amine to the imine opens the
pathway to various further post-functionalisations (e.g
addition of nueleophile, hydrolysis).

lines,
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Fig. 2 Substrate scope for nucleophilic [1,2]-alkyl shift followed by
intramolecular Friedel—-Crafts reaction. Yields of isolated products 2 (as

free bases) are stated.
R,
| ~
cat. TfOH/ =

1,2-dichlorobenzene
180-200°C, 1-3 hy;

2
o @f
TfO Ri-N
N

Me

N
"R

R= H (4a) 40%: R= Me (4b) 97%:

R= 1-Ad (4c) 56% (4d) 30%

Scheme 2 Nucleophilic [1,2]-alkyl shift followed by intermolecular
Friedel-Crafts reaction: cascade reaction from 3 to amines 4,. Yields of
isolated products 4 (as free bases) are stated.

We were surprised to observe the high conversion of amine
2a to strained imine 5 using iodine as an oxidant™
(Scheme 3A). To demonstrate the applicability of derivatives

This journal is © The Royal Society of Chemistry 2020
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A
K,CO4
NH L N =
/ =
THF, 22 °C
(2a) (5)91%
B
Me Me
a Me Me
2j) — [ .=
(2j) b NH S Neg =
Me Me

) (8)
a) I, K,CO, THF, 22 °C; (6) 84%
b) BFyEt,0, MeLi, PhMe/THF, -78 °C to 22 °C; (7) 81%
¢) NagWO,-2H,0, H;05 urea, MeOH, 22 °C; (8) 76%

Scheme 3 Post-functionalisation reactions, A: synthesis of highly
strained imine 5 (X-ray analysis structure of compound 5 depicted); B:
facile and modular synthesis of nitroxyl radical derivative 8 (X-ray ana-
lysis structure of compound 8 depicted).

made by our new method, we prepared nitroxyl (TEMPO)>
derivative 8 in just three steps from starting material 2j
(Scheme 3B). The crucial step was the alkylation of sterically
shielded imine 6 towards intermediate 7. This compound is
an interesting example of a piperidine derivative, where all
carbons in the ring contain C-substituents and no hydrogen.
Next, we focused on the mechanism of this new cascade
reaction (Scheme 4). Thermodynamic stabilities of intermedi-
ates were estimated using computational studies. First we com-
pared the relative stability of iminium ion 1e," versus reactive
intermediate carbocation 10" using DFT method (Fig. 3). To

@ S
K orr 3 oy Tfl?H
o, ® N s
kp
(1eg) (10) O
O _H H
oTf k
® \N/\/© - Nﬁzeow
% - TfOH
oTf
(1) (2e4)

Scheme 4 The proposed mechanistic model with relative kinetic rate
constants to determine the role of the Bronsted acid catalyst (TfOH),
which is trapping of the intermediate 10. The cascade is described as a
sequence of a non-catalysed [1,2]-alkyl shift, protonation of the amino
group in the molecule 10 to 11 and final Friedel-Crafts reaction towards
the product 2e;.

This journal is © The Royal Society of Chemistry 2020
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0 computed AHgy= 24.1 kcal/mol
(1eg")

Fig. 3 Relative stability of intermediate 10* versus starting material 1e;*
using DFT method B3LYP/6-311G(d,p).

estimate the contribution of the benzylamine group on the
stability of the carbocation in 10" we computed the isodesmic
reaction, which showed that the effect of the neighbouring
group has a stabilising effect (AH = 3.5 keal mol™', ESI page
175, Scheme 67). The AH difference between 1e," and 10" is
only 24.1 keal mol " considering the high stability of iminium
ions.”® To the rather low difference in enthalpy contribute two
effects: strain in the noradamantane cage®” and stability of the
1-adamantyl cation.”®

For analysis of the individual reactions of the cascade, we
prepared reactive intermediates 10 and 11 in situ from
designed precursors. First we studied the Friedel-Crafts reac-
tion of the cascade and generated 11 from compound 12,
(Scheme 5A). Starting the reaction cascade from this point
revealed that the reaction barrier of the Friedel-Crafts reaction
is lower than it is for the [1,2}alkyl shift (the cascade reaction
does not proceed at 80 °C, see Table 1).

Then we studied the reversibility of the alkyl shift.
Intermediate 10 was generated from precursor 13 using AgOTf
(Scheme 5B). Upon addition of the silver triflate to a
solution of 13 at 25 °C immediate precipitation of AgBr was
observed and subsequent formation of iminium salt 1e; was
detected using NMR spectroscopy and high resolution mass
spectrometry.

In contrast, intermediate 11 generated from 14 did not
undergo the rearrangement reaction to iminium salt 1e; upon
stirring for 1 h at 25 °C (Scheme 5B).

Additionally, we focused on the trapping of intermediate 10
using the Ritter reaction (Scheme 5C).>" Aromatic nitrile 17
was chosen as the trapping agent of adamantyl cation 10" in
the thermal rearrangement of starting material 1e, to generate
the intermediate nitrilium salt. The amino group - formed as
a result of the rearrangement - serves as a nucleophile in the
final ring-closing reaction. Formation of product 15 was
observed, indicating that the [1,2]-alkyl shift of 1ey does not
require any additional activation by Brensted acid. The
reaction was repeated with starting material 3bg to yield
product 16 (for "H NMR spectra of reaction mixtures see ESI
page 1531).

Org. Biomol. Chemn., 2020, 18, 4941-4945 | 4943
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P
@N,B" oTf
Bn H—
Br | 3 Br Ha
NH N
a b @ Bn
- S]
— [10] — (1] — o
(13) (1ey) (14)

a) 1 eq AgOTT, 1,2-dichlorobenzene, 25 °C, 10 minutes
b) 2 eq AgOTf, 1,2-dichlerobenzene, 25 °C, 1 hour
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éﬂeq 4eq *I:@/ jl~ gﬁgR—Bn.

(1eg, 3by) (17)  1,2-ClCqHy, 140 °C, 16h (165) R= Me; Ar= CgH,Cl

Scheme 5 Mechanistic investigations. A: Generation of intermediate 11
from precursor 12, and subsequent Friedel-Crafts reaction to the
product 2es at 80 °C. B: Reversibility of the [1,2]-alkyl shift; reactive
intermediate 10 generated from bromo-precursor 13, reactive inter-
mediate 11 generated from compound 14. C: Trapping of the intermedi-
ate 10 by nitrile 17 in ring-closing reaction.

Table 1 Screening of Brensted acids and reaction conditions.?
Nucleophilic [1,2]-alkyl shift followed by intramolecular Friedel-Crafts
reaction: cascade reaction from 1le, to aza-heterocycles 2eg

Bronsted acid Equiv. of Temperature Conversion
(HA) HA in °C in %’
CF,COOH 2 140 0
(RO),POOH® 2 140 0

HCL 2 140 0
p-TsOH 2 140 60
TfOH 2 140 96
TfOH 2 120 81
TfOH 2 100 17
TfOH 2 80 0
TfOH 1.1 140 92
TfOH 1.0 140 Traces
Cu(OTf), 2 140 o

“Reaction time 16 h; solvent: 1,2-dichlorobenzene or 1,2 4-trichloro-
benzene, concentration of 1e (0.4 M). ? Determined by 'H-NMR ana-
lysis. ©1,1"Binaphthalene-2,2"diyl phosphoric acid. “HA replaced by
Lewis acid.

Finally, we performed a kinetic study (for the model see ESI
page 1557) varying the amounts and concentrations of catalyst
(TfOH) versus starting iminium salt 1 and confirmed that the
first step of the reaction is reversible non-catalysed, the second
step is the diffusion-controlled protonation of intermediate 10,

4944 | Org. Biomol. Chem., 2020, 18, 4341-4945
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disabling the reverse reaction to iminium 1, and enabling the
last step, the Friedel-Crafts reaction of 11 to product 2; rate
constants (Scheme 4) were ordered as follows k; > k; > ky > ky.

To conclude, we have developed and described a new
cascade reaction based on a nucleophilic [1,2]-alkyl shift of
iminium triflate salts followed by an electrophilic aromatic
substitution reaction towards new adamantane based hetero-
cycles and amines.
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1. General information

NMR spectra were recorded on 200, 400 or 600 MHz machine at RT (25 °C) unless otherwise
stated. '"H-NMR chemical shifts are given in ppm relative to MesSi with the solvent resonance
used as the internal standard (CDCl3 & = 7.26 ppm). '*C-NMR (60, 101 or 150 MHz) chemical
shifts are given in ppm relative to Me4Si with the solvent resonance used as the internal standard
(CDCl5=77.16 ppm). IR spectra were recorded using an ATR sampler and are reported in wave
numbers (cm™). HPLC analysis and semi-preparative separation was performed using
Eurospher C18H reverse phase columns. Detection was performed using UV detector at
254 nm. Retention times (t;) are given in minutes (min). Melting points (m.p.) were measured
in open capillary tubes and are uncorrected. All reactions involving air sensitive compounds
were carried out under dry and inert atmosphere (N2 or argon) by means of an inert gas/vacuum
double manifold line and standard Schlenk techniques. Flash column chromatography was
performed with silicagel 60 as stationary phase. High resolution mass spectra were recorded
with Brucker Micro TOF LC.



2. Experimental procedures

2.1 Preparation of starting materials

2.1.1 3-Noradamantane-methanol (9)

Under inert atmosphere, a suspension of LiAlH4 (1.3 g, 2.2 eq., 34 mmol) in dry THF (25 mL)
was cooled to 0 °C and 3-noradamantylcarboxylic acid (2.6 g, 1 eq., 16 mmol) in THF (25 mL)
was added via syringe over 12 minutes. The mixture was allowed to warm to 22 °C while
stirring overnight. Then the reaction was cooled to 0 °C and quenched with EtOAc (50 mL),
followed by water (60 mL). The phases were separated, the aqueous phase was extracted with
of EtOAc (50 mL), the combined organic phases were washed with water and brine, separated
and dried over Na>SQOj (anhydrous). After filtration the solvent was evaporated to give the crude
residue, which was purified by flash column chromatography on silica gel (mobile phase: 7-
10% EtOAc in n-hexane) to give the desired product as an off-white solid in 88% yield (2.1 g,
13.8 mmol).

R (silica gel; EtOAc:n-hexane 1:4): 0.2.

IH NMR: (400 MHz, CDCl3): 8/ppm = 1.49 (s, 1H), 1.57-1.63 (m, 8H), 1.66-1.72 (m, 2H),
2.08-2.12 (m, 1H), 2.24 (m, 2H), 3.63 (s, 2H).

Spectrum in accordance with literature: S. R. Hare, M. Orman, F. Dewan, E. Dalchand, C.
Buzard, S. Ahmed, J. C. Tolentino, U. Sethi, K. Terlizzi, C. Houferak, A. M. Stein, A.
Stedronsky, D. M. Thamattoor, D. J. Tantillo, D. C. Merrer, J. Org. Chem., 2015, 80,
5049-5065.
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2.1.2 3-Noradamantanecarbaldehyde (26)

o}
zzf;
26

Under inert atmosphere, 3-noradamantane-methanol 9 (2.7 g, 1.0 eq., 17.9 mmol) was dissolved
in dichloromethane (35 mL) and pyridinium chlorochromate (5.0 g, 1.3 eq., 23.3 mmol) was
added portion wise over 10 minutes. The mixture was stirred at 22 °C overnight.
Diisopropylether (150 mL) was added and stirred for 10 minutes. The mixture was filtered
through a celite/silica pad and the resulting filtrate was evaporated to give the desired product
as a white solid in a yield of 86% (2.3 g, 15.4 mmol).

R (silica gel; EtOAc:n-hexane 1:9): 0.4.

TH NMR (400 MHz, CDCls) 8/ppm = 1.61-1.62 (m, 2H), 1.64 (m, 2H), 1.66-1.67 (m, 2H),
1.70-1.74 (m, 2H), 2.00-2.03 (m, 2H), 2.35 (m, 2H), 2.58 (m, 1H), 9.73 (s, 1H).

Spectrum in accordance with literature: B. L. Adams and P. Kovacic, J. Am. Chem. Soc., 1975,
97, 2829-2835.
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2.1.3 Precursor 18 for synthesis of compound 11

Under inert atmosphere, 5,7-dimethyladamantan-2-one!"! (500 mg, 1 eq., 2.8 mmol) was
dissolved in dry THF (2 mL) and cooled to 0 °C. MeMgBr in diethyltether (1.5 mL, 3M, 1.4 eq.,
3.9 mmol) was added carefully and the reaction was allowed to warm to 22 °C over 2 hours.
After cooling to 0 °C, the reaction was quenched with saturated NH4Cl solution. The aqueous
phase was extracted with EtOAc (3x, 30 mL). The combined organic phases were washed with
water and brine, dried over Na:SO4 (anhydrous), filtered and evaporated in vacuo to give
560 mg of yellowish oil as crude residue. Purification by flash column chromatography on silica
gel (mobile phase: 5% EtOAc in n-hexane) gave a white solid in 93% yield (508 mg, 2.62
mmol).

R (silica gel; EtOAc:n-hexane 1:9): 0.1.
m.p. (cryst. from EtOAc): 49.6-51.0 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 0.80 (s, 3H), 0.80 (s, 3H), 1.11 (m, 1H), 1.15 (m, 3H),
1.28-1.33 (m, 6H), 1.57-1.60, (m, 2H) 1.69 (m, 2H), 1.87-1.90 (m, 2H).

13C NMR (101 MHz, CDCl3): 8/ppm = 27.1 (CH3), 29.7 (C), 30.1 (CH3), 30.4 (CH3), 30.4 (C),
39.3 (2CHa), 40.2 (2CH), 41.4 (2CHz), 52.3 (CHa), 73.1 (C).

IR (neat): V/cm™ = 3383, 2913, 2887, 1697, 1454, 1370, 1356, 1174, 1111, 1085, 1035, 354,
907, 882, 620.

HRMS: m/z = 217.1566 ([M+Na]*; calculated for C13H22NaO* m/z = 217.1563).

'Synthesis according to literature procedure: M. Wijtmans, D. Verzijl, C. M. E.van Dam, L.
Bosch, M. J. Smit, R. Leurs, L JI. P. de Esch, Biorg. Med. Chem. Leit., 2009, 2252-2257.
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2.1.4 Precursor 19 for synthesis of compound 11

Me

Alcohol 18 (530 mg, 1 eq., 2.73 mmol) was dissolved in acetic acid (0.5 mL) and
1,2-dichloroethane (2 mL). The solution was added dropwise to 5% NaOCI (8 mL, aq.) at 0 °C.
After 5 h the phases were separated, the aqueous phase was extracted with dichloromethane,
the combined organic phases were washed with water, dried with brine and Na:SOa
(anhydrous). After filtration, the dichloromethane was removed via rotary evaporation,
1,2-dichloroethane (2-3 mL) was added and the solution was heated to reflux overnight. The
reaction mixture was evaporated to dryness, the resulting yellowish solution was dissolved in
MeOH (6 mL), KOH (0.6 g, 3.7 eq., 10.0 mmol) was added and the solution was heated to
reflux for 4 hours. The reaction was quenched with water and extracted with n-hexane (3x).
The organic phases were dried with brine and Na2SO4 (anhydrous). After filtration, the solvent
was evaporated in vacuo. The resulting liquid was purified with flash chromatography on silica
gel (mobile phase: 10% EtOAc in n-hexane) to give a clear liquid in 55% yield (290 mg,
1.50 mmol).

Rt (silica gel; EtOAc:n-hexane 1:9): 0.3.

TH NMR (400 MHz, CDCl3): §/ppm = 1.00 (s, 6H) 1.28-1.33 (m, 2H), 1.40-1.43 (m, 4H), 1.56-
1.61 (m, 2H), 1.77-1.80 (m, 2H), 2.13 (s, 3H), 2.61-2.64 (m, 1H).

13C NMR (101 MHz, CDCls): 8/ppm = 24.6 (2CH3), 26.5 (CH), 41.9 (2C), 43.8 (CH3), 49.2
(CHa), 49.3 (2CHa), 52.0 (2CH2), 63.7 (C), 212.2 (C).

IR (neat): V/em™' =2946, 2853, 1697, 1457, 1355, 1218, 1158, 948, 913, 889, 599.

HRMS: m/z = 215.1408 ([M+H]*; calculated for C1zH20NaO* m/z = 215.1406).
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2.1.5 Precursor 20 for synthesis of compound 11

20

Bromine (0.5 mL, 5.3 eq., 9.7 mol) was dissolved at 0-5°C in a solution of NaOH (1.0 g,
13.7 eq., 25.0 mmol) in water (7.2 mL) and dioxane (1.5 mL). To the magnetically stirred
solution, ketone 19 (350 mg, 1.0 eq., 1.8 mmol) was added dropwise at 3-5°C. The reaction was
allowed to warm to 22 °C overnight. The mixture was acidified with conc. hydrochloric acid
and extracted three times with ether. Afterwards the ether portion was extracted with 2M
aqueous NaOH (2x) and the basic aqueous layer was acidified with hydrochloric acid. The
organic material was extracted with n-hexane (3-4x), the extract was dried over NaxSO4
(anhydrous) and evaporated to dryness to give a white solid in 70% yield (246 mg, 1.27 mmol).

R (silica gel; EtOAc:n-hexane 3:7): 0.1.
m.p. (cryst. from CDCl3): 94.0-95.9 °C.

IH NMR (400 MHz, CDCLs): 8/ppm = 1.00 (s, 6H), 1.28-1.31 (m, 2H), 1.37-1.40 (m, 2H),
1.46-1.50 (m, 2H), 1.62-1.66 (m, 2H), 1.88-1.91 (m, 2H), 2.69-2.72 (m, 1H).

13C NMR (101 MHz, CDCl3): &/ppm = 24.5 (2CHs), 41.9 (2C), 46.0 (CH), 49.0 (CHa), 49.2
(2CH2), 52.2 (2CH>), 55.5 (C), 184.2 (C).

IR (neat): V/em™' =2947, 2864, 1691, 1457, 1415, 1375, 1312, 1271, 1227, 1174, 938, 909,
733.

HRMS: m/z = 217.1197 ([M+Na]*; calculated for C12H;sNaOz* m/z =217.1199).
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2.1.6 Precursor 21 for synthesis of compound 11

21

Under inert atmosphere, a suspension of LiAlHs (115 mg, 2.8 eq., 3.03 mmol) in dry THF
(5 mL) was cooled to 0 °C and acid 20 (210 mg, 1 eq., 1.08 mmol) in THF (5 mL) was added
via syringe dropwise. The mixture was stirred for 3 h while warming to 22 °C. The reaction
was cooled to 0 °C and quenched with EtOAc and water until no more gas evolution was
observed. The phases were separated, the aqueous phase was extracted with EtOAc (3x20 mL),
the combined organic phases were washed with water and brine, and dried over Na>SO4
(anhydrous). After filtration, the solvent was evaporated to give the desired product as a slightly
yellow liquid in 92% yield (179 mg, 1.0 mmol).

R (silica gel; EtOAc:n-hexane 1:9):0.2.

'H NMR (400 MHz, CDCl3): 8/ppm = 0.97 (s, 6H), 1.24-1.28 (m, 5H), 1.40-1.43 (m, SH),
1.50-1.54 (m, 2H), 2.10-2.13 (m, 1H), 3.58 (s, 2H).

13C NMR (101 MHz, CDCl3): &/ppm = 25.0 (2CHs), 41.6 (2C), 42.4 (CH), 49.7 (2CH2),
49.8 (CH2), 51.7 (2CH>), 53.1 (C), 69.1 (CH2).

IR (neat): V/em ' = 3348, 2943, 2859, 1457, 1373, 1340, 1121, 1102, 1044, 1024, 952, 933,
660, 614.

HRMS: m/z = 203.1409 ([M+Na]*; calculated for C12H20NaO* m/z = 203.1406).
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2.1.7 Precursor 22 for synthesis of compound 11

Alcohol 21 (2.7 g, 1.0 eq., 17.9 mmol) was dissolved in dichloromethane (35 mL) and
pyridinium chlorochromate (5.0 g, 1.3 eq., 23.3 mmol) was added portion wise over 10 minutes.
The mixture was stirred at 22 °C overnight. Diisopropylether (150 mL) was added and stirred
for 10 minutes. The black mixture was filtered through a celite/silica pad and the resulting
filtrate was evaporated to give a white solid in a yield of 86% (2.3 g, 15.4 mmol).

R (silica gel; EtOAc:n-hexane 1:9): 0.4.

m.p. (cryst. from EtOAc): 72.0-73.6 °C

IH NMR (400 MHz, CDCI3): 8/ppm = 1.02 (s, 6H), 1.29-1.35 (m, 4H), 1.42-1.45 (m, 2H),
1.54-1.59 (m, 2H), 1.81-1.84 (m, 2H), 2.56-2.60 (m, 1H), 9.67 (s, 1H).

I3C NMR (101 MHz, CDCl3): &/ppm = 24.5 (2CHz), 42.0 (2C), 43.4 (CH), 49.1 (2CHa), 49.2
(2CHbz), 49.6 (CH2), 62.3 (C), 204.7 (C).

IR (neat): V/em™ = 2894, 2840, 1700, 1453, 1374, 1355, 1159, 1120, 1066, 963, 850.

HRMS: m/z = 201.1251 ([M+Na]"; calculated for C12H1sNaO* m/z = 201.1250).
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2.1.8 Precursor 23 for synthesis of compound 1m

4-Hydroxydiamantane? (500 mg, 1 eq., 2.5 mmol) was dissolved in dry dichloromethane (8 mL)
and cooled to 0 °C. Trichloroacetylisocyanate (343 uL, 1.2 eq., 2.9 mmol) was added and the
reaction mixture was stirred at 22 °C for 2 hours. The solvent was removed in vacuo and the
residue was dissolved in MeOH (15 mL) and treated with a saturated potassium carbonate
solution (25 mL). The reaction mixture was stirred at 50°C for 24 hours after which the MeOH
was removed in vacuo. The white precipitate was filtered and washed with water and dried to
give clear colourless crystals in a yield of 87% (540 mg, 2.2 mmol).

R (silica gel; MeOH:CH2CLa 1:9): 0.6.
m.p. (cryst. from): 196.4-197.7 °C.
TH NMR (400 MHz, CD:>Cl>) &/ppm = 1.74 (m, 10H), 1.95 (m, 3H), 2.05 (m, 6H), 4.52 (bs, 2H).

13C NMR (101 MHz, CD:Cl): 8/ppm = 26.3 (CH), 37.2 (3CH), 37.7 (3CH>), 40.4 (3CH),
42.4 (3CH2), 79.1 (C), 156.5 (C).

IR (neat): V/em™' 3508, 3446, 3313, 2877, 2847, 1713, 1603, 1448, 1374, 1332, 1284, 1246,
1131, 1085, 1045, 984, 889, 880, 801, 784, 741, 704, 617, 540, 503, 452.

HRMS: m/z = 270.1461 ([M+Na]"; calculated for C;sH21NNaO2>* m/z = 270.1465).

2Synthesis according to literature procedure: N. A. Fokina, B. A. Tkachenko, A. Merz, M.
Serafin, J. E. P. Dahl, R. M. K. Carlson, A. A. Fokin, P. R. Schreiner, Eur. J. Org Chem., 2007,
4738-4745.

S13



2.1.9 Precursor 24 for synthesis of compound 1m

(o]

NH

24

Carbamate 23 (494 mg, 1 eq., 2 mmol) was dissolved in dry 1,2-dichloroethane (12 mL) and
iodobenzene diacetate (850 mg, 1.3 eq., 2.6 mmol), MgO (200 mg, 2.5 eq., 5 mmol) and
rhodium diacetate dimer (9 mg, 0.03 eq., 0.05 mmol) were added. The reaction mixture was
heated to 70 °C for 18 h, filtered and the solvent was removed in vacuo. Flash column
chromatography on silica gel (mobile phase: 33% EtOAc in n-hexane) gave a colourless solid
in a yield of 60% (300 mg, 1.2 mmol).

Rt (silica gel; MeOH:CH>CL> 1:9): 0.6.
m.p. (cryst. from EtOAc): 199.0-202.0 °C.

TH NMR (400 MHz, CD:Cls) 8/ppm = 1.68-1.84 (m, 10H), 1.92-2.04 (m, 4H), 2.09-2.15
(m, 3H), 3.56 (m, 1H), 5.24 (bs, 1H).

13C NMR (101 MHz, CD:Cl2) § = 26.5 (CH), 31.1 (CH), 36.4 (CH2), 37.2 (CH>), 37.3 (CH),
37.6 (CH), 37.6 (CHa), 37.9 (CHa), 38.9 (CH), 40.5 (CH&CHb>), 40.8 (CH), 65.4 (CH), 80.3 (C),
161.4 (C).

IR (neat): V/em™' =3235, 2879, 1743, 1630, 1461, 1439, 1369, 1323, 1304, 1291, 1266, 1241,
121, 1188, 1123, 1093, 1075, 1041, 1013, 971, 950, 932, 899, 824, 779, 765, 123, 697, 664,
615, 570, 546, 472.

HRMS: m/z =268.1305 ([M+Na]*; calculated for CisHjoNNaO>" m/z =268.1308).
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2.1.10 Precursor 25 for synthesis of compound 1m

NH,

25

Precusor 24 (350 mg, 1 eq., 1.4 mmol) and KBr (340 mg, 2. eq., 2.8 mmol) were suspended in
dry dichloromethane (5 mL), and TfOH (1070 mg, 4 eq., 5.7 mmol) was added dropwise to the
reaction mixture at 22 °C. The reaction mixture was heated to 40 °C for 18 h. The reaction
mixture was quenched and neutralized using a 10% NaOH (aq.). The product was extracted
using EtOAc, the combined organic phases were washed with water and brine, dried over
Na>S04 (anhydrous) and solvent was evaporated in vacuo. Flash column chromatography on
silica gel (mobile phase: 5% MeOH (1% NH; (aq.)) in CH2Cl2) gave a colourless non-
crystalline solid in a yield of 66 % (265 mg, 0.9 mmol).

Re (silica gel; MeOH (1% NHj3 aq.):CH2CL: 5:95): 0.4.

'H NMR (400 MHz, CDCl3): &/ppm = 1.62-1.72 (m, 6H), 1.79-1.88 (m, 7H), 2.00-
2.08 (m, 3H), 2.35 (dt, /= 12.5, 3.0 Hz, 1H), 2.45 (dd, /= 12.5, 3.0 Hz, 1H), 2.62 (dt, /= 12.5,
3.0 Hz, 1H), 3.14 (m, 1H).

BC NMR (101 MHz, CDCl3): 8/ppm = 26.0 (CH), 29.7 (CH), 36.2 (CH), 36.7 (CH>),
36.9 (2CHa), 37.6 (CH), 41.2 (CH), 41.4 (CH), 42.9 (CH,), 46.1 (CH), 49.7 (CH>), 62.8 (CH),
74.7 (C).

IR (neat): V/em™' = 2901, 2849, 1634, 1459, 1440, 1316, 1243, 1065, 1028, 961, 814, 789,
698, 654, 638, 533, 509.

