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Optimising the design of paramagnetic MRI
contrast agents: influence of backbone
substitution on the water exchange rate

of Gd-DTPA derivatives

Abstract Among other factors
influencing the residence time of the
coordinated water (ty) of paramag-
netic contrast agents, the steric
hindrance around the gadolinium
ion seems to play a beneficial role.
Such a crowding can be achieved by
substituting the Gd-DTPA back-
bone on the C4 position. Several
Gd-DTPA complexes carrying
diverse groups at this position

have thus been synthesised and
characterised: Gd(S)-C4-Me-DTPA,
Gd(S)-Cy4-n-Bu-DTPA,
Gd(S)-C4-iBu-DTPA, Gd(8)-Cy-iPr-
DTPA, and Gd-C4-diMe-DTPA.
Ty has been measured through the
evolution of the water oxygen-17
transverse relaxation rate as a func-
tion of the temperature. The data
show a reduction of 1y of Gd(S)-Cs-
Me-DTPA, Gd(S)-C4-n-Bu-DTPA,
Gd(S)-C4-iBu-DTPA,
Gd(S)-Cy-iPr-DTPA, and

Gd-C4-diMe-DTPA (3} = 91.82.
108,98, and 57 ns respecmel\, as
compared to Gd-DTPA (73 210 = 343
ns)). At 310 K, the nuclear mdwneuc
dispersion relaxation profiles of
water protons are very similar for
the five complexes which present
longitudinal relaxivities slightly
higher than those of Gd-DTPA.
Regarding zinc transmetallation,
C4-monosubstituted derivatives
are more stable than Gd-DTPA.
These results confirm that a
judicious substitution of the DTPA
skeleton allows for an acceleration
of the coordinated water exchange
rate. This observation can be
useful for the design of vectorised
contrast agents for molccular
imaging.

Keywords Gd-DTPA - Gadolinium
complexes - MRI - Contrast agenis

Introduction

The first paramagnetic complexes of gadolinium(III)
used clinically as contrast agents for (MRI) (Mdgnevxst*.
Dotarem®, ProHance®, and Omniscan®) have approxi-
mately the same efficacy at medium and high magnetic
fields. They are nonspecific, distributed in the extravas-
cular space, and quickly excreted through the kidneys.
To obtain MRI paramagnetic contrast agents of better
efficacy, several strategics aiming at decreasing the
rotational mobility have been adopted. such as covalent
[1-3] or non-covalent [4,5] grafting of smull chelates Lo 1

macromolecule. However, the gain obtained through the
subsequent increase of the rotational correlation time. g,
is often much smuller than expected because of a slow
exchange rate of the water molecule(s) coordinated to the
paramagnetic ion, which quenches the relaxivity
enhancement. Efforts are thus devoted to optimise the
water residence time, zy, and therefore to alleviate the
limitation of the complex’s relaxivity. Amide
linkages have to be avoided since they are known
to prolong the water residence time {6-14]. On the
contrary, a Cd-substitution of the ethylenic bridge
of DTPA by an ethoxybenzyl group, a benzyl, or a
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(4,4-diphenylcycluhcxyl)phospl'lanoox_vnwthyl substitu-
ent has been shown to decrease the water exchange by
25-42% [15--17). In this work, we extend the study to
other structures in order to investigate the possible eflects
of a steric constraint on the coordinated water exchange.
A series of complexes increasingly crowded by mono- or
bisubstitution on the C4 has been synthesised and
characterised  (Fig. 1). Various alkyl substituents
(methyl, n-butyl, i-butyl, i-propyl) have been selected.
The corresponding gudolinium complexes have been
characterised by proton relaxometry at various magnetic
fields and temperatures as well as by oxygen-17 relax-
ometry.,

Materials and methods

Instrumentation

The products were identified by proton and carbon-13 NMR ona
Bruker-AMX-300 (Bruker, Karisruhe, Germany) instrument in
D20 or in CDCly. For ’C NMR, ¢ -butano! was used as the
nternal standard (methyl signal at 31.2 ppm). The abbreviations
used were: “s* for singlet, “d" for doublet, “t" for triplet, “q" for
quadruplet, “quin” for quintuplet, “sex™ for sextuplet, and “m”
multiplet. Mass spectra were obtained on a Q-tof 2 muass
spectrometer (Micromass, Manchester, UK). Samples were dis-
solved in an MeOH/H,0 mixture (50/50) and injected at a rate of
5 plimin. The reported mass corresponds to the most abundant
isotopic peak.

