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Studies of the structural, physical, and chemical properties of the lanthanide(lll) complexes of DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) and related ligands are often complicated by the presence of two
coordination isomers in solution. Since these coordination isomers are in exchange and cannot be separated,
many techniques offer information only on the weighted average of the two isomers. Lanthanide ion complexes
formed with the ligands S(RRRR)NO,BnDOTMA and S(SSSS)NO,BnDOTMA preferentially adopt only one of the
two common coordination isomers in solution, so the ytterbium complexes of these ligands offer a unique opportunity
to study the near-infrared circular dichroism (NIR-CD) characteristics of each coordination geometry in isolation.
The spectra acquired support many of the conclusions and assumptions of previous studies and demonstrate that
this spectroscopy is particularly sensitive to the distortion of the coordination polyhedron. This will have particularly
relevant consequences when studying achiral YoDOTA-like systems forming labile adducts with (chiral) hosts and
receptors.

Introduction in solution, the nature of each coordination isomer historically
¢ had to be deduced from measurements performed on mix-
tures of the twd:” Inevitably, this often gives rise to results
that represent a weighted average of the two coordination
isomers, for example, in the optical properties of the com-
nPlex’® However, the recent discovery that it was possible
to selectively synthesize lanthanide DOTA-type complexes
that adopt just one of these coordination geometries has
significantly widened the scope of investigations that can

isomers of LnDOTA complexes exhibits substantially faster P€ carried outinto the nature of these two coordination geom-
etries® In this report, we examine the chiroptical prop-

water exchange than the otHef,understanding the physical s _

characteristics of these two coordination isomers has been€i€s in both the NIR and UV of three ytterbium com-

an important goal. Because they are in dynamic exchange?('jer:(ef 1\;&—3 that exhibit just one coordination isomer
art 1).

The complexes formed between lanthanide(lll) ions an
DOTA (Chart 1) and its derivatives have received intense
scrutiny over the past two decades, largely driven by the
interest in G&" complexes as MRI contrast agents. Of
particular interest has been the nature of the two coordinatio
isomers that exist naturally in a solution of LnDOTA
Since the rate of water exchange is a critical parameter in
contrast agent desigrand one of the two coordination
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Results and Discussion bered ring in a [3333] conformation projects into a square

with four carbon atoms at the corners and four on the sides

The marked flexibility of large macrocycles is greatl
y g y g y _(the nitrogens are also on the side), as shown in Figure 1.

reduced when some of the atoms, and in particular hetero
atoms, are involved in intra- or intermolecular interactions Garbon at
such as metal ion coordinatidhus, in complexes involv- Carbon at the corner

ing all four nitrogen atoms, cyclen adopts a [3333] confor- the side
matiort® and two enantiomeric structureklgA) and (090). Ln® {ﬁmw
These two forms are equally populated in cyclen owing to >
the 4-fold symmetry of its complexes. When reported, '\ﬁN
exchange between these two structures is typically faster than M 5555

10 st471h125ych rapid exchange precludes the physical Figure 1. Two enantiomeric conformations of cyclen shown using Dale’s
separation of the two species yet is slow enough to observerepresentation¥:14The two kinds of nonequivalent carbon atoms (side and
separate NMR resonances for each species in many paraf°mer are aiso indicated.
magnetic complexes. ) ) . )

If additional chiral centers are introduced into these Assuming that the bulky substituent occupies an equatorial
complexes, the enantiomeric structuré#ig) and Pd05) position, this displaces thé{11) == (6069) equilibrium in
are rendered diastereomeric and unequal populations of thesuch a way that thelfA4) conformation is preferred if the
(A1) and P880) structures are possible. The presence of Substituent replaces a pRhydrogen, either at the corner
the p-NO, benzyl substituent on the ring leads to an Orf on the side of cyclen. It should be noted that the two
ananchomeric compourdin close similarity with cyclo- positions are not equivalent and that on cyclen itself a methyl
hexanes; the bulky group tends to occupy a less hindered(or benzyl) equatorial substituent is calculated to be more
equatorial position and makes the macrocycle inversion Stable at the corner than on the side by about 3 kJ ol
impossible (or at least very strongly biased in favor of one This immediately lets us deduce that tpeNO, benzyl
form). This means that the configuration of the chiral center substituted compounds ¥pYb2, and YI8, prepared from
on the macrocycle (the carbon atom bearing the substituent)(S)-benzylcyclen, would be expected to display &@¢d)
determines the chirality of the entire cyclen ring, irrespective conformation of the macrocycle. This stereochemical element
of chirality at the pendant arms. There is, however, a notable must be combined with the orientation adopted by the
difference with respect to cyclohexanes; that is, the 12-mem- pendant arms; all DOTA derivatives are characterized by a

very strong cooperativity, wherein thgg® (Figure 2) con-

(9) Meyer, M. 1%3925‘%56;5‘;‘@’1' Jue ecomte, €. Guilard, Coord- — formation of one acetate (or its derivative) arm is uniquely
(10) Eliel, E. E. L.; Wilen, S. H.: Mander, L. Ntereochemistry of Organic ~ associated with the same twist as all the others. This leads

