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Solution-, Solid-Phase, and Fluorous Synthesis of p,3-Difluorinated Cyclic
Quaternary a-Amino Acid Derivatives: A Comparative Study
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Abstract: The diastereoselective syn-
thesis of cyclic f,B-difluorinated o-
amino acid derivatives bearing a qua-
ternary stereocenter is described. The
process relies on the chemo- and dia-
stereoselective addition of allylic or-

glycinol methyl ether as a chiral auxili-
ary. The resulting amino acids were in-
troduced into peptide chains, which
could facilitate the preparation of po-
tentially bioactive dipeptide deriva-
tives. In addition, the solution synthesis

of these cyclic fluorinated o-amino
acids was successfully adapted to solid-
phase and fluorous-phase techniques.
The reaction times and final deprotec-
tion were clearly more favorable in the
latter, in which a fluorous trimethylsilyl-

ganometallic reagents to fluorinated -
imino esters and a subsequent ring-
closing metathesis reaction (RCM).
Complete selectivity in the nucleophilic
addition was achieved with (R)-phenyl-

synthesis -

Introduction

Fluorine is an outstanding element in organic chemistry. De-
spite its natural abundance on earth, it occurs extremely
rarely in biological compounds, a fact which implies that the
vast majority of fluoro-organic compounds are man-made.
The usual strategies for introducing fluorine into a molecule
involve either direct fluorination (in electrophilic or nucleo-
philic fashion) or, more commonly, the use of fluorinated
building blocks.™

Currently, fluorinated compounds are popular targets in
the field of medicinal chemistry because they have led to a
large number of highly effective drugs.”) In many cases, the
incorporation of fluorine into biologically active compounds
can alter both drug metabolism and enzyme substrate recog-
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ethanol (TMSE) tag was used. The tag
was then easily removed upon treat-
ment with TBAF in a high-yield trans-
esterification process.

fluorous
quaternary

nition.” Among such compounds, fluorinated amino acids
have recently emerged as valuable building blocks for de-
signing hyperstable protein folds as well as for directing
highly specific protein—protein interactions.! Due to their
unique electronic properties, fluorinated amino acids have
dramatic effects on protein stability, protein—protein and
ligand-receptor interactions, and the physical properties of
protein-based materials. Furthermore, the incorporation of
fluorine into peptides and proteins provides an opportunity
to study the conformational properties and metabolic pro-
cesses of these substances with the aid of FNMR tech-
niques. Still, despite the promising features of organic fluo-
rine derivatives in peptide chemistry, they have attracted
relatively little interest in the field of peptide design and
protein engineering.”! The main reason is the limited syn-
thetic access to fluorinated amino acids and the elaborate
methods that are often required for their incorporation into
peptide chains. Even rarer are examples of the preparation
of quaternary cyclic fluorinated a-amino acids, and of the
few there are, most deal with fluorinated 1-aminocyclopro-
pane carboxylic acids.

The substitution patterns of the cyclic quaternary o-amino
acids are depicted in Figure 1, and show a nitrogen atom
either outside the ring (I and II) or included in the cyclic
backbone (III and IV).

Although very little is known about the chemistry and ap-
plications of these derivatives, several synthetic approaches

WWILEY

) InterScience’

7019



CHEMISTRY—

A EUROPEAN JOURNAL

R_R FOF
COOH ( i COOH
én NH, ! NH,
i I
FOF R_'R
<<?$<COOH (&COOH
"NTR "NTR
H H

1] v

Figure 1. Fluorinated cyclic quaternary a-amino acids.

have been reported. For example, Uneyama et al. have de-
scribed the preparation of enantiomerically pure trifluoro-1-
aminocyclopropane carboxylic acids (type I) by means of a
highly selective chiral epoxide ring opening.! To date, three
different strategies have been used to access derivatives of
type III: while Chen et al. used a Claisen rearrangement/io-
dolactonization sequence followed by a classic chemical res-
olution to provide (S)-4,4-difluoro-3,3-dimethyl proline,”
Uneyama et al. employed an enantioselective hydrogenation
catalyzed by Pd-BINAP with subsequent cyclization to pre-
pare optically pure pB,B-difluoroproline derivatives.¥! The
third strategy was developed by our group and entailed an
enantioselective preparation of these systems with chiral
sulfoxides and with an RCM as the key step.!”!

With regard to type IV fluorinated amino acids, Osipov,
Dixneuf et al. used RCM methods to obtain fluorinated pi-
pecolic and pyrroline ester derivatives.'”l More recently, the
same authors prepared fluorinated bicyclic a-amino acids in
a tandem alkenylation/cyclopropanation protocol mediated
by a ruthenium catalyst.''l Rutjes has also very recently pre-
pared fluorinated pipecolic esters starting from allyl glycine
and using an RCM to effect the cyclization.™?! Finally, Brig-
aud et al. reported the synthesis of enantiomerically pure o-
trifluoromethyl proline through diastereoselective allylation
reaction of (R)-phenylglycinol-based oxazolidines.!!

To the best of our knowledge, only one example of fluori-
nated cyclic a-amino acids II has been reported, namely

Abstract in Spanish: Se describe la sintesis diastereoselectiva
de derivados de a-aminodcidos ciclicos B,-difluorados. El
proceso se basa en la adicién quimio- y diastereoselectiva de
reactivos organometdlicos alilicos a a-iminoésteres fluorados
y posterior reaccion de metdtesis con cierre de anillo (RCM).
Se consiguio una completa selectividad en la adicién nucleo-
filica con el éter metilico de (R)-fenilglicinol como auxiliar
quiral. Los aminodcidos resultantes se pudieron introducir en
cadenas peptidicas, permitiendo la preparacion de derivados
dipeptidicos potencialmente bioactivos. Ademads, la sintesis en
disolucion de estos o-aminodcidos ciclicos fluorados se
adapto con éxito a las técnicas de fase solida y fluorosa. Los
tiempos de reaccion y desproteccion final fueron claramente
mds favorables en la sintesis fluorosa, empleando el tag fluo-
roso trimetilsilil etanol (TMSE), el cual se eliminé facilmente
mediante tratamiento con TBAF, en un proceso de transeste-
rificacion con elevado rendimiento.
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(R)-1-amino-2,2-difluorocyclopropanecarboxylic acid, which
has been synthesized with an asymmetric acetylation of a
prochiral cyclopropanediol catalyzed by a lipase as a key
step.'") In the present paper we describe the study and de-
velopment of a new strategy for the enantioselective prepa-
ration of a new family of type II derivatives, 2,2-difluoro-1-
aminocyclohexane carboxylic acids, starting with a,o-difluoro-
alkenylic acids and using an RCM for the cyclization step.[™”)
The preparation of these derivatives with both solid-phase
and fluorous-phase techniques will also be described
(Scheme 1).

solution synthesis

FF>© i solid-phase synthesis

N fluorous synthesis

Scheme 1. Methods for the synthesis of 2,2-difluoro-1-aminocyclohexane
carboxylic acids 1.

Results and Discussion

Solution synthesis of fluorinated a-amino acids 1: The syn-
thetic route by which we obtained fluorinated derivatives 1
is depicted in Scheme 2. The synthesis involved the use of
2,2-difluoro-4-pentenoic acid (2)! as a starting material,
which was then converted into a-imino esters 5§ in three
steps. The precursor for the ring-closing metathesis reaction
was obtained through stereoselective nucleophilic allylation
of the imine moiety of 5, which created a quaternary stereo-
center. After cyclization by means of an RCM,!'"! subse-
quent removal of the N- and O-protecting groups afforded
the desired a-amino acids 1.

H,N CO,H

F R RF
* 4
Fﬁi > Moo
< R
. 2
R' .
HN_ COR® N
F R*
e
F R* - \/%COZRZ
R® RCM £ F
8 5

Scheme 2. Synthetic approach for the preparation of f,B-difluorinated
cyclic a-amino acids 1.

