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Synthesis and Binding Properties of 2-Amino-5-phosphono-3-pentenoic Acid
Photoaffinity Ligands as Probes for the Glutamate Recognition Site of the NMDA
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Four w-benzoylated (E)-2,10-diamino-4-(phosphonomethyl)dec-3-enoic acids have been synthesized
and tested in vitro for binding affinity to the glutamate recognition site of the NMDA (N-methyl-
D-aspartate) receptor. The w-4-azidosalicylamide derivative 24 was iodinated to give the
photoaffinity ligand 25 (CGP 55802 A) which showed an ICs value of 34 nM in the in vitro
[*H]CGP 39653 binding assay. Thiscompound anditsradioactive !%I-form are the first photoaffinity
ligands for the NMDA receptor with high affinity to the glutamate recognition site.

Introduction

Excitatory amino acid receptors have been the object
of intensive pharmacological investigations over the past
few years.!# A major part of this research focused on the
N-methyl-D-aspartate (NMDA) type of these glutamate
receptors which has been implicated in normal neuronal
functioning including excitatory synaptic transmission,
regulation of neuronal plasticity, and learning as well as
in the pathologies of acute and chronic diseases of the
central nervous system such as epilepsies, Parkinson’s
disease, and neurodegeneration following a stroke. Due
to this important physiological role, the NMDA receptor
complex has become one of the pharmacologically best
characterized excitatory amino acid receptors.

Attempts to isolate and purify the receptor protein
involving affinity chromatography® or photoaffinity la-
beling of the associated phencyclidine recognition site®’
have met with limited success. Recently, however, sub-
stantial progress in the molecular characterization of the
NMDA receptor has been achieved. Several cDNA’s
coding for subunits of this receptor have been cloned, yet
the native structural compositions are still unknown.3-1!

In our laboratories we have synthesized a series of
competitive NMDA antagonists!? of type 1 which exhibit
high in vitro affinity for the NMDA receptor in the [*H]-
CGP 39653 binding assay.!® The (E)-2-amino-5-phospho-
no-3-pentenoic acids 2 (CGP 37849, Chart I) and its active
R-enantiomer 3 (CGP 40116) are representatives of the
most potent members of this series and also show
pronounced anticonvulsant activity in mice and rats after
oral administration'* and neuroprotective activity in a
stroke model in rats.’® Thus, they are promising candi-
dates for the treatment of epilepsies and brain ischemia.

Structure—activity relationship studies in this series of
compounds have revealed a window for structural vari-
ations in the substituent R at the 4-position of the parent

molecule 1. This observation offered the opportunity to-

design and synthesize a photoaffinity ligand for the
glutamate recognition site of the NMDA receptor. Such
a ligand, carrying a radioactive isotope, could be an
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important new tool to gain deeper insights into the
molecular composition of the NMDA heterooligomer
receptor complex in situ. Therefore, we decided to
synthesize compounds of type 4 carrying a photoreactive
aromatic azido group. A definite advantage of this well
known type of photolabel’ is the chance to introduce
radioactive iodine at the ultimate step of the synthesis.

Chemistry

The primary synthetic goal for the envisaged ligands of
type 4 was the preparation of the intermediate phosphono
amino acid 138 (Scheme I). Starting with 8-aminooctan-
1-0l (5) we prepared the N-benzyloxycarbonyl-protected
alcohol 6, which upon Swern-type oxidation and reaction
with formaldehyde provided the labile a-methylene al-
dehyde 7. On the basis of the fundamental work of
Schéllkopf et al.)” we developed a general methodology
for the conversion of 2-alkyl-substituted a-methylene
aldehydes to 8,y-unsaturated a-amino acids of type 1.!8
The key step involves a copper(I)-catalyzed cycloaddition
of the aldehyde with ethyl isocyanoacetate to form an
oxazoline, a reaction which has been previously published
by Ito et al.’® When applied to aldehyde 7, this procedure
afforded a diastereomeric mixture of the oxazoline 8 in
moderate yield. Mild hydrolysis gave the allylic alcohol
9,which upon treatment with thionyl bromide stereose-
lectively rearranged to the unstable E-configurated pri-
mary allylic bromide 10. In order to trap liberated
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SReagents: (a) CgHs;CH;0COCI, acetone, NaHCOg; (b) (COCl),,
DMSO, CHCl;, Hiinig’s base; (c) aqueous CH;0, piperazine, H;0,
AcOH; (d) CNCH;COOE?t, Cu20, toluene; (e) H20, THF; (f) SOBr,,
CICH,CH:Cl, 1,5-hexadiene; (g) triisopropyl phosphite; (h) BrSi-
(CHs)s, CHCly; (i) EtOH, propylene oxide; (j) 2 N HCL

hydrogen bromide, 4.8 equiv of 1,5-hexadiene was added
tothereaction mixture. Treatment of 10 with triisopropyl
phosphite afforded in an Arbusov-type reaction the
phosphonate ester 11. Simultaneous cleavage of the
phosphonoester, the benzyloxycarbonyl, and the formyl
groups with trimethylsilyl bromide provided the crude
ester 12, which was hydrolyzed with 2 N hydrochloric acid
to the desired phosphono diamino carbozxylic acid 13. A
strong nuclear Overhauser effect between H-C(2) and
H-C(5) as well as between H-C(3) and the phosphono-
methylene group corroborated the E-configuration of the
double bond.