CompoundsWiley and Sons: New York, 1994; p 769.
(11) Di Bari, L.; Pintacuda, G.; Salvadori, P.Am. Chem. So200Q 122, oa regma.'r Square arrangement of the four. Oxygen atoms'
5557-5562. The coordination polyhedron of the lanthanide ion then is

(12) Howard, J. A. K,; Kenwright, A. M.; Moloney, J. M.; Parker, D.;  constituted by two squares: one featuring N atoms and the
Woods, M.; Port, M.; Navet, M.; Rousseau, Chem. Commuri998 . .
1381—1382. other featuring O atoms at the corners and defining a square

(13) In accprdlance vaith ref 10, p %laﬂ:; termananchomerieneans “fiéed antiprism that is twisted either considerably or only slightly.
In a single con ormation either Yy geometnc constraints or because FP H H H
of an overwhelming one-sided conformational equilibriumgisst- This mtrodu'ces apother chiral element, associated with the
tert-butylcyclohexanol”. A or A configuration of the pendant arms around thé'Ln
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Figure 2. Conformational analysis around the*-€N bond in DOTA
derivatives: R= H in the achiral DOTA; R= CHs e.g., in R)-DOTMA,
where the equilibrium is pushed to the left.
ion. It is well-known that the two stereochemical ele-
ments outlined above combine into two enantiomeric pairs J [ l

A(0000)IA(AAAL) and A(0000)IA(AAAL) in the case of
LnDOTA complexes, leading to a twisted square antipris-
matic (TSAP) or square antiprismatic (SAP)3trcoordina-
tion, respectively. These four stereoisomers become dia-
stereomeric upon substitution at either the macrocycle or a
pendant arm.

The chirality of the methyl acetate pendant arms in
LnDOTMA~ complexes determines only one sense of twist ‘ J
in the antiprism. Because the bulky methyl group must be i HU [
anti to Yb with respect to the €N bond, the R)-methyl
acetate leads to the conformation (Figure 2% Conversely,
anSconfiguration leads to A conformation. In compounds
Ybl and Y2, there is a combination of labile (conforma-
tional) chirality and inert (configurational) elements, which
on the basis of the above discussion allows one to predict
that Ybl, with its configurationrS(RRRR, will be a A(66606)
SAP coordination geometry, while the inert stereochemical o ﬂ “‘
elements of YB, SSSSE will induce a A(6600) TSAP
conformation. The situation for Ydis less immediately clear,
owing to its mixed configuration at the pendant arms, and
this prevents total symmetry of the pendant arms. However,
this situation is similar to that prevailing in a related
carboxyethyl-DOTA derivative; in this case, the pendant
arms of theRRRSisomer were found to adopt a single

| Y

conformation A or A, and did not interchang€The single Lﬂ

inverted methyl acetate is presumably forced into a syn P ST — ,l 2 R
orientation around the €N bond with the others adopting 200 150 100 50 0 50 -100 §/ppm

the more favorable anti orientation. Figure 3. H NMR spectra of (from top to bottom) YoDOTA, YbDOTMA,

Analysis of the Paramagnetic NMR Shifts.The presence Yb1, Yb2, and YI8. All spectra were recorded inJD at 296 K and 500
of one benzyl substituent on cyclen breaks the symmetry of MHZ with suppression of the residual HOD peak.
DOTMA and renders all the nuclei in the complex non- The magnetic susceptibility is a function of the coordina-
equivalent. We can immediately observe that the structurestion numbgr (andlor ofr'ihe ngture of the axial ligaidind
of the three spectra closely resemble those of YbDOTA and 9 '

: . as recently demonstrated by Mironov’s calculatidéhalso
YbDOTMA (Figure 3), except that here the signals are more of the twist angle of the coordination polyhedron,

spread out and only cluster around the values observed for . .
. i . : : The!H and'3C spectra can be partially assigned through
the symmetrical species. In particular, while th shifts >
y b b homonuclear (COSY) and heteronuclear (HMQC) correlation

for Yb2 and YI8B are close to those of the major species of ) . . : .
YbDOTMA, for Yb1, the major species of YbDOTA is a spectroscopy: well-defined coupling patterns identify the

much better comparison. (16) Lisowski, J.; Ripoli, S.: Di Bari, LInorg. Chem.2004 43, 1388
1394.

