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group) is supposed to be short enough. to avoid the
intermediate (3) diffusion from the photoirradiated site
before the parent drug is released. Moreover, we recently
demonstrated faster O-N intramolecular acyl migra-
tion in other highly potent taxoids.!*!>!® For example,
prodrug of canadensol (3’-N—isopropylcarbonyl-3’ -N-
debenzoylpaclitaxel) had a f;, value of 4.3 min under
physiological conditions.'¥!? 2'-0-Benzyloxycarbonyl-
3 N-debenzoyl-paclitaxel, prodrug design based on the
O-N intramolecular alkoxycarbonyl migration reac-
tion,?% exhibited even instantaneous conversion to a par-
ent carbamate-type taxoid (t2 < 1 min).1* Phototaxoids
derived from these types of taxoids would be more effec-
tive without risking diffusion from the irradiation site.

The observed recovery yield (69%) of paclitaxel 1 in the
photo-triggered conversion of 2 in HPLC analysis is in
agreement with previous reports on caged compounds
(typical released yield was 40-70%).7-27-#8 This relatively
moderate recovery might be related to partial decompo-
sition of prodrug 2 or intermediate 3 due to their pho-
toinstability, as we observed low recovery of coumarin
derivative 5 from prodrug 2 contrary to a previous
report!® (Figs. 2 and3). However, no major byproduct
formation was detected by HPLC, and paclitaxel 1
was almost stable under the photo-irradiation condi-
tions used for conversion of prodrug 2, that is, only a
small amount of paclitaxel decomposition (about 2%)
was observed by photo-irradiation for 0.5 h (data not
shown). Another reason could be non-specific absorp-
tion of compounds on the surface of experimental tubes.

DECM 5 has been chosen as a photolabile group, as
much less expensive and simple-to-use light sources are
available for experiments in the visible wavelength re-
gion. In spite of intensive maxima of DECM-caged
compounds are in UV-range (around 390 nm), these
compounds have been activated by visible lights (even
by irradiation at 436 nm).>'® Moreover, during our ini-
tial experiments on prodrug 2 irradiated with UV pulses
(355 nm, 10 Hz, 5-20 mJ), extensive decomposition of 2
was observed (data not shown). In contrast, irradiation
at 430.6 nm showed to be effective for triggering parent
drug release without any major decomposition of pro-
drug or parent drug.

In conclusion, we designed and synthesized a new photo-
responsive paclitaxel prodrug based on an idea that com-
bined both photodynamic cancer therapy and caged
chemistry. The prodrug, phototaxel 2, released parent
drug, paclitaxel, with a reasonable conversion time by
visible light irradiation suggesting that this strategy is
practically applicable for wide range of anticancer agents
to develop new photoresponsive prodrugs. This would ex-
pand the current photodynamiic'therapy which is depen-
dent on photosensitizers (porphyrin derivatives) that
generate free radicals or singlet oxygen as cytotoxic spices.
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Abstract—Trifluoromethiyl-B-amino alcohol 11 [(4S)-ters-butyl 4-amino-6,6,6-trifluoro-5-hydroxyhexanoate] was synthesized in five steps
starting from Cbz-L-Glu-OH 5 where the key step involved the introduction of the trifluoromethyl (CF) group to oxazolidinone 7, resulting in
the formation of silyl ether 8 [(4S5,55)-benzyl 4-(2-(ters-butoxycarbonyl)ethyl)-5-(triffuoromethyl)-5-(trimethylsilyloxy)oxazolidine-3-car-
boxylate]. Compound 11 was then converted into four tri- and tetra-glutamic acid and glutamine peptides (1-4) possessing a CF3-ketone group
that exhibited inhibitory activity against severe acute respiratory syndrome coronavirus protease (SARS-CoV 3CLP™).

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In May 2003, two groups reported that a novel coronavirus
(CoV) was the causative agent of severe acute respiratory
syndrome (SARS).}* CoV encodes a chymotrypsin-like pro-
tease (3CLP™) that plays a pivotal role in the replication of
the virus.® 3CLP™ is functionally analogous to the main
picornavirus protease 3CP™ and both are cysteine proteases
with a catalytic dyad (Cys-145 and His-41) in the active
site, with Cys as the nucleophile and His as the general
base.*> Although a global SARS crisis was avoided in
2003 and the infection was contained, it is still a matter of
necessity to find compounds that can inhibit SARS-CoV in
case that the disease might re-emerge.

Compounds containing a trifluoromethyl ketone (CFs-
ketone) moiety form an important group of biologically
useful fluorinated molecules® that can be used as protease in-
hibitors, as first described by Abeles et al.” The CF; group
next to the carbonyl group thermodynamically stabilizes
the hemi-ketal form relative toxt.he ketone form, thus making

‘
s

Keywords: Trifluoromethy] ketone; Protease inhibitors; Severe acute respi-

ratory syndrome coronavirus protease (SARS-CoV 3CL™™).

* Corresponding authors. Tel.: +81 75 595 4636; fax: +81 75 595 4787
(Y.H.); tel: +81 75 595 4635; fax: +81 75 591 9900 (Y.K.); e-mail
addresses: yhayashi @mb kyoto-phu.ac.jp; kiso @mb.kyoto-phu.ac.jp

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/.tet.2006.06.052

the carbonyl prone to nucleophilic substitution by water, the
active site Ser hydroxyl or Cys thiol group present in serine
or cysteine proteases. Nucleophilic attack by the active site
thiol in SARS-CoV 3CLF™ would convert the CFs-ketone
A to the tetrahedral adduct B (Scheme 1), which is believed
to mimic the substrate—enzyme intermediate formed during
substrate peptide-bond hydrolysis. Since adduct B is rela-
tively stable, compound A would behave as a protease inhib-
itor,® suggesting that compounds containing a CFj-ketone -
moiety may play an important role as 3CLP™ inhibitors.
CFj-ketone A also forms a relatively stable hydrate adduct
C upon reacting with water. ‘A unique and conservative
recognition of the substrate’s Gln residue at the P, site has
been identified in the CoV cysteine protease family.” There-
fore, a Gln-derived CF3-ketone residue would contribute to
the activity of SARS-CoV 3CLF® inhibitors. Based on these
considerations, a new synthetic method for forming Gin and
Glu derivatives possessing a CFz-ketone moiety was devel-
oped and this strategy was used in the synthesis of four
peptides (compounds 1-4).

Enz-s)\pH Enz-SH )OL H0  Ho oH
R CF, R” “CF, RXCF;,
B A c

Scheme 1. Trifluoromethyl ketone adducts.
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2. Results and discussion
2.1. Synthesis of triftuoromethyl-B-amino alcohol 11

The target compounds were envisioned being synthesized in
two parts, viz, the peptide pait and B-amino alcohol 11 con-

taining the CF3 unit. These two parts would then be coupled '

together and further elaborated to the desired target com-
pounds. The synthesis of the key compound 11 started
with oxazolidinone acid 6 prepared from Cbz-L-Glu-OH
(5) under conditions described by Moore et al.}? The result-
ing acid 6 was then converted to zert-butyl ester 7 (45%) that
was expediently converted to silyl ether 8 (92% yield)
(Scheme 2), which was isolated as a single diastereomer as
determined by ‘H and *C NMR analyses, by utilizing a lit-
erature method. 1112 The depicted stereochemistry for com-
pound 8 is based on literature precedence for a very similar
compound in which the addition of the CFs anion is anti to
the side chain.!’ Product 8 was then readily desilylated
upon treatment with tetrabutylammonium fluoride (TBAF)
giving alcohol 9 in 77% yield.

COH ¢ COzR CO,Bu
a . c
Cbz Cbz CF
Chz. *N o *N ]
H CO4H, L L OSi(CHa)s
5 6 R=H, quant. 8 92%
. b ot
E7R—-Bu,45% | dore
lf, 9
CO,'Bu co,Bu CO,/Bu
i g
Cb
HN CF3 Cbz~N CF, z
OH o on
41 quant. 10 50% from 7 9 conditiond, 77%

68% from 8

condition e, quant.
69% from 9

Scheme 2. Synthesis of B-amino alcohol 11. Reagents and conditions: (a)
paraformaldehyde, p-TsOH-H0, toluene, reflux, 1.67h; (b) +BuOH,
EDC-HC], DMAP, Et3N, THF, 1t, 16 b; (c) CsF, CF38i(CHy)s, THEF, amb.
temp, sonication, 2 h; (d) TBAFR, THE, 0°C-1t, 0.5h; (e) MeOH/water
©:1), 11,30 CsF, CF;Si(CHa)s, THF, sonication, amb. temp, 2 b then
water, sonication, amb. temp, 0.5 h; (g) NaBH,;, MeOH, t, 21 h; (h)
NaBH,, MeOH, rt, 16 b; (D H,, PA/C (10%), MeOH, tt, 16 h.

‘We observed that compound 8 was partly converted to the
desilylated product 9 when exposed to air. The cause of
the partial protio-desilylation might be due to the mois-
ture-sensitive nature of compound 8. In the patent literature,
there is one report of desilylation occurring upon stirring
similar compounds in methanol,}® most likely caused by
water present in the, methanol. For our substrate, we found
that this method only proceeded when the reaction was car-
ried out on a small scale (20 mg or less). However, by adding
water to the methanol [methanol/water (9:1 v/v)], substrate 8
could be fully converted to’compound 9 after 3 h stirring at
room temperature (Scheme 2).

Compound 7 was also converted to the corresponding alco-
hol 9 (72% yield) in a one-pot reaction by adding small
amount of water to the reaction mixture of intermediate 8
followed by sonication for an additional half hour. Finally,
the desired alcohol 10 was obtained by treating compound
9 with NaBHj in methanol at room temperature. This gave

target compound 10 as a ca. 4.5:1 mixture of diastereomers,
as determined by 'H and '°C NMR analyses, in 69% yield.
Among the different synthetic routes tried, treating a metha-
nol solution of silyl ether 8 with NaBH, seems to be an effi-
cient route to synthesize alcohol 10. Under these conditions,
we obtained the desired compound 10 in 68% yield (Scheme
2). Finally, the protecting group within substrate 10 could be
easily cleaved off by hydrogenation over Pd/C (10%) afford-
ing alcohol 11 in quantitative yield.

2.2. Synthesis of glutamic acid and glutamine peptides
with a CFs-ketone unit

With compound 11 prepared, focus could now shift toward
the synthesis of the acid component coupling partners,
namely peptides 12, 14, and 15. Protected dipeptides 12
and 15 could be prepared following literature procedures’**?
while tripeptide 14 could be prepared from dipeptide 12 as
outlined in Scheme 3. The Cbz group within compound 12
could be removed using standard hydrogenation conditions,
thus giving dipeptide 13 that was used directly in the next
step. Coupling compound 13 with Cbz-L-Ala-OSu’® af-
forded dipeptide 14 in 67% yield over the two steps.