The next step required the selective benzoylation of the
w-amino group of diamino acid 13." In order to evaluate
the synthetic methodology and to elucidate the structure—
activity relationship, we decided to synthesize also the
w-benzoylated model compounds 15 and 18 (Scheme II).
Acylation experiments with benzoyl chloride under Schot-
ten-Baumann conditions afforded a three component
mixture of a- and w-acylated and diacylated products. A
similar result was obtained from the reaction of 11 with
the N-hydroxy succinimide ester of 4-azidosalicylic acid?®
(NHS-ASA). However, resorting to the “Fujita-reagent”
14, which was originally introduced for the chemoselective
benzoylation of L-lysine,?! we were able to preferentially
prepare the w-benzoylated derivative 15 (Scheme II)
obtained in 55% yield as the monosodium salt after
chromatography on reversed-phase silica gel. Similarly,
we synthesized the corresponding p-azido reagent 17 which
reacted with 13 to give the w-acylated compound 18 in
moderate yield. As a direct approach for the desired
salicylamide 24 (Scheme IV) we tried to prepare the
“Fujita-derivative” 20 (Scheme III). However, interaction
of the hydroxy group with the electrophilic C=S function
of the heterocycle prevented the isolation of 20 (the
resulting side products are not shown here). Therefore,
the novel, stable, and crystalline O-protected coupling
reagent 23 was synthesized. Thereby, we took advantage
of Wissner’s procedure?? for the generationof acid chlorides
under -neutral conditions. The O-silylated reagent 23
allowed the direct preparation of the desired ligand 24
(CGP 55425 A) in 28% yield (SchemeIV) as the protecting
group was simultaneously cleaved under the reaction
conditions (pH 10-11).

For the iodination of ligand 24, the method of Ji et al.23
was applied. In agreement with the reported reactivity of

Notes

a-amino acids toward chloramine-T,24 the reaction led to
a complex mixture of products. Apart from unidentified
compounds, it consisted of the twoin the aromatic positions
3and 5 monoiodinated and the 3,5-diiodinated derivatives.
Chromatography on reversed-phase silica gel allowed the
separation of the pure 3-iodinated compound 25 (CGP
55802 A) in 18% yield. The purity of the ligands 18, 24,
and 25 was assessed by TLC (see Experimental Section),
and the structures were verified by 'H-NMR and FAB
mass spectrometry. An important feature in the NMR
spectra is the characteristic low-field shift of the w-CH;
group induced by the aroyl substituents.

The chemical stability of the azido compounds 18, 24,
and 26, all of them obtained as colorless solids upon
lyophilization from water, was checked. Practically no
change in purity as judged by TLC and 'H-NMR analysis
was noticed after storage of 18 and 24 in the dark for 6
months at room temperature and 25 at 5 °C.

The corresponding radioactive !%]-labeled photoaffinity
ligand 25 proved to be suitable for the photoaffinity
labeling of the NMDA receptor. These studies will be
reported in due course.?5

Receptor Binding

The radioligand [BHICGP 39653 was used for binding
studies with compounds 13, 15, 18, 24, and 25. As can be
seen from Table I, all of them exhibit potent affinity with
ICso values ranging from 34 to 106 nM. Therefore, mainly
the “backbone” of the phosphono amino acids seems to be
responsible for the receptor binding which is only weakly
affected by the presence of the w-benzoyl residues com-
pared to the diamino precursor 13.

Experimental Section

Unless noted otherwise, reagents and solvents were obtained
from commercial sources and used without further purification.
TLC: precoated plates (Merck), silica gel 60 Fys. Reversed-
phase TLC: precoated plates (Macherey-Nagel), silica gel SIL
RP-18 W/UV254. Visualization with UV light, iodine vapor or
ninhydrin (for amino acids). Organic extracts were generally
dried with Na;SO4. Flash chromatography was done on Merck
silica gel (230-400 mesh). Reversed-phase column chromatog-
raphy was performed on silicagel 100 (Fluka) C,s-reversed-phase.
Melting points were taken in open capillary tubes on a Tottoli
apparatus (Bachi) and are uncorrected. IR spectra: Perkin-
Elmer-983 spectrometer; principal absorption bands in ¢cm-1. 'H
NMR spectra: Varian-Gemini-200 or 300, Bruker-AM-360 or
400 and Varian-Unity-500 spectrometers; 4 in ppm relative to
internal Me,Si or HDO signal, coupling constants J in hertz.
FAB mass spectra: VG Analytical ZAB-HF spectrometer. The
intermediate products 7-11 were characterized by 'H-NMR
spectroscopy and used directly without further purification. All
organic azido compounds were protected from light. The
experimental procedure for the binding test has been described
previously.l* Abbreviations: FC = flash chromatography; rt =
ambient temperature.

