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Gadolinium DOTA Chelates Featuring Alkyne Groups Directly Grafted
on the Tetraaza Macrocyclic Ring: Synthesis, Relaxation Properties,
“Click” Reaction, and High-Relaxivity Micelles
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ABSTRACT: This paper reports on the synthesis and relaxivity properties of tetraacetic o
DOTA-type chelating agents featuring one or two alkyne groups directly grafted on the
tetraaza macrocyclic ring and available for “click” reactions with azide-bearing substrates.
The racemic DOTAma ligand bearing one alkyne group was obtained by a bisaminal
template route. The same approach was used to prepare ligand DOTAda substituted by
two alkyne groups located on two adjacent carbon atoms. The S,S enantiomer of DOTAda
was also prepared by a “crab-like” condensation. This ligand is the first example of a DOTA
derivative featuring two reactive functions adjacent to each other on the macrocyclic ring. A
triacetic monoalkyne ligand (DO3ma) was also synthesized for comparison purposes.
NMR studies indicate that the Yb(III) chelates of DOTAma and DOTAda adopt two
conformations in solutions in which the tetraaza ring is rigidified. The hydration state of the
Eu(III) chelates was determined by luminescence spectroscopy, and the water exchange
time of the Gd(IIT) complexes was measured by '’O NMR. Ring substitution accelerates
the water exchange. These data were used to interpret nuclear magnetic relaxation dispersion curves of the Gd(III) chelates. Two
long aliphatic chains have been added to DOTAda by a “click” procedure to form the (C18),DOTAda ligand. The corresponding
Gd(III) complex forms micelles of unusually high relaxivity presumably because of the close proximity of the aliphatic chains on the
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macrocyclic ring that ensures a rigid double anchoring into the micelles.

1. INTRODUCTION

Magnetic resonance imaging (MRI) using gadolinium-containing
contrast agents is now a commonly used high-resolution clinical
imaging modality." Gadolinium complexes drastically increase
the longitudinal relaxation rate 1/T; of the water protons, thus
generating bright spots in T'-weighted MRI images. The efficacy
of a contrast agent depends on several parameters, most
importantly the water exchange time 7, the electronic relaxation
time 7, and the rotational correlation time 7,. High increases in
relaxation rate per millimolar of metal ion (or relaxivity) can be
obtained by slowing down the tumbling rate of a contrast agent
thanks to a coupling with a macromolecule or nanoparticle.
Moreover, attachment of a large number of paramagnetic com-
plexes to one macromolecular substrate increases the local
Gd(III) concentration and leads to a better sensitivity. The chelates
should be rigidly bonded to a high molecular weight entity and
also exhibit fast water exchange rates. A variety of macromole-
cular contrast agents have been obtained by grafting paramag-
netic DTPA- or DOTA-type chelates through amide or thiourea
bonds to polymers® * and dendrimers®~ or through noncova-
lent interaction of lipophilic Gd(III) complexes with proteins
such as albumin.''*

The excellent yield reported for the copper-catalyzed 1,3-
dipolar Huisgen cycloaddition (“click” reaction) between an azide
and a terminal alkyne'®'* as well as its fast rate, robustness, and
bio-orthogonality'® make this transformation an excellent candidate
for coupling high payloads of Gd(III) complexes to a particular
macromolecule. “Click” chemistry has already been used for
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grafting Gd-DOTA monoamide chelates to viral particles'® or
B-cyclodextrins.'” However, it is well known that complexes
bearing amide chelating units are less stable and exhibit slower
water exchange rates that are detrimental to the relaxivity.'®"”
Gd(IIT) diethylenetriaminetetraacetate (GdDTTA) has also
been coupled to [-cyclodextrin, but this chelate is again less
stable than the clinically approved Gd—DOTA and Gd—DTPA.*
In the present work, we report on the synthesis of two novel alkyne-
bearing macrocyclic ligands as well as on the physical properties
of their lanthanide chelates that are of interest for a relaxometric
evaluation. Even if the synthesis of macrocyclic chelates is more
difficult and time consuming than the preparation of their
noncyclic analogues, we preferred to prepare DOTA derivatives
because of their well-recognized kinetic inertness and thermo-
dynamic stability.>’ Only one “clickable” tetraacetic DOTA
ligand has been reported so far.”” This ligand features an alkyne
group on one of its acetate arms, and it was clicked to an azide-
bearing somatostatin analogue. We chose to graft one or two alkyne
moieties directly on the tetraaza ring of DOTA (compounds 1
and 2) to avoid steric crowding, Scheme 1. We also investigated
the Gd(III) chelate of the less strongly complexing triacetic derivative
3 that has already been prepared recently by Lowe et al*** and which
is included here for comparison purposes. The GdDO3ma
complex is an easily obtainable metal complex that can be used
for testing various reaction conditions in a “click” condensation.
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Scheme 2. Synthesis of DO3ma, 3
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Despite the added difficulties entailed by the synthesis of
DOTAda, 2, we wanted to obtain this ligand because it features
two alkyne substituents on the same ethylenediamine unit. These
closely spaced reacting groups could be particularly interesting
for firmly anchoring a Gd(III) complex on a macromolecule or
grafting on chemically modified proteins™ thanks to two attach-
ment points. In the present paper, ligand 2 is converted into an
amphiphilic gadolinium complex that self-assembles into para-
magnetic micelles of very high relaxivities.

2. EXPERIMENTAL SECTION

'H and C NMR spectra were recorded on a Bruker DRX 400
spectrometer, and nuclear magnetic relaxation dispersion (NMRD) data
were collected from 0.01 to 70 MHz on an upgraded Stelar Spinmaster
FFC2000 relaxometer (Stelar, Mede, PV, Italy) to which a Bruker 2T
permanent magnet had been connected. All experimental T relaxation
times were corrected for the T, value of pure water. '’O NMR mea-
surements were carried out on 4.6—7.6 mM (pH = 5.7) solutions of
Gd(1II) complexes. '”O-Enriched water (10% H,'’O, Cortecnet, Paris)
was added to solutions of metal complexes in order to reach a 2% '"O
enrichment. The 7O transverse relaxation times were measured using
the standard Carr—Purcell —-Meiboom—Gill spin—echo pulse sequence
on a Bruker Avance AM250 spectrometer. Luminescence lifetimes were
measured on a Photon Technology International (PTI, Birmingham,
NJ) spectrometer equipped with a GL-3300 nitrogen laser usinga PBBO
dye to excite the Eu®" ion at 394 nm. The recorded luminescence decay
curves (emission monitored at 592 nm) were fitted to a monoexponen-
tional function using the PTI Time Master software. Quantitative
interpretations of the 7O, NMRD, and luminescence data were performed
with the Scientist software program (Micromath, USA). Electrospray
mass spectra were obtained on Fisons VG platform (ESI-MS) and Bruker
Daltonics MicrOTOF (TOF-ESI-MS) spectrometers. Melting or
decomposition points were measured on an Electrothermal IA
9100 apparatus.

Synthesis of 1-(Prop-2-ynyl)-4,7,10-tris(tert-butoxycarbony-
Imethyl)-1,4,7,10-tetraazacyclododecane, 5 (Scheme 2).
(+Bu);DO3A, 4 (496 mg, 0.96 mmol, CheMatech, USA), was dissolved

in acetonitrile (20 mL) and placed in a 100 mL round-bottomed flask
under argon atmosphere. Potassium carbonate (293 mg, 2.1 mmol)
and propargyl bromide (126 uL of an 80% solution in toluene, 1.16
mmol) were added to the solution. After 4 h at room temperature,
potassium carbonate was filtered off and washed with dichloro-
methane (100 mL). The filtrate was washed with water (20 mL) and brine
(20 mL) and dried over MgSO,. After solvent evaporation under
reduced pressure, a yellowish oil remained (504 mg, yield 95%). MS
(ESI+): m/z 553 (M + H)", 575 (M + Na)". ESI-TOF-MS: calcd for
CyoH3,N,NaOg (M + Na)™ 575.3779, found 575.3788. "H NMR
(CDCl;) 0: 3.31 (CH=CCH,, s, 2H), 3.16 (m, 6H), 2.8—2.65 (m,
12H), 2.58 (m, 4H), 2.05 (CH=CCH,, s, 1H), 1.33 and 1.34 (2s,
27H) ppm. *C NMR (CDCl;) 8: 173.5 and 172.5 (C=0), 82.0,
81.8, 79.1 (CH=CCH,), 72.5 (CH=CCH,), 56.5, 55.7, 52.1 (2C),
51.9, 51.7, 43.0 (CH=CCH,), 27.7, 27.8 ppm.

