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Super silyl-based stable protecting groups for both
the C- and N-terminals of peptides: applied as
effective hydrophobic tags in liquid-phase peptide
synthesist

*

An Wu (2 * and Hisashi Yamamoto

Tag-assisted liquid-phase peptide synthesis (LPPS) is one of the important processes in peptide synthesis in
pharmaceutical discovery. Simple silyl groups have positive effects when incorporated in the tags due to
their hydrophobic properties. Super silyl groups contain several simple silyl groups and play an important
role in modern aldol reactions. In view of the unique structural architecture and hydrophobic properties
of the super silyl groups, herein, two new types of stable super silyl-based groups (tris(trinexylsilyl)silyl
group and propargyl super silyl group) were developed as hydrophobic tags to increase the solubility in
organic solvents and the reactivity of peptides during LPPS. The tris(trinexylsilylsilyl group can be
installed at the C-terminal of the peptides in ester form and N-terminal in carbamate form for peptide
synthesis and it is compatible with hydrogenation conditions (Cbz chemistry) and Fmoc-deprotection
conditions (Fmoc chemistry). The propargyl super silyl group is acid-resistant, which is compatible with
Boc chemistry. Both tags are complementary to each other. The preparation of these tags requires less
steps than previously reported tags. Nelipepimut-S was synthesized successfully with different strategies

rsc.li/chemical-science

Introduction

Peptide therapeutics have played a significant role in clinical
medicine and drug discovery," making peptide synthesis
research more important than ever before. Classical approaches
to peptide synthesis can be divided into solid-phase peptide
synthesis (SPPS) and liquid-phase peptide synthesis (LPPS).>*
SPPS has been widely used due to simple operation, but it is
difficult to analyze the product before the cleavage of the solid
support. Compared with SPPS, LPPS usually gives higher purity
peptides. However, the application of LPPS strategies to long-
chain peptides remains challenging due to solubility and reac-
tivity decrease after several amino acid linkages.>* To solve these
problems, many soluble tags were developed to enhance the
efficiency of peptide synthesis by increasing the solubility of the
substrates in organic solvents (Scheme 1a). In the last century,
modified soluble PEGs polymers have been developed.* Small
molecule supports have attracted more attention in recent
decades like fluorous supports,® some phosphorus reagents®
and ‘nanostar’ support.” Adding a hydrophobic tag is another
promising strategy because peptides have a lot of amide bonds
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using these two types of super silyl tags.

which make the whole molecule more hydrophilic. The hydro-
phobicity usually result from the polycarbon structure in the
tags, and these are called polycarbon tags. This was firstly re-
ported by the Tamiaki group in 2001 using benzyl alcohol
derivatives with long alkyl chains as the C-terminal protecting
groups (Scheme 1b).* After that, the Chiba,” Takahashi'® and
Sunazuka' groups focused on polycarbon tags and conducted
many excellent studies in this field. Many bioactive peptides
were synthesized successfully by them. However, these series of
tags usually require multiple steps to synthesize. Apart from
this, these tags still belong to a well-developed strategy, which is
only installed at the C-terminal to synthesize peptides from the
C-terminal to the N-terminal. Very recently, Chiba's group have
compared the different cyclization efficiencies of synthesizing
cyclic peptides from the chain peptides when the hydrophobic
tag is installed at different positions of the peptide chain.'> They
tried to install the hydrophobic tag at the N-terminal of the
chain peptides, but the chain peptides were still synthesized
from the C-terminal instead of starting from the N-terminal. To
our knowledge, there is no report focusing on installing
hydrophobic tags at the N-terminal to elongate peptides in the
reverse direction (N to C) in LPPS.

Recently, our group has reported two new types of hydro-
phobic tags containing simple silyl groups (siloxy group and
arylsilyl group) (Scheme 1c).”* We found that when the silyl
groups were introduced, the hydrophobicity of the tags could be
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Scheme 1 Background of this work (a) development of Si-containing tags; (b) well-developed hydrophobic polycarbon tags; (c and d) our

previous work; (e) this work.

increased and the resulting products became difficult to
solidify. Some relevant simple silyl-based tags were also re-
ported by Nishizawa'* and Kubota." Kubota has proved that the
number of silyl groups could affect the peptide solubility. This
information suggested that if more silyl groups were involved in
the tags, the hydrophobicity would increase substantially
(Scheme 1a).

Super silyl groups are those containing several simple silyl
groups connected with Si-Si bonds. Our group has focused on
super silyl chemistry over the past two decades. Super silyl groups
play an important role in aldehyde aldol reactions.'® The unique
structures of the super silyl groups are the key for the success of
these methods. Super silyl groups can also protect carboxylic
acids to form base-resistant (limited bases) super silyl esters
which can be applied in Mannich and Michael reactions (Scheme
1d).***¢ Thus we decided to introduce the super silyl groups in the
hydrophobic tags for LPPS. Super silyl groups should be much
more hydrophobic molecules because of the number of the
simple silyl groups with nine alkyl chains attached. To success-
fully apply the super silyl tags in the peptide synthesis, the tags
should be relatively stable during the peptide elongation.
However, apart from the few reported studies,'**"” there has been
no more information about the acid-resistant or base-resistant
super silyl groups. Installation of the super silyl groups at the
N-terminal to protect the free amine is also an unsolved problem.

5052 | Chem. Sci,, 2023, 14, 5051-5061

We only found a few groups reported using a tris(trimethylsilyl)
silyl group to form the N-Si bond of their substrates and purified
by distillation or sublimation indicating the instability of the
compounds.*® In this work, we are also in search of a solution to
these problems to enrich the field of stable super silyl groups and
apply them in LPPS.

