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ABSTRACT: The flexible variation of peptidomimetics is of great
interest for the identification of optimized protein ligands. Here we
present a general concept for introducing side-chain modifications
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peptidomimetics with vinyl ketones and S-substituted 1,2,3- R i
triazoles as non-native peptide side chains. how ST e

P eptidomimetics are structurally modified peptides and can
modulate the biological activity and enhance the
therapeutic potential of peptides.' Often, peptidomimetics
have been designed to overcome the limitations of native
peptides with respect to the metabolic stability,” membrane
permeabi_lity,3 binding affinity,* and specificity of the parent
peptides.” In typical peptidomimetics, the peptide backbone,
the termini, or the side chains of peptides are modified.®
Incorporation of phosphorus into the side chains of amino
acids has been reported for phosphonates.” We have earlier
introduced a set of methods for the C-terminal variation of
peptides based on C-acylation of polymer-attached phosphor-
anylidene acetonitriles or acetate esters with activated amino
acids followed by standard peptide couplings.® The reactions
proceeded racemization-free, and the obtained peptidyl-ylides
have been employed in oxidation reactions furnishing peptidyl-
keto amides, diketoesters, and 2—keto—aldehydes,9 in Wittig
reactions,'’ and in 1,3-dipolar cycloadditions yielding 1,5-
disubstituted 1,2,3-triazoles as stable mimetics of cis peptide
bonds."' The latter reaction proceeded without a metal
catalyst, in contrast to the Cu'-catalyzed reaction of azides
and alkynes forming a 1,4-disubstituted heterocycle'” and the
Ru'-catalyzed reaction giving a 1,5-disubstituted product."> On
the basis of this phosphorus-ylide chemistry, the Bode group
has utilized sulfur-ylides to synthesize C-terminal peptide a-
ketoacids for peptide ligation purposes.'*

Here, we have exploited the described C-acylation method-
ology for the flexible variation of side chains in peptides. The
approach enables the introduction of diverse non-native
residues in a defined amino acid position to identify best
binding and most active peptide derivatives. For this purpose,
an amino acid building block carrying a reactive phosphonium
salt in the side chain has been developed, tested for
compatibility with the conditions of solid phase peptide
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synthesis, and then applied in peptide preparation and
subsequent side-chain variations.

N-Fmoc-L-aspartic acid-a-tert-butylester 1 was selected as
the starting material for the C-acylation of the soluble
triarylphosphonium bromide salts 2a and 2b and of the
polymeric triarylphosphonium bromide salts 3a and 3b
(Scheme 1). 2a and 2b were obtained from the P-alkylation

Scheme 1. Synthesis of Triarylphosphoranylidene Building
Blocks 4a (R = 4-methoxyphenyl) and 4b (R = phenyl)

Br~
R~ O
a) R—?+\[]/ \k
R O
2a,b

\EO
Q BTFFH R

H R
N RN
Frmoc” %OtBu DIPEA, DCM, 18h, r.t R
~ = 4a,b
CO,H b) TFA/DCM (95:5)

4a: R= 4-MeO-Ph, 78%

1 4b: R=Ph, 84%

of tris(4-methoxy-phenyl)-phosphine (for 2a) and triphenyl-
phosphine (for 2b), respectively, with tert-butyl-2-bromoace-
tate. The two different phosphines were used to provide
phosphorane-ylides with different reactivity by varying the
energy level of the highest occupied molecular orbital
(HOMO). For a solid-supported approach, Wang resin was
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esterified with 2-bromoacetyl bromide."> The polymer-bound
bromoacetate was then used to alkylate the two triarylphos-
phines yielding the polymer-supported phosphonium salts 3a
and 3b (see the Supporting Information).

