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Abstract. Synthesis of hexadentate ligands via the in situ formation of 1-hydroxy
benzotriazolyl active ester in the presence of 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate, TBTU as a coupling agent is described. The
pKa values and distribution coefficient values (1-octanol/water) of the ligands and the
stability constants of their iron(11l) complexes are reported. © 1999 Elsevier Science Lid.
All rights reserved.

NTRODUCTION

is RS

Hexadentate sid analogues can be consiructed by derivatizing prototype bidentate hydroxypyridinones
and attaching them to suitable molecuiar frameworks. Hexadentate ligands based on derivatizing the ring nitrogen
of 3-hydroxy-"** and 1-hydroxy-2(1H)pyridinones* have been reported with a view to using them as therapeutic
chelating agents. Raymond and co-workers have developed an alternative strategy in order to synthesize HPO
analogs with superior co-ordination geometries which lead to higher affinities for iron(IIl).>® The method
involves derivatization of the ring carbon of N-substituted bidentate hydroxypyridinone (HPO) with a carboxy

group, ortho to the phenolic group, which is then attached to a suitable molecular framework using amide

linkages.”® Adopting yet another approach, Streater and co-workers have reporied the preparation of tripodal
hexadentatc ligand N,N,N-tris[2-(3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido]ethylamine (1). This

ligand possesses a relatively low log K, value for iron(IIT), namely 28.8, a value which is lower than the log §,

ethylenediaminetetraacetic acid; HPO, hydroxypyridinone; MEM, methOX)eihoxymethyl MOPS, 3-(N-

morpholino)propanesulfonic acid; TBDMS, tertiarybutyldimethylsilyl; TBTU, 2-(1H-benzotriazol-1-yl)-1,1.3,3-
tetramethyluronium tetrafluoroborate; TRAM, 13,5-tris(aminomethyl)benzene; TREN, tris(2-aminoethyl)amine;

TRMAM, 1,3,5-tns(methylaminomethyl)benzene.

0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.,
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value for a corresponding bidentate analogue (2) 32.3.” The amide hydrogen atoms of the Fe(II) complex of 1
form intramolecular H-bonds between the amide and the three carbonyl oxygen atoms resulting in the formation
of a seven membered rine (3).% Similar H-bonding has been observed i

15 \Y DLILEAL TA-DOIIAIT 18 1

) and chelating carbonyl oxygen atoms and therefore to possibly
reduce the iron(III) binding afﬁnity of the corresponding ligand. Such an effect offers a possible explanation for
the log K, value of 1 for iron(IIl). Due to favourable entropic contributions resulting from the displacement of
co-ordinated water molecules, an increase in the formation constants of up to 6 log units may be expected for a
hexadentate ligand when compared to a similar

bidentate unit'! which would yield a value in the

region of 36 to 38 for hexadentate pyridin-2-ones. _ 0 n

There is therefore potential for increasing the TN

. N\
. g Fe
affinity constants of hexadentate hydroxypyridin- “\ )\ k/kﬁ
o - . » s . N \O / /

2-ones for iron(lll). If such H-bonding, as s ' ~
* ]

indicated in 3, is avoided for instance by H A H
O_ v

moditying the amide links, then a stronger }—N N
interaction between iron(IlI) and chelating o) I
carbonyl oxygen atoms might be expected. .

N

A
[+
Alternatively it is possible that unfavourable
conformational changes occur in the hexadentate

ligand upon formation of iron(lll) complex. Significantly 1 lacks a preorganised conformation for metal binding.
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In order to optimise the yield of hexadentate ligands, different protecting groups were investigated. The
behaviour of each protecting group was first examined by derivatizing a bidentate analogue § prior to the
synthesis of hexadentate ligand in order to optimise the yield. The attempted protection of 3-hydroxyl function of

the methyl ester Sa by the ‘Bu group in the presence of t-butyltrichloroacetamidate in
cyclohexane/dichloromethane and a catalyticamount of boron trifluoride etherate,'* failed to give 6a (Scheme 1).
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Scheme 1
However the protection of 3-hydroxyl function of 5a using the t-butyldimethylsilyl group with TBDMS chlonde
in the presence of imidazole as catalyst,'® yielded the TBDMS- protected methyl ester 6b as a viscous oil in a
yield of 65%. However the controlled hydrolysis of 6b was unsuccessful. Investigation for the protection of 3-
hydroxyl function using the methoxyethoxymethoxy group, was attempted by reacting the methyl ester Sa with
MEM chloride in the presence of sodium hydride using dimethoxyethane as a solvent.'® This afforded the MEM-
protected ester 6¢ as a viscous oil in a yield of 78%. Subsequent hydrolysis of 6 ¢ in the presence of aqueous

