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Synthesis of a tricyclic tetraazatriacetic ligand for gadolinium(III)
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Abstract—A tricyclic tetraazatriacetic compound, which is a rigidified derivative of PCTA12 ligand with a cyclohexylene bridge replacing
an ethylene one, was prepared. Two synthetic routes have been investigated, both of them implying a common functionalized triamine inter-
mediate. Whatever the route, four synthetic steps were necessary to obtain the target tricyclic ligand. The more effective one (Route B) led to
the desired compound in 19% overall yield from the triamine intermediate. The corresponding gadolinium complex of 1/1 stoichiometry was
then prepared in order to evaluate it as potential contrast agent for MRI.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic resonance imaging (MRI) has evolved into a main
non-invasive technique in medical diagnostics and biomed-
ical research. MRI images basically visualize the relaxation
of water molecules in the human body and, if needed, the
contrast of MRI images can be improved with the injection
of a paramagnetic contrast agent (CA). In such cases, the
contrast enhancement is due to the ability of the paramag-
netic substance to shorten the longitudinal and transverse re-
laxation times of the water protons in tissue in which the
agent accumulates. The effectiveness of such pharmaceuti-
cals is usually assessed in vitro by measuring the relaxivities
ry and r,, defined as the longitudinal and transverse relaxa-
tion rates for a millimolar solution of CA.

The gadolinium-based CAs constitute a major class of para-
magnetic substances used for such purpose; they are com-
plexes of Gd(II) with ligands designed to form strong
chelates, which actually remain stable in the body and are
excreted intact, thereby significantly reducing the toxicity
of the free Gd(III) ion. It is now well established that poly-
amino-polyacetate ligands confer such a stability to the
corresponding gadolinium complexes and this class of com-
pounds are the most widely used as CA for MRI.!? In terms
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of magnetic performance, it appears that the gadolinium
chelates routinely used for clinical diagnosis have longitudi-
nal relaxivities ranging from 3 to 5 L/mmols (25-40 °C,
20 MHz). However, there is still a great effort to find new
products of improved performance in terms of relaxivity,
so that the CA could be administered at a lower dose, which
is probably a key issue to move towards MRI molecular
imaging.?

The relaxation theory was discussed in detail in previous re-
views.!* Several models were needed to relate the observed
paramagnetic relaxation rate enhancement to microscopic
properties of the gadolinium complex, and the fine and accu-
rate control of the numerous, often dependent, parameters
involved in these models proved to be a real challenge. For
some of them, the influence of structural elements is still
being debated.

Recently, it has been postulated that the rigidification of the
chelate structure could be favourable to a higher longitudinal
relaxivity.ﬁ’6 In such a context, the conformational mobility
and relaxometric properties of polymethylated DOTA ana-
logues have been reported.® Unfortunately, the proposed de-
sign proved to have little influence on the relaxivity, perhaps
owing to insufficient rigidification by grafting methylene
groups on the DOTA scaffold.

These preliminary results encouraged us to find a more effi-
cient element of rigidification that would not alter the stabil-
ity of the resulting gadolinium complex. On the one hand,
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Figure 1. Some 12-membered polyamino-polyacetic macrocyclic ligands
for the complexation of Gd** ion.

we found that the replacement of an ethylene bridge by a
cyclohexylene one in a polyazacyclophane scaffold may
induce a better kinetic stability of the resulting Gd(III)
complex as it was the case for DOTA versus (CY)DOTA
gadolinium complexes (Fig. 1).” On the other hand, the mac-
rocycle PCTA12 ligand, which is a 12-membered pyridine-
containing macrocycle (PC-type ligand) in which the three
N-atoms bear an acetic acid arm (Fig. 1) was reported
to form a stable complex with Gd(III) (log K=20.8)% with
an improved longitudinal relaxivity (r;=6.9 L/mmols,
20 MHz, 25°C)! in comparison with that of the marketed
gadolinium-based CAs. Since then, other PC-type ligands
were prepared and exhibited always higher relaxivities
(8.1<r;<10.5 L/mmol s, 20 MHz, 25 °C).>!°

With these structural aspects in mind, we decided to prepare
the rigidified PCTA12 derivative rac-1 (Fig. 1) in which one
ethylene bridge connecting two N-atoms would be replaced
by a cyclohexylene bridge. The results presented here detail
the two synthetic routes developed to prepare the tricyclic
PC-ligand 1. The complexation with Gd(III) is also reported
in order to appreciate its potential activity as contrast agent
for MRI.

2. Results and discussion
2.1. Preparation of the ligand

Considering our previous work for the preparation of 12- and
14-membered PC-type macrocycles,'*!? together with other
reported works for larger structures, '>*!# two synthetic routes
could be envisaged to obtain the target tricyclic compound 1
(Scheme 1). Both of the routes involve a common triamine
intermediate bearing one of the three N-grafted pendant
arms (in our case, an acetate chain). In Route A, the two
last pendant arms would be grafted on a preformed pyri-
dine-containing azamacrocyclic intermediate bearing one
pendant arm while, in Route B, the macrocyclisation step
would involve a triamine block already bearing the three
pendant arms. The construction of the key triamine block,
common intermediate of the two routes, could result from

the ring opening of an activated cyclic aziridine with a selec-
tively functionalized derivative of ethylenediamine. The
preparation of the aziridine could be envisaged from the
commercially available trans-2-amino-cyclohexanol. More-
over, we planned to apply the Fukuyama’s 2-nitro-phenyl-
sulfonamide strategy (R?=(2-NO,)C¢H4-SO,) to control
the selective regiofunctionalization of the polyamine
skeleton.!”

A

—

HO,C N N"CO,H
HO,C O
Route A Route B
-1
/N o

| WNH

H-N N-H N~ NH

k/)NO R102C) K(:ozR1
N o,/

N R2

2
— R

N N
H

Vo,

U
N
+ R1OZC /\N/\/ ~R2

R'0,C

(st

R’ : Acid protecting group
R?: Amine protecting / activating group

b b
O:NHZ
)

(

N NH:

|+

Scheme 1. Synthetic pathways envisaged for the preparation of the target
pyridine-containing macrocycle 1.

The first synthon involved in the building of the common
triamine precursor is the activated aziridine 8 (Scheme 2).
Instead of the direct copper-catalyzed nitrene transfer to
cyclohexene reported for the preparation of analogous N-
sulfonyl aziridines (see Scheme 1: R?=(4-CH3)CcH,-SO»,
(4-N02)C6H4-SOZ, (2,4-(N02)2)C6H3—SOZ'"),16’17 a previ—
ously described three-step method from frans-2-amino-
cyclohexanol 2 was preferred to prepare the aziridine 8.'%
Indeed, even longer, this latter method involved the cheaper
2-nitro-phenylsulfonyl chloride as sulfonyl precursor in
comparison with the corresponding sulfonamide required
for the preparation of the nitrene precursor.'® Moreover,
the procedure was reported to give aziridine 8 with a satisfy-
ing 71% overall yield requiring a single purification step by
flash chromatography at the end of the three-step process.
Slight modifications were however done to this original pro-
cedure so that our method afforded a crude form of the de-
sired aziridine 8 pure enough to be directly employed in
the next step,'” with an improved overall yield of 89%.
Moreover, our method can be adapted for the preparation
of the regioisomer 9 with again an improved overall yield
of 99% thus appearing more efficient than the one-step
nitrene transfer reported method.'® Lastly, for both aziri-
dines 8 and 9, our method was amenable to large-scale
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preparations (up to 60 mmol, about 17 g) without any loss of
purity and with similar enhanced overall crude yields.
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Scheme 2. Syntheses of the sulfonyl aziridines 8 and 9. Reagents and con-
ditions: (a) Nos-Cl (1.1 equiv), NaHCO; (4 equiv), THF, 0 °C to rt, over-
night; (b) Mes-Cl (1.1 equiv), TEA (1.5 equiv), anhydrous THF, —5 to
0°C, 1.5 h; (c) Mes-Cl (1.2 equiv), TEA (3 equiv), anhydrous THF, rt to
70 °C, 1 day; (d) K,CO5 (4 equiv), CH3CN, 50 °C, 1.5 h.