Following the methodology described by Uneyama and
co-workers,"® we first transformed 2 into imidoyl chlorides
3,1 which led to the corresponding imidoyl iodides 4 in
quantitative yield. The alkoxycarbonylation reaction of com-
pounds 4 with several alcohols in the presence of [Pd,-
(dba);]-CHCI; as a catalyst afforded o-imino esters 5 in
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moderate isolated yields (Table 1).***! Because this reaction
was sensitive to the steric hindrance of the alcohol nucleo-
philes, ethanol, benzyl alcohol, and 2-(trimethylsilyl)ethanol

Table 1. Preparation of fluorinated a-imino esters 5.

9 PPh,, Et;N, R'NH. N/R1
3 31N 2
FF CCly, A, 3h £ F
2 1 3: X=ClI Nal
N'R 4: X=| )acetone
[Pd,(dba),], K,CO4 A
CO,R?
CO (1 atm), R?0OH FF
toluene/DMF 10:1 5
2-4d

Entry R! 3 (%)™ R? 5 (%)
1 PMP"! 3a (80) Et 5a (55)
2 PMP"! 3a Bn 5b (60)
3 PMP"! 3a TMSEHM 5¢(52)
4 PMP"! 3a iPr 5d (20)
5 PMP"! 3a Bu 5e (20)
6 (S)-PhCH(Me) 3b (60) Bn 5£(70)
7 (R)-phegly-OMel"! 3¢ (70) Bn 5g (50)
8 (R)-phegly-OMel" 3c TMSE! 5h (51)
[a] Isolated yields. [b] PMP=p-MeOC¢H,. [c] TMSE =2-trimethylsilyl-

ethyl. [d] (R)-phegly-OMe = (R)-PhCH(CH,OMe).

reacted faster and gave higher chemical yields (Table 1, en-
tries 1-3, 6-8) than either isopropanol or fert-butanol
(Table 1, entries 4,5). The easy introduction of chiral pro-
tecting groups onto the nitrogen atom (Table 1, entries 6-8)
will access to chiral fluorinated a-amino acids.

The next step involved the chemo- and diastereoselective
addition of an organometallic allylic reagent to the fluori-
nated a-imino esters 5, in which two carbons are prone to
nucleophilic attack (Figure 2).

Nucleophilic additions of or-
ganometallic reagents to

N.R1‘/’l carbon-nitrogen double bonds
MORZ is not a trivial task since imines
S are usually less electrophilic
: than the corresponding carbon-
yl derivatives.”” Nevertheless,
Figure 2. Possible  organome- a.dditions to ket.imines are par-
tallic addition to imino esters ticularly appealing as these re-
5. actions can lead to interesting
amino derivatives bearing a

quaternary stereocenter.

The stereocontrolled synthesis of nonracemic quaternary
a,a-disubstituted o-amino acids represents an attractive
target in modern organic chemistry because the incorpora-
tion of these compounds into peptides imposes significant
constraints on their conformation.” As a result, much
effort has been directed towards developing new methods
for the asymmetric synthesis of quaternary a-amino acids.*"!
Many of these methods involve stereoselective nucleophilic
additions to carbon—nitrogen double bonds.”? The asym-
metric induction during the addition can be achieved by
means of substrate diastereocontrol (imines derived from

=
‘M/\/

[M = Li, Mg, Zn]
/\/M
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chiral amines and/or chiral aldehydes), as well as through
the use of chiral reagents or catalysts.

In our approach, the formation of the asymmetric quater-
nary stereocenter takes place through the chemoselective
addition of organometallic allylic reagents to the imine
moiety of fluorinated o-imino esters 5. Several authors have
carried out this transformation on related processes by using
allylic lithium and magnesium organometallic re-
agents.'®182] Thus, our first attempt involved a slow addi-
tion of a solution of allylmagnesium chloride in THF to the
a-imino ester Sa at 0°C. The reaction gave the desired prod-
uct 6a as well as the over-addition product resulting from
the double addition to the iminic and carbonylic carbons in
55% yield and 35:65 ratio. Unfortunately, this result could
not be improved by modifying the reaction conditions and
similar results were achieved with organolithium reagents.

The poor chemoselectivity of the addition of allylmagnesi-
um chloride to imines § prompted us to look for more selec-
tive allylic organometallic derivatives. We thus tried using
organozinc reagents, which react chemo- and regioselective-
ly with a-imino esters on the imine moiety.’® We found that
allylzinc bromides caused the addition to take place exclu-
sively at the iminic carbon of compounds 5 in 10 min at
—40°C (method A), thereby furnishing the desired a-amino
esters 6a—i in almost quantitative yield (Table 2, entries 1-
9).?7 For the addition of hindered allylzinc derivatives
(Table 2, entries 10-12), a different method involving the
preparation of the organometallic reagent under Barbier
conditions (method B, see Supporting Information for de-
tails) was employed.” We found that when a y-substituted
allylzinc derivative was used (Table2, entry10), the
branched (y-adduct) product was formed exclusively.

It should be noted that the allylzinc reagent derived from
ethyl 2-(bromomethyl)acrylate gave the o-methylene vy-
lactam 7 through a tandem addition-ring-closing process.”’!

With regard to the asymmetric version of the process, we
decided to evaluate the use of chiral a-imino esters 5 f-h de-
rived from chiral amines. It had previously been reported
that the diastereoselective allylation of aldimines derived
from phenylethylamine® or phenylglycinol® could be ach-
ieved with good selectivities. Indeed, when (§)-1-phenyle-
thylamine was used as a chiral auxiliary, compound 6 f was
formed in excellent yield as a 7:3 non-separable mixture of
diastereoisomers (Table 2, entry 6). However, much better
selectivity was achieved with imino esters 5g,h derived from
(R)-phenylglycinol methyl ether (Table 2, entries 7-12). In
these reactions a single diastereoisomer was formed, as de-
termined from 'H and “F NMR data.

The addition of organometallic reagents to imines gener-
ally proceeds through initial coordination of the metal to
the nitrogen atom and subsequent carbon—carbon bond for-
mation through a six-membered cyclic transition state. We
attribute the excellent selectivity observed in the allylation
of 5g,h to a highly ordered transition state arising from che-
lation of the imine nitrogen and the oxygen in the chiral
auxiliary to the metal, which thus delivers the allylic moiety
in a 1,3-like addition from the less-hindered side of the
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Table 2. Synthesis of a-amino esters 6.

RA
N R‘&/\ZnBr ':W\N,H COzFEf B"%C EMP
WJ\COZRZ L» F R* F ©
F F THF, -40°C R3
10-60 min | ‘
5 [ 7
Entry 5 R! R’ Method!®! R® 6 ([%])™ de [%]
1 5a PMPL Et A H 6a (99) -
2 5b PMP Bn A H 6b (99) -
3 5¢ PMPUY TMSE A H 6¢ (99) -
4 Se PMPUY Bu A H 6d (99) -
5 5b PMPL Bn A Me 6e (99) -
6 5¢f (S)-PhCH(Me) Bn A H 6£(95) 40
7 Sg (R)-phegly-OMel" Bn A H 6g (92) >98
8 5h (R)-phegly-OMel" TMSEW A H 6h (95) >98
9 5h (R)-phegly-OMel TMSE® A Me 6i (91) >98
10 Sh (R)-phegly-OMel" TMSEW B H (R*=Me) 6j (84) >98
11 5h (R)-phegly-OMel" TMSEW B COO1Bu 6k (86) >98
12 5h (R)-phegly-OMel" TMSE® B Ph 61 (50)! >98

[a] Method A: Addition of allylzinc bromide solution in THF to the imino ester 5 at

—40°C. Reaction time:

10 min. Method B: Addition of zinc powder to a biphasic solution of 5 and allyl bromide in THF/satd. NH,Cl.
Reaction time: 60 min. [b] Isolated yields. [c] Diastereomeric excess determined from '"F NMR integration.
[d] PMP =p-MeOCH,. [e] TMSE =2-trimethylsilylethyl. [f] (R)-phegly-OMe = (R)-PhCH(CH,OMe). [g] 40 %

of starting material was recovered unchanged.

carbon—nitrogen double bond (the side opposite the phenyl

group on the Re face of the imine; Scheme 3).

