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Abstract

The subject of this work is the preparation of multiple chiral triazole-derived conjugate
acids of N-heterocyclic carbenes (NHC), a class of covalent organocatalysts used in many
stereoselective transformations. The NHC conjugate acids in question were prepared in the
form of triazolium salts by multi-step syntheses starting from readily available natural
compounds.

The prepared chiral triazolium salts were used as pre-catalysts in a chosen
enantioselective spiroannulation reaction between a benzofuranone derivative and an
a-bromoenal compound. Additionally, an alternative oxidative approach to the key azolium-

dienolate intermediate was explored.

Keywords
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Abstrakt

Tématem této prace byla piiprava vybranych chirdlnich konjugovanych kyselin
N-heterocyklickych karbent (NHC), které jako kovalentni organokatalyzatory nachazi vyuziti
ve stereoselektivnich reakcich. V této praci byly piipraveny prekurzory téchto katalyzatort,
triazoliové soli, pomoci vicekrokové syntézy vychézejici z dostupnych chirdlnich ptirodnich
sloucenin.

Tyto pfipravené chiralni triazoliové soli byly pouzity jako katalyzatory ve vybrané
enantioselektivni spiroanula¢ni reakci mezi derivatem benzofuranonu a a-bromoenalem. Nad
ramec cilt této prace byl zkouman alternativni zptisob generace kli¢ového azolium dienolatu

s vyuzitim ptidavku oxidantu.

Kli¢ova slova

Asymetrickd syntéza, organokatalyza, N-heterocyklicky karben, triazol, azolium dienolat,

spiroanulace
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1. Introduction

1.1 Asymmetric methods in organic synthesis

Stereochemistry is a crucial concept in medicinal chemistry, as it dictates the interaction
of the compound with biological systems.! In chiral compounds especially, only one enantiomer
may exhibit the desired activity. As the market preference for racemic drugs has steadily faded,
enantiopure compounds are dominant as newly-designed drug candidates.? Therefore, the ever-
more expanding pharmaceutical industry relies on the existence of a large library of synthetic
procedures that provide access to optically pure compounds. In many cases, these procedures
include the use of chiral catalysts, with chiral organocatalysts specifically being an attractive
area of research.’ In comparison to metal-based chiral catalysts, small organic molecules
generally carry lower toxicity and environmental strain, while also being applicable to a larger
substrate scope than enzymes.* In addition, starting materials for the preparations of
organocatalysts are often derived from small chiral organic molecules, such as amino acids,

alkaloids, and their derivatives, leading to lower costs.?
1.2 N-Heterocyclic carbenes in organocatalysis

1.2.1 Definition and chemical properties of N-heterocyclic carbenes

Carbenes are a chemical peculiarity, being carbon atoms with only six electrons present
in their valence shell. These electrons are distributed into two o-bonds and in most cases an sp*-
hybridised lone pair, complemented by an unoccupied p-orbital. An N-heterocyclic carbene
(NHC) is defined as a species (Figure 1), where the carbene carbon is a part of a heterocyclic
ring containing at least one nitrogen atom.’ The field has experienced rapid evolution over the
past thirty years, first set in motion by the preparation of the first bench-stable carbene prepared
in 1991 by Arduengo et al.’ and the synthesis of the first commercially available NHC

conjugate acid in 1995.7

Ph
) oR? [\ =N
» Ada—N~_N~ada Ph=N_N~pp
carbene Arduengo et al. (1991) Enders et al. (1995)

Figure 1. Electronic structure of a carbene and the first stable synthesised carbenes.



The ability to store NHCs long-term in the form of their conjugate acids, azolium salts,
has given the green light to explore and uncover the vast library of such compounds that can be
prepared. In the reaction mixture, the free carbene can be regenerated from its conjugate acid

through deprotonation by a mild base, such as triethylamine (Scheme 1).

R? R2
2 X@
3>t\( ; base >t\( . >t\(

3. _— 3. 3.
R4Z\7’\CiyR1 R Z\../N\R1 R Z\.?g\w
5 ©

azolium salt free carbene ylide

Scheme 1. Generation of the free carbene in the reaction environment.

The core heterocycle ring can be easily substituted, with the substituents ranging from
simple aliphatic chains to complex polycyclic systems. However, the general trend is for the N
substituent to be aromatic, with o,0-disubstituted aryls being preferred, as they generally exhibit
higher efficiency.® The 3 and 4 positions of the ring are usually incorporated into a ring system
bearing chiral substituents. This makes the NHC compound itself chiral and allows the use of
these compounds as chiral organocatalysts in asymmetric transformations.

The substitution patterns of the heterocyclic ring also have a profound effect on the
reactivity and stereoselectivity of the catalyst, by affecting both the carbene’s electronics and
steric bulkiness. The heterocycle moiety brings much-needed stability both through
aromaticity, and through the o-electron withdrawing and z-electron donating effects of the
heteroatoms. This relative stability makes these species strongly nucleophilic and potent o-

donors.’
1.2.2 Reactions catalysed by N-heterocyclic carbenes

With their powerful o-donating ability, (chiral) NHCs are mainly used to manifest
(asymmetric) C-C (or C-heteroatom) forming reactions, such as the benzoin (acyloin)
condensation.’ Its similarity to biochemical processes catalysed by enzymes carrying the
thiazole-derived cofactor triamine pyrophosphate is not by accident. As the thiazole moiety is
highly unusual in nature, the physiological role of thiamine in biochemical processes was the
subject of investigation. In 1958, following upon the observations of Jansen,'® Breslow used
the example of thiamine pyrophosphate to propose a mechanism for a thiazolium salt-catalysed

benzoin condensation between two benzaldehyde molecules (Scheme 2).!!
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Scheme 2. Generation of the intermediate adduct II, as proposed by Breslow.

In this mechanism, the azolium salt is converted to the free carbene using a base, followed
by the carbene lone pair performing a nucleophilic attack on the electron-deficient carbonyl
carbon of the aldehyde. This forms the intermediate adduct II (now called the Breslow
intermediate), which is notable for inversing polarity of the carbonyl group. This renders the
carbonyl carbon nucleophilic, and capable of attacking another molecule. If, for example, the
target is another aldehyde (acyloin condensation), an a-hydroxy ketone is formed,'? while an
attack on a Michael acceptor results in a 1,4-conjugate addition (Stetter reaction).!*> These
reactions generally result in the formation of a new stereogenic centre.

The Breslow intermediate is just one of several key intermediates (overviewed in
Scheme 3) formed in NHC-catalysed reactions. The nature of the intermediate is crucial to
explain the product scope and stereoselectivity of the transformation and is mainly dependent
on the type of substrate and catalyst used.'* If the NHC catalyst is chiral, one isomer of the
intermediate may be formed preferentially, forcing the electrophile upon the less hindered face,

leading predominantly to one stereoisomer of the product.’
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Scheme 3. Five distinct intermediates generated during NHC-catalysed reactions.
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2. State of the art

2.1 Triazolium salts as NHC catalysts

Triazoles are aromatic, heterocyclic compounds, containing three nitrogen and two
carbon atoms. It is therefore apparent, that two distinct isomers of triazole exist, those being
1,2,4-triazole and 1,2,3-triazole. While both isomer moieties can be found in synthesised
biologically active compounds (Figure 2),' this work only focused on the chemistry of

1,2,4-triazoles. Therefore, any mentions of the terms triazole or triazolium salt will refer to this
particular isomer.
H, H.,

Y e
\ N—Z
N-N O ﬂ i Q
NI N. HO =\ /YJ\
s NZ 5q NZ N ¢ —N N7 NH,
_ i ~7 N=N
N N
4 3 4 3 cl F
1,2,4-triazole 1,2,3-triazole F F O Rufinamide

Fluconazole anticonvulsant

antifungal Triazolam
sedative

Z-z

Figure 2. Both isomers of triazole and examples of triazole-containing biologically active

compounds.
2.2 Synthetic ways towards chiral triazolium salts

2.2.1 Triazolium salts from cyclic amides

The most important approach for preparing triazolium salts from a variety of chiral
lactams is based on a three-step procedure, first described by Knight & Leeper in 1998
(Scheme 4).' The starting cyclic amide, a chiral morpholinone derivative in this case, is
converted to an imino ether with the use of a powerful methylating agent (most often
trimethyloxonium tetrafluoroborate, known as Meerwein’s reagent). Then, an aryl hydrazine
hydrochloride is added to the intermediate, which provides the nitrogen atoms for the future
triazole ring, and the chloride counter-anion. The hydrazone is then formylated and

subsequently cyclised by heating with triethyl orthoformate.
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Scheme 4. The first approach to preparing triazolium salts from lactam compounds.

A few years later, Rovis and co-workers reported that the three-step reaction may be
performed as a one-pot procedure (Scheme 5).!” This procedure is applicable to a broad range
of cyclic amides. It is also possible to prepare bis-bicyclic triazolium salts with this method, as
shown by Ma and colleagues. They modified the procedure to accommodate a dihydrazine (m-

phenylenedihydrazine) to achieve the product (Scheme 6).'%

H
O N
0] OMe HNl’ “Ph
Me3OBF, PhNHNH, C(OEt);
NH ———> | N > NH @ ) BF4
DCM BF, | MeOH, 110 °C
Bn Bn Bn

Scheme 5. A one-pot procedure for preparing triazolium salts from a lactam compound.
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oA O\J\Ph 2. HC(OEt)s, MeOH, 80 °C

Ph

Scheme 6. Synthesis of a bis-bicyclic triazolium salt using an analogous procedure.
2.2.2 Pyrido-annulated triazolium salts

The question of whether the triazole ring can be a part of a larger, aromatic system of
rings in the final molecule was answered by Ma et al. His group developed two methods of
forming the triazole moiety from a pyridine backbone to create these kinds of salts.!® The first
method starts with 1-(pyridine-2-yl)hydrazine, which reacts with Meerwein’s reagent and a
trialkyl orthoformate (Scheme 7) to form the product. However, a large limitation of this
method is the inability to attach an aryl substituent to the N! atom of the triazole ring, as the

substituent on this atom comes from the trialkyl orthoformate used.

