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ARTICLE INFO ABSTRACT
Article history: For the chemical conversions of gtrifluoromethylff-amino acid (§-4,4,4-trifluoro-3
Received aminobutyric acid,1), such as theN-terminus protection with benzyloxycarbonyl tert-
Received in revised form butoxycarbonyl group, th€-terminus protection with benzyl aert-butyl group, and peptis
Accepted elongation at the both termini, highly practical protocols were éshednl. Through the
Available online conversions, the stereochemistry band/or its condensation counterpart was mainte

] Because the protocols developed here are indispensable for the application peptid:
KeY"VordS_‘d engineering, they would expand the utilitylo&ind its derivatives.
amino aci
fluorinated amino acid 2009 Elsevier Ltd. All rights reserved

peptide synthesis

1. Introduction derived from other fluorinated amino acids, such &&

fluorinateda-amino acids. To our wonder, however, studies on

The incorporation of fluorinated amino acids into peptides hag,q application ofg-perfluoroalkylg-amino acids to peptide
emerged as a new powerful tool for peptide engineering in thg,gineering have been surprisingly rare. As far as we know,
last decadé. Owing _to the peculiar characteristics 0f gyen the synthesis of peptides containjigerfluoroalkyls-
perfluoroalkyl groups, including electron-withdrawing nature, ymino acids has been limited to a few exampleBurthermore,
large dipole moment, hyper-hydrophobicity, and lipophobfity, only racemates of these fluorinated amino acids were used in
the partial fluorination of peptides often gives rise to significantpege early examples.
alterations in'the dstructureg,_ fur;é:tions, and_ prqperties of the ko 2 systematic study on the peptide synthesis uging
resultant peptide$: In addition, “F nucleus is highly NMR  perfiyoroalkyl-amino acids, one of serious obstacles is their
sensitive, occurs in 100% natural abundance, and yet rarely exigfgq accessibility, particularly in an enantiopure form. Although
in biological systems, which allows us to monitor thegeyeral groups have reported the asymmetric synthesis of
surrour_ldlng environment of_ the fluorlnqted positions by l_\ﬁ\/IR. perfluoroalkyl-amino acids such a most of them are not
In particular, the incorporation ofd-fluorinateda-amino acids  capaple of producing enantiopure material in a practical §cale.
into peptides has been extensively eXP'dfed; Contrary to them, we have recently reported a highly practical

As another class of fluorinated amino acjg@ierfluoroalkyl-  method to obtairt/its antipode in an enantiopure form, in which
f-amino acids, such as5)t4,4,4-trifluoro-3-aminobutyric acid e giastereoselective hydride reduction of a cyclic enamino-ester
(1), have attracted considerable recent atteritioThey are is the key step? Owing to the advantages of this method,
expected to possess favorable properties as components iQfjuding ~ easy access to starting materials, scalability,
fluorinated peptides, such as chemical stability, tolerance towaererational convenience, and high stereoselectivity, a multi-gram
racemization, and proper reactivity of the amino/carboxyl 9roupyyantity of enantiopurdfits antipode can be easily produced,
Moreover, the incorporation gf-perfluoroalkyl-amino acids \ynich would allow us to explore a new mode of peptide
into peptides would bring significant influence on the Str”Ct”r%ngineering based dn Here we report the first systematic study
and properties of the peptides, in which the perfluoroalkyl groupg, peptide formation using especially focusing on the retention
are directly connected to their back bones, unlike peptidegs enantiomeric and diastereomeric purities through the

OCorresponding author. Tel.: +81-48-462-1111 (ext. 6351); fax: +81-48-467-8214; e-mail: y-ishida@riken.jp (Y. Ishida)
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Scheme 1N-Cbz protection of$-4,4,4-trifluoro-3-aminobutyric Scheme 2N-Boc protection of $)-4,4,4-trifluoro-3-aminobutyric
acid (1). acid ().

protection/deprotection/coupling processes, as well as the According to the reported procedJFel was quantitatively
peculiar reactivity of the amino group in converted into2 by treatment with ethanol/thionyl chloride
(Scheme 1, Route B (i)). The followitsprotection was carried
out under the conditions similar to those Soloshogipél. have
reported, except for using CbzCl in place of phenylacetyl
chloride®® Against to our expectation, however, the formation of
As an indispensable step to incorporaténto peptides, we the targetN-protected amino esteé8 was sluggish (13%), and
started our work with the protection of the amino group. Takingeveral kinds of unidentified byproducts were afforded.
account of easiness in introduction and deprotection processéd)erefore, we surveyed reaction conditions and fortunately found
benzyloxycarbonyl (Cbz) antkrt-butoxycarbonyl (Boc) groups that the yield of8 could be highly improved by using pyridine in
were chosen as théprotecting groups. place of triethylamine (Scheme 1, Route B (ii), 96%). The ester
The N-Cbz protection ofl was conducted according to a part of 3 was readily hydrolyzed by treatment with an aqueous
procedure generally used for various amino acids. For examplalkaline solution (Scheme 1, Route B (iii), 91%). Thus, the
1 was dissolved in an aqueous alkaline solution and then treatéarget N-protected amino acid was obtained in 87% overall
with benzyl chloroformate (CbzCl) at rt for 12 h with extensiveyield from1 through three steps.
stirring (Scheme 1, Route A). Although this protocol has been As described above, the choice of the base in the second step
well established and widely used for other amino acids, the targef Route B brought an unexpected effect on the yielsl dfhese
N-protected amino acid was obtained only in an unsatisfactory observations can be elucidated as follows, taking into account of
yield (56%), where a considerable amount bfunreacted peculiar properties of the amino groupzn Firstly, the basicity
remained. Even the optimization of reaction conditions (amourf the amino group i2 is comparable to or lower than that of
of CbzCl, pH.etc) could not improve the yield (data not shown). pyridine, so that pyridine was able to work as a proton captor in
In the Schotten-Baumann type reactidres, the condensation this reaction system, contrary to the condensation of normal
of amines with acyl chlorides in aqueous alkaline media, th@liphatic amines, where relatively strong base such as tertiary
amines usually work as predominant nucleophiles to react withmines are usually necessary to realize satisfactory yield.
acyl chlorides even in the presence of an excess amount of OFpecondly, for the acylation of this amino group, specially
owing to the difference in nucleophilicity. Unlike usual amines,activated acylating reagents, such as ketenes and acyl
the amino group inl was considered to exhibit poor pyridiniums, are necessary to compensate the low nucleophilicity
nucleophilicity, comparable to or lower than that of Osb that ~ of the amino group. In the acylation with acyl chlorides having
the hydrolysis of CbzCl was likely to proceed mainly. With thisno hydrogen at the-position of their carbonyl group,e. with
consideration in mind, we next examined tigrotection in a  those incapable of forming ketenes, an N-heteroaromatic system
non-aqueous solution, which involved the following three stepsvith  certain  basicity, such as  pyridine,  4-
(Scheme 1, Route B): (i) the derivatization ofinto the (dimethylamino)pyridine, or 1-methylimidazole, would be
corresponding amino ester hydrochloric acid 8att enhance the suitable as a base to efficiently generate activated species. On
solubility in an aprotic medium, (ii) thé-protection of the the other hand, in the reactions of acyl chlorides with a ketene-
amino ester2 under non-aqueous conditions, and (iii) theformlng ability, such as the previous report by Soloshoabk
hydrolysis of the ester moiety of the resulti€bz amino ester al.,* a relatively strong base can enhance the acylation.
3. This synthetic route seemed to be so promising, because We also performed theN-Boc protection of 1 by the
Soloshonok and co-workers have reported an analogous reacti@@ndensation with diert-butyl dicarbonate (Bg®), wherein
the condensation & with 3,5-dinitrobenzoyl chloride proceeded two synthetic strategies (Scheme 2, Route A and Route B) were
efficiently in dichloromethane by using triethylamine as a B4se. again examined. In good agreement with the case df-Bibz

2. Results and discussion

2.1.N-Protection of 1.
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protection, the Schotten-Baumann type reaction was found to like target'Bu ester7 was obtained in good yield (87%). In
unsuitable for theN-Boc protection ofl (Scheme 2, Route A, addition, theN-protecting group of7 was smoothly cleaved by
55%). Meanwhile, in the alternative route (Scheme 2, Route Bjyydrogenolysis to afford the target amino alisdi ester8 in
there was some room for optimization. In the second $ep ( quantitative yield.

