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Abstract—Trifluoromethyl-B-amino alcohol 11 [(4S)-zert-butyl 4-amino-6,6,6-trifluoro-5-hydroxyhexanoate] was synthesized in five steps
starting from Cbz-L-Glu-QH 5 where the key step involved the introduction of the triffuoromethyl (CFs) group to oxazolidinone 7, resulting in
the formation of silyl ether 8 [(45,55)-benzyl 4-(2-(tert-butoxycarbonyl)ethyl)-5-(trifluoromethyl)-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 CF5-ketone group
that exhibited inhibitory activity against severe acute respiratory syndrome coronavirus protease (SARS-CoV 3CLF™).

© 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 CFs group
next to the carbonyl group thermodynamically stabilizes
the hemi-ketal form relative to‘the ketone form, thus making
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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 3CLP™ would convert the CF3-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 CF3-ketone -
moiety may play an important role as 3CLP™ inhibitors.
CFs-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 CFs-ketone residue would contribute to
the activity of SARS-CoV 3CLP™ inhibitors. Based on these
considerations, a new synthetic method for forming Gln and
Glu derivatives possessing a CFs-ketone moiety was devel-
oped and this strategy was used in the synthesis of four
peptides (compounds 1-4). '

Enz-§ OH  Enz-SH 0 HO0  Ho oH
R™ "CFy R™ "CFy4 R>\CF3
B A c

Scheme 1. Trifluoromethyl ketone adducts.



8602 M. O. Sydnes et al. / Tetrahedron 62 (2006) 8601-8609

2. Results and discussion
2.1. Synthesis of trifluoromethyl-B-amino alcohol 11

The target compounds were envisioned being synthesized in

two parts, viz, the peptide part and B-amino alcohol 11 con-

taining the CFj 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.12 The result-
ing acid 6 was then converted to tert-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 '3C NMR analyses, by utilizing a lit-
erature method. 12 The depicted stereochemistry for com-
pound 8 is based on literature precedence for a very similar
compound in which the addition of the CF5 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.

GOH 7 CO.R CO,Bu
f — —
Cbz. Cbz. o Cbz. A CFs
ﬁ COzH, d L 0Si(CHa)s
5 6 R =H, quant. 8 92%
bE:-7R='Bu,45% dore
lf. g
CO,Bu CO4Bu
— g
HoN CF; Chz. CF3
OH H o oH

11 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-H,0, toluene, reflux, 1.67h; (b) +BuOH,
EDC-HC], DMAP, EtzN, THE, tt, 16 h; () CsF, CF;Si(CHa)3, THE, amb.
temp, sonication, 2 h; (d) TBAF, THE, 0°C—rt, 0.5 h; (e) MeOH/water
(9:1), 1t, 3h; (f) CsF, CF3Si(CHj)s, THF, sonication, amb. temp, 2 h then
water, sonication, amb. temp, 0.5 h; (g) NaBH,, MeOH, rt, 21 h; (h)
NaBH,, MeOH, 1t, 16 h; () Ha, Pd/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% vyield) 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 NaBH, 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 CF3-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!®1?
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'S af-
forded dipeptide 14 in 67% yield over the two steps.

H H
CbZ\I\I(N\:/COzH a HzNji(N\./C(DzH
12 \r 13 Y
1b
Ph
cb J/\n/ﬁ' COH Ho§ H
Z. ~ V2
N Cbz’N\./U\N N ~COH
o @ N

15 14 67% from 12 \(

Scheme 3. Synthesis of tripeptide 14 from dipeptide 12. Reagents and
conditions: (a) Hg, Pd/C (10%), MeOH/water/AcOH (9.5:5:1), 1t, 2 h; (b)
Cbz-1-Ala-OSu,'® EtsN, DMF, 0 °C-1t, 16 h. -

Coupling of peptide 12 with -amjno 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 COH

a, b [
11— B S —_——
R\u CF, Roy CF,
o H

(0]
16, R = Cbz-L-Val-L-Leu 1, R = Chz-L-Val-t-Leu
17, R = Cbz-L-Phe-L-Ala 19, R = Cbz-L-Phe-L-Ala
18, R = Cbz-L-Ala-L-Val-i-Leu 20,R= Chz-L-Ala-L-Val-i-Leu
l dore
2, R = Cbz-t-Val-L-Leu,
8% from 12 CONH,
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 B H o}

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-1t,21 b; (b)
Dess—Martin periodinane, CHyCly, 1t, 19 b (¢) TFA, CH,Cl,, 1t, 16 b; (d)
HOBt, EDC-HCJ, ammonia solution (28 % aq solution), DME, 16 h (Method
A); () Boc,O, NH;HCO3, pyridine, 1,4-dioxane, rt, 23 h (Method B).
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Treating compound 16 with trifluoroacetic acid (TFA) re-
sulted in clean removal of the fert-butyl group forming tri-
peptide 1. Examination of the *C NMR spectrum did
reveal that inhibitor 1 exists predominantly as the hydrate
form in CDCl; (containing one drop of DMSO-dg). *°F
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 many 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).*® 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 only existed in the cyclic form while tri-
peptide 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.2 Previously,
there have also been reports that glutammal compounds
mostly exist as the hemiaminal in organic solvent.?!#2

2.3. Synthesis of model Glu-CF; compounds

As previously noted, target peptide 1 was predominantly
present in the hydrate form in CDCl;. 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

cO,'Bu cO,Bu|
Coz., CEy Cbz. A CF3 | L2 40
A Ho OH H
21 81%
i
COH
Cbz. CF.
Z ﬁ 3
o
22

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 model 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 3C NMR spectrum suggested that com-
pound 25 exists mostly as the cyclic hemiacetal in CDCl,4
(resonance shifts from >170 to 75 ppm). This was also the
case when the *C NMR spectrum was obtained for the
same sample in CD3;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 CDCl3. 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 3CLP® 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 Gln 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 cozfau CO,Bu

(0]
o vlL /'frca . N\)L Ji( oo A Nﬁﬁa

Hud on
24 52% from amine 11

COLH COzH
— R O
CF3
H HO CF,
HO OH
25 gg% 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,,
rt, 16 h; (b) TFA, CH,Cl,, 1t, 16 h; (c) HOBt, EDC-HCI, Cbz-L-Ala-OH, DMF, 1t, 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-CFs 116.1£13.6
2 Cbz-Val-Leu-Gin-CFs >1000

