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Abstract: Peptides containing N*-methylamino acids exhibit interesting therapeutic profiles and are increasingly recognized
as potentially useful therapeutics. Unfortunately, their synthesis is hampered by the high price and nonavailability of many
N¢%-methylamino acids. An efficient and practical three-step procedure for selective N-methylation of peptides on solid support
is described. The procedure was based on the well known solid-phase N-methylation of N¥-arylsulfonyl peptides, which was
improved by using dimethylsulfate and the less expensive DBU as base. Every step of the procedure, amine activation by an
o-nitrobenzenesulfonyl group, selective N-methylation and removal of the sulfonamide group, was optimized in respect of time
and economy. The described optimized three-step procedure is performed in 35 min without solvent changes, instead of 3 h.
Tripeptides (Fmoc-Phe-MeXaa-Leu-OH) containing N-methylated common amino acids were also prepared using the optimized
procedure to demonstrate its compatibility with these amino acids. The described procedure allows an efficient synthesis of
N¢-methylamino acid containing peptides in a very short time using Fmoc solid-phase peptide synthesis. Copyright © 2005
European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

N-Methylamino acids are constituents of several
biologically active natural products [1-3] such as
cyclosporine [4,5], dolastatins [6-8] and didemnins
[9-11] exhibiting highly interesting therapeutic pro-
files. Incorporation of N-methylamino acids into bio-
logically active peptides is useful for obtaining infor-
mation about backbone conformation [12-14] and
has been shown to improve pharmacological param-
eters such as lipophilicity [15,16], proteolytic stability
[16,17], bioavailability [18,19] and conformational rigid-
ity [12,15]. It may also result in enhanced potency
[20-23], new receptor subtype selectivity [24-27] and
conversion of an agonist into an antagonist [28].
Therefore N-methylamino acid—containing peptides are
increasingly recognized as potentially useful therapeu-
tics [15,23,29,30].

Unfortunately, only a small number of protected N-
methylamino acids, most with aliphatic side chains,
are commercially available and affordable. There-
fore a general procedure for N-methylation of amino
acids containing functionalized side chains is needed.
Most existing solution-phase methodologies are lim-
ited to aliphatic amino acids or are character-
ized by harsh reaction conditions [31]. We recently
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described a convenient general procedure to prepare
N¢-methylamino acids in solution based on the well-
known N-alkylation of N*-arylsulfonylamino esters [32].
On the other hand, when only small amounts of N*-
methylamino acids are needed, e.g. during N*-methyl
scanning of bioactive peptides, the simplest strategy
for N-methylation would involve direct N-methylation
of the desired amino acid on solid-phase during peptide
synthesis. In that case, the N-methylation procedure
has to be compatible with Fmoc solid-phase peptide
synthesis. Methods for selective N-methylation of pep-
tides on solid support have already been reported
[33-37]. The most efficient solid-phase procedure, first
described by Miller and Scanlan (Scheme 1) [33], is a
three-step sequence involving amine activation by an o-
nitrobenzenesulfonyl group (o-NBS), followed by direct
alkylation [33,34] or Mitsunobu reaction [35,36] on the
activated nitrogen and then removal of the sulfonamide
group. A total of 3h is added to the normal cou-
pling/deprotection sequence with this three-step proce-
dure and can be time-consuming when N-methylated
peptide libraries are synthesized. In order to reduce
the time and cost of the N-methylation step during
Fmoc-SPPS, we aimed at optimizing every step of the
procedure described by Miller and Scanlan [33]. On the
other hand, compatibility of the procedure with every
common amino acid is still unclear. Therefore we were
also interested in demonstrating the compatibility of
the optimized N-methylation procedure with different
side chain—functionalized amino acids.
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Scheme 1 Three-step procedure for site-selective N-methy-
lation of peptide on solid support described by Miller and
Scanlan [34].