By reaction with a stoichiometric amount of 2- or 4-nitro-
phenylsulfonyl chloride in the presence of sodium hydrogen
carbonate in tetrahydrofuran, the trans-2-amino-cyclohexa-
nol hydrochloride 2 was chemoselectively mono-N-sulfonyl-
ated to afford the sulfonamides 3 or 4 in 99% yield.
Subsequent activation of the hydroxyl function was chemo-
selectively realized by reaction with a stoichiometric amount
of methanesulfonyl chloride in the presence of a slight ex-
cess of triethylamine at low temperature in anhydrous tetra-
hydrofuran and led to the mono-O-mesylated compounds 5
and 6 in 94 and 100% yield, respectively. It is interesting
to note that when the same reaction was applied to sulfon-
amide 3 in refluxing solvent and in the presence of a
3-fold excess of triethylamine, the 2-chloro derivative 7 was
isolated exclusively (73%). Moreover, when the reaction oc-
curred at temperature above 5 °C, the di-N,0-mesylated side
product could be detected even if the quantity of the methane-
sulfonyl chloride had been limited to 1 mol equiv. With the
idea to transform the two later steps in a one-pot procedure,
we first tried the aziridination of compound 5 in the presence
of triethylamine in tetrahydrofuran. Refluxing the reaction
overnight was necessary to obtain the desired aziridine 8
in a moderate yield of 52%. We then found that, in the pres-
ence of potassium carbonate in acetonitrile and with moder-
ate warming, the cyclization was much more efficient as the
crude O-mesylated compounds 5 and 6 afforded the corre-
sponding aziridines 8 and 9 in 96 and 100% respective
yields, and with a satisfying purity that allowed to use the
crude forms.

The second counterpart involved in the building of the com-
mon triamine intermediate derived from ethylenediamine 10
(Scheme 3). The monosulfonamide 11 had been already pre-
pared in a one-step procedure, by reacting ethylenediamine
10 with 2-nitro-phenylsulfonyl chloride in a 3:1 molar ratio
in slightly warmed benzene.”® In these conditions, the

hydrochloride salt of monosulfonamide 11 was isolated in
23% yield. Since then, Fukuyama and co-workers reported
an improved procedure for homologous diamines where
the selective monosulfonylation proceeded in ethanol at
—20°C, always by reacting the two compounds in a 3:1
molar ratio; in their conditions, the corresponding mono-
sulfonamides were isolated with yields ranging from 77 to
87%.2' Another effective three-step procedure, with a 72%
overall yield, was reported for the preparation of the hydro-
chloride salt of monosulfonamide 11 and was based on a
selective monocarbamatation prior to the sulfonylation
step that was thus followed by a selective deprotection
step.??> We decided to use a one-step procedure where a
sub-stoichiometric amount (0.33 equiv) of the expensive
2-nitro-phenylsulfonyl chloride was involved. We found
that the selective monosulfonylation of ethylenediamine 10
occurred in tetrahydrofuran at 0 °C with a yield greatly
improved in comparison with that of the original method.°
Indeed, the hydrochloride salt of monosulfonamide 11 was
isolated in 72% and was easily separated from the competi-
tive disulfonamide 122%23725 in the work-up procedure; the
latter disulfonamide was isolated by crystallization in 27%
yield. The aminosulfonamide 11 was then treated with an
excess of tert-butyl bromoacetate in the presence of triethyl-
amine. At this step, a strict monitoring of the reaction (by
TLC) was required to control the portionwise addition of
the alkylating agent in order to reach the completion of the
reaction while limiting the formation of the competitive
symmetric di-N-alkylated compound 14.2° In such con-
ditions, the chemoselectivity was satisfactory as the mono-
N-alkylation of the primary amine was favoured and
furnished compound 13 in 75% yield.
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Scheme 3. Preparation of the triamine 15. Reagents and conditions: Ar=
(2-NO,)CeHy. (a) (i) ArSO,CI (0.33 equiv), THF, 0°C to rt, 2.5 h; (ii)
HCI; (b) tert-butyl bromoacetate (2 equiv), TEA (4 equiv), THF, rt, over-
night; (c) 8 (1 equiv), anhydrous CH3CN, reflux, 2 days.

The ring opening of the meso-sulfonylaziridine 8 then
occurred by reaction with the previously prepared amine
13 in prolonged refluxing acetonitrile and furnished the
expected functionalized racemic triamine 15 in 79% yield.

With the common triamine precursor 15 in hand, the first
Route A envisaged was analogous to the synthetic ways
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we developed to prepare several regioselectively functional-
ized PCTA12 and PCTA14 derivatives (Fig. 1).!1!2 In this
approach, the 2,6-bis(bromomethyl)pyridine was reacted
with the activated triamine 15 in the presence of potassium
carbonate in N,N-dimethylacetamide at 100 °C, and
afforded the corresponding macrocycle 16 in 69% yield
(Scheme 4).

X A

P _

(a) _ _ (b) N
rac-15 ArSO,—N N-SO,Ar NH NH

O/Nkcoztsu O/'\Ij\coztau

rac-16 : 69% rac17: 41%

| A
tBuO,C N CO,tBu
N N—/ .
(c) or (d) H \) + di-N-alkylated product(s) ?
P O/l\ll\ or
CO,tBu  * tetra-N-alkylated product(s)
rac-18

Scheme 4. Route A. Reagents and conditions: Ar=(2-NO,)CeHy. (a) 2,6-
Bis(bromomethyl)pyridine (1.8 equiv), K,COj3 (4 equiv), anhydrous N,N-
dimethylacetamide, 100 °C, 4.5 h; (b) PhSH (2.2 equiv), Na,COj3 (3 equiv),
anhydrous DMEF, rt, overnight; (c) (i) anhydrous K,CO; (6 equiv), CH;CN,
reflux, 2 h; (ii) tert-butyl bromoacetate (6 equiv), 60 °C, 40 h; (d) tert-butyl
bromoacetate (3.5 equiv), TEA (3.5 equiv), anhydrous THF, 55 °C, 7 h.

When N,N-dimethylacetamide was replaced by DMF, the
isolated yield was slightly lowered (57%), and it decreased
dramatically when the reaction was done in acetonitrile at re-
flux as the desired macrocycle 16 was isolated in only 35%
yield. The poor yield obtained in such conditions resulted
from the competitive formation of [2+2] adducts.?” Also,
the 'H and '>*C NMR spectra of the desired [1+1] adduct
16 proved to be more complex than expected. We attributed
this to the presence, at room temperature, of a mixture of
rotamers in the NMR solution (CDCls) probably due to
prevented free rotations generated by the bulky 2-nitro-
phenylsulfonyl and/or cyclohexyl subunits.

The cleavage of the 2-nitro-phenylsulfonamides was real-
ized following a conventional method,?® by treatment with
thiophenate in DMF at room temperature. In such condi-
tions, the desulfonylated macrocycle 17 was isolated in
41% yield. When acetonitrile was used in the place of
DMEF, a slight warming (50 °C) proved to be necessary and
the desired product 17 was isolated in similar yield (44%)."°

The subsequent di-N-alkylation step was envisaged follow-
ing two protocols, each of them proceeding with an excess
of alkylating agent under slight warming. In the first proto-
col, an excess of potassium carbonate was used in aceto-
nitrile for a prolonged warming time; in the second one,
a lower excess of triethylamine was used in THF with mod-
erate warming. On the basis of mass spectroscopic analyses,
the more drastic first conditions led to a mixture of the de-
sired product 18 together with tetra-N-alkylated one(s) that
could not be separated by chromatography.”® The milder
second conditions never gave tetra-N-alkylated species
even if other portions of both alkylating agent and base
were added. However, on the basis of 'H and '*C NMR

spectra together with mass spectroscopic analyses, we
thought that the product isolated was an inseparable mixture
of di-N-alkylated species together with the desired tri-N-
alkylated one 18.3° This led us to envisage the alternative
Route B that should unambiguously lead to the unique tri-
N-alkylated product 18 as the macrocyclization step would
involve the triamine 19 already bearing the three acetate pen-
dant arms (Scheme 5).
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Scheme 5. Route B. Reagents and conditions: Ar=(2-NO,)CgH,. (a) (i) An-
hydrous K,COj5 (4 equiv), CH3CN, reflux, 2 h; (ii) fert-butyl bromoacetate
(4 equiv), CH3CN, reflux, overnight; (b) 2-mercaptoethanol (11 equiv),
DBU (4.5 equiv), CH;CN, rt, 2 h; (c) (i) anhydrous Na,CO5 (4 equiv),
anhydrous DMF, 100°C, 15min; (i) 2,6-bis(bromomethyl)pyridine
(1.9 equiv), anhydrous DMF, 100 °C, 3.5 h; (d) (i) anhydrous HCI (ca.
100 equiv), Et,0, rt, overnight; (ii) anion-exchange resin; (e) (i) Na,CO3
(2 equiv), CH;CN, reflux, 2h; (ii) fert-butyl bromoacetate (2 equiv),
CH;CN, reflux, overnight.

