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1. Introduction and aims

Fluorination has become a highly important topic in recent decades, because incorporation of
the highly electronegative F atom can greatly influence key pharmaceutical parameters like
metabolism, lipophilicity and bioavailability. Thanks to their advantageous properties,
fluorinated drug molecules have become common with their current ratio within newly
approved drugs is about 20-25%.

Cyclic amino acids are of high importance in pharmaceutical chemistry. Conformational
restrictions resulting from their cyclic nature make them promising building blocks of new
bioactive peptides. Numerous natural or synthetic cyclic amino acid derivatives, including
approved drugs, show relevant biological activities.

Because of the importance of fluorination, fluorinated cyclic amino acid derivatives also
gained attention. However, within this compound family, fluorinated cyclic B-amino acids
received less interest. As a result, synthesis of such molecules became an important research
topic in the Institute of Pharmaceutical Chemistry at the University of Szeged. With the help of
nucleophilic fluorinating reagents, preparation of numerous fluorinated cyclic 3-amino acid
derivatives was accomplished.

The present PhD work focused on the synthesis of various types of fluorinated
functionalized cyclic B-amino acid derivatives. The aim of the research was to obtain such
compounds through new synthetic pathways starting from selectively epoxidated or
dihydroxylated cyclic B-amino acid derivatives, utilizing deoxyfluorinating reagents. High
emphasis was placed on substrate dependence (including neighboring group effects),
selectivity, and chemodifferentiation between functional groups.

2. Methods

The synthesized compounds were separated and purified by column chromatography on silica
gel. The newly prepared compounds were characterized by melting point measurement,
elemental analysis, NMR spectroscopy and mass spectrometry. For determination of the
structure and stereochemistry of the compounds, two-dimensional NMR techniques (COSY,

HSQC, and NOESY) and single-crystal X-ray diffraction were also used.
3. Results and discussion
3.1.1. Synthesis of epoxy amino esters

Unsaturated cyclic f-amino esters, obtained from B-lactams, were subjected to stereoselective

epoxidation to synthesize the starting epoxy p-amino esters (Scheme 1).
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Scheme 1. Stereoselective epoxidation of B-amino esters

Some other oxiranes were also synthesized to study the effects of the ester and protected
amine moieties individually. Epoxidation of cyclohex-3-eneamine derivative (+)-10 (obtained
from cyclohex-3-enecarboxylic acid by Curtius rearrangement) was stereoselective, while

epoxidation of ethyl cyclohex-3-enecarboxylate (+)-12 yielded a product mixture (Scheme 2).
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Scheme 2. Synthesis of monofunctional bicyclic oxiranes
3.1.2. Fluorination reactions

Reactions of oxirane (£)-5 were studied first. Initially, a catalytic amount of EtOH was added
to the reaction mixtures to produce some HF, which can facilitate the ring-opening through
electrophilic activation of the epoxide ring. Reaction with 6 eq. Deoxofluor in anhydrous PhMe
resulted in both fluorohydrin (+)-15 and unsaturated fluorine-containing product (+)-16, while
4 eq. reagent produced only compound (£)-16. Other agents for electrophilic activation were

also tested and in the presence of TiCls fluorohydrin (£)-15 was obtained (Scheme 3).

4 eq. Deoxofluor, 1 eq. TiCl,, PhMe, RT, 3 d, 26%

'
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Scheme 3. Reactions of epoxide (x)-5 with Deoxofluor



During our experiments with Deoxofluor—Lewis acid systems, the reaction of (+)-5 with
only BF3-OEt, was tested too, resulting in heterocycle (x)-17 thanks to participation of the

protected amino group. Use of XtalFluor-E gave similar results (Scheme 4).

1 eq. XtalFluor-E HO CO,Et
1,4-dioxane + cat. EtOH, 13 h reflux, 57%\ Hi iH
CO,Et
@) i O\fN
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(¥)-5 THF, RT, 2 h, 75% (F)-17

Scheme 4. Reactions of epoxide (£)-5 with XtalFluor-E and BFs-OEt>

Reaction of epoxide (+)-6 with Deoxofluor in the presence of catalytic amount of EtOH
gave both unsaturated derivative (+)-16 and difluorinated product (+)-18. Reaction with

XtalFluor-E yielded heterocyclic derivative (£)-19 (Scheme 5).
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Scheme 5. Fluorinations of epoxide (£)-6

Reaction of epoxide (£)-7 with Deoxofluor in the presence of EtOH was the most
effective in refluxing CH2Cl2, where difluorinated product (+)-20 was obtained in 71% yield.
The use of TiCl, instead of EtOH improved the yield to 76%. Treatment of epoxide (£)-7 with
XtalFluor-E furnished cyclized product (£)-21 (Scheme 6).
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Scheme 6. Reactions of epoxide (£)-7 with nucleophilic fluorinating reagents

From compound (£)-8, in the presence of EtOH, products (+)-22 and (+)-23 were obtained

in low yields with Deoxofluor. Reaction with XtalFluor-E gave cyclized (£)-24 (Scheme 7).