8-[(Benzyloxycarbonyl)amino]octan-1-o0l (6). 8-Aminooc-
tan-1-ol (5)% (30.94 g, 0.213 mol) was dissolved in acetone (3.11
L) and Hz0 (1.55 L). NaHCOs; (19.68 g, 0.234 mol) was added,
and to the resulting stirred suspension was added dropwise benzyl
chloroformate (33 mL, 0.234 mol) during 1 h. After stirring for
21 h at rt acetone was evaporated, and the crystalline precipitate
was collected by filtration, washed with HyO, and dried. Re-
crystallization from CH;Clz~hexane gave 6 (53.16 g, 89 % ) as white
needles: mp 86-88 °C; Ry (95:5 CH.Cl;~MeOH) 0.42; IR (CH;-
Clz) 3580 (OH), 3410 (NH), 1700 (C=0), 1490, 1210; 'H NMR
(200 MHz, CDCly) 41.22-1.60 (m, 12H, CH>-2,3,4,5,6,7), 3.18 (q,
J = 1.5, 2H, CH-8), 3.62 (q, J = 5.5, 2H, CH;-1), 4.72 (br, 1H,
NH), 5.10 (s, 2H, OCH;C¢Hs), 7.34 (m, 5H, C¢H). Anal. (CieHos-
NOy) C, H, N.
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8-[(Benzyloxycarbonyl)amino]-2-methyleneoctanal (7).
To a solution of oxalyl chloride (7.5 mL, 87.4 mmol) in CH;Cl;
(107 mL) was added under argon at -60 °C DMSO (14.1 mL, 199
mmol) in CHyCl; (20 mL). After 15 min a solution of alcohol 6
(22.21 g, 79.5 mmol) in CH,Cl; (278 mL) and DMSO (5 mL) was
added dropwise at —60 to -50 °C. Stirring was continued for 30
min, and then N-ethyl diisopropylamine (67.6 mL, 397 mmol)
was dropped in at —50 °C. After having been stirred for 1 h at
-50 °C, the reaction mixture was allowed to warm up to 0 °C and
poured into H;O (400 mL). The organic layer was washed
sequentially with 1 N HC], 1 N NaHCO;, H20, and brine, dried,
and evaporated togive the crude aldehyde [22.2 g, R, (2:1 hexane—

Table I. In Vitro Binding Affinities for NMDA Receptors®

N N
XHOAP COOH H204P COOH
*H-CGP 39653
compound X R 1Cs0, nM?
13 H H 42
15 Na Q 106
18 Na 9 38
)ﬁNa
24 Na Q OH 36
(CGP 55425 A) *@
N3
25 Na Q OoH 34
(CGP 55802 A) !

2 Rat forebrain membranes were prepared, and inhibition of
[BHICGP 39653 binding was performed as detailed inref 13. ® Values
given are the means of two to three determinations; the maxzimum
variance (geometric mean) was 30%.

EtOAc) 0.50] as a yellowish oil. To this was added under argon
asolution of piperazine (3.9 g,45.3 mmol) in H;0 (50mL) followed
by AcOH (5.1 mL, 89 mmol) and aqueous (36% ) formaldehyde
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(6.67mL, 87.4mmol). Themixturewasstirred and heated rapidly
(preheated bathat 120°C) toreflux for1 h. Thereaction mixture
was poured into ice/H20 and extracted with EtOAc (2 X 100
mL). The organic extracts were washed sequentially with 1 N
NaHCOs;, H;0, and brine, dried, and concentrated. The crude
product (23.9 g) was purified by FC (2:1 hexane-EtOAc) to yield
a-methylene aldehyde 7 (12.65 g, 55%) as a yellow oil: Ry (2:1
hexane-EtOAc) 0.55; IR (film): 3315 (NH), 2980, 1696 (C=0),
1550, 1250; '"H NMR (360 MHz, CDCl;5) 4 1.156-1.45 (m, 8H, CH;-
4,5,6,7), 2.13 (t, J = 7, 2H, CH;-3), 3.08 (q, J = 6, 2H, CH;-8),
4.65 (br, 1H, NH), 5.00 (s, 2H, OCHy), 5.90 (s, 1H, vinyl), 6.16
(s, 1H, vinyl), 7.25 (m, 5H, Cg¢Hjs), 9.43 (s, 1H, CHO).

