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1,4,7,10-Tetraazacyclododecane-N,N’',N”,N'”-tetraacetic acid (DOTA) is one of the preeminent carriers of
metal-based radiopharmaceutics and imaging contrast agents. This review focuses on the coordination
chemistry of metal-DOTA complexes with a view to addressing the variability of structures obtained and
gaining insight into its diversity. Correlations on thermodynamic stabilities with structural motifs are
reported. Observed trends are analyzed with a view to providing a structure-stability relationship.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic ~acid or
DOTA is a twelve-membered tetraazamacrocycle (see Fig. 1)
containing four pendant carboxylate arms tethered to cyclen
amines. Studies of metal complexes with DOTA have been reported
since the 1980s with the first elucidated crystal structure of such
complexes reported for Eu(Ill) in 1984 [1] and subsequently for
Ni(II) and Cu(II) [2].

Work has been, and indeed continues to be driven by the medical
imaging field with the need for a ligand possessing high thermody-
namic stability and kinetic inertness in physiological conditions.
Such properties are typical of DOTA complexes and have paved
the way for metal-based magnetic resonance imaging agents (MRI)
such as [Gd(DOTA)] for example. Studies by Naegele et al. reported
the superiority of GA(DOTA) through blood serum stability experi-
ments and stability constant calculations [3]. The pharmacokinetic
profile of this metal-ligand system then has resulted in prolific
use in the field of MRI and has opened doors for research endeav-
ors in metal-based pharmaceutics in general [4]. Work by Sherry
et al. has led to derivatized DOTA complexes with a variety of
applications. Aryl derivatives of the cyclen system complexed to
Eu(IIl) were investigated by Sherry’s group in an effort to make pH-
dependent luminescent probes [5]. In addition, complexes of Eu(III)
with DOTA containing tetraamide substituents are currently being
explored for their efficiency as paramagnetic chemical exchange
transfer (PARACEST) agents [5]. An application to this system via
PARACEST utilizes Eu(Ill)-DOTA with bis(phenylboronate) pendant
arms as an in vivo detector of glucose concentration (see Fig. 2a)
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Fig. 1. The structure of 1,4,7,10-tetraazacyclododecane-N,N’,N”,N'""-tetraacetic acid
(H4DOTA).

[6]. PARACEST imaging is brought to new frontiers as more imag-
ing agents are developed for the detection of a wide variety of
enzymes and monitoring their activity [7-10]. One such endeavor
involves ytterbium(Ill) complexed to a system composed of DOTA
and (3-D-galactopyranoside linked by a benzyloxycarbamate moi-
ety as shown in Fig. 2b. The system utilizes the PARACEST effect
to detect [3-galactosidase and the kinetics of its cleavage reaction,
an enzyme used for gene expression [11]. Other similar progress in
PARACEST enzyme imaging centering on DOTA include detection of
caspase-3 with thulium(III) [12].

The first report of studies employing ''In (y=0.173 MeV and
0.247MeV, ty,=67.2h) [13] as an imaging agent was in 1990
when this radioisotope was chelated to a nitrobenzyl derivative
of DOTA conjugated to a monoclonal antibody for target-specific
radioimaging studies [14]. Decomplexation of indium in serum was
monitored and it was observed that the rate loss of the metal was
slower than with the use of other chelants [14]. This promising
outcome paved the way for the numerous investigations utilizing
MIn-DOTA systems. The advent of radioimmunotherapy has seen
a variety of antibody conjugates of DOTA being further explored
[15-23,14]. In 1991, Lavender et al. initiated human clinical trials of
MIn-DOTA conjugated to the human IgG1 monoclonal antibody in
seven patients, which resulted in successful tumor localization and
imaging [19]. Another noteworthy radioimmunotherapy investiga-
tion targeted and illuminated breast cancers using the monoclonal
chimeric antibody L6 with a peptide thiourea linker (see Fig. 3)
and investigated the properties of In- and 2°Y-DOTA with the
radionuclides targeting the tumor with high specificity in contrast
to bone marrow uptake [23].

Radioisotopes of copper complexed to DOTA have been
widely explored and extensively used for illuminating tumors
[24,25,18,26,22,27,28]. In 2002, 61/64Cu was labeled to DOTA with
a marker for somatostatin, which resulted in enhanced uptake
and microPET imaging contrast of pancreatic (AR42]) tumors in
rat and mouse models [29]. A noteworthy study reported visual-
ization of the stages of photodynamic therapy induced apoptosis
in tumor-bearing mice using 54Cu-DOTA conjugate of biotinylated
streptavidin [25]. Results of this study provided a mechanistic
insight on the apoptotic pathway taken by photosensitizers [25]. In
2008, Anderson et al. used DOTA conjugated to the anti-epidermal
growth factor receptor (EGFR) antibody cetuximab and labeled with
64Cu [18]. This radiopharmaceutical was observed to have local-
ized in the nucleus of p53 positive EGFR overexpressing human
colorectal cell line HCT116+/+ [18].

The versatility of DOTA has also seen its use in the field of pep-
tide receptor radionuclide therapy (PRRT) [30,31]. Peptide vectors
conjugated to the DOTA ligand (see Fig. 4) were used to tar-
get tumors that overexpress somatostatin receptors (SSTR) using
different radioisotopes (e.g. °Y (8~ =2.28 MeV, t;,=64.1h) [17];
68Ga (B*=2.92MeV, t;;, =67.6min) [32]; 777Lu (B~ =0.497 MeV,
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Fig. 2. (a) The structure of a PARACEST MRI contrast agent based on a europium complex of a tetraamide DOTA derivative with boronic acid substituents; (b

) B-D-galactosidase

PARACEST detector utilizing the paramagnetic properties of ytterbium chelated by a DOTA-f-D-galactopyranoside conjugate bridged by benzyloxycarbamate.

tyj2 =6.74 days) [33]). The first in vivo trials targeting the SSTR pos-
itive tumors of different histology evaluated °°Y chelated to the
system DOTATOC with post-injection of 11In-DOTATOC to image
the effects of the former radionuclide, which led to promising
results [34]. The use of this B-particle emitter as a radiotherapy
in twenty-nine patients resulted in a 67% disease stabilization with
five patients developing renal/hematological toxicity [35]. Recent
clinical trials employing this system towards metastatic medullary
thyroid cancers gave low response rates [36], however, phase Il
clinical trials in patients with the same cancer resulted in longer
survival rates of these patients [37].

Patients with lower tumor burden or those in the earlier stages of
the disease are more responsive to treatment [36]. Further develop-
ments of "'In with DOTALAN resulted in higher uptake compared
to the octreotide derivative in neuroendocrine tumors, lymphomas
and intestinal adenocarcinomas [38]. '77Lu encapsulated in DOTA
with a derivatized tyrosine-octreotate moiety is currently being
explored as a low energy radionuclide therapy for SSTR positive
tumors [39]. 8Ga labeled DOTA remains to be the most promising
radiotherapy as it provides a half-life of only 68 minutes and eas-
ily achieves blood clearance within a short duration [40]. A study
conducted by Reubi et al. on binding affinities of peptide analogs
of DOTA revealed a remarkable affinity of DOTATOC and DOTATATE
labeled with cold gallium and %8Ga to the SSTR subtype hsst2 in
comparison to other trivalent metals (e.g. yttrium and indium) [41].
As a radiotracer, the physical properties of 68Ga also make it suit-
able for positron emission tomography (PET). With the high affinity
of gallium for SSTRs, high resolution PET imaging of small tumors in
the neuroendocrine systems, which was unattainable with radiola-
belled 'In DOTA compounds, was recently achieved [42]. With
MIn_DOTATOC's limited ability to image smaller meningioma,
68Ga-DOTATOC was explored as a PET tracer. This system displayed
excellent imaging for small meningiomas (7-8 mm size) expressing

o}

SSTRs with high tumor-to-background ratio [43]. The variability in
affinities towards the SSTRs was suggested to be a consequence of
the structure of the drugs, its overall charge, hydrophilicity and even
the coordination geometry of the metal-DOTA system [41]. Com-
parisons made among the radioisotopes 67Ga, 1''In and 9°Y labeled
DOTA conjugated to three different SSTR targeting derivatives (e.g.
OC, TOC and TATE) resulted in better and improved tissue bind-
ing and internalization in pancreatic AR4-2] tumors for the 67Ga
radiolabelled ligand [44]. The first vitamin B9 conjugate of Ga(III)
labeled DOTA was first reported by our group with a view to deliver
the toxic metal to cancers upregulating the folate receptor. The sta-
bility of the metal in physiological conditions was not sufficient
enough to achieve metal-induced cytotoxicity over 72 h. This sys-
tem, however, is ideal for 68Ga radiolabeling for PET imaging of
these FR-overexpressing tumors [45].