H H
Cbz. N.__.COzH
”I'r \_/ 2! a Hzlxlj;(N\./COzH

o = 6] B
12 \r 13
b

Ph l
H 0
Cbz. /Q(chozH H H
N Cbz’N\/lLN N._-COH
(o] = z H H
. = (o]
15

14 87% from 12

Scheme 3. Synthesis of tripeptide 14 from dipeptide 12. Reagents and
conditions: (a) H,, PA/C (10%), MeOH/water/AcOH (9.5:5:1), rt, 2 h; )
Cbz-L-Ala-OSu,'® BtsN, DMF, 0 °C—rt, 16h. -

Coupling of peptide 12 with B-amijno alcohol 11 gave the ex-
pected amide (Scheme 4) that was used directly in the next
step affording ketone 16. Peptides 14 and 15 were subjected
to the exactly same reaction sequences giving ketones 17
and 18. ‘ <

CO,Bu COzH

R. CF3 R. N CFs
H O H o]

16, R = Cbz-L-ValL-Leu 1, R = Cbz-L-Vali-Leu
17, R = Cbz-L-Phe-L-Ala 19, R = Cbz-L-Phe-L-Ala
18, R= Cbz-L-Ala-L-Val-L-Leu 20,R= Cbz-L-Ala-L-Val-L-Leu

ldore

2, R = Chz-L-V [-L-Leu,
zlL-v el Loy CONH,

8% from 12

3, R = Cbz-L-Phe-L-Ala,
5% from 15

4, R = Cbz-L-Ala-L-Val-L-Leu, R CF
4% from 14, Method A "N 3
12% from 14, Method 8~ H g

Scheme 4. The final steps toward the target compounds. Reagents and con-
ditions: (a) peptide (12, 14 or 15), HOBt, EDC-HCI, DMF, 0 °C—rt, 21 h; (b)
Dess—Martin periodinane, CHaCly, 11, 19 h: (c) TFA, CHyCly, 1t, 16 b; (d)
HOBt, EDC-HCl, ammonia solution (28% aq solution), DMF, 16 h (Method
A); () BocO, NH,HCOs, pyridine, 1,4-dioxane, 1t, 23 h (Method B).
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Treating compound 16 with trifluoroacetic acid (TFA) re-
sulted in clean removal of the tert-butyl group forming tri-
peptide 1. Examination of the *C NMR spectrum did
reveal that inhibitor 1 exists predominantly as the hydrate
form in CDCly (containing one drop of DMSO-dg). og
NMR analysis of the same sample not only showed that
the hydrate form was the dominant tautomer in the sample
but that the two other possible tautomeric forms of tripeptide
1 were also present in small amount.}” The equilibrium be-
tween the different tautomeric forms of this compound
might shift depending on solvent. Due to the small amount
of compound available, it was decided to study this in
more detail by using a simpler model compound (vide infra).

Compounds 17 and 18 were subjected to the exactly same re-
action conditions as ester 16 affording peptides 19 and 20.
The remaining crude tripeptide 1 and peptides 19 and 20
were subjected directly to the coupling conditions outlined
in Scheme 4 (Method A), thus giving products 2—4 in 8, 5,
and 4% yield over the four steps, respectively, after HPLC
purification. The low chemical yield for the target com-
pounds is a result of the last reaction sequence that seems
to be very inefficient giving rise to rhany side products. In
an effort to improve the, yield for the last step, compound 4
was prepared by a mixed anhydride strategy using a slightly
modified literature procedure (Method B). 18 By such means,
we were able to improve the overall yield of inhibitor 4, from
peptide 14, from 4 to 12%.

19F NMR studies of the three glutamine peptides showed that
compounds 2 and 4 onty existed in the cyclic form while tri-
pept:de 3 was a ca. 3.3:1 mixture of the cyclic and keto forms
in CDCls.*® Recently, similar observations were reported for
glutamine fluoromethyl ketones by Cai et al. 20 previously,
there have also been reports that glutammal compounds
mostly exist as the hemiaminal in organic solvent.2!?

2.3. Synthesis of model Glu-CF3; compounds

As previously noted, target peptide 1 was predominantly
present in the hydrate form in CDCls. However, as alluded
to in the previous section, this might differ depending on
the solvent used for the NMR studies. Therefore, we decided
to synthesize acid 22, which is a much simpler molecule than
the real system but, nevertheless, thought to be a good model
for this study. To this end, alcohol 10 was converted to
ketone 21 in 81% yield and as a ca. 2:1 mixture of the

keto and hydrate forms as evident from F and *C NMR
analyses (Scheme 5). Attempts to convert compound 21 to
the free acid 22 only resulted in the formation of decompo-
sition products.

The lack of stability for our desired mode] compound forced
us to use a slightly more complex acid for these studies.
Compound 25 was synthesized in a three-step process, as
outlined in Scheme 5, by first coupling Cbz-L-Ala-OH
with amine 11. This gave the desired alcohol 23, which
was directly oxidized to ketone 24 (52% yield over the
two steps). From the *C and 'F NMR analyses of this
ketone, it became evident that the ketone exists as a ca.
7:3 mixture of the hydrate and keto forms. The rather unsta-
ble ketone 24 was then deprotected giving dipeptide 25 in al-
most quantitative yield in ca. 90% purity as determined by
HPLC analysis. The **C NMR spectrum suggested that com-
pound 25 exists mostly as the cyclic hemiacetal in CDCl;
(resonance shifts from >170 to 75 ppm). This was also the
case when the '3C NMR spectrum was obtamed for the
same sample in CD;0D.

NMR studies of model compounds 21, 24, and 25 in the pre-
dominant keto, hydrate, and hemiacetal forms, respectively,
supported our assignment of compound 1 as existing mainly
in the hydrate form in CDCls. This evidence was derived
from the '*F and *C NMR spectra of ketones 21 and 24
that were both present as a mixture of the keto and hydrate
forms.?® The work with the model compound also suggests
that the form these acids appear in solution is highly solvent-
and concentration-dependent.

2.4, Inhibitory activity of synthesized compounds

The inhibitory activity of the target compounds against
SARS-CoV 3CLF® was tested using a fluorescence-based
peptide cleavage assay (Table 1).2°> We originally thought
that the glutamine peptides (compounds 2—4) would be the
more potent inhibitors in these assays. However, the gluta-
mate-possessing inhibitor 1 was the'most potent of the group.
The conformation that these compounds exist in during their
interaction with the active site of SARS-CoV 3CLP¥ is be- -
lieved to contribute to binding affinity. Cai and co-workers
found that their GIn fluoromethyl ketones exhibited low ac-
tivity in their assays, a fact which they explained by referring
to that their inhibitors predominantly exist in the cyclic form
as evident from NMR studies.?® Indeed, the cyclic form is

CO,'Bu CO,Bu CO,Bu COz’Bu CO,Bu
o
N
Cbz., CFs . Cbz., CFala® 40 11 —cCbz” \/U\ - lebr N\)j\ Cbz : N CFs
HHo oH H oo i Hud ow
21 81% 24 52% from amine 11
. % .
c
OzH CO,H COZH o
— Ry,
Cbz. CF3 R.
N N H HO CF,
o) HO OH
2 25 99% (R = Cbz-L-Ala)

Scheme 5. Attempted synthesis of model compound 22 and synthesis of model compound 25. Reagents and conditions: (a) Dess—Mamn periodinane, CH,Cl,,
tt, 16 h; (b) TEA, CHaCly, 1t, 16 h; (¢) HOBt, EDC-HCI, Cbz--Ala-OH, DMF, rt, 21 h.
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Table 1. Inhibitory activity of peptides against the SARS-CoV 3CLP"*

Compound Structure K; (uM)

1 Cbz-Val-Leu-Glu-CF, 116.1£13.6
2 Cbz-Val-Leu-GIn-CF3 >1000

3 Cbz-Phe-Ala-GIn-CFs3 844.4120.3
4

Cbz-Ala-Val-Leu-Gin-CF, 134.5£31.6

not expected to interact effectively with the active site of
SARS-CoV.2 The Gin compounds synthesized in our study
were also found to be mainly in the cyclic form which may
explain the low biological activity for these compounds.
However, the Glu inhibitor 1 was found to mainly exist in
the hydrate form, which is a form that most likely will inter-
act more effectively with the active site.

3. Conclusion

A simple five-step procedure for the synthesis of p-amino
alcohol 11 containing a CF3 group was developed. This alco-
hol was further elaborated into four tri- and tetra-Glu and
GIn peptides. Compounds 1 and 4 were found to be moderate
SARS-CoV 3CLP® inhibitors. Current work is focused on
the co-crystallization of compounds 1 and 4 with SARS-
CoV 3CLP™ in an attempt 10 elucidate their mode of action.

v

4. Experimental
4.1. General procedures

Melting points were measured on a Yanagimoto micro hot-
stage apparatus and are uncorrected. Proton (*H) and carbon
(*3C) NMR spectra were recorded on either a JEOL INM-
AL300 spectrometer operating at 300 MHz for proton and
75 MHz for carbon, or a Varian UNITY INOVA 400NB
spectrometer operating at 400 MHz for proton and
101 MHz for carbon. Chemical shifts were recorded as
5 values in parts per million (ppm) downfield from tetra-
methylsilane (TMS). Fluorine (**F) NMR spectra were re-
corded on a Varian UNITY INOVA 400 spectrometer
operating at 376 MHz for fluorine. Fluorine NMR spectra
were referenced externally to CeFg at 0.00 ppm. Low-resolu-
tion mass spectra (ESI) were recorded on a Finnigan SSQ-
7000 spectrophotometer. Low- and high-resolution mass
spectra (FAB) were recorded on a JEOL TMS-SX102A spec-
trometer equipped with TMA-DA7000 data system. Low-
and high-resolution mass spectra (CI) were recorded on
a JEOL JMS-GCmate. Optical rotations were measured
with a Horiba High-speed Accurate Polarimeter SEPA-300
at the sodium-D line (589 nm) at the concentrations {c,
g 100 mL™1Y). The measurements were carried out between
72 and 28 °C in a cell with path length (1) of 0.5 dm. Specific
rotations [a]p are'given'in. 10~! deg cm? g~ Preparative
HPLC was carried out ‘on & C18 reverse phase column
(20%250 mmy; YMC Pack ODS SH343-5) with a binary sol-
vent system (a linear gradient of CH,CN and ag TFA (0.1 %)
at a flow rate of 5.0 mL min™"), detected at 230 nm. Analyt-
jcal HPLC was performed using 2 (18 reverse phase column
(4.6x150 mm; YMC Pack ODS AM302) with a binary sol-
vent system (a linear gradient of CH,CN and aq TFA (0.1%)
at a flow rate of 0.9 mL min™?), detected at 230 nm. The fr
given for the target compounds are obtained from analytical

HPLC. Solvents used for HPLC were of. HiPLC grade and all
other chemicals were of analytical grade or better.

4.1.1. (S)-3-[3-(Benzyloxycarbonyl)-S-oxooxazolidin-4-
yl]propanoic acid 6. This compound was synthesized
according to the procedure in Ref. 10. [ +80.5 (¢ 3.9,
MeOH) {1it.2* []F +73 (¢ 2.35, MeOH)}.

4.1.2. (S)-tert-Butyl-B-[S-benzyloxycarbonyl-S-oxooxazo-
Jidin-4-ylJpropanoate 7. DMAP (428 mg, 3.50 mmol) and
EDC-HCl (1.83 g, 9.56 mmol) were added to a stirred
solution of oxazolidinone acid 6 (2.26 g, 7.78 mmol) and
+BuOH (2.2 mL, 23.0 mmol) in THF (80 mlL) at room
temperature. The reaction mixture was then stirred for
5 min before triethylamine (1.1 mL, 7.89 mmol) was added
dropwise. The reaction mixture was then stirred for 16h
before being diluted with EtOAc (100 mL) and washed
with citric acid (2x50 mL of a 5% aq solution), NaHCO3
(2x50mL of 2 5% aq solution) and brine (2x50 mL) before
being dried (Na,S0,). Filtration and concentration under re-
duced pressure gave a light-yellow oil, which was subjected
to flash chromatography (silica, hexane — hexane/EtOAc
9:1 —4:]1 gradient eluent). Concentration of the relevant
fractions (Ry 0.3 in hexane/EtOAc 4:1) gave the title com-
pound 7% (1.22 g, 45%) as a clear, colorless oil: [a)F
+63.2 (¢ 3.86, EtOH) (1it.? []F +27.9 (c 1.58, EtOH)};
I NMR (300 MHz, CDCls) 0 7.41-7.30 (m, 5H), 5.54
(br s, 1H), 5.22 (4, J=4.8 Hz, 1H), 5.19 (s, 2H), 437
(t, J=5.3 Hz, 1H), 137-2.11 (m, 4H), 1.43 (s, 9H); MS
ESI+) miz 372 (M*+Na; 100%).