(14) Dale, J.Top. Stereochenl976 9, 199-270. (17) Mironov, V. S.; Galyametdinov, Y. G.; Ceulemans, A.; Gorller-

(15) Brittain, H. G.; Desreux, J. Anorg. Chem.1984 23, 4459-4466. Walrand, C.; Binnemans, Kl. Chem. Phys2002 116, 4673-4685.
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Table 1. Experimental and Calculated Chemical Shifts forlYb

13Cd lHd
oexp 6diaa 6calcb Hexp 6diaa 6calcb
mac 62.4 —34.1 ~-79.50 3.7 -76.08
CHs —26.0 50.5 —13.3 —18.9 1.2 -215

. ax 101.1 2.4 1014
side 106.2 505 106.2 eq 171 57 133

corner 28.9 50.5 ax —25.0 24 -30.8

1 31.2 2.6 30.8
benz 51.7 376 54.4 > 13.0 26 10.7

ortho 130.2 129.2 1294 8.8 .7.4 7.4

Figure 4. MM structures for YA (left) and YR (right).

ethylenic moieties and identify unambiguously the equatorial ~ ™e® 1228 1237 1221 748l 6.2
and axial protons, as well as the methyl acetates. However, ~ Ma¢ 62.4 —655 37 -~688
o . CH; —260 505 —16.3 -94 12 -112
the lack ofJ connectivity across the nitrogen atoms prevents , 1121 2.4 1082
. : . . 2 side 1265 505 133.9 X ' : '
the complete assignment on the basis of correlation experi- eq 333 27 29.8

ax —235 24 -22.1

ments. The shorT; values of protons in these complexes cormer  76.8 505  76.2 eq 211 27 20.7
exclude the possibility of using nuclear Overhauser enhance- ' ' '

: . mac 62.4 -792 37 -83.0
ment spectroscopy (NOESY) to circumvent this problem. CHs —-22.6 505 —12.7 157 12 —180
The assignments of the spectra are thus presented blockwis . ax 979 24 94.2
) X X X X side 995 505  96.8 163 27 171
in the electronic Supporting Information (ESI S1). The final €q : - :

. o, ax —455 24 —448
assignment of the NMR spectra was performed by exploiting comer =92 505 —29 o 97 27 29

the structural information encoded in the shifts and in the

: : mac 62.4 659 37 -706
relaxation rates. Two geometries for compoundsl \énd CH; —220 505 -11.6 -16.4 1.2 -175
Yb2 were produced by means of molecular mechanics (MM) 4 side 686 505 7433 769 24 779
calculations® using the Spartan MMFF force field? SR A
Restraints were added relative to the ¥ and Yb-O comer 273 505 2464 17 27 -13
distances, set to 256 and 227 pm, respectively, in agreement a 5tia estimated using ChemDraw softwafb 3ve calculated using eq

with previously calculated optimal distancésThe confor- 2.cmac: methyl acetated The agreement factoi® are R(H) = 6.3%
mational space was sampled through Monte Carlo calcula—«‘ﬂ]p(é| Rt(lSCR)j ig-?gf{f?le znt:.“’% Shiﬂ% respectively. ]ffi; the ggSTehmble
tions, WhICh, |§d, for both Yh_ and Yi2, to_ two §tr0ngly grin?i;a’ll values'ofgheor;:\lgn(e;tligl;%?sgtrdpilii’r};b%.{;,r:ndxg i?1rpprﬁ Ag
preferred minima. The resulting geometries (Figure 4) are are as follows:y; = 910 (60);x2 = 1200 (60);s = —2110 (50).
characterized by a coordination polyhedron, ensuring an

almost per‘fec]‘_(:4 Symmetry’ and by near'y ideal gauche SyStemS, the Slmp|lfled McConneRobertson equation can-
conformations of the ethylene bridges; the largest deviations N0t be used and one must resort to the full equation (&g 2),
are found far away from the benzyl substituent and are

smaller than 7. Nonsymmetrical structures were found §P¢= —trzT) = —%[(Xzz_
having energies more than 8 kJ mbhbove the absolute r
minima. The benzyl substituent occupies the equatorial Xxx — Xyy

position at a corner carbon; structures with axial substituents 2 (3¢ —3y)+ Gy T G X2+ 61,37 (2)

had energies at least 4 kJ mbhigher. The absolute minima ] ]

found for Yol and Y2 are fully consistent with théH where §, y, 2) are the nuclear coordinates in an axes system
relaxation times analysis. centered at ytterbium and the varioys terms are the

The slight difference in théH longitudinal relaxation rates, ~ Cartesian components of the magnetic susceptibility tensor.
p1, and in the distances, of the various nuclei from Yb in An interpretation of the spectra of Yland Y2 was achieved

the MM structure was used to guide the assignment of the With the aid of the program PERSEUS? The MM
ethylenic and of the methyl acetate groups. It is well-known Structures for Y& and Y2 were assumed for the input ligand
that the paramagnetic contribution tbl relaxation rates ~ 9eometry. These provided reasonably good fits of dffe
dominates over other terms in such small complexes, andleaving only the five independent components of the tensor

+
Xxx . xyy)(322 Cyt

this leads to am~® dependence (eq 1). x as variables, as shown in Tables 1 and 2. Any attempt to
further refine these structures in order to reduce the root mean
p, = constx 6 1) square (rms) deviation would be vain, and so, these structures

must be regarded as ultimate. In fact, it should be borne in
mind that no separation of the contact contribution to the

The situation concerning the pseudocontact shifts is a little : ' ) .
paramagetic shift was attempted, which introduces an

more complicated in the present case, owing to the lack of
axial symmetry. In contrast to many other DOTA-like (20) Di Bari, L.; Salvadori, PCoord. Chem. Re, published online May

17, http://dx.doi.org/10.1016/j.ccr.2005.03.006.
(18) (a)Spartan’02 Wavefunction, Inc.: Irvine, CA. (bfhemDraw 7.0.1 (21) DiBari, L.; Pintacuda, G.; Ripoli, S.; Salvadori,N#agn. Reson. Chem.