3 Cbz-Phe-Ala-Gln-CF3 844.4+120.3
4 134.5£31.6

Cbz-Ala-Val-Leu-Gln-CF;

not expected to interact effectively with the active site of
SARS-CoV.?° The Gln 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 f-amino
alcohol 11 containing a CF3 group was developed. This alco-
hol was further elaborated into four tri- and tetra-Glu and
Gln 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 to elucidate their mode of action.

v

4, Experimental
4.1. General procedures

Melting points were measured on 2 Yanagimoto micro hot-
stage apparatus and are uncorrected. Proton (*H) and carbon
(3C) NMR spectra were recorded on either a JEOL JNM-
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
6 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 CgFe 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 JMS-SX102A spec-
trometer equipped with JTMA-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~1). The measurements were carried out between
92 and 28 °C in a cell with path length () of 0.5 dm. Specific
rotations [ot]p are given 'in. 107" deg cm? g~ 1. Preparative
HPLC was carried out on a C18 reverse phase column
(20%250 mm; YMC Pack ODS SH343-5) with a binary sol-
vent system (a linear gradient of CH,CN and aq TFA (0.1%)
at a flow rate of 5.0 mL min~"), detected at 230 nm. Analyt-
jcal HPLC was performed using a C18 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 1
given for the target compounds are obtained from analytical

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

4.1.1. (S)-3-[3-(Benzyloxycarb0ny1)-5-0x00xazolidin-4-
yllpropanoic acid 6.19 This compound was synthesized
according to the procedure in Ref. 10. [0 )% +80.5 (¢ 3.9,
MeOH) {lit? [a]® +73 (c 2.35, MeOH)}.

4.1.2. (S)-tert-Butyl-3-[3-benzyloxycarbonyl-S-oxooxazo-
lidin-4-yl]Jpropanoate 7. DMAP (428 mg, 3.50 mmol) and
EDC-HCI (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 mL) 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 16 h
before being diluted with EtOAc (100 mL) and washed
with citric acid (2x50 mL of a 5% aq solution), NaHCOs
(2x50 mL of a 5% aq solution) and brine (2x50 mL) before
being dried (Na;SO04)- 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 (R 0.3 in hexane/EtOAc 4:1) gave the title com-
pound 7% (1.22 g, 45%) as a clear, colorless oil: [a)®
+63.2 (¢ 3.86, EtOH) {lit* [o]& +27.9 (c 1.58, BtOH)};
I NMR (300 MHz, CDCls) 6 7.41-7.30 (m, 5H), 5.54
(br s, 1H), 5.22 (d, J=4.8Hz, 1H), 5.19 (s, 2H), 4.37
(t, J=5.3 Hz, 1H), 2.37-2.11 (m, 4H), 1.43 (s, OH); MS
(BSI+) miz 372 (M*+Na, 100%).

4.1.3. (45,55)-Benzyl 4-[2-(tert-butoxycarbonyl)ethyl]-
5-triﬂuoromethyl-s-(trimethylsilyloxy)oxazolidine-3-
carboxylate 8. Cesium fluoride (87.8 mg, 0.58 mmol) and
(trifluoromethyl)trimethylsilane (0.73 mL, 4.94 mmol)
were added to a solution of oxazolidinone 7 (986.0 mg,
3.98 mmol) in dry THF (20 mL) maintained under an argon
atmosphere. The reaction mixture was then sonicated for 2 h
at ambient temperature before being diluted with EtOAc
(40 mL). The resulting solution, was washed with water
(1x20 mL) and brine (1 %x20mL) before being dried
(MgSO,). 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 H NMR
analysis): [c]® +37.8 (¢ 1.26, CHCly); 'H NMR
(400 MHz, CDCl3) 6 7.36-7.27 (m, 5H), 5.41-5.29 (m,
1H), 5.14 (s, 2H), 4.83 (br s, 1H), 437 (br s, 1H), 2.32
(app. br s, 2H), 1.94 (6, /=7.0 Hz, 1H), 1.79 (app. br s,
1H), 1.41 (s, 9H), 0.20 (s, 9H); *C NMR (101 MHz,
CDCly) 6 172.0, 153.9, 135.7, 1285, 128.2, 127.9, 122.2
(q, Jo_p=287.3 Hz), 102.2 (br), 80.3, 77.8, 67.8, 59.1,
31.7, 28.0, 23.9, 1.0; MS (CI+) m/z 492 M*+H, 1%), 436
(10), 401 (4), 392 (6), 334 (7),107 (7), 91 (100), 57 (47);
HRMS (CI+): caled for CoHasNOGF3S1  (M*+H)
492.2029, found 492.2030.

4.1.4. (4S,5R)-Benzyl 4-[2-(tert-butoxycarbonyl)ethyl]-5-
triﬂuoromethyl-S-hydroxyoxazolidine-3-carboxylate 9.
Method A: TBAF (0.11mL of a 1M 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 0.5 h before being diluted with
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EtOAc (15 mL). The organic phase was washed with water
(2x10mL) and brine (1x10mlL) before being dried
(MgSQO,). Hiltration 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 (Rr 0.2) gave the tltle alcohol 9
(29.3 mg, 77%) as a clear, yellow oil: []% +41.0 (¢ 0.97,
CHCly); 'H NMR (400 MHz, CDCls) 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 (t, J=6.7 Hz, 1H), 2.40 (t, J=7.1 Hz, 2H), 2.14-1.97
(m, 2H), 143 (s, 9H); *C NMR (101 MHz, CDCls)
§ 173.5, 153.9, 135.6, 128.6,.128.4, 128.0, 122.4 (q,
Jog=286.1Hz), 101.1 (q, Je.p=33.2Hz), 814, 779,
67.9, 58.3, 31.2, 28.0, 22.8; MS (CI+) m/z 420 (M*+H,
2%), 364 (15), 91 (100); HRMS (CI+): caled for
Ci9H,sNOGgF; (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
(trifiuvoromethyDtrimethylsilane  (0.31mL, 2.02 mmol)
were added to a solution of oxazolidinone 7 (427.0 mg,
1.72 mmo]l) 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 (1x10mL) and brine
(1% 10 mL) before being dried (MgSOy,). 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-
trifiuoro-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
(3%30 mL) and the combined organic fractions were dried
(MgS0,). 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 (RfO 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
13C NMR analyses): '"H NMR (400 MHz, CDCl3) 6 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, CDCls) 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 (q, Jor=283.2 Hz), 81.0
@), 81.0 (1), 71.9 (q, Jor=29.4Hz), 70.6 (q, Jor=
30.1 Hz), 67.0, 66.9, 51.2, 49.6, 31.8, 31.6, 27.8, 27.2,

