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Interest in macrocyclic lanthanide complexes such as DOTA is driven largely through interest in their use as
contrast agents for MRI. The lanthanide tetraamide derivatives of DOTA have shown considerable promise as
PARACEST agents, taking advantage of the slow water exchange kinetics of this class of complex. We postulated
that water exchange in these tetraamide complexes could be slowed even further by introducing a group to sterically
encumber the space above the water coordination site, thereby hindering the departure and approach of water
molecules to the complex. The ligand 80,-bridged DOTAM was synthesized in a 34% yield from cyclen. It was
found that the lanthanide complexes of this ligand did not possess a water molecule in the inner coordination
sphere of the bound lanthanide. The crystal structure of the ytterbium complex revealed that distortions to the
coordination sphere were induced by the steric constraints imposed on the complex by the bridging unit. The
extent of the distortion was found to increase with increasing ionic radius of the lanthanide ion, eventually resulting
in a complete loss of symmetry in the complex. Because this ligand system is bicyclic, the conformation of each
ring in the system is constrained by that of the other; in consequence, inclusion of the bridging unit in the complexes
means only a twisted square, antiprismatic coordination geometry is observed for lanthanide complexes of 80,-
bridged DOTAM.

Introduction saturation transfer (CEST), employs a presaturation pulse
to selectively saturate exchangeable protons on the contrast
agent. Chemical exchange of these protons with the bulk
solvent results in an apparent decrease in the total water

gy - concentration, which appears as a darkening of the irhage.
For the development of more efficient gadolinium-based h ‘ h pi_ " ¢ the | thg de(lll g
contrast agents, it is desirable that water exchange be e water exchange kinetics of the lanthanide(lll) com-

extremely rapid. In sharp contrast to this avenue of investiga—plexes of tetraamide derivatives qf DQTA (DOTA 'is
tion, a new technique for generating image contrast has1,4,7,1O-tetraazadodecane tetraacetic acid) are found to be

recently been proposed, which requires much slower watermUCh slower than those of the polyaminocarboxylate systems

: ; : traditionally used for MRI contrast agerfts This, and the
exchangé. This technique, known as chemical exchange o : : .
X g I qu W I X g large lanthanide-induced shifts (LIS) of the exchanging amide

Control of the hydration state and water exchange kinetics
in the complexes of lanthanide(lll) ions is of considerable
importance in the development of contrast media for MRI.
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A Bridge to Isomer Selection
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and coordinated water protons, makes this type of complex 0.0 2 oot 0.0
an attractive system to study as CEST agénihese BEZTEEZERERREES

paramagnetic CEST (PARACEST) agents offer some sig-
nificant advantages over the diamagnetic molecules originally _ ) ,

8 . Figure 1. The mole fractions of the SAP (closed circles) and TSAP (open
proposed as CEST ageﬁté, most importantly, the large diamonds) isomers of DOTAM for each lanthanide ion determined by
chemical shift difference between the exchanging protons integration of resonances in thd NMR spectra of each complex recorded
on the agent and the bulk water reduces off-resonance direcin D20 at 500 MHz.
saturation of the bulk water signal.

The extent of the reduction of the bulk water signal
intensity arising from CEST is inherently connected to the
exchange rate of protons with the bulk solvent. First, the
protons must meet the slow exchange condition of the NMR
time scale, that i%.x < Aw, whereAw is the chemical shift
difference between the two exchanging pools in Hz. The next
consideration is the amount of power that is applied in the
presaturation pulse. Clearly, if a CEST agent is to be used
in clinical medicine, it is desirable that the applied presatu-
ration power be as low as possible to fall within acceptable
SAR limits for the patient. A recent complete solufiarf
the Bloch equatiori8 has been used to show that the optimal
CEST efficiency varies with both presaturation power and o . .
proton exchange rate. The results of this analysis show that,CaseS’ itis the only isomer observed in solufiéh.

as the presaturation power is reduced, the exchange rate The amide substituent can affect the exchange rate in more

ired t d the | t CEST effect b | ways than simply favoring the SAP.isomer through thg ;teric
required fo Procice the larges etiect becomes S OWerbulk. It has been shown that the size and hydrophobicity of

and slower:® In consequence, the design of more efficient h id bstituent infl f d-soh
CEST agents for use at lower presaturation powers requires € amide substituent Infiueénces access ol second-sphere

the design of lanthanide complexes with extremely slow water molgcules to the water coordination éﬁté\lt'hough .
water exchange ratesy > 1 ms iy = 1Kes).” e_xchange in thes_e octadentate systems occurs via a dissocia-
tive mechanism, it cannot occur unless there is a second water
molecule available to replace that which is coordinated to
the metal ion. Bulkier and more hydrophobic groups that
hinder the access of these other water molecules have been

Lanthanide lon

exchange in the TSAP isomer is much faster than that in
the SAP isomer, as much as 1 or 2 orders of magnitude
faster®14717 |t is important, therefore, that a PARACEST
agent derived from DOTA adopt a SAP coordination
geometry. For complexes of a simple tetraamide ligand such
as DOTAM (Chart 1), it can be seen that the proportion of
the SAP isomer present in solution is dependent upon which
lanthanide ion is used to form the complex (Figure 1). As
the ionic radius of the lanthanide ion becomes smaller, the
proportion of SAP isomer present increases. This would seem
to limit enquiry into the later lanthanide ions; however, it is
also found that, as the size of the amide substituent increases,
the SAP isomer becomes increasingly favored, and in most

In order to achieve this goal, it is necessary to have a good
understanding of the factors that effect water exchange in
DOTA-tetraamide complexes. The first consideration is the

coordination geometry of the lanthanide ion. In the lan- shown to slow water exchand®To explore the potential

thanlde(lll_) complexes of DOTA, and its derivatives, two effects of amide substituents further, we hypothesized that
conformational isomers are observed, a monocapped square

. : -~ introducing a bridged substituent over the water coordination
antiprism (SAP) and a monocapped twisted square antiprism_. . . I .
11213 1+ : ; site would hinder dissociation of the coordinated water
(TSAP)! It is now well-established that the rate of water .
molecule and, thereby, slow exchange. To further reinforce

this restriction upon the coordinated water molecule, two

(6) Aime, S.; Barge, A.; Bruce, J. |.; Botta, M.; Howard, J. A. K.; Moloney,
J. M.; Parker, D.; de Sousa, A. S.; Woods, 3.Am. Chem. Soc.

1999 121, 5762-5771. (14) Dunand, F. A.; Aime, S.; Merbach, A. H. Am. Chem. So00Q
(7) Woods, M.; Woessner, D. E.; Sherry, A. Dhem. Soc. Re 2006 122 1506-1512.
500-511. (15) Woods, M.; Aime, S.; Botta, M.; Howard, J. A. K.; Moloney, J. M;
(8) Zhang, S.; Merritt, M.; Woessner, D. E.; Lenkinski, R. E.; Sherry, A. Navet, M.; Parker, D.; Port, M.; Rousseaux, d.Am. Chem. Soc.
D. Acc. Chem. Re2003 36, 783-790. 2000 122, 9781-9792.
(9) Woessner, D. E.; Zhang, S.; Merritt, M. E.; Sherry, ANIagn. Reson. (16) Woods, M.; Kovacs, Z.; Zhang, S.; Sherry, A.Angew. Chem., Int.
Med. 2005 53, 790-799. Ed. 2003 42, 5889-5892.
(10) Bloch, F.Phys. Re. 1946 70, 460-474. (17) Woods, M.; Botta, M.; Avedano, S.; Wang, J.; Sherry, Aalton
(11) Aime, S.; Botta, M.; Ermondi, Gnorg. Chem1992 31, 4291-4299. Trans.2005 3829-3837.
(12) Aime, S.; Botta, M.; Ermondi, G.; Terreno, E.; Anelli, P. L.; Fedeli, (18) Aime, S.; Barge, A.; Batsanov, A. S.; Botta, M.; Castelli, D. D.; Fedeli,
F.; Uggeri, F.Inorg. Chem.1996 35, 2726-2736. F.; Mortillaro, A.; Parker, D.; Puschmann, Bhem. Commur2002
(13) Hoeft, S.; Roth, KChem. Ber1993 126, 869-873. 1120-1121.
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Scheme 1. The Synthesis of2
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aReagents and conditions: (i) BnOCOCI/&@H,, 0 °C (91%); (ii) BrCHCONH,/CH3;CN/K2CGO;, 55 °C (69%); (iii) Ho/Pd on C/EtOH (91%); (iv)
CICH,COCI/CH,CI,/K,CO;5, 0 °C (84%); (V) CHCN/K2COs, 50 °C (60%).

