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’ INTRODUCTION

Kent’s concept of native chemical ligation (NCL),1 in which
the thiol group of an N-terminal cysteine undergoes transthioes-
terification with a C-terminal thioester followed by an S�N shift,
has revolutionized the way chemists think about and approach
the synthesis of large peptides, proteins, and their conjugates.2

The very success of the method has spawned two major
challenges, the first being diversification away from the obligate
N-terminal cysteine, which has seen a number of creative
responses.3 The second is the need for efficient solid-phase
peptide synthesis (SPPS) of the requisite C-terminal thioesters.3c

This latter need has typically been addressed by Boc chemistry
because of the incompatibility of typical conditions for the
cleavage of Fmoc groups with thioesters;1,4 however, as Fmoc
is the preferred amine protecting group for SPPS,5 alternative
methods are needed and are being pursued in numerous
laboratories. Existing solutions to this problem include peptide
release from the solid phase by thiolysis of a variety of linkers6

and variations on this theme in which cleavage from the resin
affords an activated N-acyl urea that may be subsequently
subjected to thiolysis,7 the development of alternative cocktails
for Fmoc-cleavage,8 self-purifying systems,9 the design of a
number of ingenious strategies based onO�S or N�Smigration
following release from the resin of various C-terminal esters and
amides,3c,4a,10 and assorted other methods.11 Nevertheless, a
method for direct synthesis of C-terminal thioesters by Fmoc
chemistry,5,12 with all the advantages of simplicity and practi-
cality that it would convey, has remained elusive. Here, we
present the design and implementation of such a method
constructed around the use of a thioamide linker.

’RESULTS AND DISCUSSION

We envisaged a method based on the conversion of robust
thioamides to thioesters, by alkylation to an intermediate thioi-
mide followed by mild hydrolysis. Such conversions have been
previously described for small molecules in the solution phase,13

and the general concept has been applied to the formation of
peptidyl thioesters by the ring opening of cyclic peptide sub-
strates containing a thioamide moiety.14�16 The method has
also been employed as a means of preparation of polymer
supported thioesters by capture of a solution-phase thioamide
with a resin-bound alkylating agent.17 Most pertinently, the
synthesis of a series of Fmoc-protected amino acid thioesters
through methylation and hydrolysis of the corresponding thioa-
mides of the p-methylbenzhydrylamine (MBHA) resin has been
briefly outlined.18 The conversion of amide and peptide bonds to
the corresponding thioamide19 and thiopeptidyl amines14,20 with
Lawesson’s reagent21 is well-known, is selective for amides in the
presence of carbamates,20 and can be conducted on polymeric
supports.22 Alternatively, thiopeptide bonds may be constructed
by thioacylation of amino acid derivatives with amino thioacyl
derivatives of benzotriazoles.23

The literature precedent for the reaction of interest was
conducted with thioamides based on the MBHA resin, with
alkylation by methyl iodide and hydrolysis by 5% water and
10% TFA in an undisclosed solvent over 24 h, after which a range
of Fmoc-protected amino acid methyl thioesters was obtained in
yields ranging from 43% to 77%.18,24 In order to avoid lengthy
hydrolysis times and hence unnecessarily long exposure of the
hydrolytically unstable thioester to such conditions, in our own
work we elected to employ a short linker between the thioamide
bond and the polymeric support. We selected the glycyl residue
as a suitable linker between aminomethylpolystrene and the
thioamide unit as it showed suitable properties both of alkylation
of the appended thioamides with benzyl bromide and, more
importantly, for hydrolysis of the resulting S-benzyl thioimide.
Accordingly, Fmoc-protected L-Phe-Gly, D-Phe-Gly, andGly-Gly
were constructed in a straightforward manner as shown in
Scheme 1, followed by subsequent conversion to the thioamide
using Lawesson’s reagent.
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ABSTRACT: Attachment of a growing peptide chain to a
glycylaminomethyl resin via a thioglycinamide bond is compa-
tible with Fmoc-chemistry solid-phase peptide synthesis. Sub-
sequent S-alkylation of the thioamide gives a thioimide that, on
treatment with aqueous trifluoroacetic acid, releases the peptide
from the resin in the form of a C-terminal thioester.
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Subsequent coupling of these units to aminomethylpolystrene
was achieved with HBTU and HOBT in DMF. For the case
of the enantiomeric phenylalanine systems, chain extension was
then achieved manually by standard Fmoc-SPPS chemistry
techniques, including cleavage of the Fmoc group with piperidine
in DMF and peptide bond formation through the use of building
blocks preactivated with HBTU. In this manner two simple
supported tripeptides were assembled, differing only in the con-
figuration of the phenylalanine residue, and whose N-terminal
valine carried a Boc group. Various alkylation conditions were
then assayed, and these were followed by hydrolysis with
aqueous TFA for 1 h, enabling isolation of two tripeptidyl
S-benzyl thioesters 10 and 11 (Scheme 2, Table 1). No thioester
formation was observed after 15 h of stirring with either pyridine
or diisopropylethylamine as base and benzyl bromide as alkylat-
ing agent, followed by exposure to aqueous TFA (Table 1, entries
1 and 2). On the other hand, DBU was found to be a suitable
base for alkylation by benzyl bromide, with the yield of product
increasing as the amount of base was increased (Table 1, entries