Ethyl 5-[8-[ (Benzyloxycarbonyl)aminoJoct-1-en-2-yl]ox-
azoline-4-carboxylate (8). To a suspension of Cuz0 (250 mg,
catalytic) in toluene (63 mL) was added under argon within 30
min a solution of methylene aldehyde 7 (12.64 g, 43.7 mmol) and
ethyl isocyanoacetate (5.54 mL, 43.7 mmol) in toluene (63 mL)
at40°C. After theslightly exothermicreaction, the mixture was
stirred for 2h at 40 °C. Another portion of ethyl isocyanoacetate
(0.55 mL, 5 mmol) was added, and stirring was continued for 1
h at 40 °C. The reaction mixture was cooled, and the insoluble
parts were filtered off and washed with toluene. The clear red
filtrate was subjected to FC. Elution with 2:1 hexane-EtOAc
afforded oxazoline 8 (5.83 g, 33%) as a yellowish oil: Ry (1:1
EtOAc-hexane) 0.40 (tailing spot due to slight hydrolysis on the
plate); 'H NMR (360 MHz, CDCls) 91.25-1.38 (t and m, 7TH, CH;
and CH;-5,6), 1.48 (m, 4H, CH:-4,7), 2.00 (oct, 2H, CH;-3), 3.18
(q, J = 6, 2H, CH;-8), 4.25 (m, 2H, OCH,CHj), 4.40 (dd, J = 8.4
and 1.2, 1H, H-4),4.75 (br, 1H, NH), 4.96 (s, 1H vinyl), 5.05-5.13
(s and m, 4H, OCH;C¢Hjs, vinyl and H-5), 6.98 (d, J = 1.2, 1H,
H-2), 7.27-7.87 (m, 5H, CsHj).

Ethyl 10-[ (Benzyloxycarbonyl)amino]-2-f(ormylamino)-
3-hydroxy-4-methylenedecanoate (9). The oxazoline 8 (5.82
g, 14.5 mmol) was heated in THF (29 mL) and H,0 (14.5 mL)
at reflux for 4 h. The reaction mixture was concentrated, and
the residue was taken up in CH;Cl;. After drying the solvent was
evaporated to give allylic alcohol 9 (6.30 g, ca. 100%) as a gum:
Ry (2:1 EtOAc-hexane) 0.42 (homogeneous spot); 'H NMR (360
MHz, CDCl;) 4 1.21-1.38 (t and m, 7H, CH; and CH-7,8), 1.48
(m, 4H, CH:-6,9), 1.93-2.13 (m, 2H, CH,-5), 2.45 (br, 1H, OH),
3.17 (q,J = 6,2H, CH;-10), 4.22 (m, 2H, OCH,CH3,), 4.62 (br, 1H,
NHCOOR), 4.84 (m, 2H, H-2,3), 4.98 (s, 1H, vinyl), 5.07 (s, 2H,
OCH;CgHzs), 5.15 (s, 1H, vinyl), 6.26 (d, J = 8, 1H, NH-formyl),
7.28-7.38 (m, 5H, C¢Hj), 8.19 (s, 1H, HCO). The preparation of
9 starting from 5 was repeated until 25 g were collected.

Ethyl (E)-10-[(Benzyloxycarbonyl)amino]-4- (bromome-
thyl)-2-(formylamino)dec-3-enoate (10) and Ethyl (E)-10-
[(Benzyloxycarbonyl)amino]-4-[diisopropylphosphono-
methyl]-2-(formylamino)dec-3-enoate (11). To a solution of
allylic alcohol 9 (13.7 g, 32.6 mmol) in 1,2-dichloroethane was
added under argon 1,5-hexadiene (18.5 mL, 156 mmol). The
clear yellow solution was cooled to 10 °C, and SOBr; (6.10 mL,
78.2 mmol) was dropped in at that temperature within 15 min.
Stirring was continued for 1 h at 10 °C and then for 1.5 h at rt.
The reaction mixture was poured into ice/saturated aqueous
NaHCOs;, whereby a pH of 8 resulted. The organic layer was
separated, and the aqueous phase was extracted once more with
CH:Cl;. The organic extracts were washed with brine, dried,
and evaporated to give crude bromide 10 (27 g, contains volatile
side products which were not removed due to instability of 10):
Ry (2:1 EtOAc-hexane) 0.55, side products at the start and 0.07,
0.6, 0.95. To this crude 10 was added triisopropyl phosphite
(64.3 mL, 261 mmol), slight vacuum (ca. 0.1 bar) was applied,
and the mixture was stirred at 80 °C (bath temperature). The
isopropyl bromide formed was collected in a cooling trap (COs).
After 17 h at 80 °C, excess phosphite was distilled off at 80 °C
under high vacuum. The residue (23.4 g) was purified by FC
(95:5 EtOAc-MeOH) to give phosphonate 11 (8.73 g, 47% from
9) as a yellow gum: Ry (95:5 EtOAc-MeOH) 0.37; TH NMR (360
MHz, CDCls) 9 1.23-1.55 (m, 23 H,CH;CH.0, (CHjy):CH and
CH»-6,7,8,9), 2.35 (m, 2H, CH:>-5), 2.54 (d, J = 20.5, 2H, CH.-P),
3.18 (q, J = 6, 2H, CH;-10), 4.19 (m, 2H, OCH, CHj), 4.65 (m,
2H,HC(CH3),),4.93 (br,1H,NH COOR), 5.09 (s, 2H, OCH,CgHj),
5.30 (m, 2H, H-2, 3), 6.35 (d, J = 6.5, 1H, HNCHO), 7.36 (m, 5H,
CeHs), 8.15 (s, 1H, HCO).