ether oxygen atoms were incorporated into the bridging group observed with tetraamide derivatives of DOTA. Eventually,
with the idea that they may induce a hydrogen-bonding it was found that complexes could be formed by increasing
interaction with the protons of the coordinated water mol- the pH of the complexation reaction above 8 via addition of
ecule. Accordingly, the new ligand, 8@ridged DOTAM sodium hydroxide and by heating the reaction for several
1, was prepared, and its lanthanide complexes were inves-hours.

tigated as potential CEST agents. B. Crystal Structure of Yb8O-Bridged DOTAM. An
. _ X-ray-quality crystal of Yb8@-bridged DOTAMT(NOs )3
Results and Discussion was grown by slow evaporation of an aqueous solution of

A. Synthesis. 80,-bridged DOTAM 1 was prepared the complex at room temperature. The structure obtained by
according to Scheme 1. Two of the nitrogen atoms of cyclen X-Tay diffraction is shown in Figure 2, and selected geo-
were selectively protected in trans positions with benzyl- Metrical parameters are presented in Tables 1 and 2. Three
carbamates, using established proced¥&sThe two un- complexes, each with three nitrate counterions, crystallized
protected nitrogen atoms ¢f were then alkylated using N @Psiz1Space group along with six water molecules. The
bromoacetamide, with potassium carbonate as a base, ififé& complexes of each unit cell were rotated “1&@h
acetonitrile. Subsequent crystallization from hot acetonitrile f€SPect to one another (see packing diagram, Supporting
afforded3 in 69% yield. The protecting groups were then Information Figure S2). Each complex in the unit cell
removed by hydrogenolysis over a palladium on carbon adopted the same, highly ordered .structure and was com-
catalyst to yield DO2AM4, to 91% vield. The bridging unit ~ Pletely C. symmetric. The cyclen ring adopted the usual
was then prepared by condensing 2.5 equiv of chloro- [3,3,3,3] conformation with N-C~C—N torsion angles of
acetylchloride with 2,2(ethylenedioxy)bis(ethylamine) in ~ —59-3 and—54.T, indicating that the macrocycle is under
dichloromethane. The resulting diamiBewas purified by ~ SOme strain that distorts two of the ethylene bridges slightly
recrystallization from ethyl acetate. The disubstituted cyclen from the usual gauche conformation. Despite this distortion,
4 and the bridging fragmerf were then coupled together ~the nitrogen atoms of the cyc_len ring continued to gdopt the
in a macrocyclization reaction. To promote macrocyclization Coplanar arrangement that is usually observed in cyclen
and minimize the extent of polymerization side reactions, Complexes (Figure 2 tog}.The coordinating amide oxygen
this reaction was performed at high dilution (3 mM) in atoms also_adopted a coplanar arrangement that is _charac—
acetonitrile using a stoichiometric ratio of the reactants. After teristic of this type of comple% and although the ytterbium
an aqueous workup and recrystallization from ethanol, ligand 10N Was, as is usual, sandW|zc4hed between these planes, its
1 was afforded in 60% yield (the overall yield from cyclen POsition was quite unusuét?* A number of geg;netrlc
was 349%), a good yield for the formation of a 21-membered Parameters for Yb, three complexes of DOTANE™>and
macrocycle! Complexation of lanthanide ions with this W0 DOTA* complexes are collected in Table 1. From this
ligand proved somewhat more difficult than is usually (22) Meyer, M. Dahaoui-Gindrey, \/.: Lecomte, C.. Guilard, Goord.
Chém. Re. 1998 178-180, 1313-1405.

(19) Kovacs, Z.; Sherry, A. DSynthesisl997, 759-763. (23) Zhang, S.; Michaudet, L.; Burgess, S.; Sherry, AAbgew. Chem.,
(20) De Lém-Rodfguez, L. M.; Kovacs, Z.; Esqueda-Oliva, A. C; Int. Ed. 2002 41, 1919-1921.

Miranda-Olvera, A. D Tetrahedron Lett2006 47, 6937-6940. (24) Barge, A.; Botta, M.; Parker, D.; Puschmann, Ghem. Commun.
(21) Jacques, V.; Desreux, J. F. Tine Chemistry of Contrast Agents in 2003 1386-1387.

Medical Magnetic Resonance Imagjiderbach, A. E., Toth, E., Eds.; (25) Bombieri, G.; Marchini, N.; Clattini, S.; Mortillaro, A.; Aime, $org.

John Wiley and Sons: New York, 2001. Chim. Acta2006 359 3405-3411.
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A) will be defined by the conformation of both macrocycles.
The pendent arms in DOTA-type complexes bind coopera-
tively; therefore, all of the pendent arms adopt the same
orientation as those that are part of the 21-membered
macrocycle. This means that the pendent arms adopt the same
helicity as that of the two macrocyclic systems, thatdis,
confersA and 4 confers A, and this results in a TSAP
coordination geometry.

The result of adopting this coordination geometry is that
the Qy plane is pushed away from the, Nlane, as required
by the smaller WO, torsion angle in the TSAP isomer
compared with that of the SAP isomer. The 2.496 A distance
that separates these planes is characteristic of a TSAP
isomer?>26and although this increase in thg-ND, distance
has been shown to accelerate water exchange by pushing
the water molecule away from the metal ion, it does not
usually result in the water molecule being pushed off the
complex completely. However, when this increase ii-N
O, distance is coupled with movement of the ytterbium ion
toward the N plane, it results in a significant decrease in
the O-Yb—O angle (). Lukes and co-workers have
suggested that, if this ©Yb—0 angle falls below 13% then
steric and electrostatic repulsions prevent a water molecule
Figure 2. The crystal structure of Ybwith hydrogen atoms and nitrate ~ ffOM gaining access to the metal’'s inner coordination
counterions omitted for clarity. The side view (top) shows the mean planes sphere2_9 So the distortions observed in the coordination

of the macrocyclic nitrogen atoms, the amide nitrogen atoms, and the amide ; ; ;
oxygen atoms. It also shows the hydrogen-bonding interactions betweenSphere of Y result in exclusion of water from the inner

the two water molecules of crystallization and a primary amide proton and Coordination sphere because the-¥h—O is significantly
the ether oxygens. The hydrogen-bonding interactions are represented agmaller than that observed in similar complexes (Table ]_)_

dot_ted_ Iine_s. The top view (bottom) clearly shows the twisted square, The question still remains Why this complex should adopt
antiprismatic geometry of the complex. . .
such a strained conformation. The answer can be found by