Herein, we would like to report two types of stable super silyl-
based groups as the hydrophobic tags applied for the LPPS
(Scheme 1e). One is the (tris(trihexylsilyl)silyl) group, which can
be installed at the C-terminal of peptides in ester form and the
N-terminal in carbamate form in LPPS. This super silyl tag
precursor only needs one step to prepare compared with
multiple steps in preparations of previously reported simple
silyl-based tags.'* When it is installed at the C-terminal in ester
form, it is compatible with hydrogenation conditions (Cbz
chemistry) and Fmoc peptide synthesis conditions (Fmoc
chemistry). It can also be applied for the convergent synthesis of
peptides. The other is the propargyl super silyl group which is
stable under the Boc-deprotection conditions (Boc chemistry)
when it is installed at the C-terminal. The solubility of the
peptides in organic solvents was enhanced by using these tags.
Nelipepimut-S, a peptide cancer vaccine, was synthesized
successfully with both Fmoc-chemistry and Boc-chemistry
using these two types of super silyl tags.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Exploration of the hydrophobic tags (a) TAG1; (b) TAG2; (c) ether type TAG3; (d) ester type TAG4. Reaction conditions (for detailed
conditions, please see ESI{): (i) HOTf, PG-Ala-—OH, 1-methylimidazole, DCM, 0 °C to r.t.; (ii) 4 M HCl in dioxane, r.t.; (iii) Et,NH, DCM, r.t.; (iv) 10%
Pd/C (10 mol%), H> (1 atm), EtOAc, 50 °C; (v) Cbz—Ala—ONp, CHCls, r.t.; (vi) PG-Ala—OH, DCC, DMAP, DCM, r.t.

Results and discussion

Initially, we used the tris(triethylsilyl)silyl group (TAG1) as the
tag molecule to install at the C-terminal of alanine which was
generated from commercially available tris(triethylsilyl)silane
(HTAG1) according to reported work.'*? It was found that the
super silyl group could be removed under both the Boc-
deprotection and Fmoc-deprotection conditions (Scheme 2a).
A larger super silyl group with longer alkyl chains (tris(trihex-
ylsilyD)silyl group, TAG2) was tested. It was prepared from tri-
chloro(phenyl)silane and chlorotrihexylsilane (see ESI} and
Scheme 4a). The tag could tolerate the Fmoc-deprotection and
hydrogenation (Cbz-deprotection) conditions (Scheme 2b). The
R¢ value of H-Ala-OTAG2 on thin layer chromatography is 0.85
in hexane/EtOAc = 2:1 which is higher than previously re-
ported simple silyl-based tags (0.61 and 0.64),”* roughly indi-
cating the more hydrophobicity of the super silyl group due to
more simple silyl groups. For the peptide elongation method,
we chose to use active amino acid esters like para-nitrophenyl
esters™ or pentafluorophenyl esters® without adding additional
reagents to simplify the reaction system. When we began to test
the peptide elongation from H-Ala-OTAG2 using para-nitro-
phenyl ester, unfortunately, no dipeptide was isolated (Scheme
2b). This might indicate that the bulkiness of the super silyl
group prevents the peptide bond formation because the bulk
super silyl groups were too close to the reaction center. If a short
alkyl chain were used as a bridge between the C-terminal and
the super silyl group, the results should be better. With this
assumption in mind, TAG3 was prepared. The esterification
steps proceeded well and it was tolerant of Fmoc-deprotection
and Cbz-deprotection conditions (Scheme 2c¢). However, when
we tried to extend the TES group in TAG3 to trihexylsilyl groups

Pd(OH),/C (10 mol%)

to increase the hydrophobicity, we failed to synthesize this silyl
ether type tag. At this stage, TAG4 was developed. The esterifi-
cation steps also proceeded well and it was tolerant of Fmoc-
deprotection and Cbz-deprotection conditions (Scheme 2d).
Dipeptide formation was tested for H-Ala-OTAG4 to give 87%
yield product, which indicated the necessity of the short alkyl
bridge. From the above results, TAG4 might be the best tag
containing super silyl group. We also found that most
compounds containing the super silyl tags were liquid oil and
did not easily solidify in the operation. This might be an
advantage when these tags are applied to synthesize peptides in
continuous flow.

We then started the peptide elongation using Cbz-protected
peptides (Cbz chemistry) to test the effect of the hydrophobic
tag. Although Fmoc chemistry has been widely used in peptide
elongation, using Cbz as N-protecting group is also important
due to its stability under both acidic and basic conditions.
Additionally, the catalysts used to deprotect the Cbz group can
be removed by general filtration to easily give the pure products.
We firstly applied TAG4 in the synthesis of an alanine chain.
Alanine chains can be described as ‘difficult peptide sequences’
due to the aggregation during the synthesis.”* We can quickly
know the effect of the hydrophobic tag by testing the alanine
chain synthesis. From Scheme 3, TAG4 can improve the solu-
bility of tetrapeptide (3) in dichloromethane, tetrahydrofuran
and toluene compared with tert-butyl ester protected (7). It was
also found that compound 6 was difficult to dissolve in EtOAc
and the solvent should be changed to MeOH during the next
hydrogenation step in contrast with compounds 2. These
results show the positive effects when super silyl group is used
in the peptide synthesis.