_/OMe
/‘)\ Zn . ph/f?\NH CO,R
RO, ™ Y € 1,3-lk addition F g
_—
T
H pn

6

Scheme 3. Diastereoselectivity control in the formation of 6.

With dialkenylic a-amino

To complete the synthesis, we
undertook the removal of the
amino acid protecting groups
on compounds 8. First, we
tested the deprotection of the
amino group on compound (—)-
8h by treating it with Pd(OH),
in ethanol under hydrogen at-
mosphere (1 atm). The reaction
proceeded smoothly, with a si-
multaneous reduction of the
carbon—carbon double bond.
Subsequently, the carboxylic
group was released through
treatment with TBAF in THF
to provide the a-amino cyclo-
hexanecarboxylic acid (—)-1 in
good yield after isolation
through ion exchange chroma-
tography on Dowex-H*
(Scheme 4). The absolute con-
figuration of the newly created
quaternary stereocenter was de-
termined to be § by means of
single-crystal X-ray analysis of

derivative (+)-11, which was prepared through N-acetyla-
tion of (—)-10 (Scheme 4).4

As a follow up to the synthesis, we were interested in
seeing whether our gem-difluorinated cyclic a-amino acid
derivatives could be incorporated into peptide sequences.

One strategy commonly used to improve the biological
properties of bioactive peptides entails the incorporation of
a,0-disubstituted non-natural amino acids in a peptide
chain.?Y The resulting peptidomimetics show higher stability
against proteases, as well as increased levels of lipophilicity

Table 3. RCM of a-amino esters 6.

esters 6 in hand, the final step R R

. . NH,CO.R? NH CO,R?

in our synthetic strategy was F. R 8 (5-15 moi%) Fo 2 Ré

the ring-closing metathesis reac- F R ———— F R

tion, which was carried out with | R CHicslzr; A R

the second generation Grubbs 6 8

catalyst [(IHMes)(PCy;)CLRu=  Entry 6 R! R? R’ 8 ([% ]

CHPh] (9)[32] in reﬂuxing di- 1 6a PMPLI Et H 8a (88)

chloromethane to afford cyclic 2 6b PMP!! Bn H 8b (93)

protected o-amino esters 8 in 3 6c PMPE“; TMSE"! H 8¢ (85)

excellent yield (Table3). Al- 4 6d PMP {Bu H 84 (75)

h hf . icall 5 Ge PMP Bn Me 8e (95)

though free amines are typically ¢ 6f (S)-PhCH(Me) Bn H 8 (95)

incompatible with ruthenium 7 6g (R)-phegly-OMel*! Bn H 8g (89)

metathesis catalysts due to cata- 8 6h (R)-phegly-OMel*! TMSE!Y H 8h (92)

lyst inhibition by the basic ni- 6i (R)-phegly-OMe!*! TMSEM Me 8i (91)

trosen. in our case. the pres- 10 6j (R)-phegly-OMel*! TMSEW H (R*=Me) 8j (87)
gen, » the p 1 6k (R)-phegly-OMel! TMSEW COOBu 8k (88)

ence of the electron-withdraw- 1, 6L (R)-phegly-OMel! TMSEWM Ph 81 (89)

ing fluorine atoms favored the
cyclization.
phegly-OMe = (R)-PhCH(CH,

7022 ——
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[a] Isolated yields. [b] When the RCM was carried out with first generation Grubbs catalyst (PCy;),Cl,Ru=
CHPh, 67% yield was obtained instead. [c] PMP=p-MeOC-H,. [d] TMSE =2-trimethylsilylethyl. [e] (R)-
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Ph
MeO

HN, ¢ H:N co,R H:N, CO,H
Fo - H (1atm) F -
ol LK Ke

EtOH 2) Dowex-H*

(-)-8h (98%) (-)-10 (70%) -)>-1

[R=(CH,),TMS]

Ac,O | Et,N, THF
(68%)

Scheme 4. Amino acid deprotection.

and bioavailability.’” When these two substituents consti-
tute a cycle, the conformational restriction increases. For
this reason, this class of cyclic amino acids has been used in
the preparation of peptide-based drugs.®® In particular, the
1-amino cyclohexanecarboxylic acid framework has been
used in the design of cathepsin K inhibitors®” and V, ago-
nists of arginine vasopressin.*!

Treatment of (—)-10 with acetic anhydride followed by
treatment with TBAF in THF gave the corresponding free
carboxylic acid, which in turn was coupled with glycine ethyl
ester to afford dipeptide (+)-12 in good yields (Scheme 5).
Currently, we are working on the synthesis of peptidomimet-
ic sequences with potential biological interest that bear the
1-amino 2,2-difluorocyclohexanecarboxylic acid unit. In this
context, a number of recent reports on the inhibition of ca-
thepsin K have focused on dipeptide-based nitriles with
para-substituted benzamides in which a natural amino acid
has been replaced with an achiral, conformationally restrict-
ed aminocyclohexanecarboxylate moiety. We are thus inter-
ested in the preparation of this type of molecules in an
enantiomerically pure fashion through incorporation of our
difluorinated cyclic a-amino acid derivatives. The prepara-
tion of a representative example of this kind of compound is
depicted in Scheme 5. Thus, dipeptidomimetic (—)-13 was
prepared by N-acylation of (—)-10 with p-bromobenzoyl
chloride followed by treatment with TBAF and subsequent
coupling with amino-acetonitrile hydrochloride under stan-
dard conditions.

e}
1) Ac,0, Et,N, THF (68%) AcHN
2) TBAF, THF (80%) Fo -~
3) HCI-H,NCH,CO,Et
DIC, DMAP, Et,N, DMF
(87%)

N> CO,Et
H

(+)-12
H:N co,R
N

F _

1) BrOCOCI
(-)-10

[R=(CH,),TMS] Et;N, DMAP, THF
(72%)
2) TBAF, THF
3) HCI'H,NCH,CN, DIC,
HOBt, DMAP, Et;N, DMF
(50%, 2 steps)

Q (@]
Ar)LN/H N
g H

F CN
E

(-)»-13
Ar = p-BrCgH,

Scheme 5. Dipeptide formation.
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Solid-phase and fluorous synthesis of difluorinated cyclic a-
amino acid derivatives: The increasing practice of combina-
torial and parallel synthesis for the discovery of new bioac-
tive compounds has led to improvements in the efficiency of
both the reactions and the purification techniques used in
organic synthesis. Thus, the development of new synthetic
strategies is as important as the design of fast new purifica-
tion methods of organic compounds. Among these innova-
tions are solid- and fluorous-phase syntheses, which we de-
cided to use in order to obtain fluorinated cyclic a-amino
acid derivatives following the same synthetic strategy we
had developed in solution (Scheme 6).

H,N CO,R'
F
fluorous F * solid-phase
synthesis \ synthesis
e Ny
PG PG
I I o 0
F. 0. R F. o
F 5 F
(0] (o]

FR =
R=CoF 7 (@ = Wang modified resin

Scheme 6. Solid-phase and fluorous synthesis of fluorinated cyclic
o-amino acid derivatives.

The solid-phase methodology facilitates the preparation
of compound libraries for high throughput screenings, since
separation is reduced to an easy wash and filtration pro-
cess.”” In spite of this, the literature contains very few ex-
amples of solid-phase parallel synthesis of fluorinated com-
pounds.”” We therefore decided to adapt our synthetic
route to solid-phase conditions in order to prepare small li-
braries of our compounds.

First, modified Wang-resin bearing bromobenzylic groups
was loaded with the fluorinated a-imino ester 5¢, which con-
tains a trimethylsilylethyl group. Ester 5S¢ was easily transes-
terified by modified Wang resin in the presence of TBAF.
After 15 h at room temperature, washing with CH,Cl, and
MeOH afforded the resin-bound imino ester 14, as deter-
mined by means of IR spectroscopy. Next, resin 14 was re-
acted with an excess of allylzinc bromide (3 equiv) in THF
at —40°C, followed by a ring-closing metathesis reaction in
the presence of the second generation Grubbs catalyst 9 to
afford the corresponding fluorinated cyclic a-amino ester
15. Finally, we performed the cleavage of the resin using
LiAlH, reduction, which yielded cyclic amino alcohol 16
with high purity (Scheme 7).