acylation), the protocol widely used f@-Boc protection was The O-Bn protection of the carboxyl group ih was also
employed, taking account of the moderate nucleophilicity of thechieved by employing a general procedure (Scheme 4)N-The
amino group inl comparable to the hydroxyl group in usual Boc amino acid was treated with benzyl bromide anddO; in
aliphatic alcohols. For example, the amino e2teras treated at  N,N-dimethylformamide to afford the Bn est@rin acceptable

rt with BogO (2.0 eq) and pyridine (1.2 eq) in the presence of gield (62%). The cleavage of thM-protecting group was
catalytic amount of 4-(dimethylamino)pyridine (DMAP; 0.2 eq) efficiently promoted by trifluoroacetic acid (TFA) to give TFA
as an activator of Bg®. Although the yield of targef-Boc  salt of the target amino acid Bn est&@)(in quantitative yield.
amino ester5 was again unsatisfactory when the reaction was As in the case of th¥-protection, any detectable racemization
conducted in dichloromethane (60%, Table S1, entry 1), reactioof 1 and its derivatives again did not take place through the
efficiency was notably enhanced when 1,4-dioxane was used transformations in Schemes 3 and 4, which was confirmégrby
place of dichloromethane (82%, Table S1, entry 2). Since thEMR spectroscopy by the aid of chiral NMR shift reagents
increment of reagents brought little effect on the yiel8 (84%, (Figures S3 and S4).

Table S1, entry 3), we chose the conditions of entry 2 as optimal . . .
ones (Scheme 2, Route B (ii). The hydrolysissqfroceeded  2-3-Incorporation of 1 into peptides:
smoothly to afford the targdt-Boc protected amino acifl in ~ t€rminus.

quantitative yield (Scheme 2, Rout B (iii). Overall, téBoc With theseN- and O-protected derivatives df in hand, we
protection ofl was achieved in 82% yield through three steps. ot attempted the synthesis of peptides incorporating

In the transformations shown in Schemes 1 and 2, partiCU|ar|P‘articularly, in the peptide elongation at th¢erminus ofl, the
in the steps under basic/alkaline conditions, the racemizatipn of,,, nucleophilicity of the amino group i was an anticipated
and its derivatives were anticipated. Fortunately, however, any,qiacle as in the case of ferotection ofl. In addition, the
detectable racemization did not take place in thes@qation method of the acid component should be carefully
transformations, which was confirmed 13 NMR Spectroscopy  crosen, in order to avoid the racemization of the stereogenic
by the aid of chiral NMR shift reagents (Figures S1and S2).  centers in the components. Moreover, reaction conditions

applicable to solid-state synthesis are more desirable from
practical viewpoints.

It has already been reported tHatan be readily converted Firstly, we examined the peptide-bond formation at the
into amino esters by using thionyl chloride and the correspondinggrminus ofl. As an acid componer\-benzyloxycarbonyl--$-
alcohols’® Despite its simplicity and reliability, this homoalanine 11) was chosen, because giamino acids such as
esterification method requires an excess amount of alcohols add can be obtained by the simple homologation of natural amino
is applicable only to the reaction of primary or secondaryacids, of which chemistry has been well explored by Seebiach
alcohols with sufficient volatility and availability in a large scale. al.,"”* and (i) the a-carbon of the carboxyl group ifl is
Among esters inaccessible with this methedt-butyl (Bu) and  unsubstituted and is not stereogenic, which is favorable from the
benzyl (Bn) esters df are of special synthetic utility, in terms of viewpoints of the easiness in the activation of the carboxyl group
orthogonality to other protecting groups in deprotectionand avoidance of complexity arising from
processes. Therefore, we attempted the synthesis of these tr@@emization/epimerization.
esters, which would expand the scope of the peptide engineering The condensation & with 11 is summarized in Table 1. As

elongation at theN-

2.2.0-Protection of 1.

of 1.

In general, thed-'Bu protection of amino acids is conducted
by a three-stage synthesis: théCbz protection, theO-Bu
protection, and the cleavage of theprotecting group. We
applied the same strategy for the synthesisBof ester ofl
(Scheme 3). The introduction @u group to4 was conducted
according to a general procedure widely employed forQhe
protection of carboxylic acids. For examplewas dissolved in

might be anticipated from the low nucleophilicity of the amino
group in 2, usual peptide-forming methods were found to be
unsuitable for the present condensation; the usage of 3-(3-
dimethylaminopropyl)-1-ethylcarbodiimide hydrochloride
(EDC-HCI) and 1-hydroxybenzotriazole (HOBt), as condensing
and activating reagents, respectively, afforded the target
dipeptide11/2 in unsatisfactory yield (Table 1, entry 1, 41%).
Contrary to this, when a guanidinium-type condensing reagent

dichloromethane and treated with isobutene in the presence of(@-(benzotriazol-1-yl)N,N,N’,N’-tetramethyluronium
catalytic amount of concentrated sulfuric acid. As we expectediexafluorophosphate [HBTU] orO-(7-azabenzotriazol-1-yl)-

N,N,N’,N’-tetramethyluronium hexafluorophosphate [HATU])
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Table 1. N-Terminal elongation of the amino ester derived from  Table 2. N-Terminal elongation of the amino esters derived ffiom
(2) with N-benzyloxycarbonyl--4-homoalanine 11). (2 and2’) with variouss- or a-amino acids1-15).

F3C,“ entry product reagent yield®
Cbz—NH )—OH + HCI-HZN/_>/70Et CFs
o] o /
2 1 Cbz—NH Nl/—|—>ﬁOEt HBTU (1.0eq)  69%
0 o

1
11/2
reagent FsC
base (5.0 eq) / CFs
—————————> Chz—NH N/H—>ﬁOEt . -
CH,Cly, 1t d d 29 /_>/7 HBTU (1.0eq) 9%
11/2 30 NH OMe HATU (1.0eq)  65%
fo) lo) . q (1]
12/2
entry  reagent base yield?
19 EDCeHCI (L0 eq), HOBt (L.Oeq)  Pr,NEt  41% Cbﬁ\N CFs
29 HBTU (1.0 eq) ProNEt  69% 4 NﬂOEt HBTU (1.0eq)  62%
3b) HATU (1.0 eq) Pr,NEt  61% 013/2 o
49 (COCl), (6.0 eq) EtzN 64%
59 (COCl), (6.0 eq) Pyridine  86% Cbz, CF3
HN "
a) Isolated yield. b) 2 and a base were successively added to a 5 N{-I_>ﬁOEt HBTU (1.0 eq) 48%
mixture of 11 and condensing reagent(s). c) 11 was treated with 014/2 9)
oxalyl chloride and then reacted with 2 in the presence of a base.
BnO
Boc, CF3
. . . b).c) HN 7 9
was used, the yield df1/2was notably improved (entries 2 and eb N{4—>ﬁOMe HBTU (LOeq)  71%
3, 69 and 61%, respectively), in good agreement with the relative 7" DEPBT (2.0 eq) 73%
reactivity of intermediates generated from these condensing 152

reagents® In every case, the obtained dipeptides exhibited a set
of resonances ifH and *F NMR spectra, indicating that the
racemization/epimerization of the stereogenic carbons did not
occur so that the target dipeptidel/2 was obtained in a
stereopure form (Figure S5).