information, and that available elsewhéfédit is clear that looking at the dimensions of the complex with respect to
the lanthanide ion in complexes of DOTA, or its derivatives, those of its bridging unit. The bridging unit of b
lies much closer to the oxygen donor atoms than it does to incorporates two of the corners of the 21-membered mac-
the macrocycle. Generally speaking, the lanthanide ion is rocycle, and these two corners lie 6.10 A apart. The six
approximately twice as far from thesNlane as it is from  central atoms of the bridging unit adopt a coplanar arrange-
the O, plane; however, in Yb, the ytterbium ion lies aimost  ment and lie parallel to the Nand Q coordinating planes.
halfway between these two planesd= 0.57). Although it~ The amide nitrogen atoms of DOTAM complexes lie over
is almost universally the case that DOTA-tetraamide com- 8.5 A apart, regardless of the coordination geometry or metal
plexes of ytterbium adopt a SAP isomer (Figure 1), it should jon radius®*~25 In consequence, the bridging unit of ¥b
not be a surprise that Wbadopts a TSAP coordination  pulls the two amide nitrogen atoms of the 21-membered ring
geometry. The N-O, twist angle ) in Ybl is —26.8, together such that they lie ové A closer together than is
typical of the values observed for other complexes that adoptusually observed (Table 1). This has the effect of moving
the TSAP isomer (Table #§:**The reason why Ybadopts  the coordinating oxygen atoms closer together over the
a TSAP coordination geometry may be found by considering |anthanide ion and reducing the-0’b—O angle. However,
how the ligand system is viewed. As presented in Chart 1, jt appears to be imperative that the four coordinating amide
it is easiest to consider the complex as a modified DOTA- oxygen atoms remain in-plane since each atoms lies on the
type structure; however, this ligand system is, in fact, mean plane (Figure 2 top). Indeed, the two independent
bicyclic, consisting of 12- and 21-membered ring systems. pendent arms also move together to facilitate this. Perhaps
As each ring shares two ethylene bridges, the system will more significant, in order to accommodate this coplanar
have the lowest energy when the two rings have the samearrangement of the amide oxygen atoms, the two amide
conformation, eitheo or 1. Since the 21-membered ring nitrogens that are part of the bridging unit are levered upward
incorporates two of the ligating amide pendent arms of the by the bridging group. This brings the bridging amide
complex, the orientation of these two pendent armso( nitrogens above the mean plane of the four amide nitrogen

: — — : atoms (Figure 2 top) and the nonbridging amide nitrogens
(26) gﬁgﬁg&;gfgz]gigf” Calabi, L; Aime, S.; Botta, Morg. below the mean plane. This distortion is only possible

(27) Dickins, R. S.; Batsanov, A. S.; Howard, J. A. K.; Parker, D.; because of the flexibility of the NC—C—O chelating group.
Puschmann, H.; Salamano, Balton Trans.2004 70-80.

(28) Parker, D.; Puschmann, H.; Batsanov, A. S.; Senanayakeokg. (29) Lukes I.; Kotek, J.; Vojtéek, P.; Hermann, PCoord. Chem. Re
Chem.2003 42, 8646-8651. 2001 216-217, 287-312.
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Table 1. Selected Geometric Parameters from the Crystal Structures bf Yb

N-C-C-O
torsion angle

complex Y YbDOTAM? GADOTAMP PrDOTAM® NdDOTAd CeDOTA
coordination TSAP SAP SAP TSAP SAP TSAP
geometry
o [°] 26.8 40.1 37.1 22.9 39.0 24.4
q 0 1 1 1 1 1
B 122.3 141.9 142.7 140.9 145.9 143.5
B I°] 124.4 143.2 144.7 1433 148.2 145.0
alA 7.562 8.574 8.876 8.776
a [A] 8.239 8.688 8.914 8.829
b [A] 3.957 4.354 4.494 4611 4.621 4.657
b [A] 4.073 4.363 4522 4.632 4.648 4.706
N—C—C—0 [] (max) —-23.4 28.7 37.2 29.4 33.9 31.7
N—C—C—0 [*] (min) -5.9 175 28.0 16.5 12.7 23.2
c[A] 2.496 2.304 2.339 2.528 2.360 2.528
dic 0.57 0.68 0.68 0.69 0.71 0.70

aData from reference 23.Data from reference 24.Data from reference 25.Data from reference 26.

Table 2. Selected Bond Lengths [A] and Angleq for Yb13*(NOs)s to one of the protons of the primary amide protons, as well
Yb—0(9) 2.260(2) Yb-O(42) 2.303(2) as with the ether oxygens. The hydrogen-bonding interactions
\C()t()g_)N(\RJ ®) 1222.521722% \(()t(rgr;l\(fb) o) 75.25?5)3) appear to be quite strong, with bond distances of just 2.013
O()-Yb—O(42)  76.14(10) O(@ZyYb—0(42) 124.41(13) and 1.926 A for the ©0 and O-N distances, respectively.
O(9)-Yb—N(1)  155.82(10)  O(42Yb—N(1Yy 85.67(9) C. Ln80,-Bridged DOTAM Complexes in Solution.
(ND((%:\q(t;J—il;l\l((ll)) 1?;-?28)4) %((1227;\2{%—7'\,‘\]((12), 15?-112((3)) 1. Solution State Dynamics of Yb8G-Bridged DOTAM.
N(1)—Yb—N(4) 71.09(10) O(42)Yb—N(4)  156.87(9) The!H NMR spectrum of YR (Figure 3) shows 18 resolved
N(1)—Yb—N(4) 72.33(10)  O(9-Yb—N(4) 126.97(10) resonances consistent with a complex hav@agymmetry
N(4y—=Yb-N(4)  110.57(14) ~ O(9)Yb—N(4) 87.04(9) in solution, as it has in the crystal structure. An initial

O2-Yb—N@®)  67.14(9)  OU2-Yb-N()  158.87(9) assignment of the spectrum was performed on the basis of

In other complexes, this angle may vary substantially; even *H—'H 2D COSY and EXSY (exchange spectroscopy)
within the same complex, it may rise as high as 88 as spectra, with reference to the spectra of other related
low as 12. In Yb1, for the independent pendent arms, this complexes3*3L A full description of the coupling in the
torsion angle is in the middle of this range (Table 1); in COSY and EXSY spectra can be found in the Supporting
contrast, this torsion angle in the bridging unit is an Information (S3-S6). In general, the most downfield-shifted
unprecedented 5°9This represents an extremely strained resonances of the macrocyclic ligand in DOTA-type com-
chelate ring. The closing of thisNC—C—O torsion angle plexes of ytterbium are the axial protons located on the
is found to have significant consequences as the ionic radiuscarbon at the side of the macrocycle, labeled here &s ax
of the lanthanide increases, as described later. (Figure 3). These protons exhibit characteristic coupling
There is no interaction between the ytterbium ion and the patterns with the other protons of the ethylene group on
ether oxygen atoms of the bridging unit of ¥lihese Yb-O which they are located. In the COSY spectrum, an intense
distances are in excess of 4.8 A. However, these ethercross peak is observed for the geminal coupling with the
oxygens are involved in hydrogen-bonding interactions with equatorial proton on the same carbonedhe two vicinal
the water molecules found in the crystal structure. Each couplings have different intensities as a result of the Karplus
complex molecule is associated with two water molecules relationship®2 Thus, a second, weaker coupling is observed
of crystallization, one on each side of the bridging unit. These between the (a8 axial proton and the axial proton on the
water molecules form the so-called second hydration spherecarbon at the corner (8 The weakest coupling is between
of the complex® These two water molecules are closely axial protons and the equatorial proton on the adjacent carbon
associated with the complex, each forming a hydrogen bond