23.7; MS (CI+) miz 392 (M*+H, 3%), 336 v(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 (3 x15 mL) and the combined or-
ganic fractions were dried (MgSO,). 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
(Rr0.2) 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
(3x10 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 *3C NMR analyses): 'H NMR
(400 MHz, CDCl3) 6 5.50-4.20 (br s, 3H), 4.10-3.85 (m,
1H), 3.54 (app. br s, 0.18H), 3.39 (app. br s, 0.82H), 2.55-
2.29 (m, 2H), 2.17-1.85 (m, 2H), 1.45 (s, 9H); 1*C NMR
(101 MHz, CDCl3) & 1727, 172.2, 1253 (q, Jor=
284.0 Hz), 125.2 (g, Jc_r=283.4 Hz), 81.0, 80.8, 71.4 (q,
Jep=28.6 Hz), 70.2 (q, Jo_r=29.4 Hz), 51.6, 48.3, 32.3,
32.0, 29.7, 28.0 (2), 27.9 (9); MS, (CI+) m/z 258 (M*+H,
12%), 242 (8), 202 (36), 102 (100); HRMS (CI+): caled
for CioH;oNOsF; (M*+H) 258.1317, found 258.1319.
Anal. Caled for CioH;gF3NO;5-0.5H,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-valyl-L-leucine 12.24 This
compound was synthesized according to the procedure in
Ref. 14: mp 134-136°C (lit.* mp 135-137 °C); [a]¥’
—20.5 (¢ 047, CH,Cly) [{lit* [c]®. —24.0 (¢ 049,
CH,Cl,)}. Anal. Caled for Cy1oHgN,0s5: 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 ‘Pd/C
(10%) (100.0 mg) were stirred vigorously in a mixture of
MeOH (8.5 mL), water (5.0 mL), and acetic acid (1.0 mL)
under an atmosphere of Hy for 2 h. The reaction mixture
was then filtered through a plug of Celite® and washed after-
wards with MeOH (3x 10 mL). Concentration under reduced
pressure gave peptide 1326 (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 h before
being concentrated under reduced pressure. The resulting
substrate was dissolved in EtOAc (40 mlL) and washed
with citric acid (2x20 mL of a 5% aq solution) and brine
(1x20 mL) before being dried (Na,SOy). Filtration and con-
centration under reduced pressure gave a light-yellow solid,
which was recrystallized from hexane/EtOAc to give the title
protected peptide 14%7 (800.0 mg, 67% over the two steps) as
a white solid: mp 194-195 °C; [0]E —52.4 (¢ 0.71, MeOH);
I NMR (300 MHz, CDCl3) 67.38-7.30 (m, 5H), 6.99 (br d,
J=17.3 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. t, /=7.9 Hz,
2H), 3.49-3.40 (m, 1H), 2.17-1.54 (m, 3H), 1.3 (,
J=7.0 Hz, 3H), 0.95-0.88 (m, 12H) (one signal due to OH
‘0 COOH could not be discerned); *C NMR (75 MHz,
CDClj+one drop of DMSO-de) 5 174.0, 1723, 170.5,
155.6, 136.1, 128.1, 127.7, 66.3, 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+) m/z 436 (M+H, 7%), 305 (8), 222 (7), 91
(100); HRMS (FAB+): caled for CpoH4oN3Og (M*+H)
4362448, found 236.2451. Anal. Calcd for CyyH33N306:
C, 60.67; H, 7.64; N, 9.65. Found: C, 60.89; H,7.91; N, 9.88.
‘ v .
4.1.11. N-B enzyloxycarbonyl-L-phenyIalanyl-L-alanine
15.15 This compound was synthesized according to the pro-
cedure in Ref. 15: mp 157-159 °C (lit.> mp 157-158 °C);
[o]% —8.1 (c 0.65, EtOH) {1it.35 [a)® —9.5 (¢ 1.0, EtOH)}.

4.1.12. General procedure for the synthesis of (S)-4-[NV-
(benzyloxycarbonyl)-L-valyl-L-leucyl]amin0-6,6,6-tri-
fluoro-5-oxohexanoic acid 1, (S)-4-[N-(benzyloxycar-
bo'nyl)-L-phenylalany]-L-alanyI]amino-6,6,6-triﬂuoro-5-
oxohexanoic acid 19, and (S)-4-[N—(benzyloxycarbonyl)-
L-alanyI-L-valyl-L-leucyI]amino-6,6,6-triﬂuoro-S-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 (6.0mL) 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), NaHCO3 (2x10mL of a 5% aq solution),
and brine (2x10 mL) before being dried (Na,SOy). Filtra-
tion and concentration 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 the.relevant peptide from the previous
step in CH,Cl, (15.0 mL) at 0 °C. The, resulting reaction
mixture was then allowed to heat to room temperature and
stirred for 19 h before being filtered through a plug of
Celite® and washed afterwards with EtOAc (3x15mL).
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-oxohexanoic 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
by 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; [a)F
—15.6 (c 0.28, MeOH); 'H NMR (400 MHz, CDCls+one
drop of DMSO-dg) & 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), 4.22-4.13 (m, 1H), 4.01 (q, /=8.1 Hz,
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); 13C NMR
(101 MHz, CDCls+one drop of DMSO-dg) ¢ 175.9, 175.8,
174.4, 173.8, 172.0, 156.9, 156.7, 136.0, 128.4, 128.2,
128.1, 94.0 (q, Jer=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 (7), 23.1,
22.9,22.8,21.5, 21.4, 19.1, 17.7 (signal due to CF3 group
carbon could not be discerned); I°F NMR. (376 MHz,
CDCls+one drop of DMSO-ds) 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 19r 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 10%.%%)
MS (FAB+) miz 546 (M*+H, 5%), 502 (1), 412 (1), 347
(4), 91 (100); HRMS (FAB+): caled for Cy5H35N505F;
(M*+H) 546.2427, found 546.2421. Anal. Caled for
C25H34F3N3O7'1/4CF3COOH'H201 C, 51.73;\H', 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-triﬂuoro-S-oxohexanoic acid 19. MS
(ESI—) m/z 550 (M—H, 64%), 442 (100).