(E)-2,10-Diamino-4-(phosphonomethyl)dec-3-enoic Acid
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(13). To a solution of phosphonate 11 (8.63 g, 15.2 mmol) in
CH:Cl; (22 mL) was added dropwise under argon bromotri-
methyisilane (9.8 mL, 75.8 mmol) during 1 h. The yellow solution
was stirred at rt for 22 h. Then EtOH (22 mL) was dropped in
slowly within 1 h while the temperature was kept at 22 °C. After
having been stirred for 22 h at rt the reaction mixture was
concentrated. The residue was repeatedly (4 X) treated with
toluene (25 mL) and evaporated to give a yellow foam which was
dissolved in EtOH (152 mL). Upon slow addition of a solution
of propylene oxide (7.5 mL, 107 mmol) in EtOH (7.5 mL), a
crystalline precipitate appeared. After stirring for 16 h at rt the
crystals were collected and washed with EtOH and Et;O. After
drying, the product was stirred with H,O (46 mL) and insoluble
parts were removed by filtration through a 1-cm layer of Hyflo.
The filtrate was evaporated and repeatedly (3 X) treated with
toluene and evaporated. The residue (4.5 g} was suspended in
EtOH (150 mL), and a solution of EtOH saturated with HCl was
added until the pH was 2. To the resulting clear solution
propylene oxide (7.4 mL) was added dropwise during 2 h. After
16 h at rt the precipitate was filtered and washed with EtOH and
Et;0. The resulting crude diamino-1-ethyl ester 12 (2.95 g) was
hydrolyzed with 2 N HC] (50 mL) at reflux under argon during
17h. Thereaction mixture was evaporated, and the residue was
treated repeatedly (6 X) with 3:2 toluene-EtOH and evaporated
to give a foam which was dissolved in EtOH (76 mL). Then a
solution of propylene oxide (15 mL) in EtOH (15 mL) was added
slowly until the pH reached 3. After 2 h at rt the crystals were
filtered, washed with EtOH, and dried. The crude product (2.12
g was purified by reversed-phase chromatography with H;0 as
the eluent. The fractions showing the desired homogeneous and
ninhydrin-positive spot on TLC were combined and lyophilized
from the minimum amount of H;O to give 13 (1.38 g, 28%) as
a white hygroscopic foam: Ry (15:12:10:3 1-propanol-H;O-
pyridine-AcOH) 0.34; R; (reversed-phase TLC, H,0) 0.71;'H
NMR (500 MHz, D;0) 4 1.30-1.55 (m, 6H, CH;-6,7,8), 1.62 (m,
2H, CH;-9), 2.19-2.38 (m, 2H, CH;-5), 2.53 (sextet, 2H, CHz-P),
2.95 (t, J = 7.5, 2H, CH»-10), 4.62 (d, J = 9.6, 1H, H-2), 5.32 (q,
J = 4, 1H, H-3), strong NOE between H-2 and CH;-5 as well as
between H-3 and CH,-P; FAB MS (matrix: thioglycerol) m/e
295 (M* +1). Anal. (C,;H2sN;05P-0.56HCI-0.7H;0) H, C1, N; C:
caled, 40.63, found, 39.7; P: caled, 9.53; found, 10.6.
(E)-2-Amino-10-(benzoylamino-4-(phosphonomethyl)dec-
3-enoic Acid Sodium Salt (16). To a solution of amino acid
13 (188 mg, 0.57 mmol) in H20 (1.25 mL) and 1 N NaOH (1.25
mL, 1.25 mmol) was added dropwise a solution of 3-benzoyl-
1,3-thiazolidine-2-thione (14)# (127 mg, 0.57 mmol) in THF (1.6
mL) at rt. After the mixture was stirred for 3 h (TLC indicated
the presence of ca. 30% starting material) 1 N NaOH (0.53 mL)
and reagent 14 (56 mg, 0.25 mmol) were added, and stirring was
continued at rt for 3 h (TLC: only traces of 13 visible). The
colorless reaction mixture was brought to pH 5 by the addition