Next, phosphonium salts 2a and 2b were converted into the
corresponding phosphoranylidene acetates in situ with an
excess of N,N-diisopropylethylamine (DIPEA) and then C-
acylated with Fmoc-L-aspartic acid-a-tert-butylester 1. Various
condensing reagents were investigated for this purpose,
namely, N,N’-diisopropyl carbodiimide (DIC) with 1-hydrox-
ybenzotriazole (HOBt), O-(7-aza-benzotriazol-1-yl)-
N,N,N’,N’-tetramethyl-uronium hexafluorophosphate
(HATU), benzotriazol-1-yl-oxy-tripyrrolidino-phosphonium
hexafluorophosphate (PyBOP), N,N,N’,N’-bis-tetramethy-
lene-fluoro-formamidinium hexafluorophosphate (BTFFH),
and N,N,N’,N’-tetramethyl-fluoro-formamidinium hexafluoro-
phosphate (TFFH). Cleavage of the tert-butyl ester from the
intermediary product using trifluoroacetic acid (TFA)
proceeded with instantaneous decarboxylation and furnished
the desired building blocks 4a and 4b, which were isolated by
reversed phase C18-MPLC on a 1-2 g scale. The best results
were obtained for the reagents forming intermediary acyl
fluorides (TFFH and BTFFH) with yields of 78% (4a) and
84% (4b), respectively. Likewise, the polymer-supported
triarylphosphonium salts 3a and 3b were converted into
triarylphosporanylidene acetates by treatment with DIPEA.
The supported ylides were C-acylated with Fmoc-L-aspartic
acid-a-tert-butylester 1 (S equiv), through BTFFH activation.
The success of the supported C-acylation reaction was
quantified by cleavage and spectrophotometric determination
of the Fmoc group from a dried and weighed resin sample
giving turnovers of 88% for 3a and 94% for 3b. Cleavage with
TFA released the building blocks 4a and 4b from the resin in
isolated yields of 60% and 71%, respectively (see the
Supporting Information).

The thermostability of 4a and 4b was investigated by
heating solutions of these compounds in DMSO and DMF to
120 °C for S h. HPLC-MS analysis showed that both 4a and
4b were not stable at this temperature and led to several
degraded products. The main product mass corresponded to
the open-chain and cyclic dimers of building blocks 4a and 4b,
which were formed after cleavage of the N-Fmoc group and
presumably imine condensation reactions. This observation
was in accordance with a literature report indicating that Fmoc
is cleaved at this temperature without the presence of base.'®
In addition, traces of tris(4-methoxyphenyl)-phosphine oxide
and triphenyl phosphine oxide were found; however, the
phosphonium moiety remained stable under these conditions,
suggesting that follow-up reactions with peptides containing
building blocks 4a and 4b should be feasible at elevated
temperatures.

Next, the Asp-derived triarylphosphonium-containing amino
acids, building blocks 4a and 4b, were investigated in a simple
amidation reaction in solution using 3-chlorobenzylamine $ as
the nucleophile. In the first attempt, the phosphonium salt 4a
was activated with DIC and HOBt in DMF followed by
addition of § (Scheme 2). No amide bond formation was
observed by HPLC-MS monitoring after reaction for 18 h at
room temperature. When, however, 2 equiv of DIPEA was
added to the reaction mixture, the reaction proceeded
smoothly and furnished the amides 6a and 6b as shown in
SFigure 21. Presumably, the formation of the ylide derivatives
of 4a and 4b was required to prevent the protonation of the

Scheme 2. Amide-Forming Reaction of Building Blocks 4a
and 4b

DIPEA 0
4ab + HZN\/©\ S H\/@\
cl N
cl
5

DIC, HOBt Fmoc—”

6a: 38%
6b: 53%

amine by the phosphonium salt and thus to enable the
amidation reaction. Isolated yields after RP-HPLC were 38%
and 53% for compounds 6a and 6b, respectively. The results
showed that the triphenylphosphonium building block 4b
provided better results than the tris(4-methoxyphenyl)-
phosphine building block 4a as observed before in the building
block synthesis.

To investigate the self-reactivity of the activated building
blocks, i.e. the possibility of cyclizing the activated amino acid
through an intramolecular C-acylation, reagents 4a and 4b
were activated under the same conditions (HOBt/DIC and
DIPEA) without a primary amine as a reactive nucleophile
present (Scheme 3). LC-MS analysis after 18 h at room

Scheme 3. Formation of N-Fmoc-Protected (S)1-Amino-
(2,4-dioxo-3-(triaryl phosphoranylidene)-cyclopentyl)
carbamates 7a and 7b

(6]
DIPEA R
DIC, HOBT PK—R
4a,b ———>» Fmoc R
rt. H 0
7a: 27%
7b: 59%

temperature revealed the formation of the cyclized intra-
molecular C-acylation product as the major product. The N-
Fmoc-protected (S)1-amino-[2,4-dioxo-3-(triaryl phosphanyli-
dene) cyclopentyl] carbamates 7a and 7b were isolated in
yields of 27% and 59%, respectively. When building blocks 4a
and 4b were activated with BTFFH, LC-MS analysis revealed a
complex mixture of products. This mixture included the
cyclization products 7a and 7b, but in addition, masses were
detected corresponding to dimeric C-acylation products that
were not isolated.