Several reviews on metal-DOTA and DOTA derivatives have been
reported [46,47]. These reviews focused on derivatized DOTA lig-
ands and, in general, their application as radiopharmaceuticals.
With the expanding use of this macrocyclic ligand in the medical
research arena, we wanted to look into the relationship of the crys-
tal structures and the stability H4DOTA bestows on the complex.
Serum stability studies of the radiopharmaceuticals reported rates
of radiometal dissociation from different ligand systems including
DOTA [48,49,15,50,22,51]. Thus, the stability of the cold isotopes
plays a key role in our understanding of decomplexation rates to
improve tropism and bioavailability of the metallodrug and pre-
vent random tissue damage. However, there are few recent reviews
integrating all metal-DOTA complexes with a view to analyzing
the relationship between its solid state structures of solely DOTA
and its metal system with their corresponding thermodynamic
stability. There is, then a need to provide an overview of the coor-
dination chemistry of solely H4DOTA with the now greater than
twenty such structures reported. With this important promise of

[Cjﬁ{%ﬁ{/—(%\/

Fig. 3. The antibody chimeric L6 is conjugated to DOTA via a peptide thiourea linker formed by reaction of the isothiocyanate group of the bifunctional ligand with the primary

amino group of the antibody (not shown).
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Fig. 4. DOTA-based peptide analogues utilized for PRRT (i.e. octreotide (DOTATOC),
octreotate (DOTATATE), lanreotide (DOTALAN) and vapreotide (DOTAVAP)).

DOTA-based metal systems in medicine and the diverse array of
coordination complexes formed, we have taken an in-depth look
at the coordination chemistry of different metal-DOTA systems.
Trends on bond lengths and angles, distance of the metal from
the nitrogen and oxygen planes are described. Correlations of the

solid-state structural properties to thermodynamic stability are
provided.

This review will focus on the coordination chemistry of H4DOTA
only and its relationship to metal complexation stabilities. For the
review of the different solid-state structures, the atom number-
ing assignments are retained according to literature. Each section
contains DOTA systems ordered according to denticity. The metal
systems for each section are arranged in the order of decreasing
stability. It should be noted that the solid-state structures have
different isomers but for our purposes, the molecular scheme rep-
resents only one isomer. The figures of the complexes and packing
diagrams are chosen based on their unique and intriguing frame-
work.

2. Materials and methods

Crystallographic data deposited beyond 1994 were obtained
from the Cambridge Structural Database. Solid-state structures
reported prior to 1994 were requested and obtained from the
authors. Structural measurements were made using Mercury 1.4.2
software. Crystal structure images and packing structures were gen-
erated using CrystalMaker for Windows 1.4.5. Hydrogen bonds and
lattice waters are omitted in the figures of the solid-state structures
displayed.

3. Solid state structures

To our knowledge, only twenty-two complexes have been
reported containing unmodified DOTA. An overview of the crys-
tallographic and structural data is shown in Table 1. With DOTA
possessing multidenticities and to aid in trend analysis, the solid-
state structures of all reported metal-DOTA systems are categorized
according to their coordination numbers. Class A crystals include
hexa- and hepta-coordinate metal-DOTA derivatives, while Class B
consists of crystal systems with coordination numbers 8 or 9.

3.1. Class A structures (coordination number: 6 or 7)

Table 2 lists detailed crystallographic data including selected
bond lengths and angles of the metal-DOTA structures for Fe(III),
Cu(II), Ga(III), Ni(II), Co(Il) and Zn(II). For clarity and convention, the
N4-plane consists of the four nitrogen atoms in the cyclen ring.

Table 1

Crystallographic and structural data for coordinated DOTA systems ordered by space group.

Metal Space group Crystal System Ionic radius, A Coordination number DOTA donor set Reference
Ga(II) C2/c Monoclinic 0.620 6 N40; [4]
Tm(III) C2/c Monoclinic 0.880 8 N4O4 [52]
Ca(lI) C2/c Monoclinic 1.000 8 N4O4 [53]
Bi(IIT) C2/c Monoclinic 1.030 8 N4O4 [54]
Fe(III) Pna2; Orthorhombic 0.645 7 N4O03 [55]
Ni(II) Pccn Orthorhombic 0.690 6 N40, [2]
Cu(I) Pccn Orthorhombic 0.730 6 N40; 2]
Co(I1) Pccn Orthorhombic 0.745 6 N4O0, [56]
Zn(1I) Pccn Orthorhombic 0.740 6 N40, [57]
Pr(III) Pr Triclinic 0.850 9 N4O4 [52]
Lu(IIT) P Triclinic 0.861 9 N4O4 [58]
Y(IIT) Pi Triclinic 0.900 9 N4O4 [55], [59]
Ho(III) Pr Triclinic 0.901 9 N4O4 [60]
Gd(In) P Triclinic 0.938 9 N4O4 [55]
Eu(III) Pi Triclinic 0.947 9 N4O4 [1]
Nd(II1) PT Triclinic 0.983 9 N4O,4 [52]
Ce(III) P2; Monoclinic 1.020 9 N4O4 [52]
Sr(11) P4/ncc Tetragonal 1.180 9 N4O4 [61]
Dy(III) P2/c Monoclinic 0.912 9 N4O4 [52]
La(III) P2¢/n Monoclinic 1.032 9 N4O4 [62]
Ga(IIr) Cc monoclinic 0.620 6 N40; [56]
Sc(III) 14/m tetragonal 0.745 8 N4O4 [52]
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Table 2

Crystallographic data for metal complexes of DOTA having a C.N. of 6 or 7.

Metal Fe (III) Cu (II) Ga(lIn) Ga(IIn) Co(II) Ni(II) Zn(II)

Formula Na[Fe(DOTA)] Cu(H,DOTA) [Ga(HDOTA)]- 5.5 H,0 [Ga(H,DOTA)]CI Ni(H,DOTA) Zn(H,DOTA)

Space group Pna2; Pccn C2Jc Cc Pccn Pccn

z 4 4 8 4 4 4 4

a 8.764 9.444 22.732 15.171 15.225 9.280 9.384

b 18.618 15.300 16.015 14.962 9.392 15.248 15.294

c 14.382 13.109 12.9708 10.068 13.065 13.092 13.114

o 90.0 90.0 90.0 90.0 90.0 90.0 90.0

B 90.0 90.0 96.3 94.1 90.0 90.0 90.0

Yy 90.0 90.0 90.0 90.0 90.0 90.0 90.0

Bond lengths
Nax-M 2.207 2.318 2112 2.116 2.218 2.176 2.232
Nax-M 2.353 2.107 2137 2.187 2.218 2.113 2171
Neg—-M 2.270 2.318 2111 2.116 2.166 2.176 2.232
Neg-M 2.269 2.107 2133 2.105 2.166 2113 2171
Oeq-M 2.044 1.966 1.929 1.913 2.034 2.025 2.037
Oeq-M 2.047 1.966 1.940 1.940 2.034 2.025 2.037
05-M 2.059 n.a. n.a. n.a. n.a. n.a. n.a.

Bond angles
0,-M-0, 83.94 88.07 85.30 82.40 90.89 86.90 89.71
0,-M-03 79.95 n.a. n.a. n.a. n.a. n.a. n.a.
0,-M-04 78.14 n.a. n.a. n.a. n.a. n.a. n.a.
N;-M-N, 77.56 82.31 82.03 83.62 82.38 82.98 81.89
N-M-N3 73.45 81.09 84.19 84.41 82.30 84.88 82.84
N;-M-N3 124.07 152.59 156.48 157.14 153.77 158.36 153.92
N-M-Ny 124.44 104.96 107.70 108.94 108.08 108.59 107.83
N;-M-Ny4 81.10 82.31 82.90 82.00 82.38 82.98 81.89
N3-M-Ng4 77.40 81.09 83.26 83.51 82.38 84.44 82.84

Metal-plane displacement
N4 plane 1.06 0.92 0.84 0.83 0.89 0.82 0.89
04 plane 1.36 n.a. n.a. n.a. n.a. n.a. n.a.

