@NTNU

Norwegian University of
Science and Technology

Synthesis of conjugated unsaturated
Amino Acids

Vanja Buvik

Chemistry

Submission date: May 2016

Supervisor: Vassilia Partali, IKJ
Co-supervisor:  Hans-Richard Sliwka, IKJ

Norwegian University of Science and Technology
Department of Chemistry






Abstract

Of the three main groups of biomolecules - lipids, carbohydrates and proteins - lipids and
carbohydrates containing polyene functionalities have already been investigated. This thesis
describes a first approach to the synthesis of polyene amino acids. Conjugated unsaturated
amino acids could be interesting building blocks for the making of novel peptides and proteins
with rigid structural elements and chromophoric properties. The first L-polyene amino acid was
synthesized by a Wittig reaction between a protected glutamic acid aldehyde and a

triphenylphosphonium salt of a C15:3-polyene compound.







Sammendrag

Av de tre hovedgruppene av biomolekyler — lipider, karbohydrater og proteiner — har bade
polyen-karbohydrater og polyen-lipider allerede blitt undersgkt. Denne oppgaven beskriver en
farste tilnerming til syntese av en konjugert, polyenisk aminosyre. Konjugerte umettede
aminosyrer er interessante med tanke pa framstilling av nye peptider og proteiner med rigide
strukturelementer og kromoforiske egenskaper. Den farste L-polyen-aminosyren ble framstilt
ved en Wittig-reaksjon mellom et beskyttet glutaminsyrealdehyd og et trifenylfosfoniumsalt av
et C15:3-polyen.
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1 Introduction

Lipids, carbohydrates and proteins are the fundamental constituents of life. Lipids = fats,
carbohydrates = sugars and proteins = polyamides of amino acids, are essential parts of the
human diet. The emergence of amino acids from extra-terrestrial sources or by spontaneous
synthesis from CO2, CH4, N2 and lightning with subsequent chiral resolution by polarized
sunlight (quartz or other crystals), provided the first L-amino acid enantiomer. Since the L-
amino acid enantiomer is only infinitesimally more stable than the D-enantiomer?, resolution
took a historically long time. Once substantial amounts of the L-amino acid molecules were
present, spontaneous assembly in amides took place, giving linear dipeptides (di-amino acid
amides), tripeptides, oligopeptides and polypeptides, and finally resulted in folded and helical
3D proteins. In another primordial synthetic reaction, fragments of amino acids combined with

sugars creating nucleic acids, of which DNA and RNA are well known gene carrying

molecules.?
(0] o) o
OH e S
OH OH
NHz NH, NH,
valine leucine methionine
= o o o
: N HoN
OH </ / OH OH
NH, o NH, NH,
isoleucine histidine lysine
(0] (0]
OH (o]
OH OH
OH I
NH; NH,
NH, HN
phenylalanine threonine tryptophan

Figure 1.1: The nine essential amino acids.

Both the nine essential (Figure 1.1), the twelve non-essential (Figure 1.2) and more than 500

listed other natural amino acids®® (Figure 1.3) occur as saturated amino acids, i.e. there is no



C=C double bond in the carbon chain (the C=C bonds in histidine phenylalanine, tryptophan,

and tyrosine are found in ring structures).

o) o) "
" OH
OH HO OH
HoN NH
OH NH,

NH,

. . proline
glycine alanine serine
o}
0 ¢}
OH
HS OH HSe OH
NH NH,
NH2 2 ) HO
cysteine selenocysteine tyrosine
o O 0 0 o
HO
HO OH OH H,N OH
NHz 0 NH, NH;
glutamic acid aspartic acid glutamine
[0} NH o}
HoN )J\
OH H,N N OH
H
o NH, NH,
asparagine arginine

Figure 1.2: The twelve non-essential amino acids.

0
o)
H s
N
\/\/\H‘\ \/ \/\H‘\OH
OH
NH
NH, 2

pyrrolysine ethionine
(0] Q "
oH Ho)k;/\s/\H‘\OH
NH, NH, NH,
norvaline lanthionine

Figure 1.3: Examples of naturally occurring, non-proteinogenic amino acids.



Minimal change in amino acids can have important physiological effects. Whereas the L-
enantiomer of glutamic acid (an important molecule in this thesis) is known as a flavour
enhancer, the corresponding D-enantiomer shows no such effect.® Small structural changes in
amino acids can result in novel peptides, inducing changes in proteins, enhancing or silencing
physiological processes. This effect can be used in the treatment of cancer, rheumatism,

cataract, arteriosclerosis and other medical conditions.”®

The topic of this master thesis can be shortly expressed as “modification of an amino acid by
introducing conjugated double bonds”. Chains of C-C bonds are flexible, at least from a certain
length, whereas conjugated poly(C=C)-chains are rigid. Peptides from polyene amino acids will
maintain the rigid structures, and the corresponding proteins will contain rigid segments. It is
therefore expected that polyene moieties in peptides and proteins affect the physiological
impact of amino acids, peptides and proteins. Such effects can be illustrated with a lobster. In
the actual world of saturated amino acids, a living lobster is dark bluish green - the colour
arising from the protein complex crustacyanin, which encloses non-covalently bound
astaxanthin. Boiling the lobster decomposes crustacyanin; astaxanthin (F, Figure 1.10) is
released; and the colour of the lobster changes to orange (Figure 1.4). A lobster in a world of
polyene proteins would keep the colour after cooking (Figure 1.5).1°

Combining polyenic carotenoids and their antioxidative properties with amino acids would

possibly combine the physiological effects of both compound classes.

Figure 1.4: A living lobster: dark blue, and a cooked lobster: orange.!



Figure 1.5: Hypothetical lobster with yellow polyene proteins; alive and cooked.*?

Polyene amino acids are further expected to facilitate structural analyses. The optical activity
of amino acids is predominantly measured by polarimetry, recording the different deviation of
polarized light to « = +x° or @ = —x". Optical investigations of saturated amino acids and
proteins with circularly polarized light is only possible with expensive dichrographs, allowing
measurement in the difficult to access vacuum short wavelength (UV) light*3*® or synchrotron
radiation'® ', Polyene amino acids will give CD spectra in the visual absorption scale, thus

facilitating determination of optical activity.

Another aspect of polyene amino acids, namely their colour, should not be underestimated for
practical laboratory work. Amino acid solutions are colourless, and peptides and proteins are
white. Chromatographic procedures with saturated amino acids are literally deprived of
“chrome”; so detection must rely on additives or instruments. Polyene amino acids are coloured
and will donate their colours to peptides and proteins. As a matter of course, visual detection

facilitates handling of amino acids, peptides and proteins.

A similar effect of visual detectability was recently demonstrated by gene delivery to cancer

cells with polyene modified cationic phospholipids.*®



1.1 Amino acids

The amino acids in naturally occurring proteins are chiral compounds with identical
stereochemical L-configuration. Some D-amino acids have been found in nature, but they do
not form proteins. Although the “Laevus”- and “Dexter”-assignment of chirality has been
mostly replaced by the R/S-system, the L/D-system still applies for sugars and amino acids
(Figure 1.6). Amino acids are zwitterions, containing dual neutralizing charge at the isoelectric

point (Figure 1.7).1°

HsC COOH HsC COOH

"’/// "’///

NH, H

L-alanine (S) D-alanine (R)

Figure 1.6: Alanine-enantiomers.

HsC COOH e oo’
-
@

Figure 1.7: The two possible states of an amino acid at its isoelectric point.

1.2 Unsaturated amino acids

Some o,3-dehydroamino acids, deprived of a chiral C-atom, have been found in peptides of
microbial origin and in some proteins (A, Figure 1.8).% Unsaturated B,y-, v,8- etc. amino acids
with a-chirality have been synthesized before (B/C, Figure 1.8).2% 2! Polyunsaturated, non-

conjugated L-NHBoc amino acids have also been described (D, Figure 1.9).2



H /CH OH

%
Figure 1.8: A: a,p-, B: B,y- and C: y,8-unsaturated amino acid.

Polyene amino acids could be interesting building blocks in new peptides, where they could

induce “p-turns”, allowing modification of secondary peptide structure.” 224

NHBoc

Figure 1.9: Unsaturated, non-conjugated tetraenic L-amino acid.

Polyene moieties in amino acids are promising biocompatible chromophore tags for structural
studies using circular dichroism (CD). CD investigations have so far been mostly restricted to
aromatic amino acids such as histidine, phenylalanine and tryptophan (Figure 1.1).%> 2 CD
spectra of amino acids without chromophoric groups can only be recorded at Amax < 190 nm

with vacuum CD-instruments,!3 1427

1.3 Carotenoids

Carotenoids are stable, naturally occurring polyenes, with B-carotene (E, Figure 1.10) being the
name-giving compound for this series of natural products. Many carotenoids are abundantly
found as pigments in fruits, vegetables, crustaceans and bird feathers, and they are produced by
bacteria, plants and fungi.



