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Summary

The incorporation of fluorine or fluorinated moieties into organic molecules has influenced the
development of various fields including material science, diagnostics, Positron Emission Tomography
(radiotracers labeled with *F nuclei), *°F NMR-based biological studies, synthetic organic chemistry
(synthesis of fluorinated organic molecules as well as fluorinated amino acids), structure and reactivity
studies of fluorinated proteins, as well as *°F magnetic resonance imaging (MRI).

One application of interest is the replacement of natural amino acids within peptide/protein
models by fluorinated versions, as the unique properties of fluorine influence the peptide’s/protein’s
properties and secondary structure. In some cases, the presence of fluorine can increase the catabolic
or thermal stability of the peptide and alter its folding pattern. Despite the fact that these scaffolds
show great potential for manipulation — facilitating investigation and the control of complex
biochemical processes — investigations are hindered due to limited access to fluorinated amino acids.
The currently available synthetic methods suffer from multiple synthetic steps, often poor yields, toxic

reagents, purifications, expensive starting materials, and protecting group manipulations.

To facilitate access to fluorinated amino acids, a convenient, two-step semi-continuous process
was developed. By combining a photooxidative cyanation with an acid-mediated hydrolysis, my
process allows for fluorinated amino acids to be accessed directly from the broad pool of primary,
unprotected amines, without the need for isolation of any intermediate. During the optimization of the
photooxidative cyanation process, it was shown that oxygen gas can be replaced by air without
compromising the yield, and that a greener solvent (2-MeTHF) can be used as an alternative to THF.
The semi-continuous process exploits two major benefits of flow chemistry — efficient
photochemistry, used to synthesize amino nitriles, and use of a hazardous reagent (30% HCI) above its
boiling to hydrolyze amino nitriles to amino acids. The process requires no purification and can be

easily scaled.

Modular nature of the developed process was utilized to set the stage for the expansion of this
methodology to access enantiopure fluorinated amino acids. To pursue these target structures,
enzymatic transformation of fluorinated amino nitriles to amino acids in batch was optimized as part
of a collaborative effort with Almac®. A packed-bed reactor was designed to adjust this process to

flow conditions and preliminary tests to determine the product formation were run.

The modular flow approach to access fluorinated amino acids was divergently expanded to the
synthesis of hydantoins. Branching from the synthetically valuable a-amino nitrile, a biphasic
carboxylation/rearrangement was realized to generate a range of hydantoins — a heterocycle found in a

number of biologically relevant arenas. In this process, the higher surface-to-volume ratio in gas-liquid
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reactions under flow conditions facilitates the employment of CO, which was trapped by the crude
amino nitriles to form hydantoins. A mixed solvent system was used for the addition of CO, in order
to combine the photooxidative cyanation reaction with the carboxylation as well as to increase the
solubility of CO,. The semi-continuous process requires no purification and uses green reagents and

solvents to deliver hydantoin scaffolds starting from the amines.

This thesis also describes my efforts towards developing a method for the direct incorporation
of a CF; group into the a-position of protected amino acids. This is the first example of the direct a-
trifluoromethylation of an amino acid and presents facile access to another group of fluorinated amino

acids.



Zusammenfassung

Der Einbau von Fluoratomen oder fluorierten Gruppen in organische Molekiile hat die
Entwicklung von verschiedenen Gebieten, einschlieBlich der Materialwissenschaft, Diagnostik,
Positronenemissionstomographie (Radiotracer mit '®F Kernen gekennzeichnet), *F NMR-basierte
biologische Studien, synthetischen organischen Chemie (Synthese von fluorierten organischen
Molekiilen sowie fluorierte Aminosduren), Struktur und Reaktivitit Studien fluorierter Proteine sowie

SF Magnetresonanztomographie (MRI), beeinflusst.

Eine interessante Anwendung ist der Austausch von natlirlichen Aminosduren in
Peptiden/Proteinen mit fluorierten Aminosdauren. Die einzigartigen Eigenschaften von Fluor
beeinflussen die Eigenschaften des Peptids/Proteins und dessen Sekundérstruktur. In einigen Féllen
kann das Vorhandensein von Fluor die katabolische oder thermische Stabilitdt des Peptids erhohen
und dessen Faltungsmuster beeinflussen. Obwohl diese Verbindungen ein groBes Potenzial fiir die
Untersuchung und Kontrolle komplexer biochemischer Prozesse haben, sind solche Studien aufgrund
der begrenzten Verfiigbarkeit von fluorierten Aminosduren limitert. Die derzeit verfligbaren
Synthesemethoden bendtgen meist mehreren Syntheseschritte, haben haufig schlechte Ausbeuten und
benétigen toxische Reagenzien, aufwindige Aufreinigungsmethoden, teure Ausgangsmaterialien

sowie Schutzgruppenchemie.

Um den Zugang zu fluorierte Aminoséuren zu erleichtern wurde ein bequemer, zweistufiger
halbkontinuierlicher Prozess entwickelt. Durch die Kombination einer photooxidative Cyanierung mit
einer sauren Hydrolyse ermdglicht dieser Prozess direkten Zugang zu fluorierte Aminosduren aus dem
breiten Pool an priméren, ungeschiitzten Aminen ohne die Isolierung von Zwischenprodukten. Bei der
Optimierung der photooxidative Cyanierung wurde gezeigt, dass gasformiger Sauerstoff durch Luft
ersetzt werden kann ohne die Ausbeute zu beeinflussen. Weiters konnte ein griines Losungsmittel (2-
MeTHF) als Alternative zu THF eingesetzt werden. Der halbkontinuierliche Prozess nutzt zwei grofie
Vorteile Flow Chemie: Zum einen wird durch dieses Technologie die Effizienz der photochemischen
Aminotrilisyntheses gesteigert und zum anderen konnte die nachfolgende Hydrolyse durch
Verwendung eines gefahrlichen Reagenz (30% HCI) oberhalb seines Siedepunkts intensiviert werden.

Der Prozess benétigt keine Aufreinigungsschritte und kann leicht skaliert werden.

Die modulare Natur dieses Prozess wurde verwendet um diese Methode zur Herstellung von
enantiomerenreinen fluorierten Aminosduren zu Erméglichen. Um diese Zielstrukturen zu
synthetizieren wurde die enzymatische Umwandlung von fluorierten Aminonitrilen zu Aminoséduren
im Batch in kollaboration mit Almac® optimiert. Fiir eine kontinuirliche Anwendung wurde ein

Festbettreaktor enwickelt welcher in ersten Vorversuchen vielversprechende Ergebnisse erzielte.



Der modulare Ansatz, der Zugriff zu fluorierten Aminosauren bietet wurde auf eine divergente
Synthese von Hydantoinen erweitert. Dazu wurden die synthetisch wertvollen a-Aminonitrile mit
einer zweiphasigen Carboxylierung/Umlagerungsreaktion gekoppelt um eine Palette der biologisch
relevanten Heterocyclen zu erzeugen. In diesem Prozess wird das héhere Oberflachen-zu-Volumen-
Verhéltnis bei Gas-Fliissig-Reaktionen in Durchflussreaktoren ausgenutzt. Dies ermdglicht die
effiziente Verwendung von CO,, um Hydantoine von Aminonitrilen zu synthetisieren. Hierbei wurde
ein Losungsmittelgemisch fiir die CO,-Zugabe benutzt, um die photooxidative Cyanierungsreaktion
mit der Carboxylierung zu verbinden. Das verwendete Losungsmittelgemisch bietet auch eine erhohte
CO; Loslichkeit in der Reaktionsldsung. Der semi-kontinuierlichen Prozess benoétigt keine Aufreinung

und verwendet griine Reagenzien und Losungsmittel um Aminen in Hydantoine umzuwandeln.

Diese Dissertation beschreibt auch meine Bemiithungen um einen Prozess zum direkten Einbau
einer CF3-Gruppe in der a-Position von geschiitzten Aminosduren zu entwickeln. Dies ist das erste
Beispiel fiir die direkte a-Trifluormethylierung einer Aminoséure und stellt einen einfachen Zugang zu

einer anderen Gruppe von fluorierten Aminoséduren dar.



Chapter 1: General Significance of Fluorination in Organic Molecules

1. General Significance of Fluorination of Organic Molecules

The importance of fluorinated compounds in the development of various research fields is
ever-growing. These unique, yet interconnected research fields involve material chemistry,*
diagnostics, (PET, radiotracers labeled with *°F nuclei)®® **F NMR biological studies,””® synthetic
organic chemistry (synthesis of fluorinated organic molecules as well as fluorinated amino acids),**?
SAR studies of fluorinated proteins™™*** and *°F magnetic resonance imaging (MRI).1*"!

Research fields where fluorination made the biggest impact are agrochemistry™®*®! and
medicinal chemistry.”®?*] The impact of fluorine and fluorinated groups on agrochemicals and
pharmaceuticals arises from the strength of the C—F bond, being the strongest bond in organic
chemistry and fluorine’s size, exchanging F for H yields minimal steric perturbations and leads to

stable derivatives.?

Perfluorination (e.g. XCF3) usually increases lipophilicity and thus
bioavailability of molecules passing cellular membranes' and site specific incorporation of a fluorine
atom or a fluorinated group can be used to protect against or suppress in vivo metabolism e.g. P450
oxidations.!”™ In addition the polarity of the C—F bond,”*?" and associated dipoles can influence
conformational changes relative to the hydrogen analogue and can lead to improved target binding.
Fluorine’s electron withdrawing effect can be used for adjusting the acidity through H-bonding of
adjacent protic functional groups, e.g. OH, NRH, CO,H, etc.!*%]

Consequently, the introduction of a fluorine atom into a molecular scaffold can have diverse
impacts which help to promote development of lead compounds and their performance value. Despite
the certain degree of predictability in designing biologically active fluorinated compounds, many
derivatives still need to be synthesized in a trial and error process until the molecule with the desired

properties is obtained.?®

1.1 Fluorinated Amino Acids and Their Significance

Since the first report of a fluorinated amino acid,™ it was hypothesized that fluorine’s
properties might be used to improve natural peptides and proteins, and increase their potential as
active pharmaceuticals.® The introduction of fluorinated aromatic amino acids into proteins has
proven beneficial in therapeutic proteins and vaccine studies by increasing their shelf life.l*"
Incorporation of fluorinated amino acids into peptide-based vaccines has also improved their catabolic
stability which was remarkable because of the low bioavailability of the antigenic peptides at the target
position.m Moreover, fluorinated amino acids can also be used to differentiate the role of aromatic
acids in peripheral membrane protein and integral membrane protein interactions due to the change in
the polarity of the fluorinated aromatic ring with respect to the native variant, and it can destabilize
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cation-r interactions.®” An alternative application of these fluorinated analogues is to study protein
structure and function. In the past, protein engineering was limited to naturally occurring amino acids.
However, increased availability of fluorinated derivatives of amino acids has lead to their increased
use in in protein engineering and functional studies.®*" %!

There are two ways to incorporate fluorinated amino acids into proteins: residue specific and
site specific. The method of incorporation is chosen based on the nature of the study and the purpose
of the peptide synthesis. Site specific incorporation is used to study the conformational changes of
peptides and to detect protein-ligand interaction by *°F NMR spectroscopy.* This is a powerful tool
for understanding protein structure, stability and function. Incorporation of fluorine can affect protein
thermal stability,®**% binding within the peptide,®® **“% the kinetics of forming the secondary
structure™ and folding of the peptide.”***! Fluorinated amino acids also alter the enzymatic activity
and help in understanding the mechanistic processes.[*!! Residue specific incorporation of unnatural
amino acids allows for tests of proteomic and genetic code hypotheses. If the organisms succeed in
adapting to unuatural amino acids incorporated, this might lead to new genetic codes and possible
development of organisms which could survive solely on fluorinated amino acids. It also enables
labelling of proteins, elucidation of biochemical mechanisms and development of biomaterials./**! As
mentioned in the beginning of this section, fluorinated amino acids can be incorporated into the
peptides globally or site specifically and this can be performed by solid phase peptide synthesis,
chemoselective peptide ligation,*! non-natural protein expression*” as well as protein semi-synthesis.
However, the challenge of non-natural peptide and protein synthesis is mostly hindered by the
availability of suitable fluorinated building blocks for solid phase peptide synthesis or their

compatibility with the protein expression machinery.™

1.2 Fluorine in Natural Products

Around 5000 different natural products containing bromine, iodine and chlorine are known."®!
On the contrary, fluorine has been identifed in only 13 secondary metabolites eight of which are ®-
homologues of long chain fatty acids found as co-metabolites in the seeds of the same plant. Thus only
6 discrete fluorinated natural products have been isolated if the fatty acid homologues are omitted.!
The first isolated fluorinated organic compound was fluoroacetate, a metabolite of the Southern
African plant Dichapetalum cymosum.” In 1986 the last fluorinated structurally novel, natural
product 4-fluorothreonine was isolated from the bacterium Streptomyces cattleya.® If we take
fluorine’s chemical properties into account, this scarcity of fluorine in natural compounds is more
understandable when compared to chlorine, bromine and iodine. Most of Earth’s fluorine is ‘trapped’
in the form of the insoluble salts fluorspar (CaF,) and cryolite (NasAlFg), which limits its accessability

for biological systems.”® For example sea water contains 1.3 p.p.m. fluoride and 19,000 p.p.m.
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chloride, which may help to explain why fluorine’s biochemistry hasn’t made much progress.®"

Nature incorporates halogen atoms enzymatically using three possible enzymatic mechanisms.
Enzymatic halogenation processes usually proced through a hypohalous intermediate, a species which
is produced by vanadium dependent halogenases and H,O,. The oxidation potential of fluorine is 3.06
V, the highest in the halogen group (vs. —1.36 V (Cl), —1.07 V (Br) and —0.54 V (1)) which doesn’t
allow for its participation in this reaction. The second pathway of enzymatic incorporation of halogens
includes a nucleophilic opening of epoxide intermediates with halides; however, fluorine has an
extraordinarily high hydration energy [117 kcal/mol vs. 84 kcal/mol (Cl), 78 kcal/mol (Br) and 68
kcal/mol (1)],%? it is therefore a poor nucleophile in an aqueous biological environment. The least
common pathway for biological halogenation involves radicals such as the biosynthesis of
trichloromethylcontaining barbamide.® Fluorine could undergo a similar mechanism but its radical is
difficult to generate and its high reactivity would reduce regio/stereoselectivity of the fluorination.
Esentially, as demonstrated by O’ Hagan and coworkers, nature synthesizes the known 13 fluorinated
organic products from the same precursor 5’-fluoro-5"-deoxyadenosine produced by fluorinase (Figure

1.1)"" and all of these compounds are structural derivatives of carboxylic acids.
NH

Figure 1.1 5’-fluoro-5’-deoxyadenosine.