sodium hydroxide/methanol under conditions identical to those used for 6 b gave the MEM- protected carboxylic
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Scheme 2. Synthesis of hexadentate ligands from 3-hydroxypyridin-2-ones.
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acid 93%. Activation of 7a in the presence of DCCI and N-hydroxysuccinimide under
the conditions as described by Streater and coworkers’ yieided the succinimide ester 8 as a viscous oii in 22%
yield. Subsequent reaction of 8 with amine did not produce a good yield of the corresponding amide.
Investigation of the 4-nitrobenzyl group in the presence of 4-nitrobenzyl bromide in dimethylformamide and
potassium carbonate at 50-60 °C (a modified method of Fukase e dl.'”), afforded the crystalline product of 4-
nitrobenzyl protected methyl ester 6d in a yield of 58%. However conversion of 7b to the corresponding amide

could not be achieved in good yield using NHSu. Coupling was also attempted via the in situ formation of 1-

hydroxybenzotriazolyl activated ester by reacting 7h with 2-(1H-benzotriazol-1-y1)-1,1,3 3-tetramethyluronium
totraflinaraharate TRTIHE jn tha nracannca ~F Al _mathulmnmhaling ac o haoa and se~nc Hamina Thic me~nnadiira
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yielded the 4-nitrobenzyl protected amide 9 in 92% yield. The 4-nitrobenzy! group was then removed by catalytic
hydrogenation in the presence of Pd (5% w/w) to afford the deprotected propylamide 10. It was planned

therefore to use the 4-nitrobenzyl function as a protecting group during hexadentate ligand synthesis.

The synthesis of the hexadentate chelator 1 was investigated by reacting 7b with TBTU, in the ratio of 3:1 with
respect to the tetraamine, tris(2-aminoethyl)amine, TREN in dimethylformamide in the presence of N-
methylmorpholine. After stirring the reaction mixture for 18 h, a precipitate was separated by filtration which was
identified as the protected N,N,N-tris[2-(3-(4-nitrobenzyloxy)-2-oxo-1,2-dihydropyridin-1-yl)acetamido]-

athulamins ataly tha Armida nradnat wog BiffSandt tn Aruntallica and Aancannantly tha annlisratian Af tha A
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and coworkers.” Thus the benzyl ether 7 ¢ was finally adopted for the synthesis of the hexadentate ligands 1 3 and
14 (Scheme 2). 1,3,5-N,N,N-Tris[-N-((3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido)aminomethyl]-
benzene 13 and 1,3,5-N,N, N-tris[N-methyl-N-((3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido)amino-
methyl]benzene 14 were prepared using the tripodal amines 1,3,5-tris(aminomethyl)benzene, TRAM and 1,3,5-
tris(methylaminomethyl)benzene, TRMAM respectively. These amines were prepared using the methodology

described by Weitl and Raymond'? and Pecoraro er al.'? respectively.
RESULTS AND DISCUSSION

Ligand Properiies. Ligand ‘pKa Vaiues. Owing to the limited aqueous solubiiity of hexadentate ligands
(<107 M at pH 7), the ligands 13 and 14 have been studied by spectrophotometric titration. For the ligand 13, a
2.90 x 107 M solution in 0.1 M KCl was acidified by the addition of 0.2 M HCl and titrated with 300 ul of 0.2
M KOH. The resultant UV spectra (220-360 nm) over the pH range 4.38-10.98 are shown in Figure 1. The

_,_photom ¢ data (open circles) t0g oether with the best fit curve (km\ 312 nm) over the pH

11 1Ly

range 5-11 is shown in Figure 2. The pKa value of the bidentate ligand 10 was also determined by
spectrophotometric titration because this is a superior analogue of compounds 1 and 13 than the previously
adopted compound 2. The optimised pKa values obtained with the computer programme NONLIN15' are
shown in Table | together with the corresponding data for the ligand 1.7° The pKa value for the bidentate ligand
10 corresponds to the dissociation of the hydroxyl proton. In contrast, three pKa values result from the three
arms of the tripod in the hexadentate ligand series. Both the hexadentate ligands 13 and 14 are symmetrical and

possess 3-point symmetry, their theoretical pKa values should therefore differ by log 3 (i.e. 0.4771). The

(O8]
[S8]
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Figure 1. UV absorbance spectra (220 - 360 nm) of Figure 2. Spectrophotometric titration curve (A,
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observed spacing between pKa, and pKa,, and between pKa, and pKa, are ~0.63 and ~ 0.60 for 13. These
values agree well with the observed spacing between the three identical ionisable groups of the hexadentate ligand
1 (0.55 and 0.56).?° The larger differences between successive pKa values than that predicted by statistical

pKa, pKa, pKa; 3
IH; =——= 1H; IH? ——= L~ eql

analysis is probably associated wiih the increased columbic interaction between these species {eq 1). The

hexadentate ligand can be regarded as a trimer of a bidentate ligand and therefore it should possess an intrinsic

site pKa similar to that of the bidentate ligand. The intrinsic site pKa of 13 (pKa,,) as calculated by equation 2,*!
pKa, = pKa, + b(i - 2)log3 eq 2