CambridgeSoft Corporation: Cambridge, MA, 2001. 2002 40, 396-405.
(19) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandran, R. (22) Di Bari, L.; Lelli, M.; Pintacuda, G.; Pescitelli, G.; Marchetti, F.;
Inorg. Chem.1995 34, 3705-3715. Salvadori, PJ. Am. Chem. So003 125 5549-5558.
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Table 2. Experimental and Calculated Chemical Shifts for2¥b analogues of the minor and major forms of YoDOTMA,
130d 1Hd respectively. It is remarkable how the small asymmetries in
5o gdaa  gcalc so®  gdaa  gealch both the molecular structure and the magnetic susceptibility
e 624 349 NA 37 766 tensor are largely amphﬁedoln the pseudocontact ShlftS: which
CHs NA 50.5 278 NA 12  —117 are scattered by up to 40% for correspondent nuclei.
1 Gide 1720 505 1637 Zz 133-2 2471 lig.é The situation for YB is more complicated, in part because
corner 50.5 248 ax —442 24  —56.3 the conf|gurat|on of the acetate_ in the 1-_p03|t|on is opposed
to those in the other three positions. This methyl group has
1 451 2.6 52.7 g
benz 570 376 646 , 135 26 143 at least one profound effect on the complex, determined from
otho  143.0 1292  138.0 238 74 224 the COSY spectrum. In contrast to the cases of botlh Yb
meta 1332 1237 1304 160 81 148 and YR, the benzylic substituent was found to occupy an
mac 62.4 —105.0 3.7 —1353 equatorial position on the “side” of the macrocycle rather
CH; NA 50.5 10.3 NA 1.2 —-237 “ i
. ax 1787 24  1sg7  than on the “corner”. This is clearly seen from the proton
2 side 1698 505 1628 ., Ty 57 375  coupling schemes [ESI (S1)]. The reasons for and implica-
comer 974 505 g70 & 457 24 —421 tions of this shift in position remain unclear. From inspection
eq 299 27 38.5 . .
¢ 624 6.0 . . of the spectrum (Figure 3), it can be observed that the
ma . —30. . —oZ. H
Chs NA 505  —49.4 NA 12  —121 resonances of this complex are scattered to a greater extent

3 side 1427 505 13583 1638 24 157.8 than those of YB. Owing to problems modeling this complex

' ' Teq 273 27 30.4 and fitting the nuclear coordinates to a spectrum with such

Zé _61%‘; 22‘; _65'256 a high degree of scatter, no final assignment of the NMR

mac 624 885 NA 37 -1098 spectrum of this complex has been possmlg to date. Thgse
CHs NA 50.5 75 NA 12 —26.3 fitting problems may stem from an increase in the nonaxial

4 side 1173 505 1039 3% 1459 24 155.5 contribution to the overall ligand field which inevitably

eq 136 27 12.8 - o
ax -72.8 24 —637 renders fitting more difficult.

corner 50.5 34.2

corer  59.1  50.5 BSeq 148 27 23.0 Near-Infrared Circular Dichroism (NIR-CD) Spectros-

a gdia gstimated using ChemDraw softwdf& P 6P¢ calculated using eq copy. With reliable models of Yb and Yt in hand, these
2.cmac: methyl acetated The agreement facto® are R(H) = 7.6% complexes were taken forward for further study by CD
andR(*3C) = 7.4% for'H and**C shifts, respectively. For the ensemble of  spectroscopy. The ¥b ion has only two energy levels: the
data,R= 7.5%); for a d'ef|n|t_|on ofR, see, e.g., ref 15 or 22The p3r|nC|paI 2F7/2 (ground state) an@yz levels, Separated by about 10 750
values of the magnetic anisotropy tengey y2, andys in ppm A3 are as i\ . -
follows: 1 = 1280 (140);2 = 2030 (140);3 = —3310 (80). cm . Because the crystal field splitting of tRE;» ground

state is small relative t&T (at 298 K), all the sublevels of

uncertainty inor¢ as large as 4 ppi?:2°>22 Moreover, as this state (M) are populated to some extent at room
outlined above, the experimental evidence of the assignmentemperature. This means that up to 12 transitions can be
was incomplete and a permutation of the groups of spins observed in the spectrum of Yb Acquiring the CD
indicated in ESI (S1) might well be possible. spectrum of a chiral Y& complex in the near-infrared region

It is not surprising that the resulting tensors for Yi intimately probes the coordination polyhedron of the ion and
and Y2 are similar, differing primarily in a scale factor. may allow important information to be gathered. Although
The two tensors display a small asymmetry, and the main this technique has been applied to the study of*"Yéom-
axis is perpendicular to the cyclen pseudoplane. The mainPlexes of other octadentate cyclen based ligdr#&}*° the

principa| component for Ybis about 5800, while for YD isolation of the two coordination isomers of the Single ||gand

it is 3200, in close analogy with the two forms (SAP and NO:BNDOTMA offers a unique opportunity to further probe