3�5). Unfortunately, NMR analysis of the two diastereomeric
tripeptides showed the sequence to proceed with increasing
epimerization as the amount of base was increased (Table 1,
Figure 1). Presumably, epimerization takes place at the level of
the thioimidate after the alkylation has occurred, in accordance
with the precedent for epimerization adjacent to thiazolines

Scheme 1. Preparation of Fmoc-Protected Thioamides

Scheme 2. Synthesis of Diastereomeric Tripeptidyl S-Benzyl Thioesters

Table 1. Optimization of Conditions for Formation of
Thioesters 10/11

entry base (equiv)a
benzyl bromide

(equiv)a
time

(h)

yield

(%)

epimerization

(%)

1 pyridine (neat) 9.0 15 0

2 DIPEA (10.0) 9.0 15 0

3 DBU (7.0) 6.5 2 55 1

4 DBU (5.0) 4.9 2 41 14

5 DBU (10.0) 9.0 2 72 22
aWith respect to peptide resin.
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under similarly mild conditions.25 Although improved methods
for peptidyl thioester synthesis by the thiolysis of various
activated esters with lower levels of racemization have been
reported,26 the level of epimerization observed in the present
experiments is comparable to that seen in most methods.

Although it is possible that optimization of the alkylation
conditions will enable minimization of the epimerization, in
subsequent work we have preferred to set up the chemistry so
as to provide glycyl thioesters, as it is a fact that NCL functions

best for the formation of Gly-Cys peptide bonds.1,2 Toward this
end and with epimerization not being an issue for the glycine-
based thioesters, we adopted the conditions of Table 1, entry 5 as
standard for the alkylation reaction as they provided the optimal
yield of thioester in a reasonable time frame. We also turned to
the use of the chlorotrityl resin loaded with a 4-aminomethyl-
benzoyloxy linker so as to enable the ready cleavage of aliquots
for monitoring of the individual reaction steps. The Fmoc-
protected Gly-Gly thioamide was loaded to this resin, and
standard Fmoc SPPS chemistry was conducted with the side
chain functionality of the individual amino acids protected with
TFA-labile groups. Thus, serine, threonine, and tyrosine were
protected as tert-butyl ethers; aspartic and glutamic acids as
tert-butyl esters; lysine and tryptophan as Boc carbamates;
asparagine, glutamine, and histidine as their N-triphenylmethyl
derivatives; and arginine as the pentamethyldihydrobenzofuran-
5-sulfonamide.27 Hydrolysis from the resin was achieved with
aqueous TFA, which also removed any Boc groups present.
However, inspection of the crude hydrolysates by mass spectro-
metry revealed incomplete hydrolysis of side chain protecting
groups under these conditions, leading to the inclusion of a sub-
sequent treatment with TFA and triethylsilane (Scheme 3).27a,b

Triethylsilane was not included in the initial hydrolysis step in
order to avoid reduction of the thioimidate competing with the
hydrolysis. Altogether, several short supported peptides (Table 2,
entries 1�5) were prepared in this manner by Fmoc-SPPS
chemistry using either the aminomethylpolystyrene or the chloro-
trityl resin loaded with the aminomethylbenzoyloxy linker with

Figure 1. 1H NMR spectra of H2N-L-Val-L-Ala-L-Phe-SBn (10) and its
D-Phe diastereoisomer (11) in CDCl3 showing the extent of racemiza-
tion (∼22%) under the standard conditions.