We noticed a dramatic influence of the nature of the base on
the outcome of the N-alkylation of sulfonamide 15. Indeed,
by reacting compound 15 with a 4-fold excess of terz-butyl
bromoacetate in the presence of sodium carbonate in aceto-
nitrile for a prolonged warming time, the major product ob-
tained was the mono-N-alkylated product 21 (Scheme 5).3!
By replacing sodium carbonate by anhydrous potassium car-
bonate, we found that the disulfonamide 15 was di-N-alky-
lated to afford the desired compound 19 in 65% yield.

Attempt to cleave the sulfonyl groups following the Fukuyama’s
standard procedure?® (thiophenol, potassium carbonate in
acetonitrile at room temperature) led to mono-sulfonylated
product(s) in 51% yield. By slightly warming up to 50 °C,
the conversion of the mono-sulfonylated intermediate(s)
seemed total but the desired triamine 20 was isolated in
only 32% yield. A more effective method was thus envisaged
and, by using 2-mercaptoethanol in the presence of 1,8-di-
azabicyclo[5.4.0]Jundec-7-ene (DBU) in acetonitrile,3%33
the cleavage of the sulfonamides proceeded smoothly at
room temperature and led to the functionalized triamine 20
in 52% yield. It should be noted that, on standing at room
temperature, the tri-aminoacetate 20 spontaneously and
regioselectively cyclized in a lactam derivative.>*
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The reaction of triamine 20 with 2,6-bis(bromomethyl)pyr-
idine in the presence of sodium carbonate in warmed di-
methylformamide led to the desired macrocyclic compound
18 in 59% yield. When treated with anhydrous hydrogen
chloride, the triester 18 was converted to the target macro-
cyclic triacetic acid 1 isolated with high yield (95%) as its
neutral form after an ion-exchange chromatography.

2.2. Preparation of the gadolinium complex

With the target tricyclic ligand 1 in hand, we decided to pre-
pare the corresponding gadolinium complex in order to eval-
uate it as potential contrast agent for MRI. Several examples
of gadolinium complexes formed with PC-type ligands ex-
hibited a 1/1 stoichiometry.3~19-33-36 We postulated a similar
stoichiometry for the gadolinium complex formed with
ligand 1 and, by mixing stoichiometric amounts of our
PC-type ligand 1 and gadolinium chloride in water at pH 5
(optimum pH in order to prevent the formation of the insol-
uble gadolinium hydroxide and to limit the proton competi-
tive association to the ligand as well), the expected Gd-1
complex was formed.

We recently reported the physicochemical properties of this
complex,®” and it appeared that the Gd-1 complex was stable
during several days, at 37 °C and physiological pH, in the
presence of competitive endogenous Zn?* cations. More-
over, we found that the longitudinal relaxivity of Gd-1 was
slightly higher in comparison with that of the parent Gd-
PCTA12 (r;=6.1 L/mmols vs 5.4 L/mmols at 20 MHz
and 37 °C) reflecting the ratio of their molecular weight
(588.7 and 534.6 g/mol, respectively). This result was not
surprising and suggested that the dominant parameter of re-
laxivity is the rotational correlation time. Other relaxometric
studies®” demonstrated that the rigidification of the PCTA
scaffold had no impact on the electronic relaxation of
Gd-1. However, the rigidity of this complex induced an
acceleration of the exchange rate of the inner-sphere water
molecules as a result of steric crowding around the gadoli-
nium ion. The value of the exchange rate of the inner-sphere
water molecules thus approached the optimal value required
to attain high relaxivity once the chelate is immobilized by
covalent or non-covalent binding to macromolecules.

These promising results encouraged us to pursue our re-
search program aimed to analyze the impact of skeleton
modification on the relaxometric properties of the resulting
gadolinium complexes.

3. Conclusion

In order to evaluate the influence of an increased rigidity of
the ligand skeleton on the stability and the relaxometric
properties of the corresponding gadolinium complex, we de-
cided to synthesize the tricyclic pyridine-containing tetra-
azatriacetic ligand 1, which is a rigidified analogue of the
well-known PCTA12 ligand. Two synthetic routes have
been envisaged to prepare the macrocycle 1. Both of them
imply a common racemic triamine 15 and, whatever the
route, four synthetic steps led to the target ligand 1. Route
B proved to be more effective way to obtain unequivocally
the desired target isolated in 19% overall yield from triamine

15. The corresponding gadolinium complex of 1/1 stoichi-
ometry was then prepared and the resulting gadolinium com-
plex Gd-1 proved to be promising as contrast agent for MRI
application.’’

4. Experimental
4.1. General

4.1.1. Chemicals. All reactions were monitored for comple-
tion by thin layer chromatography (TLC) performed on pre-
coated silica gel plates (60 F,s4, Merck); TLC plates were
viewed under UV (254 nm) and in an iodine chamber; fron-
tal retention values R-have been mentioned when necessary.
Preparative chromatography was performed by elution from
columns of silica gel 60 (particle size 0.040-0.063 mm,
Merck) or of activated neutral aluminium oxide gel (Brock-
mann I, ca. 150 mesh, Aldrich). Unless stated otherwise, all
reagents were purchased from commercial sources and used
without additional purification.

4.1.2. Physical measurements. 'H and '>*C NMR spectra
were acquired on a Bruker AM400 400 MHz spectrometer,
at room temperature, in CDCl; (CHCI; at 6=7.26 ppm and
CDCl; at 6=77.1 ppm (central shift) as internal standards
for 'H and '>C NMR spectra, respectively), in D,O (HOD
at 6=4.80 ppm as internal standard for '"H NMR spectra
and 3-trimethylsilyl-1-propanesulfonic acid sodium salt as
external reference for '*C NMR spectra), or in DMSO-dg
(DMSO-dg at 60=2.50 ppm (central shift) and at 6=39.5 ppm
(central shift) as internal standards for 'H and '3C NMR
spectra, respectively). In the assignments of the NMR sig-
nals, ‘Nos’ was used as the abbreviation for 2-nitro-phenyl-
sulfonyl. Moreover, we chose the convention presented in
Figure 2 to simplify the assignment of the nuclei. Chemical
shifts ¢ are given in parts per million. Coupling constants J
are measured in hertz. For a given 'H NMR spectrum,
Juu(l), Juu(2), ... can be used for easier association of pro-
tons coupled each together. Coupling patterns are described
by abbreviations: s (singlet), d (doublet), t (triplet), ddd
(doublet of a doublet of doublet), m (multiplet). Concerning
the two diastereotopic protons of an AB system: (i) when
0a = 0, the group of four neighbouring signals with respec-
tive chemical shifts 04, 0,, 05 and 0,4 integrates for two pro-
tons; in this case, the AB system is described by giving the
two extreme chemical shifts 6; and d, together with the cor-
responding 2JH’H calculated between 6, and 6, (or 63 and 04);
(ii) when §,<0p, each proton A and B of the AB system is
described by a ‘doublet’ (d of AB); in this case, the ‘dou-
blets’ are described by giving 6; and 6, for the first one,

and 5’; and 64 fOI‘ the SeCOIld one.
/(j\
N

H,N  OH NH NH

H 3
/. hK/N AN
oD °
c d b d

C

Triamine blocks
Tetraazamacrocycle backbone

2-Aminocyclohexanol derivatives

Figure 2. Convention adopted to assign signals of 'H and *C NMR spectra.
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Infrared spectra were measured as KBr discs with a Nicolet
FT-IR Avatar 320 spectrometer.

Melting points (mp) were obtained using a Buchi Tottoli
apparatus.

All the mass spectra were taken in the positive-ion mode.
High-resolution mass spectra were performed with a JEOL
MS700 mass spectrometer either from chemical ionization
(CI-HRMS) using CH, as the ionizing gas or from fast
atom bombardment ionization (FAB-HRMS) using ‘Magic
Bullet’ (dithioerythritol) as the matrix. Spectra from ioniza-
tion by electrospray (ESI-HRMS) were acquired on a Waters
Micromass spectrometer with an ESI/APCI source. The
HRMS analyses have been done on samples whose purity
was checked by HPLC and/or 'H NMR (>95%). Low-reso-
Iution mass spectra from chemical ionization (CI-LRMS)
were performed with a JEOL MS700 mass spectrometer
using NHj; as the ionizing gas. The mass spectrum from
electrospray ionization (ESI-LRMS) was performed with a
Waters Micromass Quattro-II mass spectrometer. At last,
the mass spectra resulting from ionization by electronic im-
pact (EI-LRMS) were acquired on a 5973 Network MSD
(Agilent). For the LRMS, m/z resulting from fragmentation
processes were indicated, and sometimes assigned; the cor-
responding ionic abundances were reported in percentage
relative to the more abundant ion.

