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Abstract—An aminooxy-containing peptide, the nucleophile partner for oxime ligations, is usually grafted on a NH,-peptide resin
by activating a protected aminooxyacetic acid as an active ester. Here, we have shown that its subsequent coupling to NH,-peptide
resin competes with the overacylation of the -NH-O- nitrogen and that the overacylation level increases with the basicity of the
reaction mixture. Moreover, we found that overacylation is prevented when the COOH of the Aoa-derivatives is engaged in an

amide bond.
© 2006 Elsevier Ltd. All rights reserved.

Oxime ether chemistry has recently attracted attention
as a convenient approach to the rapid formation of com-
binatorial libraries,! as well as to the chemoselective
ligation of protein-like polypeptides as developed by
Rose.? The oxime bond is generated by an addition—
elimination between an electrophile carbonyl-containing
compound such as aldehyde or ketone and an aminooxy
nucleophile.? In chemical peptide and protein syntheses,
the oximation reaction is chemoselective as aminooxy
derivatives are weak bases although they are reactive
nucleophiles toward carbonyl groups due to the a-effect
of the neighboring heteroatom. The reaction proceeds
under mild acidic conditions* at which the basic side
chain of lysine, arginine and o-NH, are protonated.

Abbreviations: Aloc, allyloxycarbonyl; Aoa, aminooxyacetic acid;
DCC, N,N'’-dicyclohexylcarbodiimide; DIEA, N,N-diisopropylethyl-
amine; DMAP, 4-dimethylaminopyridine; Fmoc, 9-fluorenylmethoxy-
carbonyl; HATU, 2-(1H-7-azabenzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate; HBTU, 2-(1H-benzotriazole-1-yl)-1,
1,3,3-tetramethyluronium hexafluorophosphate; HCTU, 5-chloro-2-(-
1 H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophos-
phate; HOAt, hydroxy-7-azabenzotriazole;, HOBt, 1-hydroxy-
benzotriazole; CI-HOBt, 6-chloro-1-hydroxybenzotriazole; TFA,
trifluoroacetic acid; TIS, triisopropylsilane.
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The oximation reaction has proven to be very efficient
for the synthesis of compounds such as the following:
polypeptides,®> multimer compound for receptor target-
ing,® or vaccine design,’ cyclic peptides,® glycopeptides,’
and oligonucleotide—peptide conjugates.' It is also effi-
cient for grafting a probe to microarray,!' and for intro-
ducing a prosthetic group to a peptide.'?> Oximes are
stable in a wide range around the physiological pH.'3
As the formation of oxime bonds in chemoselective liga-
tion procedures has become a most efficient tool, the
insertion of appropriate functionalities in each partner
has been steadily growing. The introduction of an alde-
hyde and a ketone group has recently been reviewed.'*
The introduction of an aminooxy group is usually
carried out using the commercially available N-Boc pro-
tected aminooxy acetic acid'® (Aoa) and a few syntheses
of a modified amino acid bearing an aminooxy group on
its side chain.!® However, side reactions such as over-
acylation may occur on the -NH-O- nitrogen leading
to an Aoa(Aoa)-peptide as a by-product.’®!” The use
of diprotected Aoa derivatives such as N,N-di-Boc pro-
tected Aoa (Boc,-Aoa—OH)'” and phthaloyl protected
Aoa'® prevents overacylation from occurring. More-
over, the use of a hindered and nonelectron withdrawing
group such as trityl (Trt)®® versus an electron withdraw-
ing group such as carbamate (Boc) as N-Aoa protecting
group is also useful to prevent overacylation. Through-
out these reports, the coupling step was performed using
various coupling reagents.
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Reasoning that the a-effect of the oxygen atom not only
affects the nucleophile but also the basic character of the
neighboring amino-group with an increase in its acid
character, we envisioned that the basic conditions dur-
ing the coupling step would enhance the overacylation
process. This hypothesis was considered using an Aoa
derivative protected with a nonhindered withdrawing
group such as allyloxycarbonyl (Aloc) by which over-
acylation should be maximized. To introduce Aloc—
Aoa-OH, protocols were carried out using several
coupling agents under different conditions such as
concentration, reaction time, and presence of base.