® Qu
_ ,NHZ Me3OBF4 . \ N N\R
o @

NTON HC(OR);
R = Me, Et

BF,

Scheme 7. Synthesis of pyrido-annulated triazolium salts bearing simple substituents.
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Hence, a second method was also presented (Scheme 8), which avoids this constrain by
treating an aniline derivative with m-chloroperoxybenzoic acid and then condensing the
intermediate nitrosobenzene with a 2-aminopyridine derivative. The formed azo compound is
then reduced with zinc and ammonium acetate to a hydrazone, which is then cyclised by heating
with triethyl orthoformate and a counter-anion source. The substituted aniline ring therefore

becomes the aromatic substituent on the N' atom of the triazole ring in the final compound.

o)
cl _OH
o) N, R — ,
1. _ 1| AN HC(OEt)3, NH,4PFg YR
NH > RN N > N
w2 , S H CeHsCl, 110 °C R' 0¥ ®
. _ PFg
R" "N "NH,
3.Zn, NH,0Ac

Scheme 8. Preparation of more complex pyrido-annulated triazolium salts from substituted

anilines and an aminopyridine derivative.

An alternative procedure was presented by Sigiienda et al. in 2009 (based on a method
reported in 1969 by Eicher),?®?! where various substituted pyridines are added to a flask
charged with methyl-N-nitrosoaniline and Meerwein’s reagent in dry DCE, leading to a

similarly substituted compound (Scheme 9).

NO
N Ph/N\Me,Et3OBF4‘ L /N\N_Ph
SN DCE NN
BF,

Scheme 9. Synthesis of pyrido-annulated triazolium salts with the use of nitrosoanilines.
2.2.3 Triazolium salts from oxadiazole rings

Building upon a method first developed by Boyd et al.,?? Enders et al. presented a method
of accessing triazolium salts by a ring-opening-ring-closing reaction of a previously prepared
oxadiazolium salt with a chiral primary amine (Scheme 10).* The oxadiazolium salt is prepared
by reacting an alkyl or aryl hydrazine with formic acid and acetic anhydride. This intermediate

is then condensed with the help of acetic anhydride and perchloric acid.

13
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R
Scheme 10. Synthesis of triazolium salts from oxadiazolium compounds prepared from

hydrazines.

The scope of primary amines, which may be used, is broad. In the work of Chen et al., a
freshly de-protected primary amine is shown to react with an oxadiazolium tetrafluoroborate,
prepared from 1-bromoadamantane, to provide a 1,4-disubstituted triazolium salt

(Scheme 11).24

: Bu :
SN 1. TFA, DCM WB“
|

\J

BocHN N.__-N (0] N N._N ©
2. Yo BF
\Rr /N\N/> BI:4 l\,l,/\ /> jR/ ¢
Ada’ ® Ne
Et;N, EtOH, 60 °C Ada

Scheme 11. Example of a triazolium salt preparation from a chiral primary amine and an

oxadiazolium salt.

In a different body of work, O’Toole and Connon prepared a chiral primary amine
hydrochloride from an azide via Staudinger reduction, followed by treatment with base and

reaction with an oxadiazole to yield the triazolium product (Scheme 12).%

O~ 0~ Ol
3 NH2 N |
/ 1.PPhg, THF { 4oy - NaOH, DCM [/ NN

NH 2.H,0,45°C NH NH
: —N © S,
o< 3. HCl o< 2. OFN clo; o= cio,
R R N @Ph R

MeCN, 4 A sieves

Scheme 12. Analogous synthesis of a triazolium salt from a chiral substituted aminoindane.
2.2.4 Other synthetic methods for the preparation of triazolium salts

A piece of work published by Lassaletta et al. presents an alternative procedure of
synthesising N-(dialkylamino)triazoles as precursors for their derived triazolium salts.?® This
procedure improves upon a previously reported method reported by Castellano et al., which
dealt with the preparation of these compounds by reductive amination and subsequent
alkylation of 4-amino-triazoles;?’ this method however proved unusable, if the introduction of

more complex, chiral N-dialkylamino groups was desired.

14



The group therefore designed a process, in which chiral N,N-dialkylhydrazines react with
N,N-dimethyl-formamidazine dihydrochloride in pyridine at 100 °C, leading to the formation
of 4-(dialkylamino)triazoles (Scheme 13). These intermediates can then react with alkylating

agents to alkylate the N! triazole atom selectively, and to provide the triazolium salt’s counter-

anion.
1 O\ 2 R’ ‘O\RZ
N=N R l\ll R R’ ‘Q\Rz f\ll
N 70 N NH, . iPrl N \©
/N N\ > N - « /
2HCI X ) THF, 60 °C N-N©®
| _J.100°C N-N iPr

N

Scheme 13. Synthesis of dialkylaminotriazolium salts from chiral N,N-dialkylhydrazines.

Another procedure, stemming from imidoyl chlorides, was highlighted in a paper by
Enders et al.>® Here, the imidoyl chloride is freshly prepared by reacting an amide with
phosphoryl chloride, and is afterwards mixed with an N-alkyl-N-formyl hydrazine in the
presence of acetic anhydride and perchloric acid (Scheme 14). This sequence leads to the

formation of 3,4-disubstituted-1-alkyl-triazolium perchlorates.

" iNs -N®
POCI,4 R" °NH AR
Rzﬂ\NH — RZJ%N%) cha Rz{N) o
3 DCM '3 2.Ac,0, ClO; N~ Clo,
R R RS

Scheme 14. Preparation of triazolium salts from imidoyl chlorides and N-alkyl-N-

formylhydrazines.

Another way of preparing the salts is a multiple-step procedure originating from benzoyl
chloride (Scheme 15).2% At first, the chloride is condensed with aniline by refluxing in toluene,
followed by the addition of thionyl chloride at 80 °C. The formed intermediate is then dissolved
in THF, and condensed with phenylhydrazine in the presence of triethylamine, forming most
of the ring’s skeleton. Finally, to complete the triazole ring, formic acid, acetic anhydride, and

perchloric acid are added, yielding the perchlorate salt.

o 1. PhNH,, PhMe, reflux H /Ph
2.S0ChL, 80°C N""Ph 1. HCOOH, Ac,0 '}Hi@ -
Ph Cl - > Ph
3. PANHNH,, Et3N, THF Ph)\”,Ph 2. HCIO, ,}1 clo,
Ph

Scheme 15. Alternative procedure of preparing tri-substituted triazolium salts from benzoyl

chloride.
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2.3 Selected organocatalytic transformations mediated by chiral NHC

catalysts

The use of chiral triazolium salts as conjugated acids of active NHC catalysts evolved
from experiments involving thiazolium-based NHCs in asymmetric benzoin condensations,
which were carried out with poor to moderate yields and enantioselectivity.2>*° This led to the
development of analogous NHC catalysts based on triazole, immediately providing better
results.!®*! Following these observations, more and more chiral NHC catalysts, based on
compounds such as amino acids, aminoindane, or camphor, have been successfully synthesised
and used in the following years.>?

Of course, these NHC catalysts can be applied to the usual umpolung transformations of
aldehydes, briefly overviewed in Section 1.2.2. Such an example is an asymmetric
intramolecular acyloin condensation performed by You et al., using catalysis with an NHC

generated from a camphor-derived triazolium salt (Scheme 16).%

CeFs
/=N®
N__N
1 OJ/GBF
ol AN H (15 mol%) 4 _
I 2 -
Pz R NaOAc (10 mol%)
21/7)( 1,4-dioxane

up to 96% yield
up to 92% ee

Scheme 16. Example of an NHC-catalysed asymmetric intramolecular acyloin condensation.

However, an increased amount of attention has also been paid to designing NHC-
catalysed asymmetric cycloaddition and annulation reactions. Such reactions are valuable, as
they provide access to many different ring skeletons that may be useful in various syntheses of
pharmaceuticals and biologically active compounds. These include, but are not limited to,
derivatives of (spiro)indoles, quinolines, (benzo)furans, lactones, and pyrazoles.'*

A particular method of preparing chiral cyclohexenones falls in this category. The
reaction proceeds by generating an azolium-dienolate intermediate from an a,f-unsaturated
aldehyde via in situ oxidation by an external oxidant. This intermediate can then attack a
different substrate containing a polarised double bond, to complete the formal [4+2]
cycloaddition, creating two stereogenic centres in the process. An example of such a

transformation is the synthesis of a chiral spiroindole derivative by Liu et al. (Scheme 17).3*

16
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Scheme 17. Asymmetric [4+2] cycloaddition of an enal and a chiral spiroindole derivative.

However, as has been shown, it is also possible to prepare these compounds without the
use of an external oxidant, by reacting electron-deficient alkenes with an a-bromo-a.f-
unsaturated aldehyde. For example, this tactic has been used in the synthesis of chiral

cyclohexenones from substituted nitroisooxazoles by Loska et al. (Scheme 18).%°

S)
: N N>

N

N’O N\ R2 i NO, (20 mol%)
\ + e
DIPEA (200 mol%)

;
R NO, Br toluene

Y

up to 99% yield
up to 99% ee

Scheme 18. NHC-catalysed asymmetric synthesis of chiral cyclohexenones from

nitroisooxazole derivatives.

The assumed mechanism of these transformations is overviewed in Scheme 19. First, the
carbene lone pair attacks the carbonyl group of the a-bromoenal, forming the Breslow
intermediate I1. Upon tautomerization, the a-bromine atom acts as a leaving group, forming the
azolium intermediate III, which is then deprotonated to yield the azolium-dienolate IV. The
electron-rich y-carbon atom can then attack the double bond of the electron-deficient alkene
substrate to form V. This intermediate then undergoes cyclisation via an intramolecular

nucleophilic attack to yield the chiral cyclohexenone compound.

17
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Scheme 19. Plausible mechanism of the key intermediate generation in situ and subsequent

formation of the product.
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3. Goals of the project

The main objective of this project was the synthesis of selected chiral NHC conjugate
acids, all containing a triazolium moiety, from readily available, small molecules. These
compounds would then be used in a model asymmetric reaction to showcase their catalytic

ability. The project can therefore be divided into the following steps:

a) Preparation of two chiral NHC conjugate acids derived from both enantiomers of the

essential amino acid valine.
b) Preparation of two chiral NHC conjugate acids derived from the naturally-occuring
compound D-camphor, with the final compounds differing in the aryl group bonded

to the triazolium ring.

c) Use of the prepared NHC conjugate acids as organocatalysts in a selected

enantioselective reaction, and comparison to previously tested NHC catalysts.