Fluorous synthesis is a relatively new type of synthesis in
solution. It is related to solid-phase synthesis in terms of
separation strategies, but rather than employing solid sup-
ports, perfluoroalkyl chains are used to facilitate the purifi-
cation of reaction mixtures.*!! This methodology thus com-
bines the advantages of solid-phase separations and solu-
tion-phase reactions in that it facilitates the separation of
the synthetic intermediates through fluorous solid-phase ex-
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~PMP
N
F OR BrCHz©—o
F
o] - F 0
‘ TBAF/THF, 15 h |
c 14
[R=(CHR)2 TMS]
PMR
1) ZnBr . HN CO/\O
THF, -40°C, 3h E LiAIH4
_—
2) 9 (10 mol%) THF, 2h
CH,CL, A, 15 h 15 HO/\O
PMR
HN, CH,OH
—_—
F

16 (80% purity)

Scheme 7. Solid-phase synthesis of fluorinated cyclic a-amino alcohols.

traction techniques (F-SPE)“? while avoiding some of the
limitations of solid-phase chemistry, including the unfavora-
ble kinetics, the high amounts of reagents and long reaction
times needed, and the difficult analysis of the reaction mix-
tures through TLC, NMR spectroscopy, or mass spectrome-
try.

In general, a fluorous synthesis implies the attachment of
a perfluoroalkyl chain (fluorous tag) to an organic molecule
within a synthetic route in order to allow for the use of fluo-
rous purification techniques after each step. These fluorous
compounds should be equivalent to their non-fluorous coun-
terparts in terms of reactivity. Moreover, the fluorous tag
must be compatible with the reaction conditions and it
should also be easy to remove at the end of the synthetic se-
quence.!

Our first forays into fluorous chemistry focused on our
previous research, making use of previously optimized syn-
thetic routes. Thus, in the last year we have described the
fluorous synthesis of both partially modified retropeptides!*
and fluorinated uracils.””! In this context, our interest in em-
ploying fluorous chemistry for the asymmetric synthesis of
fluorinated cyclic a-amino acids was to test the scope of this
method and to compare the results with those from previ-
ously developed solution and solid-phase syntheses.

Following the same strategy used in solution and on solid-
phase, we envisioned that the fluorous synthesis should start
from fluorous a-imino esters 17, in which the fluorous tag
could be introduced either in the alkoxycarbonylation step
from a suitable fluorous alcohol or through displacement of
the trimethylsilylethyl moiety with TBAF in the presence of
the corresponding fluorous iodide. Both fluorous alcohols
and iodides are commercially available.

The most direct way to obtain fluorous imino esters 17 is
to start from imidoyl iodides 4. Thus, although the alkoxy-
carbonylation of iodide 4a in the presence of 3-(perfluor-
ooctyl)propanol gave the desired a-imino ester 17a, the re-
action took place quite slowly (5 d) and in low yield (30%).
However, the transesterification of trimethylsilylethyl o-
imino esters 5¢,h with 3-(perfluorooctyl) propyl iodide in
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the presence of TBAF proceeded in only 2 h and in excel-
lent yields (Scheme 8). This second strategy thus leads to
the same derivatives as the alkoxycarbonylation reaction,
but bypasses the problems derived from the presence of the
dibenzalacetone ligand in the reaction mixtures.””

R _R!
N
| CF(CF)” > "0H F O~R
CO(1 atm), [Pd,(dba),], K,CO, ¢
| toluene: DMF (10:1), 120 h ‘
4a: R'=PMP (30%) R =C4Fy;
17a: R'=PMP
17b: R' = (R)-phegly-OMe
1
NR
F. O\/\
SiMe
Lo T CR(CR) T
| TBAF, THF, 2h
5¢c: R'=PMP (90%)

5h: R'=(R)-phegly-OMe (86%)

Scheme 8. Preparation of fluorous a-imino esters 17.

As in the solution and on the solid phase, the next step of
the synthesis was the reaction of fluorous imino esters 17
with allylzinc bromides (1.5 equiv), followed by cyclization
through a ring-closing metathesis reaction. Dialkenylic a-
amino esters 18 were obtained in excellent yields through
chemoselective addition of allylzinc bromides to the imine
moiety of 17.° The addition to chiral imino ester 17b took
place with total diastereoselectivity, as determined from the
integration of the 'H and ’F NMR signals. Finally, the RCM
reaction in the presence of the second generation Grubbs
catalyst (9) furnished cyclic derivatives 19 in high yields
(Table 4).

Table 4. Fluorous synthesis of cyclic a-amino esters 19.

R
NHcoshr

ZnBr F.
2 F
THF, -40°C | R?
E 10 min
17: 'R=C4Fy; 18
; PMP
NH cofhm | ROC
9 (5-10 mol%) F FF o
—_— i
CH,Cl,, A, 2h R? :
19 E | F7
Entry 17 R! R? 18 ([% ) 19 ([% )
1 17a pMpPU H 18a (99) 19a (85)
2 17b  (R)-phegly-OMel! H 18b (90) [> 98] 19b (92)
3 17a PMPU Me 18¢ (99) 19¢ (80)
4 17a PMPU CO,Et  F7(90) -

[a] Isolated yields. [b] PMP=p-MeOCH,. [c] (R)-phegly-OMe=(R)-
PhCH(CH,OMe). [d] In brackets [%] diastereomeric excess (de) deter-
mined from ""F NMR data.
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It should be noted that all of the synthetic intermediates
(17, 18, 19) were easily purified through fluorous solid-
phase extraction (F-SPE)*J to remove any excess of non-
fluorinated reagents, thereby speeding up and simplifying
the purification steps.

The final step of the process involved the removal of the
fluorous tag. To this end, we attempted both ester hydrolysis
and transesterification reactions on compound 19b, but our
efforts were completely ineffective.*’!

At this point, due to the problems associated with the de-
tagging procedures, we decided to change our strategy and
use a new fluorous tag that would be easier to remove at
the end of the synthesis. In this context, our group has re-
cently described the synthesis and applications of a fluorous
analogue of 2-(trimethylsilyl)ethanol® that can be easily re-
moved from fluorous esters by a transesterification reaction
in the presence of TBAF.*!! Using this new tag, we repeated
the synthesis starting from chiral imidoyl iodide 4¢. The per-
fluoroalkyl chain was introduced as an alcohol in the alkox-
ycarbonylation step to yield fluorous imino ester (—)-20,
which was easily purified by means of F-SPE. Next, we car-
ried out the addition of allylzinc bromide (1.5 equiv) fol-
lowed by the RCM. Both reactions proceeded in excellent
yields and with total diastereoselectivity in the addition step
(de >98%). Finally, a transesterification reaction with
TBAF in the presence of an electrophilic reagent, in this
case, benzyl bromide, allowed us to remove the silylated flu-
orous group successfully, thereby obtaining the cyclic o-
amino ester (—)-8g, that had been previously prepared in
solution phase (Scheme 9).

Ph,

\ Ph
/N | —
N OMe R g O N oM
F | F N
F | ['R = (CH,),C4F /] F O\/\S‘i/\FR
‘ CO(1 atm), [Pd,(dba),] o
K,CO,, 120h
4c toluene/DMF 10:1 (-)»-20
(55%)
Ph
MeO S‘ R
X HN ol
N zngr %0 T 9 (5 mol%)
_— —_—
THF, -40°C F CH.Cl,, A, 2h
10min o
(88%) (90%)
(-y21
Ph
MeO/Y Sli R Meo/\'Ph
HN, CO/\/ ~ HN S
£ N je0 o Br - M 00
F I
TBAF / THF
80%
()22 (60%) (-r8g

Scheme 9. Use of fluorous (trimethylsilyl)ethanol for the synthesis of
chiral a-amino ester 8g.
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Conclusion

In this paper we have described the asymmetric synthesis of
B,p-difluorinated 1-aminocyclohexane-1-carboxylic acids in
which the key steps are a chemo-and diastereoselective ally-
lation reaction of a-imino esters 5, followed by a ring-clos-
ing metathesis reaction. The creation of the quaternary ste-
reocenter takes place with a high degree of stereocontrol
when the methyl ether of (R)-phenylglycinol is used as a
chiral auxiliary on the imine nitrogen.