RESULTS AND DISCUSSION

The first step uses the method developed by Fukuyama
for the preparation of secondary amines [38]. In the
procedure described by Miller and Scanlan [33], pro-
tection of the resin-bound free amine peptide with o-
nitrobenzenesulfonyl chloride (o-NBS-C]) is completed
in DCM at room temperature in 2 h (Scheme 1), while
protection is completed in 30 min in DMF in the pro-
cedure described by Reichwein and Liskamp [35]. Time
needed for complete protection was investigated with
the trityl resin-bound amine-free dipeptide 1a by treat-
ment with 0-NBS-CI and collidine in dichloromethane,
tetrahydrofuran or N—methylpyrrolidone (NMP). The
investigation revealed that protection in THF needed
more than 2 h, while complete conversion was observed
in 1 h in DCM and in only 15 min in NMP. NMP has
also the advantage that no solvent changes have to be
done after Fmoc deprotection.

Trityl resin (Tritylchloride polystyrene (TCP))-bound
N“-o-NBS-protected dipeptides 2b-k were prepared
following the optimized procedure (Scheme 2), i.e. by
treatment of the corresponding resin-bound amine-free
dipeptides 1b-k with o-nitrobenzenesulfonyl chloride
(4 eq) in the presence of collidine (10 eq) in NMP for
15 min. Monitoring of the reaction by HPLC revealed
that protection was completed in 15 min for every tested
dipeptide (purity >99%). Analysis of the N*-o-NBS-Xaa-
Leu-OH dipeptides 2a-k was accomplished by HPLC
and ESI-MS (Table 1). Protection of dipeptides la-k
with 0-NBS-Cl did not involve racemization as shown
by HPLC of the crude product and by comparing with
the corresponding N*-0-NBS-p-Xaa-Leu-OH dipeptides.

o 0-NBS-ClI (4 eq), NOZH (0]
HZN\_)J\N OO Collidine (10 eq), @\S,N\_)LN OO
B H NMP, 15 min N2
R o) 00oRr H o

1a-k 2a-k

Scheme 2 Synthesis of o-NBS protected resin-bound dipep-
tides 2a-k.
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Table 1 Synthesis of N¥-o-NBS-Xaa-Leu-OH 2a-k

Peptide Xaa HPLC? ESI-MS
[tr] (min) M +H]*
2a Phe 20.9 464.2
2b Lys(Boc) 21.4 545.3
2c Arg(Pbf) 23.3 725.4
2d Ser(tBu) 21.7 460.3
2e Trp 20.7 503.2
2f Tyr(tBu) 23.1 536.2
2g Glu(tBu) 21.7 502.3
2h GIn(Trt) 25.6 687.2
2i Met 19.6 448.2
2j Cys(Trt) 26.9 662.2
2k His(Trt) 22.2 695.1

2 RP-HPLC on C18 column, MeCN 10 to 100% in 30 min.

In the procedure described by Miller and Scan-
lan, N-methylation of the resulting resin-bound sul-
fonamides is achieved by using 4 eq of methyl p-
nitrobenzenesulfonate in combination with 3 eq of the
hindered, nonionic guanidium base MTBD (7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene) in DMF and is com-
pleted in 30 min (Scheme 1) [33,34]. The high price of
MTBD led us to consider the possibility of using other
less expensive, structurally related hindered bases
like TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene) or DBU
(1,8-diazabicyclo [5,4,0lundec-7-ene). We have recently
reported the successful N-methylation of o-NBS amino
acid methyl esters in DMF using DBU as base [32]. A
first investigation of the reaction on the resin-bound
N“-0-NBS-dipeptide 2a with DBU and dimethylsulfate
in DMF revealed a very important side reaction com-
ing from the reaction of DBU with dimethylsulfate and
full conversion into N%-o-NBS-N“-methyl dipeptide 3a
could not be achieved. The same problem has been
observed when TBD is used as base. To overcome this
problem, DBU was first reacted with the resin-bound
N“-o-NBS-protected dipeptide 2a to ensure complete
deprotonation of the sulfonamide and was character-
ized by the yellow coloration of the resin. After 5 min
of reaction, dimethylsulfate was added to the resin for
N-methylation and the yellow coloration completely dis-
appeared. Monitoring of the reaction showed that 91%
of the N”*-0-NBS dipeptide 2a is N-methylated after
3 min of reaction with DBU and 2 min with dimethylsul-
fate. Full conversion (>99%) into N*-methyl-N“-o-NBS
dipeptide 3a is achieved when the procedure is repeated
once more.

