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43 ABSTRACT: The incorporation into a peptide chain of highly hindered and weakly nucleophilic
45 trifluoromethylated prolines, pseudoprolines and oxazolidines has been achieved. As an application,
47 the synthesis of a new class of fluorinated analogues of the neuroprotective tripeptide glycine-proline-
49 glutamate (GPE) is reported. These analogues have been elaborated from a panel of five-membered
51 ring trifluoromethylated amino acids (Tfm-AAs) through the coupling reaction with a glutamate
53 residue at the C-terminus and a glycine at the N-terminus. Although the peptide coupling reaction at

the C-terminal position of the fluorinated amino acid was conveniently performed under standard
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conditions, the very challenging coupling reaction at the highly deactivated N-terminal position proved
to be much more problematic. A methodological study was needed to identify suitable reaction

conditions for this difficult peptide coupling.

INTRODUCTION

The use of peptides as therapeutic agents has been quite limited due to several major drawbacks such
as structural flexibility, rapid degradation by peptidases and low lipophilicity. However, because of
recent advances in peptides chemistry and biology, peptide-based drug discovery constitutes now a
serious alternative for addressing new therapeutic challenges.' The introduction of fluorine atoms into
biomolecules such as peptides is known to deeply influence their chemical and biological properties™”
and consequently, represents an option to develop the therapeutic potential of peptides. The synthesis
of fluorinated amino acids has gained a considerable interest in peptide and protein chemistry®® as
they are known to increase the chemical stability, the metabolic resistances”'’ and to provide a better
affinity of peptides for lipid membranes. Moreover, their incorporation into peptides can induce
stabilization of particular conformations and better auto-assembly.''"* Fluorinated peptides can also be
used as efficient probes for '"F NMR studies.'®"” Trifluoromethylated amino acids (Tfm-AAs)
represent a special class of highly constrained non-proteogenic amino acids. While the coupling
reactions of the Tfm-AAs at their C-termini can be efficiently achieved using standard protocols, their
incorporation into peptides at the N-terminal position still remains challenging due to the stereo-
electronic effects imparted by the CF; group which strongly decrease the nitrogen nucleophilicity.'®
Our group has developed the stereoselective synthesis of a panel of acyclic and cyclic Tfm-AAs in

2% and is now mainly focused on the development of efficient methodologies for

enantiopure form
their incorporation into peptides.”’>’ Although o-CF;-alanine has been incorporated into peptides, the
peptide coupling at the N-terminal position of a-CFs-proline has not been reported so far. We report

herein our investigations about the incorporation of o-CF;3-proline and various cyclic surrogates into

short peptide sequences. The usefulness of this methodology for the synthesis of peptides of biological
2
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interest is illustrated by the synthesis of new CF;-tripeptide analogues of the neuroprotective glycine-
proline-glutamate peptide (GPE) (Figure 1). It is assumed that the GPE is the result of the proteolytic
cleavage of the insulin-like growth factor (IGF-1).”' Even if the GPE neither binds to IGF-1 receptors
nor has any neurotrophic effect, it displays remarkable CNS activities.”> In different animal models,
the GPE shows neuroprotective effects on neurodegenerative processes, such as Alzheimer’s,
Parkinson’s and Huntington’s diseases. There is also evidence that the GPE exhibits neuromodulatory
activities.’*”° Due to its structural simplicity, the GPE emerged as a lead for the development of potent
neuroprotective agents for the treatment of various CNS injuries.”” Numerous GPE analogues have
been reported in the literature but most of them suffer of a lack of chemical stability and short half-
time bioavailability.”** It has been shown that proline residue is crucial due to its unique
conformational constraint.*® The tripeptide NNZ-2566, containing a 2-methylproline residue, shows
higher activity compared to GPE and other analogues and is currently in phase II for several
neurological indications.”” Replacement of the proline residue by a CFs-containing surrogate is
expected to enhance the chemical stability of the GPE tripeptide together with its bioavailability

profile.

Figure 1. Chemical structure of GPE, NNZ-2566 and CF;-GPE analogues

H Me F.e XN H
NN coaH N N._CO.H \N)\vacozH
: : I X=CHy, 0, §

o%\ 0 N o%\ o N o%ﬁ Y=CH, O
NH, CO,H NH, CO.H NH, COxH
GPE NNZ-2566 CF3-GPE (This work)

Three distinctive trifluoromethylated cyclic surrogates were considered for replacing the proline
residue in the GPE sequence varying the position and the configuration of the CF; group along the 5-
membered ring : o-CF;-proline 1, CF;-pseudoprolines 2 and 3 derived from serine and cysteine
respectively and CF;-oxazolidines 4 and 5 derived from ethanolamine and (R)-phenylglycinol (Figure
2). Except for the oxazolidine 4, the synthesis of enantiopure 1,°*** 2, 3 and 5°**' have been
previously described by our group.

Figure 2. Chemical structure of Tfm-AAs as proline surrogates

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

CF3-Proline template CF3-Pseudoproline template CF3-Oxazolidine template
X o)
FaC—x ] ( CF3
I CF NT"CoH R N}<CO H

ﬁ CO,H 2 N 2
o-CF4-Pro 1 X=0 Ser(¥°FHpro) 2 R=H CFzOxa4
X=S Cys(¥°™Hpro) 3 R=Ph CF;Oxa5

RESULTS AND DISCUSSION

CF;-proline containing GPE analogues. The synthesis of CF;-GPE analogues was first investigated
using the (S5)- and (R)-a-CF;-proline 1. Due to the very short GPE sequence, the synthesis was
achieved in solution phase using the standard peptide elongation methodology. The coupling reaction
between the glutamic acid residue (Glu) and the a-CF;-proline 1 was performed following our
reported procedure in order to avoid the diketopiperazine formation.”” Because of the strong
deactivation of the a-CFs-proline 1 amino group induced by the electron-withdrawing effect of the
neighboring CF; group,'” its N-protection was not required to perform the coupling reaction in contrast
with the non-fluorinated series. The four enantiopure dipeptides 6 [(S,5)-6, (R,S)-6, (R,R)-6, (S,R)-6]
were obtained by coupling (R)- and (S)-a-CFs-prolines 1 with L- or D-glutamic acids (Scheme 1).
Therefore, the addition of 1 equivalent of o-CF;-proline 1 to 2 equivalent amount of glutamic acid
dibenzyl ester in the presence of coupling reagents afforded the corresponding dipeptides 6 without
any trace of diketopiperazine. The expected dipeptides were obtained in 42 to 89% yield depending on

the D- or L-series of the glutamic acid (Scheme 1).

Scheme 1. Synthesis of dipeptides 6

ACS Paragon Plus Environment

Page 4 of 33



Page 5 of 33

©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

_}CF3H 1) NEt;, HOB, TsO" *HgN_CO5Bn 1) NEt;, HOBY, CFa

N N._-COzBn EDCI, DMF H EDCI, DMF 1 » N._CO,Bn

A st I

2) (S)-a-CF4-Pro 2) (R)-a-CFs-Pro o
CO.Bn
COzBn (51 (R CO,Bn
(1 equiv) L-Glu(OBn)-OBn (1 equiv)

(S)-a-CF3-Pro-L-Glu(OBn)-OBn (2 equiv) (R)-0-CF3-Pro-L-Glu(OBn)-OBn

(S.5)-6 (82%)
[olp = -19.6 (c = 0.9, CHCly)

(R,S)-6 (89%)
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(S)-a-CF3-Pro-D-Glu(OBn)-OBn (2 equiv) (R)-0-CF3-Pro-D-Glu(OBn)-OBn

(S.R)-6 (42%)
[a]o = -16.6 (c = 0.9, CHCI3)

(R,R)-6 (67%)

[alp = +22.9 (c = 1.0, CHCly)

The next step involved the coupling reaction of the glycine residue (Gly) at the N-terminal position of
the dipeptides 6. Despite the small steric hindrance of the Gly residue, this reaction remained highly
challenging because of the very low nucleophilicity of the dipeptide amino group and the steric
bulkiness of the o-CF;-group. Only very few examples are found in the literature for the N-terminal
coupling of acyclic ¢-CF;-amino acids.”*° All these examples required specific activation methods,
such as mixed anhydrides or acyl halides, to promote the peptide coupling in good yield. To our
knowledge, the N-terminal coupling reaction has never been reported so far for cyclic ¢-CF;-amino
acids such as ¢-CF;-prolines. Firstly, we checked the use of a mixed anhydride obtained from
isobutylchloroformate and Cbz-glycine. However no coupling product was obtained from the
dipeptide (S,S)-6 whatever the solvent used (ethyl acetate or DMF) and only starting material was
recovered. The use of acyl halide activation was then investigated. Amino acid fluorides are less
moisture sensitive than amino acid chlorides and are recognized as excellent coupling reagents for
both solution and solid-phase peptide syntheses.”’ They are particularly efficient for the coupling of
sterically hindered amino acids but require the treatment with a silylating agent such as N,O-
bis(trimethylsilyl)acetamide (BSA).”*> A coupling test between the pre-activated dipeptide (S,5)-6 and
the Fmoc-glycine fluoride, prepared according to Olah’s method,* was attempted without success and

only starting material was recovered. We postulated that the reactivity of the acyl fluoride was not
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enough to overcome the stereoelectronic deactivation of the fluorinated dipeptide 6 and we decided to
try the more reactive amino acid chlorides. Because of the hydrolysis risk, epimerization and other
side reactions, the acyl chlorides have been considered for a long time as overactivated species.’
Thanks to the significant contribution of Carpino and his group, the use of the Fmoc-amino acid
chlorides have turned out to be one of the most efficient coupling strategies.” However, particular
attention is required to ensure the coupling. The Fmoc-glycyl chloride was prepared by treatment of
the Fmoc-glycine with thionyl chloride in DCM under ultrasonication and obtained in pure form by
crystallization from pentane.’® Because of the release of HCI during the amide bond formation, the
coupling reaction of the Fmoc-glycyl chloride with the dipeptide (S.5)-6 was first performed in the
presence of DIEA. As summarized in Table 1, no reaction occurred at room temperature and only the
starting material was recovered even after 48 h (Table 1, entry 1). The increase of the temperature at
60°C in a sealed tube led to the formation of the tripeptide (S,S)-7 in a low yield (Table 1, entry 2). We
postulated that the neutralization of the HCI released from the reaction would prevent the acidic
activation of the amino acid chloride. As the amino group of the fluorinated dipeptide 6 is strongly
deactivated, we anticipated that the HCI release would not be a problem and the reaction was
performed without base. Indeed, the coupling reaction of the Fmoc-glycyl chloride with the dipeptide
(S,5)-6 at 60°C in the absence of DIEA gave the corresponding tripeptide (S,5)-7 in a very good yield
(88%) without epimerization (Table 1, entry 3). The substitution of the conventional heating method
by microwave irradiation, reported to accelerate the peptide syntheses, allowed the coupling in about

30 min but the yield decreased to 54% (Table 1, entry 4).

Table 1. Optimization of the synthesis of the tripeptide (S5,5)-7 using amino acid chloride

activation
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(Ref. 56)

cl
CFa,, FmocHN™ " (2 equiv) CFsy,
%/chozsn 0 %/chozan
H H :

Base, temperature, DCM z

o} 00
CO,Bn FmocHN CO,Bn
(S,95)-6 Fmoc-Gly-(S)-a-CF3-Pro-L-Glu(OBn)-OBn
(5,517
Tripeptide (S,5)-7
Entry Base (equiv) Temperature (°C) Time (h)
Yield (%)

1 DIEA (1) r.t. 48 0°
2 DIEA (2) 60" 24 15
3 - 60 24 88"
4 - Microwave 0.5 54¢

“Starting material was recovered. "Reaction performed in a sealed tube. ‘Obtained as a single diastereomer.