We have also incorporated our gem-difluorinated cyclic a-
amino acid derivatives into dipeptidic sequences and we are
currently studying their biological potential.

In addition, the solution synthesis of these derivatives has
been successfully adapted to solid-phase and fluorous-phase
methodologies. Both techniques allow for much easier pu-
rification as compared to the synthesis in solution. However,
fluorous synthesis offers numerous advantages over the
solid-phase strategy; the reactions are much faster and more
economical because they do not require the excess of re-
agents that the solid-phase synthesis does. Moreover, fluo-
rous synthesis allows for easier monitoring of the different
steps along the synthetic route. In addition, we found that
the fluorous trimethylsilylethanol (TMSE) tag was easily re-
moved through treatment with TBAF in a high-yield trans-
esterification process.

Experimental Section

General methods: Reactions were carried out under nitrogen atmosphere
unless otherwise indicated. The solvents were purified prior to use:
CH,Cl, and CCl, were distilled from calcium hydride; hexanes, toluene,
and THF from sodium. All reagents were used as received. The reactions
were monitored with the aid of thin-layer chromatography (TLC) on
0.25mm E. Merck precoated silica gel plates. Visualization was carried
out with UV light and aqueous ceric ammonium molybdate solution or
potassium permanganate stain. Flash column chromatography was per-
formed with the indicated solvents on silica gel 60 (particle size 0.040—
0.063 mm). Fluorous solid-phase extractions were performed on Fluoro-
Flash silica gel cartridges from Fluorous Technologies Inc. (Pittsburgh,
Pennsylvania, USA) Melting points were measured on a Biichi B-540 ap-
paratus and are uncorrected. Optical rotations were measured on a Jasco
P-1020 polarimeter. IR spectra were recorded on a IR Bruker Equinox
55 spectrometer. 'H, *C, and "FNMR spectra were recorded on a
300 MHz Bruker AC300 spectrometer and 400 MHz Bruker Avance.
Chemical shifts are given in ppm (0), referenced to the residual proton
resonances of the solvents or fluorotrichloromethane in '’F NMR experi-
ments. Coupling constants (J) are given in Hertz (Hz). High-resolution
mass spectra were carried out on VGmAutospec (VG Analytical, Micro-
mass Instruments) by the Universidad de Valencia Mass Spectrometry
Service.

General procedure for the preparation of fluorinated o-imino esters 5:
Nal (11.6 mmol) was added to a solution of the corresponding imidoyl
chloride 3 (3.85 mmol) in dry acetone (10 mL) and the mixture was
stirred at room temperature protected from light until the total disap-
pearance of the starting imidoyl chloride (as confirmed by means of GC-
MS). The reaction mixture was then quenched with a saturated aqueous
solution of Na,S,0; and the aqueous layer was extracted with ethyl ace-
tate (3x15mL). The combined organic layers were washed with brine
(3x15mL) and dried over anhydrous Na,SO,. Filtration and evaporation
of solvents quantitatively gave the corresponding crude imidoyl iodides 4
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as yellow oils; these were subsequently used in the next step of the syn-
thesis with no further purification.

Under CO atmosphere (1 atm), a solution of imidoyl iodide 4 (7.1 mmol)
in toluene/DMF (10 mL/1 mL) and the corresponding alcohol (8.5 mmol)
were both added to a two-necked flask containing K,CO; (14.2 mmol)
and palladium catalyst [Pd,(dba);]-CHCI; (0.28 mmol). The reaction mix-
ture was stirred at room temperature until the starting material was total-
ly consumed, as confirmed by means of TLC. The crude reaction mixture
was then filtered through a silica pad and washed with CH,Cl,. The sol-
vents were eliminated under reduced pressure and the mixture was puri-
fied by means of flash column chromatography (n-hexane/AcOEt 10:1).
tert-Butyl 3,3-difluoro-2-[(4-methoxyphenyl)imino]-5-hexenoate (S5e): By
means of the general procedure described above, Se was obtained as a
yellow oil (137 mg) in 20 % yield from 3a (730 mg). 'H NMR (300 MHz,
CDCl): =126 (s, 9H), 2.90-3.04 (m, 2H), 3.73 (s, 3H), 5.20-5.27 (m,
2H), 5.75-5.88 (m, 1H), 6.78 (d, /=9.0 Hz, 2H), 6.86 ppm (d, /=9.0 Hz,
2H); "CNMR (75.5 MHz, CDCl,): 8= 27.7 (CH;), 39.9 (C, “J(CF)=
24.7 Hz), 55.4 (CH3), 84.7 (C), 114.0 (CH), 118.6 (C,, 'J(C,F)=245.5 Hz),
121.1 (CH,), 121.4 (CH), 128.1 (C,, *J(C,F) =4.6 Hz), 140.6 (C), 156.2 (C,,
2J(C,F)=32.8 Hz), 1582 (C), 161.3ppm (C); "FNMR (282.4 MHz,
CDCl;): 6=-100.82 ppm (t, J(FH)=16.4 Hz, 2F); HRMS: m/z: caled
for C;H,,F,NO;: 325.1490 [M]*, found 325.1476.

General procedure for the preparation of fluorinated dialkylated o-
amino esters 6

Method A

A) Preparation of the allylzinc bromide solutions: Under inert atmos-
phere, 50 pL. of allyl bromide were added to a suspension of activated
zinc (1 g, 30.6 mmol) in THF (2.5mL) and then introduced into a pre-
heated bath at 50°C with vigorous stirring. After 5 min, the remaining
allyl bromide (0.3 mL, 3.4 mmol), which had previously been dissolved in
THF (5 mL), was added. Heating was continued for 40 min after the ad-
dition was completed; the heating bath was then removed. The reaction
mixture was filtered under nitrogen and this freshly prepared solution
was used immediately in the next step.

B) Addition of allylzinc solutions to a-imino esters 5: The freshly pre-
pared solution (see above) of allylzinc bromide in THF (0.5 mL,
0.51 mmol) was added dropwise to a solution of o-imino ester
(0.34 mmol) in THF (5mL) under inert atmosphere at —40°C. After
10 min, the reaction mixture was quenched with a saturated aqueous so-
lution of NH,Cl (20 mL) and the aqueous layer was extracted with ethyl
acetate (3x15 mL). The combined organic layers were washed with brine
(3x7mL) and dried over anhydrous Na,SO,. The solvent was then re-
moved under reduced pressure to afford the desired a-amino esters 6a—i
in almost quantitative yield.

Method B

Activated zinc powder (0.9 mmol) was added slowly to a biphasic solu-
tion of 5h (0.5 mmol) and the corresponding allyl bromide (0.7 mmol) in
THF/satd. aq. NH,Cl (0.5/2 mL) and the reaction mixture was vigorously
stirred for 1h at rt. The crude reaction product was then diluted with
EtOAc (5 mL), the layers were separated, and the aqueous layer was ex-
tracted twice (2x5mL) with additional EtOAc. The combined organic
layers were washed with brine (3x7mL) and dried over anhydrous
Na,SO,. The crude product was subjected to flash chromatography to
afford the desired amino esters 6j-1.