HO CO,Et
CO,Et _ .
O@ 1 eq. XtalFluor-E, cat. EtOH, 1,4-dioxane, reflux, 5 h - Hi H

NHBz O__-N
(£)-8 e
F., WCO,Et HO ~CO,Et Ph
2 eq. Deoxofluor, cat. EtOH O\ + \Q (*)-24 (46%)
o, . -
CH,Cly, reflux, 3 d, 71% e NHBz e NHBz
(£)-22 (10%) (£)-23 (13%)

Scheme 7. Reactions of epoxide (£)-8 with nucleophilic fluorinating reagents

The reaction of trans-epoxycyclohexanecarboxylate (+)-13 with Deoxofluor did not give
any identifiable products. When various amounts of XtalFluor-E and EtsN-3HF were applied,

fluorohydrin (x)-25 was isolated in 22-51% yield from the reaction mixture (Scheme 8).
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Scheme 8. Selective ring opening of epoxide (+)-13 with nucleophilic fluorinating reagents

In contrast with its trans isomer, reaction of cis-epoxycyclohexanecarboxylate (+)-14
with Deoxofluor yielded difluorinated derivative (£)-26. With XtalFluor-E and EtsN-3HF,
oxirane (£)-14 reacted similarly to its trans isomer (Scheme 9). From epoxyaminocyclohexane

derivative (+)-11 difluorinated compound (%)-28 was obtained with Deoxofluor (Scheme 10).
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Scheme 9. Ring opening of epoxide (£)-14 with nucleophilic fluorinating reagents
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Scheme 10. Ring opening of epoxide ()-11 with Deoxofluor




3.2. Chemoselective substrate-directed fluorinations of functionalized diol derivatives
3.2.1. Synthesis of diols

Starting diols were synthesized by cis-dihydroxylation of unsaturated 3-amino esters and diester
41 with catalytic amount of OsO4 in the presence of N-methylmorpholine-N-oxide or NMO
(Scheme 11 and 12).
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Scheme 11. Synthesis of dihydroxylated cycloalkane B-amino acid derivatives
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Scheme 12. Synthesis of dihydroxylated diester 42

Ko

3.2.2. Fluorination reactions

1 eq. Deoxofluor transformed diol (£)-29 into cyclized product (+)-43. The use of 4 eq.
Deoxofluor resulted in unsaturated B-amino ester (+)-44 and fluorinated oxazine (+)-45
(Scheme 13). Reaction of B-amino acid derivative (x)-32 with 1 eq. reagent yielded two cyclized
products: (x)-46 with a six-membered heterocycle and ()-47 with a five-membered one. With
excess Deoxofluor, fluorinated amino acid derivative (£)-48 was obtained with the nitrogen
atom in y position to CO2Et (Scheme 14).



CO,Et HO,, CO,Et

HO/, ’
O: 1 eq. Deoxofluor, CH,Cly, 20 °C, 24 h - Q’ !
> 1 il
HO" NHBz

O__N
(£)-29 F. CO,Et Y
COZEt Hi i Ph
4 eq. Deoxofluor + (£)-43 (64%)
CH,Cl,, 20 °C, 4 h O.__N
NHBz hd
(£)-44 (26%) Ph
()-45 (18%)
Scheme 13. Fluorination of 4,5-dihydroxy-2-aminocyclohexanecarboxylate (+)-29
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Scheme 14. Reaction of dihydroxylated B-amino acid derivative (£)-32 with Deoxofluor
When C-1 epimeric diol (£)-34 was subjected to 1 eq. Deoxofluor, (£)-49 the only single
cyclized product was obtained, epimer of (x)-47. This indicates that the OH group at C-3 is more
reactive. The use of 4 eq. reagent resulted in two fluorine-containing heterocyclic products
(Scheme 15). Compound (£)-51 has the nitrogen atom in y position to CO2Et.
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Scheme 15. Reactions of diol (£)-34 with Deoxofluor

With 1.5 eq. Deoxofluor, diol (x)-37 was transformed into cyclized product (+)-52. The

use of excess reagent produced fluorinated oxazoline (£)-53 (Scheme 16).
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Ho—"H  1.5eq. Deoxofluor HO"'Q’COZEt 4 eq. Deoxofluor ~ H")—{'H
Oo__N " CH,Cl,, 20 °C, 70 min CH,Cl,,20°C,5h O__N
Y HO  'NHBz
Ph (£)-37 Ph
(£)-52 (71%) (£)-53 (72%)

Scheme 16. Fluorinations of diol (x)-37



Reaction of diol (£)-38 with Deoxofluor resulted in a diastereomeric mixture of cyclic
sulfites. In order to avoid cyclic sulfite formation, deoxyfluorination was attempted in the
presence of DBU, resulting in fluorohydrin (x)-56 (Scheme 17).

