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Abstract—A four-step, one-pot synthesis of mixed a-azido-phosphonates and phosphonothioates 12a—d is described. This chemistry
has provided a facile route to haptens 6a—b and 7 that have been employed for the elicitation of antibody ligases. Five hapten-
specific antibodies have been identified as modest catalysts of a model peptide ligation reaction between thioester 1b and thiol 2 to
give the amide product 5. © 2000 Elsevier Science Ltd. All rights reserved.

Chemical ligation is emerging as a valuable technique
for the convergent synthesis of large proteins from
unprotected peptide segments.! The acceleration of
such chemoselective couplings of native or non-native
peptide fragments is being explored with enzymes,>
catalytic antibodies,>> and self-replicating peptide
sequences.®

Recently, the generation of peptides with native back-
bones has been achieved using an advanced chemical
ligation process which combines a facile transthioester-
ification reaction with a spontaneous rearrangement to
give an N-substituted amide precursor of the latent
peptide bond.”™® We are seeking to exploit the known
transesterification capabilities of antibodies!%!! to facil-
itate a similar ligation approach. By targeting this type
of cascade process, the desired product of antibody cat-
alysis is a labile intermediate in the reaction sequence
and thus its recognition should not inhibit turnover.
The model system outlined in Scheme 1 has been
devised to examine the feasibility of our strategy.!?

The transesterification reaction between (thio)ester 1a—b
and thiol 2 to generate the intermediate 3 with con-
comitant release of 4a or b represents the rate deter-
mining step in the formation of the ligation product 5.
Consequently, the mixed a-amidophosphonate diesters
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6a-b and 7 were designed as transition state analogues
for the formation of thioester 3.!3 The location of the
glutaroyl linker in 6a—b was chosen in an effort to pro-
mote recognition of the incoming nucleophile 2 in the
antibody binding site and thus to direct its attack on the
carbonyl center of 1a-b in the presence of 55 M water.!4

Phosphonic acid derivatives have been widely utilized in
bioorganic chemistry, for example as mechanistic
probes!> and inhibitors!® of peptidases. Methodology
now exists whereby simple unsymmetrical phosphonate
diesters and phosphonamidate esters can be obtained in
‘one-pot’ with good selectivity, using the tetrazole-
catalyzed coupling of a phosphonyl dichloride with
either two different alcohols,!” or an alcohol and an
amine.'®1° However, reported procedures for the
synthesis of highly functionalized mixed o-amino-phos-
phonates and phosphonamidates still employ a more
laborious approach, involving the stepwise derivatiza-
tion of polar mono- or bisphosphonic acids which
themselves require initial purification by ion exchange
or reverse-phase chromatography.?® Consequently, the
demand for a less circuitous route to generate complex
mixed o-amido-phosphonate and phosphonothioates,
such as haptens 6a—b and 7, served as a pivotal chal-
lenge within this project. Herein we describe a four-step,
one-pot synthesis of mixed a-azido-phosphonate and
phosphonothioate esters (Scheme 2), and demonstrate
their smooth transformation into the respective a-amino
and o-amido counterparts.
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Scheme 1. Substrates 1a—b and 2 and haptens 6a-b and 7 were employed in a catalytic antibody approach to chemical ligation via transesterification.

Table 1. Four-step, one-pot approach to mixed a-azido-phosphonate and phosphonothioate diesters 12a—d

Entry RXH R’OH Product Yield (%)? 3P NMRP (ppm)

1 /@/\SH /©/0H 12a 24 55.8(s), 55.2(s)
Me(;S

2 /@ASH /OAOH 12b 25 57.9(s), 57.1(s)
O2N

3 4223 HO/\/O\/COZBU 12¢ 21 23.7(s), 23.3(s)

13a%
4 Hs/\/o\/COZB“ 42 12d 29 54.9(s), 54.5(s)
13v™

4solated yield after silica gel chromatography.

PRecorded on a Briikker AMX 400 NMR machine at 101 MHz; chemical shifts of diastereomers are reported downfield from an external reference

(phosphoric acid).