The optimized coupling conditions (Table 1, entry 3) were then successfully applied to the dipeptides
(R,S)-6, (S,R)-6 and (R,R)-6 to afford the corresponding tripeptides 7 in 52-67% yield without

epimerization (Scheme 2).

Scheme 2. Synthesis of tripeptides 7
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H D ——
(&O o

° 60 °C in sealed tube,
CO,Bn 24 h, DCM FmocNH CO,Bn
(S,R)-6
Fmoc-Gly-(S)-a-CF3-Pro-D-Glu(OBn)-OBn
(S,R)-7 (52%,100% de)
[alp = -21.4 (c = 0.44, CHCl3)
CF3H Fmoc-Gly-Cl / §[CF3H
ZN B‘-,,/(N\/Coan (2 equiv) N '—,/(N\/Coan
H \ H _— = | H
0 60 °C in sealed tube, 0 o ﬁ
CO2Bn 24 h, DCM FmocNH CO2Bn
(R,S)-6
Fmoc-Gly-(R)-0-CF3-Pro-L-Glu(OBn)-OBn
(R,S)-7 (53%, 100% de)
[a]p = +23.1 (c = 0.45, CHCl3)
O/CFsH Fmoc-Gly-Cl O/CF3H
N (N CO.Bn (2 equiv) N (N CO2Bn
H ‘ _— ‘
0 60 °C in sealed tube, (6] 0
CO-Bn 24 h, DCM FmocNH CO2Bn
(RR)-6

Fmoc-Gly-(R)-a-CF3-Pro-D-Glu(OBn)-OBn
(R,R)-7 (72%, 100% de)
[a]p = +52.2 (¢ = 0.25, CHCl3)

The access to the ¢-CF;-proline containing GPE analogues required the full removal of the protecting

groups. The sequential cleavages were first considered in classical manner as usually reported in
peptide chemistry when using orthogonal protecting groups. Unexpectedly the standard Fmoc
deprotection by treatment with piperidine in DMF led to degradation. The use of DBU in DCM gave
the same result. Since both Fmoc and Bn protecting groups are sensitive to hydrogenolysis, their
removal in a single step was envisioned. The hydrogenolysis of (S,5)-7 and (R,S)-7 tripeptides was
carried out under hydrogen atmosphere (1 bar) in methanol in the presence of an excess amount of
Pd/C catalyst ( 140 %mol of Pd) to afford the CF;-GPE analogues (S,S)-8 and (R,S)-8 in 55% and 54%
yield respectively (Scheme 3). Surprisingly the use of higher hydrogen pressure (3-5 bars) led only to

degradation.
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Scheme 3. Synthesis of CF;-proline containing GPE analogues (5,5)-8 and (R,S)-8

§F3H \\CF3H
Q\vacozsn Ha (1 bar) Q\KN\/COZH
R z

o = o)
(§O N Pd/C, MeOH 0

HFmoc CO-Bn NH, COxH

s

e

(S,9)-7 Gly-(S)-0-CF3-Pro-L-Glu
(S,S)-8 (55%)

P L
., N__COsBn Same conditions ., N _COH
N l])/ : N /‘O( :
[¢] 0]
NHFmoc CO-Bn NH, COxH
(R,S)-7 Gly-(R)-a-CF3-Pro-L-Glu

(R,S)-8 (54%)

CF;-pseudoproline containing GPE analogues. We then focused our attention on the CF;-
pseudoproline template. It is anticipated that this 5-CF;-proline surrogate should constitute a valuable
tool to control the cis-trans isomerisation of the glycyl-pseudoprolyl bond.”*?**° The synthesis was
first attempted following the same peptide elongation sequence as used for the a-CF;-proline. The
pseudoproline (S,5)-9 was prepared according to our reported procedure by condensation of serine
methyl ester with fluoral.>> After saponification of the ester function of the pseudoproline 9, its
coupling reaction with L-glutamic acid dibenzyl ester was carried out at the C-terminal position
according to the standard procedure using EDCI and HOBt (Scheme 4). The corresponding dipeptide

(S,5,5)-10 was obtained in 72% yield as a diastereomeric mixture.

Scheme 4. C-terminal coupling reaction of the pseudoproline (S,5)-9

o H
WL N._COBn
0 1/LiOH aq., THF FCT N 7
. o =
FaC! 4;}\( OMe 5/ EDCI, HOBY, Et;N, DMF N
H o TsO™ *HaN-Glu(OBn)-OBn COzBn
(S,S)-Ser(¥°F3HpPro)-OMe (S,)-Ser(¥C3HPro)-L-Glu(OBn)-OBn
(.9-9 (S,5,5)-10 (72%, 75:25 dr)

At this stage, the absolute configuration of the minor diastereomer could not be unambiguously
assigned. This synthetic pathway being stereochemically irrelevant, we decided to adopt a reverse

strategy for the peptide elongation and to start with the N-terminal coupling of pseudoprolines 9. We
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have recently reported the coupling reactions of a mixture of cis and #rans pseudoprolines 9 with
various Fmoc protected amino acid chlorides in base free conditions.*® We demonstrated that the
reaction involved a dynamic kinetic resolution (DKR) process. Indeed only the corresponding
dipeptides bearing a cis oxazolidine were obtained regardless the configuration at the C? position of
the starting pseudoproline 9. We postulated that the trans (S,5)-9 and the cis (R,S)-9 pseudoprolines
interconvert rapidly throughout a ring opening equilibrium promoted by the acidic conditions (Scheme
5). Due to steric effects, the N-acylation of the zrans pseudoproline (S,S5)-9 is strongly disfavored and
only the cis (R,S)-9 pseudoproline reacts to afford exclusively the dipeptide bearing the cis (R,S)-

oxazolidine.’”® It is important to note that no epimerization of the C® occurs once the pseudoprolines

are N-acylated.

Scheme 5. Dynamic Kinetic resolution process during /N-coupling of pseudoprolines 9

H>£3<C02Me 5 l 501 FiC 03<002Me
FSE/ N T FC CO,Me Fe.CAN COMe —

. H Less hmdered
Hindered trans-oxazolidine (3,3) (R,S)-9 cis-oxazolidine

X X
FmocAA™ CI / FmocAA™ CI
coupling coupling

kinetically kineticall
disfavored f;cg?ec: Y

o o
Fsc‘é‘Qp‘cone K= F3Cﬁ<N3‘c02Me

Fmoc-AA~ O Fmoc-AA~ ~O
(S,S)-dipeptide (R,S)-dipeptide

Applied to Fmoc-glycine chloride, the reaction of a diastereomeric mixture of pseudoprolines (S,5)-9
and (R,S)-9 gave the dipeptide (R,S)-11 in 97% yield as a single diastereomer (Scheme 6). Compared
to the conditions used with the CF;-proline template (Table 1), the reaction was carried out in milder
conditions at room temperature using only a slight excess amount (1.1 equiv) of acyl chloride.

Scheme 6. N-terminal coupling reaction of pseudoprolines 9

(e}
o Fmoc-Gly-Cl FgC’QNBWOMe
. 1.1 equiv,
FsCxDYOMe ( quiv) o)
H e}

0 DCM FmocHN
Ser(YC3Hpro)-OMe 9 Fmoc-Gly-(R,S)-Ser(¥° 3HPro)-OMe
(84:16 dr) (R.S)-11 (97%, 100% dle)
10
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These conditions were applied to the thiazolidines 12 prepared by condensation of cysteine methyl
ester with fluoral.” Starting from a diastereomeric mixture of the trans (S,R)-12 and cis (R,R)-12
thiazolidines, the coupling reaction led to the expected dipeptide (R,R)-13 but with a low conversion.
The monitoring of the reaction progress by TLC and '"F NMR analyses shown a complete
disappearance of the cis thiazolidine (R,R)-12 without any reaction of the trans (S,R)-12 diastereomer.
The coupling reactions with Fmoc-Gly-Cl were then performed separately on the trans (S,R)-12 and
cis (R,R)-12 thiazolidines (Scheme 7). The thiazolidine (R,R)-12 afforded the expected dipeptide
(R,R)-13 in 89% yield as a single diastereomer while no reaction occurred with the (S,R)-12

thiazolidine (Scheme 7).

Scheme 7. N-terminal coupling reaction of pseudoprolines 12

Fmoc-Gly-Cl . C’( Fmoc-Gly-Cl S
1.1 equiv) 3 (1.1 equiv)
F3Cr(erMe (1.1eq (& } E FiC Qhorwe
M FmocHN . 0
Cys(¥°F3HPro)-OMe Fmoc-Gly-(R,S)-Cys(¥C>HPro)-OMe Cys(¥CF3HPro)-OMe
(RR)-12 (R,R)-13 (89%, 100% de) (S,R)-12

As observed with the oxazolidines 9, the N-coupling reaction is strongly dependent of steric effects
and only the cis thiazolidine (R,S)-12 reacts to afford the corresponding (R,S)-13 dipeptide. In

3960 we assumed that, unlike the

agreement with the literature in the non-fluorinated series,
oxazolidines 9, the trifluoromethylated thiazolidines (R,R)-12 and (S,R)-12 are stable towards acidic
media and cannot interconvert throughout a ring opening equilibrium. In a previous work,” we
reported that a Lewis acid treatment (BF;-OEt;) can mediate the ring opening and promote the
epimerization of the trans (S,S)-9 oxazolidine into the cis (R,S)-9 (Scheme 8). The higher
thermodynamic stability of the trans (S,S)-9 oxazolidine compared to the cis (R,S)-9 one induces a
slow equilibrium shift toward the trans (S,5)-9. In contrast, no epimerization occurred when the trans

(S,R)-12 thiazolidine was treated with BF;-OEt,, Ti(OiPr), or Ti(OiPr);Cl as Lewis acids. The reaction

with TiCl, or SnCl, gave only degradation products.
Scheme 8. Lewis acid-mediated epimerization of pseudoprolines 9 and 12

11
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s
Lewis Acid
Fac eronvle _ BR,OFt, CK%OMe FiC 43}(OM F3CAhOMe
H
0

CM
(5,59 (R,S)-9 (S,R)-12 (R,R)12
t(h) (5.5)-9/(RS)9
0 100:0
18 22:78
48 66:34

In order to synthesize oxazolidine-type CF;-pseudoproline containing GPE analogues, the
saponification of the methyl ester dipeptide (R,S)-11 was carried out under mild conditions to avoid
early Fmoc deprotection.®’ The treatment using NaOH in iPrOH/H,0 (7:3) solution of CaCl, (0.84 M)
gave the corresponding acid which was directly engaged in the coupling reaction with respectively L-
and D-glutamic acid dibenzyl ester (Scheme 9). Surprisingly, the reaction under the standard
conditions (EDCI/HOBt) which were effective for the CF;-proline template (Scheme 1) failed and the
starting material was recovered. The use of BOP-CI allowed the synthesis of the expected tripeptide
(R,S,S)-14 in 68% yield without epimerization (Scheme 9). The removal of all the protecting groups
was performed following the same procedure used for the CF;-proline template. In a single step, the
hydrogenolysis of the tripeptide (R,S,S)-14 afforded the corresponding CF;-GPE analogues (R,S,S)-15
in good yield (72%).