Taking into account that C—F bond is one of the strongest chemical bonds, it can be concluded
that its formation/cleavage in a biological manner requires highly activated intermediates which are
difficult to generate under biological conditions.!”®! Due to the unique properties of organic molecules
and in order to expand the available pool of fluorinated organic compounds, methods for overcoming
these synthetic hurdles are highly sought after.

Therefore, in the next chapter synthetic strategies commonly employed to access fluorinated
amino acids and an overview of the existing methods with their advantages and drawbacks will be

discussed.



Chapterl: General Significance of Fluorination in Organic Molecules

Bibliography

[1] Y. Liang, D. Feng, Y. Wu, S.-T. Tsai, G. Li, C. Ray, L. Yu, Journal of the American Chemical
Society 2009, 131, 7792.

[2] H. J. Son, W. Wang, T. Xu, Y. Liang, Y. Wu, G. Li, L. Yu, Journal of the American Chemical
Society 2011, 133, 1885.

[3] A. C. Stuart, J. R. Tumbleston, H. Zhou, W. Li, S. Liu, H. Ade, W. You, Journal of the American
Chemical Society 2013, 135, 1806.

[4] J. Heier, Free University of Berlin (Berlin), 2010.

[5] A. F. Brooks, J. J. Topczewski, N. Ichiishi, M. S. Sanford, P. J. H. Scott, Chemical Science 2014,
5, 4545,

[6] S. L. Lisheng Cai, Victor W. Pike, European Journal of Organic Chemistry 2008, 2008, 2853.

[7] H. Chen, S. Viel, F. Ziarelli, L. Peng, Chemical Society Reviews 2013, 42, 7971.

[8] E. N. G. Marsh, Y. Suzuki, ACS Chemical Biology 2014, 9, 1242.

[9] C. D. C. R. Smits, K. Burger, B. Koksch, Chemical Society Reviews 2008, 37, 1727.

[10] X.-L. Qiu, F.-L. Qing, European Journal of Organic Chemistry 2011, 2011, 3261.

[11] K. Mikami, S. Fustero, M. Sanchez-Roselld, J. L. Acefia, V. Soloshonok, A. Sorochinsky,
Synthesis 2011, 2011, 3045.

[12]J. L. Acefia, A. E. Sorochinsky, V. A. Soloshonok, Synthesis 2012, 44, 1591.

[13] N. C. Yoder, K. Kumar, Chemical Society Reviews 2002, 31, 335.

[14] C. Jackel, B. Koksch, European Journal of Organic Chemistry 2005, 2005, 4483.

[15] M. Salwiczek, E. K. Nyakatura, U. I. M. Gerling, S. Ye, B. Koksch, Chemical Society Reviews
2012, 41, 2135.

[16] E. N. G. Marsh, Accounts of Chemical Research 2014, 47, 2878.

[17] I. Tirotta, V. Dichiarante, C. Pigliacelli, G. Cavallo, G. Terraneo, F. B. Bombelli, P. Metrangolo,
G. Resnati, Chemical Reviews 2015, 115, 1106.

[18] P. Jeschke, ChemBioChem 2004, 5, 570.

[19] P. Jeschke, Pest Management Science 2010, 66, 10.

[20] C. Isanbor, D. O’Hagan, Journal of Fluorine Chemistry 2006, 127, 303.

[21] J.-P. Bégué, D. Bonnet-Delpon, Journal of Fluorine Chemistry 2006, 127, 992.

[22] K. Miiller, C. Faeh, F. Diederich, Science 2007, 317, 1881.

[23] D. O’Hagan, Journal of Fluorine Chemistry 2010, 131, 1071.

[24] T. Fujiwara, D. O’Hagan, Journal of Fluorine Chemistry 2014, 167, 16.

[25] J. Wang, M. Sanchez-Roselld, J. L. Acefia, C. del Pozo, A. E. Sorochinsky, S. Fustero, V. A.
Soloshonok, H. Liu, Chemical Reviews 2014, 114, 2432.

[26] D. O'Hagan, Chemical Society Reviews 2008, 37, 308.

[27] J. D. Dunitz, ChemBioChem 2004, 5, 614.

[28] Y. Zhou, J. Wang, Z. Gu, S. Wang, W. Zhu, J. L. Acefia, V. A. Soloshonok, K. Izawa, H. Liu,
Chemical Reviews 2016, 116, 422.

[29] R. Filler, H. Novar, The Journal of Organic Chemistry 1960, 25, 733.

[30] N. Budisa, W. Wenger, B. Wiltschi, Molecular BioSystems 2010, 6, 1630.

[31] M. Gémez-Nuiiez, K. J. Haro, T. Dao, D. Chau, A. Won, S. Escobar-Alvarez, V. Zakhaleva, T.
Korontsvit, D. Y. Gin, D. A. Scheinberg, PLoS ONE 2008, 3, e3938.

[32] A. G. Tao He, Stephen J. Eyles, Yan-Jiun Lee, Wenshe R. Liu, Jiangyun Wang, Jianmin Gao and
Mary F. Roberts, The Journal of Biological Chemistry 2015, 290, 19334.

[33] C. Noren, S. Anthony-Cahill, M. Griffith, P. Schultz, Science 1989, 244, 182.

[34] N. K. Mishra, A. K. Urick, S. W. J. Ember, E. Schonbrunn, W. C. Pomerantz, ACS Chemical
Biology 2014, 9, 2755.

[35] M. Salwiczek, S. Samsonov, T. Vagt, E. Nyakatura, E. Fleige, J. Numata, H. Célfen, M. T.
Pisabarro, B. Koksch, Chemistry — A European Journal 2009, 15, 7628.

[36] B. Bilgiger, A. Fichera, K. Kumar, Journal of the American Chemical Society 2001, 123, 4393.

10



Chapter 1: General Significance of Fluorination in Organic Molecules

[37] Y. Tang, G. Ghirlanda, W. A. Petka, T. Nakajima, W. F. DeGrado, D. A. Tirrell, Angewandte
Chemie International Edition 2001, 40, 1494.

[38] Y. Tang, G. Ghirlanda, N. Vaidehi, J. Kua, D. T. Mainz, W. A. Goddard, W. F. DeGrado, D. A.
Tirrell, Biochemistry 2001, 40, 2790.

[39] T. Vagt, E. Nyakatura, M. Salwiczek, C. Jackel, B. Koksch, Organic & Biomolecular Chemistry
2010, 8, 1382.

[40] A. Niemz, D. A. Tirrell, Journal of the American Chemical Society 2001, 123, 7407.

[41] U. I. M. Gerling, M. Salwiczek, C. D. Cadicamo, H. Erdbrink, C. Czekelius, S. L. Grage, P.
Wadhwani, A. S. Ulrich, M. Behrends, G. Haufe, B. Koksch, Chemical Science 2014, 5, 819.

[42] E. K. Nyakatura, O. Reimann, T. Vagt, M. Salwiczek, B. Koksch, RSC Advances 2013, 3, 6319.

[43] A. Volonterio, S. Bellosta, F. Bravin, M. C. Bellucci, L. Bruché, G. Colombo, L. Malpezzi, S.
Mazzini, S. V. Meille, M. Meli, C. Ramirez de Arellano, M. Zanda, Chemistry — A European
Journal 2003, 9, 4510.

[44] S. Ye, B. Loll, A. A. Berger, U. Mulow, C. Alings, M. C. Wahl, B. Koksch, Chemical Science
2015, 6, 5246.

[45] J. A. Johnson, Y. Y. Lu, J. A. Van Deventer, D. A. Tirrell, Current opinion in chemical biology
2010, 14, 774.

[46] C. P. R. Hackenberger, D. Schwarzer, Angewandte Chemie International Edition 2008, 47,
10030.

[47] T.S. Young, P. G. Schultz, The Journal of Biological Chemistry 2010, 285, 11039.

[48] G. W. Gribble, Journal of Chemical Education 2004, 81, 1441.

[49] D. O’Hagan, D. B. Harper, Journal of Fluorine Chemistry 1999, 100, 127.

[50] M. M. Sanada, T.; lwadare, S.; Williamson, J. M.; Arison, B. H.; Smith, J. L.; Douglas, A. W.;
Liesch, J. M.; Inamine, E., The Journal of Antibiotics

1986, 39, 259.

[51] D. O'Hagan, C. Schaffrath, S. L. Cobb, J. T. G. Hamilton, C. D. Murphy, Nature 2002, 416, 279.

[52] R.-H. Fan, Y.-G. Zhou, W.-X. Zhang, X.-L. Hou, L.-X. Dai, The Journal of Organic Chemistry
2004, 69, 335.

[53] N. Sitachitta, J. Rossi, M. A. Roberts, W. H. Gerwick, M. D. Fletcher, C. L. Willis, Journal of the
American Chemical Society 1998, 120, 7131.

11



Chapter 2: Synthesis of Fluorinated Amino Acids

2. Synthesis of Fluorinated Amino Acids

Approaches to the synthesis of fluorinated amino acids can be divided into synthesis using the
methodology of the amino acid chemistry and the one that exploits the chemistry of organofluorine
compounds.’? These two approaches are sometimes referred to as a classical and modern approach,
respectively. It is not always easy to draw a strict line between these two approaches.! In the
following subchapter (2.1) different classical methods for synthesis of fluorinated amino acids will be
examined. After introducing the classical methods, synthetic approaches to fluorinated amino acid

synthesis that use the chemistry of organofluorine compounds will be reviewed (Figure 2.1).

Synthesis of fluorinated amino acids

Classical Methods of
methods organofluorine
chemistry
-Alkylation of aminocarboxylic precursors -Replacement of hydrogen atom by fluorine
-Alkylation/arylation of glycine and its derivatives -Deoxygenative fluorination
-Erlenmeyer synthesis -Other methods of organofluorine chemistry

-Hydantoin as intermediates (Bucherer-Bergs approach)
-Cyanohydrin as intermediates (Strecker synthesis)
-Replacement of halogen by an amino group

-Addition of ammonia to the double bond
-Reformatsky reaction

Figure 2.1 Overview of the methods used for synthesis of fluorinated amino acids.

2.1. Synthesis of Fluorinated Amino Acids Using Classical Methods of
Amino Acids Synthesis

Classical methodology for the synthesis of amino acids can be applied to the synthesis of
fluorinated amino acids due to the similar reactivity of fluorinated and non-fluorinated variants and the
chemical inertness of the C—F bond."? When the reaction center is two or more C—C bonds away
from the fluorine or fluorine containing groups, the electronic effect hardly influences the course of
the reaction. Nonetheless, when the high electronegativity of fluorine causes a change in the polarity
of the functional groups and bonds in the vicinity, it can reduce the reactivity of some fluorinated
compounds (especially polyfluorinated ones). Additionally, C—F bonds in the - and y- position to the
carbonyl group can sometimes be unexpectedly labile.'"? In these cases the applicability of the

classical methods to the synthesis of fluorinated amino acids? is limited.
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2.1.1 Alkylation of Amino Carboxylic Precursors (2-Acylaminomalonic Ester or
Schiff Base)

Alkylation of a masked amino acid synthon is considered to be a facile approach to amino acid
synthesis. Alkylation can be achieved in three similar ways (Scheme 2.2): a) alkylation of 2-acylamino
malonic esters, b) extension of this approach to Michael acceptors (instead of alkyl groups) and c)
examples where a Schiff base is used instead of the 2-acylamino malonic ester (See Scheme 2.2

below).

/‘\ Rf
EtOOC NH
RfIX  + — /‘\NHz a
0~ 'R
1 2 3

F OR +EtOOC/*\NH — NH, P
| yl\ _—. R
R 0” R
4 2 5
R
+  RCHFCl —=» * c
/‘\N/)\R — RFHC
FioN
6 7 8

Scheme 2.2 Methods of alkylation of amino carboxylic precursors
(@) Alkylation of 2-acylamino malonic acid esters
(b) Michael addition
(c) Schiff base alkylation

The alkylation of 2-acylaminomalonic ester 2 under basic conditions is a common method for the
synthesis of amino acids after subsequent hydrolysis and decarboxylation. It has been extensively
applied to the synthesis of its fluorinated derivatives. Alkyl halides and alkyl triflates containing
fluorine are the most common electrophiles used. 2-Amino-5-fluoropentanoic acid (5-fluoronorvaline)
(13) and 2-amino-6-fluorohexanoic acid (6-fluoronorleucine) (14) were prepared using this approach
(Scheme 2.3).F!