1s associated with the value 8.68 which is close to

o . 100 ———
the pKa value of the corresponding bidentate ligand LH, ~ K.}F‘
. 90 -
10 namely 8.46 (Table 1). The ligand 14 gave - \ /
80}
analogous results. The spacing between the - \ /
70+
consecutive pKa values being 0.71 and 0.51. The el \ /
intrinsic site pKa of 14 is 874 which again is r
<o ® S0r \/\ /\/
comparabie to bidentate analogue 1 0. sl /\x
30}
The speciation plots from the derived protonation ol I Ak \ue
. LH_
constants of the hexadentate ligands 13 and 14 1ok ;/ / V\ \
(Figure 3) indicate that a significant fraction exists as ol o L ,*/._/,/.\\\\\_4

the neutral species at pH 7.4 (86% for ligand 13 and

88% for ligand 14). These values are comparable
Figure 3. Speciation plot of ligand 13 over pH

value for 1 which is R4,
aliuelorl MCN IS &

with the correc o
with the corres 1g vaiuclo WY 1 Y7o,

range 2 - 12.
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r the ligands at pH 7.4 between 1-octanol/MOPS buffer were determined as
18+0.002, 0.030+0.002 for 13 and 14 respectively which compares well with the corresponding figure for
, namely 0.025. Thus the three ligands are relatively hydrophilic. This is in marked contrast to the analogous

tris catecholato complexes, which possess very limited water solubilities.

Stability Constants of Iron(IIl) Complexes. The bidentate 3-hydroxy-2(1H)pyridinone ligan

?8‘
g
2
o

number of complexes with iron(III) so that in agueous solution, they equilibrate to give mixtures ir

\111; 111 1) RS 3 2P

=

cumulative) stability constant log f, for a bidentate ligand is obtained by summation of the logarithms of three

stepwise equilibrium constants corresponding to the model shown in equation 3. This model has previously been

— - . 1 2+ v

Fe’m + L7 —=——= reL~ Ky
FeL? + - === Fel," K,
Fel,' + T == Fely K; eq 3

Table 1. Distribution coefficients (D, , values), pKa values, absolute stability constants (log B,/K, values) and pM
values for bidentate and hexadentate 3-hydroxy-2(1H)pyridinone ligands 1,2,10,13 and 14.

D, pKas
ligand Ay free ligand | analytical | spectrophotometric data log B/K, pM
wavelength
Al /nm
2 - 1.57 - 8.99+0.017 32,37 18.37
id 285 | 0.59+0.001 310 8.46+0.002 29.10+£0.003 | 17.0
9.249+0.005, 8.686+0.005,
1 285 0.025 220 8.132+0.005, 5.993+0.005° 28.87 258
Intrinsic site pKa 8.60°°
9.43+0.008, 8.83+0.008,
13 285 | 0.018+0.002 312 8.20+0.008 28.20+0.84 | 24.8
Intrinsic site pKa 8.68
9.49+0.001, 8.98+0.001,
14 303 | 0.030+0.002 310 8.27+0.001 28.70+0.64 | 25.1
Intrinsic site pKa 8.74

The distribution coefficients were determined in octanol/MOPS buffer 0.01 M at pH 7.4 (n = 6), pKa values were
determined spectrophotometrically for 10, 13 and 14; log B, value for 10 was determined by spectrophotometric
titration, log K, values for 13 and 14 were determined spectrophotometrically by competition with LDTA and pM
values were determined by calculating the equilibrium concentration of free hexaaquoiron(Ill) in a solution of pH
7.4 containing 10 M iron(11l) and 10~ M ligand.

L
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shown to apply to the 3-hydroxy-2(1H)-pyridinones.” The B, value
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spectrophotometric titration of a visibie iron(iii)-ligand using the automated system. This iron(Iii) compiex was
prepared in 10 : 1 molar ratio (ligand to Fe**) in acidic medium by adding 80 pl 30% HCI. The titrated data were

obtained as an input to STABOPT program, a modified version of NONLIN15."” The determined log p, value

wac 20 1 IT‘ hla 1Y Thic valiia 1¢ annraciahly laua r than thot anemacnanding ta P (Mahla 1Y damangtrating tha
> LZ7.1 (1 € 1). 11iS vauec is dappitiiavly 10w Uiail utidl COLTCSPOUIIaiig U &4 {140IC 1j, UTHIUISUdaUiE wc
PR N L1 L ot .Y 1 PSP a1

marked influence of the N-substituent on the electron density of ring and therefore the chelating ability of the 3
and 2 oxo functions. Clearly 10 is a superior bidentate analogue of the hexadentate pyridin-2-ones 1, 13 and 1 4.
The hexadentate ligands only form one complex with iron(lll) and the equilibrium constant corresponds to

equation 4. Furthermore the extent of iron binding with the hexadentate ligand is such that the complexes are not

Fe't + 13 =——=  Fel K, eq4

——————

appreciably dissociated into free ligand and free metal above pH2.” Thus the conditional (proton dependent)
stability constants of the hexadentate ligands 13 and 14 were determined spectrophotometrically by competition
with EDTA ata given hydrogen ion concentration.”> Solutions of the hexadentate ligand and FeCl, were mixed
to give a concentration of ligand : Fe’* in the ratio of 8 : 1 which was then titrated with EDTA. The optimised

average log K, values of the hexadentate ligands 13 a

0..