3.1.1. Iron: Na[Fe(DOTA)-5H,0

The DOTA complex of Fe(Ill) with the molecular formula
{Na[Fe(DOTA)]-5H,0} results in a seven-coordinate Fe(IIl) [55],
a rare occurrence for Fe(Ill) coordination complexes [63] (see
Fig. 5).The Fe(Ill) center is coordinated to the four nitrogen atoms

Fig. 5. Coordination geometry of Na[Fe(DOTA)]-5H,0 showing a seven-coordinate
Fe(III) viewed along the crystallographic xy plane. Hydrogen atoms and lattice waters
are omitted for clarity.

of the cyclen ring and three oxygen atoms from the carboxylate
arms leaving the fourth carboxylate DOTA arm free to hydrogen
bond to water molecules [55]. The M-N bond lengths range from
2.200-2.353 A with the longer bond resulting from steric hindrance
[55]. Bond distances for Fe(Ill)-O are in the range of 2.044-2.059 A.
The angles formed (N-M-N) between cis nitrogen atoms are 73.45°,
77.4°,77.56° and 81.1° and those trans to each other are ~124°. The
distance of the metal from the N4-plane formed by the four amines
is 1.058A.

3.1.2. Copper: Cu(H,DOTA)

Copper(ll) is coordinated to DOTA through its four nitrogen
atoms and two oxygen atoms from the carboxylic arms [2]. The two
other pendant arms are protonated and do not participate in coor-
dination. Two of the Cu-N bonds found at axial positions are longer
than normal at 2.318 A as an effect of Jahn-Teller expansion. The
equatorial Cu-N bond lengths are observed to be 2.107 A. The bond
distances for Cu-O are equivalent at 1.966 A. The carboxylate groups
found coordinated to the metal center are attached to the equato-
rial amines. The O-Cu-0O angle is determined to be 88.07°. Two
angles formed by N-Cu-N are equivalent with cis nitrogen atoms
at 82.31° and 81.09° while the trans nitrogen-metal bond angles are
at 152.59° and 104.96°. Copper(ll) is displaced from the N4-plane
by a distance of 0.916 A [2].

3.1.3. Gallium: [Ga(HDOTA)]-5.5H,0; [Ga(H,DOTA)]CI

The molecular structure of [Ga(HDOTA)]-5.5H,0 (see Fig. 6)
reported in 2006 is hexacoordinate, monoclinic and crystallizes
under the space group C2/c. Gallium(Ill) is coordinated to the
nitrogen atoms of the DOTA ring and two oxygen atoms from
the carboxyl arms [4]. Bond lengths for Ga-N as well as for
Ga-O are shorter than normal ranging from 2.111-2.137 A and
a mean of 1.93 A respectively. A bond angle of 85.3° is formed
with respect to the coordinating oxygen atoms and gallium. The
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Fig. 6. The molecular structure of [Ga(HDOTA)-5.5H,0] viewed along the crystallo-
graphic z-axis. Hydrogen atoms and lattice waters are omitted for clarity.

angles formed by cis- nitrogen atoms and gallium ranges from
82.03° to 84.19°. Trans axial nitrogen atoms display an observed
156.48° and 107.70° with the metal center suggesting a distorted
octahedral. Gallium(Ill) is puckered from the N4-plane by a dis-
tance of 0.84 A. The two other remaining uncoordinated arms are
unique as one remains a carboxylic acid while the other arm
is deprotonated. This is demonstrated by the angle produced by

(a) % Fe ’(‘
Q\

¢ -

Fig. 8. A hexacoordinate [Zn(H,DOTA)] complex showing a distorted octahedron
viewed down the y-crystallographic axis. Hydrogen atoms are omitted for clarity.

C12-03-H3 (109.4°), which is consistent with a tetrahedral geom-
etry.

This gallium derivative of DOTA packs in an asymmetric ABAB
motif as shown in Fig. 7a when viewed down the crystallographic z-
axis. This system packs with each unit connected via intermolecular
hydrogen-bonding of lattice water molecules with the uncoordi-
nated carboxylate arms. This bridging pattern forms a polymeric
one-dimensional chain structure.

(b)

Fig. 7. (a) Ga(HDOTA)-5.5H;0 packs in an ABAB layer as viewed down the crystallographic z-axis; (b) [Ga(H2DOTA) (Cl)] packing scheme as viewed through the z-axis shows

interaction between units through a chlorine atom.



Table 3

Crystallographic data of 8 or 9 coordinate DOTA systems.

Metal Ca(ll) Sr(1) Bi(111) Y (111) Sc(In) La(I11) Ce (III) Pr (1II) Nd (111) Dy (I1I) Ho (111 Lu (111) Tm(11I) Eu (I11) Gd (111)

Formula Ca(OH,);  [C(NH)3], NaBiDOTA. Na[Y(H,0) 3(Na[Sc(DOTA))- Na[La(HDOTA) Na[Ce(DOTA)  Na[Pr(DOTA)  Na[Nd(DOTA) Na[Dy(DOTA) Na[Ho(DOTA) Na[Lu(DOTA) K[Tm(DOTA)]- Na[Eu(DOTA) Na[Gd(H,0)
[CaDOTA]  [Sr(DOTA) H,O (DOTA)] NaOH-18H,0 La(DOTA)]: (H20)]. H,0)].4H,0 (H,0)]-4H,0  (H,0)]- (H,0)]-4H,0  (H,0)]-4H,0  6H,0-0.5KCl (H,0)]-4H,0 (DOTA)]
-7.7H,0 (H20)] 10H,0 NaHCO03.7H,0 NaOH.7H,0 -4H,0

Space group 2/c P4/ncc C2/c Pi I4/m P2;/n P2; Pi Pi P2/c Pi Pi C2/c Pi Pi

7 8 4 16 4 2 2 2 4 2 2 8 2 2

a 25.109 12.82 17.053 8.752 12.517 16.425 9.04 8.715 8.705 1217 8.735 8.732(2) 37.55 8.734 8.711

b 18.557 na. 6.587 9.097 12.517 11.942 9.024 9.188 9.16 8.977 9.093 9.035(3) 8.981 9.116 9.111

c 18.436 18.501 20.048 15.625 48.015 25.384 18.266 15.88 15.84 27.891 15.64 15.518(3) 16.783 15.773 15.625

a 90 90 90 82.94 90 90 90 82.74 82.77 90 82.94 82.96 90 82.83 82.94

B 134.85 90 102 85.88 90 94.75 92 84.93 85.05 99.88 85.85 86.37 111.09 85.34 85.88

% 90 90 90 81.61 90 90 90 80.98 81.09 90 81.76 81.79 90 8143 81.61

Bond lengths

N1-M 2.597, 2.732 2.516 2.635 2.444 2.751, 2.805 273 2.724 2.727 2.638 2.627 2.597 2.519 2.664 2.656
2.571

N2-M 2.615, 2.732 2.535 2.666 2.444 2.781,2.797 2.744 2.703 2.693 2.632 2.642 2.621 2.532 2.704 2.688
2.581

N3-M 2.597, 2.732 2.516 2.633 2444 2.759,2.792 2.69 2.746 2.704 2,612 2.632 2.597 2.534 2.66 2.645
2.571

N4-M 2.615, 2.732 2.535 2.648 2444 2.788,2.783 2.766 2.711 2.689 2.61 2.664 2.64 2.531 2.677 2.661
2.581

M-01 2.420, 2.548 2.495 2.327 2.147 2.486,2.479 2.462 2.43 2.406 2.325 2322 2.279 2.269 2.372 2.379
2.376

M-02 2434, 2.548 2.58 2.324 2.147 2.483, 2.479 2.462 2.439 242 2.344 2.331 2.285 2.288 2.38 2.362
2.440

M-03 2.420, 2.548 2.495 2.316 2.147 2.490, 2.508 2442 2.437 2.426 2.329 2.336 2.269 2278 2.39 2.359
2.376

M-04 2.434, 2.548 2.58 2.324 2.147 2.509, 2.507 2472 2.419 2413 2.352 233 2.282 2.282 2.373 237
2.440

M-0Ow n/a 2.849 na 2.435 na. na. 2.598 2.53 2.508 2.479 2443 2.416 na. 2.484 2.463