of 1 N HC] and evaporated until a volume of ca. 5 mL remained.
Some insoluble material was removed by filtration, and the
aqueous filtrate was purified by reversed-phase chromatography
with H,0 as the eluent. The fractions containing the desired
ninhydrin-positive product were combined, evaporated, and
lyophilized from the minimum amount of H,0 to give 15 (141
mg,55% )asacolorless foam: R;(6:1:1 MeOH-H;0-CHCls) 0.69;
Ry (15:12:10:3 1-propanol-HyO-pyridine-AcOH) 0.70; R; (re-
versed-phase TLC, H20) 0.53; 'H NMR (400 MHz, D;0) 4 1.37-
1.64 (m, 8H, CH:-6,7,8,9), 2.32 (m, 2H, CH:-5), 3.40 (t, J = 7.5,
2H, CH;-10), 4.52 (d, J = 10, 1H, H-2), 5.31 (q, J = 5, 1H, H-3),
7.33 (m, 2H, meta to C=0), 7.62 (m, 1H, para to C=0), 7.76 (dd,
J=9and 1, 2H, ortho to C=0); FABMS (matrix: phenolsulfonic
acid) m/e 399 (M* + 1, free acid), 421 (M* + 1, sodium salt). Anal.
(C1sH2NgNaOg-1.5 H:0) C, H, N, Na; P: caled, 6.92; found, 6.3.
3-(4-Azidobenzoyl)-1,3-thiazolidine-2-thione (17). 4-Azi-
‘dobenzoic acid (16)%" (1.87 g, 11.5 mmol) in SOCI; (9.4 mL) was
stirred and refluxed in the dark under argon for 3 h. The red-
brown solution was evaporated, and the oily residue was
repeatedly (4 X) treated with toluene (15 mL) and evaporated
to give the crude acid chloride (2.08 g). This was dissolved in
THF (93 mL) under argon, solid 1,3-thiazolidine-2-thione (1.37
g 11.5 mmol) was added, and Et;N (2.40 mL, 17.2 mmol) was
dropped in at rt. The mixture was stirred at 60 °C for 1.5 h,
poured into ice/H30, and extracted with CH;Cl,, The organic
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extracts were washed sequentially with cold 1 N HCI, H,0, and
brine, dried, and evaporated to give the crude product. Puri-
fication by FC (CH:Cly) and crystallization from Et;O gave
reagent 17 (2.04 g, 67%) as yellow needles: mp 106-109 °C; Ry
(CH.Cly) 0.70; IR (CH,Cly 2120 (N3), 1690 (C=0), 1600, 1285
(C==S), 1230; 'H NMR (200 MHz, CDCl;) 3 3.46 (t,J = 7, 2H,
CH:8), 4.52 (t, J = 7, 2H, CH,;N), 7.02 (d, J = 8.5, 2H, ortho to
Ny), 7.74 (d, J = 8.5, 2H, ortho to C=0). Anal. (C,0HsN0S,)
C,H,N,S.
(E)-2-Amino-10-[(4-azidobenzoyl)amino]-4-(phosphono-
methyl)dec-3-enoic Acid Sodium Salt (18). Amino acid 13
(854 mg, 2.90 mmol) was dissolved in HyO (10.2 mL), 1 N NaOH
(8.7 mL, 8.7 mmol), and THF (13 mL). The solution was stirred
at rt, and solid azidobenzoyl reagent 17 (844 mg, 3.19 mmol) was
added in one portion protected from light. After 10 min a clear
solution resulted, and stirring was continued for 3 h. After
addition of 1 N HCI (3.5 mL, pH reached 5) the reaction mixture
was evaporated and dried at rt under high vacuum. The solid
residue was digested and broken up with CHCl; (50 mL, removes
most of the remaining 1,3-thiazolidine-2-thione). The mixture
was filtered and washed copiously with CHCl;. The colorless
insoluble material was treated with H;O (20 mL), stirred for 1
h at rt, and filtered through a pad of Hyflo. The filtrate was
evaporated and purified by reversed-phase chromatography with
H;O as the eluent. The fractions containing the desired,
ninhydrin-positive product (R; see below) were combined and
lyophilized from the minimum amount of H;O to give the
azidobenzoyl derivative 18 (427 mg, 29 % , mixture of monosodium
and disodium salt) asa white foam: R;(6:1:1 MeOH-H,0-CHCls)