The HPLC analyses of the free ligand 1 and of its gadolinium
complex were realized with a reverse phase Column A
(Symmetry® C18, 5pum stationary phase, 250 mmx
4.6 mm) and a gradient of elution (see below) at a flow
rate of 1 mL/min, using a single wavelength detector
(220 nm for compound 1; 201 nm for the gadolinium com-
plex). The other HPLC analyses used a photodiode array de-
tector; all the detections occurred at 260 nm; moreover, an
isocratic system of elution was always used. The analyses
were realized either with a normal phase Column B (Hyper-
sil Si60, S pm stationary phase, 250 mmx4.6 mm) or with
a reverse phase Column C (Hypersil ODS-C18, 5 pm
stationary phase, 150 mmx4.6 mm). The retention times
tr are expressed in minutes in the decimal system.

4.2. Preparation of the sulfonyl aziridines 8 and 9

4.2.1. General procedure for the preparation of N-(2-
hydroxy-cyclohexyl)sulfonamides 3 and 4. A solution of
2 (or 4)-nitro-phenylsulfonyl chloride (12.90 g, 58.21 mmol,
1.1 equiv) in THF (100 mL) was added dropwise (over
2 h) to a cooled (0 °C) suspension of (%) trans 2-amino-
cyclohexanol hydrochloride 2 (8.0 g, 52.76 mmol) and
sodium hydrogen carbonate (17.8 g, 211.9 mmol, 4 equiv)
in THF (80 mL). At the end of the addition, the resulting
mixture was allowed to warm up to room temperature and
was stirred overnight.

4.2.1.1. (¢) trans N-(2-Hydroxy-cyclohexyl)-2-nitro-
phenylsulfonamide 3. The crude mixture was concentrated,
then taken up in CH,Cl, (350 mL). The organic solution was
washed with water until neutrality, dried and concentrated.
The title compound 3 was isolated as a whitish solid
(15.7 g, 52.27 mmol, 99%). Its purity was checked by HPLC
(Column B, n-heptane/EtOAc 75:25 v/v, 1.5 mL/min,

t£=29.9 min). Mp 126 °C. 'H NMR (CDCl;): 6=1.13-
1.33 (m, 4H, Hp ax, He ax» CHH. and CHHy), 1.59-1.70 (m,
2H, CHH, and CHHy), 1.82-1.87 (m, 1H, Hy.q), 1.99-
2.04 (m, 1H, Heey), 2.39 (br s, 1H, OH), 3.02-3.12 (m,
1H, H,), 3.36 (ddd, *Jy y(1)=>Jyu(2)=9.8 Hz, *Jyn(3)=
4.4 Hz, 1H, Hy), 5.55 (d, *Jy u(4)=7.4 Hz, 1H, NH), 7.70-
7.79 (m, 2H, CH,,), 7.84-7.89 (m, 1H, CH,,CNO,), 8.15-
8.19 (m, 1H, CH,CSO,) ppm. '3C NMR (CDCls): 6=23.8
(C. or Cy), 24.6 (C. or Cy), 32.1 (Cyp), 33.6 (C.), 60.5
(Cy, 73.1 (Cp), 1254 (CH,CNO,), 131.0 (CH,CSO,),
133.0 (CH,), 133.6 (CH,), 1344 (CquaSO,), 147.7
(CquaNO2) ppm. IR (KBr): »=3547, 3334, 1537, 1359,
1325, 1161 cm™~!. CI-HRMS: m/z calcd for C,,H;7N,05S,
301.0858; found, 301.0861 [M+H]*.

4.2.1.2. (¢) trans N-(2-Hydroxy-cyclohexyl)-4-nitro-
phenylsulfonamide 4. The crude mixture was concentrated.
The solid residue obtained was then taken up in CH,Cl,
(800 mL); the organic solution was washed with water until
neutrality, dried and concentrated. The title compound 4 was
isolated as a whitish solid (15.7 g, 52.27 mmol, 99%). Its pu-
rity was checked by HPLC (Column B n-heptane/EtOAc
75:25 v/v, 1.2 mL/min, tzx=26.7 min). Mp 168 °C. 'H
NMR (DMSO-dg): 6=0.97-1.21 (m, 4H, Hp.ax, Heax
CHH, and CHHy,), 1.41-1.59 (m, 2H, CHH, and CHH,),
1.60-1.83 (m, 2H, Hy ¢q and He oq), 2.77-2.91 (m, 1H, H,),
3.08-3.22 (m, 1H, Hy), 4.47 (d, *Jy u(1)=5.3 Hz, 1H, OH),
791 (d, *Jyu(2)=7.2Hz, 1H, NH), 8.03-8.11 (m, 2H,
CH,CSO,), 8.33-8.40 (m, 2H, CH,CNO,)ppm. '*C
NMR (DMSO-dg): 6=23.1 (C. or Cy), 23.7 (C. or Cy),
31.7 (Cy), 33.5(C,), 58.7 (C,), 70.7 (Cyp), 124.1 (CH,,CNO»),
128.0 (CH,CSO,), 148.0 (CquaSO2), 149.1 (Cyuar
NO,) ppm. IR (KBr): »v=3575, 3342, 1526, 1350, 1308,
1163 cm™!. ESI-HRMS: m/z caled for C;,H;¢N,NaOsS,
323.0678; found, 323.0661 [M+Na]*.

4.2.2. General procedure for the preparation of cyclo-
hexyl methanesulfonates 5 and 6. Methanesulfonyl
chloride (4.5 mL, 58.14 mmol, 1.1 equiv) was added drop-
wise (over 30 min), under argon, to a cooled (-5 to 0 °C)
solution of (£) trans N-(2-hydroxy-cyclohexyl)sulfonamide
3 or 4 (15.7g, 52.27 mmol) and triethylamine (11 mL,
78.92 mmol, 1.5 equiv) in anhydrous THF (400 mL). At
the end of the addition, the resulting mixture was stirred
over 1 h. The salts formed during the reaction were filtered
off through a Celite® pad then the filtrate was concentrated.

4.2.2.1. (¢) trans 2-(2-Nitro-phenylsulfonylamino)-
cyclohexyl methanesulfonate 5. The solid residue obtained
was taken up in CH,Cl, (300 mL). The organic solution was
washed with water until neutrality, dried, then concentrated
to give the title compound 5 as a white solid (18.6 g,
49.15 mmol, 94%). Its purity was checked by HPLC (Col-
umn B, n-heptane/EtOAc 75:25 v/v, 1.5 mL/min, fr=
18.9 min). Mp 150°C. 'H NMR (CDCly): 6=1.24-1.44
(m, 3H, Hy, .x, CHH, and CHH,), 1.58-1.67 (m, 2H, CHH,
and H. ,x), 1.73-1.78 (m, 1H, CHH,), 1.91-1.97 (m, 1H,
Hpoq), 2.21-2.28 (m, 1H, H ), 3.00 (s, 3H, CH3), 3.46-
3.56 (m, 1H, H,), 4.46 (ddd, *Jyu(1)=Jyn(2)=9.7 Hz,
3Jun(3)=4.4 Hz, 1H, Hy), 5.59 (d, *Jyu(4)=7.8 Hz, 1H,
NH), 7.73-7.80 (m, 2H, CH,), 7.87-7.91 (m, 1H,
CH,.CNO,), 8.14-8.18 (m, 1H, CH,,CSO,) ppm. >*C NMR
(CDCl3): 6=23.3 (C, or Cy), 23.7 (C. or Cy), 32.1 (C,),
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324 (Cy), 388 (CH3), 56.7 (C,), 81.5 (Cp, 125.6
(CH,,CNO,), 130.6 (CH,CSO,), 133.2 (CH,), 133.7
(CHyy), 134.8 (CquaiSO3), 147.9 (CquaiNO,) ppm. IR (KBr):
y=3342, 1545, 1356, 1340, 1167 cm~!. CI-HRMS: m/z calcd
for C13H,0N,0,S,, 379.0634; found, 379.0639 [M+H]".