Pd(OH),/C (10 mol%)

Cbz-Ala-ONp Pd/C (10 mol%)  Cbz-Ala-ONp Pd/C (10 mol%) Cbz-Ala-ONp
(2.0 equiv) Hy (2.0 equiv) H (2.0 equiv) soluble in
H-Ala-OTAG4 Cbz-Ala-Ala-OTAG4 Cbz-Ala-Ala-Ala-OTAG4 2 —————— Cbz-Ala-Ala-Ala-Ala-OTAG4 DCM, THF, toluene
CHCI, EtOAc CHCI. EtOA( HCI. 0.1 M)
rt., 26h 1,.87% 50°C,6h I, 1oh 2, 80%, two steps 50 °C 6?5 h r.? 1(:83h 3, 85%, two steps 14
Cbz-Ala-ONp Pd/C (10 mol%) Cbz-Ala-ONp Pd/C (10 mol%) Cbz-Ala-ONp . . .
(2.0 equiv) 2 (2.0 equiv) Hy (2.0 equiv) Jelly or visible solid in
H-Ala-Ot-Bu Cbz-Ala-Ala-Ot-Bu H-Ala-Ala-Ot-Bu la-Ala-Ala-Ot-Bu Cbz-Ala-Ala-Ala-Ala-Ot-Bu  DCM, THF, toluene
CHCly o EtOAc o CHCly MeOH CHCl3 (
rt, 4h 4,98% 50°C,20h 5,98% rt,25h 6, 88% 50°C,15h  rt,28h 7, 83%, two steps

Scheme 3 Testing the effect of the hydrophobic tag (TAG4) using Cbz-chemistry.
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Scheme 4 Further studies of super silyl tags (a) preparation of PATAG2
and HOTAGA4; (b) different linker bridges; (c) starting from dipeptide;
(d) elongation test.

Although TAG4 can enhance the solubility of the peptides in
LPPS, we still hope to install the TAG2 at the C-terminal directly
because the TAG4 was synthesized via TAG2 precursor and
needed multiple steps (Scheme 4a). As it was mentioned before,
if the super silyl group were installed at the C-terminal directly,
peptide elongation would be inhibited (Scheme 2b). In previous
studies, we focused on starting peptide elongation from
monopeptide. If we first install the TAG2 at the C-terminal of
a dipeptide followed by peptide elongation, the bulk tag may
not inhibit the peptide bond formation because the reaction
center and the tag have a two-amino-acid separation. It is just
like treating one amino acid as the short bridge in TAG4
(Scheme 4b). Additionally, synthesis of dipeptides is well re-
ported and even some of them are commercially available. To
confirm this assumption, we tried to install tris(trihexylsilyl)
silyl group (TAG2) at the C-terminal of the dipeptide Cbz-Ala-
Ala-OH in ester form. Fortunately, the super silyl group tagged
dipeptide 8 was successfully isolated in 68% yield (Scheme 4c).
After hydrogenation of the dipeptide, the crude product was
mixed with pentafluorophenyl ester to isolate the tripeptide 9 in
high yield (83%) (Scheme 4a). These results indicated that the
peptide elongation was no problem and the assumption was
reasonable. The tris(trihexylsilyl)silyl group (TAG2) can be used
as the hydrophobic tag directly and is better than TAG4 con-
taining an alkyl bridge.

After obtaining compound 9, to further confirm our
hypothesis in Scheme 1a that more silyl groups in the super silyl
structure help increase the solubility compared to the simple
silyl-based tags, we synthesized Cbz-A,~OTAG2 from 9 and test
its solubility in CPME (cyclopentyl methyl ether)'® to compare
with previously reported simple silyl-based tag Cbz-A,~OTAG-
Simple. As it was shown in Scheme 5, the two compounds have

5054 | Chem. Sci, 2023, 14, 5051-5061
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solubility in CPME (mg/mL) 780~975 449~523
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Scheme 5 Solubility comparison of the tagged peptides in CPME
(room temperature) (for detailed measurement procedure, please see
ESIT).

similar molecule weights, but the solubility in CMPE was quite
different. Cbz-A,~OTAG2 can dissolve in CMPE in almost twice
amount compared with Cbz-A,~OTAGSimple. This supports
our hypothesis that super silyl-based tag has advantage over the
simple silyl-based tag.

To date, we have successfully developed the tris(trihexylsilyl)
silyl group as the hydrophobic tag installed at the C-terminal in
ester form. In general, the developed tag is installed at the C-
terminal and used for elongation to the N-terminal as it was
mentioned before. In SPPS, resins installed at the C-terminal
are well developed while those installed at the N-terminal to
synthesize peptides in the reverse direction (N to C) are not
widely used.”” In LPPS, researchers focused on developing
different structures of tags at the C-terminal and using these
tags to conduct the peptide synthesis in a linear or convergent
way.®™" Epimerization and diketopiperazine (DKP) formation
are the major reasons why peptide synthesis in the reverse
direction is not widely used. Our group has given an initial test
for simple silyl-based tags at the N-terminal.”® We hope to
install the super silyl group at the N-terminal to conduct the
LPPS in the reverse direction (N to C). Additionally, in the re-
ported convergent synthesis strategy,’ one of the fragments in
the convergent connection step is free carboxylic acid without
tag (Scheme 6a). If the untagged carboxylic acid fragment is
a long chain, the solubility in organic solvents or the reactivity

a) well-developed strategy (only at the C-terminal) untagged long chain

LPPS
AA-OTAG —

peptide-a 5-0AQ i P eptlde-f 77777 9H' connection
LPPS
AA-OTAG peptide-b -OTAG
peptide-atb  -OH peptide-atb -OTAG
cleavage
b) our design (from both the C- and N.
LPPS s----mmmmmmmmm oo Si*= super silyl group
AA-OSi* ; peptide-a  -OSi*!
LPPS | : Si*-  peptide-atb -OSi*
Si*AA 4» - tide-b :
- S’ ,,,,,,, Al T ! ) | F cleavage
elongat/on connection

H- peptide-a+tb  -OH

both fragments are tagged

Scheme 6 Advantage of the super silyl group installed at the N-
terminal in convergent synthesis (a) well-developed strategy; (b) our
design.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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might be problematic in the connection step. However, if
a super silyl group is installed at the N-terminal of the carboxylic
acid fragment, the following connection step will be easier
because both fragments are tagged. After the convergent
connection, the final peptide will be protected by the super silyl
groups at both the C- and N-terminals. At this stage, using
fluoride ion can remove both tags in one step (Scheme 6b). This
will be useful in especially long peptide chain synthesis. Herein,
we report efforts towards the installation of the super silyl
groups at the N-terminal.