HRMS: m/z = 282.0849 ([M+H]"; calculated for Ci4H21BrN* m/z = 282.0852).
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2.2 NMR spectra of starting materials
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2.3 Synthesis of imines 1a-o, 3a-c, salt les and 3ds

2.3.1 General procedure A for synthesis of 1a-10 and 3a-3d

Under inert atmosphere, 1.0 equivalent of corresponding aldehyde and 7 equivalents of NaxSO4
(anhydrous) were suspended in dry CH2Clz (4 mL per Immol of aldehyde), 1.1-1.7 equivalents
of corresponding amine were added and the suspension was stirred at 22 °C overnight. The
reaction mixture was filtered through a glass frit and the solvent and the excess of amine was
evaporated in vacuo. The product was used in the next step without further purification.

2.3.2 Synthesis of imine 1a

£
2

1a

Compound 1a was synthesized according to general procedure A (1.7 eq. of amine) and was
used in the next step without further purification.

'H NMR: (400 MHz, CDCl3): & 1.63-1.71 (m, 4H), 1.77-1.86 (m, 4H), 2.06-2.09 (m, 2H), 2.36
(m, 2H), 2.50-2.54 (m, 1H), 7.03-7.05 (m, 2H), 7.14-7.18 (m, 1H), 7.30-7.34 (m, 2H),
7.95 (s, 1H).

2.3.3 Synthesis of imine 1b

A

1b

Compound 1b was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.59-1.85 (m, 10H), 2.03-2.06 (m, 2H), 2.35 (m, 2H),
2.49-2.52 (m, 1H), 6.89-6.93 (m, 2H), 7.41-7.44 (m, 2H), 7.92 (s, 1H).

S35

57



58

2.3.4 Synthesis of imine 1c¢

Me
N
é

1c

Compound 1e was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

'H NMR (200 MHz, CDCl3): 8/ppm = 1.63-1.88 (m, 8H), 2.05-2.10 (m, 2H), 2.34 (m, 5H),
2.48-2.53 (m, 1H), 6.94-6.98 (m, 2H), 7.11-7.15 (m, 2H), 7.95 (s, 1H).

2.3.5 Synthesis of imine 1d

NO,

2

1d

Compound 1d was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

'H NMR (200 MHz, CDCl3): 8/ppm = 1.61-1.79 (m, 8H), 1.99-2.05 (m, 2H), 2.36 (m, 2H),
2.55-2.61 (m, 1H), 6.60-6.64 (m, 2H), 8.04-8.08 (m, 2H), 9.73 (s, 1H).
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2.3.6 Synthesis of imine 1e
N
Zé

1e

Compound le was synthesized according to general procedure A (1.7 eq. of amine) and was
used in the next step without further purification.

'H NMR (400 MHz, CDCl3): &/ppm = 1.61-1.66 (m, 4H), 1.71-1.80 (m, 4H), 1.97-1.99

(m, 2H), 2.30 (m, 2H), 2.42 (m, 1H), 4.62 (s, 2H), 7.23-7.26 (m, 3H), 7.30-7.34 (m, 2H), 7.90
(s, 1H).

2.3.7 Synthesis of imine 1f

Br
N
Zé
1f

Compound 1If was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

'"H NMR (400MHZ, CDCls): §/ppm = 1.61-1.80 (m, 8H) 1.95-1.98 (m, 2H), 2.30 (m, 2H),
2.39-2.43 (m, 1H), 4.54 (s, 2H), 7.11-7.13 (m, 2H), 7.41-7.43 (m, 2H), 7.89 (s, 1H).
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2.3.8 Synthesis of imine 1g

Compound 1g was synthesized according to general procedure A (1.5 eq. of amine) and was
used in the next step without further purification.

'H NMR (400MHZ, CDCl3): 8/ppm = 1.61-1.81 (m, 8H), 1.96-1.99 (m, 2H), 2.30 (m, 2H),
2.33 (s, 3H), 2.40-2.43 (m, 1H), 4.58 (s, 2H), 7.11-7.16 (m, 4H), 7.88 (s, 1H).

2.3.9 Synthesis of imine 1h

NO,

g

1h

Compound 1h was synthesized according to general procedure A (1.2 eq. of amine as
hydrochloride) and was used in the next step without further purification.

'H NMR (400MHZ, CDCl3): §/ppm = 1.62-1.68 (m, 4H), 1.73-1.80 (m, 4H), 1.98-2.01 (m,

2H), 2.32 (m, 2H), 2.43-.2.46 (m, 1H), 4.70 (s, 2H), 7.44-7.46 (m, 2H), 7.98 (s, 1H), 8.17-8.19
(m, 2H).
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2.3.10 Synthesis of imine 1i

Me..,.;(ﬂ)

N
2

1i

—

Compound 1i was synthesized according to general procedure A (1.1 eq. of amine) and was
used in the next step without further purification.

'H NMR (600 MHz, CDCl3): &/ppm = 148 (d, J=6.7 Hz, 3H), 1.59-1.82 (m, 8H),
1.97 (m, 2H), 2.29 (m, 2H), 2.38 (m, 1H), 4.33 (q, J = 6.7 Hz, 1H), 7.21-7.23 (m, 1H), 7.30-7.36
(m, 4H), 7.87 (s, 1H).

2.3.11 Synthesis of imine 1j

Compound 1j was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

'H NMR (400 MHz, CDCl3) &/ppm = 1.51 (s, 6H), 1.59-1.79 (m, 9H), 1.95-1.98 (m, 2H), 2.29

(m, 2H), 2.32-2.36 (m, 1H), 7.18-7.21 (m, 1H), 7.29-7.32 (m, 2H), 7.36-7.38 (m, 2H), 7.72 (s,
1H).
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2.3.12 Synthesis of imine 1k

1k

Compound 1k was synthesized according to general procedure A (1.1 eq. of amine) and was
used in the next step without further purification.

'H NMR (400 MHz, CDCl): 8/ppm = 1.61-1.80 (m, 8H), 1.98-2.01 (m, 2H), 2.30 (m, 2H),
2.39-2.42 (m, 1H), 5.08 (s, 2H), 7.41-7.53 (m, 3H), 7.76-7.78 (m, 1H), 7.85- 7.88 (m, 1H), 7.93
(m, 1H), 8.01-8.03 (m, 1H).

2.3.13 Synthesis of imine 11

Me

Me
11

Compound 11 was synthesized according to general procedure A (1.7 eq. of amine) and was
used in the next step without further purification.

TH NMR (400 MHz, CDCls): &/ppm = 1.02 (s, 6H), 1.29-1.33 (m, 2H), 1.41 (m, 1H), 1.44 (m,

3H), 1.60-1.65 (m, 2H), 1.80-1.82 (m, 2H), 2.43-2.46 (m, 1H), 4.61 (s, 2H), 7.22-7.27 (m, 3H),
7.31-7.35 (m, 2H), 7.87 (s, 1H).
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2.3.14 Synthesis of iminium 1ms

1mg

—/

1-Bromo-2-aminodiamantane 25 (238 mg,1. eq., 0.8 mmol) was dissolved in dry THF (1.7 mL)
and K>COs3 (140 mg, 1.2 eq., 1.0 mmol) and benzyl bromide (159 mg, 1.1 eq., 0.9 mmol) were
added and heated to 50 °C overnight. The reaction was quenched with water and extracted with
EtOAc (2x). The combined organic phases were dried over NaxSO4 (anhydrous), filtered and
the solvent was removed in vacuo. 90 mg of the crude mixture were dissolved in dry 1,2-
dichlorobenzene (2.4 mL) and silver triflate (68 mg, 1.1 eq., 0.3 mmol) was added while
stirring. Immediate precipitation of a white solid was observed. After 30 min, the mixture was
filtered, washed with dichloromethane, the solvent was evaporated in vacuo. The crude residue
was used in the next step without further purification.

'H NMR (400 MHz, CDCI3): 8/ppm = 1.72-2.01 (m, 13H), 2.10 (m, 1H), 2.16 (m, 2H), 2.46

(m,1H), 4.99 (d, J = 4.3 Hz, 2H) 7.37-7.40 (m, 2H), 7.45-7.48 (m, 3H), 8.02 (d, J = 4.3 Hz,
1H), 12.52 (bs, 1H).

2.3.15 Synthesis of imine 1n

1n

Compound 1n was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

'H NMR: (400 MHz, CDCl3): 8/ppm = 1.55-1.65 (m, 7H), 1.68-1.72 (m, 2H), 1.82-1.85( m,
2H), 2.16-2.20 (m, 1H), 2.26 (m, 2H), 2.91 (t, J = 7.1 Hz, 2H), 3.64 (t, J = 7.1 Hz, 2H), 7.14-
7.19 (m, 2H), 7.24-7.28 (m, 2H), 7.49 (s, 1H).
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2.3.16 Synthesis of imine 1o

g

1o

Compound 1o was synthesized according to general procedure A (1.2 eq. of amine) and was
used in the next step without further purification.

TH NMR (400 MHz, CDCl3): 8/ppm = 1.57-1.72(m, 8H), 1.82-1.85 (m, 2H), 2.18-2.21 (m, 1H),

2.26 (m, 2H), 3.60 (td, /= 7.0, 1.0 Hz, 1H), 2.86 (t, J/ = 7.0 Hz, 1H), 7.00-7.04 (m, 2H), 7.36-
7.39 (m, 2H), 7.50 (s, 1H).

2.3.17 Synthesis of imine 3a

Me Me
Me

3a

 S—

Compound 3a was synthesized according to general procedure A (1.7 eq. of amine) and was
used in the next step without further purification.

'H NMR (400 MHz, CDCls): 8/ppm = 1.16 (s, 9H), 1.57-1.68 (m, 9H), 1.73-1.79 (m, 2H),
1.87-1.91 (m, 2H), 2.27 (m, 1H), 7.71 (s, 1H).
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2.3.18 Synthesis of imine 3b

Compound 3b was synthesized according to general procedure A (1.7 eq. of amine) and was
used in the next step without further purification.

'H NMR (400 MHz, CDCl3): &/ppm = 1.59-1.68 (m, 7H), 1.73-1.78 (m, 2H), 1.89-1.91
(m, 2H), 2.28 (m, 2H), 2.36 (m, 2H), 3.28(s, 1H), 7.77(s, 1H).

2.3.19 Synthesis of imine 3¢
N
Zé
3c

-—

Compound 3¢ was synthesized according to general procedure A (1.1 eq. of amine) and was
used in the next step without further purification.

'H NMR (200 MHz, CDCl3): &/ppm = 1.56-1.68 (m, 20H), 1.87-1.92 (m, 2H), 2.10 (m, 3H),
2.26-2.28 (m, 3H), 7.72 (s, 1H).
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2.3.20 Synthesis of iminium 3ds

08“
N®

A\

3d,

Under inert atmosphere, aldehyde 9 (150 mg, 1.eq., 1 mmol), KCN (77 mg, 1.2 eq., 1.2 mmol),
MgS0s4 (240 mg, 2 eq., 2 mmol) and pyrrolidinum triflate (265 mg, 1.2 eq., 1.2 mmol) were
suspended in dry THF (10 mL) and heated to reflux for two days. The reaction was filtered,
quenched with water (20 mL), extracted with CH2Cl> (2x 10 mL), washed with brine, dried
over Na2SOy (anhydrous), filtered and the solvent was evaporated in vacuo. The crude residue
was then dissolved in CH2Cl» (10 mL, extra dry) and treated with AgOTf (230 mg, 1 eq.,
1 mmol) and stirred at 22 °C for 1 hour. The reaction mixture was filtered, washed with dry
CH2Clz and the solvent was removed in vacuo and the crude residue was used in the next step
without further purification.

'H NMR (400 MHz, CDCl3): &/ppm 1.60-2.23 (m, 12), 2.37 (m, 2H), 2.86 (m, 1H), 3.38 (m,
2H), 3.53 (m, 1H), 3.99 (m, 2H), 4.25 (m, 2H), 8.60 (s, 1H).
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2.3.21 Synthesis of iminium 1es

HN\@ ot

leg

Imine 1s was dissolved in dry dichloromethane (500uL/100mg), and 1.05 eq. of triflic acid
were added at 0 °C. After the solution homogenized it was overlaid with dry diethyl ether (1-2
mL/100mg) and the target salt was precipitated overnight under nitrogen atmosphere. After
washing with dry ethyl ether the salt was obtained as clear colourless crystals in a yield of 80%.

'H NMR (400 MHz, CD:Cl): 8/ppm = 1.58-1.69 (m, 4H), 1.80-1.86 (m, 4H), 2.00-
2.03 (m, 2H), 2.40 (m, 2H), 2.72 (m, 1H), 4.99 (m, 2H), 7.38-7.43 (m, 5H), 8.52 (d, /= 17.5 Hz,
1H), 12.15 (m, 1H).

13CNMR (101 MHz, CDCl3): §/ppm = 34.17 (CHa), 37.54 (2CH), 43.39 (2CHz), 45.48 (2CH>),
46.21 (CH), 55.00 (C), 56.39 (CH>), 129.58 (2CH), 129.70 (2CH), 129.79 (CH), 131.54 (C),
186.44 (CH).

IR (neat): V/em™' = 3065, 2934, 2874, 1686, 1458, 1278, 1223, 1166, 1025, 965, 754, 695,
635, 599, 573, 514, 487, 466.

HRMS: m/z = 240.1751 ([M+H]"; calculated for Ci17H22N* m/z =240.1747).
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2.4 NMR spectra of imines 1a-o, 3a-c, salt 1e; and 3ds
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2.5 Syntheses and description of compounds 2a-o and 4a-d

2.5.1 Optimization of reaction conditions

Table 1 shows the result of the reaction optimization. Under inert atmosphere, 1.0 equivalent
of imine 1e was dissolved in 1.2,4-trichlorobenzene or 1,2-dichlorobenzene (0.4 M) and stated
equivalents of Brgnsted acid were added. In one case, Cu(OTf)> was used instead of Brgnsted
acid (entry 11). The reaction vessel was transferred into a preheated oil bath at the given
temperature and stirred overnight (16 h). After cooling down, the reaction mixture was diluted
with EtOAc (~10 mL/mL solvent), washed with 2M NaOH (agq.), water and brine, dried over
Na>SO4 (anhydrous), filtered and evaporated in vacuo. The crude residue was analysed via 'H

NMR analysis. For the reaction with 1 eq. of triflic acid (entry 11) the iminium salt les was
prepared (chapter 2.3.20), dissolved in deuterated solvent (1,4-dichlorobenzene-ds) and heated
under inert atmosphere overnight (16 h). After cooling to room temperature, the 'H NMR
spectrum of the reaction mixture was directly measured.

Table 1. Screening of Brgnsted acids and reaction conditions

Entry L Equiv. of Temperature Conversion
Bronsted acid (HA

HA) HA in°C in %l

1 CFsCOOH 2 140 0
rac-1,1"-Binaphthalene-2,2'
2 -diyl phospharic acid! 2 140 0
3 HCI 2 140 0
4 p-TsOH 2 140 60
5 TfOH 2 140 96
] TIOH 2 120 81
7 TOH 2 100 17
8 TfOH 2 80 0
9 TfOH 1.1 140 92
10 TfOH 1.0 140 traces
1 Cu(OTf)2 2 140 0
S68



2.5.2 General procedure B

Under inert atmosphere, 1.0 equivalent of imine 1 or 3 (general scale: 100 mg) was dissolved
in 1,2,4-trichlorobenzene or 1,2-dichlorobenzene (0.4 M) and 2.0 equivalents of triflic acid
were added. The reaction vessel was transferred into a preheated oil bath at 140 °C and stirred
overnight. After cooling down, the reaction mixture was diluted with EtOAc (~10 mL/mL
solvent), washed with 2M NaOH (agq. ), water and brine, dried over Na2SO4 (anhydrous), filtered
and evaporated in vacuo. If needed the crude residue was purified via flash column
chromatography on silica gel (mobile phase: MeOH (1% NHs (aq.)) in CH2Clz).

2.5.3 General procedure C

Under inert atmosphere, 1.0 equivalent of imine 3 (general scale: 100 mg) was dissolved in the
corresponding solvent/reagent (0.2 M) and 2.0 equivalents of triflic acid were added. The
reaction vessel was transferred into the microwave and heated with 300 W at 200 °C for 2.5 h.
After cooling down, the reaction mixture was diluted with EtOAc (~10 mL/mL solvent),
washed with 2M NaOH (agq.), water and brine, dried over Na:SO4 (anhydrous), filtered and
evaporated in vacuo. If needed the crude residue was purified via flash column chromatography
on silica gel (mobile phase: MeOH (1% NHj3 (agq.)) in CH2Cl2).
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2.5.4 Synthesis of cyclic amine 2a

2a

Compound 2a was synthesized according to general procedure B to give a clear liquid in a
yield of 87%.

Rt (silica gel; EtOAc:c-hexane 1:9):0.2.

'H NMR (400 MHz, CDCls): 8/ppm = 1.39-1.44 (m, 1H), 1.64-1.69 (m, 1H), 1.73-1.81 (m,
4H), 1.87-1.90 (m, 3H), 2.08-2.12 (m, 2H), 2.20-2.28 (m, 2H), 3.41 (m, 1H), 3.89 (s, 1H), 6.75-
6.79 (m, 2H), 6.99-7.06 (m, 2H).

13C NMR (101 MHz, CDCl3): 8/ppm = 27.5 (CH), 29.2 (CH), 30.4 (CHz), 31.2 (CH), 374
(CH2), 37.4 (CHz), 38.6 (CHz), 39.1 (CHz), 42.4 (C), 71.6 (CH), 111.2 (CH), 119.3 (CH), 121.0
(CH), 126.9 (CH), 139.8 (C), 150.5 (C).

IR (neat): v/em™' =2901, 2848, 1609, 1587, 1476, 1459, 1385, 1331, 1235, 1194, 1102, 1078,
1013, 775, 738, 694, 669, 643, 582, 549, 462.

HRMS: m/z =226.1591 ([M+H]*; calculated for CigH20N™ m/z = 226.1590).

2.5.5 Synthesis of cyclic amine 2b

Compound 2b was synthesized according to general procedure B to give an off-white solid in
a yield of 73%.

Rt (silica gel; MeOH (1% NH;3 agq.):CH2CL2 5:95): 0.8.
m.p. (cryst. from): 129.2-130.3 °C.

'H NMR (400 MHz, CDCls): 1.39 (m, 1H), 1.65 (m, 1H), 1.70-1.78 (m, 4H), 1.82-1.89 (m,
3H), 2.04-2.11 (m, 2H), 2.17-2.21 (m, 2H), 3.39 (m, 1H), 3.88 (bs, 1H), 6.62 (d, J = 8.2 Hz,
1H), 7.07 (d, J = 2.0 Hz, 1H), 7.12 (dd, J = 8.2, 2.0 Hz, 1H).
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13C NMR (101 MHz, CDCls): 8/ppm = 27.4 (CH), 29.1 (CH), 30.2 (CHa), 31.0 (CH), 37.2
(CHa), 37.3 (CHa), 38.4 (CH2), 39.0 (CHa), 42.8 (C), 71.8 (CH), 111.1 (C), 112.5 (CH), 124.4
(CH), 129.4 (C), 142.0 (C), 149.6 (C).

IR (neat): V/em™ = 3353, 2909, 2847, 1601, 1463, 1446, 1420, 1385, 1333, 1301, 1275, 1233,
1190, 1077, 1055, 1026, 807, 755, 642, 611, 535, 489, 457, 445.

HRMS: m/z = 304.0695 ([M+H]" ; calculated for CisHi9BrN* m/z =304.0696).

2.5.6 Synthesis of cyclic amine 2¢

Compound 2¢ was synthesized according to general procedure B to give an off-white solid in
a yield of 68%.

R (silica gel; EtOAc:n-hexane 1:9): 0.3.
m.p. (cryst. from CH2Cl»): 115.3-115.9 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.40 (m, 1H), 1.65 (m, 1H), 1.72-1.80 (m, 4H), 1.86-
1.89 (m, 2H), 2.07-2.10 (m, 2H), 2.18 (m, 1H), 2.23 (m, 1H), 2.27 (m, 3H), 3.38 (m, 1H), 3.77
(bs, 1H), 6.68-6.70 (m, 2H), 6.82-6.86 (m, 2H).

13C NMR (101 MHz, CDCl3): 8/ppm = 21.1 (CH), 27.5 (CH), 29.2 (CH), 30.4 (CHa), 31.2
(CH), 37.4(CH>), 37.5(CHz), 38.7(CH>), 39.2(CH), 42.4(C), 71.8 (CH), 111.1 (CH), 121.9
(CH), 127.2 (CH), 128.6 (C), 140.1 (C), 148.1 (C).

IR (neat): V/cm™' =3350, 2903, 2845, 1615, 1483, 1450, 1386, 1331, 1303, 1290, 1232, 1193,
1174, 1109, 1078, 1030, 852, 828, 805, 755, 687, 637, 537, 537, 508, 471, 458, 445.

HRMS: m/z = 240.1744 (IM+H]"; calculated for C17H22N" m/z = 240.1747).
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2.5.7 Synthesis of cyclic amine 2d

O2N

NH

2d

Compound 2d was synthesized according to general procedure B to give a yellow solid in a
yield of 15%.

R (silica gel; MeOH (1% NH3 aq.):CH2CL: 5:95): 0.6.
m.p. (cryst. from CDCl3): 93.2-95.0 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.43 (m, 1H), 1.70-1.77 (m, 5H), 1.88-1.91 (m, 3H),
2.01 (m, 1H), 2.14 (m, 1H), 2.23-2.30 (m, 2H), 3.54 (m, 1H), 4.57 (bs, 1H), 6.67 (d, J =8.7 Hz,
1H), 7.84 (d, J = 2.3 Hz, 1H), 8.02 (dd, J = 8.7, 2.3 Hz, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 27.1 (CH), 29.0 (CH), 30.1 (CHz), 30.7 (CH), 37.0
(CH>), 37.1 (CH), 38.0 (CHz), 39.2 (CH2), 42.4 (C), 72.0 (CH), 109.2 (CH), 117.7 (CH), 125.2
(CH), 139.7 (C), 140.4 (C), 156.6 (C).

IR (neat): V/cm™' =3350, 2914, 2850, 1611, 1480, 1439, 1341, 1306, 1292, 1271, 1196, 1165,
1147, 1099, 1074, 1022, 926, 889, 814, 757, 738, 605, 556, 540, 461.

HRMS: m/z = 293.1263 ([IM+H]"; calculated for CisH1oN202" m/z = 293.1260).

2.5.8 Synthesis of cyclic amine 2e

2e

Compound 2e was synthesized according to general procedure B to give an off-white solid in
a yield of 94%.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.56-1.64 (m, 3H), 1.79 (m, 3H), 1.83-1.97 (m, 5H),
2.05-2.11 (m, 2H), 2.89 (m, 1H), 4.09 (d, J = 16.2 Hz, 1H), 4.23 (d, J = 16.2 Hz, 1H). 6.99 (m,
1H), 7.10 (m, 1H), 7.17 (m, 1H), 7.28 (m, 1H).

Spectrum in accordance with literature: I. Papanastasiou, A. Tsotinis, N. Kolocouris, S. P.

Nikas, A. Vamvakides, Med. Chem. Res., 2014, 23, 1966-1975.
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2.5.9 Synthesis of cyclic amine 2f

Compound 2f was synthesized according to general procedure B to give an off-white solid in
a yield of 93%.

R (silica gel; NEt3:MeOH:CH2CL> 1:10:89): 0.5.
m.p. (cryst. from): 92.0-94.0 °C.

'H NMR (400 MHz, CDCls): 8/ppm 1.54-1.57 (m, 1H), 1.59-1.63 (m, 1H), 1.75-1.97 (m, 9H),
2.04 (m, 1H), 2.11 (m, 1H), 2.29 (dt, J = 12.5, 2.5 Hz, 1H), 2.84 (s, 1H), 4.13 (d, J = 16.2 Hz,
1H), 4.03 (d, J = 16.2 Hz, 1H), 6.86 (m, 1H), 7.21 (m, 1H), 7.38 (m, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 28.5 (CH), 28.9 (CH), 30.6 (CH>), 34.0 (CH), 36.0 (C),
37.2 (CH2), 37.5 (CHa), 40.6 (CHz), 41.2 (CHa), 49.2(CH2), 62.1 (CH), 120.0 (C), 127.8 (CH),
128.2 (CH), 128.6 (CH), 133.7 (C), 147.0 (C).

IR (neat): V/em™' =3311, 3081, 3031, 2903, 2848, 1677, 1587, 1563, 1458, 1439, 1400, 1337,
1317, 1290, 1253, 1197, 1155, 1123, 1101, 1085, 1054, 1030, 996, 981, 956, 913, 883, 799,
723,704, 665.

HRMS: m/z =318.0851 ([M+H]"; calculated for C17H21BrN* m/z =318.0852).
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2.5.10 Synthesis of cyclic amine 2g

Compound 2g was synthesized according to general procedure B to give a yellowish non-
crystalline solid in a yield of 88%.

Rt (silica gel; EtOAc:n-hexane 1:4): 0.2.

'H NMR (400 MHz, CDCl3): &/ppm 1.57-1.63 (m, 3H), 1.80-2.11 (m, 10H), 2.31 (s, 3H), 2.36-
2.39 (m, 1H), 2.88 (s, 1H), 4.19 (d, J = 16.0 Hz, 1H), 4.06 (d, J = 16.0 Hz, 1H), 6.88-6.95 (m,
2H), 7.09 (s, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 20.3 (CHz), 27.5 (CH), 28.0 (CH), 28.0 (CH2), 33.1
(CH), 34.6 (CHz), 36.3(CHz), 36.7 (CH2), 39.7 (CHz), 40.3 (C), 48.3 (CH2), 61.4 (CH), 124.4
(CH), 124.9 (CH), 125.4 (CH), 130.6 (C), 134.6 (C), 143.4 (C)

IR (neat): v/em™' = 3231, 3009, 2902, 2847, 1613, 1500, 1446, 1344, 1308, 1259, 1229, 1155,
1126, 1098, 1086, 1033, 993, 954, 875, 851, 801.

HRMS: m/z =254.1907 ([M+H]"; calculated for CisH2sN* m/z =254.1903).

2.5.11 Synthesis of cyclic amine 2h

Compound 2h was synthesized according to general procedure B to give a yellowish solid in a
yield of 74%.

R (silica gel; NEt;:MeOH:CH2CL: 1:10:89): 0.5.
m.p. (cryst. from): 116.0-117.0 °C.

1H NMR (400 MHz, CDCl3): 8/ppm 1.57-1.65 (m, 3H) 1.81 (m, 3H), 1.89-2.00 (m, 4H), 2.07-
2.16 (m, 3H), 2.40 (dt, J = 12.4, 2.5 Hz, 1H), 2.89 (m, 1H), 4.19 (d, J = 17.2 Hz, 1H), 4.27 (d,
J=17.2 Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 7.94 (dd, J = 8.5, 2.3 Hz, 1H), 8.15 (d, /= 2.3 Hz,
1H).
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13C NMR (101 MHz, CDCl3): 8/ppm =28.4 (CH), 28.8 (CH), 30.5 (CH>), 33.7 (CH), 36.3 (C),
37.0(CHy), 37.3 (CHz2), 40.4 (CH2), 41.2 (CH>),49.5 (CH2), 61.9 (CH), 120.6(CH), 123.7 (CH),
127.1 (CH), 142.4 (C), 145.4 (C), 144.9 (C)

IR (neat): V/em™' =3323, 2888, 2850, 1582, 1515, 1445, 1342, 1317, 1288, 1254, 1229, 1198,
1122, 1097, 1086, 1072, 1028, 1003, 987, 969, 956, 911, 898, 885, 852, 842, 822, 789, 773,
736, 709, 659.