4.2.2.2. (¢) trans 2-(4-Nitro-phenylsulfonylamino)-
cyclohexyl methanesulfonate 6. The solid residue obtained
was taken up in AcOEt (300 mL). The organic solution
was washed with a saturated aqueous solution of NaCl
(100 mL) and the aqueous layer was further extracted with
AcOEt (2x150 mL). The combined organic layers were
dried, then concentrated to give the title compound 6 as
a whitish solid (19.78 g, 52.27 mmol, 100%). Its purity
was checked by HPLC (Column B, n-heptane/EtOAc
75:25 v/v, 1.5 mL/min, tzx=18.7 min). Mp 150°C. 'H
NMR (DMSO-dg): 0=1.07-1.35 (m, 3H, Hy_,x, CHH, and
CHHy), 1.40-1.66 (m, 4H, H, ,x, Hp g, CHH, and CHHy),
2.00-2.14 (m, 1H, H o), 3.05 (s, 3H, CH3), 3.21-3.39 (m,
1H, H,), 4.46 (ddd, *Jy u(1)="Jyu(2)=9.8 Hz, *Jyu(3)=
4.5Hz, 1H, Hy), 8.02-8.12 (m, 2H, CH,CSO,), 8.27
(d, *Juu(®=9.0Hz, 1H, NH), 8.36-8.45 (m, 2H,
CH,CNO,) ppm. *C NMR (DMSO-ds): 6=22.8 (C. or
Cy), 23.0 (C. or Cy), 31.5 (Cy, and C,)%, 37.9 (CH3), 55.1
(Cy, 81.9 (Cp), 124.6 (CH,CNO,), 127.8 (CH,CSO,),
147.5 (CquarSO2), 149.4 (CquaNO>) ppm. $This unique sig-
nal accounts for the two mentioned populations of *C. IR
(KBr): »=3336, 1528, 1355, 1336, 1325, 1171 cm™'. ESI-
HRMS: m/z calcd for C;3H;3N,NaO-S,, 401.0453; found,
401.0444 [M+Na]*.

4.2.3. N-(2-Chloro-cyclohexyl)-2-nitro-phenylsulfon-
amide 7. A solution of methanesulfonyl chloride (0.43 mL,
5.55 mmol, 1.2 equiv) in anhydrous THF (20 mL) was added
dropwise (over 1.5 h), at room temperature, under argon, to
a solution of (£) trans N-(2-hydroxy-cyclohexyl)-2-nitro-
phenylsulfonamide 3 (1.42 g, 4.73 mmol) and triethylamine
(2 mL, 14.3 mmol, 3 equiv) in anhydrous THF (20 mL). At
the end of the addition, the resulting mixture was stirred for
5 h at room temperature then warmed to 70 °C overnight.
The crude mixture was filtered and the filtrate was concen-
trated. The residue was taken up in CH,Cl, (50 mL). The or-
ganic solution was washed with water until neutrality, dried,
then concentrated to give a crude product that was purified
by chromatography on silica gel (n-heptane/EtOAc, 7:3) to
give the title compound 7 as a whitish solid (1.11 g,
3.48 mmol, 73%). Its purity was checked by HPLC (Column
B, n-heptane/EtOAc 70:30 v/v, 1.0 mL/min, tg=5.4 min).
Mp 121°C. 'H NMR (CDCl;): 6=1.20-1.50 (m, 3H,
Hp..x, CHH. and CHHy), 1.54-1.80 (m, 3H, H. .x, CHH,
and CHHg), 2.15-2.30 (m, 2H, Hyq and H.y), 3.29-
3.42 (m, 1H, H,), 3.73 (ddd, *Jyu(1)=J1u(2)=10.0 Hz,
3Jun(3)=42Hz, 1H, Hp, 567 (d, 3Jyu4)=6.4 Hz,
1H, NH), 7.70-7.76 (m, 2H, CH,,), 7.89-7.92 (m, 1H,
CH,CNO,), 8.13-8.16 (m, 1H, CH,CSO,)ppm. '*C
NMR (CDCl3): 0=23.9 (C. or Cy), 24.7 (C. or Cy), 34.4
(Ce or Cyp), 35.6 (C. or GCp), 60.3 (Cp), 62.2 (Cy), 125.5
(CH,CNO,), 130.7 (CH,CSO,), 133.0 (CH,), 133.5
(CHy), 1345 (CquaSOy), 1475 (CquaNO) ppm. IR
(KBr): v=3366, 1540, 1355, 1169 cm ™.

4.2.4. General procedure for aziridination. A suspen-
sion of cyclohexyl methanesulfonate 5 or 6 (19.78 g,

52.27 mmol) and anhydrous K,COj; (28.87 g, 208.9 mmol,
4 equiv) in CH3CN (600 mL) was warmed (50 °C) for
1.5 h. The mixture was then concentrated.

4.24.1. 7-(2-Nitro-phenylsulfonyl)-7-aza-bicyclo-
[4.1.0]heptane 8.!% The yellow solid residue obtained was
taken up in CH,Cl, (300 mL). The organic solution was
washed with water until neutrality, dried, then concentrated
to give the title compound 8 as a yellow solid (14.17 g,
50.19 mmol, 96%). Its purity was checked by HPLC (Col-
umn B, n-heptane/EtOAc 75:25 v/v, 1.5 mL/min, tr=
4.7 min). Mp 126 °C. '"H NMR (CDCl3): 6=1.19-1.31 (m,
2H, CHH,), 1.36-1.46 (m, 2H, CHH,), 1.82-1.98 (m, 4H,
Hy), 3.22-3.27 (m, 2H, H,), 7.71-7.77 (m, 3H, CH,,),
8.17-8.22 (m, 1H, CH,.CSO,) ppm. '3C NMR (CDCly):
0=19.4 (C,), 22.9 (Cy), 42.5 (C,, 124.3 (CH,CNO,),
130.8 (CH,CSO,), 132.1 (CH,,), 134.0 (CH,), 132.9
(CquaS02), 148.0 (CyuaNO,) ppm. IR (KBr): »=1545,
1367, 1330, 1168 cm~!. CI-HRMS: m/z caled for
C,H;5N,0,S, 283.0753; found, 283.0746 [M+H]*.

4.2.4.2. 7-(4-Nitro-phenylsulfonyl)-7-aza-bicyclo-
[4.1.0]heptane 9.3® The whitish solid residue obtained was
taken up in AcOEt (300 mL). The organic solution was
washed with water (100 mL) and the aqueous layer was fur-
ther extracted with AcOEt (2x150 mL). The combined or-
ganic layers were dried, then concentrated to give the title
compound 9 as a pale yellow solid (15.0 g, 52.27 mmol,
100%). Its purity was checked by HPLC (Column B,
n-heptane/EtOAc 75:25 v/v, 1.2 mL/min, tg=4.3 min).
Mp 138 °C.