Bond Angles

01-M-02 79.71 84.12 79.68 81.7 77.29 80.56, 80.64 84.57 87.72 87.6 84.29 81.42 83.3 78.49 81.89 87

02-M-03 76.8 84.12 78.18 86.81 77.29 90.12, 89.20 84.98 84.58 82.46 84.32 85.67 815 77.21 86.48 81.87

02-M-04 126.06 142.66 126.69 143.12 124.04 147.88, 146.19  144.98 146.83 148.23 143.06 142.58 143.3 124.72 146.32 143.74

01-M-03 126.68 142.66 129.31 144.84 124.04 146.58,145.24 143.54 149.09 145.95 141.56 144.59 141.7 123.96 14413 145.92

03-M-04 79.71 n.a. n.a. 85.77 7729 83.06, 84.34 83.7 87.51 87.21 84.18 83.77 86.4 76.51 84.02 86

04-M-01 76.8 na. n.a. 83.8 7729 88.04, 86.22 85.14 82.75 84.45 83.26 86.76 85.14 77.46 87.15 72

N1-M-N2 69.33, 66.19 71.20 67.6 72.84 64.41, 64.52 65.08 66.85 67.11 68.84 67.86 69.1 69.63 67.42 67.53
70.14

N2-M-N3 69.32, 66.19 71.19 67.8 72.84 64.64, 64.75 65 67.68 67.15 68.72 67.9 68 70.65 67.99 67.7
69.46

N1-M-N3 106.79, 101.1 110.69 104.7 114.19 97.85, 98.16 100.13 102.81 103.46 105.15 104.98 105.2 109.1 104.1 104.3
107.98

N2-M-N4 107.38, 101.1 110.93 104.6 114.19 97.94, 98.62 98.92 103.02 103.28 106.16 105.04 105.4 109.13 104.2 104.4
108.17

N1-M-N4 69.33, 66.19 71.20 68.8 72.84 64.37, 65.32 65.13 67.13 67.96 67.92 68.41 68.3 70.76 68.24 68.5
70.14

N3-M-N4 69.32, 66.19 71.20 68.2 72.84 64.38, 65.32 66.16 66.96 67.36 68.87 68.85 68.3 70.37 67.57 68
69.46

01-M-Ow n.a. 7133 n.a. 721 n.a. n.a. 67.88 74.58 74.09 71.6 69.05 68.77 n.a. 73.02 73.28

02-M-0w n.a. 71.33 n.a. 72.88 na. n.a. 73.49 70.59 75.84 71.55 72.86 7141 n.a. 74.62 74.32

03-M-0w n.a. 7133 n.a. 69.29 n.a. n.a. 75.65 74.63 70.12 69.96 71.88 72.92 n.a. 73.44 72.8

04-M-0w na. 7133 n.a. 73.83 na. n.a. 71.54 76.26 74.26 71.52 73.53 72.04 na. 69.51 69.42

Metal-Plane

Displacement
N4 plane 1.549 1.736 1.736 1.616 1.434 1.835, 1.810 1.765 1.695 1.676 1.585 1.608 1.586 1.466 1.645 1.632
04 plane 1.095 0.816 0.816 0.718 1112 0.702, 0.728 0.604 0.671 0.684 0.755 0.727 0.732 1.064 0.71 0.715
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A second gallium-DOTA complex structure was elucidated by
the group of Maecke in 2008 [56]. The crystals were grown in a
basic pH (~8.0) compared to a pH of 4.8 for the original 2006
structure, and possess a Cc crystallographic space group. The two
crystal structures differ not only in space group but in the pendant
side arms and in packing schemes (see Fig. 7b). Both uncoordi-
nated carboxyl arms in the latter structure are protonated whereas
the first crystal structure possesses both deprotonated and pro-
tonated arms. The crystal packing of the latter gallium structure
displays bridging of molecular units through carbonyl oxygen
atoms coordinated to a chlorine atom whereas the first gallium
complex of DOTA interacts with another unit through hydrogen-
bonding.

3.1.4. Nickel: Ni(H,DOTA)

Ni(H,DOTA) produces a slightly distorted octahedral Ni(Il)
geometry, with two oxygen atoms from the carboxylate arms and all
nitrogen atoms from the macrocycle coordinated to the Ni(Il) cen-
ter. The Ni-N bond distances range from 2.113-2.176 A. The Ni-O
bond lengths are equivalent at 2.025A. The bond angle formed
between the coordinating oxygen atoms and the metalionis ~86.9°.
Two of the angles formed by nitrogen atoms cis to each other are
equivalent at 82.98° while the other two angles differ by 0.44°
at 84.44° and 84.88°. The two trans nitrogen bond angles include
158.36° and 108.59°. Metal displacement from the N4-plane was
measured to be 0.821 A [2].

3.1.5. Cobalt: Co(H,DOTA)

Cobalt complexes are widely explored for their ability to induce
apoptosis via oxidative stress as a result of their redox activity.
Cobalt cyclen compounds have been widely studied for their abil-
ity to cut phosphodiester bonds [64,65] and peptides [66,67]. A
solid state structure of the cobalt-DOTA system has been recently
reported. It displays a similar Pccn crystallographic space group
as found with the Cu(Il) [2], Ni(Il) [2] and Zn(Il) [57] deriva-
tives. It is hexacoordinate with the two nitrogen amines (~2.218 A)
bound at the axial positions. While the other two nitrogen atoms
(~2.166A) of the cyclen ring and two carboxyl oxygen atoms
(~2.034A) are coordinated at the equatorial sites of the octahedron.
Bond angles formed by the equatorial N,O, donor set are consis-
tent with the range observed for this class (O-M-0 ~ 78-91°; cis
N-M-N ~ 73-85°; trans N-M-N ~ 104-159°).

3.1.6. Zinc: Zn(H,DOTA)

The molecular structure is shown in Fig. 8. The zinc derivative
crystallizes in the orthorhombic Pccn space group with Z=4 [57].
This compound is similar to the copper(Il) and nickel(Il) complexes
of DOTA. The zinc atom is bound to the six different donor sites
of the ligand: four nitrogen atoms from the cyclen ring and two
oxygen atoms from the carboxylic acid groups. The two Zn-0 bonds
formed are both 2.037 A in length with the Zn-N bonds longer at
2.232 A and 2.171 A. The N-Zn-N angles with the nitrogen atoms
trans to each other are 153.92° and 107.83°. Bond angles for the
cis nitrogen atoms and the metal center range from 81.89-82.82°.
This only shows that the structure is distorted with the bond angles
less than the ideal octahedral angles of 180° and 90°. The metal is
slightly displaced from the N4-plane by 0.891 A.

3.2. Class B DOTA derivatives (coordination number: 8 or 9)

Crystallographic data for class B DOTA derivatives are listed in
Table 3. Two planes are formed by the N4 and O4 donor sets as
shown in Scheme 1.

3.2.1. Bismuth: Na[BiDOTA]*H,0

Na[BiDOTA]-H, 0 was observed to crystallize in the centrosym-
metric space group C2/c. The structure was determined to be eight
coordinate with all four nitrogen atoms and oxygen atoms bound to
the metal center. Hence, the molecular structure is square antipris-
matic [54]. The mean bond lengths for N-Bi and O-Bi are 2.525A
and 2.5375 A respectively. Cis bond angles formed by O-Bi-O range
from 78.18°-79.68°. The largest O-Bi-O angles formed between
trans oxygen atoms are typically 26.69°-129.31°. For the nitrogen
atoms, the bond angles average at 71.2° and 110.8°. Bismuth is dis-
placed from the O4-plane by 1.112 A and the N4-plane by 1.434A.
Each crystal unit of this DOTA analog is indirectly interacting with
each other through sodium adducts. Each sodium atom is coor-
dinated to a carboxyl group of the macrocycle and solvent water
molecules. The sodium atoms are connected by water molecules.
This bridges the Bi-DOTA units into one-dimensional polymeric
chains as displayed in Fig. 9.