(31) Jacques, V.; Desreux, J. IRorg. Chem.1994 33, 4048-4053.
(30) Botta, M.Eur. J. Inorg. Chem200Q 399-407. (32) Karplus, M.J. Am. Chem. S0d.963 85, 2870-2871.
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. . ; . . Figure 4. The effect of the possible exchange processes on the position
120 100 80 60 40 20 0 -20 -40 3/ppm of protons on the ethylene groups of cyclen in lanthanide complexes 80
Figure 3. TheH NMR spectrum of YA recorded in RO at 500 MHz bridged DOTAM.

with solvent suppression. The assignment of the spectrum is based upon . . . . .
the COSY, EXSY, and shift analysis data. Axial and equatorial protons are Of the other coordination isomer. When both ring flip and

designated ax and eq, respectively. The acetamide protons are designatedrm rotation exchange processes occur in a complex, two

ac, and those on the bridging unit are br. The designation C indicates that orqgg peaks are observed for each resonance of the macro-
the proton is located on a carbon at the corner of a ring, and the designation

S indicates that the proton is located on a carbon on the side of a ring. TheCy.CI.iC ring. OccaSionallyv a t.hird peak may .be observed,
protons on the central ethylene group of the bridging unit, which is arising from sequential ring flip and arm rotation, and these

antiperiplanar rather than gauche, are designatefdithe internal proton motions combined interconvert the two enantiomers of the
and bF for the external proton. L . .
same coordination geometry. With the use of all of this

at the corner, for example, &x ecf. This coupling is often information, it is possible to make the assignment shown in

too weak to be observed in the COSY spectra of these F19ure 3. _ _ _

paramagnetic complexes. Owing to the quality of the COSY 1 he most shifted resonance in the spectrum ofl Y&

spectrum acquired for Yb the two vicinal coupling cross coupled to just one other resonance, with which it also

peaks cannot be distinguished from noise, and only geminal exchanges. These two resonances correspond to the protons

; o o

coupling is observed. Nonetheless, in concert with the EXSY onEthe central ethylene group of the bridging unlt @nd

data, enough information is present to allow an assignmentbr. ). The only other protons in the complex which couple

to be made. with just one other proton with which they also exchange
The protons of the macrocycle also exchange places with are the acetamide protons that ardo the nitrogen atoms

one another, and these exchange processes may be foIIoweB‘c cyclen (Qé and a‘?’- These protons are e_asny identified
by EXSY 131531330 DOTA, and its tetraamide derivatives, on the basis of their exchange and coupling patterns and

the two coordination isomers, SAP and TSAP, may inter- because these protons experience a large upfield shift. The

convert by two processes, a reorientation of the pendent armsm(.)tons of the ethylene group on the S'd.e of the bridging
or a conformational ring flip of the macrocycie3The effect unit undergo exchange only with their geminal partners, and

of these exchange processes on the position of protons Onther_efore, th_ese weakly S.h ifted protons may be readll_y
the cyclen macrocycle is shown (Figure 4). It can be seen assugped. This leaves the elght resonances of the cyclen ring
that arm rotation has the effect of moving a proton from showing only one cross peak in the EX.SY spectrum for each
one coordination isomer to the other, without altering the of these_ Cyden resonances. C_omparlng these EXSY cross
position of that proton on the ethylene group. A ring flip peaks with the information provided by the COSY spectrum
on the other hand, has the effect of moving the proton fro’m shows that this exchange motion is equivalent to a sequential

one coordination isomer to the other, but it also changes its fing fll'p _artld .tarm ro:_atlon.. ;I;]hes? mott;]ons ctonvert the
position on the ethylene bridge; a&xchanges with égof C?hmlp exinto 1ts en:;n |omer|, ere %e,th € prcf) tc;]ns c:jr_1 onet
the other coordination isomer, andSezxchanges with &x ethylene group exchange places with those of the adjacen
ethylene group of the opposing enantiomer, that i§; ax
(33) Woods, M.; Kovacs, Z.; Kilig, R.; Bricher, E.; Zhang, S.; Sherry, effﬂ'v ef, < ax’, and so forth (Supportlng Information
A. D. Inorg. Chem 2004 43, 2845-2851. Figure S6). In order to complete the assignment of'the

Inorganic Chemistry, Vol. 46, No. 7, 2007 2589



NMR spectrum of YH, an analysis of the ytterbium-induced

shifts was performed, comparing the observed shifts to those

calculated from the crystal structure. This analysis allowed
the position of each ethylene group of cyclen and the
acetamide protons to be determined. More significantly,
however, this analysis would also show that the structure

observed in the crystal was, in fact, the same as that found

in solution.
2. NMR Shift Analysis of Yb80O,-Bridged DOTAM.
Ytterbium is an extremely useful probe for analyzing

lanthanide-induced shifts (LIS) because its pseudocontact (or

dipolar) shift contribution significantly dominates over its
contact contribution. In complexes such as this that have low
symmetry, the pseudocontact shifh)(is made up of a
second-order axial term and a rhombic term (e 1)

D(3co§0—1)

1
r3

sin 20 cos 2

r3

AP =

+D; @)

where (, 0, ¢) are the Cartesian coordinates of the ligand
proton with the ytterbium ion at the origin and tkeaxis
along the principal magnetic axi®; andD, are constants
for a given complex determined by the principal components
of the molecular magnetic susceptibility tensor and defined
by eqgs 2 and 3.

D1 =%n— TrT(X) 2
D2 = (Xxx - ny) (3)

In complexes with lower symmetry, the pseudocontact
shift also contains contributions from the nondiagonal
components of magnetic susceptibility tensor components,
Axy Xxo @Ndyyz Thus, the pseudocontact shift is given by eq

1

"D
~ Xy B%[]] + N[xxﬁrx? XEX?ZD xyﬂygzlz]]

4

This relationship means that the experimentally observed
shifts can be compared with the shifts calculated for a given
structure of the complex. First, the experimental pseudo-
contact shifts AP°) were found by use of eq 5.

APS =

pc _ éexp_ Adia (5)
whered®® is the observed chemical shift of the proton and
whereA% is the diamagnetic contribution to this shift. This
diamagnetic contribution was estimated from the chemical
shift of the diamagnetic lutetium complex. TRE NMR
spectrum of Ld is relatively complex, with several over-
lapping resonances; however, on the basis of the known

deshielding effects of the heteroatoms of the ligand and with

(34) Di Bari, L.; Pintacuda, G.; Salvadori, Bur. J. Inorg. Chem200Q
75—-82.
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Table 3. The Experimental and Calculated Pseudocontact SAf3,
for All of the Protons in YA

APYppm

1H assignment exptl calcd

Ethylene Group of Cyclen under Bridged Arins

ad 86.9 85.5+ 1.7
ec® 12.9 11.9+-1.4
edf 13.9 15.1+ 1.4
axt —24.5 —224+15
Ethylene Group of Cyclen under the Independent Arms
ad 90.4 86.5+ 2.3
ecP 10.8 16.6+ 4.6
edf 0.9 27+11
axt -57.5 —555+ 1.6
a-Acetamide Protons on Bridging Uhit
act —54.5 —56.8+ 2.1
ac —38.6 —41.0+19
o-Acetamide Protons on Independent Afms
act —71.7 —729+19
ac —29.1 —-31.9+2.1
Bridging Unit
praxs 4.7 5.0+ 1.0
breas -1.3 -15+11
breac 135 10.4+ 3.3
praxc 15.3 14.8+ 1.5
br! 99.3 99.5+ 1.1
brE 36.1 36.6+ 1.4

alLabeled blue in Figure 4 Labeled red in Figure & Labeled green
in Figure 4.9 Labeled orange in Figure 4Labeled black in Figure 4.

assistance from the EXSY spectrum (Supporting Information
Figure S12), a reasonable estimate of the diamagnetic shift
of each proton was obtained. Subtracting these values from
the observed shift of the corresponding proton in the
ytterbium complex afforded experimental values A¥.