Firstly, we decided to connect the super silyl group and
nitrogen atom directly. This type of N-Si bond formation has
been rarely reported. We tried to apply similar N-Si bond
formation conditions as MacMillan's work' to install tris(-
triethylsilyl)silyl group (TAG1) at the N-terminal, however, we
failed to isolate a stable product (Scheme 7a). It was possibly
because the tris(triethylsilyl)silyl group was not bulky enough to
stabilize the N-Si bond. The bulkier super silyl group di(triiso-
propylsilyl)phenylsilyl (TAG5) was then used and the product
TAG5-Phe-OMe was stable during the purification. Unfortu-
nately, the methyl ester was difficult to remove under the
hydrolysis conditions to give free carboxylic acid for the
following elongation step. When the methyl ester was changed
to benzyl ester (TAG5-Phe-OBn), the N-Si bond was broken
under the hydrogenation conditions when removing the benzyl
group. Meanwhile, the yields of the silylation products TAG5-
Phe-OMe/Bn are lower than 50% and difficult to purify due to
the similar Ry value of the byproducts on the TLC. We then tried
other super silyl groups, di(triisobutylsilyl)phenylsilyl (TAG6)
and di(diisopropyloctylsilyl)phenylsilyl (TAG7), for which steric
hindrance was between TAG1 and TAG5. We found the stable
products were difficult to isolate (Scheme 7a). At this stage,
direct N-Si bond formation might not be a good approach for
installing the super silyl group. In 1999, Lipshutz's group re-
ported a silyl carbamate group for amine protection and they
applied this structure in SPPS as a linker between solid support
and the N-terminal of peptides (Scheme 7b).***** According to
these reports, we decided to apply the super silyl carbamate
group as the hydrophobic tag at the N-terminal. Fortunately,
starting from HTAGL1, tris(triethylsilyl)silyl carbamate group
(TAG1') was successfully installed at the N-terminal to give the

a) direct N-Si bond formation

i o ' I,
1) HOTf : H : stable on silica gel
HTAG DCM,0°Ctort. ;T'PS\Si—NJOME,Bn; low yields
or L arn . TAG-AA-OR TIPS 1 low purity
PhTAG 2 Hé?/?\‘-OR ! Ph 1 failed to deprotect
3

i Me or Bn ester

TES. N\)k (FBu)sSig; N\)k CaHrr(-Pr)zSin N\)L
mes Y T O psied Y O G st
{155 TES e Ph 3 ST P We o

| Ph
\__TAG1-Ala-Ot-Bu TAG7-Ala-Phe-OMe

TAG6-Phe-OMe

b) Lipshutz's work, 1999
EtsN, CO, o)

TIPSOTf

—_— OTIPS
DCM, -78 °C

;é NH ; r}l)k silyl carbamate

Scheme 7 Development of stable super silyl tags at the N-terminal (a)
direct N-Si bond formation; (b) reported work.
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HOTf

Ph/HTAG TAGOTf
DCM, 0°C to r.t.
1) EtsN
R Dcrljvlry I;: °C 9 "
OMeBn — —— 1 — ~ Tac. OMe/Bn
HoN 2) TAGOTf o u
o) -78°Ctort. o
TAG1 ' TAG2! :
' : Ph Ph ' | Ph
1 TES O! TES O : CoH1 )3SI o
P TES. . ' TES. ! (n- ((;6H13)3
L —osic °s OBn |
'\IESHSLQ%H%OW Tes, .O)ku%( o O EHAE O)gu o8
e} o Tt o
TAG1'-Phe-OMe, 85% TAG1'-Phe-OBn, 84% TAG2'-Phe-OBn, 60%
UASH Ph | (TAGT" i oh

CBHW(f—Pr)zSi\gih jl

! CgHyz(i-P);Si7> 07 TN

o e H g
TAGE'-Phe-OBn, 68% TAGT'-Phe-OBn, 52%

H Ph O

L (Bu)gSiag T

! N B

: (-Bu)Si”> o)J\;N OBn
H

OBn

(i Bu)3S|\
(i-Bu)3Si”

BocHN{

Boc-Lys(TAG6')-OBn, 57%

NHBoc NHBoc

TES O
TES. (- Bu)3S|\
>Si OB
TES O)J\N " (iBu)Si”
"0

TAG1'-Lys(Boc)-OBn, 63% TAG6' -Lys(Boc)-OBn, 52%

Scheme 8 Examples of different stable super silyl groups at the N-
terminal or side chain of different amino acids (for detailed reaction
conditions, please see ESIt).

stable product TAG1'-Phe-OMe in 85% yield (Scheme 8). With
this result, more complicated or larger super silyl groups (TAG2,
TAG6 and TAG7) were tested as the super silyl carbamates at the
N-terminals. The yields of the products were moderate to good
(Scheme 8). These newly formed super silyl carbamate tags
(TAG2', TAG6' and TAG7') were as useful as TAG1/, which
enriched the family of super silyl carbamate tags. When the side
chain of the amino acids has functional groups like H-Lys(Bo-
¢)'OBn, the super silyl groups can also form the carbamates at
the N-terminals (Scheme 8, TAG1'-Lys(Boc)-OBn and TAG6'-
Lys(Boc)-OBn). Apart from these, we found that the super silyl
group could be installed at the silde chain of some special
amino acids in moderate yield (Scheme 8, Boc-Lys(TAG6')-
OBn). This might be useful when synthesizing a peptide con-
taining these special amino acids.