4.1.3. (45,55)-Benzyl 4-[2-(tert-butoxycarbonyl)ethyl]-
5-triﬂuoromethyl-5-(trimethylsilyloxy)oxazolidine-S-
carboxylate 8. Cesium fluoride (87.8 mg, 0.58 mmol) and
(triﬂuoromethyl)trimethylsilane (0.73 mL, 4.94 minol)
were added to a solution of oxazolidinone 7 (986.0 mg,
3.98 mmol) in dry THF (20 mL) maintained under an argon
atmmosphere. The reaction mixture was then sonicated for 2 h
at ambient temperature before being diluted with EtOAc
(40 mL). The resulting solutiom, was washed with water
(1x20mL) and brine (1x20 mL) before being dried
(MgSOy,). Filtration and concentration under reduced pres-
sure gave the title compound 8 (1.80 g, 92%) as a clear,
yellow oil, which was >95% pure (as judged by 1 NMR
analysis): [o)F +37.8 (c 1.26, CHCly); 'H NMR
(400 MHz, CDCly) ¢ 7.36-7.27 (m, 5H), 5.41-5.29 (m,
1H), 5.14 (s, 2H), 4.83 (br s, 18), 4.37 (br s, 1H), 2.32
(app. br s, 2H), 1.94 (6, J=17.0 Hz, 1H), 1.79 (app. br s,
1H), 141 (s, 9H), 0.20 (s, OH); 13Cc NMR (101 MHz,
CDCly) 6 172.0, 153.9, 135.7, 128.5, 128.2, 127.9, 122.2
(q, Jor=287.3 Hz), 102.2 (br), 80.3, 77.8, 67., 58.1,
31.7, 28.0, 23.9, 1.0; MS (CI+) miz 492 (M™+H, 1%), 436
(10), 401 (4), 392 (6), 334 (7,107 (7), 91 (100), 57 4n;
BRMS (CI+): caled for CpoH33NOGF3Si  (M*+H)
492.2029, found 492.2030.

4.1.4. (45,5R)-Benzyl 4-[2-(tert-butoxycarbonyl)ethyl]-s-
triﬁuoromethyl-s-hydroxyoxazolidine-S-carboxylate 9.
Method A: TBAF (0.11 mL of a 1 M solution in THE,
0.11 mmol) was added dropwise to a stirred solution of com-
pound 8§ (44.5 mg, 0.091 mmol) in THF (2.0 mL) at 0°C.
The reaction mixture was then allowed to heat to room tem-
perature and stirred for 0.5h" before being diluted with
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EtOAc (15 mL). The organic phase was washed with water
(2%10mL) and brine (1x10mL) beforé being dried
(MgSOQy). Filtration and concentration under reduced pres-
sure gave a yellow oil, which was subjected to flash chroma-
tography (silica, hexane/EtOAc 4:1 eluent). Evaporation of
the relevant fractions (Ry 0.2) gave the tltle alcohol 9
(29.3 mg, 77%) as a clear, yellow oil: [oJ& +41.0 (¢ 0.97,
CHCly); 'H NMR (400 MHz, CDCl3) 6 7.40-7.30 (m,
5H), 5.34 (br s, 1H), 5.17 (s, 2H), 4.88 (d, J=4.8 Hz, 1H),
4.40 (1, J=6.7 Hz, 1H), 2.40 (t, J=7.1-Hz, 2H), 2.14-1.97
(m, 2H), 1.43 (s, 9H); ¥C NMR (101 MHz, CDCls)
5 173.5, 153.9, 135.6, 128.6,.128.4, 128.0, 1224 (q,
Jep=286.1 Hz), 101.1 (q, Jor=33.2Hz), 814, 77.9,
67.9, 58.3, 31.2, 28.0, 22.8; MS (CI+) m/z-420 (M*+H,
2%), 364 (15), 91 (100); ‘BRMS (CI+): caled . for
C10HosNOGF; (M*+H) 420.1634, found 420.1633. Method
B: A solution of silyl ether 8 (129.3 mg, -0.26 mmol) in
MeOH (4.5 mL) and water (0.5 mL) was stirred at room
temperature for 3 h. The reaction mixture was then concen-
trated under reduced pressure to give the title alcohol 9
(110.2 mg, quant.), which was identical, in all respects,
with the material obtained by Method A. The product was
>95% pure (as judged by *H NMR analysis).

4.1.5. One-pot synthesi§ of compound 9 from compound
7.-Method C: Cesium fluoride (37.9 mg, 0.25 mmol) and
(tnﬂuoromethyl)tnmethy]sﬂane (0.31 mL,- 2.02 mmol)
were added to a solution of oxazolidinone 7 (427.0 mg,
1.72 mmol) in dry THF (9.0 mL) maintained under an argon
atmosphere. The reaction mixture was then sonicated for 2 h
at ambient temperature before water (0.30 mL) was added
and the reaction mixture was sonicated for an additional
0.5 h. The reaction mixture was then diluted with EtOAc
(30 mL) and washed with water (I1x10mL) and brine
(1% 10 mL) before being dried (MgS0O,). Filtration and con-
centration under reduced pressure gave the title alcohol 9
(520.8 mg, 72%), which was identical, in all respects, with
the material obtained via the stepwise method.

4.1.6. (45)-tert-Butyl 4-(benzyloxycarbonyl)amino-6,6,6-
trifluoro-5-hydroxyhexanoate 10. Sodium. borohydride
(0.76 g, 20.09 mmol) was added to a stirred solution of alco-
hol 9 (1.09 g, 2.60 mmol) in- THE (70'mL,) under an atmo-
sphere of argon. The resulting reaction mixture was stirred
for 23 h before being quenched by addition of water
(10 mL). The water phase was then extracted with EtOAc
(3x30 mL) and the combined organic fractions were dried
(MgSQ,). Filtration and concentration under reduced pres-
sure gave a light-yellow oil, which was subjected to flash
chromatography (silica, hexane/EtOAc 3:1 eluent). Concen-
tration of the relevant fractions (Rf() 2) gave the title alcohol
10 (702.1 mg, 69%) as a clear, viscous, colorless oil and as
a ca. 4.5:1 mixture of diastereomers (as judged by 'H and
3C NMR analyses): "H NMR (400 MHz, CDCl3) § 7.33~
7.23 (m, 5H), 5.58 (d, J=9.3Hz, 0.17H);"5.54 -(d,
J=9.3 Hz, 0.83H), 5.10 (br s, 0. 83H) 5.05 (s, 1.67H), 4.87
(br s, 0.17H), 4.62 (s, 0.33H), 4.09-3.82 (m, 2H), 2.29 (t,
J=7.4 Hz, 2H), 1.97-1.74 (m, 2H), 1.41 (s, 7.4H), 1.40 (s,
1.6H); *C NMR (101 MHz, CDCl3) 6 173.1, 173.0, 156.5
(9), 156.5 (5), 136.0, 135.9, 128.4, 128.3, 128.1, 128.0,
127.9, 127.7, 127.5, 126.9, 124.4 (g, Jo_r=283.2 Hz), 81.0
4), 81.0 (1), 71.9 (q, Jor=29.4Hz), 70.6 (q, Jer=
30.1 Hz), 67.0, 66.9, 51.2, 49.6, 31.8, 31.6, 27.8, 27.2,

23.7; MS (CI+) m/z 392 (M*+H, 3%), 336 '(27), 292 (12),
91 (100); HRMS (CI+): caled for CygH,sNOsF; (M*™+H)
392.1684, found 392.1689.

4.1.7. Synthesis of compound 10 from compound 8.
Sodium borohydride (78.8 mg, 2.08 mmol) was added to
a stirred solution of silyl ether 8 (89.0 mg, 0.18 mmol) in
MeOH (5.0 mL) at room temperature. The reaction mixture
was then stirred at room temperature for 16 h before being
quenched by addition of water (5.0 mL). The water phase
was extracted with EtOAc (3x 15 mL) and the combined or-
ganic fractions were dried (MgSQ,). Filtration and concen-
tration under reduced pressure gave a light-yellow oil, which
was subjected to flash chromatography . (silica, hexane/
EtOAc 3:1 eluent). Concentration of the relevant fractions
(R;0.2) gave the title alcohol 10 (48.3 mg, 68%) as a viscous
colorless oil and as a ca. 4.5:1 mixture of diastereomers (as
judged by 'H and *C NMR analyses). The material obtained
via this method- was identical, in all respects, with the mate-
rial obtained via the reduction of alcohol 9.

4.1.8. (45)-tert-Butyl 4-amino-6,6,6-trifluoro-5-hydroxy-
hexanoate 11. Amine 10 (204.3 mg, 0.52 mmol) and Pd/C
(10%) (21.0 mg) were stirred vigorously for 16 h in MeOH
(6.0 mL) under an atmosphere of H,. The reaction.mixture
was then diluted with MeOH (10 mL) and filtered through
a plug of Celite® and washed afterwards with MeOH
(3% 10 mL). Concentration of the filtrate under reduced pres-
sure gave the title amine 11 (134.3 mg, quant.) as a white
solid: mp 93-95 °C and as a ca. 4.5:1 mixture of diastereo-
mers (as judged-by 'H and -*C NMR analyses): 'H NMR
(400 MHz, CDCl3) ¢ 5.50-4.20 (br s, 3H), 4.10-3.85 (m,
1H), 3.54 (app. brs, 0.18H), 3.39 (app. br s, 0.82H), 2.55—
2.29 (m, 2H), 2.17-1.85 (m, 2H), 1.45 (s, 5H); *C NMR
(101 MHz, . CDCly) & 1727, 172.2, 1253 (q, Jor=
284.0 Hz), 125.2 (q, Jc-r=283.4 Hz), 81.0, 80.8, 71.4 (q,
Jop=28.6 Hz), 70.2 (q, Jop=29.4 Hz), 51.6, 48.3, 32.3,
32.0, 29.7, 28.0 (2), 27.9 (9); MS (CI+) mlz 258 (M*+H,
12%),.242 (8), 202 (36), 102 (100); HRMS (CI+): caled
for CjoH;oNO3F; - M*+H) 258.1317,, found 258.1319.
Anal. Caled for CypH;gFsNO3-0.5H,0: C, 45.11; H, 7.19;
N, 5.26. Found: C, 45.27; H, 6.79; N, 5.44.

4.1.9. N-Benzyloxycarbonyl-L-yalyl-L-leucine 12.14 This
compound was synthesized according to the procedure in
Ref. 14: mp 134-136 °C (lit* mp 135-137 °C); [a]¥
—20.5 (¢ 047, CHCly) {lit* [c]®. —24.0 (¢ 0.49,
CH,Cly)}. Anal. Caled for CigHosN,Os: C, 62.62; H, 7.74;
N, 7.69. Found: C, 62.82; H, 7.94; N, 7.87.

