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Abstract: A detailed investigation of the solution structure of two Yb(lll) complexe€gBymmetric chiral
tetraamide ligands based on cyclen is performed in different solvents with the combined iseNMR,

NIR-CD, and luminescence techniques. Pseudocontact chemical shifts and NOE measurements allow one to
assess the relative positions of the ring and the side chains; NIR-CD spectra provide a description of the local
stereochemistry around the metal ion; and finally, the axial exchange dynamics can be quantitatively characterized
by means of the luminescence emission data. The two complexes can be describe®by@ (i.e., square
antiprismatic) coordination polyhedra, capped by a ninth axial solvent molecule. On changing the solvent
composition (water, methanol, acetonitrile, dimethylsulfoxide), equilibria involving the ring or the sidearms
are not detected, and the macrocycle conformation stays the same: the relevant changes in the observed spectra
can thus be related to different axial coordinations. The susceptibility anisotropy factorthe 'H NMR

spectra becomes progressively smaller as the strength of the axial ligand increases; correspondingly, the different
crystal field caused by the varied contribution of this further ligand shapes differently the CD and the emission
patterns of the central cation. The present study is the first attempt to rationalize a correspondence between
the magnetic and optical parameters used in the description of the behavior of lanthanide ions in solution.

Introduction conformationd. Thus, a square antiprism (with a twist angle of
about 40 between the Nand Q squares) originates when the
chiralities of cyclen and of the acetates layout are opposite
(6600 and A, or AAAA4 and A, respectively). It is therefore

Studies on lanthanide complexes are among the most interest
ing areas of contemporary chemistry: there is a steadily growing
interest in the properties of these ions, which find use, for e
example, in organic synthesisas catalysts or reactantand r_eferred to ag-structure. On _the cont_rary, homologc_)u_s ch_|raI|-
biomediciné3—as diagnostics for imaging and radiography.  ties, A(4444) or A(6060), define ap-diastereomer, giving rise

The family of molecules in which the B ions are caged 0 & distorted square antiprism (twist angi@(").
by octadentate ligands derived from DO7Thas proved In solution, interconversion between these different conform-
particularly successful: complexes with carboxylate, carbox- ers often appears as a network of equilibria, to which a further
amide, or phosphinate arms are kinetically stable over a wide hydration-dehydration process is superimposethis latter
pH range, and the Gd chelates are among the most popular equilibrium has recently been shown to be dependent on the
contrast agents for MFRI.Moreover, chiral analogues can conformation of the macrocycle, with a square anti-prismatic
constitute stereo-discriminating probes in biological media, coordination complex affording lower rates than a distorted (or
owing to the luminescent properties of most rare-earth fons. twisted) anti-prismatic on@.

Such complexes usually feature two stable diastereomeric e presence of chiral substituents on the lateral chains
structures, associated to a combination of ring and pendant arm ibits theA/A interconversion by freezing the arm rotationi2

T Centro di Studio del CNR per le Macromolecole Stereoordinate e if the center isd to the ring nitrogen, then only one isomer is
Otticsame?teNAt“"el- Superi commonly observed for complexes of Eu, Th, and Yb in

L0 e SUPErore. solution?® thus, the interpretation of the properties of the
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lanthanide complex is simplified by the absence of the confor- Scheme 1
mational equilibriat*

Chiral carboxamide ligand$ and 2 have been extensively HSQ—‘(@
investigated in the past two years, and several reports have H
appeared on their complexes along the lanthanide séries? Q\rn
A preliminary study on the hydration properties and the axial Hc'n NN
coordination dynamics has recently been undertaked,but ©
no full rationalization has been put forward that accommodates
all of the available experimental data.

We hereby demonstrate that for these complexes the coor-
dination equilibrium involving a ninth axially bound ligand is
independent of the ring dynamics, making it possible for the
first time to assess the role of axial ligation on the main magnetic
and electronic properties of the central cation (magnetic ani-
sotropy susceptibility, crystal field parameters, absorption It is therefore of prime importance first, in the case of-Yb
intensities). This is a matter of primary importance in under- (R)-1, to confirm the persistence in solution of the conformation
standing the solution behavior of such complexes: the deter- observed in the crystal phase and second, in the case of Yb
mination of the factors governing the effectiveness of ligand (S-2, to verify whether the Nasolid-state complex is a good
exchange may, in turn, offer new insight into the design of more description of the geometry in solution (Scheme 1).
effective contrast agentszurthermore, since the catalytic action  once detailed information on the two coordination polyhedra
of lanthanide complexes is often associated with a labile js available, then a safe analysis of the magnetic and chiroptical
coordination equilibrium involving one or more reactants in the properties of these species is made possible. While carrying out

Yb-(R)-1 Yb-(S)-2

activity, in rationalizing the preferred reaction pathways and in
understanding the degree of stereoinduction.