0.75; Ry (15:12:10:3 1-propanol-HyO-pyridine-AcOH) 0.79; R;
(reversed-phase TLC, H;0) 0.26; IR (KBr) 3700-2600 (br, OH,
NH as), 2115 (Ns), 1640 (C=0, amide, CO0-), 1605, 1500, 1290,
1050; 'TH NMR (300 MHz, D;0) 4 1.28-1.68 (m, 8H, CH>-6,7,8,9),
2.26 (m, 2H, CH:-5), 2.46 (sextet, 2H, CH»-P), 3.35 (t, J = 7.5,
2H, CH;-10), 4.46 (d, J = 9.6, 1H, H-2), 5.37 (q, J = 4, 1H, H-3),
7.15 d, J = 7.5, 2H ortho to Ns), 7.72 (d, J = 7.5, 2H, ortho to
C=0); FAB MS (matrix: thioglycerol) m/e 462 (M* + 1,sodium
salt). Anal. (CieH2sNsNa,; 506P-2H;0) H,N, P;C: calced, 42.52;
found, 42.04; Na: caled, 6.78; found, 6.18.
tert-Butyldimethylsilyl 4-Azido-2-[(tert-butyldimethyl-
silyl)oxylbenzoate (21). To asolution of 4-azidosalicylic acid
(19)2 (5.40 g, 30.1 mmol) in CH;Cl; (120 mL) and Et;N (16.8 mL,
120.6 mmol) protected from light was added a solution of tert-
butylchlorodimethylsilane (9.99 g, 66.3 mmol) in CH.Cl; (30 mL)
at rt. After the mixture was stirred for 22 h, toluene (500 mL)
was added, and the suspension was evaporated until the final
volume was ca. 100 mL. The precipitated NEts-HCl was filtered
off, and the filtrate was evaporated and dried to give the crude
silylated intermediate 21(12.32 g, >100% ) as a brown oil: Ry (9:1
CH;Cl;-MeOH) 0.94 (tailing spot due to decomposition on the
plate); IR (CH:Cl,) 2980, 2970, 2120 (Nj), 1705 (C=0), 1600,
1230, 1080, 840 (CH;-Si); 'H NMR (200 MHz, CDCl;) 4 0.21 (s,
6H, OSi(CHs),), 0.35 (s, 6H, 0=CO0Si(CHjs)y), 1.00 (2 overlapping
s, 18H, (CH3)3CSi), 6.49 (d, J = 1.5, 1H, H-3),6.65 (dd, J = 1.5
and 8, 1H, H-5), 7.78 (d, J = 8, 1H, H-6). This crude material
was used directly in the next step.
3-[4-Azido-2-[(tert-butyldimethylsilyl)oxy]benzoyl]-1,3-
thiazolidine-2-thione (23). To a solution of crude 21 (12.30 g,
contains 30.1 mmol) in CH,Cl; (50 mL) and DMF (5 drops),
protected from light, was added dropwise at 0 °C oxalyl chloride
(5.20 mL, 60.3 mmol). The resulting clear brown solution was
stirred at 0 °C for 3 h then at rt for 17 h and evaporated. The
oily residue was treated four times with toluene (20 mL) and
concentrated to give the crude acid chloride 22 (9.48 g) as a
brownish oil: IR (CH:Cly) 2930, 2120 (Ns), 1750 (COCl), 1600,
1235, 840 (CH;-Si). This was dissolved in THF (255 mL) under
argon, and solid 1,3-thiazolidine-2-thione (3.59 g, 30.1 mmol) was
added followed by EtsN (6.30 mL, 45.2 mmol). The mixture was
stirred at 60 °C for 3 h, then poured into ice/H20 (a pH of 9
resulted), and extracted with Et:0 to give the crude product
(13.0 g). Purification by FC (CH;Cl;) and two crystallizations
from hexane gave reagent 23 (6.21 g, 52% ) as yellow needles: mp
77-79 °C; R; (CH:Cly) 0.65; IR (CH,Cly 2960, 2930, 2120 (Nj),
1675 (C=0), 1600, 1310, 1230, 1150, 840 (CH;-Si); 'TH NMR (300
MHz, CDCl;) 4 0.25 (8, 6H, Si(CHs)2), 0.97 (s, 9H, (CH;)sC), 3.35
(t,J =17, 2H, CH;8), 4.62 (t,J = 7, 2H, CH;N), 6.35 (d, J = 1.5,
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1H, H-3), 6.68 (dd, J = 1.5 and 10, 1H, H-5),7.29 (d, J = 10, 1H,
H-6). Anal. (C)eH22N,0:S:8i) C, H, N, S, Si.
(E)-2-Amino-10-[ (4-azido-2-hydroxybenzoyl)amino]-4-
(phosphonomethyl)dec-3-enoic Acid Sodium Salt (24, CGP
85425 A). To a solution of the amino acid 13 (1.03 g, 3.5 mmol)