0 NMR measurements of solutions were performed on 2 ml
samples contained in 10 mm external diameter tubes on a
Bruker-AMX-300 spectrometer (Bruker, Karlstuhe, Germany).
The temperature was regulated by air or nitrogen flow controlled
by a BVT 2000 unit. 'O transverse relaxation times of distilled
water (pH = 6.5~7) were measurcd using a CPMG sequence and a
subsequent two-parameter fit of the data points.ﬁThc 90° and 180°
pulse lengths were 25 and 50 ps, respectively. 7O T, of water in
complex solution was obtained from line-width measurement,
Broadband proton decoupling was applied during the acquisition
of all 70 NMR spectra, Concentration of the samples was lower
than 25 mM,

Proton nuclear magnetic relaxation dispersion (NMRD) profiles
were measured on a Stelar Spinmaster FFC, fast field cycling NMR
relaxometer (Stelar, Mede (PV), Italy) over a range of magnetic
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Fig. 1 Structures of complexes: Gd(S)-Cq-Me-DTPA 1; R, =CHj,
Rz-:“H; Gd(§)-Cy-n-Bu-DTPA 2 Ry =(CHz),CH;, Ry=H: Gd(S)-
C4-iBu-DTPA 3 Ry =CH,CH(CH;),, Ry =H; Gd(8)-C4-iPr-DTPA

4 R, =CH(CH);, Ry=H; GdCy-diMe-DTPA 5 R -Ry=CHa:
Gd-DTPA 6. R, =R, = i y 1=Ry=CHjy;

ficlds extending from 0.24 mT to 0.35 T and corresponding 10
proton Larmor frequencies from 0.01 to 15 MHz, Measurements
were performed on samples of 0.6 ml in 10 mm OD tubcs:
Additional relaxation rates at 20 (B = 0.47 T3, 60 (8y = 1.41 T)
and 300 MHz (B, = 7.05 T) were respectively obtained on Bruker
Minispec PC-20 (Bruker, Karlsruhe, Germany), Minispec mq-60
{Bruker, Karlsruhe, Germany), and the AMX-300 spectrometer.
Fitling of the 'H NMRD was adjusted with data-processing
software that uses different theoretical models describing observed
nuclear relaxation phenomena (Muit, CERN Library) [18,19].

Transmetallation by zine(I[) ions was evaluated by the decrease
of the water longitudinal relaxation rate at 310 K and 20 MHz
(Bruker Minispec PC 20) of buffered phosphate solul@ons (pH = 7,
[KH:PO4) = 26 mM, [Na;HPO4] = 41 mM) containing 2.5 mM of
the gadolinium complex and 2.5 mM of Zn [20]

Synthesis of the ligands

All chemicals were purchased from Sigma-Aldrich (Bornem,
Belgium).

(S )-4-methyl-3,9-bis( carboxymethyl)-6-carboxymethyl- 3,6,9-tria-
zaundecanedioic acid, (S)-Cq-Me-DTPA

Methyl v-alanine hydrochloride. Ten grams of r-alanine (122.2
mmol) were suspended in dry methanol (170 ml) under inert
atmosphere at —5°C. Twelve millilitres of SOCI, (170 mmol) were
added drop-wise under stirring, The solution was stitred overnight
and heated for 4h. Methanol and SOCI, were evaporated under
reduced pressure and the product was lyophilised.

Yd: 92%; 'H NMR: (D10, 6 (ppm)): 4.4 (1H, quad, CH), 4.0
(3H, s, OCH,), 1.75 (3H, d, CHj); 3C NMR: (D0, & (ppm)):
174.1 (CO), 52.2 (CH), 51.7 (OCH3), 19.9 (CH;).

(8)=2-methyl-3-oxodiethylenetriamine. 15,71 g of L-alanine methyl
ester hydrochloride (112.4 mmol) were dissolved in 20 ml of dry
methanol. The solution was treated with an equimolar amount of
triethylamine (15.6 ml). 300 mi of ether was added under stirring to
precipitate the triethylamine salt. The solution was cooled down to
0°C and stirred during 1 h. The salt was eliminated by filtration and
the filtrate was evaporated under reduced pressure to obtain an oil.
Under inert gas, 115 ml of ethylenediamine (freshly distilled) was
added drop-wise and the solution was stirred during 18 h. After
evaporation of the excess of ethylenediamine (azeotrope by
addition of toluene), amide was isolated as a yellow oil which
solidifics by cooling.

Yd: 61%; '"H NMR: (D;0, § (ppm)): 3.35 (14H, quad, CH),
3.15 (2H, t, CHy), 2.65 (2H, 1, CH)), 1.1 (3H, d. CHy); 1*C NMR:
(D20, & (ppm)): 170.7 (CO), 54.] (CH), 424 (NHCH,), 419
(CH2NH3), 19.8 (CH3).

(S j2-methyl-diethylenetriumine trih ydrochloride. 9.02g (6%.8 mmol)
of the (S)-2-methyl-3-oxodiethylenetriamine was suspended in 100
mlof dry THF. 260 ml of a borane solution (1 M in THF) were added
drop-wise at —10°C, The mixture was stirred during 1 h at —10°C
under inert atmosphere and was then left at room temperature. The
solution was heated overnight and then cooled at 5°C. 80 ml of dry
methanol was added slowly to destroy the borane excess, The
solution was evaporated under reduced pressure and the residue was
again treated with 80 m! of methanol. The solvent was evaporated
and the residual oil was diluted in 100 ml of dry ethanol. The
ethanolic solution was cooled in an ice bath, saturated with
hydrochloric acid, and stirred for 2 h. The trihydrochloride
precipitated and was collected by filtration and dried at s50°C.