We then began the elongation test of these super silyl
carbamate groups. The smallest carbamate (TAG1') was chosen
because it was the least stable structure compared with other
large super silyl carbamates. When the hydrogenation reaction
was conducted to remove the benzyl group, the pure carboxylic
acid product could be obtained without destroying the super
silyl carbamate tag. To test the peptide elongation with this tag,
we preferred to use silyl ester-mediated peptide bond formation
conditions developed by our group.”* This method proved to
have no epimerization or DKP formation in our previous

Pd/IC H-Phe-OBn (1.5 equiv)

(10 mol%)  HSI(OCH(CF3)2)s (1.5 equiv) TES TES o PhH o
H,  PMBNHSI(OCH(CFs),); (3 mol%
TAGH-Phe.OBn 2 (OCH(CFa)s @motto) T=2si I AN I
EtOAc DCM it H
rt,2h 40°C,16h O Np

10, 81%, two steps

Scheme 9 Elongation test of TAGY'.
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a) two fragments
H-Phe-OBn (1.5 equiv)
HSIi(OCH(CF3),)3 (1.5 equiv)
PMBNHSi(OCH(CF3)y)3 (3 mol%)
DCM
40°C,16h

Pd/C (10 mol%) 1-CoHigsSi
Hy (n- sHﬂ)ig)l |
(n-CgH13)3Si”

TAG2'-Phe-OBn
EtOAc

50°C,50 h

11, 85%, two steps

b) convergent synthesis of a pentapeptide

o 12 (1.5 equiv)
Pd/C (20 mol%)  HSi(OCH(CF3),)s (1.5 equiv)

0 ('7 éJrsH«:s):s
“ H, PMBNHSI(OCH(CF g))s (5 mol%) 8 1*°0> s. )I\ /(”/N\)J\ /H( \)J\ /H(

EtOAc
50°C,15h

DCM
40°C,63h

13, 67%, two steps
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Et,NH (50% viv)

DCM
rt,1h

[e] S(n( C?-I )
Si(n-
H N\)L /Hrm\)l\ ST

LN ﬁom

12, without purification

Me

H H

S'(”gs:w)s HEPY o N\-)J\N/'\WN\-)LN/HfOH
n- H =

Sln& 613)3 THF 5 i H e H

,05h “ph
14, >99%, 95% pure form RP-HPLC

Scheme 10 Convergent synthesis of a pentapeptide (a) preparation of two fragments; (b) convergent connection and removal of the tags.

studies.**** The dipeptide 10 was isolated in good yield by using
the hydrosilane reagent (81%, Scheme 9) and no diastereo-
isomer was detected.

From these results, we believe that these super silyl carba-
mate tags at the N-terminal can promote linear peptide
synthesis in the reverse direction (N to C) and also can improve
the solubility of the fragment elaborated with these tags in
convergent synthesis (Scheme 6b). To confirm this, we initially
tried to synthesize a simple pentapeptide. We chose the larger
super silyl carbamate tagged monopeptide TAG2'-Phe-OBn.
From this monopeptide, we could successfully elongate it to the
dipeptide 11 in 85% yield by using the hydrosilane eagent
(Scheme 10a). After coupling with a deprotected C-tagged tri-
peptide 12, a pentapeptide 13 which was protected by the super
silyl groups at both the C- and N-terminals was successfully
prepared in 67% yield using the hydrosilane reagent. After
treating with fluoride ion (HF/Py), the free pentapeptide 14 was
isolated in >99% yield and the dr was >20 : 1 from '"H-NMR. The
purity was 95% confirmed by reversed-phase high performance
liquid chromatography (RP-HPLC) (Scheme 10b and Fig. 1). The
high dr and purity indicated that no epimerization in the
convergent connection step.

The results in Scheme 10 indicate the utility of the super silyl
groups as the hydrophobic tags in both C- and N-terminals in
linear and convergent peptide synthesis to some degree,
however, the final product is only a short pentapeptide and
contains no functional groups in the side chain of the residues.
It is necessary to synthesize longer peptides with some hydro-
philic residues or some functional groups to further prove the
utility of this method. A peptide cancer vaccine nelipepimut-S
was chosen to provide a further test with the super silyl tags.>®
We plan to divide this peptide chain into two fragments con-
taining 7 and 2 residues and finally combine them in a conver-
gent step. Considering that the super silyl tag installed at the C-

2200
20004
18009 |
1600
14004 |
12004
10004
800+
G004
4004 :
2001

N & i X } 1 [

2 4 6 8 10 12 1 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
Time (min]

mAU

Fig. 1 RP-HPLC analysis of crude pentapeptide (14) (for detailed
conditions, please see ESI{).
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terminal in ester form is sensitive to the Boc-deprotection
conditions but stable under the Fmoc-deprotection conditions
(Scheme 2b and d), a linear peptide elongation system from C-
to N-terminal with Fmoc chemistry was used to synthesize the
fragment with 7 residues (Scheme 11a). This elongation system
is slightly simplified from what we used before.”® The penta-
fluorophenol esters were used as building blocks and most of
the impurities or by-products were removed with 2-amino-
ethanol, saturated sodium carbonate solution and water. As
shown in Scheme 11b, we firstly installed the super silyl tag
(TAG2) at the C-terminal of the dipeptide 16. Then, the peptide
elongation was started according to the elongation system to
give the 7-residue-fragment 18 in 42% isolated total yield after
ten steps. For the other fragment, we started from the TAG6'-
Lys(Boc)-OBn to elongate into the dipeptide 19 with the
hydrosilane reagent in 81% yield followed by removing the
benzyl group (Scheme 11c). To connect the two fragments,
traditional coupling reagents were chosen for the coupling,*
because using the hydrosilane reagent would require a long
time for the coupling of long peptides (such as 63 h from
Scheme 10b). The final two fragments were connected in
a convergent step®® to give the product 21 in 48% yield which
was protected by the super silyl groups at both the C- and N-
terminals (Scheme 11d). Considering that the super silyl tags
were unstable under the acidic conditions and removing the
protecting groups on the side chain (Boc and ¢-Bu) also needed
the acidic conditions, we could remove all the tags and the
protecting groups in one step without using fluoride ion. After
treating 21 in TFA/TIPS/H,0, the final nelipepimut-S (22) was
formed in >99% yield with 73% purity, which was confirmed by
reversed-phase high performance liquid chromatography (RP-
HPLC) (Scheme 11d and Fig. 2).