(£)-tert-Butyl 2-allyl-3,3-difluoro-2-(4-methoxyphenyl)amino-5-hexe-
noate (6d): By means of the general procedure described above (Method
A), 6d was obtained as a yellow oil (112mg) in 99% yield from 5Se
(100 mg). 'H NMR (300 MHz, CDCL): 6=1.42 (s, 9H), 2.35-2.55 (m,
1H), 2.72-3.06 (m, 3H), 3.68 (s, 3H), 4.71 (brs, 1H), 4.87-4.92 (m, 2H),
5.07-5.15 (m, 2H), 5.26-5.40 (m, 1H), 5.73-5.87 (m, 1H), 6.67 (d, J=
9.0 Hz, 2H), 6.77 ppm (d, J=9.0 Hz, 2H); “C NMR (75.5 MHz, CDCl,):
0=27.7 (CHy), 31.9 (CH,), 37.7 (C,, ’J(C,F)=2 4.7 Hz), 55.5 (CH), 69.3
(C,, YJ(CJF)=25.3 Hz), 83.6 (C), 114.3 (CH), 119.2 (CH,), 120.2 (CH,),
120.5 (CH), 122.8 (C, J(C,F)=254.1 Hz), 128.8 (C, *J(C,F)=4.0 Hz),
131.6 (CH), 137.9 (C), 153.7 (C), 169.7 ppm (C); “FNMR (282.4 MHz,
CDCl;): 6=-103.89 (ddd, J(FF)=245.5, J,(FH)=26.5, J,(FH)=9.0 Hz,
1F), —105.30 ppm (ddd, J(FF)=2454, J,(FH)=27.7, J,(FH)=9.3 Hz,
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1F); HRMS: m/z: caled for CyH,F,NO;: 367.1959 [M]*, found
367.1953.

General procedure for the preparation of fluorinated cyclic o-amino
esters 8: Under N, atmosphere, a solution of second generation Grubbs
catalyst [(IMes)(PCy;)CL,Ru=CHPh] (0.037 mmol, 15mol%) in DCM
(1 mL) was added to a solution of a-amino ester 6 (0.1 g, 0.25 mmol) in
DCM (2x107%m). The reaction mixture was stirred at reflux until TLC
indicated the total disappearance of the starting material. The solvents
were then removed under reduced pressure and the brown residue was
purified by means of flash chromatography (n-hexane/EtOAc 10:1), with
silica gel that had been previously deactivated with a solution of
n-hexane/Et;N 2%.

(£)-tert-Butyl 6,6-difluoro-1-[(4-methoxyphenyl)amino]-3-cyclohexene-1-
carboxylate (8d): By means of the general procedure described above,
8d was obtained as a white solid (53 mg) in 75% yield from 6d (76 mg).
'HNMR (300 MHz, CDCly): 6=1.35 (s, 9H), 2.35-2.56 (m, 2H), 2.82—
2.89 (m, 2H), 3.69 (s, 3H), 5.51-5.59 (m, 2H), 6.68 (d, /=9.0 Hz, 2H),
6.79 ppm (d, J=9.0Hz, 2H); "CNMR (75.5 MHz, CDCL;): 6= 27.8
(CH;), 31.1 (CH,), 33.6 (C, “J(C,F)=25.3 Hz), 55.4 (CH;), 65.7 (Cus
2J,(C,F)=24.7 Hz, *J,(C,F)=20.1 Hz), 82.6 (C), 114.0 (CH), 121.6 (Cg,
*J)(CF)=17.5 Hz, *J,(C,;F)=3.5 Hz), 122.4 (C, 'J(C,F)=250.1 Hz), 123.9
(CH), 124.1 (CH), 136.8 (C), 155.6 (C), 1692 ppm (C); “FNMR
(282.4 MHz, CDCLy): 0= —106.51 (ddd, J(FF)=243.4, J,(FH)=25.7,
J,(FH)=14.4 Hz, 1F), —107.90 ppm (dt, J(FF)=142.3, J(FH)=9.3 Hz,
1F); HRMS: m/z: caled for C;sH,;F,NO;: 339.1646 [M]*, found
339.1648.

(—)-1-Amino-2,2-difluorocyclohexane-1-carboxylic acid [(—)-1]: A solu-
tion of (—)-10 (0.12 mmol) in THF (1.5 mL) was added dropwise to a so-
lution of TBAF in THF (0.15 mmol, 1.0M in THF). After stirring for 1 h
at room temperature, the solvents were removed under reduced pressure
and a brown residue was obtained. The crude mixture was purified by
means of ion exchange chromatography on Dowex-H* to afford the pure
fluorinated a-amino acid (—)-1 as a white solid (15 mg) in 70% yield.
[a]s = —18.7 (c 0.5, 6M HCI); '"H NMR (300 MHz, D,0): 6 =1.45-1.77
(m, 5H), 2.04-2.12 (m, 2H), 236-2.59ppm (m, 1H); “CNMR
(75.5 MHz, D,0): 6=20.0 (CH,), 21.1 (Cq, *J(C,F)=8.3 Hz), 30.8 (Cq,
2J(C,F)=20.9 Hz), 31.9 (Cq, *J(C,F)=3.8 Hz), 64.4 (Cyy, *J,(CF)=24.7,
2I,(C,F)=18.7Hz), 1222 (Cy, YJ,(CF)=249.8, 'J, (C,F)=244.9 Hz),
1704 ppm (C,, *J(CF)=49Hz); FNMR (2824 MHz, D,0): 6=
—102.68 (d, J(FF)=2433 Hz, 1F), —105.29 ppm (ddd, J(FF)=2433,
Ji(EH)=37.1, J,(FH)=134Hz, 1F); HRMS: m/z: caled for
CH;NO,F,: 179.0758 [M]™; found 179.0758.

Loading of imino ester 5c to the modified Wang resin (preparation of
resin 14): A solution of a-iminoester 5S¢ (0.12 g, 0.35 mmol) in THF
(1 mL) and TBAF (0.35 mL, 0.35 mmol) was added over a suspension of
Wang resin (0.10 g, 1.60 mmolg ). After 15 h of orbital stirring, the resin
was filtered and washed with CH,Cl, (3x5mL) and MeOH (3x5mL).
Solvents were removed under reduced pressure to afford the o-iminoest-
er 14 supported on the resin as a yellow granulated solid. IR: ¥ = 1614
(C=C), 1741 cm™' (C=0).