Scheme 3. Adaptation to the Chlorotrityl Resin
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subsequent alkylation with benzyl bromide, followed by hydrolysis
with concomitant removal of all acid labile protecting groups.

Anticipating alkylation of methionine to be problematic at the
level of conversion of the thioamide to the thioimide, this
amino acid was additionally protected as the sulfoxide.9b,28

Incorporation of this sulfur-containing building block then
proceeded in the standard manner (Scheme 4), making use of
the aminomethylpolystyrene-derived resin and providing a tetra-
peptidyl thioester 17, whose release from the resin was standard
except for the additional treatment with ammonium iodide and
dimethyl sulfide required to reduce the sulfoxide (Table 2, entry 6).

Overall, we describe a method for the direct preparation of
C-terminal peptidyl thioesters employing linkers based on the
thioamide function, with release by S-alkylation and subsequent
hydrolysis of the intermediate S-alkyl thioimidate. The method
has been demonstrated in the presence of all common amino
acids, bearing suitable acid-labile side chain protection when
necessary, with the exception of cysteine,29 and standard Fmoc
chemistry methods are employed for peptide chain elongation.
The acidic nature of the final hydrolysis step removes the acid-
labile protecting groups, achieves cleavage from the resin, and
delivers the thioester in the form of a trifluoroacetate salt. The
method has the advantage of direct formation of the thioester in
the resin cleavage step, without the requirement of an O�N or
S�N shift or the need for a thiolysis step. With activation for

release by alkylation, the chemistry presented here may be
considered a variant on the safety-catch linker theme30 of
Kenner31 that, unlike the adaptation of Ellman,6a leads directly
to thioesters without the need for thiolysis.32,33

’EXPERIMENTAL SECTION

General. Unless otherwise stated 1H and 13C spectra were recorded
in CDCl3 solution. All solvents were dried and distilled by standard
protocols. All reactions were conducted under an inert atmosphere of
nitrogen unless otherwise stated. All organic extracts were dried over
sodium sulfate and concentrated under aspirator vacuum. Chromato-
graphic purifications were carried out over silica gel. All peptide
syntheses were carried out employing 1% DVB cross-linked amino-
methyl polystyrene resin or 2-chlorotrityl resin in a 10-mL manual
synthesizer glass reaction vessel with a Teflon-lined screw cap. Reverse
phase HPLC (RP-HPLC) was performed with 215 and 254 nm UV
detection, using a C-18 analytical (250� 4.6) and preparative columns
(250 � 21.4). All runs used linear gradients of A in B (A = CH3CN
containing 0.1% TFA and B = 5% CH3CN/H2O containing 0.1% TFA).
Epimerization ratios given are those of the integrated NMR peaks. All
yields refer to isolated, chromatographically homogeneous materials. V =
valine, F = phenylalanine, A = alanine, L = leucine, W = tryptophan, Y =
tyrosine, G = glycine, K = lysine, T = threonine, S = serine, N =
asparagine, R = arginine, I = isoleucine, D = aspartic acid, E = glutamic

Table 2. S-Benzyl Peptidyl Thioesters Prepared According to the Methods of Schemes 2 and 3

entrya resinb deprotectionc peptidyl thioester yield (%)

1 AMP aq TFA, TFA-an TFA.LWYVG-SBn (12) 68

2 AMP aq TFA, TFA-an TFA.AKWYVG-SBn (13) 60

3 AMBClT aq TFA, TFA-an TFA.TASFSLG-SBn (14) 57

4 AMBClT aq TFA, TFA-an TFA.TFYSAYG-SBn (15) 56

5 AMBClT aq TFA, TFA-an TFA.NWRYISTFG-SBn (16) 48

6 AMP aq TFA, TFA-an, NH4I-Me2S TFA.EMRG-SBn (17) 62
aAll amino acids except glycine have the L-configuration. bAMP, aminomethylpolystyrene; AMBCIT, aminomethylbenzoyloxy chlorotrityl. c aq TFA,
aqueous trifluoroacetic acid; TFA-an, trifluoroacetic acid plus anisole.