19



4. Results and discussion

4.1 Preparation of chiral NHC conjugate acids derived from both valine

enantiomers

As the Boc-protected derivative (1) of the essential a-amino acid valine is readily
available for purchase, it was chosen as the starting material for the following steps. The first
step of the synthesis was an esterification using methyl iodide in the presence of a weak base
(Scheme 20),*® which afforded Boc-D-valine methyl ester (2) in quantitative yield. The ent-2
compound was commercially available.

0 O
A vl LI
OH o OMe

KHCO,, DMF

Scheme 20. Preparation of the Boc-valine methyl ester.

The ester functional group of of 2 (ent-2) was converted into the tertiary alcohol 3
(ent-3) by a Grignard reaction with methyl magnesium bromide (Scheme 21).3” The reaction
proceeded with acceptable yields (75 and 39%), and the product was used immediately for the
next step. Interestingly, ent-3 was prepared in a noticeably lower yield, despite the use of the

same reaction procedure.

O
)\)}\ MeMgBr )\><
OMe - OH

\

. Et ° :
HNBoc 20,0°¢ HNBoc
2 3:75%
ent-3: 39%

Scheme 21. Preparation of the tertiary alcohol intermediate.

The Grignard products 3 and ent-3 were cyclised into oxazolidinones 4 and ent-4,

respectively, using potassium tert-butoxide as a base (Scheme 22).%7

The cyclisation step
proved to be troublesome, with yields of 30% (for 4) and 23% (for ent-4). It was hypothesised
that the cyclic products 4 and ent-4 may have a high affinity for the water phase during
extraction, or that some losses may have occurred during evaporation because of the

compound’s volatility.
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Scheme 22. Preparation of the cyclic oxazolidinone derivative.

The oxazolidinones 4 and ent-4 were then converted into the triazolium salt pre-catalyst
by a three step procedure (Scheme 23).3” The carbonyl oxygen was methylated by Meerwein’s
reagent, forming the imino ether intermediate 5 (ent-5), to which was then added freshly
prepared mesityhydrazine. The formed intermediate 6 (ent-6) was then converted into the
triazolium salt product pre-C3 (ent-pre-C3) by refluxing with triethyl orthoformate in MeOH.
The differences in yield (14% and 32%) could be attributed to the purification required to afford
the pre-catalysts in sufficient purity, which differed for pre-C3 and ent-pre-C3.

©
X\)’ Me3OBF4 XY N\ MesNHNH; A[O%@ BF,4
) SN SNH
\\ N HN

Mes
4 (ent-4) (ent-5) 6 (ent-6)
o )
1@ BFs  Hc(OEt), %
W N NH VeoH. 100 °C
H HN, @ Mes
Mes
6 (ent-6) pre-C3: 14%

ent-pre-C3: 32%

Scheme 23. Three-step preparation of the valine-derived NHC conjugate acids.
4.2 Preparation of chiral NHC pre-catalysts derived from D-camphor

The starting material for this synthesis was D-camphor (7), an enantiopure natural
compound easily available for purchase. In the first step, the D-camphor was deprotonated in
the a-position by potassium fert-butoxide and subsequently turned into mainly the E-isomer of
the oxime 8 (dr = 9:1) by adding isopentyl nitrite (Scheme 24).>

a high yield of 92%.

The reaction proceeded with
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Scheme 24. Preparation of the D-camphor oxime derivative.

The oxime 8 was then converted into an amino alcohol 9 via reduction with lithium
aluminium hydride (Scheme 25),%” in a reaction which heavily favoured the formation of the
syn-stereoisomer of 9 (dr = 17:1). The reaction ended up going ahead with an excellent yield
0f 93%.

QH

THF, 80°C OH

@)
8 9: 93%

Scheme 25. Preparation of the syn-aminoisoborneol intermediate.

The amino alcohol product 9 was then immediately used for the subsequent two-step
cyclisation. First, the amine was turned into an amide by the amidation of chloroacetyl chloride,
and the six-membered lactam cycle was then fused by an intramolecular Sn2 substitution
promoted by a base (Scheme 26).2”** After some necessary optimisations of the reaction
conditions (base, reaction time, temperature), full conversion of the amide in the substitution
reaction prompted by a solution of hydroxide was observed after 5 days. In the end, the

morpholinone product 10 was yielded in an acceptable yield of 35%.

O
NH, 2. NaOH - N.__o
OH THF o)
9 10: 35%
(over two steps)

Scheme 26. Preparation of the cyclic morpholinone derivative.
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To prepare the first camphor-derived pre-catalyst (pre-C4), Meerwein’s reagent was
added to the morpholinone 10 in dry DCM to create the imino ether 11, to which was then
added freshly prepared mesityl hydrazine. Subsequently, the hydrazone 12 was cyclised into
the triazolium salt pre-C4 by refluxing with triethyl orthoformate in chlorobenzene (Scheme

27).% The total yield for these three steps was a respectable 49%.

Mes
H y HN
H Me;OBF, N MesNHNH, N . NH
] ) XJy—OMe > Z
o DCM 0 DCM o) o
Vg - v e
10 11 12
Mes ,Mes
§ HNNH NOOR)s N/:NN@
~ = 7
OJ/ o CeHsCl, 110 °C OJ/ o
BF, BF,
12 pre-C4: 49%

(over three steps)

Scheme 27. Preparation of the mesityl-substituted camphor-derived NHC conjugate acid.

The second of the camphor-derived pre-catalysts (pre-C5) was prepared using a very
similar procedure, with the only difference being the use of pentafluorophenylhydrazine as the
aryl hydrazine (Scheme 28).* The procedure was also made slightly easier, due to
pentafluorophenylhydrazine being a shelf-stable solid, meaning that it can be directly added to
the reaction mixture. In the end, the pre-catalyst pre-CS was generated from the three-step

reaction in a 49% yield.

CeFs
H Me3OBF, N CoFsNHNH, HoR
o —OMe > 7
o) DCM o) DCM o) o
N J v e
10 11 13
,CeFs CeFs
H HNNH HC(OEt); N/:NN@
~ - ~
OJ/ o CgHsCl, 110 °C OJ/ o
BF, BF,
13 pre-C5: 49%

(over three steps)

Scheme 28. Preparation of the pentafluorobenzyl-substituted camphor-derived NHC conjugate

acid.
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4.3 Spiroannulation reaction

4.3.1 Motivation for the selected substrates

A chiral NHC-catalysed asymmetric spiroannulation reaction of benzylidene-3-
benzofuran-2(3H)-one (14) and (E)-2-bromo-3-phenylbut-2-enal (15) was chosen as the model
reaction for the catalyst screening. The inspiration for this reaction came from the ongoing
research in our group, focused on the synthesis of spirocyclic derivatives of various
heterocycles. Compounds based on oxygen-containing heterocycles, such as benzofuranone,
are often a part of biologically active structures.*’ Exploring transformations leading to these

compounds could, therefore, be of significance in novel drug development.

Ph
Ph
/ Ph O pre-C (20 mol%) O
N )\HL base (200 mol%) Ph
g i DCM O 0
Br g O

14 15 16

Scheme 29. Overview of the selected model reaction.
4.3.2 Preparation of the starting compounds

The benzylidene starting material 14 was prepared from 2-coumaranone (17) in a one-
step reaction by Knoevenagel condensation with benzaldehyde (18) in the presence of
piperidine (Scheme 30).*! The reaction ran without issue, however, multiple washes with a
sodium bisulfite solution were required to remove all residual benzaldehyde, leading to a yield

of 38%.

Y

N
H /
(= - @AL .
0
EtOH 5
17 18 14: 38%

E/Z = 5/1

Scheme 30. Preparation of the benzylidene benzofuranone derivative starting material.
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The a-bromo enal 15 was prepared in a four-step synthesis starting from acetophenone
(19).% In the first step, the ketone was converted to an a,f-unsaturated ester 20 by the Horner-
Wadsworth-Emmons reaction, using a phosphonate-stabilised carbanion created by the
deprotonation of triethyl phosphonoacetate by sodium hydride (Scheme 31). Resulting from

this reaction was the ester product 20 as a 5/1 mix of £/Z isomers in a 61% yield.

1. NaH
0] (0]
0] 'F; 0]
EtO~,
2. EtO OEt N J\O/\
THF
19 20: 61%

E/Z = 5/1
Scheme 31. Preparation of the a,f-unsaturated ester from acetophenone.
The ester product 20 from the previous step was then converted into an alcohol 21 via

reduction with DIBAL-H (Scheme 32),*® again yielding a 5/1 mix of E/Z isomers, in a yield of
90%.

0
X J\o/\ DIBALH N NoH
DCM,-78°C

20 21: 90%
E/Z = 5/1 EIZ = 5/1

Scheme 32. Preparation of the alcohol by a reduction of the a,f-unsaturated ester.

In the next step (Scheme 33), the alcohol 21 was converted into an aldehyde 22 by gentle
oxidation with Dess-Martin periodinane (DMP).* The E/Z isomers could be separated to a
small degree during column chromatography, so the product was afforded as a 6/1 mixture of
E/Z 1somers in an 80% yield. Due to the significant instability of the aldehyde product 22,

degrading over time to a carboxylic acid, it was used immediately for the next step.

L
AN ~OH DMP . AN H
DCM, 0 °C
21 22: 80%
E/Z =51 EiZ =61

Scheme 33. Preparation of the a,f-unsaturated aldehyde.
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For the final step of the synthesis of the a-bromoenal starting material 15, the aldehyde
product 22 from the previous step was reacted with bromine in dry DCM at -78 °C, followed
by the addition of pyridine, which prompted an elimination of the formed dibromo-substituted

intermediate to yield almost exclusively the E-isomer of the final product 15 in a 22% yield.

1. Bry, -78 °C
X
. L
2. %

XN J\H N . BT
DCM

H™ "0

22 15: 22%

E/Z = 6/1

Scheme 34. Preparation of the a-bromoenal starting material.
4.3.3 Results of the catalyst screening

In addition to the four previously prepared NHC conjugate acids (pre-C3, ent-pre-C3,
ent-C4, ent-CS), two additional NHC pre-catalysts were used as benchmarks. An achiral NHC
(pre-C1) was tested to highlight the expected increased enantioselectivity when using chiral
NHCs. An aminoindanone-derived NHC (pre-C2), which had shown great catalytic activity in
the nitrooaxazole reaction shown in Section 2.3 (Scheme 18) was also studied. To round off the
scope of studied catalysts, a bi-functional NHC pre-catalyst containing a tertiary alcohol group
(pre-C6) was also tested. It was hypothesised that the catalytic ability could be improved due

to H-bond formation with an intermediate, leading to a more rigid transition state.
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Table 1. Overview of the model reaction outcomes based on the used NHC precursor.

