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Abstract—Mild thermal effects (Arrhenius based) achieved with microwave heating proved to be highly successful in enabling rapid
and efficient secondary amine couplings and the labelling of peptides with a variety of fluorophores and quenchers in high yields and

purities with just traditional, yet robust, HOBt/DIC chemistry.
© 2005 Elsevier Ltd. All rights reserved.

Peptide synthesis was revolutionized when solid phase
chemistry was introduced by Merrifield back in 1963!
and since this time peptides have been almost exclusively
synthesized on solid supports. Along with changes in
protection group strategies and solid supports, many
efforts have focussed on developing more efficient
coupling reagents compared to the original carbodiimde
strategies originally introduced, and over the past 10
years coupling reagents and additives such as HOAt,
HATU, HBTU, PyBOP and PyBroP? have all been
introduced with the aim of increasing yields and reduc-
ing side reactions.?

Recently, the synthesis and evaluation of a series of cell
penetrating polycationic peptoids* were reported, using
N-[6-(tert-butyloxycarbonyl)aminohexyl]-N-Fmoc-gly-
cine (monomer 1) as a building block. This synthesis was
not trivial due to the nature of the building blocks,
which necessitated multiple couplings to secondary
amines, a well-known complication in peptide chemis-
try. These issues were alleviated to some degree by the
use of PyBroP, but even this coupling reagent gave trun-
cated polycationic sequences under standard coupling
conditions. This was of concern as it was necessary for
our studies on cellular delivery to conjugate the cell
penetrating peptoids to a variety of payloads, including
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a 13-mer peptide (¢MSH) and a 15-mer antisense PNA,
significantly increasing the difficulty of synthesis.

In 1992, Wang described the use of a single-mode
microwave as an excellent heating source to reduce the
reaction time needed to achieve difficult peptide
couplings,” and several different groups have since
reported the synthesis of peptides using the Wang
protocol, dramatically reducing reaction times but with
the use of expensive and exotic coupling agents such as
HBTU, PyBOP and HATU.®

We decided to investigate the use of microwave heating
to accelerate peptide couplings, exploring the use of
standard and robust DIC/HOBt coupling protocols,
taking into account that the Fmoc group is not stable
to high temperatures under many typical coupling con-
ditions. In particular, we wanted to see if under micro-
wave conditions the coupling of secondary amines
could be carried out rapidly and in high yields. The
most efficient reaction conditions with complete coupl-
ings of the secondary amine proved to be microwave
irradiation at 60 °C for 20 min’ using three equivalents
of monomer 1, DIC and HOBt in DMF at a concen-
tration of 0.1 M, allowing the preparation of hepta-
peptoid 3 in a single day and with very high purity
(98%) (Scheme 1, Fig. 1) following cleavage from resin
2. This represented a significant improvement on the
previous PyBroP coupling methods, which required
three equivalents of monomer 1 and a 4 h coupling time
and gave a less pure product.
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Scheme 1. Synthesis of fluorescently labelled a-MSH-/epta-peptoid conjugate (a-MSH: SYSMEHFRWGKPV). Reagents and conditions; couplings:
acids (3 equiv), DIC (3 equiv) and HOBt (3 equiv) in DMF at 0.1 M; microwave irradiation at 60 °C for 20 min. Fmoc deprotection: 20% piperidine in
DMF (2 x 5 min) at room temperature. FAM = 5(6)-carboxyfluorescein; PS = polystyrene.
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Figure 1. Analysis of the crude Fmoc-hepta-peptoid obtained using DIC/HOBt/chemistry at 60 °C (microwave irradiation); left panel: HPLC trace
(98% purity according to ELS® detection; MeOH gradient is shown); right panel: MS spectra (ES™) (caled for C71H 25N 150o 1332.84, mass found

miz: 667.6 (M+2H)*", 445.5 (M+3H)*", 334.4 (M+4H)*").

Resin 2 underwent additional modification allowing the
attachment to the peptoid of a fluorescein labelled
oMSH peptide following additional Fmoc chemistry
with microwave heating. Prior to resin cleavage and
concomitant side chain deprotection,’ resin 4 was trea-
ted with 20% piperidine in DMF in order to cleave
any fluorophore dimers (esters formed between the phe-
nols and carboxyls of fluorescein)'® before isolating
the fluorescein-aMSH-peptoid 5 (Scheme 1). Using
these conditions, the «MSH conjugate 5 was obtained,
again with a considerable reduction in reaction time
and much higher purity (60%) and yield (45%) com-
pared to the synthesis at room temperature with PyBroP
(35% purity with an overall yield of 20%), with reduced
levels of all reagents. It was also observed that the
usually difficult labelling with 5(6)-carboxyfluorescein
(FAM) was straightforward.