COOEt COOEt COCH

EtOOC
H )\ a b
FU 7Br + EtOOC” NH —= (7 "NH —= ([ 'NH,
n Fn%\ Fn
o 0
9 10 11 12

n=3(13), 27%
n=4(14), 47%
(a) Na, EtOH, (b) 48% HF

Scheme 2.3 Alkylation of 2-aminomalonic ester with fluorinated alkyl bromides to access
monofluorinated amino acids.
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Alkyl triflate can also be used instead of alkyl bromide, Tsushima used this approach to
synthesize 2-amino-4,4,4-trifluorobuanoic acid™ (19), 5,5,5-trifluoronorvaline (20) and 6,6,6-
trifluoronorleucine (21) (Scheme 2.4).

COOEt COOEY COOH

/l\ a EtOO0C b
NH > (ﬂn>kNH ( NH,
CF n
Oéj‘\ 8)\ CF3
15 16 17 18

n=1(19), 46%
h =2 (20), 46%
n=3(21),57%

F3C</>\0802R * Et0OC
n

(a) t-BuOK, THF, (b) HCI conc.
Scheme 2.4 Alkylation of 2-aminomalonic ester with fluorinated alkyl triflates to access
trifluoromethylated amino acids.

The second approach involves the alkylation of acetamidomalonic ester 10 via the Michael
addition to activated olefins 22 exemplified in the synthesis of 4,4,4-trifluorovaline (23)* (Scheme
2.5). Here, the fluorinated amino acid is obtained by condensation of acetamidomalonic ester 10 with
the activated alkene containing benzenesulfonyl group 22. This group is then removed using sodium

amalgam.’® Hydrolysis of the resulting product 24 gives 23 (Scheme 2.5).

COOEt
S0,Ph .  EtoOC COOE b COOH
J/ *Etooc”>NH = FiC NH ~  FsC
FaC NH,
3 (@) PhOZS (@)
22 10 24, 100% 23,52%

(a) NaH, THF, (b) i) HgNa, i) HCI

Scheme 2.5 Michael addition to acetamidomalonic ester as a synthetic starting point towards 4,4,4-
trifluorovaline (23).

The third alkylation approach includes alkylation of the Schiff bases 26 and 29 formed from
aminomalonic esters” and various 2-aminomonocarboxylic esters (Scheme 2.6)."*! In this way 2-

amino-3,3-difluoropropanoic acid (27) and its chlorinated variants 30 were obtained.
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COOEt COOE
EtOOC)\Nl a Et'?(:'gj\N b )C\OOH
Ph 2 FoHC™ “NH;
Ph
25 26, 50% 27, 36% overall
COOM
e R COOMe j)f)OH
R N o} b
§ —= XFHC N| T XFHC” "NH,
Ph Ph
28 29 30

R= COOMe, alkyl, aryl groups

(a) i) NaN(SiMes),, ii) CHCIF,, (b) H30%, (c) i) LDA or NaH, i) CHCIFX
Scheme 2.6 Alkylation of Schiff’s base to access fluorinated amino acids 27 and 30.

Despite the fact that these three classical alkylation methods offer access to various fluorinated
amino acids they suffer from some drawbacks. Significant product decomposition arises from
hydroxyl substitution of the fluorine containing side chain during hydrolysis and decarboxylation of
the alkylated amino malonic ester intermediate. Additionaly, due to the strong bases used in the
Michael reaction, numerous undesirable side reactions are common, leading to complex mixtures that
are difficult to separate.">*? Finally, it should be noted that preparation of the starting materials is

non-trivial and tends to be inconvenient and time consuming in preparatively useful scales.

2.1.2 Alkylation/arylation of Glycine and Its Derivatives

The second classic method for fluorinated amino acid synthesis is the Ni(ll) complex
approach. Similar to the alkylation of 2-acylaminomalonic esters, an electrophile (the side-chain of the
amino acid) is added to glycine (31) or its derivatives which are trapped within a Ni(Il) complex. In
Scheme 2.7 synthesis of enantiomerically pure fluorine-containing pS-phenylserines 35 and p-

alkylserines 35 is shown.? !
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Bn

/o 0
COOH . ‘ f b
—_— —
? o N/ \Nl

32 31 33

Bn
N e
N fH NH2
2" oH
Y ,/(o £ Rf\‘/'\COOH +

O™™>N
|
Rf
©/kph OH

34 35

Rf = 2-FCgHy, 4-FCeHy, 2-(CHF,0)CeHy, 4- Rf = 2-FCeHy, 4-FCeHy,  2-(CHF,0)CeHy, 4-
(CHF,0)CqHa, 2-CF3CgHg, 4-(CF30)CgHy, 3-F-  (CHF;0)CgHy, 2-CF3CgHy, 4-(CF30)CoHy, 3-F-4-
4-MeOCgH3, CF3, H(CFy)s, 70-82% MeOCgHs, CF3; (25,3S), H(CFy)s; (2S,3S), 74-95%

(a) Ni(OAc),, MeONa/MeOH (b) RFCHO, NaOAc (c) HCI, MeOH

Scheme 2.7 Synthesis of enantiomerically pure fluorine-containing S-phenylserines 35.

The aforementioned Ni(ll) complex of the glycine Schiff base can be synthesized from
commercially available (S)-2-N-(N-benzylprolyl)-o-aminobenzophenone (32), glycine and nickel
nitrate with sodium methoxide.” **! Hydroxyalkylation of the complex 33 with fluorinated aldehydes
in the presence of sodium methoxide proceeds with high stereoselectivity forming complex 34
(Scheme 2.7). Addition of hydrochloric acid to the Ni(ll) complexes 34 liberates fluorinated serines
and the chiral auxiliary 32 can be recovered (Scheme 2.7). Soloshonok and co-workers have shown
that in addition to aldehydes it is possible to use fluorinated benzyl chlorides for introduction of
fluorinated benzyl side chains to alanine or glycine through the Ni(ll) complex (Scheme 2.8).1
Subsequent acid hydrolysis produces fluorinated phenylalanines™ or a-methylphenylalanines in
excellent yields.
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Bn O Bn
(E//o o N 0.0
COOH 2N ERA
a 04\ /NI :/l/ b 04\ /NI :/|/
N ‘NI N NTRe
©/K @Aph

32 31 36

Rf =(4-F-Ph),CH, 96%
f COOH
9] H\‘
NH

37 32
Rf =(4-F-Ph),CH, 93%

(@) Ni(NOg),, NaOMe, (b) (4-F-Ph),CH,CI, t-BuOK, MeCN (c) 2 M HCI

Scheme 2.8 Synthesis of enantiomerically pure fluorinated amino acid 37.
Although interesting, the described method cannot be considered atom-economical. The
molecular weights of the Ni(ll) complexes are large and amount to approximately 80% of the total

weight of the product mixture.*®

2.1.3 Azlactone Synthesis (Erlenmeyer Synthesis)

The third approach to the synthesis of amino acids is Erlenmeyer synthesis (Scheme 2.9). This
method has been widely exploited in the preparation of fluorinated aromatic amino acid analogues. In
contrast to the first two synthetic approaches, the Erlenmeyer method includes cyclization in the first
step. The classical example of azlactone synthesis is the reaction between hippuric acid 38 and
aromatic aldehyde in the presence of base usually under reflux conditions in acetic anhydride (Scheme
2.9).%1 From compound 40, the Erlenmeyer synthesis can follow one of two routes;™ gradual,
stepwise opening of the azlactone ring (b—c—d) or direct reduction to the desired amino acid (e)
(Scheme 2.9).
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HOOC Rj

NG COOH COOH COOH
R
R2 = N/>\R3 b, R‘]%NHCORS C’ 1%NHCOR3 d R,]\H\NHZ

R4 R Ro R,
40 a1 42 43 T

e
(@) 1, NaOAc/Ac,0, R{CORy, (b) base or acid (c) Hp, Pd/C, (d) H3O" (e) HI/P (red)/Ac,0

Scheme 2.9 Synthesis of amino acids through azlactone.

The Erlenmeyer azlactone method was applied in the synthesis of all three
monofluorophenylalanines (o-, m- and p-)." **?% Condensation of fluorinated benzyladehyde 44 with
N-acetyl 45 leads to 2,4-disubstituted 5-oxazolone 46, which is converted into the desired m-
trifluoropheynlalanine (49) by oxazolone ring opening, reduction and hydrolysis (Scheme 2.10).12!
Aside from monofluorophenylalanines, many polyfluorinated analogues of phenylalaninet 22! were
prepared using the same approach. Recently, a one-pot Erlenmeyer synthesis of poly-fluorinated
amino acid derivatives was reported.”® Here, the Erlenmeyer synthesis of azlactone was combined
with reduction by HI / P (red) without isolation to give the desired derivatives in higher or comparable

yields to those achieved by multiple step synthesis.
OH

o) O _o
o:g a, ¢ b,
H + N \
HN
o
3C CF3
45

CF; H
44

HO
O HO___o HO__ o
HN <> 4.
‘§ \ HN HoN
o) S
o}
CFs CFy CF,

47, 81% 48, 80% 49, 50%

46, 84%

(a) Ac,0, NaOAc, (b) acetone/H,0, (c) H,, Pd/C, (d) HCI

Scheme 2.10 Synthesis of m-trifluoromethyl phenylalanine (49).
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However, there are not many reported examples of syntheses of fluorinated aliphatic amino
acids that utilize this classical method. In fact, the application of this method in preparation of non-
fluorinated amino acids is also poor. Chandrasekhar et al. suggest that the success of the azlactone
formation depends on the aromaticity of the azlactone aninon intermediate 39/ This highlights the
problem of stability of aliphatic aldehydes under the Erlenmeyer reaction conditions,”® which is the
reason Erlenenmeyer synthesis generally fails in the case of aliphatic aldehydes. Despite the instability
of aliphatic aldehydes under the reaction conditions and the reported aromaticity requirement, the
synthesis of a set of fluorinated aliphatic amino acids was achieved using a slightly modified
Erlenmeyer method. In the synthesis of 5,5,5-trifluoroleucine (50) and 6,6,6-triflucronorleucine (21),
the classical conditions for azlactone formation (sodium acetate) were substituted by Pb(ll) acetate or
Zn(I)acetate (Scheme 2.11).%% 2! After lead acetate and acetic anhydride catalyzed azlactone
formation of 53 and 57 from their corresponding aldehydes 52 and 56 and hippuric acid®?) the
azlactones could be converted into 5,5,5-trifluoroleucine (50) and 6,6,6-trifluoronorleucine (21) by

reduction and subsequent hydrolysis, or by direct HI / P reduction (Scheme 2.11).

0
Ph Ph
AOOOH o, N={ . CFgHN o SFsNMp 4 CFa NHp
HN, P f Ko A ® T A coome COOMe COOH
e} (0]
51 52 53, 70% 54, 79% 55, 100% 50, 73%

(a) Pb(OAC),x3H,0, Ac,0, THF, (b) EtOH, NaOEt, (c) Hy, Pd/C, (d) HCI

Ph o)
(COOH CFs N={ >\~Ph
HN_ _Ph * 2> rc o b HN

\”/ CHO ° F3CM

o} o} COOEt

51 56 57, 71% 58, 73%

>—Ph
NH,
c HN d
Fsc\/\)\ F3C\/\)\000H

COOEt
59, 100% 21, 72%

(a) Pb(OAC),x3H,0, Ac,0, THF, (b) MeOH, NEt5 (c) H,, Pd/C, (d) 6 N HCI

Scheme 2.11 Synthesis of of 5,5,5-trifluoroleucine (50) and 6,6,6-trifluoronorleucine (121) through
azlactone intermediate.

Due to the dependence of the Erlenmeyer synthesis on the aromaticity of the intermediate

azlactone anion and the instability of aliphatic aldehydes under these conditions, this method results in
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a limited scope and in general lower yield for aliphatic fluorinated amino acids.B” In these cases,

unfortunately toxic Pb(OAcC), is necessary to enable azlactone formation.

2.1.4 Synthesis of Amino Acids Through Hydantoin Intermediates (Bucherer
Bergs Approach)

The synthesis of fluorinated amino acids via a hydantoin intermediate is an alternative
classical approach which, in addition to Erlenmeyer synthesis, affords amino acids with one additional
carbon unit when compared to the starting material. Usually for the purpose of amino acid synthesis
the Bucherer-Bergs approach is used to access hydantoins which are opened under acidic conditions to
yield the desired amino acid.

This approach was applied in the synthesis of trifluoromethionine (64)*" and 5,5,5-
trifluoronorvaline (20)* (Scheme 2.12). In both cases an aldehyde was the starting material, however,
in the trifluoromethionine synthesis, trifluoromethyl thiol (60) was coupled to acrolein to give 63.
Bucherer-Bergs conditions were applied to aldehydes 62 and 65 and resulted in hydantoins 63 and 66

which, under acidic conditions, provide trifluoromethionine (64) and 5,5,5-trifluoronorvaline (20).

CFsSH + ZCHO

60 la 61
s
F4C”~ " CHO FsCo~cho
62, 61% 65
lb lb
s N FyC §
FaC” =0 3 =0
e o7 NH
63, 30% 66

Ie %
_S COOH F3C COCH
F3C W \/\(
NH, NH,

64, 60% 20, 30%(over 2 steps)

(a) Cu(OACc),, CHCls, (b) NaCN, (NH,4),COs, (c) i) NaOH,H,0, ii)
HCI to pH=6, MeOH, (d) Hz0*
Scheme 2.12 Synthesis of trifluoromethionine (64) and 5,5,5-trifluoronorvaline (20) through
hydantoin intermediate.

This method can offer facile access to unusual fluorinated amino acids, e.g. ones bearing a
tetrafluorocyclobutyl substituent.* Tetrafluorocyclobuytl substituted aldehyde 67 gives hydantoin 68
when Bucherer-Bergs conditions are applied. Hydrolysis under acidic conditions affords amino acid
69 (Scheme 2.13).
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F F
FF FF F F E F
T - b
)=o0
CHO 0N hN~ COOH
67 68 69

(a) NaCN, (NH,),COs, (b) 60% H,SO,
Scheme 2.13 Synthesis of tetrafluorocyclobuty amino acid 69 through hydantoin intermediate.

