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INTRODUCTION

Magnetic resonance imaging (MRI) is a highly effective
and common diagnostic imaging technique for clinical appli-
cations due to its capability to provide anatomical and functional
images with high resolution and showing the deep structure
of the internal body [1]. This imaging modality has some adva-
ntages compared to other medical imaging techniques (PET,
CT, X-ray), such as that it does not require harmful ionizing
radiation and can directly detect soft tissues. It also has high
spatial resolution and provides good contrast between tissue
types [2,3].

Click chemistry is a term presented for the first time by
the Sharpless group in 2001 to describe the highly effective
reaction of organic components that has significant advantages
compared with the other slower and lower yielding methods
[4]. The compounds generated in this research project are made
by Cu(l) catalyzed azide-alkyne cycloaddition method. The
Cu(I) catalyzed click chemistry is a Huisgen 1,3-dipolar cyclo-
addition which leads to 1,4-disubstituted 1,2,3-triazole and
formed from a reaction between an azide and terminal alkyne
in the presence of copper. This connection is rapidly formed,
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This work has been focused on synthesizing gadolinium(IIl) 1,4,7-triacetic acid-1,4,7,10-tetraazacyclododecane (DO3A) macrocyclic |
complexes (GdAal) as potential T1 MRI contrast agents. Alkyne derivatives chelators were synthesized with three different alkyne |
pendent arms (butyne) are suitable for Cu(I) catalyzed cycloaddition 'click' chemistry with azide derivatives to form 1,2,3-triazole rings. |
Triazole formation with benzyl azide was used as "proof of concept" to form chelators and gadolinium complexes (GdAal) that could be
assessed for their properties as MRI contrast agents. One of the complexes was then selected for conjugation with azide derivative of a |
thymidine DNA base (AZT, a clinically approved drug molecule) to link via triazole group and demonstrate the widespread utility of this |
approach. Relaxivity measurements were carried out on the synthesized gadolinium(III) complexes to evaluate their potential as MRI |
contrast agents with GdAal showing the highest T1 relaxivity result. Therefore, GdA2a (relaxivity, 5.74 m M s™') was conjugated with |
DNA base derivatives (3’-Azido-3’-deoxythymidine, AZT) to give the desired product in an 89 % yield with a relaxivity of 4.33 m M s
indicating the potential of these compounds for future in vivo applications in MRI studies. I
|
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selective and produces high yields with no or few by products
[5,6]. The Cu(I) catalyzed "click" reaction has been used prev-
iously to produce contrast agents for imaging based on lanth-
anide metal chelates. A lot of work has gone into development
of alkyne or azide functionalized metal chelators which can
be conjugated to biological molecules, such as peptides or sugars,
the paramagnetic properties of Gd(III) enable its use as an MRI
contrast agent. The choice of chelating moiety affects the kinetic
and thermodynamic stability and selection of an appropriate
biologically active molecule can be used to enable targeted
delivery of agent [7].

EXPERIMENTAL

'H NMR and "*C NMR were obtained using a Jeol INM-
LA400 spectrometer at 400 MHz for 'H and 100 MHz for "*C
in the solvents indicated, referenced against standard internal
TMS or residual non deuterated solvent signal. Chemical shifts
(8) are quoted in parts per million (ppm). Deuterated solvents
were purchased from either Goss Chemicals Ltd. or Cambridge
Isotopes Ltd.

Electrospray ionisation (ESI) mass spectra were recorded
on low resolution Varian 500-MS LC-ion trap system. The comp-
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ound to be analyzed was diluted in methanol and approximately
0.1 uLL was added and run in 80 % MeOH:20 % H,O. Accurate
mass spectrometry measurements (HRMS) were recorded at
EPSRC National Mass Spectrometry Service Centre, University
of Swansea, UK using a LQT Orbitrap XL. The elemental
CHN were analyzed using a CHN analyser EA1108 (Carlo
Erba). Inductively coupled optical emission spectroscopy (ICP-
OES) analysis was carried out using a Perkin Elmer Optima
5300 DV. All the samples were in solid state, digested with aqua-
regia in glass sample vials on a hotplate. Calibration standards
were prepared at 1 and 10 ppm from 1000 ppm concentrates
of gadolinium which was purchased from commercial suppliers.

All solvents and reagents were purchased, primarily, from
commercial suppliers and were used without further purification
unless otherwise stated. When dry solvents were required, the
solvent was either dried using 3 A molecular sieves in the lab
or taken from a sure-seal bottle to ensure the absence of water.
TLC was used to monitor the reaction progress with Fs, silica
plates and visualization by UV light and stains. Silica gel (60A,
35-70 micron) was used to perform column chromatography.