As a starting point for the discussion of the solution
coordination properties of these complexes, the helicity of the

key role of axial ligation on the magnetic and electronic
properties of ytterbium. A variation in the NMR spectral features
of lanthanide complexes following different axial bindings has
been recently detectéf-22 This was attributed to a change in

ring and of the sidearms needs to be considered. Such anthe magnetic susceptibility anisotropy, following the modifica-

analysis begins with an examination of the solid-state data:
X-ray structures of Lt complexes have been reported in the
last three years, for L Eu, Dy, Yb131° Although no crystal
data are available for ligan? complexed to lanthanides, we
can use as a reference the solid-state geometry of the Na
complex of the same ligandR}-2.16

The X-ray structures reveal that -1 and Na—2 in the
solid state have antiprismatic and distorted antiprismatic coor-
dination f- andp-forms) respectively, with the same layout of
the acetate arms, leading ta\acoordination, and the conforma-
tion of the macrocycles beingdoo for Ln3t—1 and 1444 for
Na"—2.

Structural assignment in solution by the analysis of the
pseudocontactH NMR shifts needs special care, because of
the following reasons:

1. It has been reported that and p-forms can lead to
practically equal geometrical factors.

2. All of the protons which exhibit distinct pseudocontact
shifts lie within an inner sphere (i.e., in the DOTA-portion of
the molecule). As a consequence, no direct relation can be foun
to the chirotopic elements of known configuration (i.e., the
amine carbons), and one cannot discern between pé&&d0)
andA(1AA4) for the antiprismatic coordination @dx(1144) and
A(0000) for the distorted antiprism.
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122 5557-5562.
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1999 121, 5762-5771.

(19) Batsanov, A. S.; Beeby, A.; Bruce, J. |.; Howard, J. A. K;
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tion (or the expansion) of the coordination sphere. Unfortunately,
it is difficult to exclude in general a simultaneous readjustment
of the ligand structuré®?? In the only reported example
involving a rather rigid macrocycle, changes in the effective
crystal field parameters accompany the exchange of the anionic
counteriong! We here take into account coordination with
neutral solvent molecules. Such a process is likely to be almost
ubiquitous in the solution chemistry of lanthanides, which are
characterized by a large and variable coordination number. We
then present a general rationalization of a number of phenomena
that may be observed by studying these complexes in different
solvents.

Experimental Section

Cationic enantiopure YB(R)-1 and Yb—(9-2 complexes were
obtained as their trifluoromethanesulfonate salts as previously de-
scribed!31516Splutions for'H NMR and NIR-CD spectroscopy were
prepared by dissolving the solid complexes in Me@DDMSO-Us,

dand acetonitrileds or the corresponding non-deuterated solvents in the

range 26-100 mM.

Chemical shifts were referenced with respected-butyl alcohol
as internal standardH NMR spectra were recorded on a modified
Varian VXR operating at 65.3 MHz and a Varian VXR 300 spectrom-
eter operating at 300 MHz, equipped with a VT unit stable within 0.1
°C. The 90 pulse length was 14s. The recycle delay in all experiments
was above 0.5 s, largely exceeding bof all the proton resonances
investigated and ensuring instrumental recovery. Steady-state NOE
spectra were recorded with up to 32768 transients after 0.5 s
cw-presaturation of the relevant signals.

NIR absorbance spectra were recorded on a Perkin-Elmer Lambda
19 spectrometer, with 1 cm cells and a band-passing width of 2.5 nm.

(20) Benetollo, F.; Polo, A.; Bombieri, G.; Fonda, K. K.; Vallarino, L.
M. Polyhedron199Q 9, 1411.

(21) Lisowski, J.; Sessler, J. L.; Lynch, V.; Mody, T. D. Am. Chem.
Soc.1995 117, 2273-2285.

(22) Lisowski, J.Magn. Reson. Chen1999 37, 287—294.
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Table 1. Experimental Lanthanide-Induced Shift (n ppm) of the Yb-(R)-1 Amide Complex ind,-MeOD, ds-MeCN, andde-DMSO

Solutions T = 25°C) and Differences ;" — (S;"C"C between the Experimental Pseudocontact Contributions and Those Calculated in the Fitting
Algorithm?

3cog P — 1/r3 x 100 (A-3) 5P OoP — o5a°(n—form) OpP — o5 (p—form)

n-form pform  MeOH DMSO MeCN  MeOH DMSO MeCN MeOH DMSO MeCN
Al 3.02 2.97 100.0 64.0 1241 15 1.7 0.7 15 15 0.6
A2 —0.96 —-0.97 -30.7 -17.8 -414 —14 0.04 -4.1 -1.4 0.09 4.1
E1l 0.52 0.49 169 116 191 -13 -0.4 -3.4 -1.3 -0.4 -3.4
E2 0.67 0.64 199 135 233 -33 -1.6 —5.4 -3.3 -1.6 -5.6
c1 -0.89 -0.9¢  —246 -13.8 -34.2 1.9 2.3 -0.5 1.7 2.3 -0.9
c2 —2.17 -174#  -619 -355 -80.9 0.1 0.5 -0.3 0.2 0.4 -0.4
o 27+3 23+ 4 34+ 3 51+ 3 4743 53+ 4
[0 1.6 1.1 2.4 1.6 1.0 25
R, % 3.41 3.63 477 3.39 3.47 4.87
D 3370+ 70 2090+ 50 42004120 3370+ 70 2080+ 60 42004 120

a2 The proton labeling is analogous to that commonly used for similar complexes (see ref 25). The factors on the second and third columns are
calculated from the crystal structures of ¥¥{R)-1 as described in the text and refer to structures which are representative typa and g-type,
respectively. The experimental pseudocontact shifts used in the computations are the values relative to diamagnetic free ligands. Shifes in water a
not reported, but they are analogue to those reported in the table for methanol. For each set of chemical shift fitted, the dihedcfl thegele

chain, the agreement factBr= \/ 305" 62P?/3 (68" and the susceptibility factdD are displayed® These values are relative to the geometry
with w = 0.