The hydantoin approach has been exploited in the synthesis of some unnatural ‘*F labelled
fluorinated amino acids. Using allyl benzyl ether 70, hydantoin 73 was prepared in three steps
(Scheme 2.14) and subsequently hydrolysed. The resulting crude amino acid was Boc and t-butyl
protected to yield 75. Deprotection of the benzyl ether affords the corresponding alcohol 76 (Scheme
2.15). Mesylation of the hydroxy group, and fluorination using TBAF furnishes protected fluorinated
amino acid 78. Deprotection of 78 yielded 1-amino-3-fluoromethyl-cyclobutane-1-carboxylic acid —
FMACBC (79). Similarly, when intermediate 83 was treated with K**F, [**F]-FMACBC 79 was
obtained (See Scheme 2.16).*4 Other cyclic fluorinated amino acids were prepared using the
hydantoin approach.® Problems such as low solubilty of starting aldehydes or ketones, sublimation of
ammonium carbonate, handeling of KCN and purification of the products are the main drawbacks of

this approach.®!

O

Bn.
Bnig~ a o/n b, BN \o/\& c B”\o/\a/[(
cl (@] 0) NH
cl HN«
(e}
70 71 72 73, 16-50%
() CCI3COCI, POCI; Zn-Cu couple, (b) Zn, ACOH, (c) (NH4),CO3, KON, NH,CI

Scheme 2.14 Synthesis of hydantoin precursor 82.

Bn. o Bn. Bn.,
O/W a o/\Q(NHBOC b O/\Q(NHBOC .
NH —» 2> L.
HN—( COOH COOtBu
o
73 74, 76-84% 75, 89-92%
HO NHBoc ¢ H3CO2S0 NHBoc e © NHBoc f_ F NH,
e e —
COOtBu COOtBu COOtBu COOH
76, 96-100% 77, 79-83% 78, 35-50% 79, 73-87%

(a) i) 3 N NaOH, i) Boc,0, MeOH, Et;N, (b) Cl;CC(=NH)OtBu, DCM, (c) Hy, 10% Pd/C, MeOH, (d) MeSO,CI, 2,6-
lutidine, DCM, () TBAF, THF, (f) 3 N HCI, MeOH

Scheme 2.15 Synthesis of FMACBC (79).
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18
H3002SO NHBoc -2 F NHBoc b 18F NH2
COOtBu COOtBu COOH

77 18F. 78 1°F-79

(a) K'®F, Ky22 MeCN, (b) 6 N HCI

Scheme 2.16 Synthesis of [*°F] — FMACBC (**F-79).

2.1.5. Cyanohydrin Synthesis (Strecker Reaction)

An additional approach that involves the addition of one carbon atom to the starting material is

the Strecker synthesis.

The Strecker reaction involves nucleophilic addition of a cyanide group to an in situ formed
imine. The resulting amino nitrile is subsequently hydrolyzed to afford an amino acid (Scheme 2.16).
For example the Strecker route was exploited in the synthesis of an amino acid with a terminal CFs-

group, 5,5,5-trifluoroisoleucine 81 (See Scheme 2.17).2"

HyN - H,>N H,N ¥
(Of\ -HY O N OM iy 2 oH,
)L + NH; —> R; R; R\

R2 R2 R2
) -
H0  NH' pe (NH oN- HN N e H,N O INH' o
fial LN \/L, 2 = 2
T g
+
N - (N: NH +
% T HNNL = HN 2 e
R VRO )JJ\OH )(gow
( N '
HoN HQ hN 72 H N

Scheme 2.16 Mechanism of amino acid formation by Strecker reaction.

FCTY 2 F3C/I
CHO

H,N" > COOH
80 81, 35-40%

(a) i) KCN, NH,CI/ NH4OH, ii) H;0*
Scheme 2.17 Synthesis of trifluoroisoleucine 81 by Strecker reaction.

After the initial applicability of the Strecker reaction in the synthesis of trifluoromethylated
racemic amino acid was demonstated, Wenings et al. applied similar conditions to the asymmetric
synthesis of (2S,4R)- and (2S,4S)-5,5,5-trifluoroleucine (50). The asymmetry was a result of utilizing
optically pure starting materials 82 and 83 (Scheme 2.18).5®!
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CHs Ph  NH, C'\h o o NH,
7 \ a b - -
F3C + O’ > — H‘{/C_HISN{ >< - F3CA/\COOH
CHO o CFy ° >0
Ph
82 83 84, 56% (2S,4R)-50, 75-80%

(a) NaCN, (b) Hz0*, HslOg
Scheme 2.18 Application of Strecker reaction for synthesis of (2S,4R)-5,5,5-trifluoroleucine (50).

Further utilization of this approach for the asymmetric synthesis of fluorinated amino acids
was demonstrated through the synthesis of difluorinated amino acid, (S)-a-difluoromethylserine (85)
in four steps from N-Cbz-a-fluoroalkyl-g-sulfinylenamine (86) (Scheme 2.19).P%! Nucleophilic
addition of potassium cyanide to 86 results in amino nitrile 87. Removal of this sulfinyl group from
the anti-product 87, followed by introduction of the oxygen functionality using a Pummerer reaction
produced 88. Hydrolysis of the trifluoroacetate and reduction of the sulfinyl moiety in a one-pot
procedure yields the S-hydroxy-a-aminonitrile 89 which is hydrolysed to give the enantiomerically
pure (S)-a-difluoromethylserine (85).1"

- . NH K
\SQ NHCbz \ 0 _\\(%N N \ 0 ’;‘HéN
pTol” >~ > CF,H pTol” CF,H pTol” V<CF2H
86 syn-87 anti-87
b
Sp-Tol .
HOOC, CF,H CN i i/'t'z
2 d CFH ¢ Fc__O CF,H
> H 3 2
HO\)\NHZ < Ho kot <& e N
85, 55% 89, 96% over 2 steps, 88
(a) KCN, (b) syn-collidine, (CF3C0),0, (c) i) K,COs, ii) NaBH,, (d) i) Ba(OH), 8H,0, ii)

1 M HCI
Scheme 2.19 Synthesis of (S)-a-difluoromethylserine (85) by Strecker reaction from enantiomerically

pure starting materials.

In 2002, Strecker reaction found an interesting application in the synthesis of candidates for
novel radiopharmaceuticals.”" 2-Amino-3-fluoro-2-methylpropanoic acid (FMAP, 90) and 3-fluoro-2-
methyl-2-(methylamino)propanoic acid (N-MeFMAP, 91) could be easily accessed employing
Strecker conditions (See Scheme 2.20).!
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Scheme 2.20 Synthesis of 2-Amino-3-fluoro-2-methylpropanoic acid (FMAP, 90) and 3-fluoro-2-

NH,*CI
COOH
CH,F
C
F\i a, N b NESHH 7 90, 84%
/kCHZF CHoF . N
de,c NH*CI
92 93, 38% 94, 69% gg?:H
2
91, 74%

(a) KCN, NH4CI, H,0, (b) HCI, Boc,O, MeOH, Et;N, (c) HCI aq., (d) ClsCC(=NH)OtBu, DCM,
(e) NaH, DMF, Mel

methyl-2-(methylamino)propanoic acid (N-MeFMAP, 91 using Strecker approach).

Therefore, cyclic sulphamidates were utilized as the main precursors in this synthesis (Scheme
2.21).°%*1 The g-methyl serine derivative 98 was a common intermediate in the synthesis of both
[*®F]-95 and [*®F]-96. Aminoalcohols 99 and 100 were synthesized in two different ways (Scheme
2.21). The latter were subsequently reacted with SOCI, and gave the cyclic sulphamidites 101 and
102. NalO,4 and ruthenium (1V) oxide were used to oxidize 101 and 102. Radiolabelling with [**F]—HF

However, this strategy could not be applied to the radiosyntheses of [**F]-95 and [**F]-96.

and hydrolysis provided [**F]—95 and [*®F]-96.1*"

Scheme 2.21 Synthesis of 2-Amino-3-[*®F]-fluoro-2-methylpropanoic acid (FMAP, 95) and 3[*®F]-

COOtBu COOtBu

(0]
)k/OB” _ac, BocHN>H _0f99 RHN&\ .
g,d,e 100
OBn OH
97 98, 79% R = (4-MePh),CH

(99), 73%, Me
(100), 69%

COOtBu
R‘N R‘N coouau. COOH
i j
1
_S. —_— 0x¢ — RHN>kCH2F
O (0] o’/ ~O
R = (4-MePh),CH R = (4-MePh),CH R = H (95),
(101), 83%, Me (103), 89%, Me Me (96)
(102), 58% (104), 84%

(a) (NH4),CO5, KCN, NH4CI, EtOH, H,0, (b) 5 N NaOH, Boc,0, MeOH, Et;N, (c)
Cl3CC(=NH)OtBu, DCM, (d) 10% Pd/C,H,, MeOH, (e) p-TsOH*H,0, EtOH, (f) DMBCI,
Et;N, DCM, (g) NaH, DMF, Mel, (h) SO,CI, Et3N, toluene or DCM, (i) NalOy, cat. RuO,,
H,0, MeCN, (j) "®F-HF, Ky 5 5, K,CO3, MeCN, 6 N HCI

fluoro-2-methyl-2-(methylamino)propanoic acid (N-MeFMAP, 96).

trifluoromethylated amino acids and more examples of such transformations can be found in the

Chapter 3. The major limitations of the Strecker reaction are related to the instability of imines or the
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instability of the starting aldehydes. Additionally, KCN, which was initially used in agueous solutions,

is toxic and produces a highly alkaline reaction mixture, resulting in a limited substrate scope.*!

2.1.6. Replacement of Halogen Group by an Amino Group

Replacement of a-halogen in a-halogenated carboxylic acids by an amino group is classical
method used in fluorinated amino acid synthesis. Usually, a two-step process is employed. Fluorine-
containing a-bromocarboxylic acid or ester is reacted with sodium azide and the azido group is
subsequently reduced to an amino group (Scheme 2.22). Alternative options are the direct aminolysis
of fluorine-substituted o-chloro- or a-iodocarboxylic acids or their reaction with potassium
phthalimide (Scheme 2.22). Experimental conditions are dictated by the availability of the fluorinated
starting materials and also by the stability of the functional groups present in the molecule to the
conditions applied.®

o) o o)
_a, b, .
Fx OR; Fx OR4 Fx oRr,
Br N

3 NH,
105 106 107
Rq= OEt, OMe
(a) NaN3, (b) Hy, Pd/C
o)
o Fx OR; (if)

a NH,
Fx/\HkOR1 7 107
X N\ O
b
108 Fx OR; (i

N

X=Cl, I, Ry= OEt, OMe 0? §0

109

(a) NHj3, (b) potassium phtalimide

Scheme 2.22 Replacement of halogen by amino group; (i) azide approach, (ii) direct introduction of
amino group and (iii) phtalimide method.

This method of direct aminolysis of the a-halogenated acid 110 was employed in the synthesis
of 5,5,5-trifluoroisoleucine (112),%7 4-fluoro-2-aminobutyric acid (113) and 3-fluorovaline (114)
(Scheme 2.23).147
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X a NH,
PN —
R” “COOR; R™ "COOR,
110 111
X=halogen R = CF3CH,CH(CH3), (112),

43.5%, FCH,CH,, (113),
70%,FCH,, (114), 66%

(a) NH3 liquid
Scheme 2.23 Synthesis of fluorinated amino acid 111 through direct aminolysis.
At the same time, a similar method via an intermediate azide became routine in the syntheses
of fluorinated amino acids.[***" The azide intermediate route is exemplified in the synthesis of an
ethyl ester of 4,4,4-trifluorobutyric acid (117) (Scheme 2.24).F"!

a COOEt b COOEt
F3C/\/COOEt - FgC/\( — F3C/\(
Br N3

NH,
115 116, 63% 117, 96%

(a) NaNs, H,O/ EtOH, (b) H,, Pd/C

Scheme 2.24 Synthesis of an ethyl ester of 4,4,4-trifluorobutyric acid (117) by azide approach.

An alternative to direct aminolysis of the a-halogenated ester and the azide approach, as
mentioned earlier, is the introduction of amino moiety by using phthalimide. One of the examples
where this method proved useful is in the synthesis of (E)-3-fluoromethyleneglutamic acid (118)"!
(Scheme 2.25). Mc Donald et al used a non-fluorinated starting material 119 and introduced fluorine
by halogen exchange after bromine introduction by NBS. A second bromination affords 121. After
deconjugation, 123 gives exclusively the E isomer 122. Bromine displacement by NH; and successive

deprotection of phthalimide gave 123, which is a precursor in the synthesis of 118 (Scheme 2.25).