TSAP) of YbDOTA and YbDOTMAZ15 the intimate nature of these two coordination geometries.
As was observed for YbDOTA and YbDOTMAL the The NIR-CD spectra of Yband Y2 were recorded in

aqueous solution (Figure 5). Perhaps not surprisingly,
that the same set of geometrical factors may fit both spectra.because of the difference in coordination geometry discussed
previously, the two spectra are radically different, illustrating

In the present case, however, the presence of substituent e )
on both the cyclen ring and the pendant arms removes anythe strong sensitivity of NIR-CD to the fine structure of the

ambiguity. To build a TSAP structure for lbone would ~coordination polyhedron. The spectrum obtained forlYb
have to either invert the macrocycle or rotate the sidearms. 1€ SAP isomer, is much less intense than that a2,the
Both operations can be ruled out: for the former, the benzyl TSAP isomer. This observation has important implica-
group would adopt an axial position, and for the latter, the tions for our previous results examining the NIR-CD of
methyl group and the acetate hydrogen need to switch posi-Y PPOTMA.” (RRRR-YbDOTMA exists as an equilibrium
tions. In both cases, the magnetic environment of the nuclei(24) Dickins. R. S.: Parker. D+ Bruce. J. 1- Tozer. DJJ.Chem. Soc
would change completely and, thereby, produce different Dalton Trans.2003 1264-1271. T T

shifts. Therefore, Yb and Y2 can be considered frozen (25) DiBari, L.; Pintacuda, G.; Salvadori, P.; Dickins, R. S.; Parker).D.
Am. Chem. So200Q 122, 9257-9264.

(26) Dickins, R. S.; Howard, J. A. K.; Maupin, C. L.; Moloney, J. M,;

(23) Kemple, M. D.; Ray, B. D.; Lipkowitz, K. B.; Prendergast, F. G.; Parker, D.; Riehl, J. P.; Siligardi, G.; Williams, J. A. Ghem—Eur.
Rao, B. D. N.J. Am. Chem. S0d.988 110, 8275-8287. J. 1999 5, 1095-1105.

proportionality between the shifts of Ykand Y2 implies
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04 1 atives of DOTA that bear a bulky amide substituent are well-
I known to preferentially adopt SAP coordination geom-
etries?426.27

The chiral tetraamide compleRRRREB-YbDOTAMPh has
been extensively studied by NIR-CD spectroscopy and only
adopts a SAP coordination geometry in solutibithe NIR-
CD spectrum of Yk is shown with that of RRRR-
YbDOTAMPh-H,O (Figure 6). There are broad similarities
between the two spectra; in each spectrum four main NIR
Cotton effects can be observed. It is notable that the
wavelength at which these CD bands are observed fdr Yb
shifts to gradually longer and longer wavelengths. The result
is that the spectrum of Ybspans a field some 20%
larger than that of the tetraamide complex. This shifting is
presumably the result of changes to the ligand field induced
Figure 5. Normalized NIR-CD spectra of Yb(blue) and YI2 (red). by a change from amide to acetate donors. These changes

in ligand field affect the splitting of the two energy levels

mixture of two coordination isomers; thg(1A11), a TSAP 2F72 and 2Fsp,, resulting in different sublevels which are
isomer, and thé\(000), a SAP isomer. From thid NMR reflected in a shift of the CD bands with respect to their
spectrum (Figure 3), it can be seen that the TSAP isomer center of gravity. Similar effects have been observed in other
composes about 95% of an aqueous solution of the complex.Yb** complexes as the electronic distribution around the
But unlike NMR, in which the individual resonances can be metal ion is changef.
identified and assigned, the results of optical spectroscopy The spectrum of Yb consists of three main broad CD
are a weighted average of the two isomers in which two sets bands at 944, 968, and 999 nm, and these correlate well with
of transitions may overlap. Separation of the signals arising those at 944, 965, and 989 nm of YoDOTAMPRO. The
from each isomer is impossible. Moreover, a safe prediction order of the signs;-/+/—, is the same in both spectra, in
as to the intensity of the dichroic bands cannot be made @greement with the configuration of both complexes
(especially on account of the limited number of NIR spectra A(0090). It can reasonably be concluded that these bands
of chiral YI** reported to date), and thus, the possibility ar€ diagnostic of a SAP coordination geometry. In_ addition
that the minor isomer contributes strongly to the overall to these three bands, a fourth, much sharper, band is observed

signal could not be excluded, even to the extent that it plays & 982 nm in the spectrum of Xband at 977 nm in the
an important role in the resulting spectrum, perhaps even SPectrum of YobDOTAMPHH,O. Curiously, the sign of this
dominating it. With these reservations in mind, the spectrum Pand, although negative in the spectrum oflYls positive

of (RRRR—YbDOTMA had preViOUSly been ascribed to its in the SpeCtrUm of YbDOTAMP‘"ﬂzO The work of Dickins
major form only and the individual transitions assigned on and co-worker&' has shown that in the case of YoDOTA-

the basis of temperature-dependent stutlies. MPh_k_)oth the magnitude and sign qf this band are highly
Th ¢ fRRRR-YbDOTMA is sh h sensitive to the nature of the axial ligand of the complex.
© Speciium © F@f YF’;_ TVA IS shown on e However, Y11 and YbDOTAMPhH;O both possess the
same axes as t fit of. KFigure 6). The two specira are same axial ligand, water. Only when the axial water ligand
almost prefect mirror images of one another, a result that