Synthesis of 1-(Prop-2-ynyl)-4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane, 3, DO3ma (Scheme 2). Trie-
ster 5 (647 mg, 1.2 mmol) was dissolved in trifluoroacetic acid (10 mL),
and the solution was stirred at room temperature overnight. Evaporation
of the solvent under reduced pressure yielded a viscous brown oil. This
residue was dissolved in water (3 mL, pH ~ 2) and loaded onto a Dowex
50x2-200 (H" form) cation-exchange resin. The column was washed
with water (500 mL), and the sought product was recovered by elution
with 0.5 M aqueous NH;. The eluate was evaporated under reduced
pressure, and the remaining light brown oil was dissolved in decarbo-
nated water (3 mL). The pH was brought to 10 with aqueous NH;, and
the solution was transferred onto a Dowex (OH ™~ form) 1x2-200 anion-
exchange resin. The column was washed with decarbonated water
(500 mL), and the sought product was eluted using a formic acid
gradient (0.005, 0.04, 0.08, 0.15, 0.3, 0.5, 1 M). The fractions containing
the desired product (HCOOH 0.08 and 0.15 M) were combined and
evaporated to dryness in vacuo. Repetitive evaporations after addition of
water were performed in order to remove formic acid. Finally, 293 mg of
compound 3 was obtained as a golden oil. Yield 65%. MS (ESI+): m/z
385 (M + H)". ESLTOE-MS: caled for Cy;HyoN,O (M + H)*
385.2082, found 385.2078. '"H NMR (D,0) 0: 3.27 (CH=CCH,, s,
2H), 3.23 (m, 6H), 2.9—2.6 (m, 12H), 2.56 (m, 4H), 2.12 (CH=CCH,, 5,
1H) ppm. “C NMR (D,0) &: 177.7 and 170.3 (C=0), 77.8
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Scheme 3. Synthesis of DOTAma, 1
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(CH=CCH,), 75.5 (CH=CCH,), 57.2,55.9,51.9,51.0,48.1,47.5,42.3
(CH=CCH,) ppm.

Synthesis of 2-Hydroxymethyl-1,4,7,10-tetraazacyclodo-
decane, 7 (Scheme 3). The synthesis of 7 was performed according
to the experimental procedure described by Boschetti et al.*® with some
modifications. Triethylenetetramine (6 g, 41 mmol) was dissolved in
acetonitrile (180 mL) and cooled in an ice bath. A solution of butanedione
(3.53 g, 41 mmol in 18 mL of acetonitrile) was added dropwise over 30
min, and the ice bath was removed after 4 h of vigorous stirring. The
yellow reaction mixture was heated to 60 °C, and potassium carbonate
(28.4 g, 205 mmol) and a solution of 2,3-dibromo-1-propanol (9.02 g,
41 mmol in 18 mL of acetonitrile) were added. After 48 h at this
temperature, potassium carbonate was removed by filtration over Celite,
and the filtrate was evaporated to dryness in vacuo. The residue was
transferred onto an alumina column and eluted with a dichlorometha-
ne—methanol 97:3 mixture. After removal of the solvents under reduced
pressure, the red oil was dissolved in acetonitrile (20 mL) and left at
—20 °C for 24 h. The formed crystals were collected by filtration and
washed with cold acetonitrile, hexane, and diethyl ether. This afforded a
purple solid, which was found to contain a mixture of the R,S,R and R,S,S
isomers of compound 6, which could not be separated. The two diaster-
eoisomers were then dissolved in a mixture of ethanol (540 mL) and
concentrated HCI (180 mL). After heating this solution at 60 °C for 48
h, the precipitate was filtered off and washed with cold ethanol and
diethyl ether to obtain 1.83 g of compound 7 as a beige powder. Yield
22.3%. MS (ESI+): m/z 203 (M + H)*. ESLTOF-MS: caled for CoH, 5
N,O (M + H)* 203.1866, found 203.1870. 'H NMR (D,0) 6:
3.78—3.05 (m, 17H) ppm. *C NMR (D,0) 8: 59.0 (CH,OH), 56.2
(CHCH,OH), 46.7, 44.6, 44.0, 43.6, 43.5, 43.0, 42.1 ppm.

Synthesis of 2-Hydroxymethyl-1,4,7,10-tetra(tert-butoxycar-
bonylmethyl)-1,4,7,10-tetraazacyclododecane, 8 (Scheme 3).
Potassium carbonate (1.136 g, 8.22 mmol) and fert-butyl bromoacetate
(1.604 g, 8.22 mmol) were successively added to a solution of 7 (416 mg,
2.06 mmol) in 20 mL of dimethylformamide at 50 °C. After 3 h, ethyl
acetate (50 mL) was added to the reaction mixture and potassium
carbonate was filtered off. The filtrate was washed three times with brine,
dried over MgSO,, and evaporated under reduced pressure. Compound 8
was partially purified by eluting the crude mixture through a silica gel
column first with ethyl acetate and finally with methanol in order to
recover the sought product 8 (979 mg of an orange oil, yield &~ 72%). MS
(ESI+): m/z 681.4 (M + Na)*. ESI-TOF-MS: calcd for C33Hg,N4NaO,
(M + Na)* 681.4409, found 681.4398. '"H NMR (CDCL;) 6: 3.85—1.8
(m, 25H), 1.30 (s, 36H), 1.18 (OH, m, 1H) ppm. "*C NMR (CDCl;) 0:

173.2, 172.9, 172.4, and 172.2 (C=0), 82.1 (4C), 58.8, 58.2, 55.9, 55.4,
55.2,55.0,54.5,53.7, 52.3,52.1,50.4, 49.9, 48.7,47.5, and 27.4 (4C) ppm.

Synthesis of 2-(Prop-2-ynyloxymethyl)-1,4,7,10-tetra(tert-
butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane, 9
(Scheme 3). Tetraester 8 (598 mg, ~0.91 mmol) was dissolved in
dichloromethane (20 mL), and this solution was cooled to 0 °C.
Propargylbromide in toluene (80% solution, 292 uL, 2.71 mmol,
Aldrich), tetrabutylammonium iodide (catalytic amount), and cesium
hydroxide monohydrate (457 mg, 2.72 mmol) were successively added
to the reaction mixture. After 30 min of vigorous stirring, the ice bath was
removed and the reaction mixture was left for 1 h at room temperature.
After allowing the cesium base to settle at the bottom of the flask, the
supernatant was taken up and washed with 15 mL of water. The organic
phase was then dried over MgSO, and evaporated to dryness, and
the remaining residue was chromatographed over a silica gel column
(elution gradient: CH,Cl,—EtOAc 50:50 to EtOAc—MeOH 85:15)
to yield 443 mg of a yellowish oil after evaporation of the solvents
(yield ~ 70%) . MS (ESI+): m/z 719 (M + Na)*. ESI-TOF-MS: calcd
for C36Hg4N,NaOy (M + Na)* 719.4566, found 719.4568. "H NMR
(CDCLy) &: 4.11 (CH=CCH,, m, 2H), 4.06—1.61 (m, 26H), 1.30
(s, 36H) ppm. '*C NMR (CDCl;) 6: 173.4, 173.2, 172.5, and 172.4
(C=0), 81.5 (4C), 79.1 and 79.3 (CH=CCH,), 74.9 and 74.8
(CH=CCH,), 674 and 663 (CHCH,OCH,), 58.5 and 58.0
(CH=CCH,), 55.9, 54.8, 53.9, 53.4, 51.8, 51.2, 50.8, 50.4, 49.4, 49.0,
47.3,47.1,27.4 ppm (t-But) ppm.