The newly optimized N-methylation procedure with
the less expensive DBU was tested on the other
resin-bound N*-o-NBS dipeptides 2b-k. N-Methylation
was then performed in NMP using 3 eq of DBU for
3 min followed by 10 eq of dimethylsulfate for 2 min
(Scheme 3). The sequence was repeated once more
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Scheme 3 Solid-phase synthesis of N*-methyl-N“-o-NBS-
dipeptides 3a-k using DBU and dimethylsulfate.

and gave, in most cases, the corresponding N%-o-NBS-
N¢-methyl dipeptides 3b-j in >99% purity (HPLC).
Unfortunately, a considerable amount of impurity was
observed during N-methylation of His(Trt)-containing
dipeptide 2k. HPLC-MS analysis revealed that N-
methylation also occurs on the side chain of histidine
with loss of the trityl protecting group. Side chain
N-methylation of histidine was also observed in
solution [32]. Analysis of the N*-o-NBS-MeXaa-Leu-OH
dipeptides 3a-k was accomplished by HPLC and ESI-
MS (Table 2). N-methylation of the dipeptides 2a-j with
DBU and dimethylsulfate did not involve racemization
as shown by HPLC of the crude product and by
comparing with the corresponding N*-o-NBS-p-MeXaa-
Leu-OH dipeptides.

To overcome the problem of side-chain methylation,
N-methylation via Mitsunobu reaction was investi-
gated on the N*-0-NBS-dipeptide 2k. In the procedure
described by Yang and Chiu [36], N-methylation of
resin-bound N*-o-NBS-amino acids under Mitsunobu
conditions is performed with 5 eq of triphenylphos-
phine, 10 eq of methanol and 5 eq of diethyl azodicar-
boxylate (DEAD) in THF for 1 h. The same conditions
were applied for N-methylation of the resin-bound
N¢-0-NBS-dipeptide 2k and full conversion without
side-chain methylation was observed. Monitoring of the
reaction over time revealed that N-methylation of the
resin-bound N¢-o-NBS-dipeptide 2k under Mitsunobu
conditions is completed after only 5 min. N-Methylation
under Mitsunobu conditions would be therefore the

Table 2 Synthesis of N¥-o-NBS-MeXaa-Leu-OH 3a-k

Peptide MeXaa HPLC? ESI-MS
[tr] (min) M+ H]*
3a MePhe 22.3 464.2
3b MeLys(Boc) 22.5 545.3
3c MeArg(Pbf) 23.9 725.4
3d MeSer(tBu) 23.0 460.3
3e MeTrp 22.3 503.2
3f MeTyr(tBu) 24.4 536.2
3g MeGlu(tBu) 23.1 502.3
3h MeGIn(Trt) 26.3 687.2
3i MeMet 21.1 448.2
3j MeCys(Trt) 28.0 662.2
3k MeHis(Trt) 22.9 695.1

2RP-HPLC on C18 column, MeCN 10 to 100% in 30 min.
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method of choice for N-methylation of His(Trt) on solid
support.

N-methylation under Mitsunobu conditions was per-
formed on the other resin-bound N*-o-NBS-dipeptides
2a-j and complete conversion to corresponding N“-
methyl-N*-0-NBS-dipeptides 3a-j was observed in
10 min in every case (Scheme 4). N-Methylation of
resin-bound dipeptides 2a-k by Mitsunobu reaction
did not involve racemization as shown by HPLC of the
crude products and by comparing with the correspond-
ing N%-o0-NBS-p-MeXaa-Leu-OH dipeptides. Analysis of
the N*-o-NBS-MeXaa-Leu-OH dipeptides 3a-k from
the Mitsunobu procedure was accomplished by HPLC
and ESI-MS (Table 2) and showed exactly the same
profile as the dipeptides from the DBU procedure.