Scheme 9. Synthesis of CF;-pseudoproline containing GPE analogues (R,S,5)-14 and (R,S,S)-15

0
H
,:30743}(01% 1) CaCly, iPrOH/H,0, NaOH FsC’QX( ~COBN (4 ban FsC’QN}\(N\;/COZH
I

2) TsO™ *HaN-L-Glu(OBn)-OBn Y ﬁ Pd/C, MeOH Ogﬁ
NHFmoc BOP-CI, Et;N, DCM NHFmoc ©O281 N, CodH
(R.S)-11 Fmoc-Gly-(R,S)-Ser(¥CF3HPro)-L-Glu(OBn)-OBn Gly-(R,S)-Ser(¥° 3 Hpro)-L-Glu
(R.S,S)-14 (68%) (R.S,S)-15 (72%)

These optimized conditions were applied for the coupling of the thiazolidine containing dipeptide
(R,R)-13 with L-glutamic acid dibenzyl ester. Unfortunately, the reaction led only to the recovery of
the starting material. Other attempts using EDCI/HOBt coupling reagents or the mixed anhydride

activation by treatment of (R,R)-13 with isobutylchloroformate in the presence of NMM failed.

12
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2-CF3-oxazolidine containing GPE analogues. The last investigated GPE analogue series ambitioned
to incorporate the trifluoropyruvate oxazolidine template in place of the proline. According to our
previously reported procedure,” the CF;-oxazolidine 16 was obtained in a high yield (95%) as a 75:25
diastereomeric mixture by the condensation of the ethyl trifluoropyruvate with N-Boc-(R)-
phenylglycinol in the presence of PPTS (Scheme 10). We already reported that this oxazolidine
proved to be a convenient building block for the synthesis of various enantiopure o-CF;-amino acids®””
24 and amino alcohols.®” In other respect, we consider herein this kind of oxazolidines as original
stable proline surrogates. Indeed, the conjugated electron withdrawing effect of both the
trifluoromethyl and the carboxylic group prevents the oxazolidine ring opening. Likewise, the
unsubstituted racemic oxazolidine 17 was obtained in 44% yield through the condensation reaction of
ethyl trifluoropyruvate with N-Boc-ethanolamine (Scheme 10). As both diastereomers of 16 and the
racemic oxazolidine 17 can be considered as 2-CF;-proline surrogates (2-CF3;-¥Pro), we decided to
investigate their incorporation into the GPE peptide sequence. Following the synthetic strategy
successfully employed in the CF;-pseudoproline series based on the N- to C-termini peptide elongation
(vide supra), the coupling reaction between a diastereomeric mixture of oxazolidine 16 and the glycine
residue was attempted (Scheme 10). However, the expected dipeptide was not obtained whatever was
the glycine activation (acyl chloride or acyl bromide) or the protocol used (room temperature,
conventional heating or microwave activation, zinc activation, stoichiometry and solvent nature). In
order to decrease the steric impact of the oxazolidine, we decided to perform the coupling reaction
starting from the unsubstituted racemic oxazolidine 17 (Scheme 10). Therefore 17 was coupled with

Fmoc-glycine chloride to afford the racemic dipeptide 18 in a good yield (75%).

Scheme 10. N-terminal coupling reaction of oxazolidines 16 and 17
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The rest of the synthesis to get the GPE analogues was achieved following the protocol described for
the CF;-pseudoproline template. A saponification reaction followed by the coupling reaction of the
dipeptide 18 with the dibenzylated glutamic acid gave the tripeptide 19 as a 57:43 diastereomeric
mixture in 52% yield (Scheme 11). A pure fraction of each diastereomer was obtained by flash
chromatography separation. However, we were unable to assign the absolute configuration of the
oxazolidine core of each diastercomer. Finally, the isolated diastereomer of the tripeptide 19,,;,, was

submitted to hydrogenolysis to give the CF;-GPE analogue 20 in 49% yield.

Scheme 11. Synthesis of the 2-CF;-oxazolidine containing GPE analogue 20

( Q cF, 1) CaCly, iPrOH/H,0, NaOH (0 CFay
X )S(chozsn
o

N" "CO,Et B
2 2) TsO~ *HaN-L-Glu(OBn)-OBn o i
0 BOP-CI, Et;N, DCM
NHFmoc NHFmoc CO,Bn
18 (racemic) Fmoc-Gly-2-CF 3-¥Pro-L-Glu(OBn)-OBn

19 (52%, 57:43 dr)

[o CFay,
19, Ha (1 bar), Pd/C, MeOH N)S(N\;/COZH
min =
o]
o]
NH, CO,H

Gly-2-CF 3-¥Pro-L-Glu
20 (49%, 100% de)

CONCLUSIONS

We have developed convenient methods for the incorporation of various CF;-proline surrogates (o~

CF;-prolines, CF;-pseudoprolines and 2-CF;-oxazolidines) within peptide sequences. As a result of

this study, we demonstrated that the choice of the peptide elongation route (C- to N-terminus or N- to
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C-terminus) was crucial for the success of the peptide synthesis and also to guarantee its configuration
integrity. For the CF;-proline template, the standard peptide elongation route (C- to N-terminus) was
applied while the reverse strategy was required for the CF;-pseudoproline and CF;-oxazolidine
templates. Noteworthy, the Fmoc-benzyl strategy allowed the final full removal of the protecting
groups in single step by hydrogenolysis. The methods described in this paper have been successfully
applied to the solution phase synthesis of several novel trifluoromethylated analogues of the
neuroprotective GPE peptide. Evaluation of their neuroprotective effects on different types of neurons
from diverse induced injuries activity are in progress and will be reported in due time. Moreover, for
future developments, the fluorinated Fmoc-protected peptide intermediates elaborated in this work will
constitute suitable peptides bocks for the solid phase synthesis of longer peptides incorporating CF;-

proline or its surrogates.

EXPERIMENTAL SECTION

General Methods. Unless otherwise mentioned, all the reagents were purchased from commercial
source. All glassware was dried in an oven at 150 °C prior to use. All solvents were purified and dried
by standard techniques and distilled prior to use. Dichloromethane was distilled over calcium hydride
under argon. THF was distilled over sodium benzophenone ketyl under argon. All organic extracts
were dried over MgSOy,, unless otherwise noted. Silica gel (230—400 mesh) was used for flash column
chromatography, eluting (unless otherwise stated) with cyclohexane/ethyl acetate. Silica TLC plates
were visualized under UV light, by a 10% solution of phosphomolybdic acid in ethanol followed by
heating. Infrared spectra (IR) were obtained by Fourier transformation, and wave numbers are given in
cem . '"H NMR, C NMR, and "°’F NMR spectra were recorded in CDClI; (unless otherwise stated). 'H
NMR (400.00 MHz), *C NMR (100.50 MHz) and "’F NMR (376.20 MHz) were measured on a
spectrometer operating at a 'H frequency of 400 MHz. Chemical shifts of "H NMR are expressed in
parts per million downfield from tetramethylsilane (J = 0) in CDCl;. Chemical shifts of °C NMR are
expressed in parts per million downfield from CDClI; as internal standard (6 = 77.0). Chemical shifts

of "F NMR are expressed in parts per million downfield from C¢Fg as an internal standard (6 =
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—164.9). Coupling constants are reported in Hertz. Assignments were obtained from the analysis of 2D
"H-"C heteronuclear correlation (HETCOR) spectroscopy. Correlation spectroscopy (COSY) was
used to correlate chemical shifts of protons coupled to one another. Melting points were uncorrected.
High-resolution mass spectra were obtained using electrospray ionization (ESI) in positive ion mode

and a TOF mass analyzer or using direct inlet probe (DI-HRMS).

CF;-proline containing GPE analogues.

General procedure for the synthesis of dipeptides (S,5)-6, (S,R)-6, (R,S)-6, (R,R)-6. Tricthylamine
(4.1 equiv), HOBt (1.5 equiv), EDCI (1.5 equiv), and finally o-Tfm-proline 1 (1 equiv) were
successively added at 0 °C to a stirred solution of glutamic dibenzylester tosylate salt (2 equiv) in
DMEF (0.25 M/a-Tfm amino acid). DMF was added and the resulting mixture was stirred at 0 °C for 20
min and then at room temperature for 24 h. The mixture was diluted with DCM and water. The
aqueous layer was extracted with DCM (3 X) and the combined organic layers were washed with
water, dried with MgSQO,, filtered, and concentrated under reduced pressure. The crude residue was

purified by flash chromatography to afford the corresponding dipeptides in 42—-89% yields.

H-(S)-o-Tfm-Pro-L-Glu(OBn)-OBn ($,5)-6. The dipeptide (S,S)-6 was prepared by the General
Procedure, with L-glutamic dibenzylester tosylate salt (961 mg, 1.92 mmol, 2 equiv), triethylamine
(540 pL, 3.94 mmol, 4.1 equiv), HOBt (195 mg, 1.44 mmol, 1.5 equiv), EDCI (275 mg, 1.44 mmol,
1.5 equiv), and (S)-a-Tfm proline 1 (176 mg, 0.96 mmol) in DMF (4 mL). Purification on silica gel
(cyclohexane/AcOEt, 90:10) gave pure (S,5)-6 (388 mg, 82%) as a colorless oil; [a]*’p —19.6 (¢ 0.9,
CHCLy); IR (neat) : 3021, 1740, 1685 cm™; '"H NMR (400 MHz, CDCl3) § 1.70 (m, 1 H, H, Pro-Ha),
1.85 (m, 1 H, H, Pro-Hb), 2.07 (m, 1 H, Hg Glu-Ha), 2.15-2.46 (m, 6 H, NH Pro, Hg Glu-Hb, H, Glu
and Hg Pro), 3.01-3.11 (m, 2 H, H; Pro-Ha), 4.62 (m, 1 H, H, Glu), 5.09 (s, 2 H, Bzl CH,), 5.14 (d, J
=12.4 Hz, 1 H, Bn CH,-Ha), 5.18 (d, /= 12.4 Hz, 1 H, Bn CH,-Hb), 7.30-7.38 (m, 10 H, Bn arom.),
8.11 (d,J= 6.9 Hz, 1 H, NH Glu); °C NMR (100.5 MHz, CDCl;) §25.4 (CH,, C, Pro), 26.9 (CH,, C,
Glu), 30.1 (CH,, C, Glu), 32.3 (CH,, Cg Pro), 47.5 (CH,, Cs Pro), 51.9 (CH, C, Glu), 66.6 (CH,, Bn
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CH,), 67.4 (CH,, Bn CH,), 70.7 (q, J = 26.8 Hz, CH, C, Pro), 125.9 (q, J = 284.7 Hz, CF;), 128.2,
128.3, 128.5, 128.6, 128.6, 135.0, 135.6, 169.5, 171.1, 172.3; '°F NMR (376.2 MHz, CDCl3) 5-77.8

(s, CF3); DI-HRMS calcd. for Cy5Hy;F3N,Os [M]': 492.1872; found 492.1873.

H-(R)-a-Tfm-Pro-D-Glu(OBn)-OBn (R,R)-6. The dipeptide (R,R)-6 was prepared by the General
Procedure, from D-glutamic dibenzylester tosylate salt (332 mg, 0.67 mmol, 2 equiv), triethylamine
(181 pL, 1.36 mmol, 4.1 equiv), HOBt (68 mg, 0.50 mmol, 1.5 equiv), EDCI (96 mg, 0.50 mmol, 1.5
equiv), and (R)-o-Tfm proline 1 (61 mg, 0.33 mmol) in DMF (1.5 mL). Purification on silica gel
(cyclohexane/AcOEt, 90:10) gave pure (R,R)-6 (110 mg, 67%) as a colorless oil; [a]p +22.9 (¢ 1.0,
CHCI;); The spectral data of (R ,R)-6 were identical to those of (S,5)-6; DI-HRMS calcd. for

C25H27F3N205 [M]+: 4921872, found 492.1873.