in H;O (10.5 mL) and 1 N NaOH (10.5 mL, 10.56 mmol) was
added dropwise within 30 min a solution of reagent 23 (1.52 g,
3.85 mmol) in THF (15.7 mL) protected from light. After the
mixture was stirred for 5 hat rt, 1 N NaOH (1.92 mL, 1.92 mmol)
was added followed by solid 23 (0.76 g, 1.9 mmol), and stirring
was continued in the dark for 18 h. Then 1 N HCI (cs. 6.2 mL)
was added until the pH reached 5. Some insoluble material
(mostly 1,3-thiazolidine-2-thione) was removed by filtration, and
the clear filtrate was evaporated and dried at rt under high
vacuum. The solid residue was treated with CHCl; (30 mL) for
30 min, and the mixture was filtered and washed with CHCl.
The solid product was dissolved in H20 (5 mL) and purified by
reversed-phase chromatography with H;O as the eluent. The
fractions containing the desired, ninhydrin-positive product (R;
see below) were combined and lyophilized from the minimum
amount of Hz0 to give ligand 24 (528 mg, 28%) as an off-white
foam: R; (6:1:1 MeOH-H;0-CHCls) 0.77; R/(55:40:5:2 H,0-2-
propanol-NH; (conc)-AcOH) 0.73; Ry (reversed-phase TLC, H;0)
0.16; IR (KBr) 3700-2600 (br, OH, NH assoc), 2115 (N3y), 1650—
1600 (br, C==0, amide, COO~), 1275, 1100, 1060, 970; 'TH NMR
(400 MHz, D;0) 4 1.35-1.62 (m, 8H, CH-6,7,8, 9), 2.28 (m, 2H,
CH:-5), 2.44 (sextet, 2H, CH,P), 3.35 (t, J = 7.5, 2H, CH,-10),
447, J = 10, 1H, H-2), 5.27 (q, J = 4, 1H, H-3), 6.62 (m, 2H,
ortho and para to OH), 7.73 (d, J = 9.5, 1H, ortho to C=0); FAB
MS (matrix: phenolsulfonic acid) m/e 456 (M* + 1, free acid).
Anal. (C16H2:N;NaO7P-3H;0) C, H, N.
(E)-2-Amino-10-[(4-azido-2-hydroxy-3-iodobenzoyl)ami-
nol-4-(phosphonomethyl)dec-3-enoic Acid Sodium Salt (25,
CGP 55802 A). A solution of ligand 24 (229 mg, 0.48 mmol) and
Nal (79 mg, 0.53 mmol) in H;0 (7 mL), protected from light, was
cooled to 0 °C, and chloramine-T trihydrate (149 mg, 0.53 mmol)
wasadded. Afterbeingstirred for1hat0°C thereaction mixture
was filtered in order to remove most of the formed p-toluene-
sulfonamide. The filtrate was brought to pH 6 by the addition
of 0.1 N HCI, concentrated, and purified by reversed-phase
chromatography (7.6 g of silica gel 100 C,5 reversed-phase) with
H;0 as the eluent. The first fractions containing some p-tolu-
enesulfonamide were discarded. The next fractions showing a
homogeneous, ninhydrin-positive spot (R; see below) were
combined and lyophilized from the minimum amount of H;0 to
give ortho-iodinated ligand 25 (45 mg, 13%) as a yellowish
powder: Ry (6:1:1 MeOH-H;0-CHCl;) 0.84; Ry (reversed-phase
TLC, H;0) 0.08; IR (KBr) 3700-2600 (br, OH, NH assoc), 2115
(Ns), 1650~1520 (br, C=0, amide, CO0O-), 1400, 1305, 1100, 940;
IH NMR (500 MHz, D;0) 4 1.30-1.65 (m, 8H, CH:-6,7,8,9), 2.27
(m, 2H, CH,-5), 2.42 (d, J = 21.5, 2H, CH;-P), 8.36 (t, J = 7.5,
2H, CH,-10), 4.47 (d,J = 10, 1H, H-2), 5.26 (q, J = 4.5, 1H, H-3),
6.53 (d, J = 8.5, 1H, meta to C=0), 7.83 (d, J = 8.5, 1H, ortho
to C=0); FAB MS (matrix: phenolsulfonic acid) m/e 582 (M*
+ 1, free acid), 604 (M*+ + 1, sodium salt). Anal. (C,eH2JN;-
NaO;P-6H;0) C, H; N: calcd, 9.84; found, 9.2. The following
fractions proved to be mixtures of 25 together with the corre-
sponding 3,5-diiodinated and 5-monoiodinated derivatives.
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