COOEt COOEt COOEt
Ny ab_ FH,C__~ H c.d, FH,C_ . e f
119 120,59% 121.69%

CH,F CHF CHF
~COOEt 2:N, /U\(cooa —, HOOC\)S/COOH
Br NHPht NH,

122 123,13% 118

(a) NBS, CCly, (b) KF, triethylene glycol, (c) Br,, CCly, (d) DABCO, EtOH, (e)
LDA, THF, (f) 10% aq. HCI, (g) NHs-saturated DMSO, (h) phthaloyl
dichloride,4-dimethylaminopyridine, DCM

Scheme 2.25 Synthesis of fluorinated amino acid 118 using the phthalimide method.
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2.1.7 Addition of Ammonia or its Derivatives to the Double Bond of Acrylate
Systems

Installation of the amino group to a fluorinated amino acid by using ammonia can also be
achieved by its addition to a,f-unsaturated esters. The simplest example is adding ammonia or its
derivatives to a molecule of acrylic acid. This approach is commonly used to synthesize the
derivatives of hexafluorovaline and o-trifluoromethyl-f-alanine due to the high electrophilicity of the
double bond in the initial unsaturated acid. The first reported synthesis of hexafluorovaline® (124) on
a preparative scale was achieved by addition of ammonia to ethyl-8,8 bis(trifluoromethyl)acrylate
(125), which was obtained in three steps from hexafluoroacetone (126) and ketene or by the Wittig

reaction (Scheme 2.26).°4

: l

i _a, %:o b, COCH ¢ COOEt ¢ HyN_ _COOEt e HN.__COOH
FsC” “CFy JI | I
FoC CF3  F3C7 “CFs F3C” “CF, FsC~ CF, FsC~ O CF,
126 127, 94% 128, 94% 125, ¢, 81%f, 67% 129, 85% 124, 80%

(a) CH,CO, (b) H,SO,, (c) EtOH, (d) NHa, () HCI-H,0, (f) PhsP=CHCOOEt

Scheme 2.26 Synthesis of hexafluorovaline (124) by addition of ammonia to an acrylate system.

Addition of the ammonia to the double bond can, in addition, be expanded to the synthesis of
trifluoromethylated S-amino acids, which is exemplified in the synthesis of a-trifluoromethyl-f-
alanine. Ojima and co-workers have shown that using gaseous ammonia can afford 130 in quantitave
yield (Scheme 2.27).5%

JL a CFy
- HZN\)\

FsC~ “COOH COOH
131 130, 100%
(a) NH3 (9)

Scheme 2.27 Synthesis of a-trifluoromethyl-g-alanine (130).

A more recent and very interesting alternative to these traditional batch methods exploits very
efficient enzyme chemistry. Moreover, ammonia can be added to «,S-unsaturated esters enzymatically,
using ammonia lyases. This was demonstrated by the synthesis of phenylalanines 132 with different

fluorination patterns in the aromatic ring (Scheme 2.28).5
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Ar X COOH g Ar COO

NH,*
133 132
Ar= 2-FCgH,, 50%, 3-FCgHy,
59%, 4-FCgH,, 70%, 2,2-
F,CgHa, 88%, 3,3-F,CgHs,
69%, CqFs, 51%

(a) Phenylalanine ammonia lyase

Scheme 2.28 Enzymatic introduction of amino group to access fluorinated amino acids 132.

As shown in the examples above, the addition of ammonia to unsaturated esters is
advantageous for the synthesis of fluorinated aliphatic amino acids, if the unsaturated carboxylic acid
used is highly fluorinated. A high degree of fluorination increases electrophilicity and enables an
easier attack of the amino group on the desired a-position.”) Chemical addition of the amino group to
the unsaturated bond is not suitable for synthesis of aromatic fluorinated amino acids. The vicinity of
the aromatic rings does not allow for the existence of the double bond; enzymatic approaches do offer
an alternative but these are very substrate specific.

2.1.8. Reformatsky Reaction

As opposed to the approaches disscused above, Reformatsky reaction allows for the
introduction of two carbon atoms, i.e. carbonyl group carrying additional carbon. Reformatsky
reaction (sometimes spelled Reformatskii reaction) is a transformation in which aldehydes or ketones
react with a-halo esters, using a metallic zinc to form S-hydroxy-esters. The organozinc reagent, also
called a ‘Reformatsky enolate’, is prepared by condensation of an a-halo ester 134 with zinc dust.
Reformatsky enolates are less reactive than lithium enolates or Grignard reagents that hinder the

nucleophilic addition to the ester group (Scheme 2.29).

BryZn.
o o R~ o OH O
R1)LR2 Br\)J\O,Rg a, R1MO, 3 b, R Ry 0
2
135 134 136 137

(a) Zn, (b) H,0, Hz0*
Scheme 2.29 Reformatsky reaction.

The above mentioned transformation, was a key step in the asymmetric synthesis of 4,4-
difluoroglutamine (138, Scheme 2.30). Garner aldehyde 139 was subjected to Reformatsky conditions
in THF in the presence of ultrasonic waves which resulted in alcohol 140 as a diastereoisomeric
mixture. The mixture was transformed into imidazolylthiocarbonates 141. Deoxygenation of 141 and

immediate oxidation using a stoichiometric amount of HslOs with catalytic CrO; gave 142.

28


https://en.wikipedia.org/wiki/Aldehyde
https://en.wikipedia.org/wiki/Ketone
https://en.wikipedia.org/wiki/Ester
https://en.wikipedia.org/wiki/Zinc
https://en.wikipedia.org/wiki/Organozinc

Chapter 2: Synthesis of Fluorinated Amino Acids

Aminolysis of the ester 142 with 28% aqueous NHs; and subsequent hydrolysis by TFA gives the
desired L-4,4-difluoroglutamine (138) (Scheme 2.30).5°!

N
¢ )
S~

OH s)\o
. WF /\)\KF
o [ Q = COOEt b, QO = COOEt S,
)( “Boc )rN\ F A/N\ F
Boc Boc

CHO
a
s

139 140, 81% 141, 80%

HOOC F HOOC F HOOC F
T Feooer - T Feonn, e Y Feonn
_NH F NH F NH, F 2

Boc Boc 2
142, 46% 143, 82% 138, 80%

(a) BrCF,COOEt, Zn, ultrasound, THF, (b) thiocarbonyldiimidazole, 1,2-dichloroethane, (c) i)
Et3SiH, Bz,0,, ii) CrOj cat., H5l0g, MeCN, (d) 28% aq. NH3z, 1 N KHSO, (e) TFA

Scheme 2.30 Synthesis of 4,4-difluoroglutamine (138) with Reformatsky reaction as a key step.

Reformatsky reaction catalyzed by Zn has some drawbacks; one of them being the high
reaction temperature. The reaction must be carried out in boiling THF in order to be high yielding. The
other drawback is activation of the Zn metal (acid wash and/or addition of TMSCI).”® Additionally,
this reaction is heterogeneous and thus more difficult to regulate.”*"*® The reproducibility of the
classical Reformatsky reaction is quite low and it offers access only to the thermodynamic products.®”
Other problems of the Reformatsky reaction are low yields due to the enolization of the Reformatsky
reagent and many associated side reactions; including the self-condensation of carbonyl compounds
and a-bromoester,™! elimination of a-bromoester’®” and retro-Reformatsky fragmentation.® A small
variation in the ester moiety affects the reactivity of the a-bromoester.’ For example, the methyl and

ethyl a-bromoesters react regularly, whereas bulkier isopropyl, t-butyl and neopentyl esters are inert.

2.2 Methods of Organofluorine Chemistry for the Synthesis of Fluorine-
Containing Amino Acids

After exhaustively reviewing different classical methods utilized in the synthesis of fluorinated
amino acids, in this subchapter another perspective of the synthesis of fluorinated amino acids will be
examined. At this point, the focus will be shifted towards methods used in the synthesis of
organofluorine compounds which are applied to the synthesis of fluorinated amino acids. Many new
fluorinated organic compounds found their application as synthons in the preparation of fluorinated
amino acids. Moreover, new fluorinating agents, by which fluorine or fluorine-containing groups can
be introduced into the molecule by fluorination of one of the intermediates in the synthesis or directly
to a side chain of non-fluorinated amino acid are available on the market.*”1 By using these

fluorinating reagents, numerous fluorinated analogues of amino acids which were not accessible by
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methods of classical chemistry are now available. Perhaps, the biggest advantage of the direct
electrophilic fluorinations is the complete retention of stereochemistry as well as the fact that some of
the functional groups do not need protection in this process. However, these reactions proceed with a
lack of regioselectivity.™?

In the next three subchapters, methods of the direct incorporation for fluorine will be discussed,
starting with the substitution of hydrogen by fluorine, methods of deoxygenative fluorination and

ending with other methods of organofluorine chemistry used for synthesis of fluorinated amino acids.

2.2.1 Replacement of the Hydrogen Atom by Fluorine

In the literature, examples of aliphatic fluorinated amino acids, obtained by direct fluorination
are scarce. This is probably due to the fact that aliphatic amino acids are far less stable towards
fluorine incorporation than the aromatic ones. Another reason for the low exploitation of this method
for fluorinated amino acid synthesis lies in the high number of reactive C—C bonds, leading to
reactions with low regioselectivity./? Direct introduction of fluorine to the molecule by replacement of
the hydrogen atom can be perfomed using various fluorine sources (HF, FCIO;, XeF,, CF;0F)."® In

2003, fluorinated amino acid 144 was synthesized according to Scheme 2.31.1"%)

OHC EtOOC NHZ
—

COCH
. :

T % a : ~Y
BocN7< —_— FBocN\[Q F  NHBoc

145 146, 87% 144, 90%
(a) i) triethyl 2-fluoro-2-phosphonoacetate, NaH, ii) H,, Pd/C, EtOH

Scheme 2.31 Schematic overview of access to Cbz protected fluorinated amino acid 144 by direct
fluorination.

A further example of synthesis of fluorinated amino acids carrying a functional group in the side chain
by direct fluorination is 4-fluoroglutamic acid (147) synthesis (Scheme 2.32). The y-position of

tetramethyl 2-acetamido-2,4-dicarboxylglutarate (148) was fluorinated using perchloryl fluoride. This
was followed by hydrolysis and decarboxylation to the desired product (Scheme 2.32).[0

M
e00C ooMe MeOOC ~H0ome gooH
MeOCHN a_ MeOCHN b, HyN
CoOMe ~ COOMe —=
F~ ~COOMe F~ "COOH
148 COOMe 149, 70-75% 147, 83-88%

(a) FCIO3, NaOEt, (b) HCI

Scheme 2.32 Synthesis of 4-fluoroglutamic acid 147 by direct fluorination of 148.

Janzen et al.® have on the other hand reported using XeF, for direct fluorination of the

methionine derivative 150. This finding that XeF, is suitable for a-fluorination of sulfides might be a
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useful technique in labelling other alkylthio derivatives.®? No overfluorination was observed (See

Scheme 2.33).
o o)

Rz)J\ NH Rz)J\NH
_a,
R,0C R,0C
? S
kF
150 151

R4 = OMe, R, = OtBu, CH,Ph
(a) XeF,, MeCN

Scheme 2.33 Direct introduction of fluorine into methionine using XeF,.

As already mentioned, this is also one of the most straightforward routes to enantiomerically
pure fluorinated amino acids. This methodology avoids multistep synthesis and is very useful in
preparing ®F-fluorinated amino acids by using elemental fluorine, acetyl hypofluorite or XeF,?
Using the direct incorporation of fluorine by acetyl hypofluorite enantiomerically pure (S)-3-
fluorotyrosine, (S)-monofluorophenylalanine and **F labelled (S)—[3-*®F]—fluorotyrosine have been
obtained.®®! Ring fluorination of aromatic amino acids can also be achieved by elemental fluorine.
Thus, treatment of a solution of tyrosine in hydrofluoric acid with N,-diluted fluorine gas yields 3-

fluorotyrosine.®

2.2.2 Deoxygenative Fluorination

An alternative approach to the direct introduction of fluorine is the reaction of deoxygenative
fluorination. Fluorinating reagents that derived from SF,, such as DAST and Deoxofluor, are widely
used deoxygenative fluorination reagents for alcohols, aldehydes, ketones, and carboxylic acids
without preactivation and offer a straightforward and easy access to organic fluorides from readily
available starting materials.®® These aminosulfurane derivatives have evolved to several
generations,®™ and their synthetic applications have been a topic of research of many groups.”**!
Recently, new reagents, XtalFluor E and XtalFluor-M as well as 4-tert-butyl-2,6-dimethylphenylsulfur
trifluoride (Fluolead),®**® were developed as a new generation of selective fluorinating agents that
show relatively high thermal stability and robustness. These nucleophilic fluorinating agents function
so that an alkoxyaminosulfur difluoride intermediate is first formed, followed by a nucleophilic attack
of the fluoride onto the carbon to give the fluorinated product (Scheme 2.34). The driving force for
this reaction is the strong affinity of the sulfur atom toward oxygen (S—O bond 124 kcal/mol vs S—F
bond 82 kcal/mol)."*!
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4 - 1]
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F (e}
| F O )LF F It
Et. .ST )J\ -HF 0 b F Et. .S.
N"TF ., \F — N F
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Et ’Tj/ S
Et
Scheme 2.34 Mechanism of DAST fluorination.
Despite the price and the instability of deoxyfluorinating reagents DAST and Deoxofluor tend
to be thermally unstable, they are commonly used in the synthesis of fluorinated amino acids. One
example where DAST was used to introduce fluorine is in the transformation of hydroxyproline into
(2S,4S)-4-fluoroglutamic acid (152, Scheme 2.35)."%! Fluorodehydroxylation of (—)-N-acetyl-trans-4-
hydroxy-(S)-proline methyl ester 153 using DAST gave optically active methyl ester of 4-
fluoroproline (154) whose oxidation and subsequent hydrolysis yields (2S,4S)-4-fluoroglutamic acid
(152) (Scheme 2.35).

HO, HO F, F,
(i ~coone 5 L [
N7 TCOOMe 5\~ ~COOMe b N~ ~TCOOMe ¢ OéQ‘COOMe d J
PN PN PS P ~HooC COOH
153 154 155 156 (2S,4S)-152
(a) inversion of configuration, (b) DAST, (c) RuOy,, (d) HCI

Scheme 2.35 Synthesis of (2S,4S)-4-fluoroglutamic acid 152 by direct fluorination using DAST.