[-Apo-15-carotenoids, better known as retinoids (e.g. retinol: G, Figure 1.10), consist of four
isoprene units with 5 double bonds. Retinoids and carotenoids enhance communication between
cells by inducing gap junction formation (connexin 43), they induce transmembrane transport
as light-sensitive proteins in bacteria and are also essential for the proper function of most body

organs.?8-32

N P U G W N

E: B-carotene (C40:11)

G: retinoic acid (C20:5)

Figure 1.10: Polyenes mentioned in this thesis.

Since methyl branched stabilized polyenes such as carotenoids are available, it appeared evident

to rely on carotenoids the synthesis of polyene amino acids.

1.4 Key biological compounds, polyene modified

Carbohydrates naturally occur with polyenes. Crocin (H, Figure 1.11) from saffron is the most

sold polyene sugar.®

Carotenoid modified lipids have so far not been detected in nature. Carotenoid diglycerides (I,

Figure 1.11) and carotenoid phospholipids'® 34 have been synthesized.*®



Polyene modified amino acid and subsequent peptides and proteins have not been found in

nature.

The synthesis of the first polyene amino acid (G, Figure 1.11) is the topic of this thesis.

O

D VO Y e e P

////////

I

NH,

HO

G

Figure 1.11: Key biological compounds, polyene modified. Crocin H, polyene diglyceride | and
polyene amino acid G (this work).



2 Results and discussion

2.1 Strategies

An established method for synthesizing a-amino acids is the Strecker-reaction®® 3", developed
by Adolph Strecker in Kristiania 1854.% It requires a rather acidic milieu for the hydrolysis of
the a-aminonitrile intermediate - conditions that were likely to affect the n-bonds of unsaturated
compounds. The Strecker reaction was therefore not regarded as a realistic option. Two obvious

approaches lend themselves for the synthesis of polyene amino acids:

1. Adding an amino acid function to a polyene.
Polyene + N-functionality — polyene-N-acid
2. Adding a polyene chain to an amino acid.

N-acid + polyene — polyene-N-acid

2.2 Addition of amino acid function to a polyene
The prominent example for this approach is the Bucherer-Bergs reaction®®, in which:
1. An aldehyde is reacted with HCN to a cyanohydrin.

2. The cyanohydrin reacts with ammonium carbonate to a hydantoin*’. The hydantoin is
hydrolysed with K.CO3/H20 to the a-amino acid salt, which after acidifying delivers
the amino acid.

The Bucherer-Berg reaction is used by Evonik in the industrial synthesis of L-methionine with
yields over 90%.%% 4142 |t was therefore apparent to apply this well-tried method for the
synthesis of polyene amino acids. Before launching the method with a polyenic aldehyde, the

synthesis was tested with a saturated aldehyde.

Dodecanal (1) was reacted in a Bucherer-Bergs reaction as described by Tellier et al.** and Smit
et al.*. 5-Undecylimidazolidine-2,4-dione (2) was obtained, purified by recrystallization to a
white powder in 23% yield and characterized by NMR and MS (Scheme 2.1).



Undecylhydantoin 2 was then hydrolysed with Ba(OH). resulting in racemic amino acid 3
giving a positive ninhydrin test upon neutralization.** High hygroscopicity of the amino acid
prevented characterization of the compound by routine NMR methods, but MS studies

confirmed the presence of 2-aminotridecanoic acid (3) in 55% yield (Scheme 2.2).

1

55°C (NH,4),CO;5
18h KCN

NH

2 HN\<
100 °C

Ba(OH), 5
5d

pH 2 (H,S0y)
NH,

OH
+NH; + CO,

Scheme 2.1: Test reaction with a saturated aldehyde to hydantoin and amino acid.

Based on the successful synthesis with a saturated aldehyde, dodecanal (1) was replaced with
carotenal 4 (C30:9 apocarotenal, BASF) and treated with KCN and (NH4).COs3 (Scheme 2.2).

o}
NG e G N |

4

EtOH/H,0 KEN o

(NH,),CO3
HN

) G e e G .

5 o
Scheme 2.2: Attempted Bucherer-Berg reaction with polyene aldehyde.
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No hydantoin 5 was formed and synthetic strategy 1 (polyene + N-acid — polyene-N-acid)
was therefore abandoned.

2.3 Addition of the polyene to an amino acid

Synthetic strategy 2 now became necessary. Although established (industrial) examples are
missing, strategy 2 has the advantage of relying on a predefined enantiomeric amino acid

fragment.

L-glutamic acid was selected as a starting compound. It was anticipated that the less hindered
y-acid group could be converted to an aldehyde function, which then would react with an

appropriate polyenic Wittig salt to L-amino acid C35N:10 6 (Figure 2.1).

Figure 2.1: L-amino acid C35N:10

The challenges were:
1. Synthesis of an L-glutamic acid aldehyde 7

2. Synthesis of a polyene Wittig salt 8

Figure 2.2: L-glutamic acid aldehyde 7 and polyene Wittig salt 8.
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Working with amino acids requires protection of the functional units that are not desired to
participate in the reaction.”® All reactive functions of glutamic acid can be protected in a one-
pot synthesis with benzyl (Bn) bromide, analogical to the method of Rodriquez et al.“®. One site
would then be deprotected and reduced to the aldehyde. As Bn-deprotection did not work as
expected, methyl ester- and tert-butyloxycarbonyl were employed with good results. Selective
reduction of the y-ester group gave the desired aldehyde 15 in good yields.

2.3.1 Synthesis of L-glutamic acid aldehyde

1. Protection

2. Reduction and oxidation

2.3.1.1 Synthesis of dibenzyl N,N-dibenzyl-L-glutamate

Br
11

BnO OB
HO OH NaOH, K,CO; " "
9 NH2 10 NBn2

Scheme 2.3: One-pot benzyl-protection of L-glutamic acid.

The reactive OH and NH: groups of L-glutamic acid were reacted with benzyl bromide.*°
Compared with methods with several steps and different protective groups, this seemed like an
easy approach. In the method analogous to of Rodriquez et al. tetrabenzyl glutamate 10 was

isolated as a yellow oil in 57% yield and characterized by NMR and MS.

12



2.3.1.2 Attempted synthesis of benzyl (S) 2-(dibenzylamino)-5-

hydroxypentanoate
W DIBAL-H /~\/\‘)‘\
NBn, NBn;

Scheme 2.4: Attempted deprotection of y-ester group with DIBAL-H.

Attempts to reduce the less sterically hindered site of benzyl ester 10 to the alcohol 12 failed
regardless when performed at -78 °C, 0 °C and room temperature.

2.3.1.3 Synthesis of dimethyl (tert-butoxycarbonyl)-L-glutamate

o} o} o} 0
Me;SiCl, MeOH
HO OH > MeO OMe
9 (BOC)zO, Et3N 13
NH,

NHBoc

Scheme 2.5: Partial protection of L-glutamic acid with methyl ester- and Boc-PG.

The amino group in L-glutamic acid (9) was selectively reacted with tert-butyloxycarbonyl-
(Boc) and the carboxylic acid group with methyl ester-PG, analogous to Padron et al.%’
Dimethyl mono-Boc glutamate 13 was isolated as a light yellow oil in 70% yield. The product

was characterized by NMR and MS.

13



2.3.1.4 Synthesis of dimethyl di(tert-butoxycarbonyl)-L-glutamate

(0] (6]
(0] (0]
(Boc),0
—» MeO OMe
MeO OMe
DMAP
NHBoc CH3CN N(BOC)Z

Scheme 2.6: Protection of mono-Boc 13 to di-Boc 14.

Dimethyl mono-Boc glutamate 13 was reacted with (Boc).O and DMAP to catalyse the
reaction. Dimethyl di-Boc-glutamate 14 was isolated as a light yellow oil in 86% yield followed
by characterization by NMR and MS.*#

2.3.1.5 Reduction of dimethyl di(tert-butoxycarbonyl)-L-glutamate

OMe

i / N(Boo),
B 15
v DIBAL, H,0
MeO
ether, -21 °C
N(Boc), \
14
OMe

N(Boc),

16

Scheme 2.7: Reduction of one ester unit of fully protected L-glutamic acid.

14



A selective reduction of the y-ester group of 14 to aldehyde 15 was not possible. The reduction

with diisobutyl aluminium hydride (DIBAL-H) hardly stopped at the aldehyde stage even with

short reaction time, in variance with a previously described procedure.*” Alcohol 16 was always

obtained regardless of the reaction conditions of -78 °C, -10 °C and reaction times varying

between 5 min and 24 h (see Table 1). Three compounds were isolated at the end of reduction

in most cases: non-converted educt, an alcohol as a main product and small amounts of

aldehyde. The products were characterized by MS and NMR.

The direct reduction to 15 turned out to be impractical. Therefore, 14 was selectively reduced

to alcohol 16, as described by Rodriquez et al.*%, using higher temperature and different reaction

times. 16 was isolated as a colourless oil.

Temperature [°C] Reaction time Alcohol (%) Aldehyde (%)
1 -78 5 min 33 17
2 -78 24 h 40 0
3 -78-rt 5h 54 0
4 -21 5 min 47 0
5 -10 1h 69 0

Table 2.1: Alcohol 16 and aldehyde 15 relation after reduction of 14.