Synthesis of 2-(Prop-2-ynyloxymethyl)-1,4,7,10-tetra-
(carboxymethyl)-1,4,7,10-tetraazacyclododecane, 1, DOTA-
ma (Scheme 3). A solution of tetraester monoalkyne 9 (774 mg,
~1.11 mmol) in trifluoroacetic acid (15 mL) was stirred at room
temperature overnight. Evaporation of the solvent under reduced
pressure yielded a viscous brownish oil. This residue was dissolved in
water (3 mL, pH ~ 2) and loaded onto a Dowex 50x2-200 (H" form)
cation-exchange resin. The column was washed with water (500 mL),
and the sought product as an ammonium salt was recovered by elution
with 0.5 M aqueous NHj;. The eluate was evaporated under reduced
pressure, and the light brown oil was dissolved in decarbonated water
(3 mL). The pH was brought to 10 with aqueous NH3, and the solution
was transferred onto a Dowex (OH™ form) 1x2-200 anion-exchange
resin. The column was washed with decarbonated water (500 mL), and
the sought product was eluted using a formic acid gradient (0.005, 0.04,
0.08, 0.15, 0.3, 0.5, 1 M). The fractions containing the desired product
were combined and evaporated to dryness in vacuo. Formic acid was
eliminated by repetitive evaporations after addition of water. Compound
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Scheme 4. Synthesis of 1,4,7,10-Tetraazacyclododecane-2,3-diyl)dimethanol 15a and Its Dibenzylated Derivative 15b
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1 (331 mg) was obtained as a yellowish oil (yield ~ 63%). MS (ESI+):
m/z473 (M+H)*,495 (M +Na)*, 511 (M + K)*. ESI-TOE-MS: calcd
for CyoH3,N4NaO,y (M + Na)* 495.2061, found 495.2075. 'H NMR
(D,0) 6: 4.16 (CH=CCH,, m, 2H), 4.10—1.56 (m, 26H) ppm. °C
NMR (D,0) 8: 173.0 (2C) and 170.6 (2C) (C=0), 79.6 (CH=CCH,),
76.5 (CH=CCH,), 65.4 (CHCH,OCH,), 582 (CH=CCH,), 57.5—46.4
(br) ppm.

Synthesis of (55,65)-5,6-Bis(benzyloxymethyl)-1,4,7,10-
tetraazacyclododecane-2,9-dione, 14 (Scheme 4). Sodium
carbonate (3.76 g, 35.5 mmol) and N,N'-bis(chloroacetyl) ethylenediamine
(418 mg, 1.97 mmol) were added to a solution of (2, 35)-1,4-bis-
(benzyloxy)butane-2,3-diamine®” and 13 (590 mg, 1.97 mmol) in acetoni-
trile (62 mL), and this mixture was heated to reflux for 24 h under
vigorous stirring. After cooling to room temperature, the reaction
mixture was filtered and the filtrate was evaporated to dryness in vacuo.
Recrystallization of the remaining residue in boiling ethanol afforded
174 mg of cycle 14 as a white solid (mp 164 °C, yield 20%). MS (ESI+):
m/z 441 (M + H)". ESI-TOF-MS: calcd for C,,H33N,O, (M + H)"
441.2496, found 441.2511. "H NMR (CD;0D) 6: 7.45—7.30 (Ar, m,
10H), 4.48 (benzylic CH,, s, 4H), 3.50—3.02 (m, 14H) ppm. *C NMR
(CD50D) 6: 175.2 (C=0), 139.9, 129.7, 129.4, and 129.0 (Ar), 74.6
(benzylic CH,), 70.5 (CHCH,0), 58.7 (CHNH), 51.8 (CH,C=0),
39.0 (CH,NHC=0) ppm.

Synthesis of (25,35)-2,3-Bis(benzyloxymethyl)-1,4,7,10-
tetraazacyclododecane, 15b (Scheme 4). Cyclic compound 14
(920 mg, 2.10 mmol) was dissolved in dry toluene (20 mL), placed
under argon atmosphere, and cooled to 0 °C. Red-Al (SmL ofa 3.5 M
solution in toluene, Aldrich) was added to this solution, and the resulting
viscous mixture was maintained at 0 °C for 30 min and then heated at
80 °C for 3 h. After dropwise addition of water (S mL) at 0 °C, the
reaction mixture was stirred for 16 h at room temperature. The solvents
were evaporated in vacuo; the residue was dissolved in methanol and
purified by dry flash chromatography using a large silica gel column
(40 cm length, S cm diameter). Elution with methanol followed by
methanol saturated with NH; allowed recovering tetraamine 15b as a
colorless oil (680 mg, yield 78%). MS (ESI+): m/z 413 (M + H)". ESI-
TOFE-MS: calcd for C,,H3,N,O, (M + H)* 413.2911, found 413.2906.
'H NMR (CD;0D) 6: 7.45—7.20 (Ar, m, 10H), 4.43 (benzylic CH,, m,
4H), 3.60—3.30 (CH,CHNH and CHCH,O, m, 6H), 2.80—2.55 (m,
12H) ppm. *C NMR (CD;0D) 8: 139.9, 129.7, 129.4, and 129.0 (Ar),

74.6 (benzylic CH,), 70.4 (CHCH,0), 58.0 (CHNH), 48.0, 47.6,
44.5 ppm.

Synthesis of rel-((2S,35)-1,4,7,10-Tetraazacyclododecane-
2,3-diyl)dimethanol, 15a (Scheme 4). Although 15a could be
obtained by a one-pot procedure, we opted for a step by step approach in
which each intermediate was isolated. Preparation of 11 has been
reported”® without experimental details.

An ethanolic solution of butanedione (1.77 g, 20.5 mmol in 30 mL)
was added dropwise to a solution of triethylenetetraamine, 10, in ethanol
(3 g,20.5 mmol in 100 mL) at 0 °C. After 4 h of stirring, the solvent was
removed under reduced pressure without heating. The remaining yellow
solid was taken up in hexane (80 mL) to obtain a yellow solution with an
insoluble residue. The latter is highly soluble in methanol and was
eliminated by treating the mother solution of hexane with small amounts
of methanol (3 x $ mL). The pale yellow hexane fraction was separated,
and the solvent was removed under reduced pressure to yield a white
solid (1.2 g, 21%). Note: In our hands, the ethanol/hexane procedure
reported above was more convenient than synthesis in acetonitrile
because bisaminal 11 crystallized more readily. However, solid 11
undergoes a relatively rapid alteration in contact with air at ambient
temperature; its color changes from white to yellow in less than S h.
Colorless solutions (CHCl;, MeOH) change to orange within 1 day
even in anhydrous conditions, indicating complete degradation of 11 as
evidenced by mass spectrometry. "H NMR (CD;0D, 298 K) 0: 2.5—
3.05 (m, 12H, N—CH,), 1.16 (s, 3 H, CH3), 1.34 (s, 3 H, CH;), °C
NMR (CD;0D, 298 K) o: 77.02, 68.05 (NCN), 51.26, 48.37, 40.53
(NCH,), 22.41,10.91 (NCCH3;). MS (ESI+): [M + Na]" (m/z) found,
219.1616; calcd, 219.1586.

A solution of rel-(2R,3R)-2,3-dibromo-1,4-butanediol (1.51 g, 6.1
mmol) in 10 mL of acetonitrile was added to a mixture of the bisaminal
intermediate 11 (1.2 g, 6.1 mmol) and Cs,CO; (10 g, 30.5 mmol) in
acetonitrile (40 mL), and the resulting mixture was refluxed for 48 h
under argon. The reaction mixture was filtered through a pad of Celite to
obtain a colorless to pale yellow solution, and the solvent was removed
to yield the protected macrocycle 12 as a yellowish oil (1.4 g, 81%). The
product can be used as such in the next synthetic step or better be
recrystallized from cold acetonitrile. '"H NMR (CD;0D, 233 K) 0: 4.1
(m, 1 H, NCHCH,O0H), 3.56—3.76 (m, 2 H, NCHCH,OH), 3.5 (m, 1
H, NCHCH,OH), 3.07—3.27 (m, 2 H, NCHCH,0H), 2.35—3.07 (m,
12 H, NCH,), *C NMR (CD;0D, 233K) : 79.84, 74.97 (NCN),

8949 dx.doi.org/10.1021/ic2010997 |Inorg. Chem. 2011, 50, 8946-8958



Inorganic Chemistry

Scheme 5. Synthesis of DOTAda, 2
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78.20, 74.07 (NCHCH,OH), 56.87, 52,81 (NCHCH,OH), 50.52,
49.65, 49.50, 47.30, 45.87, 4544 (NCH,). MS (ESI"): [M+H]" (m/z)
found, 283.2129; calcd, 283.2129.

The bridged macrocycle 12 obtained in the preceding step was
dissolved in ethanol (50 mL), and 10 mL of concentrated HCl (37%)
was added carefully. The solution was refluxed for 48 h under argon. The
solid hydrochloride was collected by filtration and rinsed with small
amounts of cold ethanol and ether. Attempts to recrystallize the remaining
beige solid were unsuccessful. After dissolution in 30 mL of water, the
product was purified by adjusting the pH to 12 with a 4 M NaOH
solution followed by evaporating the solvent under vacuum. Acetonitrile
(150 mL) was added to the residual solid, and the resulting suspension
was stirred overnight at 45 °C. The insoluble material was filtered off,
and the solvent was evaporated to yield 15a as an orange oil (0.7 g, 61%).
The NMR spectrum of 15a is very sensitive to pH, particularly the
NCHCH,OH resonances. The best-resolved '"H and "*C NMR spectra
were obtained between pH 3 and 4. ESI-TOF-MS: [M + H]" (m/z)
found, 233.1969; calcd, 233.1972. "H NMR (D0, 298 K) 6: 4.57 (m, 2
H, NCHCH,OH, assigned checked with the HSQC spectrum), 3.28—
3.81 (m, 16 H, NCH, and CH,0OH). "*C NMR (D,0, 298 K) 0: 68.43
(NCHCH,OH), 48.72 (CH,OH), 45.97, 45.48, 43.30 (NCHS,).