1 4 determined spectrophotometrically by competition
dino datafor 1.7 The K. values for the hoandc‘. 1,

o =T e

A%
13 and 14 are closely comparable, 28.8, 28.2 and 28.7 respectively.

with EDTA are presented in Table | together with the correspon

The possibility of intramolecular H-bond formation between amide NH and the pyridinone C=0 was eliminated
in the ligand 14, by replacing the amide proton by a N-methyl group. However no appreciable difference
between the K, value of 13 and 14 was detected (Table 1). Thus intramolecular H-bonding is apparently not
influential on the value of the iron(lIl) affinity constant. A similar observation was made with the ligands,
MECAMS and Me,MECAMS, the K, values being 41 and 40.6 respectively.'>** Thus the relatively low log K,
value of 13 and 14 probably results from a lack of ligand predisposition in both cases.” Nevertheless, the pM

values of the three hexadentate pyridinones 1, 13 and 14 are 25.8, 24.8 and 25.1 respectively. These values are
annroximatelv 7 and K oo nnite higher than thace nf the carrecnandino hidentate lioands 2 (oM value 183) and
approxamailely / anc & 10g uniis nigner inan tnese o1 (€ corresponding pigenlate jigands & (pvi vailue, 1¢.2) and
10 (AAA walinn 17 MO cncwmantivual A Amcmernsmn Fasrarren lile, carith tlhhin mmeeacomandina alna far MBO) (D4 &)
AU {pivl vaiug, 1/7.V) 1 DPCDLIVC[)’ u LUlllydlC ldVUuldUly Wil Ic LU[ICDPU iy vaiuv 11Ul iV (LJ.uy.

EXPERIMENTAL SECTION

General Procedure. Melting points are uncorrected. IR spectra are recorded on a Perkin Elmer 298. '"H NMR
spectra were recorded using a Perkin-Elmer R32 (90 MHz) or Bruker DRX (300 MHz) NMR Spectrometers.
Mass spectra (EI) or positive ion fast atom bombardment (FAB) were recorded on a Jeol AX505W and a
KRATOS MS890 MS. Elemental analysxs were performed by Butterworth Laboratories Limited, Teddington,

1-[(Ethoxycarbonyl)methyl]-3-hydroxy-2(1H)pyridinone 5b. The compound 5b was synthesised
from 3-hydroxy-2(1H)-pyridinone by following the methodology as described by Streater er a.”
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MMLn A caavan ﬂ 1 ._4-I\
111€ UIHPUUUU OD \LU g, KO )
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s mixed with dilute hydrochioric acid (pH 1) (200 mi) and heated under reflux for 12 h. The reaction mixture
was filtered and then cooled at 0 °C for 2 h. The colourless needles formed were isolated by filtration, washed
with acetone and dried to afford 1-carboxymethyl-3-hydroxy-2(1H)pyridinone S¢ (14.35 g, 84%); M.P. 220 °C,
IR (nujol) 3220 (br, OH), 1700 (acid C=0), 1650 (pyridinone C=0), 1600 (ring C=C) cm™'; 'H NMR (DMSO-

dg, 90 MHz): 8 4.62 (2H, s, NCH,), 6.07 (1H, t, J= 7.1, 6.9 Hz, 5-H), 6.75 (1H, dd, J=7.1, 1.9 Hz, 4-H),

7.15 (1H, dd, J = 6.9, 1.9 Hz, 6-H), 7.0 (2H, br, 20H). 1-Carboxymethyi-3-hydroxy-2(1H)pyridinone 5¢
(10.2 g, 6 mmol) was mixed with distilled methanol (170 ml) saturated with hydrogen chloride gas. After
refluxing the reaction mixture for 3 h, methanol was removed by rotary evaporation to give solid residue.
Recrystallization from methanol yielded the compound 5a as colourless plates (9.2 g, 83%); M.P. 160.5-161 °C;

IR (nujol) 3200 (OH), 1740 (ester C=0), 1655 (pyridinone C=0), 1605 (ring C=C) cm™'; 'H NMR (DMSO-d,

MHz): 6 3.7 (3H, s, COOCH,), 4.79 (2H, s, NCH,), 6.15 (1H, t, J="7.1, 6.9 Hz, 5-H), 6.77 (1H, dd, J =
7.1, 1.9 Hz, 4-H), 7.17 (1H, dd, J= 6.9, 1.9 Hz, 6-H), 9.11 (1H, s, OH). EIMS: m/z, 183 [M"].