Aloc-Aoa—OH' was coupled to the a-NH, of the pep-
tide resin resulting from the elongation of the model
peptide AGAG using a Wang resin and the Fmoc/
t-Bu strategy (Table 1). The peptide was released with
TFA, H,0, 95/5. After TFA evaporation under vac-
uum, the peptide was solubilized in H,O (1 mg/ml)
and analyzed by HPLC and mass spectrometry. The
purity of crude peptides was estimated by integration
of the HPLC profiles.

Using HBTU? (4 equiv) as coupling reagent with DIEA
(10 equiv), that is, a 2.5-fold excess of base, the intro-
duction of Aloc—Aoa—OH led to a quantitative acylation
over 30 min but with 40% of the overacylated form
(Table 1, entry 1). With a lower excess of DIEA (1.25-
fold), the overacylated form was only 24% (Table 1,
entry 2). To further demonstrate the effect of the base,
HBTU was used with the hindered base collidine
(2,4,6-trimethylpyridine, pK, 7.4), a weaker base than
DIEA (pK, 10.1). Whatever the excess of collidine used,
the formation of the overacylated product was pre-
vented (Table 1, entries 3 and 4). However, the acylation
reaction was less effective than when DIEA was used
(Table 1, entries 4 vs 1 and entries 3 vs 2). This observa-
tion is in agreement with the aminium/uronium salt
activation of a hindered amino acid, which is optimal
in the presence of DIEA versus collidine.?!

In order to determine when overacylation occurs, that is,
on the Aoa derivative in solution or on the Aoa deriva-
tive already grafted to the peptide resin, a double cou-
pling was performed (Table 1, entry 5). No increase in
the overacylation level was observed under these condi-
tions. This suggests that the acylation of NH,-peptide
resin competes with the acylation of -NH-O- of the

Aoa-derivative. In other words, the overacylated com-
pound Aloc-Aoa(Aloc-Aoa)-OBt must be first formed
in solution and then transferred on the H,N-peptide
resin before acylation is completed. Despite the well-
known lability of OBt esters, we were pleased to charac-
terize Aloc-Aoa(Aloc-Aoa)-OBt in the activation mix-
ture (see Supplementary data). Consequently, the
nucleophilicity of the nitrogen of the Aloc-Aoa-OH
species changes and depends on the bond in which the
carbonyl is engaged, the amide bond preventing the
overacylation to occur. This might explain why the over-
acylation process has not been observed with amino
acids that bear the oxyamine on the side chain.!® During
the activation of the COOH, the proton of the -NH-O—
of the Aoa derivative becomes more labile, to the point
of being abstracted by increasing the basicity of the reac-
tion mixture. Hence, two ways can be pursued to reduce
the overacylation process, that is, driving the coupling
reaction as rapidly as possible to the formation of the
Aloc-Aoa-peptide resin and/or diminishing the efficient
basicity of the reaction mixture.

To increase the rate of the coupling reaction, HATU,??
the more powerful aminium/uronium-based coupling
reagent, was used to activate Aloc-Aoa—OH as well as
the new HCTU?? (Scheme 1, Table 2) whose HOBt-
derivative moiety is as acidic as that of HATU (pK.:
3.28 and 3.35 for HOAt and CI-HOBt, respectively, vs
4.60 for HOBLt). The use of HCTU led to 35% of the
overacylation level (Table 2, entry 1) whereas the use
of HATU led to 19% (Table 2, entry 2). This indicates
that the neighboring group effect of the N of the pyri-
dine ring of OAt active ester?’ does intervene in the
coupling reaction affording more rapidly the amide form
to the detriment of Aloc-Aoa(Aloc-Aoa)-OBt. Best
results were obtained with HATU and a 1.25-fold excess
of collidine, conditions under which no overacylation
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Table 1. Acylation of N-terminal-amine of H-AGAG-Wang-resin with Aloc-Aoa—OH using HBTU as coupling reagent