Diethyl 1-hydroxy-2-phenethylphosphonate 8 was treated
with hydrazoic acid under Mitsunobu conditions to
generate the key phosphorus building block, azide 9.%!
Then, in one reaction vessel azide 9 was first treated
with excess bromotrimethylsilane®? to generate the die-
ster 10 which, in turn, was converted into phosphonyl
dichloride 11 using oxalyl chloride with a catalytic
amount of DMF.?? The coupling to 11 was initiated, in
the same pot, by the addition of either an alcohol or thiol

Ph
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Scheme 2. Synthesis of a-azido-phosphonates and phosphonothioates.
Reagents and conditions: (i) hydrazoic acid, DEAD, PPhs, (ii)
TMSBEr, (iii) (COCl),, DMF (cat), CH,Cl, (iv) iPr,NEt, 1 H-tetrazole
(cat), CH,Cl,, RXH, (v) R’"OH. Steps (ii)~(v) are carried out in ‘one-
pot’.

in the presence of 1 H-tetrazole and DIPEA. After 15 min
the second alcohol was added and the reaction mixture
was stirred for a further 16 h. Silica gel chromatography
furnished the mixed a-azido-phosphonothioates 12a,b,d
and phosphonates 12¢ as diastereomeric mixtures in
respectable yields (Table 1).>* Easily accessible thiols
and alcohols were employed to assess the utility of this
approach (Table 1, entries 1 and 2) before the one-pot
coupling procedure was performed using synthetic
components 4a and 13a/b to generate hapten precursors
12¢/d (Table 1, entries 3 and 4), respectively.?> This
multistep process was far superior to existing stepwise
methodology which, in our hands, furnished very poor
yields of 12a—d (0-10%). In addition, the polarity of the
monophosphonic acid intermediates generated during
the stepwise approach made their isolation troublesome.

The a-azido-phosphonate 12¢ was smoothly reduced to
its corresponding a-amino derivative using 1,3-propane-
thiol?® and subsequent acylation with glutaric anhy-
dride afforded hapten 6a in acceptable yield (45%).
Hapten 7 was completed using an analogous reduction—



C. W. Harwig et al. | Bioorg. Med. Chem. Lett. 10 (2000) 915-918 917

acetylation transformation of 12¢ followed by attach-
ment of a six-carbon linker.?” The more robust azide
moiety in 12d was reduced with tin(II) chloride®® and
subsequent treatment with glutaric anhydride furnished
hapten 6b in 15% yield.

The (thio)ester substrates la—b were formed by EDC
mediated esterification of D,L-phenylalanine with 4a—b,
respectively.?® The thiol substrate 2 was synthesized
from S-(2-pyridylthio)cysteamine-HCI*® 14 in two steps
(Scheme 3). Alkylation of 14 with ¢-butyl bromoacetate
in the presence of DIPEA yielded 15 (70%) which was
then treated with tris-(2-carboxyethyl)phosphine-HCI
(TCEP) to give substrate 2. For ease of handling, thiol 2
was immediately converted into its corresponding di-
sulfide 16 (80%) by exposure to air. A fresh stock of 2
was prepared immediately prior to kinetic assays by in
situ treatment of 16 with an aqueous solution of TCEP.

Monoclonal antibodies with specific recognition of
haptens 6a—b or 7 were generated using established
protocols.3! These purified immunoglobulins were
screened initially for their ability to accelerate the
release of 4a—b from esters 1a-b in the presence of thiol
2 at pH 7.0 (100 mM MOPS, 2.5% DMSO).32 Twelve
antibodies capable of catalyzing the expulsion of 4b
were further investigated to ascertain the nature of their
activity. By monitoring the formation of amide 5 (the
spontaneous rearrangement product of 3) during the
reaction between 1b and 2 in the presence of the anti-
bodies, it was possible to distinguish thioesterase and
transthioesterase mechanisms. This analysis revealed
that five antibodies, three raised against 6a and two
raised against 6b, catalyze the transesterification pro-
cess. The remaining seven antibodies simply catalyze the
hydrolysis of 1b. Preliminary kinetic studies have
revealed that the overall antibody-catalyzed rates (ca.
10?) for the generation of 5 are encouraging but do not
warrant in-depth investigation.

In conclusion, we have developed a facile four-step,
one-pot coupling procedure for the synthesis of novel a-
azido-phosphonate and phosphonothioate diesters.
Representative examples 12¢—d have been exploited as
intermediates for synthesis of haptens 6a—b and 7. Five
of the antibodies generated against haptens 6a—b cata-
lyze the transthioesterification reaction between 1b and
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Scheme 3. Substrate synthesis. Reagents and conditions: (i) z-butyl
bromoacetate, DIPEA, DMF, (ii) TCEP, EtOAc-H,O, (iii) TCEP,
H,0.

2, but their catalyzed-rates do not merit extensive
kinetic study. By incorporating the facile synthetic
procedures reported in this paper, we are at present
preparing new haptens in an effort to generate more
powerful antibody ligases.
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