Synthesis of (25,35)-2,3-Bis(benzyloxymethyl)-1,4,7,10-
tetra(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclo-
dodecane, 16 (Scheme 5). Potassium carbonate (280 mg, 2.04
mmol) and tert-butyl bromoacetate (395 mg, 2.04 mmol) were added to
tetraamine 15b (210 mg, 0.51 mmol) dissolved in DMF (10 mL). After 3
h of stirring at 50 °C, the reaction mixture was diluted with ethyl acetate
(50 mL) and washed three times with brine. The organic layer was dried
over MgSO,, and the solvents were removed by evaporation under
reduced pressure. The remaining residue was purified by silica gel column
chromatography, eluting first with EtOAc and finally with a EtOAc—
MeOH 3:1 mixture. The fractions containing the sought product were
evaporated in vacuo to give 408 mg of 16 as an orange oil; yield 91%. MS
(ESI+): m/z 869 (M + H)*. ESI-TOF-MS: calcd for C4sH-7N4O1q
(M + H)" 869.5634, found 869.5649. "H NMR (CDCL,) 6: 7.10—7.00

(Ar, m, 10 H), 4.33 (benzylic CH,, m, 4 H), 4.15—1.78 (m, 26 H), 1.22
(s, 36 H) ppm. *C NMR (CDCl3) 0: 174.6, 174.2, 173.7, and 173.4
(C=0), 138.5 (2 C), 129.1 (2 C), 128.8 (2 C), and 128.5 (2 C) (Ar),
82.8, 82.6, 82.5, 82.3, 74.0, and 73.9 (benzylic CH,), 67.4, 65.8, 59.7,
56.5 (2 C), 55.6, 54.4, 54.0, 53.4, 53.2, 50.2, 49.0, 48.9, 45.6, 28.7 (4
C) ppm.

Synthesis of (25,35)-2,3-Bis(hydroxymethyl)-1,4,7,10-
tetra(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclo-
dodecane, 17 (Scheme 5). Compound 16 (200 mg, 0.23 mmol)
was dissolved in ethanol (15 mL) and placed in a reactor (Miniclave,
Biichi). Concentrated HCI (192 uL) and Pd/C 10% catalyst (57.5 mg,
Degussa, E101 NE/W, Aldrich) were added, and the reaction mixture
was hydrogenated for 72 h (S bar, RT). After filtration and abundant
washing of the catalyst with methanol, the combined organic fractions
were eluted on a column of Amberlyst A-21 resin (free base form,
ACROS) to eliminate HCI. Evaporation of the solvents under reduced
pressure afforded diol 17 as a green-yellow oil (95 mg, yield 60%). MS
(ESI+): m/z 690 (M + H)*, 711.4 (M + Na)*. ESI-TOF-MS: calcd for
C34HgsN,O,0 (M + H)* 689.4695, found 689.4683. "H NMR (CDCl;)
0: 3.83—1.85 (m, 26H), 1.33 (s, 36H), 1.16 (OH, m, 2 H) ppm. C
NMR (CDCl;) 6: 174.7, 174.1, 173.7, and 173.5 (C=0), 82.9, 82.8,
82.7, 82.6, 62.8, 58.2, 58.0, 56.6 (2C), 56.3, 53.6, 53.5 (2C), 53.4, 49.9,
49.1, 48.9, 45.7,28.8 (4C) ppm.

Synthesis of (25,35)-2,3-Bis(prop-2-ynyloxymethyl)-1,4,7,
10-tetra(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclo-
dodecane, 18 (Scheme 5). A solution of propargyl bromide in
toluene (385 uL of a 80% solution, 3.58 mmol), a catalytic amount of
tetrabutylammonium iodide, and cesium hydroxide monohydrate (600
mg, 3.58 mmol) were added successively to a solution of diol 17 (410
mg, 0.595 mmol) in dichloromethane (20 mL) at 0 °C. After 30 min of
vigorous stirring, the ice bath was removed and the reaction mixture was
left for 1 h at room temperature. After allowing the cesium base to settle
at the bottom of the flask, the supernatant was collected and washed with
1S mL of water. The organic phase was dried over MgSO, and
evaporated to dryness, and the obtained residue was purified by elution
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Scheme 6. Synthesis of (C18),DOTAda, 20
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on a silica gel column (elution gradient CH,ClL,—EtOAc 50:50 to
EtOAc—MeOH 85:15). After evaporation of the fractions containing
the desired compound (ESI-MS), dialkyne 18 was recovered as a
yellowish oil (409 mg, yield 90%). MS (ESI+): m/z 765 (M + H)",
787 (M + Na)™. ESI-TOF-MS: calcd for C4oHggN4NaO;o (M + Na)*
787.4828, found 787.4832. "H NMR (CDCl,) 8: 3.98—1.58 (m, 28H),
4.03 (CH=CCH,, m, 4 H), 1.28 (s, 36H) ppm. ">*C NMR (CDCl;) 6:
173.7,173.1, 172.7, and 172.4 (C=0), 81.8, 81.7, 81.6, 81.5, 79.1, and
79.2 (CH=CCH,), 75.1 and 749 (CH=CCH,), 66.3 and 64.6
(CHCH,0) 58.0 (2C, CH=CCH,), 55.6, 55.5, 54.3, 53.6, 53.4, 52.9,
52.5,52.3,49.2, 48.0, 47.9, 44.7, 27.8 (4C) ppm.

Synthesis of (25,35)-2,3-Bis(prop-2-ynyloxymethyl)-1,4,7,
10-tetra(carboxymethyl)-1,4,7,10-tetraazacyclododecane,
2, DOTAda (Scheme 5). Dialkyne 18 (660 mg, 0.86 mmol) was
dissolved in trifluoroacetic acid (15 mL), and the obtained solution was
stirred at room temperature overnight. Evaporation of the solvent under
reduced pressure yielded a viscous brownish oil. This residue was dissolved
in water (3 mL, pH ~ 2) and loaded onto a Dowex 50x2-200 (H" form)
cation-exchange resin. The column was washed with water (500 mL),
and the ammonium salt of DOTAda was recovered by elution with 0.5 M
aqueous NHj;. The eluate was evaporated under reduced pressure, and
the light brown oil was dissolved in decarbonated water (3 mL). The pH
was brought to 10 with aqueous NH3, and the solution was transferred
onto a Dowex (OH™ form) 1x2-200 anion-exchange resin. The column
was washed with decarbonated water (500 mL), and the sought product
was eluted using a formic acid gradient (0.005, 0.04, 0.08, 0.15,0.3,0.5, 1
M). The fractions containing the desired product (HCOOH 0.08 and
0.15 M) were combined and evaporated to dryness in vacuo. Repetitive
evaporations after addition of water were performed in order to remove
formic acid. Finally, 313 mg of ligand 2 was obtained as a yellowish oil in
67% vyield. MS (ESI+): m/z 541 (M + H)", 563 (M + Na)*, 579
(M +K)". ESI-TOF-MS: calcd for C,,H3¢N,NaO;o (M + Na)* 563.2324,
found 563.2341. '"H NMR (D,O) &: 4.07 (CH=CCH,, m, 4 H),

3.97—1.60 (m, 28 H) ppm. °C NMR (D,0) 0: 176.5, 176.4, 171.6,
and 1712 (C=0), 79.5 and 79.2 (CH=CCH,), 76.5 and 76.4
(CH=CCH,), 65.1 and 63.7 (CHCH,0), 62.4, 58.0 (2 C, CH=CCH,),
56.5,56.2,55.9 (2 C), 52.8,51.0 (2 C), 49.8, 49.3, 48.7, 46.0 ppm.