The coordinates of all of the atoms in the crystal structure
of Ybl were transformed onto a framework that had the
ytterbium ion as its origin, with the axis passing through
the center of the cyclen nitrogen and oxygen amide planes.
The coordination prism was oriented such that xrendy
axes were parallel to the sides of the square of the nitrogen
plane of the cyclen ring (Supporting Information Figure S12).
From the Cartesian coordinates determined in this way, the
pseudocontact shift of each proton could be calculated using
eq 4. A least-squares fitting procedure was performed in
Microsoft Excel, minimizing the difference between the
observed and calculated pseudocontact shifts of the protons
in Ybl. This procedure afforded an axial magnetic compo-
nent,D; (yz — Tr(y)/3) = 5785.4+ 149.6, and a nonaxial
magnetic componenD, (xxx — xy,) = —1484.6+ 73.4,
indicating that the primary magnetic component of the ligand

field lies along thez axis. The agreement factory([Aeyp

AcamﬁlAexptﬂl’Z) obtained for this procedure was 4.95%.
The observed and calculated pseudocontact shifts for each
proton are collated in Table 3. Considering the close
agreement between the two sets of values, it seems reason-
able to conclude that the structure of Iim solution is very
close to that observed in the crystal structure.

3. Solution State Dynamics of Eu8@Bridged DOTAM.

The NMR spectra of some other, later lanthanide ions,
holmium and erbium, also exhibit 18 resonances (data not
shown), consistent witl, symmetry. However, in the NMR
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Figure 6. Representations of the two macrocyclic systems to be found in
A J 1. Cyclen adopts the classic [3,3,3,3] conformation (left); the 21-membered
R macrocycle (right) that incorporates half of the cyclen ring as well as the
60 50 40 30 20 10 O -10 -20 -30 &/ ppm bridging group is more complex, incorporating five genuine corfers.
However, it can be seen that both macrocycles adopt the same conformation,
defining the orientation of the amide pendent arms.

nitrogen out of plane and distorting thefC—C—O torsion
angle. Clearly, as the metal ion gets larger, the distortion of
the N—C—C—0 torsion angle will increase until it eventually
reaches Dand there is no more give in the system. At this
point, the bridge is too short to reach across the complex if
the 21-membered macrocycle adopts the [7,5,4,2,3] ring
conformation shown in Figure 6 and observed in the crystal
structure of YH.3% The only way in which the bridge can
___ span the complex is if the 21-membered macrocycle alters
its conformation to make the bridging span longer. In
practice, this can be achieved by moving one of the corners
toward the coordinating amide group and effectively incor-
porating another atom into the bridging span. This would
spectra acquired for earlier lanthanide ions with larger ionic involve the 21-membered ring adopting the [6,6,4,2,3]
radii, such as europium or praseodymium, 36 resonancesconformation shown in Figure 6. It would also render the
were observed (Figure 5). bridging unit, and the rest of the complex, completely

There are essentially two possible explanations for this asymmetric®
observation; either the complex undergoes a small confor- In common with the EXSY spectrum of bthe EXSY
mational shift and loses all symmetry or a second coordina- Spectrum of Ed (Figure 7) shows only a single cross peak
tion isomer is observed for the earlier lanthanide ions such for each of these cyclen resonances, consistent with exchange
as occurs with DOTAM (Figure 1). However, all 36 Of two enantiomers. In this case, all of the protons of one
resonances in the spectra of boti Bnd Ed are of equal  €thylene group of cyclen exchange with those of an adjacent
intensity, suggesting that loss of symmetry is a more likely €thylene group. Comparing these exchanging pairs with the
explanation. The COSY and EXSY spectra oflEanalyzed COSY spectrum reveals that the exchange process here is
on the same basis as those of IYlallowed a partial also one that corresponds to sequential ring flip and arm
assignment of the NMR spectrum (Supporting Information). rotation. Since the conformation of the cyclen ring is found
A full breakdown of the COSY and EXSY spectra is given 1o influence the conformation of the bridging unit, and thus
in the Supporting Information (S7511). From analysis of  the orientation of the pendent arms, in the crystal structure
the COSY spectrum, it is possible to identify 28 resonances of Yb1, it would be easy to conclude that ring flip and arm
associated with seven ethylene groups. For three of thesgotation must be a concerted process and that the SAP isomer
ethylene groups, the exchange was found only betweenis completely inaccessible. However, a high-resolution emis-
protons on the same carbon. As in the case of, hese  sion spectrum of Elireveals that twaAJ = O bands are
ethylene groups correspond to the three ethylene groups oforesent around 578 nm (Figure 8). Since this emission band
the bridging unit. The presence of three magnetically distinct is nondegenerate, a single line is observed for each coordina-
ethylene groups in the bridging unit confirms that the tion environment of europium present in solution. The more
symmetry of the complex has been lost by incorporating a intense peak at 578.2 nm clearly arises from the TSAP isomer
larger metal ion. The remaining four ethylene groups, Of Eul and confirms that this isomer is a single asymmetric
therefore, correspond to the four magnetically inequivalent complex in solution. However, a smaller peak is also
ethylene groups of the cyclen ring. observed at 577.4 nm; this observation prompted a re-

The reason for this sudden loss of symmetry is most likely €xamination of the NMR spectrum of & Just visible in
the short length of the bridging unit. We have seen how, in

(35) Dale, J.Top. Stereochen976 9, 199-270.

the yt_tert?ium C_Omp|ex’ the bridging unit pullgd the tWC_) (36) Muller, G.; Kean, S. D.; Parker, D.; Riehl, J. P.Phys. Chem. A
coordinating amide groups closer together, levering the amide 2002 106 12349-12355.

30 20 10 0 -10 -20 &/ ppm

Figure 5. TheH NMR spectra of Pt (top) and Ed (bottom) recorded
in D,O at 500 MHz with solvent suppression.
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Figure 7. The!H EXSY spectrum of Elirecorded at 500 MHz and 298

K in D20 with solvent suppression.
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Figure 8. The emission spectrum of Euecorded at 0.05 nm resolution

in water.
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coordination sphere, as observed in the crystal structure of
Yb1, would significantly reduce the utility of the complex
as a PARACEST agent. Although, it may be possible to use
the amide NH protons for this purpodeGiven the correla-
tion between the observed and calculated shifts for the crystal
structure of YH, it is reasonable to assume that the
O—Yb—0 angle does not alter significantly from the crystal
to the solution state and that the ytterbium complex is also
g = 0 in solution. This idea is supported by the fact that no
CEST effect arising from a coordinated water molecule could
be observed for the ytterbium, dysprosium, or europium
complexes. However, to confirm the absence of an inner-
coordination-sphere water molecule in these complexes,
independent value determinations were performed for the
dysprosium and europium complexes.

Theq value of a dysprosium complex may be determined
by measuring thé’0O NMR chemical shift of the solvent
water as a function of the dysprosium complex concentra-
tion.3” Inner-sphere water molecules that exchange rapidly
with the bulk solvent cause an upfield shift of the solvent
resonance. The extent of this upfield shift is proportional to
the number of inner-sphere water molecules. Therefore, by
measuring the difference between #@ shift of water and
that of the water in a solution of the dysprosium complex at
different concentrations, a linear regression analysis may be
performed to determing. When this experiment was
performed on DY, a q value of 0.03 was obtained (see
Supporting Information Figure S14). Although this method
assumes that the coordinated water molecules are in rapid
exchange with the bulk solvent, a molecule in slow exchange
would most likely have resulted in a CEST effect; therefore,
this possibility may be ruled out. Thus, we may conclude
that the dysprosium complex is also absent of any inner-
sphere water molecules.