4.3. Preparation of the ethylenediamine derivatives

4.3.1. N-(2-Amino-ethyl)-2-nitro-phenylsulfonamide
hydrochloride 112° and N-[2-(2-nitro-phenylsulfonyl)-
amino-ethyl]-2-nitro-phenylsulfonamide 12.2%** A solu-
tion of 2-nitro-phenylsulfonyl chloride (10.98 g,
49.54 mmol) in THF (50 mL) was added dropwise (over
2h) to a cooled (0-5 °C) solution of ethane-1,2-diamine
(8.94 g, 148.75 mmol, 3 equiv) in THF (25 mL). At the
end of the addition, the resulting mixture was allowed to
warm up to room temperature and was stirred for an addi-
tional 30 min. The crude mixture was then concentrated,
and the residue obtained was taken up in CH,Cl, (50 mL)
and H,O (50 mL). The aqueous layer was further extracted
with CH,Cl, (3x50 mL). The combined organic layers
were dried and concentrated. The oily residue obtained
was then treated with a concentrated aqueous solution of
hydrogen chloride (15 mL). The instantaneously formed pre-
cipitate was separated by filtration to yield N-[2-(2-nitro-
phenylsulfonyl)amino-ethyl]-2-nitro-phenylsulfonamide 12
as a whitish solid (2.90 g, 6.74 mmol, 27%). Mp 160 °C.
"H NMR (CDCl3): 6=3.32 (s, 4H), 5.67 (br s, 2H, NH),
7.75-7.77 (m, 4H), 7.87-7.90 (m, 2H), 8.10-8.12 (m,
2H) ppm. The resulting orange aqueous filtrate was concen-
trated to give a solid that was dried and led to the title com-
pound 11 as a bright yellow solid (10.10 g, 35.85 mmol,
72%). Mp 164 °C. 'H NMR (D,0): 6=3.20 (t, *Jyu(1)=
5.6 Hz, 2H), 3.38 (t, *Jyu(1)=5.6 Hz, 2H), 7.79-7.86
(m, 2H), 7.89-7.96 (m, 1H), 8.02-8.09 (m, 1H) ppm.
IR (KBr): »=3210-2860 (broad), 1544, 1367, 1340,
1158 cm™ 1.
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4.3.2. tert-Butyl [2-(2-nitro-phenylsulfonylamino)ethyl-
amino]acetate 13. A solution of tert-butyl bromoacetate
(2.6 mL, 17.83 mmol, 1 equiv) in THF (75 mL) was added
dropwise (over 1 h), at room temperature, to a suspension
of aminosulfonamide hydrochloride 11  (4.996 g,
17.70 mmol) and triethylamine (7.4 mL, 53.1 mmol,
3 equiv) in THF (75 mL). Two other portions of both tri-
ethylamine (1.3 mL, 9.3 mmol, 0.5 equiv) and tert-butyl
bromoacetate (1.3 mL, 8.9 mmol, 0.5 equiv) in solution in
THF (30 mL) were added dropwise (over 0.5 h), which
was necessary to achieve the complete conversion of
N-(2-amino-ethyl)-2-nitro-phenylsulfonamide. After stir-
ring overnight at room temperature, the crude mixture was
concentrated and the residue was taken up in CH,Cl,
(100 mL) and H,O (50 mL). The aqueous layer was then
further extracted with CH,Cl, (2x100 mL). The combined
organic layers were dried and concentrated. The oily yellow
residue obtained was purified by chromatography on silica
gel (n-heptane/EtOAc, 2:8 to 0:10) and gave the title com-
pound 13 as a yellow oil (4.79 g, 13.328 mmol, 75%). 'H
NMR (CDCly): 6*=1.43 (s, 9H, CH3), 2.72-2.79 (m, 2H,
CH,), 3.09-3.17 (m, 2H, CH,), 3.19 (s, 2H, CH,CO),
7.69-7.76 (m, 2H, CH,,), 7.82-7.88 (m, 1H, CH,,CNO,),
8.09-8.16 (m, 1H, CH,,CSO,) ppm. “The signals accounting
for NH were not distinguished. '3C NMR (CDCl3): 6=28.2
(CH3), 43.3 (CH,), 48.0 (CHp), 51.1 (CH,CO), 81.6
[C(CH3)5], 125.4 (CH,CNO,), 131.2 (CH,CSO,), 132.7
(CH,y), 133.5 (CHyy), 133.8 (CquarSO5), 146.0 (CqualNO»),
171.7 (CO) ppm. IR (KBr): »=3334, 1732, 1542, 1366,
1342, 1165 cm ™.

4.4. Preparation of the triamine blocks

4.4.1. () trans tert-Butyl {[2-(2-nitro-phenylsulfonyl-
amino)cyclohexyl]-[2-(2-nitro-phenylsulfonylamino)-
ethyl]amino}acetate 15. A solution of aziridine 8 (4.50 g,
15.94 mmol, 1 equiv) in anhydrous CH3CN (100 mL) was
added dropwise to a solution of diamine 13 (5.72 g,
15.92 mmol) in anhydrous CH5CN (120 mL) at reflux. After
2 days, the crude mixture was concentrated and the
residue was purified by chromatography on silica gel (n-
heptane/EtOAc, 6:4 to 4:6) and gave the title compound 15
as a yellow oil (8.08¢g, 2.43mmol, 79%). '"H NMR
(CDCl3): 0=1.09-1.20 (m, 4H, Hp,x, Heax, CHH. and
CHHy), 1.42 (s, 9H, CH;), 1.58-1.65 (m, 1H, CHH, or
CHHy), 1.70-1.77 (m, 1H, CHH, or CHH,), 1.84-1.92
(m, 1H, Hpeq), 2.09-2.16 (m, 1H, H.y), 2.30 (ddd,
3Jun(1)=>Jun(2)=10.6 Hz, 3Jyu(3)=3.7Hz, 1H, H,),
2.77 (t, 3Jyu(4)=6.3 Hz, 2H, Hy), 3.03-3.12 (m, 2H, Hy),
3.13-3.22 (m, 3H, CH,CO, and Hy, 6.05 (t,
3Jun(5)=>5.5 Hz, 1H, NHCH,), 6.35 (d, *Jy n(6)=3.3 Hz,
1H, NHCH), 7.66-7.79 (m, 5H, CH,,), 7.80-7.85 (m, 1H,
CH,), 8.10-8.17 (m, 2H, CH,CSO,) ppm. *C NMR
(CDCly): 6=24.4 (C. or Cy), 25.3 (C. or Cy), 26.8 (Cyp),
28.1 (CHj), 334 (Co), 428 (Cy, 51.5 (Cy, 53.1
(CH,CO,), 55.3 (Cp), 65.8 (C,), 82.0 [C(CH3)3], 125.0
(CH,CNO,), 1252 (CH,CNO,), 130.4 (CH,CSO,),
131.1 (CH,CSO,), 132.6 (CH,,), 132.8 (CH,), 133.3
(CHyy), 133.4 (CHyp), 133.8 (CquarSO3), 135.0 (CquarSO2),
148.0 (CqualNOy), 148.1 (CquaiNO»), 171.8 (CO) ppm. IR
(KBr): v=3291 (broad), 1729, 1544, 1366, 1173 cm~'. CI-
HRMS: m/z calcd for C26H36N501052, 6421904, found,
642.1904 [M+H]".

4.4.2. (£) trans tert-Butyl ({2-[(tert-butoxycarbonyl-
methyl)-(2-nitro-phenylsulfonyl)amino]cyclohexyl}-{2-
[(tert-butoxycarbonylmethyl)-(2-nitro-phenylsulfonyl)-
amino]ethyl}amino)acetate 19. A suspension of triamine
15 (8.04 g, 12.53 mmol) and anhydrous K,CO; (6.92 g,
50.07 mmol, 4 equiv) in CH3CN (300 mL) was refluxed
for 2 h and became orange coloured. A solution of fert-butyl
bromoacetate (7.41 mL, 50.14 mmol, 4 equiv) in CH3;CN
(20 mL) was added dropwise (45 min) and the resulting mix-
ture was further refluxed overnight. The crude mixture was
concentrated and the residue was purified by chromato-
graphy on silica gel (n-heptane/EtOAc, 7:3 to 6:4) to give
the title compound 19 as a yellowish solid (7.09 g,
8.15 mmol, 65%). Mp 82 °C. 'H NMR (CDCl3): 6=1.00—
1.55 (m, 4H, Hy, ., Heax, CHH, and CHHy), 1.27 (s, 9H,
CHs), 1.31 (s, 9H, CH3), 1.46 (s, 9H, CH3), 1.66-1.82 (m,
2H, CHH, and CHHy), 2.00-2.19 (m, 2H, Hy o and H. (),
2.49-2.74 (m, 2H, CHH, and H,), 2.93 (ddd, */yu(1)=
*Juu(1)=11.3 Hz, *Jyu(2)=5.1 Hz, 1H, CHH,), 3.20 and
3.28 (AB, 2Jyu(2)=16.6 Hz, 2H, (CH,)(CH)NCH,CO,),
3.39 (ddd, 2/ u(3)=15.0 Hz, 3Jyu(3)=10.7 Hz, *Jyu(2)=
5.1 Hz, 1H, CHHy), 3.61 (ddd, 2/ 5(3)=15.0 Hz, *Jy x(1)=
11.3 Hz, 3Jyyu(4)=4.5 Hz, 1H, CHHy), 3.81 and 3.86 (d of
AB, 2Jyu(4)=19.2 Hz, 1H, (Nos)NCHHCO,), 3.92-4.05
(m, 1H, Hy), 4.08 and 4.23 (AB, %Jynu(5)=18.5 Hz, 2H,
(Nos)NCH,CO»), 437 and 4.42 (d of AB, *Jyu@)=
19.2 Hz, 1H, (Nos)NCHHCO.,), 7.51-7.71 (m, 6H, CH,,),
7.95-8.03 (m, 1H, CH,,CSO,), 8.05-8.11 (m, 1H, CH,,C-
SO,) ppm. 3C NMR (CDCls): 6=25.4 (C, or C. or Cy),
25.8 (Cy, or C. or Cy), 26.6 (C,, or C.. or Cy), 27.8 and 28.1
(3 CH3)% 325 (C.), 45.3*% (CH,CO,), 47.9 (C, or
CH,CO,), 48.7* (CH,CO,), 49.4 (Cy, or CH,CO,), 54.8%
(Cr or Cyp), 59.8% (Cy or Cy), 63.0 (Cy), 80.9 [C(CH3)s],
81.6 [C(CH3)3], 81.7 [C(CH3)5], 123.7 (CH,CNO,), 123.8
(CH,,CNO,), 130.8 (CH,,CSO,), 131.2 (CH,,CSO,), 131.3
(CH,,), 131.6 (CH,), 132.9 (CH,,), 133.1 (CH,,), 133.5
(CquarS02), 135.3 (CquaSO,), 147.95 (CyualNO,), 148.05
(CqualNO»), 167.9 (CO), 168.7 (CO), 171.3 (CO) ppm.
These two signals account for the three populations of
CH;. “This signal has an uncommon shape: very small and
broad. IR (KBr): »=1745, 1546, 1370, 1353, 1156,
1126 cm™!. CI-HRMS: m/z caled for CsgHscN50;4S,
870.3265; found, 870.3272 [M+H]".