4.1.15. (S)-4-[N-(Benzyloxycarbonyl)-L-alanyl;L-valyl-L-
leucyl]amino-6,6,6-triﬂuoro-S-oxohexanoic acid 20. MS
(ESI-) m/z 615 (M—H, 100%), 307 (60).  ~ |

4.1.16. General procedure for the synthesis of (8)-4-[N-
(benzyloxycarbonyl)-L-valyl-L-leucyl]amino-6,6,6-tri-
fluoro-5-oxohexanamide 2, (§)-4-[V-(benzyloxycar-
bonyl)-L-phenylalanyl-L-alanyl]amino-6,6,6-triﬂu0ro-5-
oxohexanamide 3, and (S)-4-[N-(benzyloxycarbonyl)-L-
alanyl-L-valy]-L-leucyl]amino-6,6,6-triﬂuoro-5-oxohexa-
namide 4. Method A: HOBt (25.0 mg, 0.16 mmol) and
EDC-HCI (31.0 mg, 0.16 mmol) were added to a stirred
solution of the relevant peptide from the previous step in
DMF (7.0 mL) at 0°C. The resulting reaction mixture
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was then stirred for 15 min before ammonia solution
(31.0 u. 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,SO,). 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-triflaoro-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
19F NMR analyses): mp 112-113 °C; [a]® +32.0 (c 0.07,
CHCly); 'H NMR (400 MHz, CDCls) 6 745 (br 4,
 J=8.1Hz, 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)
6 172.5, 172.1, 172.0, 1718 (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,
247,228, 22.7, 21.6, 19.2, 19.1, 17.9, 17.8 (signal due to
CF, group carbon and signal due to the carbon adjacent
to the CF5; group could not be discerned); *F NMR
(376 MHz, CDCly) & —82.7 (cyclic), —83.3 (cyclic);
MS (ESI+) miz 567 (M*+Na, 100%), 545 (M*+H, 5);
HRMS (FAB+): calcd for CosHagN4OgF3 M*+H) 545.2587,
found 545.2591. Anal. Caled for C25H35F3N406'1/
4CE,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-triﬂuoro-5-oxohexanamide 3. Con-
centration of the relevant fractions (g 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
130 and 19F 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; [o]F —6.8 (c 0.24, CHCl,); 'H NMR
(400 MHz, CDCly) 6 7.38-7.07 (m, 14.5H), 547 (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, CDCl3) 6 172.3 (3),
172.2 (8), 172.0 (2), 171.9 (7), 156.7, 156.6, 156.5, 135.7,
129.1, 1289, 128.8, 1286, 128.5, 128.3, 1282, 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 Co6H3oN4OgF3  (M*+H)
551.2117, found 551.2114.

4.1.19. (S)—4-[N-(Benzyloxycarbonyl)-L-alan’yllL-valyl-L-
leucyl]amino;6,6,6-triﬂuoro-5-oxohexanamide 4. Con-
centration of the relevant fractions (tg 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
19F NMR analyses): mp 140-141°C; [o]F —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, /=8.4 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), 528 (br s, 0.8H), 524 (br s, 0.2H), 5.13 (4,
J=4.0 Hz, 2H), 4.69 (dt, J=3.6 Hz, 0.2H), 4.64-4.56 (m,
0.2H), 4.54 (dt, J=3.6 Hz, 0.8H), 4.504.43 (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 (4,

=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 MHe,
CDCls+one drop of DMSO-ds) 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 (ESI+) m/z 654
(M*+K, 35%), 638 (M*+Na, 100), 616 (M'+H, 68);
HBRMS (FAB+): calcd. for CpgHyNsO;FsNa (M*+Na)
638.2778, found 638.2783. _ .
4.1.20. (S)-4-[N-(Benzyloxycarbonyl)-L-alanyl-L-valyl-L-
leucyl]amino-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
BEtOAc (20 mL). The organic phase was washed with citric
acid (1x10 mL of a 5% aq solution), NaHCO; (1x10 mL
of a 5% aq solution), and brine (1x10mL) 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
(tg 25.4 min) gave the ftitle 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 EtOAc (3x5 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): [a] +3.6 (¢ 0.73, MeOH); 'H
NMR (300 MHz, CDCl3) ¢ 7.38-7.31 (m, 5H), 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); °C
NMR (101 MHz, CDClz) & 1903 (g, Jer=34.7Hz),
173.5, 171.8, 157.9, 155.8, 135.7, 128.6, 128.5 (0), 1284
(8), 128.3, 128.2, 128.1, 128.0, 127.7, 127.6 (4), 127.5 8,
127.0, 123.1 (g Jor=288.6Hz), 1155 (q, Jer=
292.3 Hz), 94.2 (g, Jo_r=30.5 Hz), 81.5, 813, 67.5, 674,
55.5, 55.0, 31.8, 30.9, 279, 253, 232 F NMR
(376 MHz, CDCl3) § —76.5 (keto), —82.3 (hydrate); MS
(BSI-) m/z 388 (M—H, 70%), 280 (100).

4.1.22. (§)-tert-Butyl 4-[N-(benzyloxycarbonyl)-L-ala-
nyllamino-6,6,6-trifluoro-5-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), NaHCOj3 (2x 10 mL
of a 5% aq solution), and brine (2 x 10 mL) before being dried
(NaySO,). 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 Co1H3oN206F3 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 CHyCl,
(3.0 mL) at room temperature. The reaction mixture was
then stirred for 16 h before being diluted with EtOAc
(10 mL) and filtered through a plug of Celite® and washed
with EtOAc (3x10 mL). Concentration under reduced pres-

sure gave a light-yellow oil, which was subjected to flash

chromatography (silica, hexane/EtOAc/EtzN 50:49.8:0.2
eluent). Concentration of the relevant fractions (R;0.2 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 asa ca. 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, *C, and '°F NMR analyses):
[«]& —9.1 (c 2.02, CHCl3); 'H NMR (400 MHz, CDCls)
67.56-7.27 (m, SH), 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), 142 (1) (s, 1H), 1.39-1.34 (m, 3H) 13C NMR
(101 MHz, CDCl3) ¢ 189.6 (q, Jog=34.7 Hz), 189.5 (q,
Jog=34.7Hz), 175.0, 174.8, 173.6, 1732, 172.8, 172.3,
172.1, 156.3, 1562, 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 (G, JoF=288.8 Hz), 115.5 (q, Jor=292.6 Hz), 94.3
(q, Jor=309Hz), 942 (g, Jocr=303 Hz), 81.7, 81.6,
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, 24.8, 234, 23.2, 18.4,
18.1; 1°F NMR (376 MHz, CDCls) 6 —76.5 (keto), —82.0
(hydrate), —82.1 (hydrate) (one signal obscured or overlap-
ping); MS (ESI-) m/z 459 (M~H, 38%), 351 (100).