As an alternative approach for the same condensation, tieor the condensation with aN-protectedf-amino acid with
reaction of 2 with an acyl chloride derived fronil was  conformationally constrained structure R2R)-2-(tert-
examined, taking account of the cost of reagents, atom economtyytoxycarbonylamino)cyclohexane-1-carboxylic  acid,17,
convenience in isolation, and scalability. According to theHBTU was not efficient as the condensing reagent (entry 2),
reported procedure,l was converted into the acyl chloride by while HATU afforded the target dipeptide2/2 in satisfactory
treatment with oxalyl chloride. The acyl chloride, obtained as gield (entry 3), indicating the effect of steric hindrance around
crude form by removal of volatiles from the reaction mixture,the carbonyl group inl2. The procedure using HBTU was
was then mixed witl2 in dichloromethane in the presence of aapplicable to the condensation witprotecteda-amino acids
base to afford the target dipeptiti’2in good to excellent yields [N-benzyloxycarbonyl--alanine (3) and N-benzyloxycarbonyl-
(Table 1, entries 4 and 5). In good agreement with the case of thevaline (L4)] to afford the target dipeptides in acceptable yields
N-protection ofl, the yield of11/2 was significantly influenced (entries 4 and 5). In all cases of entries 2-5, the resultant
by the choice of base. When triethylamine was used as a baskpeptides showed a set of signals'iih and**F NMR (for **F
11/2 was obtained in 64% yield (entry 4), which is comparable ttNMR, see Figure S7, b-d), suggesting the retention of
those achieved by guanidinium-type condensing reagents (HATBtereochemistry of stereogenic carbons through the condensation,
and HBTU). In this case, the condensation was likely to proceealthough the stereogenic carbonlg-14 are located at the-
via the generation of a ketene from the acyl chloride. On thposition of the carbonyl group and are generally prone to
other hand, when pyridine was used in place of triethylamine, theacemize. Among these dipeptidek3/2 was chosen as a
yield of 11/2 was improved to 86% (entry 5), most likely owing representative to conduct more unambiguous study on
to the activity of the in-situ formed acyl pyridinium. In addition stereopurity, where an authentic sample of its diastereoisomer
to such good yield, another benefit of this condensation methodas independently prepared, as in the caself (Figure S5).
is the convenience in isolation. Because the reaction mixtur@omparison of the diastereoisomers’i NMR proved that any
contained only hydrophilic and volatile materials except for theletectable racemization/epimerization took place through the
target dipeptide, purgl/2 could be isolated by simple washing formation of 132 (Figure S6). Only an exception was the
of the reaction mixture with aqueous acidic and alkalinecondensation with thél-protecteda-amino acid bearing a polar
solutions. Again, the preservation of the stereochemistry of thRinctionality [O-benzylN-(tert-butoxycarbonyl)e-serine (5)],
stereogenic carbons was verified 8 NMR spectroscopy (data where HBTU caused significant stereopurity loss of the target
not shown). dipeptide 152 (entry 6). However, by using 3-

Heartened by these results, we next applied these optimiz€diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one
conditions to the condensation with varigiisor a-amino acid (DEPBT)" in place of HBTU,152 could be obtained in
derivatives 12-15), in order to prove the general utility of the  satisfactory yield (entry 7) in a stereopure form (Figure S7, €).
perfluoroalkyl f-amino acidl in peptide engineering (Table 2).

a) Isolated yield. b) In place of ethyl ester 2, methy ester 2' was
used. c) Product was obtained as a mixture of diastereoisomers.



Table 3. O-Terminal elongation of thé\-protected amino aci
derived froml (4 and6) with variousp- or a-amino esters16-20).

entry product yield?
FaC
1 cmwﬂhoa 82%
o o
4/16
FsC ’
2 Boc—NﬂN OMe 83%
o
6/17
FiC \ OEt
3 Cbz—N/H_>7NH o 84%
o
4118
FaGC ‘é_«OMe
4 Boch/H_>ﬁNH o) 80%
o
6/19
OBn
FC { ome
5 Boc—NﬂNH 0 85%
o
6/20

a) Isolated yield.

2.4.Incorporation of 1 into peptides: elongation at theO-
terminus.

To prove the general utility of th&perfluoroalkyl f-amino

acid 1 in peptide engineering, the peptide-bond formation at i
O-terminus was also performed, although this reaction was

little synthetic challenge (Table 3). The condensatiorNof
protected derivatives df (4 and 6) with variousp- or a-amino
acid esters [-p-homoalanine ethyl ester hydrochloridé&6y,
methyl
hydrochloride 17), L-alanine ethyl ester hydrochlorid&8g, L-
valine methyl ester hydrochloridel9), and O-benzyli-serine

(1R,2R)-2-aminocyclohexane-1-carboxylate

5
and the preservation of the stereopurity was unambiguously
confirmed. In addition, the reactivity of the amino grouplin
toward various acylating reagents was clearly elucidated in terms
of its basicity and nucleophilicity. As far as we are aware of, this
is the first stereo-regulated synthesis of peptides containihg a
perfluoroalkyl-amino acid. By applying the
protection/deprotection/condensation methods established here,
various peptides containirigcould be constructed, which should
contribute to the development of novel peptides containing
fluoroalkyl-g-amino acids.

4. Experimental section
4.1. General

'H, 2c, and"®F NMR spectra were recorded on a JEOL model
JNM-ECA500 spectrometer operating at 500.16, 125.77, and
470.62 MHz for'H, **C, and'*F NMR, respectively. Chemical
shifts were determined with respect to an internal ¢34 and
an external (gF) reference forH and'*F NMR, respectively.
Matrix-assisted laser desorption ionization time-of-flight mass
(MALDI-TOF-MS) spectrometry was performed on an Applied
Biosystems model Voyager-DE™ STR or a Bruker model MDS
SCIEX 4800 MALDI TOF Analyzer using 2,5-dihydroxybenzoic
acid (DHB) or a-cyano-4-hydroxycinnamic acid (CHCA) as a
matrix. Electrospray-ionization TOF-MS (ESI-TOF-MS) spectra
were recorded on a JEOL model JMS-T100LC AccuTOF
spectrometer on a positive mode. Specific rotation was measured
with a JASCO model P-2200 polarimeter.

Materials

(9-4,4,4-Trifluoro-3-aminobutyric acidlf,'® ethyl ©-4,4,4-
trifluoro-3-aminobutyrate hydrochloride2)("® methyl ?)-4,4,4-
trifluoro-3-aminobutyrate hydrochloride  2'§,” N-
benzyloxycarbonyl--g-homoalanine  11),"* ethyl (©-3-
aminobutyrate  hydrochloride  16)**  (1R2R)-2-(tert-
butoxycarbonylamino)cyclohexane-1-carboxylic acl®)(*® and
methyl (IR,2R)-2-aminocyclohexane-1-carboxylate

fteratures. Dichloromethane was distilled twice successively
rom P,Os and CaH and stored over activated molecular sieves.
Other chemicals were used as received.

tiydrochloride 17" were prepared according to the methods in

4.3. Synthesis oN- and O-protected derivatives of 1

4.3.1.Synthesis off (Scheme 1, Route A)
To a solution ofl (235 mg, 1.50 mmol) in water/1,4-dioxane

methyl ester hydrochloride2Q)] was conducted by applying a (1:2, v/v, 20 mL) were successively addegCK; (2.07 g, 15

common method; th&l-protected amino acid4(or 6) dissolved

mmol) and benzyl chloroformate (214, 1.50 mmol) at rt.

in dichloromethane was treated with EDC+HCI (1.0 eq), HOBtAfter being stirred at rt for 12 h, the resulting mixture was treated

(1.0 eq), triethylamine (5.0 eq), and the amino esité#20, 1.0

with 1 M aqueous hydrochloric acid until the pH of the mixture

eq) to afford the target dipeptide satisfactory yield (entries 1- became ca. 1 and extracted with ethyl acetate (3 x 30 mL).

5). In all cases, a set of signals were observetHimnd *F

Organic layers combined were washed with brine (100 mL),

NMR (for **F NMR, see Figure S10), suggesting the retention ofiried over anhydrous M8O,, and concentrated under reduced

stereochemistry during the condensation.
retention of stereopurity more unambiguously16 and 4/18

To confirm theressure to dryness to affoddas a white solid (245 mg, 0.84

mmol, 56%); mp 145-147 °C.a],*’ 2.1 € 0.5, MeOH). *H

were chosen as representatives of dipeptides prepared frlin anNMR (500 MHz, CRQOD, 25 °C):6 7.31 (m, 5H), 5.12 (d, 1H]
protectedf- and a-amino acids, respectively. Thus, authentic= 12.3 Hz), 5.10 (d, 1H] = 12.3 Hz), 4.71 (m, 1H), 2.78 (dd, 1H,
samples of their diastereoisomers were independently prepareg, = 16.6 Hz,J, = 4.0 Hz), 2.61 (dd, 1H}, = 16.3 Hz,J, = 9.9
and the comparison of théfiF NMR spectra clearly excluded the Hz) ppm. *C NMR (125 MHz, CROD, 25 °C):§ 172.3, 158.2,

possibility of racemization/epimerization (Figures S8 and S9).
3. Conclusions

The protection, deprotection, and condensation off-a
perfluoroalkyl$-amino acid (§)-4,4,4-trifluoro-3-aminobutyric

137.9, 129.5, 129.0, 128.7, 126.6 Jg; 279 Hz), 67.9, 51.4 (d,

= 31 Hz), 34.0 ppm.**F NMR (470 MHz, CQOD, 25 °C):d —

77.9 (d,J = 8.1 Hz) ppm. IR (ATR): 3324, 3040, 2986, 2636,
1703, 1536, 1455, 1420, 1368, 1341, 1292, 1246, 1191, 1173,
1126, 1057, 1031, 1005, 971, 935, 864, 779, 736, 695, 645, 575