Synthesis of (25,35)-2,3-Bis(1-octadecyl-1H-[1,2,3]triazol-
4-ylmethoxymethyl)-1,4,7,10-tetra(tert-butoxycarbonylme-
thyl)-1,4,7,10-tetraazacyclododecane, 19 (Scheme 6).
1-Azidooctadecane® (69.7 mg, 0.236 mmol), 27 uL of 2,6-lutidine
(0.236 mmol), 41 uL of diisopropylethylamine (0.236 mmol), and
25 mg of Cul (0.13 mmol) were added successively to a solution of
tetraester dialkyne 18 (90 mg, 0.118 mmol) in dry dichloromethane
(10 mL) under argon atmosphere. After 3 h, a 1 M aqueous DTPA
solution was added (10 mL), and the resulting mixture was stirred
vigorously overnight. The blue aqueous phase was discarded, and the
organic phase was dried over MgSO, and evaporated under reduced
pressure. The remaining residue was purified by chromatography on a
silica gel column, eluting with dichloromethane. Product 19 was
recovered as a yellowish oil (109 mg, yield, 68%). MS (ESI+): m/z
1378 (M + Na)*. ESI-TOF-MS: calcd for C;¢H,4,N;(NaO,o (M + Na)*
1378.0803, found 1378.0817. "H NMR (CDCl;) 0: 8.25 and 8.13 (ss,
triazole ring protons), 4.43 (m, 4 H, OCH,C=C), 3.8—1.75 (m, 30 H),
1.58 (m, 4 H, CH,CH,N), 1.42 (s, 36 H), 1.54—1.03 (m, 60 H, aliphatic
CH,),0.85 (t, 6 H, CH;) ppm. "*C NMR (CDCl3) 8: 174.0,173.3,172.7,
and 172.5 (C=0), 143.5 and 1434 (OCH,C=C), 124.5 and 124.3
(OCH,C=C(), 81.8, 81.7 (2 C), 815, 63.9, and 63.7 (OCH,C=C),
66.3, 64.9, 58.8, 55.7, 55.6, 544, 53.4, 53.0, 52.6, 52.3, 49.2, 48.3, 48.1,
44.8, 504 (2 C, CH,N—N=N), 31.8 (2 C, CH,CH,CHj,), 304, 30.3,
30—28.5,26.6,and 26.5 (28 C, aliphatic CH,), 27.8 (4 C, tert-butylic CH3),
22.6 (2 C, CH,CH3), 14.0 (2 C, CH,CH;) ppm.

Synthesis of (25,35)-2,3-Bis(1-octadecyl-1H-[1,2,3]triazol-
4-ylmethoxymethyl)-1,4,7,10-tetra(carboxymethyl)-1,4,7,10-
tetraazacyclododecane, 20, (C18),DOTAda (Scheme 6). Com-
pound 19 (94 mg, 0.07 mmol) was dissolved in a 1:1 mixture of
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trifluoroacetic acid and dichloromethane and vigorously stirred overnight
at room temperature. After evaporation of the solvents in vacuo, the
remaining brownish oil was dissolved in dichloromethane (S mL) and
diethyl ether (30 mL) was added to this solution. The formed precipitate
was isolated by centrifugation, washed with diethyl ether, and dried under
reduced pressure to obtain ligand 20 as a pale yellow oil in 67% yield (52 mg).
MS (ESI+): m/z 1132 (M + H)". ESLTOE-MS: caled for CeoH, 11
N1oO10 (M + H)* 1131.8479, found 1131.8468. "H NMR (CDCL,) 6:
7.77 (b, triazole ring protons), 5.0 — 0.8 (br, cycle and aliphatic chains)
ppm. *C NMR (CDCl;) 0: 171.4 (2 C) and 171.2 (2 C) (C=0), 143.0
and 142.8 (OCH,C=C), 123.8 and 123.6 (OCH,C=C), 67—44 (18 C,
br), 31.9 (2 C, CH,CH,CHs), 29.7, 29.4, 30—28.5, 26.6, and 26.5 (28 C,
aliphatic CH,), 22.7 (2 C, CH,CH,), 14.0 (2 C, CH,CH;) ppm.

Preparation of Metal Complexes. Typically, 1 equiv of DO-
TAma, 1, DOTAda, 2, or DO3ma, 3, was dissolved in water (5 mL), and
a slight stoichiometric excess of a lanthanide trichloride solution (1.1
equiv) was added dropwise. The solution was stirred at SO °C while the
pH was continuously maintained at pH 5.5 by adding 1 M KOH until no
more pH variation was observed. After stirring 24 h at this temperature,
the solution was passed through a column of Chelex 100 resin (Aldrich)
that was eluted with water to remove the excess of metal ions.
Evaporation under reduced pressure yielded the complexes as pale
yellow solids. The absence of free metal ions was checked with xylenol
orange.*

Micelles of (C18),DOTAda, 20, were obtained by adding very slowly
(portions of 20 uL) a THF solution of the ligand (10 mg in 400 uL
THF) to S mL of water under vigorous stirring. The stirring was
maintained overnight in a recipient that was not covered to let the
organic solvent evaporate. The remaining solution was sonicated for 5
min to obtain a stable micellar suspension to which a GdCl; solution (1.1
equiv) was added dropwise. The reaction mixture was stirred at 50 °C,
while the pH was continuously maintained at 5.5 by adding 1 M KOH
until no more pH variation was observed. After stirring 24 h at 50 °C,
500 mg of Chelex 100 resin was added and the suspension was stirred for
3 hatroom temperature. The supernatant was collected and lyophilized
to afford Gd(C18),DOTAda as a colorless material. The Gd content
was checked by ICP atomic emissions spectroscopy and/or measuring
the relaxation after mineralization in concentrated acid. Ligand solutions
were prepared by weight and successive dilutions. Three samples of
Gd(C18),DOTAda micelles yielded the same relaxivity curves within
the errors limits.

3. RESULTS AND DISCUSSION

Syntheses of Alkyne-Substitued Ligands. Chelating agent
DO3ma, 3, was readily synthesized starting from commercially
available DO3A(#-Bu)s, 4, and following the procedure recently
reported by Lowe et al.** with minor modifications (Scheme 2).
Alkylation of the free amino group using propargyl bromide
afforded DO3ma(t-Bu)s, 5, in 95% yield. A purified sample of the
DO3ma ligand, 3, was obtained with a 62% global yield after
deprotection of the triester with TFA followed by cationic and
anionic ion-exchange chromatography.

Synthesis of ligands substituted with one or two alkyne groups
grafted on the tetraaza cyclododecane ring requires full con-
struction of the macrocyclic tetraaza unit. Essentially two
approaches can be followed to achieve this goal: (a) a reaction
between triethylenetetramine and butanedione to form a gem-
inal-cis bisaminal possessing the requisite configuration to under-
go a (1 + 1) cyclocondensation with a 1,2-disubstituted ethylene
derivative featuring two leaving group526’28'31 or (b) a “crab-like”
synthesis between a bis-chloroacetamide and a diamine.** The
bisaminal route is more direct, but in our hands, the yields were

not always reproducible.”® This is the route selected by Boschetti
et al.*® to obtain 1,4,7,10-tetraazacyclododecan-2-yl)methanol,
7,in a one-pot procedure starting from triethylenetetramine and
butanedione to form a bisaminal that is directly reacted with 2,3-
dibromopropan-1-ol or 1,3-ditosylpropan-1-ol. In our hands,
simple filtration of crude 6 through an alumina column (97:3
CH,Cl,—MeOH) as suggested by these authors* led to only
partial purification, and we had to isolate the bisaminal 6 by
recrystallization in ice-cold acetonitrile in order to obtain pure
macrocyclic derivative 7 as a mixture of two diastereoisomers
(RSR and R,S,S) displaying 26 carbon NMR resonances as also
observed for its amino analogue® (yield from triethylenetetra-
mine 22.3%).

tert-Butyl ester arms were added to 7 in basic medium, and a
Williamson-type O-alkylation using propargyl bromide and
cesium hydroxide in dichloromethane led to the monoalkyne 9
inless than 2 h (yield 95%). It is interesting to note that all carbon
atoms of the prop-2-ynyloxymethyl substituent give rise to two
resonances in the >C NMR spectrum of 9. Partial differentiation
of the R and S enantiomers appears to be due to a rigidification
effect by the fert-butyl ester groups that forces the alkyne
substituents to be located in two slightly different environments.
Cleavage of the esters by trifluoroacetic acid followed by ion-
exchange chromatography afforded pure DOTAma ligand, 1
(yield 65%). Since this molecule no longer experiences the
rigidifying effect of the tert-butyl ester arms, the carbon atoms
of the prop-2-ynyloxymethyl substituent now give rise to single
NMR peaks. Monoalkyne ligand 1 could be obtained in 6 steps
with an overall yield of 7% starting from triethylenetetraamine.