H-(R)-a-Tfm-Pro-L-Glu(OBn)-OBn (R,S)-6. The dipeptide (R,S)-6 was prepared by the General
Procedure, with L-glutamic dibenzylester tosylate salt (764 mg, 1.53 mmol, 2 equiv), triethylamine
(420 pL, 3.14 mmol, 4.1 equiv), HOBt (155 mg, 1.15 mmol, 1.5 equiv), EDCI (219 mg, 1.15 mmol,
1.5 equiv), and (R)-o-Tfm proline 1 (140 mg, 0.76 mmol) in DMF (3 mL). Purification on silica gel
(cyclohexane/AcOEt, 90:10) gave pure (R,S)-6 (334 mg, 89%) as a colorless oil; [o]”’p +18.1 (¢ 0.9,
CHCl5); IR (neat): 3332, 3019, 2925, 1736, 1685 cm'; '"H NMR (400 MHz, CDCl3) 6 1.69 (m, 1 H,
H, Pro-Ha), 1.79 (m, 1 H, H, Pro-Hb), 2.04 (m, 1 H, Hg Glu-Ha), 2.11-2.48 (m, 6 H, NH Pro, Hg Glu-
Hb, H, Glu and Hg Pro), 3.00-3.12 (m, 2 H, H; Pro), 4.60 (m, 1 H, H, Glu), 5.09 (s, 2 H, Bn CH,),
5.12 (d, J=12.1 Hz, 1 H, Bn CH,-Ha), 5.18 (d, /= 12.1 Hz, 1 H, Bn CH,-Hb), 7.28-7.37 (m, 10 H,
Bn arom.), 8.29 (d, J = 8.5 Hz, 1 H, NH Glu); "C NMR (100.5 MHz, CDCl;) §25.1 (CH,, C, Pro),
26.9 (CH,, Cg Glu), 30.2 (CH,, C, Glu), 32.0 (CH,, Cg Pro), 47.5 (CH,, Cs Pro), 51.8 (CH, C, Glu),
66.5 (CH,, Bn CH,), 67.4 (CH,, Bn CH,), 71.0 (q, J = 26.8 Hz, CH, C, Pro), 125.8 (q, J = 283.7 Hz,
CF3), 127.9, 127.9, 128.0, 128.2, 128.3, 135.1, 135.7, 169.4, 171.1, 172.4; ’F NMR (376.2 MHz,

CDCls) 6-77.8 (s, CF;); DI-HRMS calcd. for C,sH,;F3N,O5 [M]": 492.1872; found 492.1874.

17

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

H-(S)-a-Tfm-Pro-D-Glu(OBn)-OBn (S,R)-6. The dipeptide (S,R)-6 was prepared by the General
Procedure, with D-glutamic dibenzylester tosylate salt (605 mg, 1.12 mmol, 2 equiv), triethylamine
(326 uL, 2.46 mmol, 4.1 equiv), HOBt (122 mg, 0.90 mmol, 1.5 equiv), EDCI (173 mg, 0.90 mmol,
1.5 equiv), and (S)-o-Tfm proline 1 (111 mg, 0.60 mmol) in DMF (3 mL). Purification on silica gel
(cyclohexane/AcOEt, 90:10) gave pure (S,R)-6 (124 mg, 42%) as a colorless oil; [a]*p —16.6 (¢ 1.0,
CHCl3); The spectral data of (S,R)-6 were identical to those of (R,S)-6; DI-HRMS calcd. for

C25H27F3N205 [M]+: 4921872, found 492.1874.

General procedure for the synthesis of dipeptides (S,5)-7, (S,R)-7, (R,S)-7, (R,R)-7. To a solution
of dipeptide 6 (1 equiv) in DCM under argon was added Fmoc-Gly-Cl (2 equiv) prepared according to
our reported procedure.’’ The mixture was refluxed for 24 h and then quenched by saturated NaHCO;
solution. The aqueous phase was extracted by DCM (3 x) and the combined organic extracts were
dried over MgSO, and concentrated under reduced pressure. The crude residue was purified by flash

chromatography to afford the corresponding tripeptides in 52—-88% yield.

Fmoc-Gly-(S)-o-Tfm-Pro-L-Glu(OBn)-OBn (S,S)-7. The tripeptide (S,S)-7 was prepared following
the General Procedure, using dipeptide (S,5)-6 (552 mg, 1.12 mmol, 1 equiv) and Fmoc-Gly-ClI (708
mg, 2.24 mmol, 2 equiv) in DCM (4 mL). Purification by flash chromatography (70:30
cyclohexane/ethyl acetate) gave pure (S,S)-7 (757 mg, 88 %) as a white solid. Mp 110-112°C; [o]*p —
53.7 (¢ 0.23, CHCLy); IR (neat): 3300, 1728, 1681 cm™'; '"H NMR (400 MHz, CDCl;) §1.95-2.15 (m,
3 H, H, Pro and Hy Glu-Ha), 2.29 (m, 1 H, Hg Glu-Hb), 2.30-2.59 (m, 4 H, H, Glu and Hy Pro), 3.60
(q,/=8.0 Hz 1 H, H; Pro-Ha), 3.71 (q, J= 8.0 Hz, 1 H, H; Pro-Hb), 4.03—4.09 (m, 2 H, H, Gly), 4.20
(t,J=7.2 Hz, 1 H, Fmoc CH), 4.30-4.40 (m, 2 H, Fmoc CH,), 4.66 (m, 1 H, H,, Glu), 5.09 (s, 2 H, Bn
CH,), 5.14 (d,J=12.1 Hz, 1 H, Bn CH,-Ha), 5.16 (d, J=12.1 Hz, 1 H, Bn CH,-Hb), 5.73 (s, 1| H, NH
Gly), 7.21 (d, J= 6.9 Hz, 1 H, NH Glu), 7.27-7.35 (m, 12 H, Fmoc arom. and Bn arom.) 7.41 (t, J =
7.3 Hz, 2 H, Fmoc arom.), 7.60 (d, J = 7.3 Hz, 2 H, Fmoc arom.), 7.76 (d, J = 7.3 Hz, 2 H, Fmoc
arom.); "C NMR (100.5 MHz, CDCl;) 623.3 (CH,, C, Pro), 26.4 (CH,, Cy Glu), 29.9 (CH,, C, Glu),

34.1 (CH,, Cg Pro), 44.1 (CH,, C,, Gly), 47.0 (CH, Fmoc CH), 48.5 (CH,, C; Pro), 52.7 (CH, C, Glu),
18
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66.5 (CH, Bn CHy), 67.1 (CH,, Fmoc CH,), 67.4 (CH,, Bn CH,), 72.0 (q, J = 28.8 Hz, CH, C, Pro),
119.9, 124.9 (q, J = 286.6 Hz, CF3), 125.1, 127.0, 127.6, 128.1, 128.2, 128.3, 128.5, 128.6, 135.0,
135.6, 141.2, 143.8, 156.1, 165.9, 167.9, 170.9, 172.9; F NMR (376.2 MHz, CDCl;) 5-71.3 (s,

CF3); HRMS (ESI-TOF) calcd. for CarHyF3N;Og [M+H]': 772.2846; found 772.2881.

Fmoc-Gly-(S)-o-Tfm-Pro-D-Glu(OBn)-OBn (S,R)-7. To a solution of dipeptide (S,R)-6 (67 mg,
1.12 mmol, 1 equiv) in DCM (1 mL) under argon was added Fmoc-Gly-CI (86 mg, 2.24 mmol, 2
equiv). Purification by flash chromatography (70:30 cyclohexane/ethyl acetate) gave pure (S,R)-7 (55
mg, 52%) as a white solid. Mp 110-112°C; [a]*p —21.4 (c 0.44, CHCl;); IR (neat): 1728, 1681, 1519,
1450 cm™'; '"H NMR (400 MHz, CDCl3) & 1.92-2.15 (m, 3 H, H, Pro and Hy Glu-Ha), 2.20 (m, 1 H,
Hg Glu-Hb), 2.34-2.52 (m, 4 H, H, Glu and Hg Pro), 3.55 (q, /= 8.0 Hz 1 H, H; Pro-Ha), 3.67 (q, J =
8.0 Hz, 1 H, H; Pro-Hb), 3.97 (dd, /= 17.4, 4.0 Hz, 1 H, H,, Gly-Ha), 4.11-4.21 (m, 2 H, H,, Gly-Hb
and Fmoc CH), 4.28 (dd, J=10.3, 6.0 Hz, 1 H, Fmoc CH,-Ha), 4.37 (dd, /= 10.3, 7.3 Hz, 1 H, Fmoc
CH,-Hb), 4.63 (m, 1 H, H, Glu), 5.01 (d, /= 12.1 Hz, 1 H, Bn CH,-Ha), 5.09 (d, /= 12.1 Hz, 1 H, Bn
CH,-Hb), 5.10 (d, J = 12.1 Hz, 1 H, Bn CH,-Ha), 5.19 (d, /= 12.1 Hz, 1 H, Bn CH,-Hb), 5.71 (m, 1
H, NH-Gly), 7.27-7.35 (m, 13 H, NH Glu, Fmoc arom. and Bn arom.), 7.40 (t, /= 7.6 Hz, 2 H, Fmoc
arom.), 7.57 (d, J= 7.6 Hz, 2 H, Fmoc arom.), 7.76 (d, /= 7.6 Hz, 2 H, Fmoc arom.); BC NMR (100.5
MHz, CDCl;) 622.9 (CH,, C, Pro), 25.7 (CH,, Cy Glu), 30.0 (CH,, C, Glu), 34.4 (CH,, C; Pro), 44.2
(CH,, C, Gly), 46.9 (CH, Fmoc CH), 48.5 (CH,, C; Pro), 52.3 (CH, C, Glu), 66.8 (CH,, Bn CH,),
67.1 (CH,, Fmoc CH,), 67.3 (CH,, Bn CH,), 72.0 (q, J = 27.8 Hz, CH, C, Pro), 119.9, 124.5 (q, J =
286.6 Hz, CF), 125.1, 127.0, 127.7, 127.9, 128.3, 128.4, 128.5, 128.6, 135.0, 135.3, 141.2, 143.8,
156.1, 166.2, 167.9, 171.0, 174.2; "°’F NMR (376.2 MHz, CDCl;) 6-71.1 (s, CF5); HRMS (ESI-TOF)

caled. for C4Hy F3N3Og [M+H]": 772.2846; found 772.2864.

Fmoc-Gly-(R)-a-Tfm-Pro-L-Glu(OBn)-OBn (R,S)-7. The tripeptide (R,S)-7 was prepared following
the General Procedure, using dipeptide (R,S)-6 (190 mg, 0.39 mmol, 1 equiv) and Fmoc-Gly-CI (243
mg, 0.77 mmol, 2 equiv) in DCM (2 mL). Purification by flash chromatography (70:30
cyclohexane/ethyl acetate) gave pure (R,S)-7 (159 mg, 53%) as a white solid; Mp 110-112°C; [a]*p
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+23.1 (c 0.45, CHCly); The spectral data of (R,S)-7 were identical to those of (S,R)-7; HRMS (ESI-

TOF) caled. for CyyHy F3N;Og [M+H]": 772.2846; found 772.2864.