4.1.10. N-Benzyloxycarbonyl-L-alanyl-L-valyl-L-leucine
14. Protected dipeptide 12 (1.00 g, 2.74 mmol) and ‘P4/C

. (10%) (100.0 mg) were stirred vigorously in a mixture of

MeOH (9.5 mL), water (5.0 mL), and acetic acid (1.0 mL)
under an atmosphere of H, for 2 h. The reaction mixture
was then filtered through a plug of Celite® and washed after-
wards with MeOH (3% 10 mL). Concentration under reduced
pressure gave peptide 13%% (500.0 mg), which was used
directly in the next step without further purification. A solu-
tion of N-hydroxysuccinimide ester of Cbz-L-Ala-OH!'®
(694.0 mg, 2.17 mmol) in DMF (5.0 mL) was added drop-
wise to a solution of amine 13 (500.0 mg) and triethylamine
(0.606 mL, 4.34 mmol) in DMF (10'mL) maintained at 0 °C
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over the course of 30 min. The reaction mixture was then al-
lowed to heat to room temperature and stirred for 16 hbefore
being concentrated under reduced pressure. The resulting
substrate was dissolved in EtOAc (40 mL) and washed
with citric acid (2x20 mL of a 5% aq solution) and brine
(1x20 mL) before being dried (Na,SO04). Filtration and con-
centration under reduced pressure gave a light-yellow solid,
which was recrystallized from hexane/EtOAc to give the title
protected peptide 147 (800.0 mg, 67% over the two steps) as
2 white solid: mp 194-195 °C; ()% —52.4 (c0.71, MeOH);
11 NMR (300 MHz, CDCl3) 8 7.38-7.30 (m, 5H), 6.99 (br d,
J=1.3 Hz, 1H), 6.65(d, J=7.3 Hz, 1H), 5.47 (br d, J=6.6 Hz,
1H), 5.11 (s, 2H), 4.56-4.49 (m, 1H), 4.26 (app- 1, J=7.9 Hz,
2H), 3.49-3.40 (m, 1H), 717-1.54 (m, 3H), 13 (@,
J=17.0 Hz, 3H), 0.95-0.88 (m, 12H) (one signal due to OH
in COOH could not be discerned); 13¢ NMR (75 MHz,
CDCls+one drop of DMSO-dg) 6 174.0, 172.3, 170.5,
155.6, 136.1, 128.1, 127.7, 663, 58.0, 50.4, 40.8, 33.6,
30.5, 22.4, 21.5, 18.9, 17.6 (one signal obscured or overlap-
ping); MS (FAB+) mlz 436 (M+H, 7%), 305 (8), 222 (1), 91
(100); HRMS (FAB+): caled for CaoHaoNaOg (M™+H)
436.2448, found 236.2451. Anal. Caled for CaoHasN3Os:
C,60.67; H,7.64;N, 9.65. Found: C, 60.89; H, 7.91: N, 9.88.
n ‘;‘? N .
4.1.11. N-Benzyloxycarbonyl-L—phenylalanyl-L-alanine
15.15 This compound was synthesized according to the pro-
cedure in Ref. 15: mp 157-159 °C (lit.s mp 157-158 °C);
[0]% —8.1 (c 0.65, EtOH) {1it.)% [)F —9.5 (c 1.0, EtOH)}.

4.1.12. General procedure for the synthesis of (5)-4-[N-
(benzyloxycarbonyl)-L-valy]-L-leucyl]amino-6,6,6-tri-
ﬂuoro-S-oxohexanoic acid 1, (S)-4-[N-(benzyloxycar-
bdnyl)-L-phenylalanyl-L-alanyl]amino-6,6,6-triﬂu0ro-5-
oxohexanoic acid 19, and (S)-.4-[N-(benzyloxycarbonyl)-
L-alanyl-L’-valyI-L-leucyl]amino-6,6,6-triﬂuoro—5-oxo-
hexanoic acid 20. Coupling: HOBt (59.6 mg, 0.39 mmol)
and EDC-HCI (80.4 mg, 0.42 mmol) were added to a stirred
solution of the relevant protected peptide (0.39 mmol) in
DMF (6.0 mL) at 0°C. The reaction mixture was then
stirred for 15 min before amine 11 (100.0 mg, 0.39 mmol)
dissolved in DMF (6.0 mL) was added dropwise. The reac-
tion mixture was then allowed to heat to room temperature
and stirred for 21 h before DMF was removed under reduced
pressure. The resulting residue was diluted with EtOAc
(30 mL) and washed with citric acid (2x10mL of a 5%
aq solution), NaHCOs; (2x10mL of a 5% aq solution),
and brine (2x10 mL) before being dried (N2,S0,). Filtra-
tion and concentratjon under reduced pressure gave the de-
sired compound in quantitative yield. The crude product,
which contained small amounts of impurities, was used in
the next step without further purification. All products had
satisfactory low-resolution mass spectra. Oxidation: Dess—
Martin periodinane (439 mg, 1.04 mmol) was added to
a stirred solution of therelevant peptide from the previous
step in CHoCly (15.0 mL) at-0 °C. The. resulting reaction
mixture was then allowed to heat to room temperature and
stired for 19h before being filtered through a plug of
Celite® and washed afterwards with EtOAc (3x15 mL).
Concentration under reduced pressure gave the desired
compound as a yellow oil. The material was used in the
next step without further purification. All products had
satisfactory low-resolution mass spectra. Deprotection:
TFA (0.115 mL, 1.55 mmol) was added dropwise to a stirred

solution of the relevant compound from the previous step
in CH,Cl, (4.0mL) at 0°C. The reaction mixture was
then allowed to heat to room temperature and stirred for
16 h before being concentrated under reduced pressure.
The crude product was used directly in the next step without
further purification except for a small amount of the crude
peptide 1, which was purified at this stage in order to provide
a sample for biological assaying. :

4.1.13. (S)-4-[N-(Benzyloxycarbonyl)-L-valyl-L-leucyl]-
amino-6,6,6-triﬂuoro-5—0xohexanoic acid 1. Part of the
resulting yellow oil was subjected to preparative HPLC
purification in order to provide a sample for biological test-
ing. Concentration of the relevant fractions {fr 23.7 min)
gave the title compound 1 (5.9 mg) as a white solid and as
a ca. 6:1 mixture of the hydrate and keto forms (as judged
py °F NMR analysis) and the hydrate form existed as
a ca. 1:1 mixture of rotamers (as judged by 13C NMR anal-
ysis). Trace amounts of the cyclic form of this compound
could also be seen by -*°F NMR: mp 172-173 °C; [o}®
—15.6 (¢ 0.28, MeOH); 111 NMR (400 MHz, CDCls+one
drop of DMSO-de) & 7.40-7.20 (m, 6H), 6.00 (dd, J=8.3
and 24.3 Hz, 1H), 5.1 (app- dd, J=12.1 and 16.5 Hz, 2H),
4.48-4.44 (m, 1H), 422-4.13 (m, 1H), 4.01 (q, J=8.1Hz,
1H), 3.80-2.70 (br s, 2H), 2.35 (app. s, 2H), 2.23-1.88 (m,
3H), 1.72-1.47 (m, 3H), 0.96-0.88 (m, 12H); C NMR
(101 MHz, CDCls+one drop of DMSO-dg) 6 175.9, 175.8,
174.4, 173.8, 172.0, 156.9, 156.7, 136.0, -128.4, 1282,
128.1, 94.0 (q, Jo=29.8 Hz), 67.2, 67.0, 60.9, 60.8, 53.8,
53.6, 52.0, 51.9, 30.7, 30.6, 30.4, 24.5 (4), 24.4 (1), 23.1,
22.9, 22.8, 21.5, 21.4, 19.1, 17.7 (signal due to CF3 group
carbon could not be discerned); Jop NMR (376 MHz,
CDCls+one drop of DMSO-dg) 6 —74.8 (cyclic), —76.4
(keto), —76.5 (keto), —81.8 (hydrate), —81.9 -(hydrate),
—82.1 (hydrate), —82.2 (hydrate). (The appearance of four
signals for the hydrate form of this compound in PF NMR
is probably due to partial racemization over time at the &
position of this compound. The extent of racemization at
the time '°F NMR was measured was less than 10%.2%)
MS (FAB+) m/z 546 (M*+H, 59%), 502 (1), 412 (1), 347
(4), 91 (100), HRMS (FAB+) caled for C25H35N307F3
(M*+H) 546.2427, found 546.2421. Anal. Caled for
C25H34F3N307‘1/4CF3COOH‘H201 C, 51.73',"1‘1, 617, N,
7.10. Found: C, 51.79; H,6.34; N, 7.13.

4.1.14. (S)-4-[N-(Benzyloxycarbonyl)-L-phenylalanyl-L-
alanyl]amino-6,6,6-triﬁuoro-5-oxohexanoic acid 19. MS
(ESI-) m/z 550 (M—H, 64%), 442 (100).

4.1.15. (S)-4-[N-(Benzyloxycarbonyl)-L-alanyI;L-\'aly'l-L-
leucyl]amin0-6,6,6-triﬁuor0-5-oxohexanoic acid 20, MS
(BSI-) m/z 615 (M—H, 100%), 507 (60).

4.1.16. General procedure for the synthesis of (S)-4-[N-
(benzyioxycarbony})-L-valyl-L-leucyl]amino-6,6,6-tri-
fuoro-5-oxohexanamide 2, (S)-4-[N-(benzyloxycar-
bonyl}-L—phenylalanyl-L—alanyl]amino-6,6,6~triﬂu0r0-5-
oxohexanamide 3, and (S)-4-[N-(benzyloxycarbonyl)-L-
alanyl-L-vaIyl-L-leucyllamino-6,6,6-triﬂuoro—S-oxohexa-
namide 4. Method A: HOBt (25.0 mg, 0.16 mmol) and
EDC-HCl (31.0mg, 0.16 mmol) were added to a stirred
solution of the relevant peptide from the previous step in
DMF (7.0mL) at 0°C. The ‘resulting reaction mixture
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was. then stired for 15 min before ammonia solution
(31.0 L of a 28% aq solution) was added dropwise.
The reaction mixture was then allowed to heat to room
temperature and stirred for 16 h before DMF was removed
under reduced pressure. The residue thus obtained was
then dissolved in EtOAc (20 mL) and washed with citric
acid (2x10mL of a 5% aq solution), NaHCO;
(2x10mL of a 5% aq solution), and brine (2x10mL)
before being dried (Na;SOy). Filtration and concentration
under reduced pressure gave the crude product, which
was purified by preparative HPLC. Concentration of the
relevant fractions gave the desired compounds in the
yields stated below. :

4.1.17. (S)-4-[N-(Benzyloxycarbonyl)-L-valyl-L-leucyl]-
amino-6,6,6-trifluoro-5-oxohexanamide 2. Concentration
of the relevant fractions (fr 24.2 min) gave the title com-
pound 2 (16.9 mg, 8% from acid 12) as a white solid and
as a ca. 1:1 mixture of rotamers (as judged by H, °C, and
I9F NMR analyses): mp 112-113 °C; [a]®® +32.0 (c 0.07,
CHCl,); 'H NMR (400 MHz, CDCls) 6 7.45 (br d,

J=8.1 Hz, 0.5H), 7.39-7.31 (m, 5H), 7.08 (app. br d,

J=8.1 Hz, 0.5H), 6.83 (br s, 0.5H), 6.52 (br s, 0.5H), 6.48~
6.41 (m, 1H), 5.38 (app. br d, J=5.7 Hz, 0.5H), 5.30 (app.
br d, J=5.7 Hz, 0.5H), 5.12 (s, 2H), 4.66 (app. br s, 0.5H),
4.47 (app. br s, 1H), 4.38 (app. br d, J=6.6 Hz, 0.5H), 3.93
(app. br s, 1H), 2.66-2.43 (m, 2H), 2.22-1.45 (m, 11H),
0.97-0.88 (m, 12H)! *C NMR (101 MHz, CDCly)
5 172.5, 172.1, 172.0, 171.8 (4), 171.8 (0), 171.7 6),
157.0, 135.6, 128.7, 128.6, 128.5, 128.2, 128.1, 67.8, 67.6,
61.3, 61.2, 52.3, 47.0, 40.0, 39.6 (4), 39.6 (0), 30.3, 24.8,
24.7,22.8, 22.7, 21.6, 19.2, 19.1, 17.9, 17.8 (signal due to
CF5 group carbon and signal due to the carbon adjacent
to the CF; group could not be .discerned); IPr NMR
(376 MHz, CDCly) & —82.7 (cyclic), —83.3 (cyclic);
MS (ESI+) mf/z 567 (M*+Na, 100%), 545 (M*+H, 5);
HRMS (FAB+): caled for CpsHagN4OgF; M™+H) 545.2587,
found 545.2591. . Anal. Caled - for C25H35F3N406‘1/
4ACF,COOH- 1/4H,0: C, 53.03; H, 6.24; N, 9,70. Found:
C, 53.26; H, 6.35; N, 9.79.