At this stage, we have proved the utility of the super silyl tags
in both C- and N-terminals in linear and convergent peptide
synthesis. However, these tags are sensitive to the acidic
conditions whether they were installed at the C-terminal in ester
form or at the N-terminal in carbamate form. For peptide
elongation, using Fmoc-protected amino acids (Fmoc chem-
istry) and Boc-protected amino acids (Boc chemistry) are the two
most important strategies.®” It is necessary to develop an ‘acid-
resistant’ tag for Boc chemistry as supplement to extend the
field of the super silyl-based tags in LPPS.

We began to explore the strategy to install the super silyl
groups in acid-resistant form. From the above results, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a) peptide elongation system (Fmoc-chem. & C to N linear synthesis)

coupling deprotection next coupling
Fmoc-AA-OPfp Fmoc-peptide 2-aminoethanol Fmoc-peptide Et,NH H-peptide H . Fmoc-AA-OPfp
Fmoc-AA-OPfp Fmoc-AA-NHC,H,OH H-AA-NHC,H,OH dibenzofulvene
HOPfp dibenzofulvene
..... ' Et,NH
P '
1excess 2- amlnoethanol‘ ‘H AA NHC,H,OH
1 (both washed away \ \(washed away with H,0) K

(ea))

1 with Na CO;

b) one fragment synthesis

. Ph
TAG20Tf (1.5 equiv) [e} Si(n-CgH
H(iIL:UéqO:;VB)” \)}\ HJ?\ 1-methylimidazole (2.2 equiv) H S (S'(nscgﬂzs)a
Fmoc-Phe-OPfp —————= EmocHN OtBu “qra  FmocHN N OH FmocHN Y 07 SinCetral

CHCl, DCM

O X _Me
rt,15h rt,1h Me rt, 16h e
L X L
e Me
15, 86% 16, quant. 17, 65%
1) Fmoc-Ala-OPfp 1) Fmoc-Leu-OPfp 1) Fmoc-Ser(t-Bu)-OPfp 1) Fmoc-Gly-OPfp
1) Et,NH (50% viv) (1.2 equiv) 1) Et,NH (50% v/v) (1.2 equiv) 1) Et;NH (50% viv) (1.2 equiv) 1) Et;NH (50% v/v) (1.2 equiv)
1 DCM, rt, 1.5 h CHCl3, rt., 4 h DCM, rt., 1.75 h CHCly, rit., 13 h DCM, rt., 1.5 h CHCl3, rt.85h DCM, r.t, 1.5h CHCl, rit, 1.5h
2) in vacuo 2) 2-aminoethanol 2) in vacuo 2) 2-aminoethanol 2) in vacuo 2) 2-aminoethanol 2) in vacuo 2) 2-aminoethanol
Na,COj3 (aq.) HO Na,COj3 (aq.) H,O Na,COj3 (aq.) H,O Na,COj3 (aq.)
Me
OtBu Me Fmoc-Ala-OPfp 1) Et;NH (50% v/v)
N\)k N\)J\ N\)k O SiCeHa)s (1.2 equiv) DCM, r.t., 1.25h
FmocHN Sil .
1 8'(ﬁ5H'3)3 CHCl3 2) in vacuo
P O Si(CH13)s rt,35h H,0
Me
18, 42%, ten steps
c) the other fragment
H-lle-OBn (1.5 equiv) NHBoc NHBoc
Pd/C (10 mol%) HSi(OCH(CF3),)3 (1.5 equiv) Pd/IC (20 mol%)
H. PMBNHSIi(OCH(CF3),)3 (5 mol%) ) Ph O 1)
TAGE'-Lys(Boc)-OBn 2 S8 (i Bu)3S|\ (Busill H
EtOAc DCM™ (-Bu)SI” o (Bu)si” 07 NNV SoH
50°C, 4 h 40°C,12h 3 50°C, 3 h 3 Ho
Me
Me
19, 81%, two sleps 20, 96%
d) convergent connection & removal of the tags
20 (1.5 equiv) NHBoc
EDC-HCI (2.0 equiv) Ph O OtBu
9 i J-| i
Et,NH (50% viv)  HOBY (1.0 equiv) (BuSing N\)J\ N\)J\ N\)L &SiCeHigds
DCM DCM (Bu)sS™ 0 H l(ﬁuss)s
rt,1h rt,2h o] (¢} S 8
Me

21, 48%, two steps

Me
21 i Me Nelipepimut-S (22)
elipepimut-!
TTFATIPSIH,0 = 952525 N\)J\ N\)J\ )\n/N\)JLN OH >99%, 73% pure form RP-HPLC
rt,17h EL)
Ph

Me

Scheme 11 Convergent synthesis of nelipepimut-S with Fmoc-chemistry (a) peptide elongation system; (b and c) preparation of two fragments;
(d) convergent connection and removal of the tags.

instability might result from the Si-O bonds in ester form or the

carbamate form. If we can connect the super silyl groups in Si-C 3 Z{trimethylsilylethy! (TUSE) ester

bonds, the acid-resistance would be increased. In 1977, Sieber oM esterfeatn R)Oko/\/ms RJokOH

and Gerlach developed a 2-(trimethylsilyl)ethyl (TMSE) ester as Sieber & Gerlach, 1977

a protecting group for carboxylic acids that can be easily bowrimialtests T
removed by fluoride ion (Scheme 12a).>” We hope to develop a 2- Boc-Leu-OH (2.0 equiv)