The hydration state of the europium complex was mea-
sured using an adaptation of Horrocks's method. The vibronic
levels of OH oscillators overlap with those of the excited
state £Do) of europium better than those of OD oscillators.
Horrocks and Sudnick exploited this difference and, by
comparing the rate of luminescent decay in bo#®rand
D,O, were able to determine the hydration state of a
europium ion®3° Parker and co-workers proposed a modi-

the baseline of the spectrum, small peaks may be observedication to this method that would take into account other
(Supporting Information Figure S13), and in particular, oscillators such as outer-sphere oscillators and amide NH
resonances corresponding to 4 proton$S)(may be observed  oscillators. They indicated that] could accurately be
between 40 and 50 ppm. The chemical shifts of these protonsdetermined by using eq 6, whetés a correction factor for
are consistent with the presence of trace amounts of the SAPother oscillatord® The luminescent decay rate constants in
coordination isomer. Although this coordination geometry H,O and QO were determined for Bu(ky,o = 1.27 s1,
must be high in energy because the conformations of thekp,o = 0.698 s?). Subtracting a contribution of 0.075 for
cyclen ring and the bridging unit must be opposed, its each of the 6 NH amide oscillators gave a valug ef 0.15,
presence clearly indicates that ring flip and arm rotation a value typical of the outer-sphere contribution in this type
r?mam mdepend?nt motions in this _complex. There is not a (37) Alpoim, M. C.; Urbano, A. M.; Geraldes, C. F. G. C.; Peters, JJA.
single concerted intramolecular motion. Therefore, although Chem. Soc., Dalton Trand992 463-467.
the predominant species in solution is the TSAP isomer (38) Horrocks, W. D., Jr.; Sudnick, D. R. Am. Chem. S0d.979 101,
(A(0000) and A(4244)), the SAP isomer is accessible, (3 ?4304rr§c4k%, W. D., Jr.; Sudnick, D. Rcc. Chem. Red981, 14, 384-
although it is present in only trace amounts. 392. o

4. Hydration State and Relaxometry Studies.The (40) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker, D.;

) g Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, 81.Chem.
absence of a coordinated water molecule from the inner Soc., Perkin Trans. 2999 493-504.
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of complex?® Thus, it may be concluded that Eus also Table 4. Protonation Constants of 8@ridged DOTAM, DOTAM,
without a water molecule in the inner hydration sphere and DOTA and Their Stability Constants with Some Lanthanide®ons

equilibrium constant 1 DOTAM DOTAC
q=1.20Ky0~ kp,0 — ) (6) log K 8.44 (0.02) 9.08 12.60
log K& 5.51 (0.03) 6.44 9.70
In addition to thesg value determinations, the relaxivity log K§ - - 4.50
of Gdl was determined. The relaxivity, or the increase in log Ky - - 4.14
. . . .. H — —
the longitudinal proton rate of water per unit gadolinium log K5 2-35
complex, is composed of an inner-sphere and an outer-sphere log Keer 4.85(0.06) 11.93 234
) e log Keut 6.44 (0.08) 13.54 23%
component. The inner-sphere component is directly related log Koy 9.58 (0.06) B 25,0
to the number of water molecules coordinated to the log Keut _ 13.53 _
gadolinium ion and the rate at which they exchange with aTh ant determined at°Zsi ionic back aYof
.o . 1 o1 e constants were determined a In an lonic backgroun [0}
the bulk solvent. The relaxivity of Gdis 1.79 mM™ s 1.0 M KCl (in the case of DOTAJ = 0.1 M MeNCl). The standard

(25 °C and 20 MHz); in contrast, the relaxivity of deviations are given in parentheseyalues taken from ref 41 Values
GdDOTAM (g = 1) was reported as 2.5 MM st (25°C taken from ref 429 Values taken from ref 43.

and 20 MHz)® However, because the inner-sphere water ) _

molecule of GADOTAM is in relatively slow exchange with do the neutral amide groups on DOTAM ahd Given that
the bulk solvent, the inner-sphere mechanism does not the total basicity ¥ log Ki) of such ligands typically
contribute significantly to the overall relaxivity of the Parallels the thermodynamic stability of complexes formed

complex. The 28% decrease in relaxivity observed fol Gd With lanthanides, it is not surprising that the stability
is, therefore, presumably the extent of the inner-sphere constants fall in the ordet < DOTAM < DOTA. The
contribution to relaxivity in GADOTAM. However, second-  disparity between the stability constants of lanthanide
coordination-sphere water molecules are known to contribute €OmMplexes formed wittl and those formed with DOTAM
to relaxivity2° and from the crystal structure of YFigure are larger than one would expect based upon ligand basicity
2), we know that there may be two second-sphere water@lone. This presumably reflects distortion of the ligand
molecules closely associated with the complex. The contri- famework in Lri complexes, and, in particular, of the cyclen
bution of any second-sphere water molecules to the overall "9, which may be prevented from forming a perfect gauche
relaxivity of GdL is probably quite small; the MH distances ~ conformation by the bridging unit in these complexes.
in the crystal structure of Ybare quite long (4.77 and 6.25 The LnDOTA" complexes show a dramatic increase in
A); therefore, relaxation of these protons will be quite Stability near the center of the Ehseries (near G), which-
inefficient. Also, if these second-sphere water molecules aremay reflect the optimal size match of the DOTA cavity with
present in the Gd complex, their exchange kinetics are notthe Lr** ion radius®® Only small increases in stability were
likely optimal. From these observations, one may conclude noted for further decreases in ionic radius for thosétLn
that all of the lanthanide complexesbfack an inner-sphere ~ cations near the end of the series. Molecular mechanics
water molecule. calculations on DOTAM have shown that the ligand strain
D. Stability of Ln3" Complexes Formed with 8Q- energy is minimum for the S#h complex, s_uggesting that
Bridged DOTAM. The crystal structure of Ybshows that  this would be the most stable complex with donor atem
the lanthanide ions are complexed by the ligara a similar metal distances and angles that best meet the requirements
manner to other DOTA-type ligands. Although Yhs of the Lr* ion.** Despite this indication, experimental data
somewhat more distorted, the essential features, four coplanaghow that E&" forms the most stable complex, and again,
cyclen nitrogen donor atoms below the metal ion and four @S the ionic radius of the lanthanide ion becomes smaller,
coplanar amide oxygen donors above the metal ion, areno further increases were seen in the stability constants of
identical. On this basis, the stability constants of this ligand DOTAM complexest:
with the trivalent lanthanide cations might be expected to  Each lanthanide investigated was found to form complexes
resemble those of DOTAM. However, the protonation thatwere weaker witlh than those found for DOTAM (Table
constants of the ligand, determined in an ionic background 4). Given the lower basicity of the ligand (og K" = 13.95
of 1.0 M KCl so that direct comparisons can be made with VS 15.52 for DOTAM), this resultis not altogether surprising.
DOTAM,* show that ligand. is somewhat less basic overall However, one would have predicted I&g. values to be in
than DOTAM (Table 4). The most striking observation is the range of 1312 simply based upon thg log Ki" value
that the first two protonation constants in both DOTAM and for 1 alone; therefore, the fact that the experimental values
1 are more than 3 orders of magnitude lower than those in (Table 4) are considerably smaller than this predicted value
DOTA. This reflects the fact that the negatively charged indicates that ligand strain plays a significant role in the
acetate side chains in DOTA provide better hydrogen- stability of these complexes. It is also interesting to note that
bonding sites for the protonated macrocyclic nitrogens than Ybl is ~3 orders of magnitude more stable thanlFu