2.3.1.6 Synthesis of methyl (2S)-2-[bis(tert-butoxycarbonyl)amino]-5-

oxopentanoate
OH o}
H
H
NBoc,
16

(COCl),, DMSO

- H

OMe
NEt;

-

Scheme 2.8: Oxidation of glutamic acid alcohol to its aldehyde.

OMe

NBoc,
15
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A Swern oxidation*® was performed with alcohol 16 according to Rodriquez et al.*® Aldehyde
15 was obtained as a white solid in 58% yield, characterized by NMR and MS.

2.3.2 Synthesis of polyene Wittig salt

1. Reduction to -OH
2. Replacement of —OH with —Br

3. Formation of triphenylphosphonium salt

2.3.2.1 Synthesis of 8'-apo-B-caroten-8'-ol

\\\\\\\\\O

4

THF NaBH,4

NG G P N

OH

17
Scheme 2.9: Reduction of carotenal 4 to carotenol 17.

Carotenal 4 was reduced to carotenal 17 according to Haugan.*® Alcohol 17 resulted as a lighter
red powder than aldehyde 4, in 55% yield. The product was characterized by UV/vis, MS and
NMR. The first attempts to perform the reduction using non-dry THF or MeOH were not
successful. The use of a dry solvent appeared to be crucial.
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2.3.2.2 Attempted synthesis of B-apo-8’-bromocarotene and 8’-apo-B-caroten-

8’-triphenylphosphine bromide

\\\\\\\\

OH
17
DCM a) NBS, Me,S
b) PBrj3, pyridine 5
MeOH
PPh; HBr
NN Br 7-30d
18
A NP YV e s U N N N

19

Scheme 2.10: Attempted synthesis of a polyene Wittig salt.

When alcohol 17 was brominated according to reactions a)*® and b)*°, bromide 18 was not
obtained, in accordance with observations in a previous master thesis!. Likewise, the direct

one-pot reaction c)* of carotenol 17 to phosphonium salt 19 with PPhs-HBr failed.

Since the preparation of polyene bromide 18 was not possible and consequently
triphenylphosphonium salt 19 could not be obtained, the synthesis of a long polyene amino acid

with ten double bonds was abandoned. The reaction with a triene Wittig salt was envisaged.
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2.3.3 Wittig reaction with a triene phosphonium salt

When the Wittig reaction between protected glutamic aldehyde acid 15 and Wittig salt
C15Zea-P 22 (BASF) was performed, the amino acid L-C20N:4 25 was obtained.

2.3.3.1 Synthesis of C20:4-N-diBoc-methylester 25

N X @

e
PPh;CI + H OMe

15 NBoc,

HO ClSZea-P, 22

2) b) 24
NaOMe 0
DCM

1,2-epoxybutane

OMe

Scheme 2.11: Wittig reaction between C15Zea-P and aldehyde 15.

The Wittig salt C15Zea-P 22 (provided by BASF) was coupled to aldehyde 15 using sodium
methoxide in reaction a), analogous to Yamano et al.%?, giving di-Boc methyl ester 23 as a

yellow oil in 61% yield. Reaction b) with 1,2-epoxybutane® gave 23 in 51% yield.

23 was characterized by NMR and MS.
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2.3.3.2 Synthesis of L-C20N:4 by deprotection of di-Boc methylester 23

l.a. 4 M HCI/THF
1.b. 2 M HCI/THF

2.1 M NaOH, MeOH

Y

HO

Scheme 2.12: Synthesis of polyene amino acid by removal of protective groups from amino acid
moiety.

Deprotection of di-Boc methylester 23 was assumed to be the crucial step because of acidic
conditions that could disrupt the polyene moiety.*” However, both 4 M and 2 M HCI in THF
removed Boc, leaving the polyene chain intact. When 4 M HCI was used, 1 out of 4 experiments

were successful, with 2 M 1 out of 3 experiments gave 25.

A yellow powder precipitated upon neutralization. The presence of the amino unit in 25 was
proven with the ninhydrin test. Purification by flash column chromatography or TLC led to
considerable loss of product, reducing the yield to 0.002%. It was not possible to remove the
contaminants from the precipitate with water. MS identified the characteristic m/z of C20
polyene amino acid 25 and NMR confirmed the presence of characteristic shifts of 25 despite
of high hygroscopicity. UV/vis of 25 in DCM Amax = 275 nm (Figure 2.3), confirmed the
presence of conjugated double bonds. Although the absorption maximum is slightly lower than
what could be expected, HSQC-NMR (Figure 2.4) confirms the presence of five protons

coupling to carbon atoms in a conjugated system, indicating a triene chain.

Due to problems with the CD instrument, no CD could be recorded in the scope of this thesis.
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25

250 300

Figure 2.3: UV/vis absorption spectre of L-C20N:4

ppm
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Figure 2.4: Excerpt of HSQC-NMR of 25, indicating olefinic proton signals from C7, C8, C10,
Clland C12.
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3 Molecular models of L-20N:4

Like other amino acids, 25 can be present without (Figure 3.1) or with dual intrinsic charge
(Figure 3.2) at its isoelectric point. The exchangeable protons of the amino and carboxylic acid

group make the interpretation of NMR-spectra challenging.

Figure 3.1: Molecular model of 25 at its isoelectric point without charge.

Figure 3.2: Molecular model of 25 at its isoelectric point with dual charge.
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4 Future aspects

The synthesis of polyene amino acid 25 was based on the synthesized aldehyde di-Boc
precursor 15, which reacted with predefined Wittig salt 22. The conditions for the Wittig
reaction, using NaOMe or 1,2-epoxybutane, gave good yields and were compatible with the

short polyene applied.

A challenge encountered in the work for this master thesis was the synthesis of a polyene
triphenylphosphonium salt. Instead of preparing a polyene Wittig salt, a Wittig salt could be

prepared from the amino acid that is then coupled to an available polyene aldehyde.

4.1 Triphenyl phosphonium salt of glutamic acid

In the future, the Wittig salt of the amino acid precursor 27 could be prepared from protected
alcohol 16, via bromide 26, which then reacts with carotenal 4 from BASF. The synthesis of
Wittig salt 27 from glutamic acid via bromide 26 is more likely to succeed than the unsuccessful
synthesis of polyene Wittig salt 19 via bromide 18. (Scheme 4.1)

nucleophilic
substltutlon
H OMe

N BOCZ N BOCZ

PPh,Br o)
PPh,

_—
-Br H OMe
H
27 NBoc,

Scheme 4.1: Preparation of phosphonium salt.
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The Wittig reaction between 4 and 27 to C35N:10-di-Boc 28 (Scheme 4.2) could be performed
either using NaOMe, or 1,2-epoxybutane in analogy to Scheme 2.11. Deprotection conditions
could rely on the tested reaction with 2 M HCI/THF (Scheme 2.12).

PPh3Br o
A VN Y Ve e e e N
H OMe
4 H
27 NBoc,
a) NaOMe
Wittig-reaction or
b) 1,2-epoxybutane

NBoc,

OMe

C35:10-N-diBoc-methylester, 28

1. HCI1

Deprotection 7 NaOH

L-C35N:10, 29

Scheme 4.2: Wittig reaction with glutamic acid phosphonium salt and 8’-apo-f-caroten-8°-al.

4.2 Deprotection of glutamic acid before Wittig reaction

Another suggestion for future studies would be to remove the protective groups before the
Wittig reaction. The challenge of the deprotection without polyene disruption can thereby be
avoided. Wittig salt 27 is synthesized as described and then deprotected under acidic followed
by alkali conditions (Scheme 4.3).
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PPh.B o PPhsBr (0]
3= 1. HCI (4 M)

-
vy

H OMe 5 NaOH (1 M) H

27 NBoc, 30 NH:

Scheme 4.3: Deprotection of aldehyde of L-glutamic acid 15 to L-glutamic acid aldehyde 7.

The Wittig coupling should occur selectively between the aldehyde unit of C30:9 aldehyde 4
and the triphenylphosphonium group of Wittig salt 30 (Scheme 4.4). The amino and carboxylic
acid moieties should not react under the Wittig reaction conditions. Deprotection prior to the
Wittig reaction eliminates the need for the polyene to sustain the acidic deprotection conditions
and this is an advantage when the polyene chains get longer and contain higher numbers of

conjugated double bonds, decreasing the stability of the polyenes.

PPh3Br o)

\\\\\\\\\O

+ H

4 30 NH

a) NaOMe
or
b) 1,2-epoxybutane

L-C35N:10, 29

Scheme 4.4: Wittig reaction between C30:9 aldehyde 4 and Wittig salt of L-glutamic acid 30.

The proposed methods should be compatible also for other polyene aldehydes.
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5 Experimental

5.1 Synthesis of 5-undecylimidazolidine-2,4-dione (2)

1

(NHy4),CO4 55°C
KCN 18h

NH

2 HN«

o)

Dodecanal (1, 0.66 mL, 3.0 mmol) was dissolved in EtOH/H20 (1:1, 12 mL), to which
(NH4)2CO3 (1.44 g, 15 mmol) and KCN (0.24 g, 3.6 mmol) were added. The mixture was stirred
at 55 °C for 18 h after which the temperature was increased to 90 °C to eliminate excess
ammonium carbonate. EtOH was evaporated and the solution acidified to pH 3 with HCI
(conc.), then evaporated to dryness. The residue was extracted with EtOH, filtered and dried.
The obtained light yellow needle formed crystals were recrystallized from EtOH (96 %), giving
0.19 g (0.7 mmol, 23%) of hydantoin 2 as a white powder.