HRMS: m/z = 285.1602 ([M+H]*; calculated for C17H21N202" m/z =285.1598)

2.5.12 Synthesis of cyclic amine 2i

Me Me
NH NH

diast. 1 diast. 2

2i

Compound 2i was synthesized according to general procedure B to give a high viscous liquid
in a yield of 78% as a mixture of two diastereomers. Diastereomer 1 was isolated by HPLC
(semipreparative column CI8H, mobile phase 75% MeCN, 25% H20, 0.3 CV/min,
diastereomer 2: t = 12.9 min; diastereomer 1: t; = 15.9 min) and fully described. Absolute
configuration of diastereomers was not assigned.

R (silica gel; EtOAc:n-hexane 2:3): 0.2.
diastereomer 1
'H NMR (400 MHz, CDCl3): 8/ppm = 1.52 (d, J = 6.6 Hz, 3H), 1.57-1.62 (m, 3H), 1.79-1.82

(m, 3H), 1.87 (m, 1H), 1.94-1.98 (m, 3H), 2.09-2.13 (m, 2H), 2.37 (dt, J = 12.5, 2.6 Hz, 1H),
2.94 (m, 1H), 4.27 (q, J = 6.6 Hz, 1H), 7.15-7.20 (m, 3H), 7.28 (m, 1H).
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diastereomer 2

'H NMR (400 MHz, CDCl3): §/ppm = 1.51 (d, J = 7.0 Hz, 3H), 1.55-1.63 (m, 3H), 1.79 (m,
2H), 1.83-1.91 (m, 5H), 2.02 (m, 1H), 2.12 (m, 1H), 2.38 (dt, J = 12.5, 2.4 Hz, 1H), 3.11 (m,
1H), 4.28 (q, J = 7.0 Hz, 1H), 7.05 (m, 1H), 7.10-7.18 (m, 2H), 7.28 (m, 1H).

diastereomer 1

13C NMR (101 MHz, CDCl3): 8/ppm = 23.0 (CH3), 28.5 (CH), 29.1 (CH), 30.6 (CH2), 33.5
(CH), 35.9 (C), 37.4 (CH2), 37.7 (CH2), 41.0 (CHz2), 41.6 (CH2), 53.3 (CH), 61.6 (CH), 125.0
(CH), 125.8 (CH), 125.8 (CH), 126.6 (CH), 139.6 (C), 144.7 (C).

diastereomer 2
3C NMR (101 MHz, CDCIl3): /ppm = 243, (CH3) 28.6 (CH), 29.1 (CH), 30.8 (CH>), 33.9

(CH), 36.2 (C), 37.5 (CHa), 37.8 (CHa), 40.8 (CHa), 41.1 (CHa), 51.7 (CH), 55.4 (CH), 124.9
(CH), 125.7 (CH), 126.3 (CH), 127.4 (CH) 143.9 (C), 144.7 (C).

IR (neat): V/em ' =2903, 2849, 1631, 1487, 1447, 1371, 1343, 1256, 1209, 1135, 1103, 1040,
1023, 971, 749, 697, 652, 625, 559, 525, 501.

HRMS: m/z = 254.1904 ((M+H]*; calculated for C1sH4N* m/z = 254.1903).

2.5.13 Synthesis of cyclic amine 2j

Compound 2j was synthesized according to general procedure B to non-crystalline solid in a
yield of 85%.

Rt (silica gel; MeOH (1% NHs aq.):CH2Clz 1:33): 0.4.

1H NMR (400 MHz, CDCls): 8/ppm = 1.49 (s, 3H), 1.51 (s, 3H), 1.54-1.60 (m, 3H), 1.79-1.85
(m, 4H), 1.88-1.92 (m, 4H), 2.00-2.03 (m, 1H), 2.10-2.11 (m, 1H), 2.37-2.41 (m, 1H), 3.02 (m,
1H), 7.14-7.16 (m, 2H), 7.20-7.22 (m, 1H), 7.27-7.28 (m, 1H).

13C NMR (101 MHz, CDCls): &/ppm =28.6 (CHs), 29.2 (CHs), 30.7 (CH>), 31.5 (CH), 33.0
(CH), 34.0(CH), 36.2 (C), 37.6 (CHz), 37.9 (CH2), 41.0 (CH2), 41.1 (CHz), 54.1 (C), 56.5 (CH),
124.8 (CH), 125.7 (CH), 126.1 (CH), 126.5 (CH), 143.6 (C), 144.2 (C).

IR (neat): V/em™' = 2901, 2848, 1739, 1485, 1444, 1358, 1240, 1202, 1124, 1024, 750, 694,
646, 589, 529.

HRMS: m/z =268.2062 ([M+H]"; calculated for CioHasN * m/z =268.2060).
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2514 Synthesis of cyclic amine 2k
e

2k

Compound 2k was synthesized according to general procedure B to give an off-white solid in
a yield of 60%.

Rt (silica gel; MeOH (1% NHs aq.):CH2CL; 1:33): 0.6.
m.p. (cryst. from EtOAc): 70.2-71.9 °C.

TH NMR (400 MHz, CDCls): 8/ppm = 1.60-1.67 (m, 2H), 1.75-1.78 (m, 1H), 1.84-1.87 (m,
3H), 1.90-2.00 (m, 4H), 2.06-2.15 (m, 3H), 2.47 (dt, J = 12.4, 2.5 Hz, 1H), 2.98 (s, 1H), 4.52
(d, J=16.4 Hz, 1H), 4.64 (d, J = 16.5 Hz, 1H), 7.42-7.51 (m, 3H), 7.70 (m, 1H), 7.78-7.84 (m,
2H).

13C NMR (101 MHz, CDCl3): 8/ppm = 28.6 (CH), 29.2 (CH), 31.0 (CHa), 34.1 (CH), 36.0 (C),
37.5 (CHa), 37.8 (CHa), 40.7 (CHa), 41.0 (CHz), 47.2 (CHz), 62.2 (CH), 122.4 (CH), 1234
(CH), 125.2 (CH), 126.2 (CH), 126.7 (CH), 128.5 (CH), 129.4 (C), 130.6 (C), 131.7 (C), 141.8
(©).

IR (neat): V/em™' = 2902, 2846, 1596, 1510, 1447, 1266, 1135, 1064, 1007, 858, 802, 742,
691, 644, 646, 621, 547, 523.

HRMS: m/z = 290.1906 ([M+H]"; calculated for C2iH24N* m/z = 290.1903).

2.5.15 Synthesis of cyclic amine 21

Compound 21 was synthesized according to general procedure B to give a clear liquid in a yield

of 88%.

R (silica gel; MeOH (1% NH3 agq.):CH2CL» 1:33): 0.2.
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TH NMR (400 MHz, CDCls): 8/ppm = 0.82 (s, 3H), 0.92 (s, 3H), 1.17-1.23 (m, 2H), 1.27 (m,
2H), 1.32-1.36 (m, 1H), 1.44-1.45 (m, 1H), 1.47-1.48 (m, 1H), 1.52-1.55 (m, 1H), 1.58-1.62
(m, 1H), 1.75-1.78 (m, 2H), 1.92-1.96 (m, 1H), 2.02-2.04 (m, 1H), 2.75 (m, 1H), 4.21 (d, J =
16.0 Hz, 1H), 4.08 (d. J = 16.1 Hz, 1H), 6.98-7.00 (m, 1H), 7.08-7.12 (m, 1H), 7.14-7.18 (m,
1H), 7.25-7.26 (m, 1H).

13C NMR (101 MHz, CDCl3): §/ppm = 30.3 (CH3), 30.5 (CH3), 31.5 (C), 32.1 (C), 35.4 (CH),
37.1(C), 37.2 (CHa), 43.8 (CHz), 47.1 (CH>), 48.0 (CHa), 49.8 (CHa), 51.6 (CHa), 61.5 (CH),
125.0 (CH), 125.7 (CH), 126.2 (CH), 126.4 (CH), 134.9 (C), 144.2 (C).

IR (neat): V /em™' = 2946, 2864, 1714, 1458, 1375, 1313, 1258, 1166, 1092, 995, 730, 618,

HRMS: m/z = 268.2058 ([M+H]*; calculated for C19H2N* m/z = 268.2060).

2.5.16 Synthesis of cyclic amine 2m

2m

Compound 2m was synthesized according to general procedure B to give a non-crystalline
solid in a yield of 46%.

R (silica gel; EtOAc:n-hexane 2:3): 0.2.
TH NMR (400 MHz, CDCl3): 8/ppm = 1.57-1.62 (m, 2H), 1.74-1.83 (m, 10H), 1.93-1.95 (m,

3H), 2.07 (m, 1H), 2.33 (m, 1H), 2.46 (bs, 1H), 2.85 (m, 1H), 4.10 (d, J = 16.2 Hz, 1H), 4.22
(d,J=16.2 Hz, 1H), 6.99 (m, 1H), 7.11 (m, 1H), 7.18 (m, 1H), 7.31 (m, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm =26.2 (CH), 31.1 (CH), 33.6 (C), 37.1 (CHa), 37.1 (CH),
37.4 (CHa), 37.6 (CH2&CH), 37.9 (CH), 38.2 (CH), 41.4 (CHa), 42.4 (CHa), 42.7 (CH), 49.0
(CH»), 63.2 (CH), 125.2 (CH), 125.8 (CH), 126.1 (CH), 126.5 (CH), 133.8 (C), 143.6 (C).

IR (neat): Vv /cm™' = 3262, 3056, 2873, 2847, 1487, 1439, 1374, 1344, 1313, 1264, 1191,
1116, 1105, 1082, 1062, 1037, 985, 969, 932, 916, 905, 894, 870, 837, 753, 732, 707, 679, 659,
643, 612, 545, 531, 517, 497, 458, 445.

HRMS: m/z = 292.2062 ([M+H]*; calculated for Ca1HasN* m/z = 292.2060).
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2.5.17 Synthesis of cyclic amine 2n

2n

Compound 2n was synthesized according to general procedure B to give an off-white solid in
a yield of 58%.

R (silica gel; MeOH (1% NHj3 aq.):CH2CL2 2:98): 0.2.
m.p. (cryst. from CH2Cl»): 145.7-146.3 °C.

IH NMR (400 MHz, CDCls): 8/ppm 1.54-1.57 (m, 1H), 1.78-2.01 (m, 10H), 2.10-2.17 (m, 2H),
2.68 (dt, J = 15.2, 3.7 Hz, 1H), 2.91 (bs, 1H), 3.26-3.30 (m, 2H), 3.46-3.54 (m, 2H), 7.01 (m,
1H), 7.07 (m, 1H), 7.20 (m, 1H), 7.43 (m, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 28.6(CH), 28.8(CH), 31.3(CH>), 35.7(CH), 35.8(CH>),
37.3(CH>), 37.9(CH2), 39.1(CH2), 45.1(C), 45.6(CH>), 47.6 (CH2), 59.5 (CH), 126.2 (CH),
126.9 (CH), 128.5 (CH), 131.4 (CH), 138.0 (C), 146.8 (C).

IR (neat): V/cm™' =2904, 2847, 1487, 1451, 1342, 1305, 1253, 1156, 1140, 1105, 1060, 1028,
966, 748, 716, 669, 627, 471.

HRMS: m/z =254.1906 ([M+H]" ; calculated for CisH24N* m/z = 254.1903).

2.5.18 Synthesis of cyclic amine 20

Compound 20 was synthesized according to general procedure B to give an off-white solid in
a yield of 84%.

Rt (silica gel; MeOH (1% NH3 aq.):CH2CL; 2:98): 0.2.
m.p. (cryst. from CH>Cl»): 134.6-136.1 °C.
'H NMR (400 MHz, CDCl3): 8/ppm 1.51-1.54 (m, 1H), 1.78-2.17 (m, 13H), 2.65 (dt, J = 15.1,

3.8 Hz, 1H) 3.19-3.23 (m, 2H), 3.35-3.43 (m, 2H), 6.87 (m, 1H), 7.18 (m, 1H), 7.52 (m, 1H).
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13C NMR (101 MHz, CDCl3): 8/ppm = 28.5 (CH), 28.6 (CH), 31.1 (CHa), 35.9 (CH). 36.0
(CH2), 37.1 (CHz), 37.7 (CHa), 38.8 (CHa), 45.1 (CHa), 45.4 (CHa), 47.4 (CHy), 59.1 (CH),
120.7 (C), 128.9 (CH), 131.5 (CH), 132.9 (CH), 137.5 (C),149.5 (C).

IR (neat): V/em™' = 2910, 2850, 1585, 1556, 1483, 1452, 1440, 1391, 1186, 1158, 1143, 1100,
1028, 1006, 989, 966, 878, 810, 792, 721, 671, 621, 575, 472.

HRMS: m/z = 332.1007 ([M+H]*; calculated for CisH2:BrN* m/z = 332.1009).

2.5.19 Synthesis of amine 4a

Me

NH,

4a

Compound 4a was synthesized according to general procedure C to give an off-white solid in
a yield of 40%.

Rt (silica gel; MeOH (1% NH3 ag.):CH2CL2 3:97): 0.2.
m.p. (cryst. from EtOAc): 93.2-94.4 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.55 (m, 1H), 1.65-1.68 (m, 3H), 1.74-1.79 (m, 2H),
1.91 (m, 2H), 1.95-2.09 (m, 5H), 2.24 (s, 3H), 2.27 (s, 3H), 2.32 (m, 1H), 3.21 (m, 1H), 7.05-
7.12 (m, 3H).

13C NMR (101 MHz, CDCI3): §/ppm = 19.3 (CHs), 20.1 (CH3), 28.3 (CH), 28.8 (CH), 30.1
(CH>), 33.7 (CHa), 34.6 (CH), 37.2 (CH>), 37.9 (CHa), 40.4 (C), 45.0 (CH>), 59.2 (CH), 123.0
(CH), 126.9 (CH), 129.7 (CH), 134.1 (C), 136.4 (C), 145.4 (C).

IR (neat): ¥ /em™' =2908, 2852, 1706, 1505, 1449, 1383, 1259, 1176, 1112, 1092, 1061, 1031,
879, 813, 798, 716, 596, 439.

HRMS: m/z =256.2061 ([M+H]*; calculated for CisHasN* m/z =256.2060).
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2.5.20 Synthesis of amine 4b

Compound 4b was synthesized according to general procedure C to give an off-white solid in
a yield of 97%.

R (silica gel; MeOH (1% NHs ag.):CH2CL; 1:99): 0.1.
m.p. (cryst. from EtOAc): 76.6-78.0 °C.

TH NMR (400 MHz, CDCl3): 8/ppm = 1.47 (m, 1H), 1.58-1.68 (m, 2H), 1.72-1.77 (m, 2H),
1.85 (m, 1H), 1.93-2.00 (m, 2H), 2.06-2.09 (m, 4H), 2.16 (s, 3H), 2.25 (d, J = 10.2 Hz, 6H),
2.45 (m, 1H), 2.80 (m, 1H), 7.09-7.12 (m, 3H).

13C NMR (101 MHz, CDCl3): &/ppm = 19.4 (CH3), 20.2 (CH3), 28.5 (CH), 29.1 (CH), 29.8
(CH), 30.2 (CHa), 34.6 (CH3), 35.0 (CHa), 37.3 (CHa), 37.4 (CHa), 40.2 (C), 45.7 (CHa), 68.2
(CH), 123.0 (CH), 126.9 (CH), 129.8 (CH), 134.2 (C), 136.4 (C), 145.6 (C).

IR (neat): V /em™' =3333,2899, 2845, 2782, 1612, 1573, 1505, 1476, 1446, 1360, 1346, 1151,
1129, 1102, 1065, 1024, 998, 969, 897, 882, 823, 808, 782, 741, 721, 658, 598, 533, 514, 442.

HRMS: m/z = 270.2218 ([M+H]"; calculated for C19H2sN* m/z =270.2216).

2.5.21 Synthesis of amine 4¢

4c

Compound 4¢ was synthesized according to general procedure C to give a white solid in a yield
of 56%.

R (silica gel; MeOH (1% NHs agq.):CH2CL: 3:97): 0.4.

m.p. (cryst. from CDCl3): 190.3-191.4 °C.
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'H NMR (400 MHz, CDCls): 8/ppm = 1.10-1.13 (m, 3H), 1.34-1.37 (m, 3H), 1.41-1.47 (m,
4H), 1.51-1.54 (m, 3H), 1.61-1.64 (m, 3H), 1.72-1.75 (m, 1H), 1.88 (m, 6H), 1.95 (m, 1H), 2.03
(m, 1H), 2.15-2.18 (m, 1H), 2.23 (s, 3H), 2.25 (s, 3H), 2.29-2.38 (m, 2H), 3.10 (m, 1H), 7.04-
7.07 (m, 2H), 7.11 (m, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 19.4 (CH3), 20.1 (CH3), 28.4 (CH), 28.8 (CH), 29.9
(3CH), 30.5 (CH2), 35.1 (CH2), 35.5 (CH), 36.9 (3CH2), 37.3 (CH2), 37.4 (CH2), 40.3 (C),
43.9 (3CH2), 45.8 (CH2), 50.4 (C), 58.2 (CH), 123.5 (CH), 127.6 (CH), 129.3 (CH), 133.8 (C),
135.8 (C), 145.8 (C).

IR (neat): V /em™ =2899, 2846, 1503, 1446, 1354, 1307, 1147, 1099, 991, 882, 808, 714, 656,
588, 527, 441.

HRMS: m/z = 390.3159 ([M+H]*; calculated for CasH3N* m/z = 390.3156).

2.5.22 Synthesis of salt 4ds
¢
30
H
lag

4d.,

Compound 4ds was synthesized according to general procedure B, with slight modification.
Only 0.3 mL of 1,2-dichlorobenzene were used to solve the starting materials, and 572 mg (10
eq., 2.8 mmol) of pyrene (10 eq.) were added to the reaction mixture. The temperature was
raised to 200 °C. After 3 h, the solvent was evaporated and the crude residue was purified by
flash column chromatography on silica gel (mobile phase: 10% MeOH in CH2CL») to give the
triflic acid salt as white solid in a yield of 30% (62 mg, 0.1 mmol).

Ry (silica gel; MeOH:CH>CL: 1:9): 0.4.

m.p. (cryst. from CDCls): 301.2-302.4 °C.
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'H NMR (400 MHz, CDCls): 8/ppm = 1.58 (m, 2H), 1.71-1.91 (m, 7H), 2.20-2.25 (m, 4H),
2.33-2.42 (m, 2H), 2.54-2.62 (m, 2H), 2.92 (m, 1H), 3.31 (m, 1H), 3.42 (m, 1H), 3.85 (m, 1H),
4.69 (m, 1H), 8.02-8.09 (m, 3H), 8.14-8.31 (m, 6H), 8.61 (m, 1H).

13C NMR (101 MHz, CD2Cls): 8/ppm = 20.9 (CHz), 22.9 (CHa), 27.7 (CH), 28.0 (CH), 29.6
(CH), 31.8 (CH), 36.5 (CHa), 36.6 (CHa), 37.9 (CHa), 42.7 (C), 45.0 (CHa), 54.4 (CHa), 55.8
(CHa), 74.2 (CHa), 124.1 (CH), 125.2 (CH), 125.2 (CH), 125.3 (CH), 125.9 (CH), 126.0 (C),
126.2 (CH), 126.3 (CH), 127.4 (CH), 127.6 (CH), 127.7 (CH), 128.9 (C), 129.9 (C), 131.0 (C),
131.5(C), 139.0 (C).

IR (neat): V /em™' = 3047, 2915, 1602, 1459, 1414, 1282, 1238, 1222, 1156, 1028, 848, 758,
726, 684, 636, 573, 516.

HRMS: m/z =406.2544 ([M+H]" ; calculated for C3pH3N* m/z =406.2529).
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2.6 NMR spectra of compounds 2a-o and 4a-d
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2.7 Post-functionalization reactions

2.7.1 Synthesis of imine derivative 5

Under inert atmosphere, amine 2a (160 mg, 1 eq., 0.71 mmol) was dissolved in dry THF
(50 mL) and K2COs3 (490 mg, 5 eq., 3.56 mmol) and I> (1090 mg, 6 eq., 4.27 mmol) were added
simultaneously. The mixture was stirred for 8 minutes, poured into 1N Na»S>03 (105 mL, agq.)
and extracted with CH2CL: (3x70 mL). The organic phases were combined, washed with brine
and dried over Na2SO4 (anhydrous). After filtration the solvent was evaporated in vacuo to give
the crude residue (170 mg) which was purified via flash column chromatography on silica gel
(mobile phase: 10% acetone in n-hexane) to give the desired product as an off-white solid in
91% yield (146 mg, 0.64 mmol).

R (silica gel; acetone:n-hexane 1:9): 0.1.
m.p. (cryst. from EtOAc): 98.2-98.9 °C.

1H NMR (400 MHz, CDCI3): &/ppm = 1.39-1.42 (m, 2H), 1.82-1.85 (m, 2H), 1.96 (m, 2H),
2.15-2.19 (m, 4H), 2.38-2.41 (m, 2H), 3.24 (m, 1H), 7.16-7.20 (m, 1H), 7.32-7.35 (m, 2H),
7.63-7.65 (m, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 28.2 (2CH), 35.8 (CHz), 36.9 (CH), 39.2 (2CH>), 42.7
(2CHy), 54.2 (C), 120.5 (CH), 121.7(CH), 124.4(CH), 127.7(CH), 145.2 (C), 155.8 (C),
192.5 (C).

IR (neat): V /em™' =2916,2849, 1587, 1448, 1200, 1184, 1077, 1009, 950, 885, 774, 751, 476.

HRMS: m/z = 224.1440 ([M+H]"; calculated for CisHisN*™ m/z =224.1434).
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2.7.2 Synthesis of imine derivative 6

Me

=N

Under inert atmosphere, amine 2j (680 mg, 1 eq., 2.55 mmol) was dissolved in dry THF
(180 mL) and K2COs (1750 mg, 5 eq., 12.7 mmol) and Iz (3880 mg, 6 eq., 15.3 mmol) were
added simultaneously. The mixture was stirred for 8 minutes, poured into 1N Na»S20;3 (360 mL,
aq.) and extracted with CH2CLz (3x200 mL). The organic phases were combined, washed with
brine and dried over Na2SOj4 (anhydrous). After filtration the solvent was evaporated in vacuo
to give the crude residue (720 mg) which was purified via flash column chromatography on
silica gel (mobile phase: 10% acetone in n-hexane) to give the desired product as an off-white
solid in 84% yield (565 mg, 2.13 mmol).

Re (silica gel; acetone:n-hexane 1:9): 0.2.
m.p. (cryst. from EtOAc): 100.2-100.7 °C.

H NMR (400 MHz, CDCl3): &/ppm = 1.54 (s, 6H), 1.81-1.84 (m, 2H), 1.95-2.00 (m, 6H),
2.16-2.20 (m, 3H), 2.23 (m, 1H), 2.68 (m, 1H), 7.20-7.24 (m, 2H), 7.29-7.33 (m, 1H).

13C NMR (101 MHz, CDCls): 8/ppm = 29.0 (2CHz), 33.9 (2CH), 36.1 (CHa), 38.6 (2CHa),
38.8 (C), 43.1 (CH), 46.7 (2CH), 56.5 (C), 124.6 (CH), 125.6 (CH), 126.6 (CH), 137.7 (C),
140.2 (C), 171.9 (C).

IR (neat): V /em™' =2981,2910, 2850, 1674, 1489, 1446, 1354, 1260, 1142, 1078, 1045, 1025,
365,907, 751, 730, 657, 625, 568, 529.

HRMS: m/z = 266.1907 ([M+H]*; calculated for CioH2aN" m/z = 266.1903).
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2.7.3 Synthesis of piperidine derivative 7

Under inert atmosphere, BF3-Et20 (140 ul, 2 eq., 1.13 mmol) was dissolved in dry toluene
(100 mL) and dry THF (40 mL). The solution was cooled to -78 °C. Imine 6 (150 mg, 1 eq.,
0.57 mmol) was dissolved in dry THF (10 mL) and added. The mixture was stirred for 5 min at
-78 °C. MeLi (1060 pl, 3 eq., 1.70 mmol) was added dropwise, and the mixture was slowly
allowed to heat to room temperature (22 °C) overnight. The reaction was quenched with
20% NaOH (50 mL, aq.) and after separation of the phases, the aqueous phase was extracted
with EzO (2x 70 mL). The combined organic phases were washed with brine and dried over
NazSO4 (anhydrous). After filtration the solvent was evaporated in vacuo to give the crude
residue (200 mg) as a yellowish oil, which was purified via flash column chromatography on
silica gel (mobile phase: 1% EtOAc in c-hexane.) to give the desired product as an off-white
solid in 81% yield (129 mg, 0.46 mmol).

R (silica gel; EtOAc:c-hexane 1:99): 0.5.
m.p. (cryst. from CDCls): 79.6-80.8 °C.

IH NMR (400 MHz, CDCl5): 8/ppm = 1.20 (s, 3H), 1.50 (m, 1H), 1.61 (s, 3H), 1.69 (s, 3H),
1.75-1.80 (m, 3H), 1.85 (m., 1H), 1.95-2.00 (m, 3H), 2.15-2.30 (m, 4H), 2.34 (m, 1H), 7.24-
7.34 (m, 4H).

13C NMR (101 MHz, CDCl3): §/ppm = 23.0 (CH3), 28.8 (CH3), 29.1 (CH3), 32.3 (CH2), 33.7
(CH2), 34.9 (CH), 36.3 (CH), 36.3 (CHz), 38.1 (CH), 38.9 (CHz), 39.7 (C), 44.3 (CH2), 52.6
(C), 55.0 (C), 123.6 (CH), 125.8 (CH), 126.1 (CH), 126.6 (CH), 142.8 (C), 143.6 (C).

IR (neat): V /cm™ =2908, 2856, 1480, 1440, 1367, 1345, 1173, 1138, 1104, 1084, 1050, 1023,
920, 745, 715, 663, 637, 561, 536, 497.

HRMS: m/z = 282.2218 ([M+H]"; calculated for C20H2sN* m/z =282.2216).
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2.7.4 Synthesis of nitroxyl derivative 8

A mixture of amine 7 (140 mg, 1 eq., 0.50 mmol) and NaxWQO4-2H>0 (82 mg, 0.5 eq.,
0.25 mmol) in MeOH (1.5 mL) was stirred at room temperature for 45 min. Urea hydrogen
peroxide (187 mg, 4.0 eq., 1.99 mmol) was added at 22 °C. After stirring for 3.25 h, the reaction
mixture was quenched with saturated NaHCO3 solution (50 mL, ag.). The mixture was extracted
with CH2Cl2 (2x 30 mL) and the organic layer was dried over NaxSO4 (anhydrous) and
concentrated in vacuo. The crude material was purified via flash column chromatography on
silica gel (mobile phase: 10% EtOAc in cHex.) to give the desired product as an orange solid
in a yield of 76 % (112 mg, 0.38 mmol).

m.p. (cryst. from EtOAc): 118.1-119.9 °C

IR (neat): V /em™! =2923, 2897, 1492, 1444, 1371, 1361, 1350, 1254, 1179, 1108, 1090, 1052,
1040, 1023, 754, 584, 549, 584, 549, 508.