Yd: 53%; 'H NMR: (D,0, (ppm)): 3.75 (1H, scx. CH),
3.25-3.55 (6H, m, 3x CH,), 1.4 (3H, d, CHa); *C NMR: (D0,
4 (ppm)): 48 (CH), 4.2, 43.5, 33.4 (CHy), 15.1 (CH,).



—

237

1-Buyl (§ i-4-methyl-DTPA-pentaester, t-butyl 3,9-bist  tert-butyl-
oxyear bﬁ’",\i Limethvl}-( S j-4-methyl-6-{ (tert- butvloxyecarbonyl)-
niethyd f-3.6 9-triazaundecanedioate. 36.6 mmol of (S)-2-methyl-
diethylenetnamine trhydrochloride (8.3 g} was suspended in 65
ml of N-ethyldiisopropylamine, 87 ml of dry DMF. and 50 ml of
dry acetoniteile. Under inert atmosphere and at 5°C, 36.6 ml of
t-butyl bromoacetate were added drop-wise. The mixture was
maimntained under stirring at 5°C during 1 h and at 50°C for 48 h.
The filtrate was evaporated under reduced pressure until obtaining
a brown oil. This oil was dissofved in 100 ml of ethyl acetate and
100 ml of water. The agueous phase was extracted with 3 x 30 ml
of ethyl acetate. Organic phases were extracted with 50 mi of water
and 30 ml of u NaHCO; saturated selution. The organic phase was
dried over MgSO, and evaporated. The mixture was purified by
chromatography on silica (Merck 60). The column was eluted with
heptane, and then with a mixture of heptane/ethyl acetate (2 : 3).
Fractions containing the r-butyl (S)-4- methyl-DTPA-pentaester
were evaporated, an oil was obtained.

Yd: 10%; 'H NMR. (CDCl;, & (pom)): 3.3-3.7 (11H, m, CH, 5x
CHy), 2.7-3.0 (6H, m, 3x CHy), 1.4-145 (45H, m. 15x CHj),
1.05 (3H, d, CH;); *C NMR: (CDCl;, 6 (ppm)): 173.1. 1729,
1728 (CO). 815 (C(CH:))., 61.6 (CH-CH.-N), S7.5. 57.1,
570 gCH;COO), 574, 54.0, 49.9 (CH;N), 28.3 (C(CHa)s), 14.1
{(CH,).

{ Si~4-nteshyi-3,9-bist carboxymethyl i-6-carboxymethyl- 3,6.9-tria-
saundecanedivic acid, {§)-Cs-Me-DTPA. 2.33 g (3.78 mmol) of
&-butyl (S)-4-methyl-DTPA-pentaester were treated with 50 ml of
concentrated HCL The solution was stirred during 24 h, evapo-
rated, dissolved in 50 ml of water, and extracted three times with S0
ml of ether. The aqueous phase was evaporated, the residue was
dissolved in a minimum of water. and the pH was adjusted to 2.
The sample was deposited on a cation exchange resin Dowex AG
SOW-XS8 (H+, 15 x 2.4 cm). The column was washed with water
until a pH close to 6. The product was then eluted with 500 ml of 2
M aqueous NH;. The ammoniac solution was evaporated and the
PH adjusted to 8. The sample was deposited on an anion exchange
resin Dowex AG 1X8-400 (CICH:COO-, 15 x 2.4 em). The column
was washed with water until a pH close to 6 and then eluted with
300 mi of 0.1 M CICH:COOH. The (5)-Cs-Me-DTPA was eiuted
with 300 ml of 0.5 M CICH,COOH. After partial evaporation and
continuous extraction during 24 h with ether, the aqueous phase
was evaporated and ivophilised.

Yd: 93%: 'H NMR: (D:0. é (ppm)): 3.95 (4H, s, 2x CH,), 3.8
{4H, s, 2x CH;), 3.6-3.2 (3H, m, CH, 2x CH;), 3.1-2.7 (4H, m, 2x
CHaz). 1.1 (3H, d, CH;); *C NMR: (D;0, & (ppm)): 176.8, 173.0,
172.2 (CO), 61.8, 39.1, 33.7, 56.8, 36.3, 53.5, 51.6 (CH. COO,
CH,N, CH), 13.1 (CH;); ES-MS: 408 [M + HJ", 430 M + Naj}*.

{8 3-4-i-butyl-3 . 9-bis{ carboxymethyli-6-carboxymethyl- 3,6 9-tria-
caundecanedicic acid, (Sj-Cq-1Bu-DTPA and {S;-4-n-buryl-3,9-
bist earboxyemethyl)-6-carboxymethvi-3 .6 ,9- triazaundecanedioic
acid, (5;-Cy-n-Bu-DTPA. L-leucine and nor-leucine were treated
as described previously [16,21] for the preparation of Cs-Bn-DTPA
dernvatives.