IH-NMR (600 MHz, 25 °C, ds-DMSO): & = 0.86 (t, 3H), 1.28 (m, 18H), 1.64 (dt, 2H), 3.97 (m,
1H), 6.07 (d, 1H), 7.93 (s, 1H)

13C-NMR (600 MHz, 25 °C, ds-DMSO): & = 14.4, 22.6, 24.6, 29.1, 29.2, 29.3, 29.4, 29.5, 31.7,
31.8, 58.0, 157.9, 176.6

MS (ESI): m/z = 255.2073 [M+H]*
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5.2 Synthesis of 2-aminotridecanoic acid (3)

2 o)

0
100 °C Ba(OH),

PH 2 (H,S0,)

NH,

OH
+NH; + CO,

3 o)

Undecylhydantoin 2 (190 mg, 0.7 mmol) was dissolved in H.O (40 mL). BaO (6.2 g, 40 mmol)
was added and the mixture stirred 96 h at 100 °C under reflux conditions. The reaction mixture
was then acidified with H2SO4 (conc.) to pH 2. BaSOg4 precipitated immediately and was filtered
off on a pad of celite. The solvent was removed under reduced pressure and the residue dried,
giving 94 mg (0.4 mmol, 55%) of white, hygroscopic 2-aminotridecanoic acid (3). A small
amount of the product was dissolved in EtOH and the pH adjusted to 7-8 and with EtsN. 1 mL
of a ninhydrin-solution (0.1% in EtOH) was added and boiled for a short time, giving the

characteristic Ruhemann purple, proving the presence of an amino acid.

MS (ESI): m/z = 230.9961 [M+H]*
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5.3 Attempted synthesis of B-apo-8’-carotene-5-imidazolidine-2,4-dione (5)

(o]

N S G
4

KCN

(NH,)CO, EtOH/H,0

O

-

NH

N N P G N
5 (0]

Carotenal 4 (200 mg 4.8 mmol) was dissolved in 20 mL of EtOH / H20 (1:1). (NH4)2COs (2.3
g, 23.9 mmol) and KCN (276 mg, 4.2 mmol) were successively added to the solution. After
heating to 55 °C and stirring for 18 h. TLC (hexane/acetone, 7:3) did not show conversion of
the educt. Therefore, the reaction was stirred for 4 d, checking the reaction by TLC regularly.
After 4 d, signs of decomposition were detected. The temperature was raised to 90 °C to remove
excess ammonium carbonate. EtOH was evaporated and the solution acidified to pH 6 with
diluted HCI, then evaporated until dry. The residue was taken up in EtOH, filtered and dried.
The desired hydantoin 5 could not be identified by MS (ESI).
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5.4 Synthesis of dibenzyl N,N-dibenzyl-L-glutamate (10)

BnO OB
HO OH NaOH, K,CO, " "

9 NH, 10 NBn;

L-Glutamic acid (9, 5.00 g, 34 mmol) was dissolved in H2O (60 mL) with K.COs (18.8 g, 7.3
mol) and NaOH (2.75 g, 69 mmol). The mixture was refluxed under stirring and benzyl bromide
(11, 23.25 g, 136 mmol) was slowly added. When TLC (petroleum ether (60-80)/EtOAc, 6:1)
showed absence of educt, the mixture was cooled to room temperature. An oily layer separated,
which was extracted from the ag. phase with Et,O. The collected organic phases were dried
over Na>SO4 and the solvent removed under reduced pressure. The crude product (15.09 g) was
purified by flash column chromatography (petroleum ether (60-80)/EtOAc, 20:1). 9.89 g (19
mmol, 57%) tetrabenzyl glutamate 10 was isolated as an oil.

IH NMR (400 MHz, 25 °C, CDCls): § = 2.05 (m, 2H), 2.40 (m, 2H), 3.40 (m, 1H), 3.49 (m,
2H), 3.87 (m, 2H), 4.95 (m, 2H), 5.18 (m, 2H), 7.18-7.40 (m, 20H)

13C NMR (400 MHz, 25 °C, CDCls): § = 24.3, 30.7, 54.5, 59.9 (4C), 65.2, 66.3, 127.0-129.0
(20C), 136.0 (2C), 139.3 (2C), 172.3, 173.0

MS (ESI): m/z = 508.2483 (M+H)*
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5.5 Attempted synthesis of benzyl (S)-2-(dibenzylamino)-5-hydroxypentanoate

(12)

(o] (o] OH (@]
DIBAL-H
BnO OBn —> H OBn
10 THE Hoo12
NBn, NBn,

Tetrabenzyl glutamate 10 (200 mg, 0.4 mmol) was dissolved in dry THF (2 mL) and the mixture
cooled under N2 to -10 °C. DIBAL-H (1 M in toluene, 1.2 mL, 1.2 mmol) was slowly added
under stirring. After the addition of DIBAL-H was ended, the temperature was increased to 0
OC. The reaction mixture was stirred and monitored by TLC (petroleum ether (60-80)/EtOAc,
6:1). As no reaction was observed, the reaction was stirred over night at room temperature. H.O
was added and the mixture stirred for 30 minutes. When signs of some conversion were
observed, additional THF and Na,SO4 were added, and the mixture was again stirred for 30
minutes. The mixture was filtered over celite, and the filtrate was washed with THF. The solvent
was removed at reduced pressure and the residue purified by flash column chromatography
(petroleum ether (60-80)/EtOAC, 3:1). 126 mg of the educt was recovered; the rest of the educt
had been decomposed, and alcohol 12 could not be obtained.
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5.6 Synthesis of dimethyl (tert-butoxycarbonyl)-L-glutamate (13)

Me;SiCl, MeOH
HO OH > MeO OMe
(Boc),0, ExN 13
NH, NHBoc

To a stirred ice cold suspension of L-glutamic acid (9, 147 mg, 1.0 mmol) in dry MeOH (3.3
mL), MesSiCl (0.56 mL, 4.4 mmol) was added under stirring. After addition, the reaction was
heated to room temperature and stirred overnight under N2-atmosphere. The following morning,
TLC (nBuOH/acetic acid/H»0O, 3:1:1) showed complete conversion of the starting material.
EtsN (0.9 mL, 6.5 mmol) and (Boc).O (240 mg, 1.1 mmol) were sequentially added. The
reaction was stirred under N2-atmosphere until TLC (nBuOH/acetic acid/H.0, 3:1:1) showed
the reaction was completed. The solvent was removed at reduced pressure and the dry residue
triturated and washed with Et,O (3x15 mL). The ether fractions were combined and the solvent
removed at reduced pressure, leaving an oil, which was purified by flash column
chromatography on a short silica column (n-pentane/EtOAc 4:1), giving 190 mg (0.7 mmol,

70%) of dimethyl mono Boc glutamate 13.

IH NMR (400 MHz, 25 °C, CDCls): & = 1.44 (s, 9H), 1.97 (m, 1H), 2.18 (m, 1H), 2.41 (ddd,
2H), 3.68 (s, 3H), 3.75 (s, 3H), 4.34 (m, 1H), 5.17 (d, 1H)

13C NMR (400 MHz, 25 °C, CDCls): § = 27.7, 28.3 (3C), 30.0, 51.8, 52.4, 52.8, 80.0, 155.3,
172.7,173.2

MS (ESI): m/z = 298.1270 [M+Na]*
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5.7 Synthesis of dimethyl di(tert-butoxycarbonyl)-L-glutamate (14)

0 o)
o) o)
(Boc),0
———>  MeO OMe
MeO OMe
DMAP
NHBoc CH;CN N(Boc)z

Mono Boc glutamate 13 (190 mg, 0.7 mmol) and DMAP (22 mg, 0.18 mmol) were dissolved
in CH3CN (3 mL) and stirred while (Boc).0 (220 mg, 1.0 mmol) was added. The reaction
mixture was stirred overnight at room temperature. On the following day, TLC (n-
pentane/EtOAC, 4:1) did not show complete conversion of the starting material. (Boc).O (110
mg, 0.50 mmol) was added and the reaction stirred one more night. The following day, more
(Boc)20 (100 mg, 0.46 mmol) was added and the reaction stirred until TLC showed full product
formation. The solvent was evaporated and the residue purified by flash column
chromatography (n-pentane/EtOAc, 5:1), resulting in 222 mg (0.59 mmol, 86%) of dimethyl
di-Boc glutamate 14.