Subsequently, the reactivity of the phosphoranylidene
moiety of the Fmoc-protected amino acid building blocks 4a
and 4b was tested with azides and with aldehydes. For
example, treatment of building blocks 4a and 4b with 3 equiv
of DIPEA and 2 equiv of 4-azidobenzoic acid in dry THF as a
solvent at 70 °C for 16 h yielded the corresponding 1,2,3-
triazole. HPLC-MS analysis revealed that building block 4b
was more reactive than building block 4a, showing 73% of the
product and 26% of unconverted starting material (according
to the integration of HPLC traces as shown in SFigure 60). In
contrast, under the same conditions, 4a gave only 15% of the
product with 85% of the starting material remaining. This
observation contradicted earlier results indicating that the
phosphorus ylide of 4a should be more reactive due to its
higher electron density. To ensure that ylide formation from 4a
was not hampered by the lower acidity of the electron-rich
phosphonium salt, bases stronger than DIPEA, namely 1,8-
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diazabicyclo(5.4.0)undec-7-ene (DBU) and lithium bis-trime-
thylsilyl amide (LiHMDS) were used as well but without
improvement. Therefore, we decided to employ the building
block 4b for peptide synthesis and for peptide side-chain
variations onward.

The triarylphosphonium derivative of aspartic acid 4b was
incorporated into a model tetrapeptide using Rink amide resin
(Scheme 4). While the couplings of the standard Fmoc-

Scheme 4. Incorporation of Building Block 4b in the
Peptide Chain

a) Piperidine/DMF
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protected amino acids phenylalanine, alanine, and glycine were
conducted using DIC/HOBt for activation, building block 4b
was incorporated in the second coupling step using DIC/
HOBt with an additional S equiv of DIPEA as discussed above.
Incorporation of 4b was quantified using Fmoc cleavage and
photometric determination from a small resin sample that
indicated complete conversion. N-Terminal capping of the
peptide chain with 20% acetic anhydride in DMF was
problematic due to partial C-acylation of the phosphoranyli-
dene as observed in HPLC-MS in SFigure 40. Thus, capping
instead was performed using 10% acetic anhydride in DMF.
With these adjustments, tetrapeptide 9 carrying the triphenyl-
phosphonium side chain was cleaved from the resin with a
crude purity of 88% and was isolated by preparative RP-HPLC
in 68% yield. The NMR spectrum of 9 was fully assigned, and
the identity was confirmed with high-resolution MS. 2D NMR
spectra displayed a single set of signals suggesting the absence
of racemization.

To examine the synthetic potential of peptides bearing the
phosphorane side chain, the resin-bound tetrapeptide 8 was
reacted with three aliphatic and aromatic aldehydes (Scheme
S) in THF using 10 equiv of aldehyde and $ equiv of DIPEA at
70 °C for 18 h. Crude purities of peptides 10a—c after cleavage
from the resin were found to be 65%, 72%, and 79% with
isolated yields of 57%, 62%, and 70%, respectively (Table 1).
NMR analysis revealed that the reactions delivered vinyl
ketones with exclusively E-configured olefins.

In another application, the resin-bound peptide 8 was
subjected to 1,3-dipolar cycloaddition reactions with various
aromatic and aliphatic azides (Scheme 6). Reaction of the
aromatic azides, 4-azido-benzoic acid and methyl 4-azido-
benzoate, with polymer-bound 8 at 70 °C using DIPEA
followed by cleavage from resin resulted in selective formation

Scheme 5. Wittig Reactions of Peptidyl-phosphoranes to
Form Vinyl Ketones

a)R-CHO

H Q H Q
LI WN\)LN%(NQLN NH,
» ) H o § : H

(¢}
O
N\

R

b) TFA/H,O (95:5)

10a-c

10a: R = methyl
10b: R = 2-isopropyl
10c: R = 4-chlorophenyl

Table 1. Selected Vinyl Ketone Ligation Products

compound aldehyde crude purity” yield (%)”
10a acetaldehyde 65 57
10b isobutyraldehyde 72 62
10c 4-chlorobenzaldehyde 79 70

“Purity determined in the crude mixture at 210 nm before
purification. “Yields of isolated product after purification by HPLC.