Methyl L-leucine hydrochloride. Yd: 96%; 'H NMR: (D-O. &
(ppmi): 403 (1H, t, CH); 3.7 (31, 5, OCH;); 1.75 (IH, m. CH): 1.65
(2H, t, CH:); 0.85 (6H, d, 2x CHa:); *C NMR: (D-0O, § {ppm)):
173.0 (CQ), 543 (CHCO), 53.3 (OCH;). 430 (CH.). 23.1
(CH{CH}):), 21.9 (CH;).

Meihvl L-norleucine hydrockloride. Yd: 94%; 'H NMR: (D10, &
(ppm)): 3.9 (1H. t, CH); 3.7 (3H, s. OCH;); 1.6 1.45 (4H, m. 2x
CH:) 142H, quin, CHy), 0.9 (3H, t, CHa); *C NMR: (D10, &
epm)k 176.5 {CO), 54.4 (CH), 535 (OCH;), 285 (CH; CHa-
CH:)\ 27.2 (CH-CH3), 23.2 (CH:—CH-<). 13.9 (CH:CH3).

(S }-2-i-butvl-3-oxodiethylenetriamine. Yd' 61%; 'H NMR: ( D0,
d (ppm)): 3.7 (1H, t, CH); 2.8 (2H, t, CH2); 2.6 (2H, t, gk_h)’;\l.?-'
1.5(1H, m, CH); 1.6 (2H, t, CH,); 0.85 (6H, d, 2x CH.); °C NMR:
(D-0, 8 (ppm)): 170.4 (CO), 50.1 (CHCO), 42.4 fNHCHz?, 42.0
(CH,NH,). 41.7 (CH3), 35.1 (CH(CHa);), 26.6 (CH(CHaj:), 22.6
(CH3s).

(8 j-2-n-butyl-3-oxodiethylenetriamine. Yd: 73%; '"H NMR. (D;0,
5 (I/)pm)): as (1H, m. CH); 3.4 (2H, 1, CH;); 3 (2H, , CHy); 1.4- 1.2
(64, m, 3x CH;); 0.9 (3H, t, CH3); BCNMR: (D0, 6 (ppm)y: 165.9
(CO). 51.8 (CHCO), 42.5 (CH:NH), 419 (CH-NH;), 335
(CH-CH,), 27.5 (CH;-CH,-CH>), 22.8 (CH;-CH;). 13.7 (CHa1).

S j-2-i-buryl-diethylenetriamine - trihydrochloride Yd: 6{)%; 'H
lifMR: (02}6, & (ppm)): 3.9-3.8 (1H, m, CH); 3.6-2.9 (6H, m, 3x
CHu); 1.7-1.5 (1H, m, CH); 1.5-1.2 {2H, m, CHz); 0.9-0.8 (6H. d.
2x CH;); '*C NMR: (D;0, 8 (ppm)): 52.5 (;\'I-'ICH;). 515 (_CI:I-
CH;NH), 48.1 (NH2CHCH,), 43.4 (CHCH;CH)}, 30 {(CH;pCE}),
24.4 (CH(CHs)2).

(S )-2-n-butyl-diethylenetriamine - trikydrochloride Yd: 53%; 'H
NMR: (D20, § (ppm)): 3.3 (1H, quin, CH); 2.7-26 {6H, m, 3;:
CHy); 2.1 (2H. d, CH,); 1.5-1.2 (6H, m. 3x CH;): 0.9 (3H, t, CH3);
3¢ NMR: (D20, § (ppm)): 52.5 (NHCHy), 51.1 (CH-CH;NH),
50.9 (NH:CHCHy), 41.4 (CH:CH;NHj), 33.2 (CH:CH:CH;),
26.1 (CH;- CH2CH3), 229 (CHrCH;)‘ 140 (CH;)

t-Butyl (Sj-4-isobutyl-DTPA-pentuester, 1-buiyl 3.9-bis(!tert-bu-
tyloxycarbonyljmethyl)-{ S j-4-methyl-6-{ (tert-butyloxycarbon-
yljmethyl]- 3.6.9-triazaundecanedioate. Yd: 15%; 'H NMR:
(CDCls, 6 (ppm)): 3.6-3.2 (11H, m, CH, 3z CH,); 2.9-2.6 {6H,
m, 3x CH;); 1.53-1.5 (IH, m, CH); 1.4 (43H, s, 15x CH;). 1.2—1.’1
(2H, m, CHJ); 0.9 (6H, d, 2x CH;); 13C NMR: (CDCls, 3 (ppm)):
173.1, 172.8, 172.7 (CO), 81.4 (C(CHa)s), 60.5 (CHCHz}, 58.1,
57.1, 57.0 (CH,COO}, 55 6 (N-CH-CH,), 540, 49.9 (NCH;), 453
(CH-CH,—CH), 281 (C(CH3}). 26.3 (CH(CHj)). 22.1
(CH(CHj3)).