Synthesis of 1,4,7,10-tetraazacyclododecane- tri-tert-
butyl 2,2’, 2”-(10-(but-3-yn-1-yl)-1,4,7-triyl)triacetate (A,):
A modified method based on the reported procedure [10] was
followed. A solution of 4,7-tris-(tert-butylacetate)-1,4,7,10-
tetraazacyclododecane (100 mg, 0.194 mmol), 1-bromo 2-butyne
(31 mg, 0.23 mmol) and Cs,COs (157 mg, 0.48 mmol) in dry
MeCN (10 mL) was stirred under nitrogen at room temperature
for 24 h. The obtained solid from the reaction mixture were
filtered off and the solvent was removed. Product was purified
on silica gel chromatography using DCM:Me,CO:MeOH::
6:3.5:0.5 as eluent to give compound A; as light brownish oil
Yield: 38 mg (34 %). '"H NMR (400 MHz, CDCl;): 8 1.43 (s, 9H,
3 x CHs), 1.48 (s, 18H, 6 x CHs3), 2.25 (dt, 2H, CH.C=CH),
2.62 (s, 4H, ring CH,), 2.78 (s, 12H, ring CH,), 2.81-2.99 (m,
8H, ring CH,), 3.11-3.25 (m, 2H, CH,CH,C=CH), 3.52 (m, 1H,
C=CH), 3.91 (s, 2H, CH,CO), 4.26 (s, 4H, CH,CO). "C NMR
(CDCl5): 628.21,29.13,29.25,53.25,54.01,55.22,56.71,58.18,
68.73,70.26,171.54,171.91. HRMS" for C30Hs4N4O6 567.4116
m/z [M+H]"; found 567.4102 m/z [M+H]".

Synthesis of 1,4,7,10-tetraazacyclododecane-2,2’,2”-(10-
(but-3-yn-1-yl)-1,4,7-triyl)triacetic acid (A,): Compound A,
(100 mg, 0.17 mmol) triacetate was dissolved in a mixture of
dichloromethane (6 mL) and trifluoroacetic acid (6 mL). The
solution was stirred overnight at room temperature. The volatiles
were removed by rotary evaporation and the residue dissolved
in the minimum amount of methanol. Addition of diethyl ether
yielded the desired compound as a light yellow solid (47 mg)
ina 67 % yield. The white fluffy solid was collected via centri-
fuge and dissolved in H,O and freeze-dried. 'H NMR (400 MHz,
D,0),2.32 (s, IH, CH,C=CH), 2.62-4.41(m, 24H, CH,), 4.61
(t, 1H, C=CH). *C NMR (400 MHz, D,0): 8 31.28, 35.26,42.37,
45.11,45.89,47.88, 50.60, 51.39, 52.56, 72.79, 74.18, 173.90,
174,84). Elemental analysis of C;sH3,N4Os-(CF;CO,H); 1(HO)
calculated (found) (%): C 37.75 (38.21), H4.60 (4.87),N 7.28
(7.55). ESMS* m/z [M+H]" 399.4.

Gadolinium(III) complex of 1,4, 7, 10-tetraazacyclodo-
decane-2,2’,2”-(10-(but-3-yn-1-yl)-1,4,7-triyl)triacetic acid
(GdA.»): A modified method based on the reported procedure

[10] was adapted to synthesize GdA,. Compound A, (100 mg,
0.13 mmol) was dissolved in a mixture of 10 mL of methanol
and triethylamine (0.15 mL), and then GdCl;-6H,O (55 mg,
0.15 mmol) was added to the solution. The solution was stirred
for two days at 50 °C, the residue was redissolved in methanol
and triturated with diethyl ether to give white powder (35 mg)
in 48 % yield. Elemental analysis of C,sH,;NsOsGd.(CH;OH)
(H20), 5 calculated (found) (%): C 39.09 (39.45), H 5.34 (5.64),
N 9.58 (9.78). ESMS* [M+H]" 540.1.

Gadolinium(IIT) complex of 1,4,7,10-tetraazacyclodo-
decane-(3-benzyl-5-propyl-1,2,3-triazolel)-1,4,7-triyl)
triacetic acid) (GdA».): A modified method is adapted [12]
for the synthesis of GdA,, complex. Complex GdA; (100 mg,
0.18 mmol) and benzyl azide (30 mg, 0.22 mmol) were dissolved
in water:tert-butanol (1:1), then CuSO.-5H>0 (2.3 mg, 0.009
mmol) was added to reaction mixture. Sodium ascorbate (3.5
mg, 0.018 mmol) was dissolved in a separate flask and introduced
to the reaction mixture by syringe in dropwise manner. The
solvent was removed under reduced pressure after the reaction
was completed, forming a white powder (72 mg) in 59 %
yield. ESMS* [M+H]" 687.1, ICP: Gd: 22.93; found 18.623.