NIR-CD spectra were recorded on an upgraded JASCO J-200D
dichrograph, operating between 750 and 1350 nm, modified with a
tandem Si/InGaAs detector with dual photomultiplier amplifiefhe
path length was 1 cm, and the band-passing width was 2.5 nm.

Luminescence emission spectra and radiative rate constants char-
acterizing the decay of emission from the Yb excited state were
measured using apparatus described previcdsly.

Results and Discussion

1. NMR Structural Determination. a. 'H NMR Spectra.
The 'H NMR SpeCtra of Yb—(R)_l and Yb—(S)_z in CDSOD square antiprism distorted antiprism
solution were measured, and the assignment of the resonances (n-type structure) (p-type structure)
was made from the relative peak areas and by comparison withrigure 1. Position of the ring and of the side chains in the two different
the spectral data previously reported for YoDO3#Only the coordination types used as models for the fitting procedures. The
protons lying close to the Yb ion (distance from3tr < 5 A) pictures refer to a Newmann projection onto the-® bond; the
are significantly paramagnetically shifted; they practically dihedral angles Ybo—N—C—C is also displayed. In black are depicted
correspond to the DOTA-portion of the molecule, which is not the carbon atoms of the cyclen macrocycle.
involved in any observable dynamics over a wide temperature

range (40 to +40 °C). The values of the chemical shift for A set of reference geometrical factors is usually calculated
each assigned signal are summarized in Table 1 for (R)-1; from crystal structures. The X-ray structure of ¥{iR)-1
the values for Yb-(9-2 are analogousThe proton shift in a  Provides the geometrical parameters corresponding to a square
lanthanide complex can be written as: antiprism @-type structure}® At the moment, no crystal data
are available for Yb(Ill) complexed in a distorted square
0 = Ogig T Ocon T Opc antiprism p-type geometry) as found in solution for YoDOTA

(minor form) or YoDOTMA (major form). Two equivalent sets
where the three contributions are the diamagnetic, paramagneticof polar coordinates* andr, with reference to eq 1, can be
contact, and paramagnetic pseudocontact terms. In the case ofptained:

Yb(lll), the contact contribution is usually negligible, and in 1. from the solid-state geometry of NéR)-2;16
the case of axially symmetric complex, the pseudocontact shift 2. by manipulating the atomic coordinates of GADOTA, with

can be expressed as: the aid of commercially available software for molecular

3cold — 1 graphics, by suitable stereochemical operations (e.g., rotation
Opc=D — 5 — TA D around the N-C* bond, epimerization of the stereogenic center
r at @, mirror imaging), as described for YoDOTMA.

where® andr are the polar coordinates of a nucleus respect to ‘Ic;he tv;ofsettsh of get_orr_]etrt'!cal pararlneters obttaolln_edTlnt:lhlslway
the Yb(lll) ion, D is the magnetic anisotropy factor, in units of and used for the optimization are aiso reported in table 1.

ppmA3, and a constanA has been introduced to take into It should be recalled that because the protons on the pendant
account the bulk paramagnetigfn. arms exhibit small pseudocontact shifts, they were not used in

—— . structure calculation.
ngﬁ}sgasgfggy;b'f; Book of Abstracts, 6th International Conference o The main degree of freedom for the DOTA-portion of the

(24) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker, Molecule is the torsion angte around N and € (defined here
D.; Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, #.Chem. as the dihedral YeN—C*—C? shown in Figure 1). Thus, a

Soc., Perkin Trans., 2999 493-503. i i ;
(25) Desreux. J. Anorg. Chem 1980 19, 1319-1324. simultaneous flttl_ng oty andD was performed, starting from
(26) Such a constant will compensate possible effects due to paramagnetidh€ two geometries for thp- and n-forms, as summarized in

contributions to the chemical shift of the internal reference. Table 1.
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From inspection of Table 1, it is apparent that no definite Table 2. Mean Interproton Distances (A) Obtained from the
structural assignment for these molecules can follow from gfySta' Strucgjﬁgg\;b(ll;)-l (Sgugre A”“X”S.mF“TypTe
analysis of the pseudocontact contribution only. The fact that Structure) and Na(R)-2 (Distorted Square Antiprismp-Type

. _— Structure)
both then- and p-type geometries lead to very similar geo- -
metrical factors shows that no clear-cut information can be _Square _distorted
obtained from 10'H NMR spectrum as far as the conformation antiprism (-form) antiprism ¢-form)
of the macrocycle is concerned. Such a conclusion has been Proton G G proton G G
noted in analyzing the two forms of YoDOTMA.Moreover, Ay 3.31 3.88 A 3.54 3.37
while the spectra are almost the same for the two complexes, Ez 2.24 3.34 = 2.66 2.51
the proportionality of the two sets of geometrical factors does A2 288 213 Az 2.39 2.09
not exclude the possibility that Yh(R)-1 and Yb—(9-2 adopt ! 272 291 E 2.47 3.46
two diastereomeric structures. Indeed, the agreement factors are 2 The values which allow the detection of a steady-state NOE are
almost the same for both diastereomers in each solvent. typed in boldface.