3.2.2. Yttrium: Na[Y(DOTA)(H,0)]-4H,0

The anionic [Y(DOTA)(H,0)]~ acts as a nine-coordinate system
having the crystallographic space group Pi [55,59]. All four nitro-
gen donors along with the oxygen atoms from the carboxyl groups

Distance of M - O, plane

Distance of M - N, plane

Scheme 1. Diagram of class B DOTA systems showing two planes with O4-plane (red) containing 01, Oz, O3 and O4 and Ny4-plane (blue) formed by Ny, N2, N3 and N4 and

their distances from the metal center.
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Fig. 9. The packing structure of Na[BiDOTA]-H,O shows units bridged by sodium atoms along the y-axis.

are coordinated to the metal center. The oxygen (O5) from water
serves as a capping ligand to complete the square antiprismatic
geometry (see Fig. 10). The N-donors are spaced within the range
of 2.633-2.648 A from the metal.

The O-donors are typically 2.316-2.327 A from yttrium. The
Y-05 bond, however, is longer with a distance of 2.435A. This
molecule packs two units in a unit cell with sodium as the bridg-
ing cation. The O-Y-0 bond angles range from 81.70°-86.81°. The
angles formed by N-Y-N are narrower at 67.7-68.8°. Yttrium is
displaced from the N4-plane by 1.616 A and from the O4-plane by
0.718 A.

3.2.3. Gadolinium: Na/Gd(DOTA)(H,0)]-H,0

X-ray diffraction studies of a single crystal of
Na[Gd(DOTA)(H,0)]-4H,0 revealed its crystallographic space
group to be Pi. The nine-coordinate structure is square antipris-
matic with all N- and O-donor sets coordinated to Gd(III). The ninth
coordination site is occupied by water, the capping ligand (see
Fig. 11). This derivative of the DOTA system is isostructural with

Fig. 10. The molecular structure of {Na[Y(H,O)(DOTA)]} showing a square antipris-
matic geometry viewed down the crystallographic y-axis. Hydrogen atoms are
omitted for clarity.
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Fig. 11. The nine-coordinate molecular structure of Na[Gd(DOTA)(H,0)]-H,0 as
viewed along the crystallographic xy plane. Hydrogen atoms and lattice waters are
omitted for clarity.

other enneacoordinate metal-DOTA systems (i.e. Y(III), Ce(IIl),
Nd(III), Pr(IIl), Eu(III), Dy(III), Ho(IIl), Lu(IIl)). The Gd-N and Gd-O
bond lengths are within the observed range of bond lengths for
both donor sets with an average of ~2.66 A and 2.27 A respectively.
The bond angles formed by cis nitrogen donors (N-Gd-N) with the
smallest and largest angle vary by 1°. The cis oxygen donors form
angles with Gd(III) with a higher deviation (e.g. 72.0°, 81.9°, 86.0°
and 87.0°). The displacements of the metal from the N4 (1.632A)
and 04 (0.715A) plane fall within the range of the determined
metal-plane distances.

3.2.4. Europium: Na[Eu(DOTA)(H»0)]-4H,0

The first crystal of a metal-DOTA complex, Na[Eu(DOTA)(H,0)]
-4H,0, is colorless and grew over time via slow evaporation [1].
X-ray diffraction experiments determined that this macrocyclic
europate is triclinic with a crystallographic space group of Pi. The
DOTA ligand encapsulates the Eu(Ill) atom and with an aquo lig-
and forms a nine-coordinate structure. The Eu(lll) atom forms a
distorted capped square antiprism. The four nitrogen atoms are
coordinated to the Eu(lll) atom with a mean distance of ~2.68 A.
The Eu-0O bonds formed by the carboxylate arms are noticeably
shorter than the Eu-N bonds and range from 2.37 A to 2.39 A. The
distance of Eu(III) from the N, plane is measured to be 1.645 A. In

Fig. 12. The packing diagram of Tm(IIl) complexed to DOTA viewed along the y-axis.
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addition, the Eu(lll) metal center is situated just 0.718 A from the
oxygen plane. Monocapping of the coordination sphere with the
aquo ligand provided a Eu-Ow distance of 2.84 A.

3.2.5. Thulium: K[Tm(DOTA)]-6H,0-0.5KCl

Among the solid-state structures of the lanthanide-DOTA sys-
tems, the crystal of thulium encapsulated by DOTA is one of the
rare octacoordinate analogs. This decrease in coordination num-
ber from nine to eight is observed due to lanthanide contraction of
thulium [52]. An X-ray diffraction study of a single crystal revealed
a C2/c crystallographic space group. Moieties of the [Tm(DOTA)]~
are bridged by a potassium ion through three carboxylate groups
of three different thulium-DOTA complex units as shown in the
packing structure in Fig. 12. Elongation of the nitrogen atoms from
Tm(Ill) metal center (Tm-N~ 2.53 A) are noticeably shorter by >
0.08 A compared to other nine-coordinate DOTA systems. The Tm-O
bond lengths remain within the acceptable range (Tm-0 ~ 2.279 A).
Significant noticeable differences observed for this particular com-
plex are the widening of N-Tm-N angles both for cis (~70.35°)
and trans (~109.11°) and narrowing of O-Tm-O angles (cis ~77.42°,
trans ~124.34°). These deviations are also observed for other eight
coordinate DOTA systems (e.g. Bi(Ill) and Ca(III)).

3.2.6. Holmium: Na[Ho(DOTA)(H,0)]-4H,0

Benetollo et al. described the holmium(IIl) coordinated DOTA
complex in 1999. It showed a structure isomorphous to most ennea-
coordinate DOTA analogs. This system has a Pi crystallographic
space group and a triclinic crystal system. The Ho(IlI) atom is coor-
dinated to the N-donors with a mean distance of 2.64 A. The four
oxygen atoms of the carboxylate groups are bound to Ho(III) are rel-

atively shorter by 0.31 A when compared to the Ho-N elongation.
The distance of the water molecule from the metal center (Ho-Ow1)
is ~2.44 A. Ho(lll) is positioned in between the N4 and O4 planes by
a distance of 1.608 A and 0.727 A respectively.

3.2.7. Dysprosium: Na[Dy(DOTA)(H»0)]-Na(OH)-7H,0

In the dysprosium complex of DOTA, the single crystal was
determined via Patterson and Fourier methods to have the crystal-
lographic space group P2/c with a monoclinic crystal system. The
molecular structure of Na[Dy(DOTA)(H,0)]-Na(OH)-7H,0 reveals
that all the nitrogen atoms and oxygen atoms are coordinated
to the metal center completely encaging the Dy(Ill) atom. A
water molecule additionally binds to Dy(IIl) completing the nine-
coordinate square antiprism geometry. All bonds formed by Dy(III)
with nitrogen donors (2.62A) and oxygen donor sets (2.34A) fall
within the range of bond distances observed for this class. Each
asymmetric unit of the Dy(IIl) macrocycle is interestingly linked
to another unit forming polymeric chains by two sodium atoms
as shown in Fig. 13. The sodium atoms link four units of the
Dy(III)-DOTA analog via edge-sharing of the carboxyl functional
groups of the polyaminocarboxylate ligand. The sodium atoms are
uniquely connected to each other via a bridging hydroxide group
(O1A). It is worth noting that the sodium atoms are surrounded
by different oxygen donor groups. For a more detailed description,
please review literature published by Benetollo et al. [52].

3.2.8. Lutetium: Na[Lu(DOTA)(H»0)]-4H,0

Similar to the other nine-coordinate DOTA derivatives, the
lutetium analog crystallizes as Na[Lu(DOTA)(H,0)]-4H,0 in the
triclinic unit cell with the space group Pi. Again, the molecular

5 S

%

Fig. 13. The packing diagram of Na|Dy(DOTA)(H,0)]-Na(OH)-7H, O through the y-axis.



N. Viola-Villegas, R.P. Doyle / Coordination Chemistry Reviews 253 (2009) 1906-1925 1917

structure of this system involves all four nitrogen atoms and four
oxygen atoms coordinated to Lu(Ill) with an oxygen donor from
water which acts as the capping ligand. The N4 and O4 donor sets
form a plane separately acting as square bases at the top and bot-
tom of the Lu(IIl) atom. The twist angle of the two planes is 39°. The
N, plane is separated from the Lu(Ill) metal center by 1.586 A. The
distance of the Lu-O4 plane is measured as ~0.732 A. Elongation of
Lu-N bonds has a mean length of 2.614 A, considerably longer than
Lu-0 (2.279A) by 0.335 A.