Fmoc-Gly-(R)-a-Tfm-Pro-D-Glu(OBn)-OBn (R,R)-7. The tripeptide (R,R)-7 was prepared following
the General Procedure, using dipeptide (R,R)-6 (62 mg, 0.13 mmol, 1 equiv) in DCM (1 mL) under
argon was added Fmoc-Gly-Cl (80 mg, 0.26 mmol, 2 equiv. Purification by flash chromatography
(70:30 cyclohexane/ethyl acetate) gave pure (R,R)-7 (70 mg, 72%) as a white solid; Mp 110-112°C;
[a]*p +52.2 (¢ 0.25, CHCl;); The spectral data of (R,R)-7 were identical to those of (S,S)-7; HRMS

(ESI-TOF) calcd. for C4,H, F3sN;Og [M+H]': 772.2846; found 772.2864.

H-Gly-(S)-a-Tfm-Pro-L-Glu(OH)-OH (S,S)-8. A solution of tripeptide (S,S)-7 (440 mg, 0.57 mmol,
1 equiv) in MeOH (2.5 mL) was hydrogenated over 20% Pd/C (440 mg) at room temperature for 24 h
under hydrogen atmosphere (1 bar). The reaction mixture was filtered and evaporated. The crude was
precipitated in pentane and filtrated to afford pure (S,5)-8 (116 mg, 55%) as a white solid; [a]*’p —55.5
(c 1.3, H,0); IR (neat): 3600-2750, 1667, 1538 cm™'; "H NMR (400 MHz, D,0) & 1.90 (m, 1 H, Hj
Glu-Ha), 1.98-2.18 (m, 3 H, H, Pro-H and Hg Glu-Hb), 2.28-2.38 (m, 3 H, Hg Pro-Ha and H, Glu-H),
2.55 (m, 1 H, Hg Pro-Hb), 3.65 (q, J = 8.0 Hz 1 H, H; Pro-Ha), 3.79-3.88 (m, 1 H, H;s Pro-Hb), 3.98
(d, J=16.7 Hz,1 H, H, Gly-Ha), 4.09 (d, J = 16.7 Hz,1 H, H, Gly-Hb), 4.21 (m, 1 H, H, Glu-H); °C
NMR (100.5 MHz, D,0) 622.7 (CH,, C, Pro), 27.0 (CH,, Cg Glu), 30.9 (CH,, C, Glu), 34.5 (CH,, Cg
Pro), 41.3 (CH,, C, Gly), 48.7 (CH,, C; Pro), 54.4 (CH, C, Glu), 71.8 (q, J = 28.8 Hz, CH, C, Pro),
124.5 (q, J = 285.6 Hz, CF3), 166.0, 167.8, 176.8, 178.6; '’F NMR (376.2 MHz, D,0) 6-71.7 (s, CF);

HRMS (ESI-TOF) caled. for C3H;9F3N30s [M+H]™: 370.1226; found 370.1221.

H-Gly-(R)-o-Tfm-Pro-L-Glu(OH)-OH (R,S)-8. A solution of tripeptide (R,S)-7 (159 mg, 0.21 mmol,
1 equiv) in MeOH (1.0 mL) was hydrogenated over 20% Pd/C (159 mg) at room temperature for 24 h
under hydrogen atmosphere (1 bar). The reaction mixture was filtered and evaporated. The crude was
precipitated in pentane and filtrated to afford pure (R,S)-8 (41 mg, 54%) as a white solid; [a]*’p —49.3
(c 0.85, H,0); IR (neat): 3600-2750, 1667, 1538 cm™'; 'H NMR (400 MHz, D,0) 6 1.90 (m, 1 H, H,
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Glu-Ha), 2.00-2.18 (m, 3 H, H, Pro-H and Hg Glu-Hb), 2.28-2.48 (m, 3 H, Hg Pro-Ha and H, Glu-H),
2.58 (m, 1 H, Hg Pro-Hb), 3.69 (m, 1 H, Hs Pro-Ha), 3.87 (m, 1 H, Hs Pro-Hb), 4.01 (d, /= 16.5 Hz, 1
H, H, Gly-Ha), 4.15 (d, J = 16.5 Hz,1 H, H,, Gly-Hb), 4.20 (m, 1 H, H, Glu-H); C NMR (100.5
MHz, D,0) 6§ 22.7 (CH,, C, Pro), 26.1 (CH,, Cg Glu), 31.7 (CH,, C, Glu), 34.5 (CH,, C; Pro), 41.5
(CH,, C, Gly), 48.9 (CH,, C; Pro), 54.9 (CH, C,, Glu), 71.8 (q, J = 27.8 Hz, CH, C, Pro), 124.5 (q, /=
285.6 Hz, CF;), 166.3, 168.0, 177.0, 179.6; ’F NMR (376.2 MHz, D,0) 6-71.5 (s, CF;); HRMS

(ESI-TOF) calcd. for C;3H;oF3N30, [M+H]": 370.1226; found 370.1222.
CF;-pseudoproline containing GPE analogues.

H-(S)-Ser(¥“"**"'Pro)-L-Glu(OBn)-OBn (S,S,S5)-10. To a solution of oxazolidine (S,5)-9 (2 g, 10.0
mmol) in THF (40 mL) was slowly added at 0°C 1 M aqueous solution of LiOH (11 mL, 11 mmol, 1.1
equiv). The solution mixture was vigorously stirred at 0°C until the disappearance of the starting
material (usually 1 h). Subsequently, Et,0 was added, and the reaction mixture was extracted with
water (3%). The aqueous layers were combined, and water was removed under reduced pressure to
give the corresponding lithium carboxylate, which was directly used without further purification. A
fraction of the crude lithium carboxylate (210 mg, 1.1 mmol) was diluted in DMF (6 mL), and L-
glutamic acid dibenzylester tosylate salt (1.1 g, 2.2 mmol, 2.0 equiv), NEt; (630 uL, 4.5 mmol, 4.1
equiv), HOBt (223 mg, 1.65 mmol, 1.5 equiv),and EDCI (316 mg, 1.65 mmol, 1.5 equiv) were
successively added at room temperature. The reaction mixture was stirred overnight at room
temperature and then diluted with DCM and water. The layers were separated, and the aqueous layer
was extracted with DCM (3x). The combined organic layers were dried over MgSO,, filtered, and
concentrated under reduced pressure. Purification by flash chromatography (70:30 cyclohexane/ethyl
acetate) gave the dipeptide (S5,5,5)-10 (392 mg, 72%) as an inseparable 75:25 diastereomeric mixture.
'H NMR (400 MHz, CDCl;) (major) & 2.08-2.12 (m, 1 H, Hy Glu-Ha), 2.20-2.31 (m, 1 H, Hp Glu-
Hb), 2.32-2.50 (m, 2 H, H, Glu), 2.85 (m, 1 H, NH Y¥Pro), 3.81 (t,/J= 7.0 Hz, 1 H, Hg ¥Pro-Ha), 3.93
(t,J=7.0Hz, 1 H, H, ¥Pro), 4.17 (t, J=7.8 Hz, 1 H, Hg YPro-Hb), 4.62-4.69 (m, 1 H, H, Glu), 5.01

(q, /=5.5 Hz, 1 H, Hs WPro), 5.10 (s, 2 H, Bn CH,-H), 5.14 (d, /= 12.1 Hz, 1 H, Bn CH,-Ha), 5.18
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(d, J=12.1 Hz, 1 H, Bn CH,-Hb), 7.10 (d, /= 7.1 Hz, 1 H, NH-Glu), 7.26—7.40 (m, 10 H, Bn arom.);
(minor) 62.08-2.12 (m, 1 H, Hg Glu-Ha), 2.20-2.31 (m, 1 H, Hg Glu-Hb), 2.32-2.50 (m, 2 H, H, Glu),
2.85 (m, 1 H, NH ¥Pro), 3.86-3.93 (m, 2 H, Hs ¥Pro-Ha and H, ¥Pro), 4.11 (t,/=7.1 Hz, 1 H, Hg
YPro-Hb), 4.62—4.69 (m, 1 H, H, Glu), 4.90 (q, /= 5.1 Hz, 1 H, Hs ¥Pro), 5.10 (s, 2 H, Bn CH,-H),
5.14 (d, J=12.1 Hz, 1 H, Bn CH,-Ha), 5.18 (d, /= 12.1 Hz, 1 H, Bn CH,-Hb), 7.10 (d, /= 7.1 Hz, 1
H, NH-Glu), 7.26-7.40 (m, 10 H, Bn arom.); °C NMR (100.5 MHz, CDCl;) (major) &26.7 (CH,, Cg
Glu), 30.2 (CH,, C, Glu), 52.0 (CH, C, Glu), 59.3 (CH, C, ¥Pro), 66.7 (CH,, Bn CH,), 67.6 (CH,, Bn
CH,), 70.2 (CH,, Cg Y¥Pro), 87.9 (q, J = 33.6 Hz, CH, C; YPro), 123.1 (q, J = 283.7 Hz, CF;), 128.2,
128.3, 128.4, 128.5, 128.6, 128.7, 134.9, 135.5, 170.0, 171.1, 172.7; (minor) 6 26.8 (CH,, Cg Glu),
30.2 (CH,, C, Glu), 51.8 (CH, C,, Glu), 59.3 (CH, C, ¥Pro), 66.6 (CH,, Bn CH,), 67.6 (CH,, Bn CH,),
70.0 (CH,, Cg Y¥Pro), 87.9 (q, J = 33.6 Hz, CH, C; YPro), 123.0 (q, J = 282.8 Hz, CF;), 128.3, 128.3,
128.4, 128.5, 128.6, 128.7, 134.9, 135.6, 170.2, 171.0, 172.5; "”F NMR (376.2 MHz, CDCls) (major)
0-84.6 (d, J = 5.5 Hz, CF;); (minor) 6-84.4 (d, J = 5.1 Hz, CF;); HRMS (ESI-TOF) calcd. for

C24H26F3N206 [M+H]+: 495.1 743, found 495.1732.

The Fmoc-Gly-(R)-Ser(¥“"*"'Pro)-OMe (R,S)-11 was prepared according to our previously reported

30
procedure.