Ph
/ Ph O pre-C (20 mol%)
o + S ’ Et3N (200 mol%)
o DCM, 72 h
Br
E/Z = 5/1
14 15

9o

O/»’N o o) © BFs

o A_J _N BF —N®
S y=N BFs /=N

N\?'\({a\MeS S N\&%\Mes N\%%Mes OyN
pre-C1 pre-C2 glrﬁ‘:/c():r:;-C3 gg_gg ﬁi : M:FSS FsC pre-C6
NO,
Entry[@ pre-Catalyst Conversion DA Comb. yield (%)l Ee (%)l

1 pre-C1 full 1.011.9 70 0/0
2 pre-C2 full 4.5/1.0 66 86/52
3 pre-C3 not full 3.71.0 24 55/45
4 ent-pre-C3 not full 3.8/1.0 37 -48/-55
5 pre-C4 no n.d. traces n.d.
6 pre-C5 no n.d. traces n.d.
7 pre-C6 not full 4.0/1.0 36 95/82

[ Reactions were conducted with 14 (0.10 mmol), substrate 15 (0.15 mmol), Et;N (0.20 mmol), and selected pre-
Catalyst (20 mol%) in DCM (1.0 ml, 0.1 M) at room temperature. [’ Ratio of the diastereomers 16a and 16b as
determined by "H NMR of the crude reaction mixture. [! Isolated yield after column chromatography. [ Determined
by chiral HPLC analysis.

As anticipated, the model reaction using the achiral pre-C1 provided racemic mixtures of
the 16a and 16b diastereomers (entry 1), which were necessary for further determination of
enantioselectivity using chiral HPLC. Enantiomeric excess (ee) was measured for all reactions,
as the use of a chiral NHC catalyst should preferentially yield one enantiomer of both
diastereomers 16a and 16b. The model reaction conducted in the presence of pre-C2 (entry 2)
led to the best overall results (dr = 4.5/1.0, ee = 86%/52%). The valine-derived NHCs pre-C3
and ent-pre-C3 (entries 3 & 4) showed a modest amount of enantiocontrol, although with
relatively poor yields (24% and 37%). However, the dr (3.7/1.0 and 3.8/1.0) was comparable
with the better-performing catalysts. As is evident, the NHCs derived from camphor (pre-C4
and pre-CS, entries 5 & 6) did not illicit any catalytic activity, with only traces of product being
detected via TLC. Interesting stereocontrol (dr = 4.0/1.0, ee = 95%/82%) was observed in the

model reaction catalysed by the bifunctional pre-C6 (entry 7), albeit in a low yield of 36%.
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4.3.4 Other methods of accessing the azolium-dienolate intermediate

To compare the viability of the prior method to an oxidative approach, an additional
experiment was carried out. In contrast to the previous experiment, the aldehyde compound 22
was used as the second substrate in the presence of an external oxidant. Furthermore, the NHC
catalyst of choice was pre-C2 for every reaction, as it provided the best overall results in the
previous experiment. Additionally, all reactions were run until full conversion of 14 had been
achieved, or until 48 h of reaction time had passed. Finally, an oxidant was present in the
reaction mixture to facilitate the generation of the key azolium-dienolate intermediate.

In total, four reactions were performed, differing in the applied oxidant. Three reactions
were run with either Kharasch oxidant (DQ), manganese dioxide, or a catalytic amount of DQ
in excess manganese dioxide as the oxidative source, whereas one reaction was run under

electrochemical conditions.*?

Table 2. Overview of the model reaction outcomes based on the used oxidative conditions.

Ph
y/ o pre-C2 (20 mol%)
. S Et;N (200 mol%)
0 Ph H
o e DCM
EIZ =51
14 22 16a 16b
Entryl@ R’ Oxidant Time (h) DrA®] Comb. yield (%)l  Ee (%)M!
1 Br none 72 4.5/1.0 66 86/52
2 H DQ (150 mol%) 16 4.8/1.0 94 95/55
3 H MnO, (150 mol%) 24 5.0/1.0 51 96/60
4 H DQ/MnO, (10/500 mol%) 24 4.8/1.0 45 97/60
5 H electrochemicall® 48 1.0/1.0 20 94/61

[al Reactions were conducted with 14 (0.10 mmol), substrate 22 (0.15 mmol), Et3N (0.20 mmol), and pre-C2 (20
mol%) in DCM (1.0 ml, 0.1 M) at room temperature. [’ Ratio of the diastereomers 16a and 16b as determined by
"H NMR of the crude reaction mixture, with the exception of entries 3 through 5, where dr was determined by

"H NMR of the isolated reaction mixture. [! Isolated yield after column chromatography. [l Determined by chiral
HPLC analysis. [®! Electrochemical oxidation. Standard conditions: Pt anode, Pt cathode and reaction was
conducted with 14 (0.20 mmol), 22 (0.30 mmol), n-BugNI (0.20 mmol), Et3N (0.40 mmol), and pre-C2 (20 mol%) in
DCM (2.0 ml, 0.1 M) in constant current of 1.0 mA in IKA ElectraSyn 2.0 at room temperature.

tBu tBu
o~ _)=_)°

DQ oxidant
tBu tBu
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Apart from the electrochemical approach (entry 5), which led to the formation of a
multitude of side products, the oxidative conditions led to overall improvements in product
stereoselectivity (entries 2 through 4) compared to the original procedure (entry 1). This is
apparent in the increased dr (up to 5.0/1.0) and ee (up to 97%/60%) values compared to the
previous experiment. In addition to this, the model reaction using just DQ as the oxidant
(entry 2) proceeded with an excellent yield (94%), which was also complemented by the
shortest reaction time of 16 h. In comparison, the model reactions using manganese dioxide as

the oxidant (entries 3 & 4) proceeded with noticeably lower yields.

29



5. Experimental part

5.1 General remarks about the used procedures

Reactions, which required to be run in anhydrous conditions, were ran in vessels which
were first evacuated under reduced pressure generated by a Lavat VR 1,5/21 oil vacuum pump,
and then refilled with inert gas (argon). Excess solvents were removed under reduced pressure
via a Heidolph Hei-VAP Core rotary evaporator. When necessary, final products were dried
under reduced pressure created by an oil vacuum pump, until constant mass was reached.

Reaction conversion, as well as product purity, was monitored by thin-layer
chromatography (TLC), with the use of Kieselgel 60 F2s4 (Merck) plates. The spots were then
visualised either under UV, generated by the UV lamp CAMAG UV Cabinet 2 (4 = 254 nm,
366 nm), or by using TLC stains, followed by heating to 100 — 200 °C by a heat gun. The TLC
stains that were used include: CAM — ceric ammonium molybdate, preparing by dissolving
phosphomolybdenic acid (25 g) and ammonium cerium(IV) sulfate dihydrate (10 g) in a
sulphuric acid solution (1.2 M, 1 1), KMnQ4 — prepared by dissolving potassium permanganate
(3 g) and potassium carbonate (20 g) in water (300 ml), with the solution being made alkaline
by the addition of a sodium hydroxide solution (5% w/w, 5 ml), DNPH — prepared by dissolving
2-4-dinitrophenylhydrazine in water (20 ml) and sulphuric acid (96% w/w, 15 ml), followed by
the addition of ethanol (50 ml).

Column chromatography was used for product separation, with Fluka 60 (40-63 pm)
silica gel serving as the stationary phase, and freshly distilled solvents serving as the mobile
phase. For filtrating thick slurries under reduced pressure, Celite® 545 was used.

Multiple techniques were used for the characterisation of prepared compounds. Nuclear
magnetic resonance (NMR) was performed on a Bruker AVANCE III 400 machine, with 'H
spectra being measured at a frequency of 400 MHz, and *C spectra being measured at a
frequency of 101 MHz. Chemical shifts were referenced to the protons or carbon atoms of the
used deuterated solvent (chloroform-d, du=7.26 ppm, dc=77.16 ppm).

To confirm the molecular mass of the prepared compound, high-resolution mass
spectrometry (HRMS) was performed by the dissolution of the compound in methanol, and
subsequent measurement on a Q-TOP COMPACT BRUKER machine, with ESI being used as

the 1onisation method.
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To measure specific rotation ([a]3’), of the prepared product, an AUTOMATIC
POLARIMETER Autopol III machine was used. The concentration, measured in g/100 ml, is
listed for each compound separately, with the special rotation being measured in the units
10" deg - cm? - gl

Enantiomeric excess (ee) was measured by HPLC analysis on a Shimadzu LC20AD
machine, equipped with an SPD-M20A spectrophotometric detector, and a Daicel Chiralpak®
IH chiral stationary phase. The samples were prepared by dissolving the measured product in

i-PrOH.
5.2 General procedures

5.2.1 General procedure I: Preparation of 4-isopropyl -5,5-dimethyloxazolidin-2-ones

The corresponding oxazolidinones (4 and ent-4) were prepared by a modified literature
procedure.’’

A round-bottom flask was charged with a magnetic stirring bar and the corresponding
Boc-valine methyl ester (1.0 eq.). The flask was evacuated under reduced pressure and refilled
with argon. Then, the starting material was dissolved in anhydrous Et2O (0.5 M with respect to
ester) and cooled to 0 °C (ice/water cooling bath). At this temperature, a solution of
methylmagnesium bromide (3.0 M in EtxO, 3.2 eq.) was added dropwise to the stirred solution
of ester. After all the Grignard reagent was added, the flask was removed from the cooling bath,
and the mixture was left to stir at ambient temperature overnight. Once the starting ester was
no longer detected by thin-layer chromatography (TLC), the reaction was quenched by
dropwise addition of ice-cold water (40 ml for 50 mmol of ester). The resulting heterogeneous
mixture was filtered through a short pad of Celite®, and the biphasic filtrate was separated,
followed by extraction of the water layer with EtOAc (3 x 50 ml, for 50 mmol of ester). The
combined organic phases were washed with brine (1 % 50 ml, for 50 mmol of ester) and dried
under anhydrous MgSOs. After filtration of the solid, the fitrate was concentrated under reduced
pressure, yielding the virtually pure (according to NMR) tertiary alcohol 3 (ent-3). The crude

product was used immediately for the next step without further purification.