1-Butyl (S)-4-n-butyl-DTPA-pentaescer, t-buryl 3,9-his{{tert-bu-
1yloxycarbonyl ymethyl)-( S j-4-methyl-6-f { tert-hutyloxycarbon-
yljmethyl]- 3,6.9-triazaundecanedioate. Yd: 18%; ‘H NMR:
(CDCl;, 6 (ppm)): 3.6-3.2 (11H, m, CH, Sx CH:) 2.9 (2K, t,
CHa); 2.8- 2.6 (4H, m, 2x CH3}; 1.7-1.65 (2H, m, CH3); 1.5-1.4
(45H.m, 2x CH,, 15x CH3), 0.9 (3H, t, CH;); ¥C NMR: (CDCl;, 6
(ppm)): 173.1, 172.8, 172.7 (CO), 81.4 (C-(CH3)3), 60.2 (CHCHa.),
58.6 (CH), 58.1. 57.1, 57.0 (CH:COOj), 54.0, 49.9 (NCH;}, 34.4
(CH-CH,~CH,), 28.3 (CH,-CH,—CHj;), 28.1 (C(CH;);), 224
(CH;~CHa), 14.0 (CH3).

{S)j-4-i-butyl-3,9-bis/ carboxymethyl,-6-carboxymethyi-3 6 9-triaza-
undecaned:oic acid, (S )-Cy-iBu-DTPA. Yd: 95%; '*H NMR: (D-0,
3 (ppm)): 3.9-3 (17H. m, 8 CHa, CH); 1.5-1.2 (2H, m, CH,};
0.8 (6H, d, 2x CH;); ¥C NMR: (D;0, 6 (ppm)): 177.5; 175.5-
170.6 (CO); 61.1; 60.1; 37.1; 56.5; 53.4; 45.6 (CH;COO, CH,. CHy;
44.7 (CHCH,CH); 26.3 (CH(CHi)); 22.0 (CH(CH;3), ES-MS:
430 [M + HJ*, 472 [M + Na]".

{8;4-n-buryl-3,9-bis/ carboxymeth yl ;-6-carbox vmethyl-3 6.9-triaza-
undecanedivic acid, (S)-Cs-n-Bu-DTPA. Yd: 92%; 'H NMR:
(D:0, é (ppm)): 4.0-3.4 (I1H, m, 5x CH,, CHj; 2.9-2.6 {6H, m,
3x CHy): 1.7-1.5 (2H, m, CHa): 1.3 (2H, quin, CH3); 1.2 (2H, sex,
CH>); 0.9 (3H, 1, CH;); *C NMR: (D;0, § (ppm)): 177.5. 175 6,
170.6 (CO): 61.2, 59.7, 57.1, 36.7, 53 .4, 49.6 {CH;COO, CHa1, CHj.
338 (CHCH:CH,), 284 (CH.CH.CH,), 224 (CH,CHy3). 139
(CH;), ES-MS: 430 M+ HI™, 472 [M + Na}*.

(S, -4-isopropyl-3,9-bis! carboxymethy! ) -6-carboxymethyl-3 §.9-tria-
zaundecanedioic acid, (S}-Cs-iPr-DTPA. L-valine was treated as
descnbed previously [16,21] for the preparation of C;-Ba-DTPA
derivatives.
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saturated solution. The aqueous phase was extracted with § x 30 ml
of ethvl acetate and concentrated by evaporauon. The pH of the
solution was adjusted to 2 with HCI 3 M. The sample was deposited
on a cation exchange resin Dowex AG SOW-X8 (H +, 15 x 2.4 em)
The column was washed with water until obtaining & pH close to 6.
The Cy-diMe- DIPA was eluted with 500 ml of 2 M aqueous
NH;. The ammonia solution was evaporated, dissolved m a
nunimum of methanol, filtered, and pourcd on cold acetone.
Ca-diMe-DTPA precipitated and was filtered.

Yd: 86%: 'H NMR: (D0, & (ppm)): 3.8 (4H, s, 2x CHa), 3.6
(4H. m, 2x CH;), 3.2-3.4 (4H, 5, 2x CH;), 2.7-3.0 (4H, m, 2x CHa),
1.3 (6H, 5, 2x CH;); 'C NMR: (D70, 8 (ppm)): 177.5; 174.5; 170.6
(CQ)Y; 66.3; 62.1; 57 2; 57.1; 54.4; 53.9; 496 (CHa, C(CH;)y); 243
(CH;); ES-MS: 488 [M+ 3 NaJ*.

Synthesis of the corresponding Gd-complexes

The Gd(III) complexes were prepared by mixing aqueous solutions
of equumolar amounts of hydrated GdCl; and hgand. The pH was
adjusted 10 6.5-7. The absence of tree gadohnium ians was checked
with arsenazo (1) indicator. The mass of the complexes was
confirmed by ES-MS.

Gd(S)-Cy-Me-DTPA 1: 562 [M+ H]~, 584 [M + NaJ*; Gd(S)-Cy-
n-Bu-DTPA 2: 604 [M + H)*, 626 [M+ Na)*, Gd(5)-Cs-1Bu-
DTPA 3: 604 [M+H]*, 626 [M+ Na)*; Gd(S)-Cq-iPr-DTPA &
590 [M+H]", 612 [M+ Nal*; Gd C4-diMe-DTPA 5: 576
[M+H]*, 598 (M + Na]™.