=1 . +
acid, 1) were systematically studied. For every process, synthetigm - MALDI-TOF-MS: [M + NaJ" calcd. 314.06, found 313.98.
routes and the reaction conditions were thoroughly optimized,
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4.3.2.Synthesis o8 (Scheme 1, Route B) To a 1,4-dioxane solution (2 mL) @f (111 mg, 0.50 mmol)

To a dichloromethane solution (10 mL) f(336 mg, 1.50 Were successively added pyridine (10, 0.60 mmol), 4-
mmol) and pyridine (1.0 mL, 12 mmol) was dropwise addeddimethylamino)pyridine (12 mg, 0.10 mmol), andtelit-butyl
benzyl chloroformate (0.75 mL, 5.3 mmol) at 0 °C. After beingdicarbonate (219 mg, 1.00 mmol) at rt. The mixture was stirred
allowed to warm to rt and then stirred at the temperature for @t the temperature for 1 day. Precipitates generated in the
day, the reaction mixture was concentrated under reducd@sultant mixture were filtered off, and the filtrate was
pressure to dryness, diluted with ethyl acetate (10 mL), angoncentrated under reduced pressure to dryness. The resultant
successively washed with 1 M aqueous hydrochloric acid (10esidue was diluted with ethyl acetate (3 mL) and washed with
mL), a saturated aqueous solution of NaHG® mL) and brine 0.5 M aqueous solution of citric acid (2 x 3 mL), a saturated
(10 mL). The organic layer was dried over anhydrousSa  aqueous solution of NaHGQ3 mL), and water (3 mL). The
and concentrated to dryness under reduced pressure to&fierd organic layer was dried over anhydrous3@, and concentrated
a white solid (464 mg, 1.40 mmol, 96%); mp 84-86 °@],J  under reduced pressure to dryness to affpmb a white solid
15.1 € 0.5, CHCY). *H NMR (500 MHz, CDC}, 25 °C):6 7.36 (117 mg, 0.41 mmol, 82%); mp 69-71 °Cal{” 29.2 € 0.5,

(m, 5H), 5.51 (d, 1H] = 9.2 Hz), 5.14 (s, 2H), 4.76 (m, 1H), CHCk). "H NMR (500 MHz, CDC}, 25 °C):6 5.22 (d, 1H,J =

4.16 (g, 2HJ = 7.2 Hz), 2.77 (dd, 1H} = 16.5 HzJ, = 4.9 Hz), 8.0 Hz), 4.70 (brs, 1H), 4.19 (q, 2B 7.5 Hz), 2.75 (dd, 1H},

2.62 (dd, 1HJ, = 16.0 Hz,J, = 7.5 Hz), 1.24 (t, 3H) = 7.2 Hz) = 16.1 Hz,J, = 5.2 Hz), 2.58 (dd, 1H} = 15.8 HzJ, = 7.8 Hz),
ppm. C NMR (125 MHz, CROD, 55 °C):d 170.5, 158.2, 1.45 (s, 9H), 1.27 (t, 3H = 7.5 Hz) ppm.*’C NMR (125 MHz,
137.9, 129.5, 129.1, 128.8, 126.4 (4= 281 Hz), 70.7, 68.1, CDCl;, 25 °C):6 169.2, 154.6, 124.7 (d,= 279 Hz), 80.7, 61.3,
62.3, 51.5 (q) = 32 Hz), 34.5, 14.4 ppm'F NMR (470 MHz,  49.4 (q,J = 31 Hz), 33.7, 28.1, 14.0 ppnt’F NMR (470 MHz,
CDCls, 25 °C):6 —79.5 (d,J = 7.2 Hz) ppm. IR (ATR): 3307, CDCl;, 25 °C):6 —79.6 (d.J = 7.2 Hz) ppm. IR (ATR): 3331,
3064, 2997, 2907, 1732, 1702, 1669, 1541, 1457, 1420, 1382987, 2941, 2909, 2878, 1740, 1694, 1662, 1532, 1461, 1435,
1365, 1349, 1302, 1284, 1253, 1230, 1182, 1122, 1056, 1024386, 1371, 1344, 1298, 1249, 1177, 1154, 1123, 1069, 1053,
969, 912, 884, 838, 779, 747, 735, 698, 659, 623, 577, 530 cm1027, 919, 876, 850, 787, 753, 723, 700, 654, 635, 587, 527 cm

MALDI-TOF-MS: [M + Na]" calcd. 342.09, found 342.00.

4.3.3. Synthesis of (Scheme 1, Route B)

To a 1,4-dioxane solution (3 mL) &f(306 mg, 1.00 mmol)
was added an aqueous solution (3 mL) of LIOM3H126 mg,

!, MALDI-TOF-MS: [M + NaJ' calcd. 308.11, found 308.05.

4.3.6. Synthesis o6 (Scheme 2, Route B)

The N-Boc protected derivative ofL (6) was obtained
guantitatively from5 in the same procedure as that for the

3.00 mmol) at 0 °C. The mixture was allowed to warm to rt anynthesis o# from 3. Physical properties of this sample were
stirred at the temperature for 1 h. The resultant mixture wa@ssentially identical to those 6fobtained by Scheme 2, Route
treated with 3 M aqueous hydrochloric acid (1.5 mL) andA.

extracted with ethyl acetate (3 x 3 mL).
combined were dried over anhydrous,8@, and concentrated
under reduced pressure to dryness.
dissolved in a mixture of saturated aqueous solution of NaHC
(5 mL) and water (5 mL).
with chloroform (3 x 5 mL), treated with 3 M aqueous
hydrochloric acid until the pH of the mixture becaoze 3, and
extracted with ethyl acetate (3 x 5 mL). Organic layer
combined were washed with brine (15 mL), dried over anhydrou
N&SQO, and concentrated to dryness under reduced pressure
afford 4 as a white solid (266 mg, 0.91 mmol, 91%). Physical
properties of this sample thus obtained were essentially identic
to those oft obtained by Scheme 1, Route A.

4.3.4. Synthesis o (Scheme 2, Route A)

To a solution ofl (235 mg, 1.50 mmol) in water/1,4-dioxane
(1:2, viv, 20 mL) were successively addegCR; (2.07 g, 15
mmol) and ditert-butyl dicarbonate (330 mg, 1.50 mmol) at O

The resultant residue (v;sa

The aqueous solution was washe

S

Organic layersy 3 7 gynthesis of

To a mixture of4 (2.92 g, 10.0 mmol) and concentrated
u?furic acid (0.1 mL) in dichloromethane (50 mL) was added
|&Tobutene at 0 °C with stirring until the total volume of the
solution becamea. 80 mL. The mixture was allowed to warm to
rt and stirred at the temperature for 4 days. The resultant mixture
was treated with triethylamine (0.26 mL) and concentrated under
geduced pressure. The resultant residue was diluted with ethyl
%etate (20 mL) and successively washed with a saturated
queous solution of NaHG@2 x 10 mL) and water (2 x 10 mL).
Epe organic layer was dried over anhydrous,3@ and
concentrated under reduced pressure. The resultant residue was
subjected to silica gel column chromatography eluted with
hexane/ethyl acetate (1:1, v/v) to affofdas a white solid (3.02
g, 8.7 mmol, 87%); mp 65-67 °Calp?’ 15.8 € 0.5, CHC}). H
NMR (500 MHz, CDC}, 25 °C):d 7.35 (m, 5H), 5.54 (d, 1H] =
9.7 Hz), 5.16 (d, 1HJ = 12.3 Hz), 5.12 (d, 1H) = 12.3 Hz),

°C. After being stirred at rt for 1 day, the resultant mixture wag-71 (m, 1H), 2.69 (dd, 1Hj, = 16.0 Hz,J, = 4-63HZ), 2.58 (dd,
treated with 1 M aqueous hydrochloric acid until the pH of thelH, J = 16.1 Hz,J, = 8.0 Hz), 1.42 (s, 9H) ppm°C NMR (125

mixture becamesa. 2 and extracted with dichloromethane (3 x

MHz, CDC, 25 °C):0 168.2, 155.5, 135.8, 128.5, 128.3, 128.2,

30 mL). Organic layers combined were washed with brine (10824.7 (q,J = 282 Hz), 82.2, 67.4, 50.1 (§,= 31 Hz), 34.6, 27.8

mL), dried over anhydrous BaO, and concentrated under
reduced pressure to dryness to afféras a white solid (210 mg,
0.80 mmol, 55%); mp 109-111 °Ca]§?® 10.5 € 0.5, MeOH).