IH NMR (400 MHz, 25 °C, CDCls): & = 1.50 (s, 18H), 2.20 m, 1H), 2.46 (m, 2H), 2.52 (m,
1H), 3.68 (s, 3H), 3.73 (s, 3H), 4.95 (dd, 1H)

13C NMR (400 MHz, 25 °C, CDCls): § = 25.2, 28.0 (6C), 30.6, 51.7, 52.2, 57.3, 83.3 (2C),
151.9, 170.8, 173.1

MS (ESI): m/z = 398.1793 [M+Na]*
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5.8 Synthesis of methyl (2S)-2-[bis(tert-butoxycarbonyl)amino]-5-

hydroxypentanoate (16)

e o OH o]
DIBAL-H
—_—
MeO OMe THF H OMe
H
NBoc
14 2 16 NBoc,

Dimethyl di-Boc glutamate 14 (900 mg, 2.66 mmol) was dissolved in dry THF (30 mL). Under
N2-atmosphere, the mixture was cooled to —10 °C; DIBAL-H (7.4 mL of a 1 M solution, 7.4
mmol) was slowly added and then stirred for 4 h, or until TLC (n-pentane/EtOAc, 3:1) showed
full conversion of the starting material. The solution was allowed to reach room temperature,
was then quenched with H20 and stirred for 30 min. Additional THF (1.5 mL) and Na>SO4 (500
mg) were added and the mixture was again stirred for 30 min. The mixture was filtered over
celite and the filtrate washed with THF. The solvent was removed under reduced pressure and
the residue purified by flash column chromatography (petroleum ether (60-80)/EtOAc, 3:1),
resulting in 573 mg (1.65 mmol, 62%) of methyl di-Boc alcohol 16.

IH-NMR (400 MHz, 25 °C, CDCls): § = 1.50 (s, 18H), 1.52 (1H), 1.65 (m, 2H), 1.94 (m, 1H),
2.25 (M, 1H), 3.69 (t, 2H), 3.72 (s, 3H), 4.89 (dd, 1H)

13C NMR (400 MHz, 25 °C, CDCls): 5 = 26.4, 28.0 (6C), 29.4, 52.2, 57.9, 65.9, 83.2 (2C),
152.2, 171.4 (2C)

MS (ESI-TOF): m/z =370.1843 [M+Na]*
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5.9 Synthesis of methyl (2S)-2-[bis(tert-butoxycarbonyl)amino]-5-

oxopentanoate (15)

OH o o 0
(COCI),, DMSO
H oMe — H OMe
! NEt;
NBoc, NBoc,
16 15

Under No-atmosphere, a solution of dry DMSO (120 pL) in dry DCM (810 pL) was added
slowly to a flask cooled to -78 °C containing oxalyl chloride (78 L) dissolved in dry DCM
(1.67 mL). Stirring was maintained for 15 min, then a solution of alcohol 16 (250 mg, 0.72
mmol) in dry DCM (450 pL) was slowly added and stirred for 15 min. EtsN (240 pL) was
added and the mixture stirred for further 15 min, then additional EtsN (200 pL) was added to
ensure the end of the reaction. The flask was then cooled to 0 °C, stirred for 15 min, H,O (3
mL) was added and the mixture heated. After reaching room temperature, the organic phase
was separated and the aqg. phase extracted with DCM. The collected organic phases were
washed with HCI (1 M), NaHCOs solution (ag., sat.) and brine. The organic phases were then
dried over Na>SO4 and the solvent removed under reduced pressure. The residue was purified
by flash column chromatography (petroleum ether (60-80)/EtOAc, 3:1), resulting in 143 mg
(0.41 mmol, 58%) aldehyde 15.

IH NMR (400 MHz, 25 °C, CDCls): & = 1.50 (s, 18H), 2.48-2.61 (m, 4H), 3.73 (s, 3H), 4.89
(dd, 1H), 9.78 (s, 1H)

13C NMR (400 MHz, 25 °C, CDCls): & = 22.5, 28.0 (6C), 40.5, 52.3, 57.3, 83.5 (2C), 152.0,
170.7 (2C), 201.0

MS (ESI-TOF): m/z 368.1685 [M+Na]*
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5.10 Synthesis of 8'-apo-B-caroten-8'-ol (17)

\\\\\\\\\

(0]

4

THF i NaBH,4

\\\\\\\\

OH

17

Carotenal 4 (500 mg, 1.2 mmol) and NaBH4 (52 mg, 1.4 mmol) were dissolved under vigorous
stirring in dry THF (40 mL). The reaction was monitored by TLC (hexane/acetone, 4:1) and
showed no presence of aldehyde 4 after 4 h. The solvent was removed at reduced pressure. The
obtained viscous, orange oil was purified by flash column chromatography, using a hexane/
EtOAc gradient. The fractions were controlled by TLC (EtOAc/hexane, 2:3). After removing
the solvents at reduced pressure, 281 mg (0.67 mmol, 55%) carotenal 17 was obtained as a light
red powder.

Amax (DCM) =458.0 nm, 432.5 nm

IH-NMR (400 MHz, 25 °C, CDCls): § = 1.03 (s, 6H), 1.47 (m, 4H), 1.72 (s, 3H), 1.76 (m, 1H),
1.80 (m, 1H), 1.96 (s, 3H), 1.97 (s, 6H), 4.12 (s, 2H), 6.01-6.71 (m, 12H)

MS (ESI): m/z = 418.3232 [M+H]*
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5.11 Attempted synthesis of B-apo-8’-bromocarotene (18) and 8’-apo-B-caroten-

8’-triphenylphosphine bromide (19)

\\\\\\\\

OH
17
a) NBS, Me,S
DEM {( b) PBrj, pyridine
¢)
PPh; HBr
NN e P G 20
MeOH
18 7-30 d
A e G YV e e W N N PPhBr

19

5.11.1 Reaction a)

NBS (150 mg, 0.8 mmol) was dissolved in DCM (3 mL) and cooled to 0 °C. MeS (57.2 mg,
0.9 mmol) was added dropwise under N2-atmosphere under vigorous stirring. The mixture was
cooled to -20 °C with an ice/salt-bath. Carotenol 17 (100 mg, 0.2 mmol) was dissolved in DCM
(1 mL) and added dropwise to the solution of NBS and dimethyl sulfide under vigorous stirring.
The mixture was stirred at 20 °C for 2.5 h and then poured over ice-cold brine. The product was
extracted with Et2O. The ether phase was washed with half sat. NaHCOs (ag.), followed by
brine and finally H.O. The ether extracts were dried over anhydrous Na>SO4 and the solvent
removed under reduced pressure. The product was crystallized from diisopropyl ether and gave

384 mg of deep red crystals, which were not bromide 18 according to MS.

Amax (DCM) = 325 nm
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5.11.2 Reaction b)

Carotenol 17 (20 mg, 0.05 mmol) and pyridine (19 uL, 19 mg, 0.2 mmol) were dissolved in
DCM (200 pL) and cooled to -10 °C. PBrs3 (4 uL, 11 mg, 0.04 mL), dissolved in of DCM (200
pL) was carefully added dropwise to the reaction mixture over a period of 15-20 min and stirred
for 30 min at -10 °C. Ag. NaHCOs (sat., 300 pL) was added to the reaction mixture and the
product extracted with Et.O. The organic phase was washed with brine and H-O, dried over
MgSOs and filtered. The solvent was removed at reduced pressure. Recording of a UV/vis-
spectre showed that the polyene was intact and that the absorption maximum had not shifted
relative to carotenol 17. Bromide 18 could not be identified by MS or NMR.

Amax (DCM) = 458.5 nm, 433.0 nm

5.11.3 Reaction c)

Carotenol 17 (150 mg, 0.65 mmol) was dissolved in 30 mL of dry MeOH. PPhsHBr (20, 225
mg, 0.66 mmol) was added under stirring and the reaction mixture stirred at room temperature
for 18 d in total darkness. The amount of precipitate was controlled regularly. MeOH was then
evaporated. The residue was dissolved in a very small amount of DCM and precipitated in a
vigorously stirred ice-cold mixture of Et,O (150 mL) and hexane (20 mL). The precipitate was
filtered and washed twice with ice-cold Et2O. Phosphonium salt 19 could not be identified by
MS or NMR, although the polyene chain was intact, according to UV/vis and NMR

spectrometry.

Amax (DCM) = 441.0 nm, 268.0 nm
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5.12 Synthesis of L-C20N:4-diBoc-methylester (23)

N X

® o
PPhzCI + H OMe

NB
HO 22 15 e

a) b)
NaOMe 24
21 O%

DCM 1,2-epoxybutane
gBocz

OMe

HO 23

5.12.1 Reaction a)

Phosphonium salt 22 from BASF (416 mg, 0.8 mmol) and di-Boc aldehyde 15 (231 mg, 0.7
mmol) were suspended in DCM (5 mL). At room temperature, NaOMe 21 (25% in MeOH, 208
mg, 1.0 mmol) was added. The reaction was followed by TLC (n-pentane/EtOAc, 3:1). After
1.5 h, the reaction mixture was poured into aq. NH4Cl (sat.) and extracted with EtOAc. The
extracts were washed with brine, dried over Na>SO4 and the solvent removed at reduced
pressure. The yellow residue was purified by flash column chromatography (n-pentane/acetone

5:1) to give 224 mg (0.4 mmol, 61%) of di-Boc methyl ester 23 as yellow oil.