3.2.9. Neodymium: Na[Nd(DOTA)(H,0)]-4H,0

In the crystal structure of Na|[Nd(DOTA)(H, 0)]-4H, O, the macro-
cylic ligand DOTA encapsulates the Nd(III) atom to form a
square antiprismatic structure isostructural to the geometry of
Na[Pr(DOTA)(H,0)]-4H,0 [52]. The mean Nd-N distance is deter-
mined to be ~2.70 A. The Nd(III) center is bound to hydroxyl groups
of the four carboxylate arms with a shorter distance (Nd-O ~ 2.42 A)
compared to the N-donors. Water occupies the ninth coordination
site of the Nd-DOTA complex (Nd-Ow ~2.508 A). The molecular
unit of this complex is shown to form a one-dimensional poly-
meric chain. The polymer chain is formed by a bridging sodium
atom bound to the oxygen atoms of the carboxylate arms of three
DOTA (see Fig. 14 for packing).

3.2.10. Praseodymium: Na[Pr(DOTA)(H,0)]-4H,0

Crystals of the molecular structure of Na[Pr(DOTA)(H,0)]-4H,0
were determined to possess square antiprismatic structures [52].
The coordination around Pr(Ill) involves all N- and O-donor atoms
of the DOTA ligand with a monocapped aquo ligand forming a nine-
coordinate geometry. With the O and N donor atoms, the mean
M-L bond distances are 2.46 A (0) and 2.721 A (N) respectively. The
Pr(Ill) atom is displaced from the N4- and O4-planes by a distance
of 1.695 A and 0.671 A respectively.

3.2.11. Cerium: Na[Ce(DOTA)(H,0)]-NaHCOs3-7H,0

Crystals of the DOTA complex of Ce(Ill) occurred via acetone
vapor diffusion into the water solution of the reaction. The structure
of [Ce(DOTA)(H,0)]~ possesses the crystallographic space group
P2; with a monoclinic system [52]. Coordination around the Ce(III)
atom involves the N4 and 04 donor set. Its geometry is a twisted
square antiprism with a twist angle of 25° formed by the N-plane
and O-planes. The Ce-N bond distances range from 2.69-2.77 A
while the Ce-0 bonds elongate with a mean length of 2.46 A. The
distance between Ce and Ow1 from the capping water ligand is
measured approximately ~2.598 A. Aside from [Ce(DOTA)(H,0)]",
the asymmetric unit cell involves six water molecules coordinated
to sodium ion (Nal) and a sodium (Na2) bicarbonate with one

Fig. 14. One-dimensional polymeric diagram of Na[Nd(DOTA)(H,0)]-4H,0 shows bridging through sodium atoms as viewed along the y-axis. This packing motif is similar

across most lanthanide structures having the same molecular geometry.
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Fig. 15. The molecular structure of Na[Ce(DOTA)(H,0)]-NaHCO3-7H,0 viewed
through the x-axis. Two sodium atoms, one coordinated and the other present as
the hydrogen carbonate salt, are also shown. Hydrogen atoms and lattice waters are
omitted for clarity.

molecule of water coordinated to the sodium cation as shown in
Figs. 15 and 16.

The Ce(Ill) atom is displaced from the N4 and O4 plane by a
distance of 1.765 A and 0.604 A, respectively. Acute angles formed
by N-Ce-N measure an average of 65.34° and for nitrogen atoms
trans to each other angles 0f 98.92 ° and 100.13° are formed. Angles
formed by cis 0-Ce-0 are wider compared to those angles formed
by the N-donor atoms with 83.7°, 84.57°, 84.98° and 85.14°. Conse-
quently, trans O-Ce-0 angles are determined to have a mean angle
of 144.26°.

3.2.12. Lanthanum: Na[La(HDOTA)La(DOTA)]-10H,0
Na[La(HDOTA)La(DOTA)]-10H, 0 is an inverted square antiprism
with a P2;/n space group [62]. The molecular structure of this white
crystal is unique in its coordination because it is dimerized via a
direct interaction with another unit. The carbonyl oxygen of the
carboxylic arm bridges two molecular units by coordinating to the

metal center forming a nine-coordinate geometry(see Fig. 17). All
bond lengths and angles are consistent with the ranges observed
for lanthanide systems. The twist angles for both units are ~21°
and 23°. This places the crystal intermediate between a prismatic
and antiprismatic structure with ideal twist angles of 0° and 45°
respectively.

3.2.13. Calcium: Ca(OH,)3[CaDOTA]-7.7H50

The molecular structure of this derivative is octacoordinate with
a space group of C2/c having a distorted square antiprismatic geom-
etry with Z=8. The packing scheme is shown in Fig. 18. Calcium is
bound to the four nitrogen atoms of the ring with a mean distance of
2.591 A[53].1tis further encapsulated by all four oxygen atoms from
the carboxyl group with the mean length of 2.418 A. N-Ca-N bond
angles formed has an average of 69.56°. The largest N-Ca-N bond
angles are measured to be on average at 107.33°. The angles formed
by the carboxyl oxygen atoms are wider at 78.25° and 126.37°. Ca(Il)
is puckered from the N4 plane by a distance of 1.549 A and displaced
from the O4 plane by 1.095 A.

3.2.14. Strontium: {(C(NH;)3),[Sr(DOTA)(H,0)]}-4H,0

[Sr(DOTA)(H,0)]?>~ is a nine-coordinate twisted square
antiprism. The ligand has all four nitrogen atoms of the cyclen ring
and oxygen atoms of the carboxyl arms bound to the metal. Water
caps the coordination sphere [61]. Strontium(Il) is bound to the
four nitrogen atoms of the polyazamacrocycle by an equidistance
of 2.732 A and to the oxygen atoms by equivalent bond lengths of
2.548 A. The ninth coordinated oxygen from the water ligand is
2.849 A from the metal center. The angles formed by N-Sr-N and
O-Sr - O are identical at 66.19° and 71.33° respectively. The metal
is displaced from the N4-plane by 1.736 A and from the O4-plane
by 0.816 A.

3.2.15. Scandium: 3(Na[Sc(DOTA)])-NaOH-18H,0

The molecular structure of 3(Na[Sc(DOTA)])-NaOH-18H,0 is
characterized by Bombieri et al. [52]. The single crystal of
[Sc(DOTA)]~ reveals an octacoordinate square prismatic geome-
try (see Fig. 19a and b). Two of the units (of three in the unit cell)
are linked by octahedral sodium atoms bound to carboxylate oxy-
gen atoms of the macrocycle and of water molecules. The other
[Sc(DOTA)]~ unit is connected to the other moieties through hydro-
gen bonds formed with water molecules. Remarkably, the bond
lengths of all Sc-N (~2.445A) bonds as well as the Sc-O bonds

Fig. 16. The packing diagram of the cerium analog of DOTA along the y-axis.
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Fig. 17. Looking down the z-axis, the units of [La(DOTA)]~ are directly coordinated via a bridge formed through a carbonyl oxygen of one of the carboxylic acid functional

groups.

(~2.154A) are symmetrical. These shorter elongations make this
structure uniquely compact compared to other square antipris-
matic DOTA analogs [52].

4. Solid state structure in correlation to stability

Correlation of the observed stabilities, log K, (defined as disso-
ciation constant), to the solid-state structures of the metal-DOTA
complexes is not as straightforward as it may seem. As a result of the
complexes’ differences in geometry, ionic size and inherent prop-
erties, various perspectives as to observed trends are presented.
Different bond lengths and angles as well as displacements from
the nitrogen and oxygen planes, dihedral angles or twist angles
where appropriate were determined and analyzed. Tables 4 and 5
lists stability constants as well as mean bond lengths, angles and
plane displacements of 6-9 coordinate metal-DOTA systems.