Potentially useful information could be contained in the ) )
chemical shift of CH, methyl, and aromatic protons, which are cation. Furthermore, whether the conformation of the macrocycle
somewhat different in the two complexes. However, this Nas switched betweei/o as a consequence of the solvent
information is lost because of the local dynamics affecting this Variation must be determined, as well.
portion of the molecule, and again no safe conclusion can be P- NOE Effects. Unequivocal evidence for the or n
drawn from the averaged values observed. conformation of the complex must be found from an indepen-

The data in Table 1 show that minor structural adjustements dént measurement. As recently proposed in the case of Yb-
must occur between crystal and solution geometry, whichever POTMA, information can be obtained by observing the steady-
of the two structural types is correct. The data suggest a state NOE spectra following saturation of relevant ring or acetate
counterclockwise rotation of about °L6f the acetate arm with ~ Protons. In this way, it is possible to estimate some pairwise
respect to the solid-state structure A©d90), and the inversion ~ Proton distances and constrain the geometry of the complex to
of the macrocycle forA(A1AA4) (or their mirror images). one of the two diastereomers. _ ,

An empirical correlation between thel NMR spectral width Wlth these complexes, this experiment is not straightforward,
of the Yb complex, that is the value of the magnetic anisotropy WINg to: _ , ,
factor,D, and the preferred conformation has been prop&s&d. « the large self-relaxation ratgsinduced by the coupling to
With reference to the major and minor forms of YbDOT2 the unpaired electron, which sizeably reduce the Overhauser
it has been assumed that a valueldf~ 5000 in water or in  €nhancemeny; S ,
methanol solution may be associated with-type structure of « the dependence af on the correlation time in magnitude
the ytterbium complex, while B ~ 3500 is a evidence for the ~ and sign
p-type molecule. Unfortunately, theferencemolecule binds
the lanthanide ions with different donor atoms: a comparison o0 2 P l'JO _ 2, Te
between the coordination properties of a carboxylate oxygen 3 3 1—40%? 3
and an amide oxygen is neither straightforward nor safe. ¢
Moreover, such complexes are involved in different hydration
dehydration equilibri&; thus, the magnitude of the magnetic 8 1
anisotropy is likely to be largely determined (beside the specific 268 PS, Ior \;\(hlc?hno NOE can be olbser'\\;%ﬂE. be obtained
contribution of the octadentate cage) by the presence or absence n satura '”9_ e fesonance, a c ear can be obtaine
of an axial substituent. According to Bleaney’s mo#feD) is on the A proton; furthermore, on saturating the 2ak, a NOE

directly dependent on the crystal field experienced by the s .obtained. on E The latter effect cannot be justified .for a
lanthanide ion, which is in turn strongly affected by a ninth twisted antiprism f¢-type structure), highlighted by the inter-
capping ”gand}_LZZ‘ZQ proton distances reported in Tablé22The A(0505)/A(AIAL)

The observation of a certain regularity in the anisotropy factor, for?icfr;]tbviitﬁstﬁgtneg tc;vthc? t:bR)r'l tccl)mtprlle>t< Irn S?]I(;Jt('j?;’r nt
D, is demonstrated by recording spectra of each complex in consiste at observed the crystal structure a ere

. 2219 .
DMSO. Such a solvent has a large effect on the valuof to the previous suggestibit®based only on the magnitude of

: . the anisotropyD.
the spectra of both complexes, spanning about 170 ppm in . S .
MeOD, water or acetonitrile, reduce to 100 ppm in DMSO The case of Y&(5-2is more infriguing. On saturating each
solution, with axial A and acetate £protons resonating at about '?r]: the nr;gtprotonks, no NOE effsc: can be cIe_arI)ll obsterve-d ?hn
70 ppm and-35 ppm, respectively. Despite this difference, the € acetate peaks nor even between geminal protons.  this
pseudocontact shifts in DMSO are perfectly proportional to the demonstrates that the correlation time of this complex is in the

corresponding values in GDD and can be fitted smoothly to intermediate-motion region where = 0. To get over the
the two sets of geometrical factors derived from tieand problem, an RQE effect, forwhlch the zero_vglue never occurs,
p-type structures (see Table 1). This proves that the complex can be sought instead. It is, anyway, very difficult to effectively

possesses the same coordination, but again it is impossible toS.pin lock widely separated signals such as those under examina-

30
rule out either of the two possibilities for the helicity of the tion. . S
fing. It was found more convenient to act on the correlation time

The observed variation dH NMR spectral width must be of the molecule, making it longer, by changing the solvent from

connected to some variation in the properties of the central Yb  (30) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150, 1—296.
(31) Ernst, R. R.; Bodenhausen, G.; Wokaun Piinciples of NMR in