I1-[(Methoxycarbonyl)methyl]-3-(4-nitrobenzyloxy)-2(1H)pyridinone 6d. To a suspension of

mathul actar bn (88 5 AN el in Aey dienathulfaemianm i Aa TN o) wxrnn Aaddad anhyude~nie mAataceitim narhasanta
lllhlll i CB er Sa . 5, JU ll )iy y UIHcL l_yllUl iHalucyiuvu ]ll} Wad auucu auuyuu.vu.) PU\.abDlUl 1 Lalvuilawc
/AT . AN . 1\ ,a 1 'R} 1 ey oa ~y " rn- X " n 0/
(4.1 g, 35 minoija nl[rOl)CllZyl bromide (/.1 8, 33 mmoi). 1ne reaciion mixiure was then heated at 55-6G "C

for 18 h. After removing dimethylformamide, the product was taken into dichloromethane (150 ml), washed with
aqueous sodium bicarbonate (1% w/v, 3 x 100 ml), water (3 x 50 ml), dried over anhydrous sodium sulphate
and filtered. Removal of the solvent under reduced pressure yielded yellow solid. Recrystallization from
methanol afforded the compound 64 as yellow crystals (5.5 g, 58%); M.P. 139-140 °C; IR (nujol) 1740 (ester

C=0), 1660 (pyridinone C=0), 1600 (ring C=C), 1515 and 1345 (nitro N=0) cm'; '"H NMR (DMSO-d,, 90
MHz): 83.7 (3H, s, COOCH,), 4.76 (2H, s, NCH,), 5.22 (2H, s, CH,CH,NO,), 6.2 (1H, t, J=7.1, 6.9 Hz,

5-H), 7.04 (1H, dd, J=7.1, 1.9 Hz, 4-H), 7.34 (1H, dd, J = 6.9, 1.9 Hz, 6-H), 7.74 (2H, d, ArH, meta to
NO,), 8.26 (2H, d, ArH, ortho to NO,); EIMS: m/z, 318 [M"]; Anal. Caled. for C,;H,,N,O,: C, 56.60; H,
443: N RR0 Found C 56§1 H 439- N R.73%,

Gy AN, .0V ey -t Yo 7y

1 r'\ ___________________

-[(rropylcarvamoyumernyl]-J-nyaroxy-.& pyrlalnone 16. l he ‘Pﬂ]U’ODﬁH.{.leX)’ ester 6d \L 1 g,
6.7 mmol) was mixed with methanol (50 ml) and aqueous sodium hydroxide (I M. 50 ml) and was allowed to
stir for 3 h at room temperature. Methanol was removed under reduced pressure, the aqueous solution was
adjusted to pH 1 by the addition of concentrated hydrochloric acid. The solid precipitate formed was removed by
filtration and recrysuallised from ethanol to give pale yellow crystals of 1-carboxymethyl-3-(4-nitrobenzyloxy)-
2(1H)pyridinone (7b) (1.8 g, 90%); M.P. 217-219 °C; IR (nujol) 1740 (acid C=0), 1655 (pyridinone C=0),

nitro N=O) em™!: 'H NMR (DMSO-4d.. 90 MHz): 8 467 (2H. s

GL‘:V} (P ¢ RS O O & 2\ Vxx\ \IALVIIS U, AV uVUILL ). U .U (Ll

522 (2H, s, CH,C.H,NO,), 6.18 (1H, t, J= 7.1, 6.9 Hz, 5-H), 7.02 (1H, dd. /= 7.1, 1.9 Hz, 4-H), 7.24

(1H, dd, J = 6.9, 1.9 Hz, 6-H), 7.74 (2H, d, ArH, meta to NO,), 826 (2H, d. ArH, ortho to NO,); EIMS:
m/z, 304 (M™].

N-Methylmorpholize (0.8 g, 8 mmol) was added to a solution of 1-carboxymethyl-3-(4-nitrobenzyloxy)-
o7 19 2 AT e T h 1D o A cmennl) o Aleaathilfammanmida (SN a1y FAllAaward by tha additian of 171 H_
Luu;pyuuluuuc f0 (1.4 F, & 1HINDUVI) HI UHNCWY HONNAIMIIUG U 1HL) TUHUWEL Uy UL aulliuiuvil W =y 11z
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irring the reaction mixture for 20 min at room temperature, propylamine (0.24 g, 4.2 mmol) was
added dropwnsc and the mixture was stirred for 4 h. Dimethylformamide was removed under high vacuum and
the product was taken into dichloromethane (50 ml). The organic fraction was washed with 5% aqueous sodium
hydroxide (3 x 25 ml) and water (2 x 25 ml), dried over anhydrous sodium sulphate, filtered and concentrated to
dryness by rotary evaporation to give solid residue. Recrystallization from absolute ethanol afforded 9 as
colourless crystals (1.2 g, 92%); M.P. 192-193 °C; IR (nujol) 3270 (amide NH), 1650 (amide C=0), 1600 (ring
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The 4-nitrobenzyi protected amide 9 (1 g) in ethanol (50 mi) was hydrogenated over 5% Pd/C cataiyst (100 mg)
in the presence of catalyticamount of hydrochloric acid for 5 h. After filtration the solvent was removed by rotary
evaporation to give oily product which was triturated with ethanol to give solid. Recrystallization from absolute
ethanol afforded 10 as colourless plates (0.44 g, 75%), M.P. 207-208 °C [Lit,” 204-205 °C]; IR (nujol) 3280