(41) Pasha, A.; TirscdG.; Bricher, E.; Sherry, A. D. Unpublished Data,  (43) Cacheris, W. P.; Nickle, S. K.; Sherry, A. Dorg. Chem1987, 26,

2006. 958—-960
(42) Burai, L.; Fabia, I.; Kiraly, R.; Szilagyi, E.; Bricher, E.J. Chem. (44) Voss, D. A., Jr.; Farquhar, E. R.; Horrocks, W. D., Jr.; Morrow, J. R.
Soc., Dalton Trans1998 243-248. Inorg. Chim. Acta2004 357, 859-863.
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therefore, lanthanide ion size in this system plays a much europium was employed at 396 nm, and emission was monitored
larger role than in the corresponding DOTAM or DOTA at 594 nm. The high-resolution emission spectrum of Eas
complexes. This is consistent with the observation that largerrecorded on an Edinburgh Instruments FS900 fluorimeter.
lanthanide ions cause enough distortion in the ligand B. Synthesis. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetra-
framework upon complexation that the complex loses its acetamide (DOTAMY and 1,7-bisbenzyloxycarbonyl-1,4,7,10-
symmetry. The effective size of the “coordination cage” of tetraazacyclododecan@){>** were prepared by previously de-
80,-bridged DOTAM must, therefore, be quite small, able Scribed methods.

to accommodate a heavy lanthanide ion but too small to 1. 1,7-Bisbenzyloxycarbonyl-1,4,7,10-tetraazacyclododecane-

easily accept lanthanide ions from early in the series. 4,10-bisacetamide (3).The diprotected cycler2 (9.38 g, 21.3
mmol) and 2-bromoacetamide (6.17 g, 44.7 mmol) were dissolved

in acetonitrile (250 mL). Potassium carbonate (11.76 g, 85.2 mmol)
was added, and the reaction was stirred af®dor 2 days. The
Lanthanide complexes formed with the bridging ligand, reaction was filtered, and the filter cake was washed with hot
80,-bridged DOTAML, are quite unusual in that the bridging ~ acetonitrile. The solvents were removed in vacuo, and the residue
un|t renders the Complex blcychc |n nature. The |nter_ was taken up into dichloromethane (120 mL) and washed with water
connectedness of the macrocyclic rings means that the(2 x 120 mL). The organic layer was dried (}&0;), and the
conformation of the cyclen ring and the orientation of the solvents were removed in vacuo. The solid residue was recrystal-
pendent arms (through the conformation of the bridging unit) lized from hot acetonitrile to afford the title compound as a colorless

e od. and th ¢ adont i solid (8.10 g, 69%); mp: 166162 °C. 'H NMR (270 MHz,
are inherently connected, and they must adopt e Samexncyy. 5 7.30 (10H, m, Ph), 5.87 (4H, s br, COMK5.10 (4H,

helicity (6 or 1). As a resglt, the complgx prledominanltly s, PhGH,), 3.35 (8H, s br, ring NCh), 3.07 (4H, s br, NCLCO),
adopts the TSAP coordination geometry in which the helicity 5 73 (gH;, s br, ring NCh). 13C NMR (67.5 MHz, CDCJ): 6 174.0
of the pendent arms is the same as that of the cyclen ring.(coNH,), 157.1 (NCQ), 136.4 (Ph), 128.9 (Ph), 128.7 (Ph), 128.4
In this way, the bridging unit, although achit&l’ determines (Ph), 67.6 (PBH;), 58.2 (NCH,CO), 55.0 (ring NCH), 49.0 (ring
which coordination geometry is found. Exchange is observed NCH,). IR vma/cmL: 3010 (NH), 1685 (E=0), 1518, 1417, 1212,
between the two enantiomeric TSAP isomex&)ddd) and 924, 757, 664. ESMS (ES$)) m/z. 555 (100%, [M+ H]*). Anal.
A(A444). This exchange is the result of sequential arm Found (Calcd for GgH3sNeOs): C, 58.5 (58.7); H, 6.8 (7.0); N,
rotation and ring flip motions and does pass through a high- 14.3 (14.7).
energy SAP isomer. The lanthanide complexes of this ligand 2. 1,4,7,10-Tetraazacyclododecane-1,7-bisacetamide (Ae
do not possess a water molecule in the inner coordinationdicarbamate (8.0 g, 14.4 mmol) was dissolved in absolute ethanol
sphere because the ligand structure is strained, causing exce$450 mL), and 10% palladium on carbon (1.0 g) was added. The
steric encumbrance around the water coordination site. As'€action mixture was shaken on a Parr hydrogenator for 3 days
the ionic radius of the lanthanide increases, the stability of Under @ hydrogen pressure of 50 psi. The reaction was filtered,
the complexes was found to decrease. This drop in stability _and the solvents were removed in vacuo. The re_s@ue was dissolved
. .~ in hot absolute ethanol (10 mL), and hot acetonitrile (200 mL) was
parallel§ a loss of symmetry in th‘? complexes of the earlier added. The solution was allowed to cool to room temperature,
Ianth_anldes. These_ two qbservatlons aPPeared to relate tO.an‘fording the title compound as a crystalline solid (4.0 g, 91%);
the size of the bridging unit and the magnitude of theQ¥- mp: 202-204°C. 'H NMR (270 MHz, CDOD): 6 3.20 (4H, s,
C—0 torsion angle. Once this torsion angle reachggtée NCH,CO), 2.73 (16H, m br, ring NC}. 23C NMR (67.5 MHz,
bridging unit must elongate in order to span the complex, cb;0D): ¢ 175.3 (G=0), 58.5 (NCHCO), 52.7 (ring NCH), 44.4
and to accomplish this, the conformation of the 21-membered (ring NCH,). IR vma/cml 3479 (NH), 3441 (NH), 3383 (NH),
macrocyclic ring that incorporates the bridging unit must 3196 (NH), 3192 (NH), 2940, 2870, 2831, 1666 ), 1526,
move one corner of this ring closer to the coordinating amide 1437, 1348, 1289, 1107, 633. ESMS (E$Im/z. 287 (100%, [M
group. This action seems to increase the distortion presentt HI*).
in the complex, reducing its stability and removing any 3. N,N'-[2,2-(Ethane-1,2-diylbis(oxy))diethanamine]bis(2-
elements of symmetry. Owing to the absence of an inner- chloroacetamide) (5).2,2-(Ethylenedioxy)bis(ethylamine) (2.96

sphere-coordinated water molecule, these complexes will notd, 20.0 mmol) was dissolved in dichloromethane (100 mL), and
be useful as PARACEST agents. potassium carbonate (11.0 g, 79.6 mmol) was added. The mixture

was cooled to OC, and a solution of chloroacetylchloride (4.6
mL, 57.5 mmol) in dichloromethane (50 mL) was added dropwise
with stirring. The reaction was stirred afQ for 3 h. The reaction

A. General. All reagents and solvents were purchased from was then quenched with a solution of water (120 mL). The reaction
commercial sources and used as received, unless otherwise statedvas transferred to a separatory funnel, and the two phases were
A JEOL Eclipse 270 NMR spectrometer was used to redérd separated; the organic layer was washed with a 5% citric acid
and 13C NMR spectra at 270.17 and 67.5 MHz, respectively. A solution (100 mL) and then with water (120 mL). The organic phase
Varian Inova 500 NMR spectrometer was used to recid was dried (NaS0Oy), and the solvents were removed under reduced
(including'H—'H COSY and!H—1H EXSY), 13C, and’O NMR pressure. The residue was recrystallized from ethyl acetate to afford
spectra at 500, 125, and 67.5 MHz, respectively. Melting points the title compound as a colorless crystalline solid (5.06 g, 84%);
were recorded on a Fisher/Johns melting point apparatus and arenp: 88-90°C.'H NMR (270 MHz, CDC}): 6 8.23 (2H, br, NH),
uncorrected. Luminescent lifetimes were measured on a Perkin
Elmer LS-50B fluorimeter using the pHlemming software developed (45) Maumela, H.; Hancock, R. D.; Carlton, L.; Reibenspies, J. H.:
by Dr. A. Beeby of the University of Durham. Direct excitation of Wainwright, K. P.J. Am. Chem. S0d.995 117, 6698.