H
1 eq. Deoxofluor, CH,Cly, 20 °C, 40 min: 95% O~ COEt
> ° N.SI _
0" 0" “NHBz
HO WCO,Et o
2 4 eq. Deoxofluor, CHyCly, 20 °C, 1day: 34% /" (4).54 bha (2)-55
HO NHBz Fu, WCO,Et
(%)-38 4 eq. DBU, 1.5 eq. Deoxofluor, CH,Cl,, 20 °C, 40 min ' 2
HO  NHBz

()-56 (33%)
Scheme 17. Reactions of diol (£)-38 with Deoxofluor in the absence or presence of DBU
When subjected to Deoxofluor and DBU, compounds (£)-30 and 42 were dehydrated to
0X0 compounds (£)-57 and (£)-58. Similar treatment of N-Cbz-protected f-amino esters (+)-36
and (£)-40 resulted in aziridines (+)-59 and (£)-60 (Scheme 18).
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Scheme 18. Reactions of diols (+)-30, (+)-36, (+)-40 and 42 with Deoxofluor and DBU
In the presence of DBU, reaction of dihydroxy-p-amino ester (x)-37 with Deoxofluor
produced oxazoline (+)-52 more quickly and somewhat more efficiently. Fluorination of

isolated (£)-52 in the presence of DBU produced fluorinated derivative (x)-53 (Scheme 19).

reeppy | HO" S CO,Et
HO... CO,Et a- e
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Scheme 19. Reaction of dihydroxy-p-amino ester (x)-37 with Deoxofluor and DBU



3.3. Transformation of functionalized diol derivatives through ring opening/ring

contraction and substrate-dependent fluorinations
3.3.1. Synthesis of formyl-substituted cyclic f-amino esters

Oxidative ring opening of 3,4-dihydroxy-p-amino esters (x)-32 and (+)-34 with periodate,
followed by aldol reaction of the obtained dialdehydes produced unsaturated aldehydes (+)-63
and (%)-64 as single products. Analogous transformation 4,5-dihydroxy-p-amino esters ()-29
and (£)-30 resulted in mixtures of unsaturated aldehydes (Scheme 20).

CO,Et CO,Et | _ COyEt
O: NalO,, THF/H,O morpholine TFA _ C@i
. ° - THF,20°C,1h
HO >N “NHBz  20°C1h 0”7 "~ NHBz
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OH o) ()63 (—=): 38%
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(£)-34 ¢) | (2)-62 ()
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CE 2= 2. morpholine*TFA, THF, 20 °C, 1 h @iCOzEt @:
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HO' NHBz ) ; NHBz

(£)-29 (—=) From (£)-30: 1:1 mixture; 44% NHBz OHC
(i)'30 ("IIII) (+) 65 -—) (+) -67 (——
(+) 66( "') (+) 68( |||)

Scheme 20. Ring opening/ring contraction of diols (£)-29, (£)-30, (x)-32 and (+)-34
3.3.2. Fluorination reactions

Reactions of aldehydes (+)-63 and (£)-64 with DAST or Deoxofluor yielded two products: the

expected CHF2-containing derivatives and fluorovinyl-containing compounds (Scheme 21).

CO,Et
CO,Et F F i
oHC Deoxofluor COEt ,  Hy—\"H
CH,Cl,, 20°C, 4h H O_N
NHBz Y
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(£)-70 (.+11): 30% (£)-72 (1) 41%

Scheme 21. Fluorinations of aldehydes (+)-63 and (+)-64
3.3.3. Extension of the method

We aimed to extend this strategy to other functionalized cyclohexanediols with special emphasis
on the fluorination conditions. Symmetric diol 42 provided a single unsaturated aldehyde
(Scheme 22). In contrast, transformation of diastereomeric mixtures (+)-76 and (+)-79 (obtained
by dihydroxylation of ester (x)-75 and N-Cbz-protected amine (+)-10, respectively) resulted in
two aldehydes (Scheme 23). To further extend our strategy, bicyclic aldehyde (£)-84 was
synthesized from N-benzyl-cis-tetrahydrophthalimide 82 by stereoselective dihydroxylation,



oxidative ring opening and intramolecular aldol reaction (Scheme 24). Fluorinations of these

aldehydes produced the desired CHF,-containing products (Scheme 25).
OHC

HO, CO,Me o CO,Me
Cﬁ 2¥€ Nalo,, THF/H,0 X/VL 2" morpholine'TFA COMe
20°C, 1 h _ THF, 20 °C, 1 h

HO" o CO,Me COMe

CO,Me 72% for 2 steps
73 ()-74

Scheme 22. Transformation of diol 42 into unsaturated aldehyde (+)-74
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Scheme 23. Synthesis of unsaturated aldehydes from monofunctionalized cycloalkenes
OHC 0
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Scheme 24. Synthesis of bicyclic unsaturated aldehyde (+)-84
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Scheme 25. Reactions of unsaturated aldehydes with nucleophilic fluorinating reagents
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