Preparation of cyclic a-amino ester 15 on solid phase: A freshly prepared
solution of allylzinc bromide (1.0M en THF, 3.0 equiv) was added drop-
wise to a solution of a-imino ester 14 (0.34 mmol) in THF (5 mL) under
inert atmosphere at —40°C. After 10 minutes, the reaction mixture was
quenched with a saturated aqueous solution of NH,Cl and filtered. The
resin was washed with CH,Cl, (3x5 mL) and MeOH (3x5 mL) and sol-
vents were removed under reduced pressure. Next, a solution of second
generation Grubbs catalyst [(IMes)(PCy;)CLL,Ru=CHPh] (10 mol %) in
DCM (1 mL) was added to a suspension of the dialkenylic resin
(1.0 equiv) in dichloromethane (2x1072m). The reaction mixture was
stirred at reflux for 15 h. The resin was then filtered and washed with
CH,Cl, (3x5mL) and MeOH (3x5mL) and solvents were removed
under reduced pressure to afford the cyclic derivative 15. IR: 7 = 1616
(C=C), 1739 (C=0), 3452 cm' (N-H).
(E)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl  3,3-di-
fluoro-2-[ (4-methoxyphenyl)imino]-5-hexenoate (17a): By means of the
general procedure described above for the preparation of fluorinated a-
imino esters 5, 17a was obtained as a yellow oil (437 mg) in 30% yield
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from 4a (700 mg) and 3-(perfluorooctyl)propanol. 'H NMR (300 MHz,
CDCI3): 6=1.69-1.74 (m, 4H), 2.93-3.07 (m, 2H), 3.71 (s, 3H), 4.11 (t,
J=5.5Hz, 2H), 5.21-5.28 (m, 2H), 5.74-5.85 (m, 1H), 6.79 (d, J=9.1 Hz,
2H), 6.85 ppm (d, J=9.0 Hz, 2H); *C NMR (CDCl,, 75.5 MHz): 6=19.5
(C, *JI(CF)=4.0Hz), 274 (C, %J(CF)=24.4Hz), 39.6 (C, %J(CF)=
242 Hz), 552 (CH;), 643 (CH,), 114.3 (CH), 1185 (C, J(CF)=
2449 Hz), 121.3 (CH), 121.4 (CH,), 127.8 (C, *J(CF)=4.9 Hz), 140.2
(C), 154.5 (C,, I(C,F)=33.9 Hz), 158.7 (C), 162.2 ppm (C) (the signals
from the C4F,; group were obscured due to their low intensity); '’F NMR
(CDCl;, 282.4MHz): 6=-8328 (t, J(FH)=9.8Hz, 2F), —102.4 (t,
J(EH)=16.5Hz, 2F), —117.06 (brs, 2F), —124.46 (brs, 6F), —125.27
(brs, 2F), —125.94 (brs, 2F), —128.67 ppm (t, J=9.3 Hz, 2F); HRMS:
mlz: caled for CoH gF;oNO5: 729.0983 [M]*, found 729.1076.
(-)-(E)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl 3,3-
difluoro-2-{[ (1R)-1-phenyl-2-methoxyethyl]imino)}-5-hexenoate (17b): 3-
(Perfluorooctil)propil iodide (0.58 mmol) and TBAF (0.35 mmol) were
added to a solution of silylated a-imino ester 5h (0.29 mmol) in dry THF
(2mL) at 0°C. The reaction mixture was stirred at room temperature
until TLC indicated the total disappearance of the starting material. The
solvents were then removed under reduced pressure and the residue was
purified by means of fluorous solid phase extraction (F-SPE). 17b was
obtained as a yellow oil (190 mg) in 86% yield. [a]5=-13.15 (¢ 1.4
CHCL;); 'HNMR (300 MHz, CDCLy): 6=1.92-2.03 (m, 2H), 2.09-2.18
(m, 2H), 2.85-3.00 (m, 2H), 3.23 (s, 3H), 3.57 (d, J=6.4 Hz, 2H), 4.27-
4.33 (m, 2H), 4.80 (dd, J,=17.5, J,=5.1Hz, 1H), 5.15 (dd, J,,,,=17.1,
Js=10.2 Hz, 2H), 5.65-5.79 (m, 1H), 7.24-7.28 ppm (m, 5H); C NMR
(CDCl,;, 75.5 MHz): 6=14.3 (CH,), 27.9 (C,, ’J(C,F)=23.1 Hz), 39.7 (C,
2J(C,F)=24.7 Hz), 59.3 (CH), 64.3 (CH,), 67.7 (CH3), 77.5 (CH,), 121.2
(CH,), 127.4 (CH), 1282 (CH), 128.3 (CH), 1289 (CH), 138.5 (C),
161.2 ppm (C), (the signals from the CgF;; and CF, groups were obscured
due to their low intensity); YF NMR (CDCl,, 282.4 MHz): 6 =—81.23 (t,
*J(FF)=103Hz, 3F), -98.84 (ddd, J(FF)=2724, J,(FH)=173,
J,(FH)=14.6 Hz, 1F), —100.95 (dt, J(FF)=272.4, J(FH)=16.4 Hz, 1F),
—114.87 (t, *J(FF)=15.5 Hz, 2F), —122.38 (brs, 6F), —123.19 (brs, 2F),
—123.95 (brs, 2F), —126.58 ppm (brs, 2F); HRMS: m/z: caled for
CyHy3NO;F,g: 758.1376 [M+H]*; found 758.1420.
(5)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl  2-allyl-
3,3-difluoro-2-{[ (1LR)-1-phenyl-2-methoxyethyl]amino)}-5-hexenoate
(18b): By means of the general procedure described above for the prepa-
ration of fluorinated dialkylated a-amino esters 6 (Method A), 18b was
obtained as a pale yellow oil (90 mg) in 90% yield from 17b (97 mg).
[a]l5=-7.04 (c 0.8 CHCL); 'HNMR (300 MHz, CDCL,): 6=1.78-1.85
(m, 2H), 1.95-2.10 (m, 2H), 2.39-2.67 (m, 2H), 2.77-2.95 (m, 2H), 3.08
(s, 3H), 3.36-3.39 (m, 2H), 3.91-3.96 (m, 2H), 4.12 (t, J=6.4 Hz, 1H),
4.82 (d, J=12.2Hz, 2H), 5.04 (d, /=17.1 Hz, 1H), 5.11 (d, /=10.2 Hz,
1H), 5.36-5.47 (m, 1H), 5.70 (ddt, J,,,,,=17.1, J;,=10.2, J;=7.0 Hz, 1H),
7.18-7.24 ppm (m, 5H); "CNMR (CDCl;, 75.5 MHz): 6=19.9 (CH,),
28.0 (C,, 2J(C,F)=22.4 Hz), 34.6 (CH,), 37.6 (C,, J(C,F)=23.6 Hz), 56.8
(CH), 59.2 (CH;), 64.2 (CH,), 69.5 (C,, *J(C,F)=24.1 Hz), 78.1 (CH,),
118.4 (CH,), 120.5 (CH,), 127.6 (CH), 127.9 (CH), 128.4 (CH), 128.9 (C,
3J(C,F)=4.6 Hz), 132.9 (CH), 142.5 (C), 170.8 ppm (C) (the signals from
the CgF); and CF, groups were obscured due to their low intensity);
“F NMR (CDCl,, 282.4 MHz): 6 =—81.25 (s, 3F), —100.83 (ddd, J(FF)=
254.3, J,(FH)=30.2, J,(FH)=38.6 Hz, 1F), —101.05 (ddd, J(FF)=254.3,
J(FH)=29.7, J,(FH)=6.9 Hz, 1F), —114.94 (t, *J(FF)=9.5Hz, 2F),
—122.40 (brs, 6F), —123.21 (brs, 2F), —124.05 (brs, 2F), —126.60 ppm
(brs, 2F); HRMS: m/z: caled for C,H,NO,F,y: 800.1844 [M+H]*;
found 800.1855.
(8)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl 6,0-di-
fluoro-1-{[ (1 R)-1-phenyl-2-methoxyethylJamino)}-3-cyclohexene-1-car-
boxylate (19b): By means of the general procedure described above for
the preparation of fluorinated cyclic a-amino esters 8, 19b was obtained
as a brown oil (57 mg) in 92% yield from 18b (64 mg). [a]5=—16.06 (c
1 CHCl;); 'H NMR (300 MHz, CDCl,): 6=1.62-1.71 (m, 2H), 1.84-1.99
(m, 2H), 2.39-2.47 (m, 2H), 2.72-2.80 (m, 2H), 3.22 (s, 3H), 3.35 (d, J=
6.5 Hz, 2H), 3.56-3.67 (m, 1H), 3.79-3.91 (m, 2H), 5.45-5.58 (m, 2H),
7.16-7.21 ppm (m, 5H); *CNMR (CDCl;, 75.5 MHz): §=19.8 (CH,),