Both N-methylation procedures are very efficient and
are completed in only ten min. One positive point
about the N-methylation procedure with DBU is that no
solvent changes have to be made, since the reaction is
done in NMP. On the other side, N-methylation under
Mitsunobu conditions needs dry THF, and solvent
changes have to be made.

In the procedure described by Miller and Scanlan,
removal of the o-NBS protecting group is achieved in
30 min with 10 eq of mercaptoethanol and 5 eq of DBU
in DMF (Scheme 1) [33,34]. Time needed for complete
o-NBS deprotection was investigated on resin-bound
N*-methyl-N“-0-NBS-dipeptide 3a in NMP and revealed
that the reaction is completed in only 5 min. The
shortened deprotection procedure was performed on
the other resin-bound N“-methyl-N“-o-NBS-dipeptides
3b-k and repeated once more for 5 min to ensure com-
plete deprotection in every case (Scheme 5). Removal
of the o-NBS protection was monitored by HPLC and
complete deprotection was observed after repeating two
times, 5 min for every studied dipeptide. A major advan-
tage of the 0-NBS protecting group is that deprotection
with mercaptoethanol is selective for N-methylated
derivatives and does not proceed when the protected
amine is not alkylated.

Ph,P (5 eq),
M&OH (10 eq), NOQ‘ o
DIAD (5 eq),
N\)L @SiN\:)LN °Q
THF 10 min o o A H o
2a-k 3a-k

Scheme 4 Solid-phase synthesis of N*-methyl-N¥-o0-NBS-
dipeptides 83a-k under Mitsunobu conditions.

/¢ HSCH,CH,OH (10 eq) /¢
DBU 5 eq)
N NMP 2 x5 min HN
4

3a—k a—k

Scheme 5 Synthesis of resin-bound N*-methylamine free
dipeptide 4a-k.
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Scheme 6 Solid-phase synthesis of N%-methylamino acid
containing tripeptides 5a—-k.

Couplings on N“-methylamino acids are known to be
more challenging than normal couplings [39]. Coupling
of Fmoc-Phe-OH to the resin-bound N*-methylamino
dipeptide 4a could not be achieved when N-[(1H-
benzotriazol-1-yl)-dimethylaminomethylene]- N-methy-
Imethanaminium tetrafluoroborate N-oxide (TBTU) and
1-hydroxybenzotriazole (HOBt) were used as coupling
mixture. The use of triphosgene has been recently
described for couplings on resin-bound N-alkylated
peptide [40-43], but the use N-[(dimethylamino)-1H-
1,2,3-triazolo[4,5 — b]pyridine-1-yl-methylene]-N-met-
hylmethanaminium hexafluorophosphate (HATU) as
coupling reagent was preferred, because no sol-
vent changes are needed and the handling is easier
and safer. A combination of HATU with 1-hydroxy-
7-azabenzotriazole (HOAt) and diisopropylethylamine
(DIEA) in NMP was used to couple Fmoc-Phe-OH
to resin-bound N*-methylamine free dipeptides 4a-k
(Scheme 6). Every coupling was completed after 3 h
(>99% purity) except coupling on the resin-bound
dipeptide 85j containing MeCys(Trt) where only 53%
yield was observed. Therefore, coupling on N-methyl
cysteine—containing dipeptide 4j had to be performed
for 12 h until complete conversion was observed. The
tripeptide Fmoc-MePhe-MePhe-Leu-OH 6a was effi-
ciently prepared (>99% purity) by coupling Fmoc-
MePhe-OH to the resin-bound dipeptide 4a using HATU
and HOAt for 3 h. Analysis of the tripeptides 5a-k and
6a was accomplished by HPLC (Figure 1) and ESI-MS
(Table 3). Couplings using HATU/HOALt did not involve
racemization as shown by HPLC of the crude products.
The optimized three-step procedure and coupling with
HATU/HOAt on the N*-methyl peptides did not cause
any detectable racemization of the peptide stereocen-
ters.