(amide NH), 1650 (amide C=0), 1590 (ring C=C), em™'; 'H NMR (CD,0OD, 90 MHz):  0.91 (3H, t,

CH,CH,CH,), 1.3-1.75 (2H, m, CH,CH,CH,), 3.16 (2H, t, CH,CH,CH,), 4.63 (2H, s, NCH,), 6.22 (1H,
t,J=7.1, 6.9 Hz, 5-H), 6.85 (1H, dd, J= 7.1, 1.9 Hz, 4-H), 7.05 (1H, dd, J = 6.9, 1.9 Hz, 6-H).

N,N,N-Trisf2-(3-hydroxy-2-0x0-1,2-dihydroxypyridin-1-yl)acetamido]-ethylamine 1. 3-
Benzyloxy- 1-carboxymethyl-2(1 H)-pyridinone 7¢ (3.9 g, 15 mmol) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TBTU, 5.14 g, 16 mmol) were dissolved in dimethylformamide (100 ml)
under nitrogen atmosphere and N-methylmorpholine (3 g, 30 mmol) was added. The corresponding active ester
was immediately formed and the colour of the reaction mixture changed from colourless to light brown. After
stirring for 20 min at room temperature, tris(2-aminoethyl)amine (TREN) (Fluka, 0.73 g, 5 mmol) was added.
The mixture was then stirred at room temperature for 18 h. Dimethylformamide was removed under high vacuum

and the product was taken into dichloromethane (100 ml), washed with 5% aqueous hydrochloric acid (2 x 50
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and filtered. The solvent was removed by rotary evaporation to give a colourless oil which solidifi n standing

at room temperature. Recrystallization from 95% ethanol yielded colourless crystals of N,N,N-tris{2-(3-
benzyloxy-2-oxo-1,2-dihydropyridin-1-yhacetamido]ethylamine (2.85 g, 66%); M.P. 163-164.5 °C; IR (KBr):

3311 (amide NH), 1652 (amide C=0), 1597 (C=C) em™; ‘H NMR (DMSO-d,, 90 MHz): 6 3.14 (6H, br, s,

.33 (6H, br, s, CH,CH,N), 4.56 (6H, s, NCH,CO), 4.99 (6H, s, CH.Ph), 6.07 (3H, t, 5-H),
,4-H), 7.15 (3H, br, d, 6-H), 7.24-7.6 (131-1 m, ArH), 8.04 (3H, br, t, NH); FABMS: m/z,
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R70 IM*}; Anal Calcd. for CiHg,ON,. 1H.O: C, 64.93; H, 6.02; N, 11.04 Found C, 64.81; H, 606; N,
10.82%

Al the giassware used for hydrogenation reaction was washed with 2 M aqueous hydrochioric acid. N,N,N-
Tris[2-(3-benzyloxy-2-oxo-1,2-dihydroxypyridin-1-yl)-acetamido]ethylamine (1.7 g, 2 mmol) was hydrogenated
in ethanol (100 mi) and water (10 ml) in the presence of glacial acetic acid (2 ml) and 5% Pd on carbon catalyst
(500 mg) for 18 h. The solution was filtered and evaporated to dryness. Recrystallization from absolute ethanol
afforded the compound 1 as colourless powder (0.75 g, 65%); M.P. 181-183 °C [Lit, ’ 178-180 °C]; IR (KBr):
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br, s, CH,N), 3.50 (6H, br, s, NHCH,), 4.59 (6H, s, NCH,CO), 6.09 (3H, t, J = 7.0, 6.9 Hz, 5-H), 6.73
(3H, d, 4-H), 7.09 (3H, d, 6-H), 8.54 (3H, br, s, NH), 9.07 (3H, br, s, OH); FABMS: m/z, 600 [M*].
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meihyijbenzene, TRMAM. The iripodai triamines TRAM and TRMAM were prepared as described by Weiil

and Raymond'* and Pecoraro ef dl.'” respectively.