Scheme 6. 1,3-Dipolar Cycloaddition Reactions of Peptidyl-
phosphoranes to Form 1,5-Disubstituted 1,2,3-Triazoles

a)R-Nj3
DIPEA H 0 Y 0
g _ THETOC WNﬂNJ\WN_¢N NH,
b) TFA/H,0 (95:5) 5 H g ¢ H §
,N_ -N
RN

11a-d

11a: R,R" = 4-carboxy-phenyl

11b: R,R" = 4-(methoxy-carbonyl)-phenyl
11c: R,R’ = 2-methoxy-2-oxoethyl

11d: R = 4-toluyl-sulfonyl, R'=H

of the 1,5-disubstituted 1,2,3-triazoles 11a and 11b in isolated
yields of 63% and 56%, respectively (Table 2). No traces of the

Table 2. Selected Triazole Ligation Products

compound azide crude purity”  yield (%)”
11a 4-azidobenzoic acid 74 63
11b methyl 4-azidobenzoate 63 56
11c methyl 2-azidoacetate 24 15
11d 4-toluenesulfonylazide, R' = H* 73 69

“Purity determined in the crude at 210 nm before purification. *Yields
of isolated products after purification by HPLC. “The reaction with p-
toluenesulfonylazide led to the desulfonylated 1H-1,2,3-triazole
product 11d.

1,4-disubstituted regioisomer, formed in classical copper-
catalyzed cycloadditions, could be detected. The reaction
between resin-bound peptide 8 and aliphatic azide, methyl 2-
azidoacetate, under similar conditions proceeded at much
lower rate with 24% conversion and 15% isolated yield of 11c
after RP-HPLC. The lower reaction rate and decreased yield
for methyl 2-azidoacetate in comparison with 4-azido-benzoic
acid and methyl 4-azido-benzoate could be attributed to
relatively increased electron density at the azide center. The

https://dx.doi.org/10.1021/acs.orglett.0c00713
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00713/suppl_file/ol0c00713_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00713?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00713?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00713?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00713?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00713?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00713?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00713?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

influence of electron density on reaction rate was further
confirmed by the reaction of 4-toluenesulfonyl azide, the most
electron deficient member of the series, with peptide 8 which
proceeded smoothly at room temperature with 73% conversion
and 69% isolated yield. The cleaved product, however,
underwent desulfonylation under reaction conditions leading
to the 1H-1,2,3-triazole 11d.

To test the compatibility of this chemistry with diversely
protected functional groups in the peptide side chains, building
block 4b was incorporated into the hexapeptide, Ac-Tyr-Gln-
Asp-Ser-X-Val-NH,, that contained a protected phenol,
primary amide, carboxylic acid, and aliphatic alcohol residues
(Scheme 7). The identity of hexapeptide 12 was confirmed

Scheme 7. Incorporation of Building Block 4b into a
Hexapeptide Chain with Diverse Side Chain Functionalities
and Cycloaddition Product Formed from Reaction between
Peptidyl-phosphorane and 4-Azidobenzoic Acid
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after TFA cleavage from the resin and precipitation from cold
diethyl ether giving fully deprotected hexapeptide 12 in a
purity of 77% and an isolated yield of 57%. Protected peptide
12 attached to the Rink amide resin, carrying the
phosphonium residue of 4b in position S, was reacted with
the aromatic azide, 4-azido-benzoic acid, at 70 °C. After TFA
cleavage from the resin and precipitation from cold diethyl
ether, fully deprotected hexapeptide 13, bearing 1,5-disub-
stituted 1,2,3-triazole, was obtained in 65% purity in the crude
mixture and 53% yield after RP-HPLC.

In summary, we have converted N-Fmoc-protected L-
aspartic acid into the unnatural amino acids 4a and 4b
carrying triarylphosphonium salts in their side chains. Building
blocks 4a and 4b could be activated with DIC/HOBt and
coupled efficiently with a nucleophilic amine § in solution
yielding amides 6a and 6b; also, they were successfully
incorporated into peptides using Fmoc-based solid phase
peptide synthesis as demonstrated by the preparation of model
peptides 9 and 12 in excellent yields and purities. These
peptides were finally employed in side-chain variations using
Wittig reactions to provide E-configured a,f-unsaturated
ketones and 1,3-dipolar cycloaddition reactions to form

regioselectively 1,5-disubstituted 1,2,3-triazole 10a—c, 11a—d,
and 13. In general, the triphenylphosphonium salt 4b provides
higher yields both in the building block synthesis, amidation
reactions and in 1,3-dipolar cycloadditions compared to the
more electron-rich tris(4-methoxyphenyl) phosphonium re-
agent 4a. The presented methodology enables the systematic
variation and replacement of native amino acid residues by
alternative fragments and will allow for the optimization of
peptides for applications in medicinal chemistry and chemical
biology. Furthermore, the peptides bearing vinyl ketones as
Michael acceptors in the side chain might serve as electrophilic
probes and as intermediates for subsequent reactions,
including addition of (bis)-nucleophiles leading to diverse
heterocycles. Another interesting application of this chemistry
that is currently under investigation is the cyclization of
peptides through side-chain reactions.
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