5.12.2 Reaction b)

A mixture of C15-phosphonium salt 20 (621 mg 1.2 mmol) and aldehyde of glutamic acid 15
(345 mg, 1.0 mmol) in EtOH (5.0 mL) and 1,2-epoxybutane (24, 0.75 mL) was stirred for 20 h
under N2 and reflux conditions. The reaction was controlled by TLC (n-pentane/acetone, 5:2)
until 15 had reacted. The reaction mixture was then cooled to 0 °C while continuously stirred

for 1 h. The suspension was poured into ag. NH4Cl-solution (sat.), extracted with Et.O, washed
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with brine and dried over Na SOa. Solvents were removed at reduced pressure. The yellow
residue was purified by flash column chromatography (n-pentane/acetone, 5:2), giving 282 mg
(0.5 mmol, 51%) of di-Boc methyl ester 23 as a yellow oil.

IH NMR (600 MHz, 25 °C, CDCl3): § = 1.05 (s, 3H), 1.06 (d, 3H), 1.47 (dd, 1H), 1.49 (s, 9H),
1.50 (s, 9H), 1.71 (d, 3H), 1.78 (ddd, 1H), 1.89 (d, 3H), 1.98-2.05 (m, 2H), 2.21-2.22 (m, 2H),
2.29 (m, 2H), 2.38 (dt, 1H), 3.71 (s, 3H), 4.02 (s, 1H), 4.89 (m, 1H), 5.60 (m, 1H), 5.39-6.38
(m, 4H)

13C NMR (600 MHz, 25 °C, CDCls): § = 12.4, 21.5, 24.5, 28.0 (6C), 29.9 (2C), 30.2, 37.1, 42.5,
48.4,52.2,57.6, 65.1, 83.1 (2C), 125.1, 125.7, 127.9, 130.1, 130.7, 133.5, 138.5, 138.7, 152.1
(2C), 171.3

MS (ESI): m/z = 570.3413 [M+Na]*
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5.13 Synthesis of L-C20N:4 (25)

OMe

1.2 M or4 M HCI

2.1 M NaOH, MeOH

A solution of di-Boc methyl ester 23 (100 mg, 0.2 mmol) in HCI/THF (4 M/2 M, 4.56 mL) was
stirred for 30 min at room temperature. Excess solvent and HCI were removed at reduced
pressure. The residue was treated with THF and evaporated twice (2 X 1 mL). The solid mixture
was dissolved in MeOH (0.40 mL) and an ag. solution of NaOH (1 M, 0.51 mL) was added.
After vigorous stirring for 2 h, the organic solvent was removed and the ag. solution was
carefully neutralized using HCI (1 M), precipitating 94 mg (4 M HCI/THF) or 68 mg (2 M
HCI/THF) of a yellow powder. The amino acid 25 was filtered and washed with H20. Presence
of the amino unit was ascertained by the ninhydrin test. Despite attempts to dry the product
under vacuum, NMR showed high contents of H.O in the product, explaining the high mass of
the precipitate.

Purification of 68 mg amino acid 25 by flash chromatography over silica gel (nBuOH/acetic

acid/H20, 3:1:1) resulted in 0.2 mg pure amino acid 25 as a yellow powder.

Interpretation of NMR-signals are based on the *H-'3C couplings seen in HSQC, combined with
the shifts observed in the solvent suppressed ‘H-spectre. Small amounts (0.2 mg) of pure
compound resulted in a lot of noise, causing inaccurate integrals of the signals. The number of
protons listed in the following paragraphs are therefore assumed values based on the

characteristic shifts. It was assumed, that the amino acid 25 is present as a zwitterion and that
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the signals of the carboxylic acid and amino group therefore can be present with a varying
number of protons attached.

IH-NMR (ds-DMSO, 25 °C, 600 MHz): & = 1.04 (6H), 1.33 (1H), 1.34 (3H), 1.42 (2H) 1.65
(1H), 1.75 (2H), 1.87 (1H), 1.97 (3H) 2.20 (1H), 3.58/3.62 (1H) 3.81 (1H), 5.75 (1H), 6.07
(1H), 6.87 (1H), 7.17 (1H) 7.24 (1H), 7.28 (2/3H), 8.41 (0/1H)

13C-NMR (ds-DMSO0, 25 °C, 600 MHz): § = 15.7, 20.6, 28.9, 29.1, 30.1, 41.2, 48.0, 51.1/51.6,
62.6, 126.9, 127.8, 128.1, 128.5, 131.2

Amax (DCM) =275 nm

MS (ESI): m/z = 332.2232 [M-H]"
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5.14 General procedures and apparature

5.14.1 Chromatography
Silicagel 60, F254, 0.2 mm TLC plates from Merck were used for TLC.

For colourless and non-aromatic compounds, a phosphomolybdic acid (10% in EtOH) stain

was used.

Silicagel 60, 230-400 mesh, particle size 40-63 um, from Fluka was used for flash column

chromatography.

5.14.2 Molecular models

Molecular modelling with semi empirical AM1 in Spartan 08

5.14.3 Apparature

Accurate mass determination in positive and negative mode was performed on a "Synapt G2-
S" Q-TOF instrument from Waters™. Samples were ionized by the use of ASAP probe (APCI)
or ESI probe. No chromatographic separation was used previous to the mass analysis.

Calculated exact mass and spectra processing was done by Waters™ Software Masslynx V4.1
SCN871.

NMR spectra were recorded on 400 MHz Bruker Avance™ I11 HD NMR spectrometer and 600
MHz Ultrashielded Bruker Avance™ I11 HD NMR spectrometer, both at 25 °C.

UV/vis spectra were recorded with a Hitachi U-1900 Spectrophotometer, 200V in DCM and at

room temperature.
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Appendix A: Reaction mechanisms

Strecker Reaction
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Scheme i: Mechanism of Strecker reaction



Bucherer-Bergs reaction

The Bucherer-Bergs reaction is a preparative method for imidazolidine-2,4-dione derivatives,
more commonly known as hydantoins, developed in 1929 by Bergs and improved by Bucherer
in 1934. Hydantoins are intermediates in the industrial synthesis of a-amino acids. The method
uses potassium cyanide and ammonium carbonate to produce the hydantoin and alkali

conditions for the conversion into a-amino acid.
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Scheme ii: Mechanism of the formation of hydantoin.
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Scheme v: Mechanism for hydantoin-opening under elimination of ammonia and CO..



Wittig reaction

Wittig reactions are widely used in alkene synthesis, in which alkenes are formed in a reaction
between a carbonyl and a triphenyl phosphonium ylide, giving a triphenylphosphonium oxide

as side product. The method was developed by Georg Wittig in 1947.
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Scheme viv: Mechanism of the Wittig reaction.



Reduction with DIBAL-H

The reducing agent diisobutylaluminium hydride (DIBAL-H) is commonly used in organic

synthesis to convert esters in alcohols.
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Scheme v: Mechanism of the reduction of an ester to an alcohol, via aldehyde using DIBAL-H as

a reducing agent.



Swern oxidation

An oxidation technique developed by Daniel Swern in 1978, using chloro(dimethyl)sulfonium
chloride, developed in situ from oxalyl chloride and DMSO, is a highly selective method for
oxidizing alcohols to aldehydes. The reaction is performed at low temperatures and its by-
products are volatile (CO, CO2, Me2S) and toxic (CO, Me2S).
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s| ' o ‘ cl S‘\/A Q!
cl
H3C/ \c:H3 o) (A
o 0
-CO,
-CO
Et;N : R H R
H\e/é\o)k/< i /\H QN )< H (Cl c®

PN * )J\

H3;C CHj H R

Scheme vi: Mechanism of the Swern oxidation.



Ninhydrin test

Ninhydrin, or 2,2-Dihydroxyindane-1,3-dione, is used in a simple test to check for presence of
amino acids, invented by Siegfried Ruhemann in 1911. Through a reaction with a primary or
secondary amine, the two ninhydrin molecules unite, creating a colour known as Ruhemann’s

purple. Ninhydrin is solid at room temperature and it is soluble in ethanol.

To investigate the presence of an amino acid, a small amount of the sample is dissolved in 1
mL of EtOH or MeOH and added 1 mL of a ninhydrin solution (0.1% in EtOH). The mixture

is heated for a few minutes and will develop Ruhemann’s purple if the sample contains an

amino acid.
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Scheme vii: Mechanism of the ninhydrin test.



Appendix B: Protective groups

In a molecule containing several reactive sites, the non-participating reactive groups must be
temporarily protected, to prevent unwanted side-reactions. The right protective group has to be
chosen considering both the stability during the reaction and the lability for unproblematic

deprotection.

Amine and carboxylic acid groups are likely to undergo unwanted side reactions if not
protected. The PGs used in this thesis are stable under the applied oxidative and reductive
conditions, tert-butoxycarbonyl (Boc) can be removed in acidic conditions, methylester groups

are hydrolysed with alkali conditions at room temperature.