1,3,5-N,N,N-Tris[-N-((3-benzyloxy-2-oxo0-1,2-dihydropyridin-1yl)acetamido)aminomethyl]-
benzene 11. 3-Benzyloxy-1-carboxymethyl-2-(1/{)-pyridinone 7 ¢ (1.56 g, 6 mmol) and 2-(1H-benzotriazol-1-
y1)-1,13,3-tetramethyluronium tetrafluoroborate (TBTU, 1.93 g, 6 mmol) were dissolved in dimethylformamide

(50 ml) and N-methylmorpholine (1.2 g, 12 mmol) was added under nitrogen, the resulting solution was stirred

at room temperature for 30 min. 13,5-triaminomethylbenzene trihydrochloride, TRAM (0.55 g, 2 mmol) was
added, followed by the dropwise addition of N-methylmorphoh e (1.82 g, 18 mmol). After stirring at room

temperature for 3 h, the reaction mixiure was siirred at 60 °C for 20 h. Dimethylformamide was removed under
high vacuum. The product was taken into chioroform (500 mi). The organic fraction was washed with 5%
aqueous hydrochloric acid (2 x 100 ml), 5% aqueous sodium hydroxide (3 x 100 ml), water (100 ml), and brine
(100 ml), dried over anhydrous sodium sulphate and filtered. The solvent was removed by rotary evaporation to
give white solid. This solid was dissolved in a mixture of methanol and chioroform and finally crystallized by the

addition of diethyl ether to afford 11 as white crystals (1.14 g, 64%); M.P. 235 °C; tlc (silica gel, MeOH :
CHCl;; 10 : 90; only one spot, Rf = 0.34); IR (KBr): 3267 (amide NH), 1654 (amide C=0), 1594 (C=C) em™
'"H NMR (DMSO-d,, 300 MHz): 8 4.28 (6H, d, J = 5.7 Hz, NHCH,), 4.62 (6H, s, NCH,), 4.99 (6H, s,
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C5;HeN.O,: C, 68.91; H, 5.44; N, 9.45 Found C, 69.00; H, 5.18; N, 9.56%.

1,3,5-N,N,N-Tris[N-methyl-N-((3-benzyloxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido)-

aminomethyllbenzene 12. In an analogous procedure as in the preparation of 11, use of 3-benzyloxy-1-
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tetrafiuoroboraie (TBTU, 1.93 g, 6 mmoi) in dimethyiformamide in the presence of N-methylmorpholine (2.2 g,

30 mmol) and 13,5-tris-[(NV- methyldrmno)methyl]bcnzenc trihydrochloride, TRMAM (0.63 g, 2 mmol) gave a

viscous substance (1.9 g, 100%) on work up. The crude material was purified by column chromatography on
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H: CHClL;; 2: 98; Rf = 037). R
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CHCI,/E,0 afforded 12 as colourless power (1.23 g, 67%); M.P. 158-160 °C ; IR (KBr): 1656 (amide C=0),
1603 (C=C) cm™'; '"H NMR (DMSO-d,, 300 MHz):  2.75-2.81 and 2.98-3.05 (9H, m, CH,N), 4.49-4.66

(6H, unresolved m, ArCH,), 4.854.97 (6H, m, NCH,), 4.98 (6H, s, CH,Ph), 6.02-6.09 (3H, m, 5-H),
6.87-7.19 (9H, complex m, ArH including central ring), 7.31-7.38 (15H, m, ArH); FABMS: m/z, 931 [M"];
Anal. Calcd. for C5Hs,N.O..1H,0: C, 68.34; H, 5.94; N, 8.85 Found C, 68.59; H, 5.73; N, 8.73%.

1,3,5-N,N,N-Tris[-N-((3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido)aminomethyl]-

benzene 13. All the glassware used for hydrogenation reaction was washed with 2 M aqueous hydrochloric
acid, 1,3,5-N,N,N-tris[-N-((3-benzyloxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido)aminomethyl]benzene 11
(506 mg, 0.57 mmol) was dissolved in dimethylformamide (100 ml). The mixture was then hydrogenated in the
presence of catalyticamount of 2 M hydrochloric acid and ~150 mg of 5% Pd/C catalyst for 18 h. The solution

was filtered through a glass microfibre Whatman filter paper to remove the catalyst. Dimethylformamide was

removed under high vacuum to give colourless solid. Recrystallization from methanol/water furnished the
. 0 - mide ot A
compound 13 as colourless crystals (234 mg, 67%); D.P. 175 °C; IR (KBr): 3278 (amide NH), 1655 (amide

4.64 (6H, s, NCH,), 6.06 3H, t, J = 6.9 Hz, S-H), 6.69 (3H, dd, J=7.2, 1.5 Hz, 4-H), 7.05-7.10 (6H, m,
6-H and ArH, central), 862 (3H, t, J = 57 Hz, CONH), 894 (3H, s. 30H); Anal. Calcd. for
CoH3oN¢0s,0.75H,0: C, 57.00; H, 5.02; N, 13.29 Found C, 57.03; H, 5.21; N, 13.31%.