A round-bottom flask was charged with a magnetic stirring bar and the corresponding
crude alcohol 3 (1.0 eq.). The flask was evacuated under reduced pressure and refilled with

argon. Afterwards, the alcohol was dissolved in anhydrous THF (0.2 M with respect to alcohol),
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and the resulting solution was cooled to 0 °C (ice/water cooling bath). Upon cooling, potassium
tert-butoxide (1.1 eq.) was added in small doses, and the reaction mixture was left to stir for 2-
3 h at this temperature. Once the starting alcohol was no longer detected by TLC, the reaction
mixture was concentrated under reduced pressure. The remaining solids were dissolved in
EtOAc (250 ml for 35 mmol of alcohol), and the solution was very swiftly washed with ice-
cold dilute hydrochloric acid (0.1 M, 1 x 50 ml for 35 mmol of alcohol), brine (1 x 50 ml for
35 mmol of alcohol), and then dried under anhydrous MgSQOs. After filtration of the solid, the
filtrate was concentrated under reduced pressure. The oxazolidinone product (4, ent-4) was then

isolated by column chromatography using hexane/EtOAc (1:1) as the mobile phase.
5.2.2 General procedure II: Preparation of valine-derived NHC conjugate acids

The corresponding NHC pre-catalysts (pre-C3 and ent-pre-C3) were prepared according
to a modified literature procedure.?’

A small flask was charged with a magnetic stirring bar and the desired enantiomer of
compound 4 (1.0 eq.). The flask was evacuated under reduced and refilled with argon. The
starting material was then dissolved in anhydrous DCM (0.2 M with respect to oxazolidinone),
and trimethyloxonoium tetrafluoroborate (1.1 eq.) was added to the stirred solution of
oxazolidione. The reaction was left to run overnight at ambient temperature, until it was
determined by 'H NMR that almost all the starting material had been converted to the
intermediate. Afterwards, freshly prepared mesitylhydrazine (1.5 eq.) was added to the reaction
mixture. The mixture was left to stir overnight at ambient temperature. Once 'H NMR
confirmed full conversion to the second intermediate, the reaction mixture was concentrated
under reduced pressure, and the remaining solids were re-dissolved in a few millilitres of
anhydrous MeOH. Triethyl orthoformate (15.0 eq.) was then added to the flask, and the mixture
was heated to 100 °C and left to reflux, until full conversion had been achieved, according to
"H NMR (16-36 h). The reaction mixture was concentrated under reduced pressure, and the
crude pre-catalyst was isolated by column chromatography, using a hexane/EtOAc polarity
gradient (2:1 — 1:2) as the mobile phase. To remove residual impurities from the pre-catalyst, a
second column chromatography was done, using DCM/acetone (20:1) as the mobile phase. The
pure pre-catalyst (pre-C3, ent-pre-C3) was then transferred to a vial and dried under reduced

pressure.
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5.2.3 General procedure III: Preparation of camphor-derived NHC conjugate acids

The corresponding NHC pre-catalysts (pre-C4 and pre-C5) were prepared according to
a modified literature procedure.>

A small flask was charged with a magnetic stirring bar and compound 10 (1.0 eq.). The
flask was evacuated under reduced pressure and refilled with argon. Afterwards, the starting
material was dissolved in anhydrous THF (62.5 mM with respect to morpholinone), followed
by the addition of trimethyloxonium tetrafluoroborate (1.2 eq.) The reaction mixture was left
to stir overnight at ambient temperature until 'H NMR showed almost full conversion to the
intermediate. The corresponding arylhydrazine (1.5 eq.) was then added to the reaction mixture,
which was left to stir overnight at ambient temperature. After this time, the previous
intermediate was no longer detected by 'H NMR, and the reaction mixture was therefore
concentrated under reduced pressure. The remaining solids were dissolved in chlorobenzene
(20 ml for every 2.5 mmol of morpholinone), and triethyl orthoformate (6.3 eq.) was
subsequently added to the solution. The reaction mixture was then heated to 110 °C and left to
stir at this temperature overnight, until the previous intermediate was no longer detected by 'H
NMR. The reaction mixture was concentrated under reduced pressure, and crude pre-catalyst
was then isolated by column chromatography, using DCM/acetone (20:1) as the mobile phase.
The pure pre-catalyst (pre-C4, pre-C5) was then transferred to a vial and dried under reduced

pressure.
5.2.4 General procedure IV: Preparation of the benzofuranone spiro-derivative
5.2.4.1 General procedure IVa: Use of the a-bromoenal 18 as a starting material

A 4 ml vial was charged with a small magnetic stirring bar and compound 14 (22.2 mg,
0.10 mmol, 1.0 eq.), compound 15 (33.8 mg, 0.15 mmol, 1.5 eq.), and the corresponding pre-
Catalyst (0.02 mmol, 0.2 eq.). The vial contents were dissolved in anhydrous DCM (1 ml,
0.1 M), and finally, triethylamine (28 pl, 0.20 mmol, 2.0 eq.) was added to initiate the reaction.
The reaction mixture was left to stir for 72 h at room temperature, with the conversion of the
starting materials being monitored by TLC. Once the indicated time had passed, the solvent
was removed under reduced pressure. The crude product was purified via column

chromatography, using a hexane/EtOAc polarity gradient (12:1 — 8:1) as the mobile phase.
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5.2.4.2 General procedure IVb: Use of the enal 25 as a starting material

A 4 ml vial was charged with a small magnetic stirring bar and compound 14 (22.2 mg,
0.10 mmol, 1.0 eq.), compound 22 (21.9 mg, 0.15 mmol, 1.5 eq.), pre-C2 (8.3 mg, 0.02 mmol,
0.2 eq.), and the corresponding oxidant (0.15 mmol, in the case of a combination of oxidants
0.01 mmol DQ + 0.50 mmol MnQO>). The vial contents were dissolved in anhydrous DCM
(1 ml, 0.1 M), and finally, triethylamine (28 pl, 0.20 mmol, 2.0 eq.) was added to initiate the
reaction. The reaction mixture was left to stir at room temperature, until full conversion of the
starting material 14 was observed by TLC (16 — 24 h). After this time, the solvent was removed
under reduced pressure. The crude product was purified via column chromatography, using a

hexane/EtOAc polarity gradient (12:1 — 8:1) as the mobile phase.
5.2.4.3 General procedure I'Vc: Electrochemical variation

A 5 ml ElectraSyn vial was charged with a magnetic stirring bar and compound 14 (44.4
mg, 0.20 mmol, 1.0 eq.), compound 22 (43.9 mg, 0.30 mmol, 1.5 eq.), pre-C2 (16.5 mg, 0.04
mmol, 0.2 eq.), tetra-n-butylammonium iodide (73.9 mg, 0.20 mmol, 1.0 eq.), tricthylamine
(56 pl, 0.40 mmol, 2.0 eq.), and anhydrous DCM (2 ml, 0.1 M). A rubber cap fitted with a Pt
cathode and a Pt anode was inserted into the ElectraSyn vial, and the vial was then connected
to the ElectraSyn 2.0 electrochemistry kit. The stirred reaction mixture was electrolysed under
a constant current of 1.0 mA for 48 h at room temperature. After this time, TLC had shown
continued presence of the starting material 14, however there was no more remaining enal 22
due to decomposition. Therefore, the solvent was removed under reduced pressure, and the
product was purified via column chromatography, using a hexane/EtOAc polarity gradient

(12:1 — 8:1) as the mobile phase.
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5.3 Synthesised compounds and related spectroscopic data

Boc-D-valine methyl ester (2)
0 Compound 2 was prepared according to a modified procedure available in

)\l)J\o/ literature.*®

OYNH

>(O A 250 ml round-bottom flask was charged with a magnetic stirring bar and
Boc-D-valine (10.0 g, 46.0 mmol, 1.0 eq.), which was then dissolved in DMF
(75 ml). Potassium bicarbonate (9.21 g, 92.0 mmol, 2.0 eq.) was added to the stirred solution,
followed by addition of methyl iodide (4.6 ml, 73.6 mmol, 1.6 eq.). The mixture was left to stir
at ambient temperature for 5 h, until the starting compound was no longer detected by TLC. At
this point, the reaction was quenched by the addition of water (75 ml), the organic phase was
separated, and the water phase was extracted with EtOAc (3 x 80 ml). The combined organic
phases were washed with brine (1 < 50 ml) and dried with anhydrous MgSOs. After filtration
of the solid, the filtrate was concentrated under reduced pressure, and then co-distilled with

CHCI; to afford 2 (10.7 g, quantitative yield) as a brown oil.

[a]Z® =-9.8 (CHCI3, ¢ = 0.54). '"H NMR (400 MHz, CDCl3) d 5.04 (d, J= 9.1 Hz, 1H), 4.22
(dd, J=9.3,4.9 Hz, 1H), 3.74 (s, 3H), 2.20 — 2.06 (m, 1H), 1.45 (s, 9H), 0.96 (d, J = 6.9 Hz,
3H), 0.89 (d, J = 6.9 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) J 173.0, 155.8, 79.9, 58.7,
52.1, 31.4, 28.4, 19.1, 17.7 ppm. MS (ESI+): Calculated m/z for C11H2:NNaO4 [M+Na]":
254.1363, found: 254.1364. The obtained data is consistent with data previously reported in

literature.*

(R)-4-Isopropyl -5,5-dimethyloxazolidin-2-one (4)
>C) o The compound 4 was prepared from compound 2 (10.6 g, 45.8 mmol) according
NH

o
<

to procedure I to afford 4 (1.57 g, 30%, over two steps) as an amorphous orange

T\ solid.