At 300 MHz, such a contribution is expected to vanishdpr

(27) Aime, S.; Botta, M.; Parker, D.; Williams, J. A. G. Chem. Soc., one and two dimensionp€larendon Press: Oxford, 1987.
Dalton Trans.1995 2259-2266. (32) From the signal-to-noise ratio of the Overhauser effect between the
(28) Bleaney, BJ. Magn. Reson1972 8, 91—100. two geminal acetate protons after 32 K acquisitions, the limiting distance

(29) Hifner, S.Optical spectra of transparent Rare Earth Compounds  between pair of protons allowing the relevability of a NOE can be assessed
Academic Press: New York, 1978. to about 2.4 A (assuming comparable self-relaxation rates).
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MeOD to the more viscous solvent DMSO in which the
reorientational tumbling of the complex slows down.
A further issue has to be checked at this point: that the

structure of the two complexes is independent of solvent 1

Lk R i i B i b e |

composition. Such a conservation was verified on the phenyl 380 340 300 260 ppm
derivative repeating the NOE experiments performed in-CD

OD: the same results were obtained in DMSO and acetonitrile.
Furthermore, on changing the temperature, the absence of

observable dynamic processes involving the DOTA-portion of m J
\

the molecule was also demonstrated in the other solvents. 380 340 300 260 ppm
In the case of Yb(9-2 in DMSO, upon saturating the;C R R
resonance at16.2 ppm, an NOE was revealed on thepeak 350 300 250 200 150 100 S0 O -50 ppm

at 12.0 ppm. Such an effect is distinct amelgatve, since the Figure 2. 'H NMR spectra of Yb-(R)-1 (65.3 MHz) at 233 K in Clz-
slow-motion regime has been reached, and proves that theOD (lower) and CRCN highlighting the bound water resonance at
conformation of the complex is af-form, as found for the +325 ppm in CRCN. The small broad resonance-at-60 ppm is an
phenyl analogue. The configuration of the complex in solution instrumental artifact. The amide NH resonance-&0 ppm has
is thereforeA(5000) or A(A4A4); it will be demonstrated that ~ Undergone H/D exchange in GDD.

the former is the case for an R configuration at carbon, the latter L o . .
for S. interpretation is that in this solvent, containing a non-negligible

¢. Coordination Dynamics. The NOE experiments in dif- amount of water, there is an equilibrium between an anhydrous

ferent solvents unambiguously demonstrate that the conforma-and @ hydrated species, which is fast and leads to the observed
tion of the complexes is the same, independent of the solvent,Shifts. Indeed, once more depending on the quantity 49 H
and it is square anti-prismatic, as the crystal structure had ©n€ obtains different spectral widths and also different line

suggested. The explanation of the change in the anisotropy termVidths. At low temperature this solvent-exchange process can
D in each case must imply that there is a change in axial b_e slowed suff|0|ent_ly so that the coordinated water may be
coordination as the solvent is varied. directly observed (Figure 2). _

Useful information can be achieved by analyzing the behavior [N this case the spectra were acquired-0 °C (10 mM
of the NMR spectra while changing the composition of the Yb—(R)-1and 80 mM HO, 65.3 MHz) and the bound water
solvent. The addition of a different solvent causes a progressiver€sonates at-325 ppm, that is, 321 ppm to higher frequency
variation of the position of the peaks, and hence of the associated®f the free water resonanca4 = 21,000 Hz). At—35°C the
apparenD parameter. For example, starting from pure aceto- coordinated water signal broadens to such an extent that it may
nitrile, adding less than 1% of water or DMSO is sufficient to Not be observed. In a separate study, tH&\MR spectrum of
obtain a spectrum that is very similar to that in the pure new @ 10 mM solution of dried Yb(R)-1 in dry CD:CN was
solvent. Thus in CBCN/water or CRCN/DMSO mixtures, the recorded and revealed a 4H singlet for the most shifted axial
magnetic anisotropy apparently continuously shifts from 3500 fing proton at+117.7 ppm and an exchange-broadened water
(starting value in CBCN) to 3000 (water) or 1800 (DMS0O). ~ resonance at-19 ppm (295 K, 200 MHz), integrating to 10
Moreover, in the latter case the growth of a new broad peak at Water protons. Incremental addition of water, measuring #@ H
2 ppm appears. It has been shéfhat in wet CRCN, Yb— integral to assess stqlchlometry caused the water resonance to
(9-1is axially bound to water, which resonates as an exchange-Sharpen and shift to higher frequency, as before, and the position
broadened signal to higher frequency of all other resonances.Of the axial protons shifted toward a limiting value-698 ppm.
The appearance of the unbound water peak at 2 ppm suggest§lotting the change in shift as a function of added water
a competition between DMSO and acetonitrile, the latter being concentration gave a binding isotherm which suggested that the
released upon addition of the former. Unfortunately, we were @pparent dissociation constant for water exchange in MeCN is
not able to observe the correspondent signal for the bound®0 (£10) mM. These observations are compatible with the
(nondeuterated) DMSO, which we assume to be too broad to @Pparent water dissociation constant of 410) mM (310 K)
be detected. determined independently by luminescence stdflias dis-