This fluorination method can also be applied to the compounds bearing a carbonyl group
which can be difluorinated or trifluorinated (carbonyl vs. carboxyl group). Following are two
examples where HFA was used to simultaneously protect amino and carboxylic group of an amino
acid whereas an additional carbonyl group in the side chain was transformed into a fluorinated moiety
using DAST. Aspartic acid was the starting material for synthesis of (S)-2-amino-4,4-difluorobutanoic
acid (157). HFA protection offered the possibility to reduce the carboxylic group in the side chain
while retaining the a-carboxylic group. Subsequent fluorination using DAST gave (S)-2-amino-4,4-
difluorobutanoic acid (157). 104
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(o]

COOH
HOOC/\r aHOOC/\‘/\O b OHC/\‘/[(O de FY\‘/COOH
NH, AN T HN ~ F  NH,
FC CFs FsC CFs
158 159, 85% 160, 75% (S)-157, 85%

(a) Hexafluoroacetone, (b) SOCI,, (c) Pd/BaSOy,, (d) DAST, (e) H,O / i-PrOH
Scheme 2.36 Synthesis of (S)-2-amino-4,4-difluorobutanoic acid (157) by using DAST for

introduction of fluorine to the side chain.

The broad applicability of the HFA protection method in combination with DAST for fluorine
introduction is mirrored in the fact that fluorine can be incorporated into a non-terminal position as
well."* The synthesis of (S)-2-amino-4,4-difluoropentanoic acid (161) required a slightly different
approach where carboxylic group in the w-position was converted to the d-carbonyl group which
offers acces to deoxyfluorination (Scheme 2.37).

O
COOH
HOOC/\‘/ NQWO ) BrWO
NH, ac_ O HN — O HN
F,C CF3 FsC CFs
158 162 163, 89%
O (0]
Br o COOH
F o FFF
F3C CF3 Fgo CF3
164, 70% 165, 66% 161, 60%

(a) Hexafluoroacetone, (b) SOCI,, (c) CH,N,, (d) HBr, (e) DAST, (f) BusSnH/AIBN,
(9) Hy,O/i-PrOH

Scheme 2.37 Synthesis of (S)-2-amino-4,4-difluoropentanoic acid (161).

2.2.3 Application of Other Methods of Organofluorine Chemistry to the Synthesis
of Fluorinated Amino Acids

Apart from the substitution of hydrogen by fluorine and deoxygenative fluorination, fluorine
introduction can be carried out by the addition of fluorine (or fluorinated moieties) to the double bond.
For instance, using fluorinating reagents, fluorine can be introduced to the terminal double bond in the
molecule (Scheme 2.38 and 2.39). Similar simultaneous addition, in this case of fluorine and bromine
atoms, to 5-vinylpyrrolid-2-one (166) gives 5-(bromofluoroethyl) pyrrolidones 167 and 168.
Dehydrobromination of compounds 167 and 168 and subsequent hydrolysis exposes y-amino-w-
fluorovinylbutyric acids 169 and 170 (Scheme 2.38)."®! Reaction of perfluoroalkyl iodides with
alkenic acids exhibiting a terminal C=C bond™* became a general method for synthesis of long
perfluorinated amino acids.'®™ The addition of perfluoropropyl iodide 173 to 174 in the presence of
the radical initiator azo-bis(isobutyronitrile) gives the products 175 which after reduction and
deprotection afford 177 (Scheme 2.39).
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ZT

166 167, 62%* 168, 62%*

b lb

o

169, 42% 170, 45%

Ie e

F
F
i/\ D
HoN COOH  H,N COOH

171, 35% 172, 42%
(a) HF, pyridine, NBS, *167+168, (b) t-BuOK,THF, (c) 1 N HCI

Scheme 2.38 Synthesis of fluorinated amino acids 171 and 172 by introduction of fluorine using HF
pyridine.

COOEt
/\M)<NHCOCF3 \)\MkNHCOC&
Ay Scooet  + Rt A COOEt
174 173 175, 80%
Rf= C3F7, n=23 Rf= C3F7, n=23
COOEY
NHCOCF; ¢ NH,
Rf — Rf
“SCOOEt > COOH
176 177
Rf= CF7, n=2,3 Rf= C4F7, n=2,3

(a) ABN, (b) Zn/HCl, (c) NaOH
Scheme 2.39 Synthesis of fluorinated amino acids 177 through radical addition of perfluorinated side
chain.
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3. Synthesis of Specific Classes of Fluorinated Amino Acids: a-CF;
Amino Acids and Optically Active Amino Acids

After revising the available methods for synthesis of fluorinated amino acids in general, this
subchapter focus will be brought to the synthetic strategies for two specific classes of fluorinated
amino acids, namely, a-CF; amino acids and enantiomerically pure fluorinated amino acids. The first
part of this chapter deals with the significance and synthesis of a-trifluoromethyl amino acids while
the second part is oriented towards the access to optically active fluorinated amino acids with the

emphasis on the enzymatic synthetic approach.

3.1 Synthesis of a-CF; Amino Acids and Their Significance

a-Trifluoromethylated amino acids belong to a class of a,a-dialkylated amino acids.
Alkylation of the a-position of amino acids results in a significant steric constraint. The reason for this
lies in the perturbation of dihedral angles between all functional groups attached to the quaternary
carbon. When incorporated into peptides, these amino acids cause conformational changes in peptides
and proteins.®! One advantage of the incorporation of an amino acid with such a steric constraint is
the possibility to design peptides with unique tertiary structure. In addition to the different steric
demand,*" electronic and electrostatic®” characteristics of the trifluoromethyl group also offer the
unique set of features which can influence the properties of the newly synthesized fluorinated peptide
variant.®®! Incorporation of these amino acids into certain peptides can cause a retardation of the
proteolytic degradation,’® augmentation of in vivo absorption as well as drug permeability through
certain body barriers™ and enhancement of thermal stability of peptides.'™ Furthermore, a-
trifluoromethylated amino acids can offer insight into peptide secondary and tertiary structures by *°F
NMR studies."
Nonetheless, the fluorine effect depends on the position of the CF; substituent in a peptide.’***! For
instance, trifluoromethyl group in aromatic systems can only be hydrolysed by strong acid. However,
a trifluoromethyl group on a carbon atom attached to acidic hydrogen atoms such as in 3,3,3-
trifluoroalanine is unstable in basic medium. pH higer than 7.0 causes a degradation of
trifluoromethyl group to give the corresponding carboxylate.®*" Incorporation of trifluoromethyl
groups, increases the chemical stability of molecules due to the high bond strength, as an example; the
C—C-bond in 1,1,1-trifluoroethane or hexafluoroethane is 59 and 42 kJ more stable when compared to

ethane. 12819
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With the aforementioned benefits in mind, it comes as no surprise that this molecule is an
interesting and valuable target. Synthetic approaches to this molecule include direct fluorination or
using a fluorinated synthon.”™ Although, direct fluorination can offer a faster and more
straightforward way to the target molecules, it is often difficult to control the regio- and
stereoselctivity of its incorporation. Additionally, other functional groups in the molecule, if not
protected, can be affected in an undesired way. Fluorinated reagents employed for this purpose are
expensive, toxic, corrosive, and sometimes explosive. Therefore, using fluorinated synthones remains
the attractive alternative to introduce fluorine and perfluoroalkyl groups into organic molecules.!®”

When looking at the molecule of a-trifluoromethylated amino acid and thinking in terms of
fluorinated synthons, four logical disconnections follow (Figure 3.1). Every retrosynthetic pathway
presents the introduction of a single functional group (carboxylic group (a), amino group (b), the
alkyl/aryl chain (c) or the (d) (Figure 3.1). In the next four subchapters, every mentioned
disconnection (Figure 3.1) will be examined separately, as a specific synthetic pathway to the desired

taget molecule.

R
_1a

dfl/'\\
F;C™+ To

NF,
Figure 3.1 Crucial disconnections of a-trifluoromethylated amino acids.

3.1.1 Introduction of Carboxylic Moiety

Herein, the incorporation of the carboxylic moiety will be discussed, specifically, introduction
of the carboxylic moiety through the Strecker reaction and alkoxycarbonylation. The Strecker reaction,
described in the chapter 2.1.5 (Scheme 2.16)"?" is one of the most used methods for preparing a-amino
acids. It uses the reactivity of in situ formed imines with cyanide in the presence of an amine
hydrochloride to form an a-aminonitrile which is subsequently hydrolyzed to yield the desired a-
amino acid (Scheme 2.16). When trifluoromethylated ketones are subjected to Strecker reaction, direct
addition of the nitrile produces a very stable cyanohydrin. The competition between the cyanide attack
on the imine or the ketone results in low yields. It is for this reason that the classical Strecker reaction
for the synthesisi®? of a-trifluoromethyl-a-amino acids is significantly limited. On the other hand,
modifications of this synthetic strategy could offer useful approaches to the desired compounds.

The typical Strecker reaction, proceeds through an imine intermediate 178 but reaction can also
proceed through the oxazolidinone intermediate 179 (Figure 3.2). This intermediate can be formed
from trifluoromethylated ketones.™ Cyanide addition to the described intermediates is found to be
enhanced by the presence of a Lewis acid and by the electron-withdrawing trifluoromethyl group in

the a-position.**!
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R
R\lN R‘N /g
Fsc)\R Fsc%\o
R
178 179

imines 178, oxazolidinones 179

Figure 3.2 Typical precursors in the Strecker synthesis of amino acids.
Some syntheses of a-trifluoromethylated amino acids that involve the imine type intermediate
178 will be discussed in more detail.?**2 The first synthesis of hydrochloric salt of a-trifluoromethyl
substituted amino acid, 3,3,3-trifluoroalanine (180)*% 2 %! was reported by hydrocyanation of
electrophilic N-acyl trifluoroacetaldimines 181 as intermediates™ and subsequent hydrolysis (Scheme
3.3). N-Acylimines of fluoral 181 show polymerization tendency, especially at elevated temperatures
which is the reason they are generated in situ from stabile crystalline N-acyl-1-chloro-2,2,2-

trifluoromethyl amines 182.%%

o) o o)
HNJ\R A NLR L. NJLR <> NH,HCI
oo roly | reten Focoon
182 181,50-80%  183,81-98% 180, 65-81%

R= CH3, Ph, X= Cl, Br, SOOE,
(a) EtsN, (b) HCN, (c) 6 N HCI, AcOH

Scheme 3.3 Synthesis of 3,3,3-trifluoroalanine (180) by Strecker approach.

A Strecker reaction involving an imine intermediate was also used for the asymmetric
synthesis of fluorinated amino acids. Using this method, chirality can be introduced into the molecule
in two ways. One option is to have a chiral center present in the imine intermediate 184 (usually as a
substituent on the nitrogen) (a, Scheme 3.4). Intermediate 184 was synthesized by the reaction of
fluoral hemiacetal or a-trifluoromethyl ketones and (S)-a-methylbenzylamine or (R)-phenylglycinol
and their derivatives or (R)-t-butylsulfinamide.’?® 3! The second option is a chiral catalyst which
introduces the cyanide in an enantioselective fashion into a non-chiral intermediate 184 (b, Scheme
3.4).5% Subsequent hydrolysis of the chiral amino nitrile and deprotection thereof furnishes the desired

trifluoromethylated amino acid.® %/
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.R
HN" 2 NH,
FsCr, T FCry
S en 3 F'{)\COOH
a/ 1 1
(R)-185 (R)-186
N-R2 R, =H, Me, Ph,
| R, = (S)-a-methylbenzylamine or (R)-
R CF3 phenylglycinol, (R)-t-butylsulfinamide,
_Q10,
184 58-93%
R CF3
HN 2 NH,
™ R on RN oo cat = j\
F3C Fgc F3C H H\‘"
(S)-185 (S)-186 NMe,
R, = PMP, Ph,

R, = Ph, 4-BrCgH,, 4-CICgH,, 4-
MeOCgH,4, 2-MeOCgHy4, 3-NO,CgHy, 4-
CF3CgH,4, PhCH=CH, alkyl, 25-99%, ee
83-95%

(a) TMSCN, Lewis acid
(b) TMSCN, 5 mol% cat

Scheme 3.4 Introduction of chirality to the target amino acid; chiral starting material or chiral catalyst
approach.

Correspondingly, oxazolidinones 178 (Figure 3.2), also one of the intermediates in the
synthesis of o-trifluoromethylated amino acids,’® 3* can be accessed from similar starting materials
used for imine synthesis (Scheme 3.5).°! 187 can likewise be trapped by TMSCN in a Strecker-type
reaction to give the amino nitrile intermediate 188 (Scheme 3.5) in better diastereoselectivities than in
the case of imine intermediate.”® 188 was conveniently converted into corresponding a-
trifluoromethylated amino acid 190 by deprotecting the amino group and hydrolyis of the methyl ester
(Scheme 3.5).17° 3 Brigaud et al. expanded this method of amino nitrile formation'” to the synthesis

of enantiopure (S)- and (R)-a-trifluoromethyl-aspartic acid 191 (Scheme 3.5).

Ph eh
= ~__OH
/l?\ + e oH -2 HN b, HNT > NH, d NH;
1 1 F I
FsC R H2N/\/ F3C+O FSCR)\CN FSCR)\COOMG SCR#COOH
R1 1 1
192 193 187 188, 84-97% 189, 65-81% 190
NH*
—COOH
FsC" \_cooH
191
R4=H, Ph, Me

(a) PPTS, (b) TMSCN, Lewis acid, (c) i) HCI, MeOH, ii) Hy Pd(OH),, HCI, (d) i) HCI conc., ii) propene oxide

Scheme 3.5 Synthesis of trifluoromethylated amino acid 190 and access to enantiopure (S)- and (R)-a-
trifluoromethyl-aspartic acid 191.
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A complementary approach to introduction of the carbonyl group to the trifluoromethylated
synthon is alkoxycarbonylation of a-trifluoromethylated aziridine and N-aryl substituted
trifluoroacetoimidoyl iodides.” ***1 Yamauchi et al. discovered that a-trifluoromethylated aziridine
192 could be prepared starting from optically pure 2,3-epoxy-1,1,1-trifluoropropane (193, Scheme
3.6). Deprotonation of 192 and reaction with ethylchloroformate yields an enantiomerically pure
alkoxycarbonylation product 197. a-Trifluoromethylated aziridines are highly reactive towards ring
opening by nucleophiles and find its purpose in preparation of quaternary chiral a-trifluoromethylated

amino acid derivatives 198 as shown below.