27.8 (C,, *J(CF)=22.4 Hz), 30.9 (CH,), 33.9 (C, *J(CF)=253 Hz), 57.5
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(CH), 59.1 (CH,), 63.8 (CH,), 77.9 (CH,), 122.1 (C, *J(C,F)=5.7 Hz),
122.5 (C,, 'J(C,F)=250.1 Hz), 123.8 (CH), 127.6 (CH), 127.7 (CH), 128.5
(CH), 141.8 (C), 170.5 ppm (C) (the signals from the CiF,; group were
obscured due to their low intensity); ’F NMR (CDCl;, 282.4 MHz): 6 =
—81.25 (d, *J(FF)=9.5Hz, 3F), —106.47 (ddd, J(FF)=241.4, J,(FH)=
20.7, J,(FH)=12.9 Hz, 1F), —107.71 (dt, J(F,F)=241.4, J(FH)=12.9 Hz,
1F), —114.90 (t, *J(FEF)=13.8 Hz, 2F), —122.39 (brs, 2F), —123.21 (brs,
2F), —123.98 (brs, 2F), —126.59 ppm (brs, 2F); HRMS: m/z: calcd for
C,H,;sNO;F,o: 7721531 [M+H]*; found 772.1556.
(-)-(E)-2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)
dimethylsilyllethyl  3,3-difluoro-2-{[ (1R)-1-phenyl-2-methoxyethyl]imi-
no)}-5-hexenoate [(—)-20]: By means of the general procedure described
above for the preparation of fluorinated o-imino esters 5, compound (—)-
20 was obtained as a yellow oil (930 mg) in 55 % yield from 4¢ (728 mg)
and fluorous trimethylsylilethanol (FTMSOH). [a]5=-14.62 (c 1.6
CHCL;); '"HNMR (300 MHz, CDCL): 6=0.00 (s, 6H), 0.52-0.58 (m,
2H), 0.98-1.05 (m, 2H), 1.48-1.60 (m, 2H), 1.92-2.07 (m, 2H), 2.85-3.00
(m, 2H), 3.25 (s, 3H), 3.57 (d, J=6.4 Hz, 2H), 4.27-4.33 (m, 2H), 4.81 (t,
J=6.4Hz, 1H), 5.16 (dd, J,,,,,=17.7, J;,=9.6 Hz, 2H), 5.74 (ddt, J,,.,=
171, J4=102, J;=6.9Hz, 2H), 7.22-7.31ppm (m, 5H); “CNMR
(CDCl;, 75.5 MHz): 6 =-3.6 (CH3), 14.7 (Cy, *J(CF) =4 Hz), 15.0 (CH,),
15.8 (CH,), 34.4 (C,, 2J(C,F)=21.8 Hz), 39.6 (C,, 2J(C,F)=24.1 Hz), 59.0
(CH), 64.1 (CH,), 67.2 (CH3), 77.4 (CH,), 118.5 (C,, 'J(C,F)=244.9 Hz),
120.9 (CH,), 127.2 (CH), 127.8 (CH), 128.1 (CH), 128.5 (CH), 156.9 (C,,
2J(C,F)=33.9 Hz), 161.4 ppm (C) (the signals from the C4F,, group were
obscured due to their low intensity); ’F NMR (CDCl;, 282.4 MHz): 6 =
—81.26 (s, 3F), —99.07 (ddd, J(EF)=270.5, J,(FH)=172, Jy(FH)=
14.7Hz, 1F), —101.05 (ddd, J(FF)=269.5, J,(FH)=19.0, J,(FH)=
16.4 Hz, 1F), —114.93 (t, *J(FF)=14.6 Hz, 2F), —122.24-(—126.65) ppm
(m, 12F); HRMS: m/z: caled for Ci;H;3SiO;NF,y: 844.1926 [M+H]*;
found 844.1942.
($)-2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)  di-
methylsilyllethyl 2-allyl-3,3-difluoro-2-{[ (1R)-1-phenyl-2-methoxyethyl]-
amino)}-5-hexenoate [(—)-21]: By means of the general procedure de-
scribed above for the preparation of fluorinated dialkylated o-amino
esters 6 (Method A), (—)-21 was obtained as a pale yellow oil (84 mg) in
88% yield from (—)-20 (88mg). [a]5=-3.4 (¢ 1 CHClL); 'HNMR
(300 MHz, CDCl): 6=0.00 (s, 6H), 0.53-0.58 (m, 2H), 0.82-0.90 (m,
2H), 1.50-1.61 (m, 2H), 1.95-2.13 (m, 2H), 2.41-2.71 (m, 2H), 2.84-3.01
(m, 2H), 3.29 (s, 3H), 3.36-3.43 (m, 2H), 3.92-4.02 (m, 2H), 4.15-4.19
(m, 2H), 4.85 (dd, J,=15, J,=12 Hz, 2H), 5.09 (d, /=17.1 Hz, 1H), 5.15
(d, J=10.2 Hz, 1H), 5.38-5.49 (m, 1H), 5.79 (ddt, J,,,,,=17.1, J;,=10.2,
J;=7.0 Hz, 1H), 7.18-7.28 ppm (m, 5H); "C NMR (CDCl,, 75.5 MHz):
0=-3.3 (CH,;), 15.0 (CH,), 15.3 (CH,), 15.8 (CH,), 34.5 (C,, J(C,F)=
18.8 Hz), 37.6 (C,, %/(C,F)=18.0 Hz), 56.7 (CH), 59.2 (CH,), 64.0 (CHs,),
69.5 (C, %J(C,F)=17.4 Hz), 78.2 (CH,), 118.4 (CH,), 120.3 (CH,), 127.5
(CH), 1279 (CH), 1284 (CH), 129.2 (CH), 133.0 (CH), 142.8 (C),
170.9 ppm (C) (the signals from the CgF,; and CF, groups were obscured
due to their low intensity); ’F NMR (CDCls, 282.4 MHz): 6 =—81.28 (d,
*J(FF)=103 Hz, 3F), —100.62 (ddd, J(FF)=253.4, J,(FH)=30.6,
J,(EH)=8.6Hz, 1F), -104.15 (ddd, J(EF)=253.4, J,(FH)=30.6,
J(FEH)=69 Hz, 1F), —114.92 (t, *J(FF)=15.5Hz, 2F), —122.40 (brs,
6F), —123.22 (brs, 2H), —124.11 (brs, 2F), —126.60 ppm (brs, 2F);
HRMS: m/z: caled for Cy;HySiOsNF,: 8862396 [M+H]*; found
886.2350.
($)-2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)  di-
methylsilyl]ethyl 6,6-difluoro-1-{[(1 R)-1-phenyl-2-methoxyethyl]amino)}-
3-cyclohexene-1-carboxylate [(—)-22]: By means of the general procedure
described above for the preparation of compounds 8, (—)-22 was ob-
tained as a brown oil (54 mg) in 90% yield from (—)-21 (60 mg). [a]s =
—7.58 (¢ 0.32 CHCLy); 'HNMR (300 MHz, CDCly): 6=0.00 (S, 6H),
0.52-0.58 (m, 2H), 0.76-0.82 (m, 2H), 1.52-1.63 (m, 2H), 1.98-2.13 (m,
2H), 2.42-2.50 (m, 2H), 2.77-2.88 (m, 2H), 3.28 (s, 3H), 3.42 (d, /=
6.4 Hz, 2H), 3.73-3.98 (m, 3H), 5.51-5.68 (m, 2H), 7.23-7.29 ppm (m,
5H); "CNMR (CDCl,;, 75.5 MHz): 6=-3.7 (CH,), 14.6 (C, *J(CF)=
3.4 Hz), 14.9 (CH,), 15.2 (CH,), 29.3 (CH,), 30.6 (CH,), 33.3-34.6 (CH,),
57.1 (CH), 58.7 (CH;), 63.2 (CH,), 63.8 (C, *J(CF)=23.0 Hz), 77.6
(CH,), 121.7 (C, *J(CF)=52Hz), 122.3 (C, J(C,F)=250.1 Hz), 127.1
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(CH), 127.3 (CH), 127.8 (CH), 128.1 (CH), 141.9 (C), 170.7 ppm (C) (the
signals from the CgF,; group were obscured due to their low intensity);
YFNMR (CDCl,, 282.4 MHz): 0=-8125 (t, *J(FF)=9.5Hz, 3F),
—106.42 (ddd, J(FF)=243.1, J(FH)=19.8, J,(FH)=13.8Hz, 1F),
—107.52 (dt, J(EF)=242.2, J(FH)=13.8 Hz, 1F), —114.79-(—115.02) (m,
2F), —12239 (brs, 6F), —12322 (brs, 2F), —124.11 (brs, 2F),
—126.60 ppm (brs, 2F); HRMS: m/z: caled for C; H;5SiOsNFy: 858.2083
[M+H]*; found 858.2034.

General procedure for the detagging of the fluorous (trimethylsilyl) ethyl
tag: Under N, atmosphere, benzyl bromide (0.048 mmol, 0.006 mL) and
TBAF (0.03 mmol, 1.0m in THF) were added to a solution of cyclic a-
amino ester (—)-22 (0.024 mmol) in THF (1 mL) at 0°C. The reaction
mixture was stirred at room temperature until TLC indicated the total
disappearance of the starting material. The solvent was removed under
reduced pressure and the residue was purified by means of fluorous solid
phase extraction to give the previously described compound (—)-8g (see
ref. [15]).
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