It is noteworthy that this continuous change in the spectral cussed in more detail below.
width must be interpreted as a rapid equilibrium between two ~ The total concentration of competing ligands, such as water
species with well-define® values. Adding L of DMSO to or DMSO, affects the system through two distinct mechanisms.
a 500uL of CDsCN solution, one observes very broad signals In the first place it perturbs the equilibrium involving the
for all peaks, which separate at lower temperaturdQ °C) differently solvated species, each of which is characterized by
into two sets: a minor form with largdDy,, and a major form different D values. Second, it affects the rate of solvent
with smaller Dy. Comparing the magnetic anisotropies at €xchange between these species. At 300 MHz and in the range
different temperature is not straightforward, since this parameter Of temperature observed, the rates are close to the intermediate
is stronglyT-dependent. Nevertheless a reasonable scaling leads£xchange regime, easily switching from fast to slow exchange.

us to estimate the following values at 26: 2. NIR—CD Spectra. a. Methanol SolutionsThe derivation
of the distortion of the coordination polyhedron from the nature
D,, ~ 5000 of the remote chiral centers is impossible, a priori, because of
the absence of any clear relationship between the (known)
Dy, =~ 3000 chirality of the asymmetric carbons on the lateral substituents

and the (unknown) chiralities of the ring and the layout of the
Adding larger quantities of DMSO, the lines narrow and the pendant arms. The problem thus becomes a configurational
minor form disappears. assignment of the absolute stereochemistry about the metal ion.
It seems reasonable to expect that the valueptorresponds Chiroptical data can provide the desired information. For this
to that in pure acetonitrile, which is not the case. Our purpose, the electronic properties connected with the unfilled



9262 J. Am. Chem. Soc., Vol. 122, No. 38, 2000 Di Bari et al.

6

[
[ —— Yb-(R)-1
w 4 - —— Yb«(S)2 - w z
A r (inverted) N
8 S ]
T2
0 <.
2
4 :
P R L 10 © 1 - S
920 940 960 980 1000 1020 920 940 960 980 1000 1020
A (nm) A (nm)
Figure 3. NIR-CD spectra of complexes ¥HR)-1 (continuous line) Figure 4. NIR-CD spectra of Yb-(S§)-2 in methanol at 25 (dashed
and Yb—(9-2 (dashed line) in MeOH solutions & 58.6 mM and line) and at—80 °C (continuous line)¢ = 20 mM;| = 1 cm).
83.1 mM;l = 1). To make the comparison easier, the curve foFYb  oyygens of the ligand are charged carboxylates. The nature of
(-2 has been inverted. the oxygen donor determines the magnitude of the crystal field

hell of viterbi b loited and . ith splitting, believed to have a strong contribution from atomic
shell of ytierbium can beé exploited and a comparison wi charges. This can be the cause of the fact that the spectra of
similar compounds of definite stereochemistry can be used for compounds Yb(R)-1 and Yb—(S-2, which feature neutral
an unequivocal assignment. : | h '

The near-infrared CD spectra of compounds—YB)-1 and ggwr:]dpea(r:;;bt%nglsé fgggrnamTuc narrower range ¢(JHI20 nm
Yb_l;}(S)-Z_arZE??Wn '.?. Flgu:‘eysl;; between théF 42F Notwithstanding the difference in spectral width, the similarity
at € uniqu it lr)an5| |tc;1ns 0 tal f(.a Ide('ent 4 2 ?jn3 5”2 bl between the two sets of spectra, once the narrowing effect is
Za es arf SP Ibl y ? € cryt.s al I‘?’h' n OI b T Oltj. %I taken into account, is striking. Also the relative amplitudes of
egenera es_su Evels, respectively. This Is globally magne“|ca Ythe individual signals are comparable, witlgdactor for the
aIIovv_e_d (@J = 1) and can be c_Iassm(_ad among the most “CD component at 980 nm in YobDOTMA calculated to be 0.2.
sensitive of the rare-earth famify.Owing to the small energy These features are sufficient to allow a safe correlation to be
separatllon between the states of the lower term (qf the o_rder Ofdrawn for the stereochemistry of the metal center. By combining
tlhOO cm ? ta.l tempfetrhatl;re-detp(tende?tt%g)lt_zmann dt'sglt?ﬁ:'on of the information obtained from NMR, the conformation of the

€ popuiations of the four states o 121S EXpected. Thus, = 4\ (R)-amide complexes can now be definitely described as
up to 12 transitions might be observable about the center of A(6665). Moreover, in solution as well, for each of these
?raw_ty. The_ tlgtter m‘:St.bﬁ aroun(;i bg S%nm, a? ??Sleéve(lj. tft(')r the complexes, the same chirality of the substituents on the sidearms,
reeion, as itis weakly influenced by the crystal el Spiiting. -, aiever their position with respect to the ring, determines the

b mn”r]e ca:]stle cr>f Ybrt(e?)dtlh fll:orelstce;ce f’ig“zst'?r; siﬁectLa tri]ta\t/e same overall distortion of the coordination polyhedrdr) (¢
een recently reported,ihe resutts described Nerein COnSIIE . —. A) which in tum is translated into the same sign

the absorption counterpart and are an important complement,Sequence for the main CD bands in the NIR region.

being related to the ground-state chirality. c. Variable Temperature Data. To gain further insight into

th Dlge to.g;ﬁ I?rt%e n.umbler of (sjuinglr wgpcismg ?Ott ba_ncis angl 0 the composition of the CD pattern, a low-temperature spectrum
€ liné wigth ot the signais, no detaiied Interpretation IS 1easible. ¢ Yb—(9-2 in methanol solution was recorded (Figure 4).