RESULTS AND DISCUSSION

The main aim of this work is to synthesize alkyne-
functionalized DO3A chelator suitable for click chemistry with
biologically relevant azide functionalized molecule. The
chelating ligand (A;) was synthesized and functionalized with
alkyne arm (butyne) as first stage (Scheme-I). And then synthesis
was performed using DO3A and halogenated alkynyl precursor
was optimized for reaction temperature and time. The arm
selected from the possible alkyne derivatives was 4-bromo-1-
butyne, which is commercially available and bromine is good
leaving group for the substitution reaction. This reaction was
carried out under the same conditions as described above
to form the desired product A;. The reaction was left to stir
for 21 days with regular monitoring by silica TLC and mass
spectrometry (Fig. 1), which showed the formation of product
at m/z 567 [M+H]*. The product still showed the presence of
unreacted starting materials (+-Bu-DO3A at m/z 515) after this
reaction time [8].
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Fig. 1. Mass spectrum of A; contained starting materials DO3A at m/z 515
after 3, 5 and 21 days



Vol. 30, No. 10 (2018)

Development of Optimized MRI Contrast Agents for Copper(I) Click Reactions 2371

/

L 4-bromo-1-butyne

D
A H
0

tBu—DOSA

CH,CN, Cs,CO,

0.0 /
T

Stirr 21 day, RT

Vo G

propargyl butyne-'Bu-DO3A, A;

Scheme-I: Synthetic route to form N-functionalized tBu-DO3A with propargyl butyne arm (5)

The reaction was monitored by TLC and MS at three diff-
erent interval of times (3, 5, and 21 days) and shows no signi-
ficant change by continuing the stirring for a longer time period.
At this stage, the reaction was terminated and the synthesized
ligand A, purified by silica gel chromatography with DCM
(97 %):MeOH (3 %) as eluents. TLC and MS analysis results
showed that desired product was present after column chromato-
graphy but still had impurities of starting materials present
(product at m/z 567 [M+H]", (DO3A) at m/z 515) (Fig. 2).
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Fig. 2. Mass spectrum of purified with small percentage of starting materials
DO3A at m/z 515
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The synthesized ligand A, was then deprotected from
acetate arms to get A, as novel ligand in this research work,
(Fig. 3). Identity and purity of this product (A,) was confirmed
by '"H NMR, MS and CHN analyses.
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Fig. 3. Graphs to show concentration vs. 1/T for GdA2a

The second stage of this project consists of synthesis of
gadolinium(IIT) complex with the previously prepared alkyne
functionalized DO3A (A,). As synthesized ligand (A,) contains
DO3A component, they can form up to seven coordination
bonds and chelate di- or trivalent metal cations of suitable size.
Gadolinium(III) is paramagnetic in nature and has a symmetric
S electronic state which is ideal for use as an MRI contrast

agent [8,9] thus, it was chosen as preferred lanthanide metal
to coordinate with chelators A, to produce gadolinium(III)
complex (GdA,) (Scheme-II).
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Scheme-II: Gd(III) complexation reaction with synthesised ligand A,

The aim in formation of Gd** complex prior to "clicking"
DO3A macrocycle with an azide functionalized derivative is
to prevent Cu** ions (catalyst) from complexing with these macro-
cyclic ligands, complicating purification and compromising
Gd(IIT) chelation necessary for MRI contrast agent activity.
Thus, complexation reactions were carried following a modi-
fied literature method [10]. Once alkyne functionalized chelator
GdA, was prepared, a simple organic azide was required in
order to investigate the chelate reactivity in Cu(I) catalyzed
"click" reaction. Due to its stability and the ease of preparation
from benzyl bromide, benzyl azide was selected [11].

"Click" reaction between butyne-functionalised DO3A
(GdA,) and benzyl azide was carried out by conjugate GdA,
obtained using the standard protocol described by Sharpless
et al. [12] as a white powder product (GdA,,) with 85 % yield,
(Scheme-III).

T, relaxation studies for GdA.,: Relaxivity rates was deter-
mined for GdA,, across range of concentration values (0.5, 1,
1.5, 2 and 2.0 mM) at pH 7, which means that all the N and O
donors are expected to be deprotonated and coordinated to
gadolinium(IIT) metal centre [13]. Fig. 3 shows graph of MRI
relaxivity measurements for the synthesized GdA,, indicating
the linear relationship between relaxation rates 1/T; (1)) vs.
various concentrations of these complexes to give high T, relax-
ivity value 5.744 m M s™' compare to the other clinical MRI
contrast agents, with correlation coefficienent 0.9581. This
indicates its potential use as T weighted contrast agent in MRI
applications [5,14].
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Scheme-III: Cycloaddition click reaction between benzyl azide and GdA, forming 1,2,3-triazole (GdA..)
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