[a]3° = -11.0 (CHCl3, ¢ = 0.40). '"H NMR (400 MHz, CDCl3) § 6.24 (s, 1H), 3.18 (d, J= 8.6
Hz, 1H), 1.83 (dp, J=8.7, 6.6 Hz, 1H), 1.48 (s, 3H), 1.38 (s, 3H), 0.99 (d, J= 6.6 Hz, 3H), 0.92
(d, J = 6.6 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) ¢ 159.1, 84.0, 68.5, 28.7, 28.6, 21.4,
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20.1, 20.1 ppm. MS (ESI+): Calculated m/z for CsHisNNaO; [M+Na]": 180.0995, found:

180.0995. The obtained data is consistent with data previously reported in literature.’’

(S)-4-Isopropyl -5,5-dimethyloxazolidin-2-one (ent-4)
O._o The compound ent-4 was prepared from an impure mixture of Boc-L-valine
NH methyl ester (27.3 g, 118.1 mmol) according to procedure I to afford ent-4 (1.47

g, 23%, over two steps) as an amorphous off-white solid.

[a]3° = +11.0 (CHCI3, ¢ = 0.37). "TH NMR (400 MHz, CDCl3) § 5.67 (s, 1H), 3.18 (d, J=8.6
Hz, 1H), 1.84 (dp, J=8.7, 6.6 Hz, 1H), 1.49 (s, 3H), 1.39 (s, 3H), 0.99 (d, /= 6.6 Hz, 3H), 0.92
(d, J= 6.7 Hz, 3H) ppm. '3C NMR, one quaternary carbon not visible (101 MHz, CDCls) &
84.0, 68.4, 28.7, 28.7, 21.5, 20.2, 20.1 ppm. MS (ESI+): Calculated m/z for CsHisNNaO>
[M+Na]": 180.0995, found: 180.0997. The obtained data is consistent with data previously

reported in literature.?’

(R)-5-Isopropyl-6,6-dimethyl-2-(2,4,6-trimethyl)phenyl-5,6-dihydrooxazolo[2,3-c][1,2,4]
triazol-2-ium tetrafluoroborate (pre-C3)
Compound pre-C3 was prepared from compound 4 (1.0 g, 6.36 mmol)
N>5'?l BF4 according to procedure II to afford pre-C3 (0.34 g, 14%, over three
steps) as an amorphous amber solid. Compared to procedure II,
additional column chromatography was performed to further purify

the product, using hexane/EtOAc (1:3) as the mobile phase.

[a]4® =+29.2 (CHCls, ¢ = 0.45). "TH NMR (400 MHz, CDCl3) § 9.37 (s, 1H), 7.01 (s, 2H), 5.00
(d, J=3.1 Hz, 1H), 2.36 (s, 4H), 2.14 (s, 6H), 1.84 (s, 3H), 1.78 (s, 3H), 1.21 (d, /= 6.9 Hz,
3H), 0.87 (d, J = 6.6 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) J 162.8, 142.5, 140.3, 135.4,
131.8, 129.8, 104.4, 71.8, 28.5, 28.5, 21.9, 21.4, 20.7, 17.2, 16.7 ppm. ’F NMR (376 MHz,
CDCl3) 6 -151.00 — -151.08 (m) ppm. MS (ESI+): Calculated m/z for Ci1sH26N30 [M-BF4]*:
300.2070, found: 300.2070. The obtained data is consistent with data previously reported in

literature.**
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(S)-5-Isopropyl-6,6-dimethyl-2-(2,4,6-trimethylphenyl)-5,6-dihydrooxazolo|2,3-c][1,2,4]
triazol-2-ium tetrafluoroborate (ent-pre-C3)

Compound ent-pre-C3 was prepared from compound ent-4 (0.4 g,

o ©
>§N BF, 2.54 mmol) according to procedure II to afford ent-pre-C3 (0.32 g,
N\gl\ll 32%, over three steps) as an amorphous dark green solid.

[a]3° =-23.1 (CHCI3, ¢ = 0.46). '"H NMR (400 MHz, CDCl3) 6 9.37 (s, 1H), 7.01 (s, 2H), 5.01
(d, J=2.9 Hz, 1H), 2.36 (s, 4H), 2.14 (s, 6H), 1.84 (s, 3H), 1.78 (s, 3H), 1.22 (d, J = 6.8 Hz,
3H), 0.88 (d, J = 6.6 Hz, 3H) ppm. 3C NMR (101 MHz, CDCl3) 6 162.8, 142.5, 140.3, 135.5,
131.8, 129.9, 104.4, 71.8, 28.6, 28.6, 21.9, 21.4, 20.7, 17.3, 16.7 ppm. ’F NMR (376 MHz,
CDCI3) 6 -150.97 — -151.06 (m) ppm. MS (ESI+): Calculated m/z for Ci1sH26N30 [M-BF4]":
300.2070, found: 300.2067. The obtained data is consistent with data previously reported in

literature.**

(E)-(1R)-3-Hydroxyimino-1,7,7-trimethylbicyclo[2.2.1]heptan-2-one (8)
oH Compound 9 was prepared according to a modified procedure available in
N literature.’’
o]

A 500 ml round-bottom flask was charged with a magnetic stirring bar and
potassium tert-butoxide (14.7 g, 82.0 mmol, 1.25 eq.). The flask was evacuated under reduced
pressure and refilled with argon. The solid zert-butoxide was then suspended in anhydrous Et,O
(100 ml), and the resulting suspension was cooled to -40 °C (acetone/dry ice cooling bath). This
was followed by preparing a solution of D-camphor (10.0 g, 65.6 mmol, 1.0 eq.) in anhydrous
Et,0 (32 ml), which was then slowly added to the reaction mixture. Once added, the reaction
mixture was left to stir for 1 h at ambient temperature. The flask was then re-cooled to -40 °C
(acetone/dry ice cooling bath), and isopentyl nitrite (17.6 ml, 131.2 mmol, 2.0 eq.) was added
dropwise to the stirred solution. The reaction mixture was left to stir overnight at ambient
temperature. After this time, no more starting material was detected by TLC, therefore the
reaction was quenched with water (50 ml). The two phases were separated, and the organic
phase was extracted with water (2 x 50 ml). The collected aqueous phases were acidified with
concentrated hydrochloric acid (35% w/w, 5 ml) until the solution had reached pH = 3, forming

a precipitate. The precipitate was re-dissolved by the addition of DCM (50 ml), and the phases
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were separated, with the water phase being extracted with DCM (2 x 50 ml). The combined
organic phases were subsequently washed with a saturated sodium bicarbonate solution (1 x 20
ml), followed by water (1 x 20 ml) and brine (1 x 20 ml). The resulting solution was dried under
anhydrous MgSQOs4, and after filtration of the solid, the filtrate was concentrated under reduced

pressure to yield the pure title product 8 (11.0 g, 92%) as an amorphous bright yellow solid.

[a]3® =+159.6 (CHCl3, ¢ = 0.47). '"H NMR (400 MHz, CDCl3) 6 3.25 (d, J= 4.5 Hz, 1H), 2.09
—1.99 (m, 1H), 1.82 — 1.73 (m, 1H), 1.61 — 1.53 (m, 2H), 1.02 (s, 3H), 0.99 (s, 3H), 0.87 (s,
3H) ppm. 3C NMR (101 MHz, CDCl3) 6 204.4, 159.9, 58.7, 46.8, 45.0, 30.8, 23.9, 20.8, 17.8,
9.1 ppm. MS (ESI+): Calculated m/z for CioHisNNaO, [M+Na]": 204.0995, found: 204.0997.

The obtained data is consistent with data previously reported in literature.*’

(1R,2S,7R,85)-(+)-1,11,11-Trimethyl-3-o0xa-6-aza-tricyclo-[6.2.1.0(2,7)Jundecan-5-one
(10)

Compound 10 was prepared according to a modified procedure available in
H
N literature.>”-8
o

A 250 ml round-bottom flask was charged with a magnetic stirring bar and the oxime compound
8 (10.0 g, 55.2 mmol, 1.0 eq.). The flask was evacuated under reduced pressure and refilled
with argon. The solid oxime was dissolved in anhydrous THF (30 ml), and the formed solution
was cooled to 0 °C (ice/water cooling bath). Once cooled, lithium aluminium hydride (5.92 g,
165.6 mmol, 3.0 eq.) was added in small batches to the stirred solution over the course of 45
min. After addition of the hydride and removal of the flask from the ice bath, the reaction
mixture started to rapidly heat, which was dealt with by re-cooling to 0 °C (ice/water cooling
bath) and diluting the reaction mixture with additional anhydrous THF (50 ml). The reaction
was then heated to 80 °C to reflux, and was left to stir for 1 h, at which point there was no more
starting material detected by TLC. After being cooled down to ambient temperature, the
reaction was quenched very slowly with EtOAc (5 ml), water (5 ml), and a dilute sodium
hydroxide solution (1 M, 50 ml). The resulting thick slurry was filtered through a short pad of
Celite®, and the filtrate was concentrated under reduced pressure to afford the aminoisoborneol
9 (8.67 g, 93%). The crude product was immediately used for the next step without further

purification.
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For the following step, a 500 ml round-bottom flask was charged with a magnetic stirring bar
and the aminoisoborneol 9 (4.00 g, 23.6 mmol, 1.0 eq.). The flask was evacuated under reduced
pressure, and then refilled with argon. The starting material was then dissolved in anhydrous
THF (160 ml), which was followed by the addition of triethylamine (3.32 ml, 23.6 mmol, 1.0
eq.). Upon cooling the solution down to 0 °C (ice/water cooling bath), chloroacetyl chloride
(2.1 ml, 26.0 mmol, 1.1 eq.) was added dropwise to the reaction mixture. The reaction was then
let to stir at ambient temperature for 4 h, at which point no more starting material was present,
as determined by TLC. Thus, the reaction was cooled to 0 °C (ice/water cooling bath), and
dilute sodium hydroxide solution (2 M, 80 ml, 141.8 mmol, 6.0 eq.) was added to the reaction
mixture. The reaction was left to stir for a further 5 d at ambient temperature, with conversion
of the intermediate being watched by 'H NMR. Afterwards, the organic phase was separated,
and the water phase was extracted with EtOAc (3 x 80 ml). The combined organic phases were
then washed with brine (1 x 75 ml) and dried under anhydrous MgSOs. After filtration of the
solid, the filtrate was concentrated under reduced pressure. Column chromatography, using
hexane/EtOAc (1:3) as the mobile phase, afforded the morpholinone 10 (1.72 g, 35%, over two
steps) as an amorphous glittery white solid.