Scheme 4. Synthesis of a Methionine Containing Peptidyl Thioester
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acid, HOBT = 1-hydroxybenzotriazole, EDCI =N-ethyl-N0-(3-dimethy-
laminopropyl)carbodiimide hydrochloride, HBTU=O-(benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, DIPEA = N,N0-
diisopropylethylamine, DBU = diazabicyclo[5.4.0]undec-7-ene.
General Procedure 1 for the Synthesis of Fmoc Protected

Peptide tert-Butyl Esters. To a stirred solution of Fmoc-protected
amino acid (1 mmol), glycine tert-butyl ester hydrochloride (1 mmol),
and HOBT (1.2 mmol) in dry methylene chloride (10 mL) was added
EDCI (1.2 mmol) followed by DIPEA (3mmol) at 0 �C. After 30min of
stirring at 0 �C, the reaction mixture was warmed to room temperature
and stirred for 2 h. The solvents were removed, and the product was
purified by column chromatography eluting with 50% ethyl acetate in
hexanes.
Fmoc-D-Phe-Gly-OtBu (5). Prepared by the general procedure 1

with a yield of 1.15 g (89%), [R]22D +16.1 (c 1, CHCl3); IR (CHCl3)
1740, 1705, 1660 cm�1; 1HNMR (500MHz) δ 7.76 (d, J = 8.0Hz, 2H),
7.53 (dd, J = 8.0, 10.5 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 8.33�7.22
(m, 7H), 6.32 (s, 1H), 5.37 (d, J = 5.5 Hz, 1H), 4.50�4.33 (m, 3H), 4.19
(t, J = 7.0 Hz, 1H), 3.96�3.82 (m, 2H), 3.12 (s, 2H), 1.46 (s, 9H); 13C
NMR (125.6 MHz) δ 172.0, 168.7, 156.2, 144.0, 141.5, 136.6, 129.5,
129.0, 128.0, 127.4, 127.3, 125.3, 120.2, 82.7, 67.3, 56.3, 47.3, 42.3, 38.7,
28.3. ESI-HRMS calcd for C30H32N2O5Na [M+Na]+, 523.2209; found,
523.2217.
Fmoc-Gly-Gly-OtBu (6). Prepared by the general procedure 1 with

a yield of 4.23 g (84%), IR (CHCl3) 1739, 1704, 1660 cm
�1; 1H NMR

(500MHz) δ 7.76 (d, J = 7.5Hz, 2H), 7.60 (d, J = 7.5Hz, 2H), 7.40 (t, J =
7.5Hz, 2H), 7.31 (dt, J = 7.0, 0.5 Hz, 2H), 6.65 (s, 1H), 5.73 (t, J = 5.5Hz,
1H), 4.43 (d, J = 7.0 Hz, 2H), 4.22 (t, J = 7.0 Hz, 1H), 3.95 (t, J = 6.0 Hz,
4H), 1.47 (s, 9H); 13C NMR (125.6 MHz) δ 169.4, 169.1, 156.9, 144.0,
141.5, 128.0, 127.3, 125.3, 120.2, 82.8, 67.5, 47.3, 44.6, 42.2, 28.3. ESI-
HRMS calcd for C23H26N2O5Na [M +Na]+, 433.1739; found, 433.1732.
General Procedure 2 for the Synthesis of Thioamides. A