'H NMR (500 MHz, CROD, 25 °C):6 4.64 (m, 1H), 2.73 (dd,
1H, J, = 16.5 Hz,J, = 4.0 Hz), 2.56 (dd, 1H}, = 16.3 Hz,J, =
10.4 Hz), 1.46 (s, 9H) ppm*C NMR (125 MHz, CQOD, 55
°C): ¢ 172.3, 157.3, 126.6 (d,= 282 Hz), 81.1, 50.9 (¢} = 31
Hz), 34.3, 28.6 ppmF NMR (470 MHz, CROD, 25 °C):6 —
77.9 (d,J = 8.1 Hz) ppm. IR (ATR): 3354, 2989, 2941, 1692,
1524, 1463, 1434, 1422, 1395, 1371, 1298, 1253, 1228, 115

1121, 1087, 1050, 1025, 965, 926, 859, 783, 765, 644, 623, 5£

cmi’. MALDI-TOF-MS: [M + Na]' calcd. 280.08, found 280.00.
4.3.5. Synthesis o8 (Scheme 2, Route B)

ppm. *F NMR (470 MHz, CDCJ, 25 °C):§ —=79.5 (d,J = 7.7

Hz) ppm. IR (ATR): 3302, 3075, 2987, 2933, 2898, 1731, 1702,
1673, 1551, 1472, 1458, 1423, 1393, 1370, 1343, 1291, 1248,
1179, 1156, 1127, 1069, 1050, 1029, 1003, 957, 916, 868, 840,
777, 753, 700, 658, 628, 603, 579 CMMALDI-TOF-MS: [M +

Na]" calcd. 370.12, found 370.00.

4.3.8. Synthesis o8

To a solution of 7 (416 mg, 1.20 mmol) in
wethanol/dichloromethane (1:1, v/v, 10 mL) was added 5% Pd/C
é16 mg), and the resultant mixture was degassed and purged
with hydrogen. After being stirred at rt for 12 h, the catalyst was
filtered off through a celite pad, and the solid was washed with a
mixture of dichloromethane/methanol (10:1, v/v). The filtrate
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and washing were combined and concentrated under reducsdccessively washed with 0.5 M aqueous hydrochloric acid (3 x
pressure to dryness to affoBdas a white solid (254 mg, quant); 3 mL), a saturated aqueous solution of NaHC®x 3 mL), and
mp 132-134 °C. d]p?" —=19.9 € 0.2, MeOH). *H NMR (500  brine (3 x 3 mL). The organic layer was dried over anhydrous
MHz, CDCk, 25 °C):¢0 8.71 (brs, 2H), 4.37 (brs, 1H), 2.93 (m, NaSO, and concentrated under reduced pressure. The resultant
2H), 1.47 (s, 9H) ppm.**C NMR (125 MHz, CDG, 25 °C):6 residue was subjected to silica gel column chromatography eluted
167.5, 123.7 (gJ = 281 Hz), 83.1, 50.1 (d,= 32 Hz), 32.9, 28.0 with hexane/ethyl acetate (2:1, v/v) to affdrti2 as a white solid
ppm. °F NMR (470 MHz, CDGJ, 25 °C):0 —77.4 (brs) ppm. IR (139 mg, 0.34 mmol, 69%). When EDC*HCI/HOBt or HATU
(ATR): 3447, 3387, 2955, 2853, 2691, 2528, 1727, 1587, 1528yas used in place of HBTW1/2 was obtained in 41% or 61%
1459, 1427, 1387, 1372, 1328, 1285, 1237, 1196, 1137, 109¥ield, respectively; mp 177-179 °Ca]p*’ 14.0 € 0.08, CHCJ).
1070, 946, 899, 849, 804, 761, 729, 652, 564, 54T .cBSI- 'H NMR (500 MHz, CDCJ, 25 °C):6 7.34 (m, 5H), 6.64 (brs,
TOF-MS: [M + Na[ calcd. 236.09, found 236.07. 1H), 5.39 (brs, 1H), 5.09 (s, 2H), 5.03 (m, 1H), 4.15 (q, 2H,
. 7.0 Hz), 4.07 (m, 1H), 2.71 (dd, 18, = 16.1 Hz,J, = 5.2 Hz),
4.3.9. Synthesis o3 _ , 2.59 (dd, 1HJ, = 16.3 Hz,J, = 7.2 Hz), 2.48 (m, 2H), 1.26 (d,
To anN,N-dimethylformamide solution (100 mL) 6f(3.85 g, 3H, J = 5.7 Hz), 1.25 (t, 3HJ = 6.9 Hz) ppm. 3¢ NMR (125
15.0 mmol) were successively addegCK; (2.07 g, 15.0 mmol) MHz, CDCL, 55 °C):6 170.4, 169.2, 155.9, 136.6, 128.4, 128.0,
and benzyl bromide (20 mL, 16.5 mmol) at rt. ) The mixture Wa512791 124.6 (qJ = 282 HZ), 66.6, 61.4, 47.5 (ql: 32 HZ),
stirred at the temperature for 1 day, treated with water _(20 mL)M_?, 42.5,33.2, 20.3, 13.9 ppr’r?F NMR (470 MHz, CDGJ, 25
and extracted with ethyl acetate (3 x 30 mL). Organic Iayersc): 6 —78.9 (d,J = 7.7 Hz) ppm. IR (ATR): 3316, 3301, 3067,
combined were SUCCGSSiVe'y washed with water (30 mL) anggso7 2927, 2853, 1728, 1681, 1660, 1535, 1456, 1427, 1371,
brine (30 mL), dried over anhydrous J$&, and concentrated 1347 1309, 1282, 1263, 1203, 1176, 1120, 1065, 1025, 978, 948,
under reduced pressure. The resultant residue was SUbjeCIEC’gb'g, 881, 841, 779, 749, 723, 695, 662, 578, 552.CMALD|-
silica gel column chromatography eluted with hexane/ethylrqop_ps: [M + Na] calcd. 427.15, found 427.02.
acetate (2:1, v/v) to afforfl as a white solid (3.26 g, 9.4 mmol,
62%); mp 65 °C. d]o°’ 21.6 € 0.5, CHC}). *H NMR (500 MHz, 4.4.2. Synthesis o11/2 (via the conversion ofll
CDCl;, 25 °C):5 7.36 (m, 5H), 5.21 (d, 1H] = 8.5 Hz), 5.15 (s, iNto acyl chloride)
2H), 4.73 (brs, 1H), 2.79 (dd, 18, = 16.1 Hz J, = 4.6 Hz), 2.65 To a dichloromethane solution (5 mL) di (142 mg, 0.60
(dd, 1H,J; = 15.7 Hz,J, = 7.7 Hz), 1.45 (s, 9H) ppnt°C NMR  mmol) was added oxalyl chloride (0.26 mL, 3.0 mmol). The
(125 MHz, CDC}, 25 °C):6 169.0, 154.6, 135.1, 128.6, 128.5, mixture was allowed to warm to rt, stirred at the temperature for
128.4, 124.7 (g, = 282 Hz), 80.8, 67.2, 49.4 (4,= 32 Hz), 3 h, and concentrated under reduced pressure to dryness to give a
33.7, 28.1 ppm*F NMR (470 MHz, CDGJ, 25 °C):6 —79.6 (d,  residue containing the acyl chloride derived frath To the
J = 7.2 Hz) ppm. IR (ATR): 3341, 3037, 3016, 2979, 2939 resultant residue were successively added dichloromethane (3
1730, 1697, 1664, 1525, 1460, 1440, 1389, 1373, 1336, 128ML), a dichloromethane solution (2 mL) &f (111 mg, 0.50
1248, 1164, 1147, 1121, 1049, 1024, 979, 908, 853, 780, 75mmol), and pyridine (0.20 mL, 2.5 mmol) at rt. After being
697, 657, 632, 580 cth MALDI-TOF-MS: [M + Na]' calcd.  stirred at the temperature for 12 h, the resultant mixture was
370.12, found 370.03. concentrated under reduced pressure, diluted with ethyl acetate
. (10 mL), and washed with 0.5 M aqueous hydrochloric acid (3 x
4.3.10. Synthe3|s dro . 3 mL), a saturated aqueous solution of NaHC®x 3 mL), and
To a dichloromethane solution (10 mL) 8f(694 mg, 2.00 prine (3 x 3 mL). The organic layer was dried over anhydrous
mmol) was added trifluoroacetic acid (TFA, 10 mL) at rt. After Ng,SO, and concentrated under reduced pressure. The resultant
being stirred at rt for 3 h, the resultant mixture was c_oncen_tratq@sidue was subjected to silica gel column chromatography eluted
under reduced pressure to dryness to afiiais a white solid yjth hexane/ethyl acetate (1:1, v/v) to affdrti2 as a white solid
(724 mg, quant.); mp 106-109 °Ca]¢™ 7.7 € 0.2, MeOH). 'H (175 mg, 0.43 mmol, 86%). When triethylamine was used in
NMR (500 MHz, CROD, 25 °C):4 7.38 (m, 5H), 5.24 (d, 1H] place of pyridine,11/2 was obtained in 64% vyield. Physical
=12.3 Hz), 5.23 (d, 1H] = 12.3 Hz), 4.53 (m, 1H), 3.14 (dd, 1H, properties of the product samples were identical to thodd/af
J =17.8 Hz,J, = 4.0 Hz), 2.89 (dd, 1H} =17.8 Hz,J, = 9.2 gptained by the method using a condensing reagent [Section