4.1.23. 4-[N-(Benzyloxycarbonyl)-L-alanyl]amino-6,6,6-
trifluoro-5-oxohexanoic acid 25. TFA (0.10mL,
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 stirred 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
I5F NMR analysis): [e]3" +10.5 (¢ 0.77, CHCly); 'H NMR
(400 MHz, CD;0D) 6 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, CDCl3) ¢ 177.5, 176.9, 155.9,
136.0, 128.5, 128.2, 128.1, 122.4 (q, Jc-r=283.1 Hz), 75.0
(q, Jor=31.7 Hz), 67.1, 49.5, 34.0, 29.7, 27.7, 18.3; e
NMR (101 MHz, CDs;OD) ¢ 176.5, 176.0, 158.4, 138.2,
129.4, 129.0, 128.8, 75.8 (q, Jo_F=30.1 Hz), 67.5, 50.8,
35.3, 28.2, 17.9 (signal due to CF; group carbon could not
be discerned and one signal was obscured or overlapping);
197 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 « position of this compound. The extent
of racemization at the time °F NMR was measured was
less than 5%.2%) MS (ESI-) miz 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 sodium phos-

phate (pH 7.4), 10 mM sodium chloride, 1 mM EDTA, and
1 mM TCEP. The inhibition constant, K;, was determined
by measuring the apparent kinetic parameters at a constant
substrate concentration with varying inhibitor concentra-
tions (0-1 mM). 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.

v1/vo = Vinax [S1/{[S] + K (1 + [1]/K5) }

where vy and vg are the rate of substrate cleavage in the pres-
ence and absence of inhibitor, respectively. Vinx is the
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maximal rate, [S] is the substrate concentration, [[] is the in-
hibitor concentration, and X, is the Michaelis constant. 31
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Abstract—We disciosed a novel ‘racemization-free segment condensation’ based on the ‘O-acyl isopeptide method’ in which an N-
segment mcluding C-terminal O-acyl isopeptide structure with urethane-protected Ser/Thr residue was employed for the segment
condensation, suggesting that the nse of this method contributes to the effective convergent synthesis of long peptides/proteins.

© 2006 Bisevier Ltd. All rights reserved.

Total chemical synthesis of peptides/proteins is of great
significance to understand biclogical functions. 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’, '8 which is one of the important meth-
ods in convergent synthesis, a large amount of racemiza-
tion is generally 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 contrast
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: O-Acyl isodipeptide unit; O-Acyl isopeptide method; O-N

intramolecular acyl migration; Racemization-free; Segment condensa-

tion.

* Corresponding author. Tel.: +81 75 595 4635; fax: +81 75 591
9900; e-mail: kiso@mb.kyoto-phu.ac.jp

0040-4039/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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successfully applied to efficiently synthesize difficalt
sequence-coniaining peptides such as Alzheimer’s dis-
ease-related amyloid B peptide (AB) 1-42.2% Our
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 unfavorable 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
methed’. Moreover, very recently, we designed a novel
‘O-acy! 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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A4 = CHg, Ry = CH(CHg)p; Boc—Thr(Fmoc-Val)-OH 3

Figure 1. (A) ‘O-Acy! isopeptide method’: the synthetic strategy for difficult sequence-containing peptides via the O-N intramolecular acyl migration

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

i

To evaluate this hypothesis, we first selected Fmoc-Tyr-
Ser-Phe-OH (1) as a2 model. As a comparative study, 1
was synthesized by the standard segment condensation
method.® Fmoc-Tyr(1Bu)-Ser(:Bu)-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(iBu)-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 1sopept1de method’,” O-acyl isodipeptide
unit, Boc—Ser(Fmoc—Tyr(tBu)) OI—I8 (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(¢Bu))-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

1
A B |,
& No racemized compound
\\ at Ser residue
Fmoo‘Tyr-D-Ser—Phe—OH
1 P 1 (3.0%) i 1 1
15 20 25 186 20 25

retention time (min} retention time (min)

Figure 3. HPLC profiles of crude peptide Fmoc-Tyr-Ser-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 AMS302) with a binary solvent
system: a linear gradient of CH3CN (35-55% CH;CN, 40 min) in 0.1%
aqueous TFA at a flow rate of 0. 9mL min~! (40 °C), detected at
230 nm.
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Ac-Val-Val-p- aII&Thr—VaI—VaI—NHz
(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 Ac-Val-Val-Thy(zBu)-OH with H-
Val-Val-NH-resin (a8 a standard segment condensa-
tion),” a large amount of racemization {37.5%) at the
activated Thr residue occurred during the DIPCDI-
HOBt segment condensation (Fig. 4), which was
confirmed by an independent synthesis of Ac-Val-Val-
p-allo-Thr-Val-Val-NH,. In contrast, in the ‘0-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-Thx(Fmoc-Val)-OH 3 (Fig. 1B),?® was coupled to
C-segment H-Val-Val-NH-resin (5) to obtain isopeptide
resim 6. The DIPCDI{(2.5equiv)-HOB(2.5 equiv)
method in DMF {2 h) was employed 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 7-TFA was obtained with

H (i, H)x2
Fmoc—N—@

Rink-Amide AM resin

——

i

BOC—N\/U\VaI Val—-—-N——‘ .

CH,
! Ac-Val-Val— OK

6

£ 2CH,
Ho/ii

4

No detectable
H-p-allo-Thr{Ac-Val-Val)-Val-Val-NH,

back ground —

[ T R R T
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)-Val-Val-NH,,
which was synthesized independently, was 17.8 min. Analytical HPLC
was performed using a C18 teverse phase column (4.6 X 150 mm; YMC
Pack ODS AM302) with a binary solvent system: a linear gradient of
CH3CN (0-100% CH;3CN, 40 min) in 0.1% aqueous TFA at a 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, whick was confirmed by an independent
syothesis of H-p-allo-Thr{Ac-Val-Val)-Val-Val-NH,.
Moreover, the use of an N-segment with a C-termina!l
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 contrast
to the standard method using Ac-Vai-Val-Thy{/Buj-
OH that involved a significant amount of racemization
during condensation to the solid support.