To evaluate these conditions further, the microwave-
assisted synthesis of a number of derivatized peptides,
which have proved problematic in the group, were tar-
geted and included, for example, the preparation of
FRET-based peptides, which are widely used probes to

study protease activity, and which contain both a fluo-
rescence donor and quencher separated by a peptide
sequence. From a synthetic point of view, the labelling of
these peptides can be challenging due to the lack of reac-
tivity of some of the fluorophores and quenchers used.

A deca- and a hexa-peptide were synthesized as poten-
tial substrates for the protease ADAM33,!'! a relatively
unknown enzyme involved in asthmatic processes.'?
The synthesis began from TentaGel resin 6 using an
Fmoc/Bu’ approach. A set of different coupling agents
were evaluated (PyBOP, HBTU and HATU) but
DIC/HOBt chemistry was highly successful, requiring
just 2min of pre-activation prior to addition to the
pre-swollen resin and heating at 60 °C for just 10 min.”
This temperature seems to be crucial as higher tempera-
tures led to less pure compounds, while cleavage
from resins 7 and 8 showed outstanding purity (97%)
(Scheme 2).

Resins 7 and 8 were split into two different pools in
order to label with two different FRET couples [5(6)-
carboxyfluorescein/dabcyl and 2-aminobenzoic acid/
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Scheme 2. Synthesis of peptides 7-16 on TentaGel resin.’

3-nitro-tyrosine].!*> After Fmoc deprotection, resins 7
and 8 were coupled to dabcyl-OH using the HOBt/
DIC protocol for 10 min to give resins 9 and 13. The
same procedure was followed to couple Fmoc-3-nitro-
tyrosine to give resins 10 and 14, with Kaiser tests
demonstrating the complete coupling of both acids to
the solid supports. The Dde groups were removed using
NH,OH-HCl/imidazole in NMP'* prior to coupling to
the side chain of lysine either 5(6)-carboxyfluorescein
to give resins 11 and 15 or 2-tert-butyloxycarbonyl-
amino-benzoic acid to give resins 12 and 16. Again

complete couplings were achieved in just 10 min using
DIC/HOBt.

X-YRVAFQKLAEK(X')-NH,
17 X = Dabcyl; X' = FAM

X-fAVAASSLK(X')-NH,
19 X = Dabcyl; X' = FAM

18 X = 3-Nitro-Tyr; X' = 2-Abz 20 X = 3-Nitro-Tyr; X'=2-Abz

Figure 2. FRET-based peptides 17-20."° BA = B-Alanine.
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8 X = Fmoc; X' = Dde

13 X = Dabeyl; X' = Dde

14 X = Fmoc-3-(NO,)Tyr; X' = Dde
15 X = Dabceyl; X' = FAM

16 X = Fmoc-3-(NO,) Tyr; X' = 2-Abz

Prior to cleavage of the peptides from the solid supports,
resins 11 and 15 were treated with 20% piperidine in
DMEF to cleave the fluorophore esters'® and for resins
12 and 16 to remove the Fmoc groups. Peptides were
finally cleaved with a mixture of TFA:TIS:DCM to
give rise to peptides 17-20 (Fig. 2). Purities of the crude
peptides were over 90% (e.g., Fig. 3) giving an average
isolated yield of 75%.

Mild thermal effects (Arrhenius based) using microwave
heating have proven to be highly successful in enabling
rapid and efficient secondary amine couplings to gener-
ate a poly-cationic peptoid and its conjugation to a 13
mer peptide («MSH). Furthermore, microwave irradia-
tion was very successful in allowing the labelling of pep-
tides with a variety of fluorophores and quenchers in
high yields and purities with just traditional, simple,
yet robust HOBt/DIC chemistry. The heating effects
may enhance resin swelling and peptide chain accessibil-
ity, but the enhancement is, we believe, simply thermal
in nature. Given such efficiency, the question can be
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Figure 3. HPLC trace of crude deca-peptide 17 (90% purity according to ELS detection).
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asked as to whether the more exotic coupling agents are
necessary in solid phase peptide synthesis.
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