1,3,5-N,N,N-Tris[N-methyl-N-((3-hydroxy-2-oxo-1,2-dihydropyridin-1-yljacetamido)-

aminomethyl]benzene 14. Hydrogenation ation of 13
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ocedure was carmried out as described in the prepa

using  1,3,5-N,N,N-Tris[N-methyl-N-((3-benzyloxy-2-oxo- hydropyndm I- yl)acetarmdo)ammomethyl]-
benzene 12 (372 mg, 4 mmol) in dimethylformamide in the pres ~14 u : ’
condition which yielded a colourless solid on work up. Recrystailization from methanol/water furnished the

compound 14 as colourless power in a yield of (161 mg, 60%); D.P. 160 °C; IR (KBr): 3278 (amide NH), 1655
(amide C=0), 1594 (C=C) em™'; 'H NMR (DMSO-d;, 300 MHz): & 2.78- 2.80 and 3.02-3.09 (9H. m,

'l 8 I AN N -2 N | / s 1S 7a) & 2 S0 IY

CH;3N), 4.50—3.68 (6H, unresolved m, ArCH,), 4.88-4.94 (6H, m, NCH,), 6.04 (3H, t, /= 7.2, 6.9 Hz, 5-
H), 6.68 (3H, d, 4-H), 6.98-7.11 (3H, m, Ar-central), 7.02 (3H, d, 6-H), 8.86 (3H, br, s, OH); FABMS:

m/z, 661 [M™]: Anal. Calced. for C33H  [N,Og,3H,0: C, 55.46; H, 5.92; N, 11.72 Found C, 55.54; H, 5.72: N,
11.39%.

Automated computerised titration system for the determination of pKas and stability

constants. The system utilises a combined automated spectrophotometric and potentiometric system controlied
by an opus V286 computer. The programme was coded in Quic Basic ® v4.5.'" This comprises a Corning Delta

255 pH meter, a Perkin-Elmer Lambda 5 UV/visible spectrophotometer and an autoburette interfaced to a PC

computer. A blank titrationof 0.1 M KCl 25 ml was carried out to determine the electrode zero using Gran’s plot
e T2 A 1 T QIDTITQ . TF ol s i iioad t o mnlibct el b e 3 oo T ool YT RA LS
HICUIVU A COININEa SIKIUD pr CIeCiroge, wds Used 10 Caliordaie e e1eCiroac £€ro. 1 ne SOIutlon (V.1 ivi o,



B. L. Rai et ul. / Tetrahedron 55 (1999) 1129-1142 1141

o eErasen e veses aad

Ahy N1& ]l N A LIC A gy
LRSS SRV [V - 1> wiie Ldailiicu Oul

i L AVE LA
n 2 1 N A TY ___"__ NN L . JE LI b I oS L N SO o 3 : PR o R B
dgd!llblu -J HI, UL VI DNUTT USIHIE UV T INCTCIICIIS d1SPensea 1rom a IVIEronin 000 aosimatl. Doiutiions were
maintained at 25 + 0.1 °C under an argon atmosphere. The above titration was repeated in the presence of ligand.

The data obtained from titrations were analysed by the TITRFIT program, a modified version of NONLIN15."°

Competition studies with EDTA. The experimental conditions for the competition studies reported here
ensured that the most associated species predominated. Absorbance at 525 nm was monitored for several hours

until no further change was observed in order to establish that equilibrium was achieved. The value of Z was

measured from equation 5, where A = absorbance of the competing system at equilibrium, A = absorbance of
. A, = absorbance of
Z=(A - Apig) !/ (Amax = A min) eq5
. . Ty — Fal I o - on K
re 4+ nLn v - r 4 v

FeEDTA in the absence of the sample ligand and A _, = absorbance of FeL, in the absence of EDTA. The

absolute stability constant of the equilibrium, (eq 6, charges omitted for clarity) is given by equation 7, where n is

the number of ligands in the metal complex. E;, L; and M; are total analytical concentrations of EDTA, ligand and

v o _r7zic AN IYE ™ (1 _TZ\NA N 14T ~"ZAA Ny D oL W _ .
Dy =40y L) JIND - L = LNL j 4\ - Tdavip) (O 7 Oping eq
| m i
1" and a; have the form oy "= 1 +Z h /J\:Ka andag =1 +§_j h'/ /m Ka;, and h = hydrogen ion
- J—l
concentration, Ka._ are the three acid dzssocia!:en constants (n = 3) ef pyridinone moieties or the four
J

acid dissociation constants (m = 4) of EDTA.*¢
metal ion, respectively, and K; 1s the absolute stability constant of EDTA compiexed with iron(ill). Experiments
were performed at pH 7.5. Datawere included in the final calculation when the Z value was between 0.2 and 0.8.
The resulting spectrophotometric data were inserted into the COMPTI*® a modified version of NONLIN15" to
evaluate the affinity constants of the complex. The absolute stability constant log K, of the sample ligand was
then calculated using the pKa values of the ligand and the literature value of the stability constant of EDTA with
Fe(III) together with the pKa values of EDTA.*®

saturated with the octanol phase before use.
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