The spectra of the two complexes are identical as far as the At —80 °C, the position of the signals does not change, but

overall pattern is concerned (that is the band positions and all the lines become narrower and, consequently, more intense
relative intensities); the only difference is in the amplitude of The effect is more pronounced fo} the band at 9’80 nm. which '
the signals. This Seems to suggest that the ele_ctronic pr_ope_rtiescan thus probably be assigned to a transition originatir;g from
of the central cation are erendent on the f_|rst co_o_rdlnanon the ground crystal field sublevel of tRE;; state. Unfortunately,
sphere only, whose distortion must in turn be insensitive to the the narrowing of the other bands is not sufficient to allow a
replacement of the aromatic moiety. Such a conclusion is in clear assignment of the crowded pattern, unlike for Yb-
agreement with that found in the fluorescent emission studies. DOTMA.! As a consequence of the Weaker’ crystal field, not
peZE; ?/?:rz r:g;ﬁf,%eént;%tgc;g?gzgr%%réc%ggdég dc(\%g%% n\ﬁ[ﬂ only do many signals fall into a narrower spectral window, but
bandwidths of 16-20 nm; a fifth weak and broad signal was Ehe hot bands also remain significantly populated even&a
recognized at around 1020 nm. The dissymmetry factors
calculated for the 995 nm barg°%,sare 0.18 for Yb-(R)-1
and slightly less (0.16) for Yb(S)-2.

b. Comparison with YoDOTMA. ltis instructive to compare
the aforementioned results with the NIR-CD spectrum of another
C4 symmetric ytterbium complexRj-YbDOTMA, which has
been recently reported and whose structure has been determine
to be of A(6009) typel* In the latter case, the coordinating A

d. Variable Solvent Data. The relationship suggested
between the crystal field splitting and the CD pattern deserves
further consideration, particularly in relation to the variation of
the D factor revealed by the NMR.

The CD spectra of the complexes do not change appreciably

n varying the solvent from (wet) acetonitrile to water or (wet)
ethanol, consistent with the minor changes seetHoMMR.
t the same time, the large variations recorded by both
(33) Richardson, F. 9norg. Chem 198Q 19, 2806-2812. spectroscopies upon switching to DMSO solutions (Figure 5)
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Figure 5. NIR-CD spectra of complexes YH(R)-1 (continuous line)
and Yb—(9-2 (dashed line) in DMSO solutiong & 59 mM and 83
mM; | = 1). To make the comparison easier, the curve for{§-2 of a solvent exchange process involving the displacement of
has been inverted. the bound HO or MeCN ligand by a DMSO molecule.

3. Luminescence DataDried samples of Yb(R)-1and Yb-
(R)-2 were dissolved in anhydrous acetonitrile o (H,0)
to give 1 mM solutions. The rate of decay of the Yb
luminescence was monitored at 310 K following excitation into
the phenyl rings at 266 nm, using methods described previ-
ously?4 For Yb—(R)-1, the rate of decay in 0 was 1.410°
s1 and fell to 0.1310° s™! in D,O; with Yb—(R)-2, the
corresponding figures were 12%F s and 0.201(°F s?!
respectively. Given the established sensitivity of the Yb excited
_ 241DMSO i state to quenching by OH oscillators, these data are consistent

"1 4l DMSO - with hydration states of 1.07 and 0.85 for ¥{R)-1 and Yb—

900 950 1000 1050 1100
A(nm)

Figure 7. Emission spectra for Yb(R)-1 recorded in MeCN, BO
and dry DMSO (310K, 1 mM compleXey.. = 266 nm).

.2 ) :
0.5 ul DMSO : (R)-2, after allowing for the effect of unbound (closely diffusing)
pure MeCN ' OH oscillators which give rise to a quenching effect estimated