The tetraaza cycle featuring two alcohol groups was prepared
by the bisaminal template route as a racemic mixture and by the
“crab-like” technique as the S,S isomer. Caution was needed to
ensure that the two alcohol substituents would not prevent the
tetraazacyclododecane cycle from adopting its preferred [3.3.3.3]
square conformation®® in which the lone pairs of all nitrogen
atoms are pointing toward the same side of the macrocyclic unit
and are thus available for binding a metal ion. This implies that
the substituents in the tetraaza cycle be located in the two
equatorial positions rather than in the axial positions where the
steric crowding would become so large that complexing could
not take place. The diol unit in the macrocyclic ring thus has to be
in the S,S or R,R conformation.

In the template approach to preparation of the basic unit of
DOTAGda (Scheme 4), bisaminal 11 obtained from triethylene-
tetramine and 2,3-butanedione®® was reacted with dl-2,3-dibro-
mobutane-1,4-diol®® in the presence of Cs,COj3. Removal of the
central bridging unit of 12 with concentrated HCl led to diol 15a.
The latter could not be obtained in a pure state without isolat-
ing intermediate 12. Moreover, we could not obtain this com-
pound by reacting 11 with a ditosylated reagent rather than a
dibromide. Unsuccessful attempts at cyclizing tricyclic bisaminal
have already been reported and assigned to an improper orienta-
tion of the secondary nitrogen atoms for a cyclocondensation.*®
In the present case, it is not clear why steric requirements could
prevent a reaction between a tricyclic bisaminal and 1,4-bis-
(benzyloxy)butane-2,3-diol dimethanesulfonate.

The “crab-like” approach to preparation of the optically pure S,
Sisomer of diol 15b with the alcohol groups protected by benzyl
functions is also illustrated in Scheme 4. It should be noted here
that an enantiomer of 15b could not be prepared by the template
pathway reported above because optically pure enantiomers of
2,3-dibromobutane-1,4-diol have not been prepared so far. Our
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synthesis started from (285,3S)-1,4-bis(benzyloxy)-2,3-diamino-
butane, 13, which was obtained in three steps as reported by
Scheurer et al.*” from commercially available 1,4-di-O-benzyl-L-
threitol, which was submitted to the classical transformation into
a dimesylate, a diazide, and finally a diamine by hydrogenation in
dry THEF rather than in methanol as reported in a more recent
publication by the same authors.*® The “crab-like” cyclization
with N,N'-(ethane-1,2-diyl)bis(2-chloroacetamide)*’  followed
by recrystallization in boiling ethanol afforded pure 35,6-bis-
(benzyloxymethyl)-1,4,7,10-tetraazacyclododecane-2,9-dione, 14.
The poor yield obtained for this reaction (20%) is in agreement
with previous works®® and with the results obtained for similar
cyclizations undertaken in our laboratory.* The reduction of amide
groups in a macrocycle is usually carried out with a BH;—THF
complex, but as expected, the drastic conditions needed to convert
the intermediate amine—borane complexes into amines (6 M
HCI) caused partial deprotection of the alcohol groups. The mild
reducing agent Red-Al was thus preferred as it is known to leave
the benzyl ether groups untouched.”® After flash chromatogra-
phy purification using silica gel, tetraamine 15b was obtained in
78% yield. The latter was reacted with tert-butyl bromoacetate to
yield tetraester 16 (Scheme S), which must adopt a preferred
conformation as the 2-fold symmetry observed in the ?C NMR
spectra of compounds 14 and 15b is no longer observed.
Debenzylation of 16 proved to be a challenging task. Use of
common reaction conditions*' (3 atm of H,, 25 °C, Pd/C 10%)
in different organic solvents failed even in the presence of large
amounts of catalyst. The lack of reaction in the presence of
amines has already been reported*” and could be avoided by
addition of a small amount of acid. With large amounts of
Pearlman’s catalyst (Pd(OH),/C) and acetic acid, diol 17 was
observed in mass spectrometry but the reaction yield remained
lower than 30%. The use of acids such as TFA and CCl3COOH,
of Raney nickel as catalyst, or of several deprotection methods
not based on catalytic hydrogenation*' led to hydrolysis of the
tert-butyl ester to slow kinetics or to formation of large amounts
of side products. Finally, addition of a small amount of concen-
trated HCI* to an ethanol solution of 16 followed by catalytic
hydrogenation for 3 days afforded the target diol 17 in 60% yield
while preserving the integrity of the ester functions. Two alkyne
units were then introduced by a Williamson-type O-alkylation. In
the case of aliphatic alcohols, this reaction is usually carried out in
the presence of NaH and propargyl bromide.***> Compound 17
proved to be unstable when sodium hydride was added to a
toluene or THF solution: mass spectrometry indicated that the
diol underwent a double intramolecular transesterification. Dif-
ferent conditions of phase transfer catalysis (PTC) were tested as
the synthesis of propargylic ethers from allylic,*® benzylic,*” and
propargylic*® alcohols have already been reported by this meth-
od. In our hands, O-alkylation of 17 using NaOH or KOH (as
50% aqueous solution or as pellets), tetrabutylammonium iodide
in dichloromethane and propargyl bromide (80% solution in
toluene) went to completion only after 14 days. The reaction was
even slower in pure propargyl bromide. Dueno et al.*’ reported
that cesium bases generate highly nucleophilic cesium alkoxides
able to accelerate O-alkylation reactions of aliphatic alcohols.
This was confirmed by the observation of a mass peak for
dialkyne 18 after 10 h when a 50% aqueous solution of cesium
hydroxide was used. The accelerating effect of cesium was even
more impressive when solid CsOH-H,O was directly added to
the reaction mixture in dichloromethane: 18 could be isolated
after 90 min. This corresponds to a 200-fold increase in rate

compared to sodium hydroxide. Dialkyne 18 was then converted
to DOTAda, 2, by cleaving the tert-butyl esters using TFA
followed by purification by ion-exchange chromatography. It is
worthwhile to note that the two alkyne groups of 2 give rise to
separate *C peaks, although they are far removed from the
macrocyclic unit.

The template procedure illustrated in Scheme 4 is obviously
much more effective than the “crab-like” approach (three steps
instead of five, higher overall yield). A well-defined isomer can
only be synthesized thanks to a cyclization with a diamide
dichloride as in Scheme 4, but three steps are required for
obtaining the starting derivative 13.

Solution Structures. Solutions of the lanthanide complexes
with ligands 1—3 were prepared by adding a 10% excess of metal
ion to a solution of ligand and adjusting the pH to 5.5 at 50 °C.
Once the pH was constant, the reaction mixtures were eluted on
a Chelex 100 resin to eliminate the metal ions in excess.

It is now well established*****" that the tetraaza cycle of the
DOTA-like complexes adopts either a 0000 or a AAAA arrange-
ment depending on the N—C—C—N torsion angles in the
ethylenediamine units that all have either the same positive ()
or negative (1) values. Moreover, the pendant acetate arms form
either a clockwise (A) or a counterclockwise (A) four-bladed
propeller. This leads to four stereoisomers, two of which are in a
square antiprismatic (SAP) arrangement (A 6000 and A AAA1)
while the other two adopt a twisted square antiprism (TSAP)
geometry (A 0000 and A AA44). These four stereoisomers are
related as two pairs of enantiomers that give rise to separate peaks
because of a slow intermolecular exchange on the NMR time
scale. The resonances most shifted to low fields of the Yb**
chelates are known*****' to correspond to the axial ring protons
located on the carbon atom on the side of the [3.3.3.3] square
conformation in the SAP geometry (also called H,, up}s see
Figure 1). In the TSAP geometry, these resonances are also
found at low fields; they are less shifted and easily distinguishable
from the SAP peaks. Figure 2 presents the low-field part of NMR
spectra of the Yb** complexes with DOTAda and DOTAma.

