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An expedient method for the solid-phase synthesis of
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Abstract—The formation of �-amino phosphonate functionalities on the amino terminus of peptides utilizing solid-phase
methodology is presented. The described method enables incorporation of diverse N-phosphonoalkyl and aryl moieties. © 2002
Published by Elsevier Science Ltd.

Miscellaneous �-amino phosphonate derivatives have
been found to be highly potent inhibitors of a number
of enzymes, e.g. protein–tyrosine phosphatases,1

metalloproteases2 or serine proteases.3 Many of those
compounds are based on peptides or peptidomimetic
structures.2,4 Amino phosphonopeptides are also
known for their significant antibacterial activity.5 Con-
ventional methods for the preparation of �-amino
phosphonates in solution are based on the three com-
ponent reaction of an aldehyde, amine and dialkyl
phosphite;6 the presence of a Lewis acid as a catalyst
significantly improves reactivity.7 In general, these
methods are non-stereospecific unless using a chiral-
auxiliary8 integrated into the synthetic scheme. Solid-
phase synthetic approaches have been used for the
convenient incorporation of various phosphonate9 as
well as phosphinate peptidomimetics10 into peptide
sequences and have been used in conjunction with
combinatorial approaches9a,10 to discover enzyme
inhibitors. A solid-phase method has been presented in

which a polymer bound H-phosphonate was reacted
with imines in the presence of a Lewis acid to form an
array of �-amino phosphonic acids.11 The method we
present here is based on an inverse concept and is
aimed at the synthesis of a novel class of compounds by
direct N-terminal modification of peptides by various
aminoalkyl phosphonates.

Our primary goal was to optimize one-step, alkyl-phos-
phonation reaction conditions in conjunction with
solid-phase methodologies to generate combinatorial
libraries of alkyl phosphonopeptides. This approach
involves the straightforward modification and adapta-
tion of related solution chemistry procedures on the
solid-phase. We examined the influence of various sol-
vents (dichloromethane–DCM, N,N �-dimethylfor-
mamide–DMF, tetrahydrofuran–THF), optimized
ratios of all reagents, and tested several Lewis acid
catalysts: LiClO4,12 BF3·Et2O,2b Yb(OTf)3

13 and
Me3SiCl.14 The general synthetic protocol used is

Scheme 1.
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shown in Scheme 1. Thus, p-methylbenzhydrylamine
(MBHA) resin-bound dipeptides 2 were prepared by
parallel solid-phase peptide synthesis (SPPS).15 Follow-
ing drying of the resin, dry DCM (4 ml/100 mg resin)
was added together with 4 A� sieves (0.5 g/4 ml DCM),
an aldehyde (10 equiv.) and dimethyl phosphite (10
equiv.), and the resin was shaken for 2 min. Then
BF3·Et2O (3 equiv.) was added and the mixture with the
resin was shaken for 16 h at rt. Following decantation,
the treatment was repeated. Before final cleavage of the
dimethylester 3 using HF (0°C, 7 h), the resin was
washed (DCM, DMF, DCM and MeOH) and dried.
Following extraction and lyophilization, the products 4
were obtained as white solids. A side product 5, formed
by substitution of a hydroxy group of a phosphonate
with fluorine, was detected following HF cleavage. This
modification added a chiral center on phosphorus and
thus increased the complexity of the diastereomeric
mixture. Individual compounds were difficult to sepa-
rate for exact determination of ratios of 4 to 5. Esti-
mated content of fluorinated products varied from 30
to 50%. However, the monofluoro-derivative is not
stable in alkali solution and it is easily transformed into
the desired phosphonate (1 mM aqueous solution of
NaOH, 5 h). We applied this treatment, followed by
neutralization (10% aqueous AcOH), desalting on Sep-
hadex and lyophilization which provided the desired
non-fluorinated products. We investigated the dealkyla-
tion of phosphonate diesters 3. Treatment of this inter-
mediate using HF for 1.5 h (0°C) provided a mixture of
a free phosphonate 4 along with a monomethyl ester
derivative. When the HF treatment was prolonged to 7
h we obtained exclusively dealkylated amino phospho-

nates 4. Using Me3SiBr in a modified two-step proce-
dure,16 known for dealkylation of phosphonoesters in
solution,17 followed by a 1.5 h treatment with HF, we
obtained equivalent results. We tested our synthetic
protocol on a range of dipeptides and aldehydes. The
results are summarized in Table 1. The products were
characterized by Electrospray LC–MS under ESI con-
ditions, 1H, 13C and 31P NMR (diastereomer configura-
tions were not attributed).18

Using DMF instead of DCM favored concurrent
cyclization and formation of a 4-imidazolidinone 6
(Fig. 1) from an imine-intermediate and a neighbor
amide which we have described elsewhere.19 The reac-
tivity of aromatic aldehydes is in general lower than
that of aliphatic aldehydes. Sterically hindered 2,5-
dimethylbenzaldehyde provided approximately 5% of

Figure 1.

Table 1.

R1 R2 R3Entry Yielda (%) Ratio of diastereomersb MW (expected/found)

PhCH2 PhCH24a Ph 85 4:1 481.2/482.3
PhCH2 449.2/450.44b 2:3HOOCCH2 79Ph
PhCH24c 9:1 431.2/432.482Ph-(CH2)3-c

PhCH2 CH3 Ph4d 83 1:2 405.2/406.4
CH3 Pr 884e 1:4PhCH2 371.2/372.3

PhCH24f HOOCCH2 Pr 86 n.d. 415.2/416.3
PhCH2 Pr 924g n.d.PhCH2 447.2/448.1

4h 413.2/413.92:380Bu(CH3)2CH2PhCH2

n.d.71Bu 385.2/385.6PhCH2CH34i
PhCH2 Ph 53 n.d.4j 405.2/405.6CH3

CH3 PhCH2 Pr4k 65 n.d. 371.2/371.6
4l H PhCH2 Bu 88 5:3 371.2/371.6

75iPrC6H4-(CH2)3-cPhCH24m 473.5/474.21:4
PhCH2 CH3 iPrC6H44n 70 4:5 447.2/448.4

a Yield of crude product based on resin substitution.
b Stereochemistry was not assigned (nd: not determined).
c
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the desired phosphonate with the major product iden-
tified by mass spectra as the product 7 resulting from
reductive alkylation. The mechanism of this transfor-
mation is not completely clear, but reductive methyla-
tion of amines using formaldehyde in presence of
phosphorous acid has been reported.20 We also
obtained significantly different results using various
Lewis acids as phosphonation catalysts. We obtained
very little or no phosphonate products using Me3SiCl
and Yb(OTf)3. In both cases, these conditions provided
the above-mentioned imidazolidinone side products.
Finally, the best results were obtained using BF3·Et2O.
Reaction in the presence of LiClO4 lead to the same
results, but the reaction rate was much lower. Also,
reactivity in DCM was greater than in THF, possibly
due to the better swelling properties expected for the
resin in DCM. When acetone was used in the presence
of LiClO4,21 the dimethylester phosphonate 8 (Fig. 1)
was obtained almost exclusively under the standard
conditions.

In summary, we have optimized a solid-phase method
for the generation of diverse �-amino alkyl or aryl
phosphonates derived from peptides. The non-stereose-
lective method enables the preparation of libraries
based on peptide or non-peptide phosphonates for use
in the screening of potential enzyme inhibitors.
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