solution of Fmoc-protected peptidyl tert-butyl ester (4 mmol) and
Lawesson’s reagent (2.4 mmol) in dry toluene (40 mL) was heated to
reflux under nitrogen for 2 h. After cooling to room temperature, the
toluene was removed, and the crude reaction mixture was subjected to
column chromatography to afford the thioamide tert-butyl ester that
then was dissolved in a mixture of TFA/CH2Cl2/Et3SiH (15.0/5.0/
2.0 mL). After 2 h of stirring at room temperature, the solvents were
removed, and the concentrate was washed with 40% ethyl acetate/
hexanes to afford the desired product.
Fmoc-L-thionoPhe-Gly-OH (7). Prepared by the general proce-

dure 2 with a yield of 1.20 g (78%), [R]24D�12.1 (c 0.75, CH3OH); IR
(CHCl3) 3305, 1720, 1705, 1247 cm

�1; 1H NMR (500 MHz, CD3OD)
δ 7.77 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 9.0 Hz, 2H), 7.37 (t, J = 7.5 Hz,
2H), 7.31�7.19 (m, 7H), 4.76 (dd, J = 5.0, 9.5 Hz, 1H), 4.35�4.10
(m, 5H), 3.36�3.31 (m, 1H), 2.94 (dd, J = 10.0, 13.0 Hz, 1H); 13C
NMR (125.6 MHz, CD3OD) δ 205.3, 170.2, 156.8, 144.0, 141.3, 137.7,
129.2, 128.2, 127.6, 127.0, 126.5, 125.2, 125.1, 119.7, 71.2, 66.9, 62.8,
48.7, 47.5, 47.3, 47.1, 46.3, 41.4. ESI-HRMS calcd for C26H24N2O4SNa
[M + Na]+, 483.1354; found, 483.1346.
Fmoc-D-thionoPhe-Gly-OH (8). Prepared by the general proce-

dure 2 with a yield of 1.15 g (76%), [R]24D +10.5 (c 0.5, CH3OH); IR
(CHCl3) 3305, 1720, 1705, 1247 cm

�1; 1HNMR (500MHz, CD3OD)
δ 7.77 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 9.0 Hz, 2H), 7.37 (t, J = 7.5 Hz,
2H), 7.31�7.19 (m, 7H), 4.76 (dd, J = 5.0, 9.5 Hz, 1H), 4.35�4.10
(m, 5H), 3.36�3.31 (m, 1H), 2.94 (dd, J = 10.0, 13.0 Hz, 1H); 13C
NMR (125.6 MHz, CD3OD) δ 205.3, 170.2, 156.8, 144.0, 141.3, 137.7,
129.2, 128.2, 127.6, 127.0, 126.5, 125.2, 125.1, 119.7, 71.2, 66.9, 62.8,
48.7, 47.5, 47.3, 47.1, 46.3, 41.4. ESI-HRMS calcd for C26H24N2O4SNa
[M + Na]+, 483.1354; found, 483.1359.
Fmoc-thionoGly-Gly-OH (9). Prepared by the general procedure

2 with a yield of 2.60 g (72%), IR (CHCl3) 3295, 1725, 1714,
1247 cm�1; 1H NMR (500 MHz, CD3OD) δ 7.75 (d, J = 7.5 Hz,

2H), 7.65 (d, J = 7.5 Hz, 2H), 7.36 (t, J = 7.5 Hz, 2H), 7.26 (t, J = 7.0 Hz,
2H), 4.38�4.34 (m, 4H), 4.20�4.19 (m, 3H); 13C NMR (125.6 MHz,
CD3OD) δ 201.4, 170.5, 157.9, 144.1, 141.4, 127.7, 127.1, 125.1,
119.8, 67.1, 51.3, 48.8, 48.4, 47.4, 47.2, 46.3. ESI-HRMS calcd for
C19H18N2O4SNa [M + Na]+, 393.0885; found, 393.0891.
General Procedure 3: Fmoc-SPPS of the Peptidyl Thioe-

sters on the Aminomethyl Polystyrene Resin
Derivatization of Aminomethyl Polystyrene Resin with