In symmary, we berein 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 1
H—vai—Val—N—{d) ———o

5

0
TFA'HZN\:)kVaI—VaI—NHE
=CHs

Ac-Val—Val—0 H R

H
Ac—VaI—VaI’N\:)]\VaI-VaI—NHZ

Scheme 1. Reagents and conditions: (i) 20% piperidine/DMF, 20 min; (i) 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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(2.5 equiv) was coupled to H-Phe-O-resin (2-chlorotrityl
resin, 0.058 mmol) in the presence of DIPCDI (2.5 equiv)
and HOBt (2.5 equiv) in DMF for 2h. The crude H-
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 1t to
give the crude 1. ESI-MS: caled for (M+H)™: 638.2,
found: 638.0. The retention time on HPLC (0-100%
CH:CN for 40 min, 230 nm) of synthesized product was
identical to that of 1 which was synthesized independently
by the standard Fmoc-based SPPS.

. EDCHCI (623 mg, 3.25 mmol) was added to a stirring

solution of Boc-Ser-OBz!I'? (400 mg, 1.35 mmol), Fmoc-
Tyr(tBu)-OH (1.5g, 3.25 mmol), and DMAP (16.6 mg,
0.136 mmol) in dry CHCl; (40 mL) at 0 °C. The mixture
was slowly warmed to rt over 2 h, stirred additionally for
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16 h, diluted with AcOEt, and washed successively with
water, 1 M HCI, water, a saturated NaHCOQ3, 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(¢Bu))-OBzl (889 mg,
1.23 mmol, 91%). After that, Pd/C was added (87 mg) to
the stirring solution of the Boc-Ser(Fmoc-Tyr(Bu))-OBzl
(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): caled for CagHsN2OoNa (M-+Naj™:
669.2788, found: 669.2783; HPLC analysis at 230 nm:
purity was higher than 95%; NMR (CD;0D, 300 MHz): §
7.77 (d, J=17.4Hz, 2H), 7.63-7.60 (m, 2H), 7.38 {1,
J=7.1Hz, 2H), 7.32-7.27 (m, 2H), 7.13 (4, J=28.3 Hz,
2H), 6.85 (d, J=28.4 Hz, 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).
. The protected peptide Ac-Val-Val-Thr{/Bu}-OH
(2.5 equiv) was coupled to H-Val-Val-NH-resin {Rink-
amide AM resin, 0.065 mmotl) in the presence of DIPCDI
(2.5 equiv) and HOBt (2.5 equiv) in DMF for 2. 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% CH,CN for
40 min, 230 nm) of the synthesized product was identical
to that of 4 which was synthesized previously.”"

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): calcd for C,6H4sNgO7
(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)-QH2h
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: caled for (M-+Nay*: 482.3, found:
482.1.

Skwarczynski, M.; Sohma, Y.; Noguchi, M.; Hayashi, Y.;
Kimura, T.; Kiso, Y. J. Org. Chem. 2006, 71, 2542-2545.
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“Click Peptldes ——Chemlcal Blology -Oriented
Synthesis of Alzheimer’s Disease-Related
Amyloid 3 Peptide (Afj) Analogues Based on the
“O-Acyl Isopeptide Method”

Youhei Sohma® " and Yoshiaki Kiso*®!

1) Introduction

Amyloid B peptides (ABs) 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 neutotoxic' in vivo -and in vitro!? Although
the predominant forms of AP consist ‘of 40- and 42-residue
‘peptides, desigriated AB1-40 and AB1-42, respectively, AB1-42
is thought to play @ more critical role than AB1-40 in amyloid
formiation 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 AR 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 (3-site APP cleaving enzyme, f3-secretase) is a mem-
brane-bound aspartic protease that triggers Af formation by
cleaving at the N terminus of the AP domain® In over a
decade of inhibitor studies on aspartic proteases we have
reported potent BACET inhibitors containing an unnatural
amino acid—phenyindrstatine  (Pns=(2R,35)-3-amino-2-hy-
droxy-4-phenylbutyric acid)-—as a substrate transition-state
mimic (Scheme 1).®! A clear understanding of the toxicological
mechanism of AP against nedronal 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

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

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

*

The synthesis of peptldes containing “difficult sequences” is
one of the most problematlc areas in peptide chemlstry“sl
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 -sheets."®
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to their extremely low solubilities in various solvents.
These peptide derivatives thus came to be viewed

N
[

P

as “difficult sequence”’-containing peptides.

APP

Glu-Val-Lys-Met Asp-Ala-Glu-Phe-  (wild-type)

_Glu-Val-Asn-LeuAsp-Ala-Glu-Phe- (Swedish mutant)

L‘i
H— GIu-Val—Asn'Ir:ll 7" “Asp-Ala-Glu-Phe—OH KMI-061
H

—— ()

G

Asp-Ala-Giu-Phe—OH

H—GIu-Vai-Leu,-‘r:ll KMI-008

P4 P3 P2

KMI-370

T
N
-4
g:o
TTzT
S:o
Tz

n

.

HN, N {Cso = 3.9 NM
Scheme 1. BACE1 inhibitors containing
an unnatural amino acid—phenylinor-
statine [(2R,35)-3-amino-2-hydroxy-4-
phenylbutyric acidl—as 2 substrate
transition state mimic. | O &
:|‘~. O::
B2

e.g. pH- or photo-
sensitive protection o

e

R
H-(Xaa)/
Several years ago, when we mo
tried to synthesize some pep-
tide derivatives including phe-
nylnorstatine for the study of
aspartic  protease inhibitors,
some of the synthesized com-

R "click peptide"
pounds could not be purified

- Xaa);OH
H

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

significantly changes secondary
structure of native peptide

For over a decade we have been using a pH-de-
pendent “O-N intramolecular acy! 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 possessing 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 to afford the
N-acyl parent drugs could be achieved in short
times under physiological conditions with no side
reactions. = . . . ‘ :

in 2003,7® we conceived the idea in this context
that the use of hydrophilic "O-acyl isopeptides” de-
rived from phenylnorstatine-containing peptide de-
rivatives should allow the solubility problem in HPLC

- purification to be overcome, and to evaluate this hy-
pothesis a model of a peptide containing a difficult
sequence (Ac-Val-Val-Pns-Val-Val-NH,, -1, Scheme 3 A)
was selected. During' this research, however, we
made the surprising discovery that not only did the
“O-acyl 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'Fmoc-Val-OH at the o-hydroxy

quick and one-way conversion o) /VR1
including O-N intramolecular HO
acyl migration

R? H 0
"click” H-{Xaa)m\m J\H/N\é)\(xaa); OH
H

native peptide

by preparative-scale HPLC, due

Scheme 2. “Click peptides” based on the “0O-acyl isopeptide method".
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\N
¥
difficuit sequence-containing
O-acyl isopeptide 2 pentapeptide 1
B) 1
a) Fmoc—V-V-Pns—V-V-NH, b)
ﬂ 2 (O-acyl isopeptide)
by-product
derived from
the difficult
sequence No by-product

derived from

the difficult
\L sequence
L\‘K ~
1L L b L b4
A - NN M
. tq/in ta/ min

Scheme 3. A) Synthesis of a model! difficult sequence-containing pentapeptide 1 (Ac-Val-Val-Pns-Val-Val-NH,) from
its O-acy! 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.

o 2 .