HRMS: m/z = 319.1914 ([M+Na]*; calculated for Cao0H2sNONa+* m/z =319.1907)
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2.8 NMR spectra of compounds 5-7
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2.9 Synthesis compounds 12-16

2.9.1 Synthesis of precursor 12

1-Amino-adamantan-2-ol* (850 mg, 1. eq., 5.1 mmol) was dissolved in DMF (5 mL) and K>CO;
(1550 mg, 2.2 eq., 11.2 mmol) and benzyl bromide (670 pL, 1.1 eq., 5.6 mmol) were added and
the mixture was heated to 80 °C overnight. The reaction was quenched with water and extracted
with EtOAc (2x). The combined organic phases were washed with brine, dried over Na>SO4
(anhydrous), filtered and the solvent was removed in vacuo. Flash column chromatography on
silica gel (mobile phase: 20% EtOAc in n-hexane) to give a white solid in a yield of 50%
(650 mg, 2.5 mmol).

Rt (silica gel; Et2O:n-hexane 5:95): 0.3.
m.p. (cryst. from EtOAc): 77.0-78.0 °C.

IH NMR (400 MHz, CDCls): 8/ppm = 1.45-1.69 (m, 7H), 1.73-1.85 (m, 3H), 2.01 (m, 1H),
2.10 (m, 1H), 2.21 (m, 1H), 2.63 (m, 1H), 3.68 (d, J = 12.9 Hz, 1H), 3.92 (d, J = 12.9 Hz, 1H),
7.26 (m, 1H), 7.31-7.37 (m, 4H).

13C NMR (101 MHz, CDCl3): 8/ppm = 29.7 (CH), 30.1 (CHa), 30.5 (CH), 31.5 (CH), 36.6
(CH>), 37.2 (CHz), 40.4 (CHa), 44.1 (CH>), 52.0 (CH2), 66.8 (CH), 68.5 (C), 127.2 (CH), 128.3
(2CH), 128.6 (2CH), 140.8 (C).

IR (neat): V fem™ =3252,2911, 2849, 1494, 1451, 1355, 1298, 1221, 1114, 1087, 1070, 1028,
978, 960, 936, 909, 882, 789, 753, 734, 695, 670, 607, 559, 471.

HRMS: m/z = 258.1853 ([M+H]*; calculated for C7H24NO* m/z = 258.1852).

3Synthesis according to literature procedure: J. J. Rohde, M. A. Pliushchev, B. K. Sorensen, D.
Wodka, Q. Shuai, J. Wang, S. Fung, K. M. Monzon, W. J. Chiou, L. Pan, X. Deng, L. E.
Chovan, A. Ramaiya, M. Mullally, R. F. Henry, D. F. Stolarik, H. M. Imade, K. C. Marsh, D.
W. A. Beno, T. A. Fey, B. A. Droz, M. E. Brune, H. S. Camp, H. L. Sham, E. U. Frevert, P. B.
Jacobson, J. T. Link, J. Med. Chem., 2007, 50, 149-164.

S134



2.9.2 Synthesis of precursor 13

1-Bromo-2-amino adamantane® (580 mg, 1. eq., 2.5 mmol) was dissolved in dry THF (5 mL)
and K2COs (517 mg, 1.5 eq., 3.8 mmol) and benzyl bromide (643 mg, 1.5 eq., 3.8 mmol) were
added and the reaction mixture was heated to 50 °C overnight. The reaction was quenched with
water and extracted with EtOAc (2x 50 mL). The combined organic phases were dried over
Na2SO4 (anhydrous), filtered and the solvent was removed in vacuo. Flash column
chromatography on silica gel (mobile phase: n-hexane/ether/trimethylamine 10/1/0.1) gave a
clear liquid in a yield of 27% (215 mg, 0.7 mmol).

R (silica gel; MeOH (1% NH3 ag.):CH2CLa2 1:99): 0.8.

TH NMR (400 MHz, CD>CL): 8/ppm = 1.42 (m, 1H), 1.73-1.77 (m, 3H), 1.86 (m, 1H), 2.01-
2.09 (m, 4H), 2.22- 2.25 (m, 2H), 2.41-2.51 (m, 2H), 2.82 (m, 1H), 3.04 (m, 1H), 3.71 (d,
J=13.1Hz, 1H), 3.87 (d, J = 13.1 Hz, 1H), 7.23-7.40 (m, 5H).

13C NMR (101 MHz, CDCls): 8/ppm = 29.5 (CHz), 33.3 (CH), 33.4 (CH), 34.6 (CH), 36.5
(CH»), 36.5 (CH2), 44.0 (CH,), 50.6 (CH2), 51.9 (CH,), 68.4 (CH), 76.0 (C), 127.3 (CH), 128.7
(2CH), 128.8 (2CH), 141.6 (C).

IR (neat): V /em™! =3027,2910, 2852, 1698, 1602, 1495, 1450, 1354, 1289, 1215, 1126, 1023,
982, 963, 942, 907, 811, 777, 736, 697, 662, 603, 494, 464.

HRMS: m/z = 322.0990 ([M+H]*; calculated for C;7H2:BrN* m/z =322.0988).

Synthesis according to literature procedure: R. Hrdina, M. Larrosa, C. Logemann J. Org.
Chem., 2017, 82, 4891-4899.
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2.9.3 Synthesis of precursor 145

e
o

14

Compound 13 was solved in dry diethylether, and HCI in diethylether was added dropwise until
precipitation was completed. The resulting solid was washed with diethylether and dried in
vacuo to yield compound 14 in quantitative yield.

'H NMR (400 MHz, CD2Clz): 8/ppm = 1.49 (m, 1H), 1.64 (m, 1H), 1.72 (m, 1H), 1.80 (m, 1H),
1.99 (m, 1H), 2.15- 2.25 (m, 3H), 2.41-2.47 (m, 2H), 2.66 (m, 1H), 3.24 (m, 1H), 3.33 (m, 1H),
4.40 (m, 1H), 4.80 (m, 1H), 7.41-7.43 (m, 3H), 7.80-7.82 (m, 2H), 9.27 (m, 1H), 10.68 (m, 1H).

13C NMR (101 MHz, CD2Clz): 8/ppm = 29.16 (CHz2), 31.55 (2CH), 33.74 (CH), 35.14 (CH2),
35.69 (CH2), 43.19 (CH2), 50.02 (CH2), 50.44 (CHz), 64.68 (C), 65.84 (CH), 129.02 (2CH),
129.25 (CH), 130.57 (C), 130.80 (2CH).

2.9.1 Synthesis of heterocycle 15

Cl

ﬁnp

15

Under inert atmosphere, iminium salt 1es (130 mg, 1 eq., 0.3 mmol) and 4-chlorobenzonitrile
(183 mg, 4 eq., 1.4 mmol) were dissolved in dry 1,2-dichlorobenzene (1 mL). The mixture was
heated to 140 °C overnight, cooled to room temperature, diluted with EtOAc (10 mL), washed
with 2M NaOH (agq.), water and brine, dried over Na2SO4 (anhydrous), filtered and evaporated
in vacuo. The crude residue was purified via flash column chromatography on silica gel (mobile
phase: 5% MeOH (1% NHj3 (ag.)) in CH2Cl2) and further purified via semi-preparative HPLC
(column C18H, mobile phase 85% acetonitrile, 15% TBME, 0.05% TEA, t; = 4.9 min, flow
0.3 CV/min) to give 15 as a white solid in a yield of 12% (15 mg, 0.04 mmol).

Rt (silica gel; EtOAc:n-hexane 2:3): 0.1.
m.p. (cryst. from CH2Cl2): 138.0-140.2 °C.

'H NMR (400 MHz, CDCl3): &/ppm = 1.45 (m, 1H), 1.59-1.71 (m, 6H), 1.86 (m, 1H), 1.99 (m,
3H), 2.12 (m, 1H), 2.24 (m, 1H), 3.02 (m, 1H), 4.03 (d, /= 16.0 Hz, 1H), 4.55 (d, /= 16.0 Hz,
1H), 7.24 (m, 1H), 7.28 (m, 1H), 7.30-7.36 (m, 5H), 7.51-7.53 (m, 2ZH).
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B3C NMR (101 MHz, CD2Cl,): 8/ppm = 28.1 (CH), 30.2 (CH), 30.3 (CH), 30.8 (CHa), 36.8
(CH>), 37.3 (CHa), 38.8 (CH>), 42.1 (CHz), 52.5 (CH>), 63.7 (C), 74.8 (CH), 127.5 (2CH), 127.6
(CH), 128.6 (2CH), 128.9 (2CH), 129.3 (2CH), 130.6 (C), 136.1 (C). 138.0 (C). 167.6 (C).

IR (neat): V /em™' = 2912, 2851, 1657, 1601, 1583, 1552, 1489, 1450, 1406, 1359, 1324,
11309, 1256, 1176, 1130, 1093, 1014, 980, 908, 841, 808, 732, 719, 696, 630, 606, 572, 544,
498, 471, 460, 433.

HRMS: m/z = 377.1781 ([M+H]" ; calculated for C24H26CIN>* m/z = 377.1779)
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2.9.1 Synthesis of heterocycle 16 using published method

Cl
N=—
o
16

Under inert atmosphere, adamantane-N-methyl-oxazolidinone* (104 mg, 1 eq., 0.5 mmol) and
4-chlorobenzonitrile (274 mg, 4 eq., 2.0 mmol) were dissolved in dry 1,2-dichlorobenzene
(0.5 mL) and triflic acid (220 pL, 5 eq, 375 mg, 2.5 mmol) was added. The mixture was heated
to 140 °C overnight, cooled to room temperature, diluted with EtOAc (10 mL), washed with
2M NaOH (agq.), water and brine, dried over Na:SO4 (anhydrous), filtered and evaporated in
vacuo. The crude residue was purified via flash column chromatography on silica gel (mobile
phase: 5% MeOH in CH2CL:.) to give the desired product as an off-white solid in 13% yield
(20 mg, 0.07 mmol).

Rt (silica gel; EtOAc:n-hexane 2:3): 0.1.
m.p. (cryst. from CH2Cl»): 159.8-161.4 °C

"H NMR (400 MHz, CD:CL): 8/ppm = 1.55 (m, 2H), 1.65-1.70 (m, 4H), 1.80-1.88 (m, 3H),
1.95 (m, 1H), 2.13-2.18 (m, 2H), 2.28 (m, 2H), 2.65 (s, 3H), 2.74 (m, 1H), 7.37-7.39 (m, 2H),
7.44-7.47 (m, 2H).

13C NMR (101 MHz, CD2CL): 8/ppm = 28.1 (CH), 29.9 (CH), 30.4 (CHa), 30.5 (CH), 34.6
(CH), 36.8 (CHa), 37.0 (CHa), 38.6 (CH,), 42.1 (CHa), 63.6 (C), 75.7 (CH), 128.4 (CH), 129.3
(CH), 131.6 (C), 135.1 (C), 167.4 (C).

IR (neat): ¥ /em™ =2906, 2846, 1650, 1600, 1577, 1547, 1522, 1487, 1452, 1397, 1345, 1323,
1306, 1257, 1229, 1193, 1154, 1121, 1086, 1073, 1040, 1006, 925, 894, 846, 833, 805, 788,
760, 738, 717, 696, 631, 604, 574, 549, 502, 485, 468, 430.

HRMS: m/z = 301.1469 ([M+H]*; calculated for CisH22CIN2* m/z = 301.1466)

“Synthesis in accordance to literature procedure: R. Hrdina, M. Larrosa, C. Logemann,
J. Org. Chem,. 2017, 82, 4891-4899.
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2.10 NMR spectra of compounds 12-16
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3. Mechanistic experiments

3.1 Synthesis experiments

3.1.1 Separated Friedel-Crafts alkylation

Hz

M
“H
S

OH eOT
NH O oty @ workup NH
_— —= 2, ——
CgHaCla, g oTf
80°C
(12) 1 (2e)

Compound 12 (70 mg, 1. eq., 0.27 mmol) was dissolved in dry 1,2- dichlorobenzene (600 puL)
and triflic acid (48 pL, 2 eq., 0.54 mmol) was added. The reaction mixture was heated to 80 °C
overnight. The reaction was quenched with 2M NaOH (10 mL, aq.) and extracted with EtOAc
(2x 10 mL). The combined organic phases were washed with water and brine, dried over
Na2S04 (anhydrous), filtered and the solvent was removed in vacuo to give the crude residue
as a turbid oil. "H NMR spectrum of crude reaction mixture showed a ratio of starting material
12 (SM) to product 2e (P) of 1:2.
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3.1.2 Thermal reactions of 1es with and without catalyst

HN\@ o

- . NH,OTf
CoD4Cly, 140 °C

(1eg) (2e4)

Iminium salt (80 mg, 1 eq., 0.21 mmol) was dissolved in deuterated dichlorobenzene (600 pL)
inside a screw-cap NMR tube, flushed with nitrogen and the baseline measurement ('H NMR)
was taken. The sample was heated to 140 °C overnight, removed from heating and the next
'H NMR spectrum was measured. Triflic acid (9 pL, 0.5 eq., 0.10 mmol) was added, the tube
was flushed with nitrogen again, and heated to 140 °C. After 3 hours the sample was removed
from the heating, a "H NMR spectrum was measured, and the sample was reheated overnight.

Before heating
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3.1.3 Thermal reaction of 3as with nitrile 17 towards 16

Cl
Me cl
e .
T + N-Me
CN  CgH4Cly, 140 °C
(3a,) (7 (16)

Under inert atmosphere, iminum salt 3as (157 mg, 1 eq., 0.5 mmol) and 4-chlorobenzonitrile
(274 mg, 4 eq., 2.0 mmol) were dissolved in dry 1,2-dichlorobenzene (0.5 mL). The mixture
was heated to 140 °C overnight, cooled to room temperature, diluted with EtOAc (10 mL),
washed with 2M NaOH (agq.), water and brine, dried over Na:SOj4 (anhydrous), filtered and
evaporated in vacuo. The crude residue was analysed via '"H NMR, and comparison with the
pure target compound (16) showed it to be the main compound in the mixture (yield >90%).
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3.1.4 Thermal reaction of 1es with nitrile 17 towards 15

Cl

Cl
e .
T - N
CN  CgH4Clp, 140 °C

1eg {7 (15}

Under inert atmosphere, iminium salt 2es (130 mg, 1 eq., 0.3 mmol) and 4-chlorobenzonitrile
(183 mg, 4 eq., 1.4 mmol) were dissolved in dry 1,2-dichlorobenzene (1 mL). The mixture was
heated to 140 °C overnight, cooled to room temperature, diluted with EtOAc (10 mL), washed
with 2M NaOH (agq.), water and brine, dried over Na>SO4 (anhydrous), filtered and evaporated
in vacuo. The crude residue was analysed via 'H NMR spectrometry, and comparison with the
pure target compound showed heterocycle 15 in a mixture with Friedel-Crafts product 2e in a
ratio of 1:1.7.
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3.1.5 Kinetic models

The description of model I is depicted in Figure 4. In this case the role of the catalyst is the
protonation of the intermediate 10. The rearrangement is a reversible non-catalysed thermal
reaction, described using estimated kinetic constants k= 1.0e™ s and ko= 7.7¢° s’!. The
following reaction is a diffusion controlled irreversible protonation of intermediate 10 described
using estimated kinetic constant ks= 9.7¢'?s™ The last reaction is an irreversible Friedel-Crafts
reaction described using estimated kinetic constant ka= 3.4e s\

d(
( df‘) = —k, * (1e,) +k, * (10)

€] e
D0 Tr0
A . (e U kpeiCe) ~ (L0~ (L0) # (HEAY
g + HA — @A dt ! <
-—

(10) (1) d(HA
(dt L —k; * (10) * (HA) + k, = (11)
o d(11
owﬂﬁv@ ” Gio (1) _ ks * (10) * (HA) — kg * (11)
® N L NH, OTf dt
RN A
A
d(2es)_k + (11)
) (20,) de ¢

Fig. 4. Description of model I and its system of rate equations.

The kinetic constants were chosen according to estimated Gibbs free energy of the individual
reactions in the cascade at 140 °C with pre-exponential factor of the Eyring equation supposed
to be 1. Rearrangement reaction ([1,2]-alkyl shift) AG= 31.9 kcal/mol, inverse reaction
AG= 5.8 kcal/mol, barrier free protonation diffusion controlled at 140 °C (ks= 9.7¢'" s71),
Friedel-Crafts reaction AG= 25.3 kcal/mol.

Solutions of the differential rate equations were calculated by Octave 5.2.0 for 5, 20 and 50
mol% catalyst loading (Fig. 5)

S155



Model | 5%

100000

— (les]
(10}
e (HA)
08 - i
e (205]
05 /
<
2 /
g
E
:
o 04
02
0 " . L
o 20000 40000 60000 80000
time [s]
Model | 20%
1 T T T
— (les]
— (10}
e (HA)
08 / m
/ s (205)
=08
<
2
g
€
&
g
o 04
0z
0
o 20000 40000 60000 80000 100000
time [s]
Model | 50%
1 T T T
08 - /
06
c
s
E
T
H
§
S 04
0zt
0
o 20000 40000 60000 80000 100000
time [s]

Fig. 5 Solutions of differential rate equations of model T by Octave 5.2.0 for 5, 20 and 50 mol% catalyst loading.
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The description of model II is shown in Figure 6. The role of the catalyst is the activation of
starting material les. In this case we assume that the rearrangement is an irreversible catalysed
reaction, described by estimated kinetic constant k1= 7.7¢** s, Followed by a Friedel-Crafts
reaction described by estimated kinetic constant ke=4.7¢ 57,

H-N . ot 1 d(1e,) )
Y orr o ® ‘N’L@ S = ke (1) « (HA)
- gae
A dHA)
(te) () = k' (le) x (HA) +ky + (11)
e d(11
T H A ke ®o 9D s (re) « (HA) — Ky + (11)
® N — NH, OTf dt
®@
A A d(2ey) el
= *
) (2¢4) m 4+ (11)

Fig. 6 Description of model II and its system of rate equations.

The kinetic constants were chosen according to estimated Gibbs free energy of the individual
reactions in the cascade at 140 °C with pre-exponential factor of the Eyring equation supposed
to be 1. Rearrangement reaction ([1,2]-alkyl shift) AG = 30.3 kcal/mol, Friedel-Crafts reaction
AG=25.1 kcal/mol.

Solutions of the differential rate equations were calculated by Octave 5.2.0 for 5, 20 and 50
mol% catalyst loading (Fig. 7)
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Fig. 7 Solutions of differential rate equations of model II by Octave 5.2.0 for 5, 20 and 50mol% catalyst loading.
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3.1.6 Kinetic experiment with 5 mol% catalyst loading

HN® Sore

HOTf
NH,OTf

CsD4Clo, 140 °C

(1ey) (2e5)

Iminium salt les (350 mg, 1 eq., 0.90 mmol) was dissolved in deuterated dichlorobenzene
(2.2 mL) and triflic acid (7 mg, 0.05 eq., 0.04 mmol) was added. The mixture was stirred until
homogeneous and divided into six NMR tubes under nitrogen, closed and heated to 140 °C.
Every half hour, one sample was removed, cooled down to room temperature and analysed via
'H NMR spectrometry.
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30 12.5 120 115 110 105 10.0 95 %0 B5 &0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05 -10
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60 min
& a Fia | 14000
2 a 2q
M ° i
i | W) | 12000
| 10000
8000
| 6000
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d J 2000
1
J\ J ) L L Lo
& 5 g8
o (=] [ {--2000

T T T T T T T T T T T T T T T T T T T T T T T T T T T
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90 min
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\ |- 2000
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pm;

Kinetic constants of both models were fitted separately for 5 mol% of catalyst loading and the
change was evaluated in case of 20 and 50 mol% of the catalyst.

Table 2. Calibration of model I and model II for 5% catalyst loading.

F,F;ﬂnl]:: Experimental Model I  Model 1T
30 4% 7% 6%
60 10% 13% 13%
90 20% 19% 18%
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3.1.7 Kinetic experiment with 20 mol % catalyst loading

HN® i

HOTf
NH,OTf

CeD4Cly, 140 °C

(1e,) (2e5)

Iminium salt les (250 mg, 1 eq., 0.64 mmol) was dissolved in deuterated dichlorobenzene
(1.6 mL) and triflic acid (11 pL, 0.20 eq., 0.13 mmol) was added. The mixture was stirred until
homogeneous and divided into four NMR tubes under nitrogen, closed and heated to 140 °C.
Every half hour one NMR tube was removed, cooled down to room temperature and analysed
via '"H NMR spectrometry.

30 min
= =
5 a o
2 2 2n | 20000
= é i
| | Vi
{15000
i 10000
|- 5000
A | A A Iy, 0
b g3
3 @ ~g
L] o L

r T T T T T T T T T T T T T T T T T T T T T T T T T T T
3.0 125 12.0 11.5 11.0 105 100 95 %0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -.0
1 (ppm)

60 min
= =
H a H
o z oo
@ 3 ge
@ " ~N o {-20000
I Wi
{- 15000
|- 10000
|
(-5000
]
I J Lo
I 3 g8
~ o T o
~ s o | s006

3.0 125 12.0 115 11.0 105 100 95 90 85 B0 75 7.0 6.5ﬁ(6p.0 )5,5 50 45 40 35 30 25 20 1.5 10 05 00 -0.5 -L.O
pm]
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90 min

o

& a & | 14000
5 2 B
@ ) oo 12000
! Vi
|- 10000
I-8a00
I 6000
I-4a00
j 2000
;J’L J
g
o

S

137
1.00<

[--2000

T T T T T T T T T T T T T T T T T T T T T T T T T T T
125 12,0 1.5 11.0 105 100 &5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0
f1 (ppm)

Table 3. Comparison of experimental values to model I and model II for 20 mol % catalyst loadings.

E]Tr? Experimental Model T Model T
30 13% 13% 25%
60 2% 23% 43%
90 42% 33% 56%

According fo the values in table 3 we came to conclusion, that model I describes the real system
better than the model 1.
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3.1.8 Kinetic experiment with 50 mol % catalyst loading

HN® Sore

HOTf
NH,OTf

CsD4Clo, 140 °C

(1ey) (2e5)

Iminium salt les (80 mg, 1 eq., 0.21 mmol) was dissolved in deuterated dichlorobenzene
(0.5 mL), triflic acid (9 uL, 0.5 eq., 0.10 mmol) was added and the reaction mixture was heated
to 140 °C for exact 30 min. After cooling down to room temperature the mixture was analysed
via '"H NMR spectrometry.

& | 25000
nN
N
AN | 20000
|- 15000
| 10000
I-s000
0
iy i
~ 3 b
|--5000

T T T T T T T T T T T T T T T T T T T T T T T T T T T
25 120 11,5 11.0 105 100 95 90 85 B0 75 7.0 65 6':10(9 5.;5 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0
pm;

Table 4. Comparison of experimental to calculated conversion at 50% catalyst loading for both models.

Tml1e Experimental Model I  Model IT
/min
30 29% 16% 51%

In the case of 50 mol% of the TfOH the polarity of the system is significantly changed, which
may explain the increase in the overall speed of the reaction cascade.
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3.1.9 Dilution experiments

HN® Sore

HOTf
NH,OTf

CeD4Clp, 140 °C

(1ey) (284)

Iminium salt 1es (80 mg, 1 eq., 0.21 mmol) was dissolved in deuterated dichlorobenzene
(0.5 mL) and triflic acid (9 puL, 0.5 eq., 0.10 mmol) was added. The mixture was stirred until
homogeneous. 0.25 mL were transferred into a second Schlenk tube and further diluted with
deuterated dichlorobenzene (0.25 mL). Both reaction vessels were heated to 140 °C for exact
30 min and then 'H NMR spectra of reaction mixtures were directly measured at room
temperature. The found conversion to 2es is 26% (0.2 M exp.) and 29% (0.4M exp.).

This experiment indicates as well that the role of the catalyst is not the activation of the starting
material les

c=0.2M
© =
MmN
N
v (- 15000
|- 10000
|
|- s000
'
-j\\ JL.J‘\_,- m Lo
M =
— T — T —T T T
120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
f1 (ppm)
c=04M
H H
[} o w - 25000
3 3 5
@ &=3 ~N N
N | 20000
- 15000
|- 10000
| so00
(I, A Lo
8 g 't
~N =] o
|- -5000

T T T T T T T T T T T T T T T T T T T T T T T T T T 1
25 120 115 110 105 100 95 9.0 85 80 75 7.0 65 ﬁfiotp 5.? 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0
pm)
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3.1.10 Formation of intermediate 10 from precursor 13 and rearrangement to les

Br Oote Y Ogrr
NH ® NH
AgOTE . A
CeHeCla, ol
22°C

(13) (10) (1)

Precursor 13 (32 mg, 1.0 eq., 0.1 mmol) was dissolved in dry 1,2-dichlorobenzene (1 mL) and
silver triflate (26 mg, 1.0 eq., 0.1 mmol) was added while stirring. Immediate precipitation of a
white solid was observed. After 30 min, the mixture was filtered, washed with dichloromethane,
the solvent was evaporated in vacuo and the resulting crude residue was measured in deuterated
1,4-dichlorobenzene. '"H NMR spectra comparison of pure compounds showed the targeted
iminium species (1es) and noradamantane aldehyde (9), its hydrolysis product.

- 20000

|- 15000

— 13.01 Iminium

— 10.08 Aldehyde
—8.60 Iminium
_~2.92 Iminium
"~ 2.82 Aldehyde

- 10000

(5000

=

!

14

7 6
f1 (ppm)

HRMS: m/z = 240.1751 ([M+H]*; calculated for Ci7H2rN* m/z =240.1747).
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3.1.11 Formation of intermediate 11 from precursor 14 and no rearrangement to

185
p <) % <) -N® ©
P Nmcl %o S, om "N o
2 AgOTf 2
—_ — -
CgHyCly, g

(14) 2 1) (1eg)
Precursor 14 (35 mg, 1.0 eq., 0.1 mmol) was dissolved in dry 1,2-dichlorobenzene (1 mL) and
silver triflate (51 mg, 2.0 eq., 0.2 mmol) was added while stirring. Immediate precipitation of a
white solid was observed. After 30 min, the mixture was filtered, washed with dichloromethane,
the solvent was evaporated in vacuo and the resulting crude residue was measured in deuterated
1,4-dichlorobenzene. "H NMR and HRMS analysis showed no formation of target compound.