A chiral carbon atom in the tetraaza ring transforms the four
potential isomers of a DOTA complex into diastereoisomers
whose number is increased to eight if this complex is a racemic
mixture as in the case of YbDOTAma. Instead of observing the
expected eight sets of four resonances for the axial proton shifted
to low field (H, , between 150 and 60 ppm), only four series of
four peaks are visible (four resonances are overlapping to form
the resonance at 148 ppm). Molecular modeling calculations
confirmed by analyses of the dipolar NMR shifts indicate that
ring substituents cannot occupy axial positions because of steric
crowding and that the “eq up” orientation is preferred to the “eq
down” position.>* >* This preference is sufficiently strong to
prevent the inversion of the ethylenediamine groups in the
tetraaza ring as already found in the EXSY spectra of an Yb**
complex with a DOTA ligand substituted with one methyl group
(MDOTA).** With a methyl®* or benzyl*® ring substituent in an
S enantiomer, this necessarily leads to a 0000 arrangement that
will also be found for the R enantiomer of DOTAma. Conversely,
the S enantiomer will adopt a AAA1 conformation. Both
conformations are found in the spectrum of racemic YbDO-
TAma with a “frozen” cycle and either A or A arrangements of
the acetate arms. Only four sets of four peaks are thus
observed in the NMR spectrum of YbDOTAma, and the
SAP form is the major species in solution (TSAP/SAP = 1:2
for YbDOTAma).

8953 dx.doi.org/10.1021/ic2010997 |Inorg. Chem. 2011, 50, 8946-8958



Inorganic Chemistry

eq up

ax up eq down

'N ‘N ax down
(NN
HO o]

ax down eq down

|

axup

equp

Figure 1. (Left) Conformation of an ethylenediamine group in a lanthanide DOTA complex. (Right) [3.3.3.3] Conformation of the tetraaza ring in a

lanthanide DOTA complex with the proton nomenclature.
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Figure 2. Downfield part of the NMR spectra of the Yb(III) complexes with DOTAma, 1 (left), and DOTada, 2 (right).

The Yb** complex with the enantiopure DOTAda ligand, 2, is
the first known example of a lanthanide chelate with two adjacent
asymmetric carbon atoms in the tetraaza cycle. The two C
substituents have no choice but to occupy the two equatorial
positions that have been shown to be the least crowded by
molecular modeling.52 As DOTAda is an S,S-enantiomer, the
tetraaza cycle must thus again be in a 000 arrangement but the
TSAP geometry is now dominant (TSAP/SAP ratio close to 2:1)
presumably because of the higher steric crowding. A 9:1 SAP/
TSAP ratio was found in the case of the Yb(III) (S-2-nitrobenzyl)-
DOTA complex.>

Relaxivity Properties. The paramagnetic lanthanide ion Gd-
(1II) induces a remarkable increase in the experimental relaxation
rate riey, Of the water protons because of its long electronic
relaxation time T'j.. The dipolar interaction taking place in the
first coordination sphere is accounted for by the Solomon—
Bloembergen—Morgan (SBM) equation556’57 that are summar-
ized below for a complex GdL

QHZO* [GdL]

xp — Riouter 1
Mo = S K (T + ) | (1)
1

—— = function(r %, 7., A% By) (2)
Tim

1 1 1 1

= 3
Tc Ty + Tm Tle ( )

where 7, and 7,,, are the rotational and water exchange correlation
. . . . —1 —1
times and where the relaxivity ., is expressed in s~ mM .

The other parameters are the hydration number of the encapsulated
metal ion gp,0, the metal—proton distance r, the correlation
time of the modulation of the zero-field splitting 7,, and the
mean-square zero-field splitting energy A% The solvent mol-
ecules outside the first coordination sphere also make a con-
tribution to the relaxivity that depends on the metal—proton
distance 7.y, and the diffusion coefficient Ddiff.56’57 Small
complexes such as GADO3ma, GADOTAma, and GADOTAda
are tumbling rapidly in solution, and one can safely assume that 7,
is the predominant factor in the above equations at most fields B,
because it is the smallest correlation time in eq 3. For such
chelates, the nuclear magnetic relaxation dispersion (NMRD)
curve between 0.01 and 80 MHz is an S-shaped curve as found in
Figure 3.

The main difficulty when using the SBM egs 1—3 is that they
depend on alarge number of unknown parameters. A reliable and
quantitative interpretation of the NMRD curves in Figure 3
requires determination of as many parameters as possible by
independent methods. The hydration number g5, was deduced
from the measurements of the fluorescence lifetimes Ty,0 and
Tpao of the Eu(Ill) complexes in water and D,O using the
modified Horrocks equation®®

1 1
gm0 = 1.2K - ) —0.25} (4)
Tmo T;2o

The gm0 value determined for EuDOTAma and EuDOTAda
was 1.1 4= 0.3, and both species are assumed to be monohydrated
as are all tetraacetic DOTA-type chelates.”® The measure-
ments carried out on EuDO3ma indicate that this species is bis-
hydrated (g0 = 2.1 &+ 0.3), in keeping with the hydration
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Figure 3. Nuclear magnetic relaxation curves (NMRD) of GADOTA-
ma (@), GADOTAda (O), and GADO3ma (A) at 25 °C.
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Figure 4. Temperature dependence of the paramagnetic contribution
R,, to the transverse 7O water relaxation rate of GdDO3ma (A),
GdDOTAma (@), and GADOTAda (O) at 5.87 T, pH 5.7, [Gd] = 4.65,
7.04, and 7.61 mM, respectively. Experimental data and calculated
curves.

numbers reported for DO3A-type complexes bearing only three
acetate arms.**%!

The rate of water exchange 1/7,, of GdDO3ma, GADOTAma,
and GdDOTAda is another parameter in the SBM equations that
can be determined independently. The 1/7,, values were de-
duced from the paramagnetic contribution of the Gd>* com-
plexes to the 7O transverse relaxation rate of water (R,,)
between 278 and 353 K using the Swift and Connick equations®
(see Figure 4).

The hyperfine coupling constant (A/A) was fixed at —3.5 X
10° rad s 1%, the activation energy of the modulation of the zero
field splitting was fixed at 1 kJ/mol, and we also assumed an
Eyring temperature dependence of the water exchange time.>”%>
The parameters giving the best agreement between the experi-
mental and the computed transverse relaxation times of the three
Gd(III) complexes are given in Table 1.

It has been shown that the water exchange time is about 10
times smaller in the more open TSAP than in the SAP form in the
case of the optically pure isomers of GADOTA chelates bearing

Table 1. Relaxivity Parameters Obtained by Best Fittings of
the '70 Data

AH'
complex (kJ-mol™") A% (10¥s7?) 7€ (ps) 7,275 (ns)
GdDO3ma 43 7.9 12 89
GdDOTAma 52 5.8 12.5 183
GdDOTAda 48 3.6 14 122

Table 2. Relaxivity Parameters Obtained by Best Fittings of
the NMRD Data

complex A? (1019 572) ‘L’VZQSK (ps) ‘L’m298K (ns) TrZQSK (ps)
Gd-DO3ma 9.9 137 89" 60
Gd-DOTAma 36 14.8 183° 380
Gd-DOTAda 2.0 144 122° 107
Gd-(C18),DOTA" 0.52° 26° 323° 3950°
0.81% 367 3337 135%
5206%¢

“Deduced from the 7O measurements. ”Above cmc. ©Bertini—

Kowalewski—Luchinat (BKL) approach °*®” with an axial component

of the zero-field splitting D = 0.017 cm™ . 4SBM and Lipari—Szabo
68 _ . 69 e . . .

approach® with second sphere.”” ® Rotational correlation times for fast

and slow motion with rigidity factor S* = 0.78.

one 4-nitrobenzyl group in the tetraaza ring and one methyl
substituent on each acetate arm.’® The experimental values
reported in Table 1 follow this trend even if it should be
remembered that GADOTAma is a racemic mixture. The water
exchange is faster for GADOTAma than in the case of the
unsubstituted GADOTA (7, = 243 ns), a chelate which adopts
essentially an SAP geometry, and it is still faster for GADOTAda
for which the TSAP geometry is the major contributor. In the
latter case, the exchange water time 7., becomes closer to the
theoretically “ideal” value of about 20 ns at 0.47 T for slowly
rotating Gd(III) complexes. This value could probably be
reached if the acetate arms of the alkyne chelates were
substituted by methyl groups so as to increase the steric
crowding of the complex. As expected, the water exchange is
much faster in the case of the bishydrated electrically neutral
triacetate complex GdDO3ma and is very close to the value
measured for DO3A, its analogue with an unsubstituted second-
ary amine (7, = 80 ns).64