Hz) ppm. °C NMR (125 MHz, CROD, 25 °C):5 169.8, 162.3 44 1. Synthesis dfl/2 (by using a condensing reagent)].
(g, J = 36.0 Hz), 136.7, 129.7, 129.6, 129.5, 125.1J)(g, 279

Hz), 117.8 (q,) = 289 Hz), 68.7, 50.6 (§,= 32.8 Hz), 32.4 ppm. 4.4.3. Synthesis of2/2’

F NMR (470 MHz, CROD, 25 °C):6 —76.4 (d,J = 6.3 Hz), — The dipeptidel 2/2’ was obtained as a white solid frda and
76.5 ppm. IR (ATR): 3072, 2924, 2853, 2813, 2674, 1750, 1625’ in a procedure similar to the synthesisldf2 where HATU
1551, 1500, 1439, 1423, 1390, 1330, 1293, 1255, 1220, 118%as used as a condensing regent (65%); decomp. >22@P¢! [
1165, 1136, 1105, 1075, 1011, 978, 947, 910, 888, 839, 804, 7413.6 € 0.3, CHC}). 'H NMR (500 MHz, CDC}, 25 °C):6 6.76

724, 696, 657, 573, 548 c¢m MALDI-TOF-MS: [M —  (d, 1H,J = 8.6 Hz), 5.07 (m, 1H), 4.57 (brs, 1H), 3.72 (s, 3H),
CF;COOH + Na] calcd. 270.07, found 269.96. 3.52 (m, 1H), 2.74 (dd, 1H; = 16.0 Hz,J, = 5.2 Hz), 2.64 (dd,

. ) g 1H, 3, = 16.1 HzJ, = 7.5 Hz), 2.31 (brs, 1H), 2.00 (m, 1H), 1.75
4.4. Synthesis of dipeptides composed of 1 (m, 1H), 1.41 (s, 9H), 1.28 (m, 4H) ppmC NMR (125 MHz,

CDCL/CD;0D (2:1, Viv), 55 °C)5 175.5, 170.1, 156.5, 125.6 (g,

J = 281 Hz), 79.9, 52.4, 51.6, 51.2, 48.0 {q= 32 Hz), 33.8,

. . 33.4, 30.0, 28.5, 25.2, 25.1 ppiiF NMR (470 MHz, CDG}, 25

To a dichloromethane solution (3 mL) df (119 mg, 0.50 °C): 6 —78.6 (d,J = 7.6 Hz) F?F?m IR (AT(R): 3332, 330(5 3216,
mmol) was added HBTU (190 mg, 0.50 mmol) at 0 °C. Aftelay15 5989 2937, 2857, 1741, 1678, 1666, 1533, 1440, 1417
being stirred at the temperature for 30 min, the mixture waisgl’ 1356’ 1320’ 1296’ 1278, 1253’ 1228’ 1175’ 1141’ 1120’

allowed to warm to rt, and treated with a dichloromethanel

: ’ ; 074, 1054, 1011, 993, 930, 906, 895, 868, 780, 747, 661, 639,
solution (5 mL) of2 (111 mg, 0.50 mmol), followed BPLNEt 596, 560 ciif. MALDI-TOF-MS: [M + Na| calcd. 419.18
(0.43 mL, 2.5 mmol). After being stirred at the temperature fo'faun’d 413.31 ' ’ ' T

12 h, the resultant mixture was concentrated under reduce
pressure to dryness, diluted with ethyl acetate (10 mL), and.4.4. Synthesis 0f3/2

4.4.1. Synthesis of1/2 (by using a condensing
reagent)
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The dipeptidel32 was obtained as a white solid frah3
and 2 in a procedure similar to the synthesis 1df2, where

Tetrahedron

concentrated under reduced pressure. The resultant residue was
subjected to silica gel column chromatography eluted with

HBTU was used as a condensing regent (62%); mp 114-116 °Bexane/ethyl acetate (2:1, v/v) to affof#tl6 as a white solid

[d]p?® 8.0 € 0.5, CHCY). *H NMR (500 MHz, CDC}, 25 °C):é
7.35 (m, 5H), 6.98 (d, 1H) = 7.5 Hz), 5.24 (m, 1H), 5.12 (s,
2H), 5.00 (m, 1H), 4.26 (m, 1H), 4.15 (q, 2Hz 7.3 Hz), 2.73
(m, 1H), 2.62 (dd, 1H} = 16.1 Hz,J, = 7.4 Hz), 1.40 (d, 3H] =
6.9 Hz), 1.25 (t, 3HJ = 7.2 Hz) ppm. *C NMR (125 MHz,

(166 mg, 0.41 mmol, 82%); mp 165-169 °Ca]f’ 3.3 € 0.2,
CHCl). *H NMR (500 MHz, CDCJ, 25 °C):6 7.34 (m, 5H),
6.37 (d, 1H,J = 7.5 Hz), 6.28 (d, 1H] = 8.6 Hz), 5.14 (s, 2H),
4.66 (m, 1H), 4.32 (m, 1H), 4.15 (m, 2H), 2.77 (m, 1H), 2.62 (dd,
1H,J, = 15.2 Hz,J, = 4.9 Hz), 2.47 (m, 3H), 1.27 (t, 38~ 7.2

CDCl;, 25 °C):6 172.7, 168.9, 156.0, 136.0, 128.4, 128.1, 127.8Hz), 1.20 (d, 3H, = 6.9 Hz) ppm."*C NMR (125 MHz, CDGJ,

124.5 (q,J = 281 Hz), 66.8, 61.3, 50.3, 47.5 (o5 32 Hz), 33.2,
18.3, 13.8 ppm *F NMR (470 MHz, CDGJ, 25 °C):6 —79.0 (d,
J = 7.2 Hz) ppm.

55 °C):d 171.6, 167.5, 155.7, 136.1, 128.5, 128.2, 128.8,912
(q,J = 283 Hz), 67.4, 60.7, 50.7 (@= 32 Hz), 42.4, 34.7, 29.7,

IR (ATR): 3338, 3092, 3035, 2979, 2934,19.7, 14.1 ppm.*F NMR (470 MHz, CDGJ, 25 °C):5 —78.7 (d,
1723, 1696, 1682, 1529, 1432, 1369, 1347, 1297, 1264, 1245,= 7.2 Hz) ppm.

IR (ATR): 3298, 3068, 3036, 2988, 2973,

1200, 1175, 1142, 1127, 1117, 1068, 1025, 963, 952, 892, 878929, 1723, 1694, 1635, 1543, 1498, 1458, 1439, 1377, 1356,

846, 785, 739, 718, 694, 660, 627, 575, 525'civALDI-TOF-
MS: [M + NaJ calcd. 413.13, found 413.03.