- 20000
15000
10000
5000

b AAN N Mil“db“\ N Lo

13 12 1 10 9 8 6 5 4 3 2 1 o 1

f1 {ppm)
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3.2 DFT analysis

3.2.1 Geometric Structures and Electronic energies (Hartree)

(10%)

11

0.879227000

0.899087000

1.688134000

1.845350000

1.341703000

3.223744000

3.144829000

3.858742000

2.907908000

3.344970000

2.809844000

3.867794000

4.832014000

3.979091000

4.642717000

4.432047000

1.635484000

0.648270000

2.095827000

1.940476000

-0.876693000

-1.951336000

-0.111186000

-0.666611000

-1.209804000

-1.269118000

-2.339224000

-1.172431000

-0.733818000

-0.214112000

-1.799597000

-0.530211000

-0.964178000

0.974822000

1.142067000

1.491452000

1.336341000

1.725035000

1.839358000

0.835095000

-0.050178000

-0.286749000

-1.010340000

1.251206000

2.055256000

0.953126000

0.743455000

1.838687000

-1.512877000

-2.364687000

-1.715876000

-0.226739000

-0.497844000

0.047946000

0.901998000

-0.802659000

-0.946494000

-0.709331000

-1.795229000

1.548746000
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0.954308000

2.548128000

2.593303000

2.627434000

-0.434871000

-0.770468000

-1.433778000

-1.146513000

-1.419525000

-2.819859000

-3.175245000

-3.762259000

-4.447775000

-2.455260000

-5.038039000

-3.503027000

-5.381678000

-4.715620000

-5.762142000

-6.374542000

1.252079000

0.987336000

1.550617000

2.631694000

-0.336423000

-0.634233000

-0.716436000

-0.221942000

-1.799210000

-0.292613000

1.061101000

-1.246684000

1.450976000

1.811642000

-0.857855000

-2.300517000

0.491015000

2.501110000

-1.607579000

0.794884000

E[B3LYP] = -715.405891

ZPVE[B3LYP] =0.355764

1.754839000

2.446331000

0.361957000

0.509248000

0.202063000

1.113386000

-0.825955000

-1.762476000

-1.019299000

-0.409297000

-0.388952000

-0.016567000

0.014125000

-0.698198000

0.388105000

-0.036692000

0.404528000

0.018456000

0.684398000

0.714502000
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(les*)

11

6

-2.845643000

-2.565233000

-3.158519000

-1.675617000

-3.894103000

-4.764207000

-3.049897000

-2.764122000

-3.555755000

-1.836477000

-0.951029000

-2.269662000

-2.837126000

-1.414265000

-2.063363000

-2.454243000

-1.210830000

-4.317779000

-4.859153000

-5.012170000

-3.093130000

-3.405144000

-0.396475000

-1.301614000

-2.323988000

-1.294804000

-0.284589000

-0.760698000

-1.415853000

-0.721428000

-1.733641000

-0.255334000

0.112637000

-0.045812000

1.595736000

1.878819000

2.273339%000

1.021070000

0.795659000

1.697424000

0.674595000

0.644274000

1.074790000

1.618403000

2.621248000

-0.823580000

-0.710307000

-0.441291000

-1.755857000

-0.442634000

0.277308000

0.350149000

1.563405000

1.864427000

2.410444000

1.092970000

1.715168000

1.045437000

1.933391000

0.968763000

-1.229260000

-2.223027000

-1.338871000

-0.130362000

-1.081112000

0.613957000

-0.254495000

-0.552162000

-0.920148000
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1

1

-0.315638000

0.659977000

1.973204000

1.894201000

2.101096000

3.092539000

3.852374000

3.369548000

4.875286000

3.660045000

4.392838000

2.798715000

5.144133000

5.466909000

4.611183000

5.944625000

0.624160000

-1.086875000

-1.022479000

-1.542149000

-1.654805000

-2.532278000

-0.615586000

-0.889774000

0.528817000

-0.025973000

-1.786966000

1.389095000

0.741413000

1.113182000

-0.248293000

2.267888000

1.781121000

-0.768850000

E[B3LYP] =-715.446810

ZPVE[B3LYP] =0.357217

-1.974641000

-0.212820000

-0.691142000

-1.773157000

-0.248538000

-0.287209000

0.853826000

-1.043209000

1.237989000

1.433799000

-0.659235000

-1.941819000

0.482970000

2.117758000

-1.253915000

0.777697000

0.773149000
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(10-H)

01

0.898823000

0.857365000

1.584357000

1.787794000

1.299312000

3.156881000

3.030317000

3.782368000

2.952897000

3.434664000

2.819682000

3.846199000

4.817216000

4.046744000

4.696299000

4.550967000

1.785695000

0.817130000

2.249198000

1.992025000

1.030475000

2.607533000

2.679443000

-0.769367000

-1.863171000

-0.525460000

-0.160876000

-0.321740000

-0.869890000

-1.941200000

-0.471151000

-1.237612000

-1.109177000

-2.315734000

-0.655738000

-1.162892000

0.854646000

1.275511000

1.017847000

0.984566000

1.490877000

1.146581000

1.349951000

1.869409000

1.767409000

1.568011000

0.263834000

0.426703000

-1.105007000

1.373641000

2.343465000

1.368387000

1.563041000

2.175176000

-1.107285000

-2.083168000

-0.958522000

0.005983000

0.001923000

-0.234619000

0.542073000

-1.194423000

-1.339554000

-1.347149000

-2.319823000

1.136328000

1.158495000

1.941975000

-0.226649000

S171



1

2.823919000

-0.451404000

-0.736136000

-1.469624000

-1.230674000

-1.469377000

-2.859539000

-3.088854000

-3.944944000

-4.372157000

-2.249431000

-5.231661000

-3.781537000

-5.449176000

-4.532948000

-6.061272000

-6.448257000

0.963637000

2.640600000

-0.197331000

-0.127635000

-0.960236000

-0.922104000

-2.029900000

-0.396682000

0.983556000

-1.247746000

1.495206000

1.649745000

-0.738168000

-2.319997000

0.636204000

2.567294000

-1.414849000

1.035813000

-0.942412000

E[B3LYP] =-716.281240

ZPVE[B3LYP] = 0.368608

-0.396169000

0.321218000

1.294511000

-0.402300000

-1.471369000

-0.127032000

-0.188865000

-0.231966000

0.035047000

-0.061092000

-0.391494000

0.201753000

0.081013000

0.154259000

-0.096902000

0.375078000

0.287623000

-1.904928000
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(Ad-H)

01

6

-1.010613000

-2.098920000

-0.663945000

-0.358008000

-0.611773000

-0.654731000

-1.118967000

-1.173401000

-2.264532000

-0.942932000

-0.877819000

-0.436065000

-1.963894000

-0.521586000

-0.891485000

1.010485000

1.277803000

1.484704000

1.173731000

1.557815000

1.650805000

0.877612000

1.256839000

1.237658000

1.206348000

2.176966000

0.037872000

0.064652000

1.202566000

2.055176000

-0.112440000

-0.166674000

-0.140699000

-1.274470000

-2.135761000

-1.348195000

-1.315284000

-2.247835000

-1.237824000

-1.285679000

-2.098232000

0.112468000

1.032558000

-0.724988000

1.274629000

2.214395000

-0.784996000

-0.914127000

-1.231743000

-1.502425000

-2.567850000

0.715687000

1.223414000

1.333743000

1.241354000

2.405267000

-0.879757000

-1.394632000

-1.010444000

0.620693000

1.060879000

0.784754000

1.846972000

0.298047000

-1.333481000

-1.789543000

-1.856103000

0.879719000

0.461294000
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6

1

1.142441000

1.534254000

2.622182000

1.270101000

0.074805000

0.127887000

E[B3LYP] = -390.610843

ZPVE[B3LYP] = 0.242494

(Ad*)

11

6 0.000000000
1 0.898683000
1 -0.898683000
6 0.000000000
6 0.000000000
1 0.000000000
6 1.267461000

2.164077000

1.305617000

1.246665000

1.234578000

2.133262000

1.254872000

2.168222000

0.000000000

0.000000000

1.439525000

1.944423000

1.944423000

0.000000000

1.449001000

2.503647000

0.731769000

1.249431000

0.753798000

-0.719763000

-1.750494000

-0.193929000

-0.724501000

-1.251823000

-1.463538000

-1.507597000

1.943636000

0.165989000

0.283650000

1.127069000

1.478115000

1.478115000

1.342380000

-0.502379000

-0.783865000

-0.982882000

-0.631686000

-2.076290000

1.127069000

1.478115000

1.478115000

-0.502379000

-0.783865000

-0.982882000

-2.076290000
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ZPVE[B3LYP] =

0.000000000

-1.246665000

-2.133262000

-1.234578000

-1.267461000

-2.164077000

-1.305617000

-1.254872000

-2.168222000

-2.498861000

-0.719763000

-0.193929000

-1.750494000

0.731769000

1.249431000

0.753798000

-0.724501000

-1.251823000

E[B3LYP] =-389.728733
0.229976

3.3 Isodesmic equation

B
NH

jlegy's

(10%) (Ad-H)

-0.631686000

1.127069000

1.478115000

1.478115000

-0.982882000

-0.631686000

-2.076290000

-0.502379000

-0.783865000

lsodesmlc
AH—3 5 keal/mol

S175

@E@

(Ad")

Scheme 6 An isodesmic equation to assess the contribution of the benz,
positive charge in the molecule (10%). Structures were optimized using D

(10-H)

lamino
method

roup on the stabilisation of
3LYP/6-311G(d,p).



4. Crystallographic data collection and refinement details

Diffraction data for all samples were collected at low temperatures (100K) using ¢- and w-scans
on a BRUKER D8 Venture System equipped with dual IuS microfocus sources, a PHOTON100
detector and an OXFORD CRYOSYSTEMS 700 low temperature system. Mo-Kq radiation
with a wavelength of 0.71073 A, Cu-K, radiation with a wavelength of 1.54178 A and a
collimating Quazar multilayer mirror were used.

Semi-empirical absorption corrections from equivalents were applied using SADABS.> The
structures were solved by direct methods using SHELXT® and refined against F2 on all data by
full-matrix least squares using SHELXL.” All non-hydrogen atoms were refined anisotropically
and C-H hydrogen atoms were positioned at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed
to 1.2x or 1.5x (CH3 hydrogens) the Ue value of the atoms they are linked to. All
crystallographic data were deposited with the Cambridge Crystallographic Database as
2000166 and 2000167 and can be obtained free of charge.®

4.1 Compound S

The structure of 5 was solved in the orthorhombic space group P2;2,2;. The asymmetric unit
contains two independent molecules of 5. Determination of the absolute structure proved to be
challenging because of the low hetero atom count. The Parsons parameter indicated correct
assignment of the absolute structure and this was confirmed using statistical analysis of Bijvoet
pairs, which also showed to indication for racemic twinning.’
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Table 5. Crystal data and structure refinement for 5.

CCDC No
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

2000166

CisH N

223.30

1002) K

1.54178 A

Orthorhombic

P2i2iq

a=72231() A o= 90°.
b=14.5123(4) A p=90°.
¢ =22.3944(6) A y=90°,
234747(11) A3

8

1.264 Mg/m?

0.553 mm'!

960

0.567 x 0.255 x 0.199 mm?

3.629 to 77.310°.
-9<h<9,-18<k<18,-28<]1<28
58893

4974 [R(int) = 0.0505]

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on F2

4974 /07308

1.041

R =0.0318, wR» = 0.0806

R =0.0331, wR, =0.0818

-0.12(14)

0.0019(3)

0.223 and -0.203 e.A"3
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Table6. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)

for 5. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z Uteq)
N(1) 7815(2) 5544(1) 4220(1) 18(1)
c(n 6947(2) 4989(1) 4571(1) 16(1)
) 7601(2) 4987(1) 5216(1) 15(1)
c3) 5925(2) 5237(1) 5613(1) 18(1)
C4) 4354(2) 4542(1) 5500(1) 20(1)
C3) 3763(2) 4580(1) 4841(1) 21(1)
C(6) 5418(2) 4337(1) 4431(1) 18(1)
l6)) 8268(2) 4003(1) 5367(1) 17(1)
C(8) 6691(2) 3319(1) 5249(1) 19(1)
C©) 5034(2) 3566(1) 5647(1) 22(1)
C(10) 6124(2) 3362(1) 4589(1) 20(1)
can 9096(2) 5698(1) 5180(1) 16(1)
c(12) 10289(2) 6067(1) 5600(1) 19(1)
C(13) 11541(2) 6748(1) 5420(1) 22(1)
C(14) 11616(2) 7033(1) 4827(1) 22(1)
C(15) 10426(2) 6657(1) 4401(1) 20(1)
C(16) 9167(2) 5996(1) 4584(1) 17(1)
N(21) 3435(2) 2688(1) 3486(1) 18(1)
cen 4330(2) 2244(1) 3081(1) 16(1)
C(22) 3761(2) 2431(1) 2443(1) 16(1)
C23) 5477(2) 2772(1) 2097(1) 20(1)
C24) 7013(2) 2041(1) 2144(1) 21(1)
C(25) 7550(2) 1898(1) 2802(1) 21(1)
C(26) 5848(2) 1556(1) 3160(1) 19(1)
c@n 3074(2) 1508(1) 2177(1) 20(1)
C(28) 4634(2) 790(1) 2224(1) 22(1)
C(29) 6328(2) 1132(1) 1876(1) 24(1)
C(30) 5166(2) 640(1) 2882(1) 22(1)
@31y 2268(2) 3136(1) 2551(1) 17(1)
C(32) 1125(2) 3633(1) 2173(1) 21(1)
C33) -147(3) 4247(1) 2425(1) 22(1)
34 272(2) 4354(1) 3041(1) 22(1)
C(3s) 874(2) 3855(1) 3424(1) 21(1)
C(36) 2135(2) 3250(1) 3170(1) 17(1)
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Table 7. Bond lengths [A] and angles [°] for 5.

N(1)-C(1)
N()-C(16)
C(1)-C(6)
C()-C(2)
C(2)-C(11)
C@)-CT)
C(2)-C(3)
C(3)-C4)
C(3)-H(3A)
C(3)-H(3AB)
C4)-C9)
C(4)-C(5)
C(4)-H4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5AB)
C(6)-C(10)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7AB)
C(8)-C(9)
C(8)-C(10)
C(8)-H(8)
C(9)-H(OA)
C(9)-H(9AB)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)

1.289(2)
1.430(2)

1.535(2)
1.538(2)
1.0000
1.548(2)
0.9900
0.9900
1.546(2)
1.0000
1.534(2)
0.9900
0.9900
1.535(2)
1.536(2)
1.0000
0.9900
0.9900
0.9900
0.9900
1.384(2)
1.404(2)
1.398(2)
0.9500
1.394(3)
0.9500
1.395(3)
0.9500
1.383(2)
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C(15)-H(15)
N(21)-C(21)
N(21)-C(36)
C(21)-C(26)
C(21)-C(22)
C(22)-C(31)
C(22)-C(23)
C(22)-C(27T)
C(23)-C(24)
C(23)-H(23A)
C(23)-H(23B)
C(24)-C(29)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-H(25A)
C(25)-H(25B)
C(26)-C(30)
C(26)-H(26)
C(27)-C(28)
C(27)-H(27A)
C(27)-H(27B)
C(28)-C(29)
C(28)-C(30)
C(28)-H(28)
C(29)-H(29A)
C(29)-H(29B)
C(30)-H(30A)
C(30)-H(30B)
C(31H)-C(32)
C(31)-C(36)
C(32)-C(33)
C(32)-H(32)
C(33)-C(34)
C(33)-H(33)
C(34)-C(35)
C(34)-H(34)

0.9500
1.286(2)
1.432(2)
1.494(2)
1.511(2)
1.505(2)
1.544(2)
1.548(2)
1.539(2)

0.9900

0.9900
1.532(2)
1.537(2)

1.0000
1.549(2)

0.9900

0.9900
1.549(2)

1.0000
1.538(2)

0.9900

0.9900
1.533(2)
1.538(2)

1.0000

0.9900

0.9900

0.9900

0.9900
1.385(2)
1.400(2)
1.398(2)

0.9500
1.393(2)

0.9500
1.394(2)

0.9500



C(35)-C(36)
C(35)-H(35)

C(1)-N(D)-C(16)
N(D-C(D)-CL6)
N(D-C(D-C(2)
C(6)-C(1)-C(2)
C(11)-C(2)-C(1)
C(11)-C(2)-C(7)
C(1)-C(2)-C(7)
C(11)-C(2)-C(3)
C(1)-C(2)-C(3)
C(7)-C(2)-C(3)
C#)-C(3)-C2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3AB)
C(2)-C(3)-H(3AB)
H(3A)-C(3)-H(3AB)
C(9)-C(4)-C(5)
C(9)-C(4)-C(3)
C(5)-C(4)-C(3)
C(9)-C(4)-H(4)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(H)-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5AB)
C(6)-C(5)-H(5AB)
H(5A)-C(5)-H(5AB)
C(1)-C(6)-C(10)
C(1)-C(6)-C(5)
C(10)-C(6)-C(5)
C(1)-C(6)-H(6)
C(10)-C(6)-H(6)
C(5)-C(6)-H(6)
C(8)-C(7)-C(2)
C(8)-C(7)-H(TA)

1.387(2)
0.9500

105.80(13)
129.07(15)
115.41(14)
115.51(13)
99.93(12)
115.11(13)
107.88(12)
115.73(13)
107.62(12)
109.61(13)
109.18(13)
109.8
109.8
109.8
109.8
108.3
109.19(14)
109.52(13)
109.79(13)
109.4
109.4
109.4
110.25(13)
109.6
109.6
109.6
109.6
108.1
106.79(13)
107.66(13)
109.15(14)
111.0
111.0
111.0
109.20(12)
109.8

C(2)-C(T-H(TA)
C(8)-C(7)-H(7AB)
C(2)-C(7)-H(7AB)
H(7A)-C(7)-H(7AB)
C(7)-C(8)-C(9)
C(7)-C(8)-C(10)
C(9)-C(8)-C(10)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(8)-H(8)
C(4)-C(9)-C(8)
C(4)-C(9)-H(OA)
C(8)-C(9)-H(9A)
C(4)-C(9)-H(9AB)
C(8)-C(9)-H(9AB)
H(9A)-C(9)-H(9AB)
C(8)-C(10)-C(6)
C(8)-C(10)-H(10A)
C(6)-C(10)-H(10A)
C(8)-C(10)-H(10B)
C(6)-C(10)-H(10B)
H{10A)-C(10)-H(10B)
C(12)-C(11)-C(16)
C(12)-C(11)-C2)
C(16)-C(11)-C(2)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(1 1)
C(15)-C(16)-N(1)

109.8
109.8
109.8
108.3
109.13(13)
109.70(13)
110.00(13)
109.3
109.3
109.3
109.91(13)
109.7
109.7
109.7
109.7
108.2
110.21(13)
109.6
109.6
109.6
109.6
108.1
120.35(15)
132.82(15)
106.83(13)
118.67(15)
120.7
120.7
120.65(16)
119.7
119.7
120.79(16)
119.6
119.6
118.29(15)
120.9
120.9
121.23(15)
126.74(15)
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C(11)-C(16)-N(1)
C(21)-N@21)-C(36)
N{21)-C(21)-C(26)
N(21)-C(21D)-C(22)
C(26)-C(21)-C(22)
C(31)-C(22)-C(21)
C(31)-C(22)-C(23)
C(21)-C(22)-C(23)
C(31)-C(22)-C(27)
C(21)-C(22)-C(27)
C(23)-C(22)-C(27)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23A)
€(24)-C(23)-H(23B)
€(22)-C(23)-H(23B)

H(23A)-C(23)-H(23B)

€(29)-C(24)-C(25)
€(29)-C(24)-C(23)
C(25)-C(24)-C(23)
C(29)-C(24)-H(24)
C(25)-C(24)-H(24)
C(23)-C(24)-H(24)
C(24)-C(25)-C(26)
€(24)-C(25)-H(25A)
€(26)-C(25)-H(25A)
C(24)-C(25)-H(25B)
€(26)-C(25)-H(25B)

H(25A)-C(25)-H(25B)

C(21)-C(26)-C(30)
C(21)-C(26)-C(25)
C(30)-C(26)-C(25)
C(21)-C(26)-H(26)
C(30)-C(26)-H(26)
C(25)-C(26)-H(26)
C(28)-C(2T-C(22)
C(28)-C(27)-H(2TA)
C(22)-C(27)-H(27A)
C(28)-C(27)-H(27B)

112.02(14)
105.45(13)
128.32(14)
116.11(14)
115.57(13)
99.55(12)
115.96(13)
108.29(13)
114.84(13)
107.23(13)
109.93(13)
108.82(13)
109.9
109.9
109.9
109.9
108.3
109.97(14)
109.50(14)
109.97(14)
109.1
109.1
109.1
109.79(13)
109.7
109.7
109.7
109.7
108.2
107.08(14)
107.89(13)
108.65(13)
111.0
111.0
111.0
108.98(13)
109.9
109.9
109.9

C(22)-C(27)-H(27B)

H(27A)-C(27)-H(27B)

C(29)-C(28)-C(27)
C(29)-C(28)-C(30)
C(27)-C(28)-C(30)
C(29)-C(28)-H(28)
C(27)-C(28)-H(28)
C(30)-C(28)-H(28)
C(24)-C(29)-C(28)
C(24)-C(29)-H(294)
C(28)-C(29)-H(294)
C(24)-C(29)-H(29B)
C(28)-C(29)-H(29B)

H(29A)-C(29)-H(29B)

C(28)-C(30)-C(26)
C(28)-C(30)-H(30A)
C(26)-C(30)-H(30A)
C(28)-C(30)-H(30B)
C(26)-C(30)-H(30B)

H(30A)-C(30)-H(30B)

C(32)-C(31)-C(36)
C(32)-C(31-C(22)
C(36)-C(31)-C(22)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32)
C(33)-C(32)-H(32)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H33)
C(33)-C(34)-C(35)
C(33)-C(34)-H(34)
C(35)-C(34)-H(34)
C(36)-C(35)-C(34)
C(36)-C(35)-H(35)
C(34)-C(35)-H(35)
C(35)-C(36)-C(31)
C(35)-C(36)-N21)
C(31)-C(36)-N21)

109.9
108.3
109.31(14)
109.48(14)
110.18(14)
109.3
109.3
109.3
109.66(14)
109.7
109.7
109.7
109.7
108.2
110.01(14)
109.7
109.7
109.7
109.7
108.2
120.14(15)
133.11(15)
106.75(14)
118.55(15)
120.7
120.7
120.87(16)
119.6
119.6
120.87(16)
119.6
119.6
117.82(15)
121.1
121.1
121.75(15)
126.12(15)
112.13(14)



Table 8. Anisotropic displacement parameters (A2x 10%) for 5. The anisotropic displacement factor exponent

takes the form: -2p?[ h? a*2U'! + ...

+2hka®b*U12]

UII U22 U33 U23 UI3 U12
N(I) 19(1) 20(1) 16(1) 1(1) oc1) 2(1)
c(1) 17(1) 16(1) 14(1) -1(1) -1(1) 3(1)
o)) 16(1) 16(1) 13(1) o -1(1) -1(1
Cc3) 18(1) 19(1) 18(1) -1(1) (1) 0(1)
C4) 16(1) 22(1) 22(1) 1(1) A1) -1
) 15(1) 22(1) 27(1) 1 3(1) 1(n
C(6) 19(1) 19(1) 17(1) o -A(1) (1)
) 16(1) 17(1) 18(1) 1) 2(1) 0D
C(®) 18(1) 16(1) 22(1) 41) 2(1) 01
c©) 20(1) 23(1) 24(1) FIgH) (N -4(1)
C(10) 19(1) 18(1) 22(1) 21 -4(1) -I(1)
cn 15(1) 15(1) 17(1) o 2(1) 1(1)
C(12) 20(1) 18(1) 18(1) 2(1) o(1) 2(1)
C(13) 19(1) 20(1) 28(1) -5(1) 2(1) -1(1)
C(14) 19(1) 17(1) 31(1) 2(1) A1) 21
C(15) 19(1) 19(1) 23(1) A1) 6(1) 2(1)
C(16) 17(1) 16(1) 17(1) 11 2(1) 3
N(21) 18(1) 21(1) 16(1) o) -1(1) -1(1)
cen 15(1) 17(1) 15(1) 1 -1(1) 3(1)
C(22) 17(1) 18(1) 13(1) -1(1 -1(D) -1
C23) 21(1) 23(1) 17(1) 2(1) 2(1) -I(1)
C24) 17(1) 28(1) 19(1) o 5(1) 21
C(25) 15(1) 26(1) 22(1) 2(1) -1(1) -I(D)
C(26) 18(1) 22(1) 17(1) 2(1) 21 2(1)
cen 17(1) 23(1) 21(1) -5(1) -1(1) -1
C(28) 19(1) 20(1) 26(1) 7(1) o(1) -I(1
C(29) 22(1) 28(1) 22(1) -6(1) 2(1) FISH)
C@30) 20(1) 19(1) 28(1) 1M 2(1) 2(1)
c3n 16(1) 17(1) 16(1) -2(1) -1(1) 2(1)
C(32) 22(1) 23(1) 16(1) o) 3(1) -I(1)
C33) 21(1) 21(1) 25(1) 2(1) -A(1) 1(n
C34) 19(1) 20(1) 27(1) A1) 1(1) (1)
C(33) 21(1) 23(1) 18(1) -4(1) o(1) -I(D
C(36) 17(1) 18(1) 17(1) -1(1) -1(1) 21
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Table 9. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)

for 5.
X y z Uleq)
H(3A) 6291 5221 6039 22
H(3AB) 5494 5868 5518 22
H(4) 3272 4697 5760 24
H(5A) 3308 5207 4744 26
H(5AB) 2740 4139 4771 26
H(6) 5060 4377 4000 22
H(7A) 9353 3843 5117 20
H(7AB) 8646 3971 5791 20
H(8) 7120 2681 5347 22
H(9A) 4020 3118 5581 27
H(9AB) 5404 3533 6072 27
H(10A) 5137 2904 4510 24
H(10B) 7201 3207 4334 24
H(12) 10257 5863 6003 22
H(13) 12348 7018 5706 26
H(14) 12488 7489 4710 27
H(15) 10478 6849 3996 24
H(23A) 5153 2875 1672 24
H(23B) 5915 3363 2267 24
H(24) 8124 2255 1917 26
H(25A) 8001 2485 2973 25
H(25B) 8561 1439 2830 25
H(26) 6161 1475 3591 23
H(27A) 1970 1291 2398 24
H(27B) 2723 1596 1753 24
H(28) 4200 194 2049 26
H(29A) 7325 664 1895 28
H(29B) 5993 1225 1451 28
H(30A) 6157 170 2909 27
H(30B) 4079 411 3107 27
H(32) 1203 3558 1753 25
H(33) -937 4595 2172 27
H(34) -1150 4772 3203 27
H(35) 794 3927 3845 25
S183



4.2 Compound 8

The structure of 8 was solved in the monoclinic space group C2/c. The asymmetric unit contains one molecule of

8.

Table 10. Crystal data and structure refinement for 8.

CCDC No
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2o(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

20000167

CpHx N O

296.42

100(2) K

0.71073 A

Monoclinic

Ce

a=27.1498(9) A o= 90°,

b=10.3031(3) A = 91.1403(16)°.

c=11.3085(4) A ¥=90°.
3162.67(18) A3

8

1.245 Mg/m?

0.075 mm'!

1288

0.331 x 0.125 x 0.048 mm?

2.114 1o 31.505°.

-39 <h<39,-15<k<15,-16<1<16
63246

5274 [R(int) = 0.0578]

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
5274/0/203

1.039

Ry =0.0460, wR>=0.1193

Ry = 0.0607, wRz = 0.1303

0.0024(4)

0.393 and -0.259 ¢. A~

S184

169



Table 11. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)

for 8. U(eq) is defined as one third of the trace of the orthogonalized UV tensor.