Fmoc-Gly-(R)-Cys(¥"™"Pro)-OMe (R,R)-13. To a solution of (R,R)-12 (3.0 g, 13.9 mmol, 1 equiv)
in DCM (150 mL) was added Fmoc-Gly-Cl (4.820 g, 15.3 mmol, 1.1 equiv).The mixture is stirred at
room temperature for 24 h then quenched with saturated NaHCO; solution (150 mL). The aqueous
solution was extracted with DCM (3 x 100 mL). The combined organic extracts were washed with
brine (150 mL) and were dried over MgSQOy,, filtered and concentrated under reduced pressure. The
crude mixture is purified by flash chromatography (80:20 cyclohexane/ethyl acetate) to afford pure
dipeptide (R,R)-13 (6.08 g, 89%) as a 57/43 inseparable mixture of rotational isomers in CDCl; at 298
K: yellow solid. Mp 72-74°C; [a]*p —95.9 (c 1.07, CHCly); IR (neat): 3342, 1716, 1682, 1519, 1118

cm™'; 'H NMR (400 MHz, CDCl;, 323 K) 63.33-3.65 (m, 2 H, Hy WPro), 3.79 (s, 3 H, OMe), 4.12
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(m, 1 H, H, Gly-Ha), 4.22 (t, J= 6.9 Hz, 1 H, Fmoc CH), 4.35-4.47 (m, 3 H, H, Gly-Hb and Fmoc
CH,), 5.03 (m, 1 H, H, ¥Pro), 5.69 (m, 1 H, NH, Gly), 6.02 (m, 1 H, Hs ¥Pro), 7.31 (t, J=7.3 Hz, 2
H, Fmoc arom.), 7.40 (t, J = 7.3 Hz, 2 H, Fmoc arom.), 7.59 (d, J= 7.3 Hz, 2 H, Fmoc arom.), 7.76 (d,
J=17.3 Hz, 2 H, Fmoc arom.); °C NMR (100.5 MHz, CDCl;, 323 K) 6 31.9 (CH,, C3 ¥Pro), 43.2
(CH,, C,, Gly), 47.2 (CH, Fmoc CH), 53.0 (CH;, OMe), 62.2 (q, J = 30.7 Hz, C; ¥Pro), 62.8 (CH, C,
YPro), 67.4 (CH,, Fmoc CH,), 119.9, 124.2 (q, J = 281.8 Hz, CF;), 125.0, 127.1, 127.7, 141.3, 143.8,
156.3, 168.4, 168.9; °’F NMR (376.2 MHz, CDCl;, 298 K) & (majo rotamer) & —77.1 (s, CF;), (mino
rotamer) & —77.3 (s, CF3); HRMS (ESI-TOF) calcd. for C,3H,,F3N,0sSNa [M+Na]": 517.1021; found:

517.1028.

Fmoc-Gly-(R)-Ser(¥"*"Pro)-L-Glu(OBn)-OBn (R,S,S)-14. The saponification of the dipeptide
methyl ester (R,S)-11 (15.0 g, 31.4 mmol) was performed following a described method by addition of
NaOH (1.5 g, 37.6 mmol, 1.2 equiv) to a 0.8 M CaCl, solution in iPrOH-H,O 7:3 (715 mL).®' The
reaction mixture was stirred for 12 h at room temperature, quenched with 1 M HCI, concentrated
under reduced pressure and diluted with H,O (200 mL). The aqueous solution was extracted with ethyl
acetate (3 x). The combined organic layers were washed with H,O, dried over MgSQ,, filtered and
concentrated under reduced pressure. The crude acid was used in the next step without further
purification. To a solution of the crude acid (6.0 g, 12.9 mmol, 1 equiv) in DCM (690 mL) were added
L-glutamic dibenzylester tosylate salt (8.06 g, 16.1 mmol, 1.25 equiv) and Et;N (5.5 mL, 39.7 mmol,
3.2 equiv). After 20 min at room temperature BOP-CI (4.26 g, 16.8 mmol, 1.3 equiv) was added and
the mixture was stirred at room temperature for 24 h then quenched with water. The aqueous solution
was extracted with DCM (3 x 200 mL). The organic layer was washed with brine (100 mL). The
combined organic extracts were dried over MgSQ,, filtered and concentrated under reduced pressure.
The crude mixture is purified by flash chromatography (80:20 cyclohexane/ethyl acetate) to give pure
(R,S,S)-14 (6.82 g, 68%) as a 57/43 inseparable mixture of rotational isomers in CDCl; at 298 K:
yellow oil; [a]”’p —27.2 (¢ 0.9, CHCly); IR (neat): 3310, 2928, 1731, 1677, 1529, 1150, 737 cm™'; 'H

NMR (400 MHz, CDCl;) 6 (mixture of rotational isomers) 2.00-2.12 (m, 1 H, Hg Glu-Ha), 2.21-2.32
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(m, 1 H, Hg Glu-Hb), 2.34-2.54 (m, 2 H, H, Glu), 3.82-4.02 (m, 2 H, H, Gly), 4.17-4.26 (m, 2 H,
Fmoc CH and Hg WPro-Ha), 4.34-4.44 (m, 3 H, Fmoc CH, and Hg WPro-Hb), 4.67-4.77 (m, 1 H, H,
Glu), 5.02-5.20 (m, 5 H, H, WPro and Bn CH,), 5.69-6.09 (m, 2 H, Hs Pro and NH-Gly), 7.12-7.21
(m, 1 H, NH Glu), 7.27-7.37 (m, 12 H, Bn arom. and Fmoc arom.), 7.41 (t, J = 7.3 Hz, 2 H, Fmoc
arom.), 7.62 (d, J= 7.3 Hz, 2 H, Fmoc arom.), 7.77 (d, /= 7.3 Hz, 2 H, Fmoc arom.); BC NMR (100.5
MHz, CDCl;) 6 (mixture of rotational isomers) 26.8 (CH,, Cg Glu), 30.0 (CH,, C, Glu), 43.3 and 44.0
(CH,, C, Gly), 46.8 (CH, Fmoc CH), 51.6 and 51.9 (CH, C, Glu), 58.4 (CH, C,, ¥Pro), 66.4 (CH,, Bn
CH,), 67.0 (CH,, Fmoc CH,), 67.2 (CH,, Bn CH,), 67.3 (Fmoc CH,), 67.4 (CH,, C3 WPro), 84.7 (CH,
Cs Pro), 119.8, 122.5 (q, J = 287.5 Hz, CF;), 124.9, 126.9, 127.6, 128.0, 128.1, 128.3, 128.4, 134.9,
135.4, 141.0, 143.5, 143.6, 156.5, 168.0, 169.2, 170.9, 171.3, 172.4, 172.5; ’F NMR (376.2 MHz,
CDCl;) 6 (mixture of rotational isomers) —81.8 (s, CF;) and -81.3 (s, CF;); HRMS (ESI-TOF) calcd.

for C41H39F3N309 [M+H]+: 7742638, found 774.2653.

H-Gly-(R)-Ser(¥“"*"Pro)-L-Glu(OH)-OH-(R,S,S)-15. A solution of tripeptide (R,S,S)-14 (4.0 g,
5.16 mmoles, 1 equiv.) in MeOH (40 mL) was hydrogenated over 20% Pd/C (4.0 g) at room
temperature for 24 h under 1 bar pressure of hydrogen. The reaction mixture was filtered and
concentrated under reduced pressure. Water and Et,0 were added, aqueous phase was washed with
Et,O (3 x 50 mL). The aqueous phase was concentrated under reduced pressure to give pure
deprotected peptide (R,S,S)-15 (1.75 g, 72 %) as a single rotational isomer in D,O at 353 K: yellow
solid; [0]*p —31.1 (¢ 1.2, H,0); IR (neat): 3600-2750, 1667, 1538 cm'; 'H NMR (400 MHz, D,0,
353K) 62.38-2.52 (m, 1 H, Hg Glu-Ha), 2.56-2.70 (m, 1 H, Hg Glu-Hb), 2.82-2.91 (m, 2 H, H, Glu),
4.57-4.62 (m, 2 H, H, Gly), 4.80-4.92 (m, 2 H, H, Glu, Hs ¥Pro-Ha), 5.10-5.20 (m, 1 H, Hg ¥Pro-
Hb), 5.40-5.50 (m, 1 H, H, ¥Pro), 6.45-6.52 (m, 1 H, Hs ¥Pro); *C NMR (100.5 MHz, D,0, 353K) &
27.7 (CH,, Cg Glu), 31.7 (CH,, C, Glu), 41.6 (CH,, C, Gly), 55.3 (CH, C, Glu), 59.4 (CH, C, ¥Pro),
71.1 (CH,, Cg WPro), 85.5 (q, J = 34.5 Hz, Cs ¥Pro), 123.0 (q, J = 285.6 Hz, CF;), 168.3, 169.1,
177.2, 178.8; F NMR (376.2 MHz, D,0, 353K) 5-80.4 (s, CF;); HRMS (ESI-TOF) calcd. for

C12H17F3N307 [M+H]+: 3721019, found 372.1019.
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2-CF;-oxazolidine containing GPE analogues

The compound 16 was prepared as a mixture of diastereomer (75:25) according to our previously

reported procedure.”

2-CF;-WPro-OEt-17. To a solution of N-Boc-ethanolamine (5.200 g, 33 mmol, 1 equiv) in toluene
(100 mL) was added PPTS (829 mg, 3.3 mmol, 0.1 equiv) and ethyl trifluoropyruvate (5.610 g, 102
mmol, 1.2 equiv). After stirring the mixture for 1 h at room temperature, the reaction was heated to
reflux with a Dean Stark apparatus for 24 h then cooled to 0°C, filtrated and concentrated under
reduced pressure. Purification by flash chromatography (90:10 cyclohexane/ethyl acetate) gave a
racemic mixture of 17 (5.320 g, 44 %) as a yellow oil. IR (neat): 3342, 2987, 2904, 1742, 1448, 1372,
1322, 1279, 1232, 1177, 1016, 987, 943, 858, 817, 747, 681 cm '; 'H NMR (400 MHz, CDCl;) §1.35
(t, 3H,J="7.1 Hz, Hgy), 3.16 (q, 1H, J=9.9 Hz, Hs-Ha), 3.32 (bs, 1H, NH), 3.38-3.45 (m, 1H, Hs-Hb),
3.77 (q, 1H, J=7.9 Hz, H,—Ha), 4.15 (ddd, 1H, J= 7.9 Hz, 6.9 Hz, 2.9 Hz, H,-Hb), 4.27-4.42 (m, 2H,
Hg,); °C NMR (100.5 MHz, CDCly) 6 13.6 (Cgy), 46.6 (Cs), 63.6 (Cg), 68.5 (C,), 93.3 (g, J= 31.6 Hz,
C,), 122.7 (q, J = 286.6 Hz, CF3), 166.2 (CO); ’F NMR (376.2 MHz, CDCl;) 6-83.1 (s, CF5).

HRMS (ESI-TOF) caled. C,H,,F;NO; [M+H]': 214.0691, found 214.0695.

Fmoc-Gly-2-CF;-¥Pro-OEt (18). To a solution of 17 (220 mg, 1.03 mmol, 1 equiv) in DCM (3 mL)
was added Fmoc-Gly-CI (490 mg, 1.55 mmol, 1.5 equiv). The mixture is stirred at room temperature
for 24 h then quenched with saturated NaHCOj; solution (5 mL). The aqueous solution was extracted
with DCM (3 x 10 mL). The organic layer was washed with a saturated NaCl solution (10 mL). The
combined organic extracts were dried over MgSQO,, filtered and concentrated under reduced pressure.
The crude mixture is purified by flash chromatography (80:20 cyclohexane/ethyl acetate) to give the
racemic dipeptide 18 (378 mg, 75 %) as a white solid. Mp 54-56°C; IR (neat): 3330, 2922, 1758,
1715, 1682, 1203, 1170, 1033, 759, 738 cm'; '"H NMR (400 MHz, CDCl;) 6 1.30 (t, J = 7.3 Hz, 3H,
Et), 3.7 (dd, J = 8.2, 7.8 Hz,1H, H; WPro-Ha), 3.92 (m, 1H, Hs WPro-Hb), 4.02 (dd, J= 17.4, 4.6 Hz,

1H, H, Gly-Ha), 4.11 (dd, J = 17.4, 6.9 Hz, 1H, H,, Gly-Hb), 4.18 (dd, J = 7.3, 7.3 Hz, 1H, CHFmoc),
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4.29 (q, J = 7.3 Hz, 2H, Hg), 4.35-4.39 (m, J = 7.3 Hz, 4H, H, YPro and CH,Fmoc), 5.72 (bs, 1H,
NH), 7.28 (t, J = 7.3, 2H, HxFmoc), 7.38 (t, J = 7.3 Hz, 2H, HyFmoc), 7.57 (d, J = 7.3 Hz, 2H,
HxFmoc), 7.74 (d, J = 7.3 Hz, 2H, HyFmoc); °C NMR (100.5 MHz, CDCl;) & 13.9 (Cg), 44.1
(C, Gly), 45.2 (C5¥Pro), 47.1 (CHFmoc), 63.1 (Cg), 67.4(C, ¥Pro), 69.0 (CH,Fmoc), 89.5 (q, J =
32.6 Hz, C, WPro), 120.1 (CFmoc), 122.4 (q, J = 288.5 Hz, CF;), 125.2, 127.2, 127.9, 141.4, 1438
(CFmoc), 156.3, 163.5, 167.1 (CO); '°F NMR (376.2 MHz, CDCl;) 6—79.7 (s, CF;); DI-HRMS calcd.

for C24H23F3N206 [M]+: 4921508, Found 492.1491.