From Table 4, the order of stability for complexes with known
log K4 values appears: Fe(IIl) > Cu(Il) > Ga(III) > Ni(II) > Co(II) > Zn(II).
It is apparent that Fe(IlI) has the highest stability because of the
three carboxylate arms bonded to the metal center. The Fe-N mean
distance is longer than Fe-0 bond length. Fe(Ill) being a hard acid
is attracted more towards oxygen donors. The presence of an addi-
tional arm locks in the Fe(Ill) in the cage hence, any nucleophilic
attack is prevented. In contrast, six-coordinate DOTA complexes

Table 4

have lower stability. The Cu(ll) DOTA complex appears to have
Jahn-Teller distortion of its octahedron with four short bonds in
the equatorial planes and two long bonds at the axial positions.
A closer look at the bond distances of the metal and the elec-
tron donors occupying the equatorial sites of the ligand shows
that the distances are smaller in comparison to bond lengths at
the same positions with Ga(llI), Ni(II), Co(Il) and Zn(lII). Electro-
static interactions between Cu(ll) and the N- and O-donors are
stronger keeping the metal chelated. This increases the thermo-
dynamic stability of Cu(Il) against the other three metal systems.
This stability is confirmed by the Irving-Williams order of transi-
tion metal complex stabilities for divalent species in the following
sequence: Cu(II)> Ni(II) > Co(II)> Fe(Il) > Mn(II) [68]. Co(II) is less
stable than Ga(lIll) because the M-N bond distances for Co(Il) are
slightly longer than Ga(III). Ga(IIl) is also more electropositive than
the former metal ion. The DOTA complex of Zn(lI) is the least sta-
ble among the six-coordinate metal-DOTA systems due to its filled
d'%shell. Having a d'° electron configuration prevents Zn(Il) from
easily accepting charge transfers from N and O-donors. Although
it can very well form covalent compounds with N-donor ligands,
due to its lesser degree of polarization and a lack of crystal field
stabilization as a consequence of its filled shell, Zn(II) highly favors
four-coordinate tetrahedral complexes. The distortion in the octa-
hedron of this crystal structure is evident in the asymmetrical bond

List of stability constants, observed bond lengths, angles and plane displacements of metal-DOTA complexes having 6-7 coordination numbers.

Metal ion Stability constant, log K4 M-Neq average bond length, A M-0 N4-plane distance, A
Fe(III) 29.40? 2.280 2.05 1.058
24.48°
Cu(In) 22.72¢ 2.107 1.966 0.916
22.25°
Ga(IIn) 21.33? 2.112 1.934 0.840
Ni(II) 20.50¢ 2.113 2.025 0.821
20.03P
Co(II) 19.30¢ 2.166 2.034 0.888
20.27°
Zn(IT) 18.70¢ 2.171 2.037 0.891
21.099°
@ Ref. [69].
b Ref. [70].

¢ Ref. [71].
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X

Fig. 18. The packing system of Ca(OH; )3[CaDOTA]-7.7H, 0 as viewed along the y-axis is a polymeric structure bridged by discrete calcium atoms bound to the carboxyl oxygen

atoms of the monomeric units.

distances of the N and O-donor groups. From Table 2, two M-N
bonds at the axial positions are longer than the M-N bonds found
at the equatorial positions. The two oxygen atoms occupying the
other two equatorial sites are even shorter in length compared to
the nitrogen atoms in the same equatorial plane.

For the metal-DOTA complexes with coordination number
8 or 9, the order of increasing stability then is as fol-
lows:  Bi(IIl)> Lu(Ill) > Dy(I11) > GA(IlI), Ho(Ill), Tm(Ill), Sc(ID),
Y(IIT) > Eu(IIT) > Ce(IIT) > Nd(III), Pr(III) > La(IIl) > Ca(Il) > Sr(Il) (see
Table 5). Several factors affect the stability of metal-DOTA com-
plexes with 8-9 coordination states. An acidic pH catalyzes
dissociation of the metal complex because it prompts protonation

of the carboxylate and amino functional groups of the cyclen
[72,73]. The degree of distortion of the twist or dihedral angles of
the square prism and displacement of the metal from the nitrogen
plane directly influence the encapsulation of the metal by the
ligand [54].

Of all metal-DOTA structures, Bi(Ill) appears as the most stable
with a stability constant of log K; ~30.3. The mean bond dis-
tance between the coordinating nitrogen atoms and oxygen atoms
are almost equidistant at 2.5A with a difference of 0.012A. The
Bi(III)-N average bond lengths are relatively shorter causing deeper
encapsulation of the metal in the macrocyclic cage. Fig. 20 displays
the trend observed across metals with decreasing thermodynamic
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(@) b

Fig. 19. (a) The molecular structure of 3(Na[Sc(DOTA)])-NaOH-18H,0 viewed along the crystallographic z-axis; (b) From the crystallographic x-axis, an intricate network of
sodium atoms is seen bound to the lattice waters and carboxyl oxygen atoms bridge two units of [Sc(DOTA)]~.

Table 5

List of stability constants, observed bond lengths, bond angles and plane displacements of metal-DOTA complexes having coordination numbers 8 or 9.

Metal ion  Stability constant, M-N average bond M-0 average bond M-Ow* distance, A N-plane distance, A  04-plane Twist angles Isomer type
log K length, A lengths, A distance

Bi(III) 30.32 2.526 2.538 n/a 1.434 1.112 39 SA’

Y(III) 24.3¢ 2.646 2.323 2.435 1.616 0.718 40 SA
24.4f

Gd(III) 24.0P 2.663 2.368 2.463 1.632 0.715 38.5 SA
22.14
23.68
24,70

Eu(III) 23.7¢ 2.676 2.379 2.484 1.645 0.71 39 SA
26.211
28.21
23,50

Tm(III) 23.7¢ 2.279 2.529 n/a 1.466 1.064 25 TSA’
2440

Ho(III) 23.58 2.641 2.330 2.443 1.608 0.727 39 SA
24.5f
2450

Dy(III) 23.58 2.623 2.338 2.479 1.585 0.755 38 SA
23.93k
24.8h

Lu(I11) 23.58 2.614 2.279 2.416 1.586 0.732 39 SA
23.06k
29.20
25.4h

Nd(IIT) 22.58 2.703 2.416 2.508 1.676 0.684 39 SA
23.0"

Pr(III) 22.48 2.721 2.431 2.53 1.695 0.671 39 SA
23.0"

Ce(III) 21.68 2.733 2.460 2.598 1.765 0.604 25 TSA
24.6!
23.4h

La(II) 21.6° 2.782 2.493 2.554 1.822 0.715 21,23 TSA
20.78
22.9h

Ca(II) 16.37¢ 2.591 2.418 n/a 1.549 1.095 22.5 TSA’

Sr(1IIT) 14.38¢ 2.732 2.548 2.849 1.736 0.816 239 TSA

Sc(I11) 24.2m 2.444 2.147 n.a. 1.327 1.007 41.16, 40.15 SA’

*For clarity and convention, M-Ow refers to the bond formed by the metal and an oxygen from a different ligand species. 2Ref. [54]; PRef. [69], Ref. [71]; ¢Ref. [72]; ¢Ref. [74];
fRef. [75]; ¢Ref. [76]; "Ref. [77]; iRef. [78]; iRef. [79]; kRef. [80]; 'Ref. [81]; ™Ref. [82].
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Fig. 20. Plot of M-N bond distances vs. stability, log K; showing a downward trend in bond lengths with increasing stability. Stability constants are based on Refs. [54,74,77]
since the log K, constants were measured under similar conditions (e.g. same temperature).

stability versus mean M-N distance for nine-coordinate DOTA com-
plexes.