Fmoc-AA-Gly-OH Thioamides. In a 10-mL glass reaction vessel,
aminomethyl polystyrene resin (244 mg, 0.1 mmol) was swelled
in DMF (4 mL) for 30 min, after which the solvent was removed
by filtration. To a stirred solution of Fmoc-protected thioamide
(0.4 mmol), HOBT (54 mg, 0.4 mmol), and HBTU (152 mg,
0.4 mmol) in dry DMF (3 mL) was added DIPEA (70 μL, 0.4 mmol)
at room temperature. After stirring for 4 min, the so-formed solution of
activated Fmoc-protected thioamide was added to the peptide synthesis
vessel with additional DMF (1 mL). The resulting mixture was shaken for
2 h before the solvent was decanted, and the resin was washed thoroughly
using DMF (3 � 2 mL) and dichloromethane (3 � 2 mL).
Fmoc Removal and Iterative Peptide Assembly. A solution

of 20% piperidine in DMF (5 mL) was added to the resin, and the
resulting mixture was shaken for 4 min, after which the solvents were
removedby filtration. A further 5mLof 20%piperidine inDMFwas added
to the resin, which was then shaken for 30 min. The solvent was removed,
and the resin was washed with DMF (2 � 5 mL), dichloromethane
(2� 5 mL), isopropyl alcohol (2� 5 mL), and hexane (2� 5 mL). All
couplings were carried out by adding a solution of protected amino acid
(0.4 mmol), preactivated with HOBT (0.4 mmol), DIPEA (0.4 mmol),
and HBTU (0.4 mmol) in dry DMF (4.0 mL) as described above, to the
resin followed by shaking at room temperature. After 2 h, the resin was
washed with DMF (2� 5mL), dichloromethane (2� 5 mL), and DMF
(2 � 5 mL). The final amino acid was introduced with Boc protection.
Alkylation of Resin-Bound Peptidyl Thioamides. The resin-

bound peptidyl thioamide was treated with a solution of DBU (150 μL,
1 mmol) and benzyl bromide (107 μL, 0.9 mmol) in DMF (4 mL) and
shaken at room temperature for 2 h. The resin was washed with DMF
(2 � 5 mL), dichloromethane (2 � 5 mL), and DMF (2 � 5 mL) and
dried to provide the resin-bound thioimidate.
Cleavage from the Resin with Aqueous TFA. In the case of

tripeptidyl thioesters (L-Val-L-Ala-D/L-Phe-SBn), the resin-bound thioi-
midate was suspended in a 1:1 mixture of TFA/water (10 mL) and
stirred magnetically for 2 h at room temperature. The resin was filtered
and washed with acetonitrile (2� 10 mL). The combined filtrates were
concentrated, and the concentrate was neutralized with a saturated
solution of sodium bicarbonate (40 mL) followed by extraction with
chloroform (3� 50 mL). The organic layer was washed with brine and
dried. Evaporation of the solvent afforded the crude peptidyl thioesters,
which were subjected to chromatographic purification eluting with 20%
methanol in chloroform.
Cleavage from the Resin with TFA/Water/Anisole. The

resin-bound thioimidate was suspended in 10 mL of a mixture of
TFA/water/anisole (5.0:4.5:0.5 mL) and stirred magnetically for 2 h
at room temperature. A solution of TFA/DCM/Et3SIH (7.5:2.0:0.5,
10mL)was added to the reactionmixture, which was then stirred for 4 h.
The resin was filtered off and washed with acetonitrile (2� 10mL). The
combined filtrates were concentrated and the concentrate was taken up
in acetonitrile/water (v/v 1:1, 5 mL) and subjected to RP-HPLC
purification (10% f 100% A in B with a flow rate of 12 mL/min over
40 min and 215 nm UV detection) to afford the peptidyl thioester.