T . DMAP (1.2 equiv) 4 M HCI

DCC (2.0 equiv) in dioxane

(super silyl)ethyl ester, in which the super silyl group is con- BocLev-0AGE I o, orace

nected by a Si-C bond. After the initial test of the 2-(tris(- bem e
. . . . . 69% ~43%
trimethylsilyl)silyl) ester (TAG8), we found it was partly resistant . ’ ’
failed to extend to TES or larger silanes failed
c) propargyl structure
1) n-BuLi
THF
TP g T8 G158 THPO™ N\ _tms TsOHH;0 HO/\ ™S
1000] 2 N ) cisitms), +'MQVIS MeOH/THF TMEMS
o1 K 78°Ctort, 55h =1:1
8004 | 23 rt,2h HOTAG9
7004 ‘ 63%, two steps
500 Boc-Ala-OH (2.0 equiv)
2 o] ‘ DMAP (1.2 equiv) 4MHCI
P DCC (2.0 equiv) in dioxane
=] £ HOTAGY ———— =  Boc-Al-OTAGS ———"2  HAla-OTAGY
201 g § E DcMm peM
o V; ) N - 2 rt,2h 96% rt.1h quant.
Al BE3 Y :
R Scheme 12 Development of acid-resistant super silyl tags at the C-

terminal (a) TMSE ester; (b) our initial tests of TAGS8; (c) propargyl

Fig. 2 RP-HPLC analysis of crude nelipepimut-S (22) (for detailed structure of TAGO.

conditions, please see ESIt).
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a) test the formation of C(sp)-Si bond

N
sid HoTt sicy \\MQC' sicd
>Si —— g -, &
Si”""Ph Dbcm si“7hOTf 0°Ctort. SN
24 0°Ctort. 2
n-Bu)Me,Si n-Bu),MeSi
TM@AS e85 ; (n-gu)Mt)ezSiz\ | (n-l(au)zrv)éSi\ !
T™S” \\ TES N (BulMe,SI”> (n-Bu)MeSi~ S
25a, 55% 25b, 0%° 25¢, 66% 25d, low conv.?
(C1oH21)MeSi (C1gHa7)Me,Si
(C1oHa1)Me3Six, 25e (CygHar)Me,Six L 25f
(CrgHan)MeSi” \\8% (CrgHarMezSi™ Ny, 1oW comv-®

aSi*Cl as substrate. Ponly 33% yield from crude NMR. Sonly 37% yield from crude NMR.

b) synthesis of TAG10
n-BuLi (1.0 equiv)
3 —— THPO/\

THF Li
-78°C,15h 23-Li

1) HOTF (1.3 equiv)
THPO/\S SlMez(C10H21)

C1oHa1)Me,Si
(CooHan)Me; DCM, 0°Ctort, 1h
SI'\?ENE 201)21)

(C1oHaMeSiv . |
(C1oH21)Me,Si” "“ph

24e

2) 23-Li (1.8 equiv)
-78°Ctort,1h

HO .
\S _SiMey(CioHyr)  TSOHHZ0
HOTAG10 Hzr)  MeOH/THF
59%, two steps S"\?ez <1"7201)21 =11
rt,45h
c) tolerance test of TAG10
Boc-Ala-OH (2.0 equiv)
DMAP (1.2 equiv) 4MHCI
HoTAGlo —2CCR0CMM)_ oo smoTagto  MIENS A oTAG10
DCM DCM
rt,16h 74% rt,2h quant.
Fmoc-Ala-OH (2.0 equiv)
DMAP (1.2 equiv) DBU
HoTAG1o —2CC20ea) e am-oTAGto 2069 A oTAG10
DCM DCM
rt,16h 79% rt,05h 87%

Scheme 13 Extension of the alkyl chains on the silicon atoms (a) test
the formation of C—Si bond; (b) synthesis of TAG10; (c) tolerance test
of TAG10.
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to the Boc-deprotection conditions (Scheme 12b). Only about
43% deprotected product was detected, but it still revealed that
a Si-C bond was more stable than a Si-O bond under the Boc-
deprotection conditions. We turned to use the larger super
silyl group to increase the stability of the Si-C bond, however,
we failed to construct the Si-C bond when the tris(-
trimethylsilyl)silyl group was changed to tris(triethylsilyl)silyl
group after testing many methods like a Reformatsky reagent,®
a Grignard reagent or a radical pathway.'?¢ At this stage,
a propargyl structure was developed. The Si-C(sp) bond might
be more easily formed due to less steric effects compared with
sp® carbon. It would be resistant to acid conditions. With this
assumption in mind, we began to test the smallest tris(-
trimethylsilyl)silyl group first. As shown in Scheme 12¢, prop-
argyl tris(trimethylsilyl)silyl tag (TAG9) was synthesized
successfully and quantitative yield of the Boc-deprotection
product was obtained after installed at the C-terminal of Boc-
Ala-OH indicating the stability in acidic conditions.

With this positive result, we started to explore larger super
silyl groups to make the propargyl tag as hydrophobic as
possible. To simplify the reaction, ethynylmagnesium chloride
was used to test the formation of Si-C(sp) bond. However, we
found a similar problem when changing the tris(trimethylsilyl)
silyl group to tris(triethylsilyl)silyl group (Scheme 13a, 25a and
25b). A slightly longer alkyl group on the silicon atom inhibited
the bond formation thoroughly. Further exploration informed
us that the two methyl groups on the silicon atoms were
important for the Si-C(sp) bond formation. With only one
methyl group, the reactivity decreased a lot due to the steric
effect (Scheme 13a, 25c¢ and 25d). From these results, we

a) tid system (B hem. & C to N linear synthesis)
coupling deprotection next coupling
Boc-AA-OH Boc-AA-OH
EDC-HCI, HOBt Boc-peptide Boc-peptide 4 M HCI H-peptide H-peptid EDC-HCI, HOBt
H-AA-OH

Boc-AA-OH Boc-AA-OH
urea urea
HOBt .-

H
‘wnh Na,CO3 (aq.))