(0]
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Figure i: Tert-butoxycarbonyl PG on an Figure ii: Methyl ester-PG on a carboxylic

amino moiety acid moiety






Appendix C: Spectra and data

Compound 2: 5-undecylimidazolidine-2,4-dione

Proton shift (ppm) Carbon shift (ppm)

1 6.07 -

2 - 157.9

3 7.93 -

4 - 176.6

5 3.97 58.0

6 1.64 31.8

7-15 1.28 22.6-31.7

16 0.86 14.4

Table i: NMR data
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Figure vi: ESI-Q-TOF



Compound 3: 2-aminotridecanoic acid
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Figure vii: ESI-Q-TOF



Compound 4: 8’-apo-B-caroten-8’-al
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Figure 0.1: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (hnm) End (nm) Height (Abs) Valley (nm) Valley (Abs)

1 650.0 464.5 362.0 1.271 362.0 0.441

2 362.0 276.0 257.0 0.816 257.0 0.722

Table ii: UV/vis absorption data



Compound 10: dibenzyl N,N-dibenzyl-L-glutamate

9 8
Proton shift (ppm) Carbon shift (ppm)
1 5.18 66.3
2 - 173.0
3 2.05 24.3
4 2.40 30.7
5 3.40 94.5
6 - 172.3
7 4.95 65.2
8 3.87 59.9
9 3.49 59.9
10-13 7.18-7.40 127.0-129.0, 136.0, 139.3

Table iii: NMR data
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2015-319 232 (4.513) AM2 (Ar,35000.0,0.00,0.00): Cm (228:241) 1: TOF MS ASAP+

o o 2.3T7e+005
100— S08.2483
i BnO OBn
] 10
%] 509.2519 NBn
T 510.2550
. 506.2323
5 j?5.4111 484 3159 495.233& N r' 5154441 5315!.:1?92 E&S.EMT 551 3289 562 4589 -
Ill!lllllllllllllIlllllllll!llllllllI!llllll!lllll IlIIIlIllIrllIIIIFIIIlIIlIrllIlllrllllll
430.0 490.0 500.0 510.0 520.0 530.0 S540.0 550.0 550.0
Minimam: -1.5
Maximum: 5.0 3.0 0.0
Ma== Calc. Mass mDa EFPM DBE i-FIT Norm Conf (%) Formula
208.24383 508.248B5 -0.2 -0.4 -1.5 206.0 27.013 0.00 CZ H30 N21 010
508.24759 0.4 0.8 5.5 200.2 21.161 0.00 C17 H34 NS 035 Ton cbserved [M+H]
S08.2468 -0.5 -1.0 17.5 179.0 0.000 100.00 €33 H34 N 04
S508.2493 -1.0 -2.0 10.5 159.4 20.434 0.00 C18 H30 H13 OS5
508.2498 -1.5 -3.0 3.5 205.8 26.B01 0.00 C3 H2Ze H25 0¢

Figure xii: ASAP*-Q-TOF



Compound 13: dimethyl (tert-butoxycarbonyl)-L-glutamate

o]
Proton shift (ppm) Carbon shift (ppm)
1 3.68 51.8
2 - 173.2
3 241 30.0
4 1.97,2.18 21.7
5 4.34 52.8
6 - 172.7
7 3.75 52,4
8 5.17 -
9 - 155.3
10 - 80.0
11-13 144 28.3

Table iv: NMR data
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2018-24 105 (0.036) AM2 (Ar,35000.0,0.00,02.00%; S (105:113)
1: TOF M5 ES+

100

2420843

198.0743
178.0822 [188.0776

243.0675

242 D3B1

a0
Minimae: -1_5
Maximnam: 5.0 2.0 0.0
Momm Calc. Ma== mla PEM CEBE
2981270 Z0E_12&7 3.3 1.0 Z.5

Figure xvi: ESI-Q-TOF

2B 127

i-FIT
1558.7

Hoxrm

n'a

MeO

Confi®)
nfa

0 o} 7.97e+0048
OMe
13
NHBoc
356.0851 333.2155 4£10.1334

Formuala

Clz HZ1 ¥ OF Wa jon observed [M+Na]



Compound 14: dimethyl di(tert-butoxycarbonyl)-L-glutamate

10'

8 8
'
12 o) o)
Proton shift (ppm) Carbon shift (ppm)

1 3.68 51.7

2 - 173.1

3 2.20, 2.52 25.2

4 2.46 30.6

5 4.95 57.3

6 - 170.8

7 3.73 52,2

8,8 - 151.9
9,9 - 83.3
10-12, 10°-12° 1.50 28.0

Table v: NMR data

10

11
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2016-29 75 (0.679) AM2 (Ar,35000.0,0.00,0.00); Cm (71:95) 1: TOF MS ES+

0 0 2.40e+007
100 773.3683
4 MeO OMe
- N(Boc),
Yo 14
] 268 1783 774.3716
] 399 1825 775.3138
] 166.0481
123.0925 266.1003 2981206 541.2374 695.3722 916.42
[} 1Illlrrllll'lll|rr[lI'l'l'llrr[lI'lIlllrI[I'lI'llUIIIIII'l'lllllrll'l'lIIIIII[III'llIIIrIII'llIlIrrIII'l.IIrrIIIIIllrrIIIII'l'lrrrrlll‘!'rrr'lll!'[r'rr lur[rrrrllrrrlrrrrlrrrr[rrr

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

Minimum: -1.5
Maximum: 5.0 3.0 50.0
Mass Calc. Mass mDa PPM DEE 1-FIT Norm Conf (%) Formula

398.1793 388.1791 0.2 0.5 3.5 S7.9 0.325 72.22 Cl17 H29 N 08 Na Ion Observed[M+Na]
398.1788 0.5 1.3 7.5 98.9 1.382 25.10 C15 H24 N7 06
398.1801 -0.8 -2.0 12.5 101.5 3.924 1.918 Ccl6 H20 N11 02
398.1804 -1.1 -2.8 8.5 102.5 4.962 0.70 C18 H25 NS5 04 Na

Figure xx: ESI-Q-TOF



Compound 15: methyl (2S)-2-[bis(tert-butoxycarbonyl)amino]-5-oxopentanoate

Proton shift (ppm) Carbon shift (ppm)
1 3.74 52.3
2 170.8
3 4.90 57.3
4 22.5
2.15-2.61

5 40.5
6 9.78 201.0
7 152.0
8,8 83.5
9-11,9-11° 1.50 28.0

Table vi: NMR data



96T
£0c”
Locr
STe”
£8¥%°
98F°
88F "
S0S”
11s”
£1e”
TS
SYAS
1es”
SES”
geg”
0vs”
LyS”
068"
£9g°
945"
ggg”
99¢g"
69G”
(AR
§LET
8LS"
165"
668"
c09”
LO9"
819"
Tco "
FCo”
Leg”
Pre”
Ly9"
9EL”
88"
reg8”
S06°
£l
gle”

B A e R e S B A O I O S A S A e e S e e S N O O R

P8CT L —

£8L°6
@mh.mv
88L°6

L

OMe

NBoc,

15

e

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

10.0

66°¢

160

Figure xxi: 'H-NMR (400 MHz, CDCls)



O O
H OMe
NBoc,
15
, —
""""" N ) ) ) M L L i R R ) L I R ) R AR R MM RAAREAAEY RALAARAAE) RARAARAEY LAEAAAREA) R
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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2016-62 75 (0.679) AM2 (Ar.35000.0,0.00,0.00): Cm (63:85) 1- TOF MS ES+
0 0 2.13e+005
3 368 1682
: H OMe
- NBOCZ
% 15
] 369.1716
3721995
] 371276 3501806 | 370.4771 = A 1125‘ 3751286 375 7139
""""""""""'"" """""""""" """" VVV""I "" LA TYyy "" L "" """"""""'
358.0 362.0 366.0 368.0 370.0 3720 374.0 376.0 378.0
Minimum: -1.5
Maximum: S.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
368.1682 368.1685 -0.3 -0.8 3.5 278.3 0.214 80.76 Cl6 H27 N 07 Na 1on observed M+Na
368.1682 0.0 0.0 7.5 279.7 1.648 19.24 Cl4 H22 N7 OS

Figure xxiv: ESI-Q-TOF



Compound 16: Methyl (2S)-2-[bis(tert-butoxycarbonyl)amino]-5-

hydroxypentanoate

10'
|8
12" 0 12
Proton shift (ppm) Carbon shift (ppm)

1 3.72 52.2
2 - 171.4
3 4.89 57.9
4 1.94,2.25 26.4
) 1.65 29.4
6 3.69 65.9

7 1.52 -
8,8 - 152.2
9,9 - 83.2
10-12, 10°-12° 1.50 28.0

Table vii: NMR data

10
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2016-47 53 (0.484) AM2 (Ar,35000.0,0.00,0.00); Cm (46:59) 1: TOF MS ES+

on o 2 09e+006
00— 3701843
b H OMe
-1 H
. NBoc,
o 16
] 3711874
= 348 2016 ( r3?2'1894 3861
G T T T T I T T T T I T T T T I T T T T I T T T T [ T L] T T l T T T T I T T T T I T T T T I T T T T | T T T T l T T T T I T L] T T l T T T T I T T T T I T T T
350.0 355.0 360.0 365.0 370.0 375.0 380.0 3850
Minimum: -1.5
Maximum: 5.0 3.0 5o.0
Mass Calc. Mass mDa EFM DBE i-FIT Norm Conf (%) Formula
370.1843  370.1842 0.1 0.3 2.5 223.7 0.164 B84.89 16 H29 N 07 Na Ion cbserved [MiNa]
370.1835 0.4 1.1 6.5 225.4 1.924 14.61 14 H24 N7 05
370.1852 -0.% -2.4 11.5 228.8 5.2%7 0.50 C15 H20 N1l ©