L-Val-L-Ala-L-Phe-SBn (10). Following the general procedure 3
with a yield of 32 mg (72%). 500 MHz 1H NMR shows epimerization
(ratio, L/D = 78.1/21.9). 1HNMR (500MHz)δ 7.62 (d, J = 7.5Hz, 1H),
7.32�7.21 (m, 8H), 7.11�7.09 (m, 2H), 7.03�7.00 (m, 1H), 4.97�
4.93 (m, 1H), 4.49�4.43 (m, 1H), 4.12 (s, 1H), 3.23 (dd, J = 5.0, 14.0
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Hz, 1H), 3.08 (d, J = 3.0 Hz, 1H), 2.99 (dd, J = 8.5, 14.5 Hz, 1H),
2.28�2.19 (m, 1H), 1.42�1.36 (m, 2H); 1.33 (d, J = 7.0 Hz, 3H), 0.97
(d, J = 7.0 Hz, 3H), 0.79 (d, J = 7.0 Hz, 3H); 13C NMR (125.6 MHz) δ
199.8, 175.1, 172.6, 137.1, 136.1, 129.5, 129.2, 128.9, 128.7, 127.6, 127.1,
59.7, 48.4, 38.1, 33.4, 30.7, 19.6, 17.1, 16.0. ESI-HRMS calcd for
C24H32N3O3S [M + H]+, 442.2164; found, 442.2168.

L-Val-L-Ala-D-Phe-SBn (11). Following the above-described pro-
cedure with a yield of 33 mg (74%). 500 MHz 1H NMR shows
epimerization (ratio, L/D = 22.5/77.5). 1H NMR (500 MHz) δ 7.76
(d, J = 7.5 Hz, 1H), 7.32�7.21 (m, 8H), 7.14 (d, J = 7.0 Hz, 2H),
7.10�7.08 (m, 1H), 4.95�4.90 (m, 1H), 4.48�4.45 (m, 1H), 4.07 (s,
1H), 3.23 (dd, J = 5.0, 14.0 Hz, 1H), 3.13 (d, J = 3.5 Hz, 1H), 2.99 (dd,
J = 8.5, 14.0 Hz, 1H), 2.28�2.20 (m, 1H), 1.50�1.42 (m, 2H); 1.25 (d,
J = 7.0 Hz, 3H), 0.94 (d, J = 7.0 Hz, 3H), 0.78 (d, J = 7.0 Hz, 3H); 13C
NMR (125.6 MHz) δ 199.8, 175.3, 172.3, 137.1, 136.1, 129.6, 129.1,
128.9, 128.8, 128.5, 127.6, 127.3, 60.1, 48.3, 38.4, 33.6, 30.8, 19.9, 17.6,
16.2. ESI-HRMS calcd for C24H32N3O3S [M + H]+, 442.2164; found,
442.2158.

L-Leu-L-Trp-L-Tyr-L-Val-Gly-SBn (12). Prepared by the general
procedure 3 followed by the reversed phase HPLC purification (10�
100% A with a flow rate of 12 mL/min over 30 min and 215 nm UV
detection, tR =25min) with a yield of 66mg (68%). ESI-HRMS calcd for
C40H51N6O6S [M + H]+, 743.3591; found, 743.3598. HPLC analysis
was performed with 254 nm UV detection on a C18 analytical column
(4.6� 250 mm) eluting with a gradient of 10%f 100% A over 30 min
with a flow rate of 1.0 mL/min. tR = 16.91 min.

L-Ala-L-Lys-L-Trp-L-Tyr-L-Val-Gly-SBn (13). Prepared by the
general procedure 3 followed by the reversed phase HPLC purification
(10�100%Awith a flow rate of 12mL/min over 40min and 215 nmUV
detection, tR = 21min) with a yield of 70mg (60%). ESI-HRMS calcd for
C43H57N8O7S [M + H]+, 829.4071; found, 829.4062. HPLC Analysis
was performed with 254 nm UV detection on a C18 analytical column
(4.6� 250 mm) eluting with a gradient of 10%f 100% A over 30 min
with a flow rate of 1.5 mL/min. tR =11.66 min.
General Procedure 4: Fmoc-SPPS of Peptidyl Thioesters

on the 2-Chlorotrityl Resin. In a 10-mL glass reaction vessel,
2-chlorotrityl chloride resin (117 mg, 0.1 mmol) was suspended in
dichloromethane (5 mL), shaken for 5 min, and filtered. A solution of
4-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)benzoic acid
(149 mg, 0.4 mmol) and DIPEA (174 μL, 1.0 mmol) in dichloro-
methane (4mL) was added, and the resulting mixture was shaken for 2 h
at room temperature. After filtration, the resin was washed with DMF
(2 � 5 mL). An 80:15:5 mixture of dichloromethane/MeOH/DIPEA
(5 mL) was added to the resin, and the resulting mixture was shaken
for 0.5 h at room temperature. After filtration of solvents, the resin was
again washed with DMF (2� 5 mL). All subsequent steps of elongation
of the peptide chain, alkylation of the thioamides, and cleavage from the
resin were conducted as described in general procedure 3.