) ; . was replaced by a stronger field ligand, such as hexameth-
was predicted by the opposing conformations of the €oor- v, osphoramide (HMPA), did the authors observe this band
dination geometriesA(A144) and A(6060) for Yb2 and

> , i i becoming negative in the spectrum of YbDOTAMPh (Figure
YbDOTMA, respectively. In light of this and owing to t_he 6). A small shift in wavelength, from 977 to 975 nm,
fact that the NIR-CD spectrum of Mba SAP isomer, IS 5ccompanies this sign change. Replacing the axial ligand of
relatively weak, the assumption that the contribution of the vppoTAMPH with a more strongly coordinating ligand
minor form of YoDOTMA (SAP) to the NIR-CD spectrum  gch as HMPA, was also found to reduce the lanthanide
could be neglected appears valid. The similarity of these two jnquced shift (LIS) observed in the NMR spectrum of the
spectra also suggests that the carbon skeleton of the liganctomplex24

does not contribute significantly to the crystal field and, thus,  The LIS in NMR experiments has been related to the
to the NIR-CD spectrum, even in the presence of groups crystal field parameters 8 and B? that determine the
characterized by a dynamic polarizability, such as the phenyl magnetic anisotropy, in Bleaney’s theory®2°For several
substituent in YB. This supports previous conclusions isostructural series of complexes, this relationship has been
showing that NIR-CD is a good technique for probing the proven correct by comparing the valuesbfthrough the
coordination polyhedron of Yaj.

Since examples of DOTA-type ¥bcomplexes that adopt " 3’,@833’ é\’/' A inang, S.i Von Howard, E.; Sherry, A. Chen—Eur.
solely a SAP coordination geometry are rare, to our (28) Bleaney, BJ. Magn. Resonl972 8, 91-100. -
knowledge, no other NIR-CD spectra of such tetraacetate *% S.'ej"’fnlf}."fé(,g?b;f’@ JCC'\ﬂen';e‘gg‘z %Q;@'\gﬁﬂ;‘dﬁ;fzgg“ﬁms'
appended complexes are known. The tetraamide deriv- 793.

8396 Inorganic Chemistry, Vol. 44, No. 23, 2005



NIR-CD Studies of SAP and TSAP Isomers of YoNBnDOTMA
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Figure 6. Comparison NIR-CD spectra: on the left is shown a comparison @f (véd) and RRRR-YbDOTMA (green)! and these complexes exist as
TSAP isomers solely and primarily, respectively; on the right is shown a comparisonldb¥ie) and RRRR-YbDOTAMPhH with H;O as the axial ligand
(black) and HMPA as the axial ligand (graf)and these complexes exist solely as SAP isomers. The data for the YoDOTAMPh complexes are reproduced

from ref 24, with permission.

lanthanides serié%®! or by relating NMR and optical
spectr&*32In addition to a correlation between®Bneasured
in the emission spectrum of europium with LIS, the intensity

calculations, undertaken by Binnemans and co-worKers,
model coordination polyhedra and with unity charges show
that for YB*" D is strongly sensitive to coordination geom-

of the CD band centered around 976 nm in the spectrum of etry. Inspection of the reported curvéshows that an

YbDOTAMPhH was found to correlate moderately well with
the LIS in the NMR spectra, leading to speculation that the
B.° coefficient manifests itself in both of these parametérs.

8-coordinate TSAP Y4 ion should be characterized by a
D value of about 55% of the value of a 9-coordinate SAP
Yb3*, in remarkably good agreement with our findings for

Despite these regularities, it should be observed that theYbl and Y2, as well as with previously published ddt*

situation is actually much more complicated, even in these

seemingly simple axially symmetric systefisThe com-
plexes YA and Y2 have axially symmetric coordination