Figure xxviii: ESI-Q-TOF



Compound 17: 8’-apo-B-caroten-8’-ol

Proton shift (ppm)
2-4 1.61, 1.76, 1.80, 2.02
7-8,10-12, 14-17, 19-21 6.01-6.71
23 412
24 -
25-28 1.72,1.86, 1.96, 1.97
29 1.47
30-31 1.03

Table viii: NMR-data
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1: TOF MS ASAP+

3.17e+003
418.3232
100 A P Y N e U N o
] 17
So—
1 419.3280
| 418 2869 419292
| 418.3574 448 5046 4192119
" 4180303 1181917 ,,1 ( Pt apsorr  ai9asee | | 4194062 4195201 -
! T AR RN RERRE RERES LARES B R T |' Tt 1
41?.30 4130{1 413 20 418.40 41860 418 80 419 00 419 20 419 40 419 50
Minimum: -1.5
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PEM DEE 1-FIT Norm Conf (%) Formula
418.3232 418.3236 -0.4 -1.0 10.0 194.4 n/a n/a C30 H42 o ionobserved M*+

Figure xxx: ASAP*-Q-TOF
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Figure xxxi: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (nm) End(nm) Height (Abs) Valley (nm) Valley (Abs)

1 650.0 458.0 448.5 0.345 448.5 0.323

2 448.5 432.5 289.0 408 289.0 0.064

Table ix: UV/vis absorption data (DCM)



Compound 18a: 8’-apo-B-caroten-8’-bromide

18a

Abs
1.2 -

1.1 NSNS N
1.0
0.9
0.8 -
0.7 -
0.6 -
0.5
04 -
0.3 -
0.2 -
0.1 -
0.0

Br

Figure xxxii: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (nm) End (nm) Height (Abs) Valley (nm) Valley (Abs)

1 650.0 325.0 287.0 0.792 287.0 0.736

Table x: UV/vis absorption data (DCM)



Compound 18b: 8’-apo-B-caroten-8’-bromide

18b

Br

350 400 450 500 550

Figure xxxiii: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (nm) End(nm) Height (Abs) Valley (nm) Valley (Abs)

1 650.0 458.5 448.0 0.613 448.0 0.558

2 448.0 433.0 292.0 0.680 292.0 0.047

Table xi: UV/vis absorption data (DCM)



Compound 19: 8’-apo-B-caroten-8’-triphenylphosphine bromide

350 400 450 500 550

Figure xxxiv: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (nm) End (nm) Height (Abs) Valley (nm) Valley (Abs)

1 650.0 441.0 292.0 0.850 292.0 0.272

2 292.0 268.0 250.0 0.394 250.0 0.356

Table xii: UV/vis absorption data (DCM)
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Figure xxxv: ESI-Q-TOF




Compound 22: C15Zea-P

Proton shift (ppm) Carbon shift (ppm)

1 - 36.8

2 1.27,1.64 48.7

3 3.71 63.1

4 1.87,2.18 42.9

5 -

6 -

7 5.97 118.5-136.9

8 5.42

9 -

10 6.03

11 4.63 22.8
12-14 7.74 -7.93 118.5-138.9

15 1.40 12.7

16 1.60 21.8

17 4.57 -
18, 18’ 0.94, 0.97 28.9, 30.6

Table xiii: NMR-data

Br
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2015-310 311 (6.046) AM2 (Ar,35000.0,0.00,0.00); Cm (278:329)
1- TOF MS ASAP+

2.39e+006
100~ 479.1331 N X ©. 9
. 4812653 ’
) HO 22
%; 480.2553
4 480.1364
4 4772334 482 2690
4 : 481.2289
] 4782381 4832448 o PP e are 4873570
0 rr14;7§-1%2|2?r1r Tt T Pty TR - - 48TT63_H'U

4750 476.0 4770 478.0 479.0 480.0 481.0 482.0 483.0 484.0 485.0 486.0 487.0 488.0

Minimum: =-1.5

Maximum: 5.0 2.0 50.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula _

481.2653 481.2660 0.7 -1.5 15.5 1275.4 0.001 99.95 €33 H38 o p lonobserved M™+
481.2649 0.4 0.8 2.5 1283.0 7.576 0.05 C22 H41 o011

Figure xxxix: ASAP*-Q-TOF
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Figure xlI: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (hm) End (nm) Height (Abs) Valley (nm) Valley (Abs)

1 400.0 275.6 256.0 0.713 256.0 0.626
2 256.0 225.4 216.0 1.768 216.0 -1.470
3 216.0 205.0 201.6 1.864 201.6 0.408

Table xiv: UV/vis absorption data (DCM)



Compound 23: C20:4-N-diBoc-methylester

24 24"
o) o)
25 25'
23 22 22
18
. 23'
21 21 26 o o 26'
11 13

iz

—_
W

N xR X .
10 12 14
20
HO : 19
Proton shift (ppm) Carbon shift (ppm)
1 - 37.1
2 2.05, 2.38 425
3 4.02 65.1
4 1.47,1.78 48.4
56,9 ) 125.1 - 138.7
7,8, 10-12 5.39-6.38
13 1.98 —2.22 24.5
14 2.29 30.2
15 4.89 57.6
16 - 171.3
17 3.71 52.2
18 1.89 12.4
19 1.71 21.5
20 -
21,21 1.05, 1.06 29.9
22,22 - 152.1
23,23 - 83.1
24-26,24°-26’ 1.49,1.50 28.0

Table xv: NMR-data
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Figure xli: 'H-NMR (600 MHz, CDCls)
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Figure xlii: ®*C-NMR (600 MHz, CDCls)
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2018-70 75 (O'.679} AM2 (Ar,35000.0,0.00,0.00); Cm (68:83) 1: TOF MS ES+
3.05e+007
100~ 570.3413 o
0/0_.
4 571.3445
1 353.2670 470.2884 586.3261
4 689.1591
G IllllIllll||lll|III||IIII|I|II|I|IIIII|III llIlIllIlll|||l||||||I|||||Illlllllllllllllllllllll|||||l||||III!IIIIII
200 300 400 500 600 700 800 900 1000 1100 1200
Minimum: -1.5
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
570.3413 570.3407 0.6 1.1 7.5 274.7 1.007 36.54 C31 H49 N 07 Na Ion observed [MtNa]
570.3404 0.9 1.6 11.5 274.8 1.093 33.51 C29 H44 N7 05
570.3417 -0.4 -0.7 16.5 275.2 1.446 23.55 C30 H40 N11 O
570.3420 -0.7 -1.2 12.5 276.6 2.865 5.70 C32 H45 N5 03 Na
570.3422 -0.9 -1.6 -1.5 278.9 5.162 0.57 Cl17 H48 N9 012
570.3412 0.1 0.2 0.5 280.7 6.975 0.09 Cleé H45 N13 08 Na
570.3422 -0.9 -1.6 9.5 282.2 8.485 0.02 C15 H36 N23 02
570.3409 0.4 0.7 4.5 283.1 9.312 0.01 Cl4 H40 N19 06

Figure xliv: ESI-Q-TOF



Compound 25: C20N:4

Proton shift (ppm) Carbon shift (ppm)
1 -
2 1.33, 1.65 48.0
3 3.81 62.6
4 1.87,2.20 41.2
5 -
6 -
7,8,10-12 5.75-7.24 126.9 - 131.2
9 -
13 1.42 28.9
14 1.75 30.1
15 3.58/3.62 51.1/51.6
16 -
17 7.28 -
18 1.97 15.7
19 1.34 20.6
20 -
21,21° 1.04 29.1
22 8.41 -

Table xvi: NMR-data
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Figure xlv: 'H-NMR (600 MHz, ds-DMSQO) without solvent suppression
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1: TOF MS ES-

9.06e+005
100~ 332.2232
p
%..
: IP0e20 3482180
] 324.7628 330.2077 334.2304 346.2021 | 350.2334
JOTIO U azory TR eI | | PO g | Mepem | S0 e
0 "l""l""l'"'I""I""l""l""l'"'l""l""l""l""l""l""l""l"''l""l""l""lr“/Z
310.0 315.0 320.0 325.0 330.0 335.0 340.0 345.0 350.0 355.0
Minimum: -1.5
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
3322232 332.222¢6 0.6 1.8 6.5 1347.6 0.000 100.00 €20 H30 N O3 ion observed [M-H]
332.,.2231 0.1 0.3 -0.5 13e0.1 12.463 0.00 C5 H26 N13 04

Figure xlix: ESI-Q-TOF
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Figure I: UV/vis absorption spectre (DCM)

Peak # Start (nm) Apex (nm) End (nm) Height (Abs) Valley (nm) Valley (Abs)

1 400.0 275.0 219.0 0.323 219.0 -29.040

Table xvii: UV/vis absorption data (DCM)