4.4.5. Synthesis of4/2

The dipeptidel4/2 was obtained as a white solid frdm and
2 in a procedure similar to the synthesisldf2, where HBTU
was used as a condensing reagent (48%); mp 155-156P¢ [
23.4 € 0.5, CHC}). 'H NMR (500 MHz, CDC], 25 °C):6 7.35
(m, 5H), 6.83 (d, 1HJ = 9.7 Hz), 5.33 (d, 1H] = 6.9 Hz), 5.11
(s, 2H), 5.02 (m, 1H), 4.16 (q, 2H,= 7.5 Hz), 4.02 (t, 1H) =
7.5 Hz), 2.73 (dd, 1H}, = 15.5 HzJ, = 4.0 Hz), 2.66 (dd, 1H};
= 16.0 Hz,J, = 6.3 Hz), 2.12 (m, 1H), 1.25 (t, 3H,= 6.9 Hz),
0.97 (d, 3H,J = 6.3 Hz), 0.93 (d, 3H] = 6.9 Hz) ppm.**C NMR
(125 MHz, CDC}, 25 °C):¢ 171.3, 169.1, 156.4, 136.1, 128.5,
128.2, 127.9, 124.5 (d,= 281 Hz), 67.0, 61.5, 60.3, 47.4 (o
32 Hz), 33.1, 31.2, 18.8, 17.7, 13.9 ppMF NMR (470 MHz,
CDCls, 25 °C):6 —78.7 (d,J = 7.7 Hz) ppm. IR (ATR): 3282,

1308, 1248, 1176, 1149, 1121, 1049, 1032, 936, 912, 875, 854,
824, 774, 752, 697, 670, 649, 610, 580, 564, 521.cMALDI-
TOF-MS: [M + NaJ calcd. 427.15, found 427.02.

4.4.8. Synthesis 08/17

The dipeptides/17 was obtained as a white solid fr@rand
17 in the same procedure for the synthesis4kf6 (83%);
decomp. > 200 °C. d]p*’ 10.7 € 0.3, MeOH). 'H NMR (500
MHz, CDCL, 25 °C):d 5.96 (d, 1H,J = 5.8 Hz), 5.67 (d, 1H] =
5.8 Hz), 4.56 (m, 1H), 3.99 (m, 1H), 2.60 (dd, Iz 15.5 Hz,
J, = 5.2 Hz), 2.39 (dd, 1H], = 14.4 Hz,J, = 5.2 Hz), 2.39 (td,
1H, J; = 12.0 Hz,J, = 4.0 Hz), 2.03 (m, 1H), 1.95 (m, 1H), 1.74
(m, 2H), 1.62 (m, 1H), 1.45 (s, 9H), 1.19 (m, 2H) ppriC
NMR (125 MHz, CROD, 55 °C):¢ 176.0, 169.6, 157.1, 126.8
(0, = 282 Hz), 81.1, 52.3, 51.2, 51.1 (4= 31 Hz), 50.3, 35.8,
33.1, 29.9, 28.6, 25.7, 25.5 pprJr?F NMR (470 MHz, CD(], 25
°C): 6 —78.9 (d,J = 5.4 Hz) ppm. IR (ATR): 3327, 3263, 3062,

3074, 2974, 2960, 2911, 2874, 1734, 1692, 1666, 1531, 1462998, 2982, 2966, 2941, 2862, 1735, 1698, 1646, 1542, 1438,
1456, 1388, 1372, 1340, 1293, 1246, 1229, 1184, 1122, 1072367, 1308, 1276, 1251, 1208, 1157, 1122, 1051, 1015, 973, 917,
1038, 1028, 967, 926, 902, 873, 843, 788, 748, 695, 658, 59876, 861, 758, 692, 655, 628, 570, 554 tnMALDI-TOF-MS:

576 cm'. MALDI-TOF-MS: [M + Na] calcd. 441.16, found
441.30.

4.4.6. Synthesis of5/2

The dipeptidel52 was obtained as a transparent oil fribfn
and 2 in a procedure similar to the synthesis 1df2, where
DEPBT*® was used as a condensing reagent (738h)°123.4 €
0.5, CHCL. 'H NMR (500 MHz, CDC}, 25 °C):6 7.32 (m,
5H), 7.22 (d, 1H,) = 5.8 Hz), 5.38 (brs, 1H), 5.07 (m, 1H), 4.56
(d, 1H,J = 11.5 Hz), 4.53 (d, 1H] = 11.5 Hz), 4.31 (brs, 1H),
3.89 (dd, 1H,J, = 9.2 Hz,J, = 4.0 Hz), 3.66 (s, 3H), 3.55 (m,
1H), 2.74 (dd, 1H), = 16.1 Hz,J, = 5.2 Hz), 2.61 (dd, 1H], =
16.3 Hz,J, = 7.8 Hz), 1.45 (s, 9H) ppm**C NMR (125 MHz,

[M + Na]* calcd. 419.18, found 419.33.

4.4.9. Synthesis 04/18

The dipeptide4/18 was obtained as a white solid fratrand
18 in the same procedure for the synthesigt/db (84%); mp
188-191 °C. >’ —29.9 € 0.5, MeOH). *H NMR (500 MHz,
CD,0OD, 25 °C):§ 7.33 (m, 5H), 5.10 (q, 2H) = 7.5 Hz), 4.76
(m, 1H), 4.35 (g, 2HJ = 7.3 Hz), 4.15 (q, 2H) = 7.1 Hz), 2.69
(dd, 1H,J; = 14.9 HzJ, = 4.0 Hz), 2.55 (dd, 1H}, = 15.2 Hz J,
= 10.0 Hz), 1.32 (d, 3H) = 6.9 Hz), 1.25 (t, 3H) = 7.2 Hz)
ppm. *C NMR (125 MHz, CROD, 25 °C):§ 174.0, 170.2,
158.0, 138.0, 129.4, 129.1, 128.8, 126.6Jg; 280 Hz), 68.0,
62.4, 60.3, 51.7 (q) = 32 Hz), 49.7, 35.3, 17.5, 14.4 ppriF

CDCl,, 25 °C):6 170.5, 169.3, 155.4, 137.1, 128.4, 127.9, 127.8NMR (470 MHz, CDC}, 25 °C):5 —78.7 (dJ = 7.7 Hz) ppm. IR

124.4 (g,J = 282 Hz), 80.3, 73.5, 69.5, 53.7, 52.2, 47.5)(g,32
Hz), 33.1, 28.1 ppm."*F NMR (470 MHz, CDCJ, 25 °C):6 —
79.0 (d,J = 3.6 Hz) ppm.

IR (ATR): 3304, 3032, 2978, 2956,

(ATR): 3295, 3068, 3035, 2982, 2929, 2875, 2855, 1735, 1698,
1643, 1542, 1451, 1437, 1377, 1358, 1324, 1305, 1277, 1247,
1228, 1172, 1151, 1119, 1078, 1049, 1030, 979, 937, 915, 878,

2930, 2871, 1744, 1712, 1672, 1523, 1496, 1455, 1391, 136864, 827, 755, 738, 696, 639, 606, 580, 565'cMALDI-TOF-
1285, 1238, 1168, 1126, 1023, 997, 960, 913, 860, 781, 737, 69@S: [M + NaJ calcd. 413.13, found 413.26.
662, 611, 566 cM. MALDI-TOF-MS: [M + Na[' calcd. 471.17, 4.4.10. Synthesis /19

found 471.36. ) ) ) . )
The dipeptides/19 was obtained as a white solid frarand

4.4.7. Synthesis 04/16 19 in the same procedure for the synthesisiab (80%); mp

To a dichloromethane solution (2 mL) 4f(146 mg, 0.50 179-181 °C. ¢]p>’ 40.9 € 0.5, CHC}). 'H NMR (500 MHz,
mmol) were successively added EDC+HCI (96 mg, 0.50 mmol)CcDCl;, 25 °C):§ 6.19 (d, 1HJ = 8.6 Hz), 5.94 (d, 1H) = 9.2
HOBLt (68 mg, 0.50 mmol), a dichloromethane solution (3 mL) ofHz), 4.61 (m, 1H), 4.56 (m, 1H), 3.75 (s, 3H), 2.69 (dd, 1H;
16 (84 mg, 0.50 mmol), and triethylamine (0.27 mL, 2.5 mmol)15.5 Hz,J, = 4.6 Hz), 2.55 (dd, 1H), = 15.0 Hz,J, = 5.1 Hz),
at rt. After being stirred at the temperature for 12 h, the resulta217 (m, 1H), 1.44 (s, 9H), 0.94 (d, 3H= 6.9 Hz), 0.91 (d, 3H,
mixture was concentrated to dryness under reduced pressudes 6.9 Hz) ppm.**C NMR (125 MHz, CDGJ, 25 °C):5 172.8,
diluted with ethyl acetate (15 mL), and successively washed with68.7, 154.9, 124.9 (d,= 283 Hz), 80.5, 57.2, 52.3, 49.9 (5
0.5 M aqueous hydrochloric acid (3 x 20 mL), a saturate®l Hz), 34.4, 31.2, 28.2, 18.8, 17.6 ppMF NMR (470 MHz,
aqueous solution of NaHGQ3 x 20 mL), and brine (3 x 20 CDCl, 25 °C):0 —78.8 (d,J = 7.2 Hz) ppm. IR (ATR): 3324,
mL). The organic layer was dried over anhydrous® and 3014, 2980, 2953, 2933, 2878, 1741, 1692, 1652, 1530, 1468,



1435, 1393, 1367, 1310, 1250, 1207, 1180, 1152, 1122, 1055,
1025, 975, 915, 881, 853, 781, 645, 622, 563, 550".cm
MALDI-TOF-MS: [M + Na]" calcd. 393.16, found 393.27.