L-Thr-L-Ala-L-Ser-L-Phe-L-Ser-L-Leu-Gly-SBn (14). Prepared
by the general procedure 4 followed by the reversed phase HPLC
purification (10%f 100% A with a flow rate of 12 mL/min over 40 min
and 215 nmUVdetection, tR = 22min) with a yield of 51mg (57%). ESI-
HRMS calcd for C37H54N7O10S [M + H]+, 788.3653; found, 788.3661.
HPLC analysis was performed with 254 nm UV detection on a C18
analytical column (4.6� 250mm) eluting with a gradient of 10%f 90%
A over 30 min with a flow rate of 1.0 mL/min. tR = 15.52 min.

L-Thr-L-Phe-L-Tyr-L-Ser-L-Ala-L-Tyr-Gly-SBn (15). Prepared by
the general procedure 4 followed by the reversed phase HPLC purifica-
tion (10% f 100% A with a flow rate of 12 mL/min over 40 min and
215 nm UV detection, tR = 26 min) with a yield of 57 mg (56%). ESI-
HRMS calcd for C46H56N7O11S [M + H]+, 914.3759; found, 914.3768.
HPLC analysis was performed with 254 nm UV detection on a C18
analytical column (4.6� 250mm) eluting with a gradient of 10%f 90%
A over 30 min with a flow rate of 1.0 mL/min. tR = 17.90 min.34

L-Asn-L-Trp-L-Arg-L-Tyr-L-Ile-L-Ser-L-Thr-L-Phe-Gly-SBn (16).
Prepared by the general procedure 4 followed by the reversed phase
HPLC purification (10% f 100% A with a flow rate of 12 mL/min over
40 min and 215 nm UV detection, tR = 31 min) with a yield of 76 mg
(48%). ESI-HRMScalcd forC61H81N14O13S [M+H]+, 1249.5828; found,
1249.5849. HPLC analysis was performed with 254 nmUV detection on a
C18 analytical column (4.6� 250 mm) eluting with a gradient of 10%f
90% A over 30 min with a flow rate of 1.0 mL/min. tR = 23.18 min.34

L-Glu-L-Met-L-Arg-Gly-SBn (17). The resin-bound thioimidate
was prepared as described in general procedure 3. The resin-bound
thioimidate was suspended in a mixture of TFA/water/Anisole (6:5:1,
12 mL) and stirred magnetically for 2 h at room temperature before
TFA/dichloromethane/Et3SiH (15:4:1, 20 mL) was added to the
reaction mixture, and stirring was continued for 4 h. Ammonium iodide
(25 mg, 0.17 mmol) was added to the reaction mixture followed by the
addition of dimethyl sulfide (100 μL, 1.36 mmol), and stirring was
continued for 2 h. After that, the resin was filtered off and washed with
acetonitrile (2� 10mL). The combined filtrates were concentrated, and
the concentrate was dissolved in acetonitrile/water (v/v 1:1, 5 mL) and
subjected to RP-HPLC purification (10% f 100% A in B with a flow
rate of 12 mL/min over 40 min and 215 nm UV detection, tR = 22 min)
to afford the tetrapeptide thioester with a yield of 51 mg (62%). ESI-
HRMS calcd for C25H40N7O6S2 [M + H]+, 598.2481; found, 598.2492.
HPLC analysis was performed with 254 nm UV detection on a C18
analytical column (4.6� 250 mm) eluting with a gradient of 10�90% A
over 30 min with a flow rate of 1.5 mL/min. tR = 10.26 min.
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