Fmoc-Gly-2-CF;-¥Pro-L-Glu(OBn)-OBn (19). To a solution of calcium chloride (0.84 M) in
isopropanol/water (7:3) (11 mL) were added the compound 18 (237 mg, 0.48 mmol, 1 equiv) and
NaOH (23 mg, 0.58 mmol, 1.2 equiv).®" The mixture was stirred at room temperature for 24 h then
quenched by HCI 1 M. The aqueous solution was extracted with ethyl acetate (3 x 10 mL). The
organic layer was washed with a saturated NaCl solution (10 mL). The combined organic extracts
were dried over MgSOQ,, filtered and concentrated under reduced pressure to give the intermediate acid
which was used directly in the next step without further purification. To a solution of the crude
carboxylic acid intermediate (173 mg, 0.37 mmol, 1 equiv) in DCM (20 mL) were added L-Glu(OBn)-
OBn (240 mg, 0.48 mmol, 1.30 equiv) and Et;N (120 mg, 1.19 mmol, 3.2 equiv). After 20 min at
room temperature BOP-Cl1 (122 mg, 254.57 mmol, 1.3 equiv) was added and the mixture was stirred at
room temperature for 24 h then quenched with water. The aqueous solution was extracted with DCM
(3 x 10 mL). The organic layer was washed with a saturated NaCl solution (10 mL). The combined
organic extracts were dried over MgSQO,, filtered and concentrated under reduced pressure. The crude
mixture was purified by flash chromatography (50:50 cyclohexane/ethyl acetate) to give access to the

separate tripeptide diastereomers 19y,; (85 mg, 30 %) and 19y, (64 mg, 22 %).

The diastereomer 19,,; was obtained as colorless foam. [a]*p +15.0 (¢ 0.2, CHCl3); IR (neat): 3375,
2924, 1694, 1524, 1451, 1164, 1125, 1003, 740, 696 cm '; "H NMR (400 MHz, CDCl;) §2.01-2.10
(m, 1H, Hp Glu-Ha), 2.19-2.29 (m, 1H, Hp Glu-Hb), 2.36-2.43 (m, 2H, H, Glu), 3.71 (dd, J= 8.2, 7.3

Hz, 1H, H; WPro-Ha), 3.86 (dd, J = 8.0, 6.2 Hz, 1H, Hs WPro-Hb), 4.02-4.07 (m, 2H, H, Gly), 4.18
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(dd, J=17.3, 6.9 Hz, 1H, CHFmoc), 4.29-4.40 (m, 4H, CH,Fmoc and H, ¥Pro), 4.63-470 (m, 1H, H,
Glu), 5.03 (d, /= 14.6 Hz,1H, HBn), 5.06 (d, /= 14.6 Hz, 1H, HBn), 5.12 (d, J = 12.4 Hz, 1H, HBn),
5.14 (s, IH, NH), 5.19 (d, J = 12.4 Hz, 1H, HBn), 5.65 (s, 1H, NH), 7.28-7.33 (m, 12 H, H,,Fmoc and
Ha), 7.40 (t, J = 7.3 Hz, 2 H, Hy,Fmoc), 7.51 (d, J = 7.3 Hz, 1H, NH), 7.59 (d, J = 7.8 Hz, 2 H,
HaFmoc), 7.75 (d, J = 7.8 Hz, 2 H, HxFmoc); “C NMR (100.5 MHz, CDCl3) &26.6 (Cg Glu), 30.0
(C, Glu), 44.3 (C, Gly), 45.5 (C; ¥Pro), 47.1 (CHFmoc), 52.4 (C, Glu), 66.8, 67.4, 67.7, 67.9 (CBn
CH,Fmoc and C, ¥Pro), 90.9 (q, J=30.7 Hz, C, ¥Pro), 120.1 (CFmoc), 122.6 (q, J = 289.5 Hz, CF3),
125.2, 127.2, 127.8, 128.2, 128.4, 128.7, 128.7 (CFmoc), 135.5, 141.2, 143.7 (CFmoc), 156.2, 162.6,
167.0, 170.7, 173.2 (CO); F NMR (376.2 MHz, CDCl;) 6—77.5 (s, CF5). HRMS (ESI-TOF) calcd.

for C41H39F3N309 [M+H]+: 7742638, found 774.2643.

The diastereomer 19, is obtained as colorless foam. [oc]zOD —15.5 (¢ 0.5, CHCI); IR (neat): 3333,
2916, 1694, 1246, 1207, 1164, 1125, 1103, 1081, 1002, 758, 740, 697 cm'; '"H NMR (400 MHz,
CDCl;) ¢ 2.00-2.17 (m, 1H, Hg Glu-Ha), 2.20-2.36 (m, 1H, Hg Glu-Hb), 2.39-2.53 (m, 2H, H, Glu),
3.73 (dd, J = 15.1, 7.3 Hz, 1H, Hs; WYPro-Ha), 3.94 (dd, J = 15.1, 6.9 Hz, 1H, Hs ¥Pro-Hb), 4.05-4.09
(m, 2H, H, Gly), 4.21 (dd, J= 7.8, 6.9 Hz, 1H, CHFmoc), 4.30-4.40 (m, 4H, CH,Fmoc and H, ¥Pro),
4.60-4.70 (m, 1H, H, Glu), 5.08 (AB, 2H, HBn), 5.14 (AB, 2H, HBn), 5.75 (s, 1H, NH), 7.25-7.43 (m,
15 H, HaFmoc, Ha, and NH), 7.60 (d, J= 7.3 Hz, 2 H, Ha,Fmoc), 7.76 (d, /= 7.3 Hz, 2H, Ha,Fmoc );
PC NMR (100.5 MHz, CDCl3) & 26.4 (Cj Glu), 29.9 (C, Glu), 44.1 (C, Gly), 45.5 (C5 ¥Pro), 47.0
(CHFmoc), 52.3 (C, Glu), 66.5, 67.2, 67.4, 67.8 (CBzl CH,Fmoc and C, ¥Pro), 90.7 (q, J = 32.6 Hz,
C, ¥YPro), 119.9 (CFmoc), 122.4 (q, J = 291.7 Hz, CF;), 125.0, 127.0, 127.6, 128.1, 128.2, 128.4,
128.5 (CFmoc), 134.9, 135.6, 141.1, 143.7 (CFmoc), 156.2, 162.7, 167.2, 170.8, 172.8 (CO); "°F
NMR (376.2 MHz, CDCl;) §-77.5 (s, CF;). HRMS (ESI-TOF) calcd. for C4H30F3N;09 [M+H]':

774.2638, Found 774.2660.

H-Gly-2CF;-¥Pro-L-Glu(OH)-OH (20). The diastereomer 19, (86 mg, 0.11 mmole, 1 equiv) in

MeOH (2 mL) was hydrogenated over 10% Pd/C (86 mg) at room temperature for 24 h under 1 bar
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pressure of hydrogen. The reaction mixture was filtered, concentrated under reduced pressure and
purified by reverse phase semi-preparative HPLC to give pure deprotected tripeptide 23 as a mixture
of two conformers (59/41 determined by '°F NMR) (20 mg, 49 %). White solid. '"H NMR (400 MHz,
D0, 353K) 61.99 (ddd, J = 14.2, 7.1, 6.9 Hz, 1H, Hy Glu-Ha), 2.22 (ddd, J = 14.2, 8.2, 6.9 Hz, 1H,
Hg Glu-Hb), 2.42 (t, J= 6.9 Hz, 2H, H, Glu), 3.91 (dt, /= 8.2, 7.1 Hz, 1H, H, Gly-Ha), 4.02-4.10 (m,
3 H, H,, Gly-Hb, H; ¥Pro), 4.42-4.52 (m, 3 H, Ha Glu, H, ¥Pro); °C NMR (100.5 MHz, D,0, 353K)
027.3 (CH,, Cg Glu minor), 27.8 (CH,, Cg Glu major), 31.1 (CH,, C, Glu minor), 31.5 (CH,, C, Glu
major), 42.4 (CH,, C, Gly major), 45.1 (CH,, C, Gly minor), 46.6 (CH,, Cs WPro major), 46.9 (CH,,
Cs WYPro minor), 54.4 (CH, C, Glu), 67.8 (CH,, C, W¥Pro minor), 69.5 (CH,, C, ¥Pro major), 91.8
(C, ¥Pro), 127.3 (q, J = 302.9 Hz, CF;), 162.5 (CO Gly minor), 164.9 (CO Gly major), 165.9 (CO
WPro), 175.9 (C5 Glu), 177.0 (CO Glu); "’F NMR (376.2 MHz, D,0, 353K) 5-79.9 (s, CF; major), —

78.8 (s, CFs, minor); HRMS (ESI-TOF) caled. for C1,H,;FsN;0; [M+H]": 372.1019, Found 372.1023.

AUTHOR INFORMATION
Corresponding Authors

*E-mail: nathalie.lensen@u-cergy.fr

*E-mail: gregory.chaume@u-cergy.fr

*E-mail: thierry.brigaud@u-cergy.fr

Notes

The authors declare no competing financial interest.

ACKNOWLEDGEMENTS

We thank the Agence Nationale de la Recherche for financial support (No. ANR-09-JCIC-0060). We
also thank the French Fluorine Network. This work has benefited from the facilities and expertise of
the Small Molecule Mass Spectrometry platform of IMAGIF (Centre de Recherche de Gif -

www.imagif.cnrs.fr).

28

ACS Paragon Plus Environment

Page 28 of 33



Page 29 of 33 The Journal of Organic Chemistry

1

2

3 ASSOCIATED CONTENT

4

5 Supporting Information

6

7 NMR spectra for all new compounds. This material is available free of charge via the Internet at
8

9 http://pubs.acs.org.

10

11 REFERENCES

12

13 (1) Albericio, F.; Kruger, H. G. Future Med. Chem. 2012, 4, 1527—-1531.

14

15 (2) Bioorganic and Medicinal Chemistry of Fluorine; Begue, 1.-P., Bonnet-Delpon, D., Eds.; Wiley:
16

17 Hoboken, NJ, 2008.

18

19 (3) Purser, S.; Moore, P. R.; Swallowb, S.; Gouverneur, V. Chem. Soc. Rev. 2008, 37, 320-330.

20

g;— (4) Fluorine in Medicinal Chemistry and Chemical Biology; Ojima, 1., Ed.; Wiley-Blackwell:
gi Hoboken, NJ, 2009.

gg (5) Fluorine in Pharmaceutical and Medicinal Chemistry: From Biophysical aspects to Clinical
gg Applications; Gouverneur, V., Muller, K., Eds.; Imperial College Press: London, 2012.