It is evident from the NMR spectra and from the increase
in spectral width of the NIR-CD spectrum of Yhhat sub-
stituting amides for acetates changes the ligand field of the

polyhedra, and it has already been shown that their asym-Yb?®" ion considerably. This change appears to directly influ-

metric carbon skeletons do not play a significant role in the
ligand field. From the NMR spectrum presented in Figure
3, the shifts of the axial protons in bi.e., those shifted

ence the power of the axial ligand to affect the CD band at
982 nm. Indeed, it is entirely possible that the presence of
four strongly electron donating anionic ligands around the

furthest downfield (between 160 and 140 ppm), are consider-axial binding site renders the nature of the axial ligand of

ably larger than those of YbDOTAMPHPMA (around 50
ppm)?* It can be concluded, therefore, that the situation

little consequence to the crystal field, limiting the effect of
B.° on the overall ligand field. Ultimately, this means that

prevailing in YHL and, presumably, all tetraacetate complexes the factors that govern the intensity of the CD band at 982
adopting a SAP coordination geometry is more complicated nm are far more complex in this system than they appear to

than a simple extrapolation of Parker’s conjectinelating

the NIR-CD and LIS through 8, allows. Indeed, according
to the accepted theories of optical activity in lanthanide
complexes? all nonvanishing crystal field parameters are
expected to play a role in determining positions and
intensities of the Cotton effects in the NIR-CD spectra of
Yb®" complexes. Moreover, Mironov et al. have demon-
strated that the origin of magnetic anisotropy is more
complex than the expressions in Bleaney’s thédr@nly

to a first approximation, the difference in twist angle between
the TSAP and SAP isomers should not affegt & all, and
thus, Bleaney’s theo#§?°would predict identicaD values
for both coordination geometries. In contrast, thorough

(30) Horrocks, W. D.; Sipe, J. Rl. Am. Chem. Soc971, 93, 6800~
6804.

(31) Bertini, I.; Janik, M. B. L.; Lee, Y. M.; Luchinat, C.; Rosato, A.
Am. Chem. So001, 123 4181-4188.

(32) Babushkina, T. A.; Zolin, V. F.; Koreneva, L. G.Jl.Magn. Reson.
1983 52, 169-181.

(33) Richardson, F. S.; Faulkner, T. R.Chem. Phys1982 76, 1595—
1606.

be in corresponding tetraamide complexes. Thus, a straight-
forward extension of the correlation between the NMR data
and the intensity of this CD band, as proposed by Parker on
tetraamided is prevented by the more complex interaction
of axial and equatorial ligands in the Yland Y2 systems.
UV-CD Spectroscopy. The presence of various chro-
mophoric groups, such as the aromatic rings il ghd Y2,
provides an opportunity for a chiroptical analysis in the UV
region, as well. The most prominent band found in the
absorption spectra with maximum at 285 naye 9000-
10 000 Mt cm™?, is due to ar—ax* transition (band'L, or
K) of the p-nitrobenzyl chromophor#. It is noteworthy that
the corresponding CD band is negative with comparable
amplitude for both compounds Yhkand Y& (ESI, Figure
S2). Given the high sensitivity of CD spectroscopy to the
absolute conformation, in particular for benzenoid transitions
1L, and L% CD spectra demonstrate that the chirality
sensed by the two aromatic rings is similar for the two

(34) Doub, L.; Vandenbelt, J. M. Am. Chem. S04947, 69, 2714-2723.
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compounds and is only determined by the absolute config- Luna C-18 reversed-phase (50 mn250 mm) column. The solvent
uration at the chiral carbon on the cycle. This further supports system eluted with water (0.037% HCI) for 5 min and then with a
MM- and NMR-derived structures (Figure 4), where the linear gradient to 80% MeCN and 20% water (0.037% HCI) after
aromatic rings lie in almost equivalent positions with respect 40 Min. at a flow rate of 50 mL mirt. , .

to the DOTMA moiety. Below 230 nm, the UV-CD spectra The complexes Yband Y2 were synthesized according to the
result from the superimposition of various contributions from procedures previously published for the corresponding europium

th fi d boxvlfe ch h d and gadolinium complexésYb3 was isolated as a byproduct from
€ aromatic an .ca.lr oxy chromophores and are, g synthesis of Yh The correspondin@SRRR complex was
therefore, less easily interpreted.

also isolated from the synthesis of Xbut in low yield, and insuf-
ficient amounts of this complex were obtained to allow study of
this complex. All the complexes were isolated by preparative HPLC.
(1S,4S,7S,109)-0,0' 0" ,a'"'-Tetramethyl-[( S)-2-(nitrobenzyl)]-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate Ytterbium-
(1) Complex (HYb1). HPLC Ry = 28.18 min;'H NMR (600
MHz, D,O) 6 = 183.5 (1H, Hy), 178.7 (1H, Hy), 163.9 (1H, H,),
145.9 (1H, Hy), 45.1 (1H, Bn), 44.1 (1H, k), 37.3 (1H, Hy),

Conclusions

As predicted, the conformation of the macrocycle substi-
tuted with a nitrobenzyl substituent in place of a [@o-
hydrogen is effectively frozen into @§d0) conformation.