Results
Synthesis of the ligands

Cy4 monoalkyl derivatives. The 13-step synthesis of (S)-
C4-Me-DTPA has been described by Grote et al. (22)

but, considering the length of this procedure, we hu'vc
preferred the S-step experimental protocol of Br;chbml
[23] using alunine as the starting compound (Fig. 2,
R =methyl). The same pathway was used to obtain .(S)'
Cy-n-Bu-DTPA, (8)-Ce-iBu-DTPA, and (8)-Cy-iPr-
DTPA (Fig. 2).

Cy dimethyl derivative. Cy-diMe-DTPA was syn.lhemsed
from 2-aminoisobutyric acid (Fig. 3). The 2,2-dimethyl-
diethylenetriamine could not be obtained direqtly .by
reduction  of  2,2-dimethyl-3-oxodiethylenctriamine
because of its poor solubility in aprotic solyents. To
improve its solubility in an apolar medium, two
t-butoxycarbony! groups (BOC) were therefore ud@ed
to the structure of this intermediate. This modification
has allowed us to reduce the BOC compound and, aftgr
cleavage of BOC groups, to obtain the diethylenetri-
amine derivative, precursor of the Cgq-DiMe-DTPA
obtained by alkylation.

Phystcochemical characterisation

Assessment of the residence time of the coordinated water.
At 047 T, the proton relaxivities of the five new
Gd-DTPA derivatives increase when the temperature is
lowered from 318 to 278 K indicating that at low
temperatures there are no limitations by the water
residence time (Fig. 4.)

Fig. 2 Synthesis of (S)-Cy- CH,OH/HC) R O
Me-DTPA (R = methyl), R o R — \ 4
(S)-C4-n-Bu-DTPA (R = . >-—COOH CH,0H/SOC, )—coocu; HN  NH, TN
butyl), (S)-C4-iBu-DTPA N N HN NH NH,
(R =isobutyl), and (S)-C4-1Pr- 2 2 HCl
DTPA (R = isopropyl) ’
BHy/THF
CHOHHQ
R
BuOOC >—\ — R
= SN / NS COOtBu tButylibromoacetate
NN X TN AR
RUO0C—/ \—coomu EN  NH  NH, 3y
COOBu
|
lua
R
HOOC
RV
HOOC——/ '\ .LCOOH

COOH
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Figure 5 shows the evolution with temperature of
the transverse relaxation rate of the water oxygen-17
nucleus in aqueous solutions of the five substituted
Gd-complexes and of the parent complex. Whereas the
maximum of the curve for Gd-DTPA 6 corresponds to a
temperature of approx. 310 K, it is significantly shifted
towards lower temperatures for the C-substituted struc-
tures, qualitatively indicating a reduction of the residence
time. The theoretical adjustment of the data performed
as previously described [15-17] allows for the deter-
mination of various parameters: A/%, the hyperfine
coupling constant between the oxygen nucleus of bound
water molecules and the Gd** ion; tp, the correlation
time modulating the electronic relaxation of Gd**; E,,
the activation energy related to ty; B, related to the
mean-square of the zero field splitting energy
A (B=242); and AH# and AS*, the enthalpy and
entropy of activation of the water exchange process.
By comparison with the values obtained for other
Gd-DTPA derivatives, the number of coordinated water
molecules was assumed to be equal to one. The
calculated parameters are shown in Table 1.

Proton NMRD profiles. The proton relaxivity profiles of

the complexes are rather similar and the values are
slightly larger than those of the parent complex (Fig. 6).
The overall variations of the relaxivities around the mean

10
] ~#~ Gd-C,Me-DTPA 1 l
9 —&-- Gd-C-n-Bu-DTPA 2
-o G4-C,Bu-DTPA 3 |
8 &;\ —w-- GA-C,Pr-DTPA 4 ‘
ES .\Si\i\\ -@- Gd-C, dMeDTPA § |
E 7 \\‘Eth A - GA-DTPA 6 l
- 1 0‘\\ §\l:':\\\ I
2 8 ‘: \\\\‘Q\:\\\\A
g ORI T
§ 57 I N
[3} 2 Iox
RS Ty
] =
3
e IS LA WU R IS U I IS LA

275 280 285 200 205 300 305 310 315 320
Temperature (K)

Fig. 4 Evolution of the proton relaxivity vs. temperature for the Cq-
substituted Gd-DTPA 1-5 and for the parent compound 6

values are equal to £7% and £4% at low (Bg = 1 mT,
vg = 0.04 MHz) and high (By =141 T, vo = 60 MHz)
magnetic fields respectively. The experimental data were
fitted to the classical models of innersphere [24,25] and
outersphere (26] interactions using standard procedures
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Fig. 5 Evolution of the reduced !
transverse relaxation rate of the !
water 170 vs. temperature of the
Gd complexes (1/T; = 55.55/ 1e+6 1e+8
{T{«{Gd-complex])) 1
=~ 1 N
'TQ o,
N =
L =
- £
.
A Gd(S)C n-BuDTPA 2
J
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[18,19]. The number of coordinated water molecules was
fixed to 1, the distance of closest approach was set to 0.36
nm, the relative diffusion constant was 3.3 x 1072 m/s,
73,0 was fixed to the value determined by 7O relaxom-
etry, and the distance r for the innersphere interaction
was set to the usual value of 0.31 nm. The parameters
describing the electronic relaxation rates of Gd** (z and
the electronic relaxation rate at very low fields, Ts0), as
well as the rotational correlation time 7z, were adjusted.