The dispersion of the relaxivity of Gd-DO3ma, Gd-DOTAma,
and Gd-DOTAda with the frequency at 298 K (Figure 3) was
fitted using the SBM equations and experimental values of the
water exchange time 7,,,. Several parameters were fixed prior to
the calculations: the metal—water proton distances in the first
coordination sphere and in the outer sphere were set at 3.1 and
3.6 A,'° whereas the relative diffusion constant of the complexes
was fixed at 2.5 x 10~° ecm” s~ "% The calculated parameters are
reported in Table 2. The low values of the rotational correlation
times 7, are in good agreement with those reported for similar
rapidly rotating chelates."®*”% Variations between the A” values
in Tables 1 and 2 are probably not physically significant. Indeed,
the parameters deduced from the NMRD curves always have to
be considered with some caution since several factors, especially
7, and A% are strongly correlated. Nonetheless, 7,, and 7, are
considered to be reliable, as the influence of the other parameters
on these factors is more limited.
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Micellar Assembly Based on the GADOTAda Complex. As a
proof of the versatility of the click reaction with alkyne DOTA
derivatives and also of the interest of having two closely spaced
alkyne moieties, we prepared a gadolinium complex able to self-
assemble into micelles in aqueous media. Forming micelles is a
well-known procedure for slowing down the tumbling rate 7, of
contrast agents and hence to obtain higher relaxivities. Amphi-
philic chelates have been obtained by appending aliphatic
substituents to DOTA or DTPA-type ligands'®~"* and to other
polyaminopolyacetic derivatives.”*”* The ligand (C18),DOTAda is
a new addition to this series of amphiphilic Gd(III) chelates
from which it differs by having two long aliphatic chains
directly grafted onto the tetraaza macrocycle on two adjacent
carbon atoms. Accardo et al.”* reported another rare example
of this approach in the case of a DTPA chelate that also
features two aliphatic chains, but they are far removed from
the chelating unit.

Ligand (C18),DOTAda, 20, was synthesized as shown in
Scheme 6. The reaction conditions of Scheurer et al.”” were used
to convert 1-bromooctadecane into 1-azidooctadecane 16 that
was “click” coupled with tetraester dialkyne 18 using copper
iodide as catalyst in dichloromethane. Complicating side reac-
tions were minimized by using two equivalents of two nitrogen
bases, diisopropylethylamine and 2,6-lutidine,”® per macrocycle
18 and by performing the reaction in the absence of oxygen. In
our hands, 1.1 equiv of Cul was needed for obtaining 19,
presumably because the DOTA unit of ester 18 forms a stable
Cu(II) complex and totally consumes one equivalent of this
reagent. Compound 18 had completely reacted after 3 h as
shown by the ES-MS. After removal of the copper ions by
extracting the reaction mixture with a 1 M DTPA solution overnight
followed by silica gel purification, bisaliphatic compound 19 was
recovered in 68% yield. This compound features two "H NMR
resonances at 8.13 and 8.25 ppm that correspond to the two
triazole substituents that are nonequivalent as are the two alkyne
groups of ligand 2 (vide supra). Cleavage of the tert-butyl esters
of 19 with TFA led to the target ligand (C18),DOTAda, 20. The
Gd(C18),DOTAda complex was obtained by adding gadoli-
nium trichloride to an aqueous micellar suspension of ligand 20
(see Experimental Section). Preparation of Gd(III)-containing
micelles was usually carried out by preparing first the metal
complex and then proceeding to formation of micelles. In our
hands, several variations of this procedure (synthesis in pyridine”*
or in water’* with or without sonication) led to nonreproducible
results including sedimentation and degradation. The compact-
ness of (C18),DOTAda, the substitution of its macrocyclic ring
by two long aliphatic chains rather than one, and the low cmc of
its Gd complex could be at the origin of these difficulties.

As reported by different authors,”>”” the critical micellar con-
centration (cmc) of amphiphilic chelates can be determined by
measuring the 'H relaxation rates as a function of the Gd(III)
complex concentration. A relaxivity vs complex concentration
plot exhibits a marked break when a surfactant changes from its
monomeric state to a slowly tumbling micellar form. As shown in
Figure 5, Gd(C18),DOTA possesses a very low cmc of about
4 X 10 mM. An even lower cmc value has been determined for
a DTPA amphiphilic comglex with two long aliphatic chains
(eme=9.6 x 10 *mM).”

At concentrations above the cmc (0.158 mM), the NMRD
profile of a solution of Gd(C18),DOTAda micelles displays a
pronounced maximum at 20—40 MHz and high relaxivities at
low fields, i.e, two features that are characteristic of slowly

25
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Figure 5. Plot of the variation of the water 'H longitudinal relaxation
rate 1/T, versus the concentration of (C18),GdDOTAda at 20 MHz
and 25 °C.

40

Relaxivity, s' mM™’
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Figure 6. Nuclear magnetic relaxation curve (NMRD) of a micellar
suspension of Gd(C18),DOTAda at a concentration of 0.158 mM and
25 °C. Calculated NMRD curves by the Bertini—Kowalewski—Luchinat
(BKL) ap roach®®’(solid line) and the SBM and Lipari—Szabo
approach®®® (dashed line).

rotating species (see Figure 6). The 20 MHz relaxivity is close
to35s 'mM ', which is approximately six times higher than the
value obtained for the parent Gd—DOTAda complex. The 20
MHz relaxivity is also higher than or comparable to the maxima
reported for high-generation Gd**-containing dendrimers”® and
for the paramagnetic micellar systems that exhibit the highest
efficacy reported so far.”” We ascribe the high relaxivity at 20—40
MHz to the double anchoring of the Gd(III) complex into the
micellar structure and to the close spacing between the two
octadecyl chains that both prevent independent rotations of the
metal chelates and the micelles.

There are several approaches for interpreting relaxivity curves
of slowly rotating Gd(III) complexes. In the Bertini—Kowalewski—
Luchinat (BKL) approach,°®” the SBM equations have been
modified to take into account a static zero-field splitting (ZFS) in
addition to the transient ZFS that causes the electron spin
relaxation. In another approach, the SBM equations have been
adapted to better represent the partially independent motions of
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a chelate and of the macromolecule to which it is linked. The
Lipari—Szabo theory that is applied for this purpose yields
different rotational correlation times for the slow and fast
motions as well as a rigidity factor that describes the internal
flexibility. Mathematical fits with the BKL computer program®*®”
and by the BMS—Lipari—Szabo approach led to the relaxivity
parameters listed in Table 2. Caution must again be advised in
accepting the values collected in this table because the number of
parameters involved in the fit procedures is even larger than in
the simple BMS treatment. In addition, several parameter sets
can give equally good fits, and the parameters 7, and A” in eq 2
are strongly correlated. We also neglected the relaxivity of the
monomeric complex as its contribution to relaxivity must be very
weak compared to the micelles because of its fast rotational time
and as its concentration is very small because of its low cmc.”>
These problems have already been mentioned several times,”
and ranges of values are probably more reliable. This being taken
into account, there is a sizable increase in rotational correlation
times upon micelle formation and the high value of the rigidity
factor (S* = 0.78) supports the assumption that the Gd-
(C18),DOTAda complex has little mobility in the micelles
thanks to their two closely spaced aliphatic substituents. It
should also be noted that the computed water exchange time
T, of the micelles is two to three times higher than the one
found for the parent unsubstituted chelates complex and is
thus detrimental to a high relaxivity maximum at high fields.
This does not prevent the Gd(C18),DOTAda micelles from
exhibiting very high relaxivities. Finally, it should be noted that
the changes undergone by the water exchange time 7,, upon
formation of micelles remains poorly understood. The 7,
factors of Gd(III)-containing micelles have been reported to
be identical,”* larger,73 or smaller’* than that of the corre-
sponding monomers.

4. CONCLUSIONS

Obtaining the very high relaxivities that could be reached
according to the SBM equations remains an elusive goal,
although much progress has been made. The easiest procedure
consists in slowing down the rotation of a Gd*>* chelate by
linking it covalently or noncovalently to a macromolecule
whether synthetic or biological. However, relaxivities remain
lower than expected because of a water exchange time that is too
long and because of the flexibility of the chelate—macromolecule
link. We report here an attempt at solving this problem by a
double anchoring of the metal chelate. A DOTA ligand featuring
two alkyne moieties grafted on two adjacent carbon atoms in the
tetraaza ring was synthesized for this purpose and reacted by a
“click” approach to add long aliphatic chains. The relaxivity of
resulting micelles is particularly high presumably due to the
double anchoring. In a future extension of the present research
work, GADOTAda will be reacted with polyazido ester
polymers.** The monoalkyne ligands DOTAma and DO3ma
were synthesized for comparison purposes, but they are
interesting in their own right as reacting them with polyazido
polymers is more straightforward.®" Finally, the bisalkyne
ligand DOTAda can be substituted with a large variety of
chemical functions thanks to a “click” reaction with azide-featuring
substrates. The rigid association of DOTAda lanthanide chelates
with proteins for structure determination from the dipolar shifts
and from the residual dipolar couplings is one application of
potential interest.>>
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