4.1.18. (S)-4-[N-(Benzyloxycarbonyl)-L-phenylalanyl-L-
alanyl]amino-6,6,6-triﬁu0r0-5-0x0hexanamide 3. Con-
centration of the relevant fractions (fg 21.9 min) gave the
title compound 3 (8.0 mg, 5% from acid 15) as an off-white
solid and as a ca. 1:1 mixture of rotamers (as judged by
13C and 1F NMR analyses) and as a ca. 3.3:1 mixture of
the cyclic and keto forms (as judged by 'F NMR):
mp 108-111°C; [0]¥ —6.8 (c 0.24, CHCl3); 'H NMR
(400 MHz, CDCl) 6 7.38-7.07 (m, 14.5H), 5.47 (br s,
0.5H), 5.08-4.94 (m, 2H), 4.64-4.22 (m, 3H), 3.19-2.85
(m, 2H), 2.44 (app. br s, 2H), 2.11-1.77 (m, 2H), 1.28
(app. br s, 3H); *C NMR (101 MHz, CDCly) 6 172.3 (3),

172.2 (8), 172.0 (2), 171.9 (1), 156.7, 156.6, 156.5, 135.7,

129.1, 128.9, 128.8, 128.6, 128.5, 128.3, 128.2, 128.0,
127.4, 67.6, 67.4, 56.5, 56.3, 49.2, 46.5, 45.8, 37.9, 37.8,
37.6, 29.6, 28.8, 22.8, 17.8, 17.1 (signal due to CF; group
carbon and signal due to the carbon adjacent to the CFs
group could not be discerned); F NMR (376 MHz,
CDCl3) 6 —76.2 (keto), —82.9 (cyclic), —83.2 (cyclic);
MS (FAB+) m/z 573 (M*™+Na, 7%), 551 M*+H, 5);
HRMS (FAB+): caled for CpeHaoN4OFs  (M*+H)
551.2117, found 551.2114.

4.1.19. (S)-4-[N-(Benzyloxycarbonyl)-L—alan'yl’-L-valyl—L-
leucyl]amino;6,6,6-triﬂu0ro-5-oxohexanamide 4, Con-
centration of the relevant fractions (fg 25.0 min) gave the
title compound 4 (8.5 mg, 4% from acid 14) as a white solid
and as a ca. 1:1 mixture of rotamers (as judged by '*C and
I9F NMR analyses): mp 140-141°C; [a]g —4.5 (¢ 0.11,
CHCly); 'H NMR (400 MHz, CDCl3) ¢ 7.38-7.36 (m,
3H), 7.33-7.30 (m, 2H), 7.13 (app. br d, /=38.4 Hz, 0.8H),
7.06-6.96 (m, 1.2H), 6.62 (app. br d, J=4.4Hz, 0.8H),
6.49 (app. br d, J=4.4 Hz, 0.2H), 6.20 (s, 0.8H), 6.10 (s,
0.2H), 5.28 (br s, 0.8H), 524 (br s, 0.2H), 5.13 (d,
J=4.0 Hz, 2H), 4.69 (dt, /=3.6 Hz, 0.2H), 4.64-4.56 (m,
0.2H), 4.54 (dt, J=3.6Hz, 0.8H), 4.50-4.43 (m, 0.8H),
4.16-4.01 (m, 2H), 3.70-3.30 (br s, 0.2H), 2.64-2.14 (m,
4H), 1.95-1.90 (m, 1H), 1.87-1.76 (m, 1H), 145 (d,
J=7.1 Hz, 3H), 0.96 (d, J=6.6 Hz, 6H), 0.91-0.86 (m, 6H)
(the signal for three protons were obscured by the signal
for residual water in the sample); 'H NMR (400 MHz,
CDCls+one drop of DMSO-dg) 6 7.38-7.31 (m, 5H), 7.07-
6.99 (m, 3H), 6.81 (app. br s, 1H), 6.42-6.23 (m, 2H),
5.11 (s, 2H), 4.55-4.39 (m, 2H), 4.19-4.08 (m, 2H), 3.70-
3.30 (br s, 1H), 2.56-2.41 (m, 2H), 1.94-1.86 (m, 1H),
1.77-1.53 (m, 4H), 1.39 (d, J=7.1 Hz, 3H), 0.98-0.89 (m,
12H); F NMR (376 MHz, CDCls+one drop of DMSO-
dg) 6 —83.2 (cyclic), —83.3 (cyclic); MS (BSI+) m/z 654
(M*+K, 35%), 638 (M*+Na, 100), 616 (M'+H, 68);
HRMS (FAB+): calcd. for CpgHgNsO7FsNa (M*+Na)
638.2778, found 638.2783. - A

4.1.20. (S)-4-[N-(Benzyloxycarbonyl)-L-alanyl-L¥va1yl-L-
Jeucyllamino-6,6,6-trifluoro-5-oxohexanamide 4. Method
B: Pyridine (0.133 mL, 1.64 mmol) was added dropwise to
a stirred solution of peptide 20 (39.1.mg) and di-zerz-butyl
dicarbonate (23.6 mg, 0.18 mmol) in_1,4-dioxane (13 mL)
under an argon atmosphere at room temperature, Ammo-
nium bicarbonate (324 mg, 4.10 mmol) was then added to
the resulting solution and the reaction mixture was stirred
at.room temperature for 23 h before. being diluted with
EtOAc (20 mL). The organic phase was washed with citric
acid (1x10mL of a 5% aq solution), NaHCO; (1x10 mL
of a 5% aq solution), and brine (1x10 mL) before being
dried (Na,SO,). Filtration and concentration under reduced
pressure gave a light-yellow solid, which was purified by
preparative HPLC. Concentration of the relevant fractions
(tx 25.4 min) gave the title compound 4 (8.4 mg, .12%
from peptide 14), which was identical, in all respects, with
the material obtained via Method A.

4.1.21. (S)-tert-Butyl 4-(benzyloxycarbonyl)amino-6,6,6-
trifluoro-5-oxohexanoate 21. Dess-Martin periodinane
(220.0 mg, 0.52 mmol) was added to a stirred solution of al-
cohol 10 (91.8 mg, 0.24 mmol) in CH,Cl, (5.0 mL) at room
temperature. The reaction mixture was then stirred for 16 h
before being filtered through a plug of Celite® and washed
afterwards with BtOAc (3 x5 mL). The filtrate was concen-
trated under reduced pressure to give a light-yellow crude
product, which was purified by flash chromatography (silica,
hexane/EtOAc/triethylamine 50:49.6:0.4). Concentration of
the relevant fractions (R¢0.56 in hexane/EtOAc 1 :1) gave the
title compound 21 (74.4 mg, 81%) as a clear oil and as a ca.
2:1 mixture of the keto and hydrated forms (as judged by *°F
and 13C NMR analyses): [o]® +3.6 (c 0.73, MeOH); 'H
NMR (300 MHz, CDCls) 8 7.38-7.31 (m, SH), 5.57 (br d,
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J="7.7 Hz, 0.5H), 5.46 (br d, J=7.7 Hz, 0.5H), 5.11 (s, 2H),
4.88-4.78 (m, 0.5H), 3.96-3.86 (m, 0.5H), 2.42-2.09 (m,
3H), 1.97-1.86 (m, 1H), 1.43 (s, 4.5H), 1.42 (s, 4.5H); 3¢c
NMR (101 MHz, CDCl3) & 190.3 (g, Jop=34.7Hz),
173.5, 171.8, 157.9, 155.8, 135.7, 128.6, 128.5 (0), 128.4
(8), 128.3, 128.2, 128.1, 128.0, 127.7, 127.6 (4), 127.5 (8),
127.0, 123.1 (q, Jcr=288.6Hz), 115.5 (g, Jcr=
292.3 Hz), 94.2 (q, Jo_r=30.5 Hz), 81.5, 81.3, 67.5, 674,
555, 55.0, 31.8, 309, 279, 253, 232; F NMR
(376 MHz, CDCl3) 6 —76.5 (keto), —82.3 (hydrate); MS
(ESI-) mlz 388 (M—H, 70%), 280 (100).

4.1.22. (S)-tert-Butyl 4-[N-(benzyloxycarbonyl)-L-ala-
nyl]amino-6,6,6-triﬂuoro-S-oxohexanoate 24. HOBt
(31.8 mg, 0.21 mmol) and EDC-HCI (43.6 mg, 0.23 mmol)
were added to a stirred solution of Cbz-L-Ala-OH
(44.1 mg, 0.198 mmol) in DMF (3.0 mL) at 0 °C. The reac-
tion mixture was then stirred for 15 min before amine 11
(49.0 mg, 0.19 mmol) dissolved in DMF (2.0 mL.) was added
dropwise. The reaction mixture was then allowed to heat to
room temperature and stirred for 21 h before DMF was re-
moved under reduced pressure. The residue thus obtained
was dissolved in EtOAc (20 mL) and washed with citric
acid (2x10 mL. pf a 5% aq solution), NaHCO3 (2x10 mL
of a 5% aq solution), and brine (2x 10 mL) before being dried
(NaySOy). Filtration and concentration under reduced pres-
sure gave the title compound 23 (66.8 mg) as a clear, yellow
oil. The material was used directly in the next step without
further purification: MS (FAB+) m/z 485 (M*+Na, 5%),
463 (M*+H, 10), 407 (32), 363 (18), 91 (100); HRMS
(FAB+): caled for Co1H3oN,06F35 463.2056, found 463:2061.

Dess—Martin periodinane (138.8 mg, 0.33 mmol) was added
to a stirred solution of alcohol 23 (66.8 mg) in CH,Cl,
(3.0 mL) at room temperature. The reaction mixture was
then stirred for 16h before being diluted with EtOAc
(10 mL) and filtered through a plug of Celite® and washed
with EtOAc (3% 10 mL). Concentration under reduced pres-
sure gave a light-yellow oil, which was subjected to flash
chromatography (silica, hexane/EtOAc/EtsN  50:49.8:0.2
eluent). Concentration of the relevant fractions (Rf0.2 in hex-
ane/EtOAc 1:1) gave the title compound 24 (45.7 mg, 52%
over the two steps) as a clear, colorless oil and asaca. 7:3 mix-
ture of the hydrate and keto forms (as judged by H and *F
NMR analyses) and both tautomers exist as a ca. 1:1 mixture
- of rotamers (as judged by 'H, 13C, and ’F NMR analyses):
[ —9.1 (c 2.02, CHCL); I NMR (400 MHz, CDCls)
5 7.56-7.27 (m, 5H), 7.14 (app. br d, J=6.6 Hz, 0.3H), 7.03
(app. d, J=8.4 Hz, 0.3H), 6.08-5.42 (br m, 1.7H), 5.12—
5.05 (m, 2H), 4.90 (br s, 0.3H), 4.38-4.06 (m, 2H), 2.42~
2.11 (m, 3H), 1.98-1.84 (m, 1H), 1.44 (s, 4H), 1.42 (4) (s,
4H), 1.42 (1) (s, 1H), 1.39-1.34 (m, 3H); *C NMR
(101 MHz, CDCly) ¢ 189.6 (q, Jop=34.7 Hz), 189.5 (q,
Jey=34.7Hz), 175.0, 174.8, 173.6, 173.2, 172.8, 172.3,
172.1, 156.3, 156.2, 156,0, 136.0, 135.9, 135.8, 128.5,
128.3, 128.2 (0), 128.1 (6), 128.0 (7), 128.0 (3), 128.0 (1),
123.1 (q, Jo_r=288.8 Hz), 115.5 (g, Jop=292.6 Hz), 94.3
(@, Jor=30.9 Hz), 94.2 (q, Jop=30.5Hz), 81.7, 8L.6,
81.3, 81.2, 67.3, 67.1, 53.9, 53.8, 53.7, 50.9, 50.7, 50.1,
31.8, 30.9 (2), 30.9 (0), 29.7, 27.9, 248, 234,232, 184,
18.1: 15F NMR (376 MHz, CDCls) 6 —76.5 (keto), —82.0
(hydrate), —82.1 (hydrate) (one signal obscured or overlap-
ping); MS (BSI-) m/z 459 (M—H, 38%), 351 (100).