[a]3° = +93.5 (CHCls, ¢ = 0.39). 'TH NMR (400 MHz, CDCl3) § 6.01 (s, 1H), 4.13 (d, J=15.5
Hz, 1H), 3.78 (d, /= 15.5 Hz, 1H), 3.66 (d, J="7.1 Hz, 1H), 3.37 (dd,J=7.1, 1.1 Hz, 1H), 1.81
—1.69 (m, 2H), 1.63 — 1.52 (m, 1H), 1.12 (s, 3H), 1.10 — 1.00 (m, 2H), 0.99 (s, 3H), 0.85 (s,
3H) ppm. ¥C NMR (101 MHz, CDCl3) § 84.0, 66.5, 58.7, 50.9, 33.1, 26.0, 22.2, 20.7, 11.3
ppm. MS (ESI+): Calculated m/z for C12H19NNaO> [M+Na]": 232.1308, found: 232.1309. The

obtained data is consistent with data previously reported in literature.?’

(5a8,6R,95,9aR)-6,11,11-Trimethyl-2-(2,4,6-trimethylphenyl)-5a,6,7,8,9,9a-hexahydro-
4H-6,9-methano-benzo|b][1,2,4]triazolo[4,3-d][1,4]oxazin-2-ium tetrafluoroborate
(pre-C4)
Compound pre-C4 was prepared from compound 10 (0.5 g, 2.39
@BF4 mmol) according to procedure III to afford pre-C4 (0.51 g, 49%, over
=Ne® three steps) as an amorphous amber solid.
N__N
o)
[e]3° =+17.3 (CHCI3, ¢ = 0.41). '"H NMR (400 MHz, CDCl3) 6 9.77

(s, 1H), 7.01 (s, 2H), 5.06 (d, J=14.9 Hz, 1H), 4.70 (d, J = 14.9 Hz, 1H), 4.60 (d, /= 7.0 Hz,
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1H), 4.13 (d, J = 6.8 Hz, 1H), 2.62 (d, J = 4.6 Hz, 1H), 2.37 (s, 3H), 2.04 (s, 6H), 1.92 (ddd, J
=17.5,12.5,4.7 Hz, 1H), 1.65 (td, J=12.7,3.9 Hz, 1H), 1.41 (ddd, J=13.3, 9.3, 4.0 Hz, 1H),
1.25 (ddd, J = 13.8, 9.3, 4.8 Hz, 1H), 1.04 (s, 3H), 0.89 (s, 3H), 0.68 (s, 3H) ppm. '3C NMR
(101 MHz, CDCI3) ¢ 151.2, 143.4, 142.3, 129.9, 84.3, 61.0, 58.9, 50.7, 50.0, 48.4, 32.8, 25.5,
21.4,21.3,204,17.2, 11.2 ppm. F NMR (376 MHz, CDCI3) 6 -151.84 — -151.93 (m) ppm.
MS (ESI+): Calculated m/z for C2H3N3O [M-BF4]": 352.2383, found: 352.2383. The

obtained data is consistent with data previously reported in literature.*

(5a8,6R,95,9aR)-6,11,11-Trimethyl-2-(2,3,4,5,6-pentafluorophenyl)-5a,6,7,8,9,9a-
hexahyd-4H-6,9-methano-benzo[b][1,2,4]triazolo[4,3-d][1,4]oxazin-2-ium
tetrafluoroborate (pre-C5)

R F Compound pre-C5 was prepared from compound 10 (0.5 g, 2.39
mmol) according to procedure III to afford pre-C5 (0.57 g, 49%,

o F F
BF, over three steps) as an amorphous pale pink solid.
[=N® F
N__N
0\7/ [a]3° = +30.9 (CHCls, ¢ = 0.47). '"H NMR (400 MHz, CDCl3) ¢

10.16 (s, 1H), 5.04 (d, J = 14.9 Hz, 1H), 4.75 (d, J = 15.0 Hz, 1H), 4.56 (d, J = 7.0 Hz, 1H),
4.14 (d,J=7.0 Hz, 1H), 2.47 (d, J=4.6 Hz, 1H), 1.97 (tt, J=13.1, 4.7 Hz, 1H), 1.67 (td, J =
12.7,3.9 Hz, 1H), 1.38 (ddd, /= 13.0, 9.3, 3.8 Hz, 1H), 1.33 — 1.22 (m, 1H), 1.03 (s, 3H), 0.91
(s, 3H), 0.64 (s, 3H) ppm. 1¥3C NMR (101 MHz, CDCl3) § 152.4, 145.6, 84.1, 61.2, 58.8, 50.4,
49.8,48.6,32.6,25.4,21.2,20.0, 11.1 ppm. ’F NMR (376 MHz, CDCl3) J -144.96 — -145.14
(m), -145.88 (tt, J = 21.5, 4.1 Hz), -152.56 — -152.66 (m), -158.80 — -158.98 (m) ppm. MS
(ESI+): Calculated m/z for C19H19FsN3O [M—BF4]": 400.1443, found: 400.1446. The obtained

data is consistent with data previously reported in literature.>

(E/Z)-3-Benzylidenebenzofuran-2(3H)-one (14)
@ Compound 14 was prepared according to a modified procedure available in
literature.*!

/

o O A 100 ml flask was charged with a magnetic stirring bar and
benzofuran-2(3H)-one (1.0 g, 7.46 mmol, 1.0 eq.). The starting material was dissolved in EtOH
(20 ml), and benzaldehyde (0.75 ml, 7.46 mmol, 1.0 eq.) was then added to the stirred solution

along with piperidine (74 pl, 0.75 mmol, 0.1 eq.). The reaction was left to stir overnight at
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ambient temperature. After this time, the reaction mixture was concentrated under reduced
pressure, and the remaining solids were dissolved in CHCl; (25 ml). To remove all residual
benzaldehyde, saturated sodium bisulfite solution (20 ml) was added to the solution, and the
resulting biphasic system was left to stir vigorously for 30 min. Afterwards, the water phase
was discarded, and the stirring procedure was repeated three more times, each time with
additional saturated sodium bisulfite solution (20 ml). Once no more benzaldehyde was
detected in the mixture by TLC, the organic phase was dried under anhydrous MgSQOas. The
solids were filtered out, and the filtrate was concentrated under reduced pressure. Column
chromatography, using hexane/EtOAc (12:1) as the mobile phase, yielded the title product 14
(0.63 g, 38%) as a 5/1 E/Z mixture of isomers (determined by 'H NMR), in the form of an

amorphous neon yellow solid.

TH NMR, E-isomer (400 MHz, CDCl3) J 7.88 (s, 1H), 7.73 (ddd, J = 7.8, 1.3, 0.6 Hz, 1H),
7.71 —7.66 (m, 2H), 7.54 — 7.44 (m, 3H), 7.35 (td, J= 7.8, 1.3 Hz, 1H), 7.15 (dt, J= 8.1, 0.9
Hz, 1H), 7.04 (td, J= 7.7, 1.1 Hz, 1H) ppm. 'H NMR, Z-isomer (400 MHz, CDCl3) ¢ 8.22 —
8.16 (m, 2H), 7.64 (s, 1H), 7.55 (ddd, J="7.7, 1.3, 0.6 Hz, 1H), 7.18 (td, J = 7.6, 1.0 Hz, 1H),
7.11 (dt, J = 8.0, 0.9 Hz, 1H) ppm. 3C NMR, E-isomer (101 MHz, CDCls) § 169.1, 154.7,
141.1, 134.2, 131.1, 130.7, 129.5, 129.0, 123.8, 122.9, 122.5, 122.0, 111.4 ppm. 13C NMR,
Z-isomer (101 MHz, CDCI3) ¢ 140.5, 132.1, 131.5, 130.0, 128.7, 123.9, 119.6, 111.0 ppm.
MS (ESI+): Calculated m/z for CisH1102 [M+H]": 223.0754, found: 223.0756. The obtained

data is consistent with data previously reported in literature.*®

(E/Z)-Ethyl 3-phenylbut-2-enoate (20)
O Compound 20 was prepared according to a modified procedure

LN

0~ > available in literature.’’

A 100 ml flask was charged with a magnetic stirring bar, evacuated under reduced pressure,
and refilled with argon. Next, anhydrous THF (20 ml) was added to the flask, followed by
sodium hydride (60% w/w in mineral oil, 0.15 g, 6.24 mmol, 1.5 eq.). The formed suspension
was cooled to 0 °C (ice/water cooling bath), and thereafter, triethyl phosphonoacetate (1.41 ml,
7.07 mmol, 1.7 eq.) was added dropwise. After removing from the cooling bath, acetophenone
(0.5 ml, 4.16 mmol, 1.0 eq.) dissolved in anhydrous THF (5 ml) was added to the reaction

mixture. The reaction was left to stir at ambient temperature overnight, until TLC showed no
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more presence of starting material. The reaction was quenched by addition of water
(10 ml), followed by separation of the two phases, and extraction of the water phase with EtOAc
(3 x 10 ml). The combined organic phases were dried under anhydrous MgSQOs4, followed by
filtration of the solid, and concentration of the filtrate under reduced pressure. Column
chromatography, using hexane/EtOAc (10:1) as the mobile phase, yielded the pure ester
product 20 (0.48 g, 61%) as a 5/1 mixture of £/Z isomers (determined by 'H NMR), in the form

of a colourless oil.