Aloc-Aoa-OH  Coupling reagent  Base Time  HoNawnan  Aloc-Aoa-NHann  Aloc-Aoa(Aloc-Aoa)-NHanns
(mln) (D o)a (%‘)a (0 o)a
Single coupling
1 4 equiv HBTU 4 equiv DIEA 10 equiv 30 0 60 40
2 4 equiv HBTU 4 equiv DIEA 5 equiv 30 5 71 24
3 4 equiv HBTU 4 equiv Collidine 5 equiv 30 17 83 0
4 4 equiv HBTU 4 equiv Collidine 10 equiv 30 6 94 0
Double coupling
5 4 equiv HBTU 4 equiv DIEA 10 equiv 30 0 58 42
+4 equiv +HBTU 4 equiv +DIEA 10 equiv 30 0 60 40

# Estimated by integration of the HPLC peaks at 214 nm.
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Table 2. Acylation of N-terminal amine of H-AGAG-Wang-resin with Aloc-Aoa-OH using HATU and HCTU as coupling reagents

Aloc-Aoa-OH  Coupling reagent  Base Time  HoNanan  Aloc-Aoa-NHann  Aloc-Aoa(Aloc-Aoa)-NHaanns
(mm) (%‘)a (%’)a (D o)a
1 4equiv HCTU 4 equiv DIEA 10 equiv 30 0 65 35
2 4equiv HATU 4 equiv DIEA 10 equiv 30 0 81 19
3 4equiv HATU 4 equiv Collidine 5 equiv 30 4 96 0
4 4equiv HATU 4 equiv Collidine 10 equiv 30 5 95 0
5 4equiv HATU 4 equiv Collidine 5 equiv 60 3 97 0

#Estimated by integration of the HPLC peaks at 214 nm.

Table 3. Acylation of N-terminal amine of H-AGAG-Wang-resin with Aloc-Aoa-OH using a carbodiimide as coupling reagent

Aloc-Aoa—OH  Coupling reagent Time HyNann (%)* Aloc-Aoa-NHann (%) Aloc-Aoa(Aloc-Aoa)-NHannn (%)*
(min)
Single coupling
1 5 equiv DCC/HOBt 5 equiv 60 24 73 3
2 5 equiv DCC/HOBt 5 equiv 120 2 94 4
3 5 equiv DCC/HOBt 5 equiv 150 1 94 5
4 4 equiv DCC/HOBt 4 equiv 120 4 96 0
5 10 equiv DCC/HOBt 10 equiv 120 2 94 4
Double coupling
6 5 equiv DCC/HOBt 5 equiv 60 24 73 3
+3 equiv +DCC/HOBt 3 equiv +60 4 93 3

# Estimated by integration of the HPLC peaks at 214 nm.

was observed and only 4% of the nonacylated form
(Table 2, entry 3). This incomplete acylation is quite
acceptable since the acylation yield was good and no
by-product could react with an aldehyde-containing
peptide during the oximation reaction. No overacylation
was observed even when a 2.5-fold excess of collidine or
an increased reaction time was used (Table 2, entries 4
and 5).

Since the reactivity of -NH-O- toward overacylation
increases as the basicity of the amine added to the amin-
ium/uronium coupling reagent increases, it would be
interesting to activate Aloc-Aoa-OH with dicylohexyl-
carbodiimide (DCC), a coupling reagent, which does
not require the presence of an additional tertiary base
to activate the carboxylic acid.>* In this work, DCC
was combined with HOBt,?® an acidic nucleophile addi-
tive (Table 3). Provided that the reaction time and the
equivalents of the coupling reagent were optimized,
acylation was very efficient with a minimal level of over-
acylation. The best compromise was obtained using
4 equiv of DCC/HOBt over 120 min (Table 3, entry 4),
which afforded no significant overacylated peptide
(<1%) and less than 5% of the nonacylated peptide.

In summary, the conditions for coupling Aoa-deriva-
tives were investigated in order to avoid overacylation
of the NH-O group. We found that overacylation is pre-
vented when the COOH of Aoa-derivatives is engaged in
an amide bond. Coupling of aminooxyacetic acid pro-
tected with a nonhindered carbamate-based group is
effective without the overacylation side reaction when
using dicyclohexylcarbodiimide as the coupling reagent
and HOBt as an acidic additive. Overacylation, favored
by the use of uronium/aminium coupling reagents in the
presence of DIEA, can be completely circumvented

using a weaker base such as collidine. These data high-
light the relationship between basic properties of the
reaction mixture and the overacylation process of the
N-Aloc protected aminooxyacetic acid.
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