CONCLUSION

A simple and convenient optimized three-step pro-
cedure is described for the preparation of N*-
methylpeptides on solid support. Every step of the
procedure for the site-selective N-methylation of pep-
tides on solid support described by Miller and Scanlan
[33] was optimized in respect of time and economy.
Protection and activation of the amino function of
the resin-bound amino-free peptide with o-NBS-Cl is
performed in NMP and is completed in 15 min. After-
wards, the N-methylation step can be performed by

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 1 HPLC-chromatograms (A = 220 nwm) of: (A) NBS-
Phe-Leu-OH 2a (MeCN 10-100%); (B) NBS-MePhe-Leu-OH
3a (MeCN 10-100%); (C) Fmoc-Phe-MePhe-Leu-OH 5a (MeCN
30-100%); (D) Fmoc-MePhe-MePhe-Leu-OH 6a (MeCN
30-100%).

direct N-alkylation using DBU and dimethylsulfate in
NMP or under Mitsunobu conditions in THF. Both N-
methylation reactions are completed in 10 min. Finally
the o-NBS protecting group is selectively removed by
using mercaptoethanol and DBU in NMP twice for
5 min. The optimized procedure is completed in 35 min
instead of 3 h for the three steps and no solvent changes
are necessary. Compatibility of the procedure with every
commonly used amino acid was demonstrated by using
the optimized sequence to prepare tripeptides contain-
ing different N*-methylamino acids. The o-NBS proce-
dure on solid support is also an easy and inexpensive

dJ. Peptide Sci. 2006; 12: 213-219



Table 3 Synthesis of Fmoc-Phe-MeXaa-Leu-OH 5a-k and
Fmoc-MePhe-MePhe-Leu-OHP 6a

Entry -MeXaa- HPLC? ESI-MS

[tr] (min) [M + H]*™
5a MePhe 24.3 662.2
5b MeLys(Boc) 24.5 743.3
S5c MeArg(Pbf) 25.3 923.6
5d MeSer(tBu) 25.1 658.3
Se MeTrp 23.9 702.3
5f MeTyr(tBu) 26.5 734.2
5g MeGlu(tBu) 25.0 700.2
5h MeGIn(Trt) 28.2 885.4
5i MeMet 23.4 646.2
5j MeCys(Trt) 30.4 860.3
5k MeHis(Trt) 23.7 894.4
6a Fmoc-MePhe-MePhe- 26,5 676.3

Leu-OH

2 RP-HPLC on C18 column, MeCN 30 to 100% in 30 min.
b Prepared similarly.

way to prepare peptides containing N“-methyl-p- and
unnatural amino acids. Coupling to N*-methylamino
acids on solid support can be efficiently performed with
HATU and HOAt. The entire procedure and coupling
with HATU/HOAt on the N*-methyl peptides did not
cause any detectable racemization of the peptide stere-
ocenters. The optimized procedure is compatible with
Fmoc-SPPS conditions and allows a rapid and efficient
synthesis of N-methyl peptide analogs on solid support.

MATERIALS AND METHODS

General

Tritylchloride polystyrene (TCP) resin (0.94 mmol/g) was pur-
chased from PepChem (Ttbingen Germany). Coupling reagents
and amino acid derivatives were purchased from Merck Bio-
sciences (Laufelfingen, Switzerland), Perseptive Biosystems
GmbH (Hambourg, Germany) and Neosystem (Strasbourg,
France). All other reagents and solvents were purchased from
Merck (Darmstadt, Germany), Aldrich (Steinheim, Germany)
and Fluka (Neu-Ulm, Germany) and were used as received.
Standard syringe techniques were applied for transferring dry
solvents. Reactions on solid support were performed in filter
columns (2 ml) from Abimed. RP-HPLC analyses were con-
ducted on Amersham Pharmacia Biotech instruments using
Omnicrom YMC columns (analytical: 2 mm x 250 mm, 5 um
C18, 1 ml/min) with different 30-min linear gradients from
water (0.1% TFA) and MeCN (0.1% TFA) and detection at
220 nm. Mass spectra (ESI) were performed on a LCQ Finnigan
instrument.