4.4.3. (%) trans tert-Butyl {[2-(tert-butoxycarbonylmethyl-
amino)cyclohexyl]-[2-(tert-butoxycarbonylmethylamino)-
ethyllJamino}acetate 20. 2-Mercaptoethanol (5.33 mL,
76.0 mmol, 11equiv) and DBU (4.6 mL, 30.55 mmol,
4.5 equiv) were added to a solution of disulfonamide 19
(591 g, 6.79 mmol) in CH3;CN (300 mL). The resulting
mixture was stirred at room temperature for 2 h. The crude
mixture was then concentrated and the residue was taken
up in CH,Cl, (300 mL) and H,O (300 mL). The aqueous
layer was further extracted with CH,Cl, (3300 mL). The
combined organic layers were dried and concentrated. The
oily yellow residue obtained was purified by chromato-
graphy on silica gel (CH,Cl,/MeOH, 98:2) and gave the title
compound 20 as a yellowish oil (1.757 g, 3.516 mmol,
52%). '"H NMR (CDCls): 6=0.98-1.35 (m, 4H, Hy_,,
H, .x,» CHH, and CHHy), 1.37-1.49 (m, 27H, CH3), 1.63-
1.78 (m, 2H, CHH, and CHHy), 1.81-1.89 (m, 1H, Hy 4
or Heoq), 1.95-2.05 (m, 1H, Hp¢q Or Heeg), 2.25-2.44 (m,
4H, H,, Hy and NH), 2.63-2.81 (m, 4H, H, and Hy), 3.06
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and 3.11 (d of AB, %/ yu(1)=17.3 Hz, 1H, NCHHCO, or
(CHNHCHHCO,), 3.22 and 3.26 (d of AB, 2Jyu(2)=
17.3 Hz, 1H, NCHHCO, or (CH)NHCHHCO,), 3.30-
342 (m, 4H, (CH)NHCHHCO,, NCHHCO, and
(CH,)NHCH,CO,) ppm. *C NMR (CDCls): 6=24.6 (C.
or Cy), 25.7 (C. or Cy), 28.2 (3CH;)%, 29.8 (C,, or C,), 31.2
(Cy or C), 48.2, 484, 51.8 and 53.0 (C,, Cp and 3
CH,CO,)*, 57.4 (C, or Cp), 65.9 (C, or Cy), 80.7 and 81.0
[3C(CH5)5]1%, 171.5 and 171.9 (3 CO)* ppm. SThis unique
signal accounts for the three populations of CHs. These
four signals account for the five populations of CH, men-
tioned. “These two signals account for the three populations
of C(CHj3)3. #*These two signals account for the three popu-
lations of CO. CI-HRMS: m/z calcd for C,ygHsoN3Og,
500.3700; found, 500.3691 [M+H]*.

4.4.4. (z) trans tert-Butyl ({2-[(2-nitro-phenylsulfonyl)-
amino]cyclohexyl}-{2-[(tert-butoxycarbonylmethyl)-
(2-nitro-phenylsulfonyl)amino]ethyl}amino)acetate 21.
A suspension of triamine 15 (0.50 g, 0.78 mmol) and dried
Na,CO; (0.165g, 1.56 mmol, 2equiv) in anhydrous
CH;CN (25 mL) was refluxed for 2 h. tert-Butyl bromoace-
tate (0.25 mL, 1.55 mmol, 2 equiv) in CH;CN was added
dropwise and the resulting mixture was further refluxed over-
night. The crude mixture was then concentrated, and the resi-
due obtained was taken up in CH,Cl, (30 mL) and H,O
(20 mL). The aqueous layer was further extracted with
CH,Cl, (3x 15 mL). The combined organic layers were dried
and concentrated. The residue obtained was purified by chro-
matography on silica gel (n-heptane/EtOAc, 6:4) and gave
the title compound 21 as a yellow solid (0.52 g,
0.688 mmol, 88%). Its purity was checked by HPLC (Col-
umn B, n-heptane/EtOAc 70:30 v/v, 1.3 mL/min, tg=
11.5 min). '"H NMR (CDCl3): 6=1.10-1.24 (m, 4H, Hy .
He.x, CHH. and CHHy), 1.36 (s, 9H, CH3), 1.45 (s, 9H,
CH;), 1.58-1.66 (m, 1H, CHHg), 1.71-1.80 (m, I1H,
CHH,), 1.83-1.92 (m, 1H, Hy ¢q), 2.20-2.28 (m, 1H, H. ¢(),
2.29-2.38 (m, 1H, H,), 2.64-2.74 (m, 1H, CHH,),
2776-2.86 (m, 1H, CHH,), 3.12-3.23 (m, 3H,
(CH,)(CH)NCH,CO, and Hy), 3.38 (t, *Jy;=7.8 Hz, 2H,
H,), 4.05 (s, 2H, (Nos)(CH)NCH,CO,), 6.75 (br d,
3Jun=1.7 Hz, 1H, NH), 7.57-7.60 (m, 1H, CH,CSO,),
7.64-7.78 (m, 5H, CH,), 8.08-8.16 (m, 2H, CH,C-
SO,) ppm. *C NMR (CDCly)%: 6=24.3 (Cy), 25.3 (C,),
25.8 (Cp), 27.9 (CHj3), 28.2 (CHj), 33.3 (C.), 48.3 (Cp),
50.2 ((Nos)NCH,CO,), 53.3 (NCH,CO,), 55.0 (Cy), 65.0
(Co), 81.8 [C(CH3)3], 82.4 [C(CH3)3], 123.9 (CH,CNO,),
125.0 (CH,CNO,), 130.4 (CH,,CSO,), 131.1 (CH,CSO,),
132.0 (CHyy), 132.4 (CHyy), 133.0 (Cgua’SO»), 133.2 (CHyy),
133.5 (CHyp), 135.1 (CquaSO»), 148.1% (CquatNOp), 167.7
(CO), 171.2 (CO) ppm. *The signal relative to C, was not
found. *This signal may account for the two populations of
CquatNOZ' FAB-HRMS: m/z calcd for C32H46N501282,
756.2584; found, 756.2569 [M+H]*.

4.5. Macrocyclisations

4.5.1. (z) trans tert-Butyl [3,13-bis(2-nitro-phenylsul-
fonyl)-3,10,13,19-tetraaza-tricyclo[13.3.1.0*?Inonadeca-
1(19),15,17-trien-10-yl]acetate 16. A suspension of disul-
fonamide 15 (1.00 g, 1.56 mmol) and anhydrous K,COj;
(0.86 g, 6.23 mmol, 4 equiv) in anhydrous N,N-dimethyl-
acetamide (30 mL) was stirred at 100 °C under argon for

several minutes. A solution of 2,6-bis(bromomethyl)pyri-
dine (0.74 g, 2.80 mmol, 1.8 equiv) in anhydrous N,N-di-
methylacetamide (15 mL) was added dropwise (20 min) in the
previous mixture while stirring at 100 °C. At the end of the
addition, heating and warming were maintained for an addi-
tional 4 h. The crude mixture was then concentrated and the
residue obtained was taken up in CH,Cl, (70 mL) and H,O
(30 mL). The aqueous layer was further extracted with
CH,Cl, (4x30 mL). The combined organic layers were
dried and concentrated. The brown oil obtained was purified
by chromatography on silica gel (n-heptane/EtOAc/MeOH,
5:5:0 to 0:6:4) and gave the title compound 16 as a light
brown oil (0.81 g, 1.08 mmol, 69%). IR (KBr): »=1736,
1544, 1371, 1162cm~!. CI-HRMS: m/z caled for
C33H4]N601082, 7452326, fourld, 745.2321 [M+H]+