The results of the fitting procedures are shown on Fig. 6
and Table 2.

Transmetallation by zinc(I1) ions. As previously shown
[20], transmetallation of Gd complexes by zinc(II) ions
in a buffered solution (pH 7) containing phosphate
ions, induces a decrease of the proton relaxation rates
due to the precipitation of the released gadolinium
ions. The time required to reach a ratio
Ri(t)/Ri(t = 0) equal to 80% is similar or larger for
the C4 monosubstituted complexes (r = 200, 200, 450,
500, 1100 min for Gd-DTPA 6, Gd(S)-C,4-iBu-DTPA
3, Gd(5)-C4-Me-DTPA 1, Gd(S)-C4-n-Bu-DTPA 2,
and Gd(S)-C4-iPr-DTPA 4 respectively) and markedly
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Table 1 Parameters of the theoretical adjustment of the '"O relaxometric data

Complexes i AH% ASH Al B s Er B
(ns) kImoly  (Jmol'K™)  (10°rads™y (1053 (ps) (kJ mol™")
Gd-DTPA 6 331 £60 51.5+03 521+ 06 ~3440.1 26+01 123=03 45 %42
Gd (S)-Cy-Me:DTPA 1 201 %24  48.7 = 0.2 468 £03 -3.1%£0. 21401 13708 120%3
Gd(S)-Cs-n-Bu-DTPA 2 179+ 16 471 £ 0.2 4235%03 -33+0.1 28402 153=x09 59409
Gd(8)-C4-iBu-DTPA 3 247 220 500 = 0.1 494 +0.3 ~28%0.1 40+01 10702 9.9 £ og
Gd(S}-C4-iPr-DTPA 4 219422 490+ 0. 471+ 0.6 -3t 0.1 17401 100 £03 9.0 % ;z .
GdCy-diMe-DTPA 5 [26 £ 13 476 02 471+ 0.4 -28£02 16+05 13.5=04 122 £
Discussion

® Gd(S}C,Me-DTPA 1
v GA(S}C,n-Bu-DTPA 2
& Ga(S)C,iBu-DTPA 3
a
Pay

Relaxivity (s ' mM)
wm
i

~

w
aa byl

Gd (SIC APr-DTPA 4
GO-C -diMe-DTPA §
- GA-DTPA 6

II‘L

- T :
0.1 1 10 100 1000

Proton Larmor Frequency (MHz)

o
o
-

Fig. 6 Proton NMRD profiles of the Cg-substituted complexes
{solvent: water, temperature: 310 K)

decreased for Gd-C4-diMe-DTPA 5 (1=~20 min)
(Fig. 7). The values of the ratio R{(z)/R}(: = 0) after
5500 min are larger for all the monosubstituted
complexes as compared to Gd-DTPA (Rf(t = 5500
min)iR](t=0)=48, 55 53, 56, and 68% for
Gd-DTPA 6, GdA(S)-C4-Me-DTPA 1, Gd(S)-C4-n-Bu-
DTPA 2, Gd(S)-C,-iBu-DTPA 3 and Gd(S)-Cy-iPr-
DTPA 4 respectively) whereas it is very low for the
disubstituted  complex Gd-Cs-diMe- DTPA 5§
(R{(r = 5500 min)/R}(t = 0) < 4%).

Table 2 Proton relaxivity at 20 MHz and values of Ty Tr, Tso, and
profiles .

A simple approach to detect a possible limila?ion of the
proton relaxivity by the water residence time 1s to study
the effect of temperature on the proton relaxivity. If_ the
innersphere [24,25] and outersphere [26] interactions
contribute to the observed relaxivity, an increase of the
relaxivity when temperature is lowered indicates that
the water exchange is not limiting. On the contrary when
the relaxivity is limited by the water exchange, a plateau
or a decrease of the relaxivity is observed at low
temperatures. The temperature dependence observed
for the proton relaxivity of all the complexes studied in
this work indicates thus that, in the temperature range
investigated, the exchange raie of the coordinated water
molecule does not limit the relaxivity (or does so very
httle at low temperalures).