~AVA urea
urea

1H-AA-OH (washed away ‘1
'wnh Na,CO3 (aq.)) .

b) synthesis

Boc-Leu-OH (2.0 equiv) Boc-Phe-OH (1.1 equiv) Boc-Ala-OH (1.1 equiv)
DMAP (1.2 equiv) B°CHN\)I\ /\ 4MHCI  EDC-HCI (1.2 equiv) 4MHCI EDC*+HCI (1.2 equiv) 4MHCI
DCC (2.0 equiv) Me ;-SiMe2(C1oH21)  in dioxane  HOBt (0.3 equiv) in dioxane HOBt (0.3 equiv) in dioxane
HOTAG10
o DCM \( sm?eQ( ohfz1) DCM DCM DCM DCM DCM
rt.3h Me rt,2.5h rt,2h rt,25h rt,1h rt,2h
Boc-Leu-OTAG10, 95%
Boc-Phe-OH (1.2 equiv) Boc-Gly-OH (1.2 equiv) Boc-Ser(Bn)-OH (1.2 equiv) Boc-Leu-OH (1.1 equiv)
4MHCI EDC*+HCI (1.2 equiv) 4MHCI EDC*HCI (1.2 equiv) 4MHCI EDC*HCI (1.2 equiv) 4MHCI EDC-HCI (1.2 equiv)
in dioxane HOB (0.3 equiv) in dioxane HOB (0.3 equiv) in dioxane HOB (0.3 equiv) in dioxane HOB (0.3 equiv)
DCM DCM DCM DCM DCM DCM DCM DCM
rt,15h rt,1h rt,2h rt,1h rt,15h rt,1h rt,2h rt,1h
Boc-lle-OH (1.2 equiv) Boc-Lys(Boc)-OH (1.2 equiv)
EDC-HCI (1.2 equiv) 4 MHCI EDC-HCI (1.2 equiv)
HOB (0.3 equiv) in dioxane HOB (0.3 equiv) BocHN\)J\ N\)L N\)L N\)J\
DCM DCM DCM N/W /\ ~SiMex(C1oHz1)
rt,1h rt,1h rt,3.5h

c) removal of the tag

M
A, JL i
LiOH+H,0 (2.5 equiv) BocHN 8
27 —_— OCl|
CHCly/MeOH/H,0 = 10:3:1 TN
rt,24h \F’h O \OBn

NHBoc

o YMe
Me

SI’\?Ez( ?—131}—)121)

NHBoc
27, 62%, sixteen steps
Me
Ph
SSEB
N N protected Nelipepimut-S (28)
Y ” Y OH 93%, 83% pure form RP-HPLC
Me [¢] ’\rMe
Me

Scheme 14 Synthesis of protected nelipepimut-S with Boc-chemistry (a) peptide elongation system; (b) synthesis with TAG10; (c) removal of the

tag.
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Fig. 3 RP-HPLC analysis of crude protected nelipepimut-S (28) (for
detailed conditions, please see ESIt).

decided to extend only one alkyl chain on the silicon atom to
increase the hydrophobicity of the propargyl tag. When the alkyl
chain was extended too far, the reactivity also decreased
because of the increase of the steric hindrance (Scheme 13a,
25f). Finally, tris(decyldimethylsilyl)silyl (Scheme 13a, 25e) was
chosen to prepare the propargyl super silyl tag in moderated
yield (TAG10, Scheme 13b). After obtaining the TAG10, we
tested whether it was applicable in LPPS or not. Both Boc-Ala—
OTAG10 and Fmoc-Ala-OTAG10 could be prepared in high
yield and the H-Ala-OTAG10 was obtained in quantitative yield
after the deprotection of Boc group while 87% H-Ala-OTAG10
was isolated when deprotecting the Fmoc group (Scheme 13c).
This gave evidence for the stability of TAG10 under the Boc-
deprotection conditions but slight instability under the Fmoc-
deprotection conditions.

We believed that TAG10 could be used as an ‘acid-resistant’
tag for Boc chemistry in LPPS according to the above results. To
confirm this, we applied it in the synthesis of nelipepimut-S in
Boc chemistry. A linear peptide elongation system from C- to N-
terminal with Boc chemistry is described in Scheme 14a.
Traditional coupling reagents were used and the by-product
urea had no influence on the following reactions which can
be removed in the final purification step. As shown in Scheme
14b, the propargyl super silyl tag (TAG10) was successfully
installed at the C-terminal of the Boc-Leu-OH. After finishing
the peptide elongation using the system in Scheme 13a, the fully
protected nelipepimut-S (27) was successfully synthesized in
62% isolated total yield in sixteen steps. To remove the tag,
lithium hydroxide was used to give the protected nelipepimut-S
(28) in 93% yield with 83% purity, which was confirmed by
reversed-phase high performance liquid chromatography (RP-
HPLC) (Scheme 14c and Fig. 3).

Conclusions

To sum up, considering that silyl groups play important roles in
the hydrophobicity of silicon derivatives, we have developed
super silyl groups as hydrophobic tags installed at both the C-
terminal in ester form and N-terminal in carbamate form for
increasing the solubility in organic solvents and the reactivity
during peptide synthesis. The tags can be easily removed by
fluoride ion or strong acids. When the super silyl group is
installed at the C-terminal, it is stable under hydrogenation and
Fmoc-deprotection conditions. For the super silyl carbamate
tags at the N-terminal, it was the first reported application of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrophobic tags at the N-terminal in LPPS to synthesize
peptides in the reverse direction (N to C). This can provide a new
synthetic strategy for LPPS and help increase the solubility of
the substrates in convergent peptide synthesis. A pentapeptide
and nelipepimut-S were successfully synthesized in this
convergent way. Apart from this, we have also developed
a propargyl super silyl group which is stable under Boc-
deprotection conditions when installed at the C-terminal of
peptides to make it possible to elongate the peptides in Boc
chemistry. Protected nelipepimut-S was also prepared by using
this propargyl super silyl tag in Boc chemistry. All of these tags
could be prepared in several steps compared with the reported
tags. Further studies are continuing in our lab, such as testing
the peptide synthesis in non-halogenated solvents and applying
the tags in a flow system.
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