X y z Uteq)
o 2990(1) 8403(1) 2780(1) 22(1)
N(1) 3244(1) 7418(1) 3129(1) 15(1)
i 3001(1) 6126(1) 2998(1) 14(1)
@) 2537(1) 6143(1) 3759(1) 19(1)
c3) 2845(1) 5948(1) 1686(1) 20(1)
C(4) 3347(1) 5034(1) 3390(1) 14(1)
6] 3176(1) 3762(1) 3247(1) 17(1)
C(6) 3472(1) 2705(1) 3533(1) 18(1)
) 3952(1) 2911(1) 3939(1) 19(1)
C(8) 4121¢1) 4170(1) 4114(1) 18(1)
0] 3822(1) 5247(1) 3870(1) 14(1)
c(10) 3990(1) 7276(1) 1983(1) 20(1)
c(11) 3789(1) 7570(1) 3217(1) 14(1)
c(12) 3982(1) 6619(1) 4182(1) 13(1)
C(13) 3754(1) 6978(1) 5392(1) 16(1)
C(14) 3882(1) 8375(1) 5742(1) 18(1)
c(15) 3680(1) 9301(1) 4787(1) 18(1)
Ci16) 3911(1) 8978(1) 3595(1) 16(1)
camn 4473(1) 9133(1) 3726(1) 21(1)
c(18) 4673(1) 8193(1) 4669(1) 21(1)
c(19) 4544(1) 6785(1) 4329(1) 19(1)
C(20) 4442(1) 8519(1) 5860(1) 23(1)
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Table 12. Bond lengths [AJ and angles [°] for 8.

O(1)-N(1)
N(1)-C(11)
N(D-C(1)
C(1)-C(4)
C(1)-C(2)
C(1)-C(3)
C(2)-H(2A)
C(2)-H(2B)
C(2)-H(2C)
C(3)-H(3A)
C(3)-H(3B)
C(3)-H(3C)
C(4)-C(5)
C(4)-C(9)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(12)
C(10)-C(11)
C(10)-H(10A)
C(10)-H({10B)
C(10)-H(10C)
C(11)-C(16)
C(11)-C(12)
C(12)-C(19)
C(12)-C(13)
C(13)-C(14)
C(13)-H(13A)
C(13)-H({13B)
C(14)-C(20)
C(14)-C(15)
C(14)-H(14)

1.2860(10)
1.4892(12)
1.4931(12)
1.5256(13)
1.5406(14)
1.5450(13)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.3982(13)
1.4065(13)
1.3878(14)
0.9500
1.3898(14)
0.9500
1.3891(14)
0.9500
1.4000(13)
0.9500
1.5185(13)
1.5380(13)
0.9800
0.9800
0.9800
1.5463(13)
1.5503(13)
1.5405(13)
1.5578(13)
1.5307(14)
0.9900
0.9900
1.5315(15)
1.5337(15)
1.0000
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C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(18)-C(20)
C(18)-C(19)
C(18)-H(18)
C(19)-H(19A)
C(19)-H(19B)
C20)-H(20A)
C(20)-H(20B)

O(D)-N(1)-C(11)
O(1)-N(1)-C(1)
C(11)-N(1)-C(1)
N{D)-C(1)-C(4)
N(D)-C(1)-C(2)
C#)-C(1)-C(2)
N(1)-C(1)-C(3)
CH-C(1-C(3)
C(2)-C(1)-C(3)
C(1)-C(2)-H(2A)
C(1)-C(2)-H(2B)
H{2A)-C(2)-H(2B)
C(1)-C(2)-H(2C)
H(Q2A)-C(2)-H(2C)
H(2B)-C(2)-H(2C)
C(1)-C(3)-H(3A)
C(1)-C(3)-H(3B)
H{3A)-C(3)-H(3B)
C(1)-C(3)-H(3C)
H{3A)-C(3)-H(3C)
H(3B)-C(3)-H(3C)

1.5347(14)
0.9900
0.9900
1.5389(14)
1.0000
1.5317(16)
0.9900
0.9900
1.5343(16)
1.5394(15)
1.0000
0.9900
0.9900
0.9900
0.9900

117.74(8)
116.02(7)
122.55(7)
111.09(7)
107.45(8)
110.57(8)
108.20(8)
110.32(8)
109.03(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(5)-C(4)-C() 119.37(8) C(14)-C(13)-H(13B) 109.40

C(5)-Cd)-C() 117.16(8) C(12)-C(13)-H(13B) 109.40
C(9)-C@)-C(1) 123.47(8) H(13A)-C(13)-H(13B) 108.00
C(6)-C(5)-C(4) 121.29(9) C(13)-C(14)-C(20) 109.43(9)
C(6)-C(5)-H(5) 119.40 C(13)-C(14)-C(15) 109.08(8)
C(4)-C(5)-H(5) 119.40 C(20)-C(14)-C(15) 110.04(8)
C(5)-C(6)-C(7) 119.47(9) C(13)-C(14)-H(14) 109.40
C(5)-C(6)-H(6) 120.30 C(20)-C(14)-H(14) 109.40
C(7)-C(6)-H(6) 120.30 C(15)-C(14)-H(14) 109.40
C(8)-C(7)-C(6) 119.67(9) C(14)-C(15)-C(16) 109.68(8)
C®)-CT-HT) 120.20 C(14)-C(15)-H(15A) 109.70
C(6)-C(T-H(T) 120.20 C(16)-C(15)-H(15A) 109.70
C(7)-C(8)-C(9) 121.54(9) C(14)-C(15)-H(15B) 109.70
C(7)-C(8)-H(8) 119.20 C(16)-C(15)-H(15B) 109.70
C(9)-C(8)-H(8) 119.20 H(15A)-C(15)-H(15B) 108.20
C(8)-C(9)-C(4) 118.46(9) C(15)-C(16)-C(17) 108.34(8)
C(8)-C(9)-C(12) 121.93(8) C(15)-C(16)-C(11) 110.93(8)
C(4)-C9)-C(12) 119.49(8) CD-C16)-C(11) 109.23(8)
C(11)-C(10)-H(10A) 109.50 C(15)-C(16)-H(16) 109.40
C(11)-C(10)-H(10B) 109.50 C(17)-C(16)-H(16) 109.40
H(10A)-C(10)-H(10B) 109.50 C(11)-C(16)-H(16) 109.40
C(11)-C(10)-H(10C) 109.50 C(18)-C(17)-C(16) 109.86(8)
H(10A)-C(10)-H(10C) 109.50 C(18)-C(17)-H(17A) 109.70
H(10B)-C(10)-H(10C) 109.50 C(16)-C(17)-H(17A) 109.70
N(D-C(11)-C(10) 106.70(8) C(18)-C(17)-H(17B) 109.70
N(1)-C(11D)-C(16) 108.86(8) C(16)-C(17)-H(17B) 109.70
C0)-C(11)-C(16) 111.02(8) H(17A)-C(17)-H(17B) 108.20
N()-C(11)-C(12) 107.59(7) C(17)-C(18)-C(20) 109.11(9)
C(10)-C(11)-C(12) 113.14(8) C(17)-C(18)-C(19) 110.22(8)
C(16)-C(11)-C(12) 109.37(7) C(20)-C(18)-C(19) 109.31(9)
C(9)-C(12)-C(19) 114.11(8) C(17)-C(18)-H(18) 109.40
C(9-C2-C11) 109.49(7) C(20)-C(18)-H(18) 109.40
C(19)-C(12)-C(11) 109.02(8) C(19)-C(18)-H(18) 109.40
C(9)-C(12)-C(13) 107.90(7) C(18)-C(19)-C(12) 110.60(8)
C(19)-C(12)-C(13) 106.77(7) C(18)-C(19)-H(19A) 109.50
CD-CUD-C3) 109.44(7) C(12)-C(19)-H(19A) 109.50
C(14)-C(13)-C(12) 111.04(8) C(18)-C(19)-H(19B) 109.50
C(14)-C(13)-H(13A) 109.40 C(12)-C(19)-H(19B) 109.50
C(12)-C(13)-H(13A) 109.40 H(19A)-C(19)-H(19B) 108.10
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C(14)-C(20)-C(18)
C(14)-C(20)-H(20A)
C(18)-C(20)-H(20A)
C(14)-C(20)-H(20B)
C(18)-C(20)-H(20B)
H(20A)-C(20)-H(20B)

108.93(8)
109.90
109.90
109.90
109.90
108.30

S188

173



Table 13. Anisotropic displacement parameters (A2x 10) for 8. The anisotropic

displacement factor exponent takes the form: -2p2[ h? a*2U!'" + ... + 2hka*b*U'?]

UI 1 UZZ U33 UZ] u 13 U]Z
o) 22(1) 14(1) 31(1) D -6(1) 41
N(1) 14(1) 12(1) 17(1) o1y 2(1) A1)
a 15(1) 13(1) 16(1) -1(1) 2(1) 0(1)
Q) 15(1) 18(1) 23(1) 2(1) 1(1) 1(1)
c3) 22(1) 20(1) 17(1) -1 -6(1) 1(1)
C) 15(1) 13(1) 13() 1D o) 1(1)
() 18(1) 15(1) 17(1 21 2(1) -I(D)
C(6) 23(1) 13(1) 18(1) -1(D o) 0(1)
e 22(1) 15(1) 19(1) (1) -1(1) 4(1)
C(8) 18(1) 17(¢1) 18(1) 11 -3(1) 2(1)
C(9) 15(1) 13(1) 13(1) o) o (1)
c(10) 24(1) 21(1) 15(1) 1(1) 4(1) 0(1)
c(ny 14(1) 14(1) 14(1) 1(1) 1(1) 0(1)
c(12) 13(1) 13(1) 14(1) o(1) -1(1) 0(1)
C(13) 19(1) 15(1) 14(1) -I(D o)y 3(1)
C(14) 23(1) 17(1) 16(1) 31 2(1) 31
c(15) 21(1) 13(1) 21(1) 2(1) 3(1) 21)
C(16) 19(1) 12(1) 18(1) (1) 21) 2(1)
(17 18(1) 18(1) 26(1) -1(1) 5(1) -A(1)
c(18) 15(1) 21(1) 27(1) 3 2(1) A1)
c(19) 15(1) 18(1) 23(1) 2(1) 2(1) 0(1)
€(20) 24(1) 21(1) 22(1) A1) -5(1) 5¢1)
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Tableld. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3)

for 8.
X y z Uteq)
H(2A) 2328 6881 3528 28
H(2B) 2634 6225 4595 28
H(2C) 2353 5334 3639 28
H(3A) 2666 6721 1411 30
H(3B) 2630 5186 1607 30
H(3C) 3138 5824 1209 30
H(5) 2851 3619 2947 20
H(6) 3347 1847 3452 22
H(7) 4163 2194 4096 22
H(8) 4448 4303 4405 21
H(10A) 3924 6366 1782 30
H(10B) 4346 7434 1983 30
H(10C) 3827 7839 1397 30
H(13A) 3392 6879 5337 19
H(13B) 3881 6377 6009 19
H(14) 3729 8584 6515 22
H(15A) 3758 10209 5008 22
H(15B) 3317 9213 4721 22
H(16) 3783 9594 2978 20
H(17A) 4629 8950 2960 25
H(17B) 4554 10036 3957 25
H(18) 5039 8288 4739 25
H(19A) 4670 6188 4951 22
H(19B) 4705 6559 3579 22
H(20A) 4572 7924 6480 27
H(20B) 4527 9419 6093 27
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3 Synthesis of Noradamantane Derivatives by Ring-Contraction of the
Adamantane Framework

3.1 Abstract

We describe a triflic acid promoted cascade reaction of adamantane derivatives
consisting of a decarboxylation of A-methyl protected cyclic carbamates and
subsequent intramolecular nucleophilic 1,2-alkyl shift to generate ring contracted
iminium triflates. This reaction expands the family of similar transformations, such as
Wagner-Meerwein-,  Demjanov-Tiffeneau-, ~ Meinwald- or  (semi-)pinacol-
rearrangement. It allows the preparation of noradamantane derivatives in a few steps,
starting from simple hydroxy-substituted adamantane precursors.

Published as: B. Zonker, ]. Becker and R. Hrdina, Org. Biomol. Chem. 2021, 19, 4027-
4031.

Reproduced from above-mentioned reference with permission from 7he Royal
Society of Chemistry.
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We describe a triflic acid promoted cascade reaction of adaman-
tane derivatives consisting of a decarboxylation of N-methyl pro-
tected cyclic carbamates and a subsequent intramolecular nucleo-
philic 1,2-alkyl shift to generate ring contracted iminium triflates.
This reaction expands the family of similar transformations, such as
Wagner—Meerwein-, Demjanov-Tiffeneau-, Meinwald- or (semi-)
pinacol-rearrangement. It allows the prep
tane derivatives in a few steps, starting from simple hydroxy-sub-
stituted adamantane precursors.

ion of norad

Adamantane derivatives belong to a distinct class of aliphatic
bridgehead compounds, whose properties and reactivity have
been extensively studied. Building blocks with the adaman-
tane framework are frequently used for the development of
drugs,” homogeneous and heterogeneous catalysts® and poly-
mers* and for other applications, wherever enhanced lipophili-
city, conformational rigidity or bulk is required.”

The methylene-contracted noradamantane cage delivers
comparable properties but induces different geometries than
adamantane congeners.® Fig. 1 shows examples of biologically
active compounds containing the adamantane or noradaman-
tane scaffold, e.g. a 11f-HSD1 inhibitor” or Rolofylline®,® an
adenosine Al receptor antagonist. Simple adamantane
amines, such as amantadine and its derivatives, are known for
their anti-influenza A activity for over 50 years.>*® However,
over the years, some influenza viruses have developed resist-
ances against these known M2 ion channel inhibitors,"* so
that development of the next generation of anti-influenza sub-
strates can be regarded as an issue of high importance.

“Institute of Organic Chemistry, Justus-Liebig University, Heinrich-Buff-Ring 17,
35392 Giessen, Germany
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+Electronic supplementary information (ESI) available. CCDC 2063017. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
d1ob00471a
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Synthesis of noradamantane derivatives by ring-
contraction of the adamantane framework+

Benjamin Zonker, 2 Jonathan Becker® and Radim Hrdina (& *©

According to a recent study, similar compounds containing an
annulated aza-heterocycle exhibit comparable activity and
might thus be regarded as suitable candidates for flu treat-
ment.'! All compounds shown in Fig. 1 are accessible from the
corresponding noradamantane precursors. However, the avail-
ability of substituted noradamantane derivatives is rather
limited. So far, only two methods have been developed for the
construction of the noradamantane framework (Fig. 2), which
start from adamantan-2-ones** and 1,3-dihydroxy-adamantane
derivatives,'? respectively.

Recently, we have developed a simple approach for the
preparation of heterocycles bearing the adamantane scaffold
starting from noradamantane carbaldehyde."”

The limited access to the starting materials prompted us to
find a new access to noradamantanes using readily available or
easily accessible hydroxy-precursors. Our approach is based on
a Bronsted acid-promoted cascade reaction,'® starting from
N-methylated cyclic carbamates. These compounds are pre-
pared in two steps according to well-known literature pro-
cedures,® followed by N-methylation (see Fig. 3, top line).

The herein described ring-contraction reaction is a cascade
process, starting with a decarboxylation event induced by

HoN, R
D02 R

; R=H or Me
o ]

R i anti-Influenza A activity
i Pr [e}
! | o
H (o] W
M o N N-SC
: § RNTY
! < HN
R=H or OH i Ve il o0—f~me
synthetic ; N NH Me
precursor %
118-HSD1 inhibitor
fylline® : ine A1 receptor

Fig. 1 Biologically active compounds previously prepared from norada-
mantane carboxylic acid or noradamantane carbaldehyde.

Org. Biomol. Chem., 2021,19, 4027-4031 | 4027
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Fig. 2 Construction of the neradamantane framework.
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triflic acid and a subsequent intramolecular nucleophilic 1,2-
alkyl shift. The resulting methyl-iminium triflic salts are stable
under these conditions and do not undergo further transform-
ations. In the following reaction, the methyl-iminium group is
hydrolysed to the corresponding carbonyl (Fig. 2).
Noradamantane carbaldehydes — our main target - are useful
precursors for further transformations as demonstrated in our
previous work and by others.”®'*'” This new reaction expands
the family of transformations such as Wagner-Meerwein-,"®
Demjanov-Tiffeneau-,'*  Meinwald-** or (semi-)pinacol-
rearrangements.”*

N-Methylated carbamate 4a was chosen as a model sub-
strate for the optimization of the reaction conditions (Table 1).
No reaction was observed at temperatures below 100 °C
(entries 1-3). Performing the reaction in 1,2-dichlorobenzene
at 140 °C afforded 91% of the desired product 5a after 17 h,
while the reaction was much faster in 1,2,4-trichlorobenzene
with 93% conversion within 3 h (entries 4 and 5). Decreasing
the temperature to 120 °C resulted in significantly lower con-
version (entry 6). No product was observed in high boiling
polar solvents like dimethylacetamide even after a long reac-
tion time (entry 10). Lower amounts of triflic acid resulted in

View Article Online

Organic & Biomolecular Chemistry

Table 1 Optimization of reaction conditions for the rearrangement of
N-substituted carbamates 3a or 4a to iminium salts 5a

Brensted acid Conversion
R (equiv.) Solvent  Temp.  in%™”

1 Me  TfOH (2) CH,Cl, 23°C 0

2 Me  TfOH (2) CH,Cl, 40 °C 0

3 Me  TfOH (2) CgH4Cl,  110°C 50
4 Me  TfOH (2) CeHiCl,  140°C 91

5 Me  TIOH (2) CHCl;  140°C 93¢
6 Me  TfOH (2) CeH;Cl;  120°C  30°
7 Me  TfOH (2) CeH;Cl;  120°C 92
8  Me pTsOH(2) CeH,Cl,  140°C 0

9 Me TFA(2) CgH,Cl, 140°C 0
10 Me TfOH(2) DMAC 140°C 0

11 Me TfOH [‘1.2] CeH,Cly 120 °C 25
12 Me TfOH (1)/Al(OTf); (1)  CgH:Cl;  120°C 30
13 Me  AI(TfO); (2) C.H,Cl;  140°C  n.d.
14 H TOH (2) CgHsCl;  120°C  n.d.

o r
HNO ©
c)J/\N—R HA y A
solvent
3a:R=H 5a
da: R=Me

“ Conversion of the starting material 3a or 4a measured by 'H-NMR
spectroscopy. ? Reaction time 17 h. € Reaction time 3 h.

long reaction times (entry 11). Weaker Brensted acids (i.e. tri-
fluoroacetic acid or p-toluene sulfonic acid) did not decarboxy-
late the starting material (entries 8 and 9). The Lewis acid Al
(OT1f); had no effect on the reaction, neither when used as an
additive nor when used as the sole promoter (entries 12 and
13). Using the unprotected carbamate 3a led to the formation
of unidentified side products (entry 14). The protection of the
carbamate seems necessary to prevent subsequent reactions of
the generated iminium salt.

The optimised reaction conditions were then applied to
more adamantane-based N-Me-carbamates in order to explore
the scope of the reaction (alterations of the conditions are

o o 0
yi oot
OH 1) CILC(COINCO 07 "NH,  Phi{OAc); O My DMl O Nu—me 1 TIOH. CehisCly,
CH,Cly Rhz0Ac,, MgO 2) Mel " 120140 °C
2) MeOH/K,C O3 50 G CpHaClp, 70°C THF, 0-70 "C 2) NaOHH,0
1 2a,93% 3a, 80% 4a, 78% 6a, 90%
o o
b fn |
[+ [N = [
me 9 e Me e
Me T Me -
Me e ~Me
7 We
Me Mé
4 6b, 50% 4 6¢, 77% 6d, 52%

g
Gr-&~ &

Be, 60% af

6f, 70%

Fig. 3 Scope of the new transformation. Yields of isolated products 6 are stated.

4028 | Org Biomol. Cherm., 202,19, 4027-4031

180

This journal is @ The Royal Society of Chemistry 2021



Organic & Biomolecular Chemistry

noted in the ESIf). The results are presented in Fig. 3.
Generally, the desired carbonyl compounds 6a-f were obtained
in moderate to good yields. Compound 6b is a selected
example of 2,2"-bis alkyl noradamantane derivatives accessible
via our method. Interestingly, the starting material 3b was pre-
pared from 2b as a single regioisomer. Trimethylated norada-
mantyl carbaldehyde 6c was synthesized in a good yield from
commercially available 3,5,7-trimethyl-1-adamantanol.
Nordiamantane carbaldehyde 6d (diamantane analogue of
noradamantane carbaldehyde) was prepared in 52% yield.
Diamantane derived ketone 6e, a newly described hydrocarbon
cage and analogue of protoadamantanone,”” was obtained in
60% yield. The rearrangement of carbamate 4f provides a new
route to protoadamantanone 6f. In these two cases, the nitro-
gen atom of the carbamate moiety is connected to a tertiary
carbon and thus the sequence of reactions results in the for-
mation of a ketone. Compound 4g does not undergo further
ring-contraction even at elevated temperature (>170 °C). We
assume the difference in reactivity is due to the lower stability
of the 3-noradamantyl carbocation (which would be the result
of the decarboxylation of compound 4g) compared to the stabi-
lity of 1-adamantyl carbocation.”® Ring-contraction of frame-
works other than adamantane can occur if the intermediate
carbocation is stable enough to allow the decarboxylation reac-
tion to proceed.

Contracting the diamantane cage twice towards C,,-bis-car-
baldehyde 11 (Scheme 1) turned out to be a challenging goal.
4,9-Diamantanediol 8 was synthesized from diamantane (7) to
be used as the starting material. The strategy had to be
changed since the solubility of diamantane bis-carbamate in
organic solvents typically used in the oxidation step (i.e.
nitrene insertion) is very low. The corresponding azide deriva-
tive (9) proved to be a more suitable starting material for the
nitrene insertion step. The thermally induced insertion reac-

11,10%
i) HNO,, H,S0,; ii) NaN, triphosgene, pyridine, -20 °C-50 °C;
iii) 1,2-dichloroethane, 140 °C; iv) a) MeLi, b) Mel, THF, reflux;
V) TIOH in CgH;,Cly 160 “C;vi) NaOH/H,0, EtOAc, 22 °C.

Scheme 1 Synthesis of bis-carbaldehyde 11 from diamantane 7.

This journal is © The Royal Society of Chemistry 2021
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tion proceeded quantitatively to afford the desired cyclic bis-
carbamate (10) as a statistical mixture of six isomers. This
cyclic carbamate was not purified due to its low solubility and
was directly N-methylated. The resulting mixture of isomers of
N-methylated diamantane bis-carbamates was subjected to the
next reaction. The double rearrangement to give bis-carbalde-
hyde 11 proceeded in a relatively low yield of 10% but provides
a single chiral (racemic mixture) regioisomer.

The formation of the more strained second (achiral)
isomer®" was not observed (as evidenced by NMR). This is the
first time this Cj,-cage isomer was isolated and fully
described. It is difficult to increase the yield of this reaction,
since it requires extremely non-polar solvents to proceed,
which interferes with the solubility of the intermediate salt.

The proposed mechanism of the cascade reaction consists
of a triflic acid promoted decarboxylation, generating inter-
mediate 12a, which undergoes a 1,2-alkyl shift to give the
iminium salt 5a as a final product (Fig. 4A).

The decarboxylation event is the rate-limiting step in the
proposed sequence. Our previous results show that the
rearrangement of the intermediate 12 to the thermo-
dynamically more stable iminium salt occurs instantaneously
at room temperature (Fig. 4B)."* The calculated difference in
thermodynamic stability of cation 5' and intermediate 12" is
AHger) = 22.0 keal mol™ (Fig. 4C).

For long-term storage, carboxylic acids are preferable to
aldehydes due to their higher stability. Moreover, as shown in
Fig. 1, they are versatile building blocks for further syntheses.

A o 5 oo
OJ( ot HoNy o
N—Me ® HN—Me
TIOH -
-Co,
4a 12a 5a
® ®N,R oTf
H-
Br Cott )
NHR @ NHR
AgOTf
- .
-AgBr
13 12 5
c Me‘
[©] NH
g (12*)
3
Me y
@/
/N\
W )
— computed AHqe= 22.0 keal/mol
(5%

Fig. 4 (A) Mechanistic hypothesis of the new method. (B) Investigations
shown in our previously published article.' (C) Relative stability of inter-
mediate 12* versus target structure 5% using the DFT method B3LYP/6-
311++G(2d,2p).
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%2

DPDME, 80 °C

&d 14, >98%

Scheme 2 Oxidation of nordiamantane carbaldehyde 6d to carboxylic
acid 14; X-ray analysis structure of 14 is shown.

Nordiamantane derivative 6d was oxidized to afford the corres-
ponding acid 14 as an example. The reaction proceeded quan-
titatively using oxygen as the oxidant and dipropylene glycol
dimethylether as a solvent.® The structure of the resulting
nordiamantane carboxylic acid 14 was confirmed by X-ray crys-
tallography (Scheme 2).

To conclude, we have developed a new pathway to norada-
mantane derivatives by decarboxylative ring-contraction of ada-
mantane-based N-methyl carbamates. This method allows the
preparation of known compounds and building blocks,
namely noradamantane carbaldehyde and protoadamanta-
none, and provides access to new compounds, including dia-
mantane-derived hydrocarbon cages.
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1. General information

NMR spectra were recorded on 200, 400 or 600 MHz machine at RT (25 °C) unless otherwise
stated. "H-NMR chemical shifts are given in ppm relative to MesSi with the solvent resonance
used as the internal standard (CDCls & = 7.26 ppm). '*C-NMR (60, 101 or 150 MHz) chemical
shifts are given in ppm relative to MeaSi with the solvent resonance used as the internal standard
(CDCl3=77.16 ppm). IR spectra were recorded using an ATR sampler and are reported in wave
numbers (cm™'). Melting points (m.p.) were measured in open capillary tubes and are
uncorrected. All reactions involving air sensitive compounds were carried out under dry and
inert atmosphere (N2 or argon) by means of an inert gas/vacuum double manifold line and
standard Schlenk techniques. Flash column chromatography was performed with silicagel 60
as stationary phase. High resolution mass spectra were recorded with Brucker Micro TOF LC.
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2. Experimental procedures

2.1 Preparation of starting materials

2.1.1 General procedure A: Carbamate Synthesis

Under inert atmosphere, corresponding alcohol (1 eq., 5 mmol) is dissolved in CH2Cl> (25 mL),
cooled to 0 °C and treated with trichloroacetylisocyanate (1.3 eq., 6 mmol). The reaction
mixture is stirred at room temperature for 3 hours and concentrated in vacuo. The residue is
dissolved in MeOH (10 mL), treated with a saturated potassium carbonate solution (aq., 15 mL)
and stirred at 50°C overnight. The MeOH is removed in vacuo and the precipitate is filtered
and washed with water. If the compound is not solid after MeOH evaporation, the aqueous
phase is extracted with EtOAc (3x), washed with brine, dried over Na2SO4 (anhydrous), filtered
and the solvent is evaporated in vacuo. The crude product is purified by flash column
chromatography (mobile phase: hexanes/EtOAc).