. Hzm\é/uT(Xaa);DH H-(Xaa)\ Jﬁ(“\/u\(

OijR . pH7.4 m H H Xaa);OH

> 1
ﬁ 2 : O-N intramolecular o /TR
- @] Xaa: it HO H

H-(Xaa), O Add. acyl migration
m  R2 amino acid

difficult sequence-containing peptides

O-acyl isopeptides

B - o

i o]
HzN\__/”\Va;—Vat~NH2 H\/U\
AR " < Sval-val—NH,
H \92H pH 7.4 Ac-val-val i
H B ——— <R .
~ N\/‘\\o O-N intramolecular HO  H
Ac—Val H acyl migration
S difficuit sequence-containing pentapeptides
4; R1 = 3: R1 =H
6: R = CHy 5:R'=CHg

Scheme 4. A) "O-Acyl isopeptide method™: the synthetic strategy for difficult sequence-containing peptides
through O-N intramolecular acyl migration reactions of O-acyl isopeptides. B) Application of the “0-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 to 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).1101

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—H-Thr(Ac-Val-
Val)-Val-Val-NH, (Scheme 4B)—a
high degree of. racernization of
the esterified Val residue {21%)

group of Pns was carried out by the DIPCDI/DMAP (DIPCDi=
1,3-diisopropylcarbodiimide) method in CH,Cl; 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 1A). Such
a degree of racemization is significantly higher than that ob-
setved in the esterification between Val and Ser in 4
(0.8%),%*%" 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-acyl isodipeptide unit—Boc-Tht-
(Fmoc-Val)-OH 7 (Scheme 5B)—for the synthesis of 5 by the O-
acyl isopeptide method. O-Acyl isodipeptide 7, which readily

ChemBioChem 2006, 7, 15491557
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Scheme 5. A) General structure of O-acyl isodipeptide unit, and B) O-acyl iso-
dipeptide unit 7.

A) 6 B)
6
racemized compound N .

o o by-product derived
— & o estenfrlgsdi 3/1162 from difficult sequence
or racemization

N N Sy b1 )

Lcn S T T - R U4 o] FLcoRR Ut B 4 T

— = NN » - - o

b

Figure 1. HPLC profiles of crude isopeptide 6 after final deprotection,
A) without or B) with the use of O-acy! isodipeptide 7.

)

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 1B,
HPLC analysis of crude 6 synthesized from O-acy! 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-acy! 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. Isopeptides 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 Thr as 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-acyl iso-
peptide method”, Carpino et al. and Mutter etal. also recon-
firmed the efficacy of this method.?" Carpino etal. 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 et al.
confirmed by CD-based (CD=circular dichroism) analyses that

the secondary structure of an O-acyl isopéptide was signifi-
cantly different from those of corresponding N-acyl native pep-
tides, 29 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 “O-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-
debendent aggregation in the aqueous TEA/acetonitrile solu-
tion used in HPLC purification.®® Moreover, the AB1-42 mono-
mer easily forms aggregates even in a standard storage solu-
tion such as dimethylsulfoxide (DMS0).** Uncontrolled self-as-
sembly in an invitro experiment might cause considerable dis-
crepancy in biological data, so this hiéhly'aggregative feature
of Ap1-42 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 is, 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
jow 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
AB1-42 under storage conditions would be advantageous for
understanding the inherent patholégical functions of aggrega-
tive AB1-42 in AD. For this purpose we used the “O-acy! iso-
peptide method” as the basis' for designing a novel AB1-42
isopeptide, “26-O-acyl isoAB1-42 (26-AlAB42, 10, Figure 2), in
which a native Gly®—Ser® amide bond in AB1-42 had been
isomerized to the B-ester bond.®"'4 .

After careful selection of the appropriate resin and evalua-
tion of the side reactions in the O-acyl isopeptide method,™
protected 26-AlAP42-resin was synthesized on 2-chlorotrityl
chloride resin with minimal side reactions, and cjeprotected
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 AP1-42." 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-
guence. :

The water solubility of 10 (TFA salt) was 15 mgmL™", 100
times higher than that of Af1-42 (9, 0.14 mg mbL™7). Interest-

1552

www.chembiochem.org

© 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim

ChemBioChem 2006, 7, 15491557



MINIREVIEWS

“Click Peptides"—Amyloid 8 Peptide (Af3) Analogues
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26-O-acyl isoAB1—42 (26-AlAB42, 10)
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Figure 2. A pH-triggered “click peptide” based on the “O-acyl isopeptide method”; production of AB1-42 (9) through the pH-dependent O-N intramolecular

acyl migration of 26-AIA42 (10).

ingly, since isomerization of the peptide chain to the O-acyl
isopeptide structure seems to increase the solubility of the in-
soluble original peptide with 42 residues drastically, this sug-
gests that O-acyl isopeptides totally break the secondary struc-
tures responsible for the insolubility of the original peptide. In
addition, HPLC analysis of 10 revealed a sharp peak even in a
slow gradient system, while 9 was eluted as a broad peak
under the same elution condition, as reported.”™ Recent solu-
tion-state NMR studies of Af31-40 and A1-42 have indicated
that the Ser26 residue produces turn- or bendlike structures
that bring two B-sheets into contact and so cause hydrogen
- bonding interactions between peptide chains, which is associ-
ated with B-aggregation.”® As we have demonstrated that the
use of O-acyl isopeptides allows the unfavorable natures of
pentapeptides containing difficult sequences to be suppressed,
permitting the synthesis of 10. Thus, this method might be a
powerful strategy for increasing the solubilities of even larger
peptides.