The water residence time was quantitatively assessed
through the well-established analysis of the temperature
dependence of the transverse relaxation rates of the
oxygen-17 nucleus of water [7, 8, 10-17, 27). The
calculated values are in agreement with a reduction of
the water residence times as shown in Table 1. The
results indicate a clear difference between the unsubsti-
tuted 6 (73/° = 143 ns), monosubstituted 1, 2, 3 4
(0 = 91, 82, 108, and 98 ns respectively) and bisubsti-
tuted 5 (¢3{° = 57 ns) compounds. The values obtained
for the monosubstituted complexes are in fairly good
agreement with the values previously reported for

tv obtained from the theoretical adjustment of the proton NMRD

Complexes #10 £310a 20 30 310
7" mM~", 20 MH?z) @5) s = i
Gd-DTPA 6 R N
Gd(S)-C4-Me-DTPA | 2‘, ;‘1‘-‘ §2 82 (67) 23
Gd($)-C4-n-By-DTPA 2 45 2 ; 88 (84) 20
Gd($)-C4-iBu-DTPA 3 44 108 4 87 (1) 2
GA(S)-C4-iPr-DTPA 4 44 g 0 111 (55 26
GdC4-diMe-DTPA § 42 i gg gg g?ll) 20
) 20

1y was fixed to the values oblai N
The values tn s > Sbiained by F/O NMR

parentheses are calculated from the B and v values obtained from the analysis of the Q-17 T3 data
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Fig. 7 Evolution of the ratio RY(0)/RY(t
during (ransmetallation process for the comp

730 = 82 ns) (15), MS-325 (3)? =83

Gd(S)EOB-DTPA (

O~ GA(SICe-Me-DTPAT
| —¥— Gd(S)C4-n-Bu-DTPA 2 i
—@— G4(S)C4BUDTPAT |
i—l— Gd (S)Cy4 iPr-DTPAS |
—@— Gd-CydiMe-DTPAS

—A— Gd-OTPA 6 _J

2000 3000 4000 5000 6000
Time {min)

(¢ =0) as a function of time
jexes 1-6

[ 30— 87 ns) [16); and

ns) [17], Gd(S)Bn-DTPA (1},

Gd(R)Bn-DTPA (z3}° = 108 ns) [16].
As observed for bisamide complexes [13}, 2 crowding

around the first coordina
favourable to the exchange.
produced by the presence O

f the skeleton. Thee
rate of Gd-DTPA derivatives could

position 0
the water exchange
also be attributed to

their stereoisomers. I

stereoisomers of E

markedly different exchange
has however ruled out 2 maj
tence of stereoisomers 1

of Gd-DTPA [30].

The proton relaxivities 0
uite similar and only slightly higher

and at 310 K are q

than to those of Gd-DTPA. This sl
mainly from the increase O

times in agreement with the m
ounds. The variation of the 1y va

comp

on the relaxivity observed at
complexes. However, 1

structures, the small

tion sphere seems (O be
Obviously, such an effect is
f alkvl groups in the Cc-4
Hect of the substituents on

differences in the concentrations of
t has indeed been reported that both
uw(DOTAM) are characterised by
rates [28,29)]. A recent work
or influence of the coexis-
n the case of bisamide derivatives

bserved at all magnetic fields

ight difference results
f the rotational correlation
olecular weights of the
Tues has no effect
310 K for such small
if included in slowly rotating
er value of 1y could result i a

significant increase of relaxivity.

The agreement b
racterising the electro

otween the fitted parameters cha-

nic relaxation rates obtained either

from the O-17 data (B and 1v) Of from the proton
NMRD data (tsp and Ty, with 50 =(5Bry)”") is quite
good for complexes 1, 4, 5 and 6 but is not satisfactory
for the two other complexes (2 and 3). The differences

between the values obtained by each experimental
to the fact that the

approach can be related firstly,

influence of 750 18 predominant at low fields in the proton
NMRD curves of small complexes whereas the O-17 data
are obtained at much higher field and secondly, 10 the
simplified model used for the analysis of our o-17 Iz
data. More sophisticated models involving other contri-

butions, and thus additional parameters for thevdcscrip-
cation rates like that

tion of the the electronic relax ]
reported by Powell et al. [8]. could probably improve

the agreement.
Regarding the stability versu
zine(II) ions, the kinetic index (tim: !
ratio RE(1)/R{(1 = 0) = 80%) and the ;hennodynamlc
index (value of the ratio R()/R(t=0) at 5500 min)
show, as previously reported [17,20], that a mono§ubst1—
tution on the C, of the ethylenic bridge 18 bencficial for
bility. On the

the kinetic and the thermodynanuic Sta

contrary, & disubstitution on the same carbon (com-
ffect.

pound 5) has 2 clearly unfavourable €

In summary, five new ligands of the DTPA family
have been synthesised with a wield of 3-13%. As
compared to Gd-DTPA, the coordinated water
exchange rate of the gadolinium complexes increases
at 310 K by 30-90% on monosubstitution and by
150% on bisubstitution and therefore offers the
possibility to move the limits of relaxivity of macro-
molecular systems towards higher values. However, if
all the monosubstituted derivatives show an increased
stability as compared to Gd-DTPA with respect o
transmetallation, the disubstituted compound 5 1s
clearly very sensitive to this process. In spite of the
apparent increase of effort required by the syntheses,
this substitution stra

' tegy can be useful in the quest for
aramagnetic MRI contrast agents of higher relaxiv-
ities.

s transmetallation by
e required to reach the
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