ég (6) Smits, R.; Cadicamo, C. D.; Burger, K.; Koksch, B. Chem. Soc. Rev. 2008, 37, 1727-1739.

g; (7) Qiu, X.-L.; Qing, F.-L. Eur. J. Org. Chem. 2011, 3261-3278.

gi (8) Acena, J. L.; Sorochinsky, A. E.; Soloshonok, V. A. Synthesis 2012, 44, 1591-1602.

gg (9) Koksch, B.; Sewald, N.; Hofmann, H.-J.; Burger, K.; Jakubke, H.-D. J. Pept. Sci. 1997, 3,
g; 157-167.

Zg (10) Asante, V.; Mortier, J.; Wolber, G.; Koksch, B. Amino Acids 2014, 46, 2733-2744.

41

42 (11) Yoder, N. C.; Kumar, K. Chem. Soc. Rev. 2002, 31, 335-341.

43

44 (12) Jaeckel, C.; Koksch, B. Eur. J. Org. Chem. 2005, 4483—4503.

45

46 (13) Meng, H.; Kumar, K. J. Am. Chem. Soc. 2007, 129, 15615-15622.

47

48 (14) Salwiczek, M.; Nyakatura, E. K.; Gerling, U. I. M.; Ye, S.; Koksch, B. Chem. Soc. Rev. 2012, 41,
49

50 2135-2171.

51

52 (15) Gerling, U. I. M.; Salwiczek, M.; Cadicamo, C. D.; Erdbrink, H.; Czekelius, C.; Grage, S. L.;
53

54 Wadhwani, P.; Ulrich, A. S.; Behrends, M.; Haufe, G.; Koksch, B. Chem. Sci. 2014, 5, 819—-830.

55

56

57

gg 29

60

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

(16) Kubyshkin, V. S.; Komarov, 1. V.; Afonin, S.; Mykhailiuk, P. K.; Grage, S. L.; Ulrich, A. S.
Trifluoromethyl-substituted o-amino acids as solid-state '’F NMR labels for structural studies of
membrane-bound peptides in Fluorine in Pharmaceutical and Medicinal Chemistry: From
Biophysical Aspects to Clinical Applications. V. Gouverneur, K. Miiller, Eds.; Imperial College Press,
London, 2012, p. 91-138.

(17) Kubyshkin, V.; Afonin, S.; Kara, S.; Budisa, N.; Mykhailiuk, P. K.; Ulrich, A. S. Org. Biomol.
Chem. 2015, 13,3171-3181 and references cited therein.

(18) Schlosser, M. Angew. Chem., Int. Ed. 1998, 37, 1496—1513.

(19) Huguenot, F.; Brigaud, T. J. Org. Chem. 2006, 71, 7075—7078.

(20) Chaume, G.; Van Severen, M.-C.; Marinkovic, S.; Brigaud, T. Org. Lett. 2006, 8, 6123—6126.
(21) Chaume, G.; Van Severen, M.-C.; Ricard, L.; Brigaud, T. J. Fluorine Chem. 2008, 129,
1104-1109.

(22) Caupéne, C.; Chaume, G.; Ricard, L.; Brigaud, T. Org. Lett. 2009, 11, 209-212.

(23) Chaume, G.; Barbeau, O.; Lesot, P.; Brigaud, T. J. Org. Chem. 2010, 75, 4135—4145.

(24) Simon, J.; Nguyen, T. T.; Chelain, E.; Lensen, N.; Pytkowicz, J.; Chaume, G.; Brigaud, T.
Tetrahedron: Asymmetry 2011, 22, 309-314.

(25) Lensen, N.; Marais, J.; Brigaud, T. Org. Lett. 2015, 17, 342—345.

(26) Lubin, H.; Pytkowicz, J.; Chaume, G.; Sizun-Thomé, G.; Brigaud, T. J. Org. Chem. 2015, 80,
2700—2708.

(27) Chaume, G.; Lensen, N.; Caupéne, C.; Brigaud, T. Eur. J. Org. Chem. 2009, 5717-5724.

(28) Chaume, G.; Feytens, D.; Chassaing, G.; Lavielle, S.; Brigaud, T.; Miclet, E. New J. Chem. 2013,
37,1336—1342.

(29) Jlalia, 1.; Lensen, N.; Chaume, G.; Dzhambazova, E.; Astasidi, L.; Hadjiolova, R.; Bocheva, A.;
Brigaud, T. Eur. J. Med. Chem. 2013, 62, 122—129.

(30) Chaume, G.; Simon, J.; Caupéne, C.; Lensen, N.; Miclet, E.; Brigaud, T. J. Org. Chem. 2013, 78,

10144-10153.

30

ACS Paragon Plus Environment

Page 30 of 33



Page 31 of 33

©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

(31) Sara, V. R.; Carlsson-Skwirut, C.; Bergman, T.; Jornvall, H.; Roberts, P. J.; Crawford, M.;
Nilsson-Hakansson, L. ; Civalero, 1.; Nordberg, A. Biochem. Biophys. Res. Commun. 1989, 165, 766—
771.

(32) Bourguignon, J. P.; Gerard, A.; Alvarez Gonzalez, M. L.; Franchimont, P. Neuroendocrinology
1993, 58, 525-530.

(33) Sara, V. R.; Carlsson-Skwirut, C.; Drakenberg, K.; Giacobini, M. B.; Hakanson, L.; Mirmrian,
M.; Nordberg, A.; Olson, L.; Reinecke, M.; Stahlbom, P. A.; Sandber Nordqvist, A. C. Ann. N. Y.
Acad. Sci. 1993, 692, 183-191.

(34) Guan, J. Frontiers in CNS Drug Discovery 2010, 1, 51-75.

(35) Guan, J.; Mathai, S.; Liang, H.-P.; Gunn, A. J. Recent Patents on CNS Drug Discovery 2013, &,
142-160.

(36) Guan, J.; Harris, P.; Brimble, M.; Lei, Y.; Lu, J.; Yang, Y.; Gunn, A. J. Expert Opin. Ther.
Targets 2015, 19, 785-793.

(37) Cacciatore, 1.; Cornacchia, C.; Baldassarre, L.; Fornasari, E.; Mollica, A.; Stefanucci, A.; Pinnen,
F. Mini Rev. Med. Chem. 2012, 12, 13—23 and references cited therein.

(38) Trotter, N. S.; Brimble, M. A.; Callis, D. J.; Sieg, F. Bioorg. Med. Chem. 2005, 13, 501-517.

(39) Brimble, M. A.; Trotter, N. S.; Harris, P. W. R.; Sieg, F. Bioorg. Med. Chem. 2005, 13, 519-532.
(40) Lai, M. Y. H.; Brimble, M. A.; Callis, D. J.; Harris, P. W. R.; Levi, M. S.; Sieg, F. Bioorg. Med.
Chem. 2005, 13, 533-548.

(41) Harris, P. W. R.; Brimble, M. A.; Muir, V. J.; Lai, M. Y. H.; Trotter, N. S.; Callis, D. J.
Tetrahedron 2005, 61, 10018-10035.

(42) Harris, P. W. R.; Brimble, M. A. Org. Biomol. Chem. 2006, 4, 2696-2709.

(43) De Diego, S. A. A.; Munoz, P.; Gonzalez-Muniz, R.; Herranz, R.; Martin-Martinez M.;
Cenarruzabeitia, E.; Frechilla, D.; Del Rio, J.; Jimeno, M. L; Garcia-Lopez, T. Bioorg. Med. Chem.

Lett. 2005, 15, 2279-2283.

31

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry Page 32 of 33

(44) De Diego, S. A. A.; Gutierrez-Rodriguez, M.; Perez de Vega, M. J.; Casabona, D.; Cativiela, C.;
Gonzalez-Muniz, R.; Herranz, R.; Cenarruzabeitia, E.; Frechilla, D.; Del Rio, J.; Jimeno, M. L;
Garcia-Lopez, T. Bioorg. Med. Chem. Lett. 2006, 16, 1392—1396.

(45) De Diego, S. A. A.; Gutierrez-Rodriguez, M.; Perez de Vega, M. J.; Gonzalez-Muniz, R.;
Herranz, R.; Martin-Martinez M.; Cenarruzabeitia, E.; Frechilla, D.; Del Rio, J.; Jimeno, M. L;
Garcia-Lopez, T. Bioorg. Med. Chem. Lett. 2006, 16, 3396-3400.

(46) Yaron, A.; Naider, F. Crit. Rev. Biochem. Mol. Biol. 1993, 28, 31.

(47) Brimble, M. A.; Harris, P. W. R. Chemistry in New Zealand 2011, 75, 133-136.

(48) DalPozzo, A.; Bergonzi, R.; Ni, M. Tetrahedron Lett. 2001, 42, 3925-3927.

(49) DalPozzo, A.; Ni, M.; Muzi, M.; Caporale, A.; de Castiglione, R.; Kaptein, B.; Broxterman, Q.
B.; Formaggio, F. J. Org. Chem. 2002, 67, 6372—6375.

(50) DalPozzo, A.; Ni, M.; Muzi, M.; de Castiglione, R.; Mondelli, R.; Mazzini, S.; Penco, S.; Pisano,
C.; Castorina, M.; Giannini, G. J. Med. Chem. 2006, 49, 1808-1817.

(51) Carpino, L. A.; Sadat-Aalaee, D.; Chao, H. G.; DeSelms, R. H. J. Am. Chem. Soc. 1990, 112,
9651-9652.

(52) Wenschuh, H.; Beyermann, M.; Winter, R.; Bienert, M.; Tonescu, D.; Carpino, L. A. Tetrahedron
Lett. 1996, 37, 5483-5486.

(53) Olah, G. A.; Nojima, M.; Kerekes, 1. Synthesis 1973, 487.

(54) Prabhu, G.; Basavaprabhu; Narendra, N.; Vishwanatha, T. M.; Sureshbabu, V. V. Tetrahedron
2015, 71, 2785-2832.

(55) Carpino, L. A.; Cohen, B. J.; Stephens, K. E.; Sadat-Aalaee, Y.; Tien, J. H.; Langridge, D. C. J.
Org. Chem. 1986, 51, 3732-3734.

(56) Kantharaju; Patil, B. S.; Sureshbabu, V. V. Lett. Pept. Sci. 2002, 9, 227-229.

(57) Ando, W.; Igarashi, Y.; Huang, L. Chem. Lett. 1987, 16, 1361—1364.

(58) Jeong, Y.-C.; Anwar, M.; Nguyen, T. M.; Tan, B. S. W.; Chai, C. L. L.; Moloney, M. G. Org.
Biomol. Chem. 2011, 9, 6663—66609.

(59) Fiilop, F.; Mattinen, J.; Pihlaja, K. Tetrahedron 1990, 46, 6545—6552.

32

ACS Paragon Plus Environment



Page 33 of 33 The Journal of Organic Chemistry

(60) Fiilop, F.; Pihlaja, K. Tetrahedron 1993, 49, 6701-6706.
(61) Pascal, R.; Sola, R. Tetrahedron Lett. 1998, 39, 5031-5034.

(62) Pytkowicz, J.; Stéphany, O.; Marinkovic, S.; Inagaki, S.; Brigaud, T. Org. Biomol. Chem. 2010,

©CoO~NOUTA,WNPE

8, 4540-4542

58 33

ACS Paragon Plus Environment