4.5.2. (%) trans tert-Butyl [3,13-bis(tert-butoxycarbonyl-
methyl)-3,10,13,19-tetraaza-tricyclo[13.3.1.04*°Inona-
deca-1(19),15,17-trien-10-yl]acetate 18. A suspension of
triamine 20 (1.65 g, 3.30 mmol) and anhydrous Na,CO;
(1.48 g, 14.0 mmol, 4 equiv) in anhydrous DMF (110 mL)
was stirred at 100 °C under argon for 15 min. A solution
of 2,6-bis(bromomethyl)pyridine (1.67 g, 6.30 mmol,
1.9 equiv) in anhydrous DMF (20 mL) was added dropwise
(20 min) in the previous mixture while stirring at 100 °C. At
the end of the addition, heating and warming were main-
tained for an additional 3 h. The crude mixture was then con-
centrated and the residue obtained was taken up in CH,Cl,
(50 mL) and H,O (20 mL). The aqueous layer was further
extracted with CH,Cl, (3x50 mL). The combined organic
layers were dried and concentrated. The residue obtained
was purified by chromatography on silica gel (CH,Cly/
MeOH, 99:1 to 95:5) and gave the title compound 18 as
a light brown oil (1.178 g, 1.95 mmol, 59%). Its purity was
checked by HPLC (Column C, MeOH/phosphate buffer
(pH 2) 98:2 v/v, 1.2 mL/min, tg=12.2 min). 'H NMR
(CDCl3): 6=0.30-1.10 (m, 4H), 1.10-1.31 (m, 27H), 1.31-
1.55 (m, 4H), 1.65-2.20 (m, 4H), 2.40-2.75 (m, 2H),
2.85-3.25 (m, 5H), 3.32-3.87 (m, 5H), 6.90-7.08 (m, 2H),
7.45-7.56 (m, 1H)ppm. '3C NMR (CDCly)%: 6=23.0,
23.4, 23.8, 24.2, 24.5, 24.8, 25.0 and 26.8 (4CH,), 27.2,
27.3, 274 and 27.5 (3CH3), 46.5, 50.6, 51.6, 53.2, 55.0,
56.2, 56.9, 60.2, 61.1, 62.2 and 63.4 (7CH,), 56.6, 63.7
and 655 (2CH), 82.1, 82.2, 823, 824 and 82.5
[3C(CH3)3], 120.4, 121.0, 121.9 and 122.3 (2CH,,), 138.1
and 138.2 (1CH,,), 156.8, 156.9, 157.4 and 157.6 (2Cgyat.ar)
172.1, 172.4, 172.7, 172.9 and 173.4 (3CO). 5BNearly all the
13C signals are doubled that may be attributed to the pres-
ence of rotamers in CDClj solution; an analogue shape of
the '3C NMR spectrum was obtained for a solution in
DMSO-dg; the number of population of '*C and their parity
are indicated in parentheses. IR (neat): v=1724, 1244, 1231,
1158 cm™!. CI-LRMS: m/z 603.4 [M+H]* (100%), 489.4
[M—CH,CO,'Bu+2H]* (<5%). CI-HRMS: m/z calcd for
C33H55N406, 603.4122; found, 603.4117 [M+H]*.

4.6. Deprotection of macrocyclic compounds

4.6.1. (z) trans tert-Butyl (3,10,13,19-tetraaza-tricyclo-
[13.3.1.0*°Inonadeca-1(19),15,17-trien-10-yl)acetate 17.
Thiophenol (0.18 mL, 1.75 mmol, 2.2 equiv) was added to
a suspension of disulfonamide 16 (0.58 g, 0.78 mmol) and
Na,COs3 (0.25 g, 2.36 mmol, 3 equiv) in anhydrous DMF
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(30 mL). The resulting mixture was stirred at room temper-
ature overnight. The crude mixture was then concentrated
and the residue was taken up in CH,Cl, (60 mL) and H,O
(30 mL). The aqueous layer was further extracted with
CH,Cl, (520 mL). The combined organic layers were
dried and concentrated. The residue obtained was purified
by chromatography on aluminium oxide gel (EtOAc/
MeOH, 10:0 to 8:2) and gave the title compound 17 as a yel-
lowish oil (0.120 g, 0.32 mmol, 41%). 'H NMR (CDCls):
0%=0.75-1.22 (m, 4H, Hp4x, He.ax», CHH, and CHHy), 1.46
(m, 9H, CH3), 1.53-1.87 (m, 4H, Hy, Hy.q, CHH. and
CHHy), 1.98-2.08 (m, 1H, H¢¢q), 2.09-2.35 (m, 3H, H,,
H, or Hy), 2.38-2.54 (m, 1H, CHH, or CHHy,), 2.93-3.08
(m, 1H, CHH, or CHHy), 3.30 (m, 2H, CH,CO,), 3.59 and
3.63 (d of AB, 2Jyu(1)=16.5 Hz, 1H, NHCHH), 3.71 and
3.75 (d of AB, *Jyu(2)=15.7Hz, 1H, NHCHH), 3.97
and 4.00 (d of AB, 2Jy u(2)=15.7 Hz, 1H, NHCHH), 4.18
and 4.22 (d of AB, %Jyu(1)=16.5 Hz, 1H, NHCHH), 6.92
(d, *Ju(1)=7.6 Hz, 1H, CHar), 6.94 (d, *Jy n(2)=7.6 Hz,
1H, CHar), 7.48 (dd, 3*Juyu(1)=Juu(2)=7.6 Hz, 1H,
CHar) ppm. "The signals accounting for NH were not distin-
guished. '*C NMR (CDCls): 6=24.5 (Cy, or C. or Cy), 25.4
(Cp or C. or Cy), 25.9 (C, or C. or Cy), 28.2 (CH3), 31.8
(Co), 47.8 (C4 or Cy), 49.4 (C4 or Cy), 49.6 (CH,NH), 55.0
(CH,NH), 554 (Cp, 57.4 (CH,CO,), 684 (C,, 80.9
[C(CH3)5], 119.1 (CH,,C), 120.5 (CH,,C), 136.3 (CH,,CH),
159.2 (Cquat ), 159.6 (Cquat ,), 171.9 (CO) ppm. IR
(KBr): »=3396 (broad), 1728, 1156, 1114cm~'. CI-
HRMS: m/z caled for C, H3sN4O,, 375.2760; found,
375.2769 [M+H]*.

4.6.2. () trans 3,10,13,19-Tetraaza-tricyclo[13.3.1.0%°]-
nonadeca-1(19),15,17-triene-3,10,13-triacetic acid 1. A
solution of anhydrous HCI in Et,O (ca. 1.6 M, 100 mL, ca.
100 equiv) was poured over the macrocyclic tri-tert-butyl
ester 18 (1.06 g, 1.76 mmol). A white precipitate appeared
after several minutes and stirring was maintained at room
temperature overnight. The precipitate formed was then fil-
tered and washed with Et,O. The crude solid was purified by
chromatography on an ion-exchange resin (Dowex® 1X8-
50, formate form, elution with distilled water than with
a0.02 M aqueous solution of formic acid) to provide the title
compound 1 as a white solid that became deliquescent on
standing under ambient conditions (0.730 g, 1.68 mmol,
95%). Its purity was checked by HPLC (Column A, H,O-
TFA (pH 2.8)/CH;CN gradient 98:2 to 40:60 v/v in
60 min, 1.0 mL/min, fxR=9.5 min). IR (KBr): »=3409
(broad), 1738, 1445, 1405, 1201 cm~'. FAB-HRMS: m/z
caled for C51H31N4Og, 435.2244; found, 435.2235 [M+H]*.

4.7. Gadolinium complexation

Gadolinium(III) chloride hexahydrate (0.035 g,
0.094 mmol, 1.0 equiv) was added to a solution of macrocy-
clicligand 1 (0.04 g, 0.092 mmol) in H,O (2 mL). The initial
pH 5.8 was adjusted to pH 5.0. The resulting mixture was
stirred for 3 h at room temperature while pH maintained at
5.0. The pH was then adjusted to 6.7 and the resulting mix-
ture was filtered on a Millex filter (0.22 um) to obtain 3.5 mL
of a final aqueous solution. The purity of the complex in so-
Iution was checked by HPLC (Column A, H,O-TFA (pH
2.8)/CH;CN gradient 9:1 to 6:4 v/v in 20 min, 1.0 mL/
min, tg=13.1 min). ESI-LRMS: more abundant m/z 590.0

[C,1Hyg'"%GdN,Og]*. The presence of free Gd(III) ions
was checked by the usual Arsenazo III test>® and assessed
to 0.4% mol/mol.
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