It was also found that, in general, it is energetically most

fgvorabl_e_for the benzylic substitutent to occupy fche equato- 29.9 (1H, Hg, 27.3 (LH, Hy, 14.8 (1H, Hg, 13.6 (1H, HY, 13.5
rial position on the corner rather thgn th(_e side of the (1H, Bn), 10.7 (1H, Ke), 9.5 (2H, Ar), 7.0 (2H, Ar),—18.2 (3H,
macrocycle. In the cases wher_e the conﬂguratlon of the chiral Me), —22.8 (3H, Me),—23.3 (3H, Me),—28.0 (3H, Me),—44.2
carbon on each pendant arm is the same, i.el, affd Y2, (1H, Hay), —45.7 (1H, Hy), —68.4 (1H, Hy), —72.8 (1H, Hy),
the orientation of the twist of the pendant arms is determined —96.6 (1H, HJ, —116.8 (1H, H), —117.8 (1H, HY), —119.6 (1H,
by the configuration of these chiral centers. The pendant armsH,J); vz (ESMS EI-) 765 (100%, [M]) appropriate isotope patterns
adopt orientations that render the methyl group anti to the were observed.
metal ion. When the NMR spectra of Ytand Y2 were (IR4R,7R,10R)-o,0t' " ,a"'-Tetramethyl-[( S)-2-(nitrobenzyl)]-
Compared to the modeled structures Of these ComplexeS, itl,4,7,10-tetraaZaCyC|Ododecane-l,4,7,10-tetraacetate Ytterbium-
could be determined unambiguously thatlYddopts a SAP (1) Complex (HYb2). HPLC Ry = 27.98 min;'H NMR (600
geometry A(6000)) and Y2 a TSAP geometryX(6669)). MHz, D20) 0 = 112.1 (1H, Hy, 101.1 (1H, Ky, 97.9 (1H, Hy),
A complete solution of YB, which has one inverted chiral 76.9 (1H, Hh, 33.3 (1H, R, 31.2 (1H, Bn), 21.1 (1H, B), 17.2

’ . (1H, Heg, 16.3 (1H, Hy), 13.0 (1H, Bn), 8.8 (2H, Ar), 7.4 (2H,
center at the pendant arms, was not possible. Nonetheles

) ) ! , '€1€SSA, 3.7 (1H, H), —1.1 (1H, Hy), —3.3 (1H, Hg), —9.4 (3H, Me),
it was possible to tell that the benzylic substituent shifted _g 7 (3H, Me),—16.4 (3H, Me),—18.9 (3H, Me),—23.5 (1H,

its position to the less energetically favorable side position. ) —25.0 (1H, Hy), —45.5 (1H, Hy), —54.4 (1H, Hy), —65.5
The two diastereoisomeric complexeslydnd Y2 exhibit (1H, Ha), —65.9 (1H, By, —79.2 (1H, Hy), —79.5 (1H, Hy); m/z
very different NIR-CD spectra. So different are the two (ESMS El-) 765 (100%, [M]) appropriate isotope patterns were

spectra that chiroptical spectroscopy allows immediate dis- observed.

crimination between the two coordination geometries SAP  (1IR45,75,105)-a,a " o'~ Tetramethyl-[(S)-2-(nitrobenzyl)]-
and TSAP. This highlights the acute sensitivity of this tech- 1,4,7,10-tetraazacyclododecane-l,4,7,lO-tetrgacetate Ytterbium-
nique to the coordination polyhedron of the 3fkon. This (Ill) Complex (HYb3). HPLC Rr = 29.56 min;’H NMR (600
suggests that, ultimately, information regarding the ligand gAlHZ’(lDﬁogi)zzé?’;g,glﬁ u)dxz)éllfio(?ig (ﬂ:) '_252 88?2-|2—|(1AI:)’ "2*;)3
field that determines the position and rotational strength of BT EPPPaP L T oA

1H, Bn), 17.7 (1H 16.0 (2H, Ar), 9.4 (1H 8.9 (1H
the electronic transitions may be derived from this technique. fan)’s.g)(’lH l—éa() 3.’6%(%—1 Ho (_3f3 (rl)H I-Lu)( _if”i’(aH l(vle)’

—15.7 (3H, Me),—16.4 (3H, Me),—19.1 (3H, Me),—24.2 (1H,

Hax), —27.3 (1H, Hy), —49.0 (1H, Hy), —54.9 (1H, Hy), —56.2
General Remarks.'H NMR spectra were recorded on JEOL  (1H, Ha), —73.4 (1H, H9, —73.6 (1H, Ho, —77.7 (1H, HY; m/z

Eclipse 270, Varian Inova 500, and Varian Inova 600 spectrometers (ESMS El-) 765 (100%, [M]) appropriate isotope patterns were

operating at 270, 500, and 600 MHz, respectively. Two-dimensional observed.

NMR spectra were recorded at 600 MHz. NIR-CD spectra were

recorded at room temperature on a Jasco J200D spectropolarimeter Acknowledgment. The authors thank the National In-
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“semimicro” square cell with an optical path of 1 cm. UV absorption Robert A. Welch Foundation [AT-584 (A.D.S.)]; the Texas
and UV-CD spectra were recorded on a Perkin-Elmer Lambda 19 Advanced Technology Program (A.D.S.); and the Ministero
and on a JASCO J715 spectropolarimeter, respectively. High- dell'lstruzione, dell’'Universitee della Ricerca (L.D.B.) for
performance liquid chromatography (HPLC) purifications were financial support of this work. The kind help of Dr. Rachel
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Figure 6 with data from ref 24 is also gratefully acknowl-
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