0 OH oTs I
Lo B HN AL L TsHN - c d,
CFs3 ZINCR, ~TNCR T AcF
3
193 194 195 192, 31% (3 steps)
Ts Ts NHTs
I I
N L |- N coome —= Ph._N._Acoome
LA AN ' CF
CF4 CF4 8
196 197, 85% 198, 42%

(a) NH3 (aq), (b) TsCl, pyridine, (c) NaH, (d) n-BuLi, (e) MeOCOCI, (f) NaH, (S)-
PhCHMeNH,

Scheme 3.6 Introduction of carboxylic group to the trifluoromethylated aziridine to access -
trifluoromethylated amino acid 198.

As mentioned,®” alkoxycarbonylation can be performed on N-aryl substituted
trifluoroacetoimidoyl iodides 199. These substrates in a palladium catalyzed carboxylation reaction
give the corresponding imine 200 (Scheme 3.8). After 200 was converted to a-imino trifluoropyruvate
derivative 201, the desired amino acid can be synthesized by applying specific conditionst®! 33
(Scheme 3.7). The nature of the N-substituent on the imine and the required alcohol affect the yield of
the reaction. When DMF or 1,3-dimethyl-2-imidazolidinone were used as additives,®” the tert-
butoxycarbonylation of 199 could be performed which is a great advantage since this group can be

removed using mild conditions.
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N-PMP N-PMP N PP
A e b I

—
F,C” >Cl FsC” I F,C~ “COOR

202 199,100% 200
R = Et, 98% h
R = Bn 85% C';'P/:_<Ph
o)
NP g NH, N-g’
[ < - \
. .
FsC” “COOR FaC” ~COOH 203
201 (S)-180
R =Bn, i), 91% R=Bn, 78%
R = Et, ii), 99%

(a) Nal, (b) Pd(dba);CHCI3;, CO, ROH, K,CO3, (c) i) cateholborane
oxaborilidine 203 or ii) Pd(OCOCF3),, (R)-BINAP, H,, CF3CH,OH, (d)
i) CAN, ii) H,, Pd/C, MeOH

Scheme 3.7 Alkoxycarbonylation of N-aryl substituted trifluoroacetoimidoyl iodides.

3.1.2 Alkylation of the Fluorinated Substrate

There is a variety of alkylation procedures for N-protected imines 204 of fluorinated pyruvates
that yield a-trifluoromethylated amino acids of high structural diversity (Scheme 3.8).1%*! This allows
for the introduction of various saturated, unsaturated or even functionalized side chains using different
organometallic derivatives or catalysts (Mg, Li, Zn, Cd, Ti, Pd). Grignard reagents are commonly used
nucleophiles because they tolerate a variety of functional groups, including unsaturated bonds, and
metalorganic moieties like organosilicon, organotin, and organocobalt substructures,***! which can
be used to further give multifunctional a-trifluoromethylated amino acids.*¥! This approach also

allows the incorporation of the Boc- and Cbz-group.

N RM TN NH,
N G N

FsC”~ “COOR FoC”"COOR F3C”  'COOH
204 205 190

R= alkyl/aryl, M= Mg, Li, Zn, Cd, Ti, Pd
Scheme 3.8 Synthesis of a-trifluoromethylated amino acids by alkylation of fluorinated imine.

Specifically, alkylation of the imine 206 and 207 and subsequent removal of the protecting
groups can afford a-trifluoromethylated-alanine, a-trifluoromethylated-phenylglycine and a-

trifluoromethylated-norleucine (Scheme 3.9).2% %

43



Chapter 3: Synthesis of Specific Classes of Fluorinated Amino Acids: a-CF; Amino Acids and Optically Active Amino Acids

_PMP
_PMP NH, N

B SR GINCR §

F3C~ "COOBn FsC R COOH FzC~ "COOtBu

206 190 207
R = CHj, 64%,
(CHZ)sCH3, 73%,
CeHs, 95%

(a) i) MeLi or BuLi, ii) CAN, ii) Hy, Pd/C, (b) i) PhLi, iy CAN, iii)
HCI

Scheme 3.9 Access to a-trifluoromethylated amino acids 190 by alkylation of trifluorinated imines.

Changing the degree of saturation in the alkylating reagent allows for the synthesis of more
complex and functionalized a-trifluoromethylated amino acids, such as a-trifluoromethylaspartate and
a-trifluoromethyl-2-aminoheptanedioic acid (a-TfmPim).**] Simple oxidation of the double bond
gives the carboxylic group at the w-position. If hydrolyzed, compound 210 furnishes a-
trifluoromethylaspartate 211 and a-trifluoromethyl-2-aminoheptanedioic acid (211, «-TfmPim).

Further chemical transformation affords a-trifluoromethylated arginine (213) (Scheme 3.10).1

_Cb
\-Cb2 hn-CP2 ) HN HN- P2
| a, b c
F C)\COOR WCOORZ HOOCMCOORZ HOOCMCOOH
3 2 CF3 CF3 n CF3
208 209 210 211
R, = Me, Et R, = Me, Et R, = Me, Et R; = Me, Et
n=1,4,48-98% n =14, 62-95% n=1, 4, 75-78%
Ja
R
HN,CbZ H HN’ 1
H2NOCMCOOR2 —= R;N NMCOORQ
CF CF
3 NHR, N
212 213
R, = Me, Et

(a) CH=CH(CH,),MgBr,n = 1,4, (b) KMnOQy,, (c) i) NaOH, ii) H,, Pd/C, (d) CgF5OH, pyridine, DCC, NH,OH

Scheme 3.10 Synthesis of a-trifluoromethylaspartate and a-trifluoromethyl-2-aminoheptanedioic acid
(a-TfmPim) and access to o-trifluoromethylated arginine (213).

Going even further, an alkyne can also be used as an alkylating agent for the a-
trifluoromethylated pyruvate; this is exensively utilized in the synthesis of a-trifluromethylated amino
acids. For instance, in the synthesis of a-trifluoromethylated-azahistidine analogues 214*" (Scheme
3.11 A) a simple alkyne group was attached to the N-protected trifluorinated pyruvate and later treated
with azide in a click reaction resulting in a triazole functionality. In addition, a more complex w-
aminoalkynyl group (using LICCCH,N(TMS),), was introduced as a side chain, in the synthesis of a-
trifluroomethylornithine (218) (Scheme 3.11 B).¥ The adduct 220, was cyclized to 2-piperidone

derivative 221 after hydrogenation of the triple bond (Scheme 3.11 B). Simultaneous cleavage of the
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Boc group and ring opening upon treatment with HCI gave a-trifluoromethylated-ornithine
hydrochloride (218).

.R .Boc

N HN”
| N COOMB R/N\M M
F3C)\COOMe N COOMe COOH
CFs CF;
215 216 217 214
R=Z, CH,OPiv, 41-74% R=Z, CH,OPiv, 80-92% R=Z, CH,OPiv, 94%
(a) CH,=C=CHMJgBr, (b) RN3, CuSO,, Na-ascorbate, (c) i) KOH, ii) Hy, Pd/C
A
/B CF3
COOMe ~ MCOOH 2HCI
F,C~ COOMe CFS e
219 220, 91% 221, 96% 218, 97%

(a) i) LICCCH,N(TMS),, ii) HCI/H,0, (b) Hy, Pd/C, (c) 6 N HCI

B
Scheme 3.11 A Synthesis of a-CFs-azahistidine analogue 214, B Synthesis of trifluoromethylornitine

218

Up to this point, a Cbz or Boc protected imine of a-trifluoromethylated pyruvate has been
presented and discussed. However, mounting a chiral sulfinyl group as a protecting and directing
group on the nitrogen affords synthesis of optically active a-trifluoromethylated amino acids.!**>*!
These derivatives are not prone to hydrolysis as the corresponding N-acyl and N-alkoxycarbonyl
derivatives and they allow for the recovery of the chiral auxiliary as menthyl sulfinate. These
compounds were synthesized by the aza-Wittig reaction from the chiral Staudinger reagent 222, which
is obtained from the Davis sulfinamide 224, and ethyl trifluoropyruvate (Scheme 3.12). Sulfinimines
225 were coupled to different Grignard reagents and a variety of nonracemic amino acid derivatives
was obtained. Diastereoselectivity depended on the nature of Grignard’s reagent where usually more

sterically hindered nucleophiles gave higher enantiomeric excess.
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R)-226 (S)-226 (%
o (PﬁCHZ 6% R= CH,Ph, 90% R= Ch,Ph, 81%

CH=CHCH,, 55%,
i-butyl, 65%, i-
propyl, 72%, n-
butyl 55%, Et,
55%, Me, 55%

(a) LIHDMS, NH,CI/H,0, (b) PPhs, DEAD, (c) CFsCOCOOEH, (d) iy RMgCl, THF, ii) NH,CI, H,0, (e) i)
separation, i) TFA, (f) i) 0.5 N KOH, MeOH/H,O ii) Dowex 50-W

Scheme 3.12 Synthesis of a-trifluoromethylated amino acid 190 by using a chiral sulfinyl imine 225.

In analogy with the introduction of a carboxylic moiety to the molecule of a-
trifluromethylated amino acid, where the key intermediate amino nitrile could be synthesized by
cyanation of imine or alternatively oxazolidine (Scheme 3.5), introduction of the alkyl chain to the
molecule of a-trifluoromethylated amino acid can also be performed by alkylation of oxazolidine. In
the case of the synthesis of optically pure (S)-a-trifluoromethylproline (228), (S)-a-
trifluoromethylnorvaline (229) and (S)-a-trifluroomethylallylglycine (230) Lewis acid promoted
diastereoselective allylation of chiral a-trifluoromethylimine 237 or oxazolidine 238" was conducted
(Scheme 3.13). The allylation of the oxazolidine intermediate 238 was higher yielding when compared
to the allylation of the imine 237 (Scheme 3.13), after cyclization of 239 to morpholines 240, 240
could be converted to (S)-a-trifluoromethylallylglycine (230) and (S)-a-trifluoromethylnorvaline (229)
(a-TfmNva), while the diastereomeric mixture was used for the synthesis of (S)-a-
trifluoromethylproline (228). Hydroboration of the double bond, introduction of OH moiety using
peroxide with installation of a good leaving group mesylate, followed by a ring closure yielded the
pyrrolidine ring (bicyclic compound 241). Removal of the chiral auxilary gave the enantiomers of a-

trifluoromethylproline (228).
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(a) CH,=CHCH,SiMe3, Lewis acid, (b) R=H, PTSA, R=TBS, TBAF, (c) i) separation, ii) LiOH, iii) Pb(OAc),, iv) 3 N
HCI, v) Dowex, (d) i) 9-BBN, ii) H,O,, NaOAc, iii) MsCl, Et3N, iv) separation, (e) i) separation, ii) Hy, Pd(OH),, iii)
1N HCI, iv) Dowex, (f) i) Hy, PAOH, ii) 3 N HCI, iii) Dowex

Scheme 3.13 Access to to (S)- a-trifluoromethylallylglycine (230) and (S)-a-trifluoromethylnorvaline
(229) (a-TfmNva (S)-a-trifluoromethylproline (228) by alkyation of imine 237 and oxazolidine 238.
Furthermore, Zanda et al. reported on a commercially available (S)-(a-benzyloxy)acetyl 2-
oxazolidinone (242) as a chiral moiety that can afford diastereomerically enriched product 244
(Scheme 3.14). Thus, Evans oxazolidinone is a strategy commonly used in selective aldol synthesis.
Product (2S,3S)-244 could be transformed to D-erythro-a-trifluoromethylated-g-hydroxy aspartate 245
by removal of the chiral auxiliary.®™ The value of this procedure is that it furnishes a D-a-

trifluoromethylated amino acid.

CF
& ? Cbz C})L 2 Y.RHcbz )L J\/-<NHCbz
o N)H 2= /N COOEt + COOEt
\/L OBn COOEt \/kB OBn \/QB
n n
242 243 (2S,3R)-244, 88%" (2R,3S)-244, 88%"
lb
CF,
NH,
HOOC
\/<COOEt
OH
245, 66%

(a) TiCl,, DIPEA, *overal isolated yield, (2R, 3S)-244 major, (b) i) LIOH, HyO,, ii) Hy, Pd(OH),

Scheme 3.14 Synthetic entry towards to D-erythro-o-trifluoromethylated-S-hydroxy aspartate (245) by
alkylation of 242,
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3.1.3 Amination of the Fluorinated Synthon

The third retrosynthetic approach via the amino group detachment to the fluorinated synthon is
the next logical disconnection of the target molecule (Figure 3.1). Construction of this C—N bond is
usually achieved through amination of fluorinated pyruvates, ketones and their derivatives which leads
to imine formation. These imines can be further reduced and transformed to give the desired amino
acids. Introduction of stereocenters usually arises from the use of chiral reducing agents or can be
inherent with the use of chiral substrates. Alkylation of these imines is one way to get to the desired
substrates (described in the chapter 3.1.2). The reaction between trifluoropyruvates and N-alkyl
imines is not straightforward due to the difficulty of hemiaminal dehydration. Consequently, this is
frequently done in a stepwise fashion.®® For example, trifluoropyruvate (246) with 247 delivers a
hemiaminal 248, which has to be treated with trifluoroacetic anhydride to give the desired imine 249
(Scheme 3.15). After cyanation of the imine 249, the resulting amino nitrile 250 is decarboxylated and

deprotected by hydrogen chloride to a-trifluoromethylated glycine (180).

o o HO NHBoc

N J

b
FaC~ “COOMe * H,N”~ “COOtBU > F,c~ ~COoOMe — >

246 247 248, 82%

)NJ\BOC N3< NHBoc COOH
c d
F;C~ ~COOMe F;C~ ~COOMe F3C”~ “NH,
249 250 180

(a) 82%, (b) TFAA, pyridine, (c) TMSCN, (d) i) HCI, ii) Et;N

Scheme 3.15 Synthesis of o-trifluoromethylated glycine (180) by direct amination of fluorinated
synthon 246 and subsequent Strecker reaction.