Loading of TCP Resin (General Procedure)

Peptide synthesis was carried out using TCP resin (1 mmol/g)
following standard Fmoc strategy [44]. Fmoc-Leu-OH (1.2 eq)

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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was attached to the TCP resin with DIEA (2.5 eq) in anhydrous
DCM (2 ml) at room temperature for 1.5 h. After filtration, the
remaining trityl chloride groups were capped by a solution of
DCM, MeOH, DIEA (17:2:1; v:v:v) for 15 min. The resin was
filtered and washed thoroughly with DCM (2x), DMF (3x) and
MeOH (5x). The loading capacity was determined by weight
after drying the resin under vacuum, and ranged from 0.75 to
0.8 mmol/g.

Fmoc Deprotection (General Procedure)

The resin-bound Fmoc peptide was treated with 20%
piperidine in NMP (v/v) for 15 min and a second time for
10 min. The resin was washed with NMP (5x).

TBTU/HOBt Coupling (General Procedure)

A solution of Fmoc-Xaa-OH (3 eq), TBTU (3 eq), HOBt (3 eq),
DIEA (6 eq) in NMP was added to the resin-bound free amine
peptide and shaken for 30 min at room temperature. The
coupling was repeated another time and the resin was washed
with NMP (5x).

0-NBS Protection (Optimized Procedure)

A solution of 0-NBS-Cl (4 eq) and collidine (10 eq) in NMP
was added to the resin-bound free amine peptides 1a-k and
shaken for 15 min at room temperature. The resin was washed
with NMP (5x). o-NBS-peptides 2a-k were cleaved from resin
by treatment of a small amount of resin with 20% HFIP in DCM
(v/v) for 10 min and analyzed by RP-HPLC (MeCN 10-100%)
and ESI-MS (Table 1).

N-Methylation with DBU (Optimized Procedure)

A solution of DBU (3 eq) in NMP was added to the resin-
bound o-NBS-protected peptides 2a-k and shaken for 3 min.
A solution of dimethylsulfate (10 eq) in NMP was then added
to the reaction mixture and shaken for 2 min. The resin was
filtered off, washed once with NMP and the N-methylation
procedure repeated once more. The resin was washed with
NMP (5x). N¥-Methyl-N*-o-NBS-peptides 3a-k were cleaved
from resin by treatment of a small amount of resin with 20%
HFIP in DCM (v/v) for 10 min and analyzed by RP-HPLC (MeCN
10-100%) and ESI-MS (Table 2).

N-Methylation under Mitsunobu Conditions
(Optimized Procedure)

A solution of triphenylphosphine (5eq) and MeOH (10 eq)
in dry THF was added to the resin-bound o-NBS-protected
peptides 2a-k and shaken for 1 min. A solution of DIAD (5 eq)
in dry THF was then added portionwise to the reaction mixture
and shaken for 10 min at room temperature. The resin was
filtered off, and washed with NMP (5x). N*-Methyl-N¢-0-NBS-
peptides 3a-k were cleaved from resin by treatment of a small
amount of resin with 20% HFIP in DCM (v/v) for 10 min and
analyzed by RP-HPLC (MeCN 10-100%) and ESI-MS (Table 2).

0-NBS Deprotection (Optimized Procedure)

For o-NBS deprotection, the resin-bound N¢-methyl-N“-o-
NBS-peptides 3a-k was treated with a solution of mercap-
toethanol (10 eq) and DBU (5eq) in NMP for 5 min. The

dJ. Peptide Sci. 2006; 12: 213-219
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deprotection procedure was repeated once more and the resin
was washed with NMP (5x).

HATU/HOAt Coupling (General Procedure)

A solution of Fmoc-Phe-OH (3 eq) or Fmoc-MePhe-OH, HATU
(3 eq), HOAt (3 eq), DIEA (6 eq) in NMP was added to the resin-
bound N*-methylamine free dipeptides 4a-k and shaken for
3 h at room temperature. The coupling was repeated another
time and the resin was washed with NMP (5x). The tripeptides
5a-k and 6a were cleaved from resin by treatment of a small
amount of resin with 20% HFIP in DCM (v/v) for 10 min and
analyzed by RP-HPLC (MeCN 30-100%) and ESI-MS (Table 3).
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