Conclusions
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4.02 (4H, s, COCELCI), 3.60 (4H, s, OCHCH,0), 3.57 (4H, t,
8Ju-n = 6 Hz, OQH,CH;N), 3.42 (4H, t,3Jy_y = 6 Hz,
OCH,CHN). 13C NMR (67.5 MHz, CQOD): ¢ 168.1 (G=0),
70.0 (OCHCH,0), 69.0 (CCH,CH,N), 42.0 (CCCH.CI), 39.5
(OCH,CHN). IR vmafcm™% 3313 (NH), 3182 (NH), 3006 (NH),
2958, 2929, 2875, 1647 €€0), 1551, 1456, 1414, 1281, 1142,
1099, 760. ESMS (ES1) m/z. 302 (100%, [M+ H])*. Anal.
Found (Calcd for gH15CIoN2O4): C, 39.9 (39.9); H, 6.0 (6.0); N,
9.3 (9.3).
4.7,10-Dioxa-1,4,13,16,19,24-hexaazabicyclo[14.5.5]hexacosane-
3,14-dione-19,24-bisacetamide, 8Bridged DOTAM (1). DO2AM
4 (1.19 g, 4.15 mmol) and the bischloroacetamtidd.24 g, 4.10
mmol) were dissolved in acetonitrile (1.3 L), and potassium

electrode 8103BN. A Metrohm DOSIMATE 665 autoburette (5 mL
capacity) was used for the base additions. The electrode was
calibrated using borax (0.01 M, pH 9.180) and KH-phthalate (0.05
M, pH 4.005) buffers. The titrant, a carbonate-free KOH solution,
was standardized with KH-phthalate solution by pH-potentiometric
titration. All titrations were performed in 1.0 M KCI solution to
maintain ionic strength, and samples were thermostated af@5.0
Titrations were performed under an argon atmosphere to exclude
CO,. HT ion concentrations were determined from the measured
pH values using the method proposed by Irving efal.

Stock solutions of CeGl EuCk, and YbC} were prepared from
LnCl;-6H,0 salts, and the concentration of each Ln€blution
was determined by complexometric titration using standardized

carbonate (8.0 g, 57.9 mmol) was added. The reaction mixture waseDTA solution and xylenol orange indicator. The concentration

heated to 50C with stirring for 5 days. The reaction mixture was
then filtered, and the solvents were removed from the filtrate in

of a solution ofl was determined by pH-potentiometric titration
in the presence and absence of excess £alle protonation

vacuo. The solid residue was recrystallized from ethanol and dried constants of the ligand were calculated from the titration data
under vacuum to afford the title compound as colorless crystals obtained at 2.5 mM concentration (10 mL) in the pH range-e12

(1.26 g, 60%).*H NMR (270 MHz, CDOD): ¢ 3.78 (4H, s,
OCH,CH;0), 3.58 (4H, t,2Jy—p = 6 Hz, OCH,CH,N), 3.43 (4H,
t, 3J4—n = 6 Hz, OCHCH,N), 3.10 (8H, s br, NCHCO), 2.57-
2.87 (16H, m br, ring NCh). 3C NMR (67.5 MHz, CROD): ¢
175.6 (CONH), 171.6 (CONHCH), 70.6 (OCHCH;0), 70.2
(OCH,CHN), 59.7 (NCH,CONH,), 56.3 (NCH,CONHCH,), 51.8
(ring NCH), 51.6 (ring NCH), 38.5 (OCHCH:N). IR vpma/cm ™2
3401 (NH), 3257 (NH), 2944, 2838, 16780D), 1654 (C=0),
1529, 1458, 1431, 1350, 1296, 1111, 1082, 582. ESMSHSI
m/z. 515 (100%, [M+ H]"). Anal. Found (Calcd for &H4,NgOg):
C, 50.4 (50.4); H, 8.2 (8.5); N, 20.3 (20.6).

5. General Procedure for the Synthesis of Ln3". The ligand
1 (100 mg, 195«/mol) and ytterbium nitrate (100 mg, 214mol)
were dissolved in water (8 mL) and heated at°®&for 3 h. The
pH of the reaction was then raised to 8 by addition of a dilute
sodium hydroxide solution. The pH was maintained above 8 by
periodic addition of sodium hydroxide while heating for a further
18 h. The solvents were then removed by lyophilization, and the

solid residue was taken up into water (1 mL) and was centrifuged

to remove residual ytterbium hydroxide. Lyophilization of the

resulting clear solution afforded the complex as a colorless solid.

Nitrate, triflate, and chloride salts were all prepared in an

and are defined by eq 7
H__ [HlL]

| = 7
 HilH "

Due to slow formation of Ln8@bridged DOTAM* complexes,
the stability constants were determined using the “out-of-cell”
technique described previousf/Sixteen separate samples contain-
ing equimolar amounts of and LnC} (2.5 mM) were prepared,
in duplicate, at different pH values in the range of@8 The samples
were sealed under a blanket of s to prevent entry of Cand
were equilibrated at 45C in an incubation chamber for 4 weeks.
The samples were then re-equilibrated at room temperature. The
samples were opened, and the pH value of each sample was
measured. The protonation constants (Idb and stability con-
stants of the complexes (lo&w.) were evaluated from the
potentiometric titration data using the program PSEQUAD.
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to exclude free lanthanide ion from the sample.

C. Crystal Structure Determination of Yb(80,-Bridged
DOTAM)(H 20),(NOs)s. The structure is presented in Figure 2.
Crystals were grown from aqueous solution by slow evaporation
at room temperature. A colorless plate, 0.100.456 x 0.569
mm, was selected.gH46N110:7Yb: mass= 909.74; trigonalPs;2;;
a=10.775(2);b = 10.775(2);c = 27.882(6) A;o. = 90.00; f =
90.00; y = 120.00; U = 2803.4(8) &, z=3;D, = 1517 g
cm3; A(Mo Ko) = 0.71073 Au = 2.076 mnt?; F(000)= 1383;

T = ambient. The sample was studied on a Bruker CCD 1000.

The data collection gave 4092 unique reflections. Refinement was

performed using a full-matrix least-squares methodF8rusing
SHELXTL Version 5. GOF= 1.13. This procedure afforded R1
= 0.0263 and wR2= 0.0519 for all data.

D. Stability Determinations. The pH-potentiometric titrations
were carried out with a Thermo Orion expandable ion analyzer
EA940 pH meter and a Thermo Orion semi-micro combination

Supporting Information Available: Packing diagram of the
crystal structure of Yb, EXSY and COSY spectra of Eu and Yb
EXSY spectrum of Ld, diagram showing orientation of axes for
shift analysis of YW, expanded'H NMR spectrum of E@,
determination of hydration state of Dyand .cif file of the crystal
structure of YWA. This material is available free of charge via the
Internet at http://pubs.acs.org. CCDC 635392 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained, free of charge, from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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