'TH NMR, E-isomer (400 MHz, CDCl3) 6 7.51 — 7.44 (m, 2H), 7.41 — 7.34 (m, 3H), 6.14 (q, J
=1.3 Hz, 1H), 4.22 (q,J=7.1 Hz, 2H), 2.58 (d, /= 1.3 Hz, 3H), 1.32 (t, J = 7.1 Hz, 3H) ppm.
TH NMR, Z-isomer (400 MHz, CDCl3) 6 7.35 — 7.29 (m, 3H), 7.22 — 7.18 (m, 2H), 5.91 (q, J
=1.5Hz, 1H), 4.00 (q, /= 7.2 Hz, 2H), 2.18 (d, /= 1.5 Hz, 3H), 1.08 (t, /= 7.1 Hz, 3H) ppm.
I3C NMR, E-isomer (101 MHz, CDCl3) 6 167.0, 155.7, 142.4,129.1, 128.6, 126.5, 117.4, 60.0,
18.1, 14.5 ppm. 13C NMR, Z-isomer (101 MHz, CDCl3) 6 128.0, 127.9, 127.0, 117.9, 59.9,
27.3, 14.1 ppm. MS (ESI+): Calculated m/z for Ci2Hi4NaO> [M+Na]™: 213.0886, found:

213.0891. The obtained data is consistent with data previously reported in literature.*’

(E/Z)-3-Phenylbut-2-en-1-o0l (21)

Compound 21 was prepared according to a modified procedure available

N
OH " in literature.3

A 500 ml round-bottom flask was charged with a magnetic stirring bar and
the ester compound 20 (4.75 g, 25.0 mmol, 1.0 eq.). The flask was evacuated under reduced
pressure and refilled with argon, with the ester then being dissolved in anhydrous DCM (70
ml). Upon cooling the solution to -78 °C (acetone/dry ice cooling bath), a solution of DIBAL-
H (25% w/w in toluene, 35.5 ml, 62.4 mmol, 2.5 eq.) was added dropwise. After the addition,
the reaction mixture was left to stir for 1 h at -78 °C. At this point, TLC had detected that some
starting material was still left in the mixture, and so additional DIBAL-H solution
(7 ml, 12.5 mmol, 0.5 eq.) was added. After another 10 min of stirring at -78 °C, the reaction
was removed from the cooling bath and quenched with water (30 ml), turning the liquid mixture
into a gel. The gel was loosened by the slow addition of a dilute sodium hydroxide solution
(2 M, 50 ml), followed by 30 min of stirring. The organic phase was then separated, and the

water phase was extracted with DCM (3 x 100 ml). The combined organic phases were dried
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under anhydrous MgSQs4, and after filtering out the solid, the filtrate was concentrated under
reduced pressure. Column chromatography, using a hexane/EtOAc polarity gradient (3:1 — pure
EtOAc) as the mobile phase, afforded the alcohol product 21 (3.33 g, 90%) as a 5/1 mixture of
E/Z isomers (determined by '"H NMR), in the form of a colourless oil.

'TH NMR, E-isomer (400 MHz, CDCl3) J 7.44 —7.39 (m, 2H), 7.37 — 7.30 (m, 2H), 7.30 — 7.24
(m, 1H), 5.98 (tq, /= 6.7, 1.4 Hz, 1H), 4.37 (dt, J= 6.7, 0.9 Hz, 2H), 2.09 (dd, /= 1.4, 0.8 Hz,
3H), 1.55 (s, 1H) ppm. 'H NMR, Z-isomer (400 MHz, CDCl3) § 7.37 — 7.24 (3H, protons
hidden under majority isomer signal), 7.20 — 7.16 (m, 2H), 5.75 — 5.69 (m, 1H), 4.10 — 4.06 (m,
2H), 2.09 (3H, protons hidden under majority isomer signal) ppm. 3C NMR, E-isomer (101
MHz, CDCls) 6 143.0, 138.1, 128.4, 127.4, 126.6, 125.9, 60.1, 16.2 ppm. 13C NMR, Z-isomer
(101 MHz, CDCl3) ¢ 140.9, 140.4, 128.3, 127.9, 127.3, 126.2, 60.4, 25.5 ppm. MS (ESI-):
Calculated m/z for C1oH110 [M-H]: 147.0804, found: 147.0805. The obtained data is consistent

with data previously reported in literature.*34

(E/Z)-3-Phenylbut-2-enal (22)

o} Compound 22 was prepared according to a modified procedure available in

X H literature.®

A 250 ml round-bottom flask was charged with a magnetic stirring bar and the alcohol 21 (2.62
g, 17.7 mmol, 1.0 eq.). The flask was then evacuated under reduced pressure and was refilled
with argon. The alcohol was then dissolved in anhydrous DCM (60 ml), and the reaction
mixture was cooled to 0 °C (ice/water cooling bath). At this temperature, Dess-Martin
periodinane (8.25 g, 19.5 mmol, 1.1 eq.) was added to the reaction mixture, and the milky
solution was left to stir for 40 min, followed by 1 h of stirring at ambient temperature. As no
more starting material was detected by TLC, two thirds of the solvent were removed under
reduced pressure. The remaining crude solution was mixed with a few spoonfuls of silica gel
and was then concentrated under reduced pressure. The formed solids were immediately
transferred on top of the stationary phase for column chromatography, which was performed
with hexane/EtOAc (10:1) as the mobile phase. This yielded the unstable aldehyde product 22
(2.06 g, 80%) as a 6/1 mixture of E/Z isomers (determined by 'H NMR), in the form of a

colourless oil.
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TH NMR, E-isomer (400 MHz, CDCl3) 6 10.19 (d, J= 7.8 Hz, 1H), 7.59 — 7.52 (m, 2H), 7.45
— 7.39 (m, 3H), 6.40 (dq, J = 7.9, 1.3 Hz, 1H), 2.58 (d, J = 1.3 Hz, 3H) ppm. 13C NMR,
E-isomer (101 MHz, CDCI3) ¢ 191.4, 157.8, 140.7, 130.2, 128.9, 127.4, 126.4, 16.6 ppm.
MS (ESI+): Calculated m/z for CioH11O [M+H]": 147.0804, found: 147.0807. The obtained

data is consistent with data previously reported in literature.>

(E)-2-Bromo-3-phenylbut-2-enal (15)

Compound 15 was prepared according to a modified procedure available in

Br
A literature.’

H @)

A 100 ml flask was charged with a magnetic stirring bar and the enal 22 (2.06 g, 14.1 mmol,
1.0 eq.). The flask was evacuated under reduced pressure and refilled with argon. Afterwards,
anhydrous DCM (40 ml) was added to the enal, and the solution was cooled to
-78 °C (acetone/dry ice cooling bath). Bromine (0.87 ml, 16.9 mmol, 1.2 eq.) was then added
to the solution dropwise, and the reaction mixture was left to stir at -78 °C for 1 h. After TLC
showed full conversion of the starting material, pyridine (4.56 ml, 56.4 mmol, 4.0 eq.) was
slowly added to the reaction mixture. Afterwards, the flask was taken out of the cooling bath,
and the reaction was left to stir for 1 h at ambient temperature. As the intermediate was no
longer detected by TLC, the reaction mixture was washed with a sodium thiosulfate solution
(2 x 50 ml). After separating the phases, the water phase was extracted with DCM (3 x 50 ml),
and the combined organic phases were dried with MgSQOs. After filtration of the solid, the
filtrate was concentrated under reduced pressure. The crude product was isolated by column
chromatography, using hexane/EtOAc (30:1) as the mobile phase, yielding the mostly pure
a-bromoenal. To remove the remaining impurities, another column chromatography was
performed, again using hexane/EtOAc (30:1) as the mobile phase. This yielded compound 15
(0.70 g, 22%) as the E-isomer (determined by '"H NMR), in the form of a yellow oil.

'"H NMR (400 MHz, CDCl3) 6 9.14 (s, 1H), 7.47 — 7.38 (m, 3H), 7.32 — 7.24 (m, 2H), 2.54 (s,
3H) ppm. BC NMR (101 MHz, CDCl3) d 185.1, 161.6, 138.8, 129.6, 128.8, 128.6, 126.4, 28.2
ppm. MS (ESI+): Calculated m/z for Ci1oHio0BrO [M+H]": 224.9910, found: 224.9910. The

obtained data is consistent with data previously reported in literature.>

44



(3S,6’R/S)-4',6'-Diphenyl-2H-spiro[benzofuran-3,1'-cyclohexan]-3'-ene-2,2'-dione
(16a/16b)

Compound 16 was prepared according to a procedure IVb, using DQ
(61.3 mg, 0.15 mmol) as the oxidant, yielding a mix of diastereomers
16a/16b (34.2 mg, 94% combined yield) as an amorphous off-white solid.

The title compound was isolated as a poorly separable mixture of

diastereomers (dr = 4.8/1.0).

95%/55% ee (16a/16b), enantiomeric excesses of the diastereomeric products were determined
by HPLC using a Chiralpak® IH column (heptane/i-PrOH — 60:40, flow rate = 1.0 ml/min,
A =289 nm), for 16a: fx = 19.4 min (major), r = 32.2 min (minor); for 16b: # = 16.1 min

(major), e = 9.7 min (minor).

[a]3® = -93.2 (CHCl3, ¢ = 0.39). 'H NMR, 16a isomer (400 MHz, CDCl3) § 7.74 — 7.66 (m,
2H), 7.55 — 7.45 (m, 3H), 7.32 (ddt, J = 8.5, 3.6, 1.4 Hz, 2H), 7.21 — 7.11 (m, 4H), 6.98 (dd, J
= 8.5, 1.1 Hz, 1H), 6.96 — 6.92 (m, 2H), 6.74 (d, J = 2.2 Hz, 1H), 4.20 (dd, J = 11.9, 4.8 Hz,
1H), 3.54 (ddd, J=19.0, 11.9, 2.4 Hz, 1H), 3.26 (dd, ] = 19.0, 4.9 Hz, 1H) ppm.3*C NMR, 16a
isomer (101 MHz, CDCls3) ¢ 191.9, 173.6, 159.9, 153.8, 137.3, 136.8, 131.3, 130.3, 129.3,
128.7, 128.4, 126.5, 124.3, 124.1, 123.3, 111.9, 64.6, 47.0, 31.8 ppm. MS (ESI+): Calculated
m/z for C2sH1903 [M+H]": 367.1329, found: 367.1326. The obtained data is consistent with data

previously reported in literature.>!
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6. Conclusion

This bachelor’s thesis was concerned with the preparation of four distinct triazole-
containing NHC conjugate acids, derived from chiral natural precursors, valine and D-camphor.
The suggested conjugate acids were successfully prepared in high purity, with yields ranging
from 14 —49% for the final step. The yields were higher for the camphor-derived pre-catalysts,
potentially being explained by the slightly different conditions used during cyclisation with
triethyl orthoformate in the very last step, and only one column chromatography being required
to purify the product.

These NHC precursors were then subject to being used as catalysts in a spiroannulation
reaction between a benzylidene benzofuranone derivative and an a-bromoenal. In total, seven
NHC precursors were tested, with an aminoindanone-derived NHC precursor performing the
best in terms of both the isolated yield and the reaction stereocontrol.

Additionally, other approaches to generating the key azolium-dienolate intermediate
present in this reaction were investigated on an analogous spiroannulation reaction. The key
intermediate was generated from an aldehyde substrate oxidatively, either through an external

oxidant, or by electrochemical means.
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