4.1.23. 4-[N-(Benzyloxycarbonyl)—L-alanyl]amin0-6,6,6-
trifluoro-5-oxohexanoic acid 25. TFA (0.10 mL,
1.30 mmol) was added dropwise to a solution of ester 24
(40.0 mg, 0.087 mmol) in CH,Cl, (5 ml) at room tempera-
ture. The reaction mixture was then stiired at room temper-
ature for 24 h before being concentrated under reduced
pressure to give the title compound 25 (34.9 mg, crude yield
99%) as a yellow oil and ca. 90% pure (as judged by HPLC
analysis) and as a ca. 6:2:1 mixture of cyclic, keto, and hy-
drate forms (as judged by °F NMR analysis) and the cyclic
form existed as a ca. 1:1 mixture of rotamers (as judged by
198 NMR analysis): [e]3' +10.5 (¢ 0.77, CHCly); 'H NMR
(400 MHz, CD;0D) ¢ 7.38-7.25 (m, 5H), 5.08 (s, 2H),
418 (q, J=7.3Hz, 1H), 3.04-2.86 (m, 1H), 2.58 (,
J=6.5 Hz, 1H), 1.38 (d, J=7.3 Hz, 3H), 1.46-1.23 (m, 2H)
(signal for one proton was obscured by the signal for meth-
anol); *C NMR (101 MHz, CDCls) 6 177.5, 176.9, 155.9,
136.0, 128.5, 128.2, 128.1, 122.4 (q, Jo¢=283.1 Hz), 75.0
(q, Jep=31.7 Hz), 67.1, 49.5, 34.0, 29.7, 27.1, 18.3; 13C
NMR (101 MHz, CDsOD) & 176.5, 176.0, 158.4, 138.2,
129.4, 129.0, 128.8, 75.8 (g, Jer=30.1 Hz), 67.5, 50.8,
35.3, 28.2, 17.9 (signal due to CF3 group carbon could not
be discerned and one signal was obscured or overlapping);
15 NMR (376 MHz, CDCls) 6 —74.6 (2) (cyclic), —~74.6
(4) (cyclic), —76.2 (keto), —82.2 (1) (hydrate), -82.2 (3)
(hydrate), —82.3 (0) (hydrate), —82.3 (2) (hydrate). (The ap-
pearance of four signals for the hydrate form of this com-
pound in °F NMR is probably due to partial racemization
over time at the o position of this compound. The extent
of racemization at the time '°F NMR was measured was
less than 5%.28) MS (ESI-) m/z 403 (M—H, 46%), 222
69), 199 (100).

4.2. Enzyme inhibitory assay

The inhibitory assay was performed using a com-
mercially available fluorogenic substrate  Dabcyl-
KTSAVLQSGFRKME-Edans (Genesis Biotech, Taiwan)
corresponding to the N-terminal autocleavage site of
SARS 3CLP® 2% The change in, fluorescence intensity was
monitored in a Cary Eclipse fluorescence spectrophotometer
(Varian) with 355 and 538 nm for excitation and emission
wavelengths, respectively. Kinetic measurements were per-
formed at 25 °C in buffer containing 10 mM sodinm phos-
phate (pH 7.4), 10 mM sodium chloride, 1 mM EDTA, and
1 mM TCEP. The inhibition constant, K;j, was determined
by measuring the apparent kinetic parameters at a constant
substrate concentration with varying inhibitor concentra-
tions (0-1mM). The protease (final concentration of
1 mM) was incubated with inhibitor for 10 min at room tem-
perature and the reaction was initiated by adding the sub-
strate (a volume corresponding to a final concentration of
5 mM in the reaction mixture). The dependence of activity
on the inhibitor concentration was analyzed in a manner
similar to what was reported earlier.?° Briefly, the kinetic
parameters were determined by global nonlinear regression
analysis to the equation.

vi/vo = Vinax[S]/{[8] + Km (1 + [ /Ki)}

where vy and v are the rate of substrate cleavage in the pres-
ence and absence of inhibitor, respectively. Viyax is the
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maximal rate, [S] is the substrate concentration, [/] is the in-
hibitor concentration, and Ky, is the Michaelis constant.3!
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Abstract—We disclosed a novel “racemization-free segment condensation’ based on the *O-acyl isopeptide method’ in which an N-
segment including C-terminal O-acyl isopeptide structure with urethane-protected Ser/Thr residue was employed for the segment
condensation, suggesting that the use of this method contributes to the effective convergent synthesis of long peptides/proteins.

© 2006 EBlsevier Ltd. All rights reserved.

Total chemical synthesis of peptides/proteins is of great
sienificance to understand biological functioms. Toward
this purpose, many kinds of convergent synthetic meth-
ods have been reported.! However, a fundamental draw-
back of convergent synthesis is that racemization at the
C-terminal residue of an N-segment occurs during the
condensation reaction with the C-segment. In ‘segment
.condensation’,'#~ which is one of the iraportant meth-
ods in convergent synthesis, a large amount of racemiza-
tion is geuerally involved. Particularly, in solid phase
segment condensation,'™™ the lower reactivity causes
a higher extent of racemization as compared with
solution phase synthesis. That is because, in conirast
to urethane-protected amino acids, peptides easily form
chirally labile oxazolones upon C-terminal carboxyl
activation, limiting the N-segment to contain either a
C-terminal Gly or Pro residue.!°* ‘

We have recently disclosed a novel ‘O-acyl isopeptide
method’? in which a native amide bond at a hydroxy-
amino acid residue, for example, Ser, was isomerized
to an ester bond, followed by an O-N intramolecular
acyl migration reaction (Fig. 1A). The method has been

’

Keywords: 0-Acyl isodipeptide unit; 0-Acyl isopeptide method; O-N

intramolecular acyl migration; Racemization-free; Segment condensa-

tion. ‘
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successfully applied to efficiently synthesize difficult
sequence-containing peptides such as Alzheimer’s dis-
case-refated amyloid B peptide (AB) 1-42.2c8% Qur
studies indicated that isomerization of the peptide back-
bone at only one position in the whole peptide sequence,
that is, formation of a single ester bond, significantly
changed the nnfavorable secondary structure of the dif-
ficult sequence-containing peptide, leading to improved
coupling and deprotection efficacy during SPPS. Mutter
et al.,> Carpino et al.,* and Bérner and co-workers® have
also confirmed the efficacy of the ‘O-acyl isopeptide
method’. Moreover, very recently, we designed a novel
‘O-acyl isodipeptide unit’, that is, Boc-Ser/Thr(Fmoc-
Xaa)-OH (Fig. 1B).?»! The use of O-acyl isodipeptide
units, in which the racemization-inducing esterification
reaction on resin could be omitted, allows the ‘O-acyl
isopeptide method’ to fully automated protocols for
the synthesis of peptides/proteins.

Herein, we disclosed a novel ‘racemization-free segment
condensation’ based on the ‘O-acyl isopeptide method’
(Fig. 2B). We conceived the idea that the, N-segment,
which possesses a C-terminal O-acyl isopeptide struc-
ture, could be coupled to the N-terminal amino group
of a C-segment without any undesired racemization
because the isopeptide structure includes a urethane-
protected Ser/Thr residue. Thus, during the activation
of the carboxyl group of the isopeptide, the formation of
racemization-inducing oxazolones should be remarkably
suppressed.
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Figure 1. (A) ‘O-Acyl isopeptide method’: the synthetic strategy for difficult sequence-containing peptides via the O-N intramolecular acy! migration

reaction of O-acyl isopeptides; (B) ‘O-acyl isodipeptide units’.
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Figure 2. (A) A standard segment condensation; (B) a novel ‘racemi-
zation-free segment condensation’ based on the ‘O-acyl isopeptide
method’. o O .

i

To evaluate this hypothesis, we first selected Fmoc-Tyr-
Ser-Phe-OH (1) as a model. As a comparative study, 1
was synthesized by the standard segment condensation
method.S Fmoc-Tyr(zBu)-Ser(tBu)-OH was coupled to
H-Phe-O-resin  (2-chlorotrityl resin) using the DIP-
CDI(1,3-diisopropylcarbodiimide, 2.5 equiv)-HOBt(1-

hydroxybenzotriazole, 2.5equiv) method to obtain
Fmoc-Tyr(tBu)-Ser(:Bu)-Phe-O-resin. After the pro-
tected peptide resin was deprotected with TFA, the
resulting crude 1 was analyzed by HPLC. As a result,
3.0% of Fmoc-Tyr-p-Ser-Phe-OH was detected in crude
1 (Fig. 3A), which was confirmed by an independent
synthesis of the p-Ser derivative. This result indicated
that racemization at the activated Ser residue occurred
during segment condensation. '

On the other hand, in segment condensation based on
the ‘O-acyl isopeptide method’,” O-acyl isodipeptide
unit, Boc-Ser(Fmoc-Tyr(zBu))-OH® (2, Fig. 1B) was
coupled to H-Phe-O-resin using the DIPCDI(2.5
equiv)-HOBt(2.5 equiv) method to obtain Boc-Ser-
(Fmoc-Tyr(zBu))-Phe-O-resin. After deprotection with
TFA, the obtained isopeptide H-Ser(Fmoc-Tyr)-Phe-
OH-TFA was treated with phosphate buffer (pH 7.4)
to induce an O-N intramolecular acyl migration to
afford 1. In HPLC analysis of crude 1, no detectable
racemized compound Fmoc-Tyr-p-Ser-Phe-OH -was
observed (Fig. 3B), indicating that the O-acyl isodipep-

<

1
A B,
A No racemized compound
\\ at Ser residue
Fmoc-Tyr-0-Ser—Phe-OH
! ! ! (3.0%) i \ !
15 20 25 15 20 25

retention time (min) refention time {min)

Figure 3. HPLC profiles of crude peptide Fmoc-Tyr-8er-Phe-OH (1)
synthesized using (A) the standard segment condensation and (B) ‘O-
acyl isopeptide method’-based segment condensation. Analytical
HPLC was performed using a CI8 reverse phase column
(4.6 x 150 mm; YMC Pack ODS AM302) with a binary solvent
system: a linear gradient of CH;CN (35-55% CH3CN, 40 min) in 0.1%
aqueous TFA at a flow rate of 0.9 mL min~! (40 °C), detected at
230 nm. -
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Ac-Val-Val-p- allo-Thr-VaI—Val—NH2
(37.5%)

retention time (min)