2,1.2 General procedure B: Nitrene Insertion

Under inert atmosphere, the corresponding carbamate (1.0 eq., 2 mmol), iodobenzene
II-diacetate (1.3 eq., 2.6 mmol), Rh2(OAc):(5-10 mol%, 0.01 mol), and MgO (2.5 eq., 5.0
mmol) are suspended in dry 1,2-dichloroethane (12 mL) and the reaction mixture is heated to
70 °C overnight. After the reaction mixture is cooled down to room temperature, it is filtered
through a pad of silica gel and washed with a hexane/EtOAc 1:1 mixture to separate the product
from the dirhodium catalyst and salts. The solvents are evaporated in vacuo, and the crude
product is purified by flash column chromatography on silica gel (mobile phase:
hexanes/EtOAc).

2.1.3 General procedure C: N-Methylation of Cyclic Carbamates

Under inert atmosphere, the corresponding oxazolidinone (1.0 eq., 2 mmol) is dissolved in dry
THF (4 mL) and cooled to -20°C. Methy! lithium (1.05 eq., 2.1 mmol) is added dropwise. After
stirring for 30 min, methyl iodide (2eq., 4 mmol) is added and the mixture is heated to reflux
overnight. The solvents are evaporated in vacuo, and the crude product is purified by flash

column chromatography on silica gel (mobile phase: hexanes/EtOAc).



2.1.4 Compound 4a

Compound 4a was synthesized from adamantane annulated 1,3-oxazolidinone!!! according to
general procedure C to give the desired product as a white solid in a yield of 76% (7.40 g, 40
mmol).

Rt (silica gel; EtOAc:n-hexane 2:3): 0.3.
m.p. (cryst. from CDCls): 71.1-72.6 °C.

TH NMR (400 MHz, CDCls): 8/ppm = 1.61-1.84 (m, 7H), 1.94-2.09 (m, 4H), 2.27 (m, 2H),
2.78 (s, 3H), 3.28 (m, 1H).

13C NMR (101 MHz, CDCls): &/ppm = 29.3 (CHs), 29.3 (CH), 29.5 (CHa), 30.3 (CH),
31.3 (CH), 36.2 (CH>). 36.3 (CH2), 37.9 (CH>), 40.0 (CH>), 68.3 (CH), 77.9 (C), 160.7 (C).

IR (neat): v/em™ =2916, 2861, 1746, 1472, 1450, 1421, 1405, 1358, 1331, 1307, 1292, 1272,
1183, 1155, 1138, 1100, 1075, 1045, 1024, 990, 962, 901, 856, 828, 817, 774, 672, 648, 546,
515, 441.

HRMS: m/z = 208.1330 ((M+H]"; calculated for C12H1sNO2" m/z =208.1332).

IR, Hrdina, M. Larrosa, C. Logemann, J. Org. Chem., 2017, 82, 4891-4899.
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2.1.5 Compound 2b

Compound 2b was synthesized from 2,2-dimethyl adamantan-1-0l"® following general
procedure A to give a white solid in a yield of 75% (1.02 g, 5 mmol).

Rr (silica gel; EtOAc:n-hexane 2:3): 0.4.
m.p. (cryst. from CDCl3): 106.4-107.8 °C.

IH NMR (400 MHz, CDCl3): 8/ppm = 1.08 (s, 6H), 1.42-1.46 (m, 2H), 1.56-1.59 (m, 3H),
2.02-2.06 (m, 2H), 2.11-2.15 (m, 4H), 2.60-2.65 (m, 2H), 4.37 (bs, 2H).

13C NMR (101 MHz, CDCl3): &/ppm = 23.4 (2CH3), 31.4(2CH), 32.6 (2CHz), 35.8 (2CHa),
37.9 (CH2), 40.6 (C), 41.8 (CH), 83.9 (C).

IR (neat): ¥V/em™ = 3492, 3307, 3242, 2980, 2909, 2886, 1702, 1596, 1466, 1360, 1345, 1281,
1142, 1113, 1051, 950, 926, 898, 842, 817, 780, 757, 696, 652, 594.

HRMS: m/z = 246.1464 ([M+Na]™; calculated for C13H21NO:Na™ m/z = 246.1464).

I2IE, Torres, R. Fernandez, S. Miquet, M. Font-Bardia, E. Vanderlinden, L. Naesens and S. Vazquez, ACS Med.
Chem. Lerr., 2012, 3, 1065-1069.
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2.1.6 Compound 3b

Compound 3b was synthesized from compound 2b following general procedure B to give the
desired product as a clear oil in a yield of 77% (374 mg, 1.7 mmol,) as a single diastereomer.

Rr (silica gel; EtOAc:n-hexane 1:4): 0.1.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.15 (s, 3H), 1.18 (s, 3H), 1.44-1.56 (m, 2H), 1.60-1.65
(m, 2H), 1.83 (m, IH), 1.95-2.05 (m, 4H), 2.13 (m, 1H), 2.26 (m, IH), 4.10 (m, [H),
5.67 (s, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 22.7 (CH3), 22.8 (CH3), 29.4 (CH), 30.7 (CHz), 31.9
(CH), 32.1 (CH2), 32.1 (CHz), 33.1 (CH>), 41.3 (C), 58.7 (CH).

IR (neat): V/em™' =3288, 2920, 1738, 1634, 1462, 1401, 1321, 1285, 1247, 1196, 1143, 1098,
1082, 1047, 992, 951, 924, 898, 851, 785, 772, 727, 645, 622, 553, 522.

HRMS: m/z = 244.1304 ([M+Na]*; calculated for C13H1oNO2Na™ m/z = 244.1308).

S6
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2.1.7 Compound 4b

Compound 4b was synthesized from compound 3b according to general procedure C to give
the desired product as a white solid in a yield of 94% (210 mg, 0.9 mmol).

Rt (silica gel; EtOAc:n-hexane 2:3): 0.3.
m.p. (cryst. from CDCl3): 76.6-77.4 °C.

'TH NMR (400 MHz, CDCl3): 8/ppm = 1.14 (s, 3H), 1.20 (s, 3H), 1.47-1.60 (m, 2H), 1.66-
1.71 (m, 3H), 1.87 (m, 1H), 1.99-2.08 (m, 3H), 2.15 (m, 1H), 2.25 (m, 1H), 2.79 (s, 3H),
3.71 (m, 1H).

3C NMR (101 MHz, CDCls): 8/ppm = 22.6 (CH3), 22.9 (CHs), 29.5 (CH), 29.5 (CH),
31.1 (CH), 31.1 (CH), 32.2 (CH>), 32.9 (CH>), 33.1 (CH>), 39.6 (C), 41.6 (CH3), 63.1 (CH),
82.2 (C), 160.6 (C).

IR (neat): V/em™' =2989, 2921, 2880, 2862, 1748, 1479, 1453, 1423, 1396, 1362, 1346, 1324,
1303, 1268, 1246, 1199, 1162, 1148, 1129, 1101, 1089, 1070, 1045, 1030, 1013, 987, 948, 929,
849, 798, 763, 675, 649, 608, 524.

HRMS: m/z = 236.1642 ([M+H]*; calculated for C14H22NO>" m/z = 236.1645).

S7



2,1.8 Compound 2¢

Compound 2¢ was synthesized from 3,5,7-trimethyl adamantan-1-ol™ according to general
procedure A to give the desired product as a white solid in a yield of 90% (1.10 g, 4.6 mmol).

R (silica gel; EtOAc:n-hexane 2:3): 0.3.
m.p. (cryst. from CDCl3): 126.3-128.0 °C.

"H NMR (400 MHz, CDCl3): §/ppm = 0.88 (s, 9H), 1.01-1.04 (m, 3H), 1.13-1.16 (m, 3H),
1.69 (m, 6H), 4.38 (bs, 2H).

13C NMR (101 MHz, CDCl3): §/ppm = 29.6 (3CH3), 34.1 (3C), 46.7 (3CH2), 49.9 (3CH2),
81.6 (C), 155.9 (C).

IR (neat): ¥/em! = 3281, 2945, 2920, 2897, 2862, 2837, 1715, 1605, 1526, 1454, 1373, 1353,
1334, 1254, 1225, 1205, 1049, 1031, 1001, 922, 845, 781, 745, 667, 643, 551, 486.

HRMS: m/z = 260.1616 ([M+Na]™; calculated for C14sH23NO>Na* m/z =260.1621).

Y. N. Klimochkin,, A. V. Yudashkin, E. O. Zhilkina, E. A. Ivleva, |. K. Moiseev, and Y. F. Oshis, Russ. J. Org. Chem.,
2017, 53, 971-76.
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2.1.9 Compound 3¢

Compound 3¢ was synthesized from compound 2¢ following general procedure B to give the
desired product as a white solid in a yield of 95% (707 mg, 3.0 mmol).

Rt (silica gel; EtOAc:n-hexane 1:4): 0.1.
m.p. (cryst. from CDCl3): 210.5-211.8 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 0.91-0.92 (m, 6H), 0.95 (s, 3H), 1.01 (m, 1H), 1.09-1.21
(m, 3H), 1.26 (m, 1H), 1.38-1.48 (m, 2H), 1.69-1.78 (m, 3H), 3.20 (s, 1H), 5.01 (m, 1H).

13C NMR (101 MHz, CDCls): 8/ppm = 25.7 (CH3), 29.0 (CH3), 29.3 (CH3), 33.1 (C), 34.9 (C),
35.7 (C), 42.7 (CH»), 42.8 (CH>), 45.4 (CH>), 50.2 (CH2), 50.8 (CHz), 67.9 (CH), 82.7 (C),
161.1 (C).

IR (neat): V/em™' =3251,2951, 2900, 2867, 2840, 1742, 1455, 1404, 1377, 1356, 1331, 1314,
1296, 1281, 1255, 1223, 1200, 1183, 1135, 1081, 1019, 993, 985, 957, 942, 923, 854, 839, 802,
775, 706, 683, 595, 562, 539, 527, 498, 482, 471, 446.

HRMS: m/z = 258.1466 ([M+Na]*; calculated for C14sH2NO:>Na*™ m/z = 258.1465).
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2.1.10 Compound 4c

Compound 4¢ was synthesized from compound 3¢ according to general procedure C to give
the desired product as a white solid in a yield of 96% (213 mg, 0.9 mmol).

Rr (silica gel; EtOAc:n-hexane 2:3): 0.4.

m.p. (cryst. from CDCl3): 110.2-111.0 °C.

!H NMR (400 MHz, CDCl3): 8/ppm = 0.90 (s, 3H), 0.94 (s, 3H), 1.05-1.21 (m, 7H), 1.30-1.43
(m, 3H), 1.61-1.72 (m, 3H), 2.89 (m, 4H).

13C NMR (101 MHz, CDCls): 8/ppm = 26.5 (CH3), 29.0 (CH3), 29.3 (CH3), 32.6 (CH), 32.9
(C),35.1(C), 36.1 (C), 43.6 (CH>), 43.6 (CH2), 45.1 (CH2), 50.0 (CH>), 52.2 (CH>), 72.1 (CH3),
79.5 (C), 161.2 (C).

IR (neat): V/em™' =2950, 2897, 2865, 2837, 1741, 1453, 1411, 1375, 1343, 1308, 1261, 1209,
1188, 1139, 1120, 1093, 1080, 1031, 1012, 995, 982, 940, 919, 902, 851, 803, 773, 704, 671,
598,561, 431, 497, 482, 444.

HRMS: m/z = 250.1805 ([M+H]*; calculated for CisH24NO>" m/z = 250.1802).
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2.1.11 Compound 4d

Compound 4d was synthesized from diamantane annulated 1,3-oxazolidinone!® according to
general procedure C to give the desired product as a white solid in a yield of 95% (250 mg, 1
mmol).

Rt (silica gel; EtOAc:n-hexane 1:4): 0.1.
m.p. (cryst. from CDCls): 166.6-167.5 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.73-1.83 (m, 9H), 1.86-1.97 (m, 4H), 2.01-2.06 (m,
2H), 2.13 (m, 2H), 2.79 (s, 3H), 3.22 (m. 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 25.9 (CHz), 29.4 (CH), 31.0 (CH), 36.0 (CHo), 36.7
(CH), 36.8 (CHz), 37.1 (CH), 37.3 (CHa), 38.1 (CHy), 38.3 (CH), 39.1 (CH), 40.0 (CHa), 40.5
(CH), 69.2 (CH), 77.5 (C), 160.9 (C).

IR (neat): v/em™! =2879, 1738, 1462, 1427, 1375, 1352, 1334, 1303, 1269, 1258, 1244, 1190,
1127, 1069, 1050, 1039, 1006, 947, 908, 846, 797, 775, 763, 722, 689, 659, 620, 559, 540, 469.

HRMS: m/z = 260.1643 ([M+H]"; calculated for CisH22NO2" m/z =260.1645).

I5IB. Zonker, E. Duman, H. Hausmann, J. Becker, R. Hrdina., Org Biomol. Chem., 2020, 18, 4941-4945.
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2.1.12 Compound 2e

Compound 2e was synthesized from diamantan-1-0l'®! according to general procedure A to give
the desired product as a white solid in a yield of 87% (680 mg, 2.8 mmol).

Rt (silica gel; EtOAc:n-hexane 2:3): 0.2.
m.p. (cryst. from EtOAc): 162.6.-163.9 °C.

'H NMR (400 MHz, CDCl3): &§/ppm = 1.43-1.48 (m, 2H), 1.56-1.60 (m, 2H), 1.66-
1.76 (m, 6H), 1.97-1.98 (m, 2H), 2.03-2.09 (m, 3H), 2.15-2.16 (m, 2H), 2.30 (m, 2H),
4.47 (bs, 2H).

13C NMR (101 MHz, CDCl3): §/ppm = 25.1 (CH), 30.3 (CH), 32.8 (2CH>), 36.8 (CH), 37.3
(2CHy), 38.1 (CHy), 40.3 (2CH), 40.4 (2CH), 40.9 (CH>), 83.0 (C), 156.0 (C).

IR (neat): V/em™ = 3426, 3219, 2901, 2872, 2850, 1716, 1688, 1667, 1606, 1460, 1440, 1372,
1341, 1321, 1297, 1137, 1079, 1041, 1023, 991, 981, 953, 905, 847, 814, 782, 6763, 722, 606,
566, 481, 435.

HRMS: m/z =270.1465 ([M+Na]*; calculated for C;sH21NO2Na* m/z =270.1465).

(61 Andrey A. Fokin , B. A. Tkachenko, P. A. Gunchenko, D. V. Gusev, P. R. Schreiner , Chem. Eur. J., 2005, 11,
7091-7101.
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2,1.13 Compound 3e

Compound 3e was synthesized from compound 2e according to general procedure B to give
the desired product as a white solid in a yield of 83% (510 mg, 2.1 mmol) as a single regiomer.

R (silica gel; EtOAc:n-hexane 2:3): 0.2,
m.p. (cryst. from CDCl3): >250 °C

'H NMR (400 MHz, CDCls): &/ppm = 1.47-1.69 (m, 8H), 1.89-2.11 (m, 8H), 2.23-
2.28 (m, 2H), 5.17 (bs 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 27.8 (CH), 29.0 (CH), 31.3 (CH.), 31.5 (CHy), 36.8
(CH2), 37.0 (CH2), 39.4 (CH2), 39.7 (CH), 39.7 (CH), 40.1 (CH), 41.3 (CH), 42.3 (CH2), 60.4
(CH), 83.4 (C), 161.5 (C).

IR (neat): v/cm™! =3227, 2918, 2855, 1740, 1634, 1460, 1439, 1337, 1273, 1218, 1188, 1118,
1108, 1063, 1052, 1008, 948, 932, 920, 892, 853, 827, 807, 777, 700, 684, 663, 624, 546, 516,
485, 465.

HRMS: m/z = 246.1491 ([M+H]*; calculated for Ci1sH20NO>* m/z =246.1489).
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2,1.14 Compound 4e

Compound 4e was synthesized from compound 3e according to general procedure C to give
the desired product as a white solid in a yield of 93% (165 mg, 1.4 mmol).

R (silica gel; EtOAc:n-hexane 2:3): 0.3.
m.p. (cryst, from CDCl3): 114.2-115.0 °C.

IH NMR (400 MHz, CDC13): 8/ppm = 1.52-1.77 (m, 9H), 1.85 (m, 1H), 1.93 (m, 1H), 2.01-
2.10 (m, 5H), 2.15 (m, 1H), 2.25 (m, 1H), 2.69 (s, 3H).

3¢ NMR (101 MHz, CDCls): 8/ppm = 25.6 (CHs), 27.3 (CH), 28.9 (CH), 31.6 (CHa),
31.7 (CHz), 36.9 (CHz), 37.0 (CH), 37.5 (CH>), 38.9 (CH), 39.6 (CH>), 39.6 2(CH), 41.5 (CH),
62.3 (C), 81.3 (C), 160.1 (C).

IR (neat): vV/em™' =2914, 2851, 1733, 1460, 1483, 1424, 1380, 1346, 1323, 1294, 1283, 1252,
1223, 1123, 1074, 1063, 1034, 1020, 1003, 944, 919, 813, 772, 685, 667, 646, 634, 520, 485,
470.

HRMS: m/z = 260.1642 ([M+H]*; calculated for C16H22NO2" m/z =260.1645).
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2.1.15 Compound 4f

Compound 4f was synthesized from corresponding oxazolidinone!”! according to general
procedure C to give the desired product as a white solid in a yield of 34%®! (177 mg, 0.9 mmol).

Rt (silica gel; EtOAc:n-hexane 2:3): 0.3.
m.p. (cryst. from CDCl3): 105.4-106.7 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.56-1.78 (m, 6H), 1.82-1.94 (m, 4H), 2.07 (m, 1H),
2.18 (m, 1H), 2.42 (m, 1H), 2.69 (s, 3H), 3.98.

13C NMR (101 MHz, CDCls): §/ppm = 26.1 (CH3), 27.7 (CH), 29.6 (CH), 30.0 (CHa), 30.2
(CH), 35.1(CH2), 36.1(CH>), 36.6(CH>), 38.4(CH2), 58.8 (C), 83.8(CH), 160.0 (C).

IR (neat): ¥ /cm™ =2922, 2903, 2857, 1740, 1456, 1423, 1383, 1362, 1334, 1319, 1301, 1267,
1246, 1122, 1081, 1067, 1050, 1017, 997, 965, 928, 856, 811, 772, 756, 690, 673, 617, 548,
511,465, 441.

HRMS: m/z = 208.1333 ([M+H]"; calculated for C12HsNO>* m/z =208.1332).

IR, Hrdina, M. Larrosa, C. Logemann, J. O. Chem., 2017, 82, 4891-4899.
IBlstarting material recovered.
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2116 Compound 2g

o
A

0" "NH,

2g
Compound 2g was synthesized from 7-methyl-noradamantan-3-ol'” according to general
procedure A to give the desired product as a white solid in a yield of 84% (530 mg, 2.7 mmol).
R (silica gel; EtOAc:n-hexane 2:3): 0.4.
m.p. (cryst. from CDCls): 109.0-110.9 °C.

'H NMR (400 MHz, CDCl3): &/ppm = 1.05 (s, 3H), 1.48-1.68 (m, 6H), 1.92-1.96 (m. 2H),
2.23-2.26 (m, 2H), 2.39-2.43 (m, 2H), 4.50 (bs, 2H).

13C NMR (101 MHz, CDCL): §/ppm = 22.0 (CHs), 33.6 (CHa), 35.9 (CH), 46.1 (C),
48.6 (2CHa), 50.3(2CHa), 89.6 (C), 156.5 (C).

IR (neat): V/em™' = 3482, 3322, 3254, 3182, 2934, 2865, 1694, 1594, 1459, 1366, 1324, 1305,
1262, 1221, 1170, 1121, 1045, 963, 934, 901, 866, 783, 705, 638, 607, 495.

HRMS: m/z = 218.1150 ([M+Na]™; calculated for Ci3sHi1oNO2Na* m/z = 218.1151).

9IM. Takefumi, O. Muraoka, S. Atarashi, and T. Horita, Chem. Pharm. Bull, 1979, 27, 222-29.

S16

199



200

2.1.17 Compound 3g

Compound 3g was synthesized from compound 2g according to general procedure B to give
the desired product as an off-white solid in a yield of 81% (200 mg, 1.0 mmol) as a single
diastereomer.

Rt (silica gel; EtOAc:n-hexane 2:3): 0.2.
m.p. (cryst. from CDCl3): 107.5-109.2 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.05 (s, 3H), 1.51-1.76 (m, 5H), 1.98 (m, 1H), 2.11-2.18
(m, 2H), 2.30-2.40 (m, 5H), 3.79 (m, 1H), 5.31 (bs, 1H).

13C NMR (101 MHz, CDCl3): 21.6 (CH3), 33.1 (CH>), 35.1 (CH), 39.5 (CH), 43.9 (CH2), 45.3
(C), 45.5 (CH2), 49.9 (CH2), 71.3 (CH), 92.4 (C), 160.5 (C).

IR (neat): V/em™' =3280, 2948, 2928, 2864, 1761, 1731, 1479, 1455, 1374, 1324, 1305, 1269,
1257, 1218, 1192, 1169, 1149, 1124, 1112, 1089, 1074, 1018, 970, 954, 931, 916, 790, 768,
757, 689, 659, 627, 590, 534, 511, 494, 444.

HRMS: m/z = 216.0997 ([M+Na]*; calculated for C;;H;sNO:>Na*™ m/z = 216.0995).

S17



2.1.18 Compound 4g

Compound 4g was synthesized from compound 3g according to general procedure C to give
the desired product as a white solid in a yield of 96% (155 mg, 0.8 mmol).

R (silica gel; EtOAc:n-hexane 3:7): 0.2.
m.p. (cryst. from CDCls): 74.8-75.6 °C.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.02 (s, 3H), 1.51-1.67 (m, 4H), 1.74-1.84 (m, 2H),
1.91-1.94 (m, 1H), 2.14-2.18 (m, 1H), 2.32 (m, 1H), 2.41 (m, 1H), 2.72 (s, 3H), 3.48 (m, 1H).

13C NMR (101 MHz, CDCl3): §/ppm = 21.6 (CH3), 28.5 (CH3), 32.9 (CH2), 35.2 (CH), 37.8
(CH), 43.6 (CH2), 45.2 (C), 45.3 (CH2), 49.8 (CH2), 75.6 (CH), 89.3 (C), 159.5 (C).

IR (neat): V/em™' =2947,2919, 2862, 1742, 1475, 1459, 1426, 1391, 1331, 1285, 1260, 1228,
1207, 1166, 1112, 1077, 1038, 1016, 995, 956, 910, 848, 785, 766, 756, 699, 663, 640, 598,
533,511, 484, 442.

HRMS: m/z = 208.1333 ([M+H]*; calculated for C;2HsNO2" m/z = 208.1332).

S18

201



202

2.1.19 Compound 9

b
)

9

At -20 °C, 4,9-diamantanediol (1 eq., 220 mg, 1 mmol)!'” and sodium azide (4 eq., 260 mg, 4
mmol) in pyridine (10 mL) were treated with triphosgene (1 eq., 297 mg, 1 mmol) in 2 ml
methylene chloride. The reaction mixture was allowed to warm to room temperature and
subsequently heated to 50 °C for 6 hours. The reaction was quenched with water and extracted
with EtOAc (2x). The combined organic phases were dried over Na2SO4 (anhydrous), filtered
and the solvents were evaporated in vacuo. The crude product was washed with hexane to
remove non-polar impurities and used without further purification.

Yield: 89% (320 mg, 0.89 mmol).
'H NMR (400 MHz, CDCl3): 8/ppm = 1.74 (s, 6H), 1.99 (s, 6H), 2.15 (s, 6H).
3C NMR (101 MHz, CDCl3): &/ppm = 38.6 (6CH), 40.0 (6CH), 82.8 (C), 155.5 (C).

IR (neat): ¥/em™! = 3572, 3306, 2895, 2172, 2131, 1716, 1616, 1585, 1525, 1443, 1349, 1291,
1259, 1217, 1195, 1135, 1106, 1073, 1049, 1001, 977, 951, 926, 823, 779, 753, 718, 665, 651,
487, 437.

HRMS: m/z = 381.1280 ([M+Na]*; calculated for CisH1sNsOsNa* m/z = 381.1282).

10V, AL Gunawan, O. Moncea, D. Poinsot, M. Keskes, B. Domenichini, O. Heintz, R. Chassagnon, F. Herbst,
R. M. Carlson, J. E. Dahl, Adv. Funct. Mater., 2018, 28, 1705786. |
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2.1.200 Compound 10

Compound 9 (100 mg, 0.28 mmol) was dissolved in 1,2-dichloroethane (10 mL) and heated to
130 °C for 24 hours. The solvent was evaporated in vacuo and the crude mixture of six isomers
was used in the next step without further purification.

IH NMR (400 MHz, CD3;0D): 8/ppm = 1.80-2.42 (m, 14H), 3.70 (m, 2H), 4.67 (m, 2H).
HRMS: m/z = 325.1160 ([M+Na]*; calculated for CisHsN204Na* m/z = 325.1159).

2.1.21 Compound 15

Compound 15 was synthesized from compound 10 according to general procedure C. The
crude mixture was purified by flash column chromatography on silica gel (mobile phase: EtOAc)
to isolate the product as a mixture of six isomers.

'H NMR (400 MHz, CDCl3): §/ppm = 1.75-2.26 (m, 16H), 2.78-2.81 (m, 6H), 3.30-
3.36 (m, 2H).

HRMS: m/z = 353.1473 ([M+Na]*; calculated for CisH22N204Na* m/z = 353.1472).
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2.2 NMR spectra of starting materials
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2,2,2 Compound 2b
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2,2,3 Compound 3b
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2,24 Compound 4b
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22,5 Compound 2¢
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22,6 Compound 3¢
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22,7 Compound 4c
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2.2.8 Compound 4d
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2.2,9 Compound 2e
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2.2.10
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22,11 Compound 4e
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2.2.12 Compound 4f
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2,2.13 Compound 2g
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2.2,14 Compound 3g
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2.2.15 Compound 4g
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2,2,16 Compound 9

500000

—7.26 CDCI3
~2.15
~1.99
—1.74
~1.56 H2O

[-450000

-400000

350000

300000

F 250000

F 200000

150000

100000

50000

105 100 %5 9.0 85 80 75 ZD 65 60 55 50 45 40 35 3.0 25 20 15 10
1 (ppm)

6500

—77.2CDCI3

—155.5
—82.38

400
™~ 38.6

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

-1000

500

F-500

220 210 200 190 18¢ 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0O
L (ppm)

219



2.2,17 Compound 10
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2.3 Syntheses and description of aldehydes 6a-f and 11
2.3.1 Optimization of reaction conditions

Table 1 shows the result of the reaction optimization. Under inert atmosphere, 1.0 equivalent
of substrate 3a or 4a was dissolved and stated equivalents of corresponding Br@nsted acid and
or additive were added. The reaction vessel was transferred into a preheated oil bath at the given
temperature and stirred for the given time. After cooling down, the reaction mixture was
transferred in a round bottom flask with CH2Clz and evaporated in vacuo. The crude residue
was analysed via "H NMR analysis.