As shown in Flgure3 purn‘"ed 10 could 'be quantitatively
converted into AB1-42 (9) by O-N intramolecular acyl migra-
tion in PBS {pH 7.4) with no side reactions such as hydrolysis
of the ester bond. In PBS (pH 7.4) at 37°C, this migration was
very rapid, with a half-life of approximately 1 min, and the mi-
gration was complete after 30 min. This fast migration may be
attributed to the presence of the less sterically hindered Gly25

pH-triggered click peptide
(26-AlAB42, 10)

AB1—-42 (9)
"click”
typ =1 min
in PBS, pH7.4
O-Nintramolecular acyl
| | ] migration I 1 I
2 & « . 2 & &

Figure 3. pH-triggered “click”: HPLC profiles of the conversion of pH-trig-
gered click peptide {26-AlAB42, 10) into the corresponding AB1-42 (9) in
PBS (pH 7.4) at 37°C.

residue. On the other hand, the TFA salt of 10 was stable at
4°C either in the solid state or in DMSO solution. Moreover,
slower migration was observed at pH 4.9, with a half-life of 3 h,
with no migration at pH 3.5 after incubation for 3 h. This rapid
migration under physiological conditions enables the produc-
tion of an intact monomer AP1-42 in situ for investigation of
the inherent biological function of AB1-42 in AD.

Not only is wildtype AB1-42 observed in AD, but missense
mutations inside the Af-coding region in the APP gene are
also well known. These mutations, known as Flemish-
(A21G)," Arctic- (E22G),*” Dutch- (E22Q),?¥ Italian- (E22 K),*
and lowa-type (D23N)*? are found at positions 21-23 in A.
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Recently, a Japanese-Tottori-type (D7N) mutation has also been
reported.®" Recent studies have discussed several differences
between AB mutants in amyloid formation, metabolism, and
elimination that are related to the progression of AD-like dis-
eases,? so more detailed studies comparing these features
between AB mutants should afford crucial information for un-
derstanding the mechanism of the diseases. With the aid of
this background information, novel water-soluble isopeptides
of each AB1-42 mutant, "26-AlAB42 mutant”, were also suc-
cessfully synthesized,"? suggesting that the O-acy! isopeptide
method is a universal strategy for increasing the water solubili-
ty of poorly soluble peptides. Moreover, these isopeptides
were converted into their corresponding intact A1-42 mu-
tants with no significant differences in half-life values under
physiological conditions.

We named these O-acyl isopeptides pH-triggered “click pep-
tides”, since the isopeptides had the capability for “quick and
one-way conversion” to the parent Af1-42 through pH-de-
pendent O-N intramolecular acyl migration (Figures 2 and 3).
These pH-triggered click peptides should provide a novel tool
for biological evaluation in AD research, with the click peptides
being storable in a solubilized form before use and rapidly pro-
ducing intact Aﬁ1—42 in situ during biological experiments.

4) A “Click Peptide” Based on the “O-Acyl Iso-
peptide Method”—Efficient Phototriggered
Production of AB1—42 from an AB1-42 Ana-
logue

A clear understanding of the currently unexplained processes
of pathological folding, self-assembly, and aggregation of A@1-
42 would be of great significance in AD research. However,
elucidation of these AB1-42 dynamic events.is also a difficult
issue due to uncontrolled polymerization.?2-*1

“Caged” compounds—synthetic molecules with their biolog-
ical activities masked by covalently attached photocleavable
protecting groups—are generally considered to be advanta-
geous for the‘study of the dynamic processes of peptides or
proteins, because, upon photoactivation, only a short duration
of time is required to control the spatiotemporal dynamics of
the native compounds.®>*! However, the attachment of small
photocleavable groups would be unlikely to be able to mask
the spontaneous self-assembly potency of aggregative pep-
tides, since this sort of potency is generally extremely strong

MEOJQLN/OZ
MeO O\fo 0

. "click" with light
HN\flJ\[ Ap27-42 l imadiation
;
o}

photo-triggered click peptide
(26-N-Nvoc-26-AIAR42 11)

0 pH7.4
HaN \/L\{ Ap27-42 l (37 °C)

O_/) tip=1 min

H
[

26-AIAB4Z (10)

and attributable to large sections of the peptide structure. To
overcome this issue, Imperiali et al. introduced an additional
cationic fibrilinhibitory unit, covalently attached through a
photocleavable linker to an aggregative peptide derived from
prion protein.® This analogue suppressed the self-assembling
nature of the original aggregative peptide, although the fibrils
formed from the original peptide released by photolysis were
insufficiently dense because of a side effect involving the co-
released fibril-inhibitory unit.

In a different approach to the development of a phototrig-
gered AB1-42 analogue with effective inactivation of the self-
assembling nature, a strategy based on an O-acyl isopeptide
protected by a photocleavable group was planned. The O-acyl
isopeptide was expected to be nonaggregative and to be able
to convert into the inherent aggregative peptide by photo-irra-
diation “click” without the presence of any additional fibril-in-
hibitory unit. Consequently, we designed and synthesized a
phototriggered “click peptide” of AB1-42 (9)—26-N-Nvoc-26-
AlAB42 (11" —in which a photocleavable 6-nitroveratryloxy-
carbonyl (Nvoc) group®® had been introduced at the a-amino
group of Ser26 in 10, to establish a novel biological evaluation
system in which the activation of the self-assembly process
could be readily controlled (Scheme 6). Mutter et al. have also
presented a similar concept, in the form of a pH- or enzyme-
triggered “switch-peptide” to control self-assembly of ApB-de-
rived peptides.®'d These systems could be crucial in current
AD-related research.

In size-exclusion chromatography, a peak corresponding to
an oligomer (~octamer) of 9 (t;==15 min) increased with incu-
bation time at the expense of the monomer peak (t;=27 min),
while, in the click peptide 11, the monomeric form was clearly
retained even after 24 h incubation (Figure 4 A). Similarly, Th-T

fluorescence intensity, which corresponds to the extent of fibril
. formation,®” increased ‘with time in 9, while fluorescence in-

tensity in 11 remained unchanged during 24 h incubation (Fig-
ure 4B). These results clearly indicate that click peptide 11 is
nonaggregative and that isomerization of the peptide back-
bone at only one position in the whole peptide sequence (i.e.,
the formation of a branched ester structure in 11), had signifi-
cantly changed the secondary structure of 9, resulting in the
complete masking of the aggregative nature of 9.

Under nonphotolytic conditions, click peptide 11° demon-
strated only slight hydrolysis (<2%) at the ester bond be-
tween Gly25 and Ser26 after 6 h incubation in PBS (pH7.4) at

WY
o /7
HO E

AB1-42 (9)

AB27-42 = NKGAIIGLMVGGWVIA

Af1-24 = DAEFRHDSGYEVHHQKLVFFAEDV

Scheme 6. Phototriggered click peptide (26-N-Nvoc-26-AlAB42, 11): the production of AB1-42 (9) by phototnggered click, followed by the O-N intramolecular

acyl migration reaction of 26-AlAB42 (10).
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