i to be 0.21° s71.24 In dry acetonitrile the rate of decay was
; measured to be 0.240° s~ for Yb—(R)-1 and the same value
U i S— was recorded for Yb(R)-2. Thus, under these experimental
920 940 960 980 1000 1020 conditions, the data in acetonitrile show that the dried sample
4 (nm) is not bound to a water molecule. Accordingly, water was added
Figure 6. NIR-CD spectra during the titration of MeCN solution of ~Incrementally to this solution and the rate of decay of the Yb
Yb—(9-2 with DMSO (¢ = 20 mM, | = 1: DMSO added up from 0.5  €Xxcited state was observed to increase toward a limit of ca: 1.35
uL to 10 uL in a 0.5 mL solution of MeCN). 1C° s71. By plotting the change itky,s as a function of water
concentration and assuming a 1:1 binding stoichiometry, the
equilibrium constant for water association (strictly this is for
clearly demonstrate the correspondence between electronicexchange of MeCN by water) was estimated to be 40.NMhus
spectra and magnetic properties of the Yb center. NOE evidencek, is 25 mM for dissociation of water from Yh(R)-1-(H-O),
led us to discard a structural rearrangement as the origin of theso that the water is not associated significantly at low complex
change in the magnetic anisotropy constBntwhich instead  concentrations in dried MeCN. A similar value i of 42
is attributed to a different axial coordination equilibrium in the  mM has been measured for £(5)-1 in MeCN 1° by observing
different solvents. The same mechanism apparently plays a rolechanges in the decay of the Eu excited state.
in determining the energy of the electronic states observed by These changes in axial solvation were also characterized by
NIR CD. changes in the form of the emission spectrum of each complex.
It is noteworthy that the spectral width and the amplitude of The emission spectra for Y4(R)-2 (10 M) were measured in
the signals are comparable in the two solvents (methanol anddry MeCN, D,O, and dry DMSO (Figure 7), following excita-
DMSO) for each species, and that the relative intensities tion of the naphthyl chromophore at 305 nm. Very similar
associated with complexes fR)-1 and Yb—(9-2 are the spectra were recorded for Y¥4§R)-1, under identical conditions,
same in each case. The sign sequence is indifferent to the solvenfollowing excitation at 255 nm. With the much lower concentra-
as well. tions used to obtain these spectra, there is little chance of
Figure 6 shows the variation of the CD profile of ¥£S)-2 adventitious water preferentially associating, and the solvents
in acetonitrile (10mM) following incremental addition of used were dried to less than 10 ppm water. The emission bands
DMSO. After addition of 1Q:L of DMSO, the spectrum became  at 980 and 1000 nm varied only slightly in relative intensity.
the same as that recorded in pure DMSO solution and did not However, the longest wavelength emission band shifted from
change any further thereafter. Such behavior is fully compatible 1020 nm in DMSO to 1025 in D and 1035 nm in MeCN.
with the NMR data discussed above and supports the hypothesisThe observed solvent dependence is consistent with the behavior
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revealed by the near-IR CD studies, and supports the conclusioramong the lanthanides can be considered an extreme system,
that the nature of the axial donor is very important in since the induced shifts are almost completely dipolar in nature;

determining the crystal field splitting. the results obtained can thus be generalized to all the paramag-
_ netic lanthanides for which the pseudocontact term is not
Conclusions negligible with respect to the contact contribution to the

From the data collected, it is clear that a strong cor- chemical shift, this means all elements besides"REn?™,

respondence can be observed between magnetic and optica‘f—uﬁ, and Gd*.

parameters used in describing the behavior of lanthanide ions We have shown that stereochemical analysis on this class of
in solution. Although such a correspondence cannot be fully molecules requires care and the complementary use of different
rationalized, it provides a confirmation of the hypothesis of techniques is strongly advisetd NMR shift data provides a
Bleaney?® which has almost never been tested by a thorough powerful tool for structural refinement but yields information
experimental study* on isomeric forms which cannot be simply discriminated. Only

Furthermore, analyzing thtH NMR spectra of the whole by NOE measurements can one assign which is the more stable
family of DOTA-derivatives, it is evident that there are different structure in solution.
processes contributing to the values of the magnetic anisotropy  pespite the detailed information obtained by these methods,
D: structural rearrangements and hydration-dehydration pro-jt may seem surprising that the local stereochemistry around
cesses (or coordination number). The obseriedactor can the metal ion is still not defined. Indeed, the fact that the
be considered as the sum of two terms: stereogenic center is remote from the inner sphere, justifies the

D = Dax + Dig absence of experimental configurational correlation.

In solution, NIR-CD spectroscopy provides this information,
by relating the spectrum to that of YoDOTMA, which has been
fully assigned and confirms the absolute configuration deter-
mined by the earlier X-ray crystallographic study.

Finally, examination of luminescence data (i.e., the rate of

in which D is a function of the nature of the axial ninth ligand
andDjg is the contribution brought about by the coordination
of the macrocyclic ligand. ThBj4 term is also sensitive to the
shape of the coordination polyhedron, assuming different values

in the case of distorted anti-prismatic and regular anti-prismaticd t the Yb emissi dthe f th o
coordination geometries. ecay of the Yb emission and the form of the emission spectrum

The simultaneous occurrence of structural rearrangement andtself_) _comple_tes the F"C“‘Te ab_out the nature of the axial d(_)nor
hydration/dehydration often reported in the literature has prowd_lng a I|nk_to the chiroptical results and to the solution
somewhat obscured the latter process in favor of the former. NMR interpretation.

Thus, the variation in the observdd has been related to a Even though much work has to be done for the full

conformational change. Moreover, the similarity between interpretation of the intimate relationship between electronic and
complexes based on N-alkylated tetraazacyclododecanes (cy/magnetic properties of ytterbium in these and similar com-
clen) has perhaps been over-emphasized, by extrapolating dat®ounds, the concerted application of NMR, luminescence, and
involving complexes with different donor atoms. The present NIR-CD spectroscopy can allow a deeper understanding of the

work demonstrates that the paramefrfor Yb(lll) is very coordination properties of these attractive complexes.
sensitive to the nature of axial ligand and that no simple
structural information can be directly extracted from it. Acknowledgment. We thank CNR and EPRSC for support
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