Table 1. Screening of Bransted/Lewis acids, additives and reaction conditions

i HNEG 9
OJ{M-R HA 7 Additive ¥ o
oo
: R=H 5a
Entry R Brgnsted acid Additive Solvent Temperature time  Conversion

[ﬂu_iv.] (egliv.) in %°
1 Me TfOH (2) CH:Clz 23°C 17h 0
2 Me TOH (2) CH.Clz 40 °C 17h 0
3 Me TfOH (2) CsH4Clz 110°C 17h 50
4 Me TfOH (2) CeHaCl2 140 °C 17h 91
5 Me TfOH (2) CeHiCls 140 °C 3h 93
6 Me TFOH (2) CsHsCls 120 °C 3h 30
7 Me TIOH (2) CeHsCls 120 °C 17h 92
8 Me p-TsOH (2) CeHJClz 140 °C 17h 0
9 Me TFA (2) CgHyCl2 140°C 17h 0
10 Me TFOH (2) CH3CON(CHs)2 140 °C 17h 0
11 Me TfOH (1.2) CgHsCls 120°C 17h 25
12 Me TfOH (1) Al(OTf)s (1) CeH:Cls 120 °C 17h 30
13 Me Al(OTf)3 (2) CeH:Cl3 140 °C 17h nd.
14 H TfOH (2) CgHaCla 120°C 17h n.d.
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2.3.2 General procedure D: Acidic Rearrangement and Hydrolysis

Under inert atmosphere, corresponding N-methyl carbamate (1.0 eq.) is dissolved in dry 1,2.4-
trichlorobenzene (2.5 mL/ mmol) and treated with triflic acid (2.0 eq.). The reaction mixture is
heated to the specified temperature and heated for the given time. After the reaction vessel is
cooled to room temperature the solvent is evaporated from CH2Cl2, EtOAc and n-hexane in
vacuo to remove as much of the high-boiling solvent as possible. For hydrolysis, the residue is
dissolved in EtOAc (15mL/mmol; degassed), treated with NaOH (2M, ag., 15mL/mmol;
degassed) and stirred at room temperature overnight in the dark. The two phases are separated,
the aqueous phase is extracted with EtOAc, the combined organic phases are washed with water
and brine, dried over Na2SO4 (anhydrous), filtered and the solvent is evaporated in vacuo. If
necessary, the crude mixture is purified by silica filtration in 1-5% EtOAc in hexanes.
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2.3.3 Compound 6a

Compound 6a was synthesized rom compound 4a according to general procedure D (140 °C,
3h) to give the desired product as an off-white solid in a yield of 90% (130 mg, 0.9 mmol).

'H NMR (400 MHz, CDCl3): &/ppm = 1.58-1.71 (m, 8H), 1.98-2.04 (m, 2H), 2.33-
2.35 (m, 2H), 2.57 (m, 1H), 9.72 (s, 1H).

Spectrum in accordance with literature: B. Zonker, E. Duman, H. Hausmann, J. Becker,

R. Hrdina., Org Biomol. Chem., 2020, 18, 4941-4945.

2.3.4 Compound 6b

(0]

Me by
Me

6b

Compound 6b was synthesized from compound 4b according to general procedure D (120 °C,
18h) to give a white solid in a yield of 50% (45 mg, 0.3 mmol).

Rt (silica gel; EtOAc:n-hexane 4:96): 0.4.

'H NMR (400 MHz, CDCl3): 8/ppm = 1.04 (s, 3H), 1.19 (s, 3H), 1.41-1.50 (m, 3H),
1.66 (m, 3H), 1.89 (m, 1H), 2.15-2.26 (m, 3H), 2.75 (m, 1H), 9.84 (s, 1 H).

13C NMR (101 MHz, CDCl3): 8/ppm = 22.7 (CH3), 27.2 (CH3), 32.1 (CHa), 36.2 (CH), 37.0
(CH2), 40.2 (CHy), 40.2 (CH), 44.4 (CH>), 47.5 (C), 47.7 (CH), 65.3 (C), 206.1 (CH).

IR (neat): V/em™' =2920, 2871, 1687, 1551, 1456, 1409, 1385, 1366, 1294, 1255, 1233, 1204,
1179 1140, 1088, 1067, 1042, 943, 846, 815, 744, 569, 514, 454.

HRMS: m/z = 177.1282 ([M-H]"; calculated for C12H70™ m/z = 177.1285).
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2,3.5 Compound 6¢

Me Me

Compound 6¢ was synthesized from compound 4¢ according to general procedure D (120 °C,
20h) to give an off-white solid in a yield of 77% (101 mg, 0.5 mmol).

R (silica gel; EtOAc:n-hexane 4:96): 0.4.

'H NMR (400 MHz, CDCl3): &/ppm = 1.02 (s, 6H), 1.08 (s, 3H), 1.19-1.24 (m, 2H), 1.34-
1.38 (m, 2H), 1.40 (m, 2H), 1.44-1.47 (m, 2H), 1.96-1.99 (m, 2H), 9.63(s, 1H).

13C NMR (101 MHz, CDCl3): 8/ppm = 22.8 (CHz), 24.5 (2CH3), 41.1 (2C), 48.9 (CHy), 49.5
(2CHz), 52.9 (C), 57.0 (2CHy), 62.2 (C), 206.9 (CH).

IR (neat): ¥ /em ™! =2947, 2924, 2865, 1798, 1714, 1457, 1376, 1329, 1278, 1231, 1206, 1173,
1146, 1067, 1026, 991, 970, 732, 635, 527.

HRMS: m/z = 193.1589 ([M+H]"; calculated for C13H2,0* m/z = 193.1587).
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2,3.6 Compound 6d

¢)

6d

Compound 6d was synthesized from compound 4d according to general procedure D (140 °C,
3h) to give a white solid in a yield of 52% (81 mg, 0.4 mmol).

R (silica gel; EtOAc:n-hexane 1:9): 0.2.

m.p. (cryst. from CDCl3): 165.0-166.0 °C.

"H NMR (400 MHz, CDCl3): 8/ppm = 1.57-1.60 (m, 2H), 1.72 (m, 2H), 1.80-1.84 (m, 4H),
1.90-1.93 (m, 4H), 1.98-2.02 (m, 2H), 2.07 (m, 2H), 2.39 (m, 1H), 9.73 (s, 1H).

13C NMR (101 MHz, CDCl3): &/ppm = 25.0 (CH), 33.8 (2CHz), 35.1 (CHa), 36.1 (CH), 42.3
(2CH), 42.8 (2CH>), 45.8 (2CH), 46.0 (CH), 62.6 (C), 205.6 (CH).

IR (neat): V/cm™ =293, 2848, 2690, 1804, 1722, 1686, 1470, 1460, 1441, 1418, 1320, 1287,
1261, 1186, 1171, 1075, 1053, 1029, 996, 950, 933, 844, 820, 804, 752, 737, 634, 565, 533,
490, 448,

HRMS: m/z = 201.1287 ([M-H]"; calculated for C14Hi7 m/z = 201.1285).
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2.3.7 Compound 6e

gLo

6e

Compound 6e was synthesized from compound 4e according to general procedure D (120 °C,
21h) to give a white solid in a yield of 60% (70 mg, 0.4 mmol).

R (silica gel; EtOAc:n-hexane 1:9): 0.2.
m.p. (cryst. from Et20): 124.8-125.6 °C

'H NMR (400 MHz, CDCl3): 8/ppm = 1.44 (m, 1H), 1.51-1.66 (m, 6H), 1.70-1.80 (m, 1H),
2.00 (m, 1H), 2.08-2.10 (m, 2H), 2.20 (m, 1H), 2.26-2.33 (m, 3H), 2.42 (m, 1H), 2.56 (m, 1H).

13C NMR (101 MHz, CDCl3): &/ppm = 30.4 (CH), 33.9 (CHz2), 37.0 (CHa), 37.1 (CH),
37.9 (CH2), 40.9 (2CHz), 45.9 (CHa), 47.6 (CH), 50.3 (CH), 53.0 (CH), 53.8 (CH), 62.3 (C),
214.6 (C).

IR (neat): V/em™' =2904, 2858, 1706, 1438, 1407, 1333, 1310, 1282, 1248, 1226, 1173, 1117,
1056, 1028, 1011, 982, 945, 921, 877, 836, 788, 772, 746, 696, 654, 600, 493, 475, 458.

HRMS: m/z = 225.1253 ([M+Na]*; calculated for C14H;sONa* m/z = 225.1250).

2.3.8 Compound 6f

=

6f
Compound 6f was synthesized from compound 4f according to general procedure D (120 °C,
19h) to give a white solid in a yield of 70% (71 mg, 0.5 mmol).

'H NMR (400 MHz, CDCl3): 8/ppm = 1.53 (m, 1H), 1.61-1.81 (m, 5H), 1.91-1.98 (m, 2H),
2.23-2.32 (m, 2H), 2.41 (m, 1H), 2.51-2.63 (m, 2H), 2.73 (m, 1H).

Spectrum in accordance with literature: Z. Majerski, Z.Hamersak, Org. Synth. 1979, 59, 147-
153.
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23,9 Compound 11

Compound 11 was synthesized from compound 15 according to general procedure D (4. eq.
TfOH, 160 °C, 48h) to give a white solid in a yield of 10% (21 mg, 0.1 mmol) as a racemic
isomer. Formation of the second achiral isomer was not detected.

Rr (silica gel; EtOAc:n-hexane 1:1) 0.4.

'H NMR (400 MHz, CDClz): &ppm = 1.59-1.61 (m, 2H), 1.92-1.95 (m, 2H), 2.07-
2.12 (m, 2H), 2.18-2.22 (m, 4H), 2.46-2.48 (m, 2H), 2.75-2.79 (m, 2H), 9.71 (s, 2H).

13C NMR (101 MHz, CDCls): 8/ppm = 40.3 2CH>), 41.9 (2CH>), 43.0 (2CH), 51.4 (2CH),
55.7 (2CH), 59.4 (C), 203.9 (C).

IR (neat): V/em™' =2922, 2858, 2702, 1712, 1464, 1389, 1325, 1246, 1184, 1074, 811, 723.

HRMS: m/z = 217.1225 ([M+Na]*; calculated for C4H602Na™ m/z = 217.1223).
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2.4 NMR spectra of aldehydes 6a-f and 11
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24,7 Compound 11
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2.5 Postfunctionalization

2.5.1 Compound 14

A solution of aldehyde 6d (40 mg, 0.2 mmol) in DPDME (8 eq.) was heated to 80 °C overnight
while connected to an oxygen balloon. The solvent was evaporated to give the clean desired
compound as a white solid in a yield of 99% (45 mg, 0.2 mmol).

R (silica gel; MeOH:CH:Cl2 1:99): 0.2.
m.p. (cryst. from CDCls): 177.7-178.6 °C.

IH NMR (400 MHz, CDCl3): &/ppm = 1.69-1.83 (m, SH), 1.87-1.91 (m, 2H), 2.02-
2.08 (m, 6H), 2.50 (m, 1H), 10.22 (bs, 1H).

13C NMR (101 MHz, CDCl3): &/ppm = 24.8 (CH), 33.4 (2CH.), 34.7 (CHa), 35.0 (CH), 41.8
(2CH), 45.5 (2CH), 45.6 (2CHa), 48.1 (CH), 55.1 (C), 182.5 (C).

IR (neat): V/cm™' =2903, 2880, 2596, 1834, 1682, 1470, 1418, 1320, 1287, 1261, 1215, 1194,
1088, 1056, 997, 986, 953, 935, 857, 845, 821, 753, 738, 634, 567, 534, 490, 448.

HRMS: m/z = 241.1198 ([M+Na]*; calculated for C14Hs02Na™ m/z = 241.1199).
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2.6 NMR spectra of acid 14
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3. DFT analysis of cations 12* and 5*

Geometric Structures and Electronic energies (Hartree)

3.1

Cation 12*

11

6 1.094749000
1 1.293275000
6 0.283602000
6 -0.041118000
1 0.450242000
6  -1.241562000
1 -0.948081000
1 -1.982851000
6 -0.732444000
1 -1.149154000
1 -0.420565000
6  -1.861340000
1 -2.688701000
6  -2.272198000
1 -3.051095000
1 -2.703073000
6 0.071206000
1 0.931184000
1 -0.369196000
6  -0.441142000
1 0.415792000

0.380585000

1.283414000

0.695249000

-0.465942000

-0.762402000

0.443930000

1.303536000

-0.104872000

1.728896000

2.059890000

2.575774000

0.897858000

1.587869000

-0.296189000

-0.865953000

0.040671000

-0.343668000

-0.985840000

0.002348000

-1.678220000

-2.320172000

0.509932000

1.100637000

-0.673942000

1.319907000

2.247284000

1.595294000

2.198609000

2.178365000

-0.535234000

-1.482348000

0.069583000

0.270045000

0.426499000

-0.596106000

-0.085632000

-1.539562000

-1.656156000

-1.811095000

-2.586112000

0.472760000

0.281633000
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238

1 -1.170367000  -2.275585000  1.023500000
6  -1.062813000 -1.201104000 -0.840447000
1 -1.304152000 -2.032178000 -1.500931000
7 2.256583000 -0.435008000 0.256184000
1 2.514006000 -0.938360000  1.095552000
6 3.410408000  0.327344000 -0.241074000
1 3.193243000  0.716028000 -1.236851000
1 3.685877000  1.169470000  0.403691000

1 4.263441000 -0.341018000  -0.325984000

Temperature 298.150 Kelvin. Pressure 1.00000 Atm.

Zero-point correction= 0.275387 (Hartree/Particle)
Thermal correction to Energy= 0.285384

Thermal correction to Enthalpy= 0.286328

Thermal correction to Gibbs Free Energy= 0.240980

Sum of electronic and zero-point Energies= -484.357053
Sum of electronic and thermal Energies= -484.347056
Sum of electronic and thermal Enthalpies= -484.346112

Sum of electronic and thermal Free Energies= -484.391459
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Cation 5*

11

6

1

1

1

1

1

-0.398146000

0.169124000

-0.506921000

0.277819000

-1.721086000

-2.304602000

-1.180683000

-0.617956000

-1.953778000

-0.274176000

0.487265000

-1.180679000

-1.953774000

-0.617950000

-0.398144000

-0.506921000

0.169128000

-2.540447000

-2.863830000

-3.445532000

-1.721084000

-2.304597000

1.719978000

2.068770000

-1.251957000

-2.165383000

-1.124755000

-0.000001000

-1.281344000

-2.173319000

-1.248454000

-2.157583000

-1.149643000

-0.000002000

-0.000005000

1.248452000

1.149641000

2.157578000

1.251959000

1.124758000

2.165383000

0.000003000

0.000005000

0.000002000

1.281346000

2.173324000

0.000001000

0.000006000

-1.021040000

-0.837942000

-2.096375000

-0.350354000

-0.240066000

-0.461622000

1.198507000

1.415945000

1.957892000

1.142861000

1.924574000

1.198511000

1.957896000

1.415951000

-1.021037000

-2.096372000

-0.837938000

-0.534402000

-1.576909000

0.074413000

-0.240062000

-0.461614000

-0.588255000

-1.617915000
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240

7 2.640039000 -0.000006000  0.311217000
6 4.089099000  0.000002000  0.074859000
1 4279467000  0.000014000 -0.993751000
1 4.524392000 -0.887641000  0.528674000
1 2.338356000 -0.000010000  1.280746000

1 4.524383000  0.887640000  0.528693000

Temperature 298.150 Kelvin. Pressure 1.00000 Atm.

Zero-point correction= 0.276647 (Hartree/Particle)
Thermal correction to Energy= 0.286892

Thermal correction to Enthalpy= 0.287836

Thermal correction to Gibbs Free Energy= 0.240993

Sum of electronic and zero-point Energies= -484.392153
Sum of electronic and thermal Energies= -484.381908
Sum of electronic and thermal Enthalpies= -484.380964

Sum of electronic and thermal Free Energies= -484.427807
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4. Crystallographic data collection and refinement details

Diffraction data were collected at low temperatures (100K) using - and @-scans on a BRUKER
D8 Venture system equipped with dual IuS microfocus sources, a PHOTON100 detector and
an OXFORD CRYOSYSTEMS 700 low temperature system. Mo-K radiation with wavelength
0.71073 A and a collimating Quazar multilayer mirror were used. The data was corrected for
absorption using semi-empirical absorption correction from equivalents using SADABS-
2016/2" and the structure of 14 was solved in the monoclinic space group P2i/n by the dual
space algorithm implemented in SHELXT2014/5.I'' Refinement was performed against F> on
all data by full-matrix least squares using SHELXL2018/3.1"JAIl non-hydrogen atoms were
refined anisotropically and C-H hydrogen atoms were positioned at geometrically calculated
positions and refined using a riding model. The O-H hydrogen atom was located in the
difference map and was set to ideal distance. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2x or 1.5x (OH hydrogen) the Ueq value of the atoms they are
linked to. The asymmetric unit contains one molecule of 14 which forms a dimer with its

symmetry equivalent via hydrogen bonding.

The crystallographic data has been deposited with the Cambridge Crystallographic Data Centre
as CCDC No. 2063017 and can be obtained free of charge.!'”!

101 L, Krause, R. Herbst-Irmer, G. M. Sheldrick, D. J. Stalke, Appl. Cryst., 2015, 48, 3-10.
11 G. M. Sheldrick, Acta Cryst. A, 2015, 71, 3-8.
2] htps://www.ccdc.cam.ac.uk/structures/
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Table S1. Crystal data and structure refinement for 14.

CCDC No
Empirical formula
Formula weight
Temperature
‘Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2a(1}]

R indices (all data)

Largest diff. peak and hole

2063017

CiaHis 02

218.28

100(2) K

071073 A

Monoclinic

Pin

a=6.5170(4) A a=90°.
b=104112(7) A B=97.934(2)°.
c=15.8832(10) A v =90°.
1067.36(12) A3

4

1.358 Mg/m?

0.089 mm-!

472

0.240 x 0.146 x 0.056 mm?

2.346 10 30.019°.

9<h<9 -14<k=<14,-22<1<22
77056

3129 [R(int) = 0.0505]

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on 2
3129/1/148

1.051

R1=0.0424, wR2 = 0.1069

R1 =0.0529, wR2 = 0.1145

0.359 and -0.285 e. A
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Table $2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 10%)

for 14. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z Uleq)
o 4201(1) 5011(1)y 5929¢1) 17(1)
o) 6435(1) 6392(1) 5467(1) 20(1)
c 5356(2) 5948(1) 6048(1) 12(1)
c@) 5586(2) 6711(1) 6857(1) 121y
c3) 5351(2) 5890(1) 7682(1) 12(1)
c) 3474(2) 6502(1) 8029(1) 13(1)
CE) 3753(2) 7911(1) 7776(1) 14(1)
C(6) 3851(2) 7747(1) 6824(1) 15(1)
cn 7645(2) 7444(1) 7076(1) 13(1)
C(8) 7698(2) 7602(1) 8038(1) 12(1)
C9) 7366(2) 6200(1) 8292(1) 12(1)
C(10) 5834(2) 8397(1) 8267(1) 14(1)
C(11) 3749(2) 8276(1) 9230(1) 16(1)
C(12) 5440(2) 6862(1) 9475(1) 16(1)
C(13) 3426(2) 6336(1) 8982(1) 16(1)
ca14) 7227(2) 6042(1) 9240(1) 15(1)
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Table S3. Bond lengths [A] and angles [°] for 14.

o(D-C(1)
0(2)-C(1)
O(2)-H(2)
C(H-C2)
C()-C(7
C(2)-C(6)
C(2)-C(3)
C(3)-CH)
C(3)-C(9)
C(3)-H(3)
C(4H-C(13)
C(H)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-C(10)
C(5)-H(5)
C(6)-H(6A)
C(6)-H(6AB)
C(7)-C(8)
C(N-H(TA)
C(7)-H(7AB)
C(8)-C(9)
C(8)-C(10)
C(8)-H(8)
C(9)-C(14)
C(9)-H®)
CU0)-C(11)
C(10)-H(10)
CU1-C(12)
COD-H(11A)
C(11)-H(11B)
C(12)-C(14)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13A)
C(13)-H(13B)
CU14)-H(14A)

1.2309(14)
1.3180(13)
0.879(14)
1.5009(15)
1.5421(15)
1.5586(13)
1.5888(14)
1.5472(13)
1.5540(13)
1.0000
1.5280(15)
1.5381(16)
1.0000
1.5316(15)
1.5529(16)
1.0000
0.9900
0.9900
1.5325(14)
0.9900
0.9900
1.5379(15)
1.5546(15)
1.0000
1.5293(14)
1.0000
1.5428(15)
1.0000
1.5434(17)
0.9900
0.9900
1.5313(16)
1.5332(16)
1.0000
0.9900
0.9900
0.9900
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C(14)-H(14B)

C(1)-0(2)-H(2)
O(1)-C(1)-0(2)
O(D-C(1)-C(2)
0(2)-C(1)-C(2)
C()-C2)-C(7)
C(1)-C(2)-C(6)
C(7)-C(2)-C(6)
C(1)-C(2)-C(3)
C(7)-C2)-C(3)
C(6)-C(2)-C(3)
C(4)-C(3)-C9)
C(#)-C(3)-C(2)
C(9)-C(3)-C(2)
C(4)-C(3)-H(3)
C(9)-C(3)-H(3)
C(2)-C(3)-H(3)
C(13)-C(4)-C(5)
C(13)-C(4)-C(3)
C(5)-C(4)-C(3)
C(13)-C(4)-H(4)
C(5)-C4)-H4)
C(3)-C(4)-H(#)
C(6)-C(5)-C(4)
C(6)-C(5)-C(10)
C(4)-C(5)-C(10)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(10)-C(5)-H(5)
C(5)-C(6)-C(2)
C(5)-C(6)-H(6A)
C(2)-C(6)-H(6A)
C(5)-C(6)-H(6AB)
C(2)-C(6)-H(6AB)
H(6A)-C(6)-H(6AB)
C(8)-C(7)-C(2)

0.9900

108.3(12)
123.01(10)
122.47(10)
10)
9
9)
9

114.48
115.82
110.58
105.61
114.39(9)
105.10(8)
104.35(8)
109.53(8)
104.10(8)
103.51(8)
113.0
113.0
113.0
112.70(9)
115.58(9)
99.88(8)
109.4
109.4
109.4
100.04(9)
112.29(9)
107.83(9)
112.0
112.0
112.0

99.97(8)
1118
1.8
118
1.8
109.5
100.15(8)



C(8)-C(7)-H(TA)
C(2)-C(7)-H(TA)
C(8)-C(7)-H(7AB)
C(2)-C(7)-H(TAB)
H(7A)-C(7)-H(7AB)
C(N-C(8)-C(D)
C(7)-C(8)-C(10)
C(9)-C(8)-C(10)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(8)-1(8)
C(14)-C(9)-C(8)
C(14)-C(9)-C(3)
C(8)-C(9)-C(3)
C(14)-C(9)-H(9)
C(8)-C(9)-H(9)
C(3)-C(9)-H(9)
C(11)-C(10)-C(5)
C1-C10)-C(8)
C(5)-C(10)-C(8)
C(11)-C(10)-H(10)
C(5)-C(10)-H(10)
C(8)-C(10)-H(10)
C10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H{11B)
C(14)-C(12)-C(13)
C(14)-C(12)-C(11)
C(13)-C(12)-C(11)
C(14-C(12)-H(12)
C(13)-C(12)-H(12)
C(1D-C(12)-H(12)
C(4)-C(13)-C(12)
C(4)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(#)-C(13)-H(13B)

117
117
117
117
109.5
100.12(8)
112.35(9)
107.52(9)
112.1
112.1
112.1
112.97(9)
115.55(9)
99.81(8)
109.4
109.4
109.4
108.83(9)
108.97(9)
111.43(9)
109.2
109.2
109.2
110.59(9)
109.5
109.5
109.5
109.5
108.1
107.62(9)
109.88(9)
110.11(10)
109.7
109.7
109.7
109.42(9)
109.8
109.8
109.8

C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(9)-C(14)-C(12)
C(9)-C(14)-H(14A)
C(12)-C(14)-H(14A)
C(9)-C(14)-H(14B)
C(12)-C(14)-H(14B)
H(14A)-C(14)-H(14B)

109.8
108.2
109.33(9)
109.8
109.8
109.8
109.8
108.3
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Table S4. Anisotropic displacement parameters (A2x 10%) for 14. The anisotropic

displacement factor exponent takes the form: -2p?[ h? a*?Ul + ... +2hka*b*U!?]

Ul Uz U Uz U U
o 21(1) 17(1) 12(1) 21 3(1) 5(1)
o) 26(1) 22(1) 12(1) 3(1) (1) 9(1)
c) 14(1) 13(1) 10(1) 1 1 1
C2) 14(1) 11(1) 10(1) 0c1) 2(1) o
c3) 14(1) 11(1) 9(1) ocl) 1(n o)
C(4) 121 17(1) 11 -I(1) 2(1) -1
cs) 14(1) 15(1) 13(1) -1(1) 2(1) A1)
C(6) 16(1) 16(1) 12(1) KD I 21)
() 14(1) 13(1) 12(1) -1(1) 3(1) 201
C(®) 13(1) 13(1) 11(1) -1(1) 10 2(1)
C) 12(1) 13(1) 11(1) 0c1) 1 1N
C(10) 18(1) 11(1) 13(1) -1(1) 3(1) o)
c(1) 19(1) 17(1) 13(1) -4(1) 3(1) -1
c(12) 17(1) 19(1) 10(1) 2(1) 2(1) 201
C(13) 16(1) 21(1) 12(1) -1(1) 4(1) -4(1)
C(14) 17(1) 18(1) 10(1) 1) 0(1) 11

S87

246



Table S5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2 10 %)

for 14.

x y 2 Uleg)
H(2) 6160(30) 5916(16) 5008(10) 29
H(3) 5167 4952 7562 14
H(4) 2162 6157 7708 16
H(5) 2556 8458 7886 17
H(6A) 4250 8555 6561 18
H(6AB) 2520 7435 6516 18
H(7A) 8838 6936 6936 16
H(7AB) 7612 8285 6782 16
H(8) 9055 7950 8316 15
H(%) 8525 5659 8137 15
H(10) 6030 9320 8123 17
H(11A) 4592 8802 9385 20
H(11B) 7054 8606 9550 20
H(12) 5385 6798 10100 19
H(13A) 3276 5415 9116 20
H(13B) 2226 6804 9152 20
H(14A) 8544 6315 9578 18
H(14B) 6988 5128 9368 18
Table S6. Hydrogen bonds for 14 [A and °].
D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(2)-H(2)...0(1)#1 0.879(14) 1.762(14) 2.6394(12) 175.4(17)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1
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4 Abbreviations

Ac20
COF
cp.
DMA
eg
etal.
Et
Et20
etc.
Hal

Le.
M.S.
mCPBA
Me
NHC
POP
pTsOH
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acetic anhydride
covalent organic framework
compare
dimethylacetamide
exempli gratia

et alia

ethyl

diethyl ether

et cetera
halogenide

id est

molecular sieve

meta-chloroperoxybenzoic acid

methyl

N-heterocyclic carbene
porous organic polymers
para-toluenesulfonic acid
tert-butyl
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