With the exception of Bi(Ill), Sc(III), Tm(III) and Ca(II), the rest of
the metal-DOTA chelates are observed to have lower stabilities due
to the presence of a ninth coordination site. The presence of a ninth
coordinating ligand is observed to pull the metal from the amine
cage. This occurrence is consistent with the observed increase in
the measured distance from the metal to the N4 plane. Dissocia-
tion through acid catalysts [73] can then readily occur. In addition,
shorter distances between the capping water molecule from the
metal center places the aquo ligand in a sterically hindered posi-
tion and the less likely it will be able to conduct hydrogen bonding
which would allow protonation of the donor atoms [47]. This is
consistent with the observed trend upon plotting the stability con-
stants vs. M-Ow distances for each enneacoordinate structure as
shown in Fig. 21. It is to be expected that due to lanthanide contrac-
tion (increasing effective charge and reduced ionic radius) that the
structure of the DOTA complexes would become more compact and
the metal bound water would be ‘pushed’ away. This would then be
reflected by alengthening of the bound water-metal distance and so
an increasing water exchange rate going from La(IIl) to Lu(IIl). The
caveat however for this section is that we are attempting to corre-
late solid-state structures with stability measured in solution. The
two do not necessarily allow for such fitting but it is interesting to us
none-the-less to follow fit versus intuitive expectations. Based on
ionic size alone, Lu(Ill) (0.861 A) should be a significantly thermo-
dynamically stable DOTA complex. From the plot in Fig. 21, Lu(III)
noticeably has the shortest metal-Ow distance next to Bi(Ill). The
water ligand is bound tightly in the crystal lattice. Lu(Ill) is displaced
from the N4-plane by 1.586 A which is more than twice the length
of its distance from the O4-plane. These observed bond lengths are
consistent with the observed stability trend for Lu(III). From Table 5,
Dy(III) has a slightly higher M-Ow elongation compared to Gd(III),
Ho(III), Sc(IlI) and Y(III). This lanthanide, however, is more tightly
encapsulated in the cavity of the macrocyle as demonstrated by
shorter M-N lengths (~2.623 A) and N-plane distance (~1.685 A).
Gd(III), Y(III) and Ho(III) crystallized in the same space group Pi.
Their stabilities vary by +0.3 units. The M-N bond lengths, M-Ow
elongations and the distances of the metal to the N4-plane are
within close range of each other. It can then be assumed that their
stabilities are more or less equivalent. On the other hand, Sc(Ill), a

d! transition metal, possesses a trivalent oxidation state making it
more electropositive. Hence, metal-ligand electrostatic and cova-
lent bonding interactions are stronger. The absence of water or a
ninth coordinating ligand at the apex of the square antiprism pre-
vents the metal from being pulled out of the macrocyclic cage. A
closer look at its crystal structure reveals a compact coordination
sphere with the mean Sc-N (~2.444 A) and Sc-O (~2.147 A) bond
lengths significantly shorter overall. With Tm(III), the lack of an
aquo ligand can effect a more compact packing of its crystal struc-
ture, effecting a greater stability among heavier lanthanides further
up the series (i.e. La(III), Ce(III), Pr(III), Nd(III), Eu(III)). Its displace-
ment from the N4-plane by 1.466 A is relatively shorter than other
lanthanide displacements. Thus, stronger electron interactions can
occur between the polycyclic amines and Tm(III). The ionic radius
of Tm(III) is also smaller than its predecessors in the series due to
lanthanide contraction [67]. The rest of the other lanthanide-DOTA
chelates have decreasing stabilities based on M-Ow bond lengths.
The lanthanum derivative is bound to another molecular unit via
carbonyl oxygen that occupies the ninth coordination site. The M-0O
bond distance (~2.553A) for this analog is consistent with the
observed trend for decreasing stability.

While lanthanides and alkaline earth metals form strongly ionic
bonds, lanthanides are found to have some degree of covalency,
reinforcing electrostatic ligand interactions compared to purely
electrostatic interactions found with alkaline earth metals [83].
Hence, Ca(Il) and Sr(II) are the least stable of the DOTA systems at
log K; ~16.37 and 14.38 respectively. These alkaline earth metals
are highly ionic in character. There is a tendency then to form salts
with electronegative anions rather than covalently bind to available
N and/or O-donors. In terms of structure, Sr(Il) is the least stable
thermodynamically because of its size and ionic charge. Accord-
ing to Fajans’ rules, cations having a low positive charge and a
large ionic size tend to form ionic bonds [68]. Furthermore, bonds
formed between two atoms with a large electronegativity differ-
ence are ionic in nature. These characteristics fit Ca(Il) and Sr(II).
The electronegativity difference between Ca and O is ~2.44 and
with N is ~2.04 [67]. The electronegativity of Sr, on the other hand,
differs from O by 2.39 and from N by 1.99 [67]. Ca(Il) and Sr(II)
have bigger ionic sizes compared to the other cations and a lower
oxidation state (+2) with an empty s valence shell. Hence, these
cations will generally favor ionic bonds with anions rather than
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Fig. 21. The plot of M-Ow against stability, log K;. Based on the trend observed, M-Ow bond distances are indirectly proportional to stability. Stability constants are based
on Refs. [54,74,77] to ensure that log K; constants are measured under similar conditions.

form covalent bonds through sp hybridization. Indeed, the nature
of bonding in lanthanide and alkali earth metal DOTA complexes
is predominantly ionic with very little covalency. Structurally, the
lack of water in its unit cell provided Ca(Il) more stability than Sr(II).
Although Ce(II) has roughly equivalent M-N bond distances, Sr(II)
has a greater displacement from the N-plane. From the observed
M-0Ow bond length, Sr(II) has the greatest bond distance from water
which is indirectly proportional to stability.

The solid phase structures of these metal-DOTA complexes do
not always reflect their structures in solution. Desreux, in 1980,
reported the existence of two square enantiomers of lanthanide-
DOTA complexes via nuclear magnetic resonance studies [84]. Since
then extensive studies have been conducted to confirm the iden-
tity of these two isomers of the LnDOTA complex in solution: square
antiprismatic (SA)and twisted square antiprismatic (TSA) geometry
(see Fig.21)[52,85,86]. In solution, the complex are seen to possess
variations involving rotation of the acetate side arms as well as the
ethylene moieties [52,85]. SA DOTA structures are shown to pos-
sess twist angles of ~39°, a minor deviation from the ideal twist
angle value of 45°. Smaller twist angles are observed for TSA iso-
mers in general (~22°-23°) [58]. A comparison of the cavities of the
TSA and SA geometries reveal that SA structures have smaller, more
compact cages than TSA [52]. The different LnDOTA complexes are

(a) (@)
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categorized in Table 5 under the two different enantiomers with SA’
and TSA'’ listed as subcategories with no ninth coordinating ligand.
These subcategories are even more compact than their counterparts
due to the lack of an apical coordinating ligand [52]. Ratios of these
isomers in solution are very difficult to elucidate with no specific
trend observed [86]. Comparisons of the solution structures of the
DOTA complexes of La(Ill) and Lu(Ill) via NMR revealed similari-
ties in their structures. These investigations observed an inversion
of stabilities at the opposite ends of the lanthanide series [62,86].
From these observations, there appears to be conformity in the sta-
bility trends between solution phase geometries and solid phase
structures of metal-DOTA complexes (Fig. 22).

5. Summary

This review puts forward different coordination geometries
of twenty-two coordinated DOTA systems. Analysis of the dif-
ferent crystal structures and correlating trends in bond lengths,
angles and plane distances are not straightforward. However,
we have categorized the crystal structures into two classifica-
tions in order to provide a thorough and clear-cut comparison
of crystallographic data. Class A metal-DOTA systems include six
to seven coordinate derivatives while Class B molecular struc-

(b)

Fig. 22. Schematic illustration of LnDOTA isomers: (a) square antiprismatic and (b) twisted square antiprismatic geometries.
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tures have coordination numbers seven to eight. For Class A,
thermodynamic stability increases in the following sequence:
Fe(IIT) > Cu(II) > Ga(III) > Ni(IT) > Co(II) > Zn(II). A higher coordination
state leads to an increase in stability due to better accommodation
of the ligand’s electron density. The bond lengths between the
metal and the amine cage are also indicative of stability with a
shorter M-N distance providing increased interaction between
the metal and electron donor. Hence, greater stability is achieved.
Class B coordinates do not behave similarly to the previous lower
coordination group with the following sequence of increasing
stabilities: Bi(IIl)>Lu(III)> Dy(IIl) > Gd(IIl), Ho(III), Tm(III), Sc(III),
Y(IIT) > Eu(IIT) > Ce(IIT) > Nd(III), Pr(III) > La(IIT) > Ca(Il) > Sr(1l). The
presence of water as the ninth capping ligand decreases the
stability of the metal complex. The plot of M-Ow bond length
and stability clearly reveals an indirectly proportional relationship
with a lowering of log K upon an increase of M-Ow bond distances.
M-N bond distances also play a role in determining stability. With
shorter M-N bond distances, the metal cation is better encapsu-
lated by the macrocycle thus limiting decomplexation. In addition,
the inherent properties of the metals (i.e. ionic size, electronega-
tivity) must also be considered to explain variability in the trends
observed. Taking all these factors in consideration the solid-state
structure can offer significant insight into complex stability.
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