Figure 4. HPLC profile of crude 4 synthesized using a standard
segment condensation. Analytical HPLC was performed using a C18
reverse phase column (4.6 x 150 mm; YMC Pack ODS AM302) with a
binary solvent system: a linear gradient of CH;CN (0-100% CH;CN,
40 mm) in 0.1% aqueous TFA at a flow rate of 0.9 mL min~? (40 °C),
detected at 230 nm.

tide unit could be introduced to the amino group on the
resin without any racemization at the activated Ser res-
idue in the isopeptide structure. '

To further elucidate the efficacy of this ‘O-acyl isopep-
tide method’-based segment condensation, pentapeptide
Ac-Val-Val-Thr-Val-Val-NH,? {4) was adopted. In
the condensation of A(:—Val—Val Thr(#Bu)-OH with H-
Val-Val-NH-resin (as a standard segment condensa-
tion),” a large amount of racemization {37.5%) at the
activated Thr residue occurred during the DIPCDI-
HOBt scgment condensation (Fig. 4), which was
confirmed by an independent synthesis of Ac-Val-Val-
p-allo-Thr-Val-Val-NH,. In contrast, in the ‘O-acyl
isopeptide method’-based segment condensation
(Scheme 1),'° N-segment Boc-Thr{Ac-Val-Val)-OH,
which was synthesized using O-acyl isodipeptide umit
Boc-Thr{Fmoc-Val)-OH 3 (Flg 1B),2* was coupled to
C-segment H-Val-Val-NH-resin {5) to obtain isopeptide
resin 6. The DIPCDI{(2.5 equiv)-HOB{(2.5 equiv)
method in DMF {2 h) was emmployed for segment con-
densation, in which N-segment Boc-Thr{Ac-Val-Val)-
OH was readily solubilized. The completeness of the
coupling was verified by the Keiser test. After TFA
treatment, O-acyl isopeptide 7TFA was obtained with

(hLi)x2

Fmoo-y o

i
Rink-Amide AM resin

Ho§ ,
B°°fN\E)I\Va|—Val-H—@ _r .
X 3

! Ac-VaI—VaI~O/<;'|

6

HO" H
4

No detectable
H~p-allo-Thr(Ac-Val-Val}—Val-Val-NH,

back ground -

([ T T T R
5 10 15 20 25 30 35 40
retention time {min)

Figure 5. HPLC profile of crude isopeptide 7 (Rt = 17.0 min) synthe-
sized using the ‘O-acyl isopeptide method’-based segment condensa-
tion. The retention time of H-p-allo-Thr(Ac-Val-Val)-Vai-Val-NH,,
which was synthesized independently, was 17.8 min. Analytical HPLC
was performed using a C18 reverse phase column (4.6 X 150 mm; YMC
Pack ODS AM302) with a binary solvent system: a linear gradient of
CH4CN {0-100% CH5CN, 40 miz) in 0.1% aqueous TFA ata flow rate
of 0.9 mL min™* (40 °C), detected at 230 nm.

an isolated yield of 69%. As shown in Figure 5, HPLC
analysis of crude 7 exhibited a high purity of the desired
product without any byproduct derived from racemiza-
tion at Thr, which was confirmed by an independent
synthesis of H-p-allo-Thr(Ac-Val-Val}-Val-Val-NHo.
Moreover, the use of an N-segment with a C-terminal
isopeptide did not lead to any additional side reaction.
Isopeptide 7 was converted to 4 in phosphate buffered
saline at pH 7.4.%® These results reveal that a protected
O-acyl isopeptide with a C-terminal Boc-Thr residue
could be introduced to the peptide resin without any
racemization at the activated Thr residue, in comtrast
to the standard method using Ac-Val-Val-Thn(fBuj-
OH that involved a significant amount of racemization
during condensation to the solid support.

In summary, we herein developed a novel ‘racemization-
free segment condensation’ based on the ‘O-acyl isopep-
tide method’ ‘with the successful synthesis of small pep-
tides. This method allows the use of an N-segment

H ii
H—Val—Val—N—® ———

5

0
T’:’*'HEN\:)J\Van—vm—m«x2
A=Chs

Ac-Val—Val—0 'H '

Ac—Val—VaI’N\:)l\Val—VaI-NHz

/‘<-CH3

Scheme 1. Reagents and conditions: (i) 20% piperidine/DMF, 20 min; (ii) Fmoc- Val-OH (2.5 equiv), DIPCDI (1,3-diisopropylcarbodiimide,
2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (iii) Boc-Thr(Ac-Val-Val)-OH (2.5 equiv), DIPCDI (2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (iv) TFA-m-
cresol-thioanisole-H,0 (92.5:2.5:2.5:2.5), 90 min; (v) phosphate buffered saline, pH 7.4, 25°C.
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possessing a C-terminal Ser/Thr residue for segment
condensation, without any racemization, as a result of
the C-terminal O-acyl isopeptide structure with a ure-
thane-protected Ser/Thr residue. Thus, in the synthesis
of long peptides/proteins, racemization-free segment
condensation becomes possible at not only the C-termi-
nal Gly/Pro but also Ser/Thr residues of the N-segment.
Additionally, final deprotected peptides/proteins synthe-
sized using the ‘O-acyl isopeptide method’-based seg-
ment condensation are effectively purified by HPLC,
because a simple isomerization to an O-acyl isopeptide
remarkably and temporarily changes the physicochemi-
cal properties of the native peptide, and an O-N intra-
molecular acyl migration triggers the native amide
bond formation under physiological conditions.? Exam-
ples of such studies include membrane peptides/proteins
that are difficult to handle in various conditions because
of their high self-assembling characters.
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Ser(Fmoc-Tyr)-Phe-OH was obtained in a same depro-
tection manner described in Ref. 6. The isopeptide was
dissolved in phosphate buffer and stirred for 6 h at rt to
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16 h, diluted with AcOE, and washed successively with
water, 1 M HCI, water, a saturated NaHCOs, and brine.
The organic layer was dried over Na,SO, and the solvent
was removed in vacuo. The resulting oil was purified by
silica gel column chromatography (AcOEt-hexane 1:3.5)
to  yield Boc—Ser(Fmoc—Tyr(tBu))-Ole (889 mg,
1.23 mmol, 91%). After that, Pd/C was added (87 mg) to
the stirring solution of the Boc-Ser(Fmoc—Tyr(tBu))-Ole
(856 mg, 1.18 mmol) in AcOEt (36 mL), and the reaction
mixture was vigorously stirred under a hydrogen atmo-
sphere for 16h. The catalyst was filtered off through
Celite. The solvent was removed in vacuo and the crude
product was filtered via silica gel, at first with AcOEt-
hexane 1:2.5 and then the final product was washed out by
methanol to give pure 2 (708 mg, 1.09 mmol, 93%}.
HRMS (FAB): calcd for CieHapN,09Na  (M+Naj™:
669.2788, found: 669.2783; HPLC analysis at 230nm:
purity was higher than 95%; NMR (CD,0D, 300 MHz): é
7.77 (d, J=174Hz, 2H), 7.63-7.60 (m, 2H), 7.38 {1,
J=7.1Hz, 2H), 7.32-7.27 (m, 2H), 7.13 (d, J=28.3 Hz,
2H), 6.85 (d, J=28.4Hz, 2H), 4.84-4.09 (m, 7H), 3.25-
3.15 (m, 1H), 2.91-2.83 {m, 1H), 1.41 (s, 9H), 1.22 (s, 9H).
peptide Ac-Vai-Val-Thr{zBu)-OH
(2.5 equiv) was coupled to H-Vai-Val-NH-resin {Rink-
amide AM resin, 0.065 mmol) in the presence of DIPCDI
(2.5 equiv) and HOBt (2,5 equiv) in DMF for 2 h. Crude 4

10.

11

12.

was obtained in a similar deprotection manner described
in Ref. 6. ESI-MS: caled for (M+Na)™: 579.4, found:
579.3. The retention time on HPLC (0-100% CH5CN for
40 min, 230 nm) of the synthesized product was identical
to that of 4 which was synthesized previously.2h

After the preparation of the H-Val-Val-NH-resin (Rink-
amide AM resin, 0.009 mmol), Boc-Thr(Ac-Val-Val)-
OH!! (2.5 equiv) was coupled in the presence of DIPCDI
(2.5 equiv) and HOBt (2.5 equiv) in DMF for 2h at rt.
The crude O-acyl isopeptide 7TFA was obtained in a
similar deprotection manner described in Ref. 6. Yield:
69% (calculated from the original loading of Rink-amide
AM resin). HRMS (FAB): caled for CoeHasNgO7
(M+H)™: 557.3663, found: 557.3656; HPLC analysis at
230 nm: purity was higher than 95%. The retention time
on HPLC (0-100% CH;CN for 40 min, 230 nm) of the
synthesized product was identical to that of 7 which was
synthesized previously.”®

After O-acyl isodipeptide unit, Boc—Thr(Fmoc-Val)-OHZh
3 was loaded to 2-chlorotrityl resin, subsequent coupling
with Fmoc-Val-OH, N-acetylation using Ac,0, 0.1% TFA
treatment, and HPLC purification gave pure Boc-Thr{Ac-
Val-Val)}-OH. ESI-MS: calcd for (M+Na)+: 482.3, found:
482.1.

Skwarczynski, M.; Sohma, Y.; Noguchi, M.; Hayashi, Y.;
Kimura, T.; Kiso, Y. J. Org. Chem. 2806, 71, 2542-2545.
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1) Introduction

Amyloid B peptides (APs) are the main proteinaceous compo-
nents of the pathognomonic amyloid plaques found in the
brains of Alzheimer's disease (AD) patients.” These ABs have
been found to be neurotoxic in vivo-and in vitro.” Although
the predominant forms of AP consist ‘of 40- and 42-residue
‘peptides, desighated AR1-40 and AB1-42, respectively, AB1-42
is thought to play @ more critical role than AB1-40 in amyloid
formation and pathogenesis- of AD.®' ABs are produced
through the proteolyti¢ processing of amyloid precursor pro-
tein (APP) and, according 'to the “amyloid cascade hypothesis”,
reduction of AB in the brain is considered to-be a therapeutic
intervention in AD. One of the most attractive classes of drug
candidates in the treatment of AD are BACE1 inhibitors, as
BACE1 (B-site APP cleaving enzyme, (-secretase) is a mem-
brane-bound aspartic protease that triggers Af formation by
cleaving at the N terminus of the AR domain® In over a
decade of inhibitor studies on aspartic proteases,” we have
reported potent BACE1 inhibitors containing an unnatural
amino acid—phenylnorstatine  (Pns=(2R,35)-3-amino-2-hy-
droxy-4-phenylbutyric acid)—as a substrate transition-state
mimic (Scheme 1)1 A clear understanding of the toxicological
mechanism of AB against netironal cells, currently an unknown
process, would also open doors for the discovery of novel
drug targets, so “chemical biology"-based research represents
one of the most powerful tools for identifying the pathological
function of AB in AD. In this article we review our recent ach-
ievements in the “O-acyl isopeptide method" as a novel syn-
thetic method in the field of peptide chemistry and its applica-

tion to the chemical biology-oriented synthesis of AP ana-
logues, leading to the development of “click peptides”
(Scheme 2).7-4 -

2) The “O-Acyl Isopeptide Method”—Efficient
Synthesis of Peptides Containing ”leflcult
Sequences”

’