4.4.11. Synthesis d§/20

The dipeptides/20 was obtained as a white solid frd@rand
20 in the same procedure for the synthesisl/ab (85%); mp
146-148 °C. o>’ 53.7 € 0.5, CHC}). 'H NMR (500 MHz,
CDCl,, 25 °C):6 7.32 (m, 5H), 6.45 (d, 1H] = 6.9 Hz), 5.91 (d,
1H,J = 8.6 Hz), 4.73 (dt, 1H], = 10.9 HzJ, = 2.9 Hz), 4.63 (m,
1H), 4.53 (d, 1H,J = 12.6 Hz), 4.48 (d, 1H] = 12.0 Hz), 3.91
(dd, 1H,J, = 9.8 Hz,J, = 2.9 Hz), 3.75 (s, 3H), 3.67 (dd, 18,=
9.7 Hz,J, = 2.9 Hz), 2.69 (dd, 1H}, = 15.5 Hz,J, = 4.6 Hz),
2.53 (dd, 1H,J; = 14.9 Hz,J, = 4.6 Hz), 1.45 (s, 9H) ppm*C
NMR (125 MHz, CDCJ, 55 °C):6 170.4, 168.4, 154.8, 137.4,
128.3, 127.8, 127.6, 125.0 (&~ 283 Hz), 80.4, 73.3, 69.5, 52.8,
52.3, 49.9, 34.2, 28.1 ppnt’F NMR (470 MHz, CDGJ, 25 °C):
5—78.8 (dJ = 6.8 Hz) ppm. IR (ATR): 3315, 2987, 2942, 2871,
2860, 1740, 1698, 1650, 1532, 1441, 1367, 1340, 1308, 1249,
1232, 1177, 1152, 1120, 1101, 1056, 1028, 984, 920, 882, 853,
782, 736, 697, 672, 635, 612, 580 ¢mMALDI-TOF-MS: M+
Na]" calcd. 471.17, found 471.34.
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(i) Optimization of reaction conditions for the synthesis of 5

Table S1. N-Boc protection of the amino ester derived from 1 (2).

FsC FsC
/ reagent, base /
HCle Ho,N OEt > Boc—NH OEt
solvent
© rt, 1 da o
2 ' y 5
entry reagent base solvent yield?

1 Boc,O (2.0 eq), DMAP (0.2 eq) Pyridine (1.2 eq) CH,Cl, 60%
Boc,O (2.0 eq), DMAP (0.2 eq) Pyridine (1.2 eq) 1,4-Dioxane 82%
3 Boc,O (3.5 eq), DMAP (0.2 eq) Pyridine (8.0 eq) 1,4-Dioxane 84%

a) Isolated yield.

S2



(ii) Determination of the enantiomeric purity of 4 and 6

@

(b)

(c)

r— T 1 T T T T T T T T T T T T T T T T T T T
-784 -785 -786 -787 -788 -789 -79.0 -79.1 -79.2 -793 -794 -795

9F (ppm)

Figure S1. Partial *>°F NMR spectra in CDCl; at 25 °C of (a) 4 (10 mM), (b) the antipode of 4 (10 mM),
and (c) a mixture of 4 (5 mM) and its antipode (5 mM), where (2S,5S)-2,5-diphenylpyrrolidine (25 mM)
was added as a chiral NMR shift reagent.

@

N

(©)

ANEYA

T T T T T T T T T T T T T T T T T T T T T T T
-785 -786 -787 -788 -789 -79.0 -791 -79.2 -793 -794 -795 -79.6

9F (ppm)

Figure S2. Partial *>°F NMR spectra in CDCl; at 25 °C of (a) 6 (10 mM), (b) the antipode of 6 (10 mM),
and (c) a mixture of 6 (5 mM) and its antipode (5 mM), where (2S,5S)-2,5-diphenylpyrrolidine (25 mM)
was added as a chiral NMR shift reagent.
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(iii) Determination of the enantiomeric purity of 8 and 10

@)

(b)

(c)

N

r—r+ 1 T T T T T T T T T T T T T T T T T 1T
-76.7 -768 -76.9 -770 -77.1 772 773 774 =775 776 777

°F (ppm)

Figure S3. Partial *>’F NMR spectra in CDCl; at 25 °C of (a) 8 (10 mM), (b) the antipode of 8 (10 mM),
and (c) a mixture of 8 (5 mM) and its antipode (5 mM), where dimethyl L-(+)-tartrate (1.0 M) was added

as a chiral NMR shift reagent.

@

N

(b)

(c)

I AVAN

T T T T T T T T T T T T T T T T T T T T T
-79.1 -79.2 -793 -794 -795 -796 -79.7 -798 -799 -80.0 -80.1

°F (ppm)

Figure S4. Partial *°F NMR spectra in CDCl; at 25 °C of (a) 10 (10 mM), (b) the antipode of 10 (10
mM), and (c) a mixture of 10 (5 mM) and its antipode (5 mM), where (S)-(-)-1,1'-bi-2-naphthol (250
mM) was added as a chiral NMR shift reagent.
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(iv) Determination of the diastereomeric purity of 11/2 and 13/2

@)
(b)
T T T T T T T T T T T T T T T
-78.5 —78.6 -78.7 —-78.8 -78.9 -79.0 -79.1 —79.2

9F (ppm)

Figure S5. Partial *°F NMR spectra in CDCl; at 25 °C of (a) 11/2 (10 mM) and (b) an authentic mixture
of 11/2 and its diasterecisomer (10 mM in total, prepared from racemic

N-benzyloxycarbonyl-8-homoalanine and 2).

@
(b)
T T T T T T T T T T T T T T T
—-78.6 —78.7 —-78.8 —78.9 -79.0 -79.1 -79.2 -79.3

9F (ppm)

Figure S6. Partial *°F NMR spectra in CDCl; at 25 °C of (a) 13/2 (10 mM) and (b) an authentic mixture
of 13/2 and its diastereoisomer (10 mM in total, prepared from racemic N-benzyloxycarbonyl-alanine
and 2).
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(v) *°F NMR spectra of 11/2, 12/2°, 13/2, 14/2, and 15/2’

@)

(b)

(€)

(d)

(e)

P

r— T 1 T T T T T T T T T T T T T T T T T T T
-782 -783 -784 -785 -786 -787 -788 -789 -79.0 -79.1 -79.2 -79.3

9F (ppm)

Figure S7. Partial *°F NMR spectra in CDCl; at 25 °C of dipeptides (10 mM); (a) 11/2, (b) 12/2’, (c) 13/2,
(d) 14/2, and (e) 15/2'.
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(vi) Determination of the diastereomeric purity of 4/16 and 4/18

@
(b)
T T T T T T T T T T T T T
785 -78.6 -78.7 -78.8 -78.9 -79.0 -79.1

9F (ppm)

Figure S8. Partial *°F NMR spectra in CDCl; at 25 °C of (a) 4/16 (10 mM) and (b) an authentic mixture
of 4/16 and its diasterecisomer (10 mM in total, prepared from 16 and racemic

3-benzyloxylcarbonylamino-4,4,4,-trifluorobutylic acid).

@
(b)
T T T T T T T T T T T T T
-78.5 -78.6 -78.7 -78.8 -78.9 -79.0 -79.1

9F (ppm)

Figure S9. Partial *°F NMR spectra in CDCl; at 25 °C of (a) 4/18 (10 mM) and (b) an authentic mixture
of 4/18 and its diasterecisomer (10 mM in total, prepared from 18 and racemic

3-benzyloxylcarbonylamino-4,4,4,-trifluorobutylic acid).
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(vii) *F NMR spectra of 4/16, 6/17, 4/18, 6/19, and 6/20

CY
L
(b)
L
(c)
M
(d)
(e)

T T T T T T T

T L S N B LA B LA R R L R
-782 -783 -784 -785 -786 -787 -788 -789 -79.0 -79.1 -79.2 -79.3

F (ppm)

Figure S10. Partial *°F NMR spectra in CDCl; at 25 °C of dipeptides (10 mM); (a) 4/16, (b) 6/17, (d)
418, (d) 6/19, and (e) 6/20.
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