This methodology was further developed by the exchange of 247 by 1-phenyl-ethylamine
(251) (Scheme 3.16)""! which enabled direct transamination of the o-ketotrifluorocarboxylic ester
(252) to the corresponding Schiff base 253 (Scheme 3.16). After consequent base catalyzed [1,3]-
proton shift reaction (PSR), an isomeric ketamine 254 which can be hydrolyzed to afford a-
trifluoromethyl glycine (180, Scheme 3.16).

BN BN

J\ o N| Ph N“ >Ph NH, HCI
a b c

HN™ "Ph o+ Fst\COOEt - F3C)\C00Et - F3C)\COOEt ~ > F;C” “COOH

251 252 253, 83% 254, 92% 180 HCI, 78%

(a) p-TsOH, (b) (1,3)-PSR, EtsN, (c) i) 1 N HCI, ii) HCI conc.
Scheme 3.16 Synthesis of a-trifluoromethyl glycine 180 by direct amination of 252.
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The C—N bond can also be constructed by the aza-Wittig reaction, condensing iminophosphorane 256
with methyl-trifluoromethylpyruvate 246" where imine 257 is formed (Scheme 3.17) This imine can
later be reduced to the amino ester 258 using zinc metal (Scheme 3.17).

PhN;
255
a o _Ph HN,Ph
PhN=PPh; * F3CXCOOMe—b> F3C)|\COOM9L> F3C)\COOMe
256, 79% 246 257, 92% 258, 66%

(a) PPhs, Et,0, (b) MePh, (c) i) Zn, AcOH, ii) Lil, EtOAc

Scheme 3.17 Synthesis of 258 through aza-Wittig reaction.

An alternative entry towards enantiomerically enriched a-trifluoromethylglycine 180 is using a
chiral auxiliary instead of chiral reducing agents. As aforementioned,
trifluoromethyl(arylsulfinyl)methyl imine (259) can be obtained from aza-Wittig reaction between N-
aryl iminophosphoranes and chiral y-trifluoro-s-ketosulfoxides.™® The stereocenter in the starting
material 259 ensures that the reduction by sodium borohydride gives the corresponding amine 260 in
an enantioselective fashion (Scheme 3.18). After separation of the diastereomers, the (S)-amine 260 is
transformed to enantiomerically pure (R)-a-trilfuoromethylglycine 180.

PMP - _PMP - _PMP
\o N a | OHN | OHN

< S < + 3

pTOl /S\)\CF3 pTO| g \/\CF3 ,OTO| /S\/kCF:g
259 (R)-260, 100%* (S)-260, 100%*
b
NH, NH, “« OH NH,

d C AVR

HOOC/'\CF3 HO\/'\CF3 /oToVSVkCF3
(R)-180, 42% 264 263, 88%

(a) NaBHy,*as a mixture of enantiomers, (b) CAN, (c) i) CbzCl, K,COg, ii)
sym-collidine, TFAA, K,COg, iii) NaBHy, (d) i) RuO, xH,0, NalQy, ii) H,
Pd(OH),

Scheme 3.18 Synthesis of trifluoromethylglycine (180) by using a chiral auxiliary.

Examined syntheses of a-trifluoromethyl amino acids offer an approach to various analogues
thereof however, they also employ multiple reaction steps and are not atom economical. The most
straightforward way to access this class of fluorinated amino acids would be by direct
functionalization of a-position of the amino acid. This would reduce the number of synthetic steps and
avoid protection and deprotection during the synthetic process. In the literature direct CF;

functionalization of the a-position of the amino acid has not been described.
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3.2 Synthesis of Enantiomerically Pure Amino Acids- Enzymatic Approach

Next, an insight in the synthesis of another specific class of fluorinated amino acids will be
given. The following subchapter will provide an insight in the synthesis of enantiopure fluorinated
amino acids with the emphasis on the enzymatic synthetic approach.

3.2.1 Synthesis of Enantiomerically Pure Fluorinated Amino Acid, Standard
Approach

Several research groups are focused on development of asymmetric syntheses for the
preparation of fluorinated a-amino acids.**®® The usual approach to synthesis of mentioned
compounds utilizes stereoselective alkylation of an enantiopure auxiliary.[®"! For instance, an imine
which contains the chiral protecting group to direct the stereochemistry in the Strecker reaction!?® 3 ™!
Variation of that approach is starting from an enantiomerically pure coumpound, where
stereochemistry is already set.”® In addition, the use of the Ni(ll) chiral complex represents another
pathway of interest™ " as well as employing chiral catalyst to induce stereoselectivity.** 4% 777
However, mentioned methods have downsides associated with expensive catalysts® and chiral

auxiliaries or complexity and number of synthetic steps.

3.2.2 Enzymatic Synthesis of Amino Acids on an Industrial Scale

Awareness of the increasing environmental pollution has resulted in the development of atom-
economical, environmentally friendly and greener chemical processes.*® Cleaner production
processes, renewable energy and reuse of the resources as well as treatment of waste and the produced
amount thereof are some of the new chemical challenges. 25 years ago, the green chemistry concept
emerged, based on the concepts of atom economy and the ratio of waste produced/product obtained.®"
84]

Catalytic processes can and should be a substitute for stoichiometric reactions because of their
higher efficiency. The fact that more than 80% of the produced chemicals today are made using
catalytic processes shows the importance of catalysis research. 1

Catalytic reactions should also be fast, selective and easily scaled-up. As a special field of
catalytic reactions, biocatalytic transformations are environmentally acceptable, efficient and meet the
standards of green chemistry (cost-efficiency, waste reduction, energy consumption).[8 8]

The fact that enzymes can catalyze some of the most complex chemical reactions under mild
conditions with very high specificity for the substrate reflects in widespread industrial use of enzymes

in the textile, pharmaceutical and fine chemical industries. Industrially, amino acids are produced in

50



Chapter 3: Synthesis of Specific Classes of Fluorinated Amino Acids: a-CF; Amino Acids and Optically Active Amino Acids

four basic ways: chemical synthesis (including asymmetric synthesis), extraction, fermentation, and
enzymatic routes.® The classical chemical synthesis is applied to produce either the achiral glycine or
racemic amino acids, for instance D,L-methionine. To access L-amino acids by this route, chemical
synthesis has to be combined with a resolution step. Some cases of L-amino acid production include
prochiral precursors and enzymes as chiral catalysts. There are many known catalytic asymmetric
syntheses for many L-amino acids and their D-analogues, however, only a few are applied on
industrial scale.’®® The mentioned extraction process offers access to almost all the proteinogenic L-
amino acids by isolation from protein hydrolysates. In this procedure protein rich products are used as
starting materials (keratin, feathers, bloodmeal or technical gelatin) (Fig. 3.19).

Proteins

HCI
| Protein hydrolysates
Met, Trp I o Cvs,
Asn, GIn A [ > Tyr
lon exchange
demineralization
Basic Neutral Acidic
amino acids amino acids amino acids
Arg Gly, Ala Asp
Lys Val, Leu Glu
His lle, Ser
Thr, Phe
Pro, Hyp

Figure 3.19 Extraction of amino acids.

On the other hand, there are some examples of an enzymatic industrial amino acid production.
Perhaps, the best example is the development of an enzymatic industrial process for aspartate
production. An L-aspartate ammonia lyase catalyzed (L-aspartate ammonia lyase, EC 4.3.1.1) addition
of ammonia to fumaric acid® affords the product in higher yield, productivity of the process is higher
and the amount of byproducts is reduced (Scheme 3.20). This offers easy separation of L-aspartic acid

from the reaction mixture by crystallization.
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NH,

HOOC. A~ (poy —2= HOOC COOH
265 158

a) NH3, L-aspartate ammnoia lyase

Scheme 3.20 L-aspartate ammonia lyase catalyzed synthesis of aspartate.

Later, a continuous production of L-aspartic acid employing immobilized L-aspartate
ammonia lyase isolated from Escherichia coli was first commercialized in Japan.®®® The first industrial
application of immobilized microbial cells in a fixed-bed reactor took place in 1973 with a large scale
production of aspartate conducted by an immobilized cell system containing E. coli cells entrapped in
polyacrylamide gel lattice.® This process was developed further and improved by immobilization of
the cells in k-carrageenan, which afforded increased operational stability that enabled biocatalyst half-
lives of almost two years.®” L-aspartic acid became an importatnt intermediate in the manufacture of
the dipeptide sweetener aspartame, methyl ester of L-aspartyl- L-phenylalanine, therefore the
enzymatic production was further improved throughout the immobilization of Escherichia coli strains
using polyurethane®™ or polyethylenimine, glass fiber support. Although, industrial production of
aspartate evolved tremendously it is not the only example of an amino acid that is produced
enzymatically on the industrial scale. L- Methionine ((S)-266) and valine are also produced using
enzymatic transformations. However, both in the production of L-methionine ((S)-266) and L-valine,
enzymes are only employed for the resolution of racemic N-acetyl-methionine (267) and N-acetyl-
valine. In the case of methionine acylase from Aspergillus oryzae is used in a continuously operated
fixed-bed or enzyme membrane reactor.® Alternatively the production of methionine from D,L-5-(2-
methylthioethyl)hydantoin 268 utilizes growing cells of Pseudomonas sp. strain (Scheme 3.21).° It is
evident that enzymes are exploited in industry as catalysts due to their ability to be recycled and reused
and their incredible stereospecificity. Therefore, the enzymatic synthetic entries towards fluorinated

amino acids are not surprising. These will be described in more detail in the next subschapter.

O

CHgSH + 0 — S _~_0 2> /SMNH

HN—§

270 61 269 268 ©
/Sv\(COOH /S\/\‘/COOH S~ ~COOH

b C + -y

- HN - NH, HN\n/

267 O (S)-266 (R)-267°

: |

(a) HCN, NH3, CO,, (b) i) OH, ii) Ac,0, (c) Aminoacylase | EC 3.5.1.14, (d) racemization
Scheme 3.21 Degussa production of methionine.
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3.2.3 Synthesis of Amino Acids by Exploiting Enzymatic Processes

Although enzymes are mostly substrate specific and as fluorinated amino acids are not
naturally occurring substrates, there is no general enzymatic method for their synthesis. Fortunatelly,
not all the enzymes are completely substrate specific, and, moreover, they can be engineered to accept
different substrates. Consequently, the synthesis of fluorinated amino acids can be performed
enzymatically. The following examples describe three different types of enzymes that were employed
in fluorinated amino acid synthesis. Phenylalanine dehydrogenase/formate dehydrogenase system was
a system used in the synthesis of hexafluoroleucine, tetrafluoroleucine® and 5,5,5-trifluoroleucine.!*
Enzymatic system afforded the enantioselective introduction of the amino group into the molecule
(Scheme 3.22).

0]
FSCJ\ Ph:;PVJ\Wo\/ B F3Cj\)%(0\/

(0]
273, 65%
NH,
(0]
274, 82% 275, 45%

(a) THF, (b) H,, Pd/C, THF, (c) i) 1 M Nay,COj3, ii) Phenylalanine
dehydrogenase, formate dehydrogenase, NADH, 1.5 M HCOONH,, pH 8.5

Scheme 3.22 Synthesis of 5,5,5-trifluoroleucine 275 by Phenylalanine dehydrogenase/formate
dehydrogenase system.

A slightly different approach was used for synthesis of N-carbamoyl-D-p-fluorophenylglycine
and N-carbamoyl-D-p-trifluoromethylphenylglycine (Scheme 3.23). Here, hydantoinase catalyzed the
conversion of the initial hydantoin 276 to the desired fluorinated aromatic amino acids (Scheme
3.23).%%

NH COOH
\RO a,
N NHCONH,
H
X X
276 277
X=F, CF3, 100% conv., 98% ee

(a) D-hydantoinase, pH 9

Scheme 3.23 Synthesis of N-carbamoyl-D-p-fluorophenylglycine and N-carbamoyl-D-p-
trifluoromethylphenylglycine using hydantoinase.

A separate group of enzymes used for fluorinated amino acid synthesis are esterases. In the
synthesis of (S)-y-fluoroleucine ethyl ester, the stereoselectivity is introduced using Novozyme 435.5°7]
Resolution of trifluoroethylglycine by acylase was also a key step to access the enantiomerically pure

compound.®®
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A final easy approach to enantiomerically pure fluorinated amino acids is using nitrilases,
enzymes that catalyze the hydrolysis of nitrile group to a carboxylic group. These were employed in
the synthesis of fluorophenylglycine.® After giving an overview of general synthesis of fluorinated
amino acids and focusing on synthesis of two specific classes thereof (a-trifluoromethyl amino acids
and optically active fluorinated amino acids), in the next chapter hydantoins, important derivatives of
amino acids will be brought to the spotlight.
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