The synthesis of peptides containing “difficult sequences” is
one of the most problematic areas in peptide chemistry."?
These peptides are often obtained with low yields and purities
in solid-phase peptide synthesis (SPPS), the difficult sequences
generally being hydrophobic and promoting aggregation in
solvents during synthesis and purification. This aggregation is
attributed to intermolecular hydrophobic interaction and hy-
drogen bond networks between resin-bound peptide chains,
resulting in the formation of extended secondary structures
such as p-sheets.'?
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to their extremely low solubilities iR various solvents.
These peptide derivatives thus came to be viewed
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Scheme 1. BACE1 inhibitors containing
an unnatural amino acid—phenyinor-
statine [(2R.35)-3-amino-2-hydroxy-4-
phenylbutyric acid]—as 2 substrate

transition state mimic. .
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Several years ago, when we
tried to synthesize some pep-
tide derivatives including phe-
nylnorstatine for the study of

simple isomerization of backbone structure
from N-acyl to O-acyt isopeptide

as “difficult sequence"fcontaining‘peptides. ,

For over a decade we have been using a pH-de-
pendent "O-N intramolecular acyl migration”, a well
known reaction seen in ‘Ser/T hr-containing  pep-
tides,"” in the design of a novel class of water-solu-
ble prodrugs of HIV-1 protease inhibitors"®and anti-
tumor taxoid derivatives"® These prodrugs, which
are O-acyl isoforms of parent drugs p‘dsseSsing a-hy-
droxy-B-amino acids, had higher water solubility be-
cause of the presence of a newly formed and ion-
ized amino group. Moreover, migration 10 afford the
N-acy! parent drugs could be achieved in short
times under physiological conditions with no side
reactions. - . HE

In 2003,”¥ we conceived the idea in this context
that the use of hydrophilic “O-acyl isopeptides” de-
rived from pheny\norstatine-containing peptide de-
rivatives should allow the solubility problem in HPLC
purification to be overcome, and to evaluate fchis hy-
pothesis a model of a peptide containing a difficult
sequence (Ac-VaI-Val-Pns-Val-Val—NHz, 1, Scheme 3A)
was . selected. During' this research, however, we
made the surprising discovery that not only did the
“O-acy! isopeptide” possess higher solubility in vari-
ous media, but the coupling and deprotection effica-
cy during SPPS had also been improved by modify-
ing the nature of the difficult sequence (Scheme 3B).
Namely, the isomerization of the peptide backbone
from the N-acyl to the O-acyl isopeptide structure
(i.e., the formation of a single ester bond) had signif-
icantly changed the unfavorable secondary structure
of the difficult sequence-containing peptides. This
finding was to result in the development of the “O-
acyl isopeptide method” as a novel and efficient syn-
thetic. method in peptide chemistry (Scheme 4A).

In the case of the “O-acyl isopeptide method”
based on the synthesis of 2 (Scheme 3A), Boc-Pns-
OH was coupled to H-Val-Val-NH-resin, and subse-
quent acylation with ‘Emoc-Val-OH at the a-hydroxy

O
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quick and one-way conversion e /'V'R1
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acyl migration

native peplide

aspartic  protease inhibitors,
some of the synthesized com-
pounds could not be purified
by preparative-scale HPLC, due

significantly changes secondary
structure of native peptide

“click peptide”

Scheme 2. “Click peptides” based on the "O-acyl isopeptide method”.
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“Click Peptides"—Amyloid f8 Peptide (A3) Analogues
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Scheme 3. A) Synthesis of a model difficult sequence-containing pentapeptide 1 (Ac-Val-Val-Pns-Val-Val-NH,) from
its O-acyl isopeptide 2 through O-N intramolecular acyl migration. B) HPLC profiles after final deprotection:
a) peptide 1 synthesizéd by a standard Fmoc-based SPPS, and b) its O-acyl isopeptide 2.
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Scheme 4. A) "O-Acy! isopeptide method": the synthetic strategy for difficult sequence-containing peptides
through O-N intramolecular acyl migration reactions of O-acyl isopeptides. B) Application of thg “O-acyl isopep-
tide method” for the synthesis’ of pentapeptides 3 and 5.

peptide-resin ~ was  efficiently
synthesized with no interfer-
ence from the difficult sequen-
ces. We hypothesized that the
modification of 1 to the ester
structure 2 had changed the
secondary structure of the pep-
tide to a form more favorable
for Fmoc removal. Additionally,
since H-Pns-Val-Val-NH, was not
formed as a by-product, 1)the
esterification of the secondary
hydroxy group of Pns was suc-
cessfully completed on the solid
support, 2)the ester bond
formed was stable to both pi-
peridine and TFA treatments,
and 3) no diketopiperazine was
formed when the last Fmoc
group was removed. Moreover,
the solubility of 2-TFA in polar
solvents was significantly higher
than that of N-acyl peptide 1,
because of the -ionized amino
group in the isopeptide. Ac-
cordingly, a solution of 2-TFA
could easily be subjected to
preparative HPLC 1o provide
pure 2 in a reasonable overall
yield.”#" Similar positive results
were obtained in an applica-
tion of the O-acyl isopeptide
method * to the synthesis
of Ac-Val-Val-Ser-Val-Val-NH, (3,
Scheme 4B).[8103

Very recently™ a novel “O-
acyl isodipeptide unit” (i.e. Boc-
Ser/Thr(Fmoc-Xaa)-OH; Scheme
5A) was designed for efficient
synthesis of a difficult ‘sequence—
containing peptide by the O-
acyl isopeptide method. In this
method, the racemization-prone
esterification reaction could be
omitted. In the synthesis of O-
acyl isopeptide 6—HM-Thr(Ac-Val-
Val)-Val-Val-NH, (Scheme 4B)—a
high degree of. racemization of
the esterified Val residue (21%)

group of Pns was carried out by the DIPCDI/DMAP (DIPCDI=
1,3-diisopropylcarbodiimide) method in CH,Cl5 to provide an
ester. After coupling with another Val residue, N-acetylation,
and TFA treatment, O-acyl isopeptide 2:TFA was obtained with-
out formation of the Fmoc-containing byproduct {(Scheme 3Bb),
whereas in the synthesis of 1 by standard Fmoc-based SPPS,
an undesired Fmoc-Val-Val-Pns-Val-Val-NH, was obtained at a
similar rate to peptide 1 (Scheme 3Ba). Hence, the protected

had occurred with the DIPCDI/DMAP method (Figure 1 A). Such
a degree of racemization is significantly higher than that ob-
served in the esterification between Val and Ser in 4
(0.8%),%1%" and is probably due to steric hindrance at the sec-
ondary hydroxy group in Thr in relation to Ser. To avoid this
problem, we adapted an O-acy! isodipeptide unit—Boc-Thr-
{Fmoc-Val)-OH 7 (Scheme 5B)—for the synthesis of 5 by the O-
acyl isopeptide method. O-Acyl isodipeptide 7, which readily
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Scheme 5. A) General structure of O-acyl isodipeptide unit, and B) O-acyl iso-
dipeptide unit 7.
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Figure 1. HPLC profiles of crude isopeptide 6 after final deprotection,
A) without or B) with the use of O-acyl isodipeptide 7.

I

dissolved in DMF, was coupled to H-Val-Val-NH-resin by the
standard DIPCDI/HOBt (1-hydroxybenzotriazole) method to
provide Boc-Thr(Fmoc-Val)-Val-Val-resin. As shown in Figure 18,
HPLC analysis of crude 6 synthesized from 0-acyl isodipeptide
unit 7. was of high purity, with no byproducts arising either
from the difficult sequence or from racemization. This suggests
that the use of O-acyl isodipeptide units, enabling the racemi-
zation-inducing esterification reaction to be omitted, allows
the application of the “O-acyl isopeptide method" to fully auto-
mated protocols for the synthesis of long peptides or proteins.
O-Acyl isopeptides (2, 4, and 6) were stable in a solid state
(TFA salt) at 4°C for at least 2 years. On the other hand, when
an isopeptide was dissolved and stirred in phosphate-buffered
saline (PBS, pH 7.4) at room temperature, quantitative O-N in-
tramolecular acyl migration to the corresponding parent pep-
tide was observed with no side reaction. lsopeptides 2 and 6
exhibited faster migration—with half-lives of 1 and 23 min, re-
spectively—than that observed in the Ser-containing 4 (half-
life =2 h). The faster migration in 2 and 6 may be attributed to
a unique interlocking effect of the phenyl group in Pns and
the B-methyl group in Thras a result of conformational restric-
tions, such as a gem-effect through the geminal methyl substi-
tution? Finally, the N-acyl peptides (1, 3, and 5) were formed
as white precipitates from the corresponding isopeptides.
Interestingly, shortly after we had disclosed the “O-acy! iso-
peptide method”, Carpino et al. and Mutter et-al. also recon-
firmed the efficacy of this method.?" Carpino et al. efficiently
synthesized the Jung-Redemann 26-residue peptide by utiliz-
ing the “O-acyl isopeptide method", whereas this peptide
could not be synthesized by standard SPPS.™ Mutter etal.
confirmed by CD-based (CD =circular dichroism) analyses that

the secondary structure of an O-acyl isopeptide was signifi-
cantly different from those of corresponding N-acyl native pep-
tides,?'* which agrees with our hypothesis. These reports in-
dicate that the “O-acyl isopeptide method” is widely advanta-
geous for synthesizing peptides containing difficult sequences
through the disruption of the unfavorable secondary structures
of the native peptides.

3) A “Click Peptide” by the “0-Acyl Isopeptide
Method”—Efficient Production of AB1-42
from pH-Triggered Ap1-42 Analogues

The pathological self-assembly of AB1-42 in amyloid plaque
formation, a currently unexplained process, is very difficult to
demonstrate in vitro due to uncontrolled polymerization. For
example, synthesized AB1-42 already contains variable oligo-
meric forms,?? as AB1-42 undergoes time- and concentration-
debe’ndent aggregation in the aqueous TFA/acetonitrile solu-
tion used in HPLC purification.?” Moreover, the AR1-42 mono-
mer easily forms aggregates even in a standard storage solu-
tion such as dimethylsulfoxide (DMS0).24 Uncontrolled self-as-
sembly in an in vitro experiment might cause considerable dis-
crepancy in biological data, so this highly aggregative feature
of AB1-42 is a significant obstacle to overcome in establishing
a reliable in vitro biological experiment system with ‘which to
investigate the major causative agents ‘of AD. The highly ag-
gregative properties of AB1-42 in various media also result in
synthetic difficulties with this peptide:?? that s, this “difficult
sequence”-containing peptide. In particular, in conventional
reversed-phase HPLC purification .(aqueous TFA/acetonitrile
system) of synthesized AB1-42 the removal of impurities accu-
mulated during SPPS is very laborious, due to the peptide’s
low solubility and broad elution profiles under either acidic or
neutral conditions.

We considered that an “in situ” system that would deliver an
intact AB1-42 (9) monomer under physiological experimental
conditions while suppressing the spontaneous self-assembly of
APB1-42 under storage conditions would be advantageous for
understanding the inherent pathological functions of aggrega-
tive AB1-42 in AD. For this purpose we used the “O-acyl iso-
peptide method” as the basis' for designing a novel AB1-42
isopeptide, “26-O-acyl isoAB1-42 (26-AlAf42, 10, Figure 2), in
which a native Gly*—Ser’® amide bond in AB1-42 had been
isomerized to the B-ester bond.*"?

After careful selection of the appropriate resin and evalua-
tion of the side reactions in the O-acyl isopeptide method,™
protected 26-AlAB42-resin was synthesized on 2-chlorotrityl
chloride resin with minimal side reactions, and deprotected
crude 10 was easily purified by HPLC thanks to its high purity
and narrow elution profile with reasonable water solubility.
Carpino et al. also reported similar positive results in the syn-
thesis of AB1-42.2™ This suggests that only one insertion of
the isopeptide structure into the 42-residue peptide can sup-
press the unfavorable nature of the peptide's difficult se-
quence. -

The water solubility of 10 (TFA salt) was 15mg mbL~', 100
times higher than that of AB1-42 (9, 0.14 mgmL™). Interest-
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